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ABSTRACT

Several hydroxyapatite powders were prepared by wet chemical precipita-
tion route at 25°C in presence of different concentration of silicate and
sulfate. The powderswere characterized using chemical analysis, SEM, XRD
and FTIR spectroscopy. The substitution of sulfate ion in the structure of
HAP raised silicate substitution up to 9.9 % wt. Increasing silicate and
sulfate ions substitutions are associated with increasing carbonate ion sub-
gtitutions for phosphates and vacanciesin the OH- site. Silicate and sulfate
substitution took place via three charge compensation mechanism acting
simultaneously. The first is; SIO,* group substitute one PO,* group and
vacancy forminthe OH- site. Thesecond is, SiO,* and SO,* groups substi-
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tute two PO,* groups. The third is; SIO,* and CO,> groups substitute two

PO,* groups. © 2011 Trade Sciencelnc. - INDIA

INTRODUCTION

Cal cium phosphate compounds are becoming of
increasingly great importance in the field of
biomaterialg*. Calcium phosphatesarethe chemical
compoundsof aspecia interest in many interdiscipli-
nary fieldsof science, including geology, chemistry, bi-
ology and medicing3. A convenient way to classify ca-
cium phogphate compoundsisby groupsof definite Cal
Pratios. Generdly, varioustypesof cdcum phosphates,
having different Ca/lPratiosfrom 2.0t0 0.554, can by
synthesi zed by mixing aca cium and phosphateion so-
lutionunder acid or dkdineconditions TABLE 1 shows
varioustypesof synthetic calcium phosphates. Thecal-
cium phosphate with the highest Ca/P ratio is

hilgenstockite and isrepresented as Ca,0(PO,),. The
calcium phosphate with the lowest Ca/P ratio is
monocal cium phosphate monohydrate, the chemical
formulaof whichisCa(H,PO,),.H,0 or Ca(PO,),. The
CalPratiosof other cacium phosphatesarelower than
that of hilgenstockiteand higher thanthat of monocadcdum
phosphate monohydrateor calcium metaphosphate] 3].
Hydroxyapatite (Ca,(PO,),(OH),, HAP), fluorapatite
(Ca,(PO,)F,, FAP) and tricalcium phosphate
(Ca,(PO,),, TCP) phases are the common calcium
phosphate bi ocerami cs becausetheir chemica compo-
sitionissimilar tothat of bonemineral™>*2,

A number of nove processing routeshavebeende-
veloped for preparing fine hydroxyapatite powders, in-
cluding precipitation**'4, solid-state reactionl*¥, sol -
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TABLE 1: Variouscalcium phosphates

Ca/P Formula Name Abbreviation
Tetracalcium
2.0 Ca,0O(PO,), phosphate (.I.?g;)
(Hilgenstockite)
Hydroxyapatite
Cayo(PO4)s(OH) e deisnt HAP
1.67 Amorphous calcium
Cay0.xH2x(PO4)6(OH)2 phosphate ACP
Tricalcium phosphate
150 Cay(PO, TCP
a?)( 4)2 ((X, Bl ,Y)
Octacalcium
1.33  CagHy(POy4)s.5H,0 phosphate OCP
Dical cium phosphate
1.0 CaHPQO,.2H,0 denydrate (Brushite) DCPD
Dical cium phosphate
1.0 CaHPO, (Mongti t;p DCP
Calcium
1.0 Ca,P,0 CPP
ikt pyrophosphate(a.,B.y)
Calcium
1.0 Ca,P,0,.2H,0 pyrophosphate CPPD
dihydrate
Heptacalcium
0.7 Ca;(PsOg6)2 phosphate HCP
(Tromelite)
Tetracalcium
0.67 CasH;Pe0z0 dihydrogen phosphate TDHP
Monocalcium
0.5 Ca(H,PO,),.H,0O phosphate MCPM
monohydrate
05 Ca(POy) Cacium CMP
' 32 metaphosphate(a.,B,y)

gel syntheses619 hydrothermal reactiong®24, emul-
sion and microemulsion syntheses?23, mechanochemi-
cal syntheses?*?", and a combination of mecha-
nochemica and hydrotherma'® and ultrasonically as-
sisted reaction?®. Depending on the techniques used,
HAPwith variousmorphol ogies, specific surface, com-
position, and crystalline degree have been obtained and
shown to havedifferent effects on the bioactivity, me-
chanical propertiesand dissolution behavior inbiologi-
cd environment®-32, Themost commonly used tech-
niquefor theformation of HAP powder isthewet meth-
odsin agqueous solutions both by simple preciptation
method®*% or hydrolysisof acidic cacium phosphate
saltg3+3l,

Hydroyapatitecrystd structurecan bemodifiedwith
varieties of ion subgtitutiong®. Thelist of possiblead-
ditivesincludes(butisnot limited to) thefollowing cat-
ions: Na', K*, Mg*, Ca&*, H* and anions: PO,*, HPO
, H,PO,, CO 7, HCO,, SO,*, HSO,, CI', F, SIO,*
(38, Theincorporation of these substituents affectsthe
mechanismsof formation, the stabilities, themorphol o-
gies, and the solubility of hydroxyapatite crystal §°9.

40
28 degree

Figