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ABSTRACT

Cation exchange reactions in calcium strontium and
| ead hydroxy apatites have been carried out by the nethod of
co-precipitation in aqueous amonia and acidic nedia.
Solid state synthesis was applied in sonme cases. Products
of the substitution reactions were analysed by atomc
absorption spectronetry, infra-red and ultraviolet/visible
spectrophotonetry and in sone cases by X-ray powder
diffractonetry.

Magnesi um fornmed solid solutions of cal ci um magnesi um
hydroxyapatite in the entire conposition range at pH 12.
Solid solutions of calciumzinc hydroxyapatite in the whole
series were also obtained in both basic (pH = 10.5) and
acidic (pH5.0 -6.0) nedia. It is the first time that the
formati on of cal ci um zinc hydroxyapatite solid solutions in
the entire range is being reported. Cal cium | ead
hydr oxyapatites in the entire series were obtained by solid
state synthesis at 900°C Formation of solid solutions
bet ween Mg?* and Ca? appears to be dependent on the pH of
the precipitating medium Replacement of Ca?* by Mg?* in
the apatite lattice resulted in enhancement of peak
intensity and sharpeni ng of X-ray powder diffraction peaks.
Expansion of lattice paraneters was observed when Pb?*
substituted Ca?* in hydroxyapatite. Infra-red frequencies
for the OH and PO, groups were shifted to |ower values in
cal ci um nmagnesi um cal cium| ead and cal cium zi nc

4 with i ncreasi ng repl acenent of Ca*
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Cadm umrepl aced lead in | ead hydroxyapatite (PbHA) in
t he whole series in basic (pH = 10.5) and acidic nedia (pH
5.0 - 6.0). Replacenent of Pb2* by Cd?* in the PbHA caused
the absorption frequencies for the OH stretching node to
shift to |ower values while those for the PO, group shifted
to higher values as the Cd?* content increased. X-ray
powder diffraction peaks for cadm umlead hydroxyapatites
are sharpened with increasing concentration of cadm um

Solid solutions of bariumlead hydroxyapatite were
obtained only in the range of barium concentration fromO
to 40% in aqueous nedium Anor phous precipitates were
obtained for reactions beyond 40 atom % barium Solid
solutions of Dbariumlead hydroxyapatite were however
obtained for the whole conposition range by solid state
reacti on between PbHA and barium hydroxyapatite (BaHA) at
900°C Replacenent of Pb?+ by Ba2+ in PbHA caused the
infra-red frequencies for the OH group to shift to |ower
values while that for the PQ. group shifted to higher
val ues with increasing bariumcontent. Broadening of X-ray
powder diffraction peaks wth i ncreasi ng bari um
concentration was observed.

Solid solutions of strontiumcadmum strontiuml ead
and strontiumzinc hydroxyapatite were also obtained in the
entire conposition range in basic and acidic nedi a. Cd?*
and Zn?* showed sinilar behaviour towards strontium
hydr oxyapatite (SrHA) probably due to simlarities intheir

chem stries. Infra-red frequencies for the PO, vibrati onal
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nmodes and OH stretching nodes for strontiumcadm um
strontiumlead and strontiumzinc hydroxyapatites were
shifted to | ower values with increasing replacement of Sr?*
in each case. The OH librational frequencies are shifted
to higher values in strontiumcadm um and strontiumzinc
hydr oxyapatite solid solutions but to lower values in
strontium| ead hydroxyapatite with increasing replacenent
of strontium

The above results indicate that the pH of the
medi ati ng medium the nethod of preparation; and the size
of the substituting cation affect cationic isonorphous
substitution in the apatite systens. In addition,
crystallinity of apatitic solid solutions appear to
increase with increasing replacenent of a larger cation
with a smaller cation. Crystallinity however decreases
with increasing replacenent of a snmaller cation by a |arger
one in an apatite.

A nodified nethod for a high yield preparation of PobHA
from the basic salt, PbegOs(NO3), has been devised.
Rel ative intensities and d-spacings for the prepared PbHA
sanples are in agreenment with standard val ues provi ded by

the Joint Commttee on Powder Diffracti on Standards.
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1
CHAPTER ONE
INTRODUCTION
1.0 SOME CALCIUM PHOSPHATE SYSTEMS
1.1 ARATITES

The apatites constitute a class of minerals having the
general formula, Ms(PO4)3X or Mio(PO4)sXz (M = metal ion;
X = OH, halogen, etc). Its most important member calcium
hydroxyapatite, Cas(PO4)a(OH), has biological, geological
and economic significance. It constitutes the principal
inorganic phases of teeth and bones. It is the most
abundant mineral in human tissue and one of the few
crystals formed in vivo (Van Wazer, 1961, Eanes, 1979,
Sowerby and Emeleus, 1975). Calcium hydroxyapatite, (CaHA)
is also found in nature as the mineral hydroxyapatite which
is similar to that found in ©biological apatites.
Biological apatite is however known to be associated with
many other elements in both small and large amounts. For
thie and similar reasonse, biological apatites are referred
to as impure hydroxyapatites (Bigi et al., 1984).

Some of the impurities associated with biological
apatites include Sr2+, BaZ2+, Mg=2+, K+, Pb2+, ZnZ2+ FeZ+,
Cd2+ and other cationic trace elements which are able to
replace calcium either wholly or partly in the
hydroxyapatite lattice; others include COz2-, HP0O43—,
P2074—~ capable of substituting for the PO043— ion and
finally, Cl-, F-, Hz0 and COs2- which do replace the OH

group in the hydroxyapatite (Baud and Very, 1975, Baud,
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Bangs and Very, 1977, Legeros et al., 1980). ‘
The biological apatites are microcrystalline (compared
to the macro dimensions of mineral apatites), of wvariable
composgition and therefore heterogeneous even within each
category and even within each calcified tissue (enamel,
dentine, bone). Some of the problems associated with
biological apatites (McConnel, 1973), include:
i) non-stoichiometry, e.g. the Ca/P ratio of biological
apatites range from 1.54 to 1.73 compared to 1.687 for
pure calcium hydroxyapatite;

ii) co-existence or pre-existence of possible precursors,

e.g., calcium rhosphate decahydrate, octacalcium
phosphate, tricalcium phosphate, amorphous calcium
phosphate, and possibly others.

The biological apatites are however similar in one
respect: they all contain the carbonate ion in different
amounts usually as a substituent for phosphate in the
apatite structure. Generally, they differ in crystallite
sizes, shapes, and their physico-chemical (susceptibility
to acid dissolution) and thermal stabilities. For
instance, apatite crystallites of enamel are much larger
than those of dentine or bone; apatites from pathological
tissue calcifications (e.g. salivary stones, dental
calculi) show greater crystallinity than those of bone and
dentine but less than those of enamel except in the case of
enamel pearls in which the crystallinity of the apatite is

more similar to that of the enamel (Brown et al., 1962;



Eanes, 1979; Elliot, 1973).

Consequent upon these problems associated with
biological apatites, many studies on biological apatites
(Baravelli, et al., 1984) have been carried out indirectly
by studying synthetic apatites prepared from agueous and
non-aqueous systems. The direct extrapolation of results
from such studies to biological apatites is however not
possible soeg of the time (Legeros and Legeros, 1980).

Other calcium phosphates [brushite or calcium hydrogen
phosphate dihydrate, CaHPO4.2H20; Octacalcium phosphate,
CagHz (P0O4) .5H20; whitlockite or tricalcium phosphate,
Caa(P0O4)z; calcium pyrophosphate dihydrate (mono- and
triclinic forms), CazP207; amorphous calcium phosphate,
ACPl; and Magnesium phosphates [struvite, MgNH4PO4.6H20;
newberlite, MgNHPO4.3H20; amorphous magnesium phosphate,
ACMP], have been identified in association with apatite
phase. In the presence of low concentrations of P2074—,
the growth of CaHPO4.2H20 crystals are suppressed and their
morphology highly modified but at higher concentrations,
amorphous calcium phosphate forms. The presence of Mg=2+
encourages the formation of B-tricalcium phosphate from
agqueocus solution (Baravelli et al., 1984). For this
reason, its presence in biological systems is always
associated with magnesium.

Many phosphate minerals with an apatite structure are
also formed magmatically or hydrothermally. The economic

importance of this group of mineral is related to the
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fossil deposits they form which serves as a good source for
fluorine, caleium, uranium and the rare earth metals.

The ideal apatite structure possesses a hexagonal
space group,(P6s/m) although ﬁg’can be described in terms
of a monoclinic cell (P2i/b) which is often distorted by
isomorphous substitution (Young, Sudarsanan and Mackie,
1968). The cell contains six nearly tetrahedral PQ43- ions
in three crystallographically non-equivalent but chemically
distinguishable positions, ten bivalent cations, M2+, in
two chemically different environments, M2+ (I)4 and M2+(II)s
and two monovalent anions which are located in columns
along the principal axis.

It is only the X ions that occupies the crystal axis
while the high close-order symmetry of the neighbouring
positive and negative centres gives an almost uniform
electrical field along it,with very shallow potential
wells. Isomorphous substitution takes place easily along
these columns, which can almost be seen as atomic-scale
tunnels by which ions move very easily. While the
hydroxide and fluoride ions are the most commonly found X
ions that form hydroxyapatite and fluorapatite
respectively, the chloride and the bromide are able to
substitute wholly or partly for them. In addition, many
natural and synthetic apatites have significant guantities
of these sites occupied by oxide, peroxide or carbonate
ions.

The relatively unpolarisable alkaline earth metals,
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Ca2+, Sr2+ and Ba2+ or the moderately polarisable metals
such as MnZ+, Cd2+, Pb2+ and ZnZ2+ and other cationic trace
elements are able to occupy the cation sites (Sowerby and
Emeleus, 1975). Limited isomorphous substitution is well
known for a wide range of cations, including sodium, many
transition elements and some lanthanides (Legeros et al.,
1980).

Occupancy of the tetrahedral site is 1limited to
rhosphate, arsenate, vanadate and small éu&ntities of
carbonate and silicate. Arsenate completely or partly
replaces phosphate in either hydroxyapatite or fluorapatite
in a continuous range of solid solutions.

On the whole, the chemistry of hydroxyapatite is
greatly complicated by its ability to form interlayered
mixtures with octacalcium phosphate, OCP; on the other
hand, this structural relationship provides a rational
basis for understanding physiologically important phenomena
(Brown, Schroeder and Ferris, 1979) such as:

i. a mechanism for prevention of dental caries by
fluoride in drinking water;

ii. the cause of ribbon like and platy morphologies of

biological apatitic crystallites;

iii the unusual wvariability in the stoichiometry of
apatite precipitates;

iv. a possible mechanism for incorporation of impurities
and defects into dental enamels;

v. a mechanism of growth of biological apatites and
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vi. a rationale why teeth enamel vary in their caries

susceptibility.

1.1.1 Calcium Hvdroxvapatite Formation

The precipitates of calcium phosphate from aqueous
solutions at moderate temperature is initially amorphous
and deficient in calcium with a Ca: P ratio of 1.45
(Nancolla, 1971 in Sowerby and Emeleus, 1975). The
crystalline hydroxyapatite ie formed from this amorphous
phase in two stages (Eanes and Posner, 1970). The first
stage leads to the formation of colloidal hydroxyapatite
particles. This usually takes place quite rapidly because
the amorphous phase has a higher energy and is more soluble
than the hydroxyapatite. As soon as the amorphous phase
disappears, hydroxyapatite starts growing although at a
slower rate.

The presence of threshold agents such as sodium
pyvrophosphate prevents the transformation of the amorphous
phase into crystalline hydroxyapatite. For example, a
solution at pH of 7.4 and 25C containing 10-2M CaClz and
NaHzPO4 forms crystalline hydroxyapatite within 45 minutes
but when (NaHO=zP)z cclz or (NaHO=zP)z C(OH)CHz was added at
the 10-2 M level, only amorphous gels were formed (Francis,
1969).

At temperatures between 1000 and 1300oC in low
concentrations of water vapour, calcium oxide and

tricalcium phosphate form crystalline hydroxyapatite. A
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truly monoclinic calcium hydroxyapatite is formed by the
thermal hydrolysis of stoichiometric calcium chlorapatite
(Eliot, 1971). The OH- ion displaces the chloride ion in
an ordered fashion after two weeks of steam treatment

without disrupting the crystals.

1.1.2 Qctacalcium Phosphate (OCP) CasH2(PQ4)e.S5H20

Qctacalcium phosphate is one of the major crystalline
components of dental calculi. It usually co-exists with
whitlockite and or apatite. The similarity in structure
between OCP and hydroxyapatite gave rise to the theory that
OCP is a precursor for biological apatites (Brown et al.,
1962; Brown et al., 1979; Chickerur et al., 1980).

In synthetic systems, the formation of OCP ie
sensitive to pH and temperature changes and to the presence
of trace elements. It co-existe with apatite when the
starting pH is high and with B-tricalcium phosphate in the
presence of magnesium.

OCP usually forms needle-like crystals which grow from
a common centre (Legeros, 1977). The OCP crystals are

similar to apatite needles morphologically.

1.1.3 Whitlockite, B-Tricalcium Phosphate(TCP). Cas(PQ4ls
B-Tricalci M y P] hate (TCMP)
(CaMg)e(PQa>ye
Pure whitlockite is B-TCP, Cas(PO4)s. It is not found

in biological systems and cannot be prepared from agueous



8

systems. @-TCP can only be prepared at high temperatures
(900=C) by solid state reaction (Legeros, 1977).
Biological whitlockite usually contain varying amounts of
magnesium. Whitlockite is found mostly in salivary stones
and dental calculi but rarely in urinary stones.

The presence of Mg2+ in biological and synthetic
whitlockites stabilizes them from being hydrolyzed to
apatite. Other ions such as Mn2+, Fe2+, Co2+ and NiZ2+ also
promote the formation of B-TCP at the expenée of apatite
from aqueous systems (Legeros and Legeros, 1980).

However, the Mg/Ca ratio in biological systems is the
main determining factor in the formation of whitlockite
phase at the expense of apatite. Similarly, in gel
systems, increase in Mg/Ca ratio causes the formation of
TCP and OCP instead of apatite and OCP.

1.1.4 Struvite. MgNH4PO4,6HsQ

Struvite is mostly found in association with apatite
as a component of urinary stones which usually forms as a
result of bacterial infection (Elliot, 1973). The
formation of struvite may also be induced by
alkalinization using ammonia solution.

Struvite crystals in gel systems grow very readily in
the presence of mg2+, HP0O42-, PO0O43-, NHa* while the
simultaneous presence of Pz072- results in reduction in
crystallite size habit modification and twinning of the
struvite crystals. The simultaneous presence of Ca2+ with

Mg=2+ also affect the formation of struvite.



1.2 Research Objectives

The purpose of this work is to investigate the
individual effects of some cations on the formation and
some properties of apatites in synthetic systems. It is
undertaken as part of an on-going attempt to clarify
factore influencing the nature of the interaction of
cations with apatitic systems.

The choice of the metal-metal hydroxyapatite systems
for this study was guided by consideration of the
individual effects of such metal ions on the human system
(biclogical apatite being the principal inorganic phase of
human bones and teeth), with a wview to gaining better
understanding of among other things the effect of:

i) pPH of mediating solutions;

ii) cationic size; and

iii) method of preparation on the nature of the products
and extent of isomorphous substitution in apatite
systems.

The study has been carried out by the method of co-
precipitation from basic and acidic media at specified
temperatures (Legeros et al., 1980; Patel, 1979; Bigi et
al., 1982) and in some cases by solid state reactions (Bigi
et al., 1984 and 1989). Products of these reactions were
characterized by atomic absorption spectrometry, infra-red
and UV spectrophoto-metry and by X-ray powder diffraction
analysis. The cases studied include:

i) the replacement of CaZ2+ by Mg2+ and Zn2+ in calcium



ii)

1i1)

iv)

v)

vi)

10
hydroxyapatite in aqueous medium at specified pH (pH -
12 for Mg2+; pH 10.5 and pH 5-6 for ZnZ+);
the substitution of CaZ2+by Ph=z~+ in calcium
hydroxyapatite by solid state reaction;
the replacement of Sr2+ in strontium hydroxyapatite by
each of ZnZ2+, Cd2+ and Pb2+ in basic medium (pH =
10.5) and acidic medium (pH 5-6);
isomorphous substitution of lead by cadmium and barium
in lead hydroxyapatite in basic medium (pH = 10.5) and
acidic medium (pH 5-6);
isomorphous substitution of lead by barium in lead
hydroxyapatite by solid state reaction; and
a modified method for a high yield preparation of

lead hydroxyapatite.
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CHAPTER TWO
REVIEW OF RELATED LITERATURE

2.1 Substitution in Apatite Systems

The structure of the hydroxyapatite easily
accommodates a great variety of substituents, both anionic
and cationic. Some of these ions (e.g., Sr2+, BaZ+, Cd2+,.
etc) are able to substitute for CaZ2+ in synthetic hydroxy-,
fluor- and chlor- apatites (Legeros et al., 1980, Collin,
1959; Chiranjeevirao et al., 1982, Thomas ep al., 1989;
Bigi et al., 1984, 1989, 1991; Narasaraju et al., 1972;
Patel, 1979; Koutsoukos and Nancollas, 1981; Baravelli et
al., 1984; Casonovas et al., 1980; Pearce, 1981; Verbeeck
et al., 1981). While ions such as Cl- and F— substitute
for the OH- ions, COaz2—-, AS042-, and to a limited extent,
MnO43—, S5i043- substitute for the phosphate ion, PO043-.
Exchange of cation in the hydroxyapatite structure is the
basis for incorporation of lead in human skeletal system
which leads to lead poisoning (Narasaraju et al., 1972).

Substitution of other ions into the apatite lattice
affect the crystallinity (reflecting crystallite size
and/or strain), morphology and lattice parameters of the
apatite (Baud, 1975; Baud et al 1977) and as a result cause
stability or instability to the human tissues involved in
the case of Dbiological apatites. Some of these
"impurities" are associated with the susceptibility or
resistance of human tooth enamel to acid dissolution

(caries) and of bone to resorption process (Baud et al.,
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1977). The effects of some of these ionic substitutions on
the formation and stability of apatite are briefly examined

in the following sections.

2.1.1 Effects of Anion Substitutions on the Formation and
Stability of Apatite
i). Carbonate. COaZ2-—

The incorporation of carbonate in synthetic and
biological apatite is coupled with the incorporation of
sodium ions. Carbonated apatites are of two types: type A
is that in which the carbonate ion, COz2— replaces the
hydroxyl ion, OH-. This is mostly found in synthetic non-
aqueous (1000eC) systems; type B occurs in aqueous systems
(25 = 1002C) in which the C0a2- exchanges for the phosphate
ion, PO43—. In biological apatites the carbonate ion,
CO32—, predominantly exchanges for PO42- (Pearce, 1981; Doi
et al., 1982; Nelson, 1981).

The extent of carbonate incorporation is determined by
the presence of other ions which include Na*, K+ and Sr2+.
Sodium and to a lesser extent potassium enhance high
incorporation of carbonate into the apatite structure while
Sr2+ limits it. Generally, the incorporation of carbonate
into the apatite structure causes (Nelson, 1981).

(a) Changes in morphology from needle-like rods to equi-
axial crystals;

(b) Reduction in crystallite size;



13

(e¢) Contraction in the a-axis and expansion in the c-axis
dimension compared to the unsubstituted calcium
hydroxyapatite;

(d) Internal strain and

(e) Chemical instability - such as increase in solubility
and decrease in thermal stability (Legeros 1977).
On the whole, the apatite with least carbonate content
(e.g. enamel) has greater crystallinity (i.e. greater
crysetallite size and/or less strain) than the apatite
with more carbonate (e.g., bone or dentine). For
similar reasons, enamel is less soluble than dentine

or bone mineral in acid buffers.

i1) FEluoride, F-

The fluorapatites, idealized as Caio(P0O4)eFz, are the
most abundant mineral apatites containing carbonate in most
cases. The hard impervious enamel that covers the soft
porous interior dentine of mammalian teeth usually contains
a modest amount of fluoride ions isomorphically substituted
for the hydroxyl ion, OH in the hydroxyapatite crystal
lattice. This results from reactions of ingested or
topically applied fluoride with enamel or boné apatites
(Eanes, 1979; Baud et al., 1977).

The incorporation of fluoride in biological and
synthetic apatites causes:

(a) increase in crystallite size;
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(b) decrease in strain due to increased stability of the
apatite structure;

(c) contraction of the a-axis and no significant change in
the c-axis when compared to unsubstituted calcium
hydroxy-apatite;

(d) increase in chemical stability (decrease in
solubility) and

(e) increase in thermal stability (Barone et al., 1976;

Baud et al., 1977).

iii) Chloride, Cl=

In non-aqueous systems, two chloride ions substitute
for two hydroxyl ions in the apatite crystal lattice, but
in apatites from aqueous medium, the maximum substitution
is 40 mole?%?h* The formation of apatite in biological
systems strongly discriminates against chloride
incorporation, for example, the average chloride content of
human enamel apatite is about 0.25 weight % while that for
bone or dentine is less than 0.01 weight %.

The exchange of Cl for OH in apatite to form
Ca10(P04)eClz or Caio(PO04)e(OH)(Cl) from non-agueous and
aqueoueg systems respectively causes the expansion of the a-
xis and contraction of the c-axis dimensions. Chloride
ions contribute to the instability of the apatite structure
and ite properties. Chloride containing apatites are less
stable thermally than either OH - or F-apatites (Legeros

and Legeros, 1980).
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iv). Acid Phosphate (HPO42=

The acid phosphate, HP042—, is able to substitute for
PO43- in the apatite crystal lattice. Its exchange for
PO43- results in the expansion of the a-axis and slight
contraction in the c-axis dimensions. It also causes
instability in the apatite, thus, making the apatite to be
more susceptible to acid dissolution. The non-
stoichiometry of biological apatites especially that of
human enamel is partly due to the presence of the HPO42-
ions. The HPQO42—- may be either surface bound, lattice
bound (substituting partially for PO43-) or as constituent
of octacalcium phosphate interlayered with apatite (Brown
et al., 1979).
v)  Pyrophosphate. P20Q734-

Pyrophosphate suppresses crystal growth if present in
a solution from which apatite forms. Its presence in
biological fluids, urine and saliva is associated with the

inhibition of dental and urinary calculi formation.

vi) As043—, V033—, Cr042-, and Mn043—

Arsenate can completely or partially replace phosphate
in either hydroxyapatite or fluorapatite in a continuous
range of solid solutions. With less than 70% As043-
substitution in fluorapatite, the crystals retain the
hexagonal symmetry of fluorapatite, but above this point,
the symmetry is reduced.

As, V and Cr each can replace phosphorus in both
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fluor- and chlor-apatites of calcium, strontium and barium
(Grisafe and Hummel, 18970). Maganese (v) completely
replaces phosphorus only in barium apatites. With this
exception, the substitution of arsenic, vanadium, chromium
or maganese for phosphorus with a given halide and metal
ion takes place over a continuous range of so0lid solutions.
Substitution of vanadium, arsenic or chromium for
phosphorus in calcium fluorapatite distorts the hexagonal

symmetry of the crystal.

2.1.2 Effects of Cation Substitutions on the Formation and
Stability of Apatite

Substitution of various cations for Ca2+ in the
hydroxyapatite is usually sccompanied by changes in the
lattice parameters, crystallinity and morphology of the
apatite (Legeros et al., 1980; Fowler, 1974; Patel, 1979;
Bigi et al., 1984, 1989 and 1991). Substitution of cations
having emaller ionic radii than CaZ2+ sghow unit cell
contraction (e.g., Fe2+, Co2+, NiZ+, Mg2+, ZnZ2+, etc) while
the replacement of Ca2* in hydroxyapatite by cations
poesessing larger ionic radii than CaZ2+ (e.g., Sr2+, BaZ2+,
Pb2+, etc) causes expansion of the unit cell parameters.
(Patel, 1979; Collin, 1959, Legeros et al., 1980).

The exclusion of calcium from the hydroxyapatite
lattice results in changes in the crystal field acting upon
the phosphate ion (Fowler, 1974; Klee and Engel, 1970).

Such changes are manifested in the form of a shift or
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broadening of the infra-red absorption bands for the
phosphate ions and the hydroxyl ions in the hydroxyapatite
lattice. For example, the infra-red absorption spectra of
apatites obtained from solution containing concentrations
of AI3+, Cr3+, ZnZ2+, CuZ+, Fe2+, of Fe3*+ show shifts while
lesser effects are observed in the spectra of apatites
obtained in the presence of similar concentrations of BaZ+,
Pb2+, Sr2+, Mn2+, and Cd2+, yet no significant shift occurs
in the presence of Na+, Li+ and K* when their infra-red
absorption spectra were compared with that of unsubstituted
calcium hydroxyapatite.

Unsatisfactory explanation abound in the literature as
to why some cations substitute for calcium in the
hydroxyapatite structure in the whole compositional range
giving a complete series of solid solutions of the type
Ca10-xMx(PO4)s(OH)z (x = 0 to 10; M = substituting cation)
while others do not. A seemingly popular view is that the
replacement of CaZ+ in the apatite structure by other metal
ions is related to the ionic radii of the cations (Legeros
et al., 1980; Patel, 1979). Cations larger than CaZ+,
e.g., Sr2+ and Pb2+ have been reported to exchange for
calcium, giving a complete range of solid solutions in the
entire compositional range (Legeros, 1980; Bigi et al.,
1989; Narasaraju et al., 1972). Cations with smaller ionic
radii than CaZ2+, such as Cd2+ and Mg=2+ have also been
reported to replace CaZ2+ in the apatite structure to give

solid solutions in the whole range (Patel, 1979; Inikori,
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Thomas and Ayoko, 1989; Chiranjeevirao et .al., 1982)..

2.1.2.1 Magnesium Substitution (Mg=2+)

Substitution of magnesium is still a matter of
controversy as earlier reports (Legeros et al., 1980; Klee
and Engel, 1972) show that magnesium if incorporated, is
incorporated to a wvery limited extent, suppresses the
crystal growth of apatites and promotes the formation of B-
tricalcium phosphate (TCP) at the expense of apatite
(Legeros et al., 1980). The formation of B-TCP by heat
treatment of the inorganic deposits of different biological
and pathological calcifications has been correlated with
the magnesium contents of the mineral phaaeal(Bigi et al.,
1980). The limited amount of magnesium (less than 1 weight
%) in mineral, synthetic and biological apatites and the
preferential release of Mg2+ during the initial dissolution
of enamel skeletal and synthetic apatites are taken to
indicate that Mg2+ in biological apatite is surface limited
and not lattice bound (Williames and Sallis, 1982; Nacollas,
1984; Boskey and Poener, 1974).

The clear evidence of the role of magnesium in
affecting the biological apatite deposits has prompted
numerous studiee on the interaction of magnesium ion with
hydroxyapatite in agueous and non-aqueous systeme (Legeros
et al., 1980; Baravelli et al., 1984; Patel, 1979: Inikori,
Thomas and Ayoko, 1989). Two studies, (Patel, 1979 and

Chiranjeevirao et al., 1982) have suggested that at pH
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values above 9, magnesium replaces calcium in caleium
hydroxyapatite to give solid solutions in the whole
compositional range. Both studies attributed the ability
of Mg2+ to substitute for CaZ+ to the similarity in their
ionic radii (CaZ2+ = 1.00&; Mg2+ = 0.72A). This assertion
is still debatable because other cations whose ionic radii
are either similar, e.g. Hg2+, Na+*, Yb2+ etc or smaller
than Ca2+ (e.g. Co2+, Zn2+, AI3+ etc) have not been
reported to substitute CaZ2+ in the hydroxyapatite in the
whole range (Legeros et al., 1980). It follows therefore
that the ionic radii of cations alone cannot be used as a
basis for predicting the extent to which a certain cation
can substitute for Ca2+ in the hydroxyapatite lattice.
Recourse may have to be made to factors which influence the
values of such radii before a meaningful rationalization
can be made. Coordination number of the cations involved
and occupancy of cationic sites in the apatite lattice may
also affect the degree of substitution (Bigi et al., 1989;
Thomas, 1988).

2.1.2.2 Stroptium Substitution (Sr2+)

The calcium form of hydroxyapatite will exchange CaZ+
for Sr2+ in aqueous medium to form solid solutions in the
entire compositional range (Koutsoukos and Nancollas, 1981;
Fowler, 1974; Collin, 1959).

The ultimate site and mechanism of strontium

incorporation into the bone structure of the human body
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have been of great concern since the release of radiocactive
strontium into the atmosphere from nuclear tests. In
contrast to the variable levels of this element in bones,
the strontium deposited in teeth varies little in
concentraiion (Jenkins, 1978).

Experiments in rats showed that lack of strontium in
the diet causes a high incidence of dental caries and poor
growth condition. Addition of strontium to the diet were
found to reverse these changes although it resulted in
rickets.

It is believed that incorporation of strontium into
the lattice of calcium hydroxyapatite is due to the
gimilarity of its ionic radius with that of calcium (CaZ2+
= 0.99Ae; Sr2+ = 1,.12A°) (Elliot, 1973). This assertion as
already pointed out is still debatable. A complete series
of solid solutions of strontium with hydroxyapatite was
prrepared by Collin (1959) with wunit cell parameters
linearly dependent on the extent of strontium incorporation
into the apatite lattice. The Sr: Ca ratios in the solid,
however, were smaller than thoese in the solution phase.
These results were confirmed by the synthesis of a
continuous series of solid solutions of strontium and
hydroxyapatite by solid state reaction (Heijligers et al.,
1979). It was suggested that there is a slight preference
of strontium for the 6-fold axis and that the solution
behaved ideally. At higher strontium contents however,

there was evidence for another phase co-existing with the
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solid solutions of Ca-Sr apatite. Koutsoukos and Nancollas
(1981) reported that changes in the unit <cell lattice
parameters and infra-red absorption spectra of Sr-Ca
hydroxyapatite solid solutions are also linearly related to
the strontium content of the precipitated solid phases.
The presence of strontium in crystallizing strontium -
calcium hydroxyapatite solid solution reduces the size of
the developing Sr-Ca hydroxyapatite crystallite. With
strontium having a larger ionic radii than CaZ2+, the
substitution of Sr2+ for Ca2+ in the hydroxyapatite
produces expansion effects on the lattice parameters of the
apatite formed (Legeros et al., 1980; Collin, 1959 and
19680). Legeros et al (1980) reported that the
incorporation of strontium in the apatite directly depends
on Sr2+: Ca2+ ratio in the media and is facilitated at
higher pH (9 > 7 > 5) and temperatures 100 > 60 > 37<C).
In bone and tooth minerals, strontium is found as one
of the minor constituents or impurities (Baud et al.,
1977). The incorporation of strontium in bone mineral has
been correlated with changes in the a-axis dimension of the
bone apatite, but in enamel apatite, the effect of
strontium substitution for calcium was obscured by
simultaneous fluoride substitution for hydroxy which causes
opposite effect on the axis (Bartels et al., 1982; Tanaka
et al., 1981). Nevertheless, the interaction of strontium
with bone is reported to be similar to that with synthetic

calcium hydroxyapatite. Report by Koutsoukos and Nancollas



22
(1981) showed that in the presence of strontium, thg
crystallization of hydroxyapatite from metastable calcium
phosphate solutions at low supersaturation results in the
creation of cationic vacancies in the lattice and

insignificant incorporation of the strontium ions.

2.1.2.3 Lead Substitution (Pb2+)

The replacement of lead in the hydroxyapatite
structure in aqueous medium to form solid solutions in the
entire range has been carried out based on the following
equation (Narasaraju et al., 1972):
10M(Nozs )=z + 6(NH4a)z HPO4 + 2H20 = M1o(PO4)s(OH)z + 12NH4NOsz
+ B8HNO=z, where M = Ca2+ or Pb2+ for the respective end
members and (Ca2+ + Pb2+) for the solid solutions, the
proportion of Ca to Pb being varied as desired at a pH of
12. Lead-calcium hydroxyapatite solid solutions have also
been obtained by so0lid state reaction of appropriate
mixtures of lead hydroxyapatite and calcium hydroxyapatite
at a temperature of 900oC overnight (Bigi et al., 1989).
Legeros et al (1980) also reported the substitution of Pb2+
for Ca2+ in the hydroxyapatite structure to form solid
solutions in the entire compositional range by the drop-
wise addition of calcium and lead acetate solution to a
stirring phosphate solution maintained at 95 - 100oC for 5
hours.

The replacement of calcium by lead in the

hydroxyapatite causes an expansion of the unit cell.
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However., while the c- and a-axes dimensions of strontium -

calcium apatites vary linearly with composition,
contradictory data are reported for lead-calcium
hydroxyapatite. Earlier reports (MNarasaraju et al., 1972)
indicated that the lattice parsmeters of lead-calcium
- hydroxyapatite vary linearly with composition but more
recently, deviation of the c-parameters from Vegard's law
has been reported (Bigi et al., 1989 and 1981). Report by
Bigi et al., (1889) indicated that incorporation of l=sad
into the hydroxyapatite causes a destabilizing effect on

the hydroxyapatite structure and provokes its thermal
conversion into B-tricalclium phoephate (3~-TCP)Y. The extent
of this conversion was found to reduce with increasing lead
concentration up to about 50 lead atom %. At lead
concentrations higher than 50%, the stability of the solid
solutions to heat treatment decreases. The researchers
noted that the inhomogeneous distribution of lead in two
non-equivalent cation sites of the hydroxyspatite structure
or a preference of Pb2+ ijon for site (2) of the
hydroxyapatite structure causes a structural difference
which can be considered responsible for the deviation of
the c-axis from Vegard's law and thermal stability with
composition of lead-calbium hydroxyapatite, Lead
incorporation in the hydroxyapatite structure was also
found to cause small displacement of the rhosphorus atoms
from the origin of the unit cell and affects significantly.

the position of the hydroxyl grouwp.
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2.1.2.4 Barium Substitution (Ba2+)

The substitution of barium for calcium in the
hydroxyapatite structure has been studied in aqueous system
and by solid state reaction (Legeros et al., 1880: Bigi et
al., 1884). According to Bigi et al., (1884), the
precipitates obtained at 1002C by drop-wise addition of
calcium and barium acetate solutions into a stirring
rhosphate solution are constituted by solid solutions only
in the range of barium concentration in solution from 0 to
25 atom %. Amorphous precipitates were obtained from
solutiona containing a barium concentration of 25 to 60
atom %. At higher barium concentrations, tribarium
rhosphate was obtained. After heat treatments at.1200°C,
apatitic precipitates from aqueous solution were converted
into a c¢rystalline phase corresponding to a-tricalcium
rhosphate. The study also showed that products obtained by
solid state reactions at 1200=C are solid solutions over
the range of barium concentration 60-100 atom %. The
lattice dimensions and the frequency in the infra-red
absorption spectra of the solid solutions were found to
vary linearly with the atom % of barium. Concentration of
barium in the solid solution was found to be less than that
in the agqueous solution from which it was precipitated.
This is in agreement with the results obtained by Legeros
et al., (1980).

Incorporation of more than 25 atom % barium in the



29
calcium hydroxyapatite in agueous medium was found -to
produce broadening in the X-ray powder diffraction peaks.
The cell dimensions increased with barium atom % as
expected due to the larger size of the barium ion compared
with calcium ion. Inspite of the presence of a zone of
immiscibility., the a-axis and c—-axis dimension were fouﬂd
to expand according to Vegard’ s Law which is in agreemenﬁ
with that reported by Legeros et al., (1980) for Ba-Ca
hydroxyapatite obtained from aqueous solution containing 5

and 10 atom % of barium.

2.1.2.5 Tin Substitution (Sn2+)

The extent to which tin can substitute for Ca2+ in the
hydroxyapatite structure is still a matter of controversy.
Studies by Legeros et al., (1980) showed that tin does not
substitute for calcium in the hydroxyapatite to any
significant extent. They reported that in an attempt to
incorporate Sn2+ in the hydroxyapatite lattice in aqueous
medium at 100°C, amorphous precipitates were obtained from
solutions containing ©Sn2+ : Ca2+ mole ratio of 3:97
respectively.

A recent study by Thomas et al., (1989), however
showed that Sn2+ can substitute calcium in the
hydroxyapatite structure to form solid solutions over the
range of Sn2+ concentration of 0 to 20 atom % by solid
state reaction at 500eC; the amount of tin (II)

incorporated in the calcium hydroxyapatite by precipitation
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from aqueous medium was insignificant. Products obt&ined_
by solid state reactions in the study showed an expansion
of the a-axis and c-axis lattice parameters in the range of
0 to 10 atom % tin which are similar to those reported by

Legeros et al., (1980) for other cations.

2.1.2.6 Substitution by Other Cations

Not much work has been done on the substitution for
Ca2+ in calcium hydroxyapatite by other cations, such as,
Fe2+, Co2+, Ni2+, Zn2+, Mp=2+, Cu2+, AI3+, Fe2+, Cr3+, Li~+,
Na+*+, K+, etc. In a survey of the individual effects of
some cations on the formation, stability and some of the
properties of apatites Legeros et al., (1980) reported that
incorporation of Fe2+, Co2+ and NiZ2+ even in small amounts
of not less than 10% relative to CaZ+, destabilises the
hydroxyapatite structure and promotes the formation of
tricalcium phosphate (TCP); the presence of 5-10% of Zn=2+,
Mn2+, Cu2+, Fe2+, AI3+, Fe2+ or Cr3+ relative to Ca2+ in
the mediating solution was found to suppress the growth of
the hydroxyapatite crystals. Similarly, the presence of
not more than 10% Cr3+ or Cr®+ relative to calcium in the
mediating solution caused the formation of apatite with
differing crystallinity. While the presence of Cr3+ gave
apatite with smaller crystallite size, no remarkable change

waeg observed with Cr6*+ relative to calcium hydroxyapatite.
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2.1.3 Factors Affecting Cation Substitution in
Hydroxvapatite

Proper understanding of the interaction of cations
with calcium hydroxyapatite requires an examination of
those factors which can influence these interactions.
Attempts at explaining the extent of cationic replacement
of Ca2+ in the hydroxyapatite on the basis of ionic radii
(Legeros et al., 1980; Patel, 1979; Collin, 1959; Bigi et
8l., 1991) have not been too successful as it failed to
account for some observed substitutions. For example,
cations larger than CaZ+ such as Sr2+ and Pb2+ have been
reported to substitute for CaZ2+ in the hydroxyapatite
structure giving a series of solid solutions in the
complete composition range. Cadmium and Magnesium ions
with smaller ionic radii than CaZ2+ have also been shown to
substitute for CaZ2+ in the hydroxyapatite to form solid
solutions in the entire range. Some other cations whose
ionic radii are either similar or smaller than that of CaZ=2+
have not been reported to form complete series of solid
solutions with hydroxyapatite.

Factors other than cationic size which influence the
nature and extent of incorporation of metal ion in the
hydroxyapatite structure may be inferred from the
experimental observations in the above survey. The pH of
the medium from which the solid solutions are precipitated
may affect the nature and extent of incorporation of cation

in the hydroxyapatite structure.
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Table 2.1 Radii of Some Ions

Cation Radii (A) Anion Radii (A)
Ca=2+ 0.99 OH—- 1.53
Sr2+ 1.18 Cl- 1.81
Baz2+ 1.35 F- 1.36
Pb2+ 1.21 PO43- 1.55
Fe2+ 0.76 COa=2- 1.29
Fe3+ 0.64

Co=2+ 0.74

Ni2+ 0.69

Zn2+ 0.74

Mn=2+ 0.80

Cuz+ 0. 72

AI3+ 0.50

Cr3+ 0.53

Na+ 0.95

Li+ 0.680

K+ 1.33

Mg2+ 0.65

Cd=+ 0.97

Source: Cotton and Wilkinson (1972)

For example, the higher the pH (9>7>5), the greater the
amount of Sr2+ that can be incorporated in the
hydroxyapatite structure (Legeros et al., 1980). The

formation of lead-calcium hydroxyapatite in aqueous system
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is facilitated at a pH of 12 (Narasaraju et al., 1972).
Similarly, the incoryporation of Mg2+ in the hydroxyapatite
astructure is favoured at higher pH values. At pH less than
g9, the tricalciuﬁ rhosphate is formed at the expense of
magnesium~calcium hydroxyapatite (Patel, 1979; Inikori,
Thomas, and Avocko, 1891). Manganese (1II) forms only
apatite at a pH of 7, but st a pH of 5, apatite mixed with
tricalecium phosphate are obtained (Legeros et al., 1880)
from solutions containing 10 Mn2+ /90 Ca=2+._

The wvalency of a cation has also been found to
influence the extent of formation of tricaleium phosphate
at the expense of apatite and the nature of the crystallite
size ({Legeros, et al., 1980). Fe3+ in sgimilar
concentrations as Fe2+ partially replaces calcium. in the
hydroxyapatite in the ratio of 10/90 Ca to form tricalcium
rhosphate mixed with apatite, while apatite alone is
abtained with Fe2+., Also, Cr2+ and Cr®r when present in
similar amounts, 1090 Ca2+, in the mediating solution,
causes the formation of apatite with differing crystallite
size; and smaller crystallite =2ize in the case of Cr3+
relative to that of hydroxyapstite.

The method of preparation may also influence the
extent of cationic exchange in the hydroxyapatite
structure. Ba2+ replaces CaZ2+ jin the apatite structure over
a range of barium concentration of 80-100 atom % by solid
state reaction at 12002C. However, only small amounts of

Ba2+ can be incorporated in the hydroxyapatite by
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precipitation from aqueous medium (Bigi et al.. 1984).
Similarly, Sn2+ substitutes for CaZ2+ in the hydroxy-apatite
structure over a range of Sn2+, 0 to 20 atom % by solid
state reaction whereas only inesignificant amounts of Sn2+
can be incorporated in the hydroxyapatite by precipitation
from aqueous system (Thomas et al.,1989; Legeros et

al.,1980; Legeros, 1977).

2.1.4 Methods for Investigating Cation Substitutions in
Apatite Svstem

Various physical methods are in use for studying

substitution processes in apatite systems. These methods

include:

i) Atomic absorption spectrophotometry;

ii) Infra-red absorption spectrophotometry;

iii) UV-Visible spectrophotometry; and

vi) X-ray powder diffraction analysis.

v) Tranemission and Scanning Electron Microscopy.
These methods are often complimentary to each other
and in practice a combination of a few of them is able
to give enough information about the nature of the
precipitates formed. Each of these methods and their
application to the investigation of substitution

reactione in apatite systems have been surveyed.
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2.1.4.1 Infra-red Absorption Spectroscopy
The infra-red region iz that portion of the

electromagnetic spectrum between wvisible light and radio

wavea. Radiation absorbed in the infra-red region produces
changes in the vibrational energy levels of the bonda in
the molecule. Either wave number or wavelength is used to
rlot the positions of the absorption bands in the infra-red
spectrum which in modern instrument covers 4000-200cm—1.

The infra-red region possesses a great array of

characteristic bands which provide a wealth of structural

information about the molecule.
Infra—-red radiation will be absorbed by a molecule
provided three conditions (Gadaden, 1875);: are met:

1} a natural frequency of vibration of the molecdle musat
be equal to the frequency of incident radiation:

il) the change in bond length or bkond angle due to
vibrational or rotational motion must cause a net
change in the dipole moment of the meolecule and

1ii) the energy must correspond to the energy difference of
the 2round and excited states of the molecules.

It is important that moisture be avoided during infra-
red measurements. Strong absorpition banda due to
moisture which usually appear at 3710cm~-1 and 1825cm—2
may interfere in the analyaiz (Fowler., 1574).
Infra-red apectra of organic compounds generally
exhibit szharp well defined bands, assignable to the

vibrations of the individual functional groups of which the
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molecule is comprised. However, the infra-red spectra
derived from inorganic compounds usually have absorption
bands that are broad and overlapping, thus making
assignments and specific identification of a cation-anion
pair more difficult (Gadsden, 1975).

Four main areas in which infra-red spectroscopy can be
ugeful in mineral analysis have been identified (Gadsden,
1975). These include:

i) identification of minerals of different but constant
chemical compositions;

ii) identification of minerals of constant compositions
but with different crystal structures:

iii) distinguishing between minerals that exhibit a range
of composition within a group; and

iv) distinguishing between minerals that wvary in both
structural modification and chemical composition.

Early application of infra-red spectfoscopy to the
study of inorganic compounds proved the usefulness of the
technique for the identification of polyatomic anions of
the type, X042—-, XOa— and others. A major set back
suffered was the range of the spectrophotometers at the
early days which was limited (4000-850cm—1) and this made
a large number of inorganic vibrations which occur in the
far infra-red region (e.g. inter—-atomic vibrations in
binary compounds, such as borides, oxides, sulphides, etc)
remain undetected. Today, most infra-red

spectrophotometers cover the range 4000-200cm—1 and even
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beyond. The availability of this modern instrumentation
coupled with advances in coordination chemistry has
awakened new interest in the application of infra-red
spectroscopy to inorganic compounds.

Generally, the frequencies at which a.ﬁaterial absorba
infra-red energy depends upon the internal vibrations of
the molecule and hence upon composition. Polyatomic anioﬁs
of the type, P042-, 8042-, CO32— and others absorb infra-
red energy of different wavelengths and can be
distinguished from the other. As the position of the
maximum absorption in the infra-red spectrum is sensitive
to changes in mass and charge of the constituent ions (Klee
and Engel, 1970), the infra-red spectrum provides useful
information regarding shift in absorption bands when one
ion is replaced by another in a given compound (Fowler,
1974; Klee and Engel, 1970). Such information when
correlated with the amount of the ions incorporated serves
a suitable guide for following the extent and effects of
incorporation of another ion in the lattice of a given
compound (Bigi et al., 1984). This approach has been of
immense assistance in the investigation of the extent and
effects of cationic replacement in apatite systems.

Several workers have investigated the properties of
apatites using infra-red spectroscopy (Klee and Engel,
1970; Fowler, 1974; Bigi et al., 1984; Patel, 1979;
Koutsoukos and Nancollas, 1981; Bigi et al., 1991; Thomas

et al., 1991; Baravelli et al., 1984). According to Fowler
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(1974) infra-red spectroscopy is an effectual physical
method for studying both compositional and structural
details of apatites. This requires the complete assignment
and characterization of the vibrational spectra of the pure
apatite end members of controlled chemical and physical
properties.

Klee and Engel (1870) have correlated the internal
PO43~ frequenciee of various apatites (Mio(POa)sXz, M = Ca,
Sr, Ba, Cd, Pb, X = OH, F, Cl, Br) with various properties
of the M and X ione including cation mass and lattice

position, size and mass of the X ions.
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Table 2.2: Vibrations of the Phosphate Ions in Substances

Having the Apatite Structure {cm—1)

Apatite Va Vaa Vaw
da

Cam(PO4)a F 964 1092 1042 601
Cas(POs)s OH 962 1088 1042 601
Cas(PO4)a C1 960 1079 1040 605
Cas(POa)a By 961 1080 1044 607
Srs{P0a)a F 949 1075 1028 590
Sre(FO4)s OH | 947 1072 1032 592
Sre(POa)s C1 949 1069 1028 591
Srs(POa)s Br 945 1061 1024 593
Cds(FOala F 948 1058 1012 . 891
Cds{P0a)a(0H} 950 1064 1012 593
Cds(PQOa)a €1 942 1058 998 598
Cds(PO4)s Br 940 1054 996 600
Bas{PO4)a F 933 1051 1010 579
Bas(PO4}a C1 934 1045 1008 579
Bas(FO4)s Br 931 1041 1002 580
Pbs{PO4la F - 1032 : 982 563
Pbs(PO4)a OH - 1030 978 572
Pbs(P0O4)s C1 925 1024 966 570
Pbe{P04)s Br 920 1028 954 571

Source: Klee and Engel, (1970).
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Klee and Engel (1970) concluded that:

i)

ii)

iii)

iv)

For a given anion X, the mean wavenumbers are
dependent essentially on the mass of the cation. The
variation of the mean wavenumbers with the mass of M
is practically linear for M = Ca, Sr and Ba. In most
cases, lead compounds show a smaller and the cadmium
compounds a larger deviation from this linear
relationship:;

the degree of splitting of the bands, for a given
anion X, does not seem to be related to the mass of
the cation. 1In particular, the splitting of Va is of
the same order of magnitude for the three alkaline
earth metal compounds and is larger for certain lead
and cadmium apatites;

neither the maesses of X nor their positione in the
apatite structure have an influence on the mean
wavenumbers comparable in magnitude to that of the
cations; and

for a given cation M, the influence of the X anion on
the degree of splitting of the bands 1is rather
complex. In the case of calcium and strontium
apatites the eplitting of Va decreases while that of
Va increasges when going from the fluoride to the
bromide compounds.

On the whole, the mass of the cation seems to have

significant influence on the mean frequencies of the

internal PQO42- vibrational modes. Patel, (1979) also
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reported that the Vs and Va frequencies corresponding to
OH-ions are shifted to lower frequencies in Ca-Mg
hydroxyapatite solid solutions precipitated from aqueous
solution at pH = 9 as the magnesium atom concentration
increases. Similarly, Bigi et al., (1984) showed that
except for the frequency of the OH- stretching mode which
increases with increase of barium atom concentration, all
the other infra-red frequencies decrease nearly linearly
with increasing barium content in the Ca-Ba hydroxyapatite
s0lid solutions. According to Legeros et al., (1980), if
the P0O43- groups of the apatite is considered as a skeletal
frame work of the structure, then it is reasonable to
expect that substitutions within the structures will cause
changes in the neighbourhood of these P042- groups. These
will affect their vibrations and will be reflected in their
infra-red absorption spectra. Such changes were also
observed in the infra-red absorption spectra of apatites
obtained from solutions containing similar concentrations
of AI3+, Cpr3+, Zn2+, CuZ+, Cu*, Fe2+ and Fe2+. Lese band
shifts were observed in the spectra of apatites obtained in
the presence of similar concentrations of Ba2+, Pb2+, Spr2+,
Mn2+, Cd2+ and no significant shift occurred in the
presence of K+, Li+, or Nat+ when these infra-red spectra
were compared with those of unsubstituted calcium
hydroxyapatite (Legeros et al., 1980). According to Fowler
(1974), as the cation - anion bond becomes stronger, the

fregquencies of the internal modes of the anion should
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become more cation dependent and in turn sensitive to
cation mass.

The internal P042- frequencies of cadmium and lead are
reported to deviate from the nearly linear cation mass-
frequency trends characteristic of apatites of calcium,
gtrontium and barium (Klee and Engel 1970; Fowler, 1974).
Klee and Engel (1970) attributed this observation to the
more covalent cation-anion bond character in the cadmium
and lead apatites as compared to the calcium, strontium and
barium apatite.

Most of the infra-red absorption bands of mixed Ca-Sr
hydroxyapatite are broadened especially the hydroxyl bands
ag compared to the bands of the end members, calcium
hydroxyapatite and strontium hydroxyapatite. This band
broadening according to Fowler (1974) reflects the
heterogeneity introduced by the different cations in the
crysetal fielde about the vibrating anions. *

While studying the infra-red spectra of apatites, the
OH vibrational modee are of primary interest especially the
OH 1libration mode which 1is very sensitive to its
environment. For example, in Ba-Sr- and calcium
hydroxyapatite, the OH stretching modes occur at 3606, 3592
and 3572cm—1 respectively and the OH librational modes at
430, 535 and 630cm—1 respectively. Marked increase in the
OH stretching frequency and decrease in librational
fregquency are observed in barium-calcium and strontium-

calcium hydroxyapatites which according to Fowler (1974)
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are suggestive of hydrogen bond arising from decreasing OH~

--0 separations.

The Barnes (1944) equation:

(ku)k
V = ==
2nC
where
V = frequency
k = restoring force

= reduced masas
C = velocity of light
may be used to explain why the infra-red frequencies of the
PO4 group in calcium hydroxyapatite are shifted when
compounds of the type, Caio-xMx (PO4)e(OH)z are formed. (X
= 0 -10; M = cation).

When the equilibrium distance between the positive and
negative atoms of the molecules is decreased, k, generally
increases in the Barnes equation. This equilibrium
distance depends on the ionic radius of the participating
atoms in the molecule. Substitution of CaZ+ (ions radius
= 0.994) with a nucleus like Mg2+ (ionic C radius = (0.654)
gives rise to a stronger coordination of the P04 group to
the Mg2+ ion through oxygen. This in turn weakens to P-0
bond lowering K (increasing P - O bond length) and the
frequency lowered.

The introduction of infra-red spectroscopy into the
field of mineral and related inorganic compounds analysis

has been limited due to excellence of the X-ray diffraction
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techniques. However, the infra-red absorption technique is
quick. simple, relatively inexpensive and serves as a
useful supplementary technique in the identification of

mineral species (Gadsden, 1975; Hertzberg, 1945).

2.1.4.2 X-ray Analyvsis

X-ray as an analytical tool consists of three main

tyvpes (Pease, 1980).

i) X-ray absorption;

il) X-ray diffraction; and
iii) X-ray fluorescence.

Each of these technigques depends on a different
property of the radiation and each has specific application
in analytical chemistry.

X-ray absorption is used to detect imperfection in the
internal structure of a physical body through which it
passes; x-ray diffraction is used mainly to determine
crystalline structure and can be done on a single crystal
or on a powder sample; xX-ray fluorescence on the other hand
is ueed qualitatively and gquantitatively for elemental
analysis. All three techniques are non-destructive.

X-ray spectra lines result when incident electrons
knock orbital electrons out of an atom. If an ejected
electron is from one of the inner orbitals of the atom, an
electron from an outer shell will fall into the inner orbit
to fill the vacancy. The decrease in potential energy of

this electron in approaching the nucleus (0OE), results in
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the emission of an Xx-ray photon having energy exactly equal
to that lost by the electron. The wavelength \., for such

photons is related tolE by;

where ¢ is the velocity of electromagnetic energy and h is
Planck’s constant. The X-ray vphotons have definite
wavelengths which are characteristic of the atom. X-rays
resulting from an electron vacancy in the innermost shell
of an atom are known as K- X-rays or K- lines:; those from
L-shells are known as L-1lines. The K-lines are mostly used
for powder diffraction method.

X-ray powder diffraction technique serves as one of
the most reliable methods for following substitution
prrocess in apatite systems. The principle of diffraction
is based on the combined effects of interference and
reinforcement that occur between two wave fronts that are
either in pure or out of phase.

X-rays penetrating below the surface of crystalline
materials are scattered (diffracted) by the individual
parallel lavers of atoms: each atomic layer acts as a new
although weak source of x-rays. To be reinforced in a
given direction at an angle @, the spacing, d., between
crystal planes must be rigorously related to the wavelength
of the x-ray radiation. At a given angle, X-rays of one
definite wavelength will be constructively reinforced. The

variables are related by the Bragg’'s law (Pease, 1980).
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Xn = 2d Sin®
where n is the order of diffraction.

As already stated, the diffraction method can be
carried out on either a single crystal or on a powder
sample. The diffracted X-rays may be recorded either
rhotographically or by means of counting deéices such as
acintillation counters. For a single crystal using a film
method, the diffraction pattern is comprised of a series of
spots produced by the various planes in the crystal as it
is rotated in the plane of the x-rays. The final result
usually gives a three-dimensional picture of the molecule,
showing all atoms present and the relative molecular
configuration.

Powdered samples usually contain many esmall crystals
(crystallites) arranged at random angles and the combined
effecte of all their various crystal planes is to produce
a series of cones of scattered x-rays. Powder diffraction
patterns may be obtained with a rotating detector. The
read out from the system ie a series of peaks, the heights
and areas of which are proportional to the intensity of the
lines and the positions are in terms of 20 degree. The
angle may be readily translated into d-values where the
wavelength of the incident radiation is known.

The x-ray powder diffraction technique is often used
as a "finger printing" method. It involves comparing the
x~-ray powder diffraction patterns of the sample under test

with standard powder patterns provided by the Joint
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Committee on Powder Diffraction Standards (JCPDS) as cards.
Matching is normally Jjudged in terms of the tabulated d-
gpacing and relative intensities of the corresponding
peaks. The powdered patterns are usually sufficient to
characterise the compound under test and also provide
information on the number of phases present 1in the
compound. Where the compound is sufficiently crystalline,
unit cell parameters of the compound can be obtained
through rigorous calculations from the powder diffraction
patterns which often involves the use of computer.
Refinement of the structure of the compound may also be
carried out from the X-ray powder diffraction patterns as
reported by Bigi et al., (1989).

X-ray powder diffraction method has been widely
applied in the study of apatite systems. ©Several research
workers including Thomas et al., 1989, Inikori, et. al.,
1991; Collin, 1959; Narasaraju et al., 1972; Trautz, 1955;
Koutsoukes and Nancollas, 1981; Patel, 1979; Mayer and
Fowler, 1982; Brown et al., 1979, Bigi et al., 1984;
Baravelli et al., 1984; Bigi et al., 1991; Legeros et al.,
1980, have used the x-ray powder diffraction method to
investigate the individual effects of =zome elements on the
formation and some properties of apatites in synthetic and
biological systems. Reports from these studies show that
lattice parameters indicate unit cell expansion when
cations larger than Ca2+ are incorporated in the

hydroxyapatite structure; those cations with smaller ionic
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radii than CaZ+ lead to unit cell contraction (Legeros et
al., 1980; Koutsoukos and Nancollas, 1981; Narasaraju et
al., 1972; Collin, 1959; Patel 1979). Thomas et al., 1989,
have reported the expansion of the a-and c¢-lattice
parameters in the range of 0-10% Sn in solid sclutions of
tin-calcium hydroxyapatite similar to those reported by
Legeros et al., (1980) for other cations. Narasaraju et
al., (1972) also reported that the substitution of CaZ2+ by
Pb2+ dilates the unit cell of the hydroxyapatite, which
confirms the formation of so0lid solutions. They observed
that such a dilation with increase in lead content of the
Pob-Ca apatite could be inferred from the excellent
regularity with which the unit cell volumes of the sample
precipitates, calculated on the basis of experimentally
determined lattice constants increased with the proportion
of lead in the solid solutions.

X-ray powder diffraction studies have also shown that
both a - and c-axis dimensions increase with increasing
strontium incorporation in the so0lid solution of the
calcium-strontium hydroxyapatite (Collin, 1959). Such an
effect could not be accounted for by surface absorption and
it has been suggested that strontium shows a preference for
the six fold position in the hydroxyapatite (Heijligers et
al., 1979). Koutsoukos and Nancollas (1881) have also
reported that the proportionality between unit cell
lattice parameters and the strontium concentration of

precipitates obtained from the interaction between
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strontium ions and hydroxyapatite suggests that solid
solutions are formed during crystallization reactions
rather than discrete Ca-Sr apatites. Baud and Very (1973)
measured the wunit cell parameters of the inorganic
components of the bones of mice that had been fed a
atrontium rich diet and showed that higher doses of
strontium resulted in increase in a-axis.

According to Patel, (1979), when lattice constants of
suspected solid solutions are plotted against atom % of the
substituting metal in the solution, and a straight line
joining the two end members is obtained, it is a conclusive
real evidence that the preparations are not mixtures of two
components or one component with adsorbed materials but
solid solutions in that series. This observation has been
corroborated by other researchers (Legeros et al., 1980;
Koutsoukos and Nancollas, 1981; Collin, 1989).

Among the cations which can be incorporated in the
hydroxyapatite structure, only cadmium, strontium, lead and
recently magnesium are known to replace calcium over the
whole range. The a- and c-axis dimensions of both
strontium-calcium apatites and cadmium-calcium apatites
have been reported to wvary linearly with composition
according to Vegard’s Law (Verbeeck et al., 1981). Bigi et
al., (1984) have also reported that the products obtained
by solid state reaction between barium and calcium
hydroxyapatite at 1200°C are solid solutions over the range

of barium concentrations, 60-100 atom %, and these exhibit
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lattice parameters which vary linesarly with the barium atom
concentration. |

Cryatallographic studieé of the mineral phaszse
agsociated with human subcutaneous deposits revealed two
distinct type of calcium phoephate deposits in the x-ray
diffraction patterna. The main cryetalline inorganic phase
was hydroxyapatite while B-tricalcium phosphate, a partial
replacement of calcium with magnesium was present Just in
snall amounts (Bigli et al., 1980).
2.1.4.3 Atomic Absorption Spectrometrv (BAS5)

Atomic absorrtion spectroscopy is one of the widely
used analytical technigues for the detection and
determination of metal concentrations eapecially those that
“occur at trace levels. This is due to igs high
sensitivity. accuracy, reproducibility, ease of sample
rreparation and handling. These qualities of the Atomic
Absorption Spectrophotometer have made it a very important
tool in the determination of metal-atom concentrations
rregent as cations in bioclogical, geological and synthetic
apatites.

The principle of atomic Aksorption Spectroscopy ies
baged on the ability of atoms in their ground state to
absorb radiant energy of their own apecific wavelength
which is passed through a flame containing their wvapour
(Pease, 1980). The radiant source (hollow cathode lamp)
used is specific to each element. This helps in overcoming

overlap of spectra bands and inter-elemental interference.
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Following the absorption of some of the incident light by
the vaporised atoms, the decrease in intensity is measured
by a monochromator (which enables the selection of the
particular wavelength for measurement) and then to a
detector.

In early years, the flames used in absorptién
spectroscopy were pre-mixed air-coal gas, air-propane or
air-acetylene and a slot burner type nebulizer (Walsh,
1965). Such flames could only vaporize atoms of alkalis
and alkaline earth metals, chromium, molybdenum and tin,
but too low for the detection of oxides which do not
dissociate easily in such flames. The nitrous oxide
acetylene flame is however characterised by its high
temperature and reductive atmosphere which permits the
determination of very low concentrations of non-dissociable
compounds that are not detected with air-acetylene flame
(Willis, 1985). Some of such elements include Ba, Be, Al,
Sr, Si, Ti, V, W, EBu, G4, Hf, Fr, La, Nb. Se, Zr, and
otherse. These elements can form oxides which regquire high
energy for dissociation, for which, the temperature of the
air-acetylene is too low, but the nitrous oxide-acetylene
flame is adequate.

Both the air acetylene and nitrous oxide acetylene
flames have ©been widely wused 1in determining the
concentration of a given metal ion in biological,
geological and synthetic apatite samples (Legeros et al.,

1980; Berry, 1967; Bigi et al., 1980; Koutsoukos and
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Nancollas, 1981; Mayer and Fowler, 1982; Baravelli et al.,
1984).

Results of metal concentrations in apatite samples
determined by atomic absorption spectrometry are utilized
for computing weight percent of the metal per mole of the
apatite, molecular formula and also used along with
rhosphorus levels for computing the mdle—atom ratio for
each sample. The mole-atom ratio is the ratio of the metal
atom concentration to phosphorus per mole of an apatite
sample. For pure apatites, the mole-atom ratio is
theoretically 1.67. This figure serves as a guide as to
when a solid solution results from a cationic substitution
in the hydroxyapatite structure (Partington, 1957). Patel,
(1979) reported a mole-atom ratio of 1.656 for Ca-Mg solid
solutions. For the same system, Chiranjeevirao et al.,
(1982) reported wvalues ranging from 1.67 to 1.68.
Naraegaraju et al., (1972) reported 1.82, 1.668 and 1.87 for
calcium-lead solid solutions. A comparison of results from
atomic absorption determinations such as metal weight
percent and molecular formula with calculated values for
each sample also provide a guide as to whether cationic
substitution produced solid solutions.

Various types of interferences are often encountered
in Atomic Absorption Spectrophotometric determinations.
Chemical and ionization interferences are the most common
type of interferences (Pease, 1880).

When a compound or complex ions of the element being
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determined dissociates incompletely into the atoms, low
absorbance results are obtained, This incomplete
disgociation is a chemical interference and may be remcoved
by the use of high flame temperature or by chemical means.
For example, magnesium and aluminium give thermally stable
metal oxides. Due to this thermal stability, low results
for magnesium are obtained in the presence of aluminium.
However, such interference may be removed by the addition
of lanthanum to the system. Since the mixed oxide of
lanthanum and aluminium is more stable than that of
magnesium and aluminum, lanthamim—aluminium oxide is formed
and magneszium oxide is released. Magnesium is then

determined after this latter compound is reduced and

vaporized in the flame.

Similarly, the presence of phosphate ions, P0O42—,
suppresses the absorbance of calcium atome, {(Vogel, 18961).
Thig may he due to the formation of refractory calcium
vhosphate which iz not disscciated into its constituent
atoms in the flame. The addition of salts such as
luznthanum chloride, strontium nitrate and others, can
reduce this interference rrobably by vreferential
combination of the lanthanum or strontium ions with the
rhosphate ions, thus freeing the calcium ions for maximum
abgorbance.

Ionization interference is another draw-back in atomic
sbsorption sapectroscopy. Thia sarises 1if the flame
temperature izs too high. When this occura. some of the

vaporized atoms become lionized. The resulting ions absorb



S50

at a different wavelength from the vaporized atoms; ‘this
new wavelength will not be selected by the monochromator
and low absorbance values are consequently obtained.
Attempts at lowering the flame temperature so as to
alleviate the ionization interference may result in
complete dissociation and greater chemical interference.

Ionization interference may be corrected for by the
addition of large gquantities of sodium or potassium salts
to the solution. Since each of these elements has a lower
ionization potential than calcium, their electrons are
relatively easier to remove, thereby allowing it to be

freely determined.

2.1.4.4. UV-Vigible Spectroscopy

Ultraviolet spectrum is recorded over the wave number
range 50,050 to 25,000cm—* (185-400nm). The 25,000 -
12,000cm-1 region (400 - 800nm) records absorption in the
vigible region. Absorption of electromagnetic radiation in
these regions involves the promotion of electrons from the
ground state to the higher energy states. An ultraviolet-~
visible spectrophotometer provides a reliable means of
determining minute gquantities of an abscorbing species.

Two limitations however govern the use of UV-visible
spectrophotometer. These are instrument limitation and
reagent limitation. Most of the reagent limitations are
brought about by a change in the nature and concentration

of the absorbing species. Any change in the system brought
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about by other factors such as PH, oxidation-reduction,
reaction with solvent or even dilution which causes a shift
in eguilibria might lead to increase or decrease in
concentration and a change in measured absorbance. For
example, assume a chelation equilibria system used in the
determination of copper, the copper being determined as a
chelate. If the chelating agent exists in three egquilibria

species as follows:

H2KE+ --> HKE + H+ - - - - (i)
Green Yellow
HEKE --> H+ + KE- = = e e (4
Yellow Red

where HzKE, is the acidic form, HKE, is the neutral form
and KE- is the basic form of the chelating agent, HKE. If
it is desired to determine copper as the red CU(KE)+, which
forme according to the following reaction:

HKE + Cu2+ ---% [Cu (KE)]* + H+ - - - (iii)

Yellow Red

then, it is obvious that an excess of acid (low pH) would
shift the equilibrium to the left in equation (iii) and as
a consequence, the measured concentration of [CU (KE)]+
would not accurately reflect the total Cu2+ in the
solution. Care must also be taken to avoid the use of
excess base as this would lead to the formation of excess
KE-. Since KE- and [Cu (KE)]*+ are both red and absorb at
the same wavelength, any measurement at this wavelength
would reflect the concentration of both species, KE- and

[Cu (KE)]* and high absorbance values would be obtained.
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Instrumental deviation from Beer-Lambert s Law- may
also occur. The law requires monochromatic radiation
because absorptivity is a constant at a single wavelength
and varies with a change in wavelength. The rossibility of
error due to the practical impossibility of obtaining
monochromatic radiation can be minimized by selection of a
spectral region where a change in absorptivity with .a
change in wavelength is very small.

Generally, in order to avoid the numerous
possibilities of an error arising from deviation, in
practice, a calibrated curve for the absorbance-
concentration relationship is prepared at the chosen
wavelength for each analysis.

The UV-Visible spectrophotometer is widely used in the
determination of the concentration of phosphorus in apatite
samples. By comparing the combined metal concentration
with the phosphorus concentration in the sample, an
indication as to whether the desired solid solution has
been prepared may be obtained.

A metal atom concentration to phosphorus concentration
ratio of 1.67 is usually an evidence of the formation of an
apatite sample. According to Patel (1879), the fact that
the observed value of mole-atom ratios of Ca/P, Mg/P for
end members and (Ca+Mg)/P for intermediate members for a
Ca-Mg apatite system = 1.656, is consistent with the
formation of solid solutions (Partington, 1957) in the

entire range. This procedure has been widely applied by
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various researchers to the study of substitution processges
in apatite systems (Berry, 1967; Bigi et al., 1980; Legeros
et al., 1980; Baravelli et al., 1984). Some non-
stoichiometric apatites have been reported with composition
of Ca/P = 1.33 to 1.87 (Berry, 1967).

The concentration of phosphorus in apatite systems is
more often determined spectrophotometrically as
molybdovanado~-phosphoric acid (Quinlan and Dessesa, 1955).
In common with arsenic, germanium and silicon, phosphorus
forms a yellow heteropoly acid with excess molybdate.
These heteropoly acids may be utilized directly in
spectrophotometric procedures or they may be reduced to
molybdenum blue with an increase in intensity (Vogel,
1961). Either of these methods can be used for phosphorus
determinations. However, both methods are subject to
serious interference if arsenic, germanium or silicon is
also present. Both methods are therefore suitable for the
determination of phosphorus in synthetic apatites which are
free of the interference elements.

Another popular spectrophotometric method for
phosphorus determination is that based on the formation of
the yellow molybdovanadophosphoric acid as originally
proposed by Misson (1908) and later developed by Quinlan
and Dissesa (1955). This method has been used by wvarious
research workers (Bigi et al., 1980; Baravelli et al.,
1984) for the determination of phosphorus in apatite

systems.



CaZ+ —p MgZ+ replacement reactions in Calcium
Hydroxyapatite is of extreme biological significance as it
explains the mechanism of incorporation of Mg2Z+ in human
skeletal systems, (Patel, 1879). The exchange process, is
known to occur according to the following equation:
Cai10(PO4a}e(0OH)2 + xMg2+ —P Cazo-xMgx({P04)e{OH)z + = Ca2—+
{where x = O to 10).

There are conflicting reports regarding the
interaction of Mg2+ with Calcium hydroxyapatite. Some
studies have suggested that the interaction of Mé2+ with
Caleium hydroxyapatite is limited to the apatite crystal
surface with no significant substitution of Mg2+ for Ca2+
(Williams =znd Sallis, 1882; Nancollas, 1984; Neuman and
Neuman, 1969, Bosler and Posner., 1874). Other studies have
shown that the presence of a significant amount of Mg=2+ in
the mediating solution tends to favour the formation of
amorphous calcium phosphate or B-tricalcium phosphate
(Legeros et al., 1980).

Patel (1979) and Chiranjeevirao et al., (1982), have
shown that at pH values greater than 9, Mg2+ undergoes
isomorphous substitution with Ca=z+ in Calcium
hydroxyapatite to form sclid solutions in the entire range.

Solid solutions of calcium and magnesium hydroxyapatite
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were prepared earlier (Vanwazer, 1966) by fixing mixtures
containing various portions of calcium and magnesium
hydroxyapatite at about 1300e(C. These samples Prepared by
solid state reaction were however found to be non-
homogeneous and discontinuous.

In the present study, homogeneous solid solutions of
Ca-Mg hydroxyapatite over the entire compositional range
have been pPrepared by the method of co-precipitation
(Patel, 1979; Legeros, et al., 1980; Chiranjeevirao et al.,
1982). The products obtained have been studied by
colorimetry, infra-red absorption method (Herzberg, 1945),
atomic absorption spectroscopy and x-ray analysis (Klug and
Alexander, 1974). The study was undertaken as part of on-
going attempt to clarify factors influencing the nature of
the interaction of Mg2+ with Calcium hydroxyapatite.

As stated earlier, the apatites of human teeth and
bones are "impure calcium hydroxyapatite" because they
contain "impurities' . Based on studies on synthetic
calcium hydroxyapatite systems (Thomas et al., 1989;
Thomas, 1989; Bigi et al., 1989; Bigi et al., 1984;
Chiranjeevirao et al., 1982; Baravelli et al., 1984; Mayer
et al., 1982; Koutsoukos and Nancollas, 1981; Legeros et
al., 1980; Brown et al., 1979; Elliot, 1979; Narasaraju et
al., 1972; Berry, 1967; Fowler, 1974; Klee and Engel,
1970), Sn=2+, Sr2+, Na+, Li+, Mg2+, pp2+, Ba2+, Zn2+ Fe2+,
Cd2+ and other cationic trace elements are Presumed

associated with biological apatite.
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The nature, role and extent of incorporation of Zn2+
among others in the Calcium hydroxyapatite lattice is still
not clear. The incorporation of ZnZ+ in the apatite system
has not bheen extensively studied- This may be attributed
to the fact that the element, zinc, has not been known to
produce very adverse effects on the human spystem.

Though zinc has an ionic radius smaller than that of
calcium, (Zdn2+ = Q.744; Ca2+ = (.998), it has not been
showm to form complete series of so0lid solutionas with Ca=2+,
It has been reported that Zn2+ can be incorporated in the
Calcium hydroxyvapatite lattice to & limited extent and
significant incorporation of it suppresses crystal growth
{(Legeros et al., 1389380).

In this study, =n attempt has been made to %eplace
Ca2+ with Zn2+ in the calcium hydroxyapatite in agqueous
medium to form solid sclutions in the entire compositional
TENER . Samplez obtained have been analysed by the
colorimetyric method, atomic absorption spectrometry and
infra-red absorption spectroscopy.

Alse of significance among the cationic exchange
reactions of calcium hydroxyapatite is the replacement of
Ca2+ by Pb2+ to form a contimuous series of solid solutions
of Ca-Pb hydroxyapatite (Narasaraju et =zl., 1972; Legeros
et al., 1980; Bigi et al., 1989; Bigi et &l., 1891}. Such
an exchange is considered +to be the basis for the
incorporation of lead in human skeletsl system which brings

about lead poisoning.
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The incorporation of lead and other foreign ions-in
the hydroxyapatite crystal lattice have been reported to
affect the crystallinity, morphology, lattice Parameters
and consequently the stability of the apatite structure
(Collin, 1959; Baravelli et al., 1984; Thomas et al., 1989;
Patel, 1979; Bigi et al., 1984, 1989 and 1991; Heijligers,
et al., 1979; Muller, 1947; Narasaraj et al, 1972; Engel et
al., 1975; Verbeeck et al., 1981; Andres-Verges et al.,
1983).

The substitution of lead for calcium in the calcium
hydroxyapatite structure causes enlargement of the unit
cell which reflects the larger size of the éb2+ion (ionic
radius = 1.204) compared to that of Caz+ (ionic radius =
0.994). While the a- and c-axis dimensions of both
strontium-calcium and cadmium-calcium hydroxyapatites have
been reported to vary linearly with composition according
to Vegard s law (Bigi et al., 1986; Heijligers et al.,
1979), there are conflicting reports regarding the
variation of the lattice constants with composition of Ca-
Pb hydroxyapatite solid solutions. Muller (1947),
Narasaraju et al., (1972) and Rao (1979) have reported that
the lattice barameters of the Pb-Ca hydroxyapatite solid
solutions vary linearly with composition. More recent
reporte (Engel et al., 1975; Heijligere et al., 1979;
Verbeeck et al., 1981; Andres-Verges et al., 1983; Bigi et
al., 1989), however show a deviation of the c-parameter

from Vegard-‘s law. A linear variation of both a- and c-
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axis dimensions with the composition of the Pb-Ca
hydroxyapatite is usually an indication that the
substitution of Pb2+ for Ca2+ in the Calcium hydroxyapatite
is homogeneous in all axes as also manifested by the
regularity of the dilation of the unit cell with the
proportion of lead in the apatite as reported by Narasaragju
et al., (1972). On the other hand, the non-linearity of
the c-parameter with the proportion of lead in lead-calcium
hydroxyapatite solid solutions in the whole range may imply
that the substitution of Pb2+ for Ca2+ in the Calcium
hydroxyapatite is not homogeneous in the two equivalent
cation sites of the hydroxyapatite structure.

In this chapter an attempt has also been made to
investigate the role of 1lead in the lead-calcium
hydroxyapatite solid solutions. Lead hydroxyapatite and
calcium hydroxyapatite were prepared from aqueous medium
and the exchange reactions carried out by solid state
Process at 900oC. The lead substituted calcium
hydroxyapatite solid solutions were then analysed by
crystallographic and spectroscopic methods. The X-ray
powder diffraction analysis were carried out for this study

in Italy.
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3.2  Experimental
3.2.1 Preparation of Calcium Hvdroxvapatite.

Reagente

Unless where stated, all reagents were of analytical
grade. All agqueous solutions were prepared in doubly
distilled water.
Calcium Nitrate Solution

A 8.0 x 10~ M solution of calcium nitrate was
prepared by dissolving a calculated amount of the salt in
water.

Ammonium Dihvdrogen Phogphate Solution

A 1.9 x 102 M solution of ammonium dihydrogen
rhosphate was prepared by dissolving stoichiometric amount
of the salt in water.

Procedure

The calcium nitrate and ammonium dihydrogen phosphate
solutions were separately brought to pH = 12 with ammonia
solution. The calcium nitrate solution was then heated to
boil and the phosphate solution carefully added drop-wise
with constant stirring and the temperature ﬁaintained at
about 100oC (Legeros et al., 1975; Bigi et al., 1980).

After precipitation, the contents of the flask were
refluxed for about 1 hour to enhance homogeneity and
crystallinity of the apatite (Chiranjeevirao et al., 1982).

The precipitate was filtered, washed with warm water till

washinge were neutral and dried at 1052C for about 6 hours.
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pH Measurement
pH values were determined with W.G. Pye Model 290 pH

meter.

3.2.2 Preparation of Magneeium Hvdroxvapatite

Reagents
Magnegium Nitrate Solution

An 8.0 x 102 M solution of magnesium nitrate was
prepared by dissolving a stoichiometric amount of the salt
in water.
Ammonium Dihydrogen Phogphate Solution

This was prepared as stated in section 3.2.1.
Procedure

Magnesium hydroxyapatite was prepared as described for
calcium hydroxyapatite, but wusing magnesium nitrate

solution (8.0 x 10-2 M) instead of calcium nitrate.

3.2.3 Preparation of Calcium-Magnesium Hydroxvapatites

Calcium-magnesium hydroxyapatite solid solutions were
prepared from aqueous medium by the method of co-
precipitation (Chiranjeevirao et al., 1982; Legeros et al.,
1980; Patel, 1979; Bigi et al., 1980).

A mixed solution of calcium and magnesium nitrate
Ca/Mg in mole ratios ranging from 100/0 to 0/100
respectively was added drop-wise to a stirring ammonium
dihydrogen phosphate solution maintained at about 100eC.

The pH of the mediating solution was maintained at 12 with
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ammonia solution. The mixed metal nitrate solutions were
prepared in such a way that the total cation concentration
was exactly 8.0 x 102 mol dm—=3 while the phosphate
concentration was fixed at 1.9 x 10-2 mol dm-=2. The
precipitate obtained in each case was treated as described

for calcium hydroxyapatite in section 3.2.1.

3.2.4 Preparation of Zinc Hvdroxvapatite

Zinc hydroxyapatite was prepared as described for
calcium hydroxyapatite in section 3.2.1 but using =zinc
acetate dihydrate solution (8.0 x 10-2 M) and pH of 10.5

enhanced with ammonia solution.

3.2.5 Preparation of Calcium-Zinc Hyvdroxvapatite

Solid solutions of calcium-zinc hydroxyapatite were
prepared as described for calcium-magnesium hydroxyapatite
but using mixed solutions of calcium acetate monohydrate
and zinc acetate dihydrate and maintaining the pH of the
solution at 10.5 with ammonia eolution in the first
instance and secondly without enhancing the pH of the

mediating solution (pH 5-6).

3.2.6 Preparation of Lead HyvdroxXyvapatite
Lead hydroxyapatite was prepared as described for
calcium hydroxyapatite 1in section 3.2.1 but using lead

acetate trihydrate solution ((8.0 x 10-2 M) and pH of 10.5.
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3.2.7 Preparation of Lead-Calcium Hvdroxvapatite by Solid
State Process

Lead-calcium hydroxyapatite in the composition range
of PbzoCaso, PbasCass, PbesCazs, and PbasoCazo were prepared
by sclid state reaction process. This was carried out by
mixing appropriate quantities of lead hydroxyapatite and
calcium hydroxyapatite and allowing the mixture to react at

900eoC for 15 hours (Bigi et al., 1989).

3.2.8 Chemical Analysges of Samples
3.2.8.1 Colorimetric Determination of Phosphorus Content of
Apatite Samples

The concentrations of phosphorus in the prepared
apatite samples were determined colorimetrically using the
molybdenum blue method (Basset et al., 1978; Quinlan and
Dessesa, 1955).

Thie method is based on the fact that acidified
solutions of orthophosphate and molybdate ions condense to
form the heteropoly acid, molybdophosphoric acid which on
reduction with hydrazine sulphate forms molybdenum blue.
The intensity of the blue colour of the molybdenum is a
function of the quantity of phosphate initially
incorporated in the molybdophosphoric acid and therefore
serves as a highly reliable method for estimating the
phosphorus concentratione in hydroxyapatite spectrophoto-

metrically.
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The method is however subject to serious interference

if arsenic, silicon or germinarium is also present (Quinlan

and Desesa, 1955).

Reagents

Molvbdenum Solution

Molybdenum solution was prepared by dissolving 12.5g
of sodium molybdate (NazMo04.2Hz20) in 5.0 M sulphuric acid
and diluting to 500cm 2 with 5.0 M HzS50a4.

Hyvdrazinium Sulphate Solution

A stock solution of hydrazinium sulphate solution was
prepared by diessolving 1.5g of hydrazinium.sulphate in
water and diluting to 1.0 dm®=.

Standard Phoephate Solution

A stock solution of phosphate was prepared by
dissolving 0.2197g of dried potassium dihydrogen phosphate
(KHzPO4) in water and diluting to 1.0 dm®, yielding a
solution of 5.0 x 102-mg phosphorus per cme.

Working standard phosphate solutions in the range of
1-10ppm were prepared by serial dilution of the stock
golution.

Sample Solution

1.0 x 10-2g of each sample was dissolved with 3-drops
of concentrated nitric acid, transferred to a 50cm®
graduated flask and made to the mark with doubly distilled

water.
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Inatrument Used

A Unicam SP 1750B (Pye Unicam Ltd., England)
spectrophotometer was used for absorbance measurements.

Procedure

5.0cm® of the molybdate solution was a&ded to each
etandard solution in a 50cm® pyrex graduated flask followed
by 2.0cm® of the hydrazinium sulphate solution and diluting
to the mark with doubly distilled water. After thorough
mixing, the flask was immersed in a boiling water bath for
about 10 minutes, removed, allowed to cool and the wvolume
adjusted. The absorbance of each standard solution was
read at 830 nm. A calibration curve was constructed from
the results obtained.

For +the sample solutions, 2.0cm® of each was
transferred to a 10cm® graduated flask to which was added
5.0cm® of the molybdate solution followed by 2.0cm® of the
hydrazinium sulphate solution, and then treated as in the
case of standard solutions. Absorbance for each sample
golution was read at 830nm as in the case of standard
solutions. The calibration curve obtained from the
standard solutions was used in estimating the phosphorus

concentrations of the sample solutions.
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3.2.8.2 Determination of Ca. Mg. Zn and Pb Content of
Apatite Samples by Atomic Absorption Spectrometry

Reagents

Lanthanum Solution. 10% m/v

Lanthanum solution was prepared by dissolving 31.20g
Lanthanum nitrate hexahydrate, La(NOz)z.6HzQ in a 100cm3
graduated flask and making it to mark with 50% hydrochloric
acid.

Calcium Standard Solution

Standard calcium solution in ampoule was diluted with
water to obtain 1000 ppm. Working standard solutions were
subsequently prepared by serial dilution of the standard
stock solution. .

Magnesium Standard Solution

Standard magnesium solution in ampoule was diluted
with water to give a 1000 ppm Mg2+ solution. Working
standard solutions of Mg2+ were then obtained by serial
dilution of the standard stock solution.

Standard Zinc Solution

Standard zinc solution (1000 ppm) was prepared by
dissolving 1.2450g reagent grade zinc oxide, ZnO(BDH) in
5.0cm® of water to which 25cm® of 5.0 M hydrochloric acid
golution wae subsequently added in a 1 dm® graduated flask.
The solution was made to mark with water and standardized
by titrimetry (Vogel, 1961). Working standard solutions

were prepared by serial dilution.
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Standard solutions of lead were prepared from lead
nitrate. The lead nitrate was first standardized by
titration with standard solution of sodium hydroxide and
disodium ethylenediamine tetracetate, EDTA (1.0 x 10-1 M)

solution using methyl red indicator (Schwarzenbach, 1960).

Standardization Procedure

The Lead nitrate solution was treated with lead
ammonium chloride (1.0M and 10cm2 for each 100cm@ of
solution), and after adding the indicator, it was brought
to pH = 5.0 with sodium hydroxide solution. Few drops of
the EDTA were added and neutralization effected with
standard sodium hydroxide solution. A further small amount
of EDTA was added and neutralization carried out again.
These operations were repeated until finally the addition
of EDTA no longer caused the pH to sink below pH=5.

The amount of lead present was calculated from the
volume of standard alkali required. 1.0cm® of 1.0 x 10-1M
NaOH thus corresponding to 10.36 mg of lead. From the
titration results, stock solution of 1lead was prepared.
1.599 of lead nitrate was dissolved in 25cm® of nitric acid
(1% v/v) and this was made up to 1.0 dm3 with water.
Working standard solutions in the range of 0-10 ppm lead

weére prepared by serial dilution of the stock solution.
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Sample Solution
1.0 x 10-2g of each sample was dissolved with 3-drops
of concentrated nitric acid, transferred to a 50cm®
graduated flask and made to the mark with water. 2.0cm® of
the solution was transferred to a 10cm® graduated flask to
which 5.0cm® of Lanthanum solution was added to suppress
interference by rhosphate ions.
Instrument Used
A Pye Unicam SP 1900 atomic absorption spectrometer
equipped with a pre-mixed chamber and burner head suitable
for air-acetylene flame was used. Radiation sources were

hollow cathode lamps of the element being determined.

Ingtrumental Conditions

(1) Calcium

Wavelength - 422.67 nm
Flame - Air/acetylene
5lit setting = 0.15 mm
Air-flow rate - 5.0 dm® min-21
Acetylene flow rate - 1dm® min—2
Lamp current - 7.0 mA

Sensitivity - b26



(ii) Magnesium

Same as for calcium except for energy source and;

Wavelength

Lamp current
Sensitivity

(1i1) Zinc
Wavelength

Flame

Slit setting
Air-flow rate
Acetylene flow rate

Lamp current

(iv) Lead
Wavelength
Flame

Slit setting
Air-flow rate
Lamp current

Acetylene flow rate

Procedure

285.2 nm
3.0 mA
450

213.86 nm
Air/acetylene
0.15 mm

5.0 dm® min-2
1dm® min—-21

7.0 mA

217 .67 onm
Air/acetylene
0.15 mm

5.0 dm® min—1
8.0 mA

1.0dm® min-1

All instrumental conditions were adjusted and

hollow cathode lamp

calcium determination,

Mg lamp for magnesium,

(calcium hollow cathode lamp

the

for

and Pb lamp

for lead determination) was set and allowed to stabilize.

The standard and sample solutions were each treated
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with 5cm® of the 10% lanthanum solution. (Bigi et al.,
1980). The standard solutions were then aspirated into the
flame. The absorption intensities were measured and used

to prepare a calibrated curve.
Sample solutions were subsequently aspirated into the
flame and their absorption intensities obtained. The
corresponding concentration of each cation was read off

from the appropriate calibration curve.

3.2.8.3 Infra-red Absorption Analveis

For infra-red absorption analyesees, about 1.0mg of each
powdered sample was mixed intimately with 300 mg of
potassium bromide (infra-red grade) and pelleted under
vacuum. The pellets were analysed using a Pye Unicam Model

SP 1100 infra-red spectrophotometer.

Instrumental Conditions

Baseline - 0

Expansion - 1.0

Range - 4000 - 400cm—1
S51lit - Normal

3.1.89 X-ray Powder Diffraction Analveis

X-ray powder diffraction patterns of calcium-magnesium
hydroxyapatite were taken using a Philips Powder
Diffractometer with Nickel-filtered Copper—-a radiation at
the Centre for Energy Research, Ahmadu Bello University,

Zaria.
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3.2.9.1 Instrumental Conditions

RBAL&bION ;v 3 s v oswns s are Cu, Kx, Ni-filtered (45KV, 30mA).
Divergent slit .......... 0.5=

Receiving slit........... 0.1 mm

Scattering slit ......... 0.5e

Step width............... 0.03 (28)

Count Fime .awiveewuen s wm 30 seconds each step

o PEOEE e seneaaei s Us 8 - 80¢°

Temperature ............. Room temperature.

3.3 Results

The results of the atomic absorption spectrometry,
coleorimetric and infra-red spectrorhotometer for calcium-
magnesium hydroxyapatites are shown in table 3.1. 1In table
3.2, the expected and observed contents of calcium,
magnesium and phosphorus are compared. The main products
of the interaction between Mg2+ and calcium hydroxyapatite
are compared with those reported by other workers at

various pH values in table 3.3. The X-ray Powder
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diffraction patterns of calcium hydroxyapatite and some
solid solutions of calcium-magnesium hydroxyapatite are
shown 1in figure 3.2. The spectrum for magnesium
hydroxyapatite Mgio(PO4)e(OH)z obtained under similar
conditions 1is shown in figure 3.2. The infra-red
frequencies are reported in table 3.1. They range from
1040 to 1100cm—1 attributable to the PO4 group and 3400 tﬁ
3440cm—1 corresponding to the OH group. The variation of
the infra-red frequencies for the calcium-magnesium solid
solutions with atom % magnesium 1is linear within
experimental error (Figure 3.1). The equations of the
lines are shown in the legend to the figure.

The amount (weight percent) of calcium, 2zinc and
phosphorus determined in the calcium-zinc hydroxyapatites
are shown in table 3.4 for reactions done in aqueous
ammonia solution (pH = 10.5) and in table 3.4 for reactions
carried without the addition of ammonia solutions (pH 5-6).
The expected and observed cationic concentrations and
rhosphorus contents of the apatite samples are compared in
tables 3.6 and 3.7 for reactions in basic and acidic media
respectively. The mole-atom ratios for the samples are
contained in tables 3.4 and 3.6. The infra-red absorption
bands for samples prepared in basic medium (Znico;
ZnsoCazo; Zns4oCaso and Caicc) are chown in figure 3.6.
These range from 630 to 640 cm—1, corresponding to the OH
librational mode; 1040 to 1100 cm—1 corresponding to the

PO4 group and 3420 to 3440 cm—1* attributable to the OH
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stretching mode.

The results of the Chemical analyses for the calcium-
lead hydroxyapatite solid solution obtained by solid state
reaction are shown in table 3.8. The solid state reaction
of mixtures of lead and calcium hydroxyapatite at 900=C
gave golid solution in the entire compositional range. The
infra-red frequencies are also contained in table 3.8.
These range from 3560 to 3572 cm—1 corresponding to OH
stretching mode, Va4, and the other two, 940 to 962 ecm—1 and
1050 to 1090 cm—1 attributable to the Vi (PO4) and Va (PO4)
respectively.

The variation of the infra-red frequencies for the
calcium-zinc hydroxyapatite solid solutions with the zinc
concentratione expressed as zinc atom percené is shown in
figures 3.4 and 3.5 for basic and acidic media
respectively. The variation of infra-red frequencies of
calcium-lead hydroxyapatite solid solutions with the lead
concentration expressed as atom percent is shown in figure
3.8. The plots are linear within experimental error as
shown by the equation of the lines in figure 3.8. The
infra-red absorption bands for lead-calcium hydroxyapatites
are shown in figure 3.9. Table 3.10 contains the lattice
parameters of lead-calcium hydroxyapatite solid solutions.
The variation of the lattice constants with atom % lead is

shown in figure 3.1Q
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Table 3.1 Calcium, Magnesium and Phosphorus Contentg
(Weight Percent) of Calcium-magnesium Solid Solutions
Precipitated from Aqueous Ammonia Solution (pH = 12) and

Their Infra-red (I.R) Frequencies

Mg Weight (X) Holecular Mole-Atom I.R Frequencies

Content Ca Mg P Formula Ratio (ca-1)
(atom %) CatMg/P  Va(POs) Va (OH)
0 40.13 - 18.50 Caio(P04)s(0H)2 1.67 1100 3440

20 32.95 4.82 18.97 Cas.oiMgi.es(PO«)e(OH)2 1.85 1080 3425
40 25.70 9.87 19.66 Cas.osMga.s2(PO«)s(OH)2 1.65 1080 3420
5 21,35 12.40 19.89 Caq.oaMga.72 1.61 1050 3400
60 17.34 16.13 20.26 CaseasMgs.oa(PO4)a(OH)2 1.66 1060 3400
00 - 21.84 21.77 Mge.70(PO4)s(OH)s 1.62 1040 3400

Table 3.2 Expected[e] and Observed Calcium, Magnesium and
Phosphorue Contents (Weight Percent) of Calcium-magnesium
Hydroxyapatite Precipitated from Aqueous Ammonia Solution

(pH=12) Based on the Molecular Formula,Caio—»xMg=x(PO4a)e(0OH)z
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Table 3.3 Some Literature Reports on the Interaction of
Magnesium with Calcium Hydroxyapatite

in Agqueocus Medium

pH of Mediating [Mg2+} Main Product Reference
Solution {Ca2+3%
<7 10/60 tcp Legeros et al., 1980
< 7 15/85% tep Legeros et al.. 1980
7-~-9 30/70 Acp Legeros et al., 1964
7-9 50/50 Acp Lepgeros et al., 1564
T-9 >28/<75 tep to Acp Gazzano, M. 1988

12 complete range  hydroxyapatite thias work
> 9 complete range  hydroxyapatite Patel, 1979

g complete range  hydroxyapatite Chiranjeevirac et al 1982

tep = tricalecium phosphate or derivatives containing some magnesium
Acp = Amorphous calcium phosphate Hydroxyapatite includes s0lid
solutiona of calcium-magnesium apatite.

Table 3.4 Calcium, Zinc and Phosphorus Contents (Welight Percent} of
Calcium-Zinc Hydroxyapatite Selid Solutions Precipitated from Aquecus
Ammonia Solution (pH = 10.5) and their Infra-red (1.R) Frequencies.

in Weight (X) Molecular Hole-Atom 1.R Frequeacies
fontent Iz fa P Forsula Ratio {on~1}
{atom X} ImCa/P  Va{PO0a) Yi{OB) V4{OH)

160 51.86 - 1430 Zns.sr(P04}sl{0B)2 1.66 170 630 3540
070 4625 83549

8¢ 43.25 6.28 14.95 Imz.ss(ar as{POaje(0H)2 1.65 1070 630 3545
60 33.88 13.69 15.85 Ins.ssCas.98{POa}e(0R}2 1.66 1075 630 3530
50 28.86 17.57 13.90 Ima.seCas.9s{POdJe{0B}x 1,66 1080 638 3560
40 23.40 21.80 16.37 Inz.oeCas.01{PO4Js(0R)z 1.66 1080 6§38 3563
b - 38.78 19.41 Cag.0a(P04}a(08)2 1.67 1095 &40 3570
11100 1640 13575

% Infra-red frequency for sample at 500°C
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Table 3.5

Expected [e] and Observed [o] Calcium, Zinc and
Phosphorus Contents (Weight Percent) of Calcium-Zinec
Hydroxyapatite Solid Solutions Precipitated from
Aqueous Ammonia (pPH = 10.5) Based on the Molecular

Formula, Calo~xan(P04)e(OH)2

Znlo] Znle] Calo] Cale] Plo] Ple]
51.88 51.98 - - 14.10 14.78
43.25 43.33 6.28 6.64 14.95 15.40
33.88 33.92 13.69 13.86 15.85 16.07
28.86 28.90 17 BT TTT2 15.90 16.43
23.40 23.65 21.80 21.75 16.37 16.80

- - 39.79 39.85 18.41 18.50
Table 3.6

Calcium, Zinc and Phosphorus Contents (Weight Percent)
of Calcium-Zine Hydroxyapatite Precipitated from
Acidic Medium and Their Infra-red (I.R) Frequencies

Linc  Weight (X)  Molecular Hole-Atom I.R Frequencies
(Atom In Ca P Formula Ratio (cm-1)

x) Va(P04) V4(0H) V1(0H)
0 0 39.64 17.80 Ing.o5(P04)s(0H)2 1.66 1095 640 3570

40 23.75 21.72 16.38 In4.020as.00(P0d)(0H)2 1.67 1080 635 3565
50 28.20 17.65 16.01 lnd.esCae.08(P0a)s(0H)2 1.65 - - -

60 34.00 13.18 12.21 Ine.o1Caa.e(P0«)s(0H)2 1.64 1088 635 3560
B0 42.50 6.60 14.69 In7.86Ca1.09(P04)s(0H)2 1.64 1060 630 3560

100 49.85 0  14.52 In9.s0(P04)e(0H)2 1.60 1050 630 3558
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Table 3.7
Expected [e] and Observed [o] Calcium, Zinc and Phosphorus
Contents (Weight Percent) of Calcium-Zinc Hydroxyapatite
Precipitated from Acidic Medium Based on the Molecular

Formula, Calo—xan(P04)e(0H)2

Table 3.8 Calcium, Lead and Phosphorus Contents (Weight
Percent) of Calcium-lead Hydroxyapatite Prepared by Solid
State Reaction at 900°C and Their Infra-red (L.R.)
Frequencies

Line  Weight (%) Holecular Hole-Atom I.R Frequencies

(Atom Pb Ca P Formula Ratio {cn-1)

%) Va(P04)V3(P04)Vs(PO4)
0 - 39.84 17.80 Cas.90(P0d)s(0H)2 1.67 3572 1090 962

20 31.00 24.10 13.84 Ca7.06Pb2.02(P04)e(0H)2 1.66 3570 1082  g55
45 §2.90 12.50 10.45 Cas.4ePba.49(P0a)s(0H)2 1.66 3565 1070 948
65 64.42 6.66 8.80 Caa.4ePbe.5(P0s)s(0H)2 1.6 3560 1060 945
80 7070 3.38 7.75 Ca1.08Pb7.00(P04)s(0H)2 1.66 3560 1050 940
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Table 3.9
Expected(e] and Observed(o] Contente (Weight Percent) of Lead,Calcium and Phosphorus in
Calcium-lead Hydroxyapatite Prepared by Solid State Reaction at 900°C based on the Molecular

Formula, Caio-xPbx(P04)e(0H)2

Pb Atom X Pblo] Pble] Cafo] Cafe] Plo] Ple]

0 - - 39.64  39.85  17.80  18.50
20 31.00 3L.15 2410 23.85  13.84  13.86
45 52.90 53.06  12.50  12.53  10.45  10.60
69 64.42 64.39 6.66 6.70 8.60  8.90
80 70.70 10.77 3.38 3.42 7.5 1.98
Table 3.10 Lattice Constants of Lead-calcium

Hydroxyapatite Solid Solutions Synthesized by Solid State

Reaction

Lead Content (At::;r'n__%_)- E:a_tt ice a(A) ) Cons_tz;l_t_s—__c—(;_)—
0 - 9.4z e.88

20 9.49 6.95

45 9.61 7.08

65 9.70 T 1T

80 9.77 =32

100 9.82 7.40
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Lattice constants for Lead-calcium hydroxyapatite solid

solutions against atom % Lead
Equaticns for the lines:

(a) y=9.41+0.005 (n=6, 0~ =0.004)
(&) y= 6.87+0.005x [n= 6 ¢ = 0.002)
le5) y=6 7140.008 In=6, ¢"= 0.004 ]

(3= Lattice constant jx:atom% lead; 0 =standard deviation)
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3.4 Discussion

The analytical data (tables 3.1 and 3.2) show that the
concentration of magnesium in the solid solution is
generally slightly less than the concentration in the
mediating solution. The same applies to the concentrations
of zinc in the calcium-zinc hydroxyapatites (tables 3.4
and 3.6). A similar observation has also been reported for
the interaction of barium with calcium hydroxyvapatite in
aqueous medium (Bigi et al., 1984). However, the amount of
magnesium rejected at this pH in each case is less than
that rejected in the case of barium. Such differences may
be ascribed to the loss of magnesium as the acid phosphate,
the formation of which is probably encouraged in aﬁ acidic
medium (Rathje., 1841 as quoted by Narasaraju et al.. 1972).
However, the amount of zinc rejected by the calcium-zinc
s0lid solution (0.12 to 0.63%) is smaller than the amount
of magnesium rejected by the calcium-magnesium
hydroxyapatite. This also indicates a smaller rejection of
added cation compared to that reported by Bigi et al..
(1984) for barium. This may be due to the nature of the
mediating solution which is basic for the calcium-magnesium
and calcium-zinec but acidic for the calcium-barium
system. Another  possible reason for the observed

cation rejection trend 1is the c¢loger ionic sizes
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of Zn2+ and CaZ®+ which are respectively, 0.74A and 0.99A
(Mg2+ = 0.654; Ba2+ = 1.35A).

In the case of calcium-lead hydroxyapatite solid
solutions prepared by solid state reactions, the
concentration of lead in the solid solution did not show
any @2ignificant deviation from that contained in the
calcium-lead hydroxyapatite (table 3.8). It shows that
greater amount of lead is incorporated in the apatite
lattice than magnesium. Bigi et al., (1984) also
reported smaller acceptance of barium for calcium-barium
hydroxyapatite in aqueous medium. This observation is in
agreement with the findings by Fowler (1974). He reported
that the stoichiometry and purity of solid state apatite
preparations are limited, primarily, only by the purity of
the starting materials. In addition, if sufficient time is
allowed for thermal diffusion for reaction completion,
there is no volatilization of essential components during
ignition. The observation may also be attributed to the
high atomic mass of lead and the proximity of the apatitic
channels which favours ionic exchange (Bigi et al., 1991).

The infra-red absorption spectra of the samples show
that the Vs frequencies attributable to the P04 group and
the Vi frequencies corresponding to the OH stretch are
shifted to lower frequencies as the concentration of the
substituting cation increases (Figure 3.1, 3.4, 3.5 and
3.8). This observation is in agreement with that reported

by Patel, (1979). The shift of the Vs of P04 group to
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lower frequencies may be attributed to the effects of
binding energy and atomic mass (Klee and Engel, 1970;
Patel, 1979). This may be explained on the basis of the
Barnes equation (1944). According to the equation, the
vibrational frequencies depend on the mass of the
participating atoms and restoring forces between the atoms.
If the equilibrium distance between the positive and the
negative atoms of the molecule is increased, the restoring
force, k, generally increases. Since the equilibrium
distance depends on the ionic radii of the participating
atoms in the molecule, it may be inferred that when Ca2+ is
replaced with an ion like MgZ2+, ZnZ2+ or Pb2+, a stronger
coordination of the P04 group to the substituting cation
through oxygen should occur. Consequently, the phosphorus-
oxygen bond (P-0), is weakened and thus causing the
lowering of the frequency which is observed. The shift of
the infra-red frequencies of the PO4 internal modes to
lower values may also be attributed to the smaller cationic
size of Mg2+ and Zn2+ (ionic radii for Mg2+ = 0.65; Zn2+ =
0.74A=) and the tendency of PbZ2+ towards covalent bonding.
According to Fowler (1974), the shift of the OH band to
lower frequencies is due to OH bonding.

The solid solutions of calcium-zinec and calcium
magnesium hydroxyapatite gave more intense and sharper
infra-red absorption bands at 500oC (table 3.2) which ies in
agreement with the report of Baravelli et al., (1984) for

calcium hydroxyapatite.
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The frequencies of the vibrational modes for the
calcium-magnesium, and calcium lead hydroxyapatite samples
gave values which varied almost linearly with the atom ¥ of
each substituting cation (figures 3.1, 3.4, 3.5, 3.6 and
3.8) in the whole composition range. This suggestes that
solid solutions have been formed in the whole series and
that the preparations are not mixtures of two components or
one component with adaorbed materials (Patel, 1979; Bigi et
al., 1984; Bigi et al., 1991; Collin, 1959; Partington,
1957). The wvaristion of infra-red {frequencies of Ca-Zn
soclid solutions tend to show that zinc replaced calcium in
the whole composition range. However, the x-ray powder
diffraction results (figure 3.7) show that s0lid solution
of Ca-Zn hydroxyapatites are not obtained in the.whole
geriea. Though there is peak enhancement in the x-ray
pattern as zinc replaced calcium in the hydroxyapatite, the
pyrophosphate group, P207%9%— is predominant.

The results summarised in table 3.1 are in agreement
with a recent suggestion (Thomas, 1988), that the
interaction of magnesium with calcium hydroxyvapatite could
depend on the pH of the mediating solution. Thus, table
3.3 clearly shows that the formation of either amorphous
calcium phosphate (ACP) or tricalcium phosphate (TCP) in
the presence of magnesium is favoured at pH values less
than 9. It seems that at acidic/physiological pH, the
interaction of Mg2+ with the apatite is a surface

phenomenon. However, at alkaline pH, there is possibility
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of the incorporation of Mg2+ into the apatite lattice. This
leads to only growth sites at the apatite lattice which are
blocked, and thus leading to the formation of other phases
such as tricalcium phosphate and its derivatives. In the
case of zinec, solid soclutions of calcium-zine hyvdroxy-
apatite were not formed in basic (pH = 10.5) and wmild
scidic (pH 5-68) media. In +this c¢case, the mode of
interaction of Zn2+ with calcium hydroxyapatite is such
that does not allow its incorporation into the apatite
lattice in both basic and acidic media. It therefore
follows that a total rationalization of isomorrhous
substitution of magnesium for calcium in the hydroxyapatite
on the basis of cationic size only does not totally account
for obtained results (Patel, 1973; Chiranjeevirao ét al.,
1882). A thorough understanding of the cationic morphology
at wvarious pH seems neceseary in corder to properly
comprehend and answer the guestion of why isomorpvhous
substitution of Mg2+ for Ca2+ in the hydroxyapatite takes
Place in the whole compositional range only in highly
alkaline agqueous medium.

The x-yay powder diffraction patterns for the calcium-—
magnesivm hydroxyapatite sample (figures 3.2 and 3.3} show
that the incorporation of magnesium in the hydroxyapatite
lattice produces a egharpening of the =x-ray diffraction
peaks and enhancement of peak intensity. This is in
contrast to barium which causes peak broadening. Peak

sharpening and intensity enhancement suggest that there is
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an increase in crystallite size and s concomitant increase
in crystallinity. This is in agreement with an earlier
scanning eléctron microscope study {(Chiranjeeviraoc et al.,
1932) which sghowed large hexagonal shaped crystals for
magnesium hydroxyapatite, Mgi1o(PO4}e(OH)2 compared to tiny
crystals obtained for calciuvm hydroxyapatite.

The results of the X-ray powder diffraction table show
that the replacement of calcium by lead in the hydroxy-
apatite structure causes an expansion of the lattice
parameters which is consistent with the larger ionic radius
of lead (1.21A) with respect to that of calcium {(0O.994}.
Such a dilation with the proportion of lead atom % is in
agreement with those reported by Narasaraju et al., (1972),
Bigi et al., (1984); Bigi et al., (1989 and 1991) and
Collin (1959). The plot of rcell parasmeters, a and <
againgt atom % lead (figure 3.10) shows that the a-axis
varies linearly with increasing lead concentration which
follows the Vegard's Law (Andrese-Vergezs et al., 1983).
However, the lattice parsmeter shows a discontinaity at
sbout 50 atom ¥ lead. While these results agree with those
of the researchers (Engel et al., 1975; Verbeeck et al.,
1981; Andres-Verges et al., 1983), they are in disagreement
with those of earlier researchers (Narasaraju et al., 1872;
Rao, 1978).

The discontinuity observed for c-parameter is
attributable to a preference of the PbZ+ ion for site (2)

of the apatite gtructure (Bigi et al.., 1989). When lead
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replaces calcium in the apatite structure, it fills almost
exclusively site (2), until at lead atom concentration
higher than 45%, when it begins to fill site (1)}. The
gubetitution of lead for calcium in site (1) provokes a
greater dilation of the c-axis dimension than that induced
by lead epubstitution in site (2).

The occupancy factors of PbZ2+ ions on site (2) have
been found to be 20.1, 42.6 and 68.4% for Pbzo, Pbas and
Pbace (Bigi et al., 1888). Thiz probably explains the
discontinuity observed for the variation of the <cell
parameter, <, at about 50 atom percent lead.

It may therefore be concluded that the observed trends
in cell parameters, infra-red absorption fregquencies and
the amocunt of lead incorporated in the hydroxyapati%e can
be explained on the basis of: |
i)} cationic size;

ii) cation-oxygen interaction; and
iii)} structural differences caused by inhomogeneous
distribtution of lead in the two non-eduivalent cation

sites of the hydroxyapatite structure.
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CHAPTER FOUR
ISOMORPHOUS SUBSTITUTION IN LEAD HYDROXYAPATITE (PbHA)
BY CADMIUM AND BARIUM
4.1 Introduction

The replacement of calcium by lead in the
hydroxyapatite has been identified as the basis for the
incorporation of lead in the human skeletal system (Boyd,
1962). The replacement of Lead by a less poisonous metal is
therefore considered a beneficial process to the human
system. Cadmium, strontium and lead are known to replace
calcium in the whole range of composition in aqueous medium
(Collin, 1959; Bigi et al, 1989 and 1991; Narasaraju et al,
1972). It has also been reported that barium replaces
calcium in the hydroxyapatite from 0 to 25 barium atom
percent in aqueous medium while solid solutions of calcium-
barium hydroxyapatite are obtained only over the range of
barium concentration of 60-100 atom percent by solid state
reaction (Bigi et al, 1984). The replacement of calcium in
the hydroxyapatite by these cations have been explained
generally on the basis of cationic sizes (Legeros et al,
1980; Patel, 1979; Collin, 1959, Bigi et al 1984;
Narasaraju et al, 1972).

In the present study an attempt has been made to
investigate the roles and interactions of cation smaller in
size (Cd*+*+) and that larger in size (Ba*+) than Pb*®*+ ion
(Table 2.1) with lead hydroxyapatite.Exchange reactions

were carried out between cadmium and lead hydroxyapatite
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and between barium and lead hydroxyapatite in aqueous
medium. Barium hydroxyapatite was prepared by solid state
reaction and then made to react with lead hydroxyapatite by
solid state process at 900°C. Products obtained in both
processes were analysed by crystallographic and

spectroscopic methods.

4.2 Experimental
4.2.1 Preparation of Lead Hvdroxvapatite

Lead hydroxyapatite was prepared as described for
calcium hydroxyapatite in section 3.2.1 but using lead

acetate trihydrate solution (8.0 x 10-2M) and a pH of 10.5.
4.2.2. Preparation of Cadmium Hvdroxvapatite (CdHA).
Reagents.

(1) Cadmium acetate solution
A B.0 x 10-3M Cadmium acetate solution was prepared
by disesolving stoichiometric amount of cadmium acetate

dihydrate (BDH) in doubly distilled water.

(ii) Ammonium dihvdrogen Phogphate solution
A 1.9 x 10-2M ammonium dihydrogen phosphate solution

wae prepared as described in section 3.2.1.
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Procedure
Cadmium hydroxyapatite was prepared as described for
calcium hydroxyapatite in section 3.2.1 but using cadmium

acetate trihydrate solution (8.0 x 10-2M) and a pH of 10.5.

4.2.3 Preparation of Barium hvdroxvapatite.

Reagents
(i) Barium acetate solution

A 8.0 x 10-2M barium acetate solution was prepared by
dissolving stoichiometric amount of barium acetate

monohydrate in doubly distilled water.

Procedure
Barium hydroxyapatite was prepared as described for
calcium hydroxyapatite in section 3.2.1, but using barium

acetate (8.0 x 10-2M) at pH = 10.5.

4.2.4 Preparation of Led-cadmium hvdroxvapatite

Solid solutions of lead-cadmium hydroxyapatite were
prepared by the method of co-precipitation as described for
calcium-magnesium hydroxyapatite in section 3.2.3, but
using mixed solutions of 1lead and cadmium acetates.
Preparation was first carried out in a basic medium
enhanced with ammonia (pH = 10.5) solution and secondly in

an acidic medium (pH 5-6).
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4.2.5 Preparation of Lead-barium hvdroxyapatite
Preparations were carried out as described for
calcium-magnesium hydroxyapatite in section 3.2.3, but
using mixed solutions of lead and barium acetates at pH =

10.5 and pH 5-6.

4.2.6 Preparation of barium hvdroxvapatite by solid state
reaction.

Barium hydroxyapatite was prepared by mixing barium
hydroxide and diammonium phosphate in the molar ratio of
1.67:1 respectively and heating the mixture at 700°C for 15
hours. The mixture was then allowed to cool and mixed
thoroughly. It was subsequently re-heated at 900°C for 15
houre so as to eliminate carbonate which may be present

(Bigi et al, 1984).

4.2.7. Preparation of Barium-Lead hvdroxvapatite by golid
state reaction.

Solid solutions of Lead-barium hydroxyapatite were
prepared by mixing stoichiometric amounts of lead
hydroxyapatite and barium hydroxyapatite with the barium
concentration ranging from 0 to 100 atom percent and heat

treated at 900°C for 15 hours.
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4.2_.8. Chemical Analvses of Cadmium and Barium substituted
Lead hvdroxvapatite
4.2.8.1 Colorimetric determination of phosphorus content.

The phosphorus contents of the prepared samples were
determined colorimetrically using the molybdenum blue
method as described for calcium—-magnesium hydroxyapatite in
section 3.2.8.1. using a Unicam SP 1750B spectrophotometer

for absorbance measurements.

4.2.8.2 Determination of Lead. cadmium and barium contents
of prepared samples by Atomic Absorption
Spectrometry.

Reagents
(1) Cadmium Standard Solution.

Cadmium standard solutions were prepared from cadmium
nitrate. The cadmium nitrate was first standardized by
using the same procedures as that for the standardization
of lead. 1.00 ecm® of 0.1M NaOH however corresponding to
5.62mg of cadmium. From the titration results obtained,
stock solution of cadmium containing 100ppm of cadmium was
prepared. Cadmium standard solutions were prepared by

serial dilution of the stock solution.

(ii) Barium Standard Solution
A stock solution of barium was prepared by dissolving

1.4380g of barium carbonate in 20cm® IM HC1l and the
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solution made up to 1.dm® with water. The solution was
standardized by complexometric titration (Schgwarzenbach,
1960) as described for lead in chapter three. Working
standard solutions were prepared by serial dilution of the

stock solution.

T bl Oondit
(i) Cadmium
Wavelength = 228 .8nm
Flame - Air/Acetylene
Slit Setting - 0.15mm
Air Flow rate = 5.0xm®min-1
Acetylene flow rate - 1.2xm®min-1
Lamp Current - 6.0mA
(ii) Barium
Wavelength - 553.5nm
Flame - Nitrous oxide-Acetylene
Slit Setting - 0.15mm
Acetylene flow rate - 4.5dm®min—1
Lamp Current - 12.0 mA

Nitrous Oxide flow rate - 4.5dmSmin—1

(iii) Lead
Instrumental conditions for lead are as stated in

chapter three.
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Procedure

Atomic absorption measurements for lead, cadmium and
barium were carried out as described in section 3.2.8.2.,
but using a lead hollow cathode lamp for lead
determination. cadmium lamp for cadmium and barium lamp for
barium determinations. Preparation of a calibration curve
for using standard solutions of each cation was carried out
and their levels in the corresponding samples read off.
4.2.8.3 Infra-red Absorption Analvsis.

Instrumental conditions and procedure were the same as

stated in section 3.2.8.3.

4.2.9. X-ray Powder diffraction Analvsis.
X-ray powder diffraction measurements were carried out
ag described for calcium-magnesium hydroxyapatite in

section 3.2.9.

4.3 Results

Tables 4.1 and 4.2 contain the results of the atomic
absorption spectrometric, colorimetry and infra-red
absorption spectrorhotometric analyses of the lead-cadmium
hydroxyapatite samples for reactions carried out in basic
medium (pH = 10.5) and in acidic medium (pH 5-6)
respectively. Similar data for 1lead-barium system are
contained in tables 4.5 and 4.6. Analytical data for lead-

barium hydroxyapatite obtained by solid state reaction are
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reported in table 4.9 while table 4.10 contains the
expected and observed lead, bariuvm and phosphorus contents
of the prepared samples. The mole-atom ratic for the lesad-
cadmiuvm system, Pb+Cd/p for each esample is reported in
tables 4.1 and 4.2. They range from 1.85 - 1L.687 and 1.684 -
1.87 for preparations in basic medium and acidic medium
respectively. These are in agreement with the theoretical
values for hydroxyapatite solid solutions.

The corresponding infra-red frequencies for the lead-
cadmium hydroxyapatite =solid solutions are shown in tables
4.1 mand 4.2 respectively. These range from 820 to 640cm—1
and 3430 to 3450 cm—?® attributable to the OH vibrational
modes, 93% to 960cm~1 and 1020 to 1070 cm—1 to POs
vibrational modes. While the OH stretching modes decresse
with increase in atom percent cadmium, the PO4 vibrational
modes FL(PQOsz) and V3(PQOa) show an incresmse. However, the
shift in the internal vibrational mode for V1(PO4) to
higher fregquencies is not continuous (Tables 4.1 and 4.2).
It remains essentially constant after a concentration of
sbout 80 atom percent cadmium. The infre-red frequencies of
the PO4 and CH internal modes of the wvarious samples
rlotted against the cadmium atom concentrations are shown
in figures 4.1 and 4.2 for preparations done in basic and
acidic media respectively. The plots are linemr within
experimental error as shown by the eguations in figures 4.1

and 4.2.
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The infra-red frequencies for the lead-barium syatems
are ahown in tables 4.5, 4.6 and 4.9. For preparations done
in aqueous solution, the valuea range from 935 to 950cm—-2
and 1010 to 1080cm=1 attributable to the PO4 group: 600 to
830cm—1 and 3580 to 3580cm— 1 sttributable to the OH group.
The OH vibrational modes are observed only for preparaticns
containing about O to 40 atom percent barium. For the =olid
gtate reaction products, the infra-red frequencies range
from 1030 to 1050 cm—1 corresponding to the POa internal
vibrational wode; 440 to 620 cm~1 and 3870 to 3800cm—-1
attributable to the OH librational and stretching modes
regpectively. While the frequencies due to OH libration
decrease with increase in barium atom concentration, that
for the POa group and CH stretch show an oppoeite.trend.
Most of the absorption bands of the mixed lead-barium
products are broadened with increase in barium content. The
plot of infra-red frequencies of lead-bariuvm hydroxyvapatite
solid solutions prepared by the so0lid state reaction
sgainst atom percent barium is shown in figure 4.3. It
reveals that the frequencies vary linearly with increasing
barium content within experimental error as shown by the
equations in figure 4.3.

The products obtained from the =0lid state reaction
between lead hydroxyapatite and barium hydroxXyapatite at
800°C are =o0lid solutions in the whole range. This is

evidenced by the infra-red absorption frequencies of the
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products which are characteristic of apatitic samples.
However, precipitates obtained at about 100°C through co-
precipitation by drop-wise addition of lead and barium
acetate solutions into stirring ammonium dihydrogen
phosphate solutions gave solid solutions only in the range
of barium concentration in solution from O to 40%. The
absence of characteristics OH bands from the infra-red
frequencies of the samples precipitated from agueous medium
beyond 40 atom percent barium confirms this.

The X-ray powder diffraction data for lead-cadmium and
lead-barium precipitated from basic medium (pH = 10.5) are
reported in appendices II and III respectively. The 20, d-
spacings and relative intensities for each sample is shown.
Corresponding x-ray powder diffraction patterns for lead-
cadmium and lead-barium hydroxyapatites are shown in
figures 4.4. and 4.5 respectively. Powder patterns for
lead-cadmium system gave peaks which become sharper with
increasing cadmium content. However, lead-barium system

gave peaks which broadened with increase in barium content.
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TABLE 4.1
Lead, Cadmium and Phosphorus contents (weight
percent) of Lead-Cadmium hydroxyapatite solid
solutions precipitated from basic medium (pH =
10.5) and their infra-red frequencies.

Cd Weight (X)  Molecular Hole-Atom  I.R Frequencies
Content Pb Cd P formula Ratio (cm-1)

(Aton %) Pb+Cd/p Va(P04)Va(0H)V1(PO4)
0 71,35 - 6.60 Pbe.o(P04)e(0H)2 1.66 1035 3670 935

20 66.55 9.02 7.43 Pbr.eaCdz.02 (PO«)s(0H)2 1.67 1038 3540 940
40  5§2.20 19.46 7.73 Pbe.7eCda.21(P0«)s(0H)2 1.67 1046 3520 -

50  45.45 25.70 B8.06 Pbs.saCds.o«(PO«)e(OH)2 1.65 1055 3480 945
60  38.70 33.10 8.47 Pba.7alde.21(P04)e(0H)2 1.66 1065 3550 960

100 64.83 10.25 Cdoe.ss(P04)s(0H)2 1.66 1070 3440 960

TABLE 4.2
Lead, Cadmium and Phosphorus Contents (weight percent) of Lead-Cadmium
hydroxyapatite solid solutions precipitated from acidic medium (pH = 5-6) and their
infra-red frequencies.

Cd Weight (%) Holecular Mole-Atom  I.R Frequencies
content b Cd P formula Ratio (cm~1)

(Atom ¥) Pb+Cd/p Va(PO4)Va(OH)V1(PO4)
0 17.20 - 6.45 Pba.e7{P0s)e(0H)2 1.66 1030 3565 935

20 66.35 9.00 6.62 Pbr.oeCdi.se (PO4)e(OH)2 1.66 1030 3550 940
40  53.94 18.97 6.81 Pbs.eaCda.se(PO4)e(0H)z 1.64 1045 3500 940
50  45.80 25.55 8.52 Pba.s70d4.o7(P04)e(OH)2 1.64 1050 3480 945
60 39.05 32.04 B.86 Pbs.s7Cde.o1(P04)s(0H)z 1.67 1060 3460 860

100 - 64.30 10.76 Cde.es(P04)e(0H)2 1.65 1070 3440 960
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Infra-red frequencies for lead—cadmium hydroxyapatite solid
solutions against cadmium atom % (f’“-“- 10-5 )

Equations for the lines

la) y=3563. 54-1.41X (n=6,0"=1.40)
(b) y=.1082.55+0.41X (n=6, 07=2.3)
(c) y=935.5+027X (n=6, 0"=414)

(Y=infra-red fequency: x =atom % cadmium; 0"=standard deviation )
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Infra-red frequencies for Lead-cadmium hydroxyapatite solid
solutions against atom % Cadmium

( Acidic medium, PH 5-6 )
Equations for the lines:

la) y=3560.80-1.37X [n=6,0"=121)
(b) y=1027.25+0.45X ([n=60 =33 )
lc) y=934.10+0.28 X [n= 6, " =3.84 )

[y = infra-red frequency;x =atom % cadmium;
¢ = standard deviation )
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TABLE 4.3
Expected [e] and Observed [o] concentrations of Lead,
cadmium and Phosphorus in lead-cadmium hydroxyapatite solid
solutions precipitated from Aqueous Ammonia Solution. (pH
= 10.5) based on the molecular formula, Pbio-

xCdx(PO4)e(OH)z.

Pblo] Pble] Cd[e] Cdle] Plol Ple]
i. 771.36 77.43 - o 6.60 6.94
2. 66.50 66.67 9.01 9.04 7.43 7.47
3. 52.20 54.13 19.46 19.58 7.73 8.10
4. 45.45 47.05 25.70 25.52 8.06 8.44
5. 38.70 39.33 33.10 32.00 8.47 8.82
Q. == - 64.85 65.05 10.25 10.75
TABLE 4.4

Expected [e] and Observed [o] contents (weight percent) of
lead, cadmium and phosphorus in lead-cadmium hydroxyapatite
golid solutions precipitated from acidic medium (pH = 5-6)
based on the molecular formula, Pbio-xCdx(P0O4)s(OH)z.

Pbfo]  Pble] Cdfe]  Cdle]  Plol Ple]
1. 77.04 77.43 - = 6.45 6.94
2. 66.35 66.67 9.00 9.04 7.62 7.47
3. 53.94 54.13 18.93 19.58 6.81 8.10
4. 45.80 47.05 25.55 25.52 8.52 8.44
5. 38.70 39.33 32.04 32.00 8.86 8.82

8, ~ - 64.30 65.05 10.76 10.75
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TABLE 4.5 Lead, barium and phosphorus contents (weight
percent) of

Lead-Barium hydroxyapatite precipitated from Aqueous
Ammonia Solution

(pH =10.5) and their infra-red frequencies.

Ba Weight (%) Holecular Hole- [.R Frequencies
content Pb Ba P formula Atom Ratio  {cm?)

(Atom %) PbtBa/p P04 PO4 PO4 OH OH
0 71.30 -  6.44 Pbs.gs{P04)s{0H)2 1.66 935 - 1030 - 3560

20 63.35 10.92 6.73 Pbr.7sBaz.o(P04)e{0H)2 1.63 940 - 1010 610 3578
40  46.75 22.36 8.06 Pbs.«Bas.o(PO4)e(OH)2 1.55 940 530 - - 3570
50  45.70 26.10 9.20 Pba.s7Bad.42(P04)e(OH)2 1.50 950 - - - -

60  34.50 34.69 10.00 Pbs.7eBas.7(PO4)e(0H)2 1.58 - - 1050 - -
100 - 63.55 12.24 Bas.16(P04)e(0H)2 1.53 - 590 1010 - 3606
TABLE 4.6

Barium, lead and phosphorus contents (weight percent) of Lead-Barium hydroxyapatite
precipitated from acidic medium (pH = 5-6) and their infra-red frequencies.

Ba Weight (%) Holecular Mole-Atom  I.R Frequencies
content Pb Ba P formula Ratio (cm-1)

(Atom %) Pb+Ba/p P04 P04 OH OH
0 77.04 - 6.45 Pba.o7(P04)e(0H)2 1.66 935 1040 - 3565
20 64.36 8.81 6.69 Pbr.7eBai.ea(P04)s(0H)z 1.57 940 - 620 3580

0 48.01 20.93 8.20 Pbs.ssBas.es(PO4)(OH)2 1.53 940 1060 625 3575
50 40.60 28.90 B.41 Pba.seBas.o(PO4)e(OH)2 1.58 965 - ~ =
60 34.85 35.47 9.00 Pba.soBas.sa(PO4)s(OH)2 1.61 970 - - -
100 - 64.36 9.96 Bas.27(P0«)s(0H)2 1.54 950 - - -
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TABLE 4.7

Expected [e] and Observed [o] contents (weight percent) barium,
of lead, and phosphorus in lead-barium hydroxyapatite solid
solutions precipitated from Aqueous Ammonia (pH 10.5) based on
the molecular formula, Pbio-xBax(PO4)s(OH)z.

Pblo] Pbfe] Bafe] Bafe] Plo] Ple]

1. 77.30 77.43 - - 6.44 6.94

2. 63.3 65.36 10.92 10.83 6.73 7.33

3. 486.75 51.88 22.36 22.93 8.06 7.76

4. 40.70 44.53 26.10 29.52 9.20 7.99

5. 34.50 36.73 34.69 36.52 10.00 8.23

6. - - 63.55 69.46 12.24 9.40

TABLE 4.8
Expected [e] and Observed [o0] contents (weight percent) of
barium, lead and phosphorus in lead-barium hydroxyapatite
solid solutions precipitated from Acidic medium based on
the molecular formula, Pbio-xBax(PO4)se(OH)z.
Pblo] Pble] Bale] Bale] Plo] Ple]

1. 77.04 77.43 . ~ 6.45 6.94

2. 64.36 65.36 8.81 10.83 6.69 7.33

3. 48.01 51.88 20.93 22.93 8.20 7.76

4. 40.60 44 .53 28.90 29.52 8.41 7.99

5. 34.85 36.73 35.47 36.52 9.00 8.23

8. = - 64.36 69.46 9.96 9.40
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Lead, barium and phosphorus contents (weight percent) of
lead-barium hydroxyapatite solid solutions prepared by
solid state reaction at 900°C and their infra-red frequencies.

Ba Weight (%) Molecular Hole-Atom  I.R Frequencies

content Pb Ba P  formula Ratio {cm-1)

(Atom X) Pb+Ba/p Va(PO4) Vi(OH) Ve(PO4)

0 75.30 - 6.92 Pbs.oa7(P04)e(0H)2 1.66 1030 - 3570

20 64.52 10.60 7.50 Pb7.soBai.s4(PO4)s(OH)2 1.64 1038 620 3575

40 49.96 21.85 7.68 Pbs.7sBas.s1(P04)e(OH)2 1.60 1040 580 3585

50  44.06 29.33 7.72 Pbs.osBas.os{P04)e(OH)2 1.65 1040 550 3580

60 37.50 35.87 8.04 Pbs.oeBas.as(P04)e(OH)z 1.66 1045 530 3590

100 - 69.40 9.33 Bao.ea(P04)e(0H)2 1.67 1050 440 3600

TABLE 4.10
Expected [e]l] and Observed [o] contents (weight
percent) of lead-barium hydroxyapatite solid solutions
prepared by solid state reaction at 900°C wvalues
based on the molecular formula, Pbio-xBax(P0O4)s(0OH)=z.
Pblo] Pblel Bale] Bale] Pl[o] Plel

¢ 75.30 T77.43 - - 6.92 6.94

2s 64.52 65.36 10.60 10.83 7.50 T.33

3. 49.96 51.88 21.85 22.93 7.68 7.76

4. 44 .06 44 .53 29.33 29.52 T. T2 7.99

5. 37.50 36.73 35.87 36.52 8.04 8.23

6. - - 69.40 69.46 9.33 9.40
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Equations for the lines:
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4.4 Discussion

The replacement of lead by cadmium in the apatite
structure induces a shift of the infra-red bands
characteristic of the P0Oa internal modes to higher
frequenciee ag the atom percent cadmium increases. This
trend ias in agreement with the decrease in cationic mass
{Pb~Cd). The mass of the cation is indicated to have the
greatest influence on the mean freguency of the internal
POa vibrational modes (Klee and Engel, 1970; Fowler, 1974}.
According to Fowler (1974}, as the cation-anion bond
becomea stronker the frequency of the internal modes of the
anion becomes more cation dependent and in turn sensitive
'_to cation masa. In the present case, the overall cation
mass decreases as cadmium increasingly substitutes for lead
in the apatite lattice thereby inducing stronger cation-
anion bonding and causing the fregquencies of internal
vibrational modea of the phosphate ion to shift to higher
values.

The shift of the OH stretching and libratidnal modes
of the lead-cadmium solid solutions toward lower
frequencies with inerease in atom percent cadmium is in
agreement with the predominant role of the M-OH (M =
cation} interaction with respect to OH —— G(POs) hydrogen
bond (Fowler, 1974; Bigi et al, 1991).

The near 1linearity of the plot of the infra-red

frequencies of lead-cadmium hydroxyvapatite against cadmium



115

atom percent (figures 4.1 and 4.2) is suggestive that the
preparations are homogeneous solid solutions in the entire
compositional range. Also, the wvalues of the mole-atom
ratios, Pb/p, Cd/p and Pb+Cd/p are in agreement with that
expected for apatitic samples (Partington, 1957: Patel,
1979). Higher amounts of the substituting cation (Cd2+) are
observed in the so0lid solutions prepared in basic medium
(pH = 10.5) than for reactions in acidic medium. This is
also in agreement with results obtained for 2zinc
substituted calcium hydroxyapatite which indicates that the
preparations are to some extent pH dependent.

The results of the infra-red analysis carried out on
the products obtained from the interaction of barium with
lead hydroxyapatite in aqueous solution show the formation
of solid solutions for samples containing about 0-40 atom
percent barium in the mediating solution. In contrast,
products obtained by solid state reaction between lead
hydroxyapatite and ©barium hydroxyapatite are =solid
solutions in the entire compositional range. The infra-red
frequencies of the products obtained through solid state
reaction assume values lying on a straight line joining the
characteristic frequencies of lead and barium
hydroxyapatites (figure 4.3). This indicates that the
products of the solid state synthesis are not simply
mixtures of two components or one component adsorbed on the

other but homogenous solid solutions (Bigi et al; Collins,
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1959; Fowler, 1974; Patel, 1979).

The decrease of the magnitude of the OH librational
frequency with increasing barium atom concentration is
similar to that observed for the lead-cadmium system and
also in agreement with that reported by Fowler (1974) on
strontium and barium apatites. This may be due to the
displacement of the OH by the introduction of the larger
cation, Ba?+ which causes weak hydrogen bonding of the type
M-OH---O0POz (M = Ba®*+). Also, the shift of the OH
stretching mode to higher frequencies with increase in
barium atom concentration is 1in agreement with that
reported by Bigi et al (1984) for calcium-barium
hydroxyapatite solid solutions.

The increasing sharpness of x-ray powder peaks for
lead-cadmium hydroxyapatite as the cadmium content
increases, (figure 4.4) indicates that the products become
more crystalline in the same order. The result is in
agreement with the smaller cationic size of'Cd=+ compared
to Pb*+. However, x-ray powder peaks for lead-barium system
are broadened with increasing barium content. The peak
broadening is more pronounced for samples containing more
than about 40 barium atom percent (basic medium, pH =
10.5). The result is in agreement with observed infra-red
absorption data. It also agrees with the larger cation size
of Ba®?*+ compared to Pb*+. The results further indicates

that products obtained beyond barium concentration of about
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40 barium atom percent are increasingly smorphous in
character. Similar results were reported by Bigi et al
{1984) for the replacement of calecium by barium in the
hydroxyapatite lattice. In the latter, the substitution
range was from O to 25 barium atom percent in aquecus
medium and 60 +to 100%¥ in s0lid state reaction. The
reluctance of barium to undergo substitution processes in
hydroxyapatites in agqueous medium may be attributed to the
large size of the Ba®*+ ion., Even among the group IIA
elements, Mg, Ca, Sr, Ba and Ra the tendency to form
hydrates decreasges with increasing size of M*+ (Cotton and
Wilkinson, 1972). This trend may be attributed to the fsct
that hydration energies decrease more raplidly than the
lattice energies as the gize of the M+ increases. Tﬁia mnay
aleo account for why the smaller cation, Cd*+, replaces
lead in the hydroxyapatite in agueous medium in the whole
series while the larger Ba®*+ ion does not.

The value for the ratics, Pb/p and Ba/p of the end
members of the lead-barium system and the Pb+Ba/p for the
intermediate members range freom 1.56 - 1.66 and 1.80 - 1.67
for producte obtained from agueous medium and solid state
reactione respectively (theoretical wvalue = 1.687)}. The
values cbserved for the scolid state reaction products are
characteristic of apatitic solid solutions. The loss of
cation manifested by the products obtained from the agueous

medium is attributable to possible acid phosphate formation
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in that medium (Rathje, 1941 as cited by Narasarajua et al,
1972). The formation of apatitic samples of lead-cadmium
in both basic and acidic media indicates that the mode of
interaction may be such that allows the incorporation of

Cd=2+ into the apatite lattice.
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CHAPTER FIVE
ISOMORPHOUS SUBSTITUTION IN STRONTIUM HYDROXYAPATITE
BY CADMIUM, ZINC AND LEAD
5.1 Introduction

Experiments in rats have shown that lack of strontium
in the diet causes dental caries and poor growth
conditions. Addition of strontium to the diet has been
found to reverse these changes but caused rickets. It has
also been suggested that strontium has a beneficial action
on the mineralization of depleted bones in persons
suffering from disturbances of bone metabolism (Curzon et
al, 1970; Koutsoukos and Nancollas, 1981).

It is now believed that one way through which
strontium is incorporated in the human body is by its
cationic replacement of Ca®*+ in the hydroxyapatite found in
bones and teeth. The complete series of solid solutions of
strontium with calcium hydroxy-apatite has been prepared by
various researchers (Collin, 1981; Heijligers et al, 1971;
Fowler, 1974).

From the fact that strontium plays some significant
role in man and its interaction with bone is similar to
that with synthetic calcium hydroxyapatite, the present
work 1is concerned with the isomorphous replacement of
strontium by Caz~+, Zn*+ and Pbz+ in strontium
hydroxyapatite. It is aimed at ascertaining the role of

these metals (cadmium, 2Zinc and lead) in strontium
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hydroxyapatite and clarifying factors influencing -the
nature of their interaction with strontium hydroxyapatite.
Products obtained from the replacement reactions have been
analysed by colorimetric, atomic absorption and infra-red

absorption methods.

5.2 Experimental
5.2.1 Preparation of Strontium Hvdroxvapatite.

Reagents
(i) Strontium Acetate Solution

A 8.0 x 10-3M strontium acetate solution was prepared
by dissolving stoichiometric amount of hydrated strontium

acetate Sr(CHzaC00)=2, ¥ H=20 (BDH) in doubly distilled water.

(ii) Ammonium dihvdrogen phosphate solution
A 1.9 x 10-2M solution of ammonium dihydrogen
phosphate was prepared by dissolving stoichiometric amount

of the salt in water.

Procedure

Strontium hydroxyapatite was prepared as described for
calcium hydroxyapatite in section 3.2.1, but using
strontium acetate solution first in basic medium at pH =
10.5, enhanced with ammonia solution and second in acidic

medium (pH 5-6).
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5.2.2 Preparation of Cadmium hvdroxyvapatite
Cadmium hydroxyapatite was prepared using the same reagents

and procedure as in section 4.2.2.

5.2.3 Preparation of Strontium-cadmium hvdroxvapatite.
Solid solutions of strontium-cadmium hydroxyapatite
were prepared as described for calcium-magnesium
hydroxyapatite in section 3.2.3, but using mixed solutions
of strontium acetate and cadmium acetate. Two preparations
were made; one in basic medium (pH = 10.5) and second in

acidic medium (pH 5-6)}.

5.2.4 Preparation of zinc hydroxyvapatite
Zinc hydroxyapatite was prepared using the same

reagents and procedure as in section 3.2.4.

5.2.5. Preparation of Strontium-Zinc hvdroxvapatite solid
annIiﬁna*

Strontium—-zinc hydroxyapatite samples were prepared by
the method of co-precipitation as described for calcium-
magnesium hydroxyapatite in section 3.2.3, but using mixed
aqueous solutions of strontium acetate and zinc acetate in

basic medium (pH 10.5) and in acidic medium (pH 5-6).
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5.2.6 Preparation of Lead Hydroxvapatite
Lead hydroxyapatite was prepared using the same

reagents and procedure as contained in section 3.2.6.

'5.2.7 Preparation of Strontium-Lead hvdroxvapatite solid
golutions :

Strontium-lead hydroxyapatite go0lid solutions were
prepared by the method of co-precipitation as described for
caleium-magnesium hydroxyapatite in section 3.2.3. but
uging mixed aqueous solutions of strontium acetate and lead

acetate first in basic {(pH 10.5) and ascond in acidic

medium {(pH 5-8).

§.2.8.1 Colorimetric determination of Phoaphorus content

The concentrationa of phosphorus in the prepared
saxﬁplea were determined colorimetrically using the
molybdenum blue method and the same spectrorhotometer as

described for calcium-magnesium hydroxyapatite 1in section

o T o B |



Reagents
(1) Strontium Standard Solution

Stock solution of strontium was prepared by dissolving
1.6840g of strontium carbonate in 20cm® M-HCl and diluting
to 1.0dm® with doubly distilled water. Working standard
solutions were prepared by serial dilution of the stock
solution.
(1i) Lanthanum Solution

This was prepared as described in chapter three.
(iii) Zinc Standard Solution

This was prepared as described in chapter three.
(iv) Lead Standard Solution

Lead standard solutions were prepared as described in
chapter three.
(v) Cadmium Standard Solution

Cadmium standard solution were prepared from cadmium

nitrate as described in chapter four.

Instrument Used

Pye Unicam SP 1900 Atomic Absorption spectrometer.
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Instrumental Conditions
(i) Strontium

Wavelength -  460.7nm

Flame - Nitrous oxide-Acetylene
Slit Setting - 0.2mm
Acetylene flow rate - 4.4dm®Pmin—1

Nitrous Oxide flow rate- 4.5dm®min—21

Lamp Current - 8.0mA

(ii) Lead and Zinc
The instrumental conditions for lead and zinc are as

stated in chapter three.

(iii) Cadmium
The instrumental conditions for cadmium are as stated

in chapter four.

Procedure

Atomic absorption measurements for lead, cadmium and
zinc in the prepared samples were carried out as described
in Chapter three. Lead hollow cathode lamp was used for
lead determination; cadmium hollow cathode for cadmium;
strontium hollow cathode lamp for strontium determination

and zinc hollow cathode lamp for zinc determination.
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5.2.8.3 Infra-red Absorption Analvsias.
Instrumental conditions and procedure were the same as

stated in Chapter three.

5.3 EKesults

The results of the atomic absorption spectrometry.
colorimetry and infra-red absorption spectrophotometric
analyses of the c¢admium, lead and =zine subsatituted
strontium hydroxyapatite samples are shown in tables 5.1,
5.5 and 5.9 for preparations done in aqueocus ammonia,
solution {(basic medium). Tables 5.3, 5.7 and 5.11 contain
similar results for preparations carried out in acidic
medium. The cationic contents and the phosphorua levels of
the prepared samples are compared with calculated vaiues in
tables 5.2, 5.4, 5.6, 5.8, 5.10 and 5.12. The mole atom
ratios for the =amples are contained in tables 5.1, 5.3,
5.5, B.7, 5.9 and 5.11. The values range from 1.62 to 1.67
{theoretical wvalue = 1.67). This indicates that the
preparations are homogenoue solid solutiona.

The infra-red frequencies are reported in tables 5.1,
5.3, 5.5, B5.7, B.9 and 5.11. For the strontium-cadmium
eystem, these range from 540 to 700cm— 1 attributable to the
internal Va{PQa vibrational mode. The OH stretching mode
and the Vz(P04) are shifted to lower values as cadmium
content increasea. However, the OH 1librational mode is

shifted to higher values with increasing cadmium content.
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This may be due to differences in OH bonding between
strontium and cadmium. (Fowler, 1974}, The infra-red
frequencies of the POs and OH internal modes of the
strontium-cadmium hydroxyapatite solid solutions are
plotted asgainst the cadmium atom concentration in figures
5.1 and 5.2 for preparations done in basic and acidic media
respectively. The plots revemsl a linear relationship in
both cases. The esquatione of the lines are shown in the
legend to figures 5.1 and 5.2.

The infra-red frequenciea for the stroantium-lead
system range from 630 to 635cm—1 and 3440 to 3580cm—2
attributable to the OH vibrational modes and 8930 to 950cm—3
corresponding to the POs vibrational modes for preparations
done in acidic wmedium; 630 to 635cm—1 and 3460 to éSBScm—l
corresponding to the OH vibrational modes and 1030 to 1090
cm~lattributable to V={PO4) internal modes for preparations
carried out in agqueous ammonia (basic medium) (Tableas 5.5
and 5.7). The OH stretching modes and the Va(P04) internal
modes are shifted to lower freguencies in & manner similar
to that observed for the cadmium substituted strontium
hydroxyapatite (tables 5.1 snd 5.3). Plote of the infra-red
absorption frequencies for the PCs and OH vibrational wodes
against atom ypercent lead of the strontium-lead s=so0lid
solutions are shown in figures 5.3 and 5.4 for samples
obtained from basic and acid media respectively. The plots

are linear in hoth cases. The equations of the lines are
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also shown in the legend to figures 5.3 and 5.4.

The infra-red frequencies for the zinc substituted
strontium hydroxyapatite range from 538-640cm—-1 and 3500-
3590cm—1 for the OH group and 1080-1100cm—1 for the Va(P0Oa4)
internal mode. The pattern of shift in the OH and PO4
frequencies for the zinc substituted strontium
hydroxyapatite is quite similar to that observed for the
cadmium substituted strontium hydroxyapatite. Frequencies
attributable to the PO4 vibrational mode and the OH
stretching mode are shifted to lower values with increasing
zinc content while the OH librational mode is shifted to
higher frequency values as the atom % zinc increases. Plots
of these frequencies for the PO4 and OH vibrational modes
against atom % zinc (figures 5.5 and 5.6) show a linear
relationship. The equations of the lines are shown in the

legend to figure 5.5 and 5.6.
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TABLE 5.1 .
Cadmium, strontium and Phosphorus contents of
Strontium-Cadmium  hydroxyapatite solid solutions
precipitated from Agqueous Ammonia Solution (pH = 10.5)
and their infra-red frequencies.

Cd Weight (X) Holecular Mole-Atom I[.R Frequencies
Content Sr Cd P formula Ratio (cm-1)

(Atom %) Se+Cd/p Va(PO4)V1(OH)V4(OH)
0 56.75 - 17.80 Sre.s2(P04)e(0H)2 1.65 1080 540 3590

40 32.89 28.05 16.38 Sre.saCda.sa(PO«)s(0H)2 1.65 1080 530 3550
5  25.65 35.00 16.01 GSrs.7Cda.se(POa)e(OH)z 1.62 1070 620 3540
60  21.20 40.85 15.21 Gra.e«Cds.o2(PO4)e(OH)2 1.64 1065 640 3500
80 9.82 53.50 14.69 Gri.eeCde.oe(PO4)s(0H)2 1.65 1060 650 3460
100 64.30 14.52 Cde.sa(PO«)e(0H)z 1.65 1060 700 3440

TABLE 5.2
Expected [e] and Observed [o] contente (weight
percent) of cadmium, strontium and Phosphorus in
strontium-cadmium hydroxyapatite solid solutions
precipitated from Basic medium (pH = 10.5) based
on the molecular formula, SrlO-xCds(P04)s(0OH)=.

Cd content Cdfo] Cdle] Srlo] Srle] Plfo] Pre]j
(atom %)

100 64.30 65.05 E . 14.52 10.75
80 53.50 53.78 9.82 10.40 14.69 11.07
60 40.85 41.41 21.20 21.52 15.21 11.41
50 35.00 35.04 25.65 27.31 16.01 11.58
40 28.05 28.47 32.89 33.29 16.38 11.77

0 - - 58.75 59.20 17.80 12.56
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TABLE 5.3

Cadmium, strontium and Phosphorus contents (weight
percent) of Strontium-Cadmium hydroxyapatite solid
solutione precipitated from Acidic (pH 5-6) medium and
their infra-red frequencies.

Cd Weight (%) Holecular Mole-Atom I.R Frequencies
Conteat Sr Cd P formula Ratio (cm-1)

(Atom %) Sr+Cd/p  (P04) (OH) (OH)

0 57.80 - 12.06 Sre.so(P04)e(0H)2 1.65 1090 540 3590

40 3173 28.40 11.52 Sve.720ds.ee(PO4)s(OH)z 1.62 1075 610 3550
50 26.49 34.80 11.49 Sr4.esCda.e7(PO4)e(OH)z 1.64 1060 630 3550
60  19.48 42.02 11.15 Sra.e2Cde.co(P04)s(0H)2 1.62 1055 635 3500
80 10.00 52.50 10.88 Sri.e20d7.7a(P04)s(0H)2 1.62 1050 640 3480

100 - 63.10 10.11 Cde.7(PO«)e(0H)2 1.62 1050 710 3460

TABLE 5.4
Expected [e] and Observed [o] contents (weight
percent) of cadmium, strontium and phosphorus in
strontium-cadmium hydroxyapatite solid solutions
precipitated from Acidic medium (pH = 5-6) based
on the molecular formula, Sric-xCdx(PO4a)s(OH)z.

Cd content Cd[o] Cdle] Srlo] Srle] Plo] Ple]
(atom %)

100 63.10 65.05 = - 10.11 10.75
80 52.50 53.78 10.00 10.40 10.88 11.07
60 42.02 41.41 19.48 21.52 11.15 11.41
50 34.80 35.04 26.49 27.31 11.49 11.589
40 28.40 28.47 31.73 33.29 11.52 11.77

0 - - 57.80 59.20 12.06 12.56
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TABLE 5.5

Lead, strontium and Phosphorus contents (weight
percent) of Strontium-lead hydroxyapatite solid
solutions precipitated from Agqueous Ammonia Solution
(pH 10.5) and their infra-red frequencies.

Bb Weight (X) Holecular ole-Atom [.R Frequencies
Content S+ Pb P formula Ratio (cm~1)

(Atom %) Sr+Pb/p  (P0«) (OH) (OH)
0 58.60 -  12.80 Srg.a(P04)e(0H)2 1.65 1090 540 3585

4 26.49 42.20 9.55 Sro.saPba.oa(P04)s(0H)2 1.62 1079 635 3560
5  20.80 50.10 B.47 Sra.saPbs.oz(P04)s(OH)2 1.66 1070 630 3655
60 15.88 56.10 7.94 Sra.gePbs.os(P04)e(0H)2 1.66 1045 630 3540
80 6.22 70,35 7.4 Sry.7Pbe.27(P04)e(0H)2  1.66 1045 630 3490
100 - 77.35 6.60  Pbo.o(P04)s(0H)2 1.67 1030 630 3460

TABLE 5.6 .
Expected (el and Observed [o] contents (weight
percent) of lead, etrontium and phosphorue in
strontium-lead hydroxyapatite solid solutions
precipitated from Aqueous Ammonia Solution (pH
10.5) based on the molecular formula, OSrio-
3%Cdsx (P04 )e(0H)=2.

Pb content Srlo] Srle] Pbl[o] Pbfe] Plo] Plre]
(atom %)

0 58.60 59.20 - - 12.60 12.56
40 26.49 26.85 42.20 42.32 9.55 9.49
50 20.80 21.08 50.10 49.86 8.47 8.94
60 15.88 15.95 56.10 56.57 7.94 8.46
80 6.20 7.19 70.35 68.03 7.43 7.63

100 - - 77.35 77.43 6.60 6.94
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Infra red frequencies for Sr-Pb hydroxyapatite solid solutions
against atom % Lead. (PH=10-5)
Equations for the lines:

(a) y=3602.80-1.29 x (n=6,0=14.04)
(b) y=1093-0.63x (n=6, " =6.34 )
[c) y=634.70-0.06%(n=6, 7 =2.99)

(y¥=infra red frequency; y=atom% Lead; ¢=standard deviation)
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TABLE 5.7 .
Lead, strontium and Phosphorus contents (weight
percent) of strontium-lead hydroxyapatite solid

solutions precipitated from Acidic medium (pH 5-6) and
their infra-red frequencies.

Pb Weight (X) Molecular Mole-Atom I.R. Frequencies
Content &r Pb P formula Ratio (cm-1)

Atom %) Sr4Pb/p (P04) (OH) (OH)
0 58.75 0 12.24 Sra.02(P04)e(0H)2 1.65 950 540 3590

40 26.30 41.40 B.T4 Srs.saPba.e1(P04)e(0H)2 1.63 945 635 3530
50 20.50 49.80 8.67 Srq.aePba.oa(P04)e(0H)2 1.64 938 635 3500
60 15.01 567.00 9.34 Sra.76Pbe.os(P04)e(0H)2 1.64 935 630 3590
80 6.64 67.92 T.01 Sr1.a6Pb7.00(P04)s(0H)2 1.64 930 630 3450
100 - 77.04 6.45 Pbo.o7(P04)e(0H)2 1.66 930 630 3440

TABLE 5.8
Expected [e] and Observed [o] contents (weight
percent) of lead, strontium and phosphorus in
strontium-lead hydroxyapatite solid solutions
precipitated from mild Acidic medium based on the
molecular formula, Sri1o0-xCdx(P04)s(0OH)=2.

Pb content Pblo] Pblel Sr{o] Srlel Plo] Plel
(atom %)

0 77.04 77.43 = - 6.45 6.94
40 67.92 78.03 6.64 17.19 7.01 7.63
50 57.00 56.57 15.93 15.95 8.34 8.46
60 49.80 49.86 20.50 21.08 8.67 8.94
80 41.40 42.32 26.80 26.85 8.74 9.49

100 - = 58.75 59.20 12.24 12.56
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TABLE 5.9 .
Strontium, =zinc and Phosphorus contente (weight
percent) of Strontium-zinc hydroxyapatite solid
solutions precipitated from Agqueous Ammonia Solution
(pH 10.5) and their infra-red frequencies.

In Weight (%) Holecular Mole-Atom [.R. Frequencies
Content Sr In 4 formnla Ratio (cw-1)

(Atom %) Se+ln/p (PO4) (OH) (OH)
0 57.80 - 12.06 Sre.es(P0g)e(0H)2 1.66 1090 540 3590

40 J6.67 16.40 12.968 Srs.eslna.e2(P0a)e(0H)2 1.63 1090 5§80 3560
50 31.03 23.75 13.08 Sra.esln4.o7(PO4)e(OH)2 1.64 1075 620 3565
60 24.80 30.06 13.62 Sra.eilne.19(PO4)e(0H)2 L.67 1080 630 3560
80 13.20 39.63 13.93 Sri.eeln7.ee(P04)e(0H)2 1.64 1080 630 3540
0 - 51.86 14.40 7Zne.s(P04)e(OH)2 1.66 1080 640 3500

TABLE §.10
Expected [e] and Observed (o] contente (weight
percent) of strontium, zinc and phosphorus in
strontium-zinc hydroxyapatite solid solutions
precipitated from Agqueous Ammonia Solution (pH =
10.5) based on the molecular formula, Srio-

%xZnx(PO4)s(OH)z=.
Zn content Sr[o] Srie] Znf[o] nfe] Plo] Ple]
(atom %)

0 57.8 59.20 0 0 12.06 12.56
40 36.87 37.79 18.40 18.80 12.36 13.36
50 31.03 32.01 23.75 23.88 13.08 13.58
60 24.80 26.03 30.06 29.13 13.62 13.80
80 13.20 13.46 39.63 40.17 13.93 14.28

100 0 0 51.86 59.98 14.40 14.78
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TABLE 5.11 .
Strontium, =zinc and Phosphorus contents (weight
percent) of Strontium-zinc  hydroxyapatite solid
solutions precipitated from Acidic Medium and their
their infra-red frequencies.

In Weight (%) Molecular Mole-Atom I.R Frequencies
Content Sr Ian P formula Ratio (cm1)
(Atom %) Sr+ln/p (P04 (OH)(OH)
0 56.75 0 12.24 Sre.s2(P04)s{0H)2 1.85 1100 540 3590

40 37.37 17.88 13.20 Srs.salna.se(PO4)e(0H)2 1.62 1105 620 3580
50 31.50 23.42 13.51 Sra.e2lna.so(PO4)e(OH)z 1.64 1080 630 3565
60 25.50 29.20 13.91 Sra.e2lne.o1(PO4)e(OH)2 1.66 1075 640 3560
80 12.99 38.92 13.69 Sri.oalns.os(PO4)e(0H)z 1.67 1080 640 3560
100 0 49.85 13.83 Tno.os(P04)e(0H)2 1.66 1080 640 3560

TABLE 5.12
Expected [e] and Observed [o] strontium, zinc and
phosphorus contents (weight percent) of
strontium-zinec hydroxyapatite solid solutions
precipitated from Acidic medium (pH = 5-6) based
on the molecular formula, Srioc-xZnx(P04)s(OH)=.

Zn content Sr(o] Srle] Znfo] Znle] Plo] Plel
(atom %)

0 58.78 59.20 0 0 12.24 12.56
40 37.37 37.79 17.88 18.80 13.20 13.36
50 31.50 32.01 23.42 23.88 13.51 13.58
60 25.50 26.03 29.20 29.13 13.91 13.80
80 12.99 13.46 38.92 40.17 13.69 14.27

100 0 0 49.85 51.98 13.83 14.78
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b,

(Y=infra~red frequency;x=atom °/ zinc; o=standard

deviation )
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5.4 Discussion

The analytical results (tables 5.1, 5.3, 5.5 and 5.9)
chow that the concentrations of cadmium and zinc in the
strontium—-cadmium and strontium-zinc hyvdroxyapatites
respectively are slightly less than concenérations in the
mediating solutions. Similar results have been observed
for calcium—magnesium and calcium-zinc hydroxyapatite solid
solutions which are also in agreement with that reported by
Bigi et al (1984) for the calcium-barium hydroxyapatite
system. A comparison of tables 5.1, 5.3, 5.5 and 5.9 shows
that higher concentrations of the substituting cations are
incorporated in the hydroxyapatite structure in the basic
medium than in the acidic medium. This again, may be
attributed to a possible loss of the substituting cation as
the acid phosphate, the formation of which is probably
enhanced in an acidic medium (Rathje, 1941, as quoted by
Narasaraju et al, 1972). The amount of the substituting
cation rejected is however quite small. For example, the
amount of cadmium rejected is about 0.10-1.35%; while the
amount of zinc rejected in the strontium~zinc
hydroxyapatite system ranges from 0.5-1.3%. Similarly, the
amount of lead rejected in the strontium-lead
hydroxyapatite (about 0.5-2.1%) is negligible (tables 5.6,
5.8, 5.10 & 5.12).

The infra-red absorption patterns for the cadmium
substituted strontium hydroxyapatite and for the zinc

substituted strontium hydroxyapatite systems are quite
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similar. The frequencies attributable to the . PO4
vibrational mode and the OH stretching mode are shifted to
lower wvalues in both cases with increasing cation
substitution for the strontium. Another area of similarity
is the increase in the OH librational frequencies with
increasing replacement of strontium by either cadmium or
zine (figures 5.1, 5.2, 5.5 and 5.6).

The observed similarity in the behaviour of cadmium
and zinc towards strontium hydroxyapatite may be attributed
to the similarities in the chemistries of zinc and cadmium.
For instance, cadmium and zinc have completed d-shells and
there is no ligand field stabilization in Cd®*+ and Zn®*+
ions. They also have large polarizing power (Cotton and
Wilkinson, 1972). Cd®*+ and Zn®*+* ions may consequently cause
similar binding effects arising from M-0OH interactions
which will be in agreement with predominant role of M-OH (M
= c¢ation) interaction with respect to the OH—I—O(POa)
hydrogen bond (Fowler, 1974; Bigi et al, 1991).

The intermediate internal PO4 frequencies for cadmium,
lead and zinc substituted strontium hydroxyapatite which
shift to lower wvalues with increasing replacement of
strontium may be explained as being due primarily to the
effects of decreased anion-anion repulsion concomitant with
increased cation mass and weaker cation-anion bonding
(Fowler, 1974). This is in agreement with the report of
Klee and Engel (1970) which indicated that the mass of the

cation has the greatest influence on the mean frequencies
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of the internal PO4 vibrational modes. They reported that
decreasing trends in mean vibrational frequencies of the
PO4 group occurs as the mass of the cation increases.

The observed shift of PO4 absorption bands to lower
values may also be explained on the basis of binding energy
effects whereby under the reaction conditions, these
cations, Cd®+, Zn®*+ and Pb®*+ form stronger coordination
bonds with the PO4 group which in turn weakens the P-0
bond. This then causes an increase in the bond length of
the P-0 bond which lowers the frequency.

The observed decrease in OH-stretching frequencies
with increasing concentrations of the substituting cation
for the strontium-cadmium, strontium-zinc and strontium-
lead hydroxy-apatite solid solutions (figures 5.1, 5.2,
5.3, 5.4, 5.5 and 5,6) aﬁd the marked increase in the OH~
librational frequencies with increasing concentration of
the substituting cation for strontium-cadmium  and
strontium—-zinc hydroxyapatites (figures 5.1, 5.2, 5.3 and
5.4) are in agreement with those reported by Bigi et al
(1984) for calcium-barium hydroxyapatite system. These
results are also similar to those reported by Fowler (1974)
for calcium, strontium and barium hydroxyapatites. He
attributed the shift in OH frequencies to differences in
OH-bonding between the cations. The shift in OH librational
mode to higher frequencies is however not continuous for
the strontium-zinc system in the non-basic medium. For

example, with greater than 60 zinc atom percent, the
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frequencies remained practically constant (figure 5.5).
This observation is similar to that made by Bigi et al,
(1991) for the OH vibrational modes for lead-calcium
hydroxyapatite system. It may be due to inhomogeneous
distribution of zine in the two non-equivalent cation sites
of the apatite structure.

On the whole, the near linearity of the plot of infré—
red absorption frequencies against atom percent of each
substituting cation and the mole-atom ratios for the
preparations which ranged from 1.82 - 1.87 (theoretical
value = 1.67) are indications that solid solutions have
been obtained in all proportions when zinc, cadmium, or
lead substitutes for strontium in strontium hydroxyapatite
both in basic and acidic media. The formation of apatitic
samples in both basic and acidic media indicates that the
mode of interaction is such that allows the incorporation
of the substituting cation‘(PbZ*, Cd2+ and Zn2+) into the

apatite lattice.
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CHAPTER SIX
A _MODIFIED METHOD OF PREPARATION OF LEAD HYDROXYAPATITE
FROM AQUEOQUS SOLUTION
6.1 Introduction

While the preparation of calcium hydroxyapatite has
been investigated in great detail, that of lead
hydroxyapatite has not and therefore needs further
investigation. Most available methods for the preparation
of lead hydroxyapatite are of limited utility especially
for a rapid preparation of appreciable quantities of the
apatite (Narasaraju et al, 1972; Bigi et al, 1989 and 1991;
Legeros et al, 1980; Merker and Wondratschek, 1959; Klee
and Engel, 1970). Lead hydroxyapatite (PbHA) has been used
in ion-exchange column by some Japanese workers (Thomas,
1992). For this and similar large-scale use of the apatite,
a method for its high yield production is required. An
attempt by Bigi et al (1991) to device a method of high
vield preparation of lead hydroxyapatite gave both the
required apatite and a contaminating Lead(II)oxide, PbO, as
by product.

In this chapter, an attempt has been made to modify
the method of Bigi et al (1991) in order to obtain pure
lead hydroxyapatite free from contamination by lead (II)
oxide, Pb0O. The products obtained have been characterised
by atomic absorption, infra-red, colorimetry and X-ray

powder diffraction analyses.
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6.2 Experimental.
6.2.1 Preparation of the basic salt, PbeOs(NOa)=a.

The basic ealt, PbelOs(NOz)z is often erroneously
referred to as lead (II) hydroxide. The uncertain status
of lead (II) hydroxide was first pointed out by Robin and
Theolier (Kirk and Hughes, 1970) who claimed to have made
it by the thermal decomposition at 280 - 300°C of a basic
salt precipitated by ammonium hydroxide from a solution of
lead (II) nitrate. This "lead hydroxide” of Robin and
Theolier was later identified as PbeOs(NOa)=z.

The basic salt, Pbe0s(NOz3)z, was prepared by using the
Robin and Theolier method (Kirk and Hughes, 1970). 70g of
lead (II) nitrate was dissolved in 2.10dm® of doubly
distilled water and precipitated with 175 cm® concentrated
ammonia solution. The supernatant liquid waes filtered off
and the resulting precipitate heated in an oven at 285°C
for 1Bhours. This gave the basic salt, PbeOs(NOz)z which
is a vellow solid and commonly referred to as "lead (II)

hydroxide."”

6.2.2 Preparation of Lead hvdroxvapatite from the basic
salt, PbeOs(NOsl=.

500 cm® solution of 0.5M Pbels(NOs)z was prepared by
dissolving stoichiometric amount of the basic salt in
water. The solution was heated to boil in a flask with
continuous stirring. 500 cm2® of 0.3M Orthophosphoric acid

solution was then added drop-wise with constant stirring
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and the temperature maintained at about 100°C.

The product was brought to pH 12 with concentrated
ammonia solution and refluxed for about Zhours. Such basic
medium has been reported by Narasaraju et al, (1972) to be
favourable for the formation of lead hydroxyapatite. Since
the addition of ammonia solution to lead niﬁrate results in
the precipitation of "lead (I1) hydroxide", care was taken
to see that the mixing was done in such a way as to ensure
total conversion of all lead (II) oxide along with the lead
(II) nitrate in the basic salt, PbeOs(NOs)z into the
hydroxy-orthophosphate groups characteristic of the desired
apatite.

The resulting precipitate after refluxing was
dissolved in concentrated nitric acid to give a brown
solution. Ammonia solution was subsequently added to the
brown solution to raise its pH to 12, when lead
hydroxyapatite was precipitated as a white solid. Using a
suction pump and sodalime towers, carbon dioxide-free air
was bubbled through the medium of precipitation to
eliminate the formation of carbonate apatite and to keep
it, in addition. well stirred. The precipitate and mother
liquor were again aged by boiling under reflux for about 30
minutes to improve the homogeneity and crystallinity of the
precipitate. Maintenance of the desired pH during
precipitation wae ensured by checking the pH of the
filtrate after separation of the precipitate. The

precipitate was left overnight in contact with mother
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liquor and later filtered, washed with doubly distilled
water till washings were neutral and dried at 105°C for 6

hours.

6.2.3 Chemical Analvees of Lead Hvdroxvapatite,
6.2.3.1 Colorimetric Determination of Phosphorus Content of
lead Hyvdroxyvapatite.

The phosphorus content of the prepared lead
hydroxyapatite samples were determined colorimetrically
ueing the molybdenum blue method as described for calcium-
magnesium hydroxyapatite in section 3.2.8.1 using a Unicam

SP 1750 B for absorbance measurements.

6.2.3.3 Infra-red Absorption Analvsis.

Infra-red absorptions of the prepared lead
hydroxyapatite samples were taken using the same
instrumental conditions and procedure as stated in section

3.2.8.3.

6.2.4 X-ray Powder Diffraction Analveis.
X-ray Powder Diffraction Measurements for the prepared
lead hydroxyapatite were carried as described for calcium-

magnesium hydroxyapatite in section 3.1.9.

6.2.5 Regultes and Discussion.
The results of the chemical analyses of the lead

hydroxyapatite prepared by the modified method are shown in
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table 6.1. The atomic absorption data for lead and the
colorimetric data for phosphorus contents are in excellent
agreement with those based on stoichiometry (expected
values). The infra-red frequencies shown in table 6.1,
reveal the presence of three major bands in each sample
which are characteristic of apatitic samples. These
include 933 to 930cm-1 and 1030cm-1 corresponding to the
PO4 vibrational modes and the 3560 to 3550cm-1 attributable
to the OH stretching mode (Klee and Engel, 1970, 1974; Bigi
et al, 1991).

Based on the fact that a mole of each sample has a
total of 10 moles of lead atoms, the molecular formulae of
the samples were calculated from the atomic absorption
results in table 6.1. The mole-atom ratio for each sample
wae obtained from the calculated molecular formulae. The
values obtained are in agreement with that based on
stoichiometry (Narasaraju et al, 1972) as shown in table
6.2. They are also in agreement with those reported by
Bigi et al (1989) for lead hydroxyapatite samples.

The X-ray powder diffraction patterns obtained have
been compared with that reported by Bigi et al (1991). The
results show that reflections due to the contamination of
the lead hydroxyapatite by lead (II) oxide, PbO as reported
by Bigi et al (1991) are absent in the powder patterns
obtained for lead hydroxyapatite prepared by the modified
method (figure 6.1). This indicates that the modified

method has a dual advantage of being suitable for high
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vield preparation of lead hydroxyapatite and gives pure
apatitic samples. Furthermore, the d-spacing and relative
intensities obtained from the powder diffraction patterns
of the lead hydroxyapatite samples prepared by the

modified method were compared with standard X-ray powder
diffraction patterns of lead hydroxyapatite provided by the
Joint Committee on Powder Diffraction Standards (JCPDS).
The highest peak (relative intensity = 100) observed for
three samples of the prepared lead hydroxyapatite had 20
values of 30.30° and 30.00°; corresponding to d-spacing of
2.95 and 2.98A respectively (Appendix IV). These are in
good agreement with values contained in the JCPDS cards for
lead hydroxyapatite where the highest peak (relative
intensity = 100) had d-spacing of 2.965 and 2.974A. The d-
spacing and relative intensities for other peaks are also
closely matched. This level of correspondence in d-spacing
and relative intensities provide additional evidence that
the samples prepared by this modified method are pure lead

hydroxyapatite (Thomas, 1989).
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TABLE 6.1
Expected [e] and Observed [o] Lead and Phosphorus
contents of Lead hydroxyapatite prepared by the

Modified method and its infra-red frequencies.

Weight %

Infra-red Frequency

Sample Pbfe] Pblo] Ple]l] Plol Vi(POa) Vz(PO4a) Va(OHa)

1. 77.43 77.38 6.94 6.85 935 1030 3560
2. 77.43 77.35 6.94 6.88 935 1030 3550
3. 77.43 77.36 6.94 6.80 930 1030 3560
4. 77.43 77.38 6.94 6.85 930 1030 3560
TABLE 6.2
Observed Molecular Formula and Mole-Atom Ratio of Lead
Hydroxyapatite prepared by the Modified Method.
Sample Observed Molecular Formula Mole-Atom Ratio (Pb/p)
z Pbe .99 (P04a)s(0OH)= 1.67
s Pbo.ea(PO4)s(0OH)2 1.67
3. Pbe.99(P04a)s(0OH)= 1.67
4 Pbe.s9(P04)s(0OH)2 1.67
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A comparison of x-ray powder diffraction patterns for
Lead hydroxyapatite curve {a)is the powder

~diffraction patterns of Lead hydroxyapatite contaminated
with PbO, the arrows indicate the reflections due to the
PbO phase. curve (b) is the powder patterns for pure
Lead hydroxyapatite.
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CHAPTER SEVEN
SUMMARY., CONCLUSION AND RECOMMENDATIONS.,

7.1 Summarv,

In this study, cation exchange reactions in calcium
hydroxyapatite and other metal hydroxXyapatites have being
carried out by the method of co-precipitastion in aqueous
ammonia and acidic media. Solid state synthesis have also
been carried out in some cases. Froducta of the
substitution reactione were characterized by atomic
absorption, infra-red., ultravioclet,/ visible and in some
cases, X-ray powder diffraction analyses. The etudy was
undertaken as rpart of an on-going attempt at clarifying the
nature of interaction of cations with hydroxyapatité.

S0lid solutions of calcium-magnesium hydroxyapatite
were prepared by the method of co-precipitation (Legeros et
al, 1980, Bigi et al, 1884, Patel., 1879) from agueous
solution at pH 12, Preparation of calcium-zinc
hydroxvaratite solid solutions were attempted using the co-
precipitation method in basic and acidic media. While
golid solutions were formed between Mg2+ and CaZ+ at a high
pH. 80l1id solutions of calcium-zinc hydrodyapatite were not
obtained in both acidic and bagic media. Magnesium formed
s80lid solutione of calcium-magnesium hydroxyapratite in the
entire range at a high pH of 12 in agreement with the
report of Patel (1979) which stated that Mg2+ is able to

form 20lid solutions of calcium—magnesium hydroxyapatite at
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pHY and above. However, zinc did not form solid solutions
of calcium~-zinc hydroxyapatite in both basic and acidic
media as reveald by the x-ray powder diffraction results.
The products were mainly zinc and calcium pyrophosphates.
Substitution reactions between lead and calcium
hydroxyvapatite were also carried out by =o0lid state process
at 900°C. It gave solid solutions in the whole range.

The sclid solutions of calcium-magnegium and calciuam-
lead hydroxyapatite obtained were characterized by
spectrogscopic and crystallographic analyseies (calcium-zine
hydroxyapatites were characterized by spectroscopic method
only). Their infra-red absorption frequencies gave values
'_which varied essentially linearly with the atom % of each
subgtituting cation in the whole composition range: This
suggests that solid solutions have been formed in the whole
series (Patel, 1979; Bigi et al, 1884 and 1991; Ccllin,
1959; Partington, 1857). The X-ray powder diffraction
patterns for the calcium-magnesium hydroxyapatite samples
show that the incorporation of Mg2+ in the hydroxyvapatite
lattice produces a sharpening of the X-ray peaks and the
enhancement of peak intensity. Also, the replacement of
calecivm by lead in the hydroxyapatite structure cauged
expansion of lattice parameters which is consistent with
the larger ionic radius of lead (Ph2+ = 1.21A°; Ca2+ =
0.994A°). Buch dilation with increasing proportion of lead
content is in agreement with that reported by Narasaraju et

al, (1972), Bigi et al (1984 and 1991) and Collin, (18859).
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Isomorphous substitution in lead hydroxyapatite (PbHA)
by Cd2+ and Ba2+ has been carried out. While calcium
formed solid solutions of lead ~ calcium hydroxyapatite in
the entire range iﬁ both basgic and acidic media, barium did
not . Precipitates obtained at 100°C +through co-
precipitation by drop-wise addition of lead and barium
acetate solutions to a stirring ammonium dihydrogen
vhosphate in both basic asnd acidic wmedia gave solid
solutions only in the range of barium concentration in
solution from O - 40%. This is evidenced from the infra-
red absorption spectra of the samples in which the bands
characteristic of the OH group are absent for samples
beyond 40 atom % barium. However, the producte obtained
from the =0lid state reaction hetween lead hydraxy;patite
and barium hydroxyvapatite are solid sclutions in the whole
compogition range. Infra-red frequencies of the products
are characteristic of apatitic samples. While the OH
stretching and librational frequencies for lead - cadmium
hydroxyapatite samples increase with increase in cadmium
atom concentration, the Vi, (PO4) and Va (PO4) internal
vibrational modes decrease with increase in cadmium atom %.
The plots of the infra-red absorption frequencies of lead-
cadmium hydroxyapatite prepared in baaic and scidic media
show that the freguencies vary linearly with increasing
cadmivm concentration. The same variation is observed for
lead-barium hydroxvapatite samples prepared by solid state

reaction as the barium atom concentration increases.
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Substitution of strontium in strontium hydroxyapatite
by cadmium, zinc and lead have been studied in basic and
acidic media by the method of co-precipitation. Snlid
solutions of strontium - cadmium, strontiuvm-lead and
strontiuvm-zinc in the complete series were obtained in each
cage. Hesults ohtained show that cadmium and zinc hehave
in & similar manner towards strontium hydroxyapatite. This
similarity in the behaviour of zinc and cadmium has heen
attributed to the similaritiee in the chemistries of both
elements. For instance, cadmiuvm and zinc have completed 4d-
shella and there iz no ligand field stabilization in Zn2+
and Cd2+ ions. They also have large polarizing power
{(Cotton and Wilkinson, 1972)}. These results are similar to
those observed for substitution reactions between Héé+ and
caleiuvme hydroxyapatite and that between Zn2+ and calcium
hydroxyspatite. The concentrations of cadmium and zinc in
the strontivm - cadmium and strontium-zinc hydroxyapatite
solid solutions respectively, are only alightly less than
those in the mediating solutions. Higher concentrations of
the substituting cation are incorporated into the apatite
lattice in the basic than acidic medium.

The infra-red absorption patterns for strontium -
cadmium and strontium—-zinc hydroxyvapatite solid sclutions
are similar but differ from that of strontium-lead
hydroxyapatite in certain respect. The fregquencies due to
P04 vibrational mode and the OH stretching mode are shifted

ta lower wvalues in the strontium-cadmiuvm, strontium-zinc
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and strontium-lead hyvdroxyapatites with increasing cation
substitution. However, while the OH librational mode
increases with increasing replacement of Sr2+ by either
Cd2+ gr Zn2+, it decreases with increasing replacement of
Sr2+ by Pb2+. The similarity in the infra-red patterns for
strontium-cadmium and strontium-zince hydroxryapatites has
been attributed to the similarities in the chemistries of
cadmiuvm and zinc. The PO4 freguencies are shifted to
lower wvalues with increasing replacement of strontium.
Vibrational frequencies of the PQa group have been reported
to decrease as the mass of the cation increases. {(Fowler,
1974; Klee and Engel, 1970)}. The mole-atom ratios for the
preparations vange from 1.82 to 1.87. These suggest that
s0lid zolutions are formed in the whole compositioﬁ range
in each c¢ase when Cd=2+, Zn2+ or PbZ+ gubstitutes for
strontium in stroatium hydroxyapatite.

Also in this study, a modified method has been evolved
for a high yield preparation of lead hydroxvapatite. This
involves the initial synthesis of the basic salt, Pbs Os
{HO3)2 using the Robin and Theolier wmethod as described by
Newkirk and Hughes (1970). A stoichiometric amount of the
salt iz then dissclved in doubly distilled water and
titrated with phosphoric acid with constant stirring at
ahout 100°C. Products obtained are brought to pH 12 with
concentrated ammonia scolution and refluxed for about 2
hours. The resulting precipitate is dissolved in

concentrated nitric acid followed by ancther addition of



157
concentrated ammonia solution to raise the pH back to 12.
A white precipitate of lead hydroxryapatite obtained at this
stage is refluxed with the mother liquor for about 30
minutes and left over-night. X-ray vyowder diffraction
patterns of the prepared lead hydroxyapatite have similar
d-spacing and relative intensities with standard powder
patterns of lead hydroxyapatite provided by the Joint

Committee on Powder Diffraction Standards. (JCPDS, 1974).

7.2 Conclugion,

It has been estasblished that:

I. The pH of the medium from which solid solutions

| are precipitated may affect the nature of the
producta and extent of incorporation of cation in
the apatite structure. Thus, Mg2+ substituted
CaZ+ in hydroxy-apatite in the whole composition
range at pH 12, By comparison with literature
reports it would appesar that st pH less than 9,
tricalcium phosphate is the main product of the
interaction of Mg2+ with hydroxyapatite. When
Zn2+ gubsatitutes Ca2+ in hydroxvapatite, in both
bagzic and aclidic media the major product is the
pyrophosphate. Furthermore, higher concentrations
of Cd2+ ions are accepted into the apatite
lattice in a basic medium (pH = 10.5) than in
acidic medium (pH = 5 - 6) when Cd2+ replaces

Ph2+ in lead hydroxyvapatite. Higher
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concentrations of the sgubstituting cation were

also incorporated in the basic medium than in the

_ acidic mediuvnm when Cd=2+, Zn*2+ and Phe+

substituted BSr2+ in strontium ‘hydvoxyap&tite.
These obegervations indicate that some cations may
be lost to the medisating mediuvm a8 the hydrogen
phosphate. It may =slec be concluded that at
acidic/ physgiological pH, the interaction of Mg2+
with the apatite i3 a surface phenomenon.
However, at alkaline pH., there is a possibility
of the incorporation of the Mg?+ into the spatite
lattice. This leads to only growth sites at the
apatite lsttice which are blocked, thus leading
o the formation of other phases aﬁch as
tricalcium phosphate and its derivatives. In the
other caeseg, Pb - €Cd, Pb - 3r, and Sr -~ Zn
hydroxzyapatites where asapatitic samples are
obtained in both acidic and alkaline media, the
mode of interaction is such that allows their
incorporation into the apatite lattice.

The method of preparation may also influence the
extent of cationic substitution in the apatite
structure. For example, only O to 40 =atom %
karium substituted for lead in hydroxyapatite in
agqueous medium. However, hy solid sBtate
reaction, barium replaced lead in hydroxyvapatite

in the whole composition range. Literature
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reporta also show that in agueous medium, BazZ+
replaces Ca2+ in hydroxyapatite only in the range
of barium concentration from ¢ to 28%. In the
solid state reaction howevey, BaZ2+ is reporﬁed to
have pubstituted Ca2+ in hydroxyapatite from 80
to 130 atom % bavrium.

The size of the substituting cation appears to
affect the extent of iscmorphous substitution in
apatite systems. Thus, Cd2+, a =smaller cation
than P2+, formed solid solutions of lead-cadmium
hydroxyvapatite in agueous medium in the whole
geries. Ba2+, a lavger cation than Pb2+, formed
8lid solutions of lead - barium hydroxyapatite
in aqueous medium only in the range of abéut O to
40 atom ¥ barium. Mg®*+ which is smaller in size
than Ca=2+ replaced calcium in hydroxyapatite in
the whole series in agueous medium while Ba2+
does not. Similarly, Cd2+, Zn2+ and Pb2+ which
are smaller than 8r2+ replaced strontium in
strontium hydroxyapatite in the entire
composition range in agqueous medium.

The crystallinity of an apatite prepared under
the conditions used in this study appears +to
increase with increasing replacement of a larger
cation. Similarly, the crystallinity of an
apatite seems to decrease with increasing

substitution of a smaller cation with a larger



150

one. For example, the x-ray powder peaks for
caleium-magnesium hydroxyapatite sgolid solutions
are sharper with increasing concentration of
Mg=+. The same observation has been made for the
lead - rcadmium hydroxyapatite =2o0lid sclutione as
the CdZ2+ concentration increases. The increased
sharpening of the =x-ray vpowder peaks is an
indication of incresse in crystallinity.
However, the substitution of Pb2+ by a larger
cation, Ba2+, resulted in broader x-ray powder
peaks =2 the Ba2+ concentration incresases.
Amorphous precipitates were obtained for
reactions containing more than 40 atom % barium
when Ba2+ interacted with lead hydroxyapaﬁite in
aquecus medium.

v Preparation of lead hydroxyapatite can be made
from the basic salt, Pbe Os (NQOa)=.
Contamination by lead (II) oxide, PbO, is
eliminated by fluctuating the pH of the reaction
medivm. The modified method gives a high yield

of the lead hydroxyapatite (about 100%).

Recommendations

I. Isomorphous saubstitution in synthetic
hydroxyapatite should be carried out in an
atmosphere free of carbon dioxide. In the form of

a carbonate, CO=a2~, carbon dioxide causes changes
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in morphology of apatite from needle - like rods
to equi-axial crystals and reduction in
crystallite size.

Since the present study is limited to synthetic
systems, ite extension to bilological systems
shonld be worthwhile. The role of strontium for
example, in bioclogical apatite needs further
investigation. This becomes apparent from the
fact that experiments have shown that lack of
strontium in rats is thought to cause a high
incidence of dental caries.

Further investigation of strontium-zinc
hydroxyapatite solid solutions for a possible
inhomogeneous distribution of 2zine in non-

equivalent cation sites is recommended.
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Appendix II: X-ray Powder Diffraction Data for Lead-cadmium

Hydroxyapatite Scolid Solutions

Pbico Cdo PbsoCdzo

26 I/11 d(4d) 28 I/11 d(4)
20.60 15.00 4.31 21.40 14.96 4.15
21.60 18.95 4.11 22.20 18.82 4.00
26.20 16.84 3.40 26.80 20.40 3.33
28.00 26.32 3.19 28.20 22.60 3.16
30.00 100 2.98 30.80 100.00 2.90
31.40 36.80 2.85 32.00 36.40 2.80
43.80 i 8 2.07 44.80 40.26 2.02
45.00 28.42 2.01 47.00 42.20 1.93
48.80 36.80 1.87 49.80 50.00 1.83
PbeoCdao PbeoCd4o

26 I/I. d(A) 28 I/Ix d(4)
21.00 10.80 4.23 20.20 12.00 4.40
22.00 15.63 4.04 21.60 20.20 4.11
26.60 20.30 3.35 26.2 18.00 3.40
27.80 28.13 3.21 27.40 20.40 3.26
30.40 100.00 2.94 30.00 100.00 2.98
31.80 29.89 2.81 31.40 32.36 2.85
41.40 12.50 2.18 42.20 18.00 2.14
44.60 26.80 2.03 44.60 27.60 2.03
46.8 39.06 1.94 45.80 40.80 1.98

49.8 40.60 1.83 49.60 60.40 1.84
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Appendix III
X-ray Powder diffraction data for Barium Substituted

lead hydroxyapatite (Bagic Medium pH = 10.5)

Pbico Bao Pbao Bazo
28 371 d(A) 268 I/Ta d(A)
20.60 15.00 4.31 20.60 27.28 4.31
21.60 18.95 4.11 21.50 29.88 4.13
26.20 16.84 3.40 26.20 33.77 3.40
28.00 26.32 3.19 27.60 33.77 3.23
30.00 100.00 2.98 30.00 100.00 2.98
31.40 36.80 2.85 31.20 38.97 2.87
43.80 22 .4 2.07 43.80 36.37 2.07
45.00 28.42 2.01 45.20 29.88 2.00
48.80 36.80 1.87 46.00 37.87 1.97
47 .80 62.09 1.90

49.0 63.64 1.86
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Pbeo Baaso Pbso Baso

20 I/11 d(Aa) 28 I1/1a1 d(A)
20.30 30.14 4.37 20.20 30.00 4.40
21.20 33.70 4.19 21.0 32.50 4.23
25.00 68.48 3.56 24.2 32.50 3.68
28.00 64.13 3.19 25.6 32.50 3.48
29.60 100.00 3.02 270 37.50 3.30
31.00 42.39 2.88 29.60 100.00 3.0Z
31.60 39.13 2.83 30.80 60.00 2.90
35.40 21.14 2.54 35.20 22.50 2.85
38.00 26.43 2.37 38.80 20.00 2.33
43.50 30.65 2.08 40.00 256.00 2.25
44.80 32.25 2.02 43.40 32.50 2.08
45.69 33.70 1.99 44 .60 30.00 2.30
47 .40 32.61 1.92 45.60 35.00 1.99
48.60 36.96 1.87 47 .20 27.50 1.983

48.40 42.50 1.88
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PbaoBaso

28 I/14

18.80 17.42
20.00 19.28
20.40 16.51
21.60 16.561
25.20 100.00
26.50 61.44
30.00 46.77
31.40 25.68
32.00 32.10
35.80 26.59
38.20 31.18
39.20 29.34
43.20 19.26
43.80 15.589
45.30 16.51
46.10 18.34
47 .80 22.93
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APPENDIX IV
X~-ray Powder Diffraction Data for Lead Hydroxyapatite,
Pb1o(PO4)s(0OH)2, prepared by the modified method.

Sample I Sample II Sample III
28 I/Ix d(A) 20 I/11 d(A&) 208 I/I+ d(&)

10.2 6 8.67 11.6 5 7.63 11.60 5 7.63
20.4 35 4.35 14.8 10 5.99 12.20 10 7.25
21.4 45 4.15 19.80 10 4.48 20.20 15 4.40
23.8 15 3.74 20.60 40 4.31 20.60 40 4.31
25.8 20 3.45 21.40 45 4.15 21.40 35 4.15
26.4 30 3.38 23.80 10 3.74 23.80 10 3.7
28.2 36 3.16 25.00 30 3.56 25.00 30 3.56
28.8 25 3.10 25.8 45 3.45 26.40 30 3.38
30.00 100 2.98 26.40 40 3.38 26.60 25 3.12
31.00 456 2.88 27.20 30 3.28 29.80 30 3.00
32.60 40 2.75 28.20 28 3.186 30.30 100 2.95
33.80 10 2.65 30.20 100 2.96 31.00 50 2.88
36.10 8 2.49 31.00 50 2.88 33.00 10 2.71
38.00 3 2.37 32.60 40 2.75 33.80 20 2.65
41.00 12 2.20 33.50 10 2.687 36.00 65 2.49
44.2 15 2.05 36.20 8 2.48 38.00 & 2.37
45.8 20 1.98 37.8 6 2.38 41.00 '8 2.20
47.90 25 1.90 41.00 10 2.20 44.20 20 2.05
51.4 28 1.78 44.20 25 2.05 45.80 15 1.98
52.2 10 1.75 45.80 30 1.98 47.80 20 1.90
54.2 5 1.69 47.60 20 1.91 48.60 15 1.87
55.0 8 1.67 48.60 15 1.87 51.40 1.78
50.40 15 1.81 54.20 6 1.69
52.20 10 1.75 56.00 8 1.67
54.20 6 1.69
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Appendix V
Joint Committee on Powder Diffraction Standards (1974)

for Lead Hydroxyapatite, Pbs (P04 )30H.

d(a) 1/11 d(A) 1/12
8.63 2 1.966 20
4.93 6 1.963 10
4.28 40 1.896 20
4.11 40 1.866 20
8.71 6 1.860 10
3.41 40 1.852 20
3.24 40 1.815 2
2.974 100 1.739 4
2.85 45 1.737 2
2.803 4 1.704 4
2.660 2 1.668 4
2.469 4 1.646 2
2.442 2 1.616 2
2.373 4 1.612 6
2.343 2 1.608 6
2.263 6 1.557 6
2.214 10 1.556 6
2.139 8 1.538 4
2.056 30

1.999 20
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Appendix I: X-ray Powder Diffraction Data for Calcium-Lead
Hydroxyapatite Solid Solutions

PbzoCaso Pb4sCass

28 I/I1 d(A) 26 I/I1 d(A)
10.76 4 8.19 10.63 15 8.35
16.70 1 5.31 16.44 0.50 5.40
18.70 10 4.75 18.47 6 4.80
21.62 10 4.13 21.35 9 4.15
22.69 9 3.92 22.36 29 3.97
25.63 22 3.48 25.17 27 3.53
27.86 10 3.20 25.39 14 3.51
28.74 24 3.01 28.37 19 3.14
31.54 100 2.84 31.12 100 2.88
31.91 20 2.81 31.40 21 2.85
32.68 30 2.74 32.27 15 2.77
33.77 1 2.85 33.24 10 2705
37.92 0.5 2.37 37.44 1 2.40
38.88 3 2.32 38.29 7 2.35
39.53 11 2.28 39.00 5 2.31
40.14 2 2.24 39.60 1.6 2.28
43.45 7 2.08 42.70 12 2.12
44.07 7 2.0 43.50 9 2.08
46.33 13 1.96 45.60 10 1.99
47.70 9 1.91 47.63 3 1.91
48.26 4 1.88 48.22 28 1.89

49.04 24 1.86 49.45 17  1.84
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PbeoCazo(PO4)e(0H)z
26 I/I1 d(&)
10.50 i 8.43
18.20 0.50 4 .87
21.00 16 4.23
21.90 24 4_06
24.30 =) 3.66
26.50 16 3.35
27.90 21 3.20
30.50 100 2.93
31.70 20 2.82
37.30 2 2.41
38.40 1.50 2.34
38.90 0.50 2.32
41.40 8 2.18
42.80 5 2.11
44 .60 15 2.03
45.90 9 1.94
46.80 22 1.94
48 .50 i3 1.88
49.40 i1 1.84
49.80 22 1.83




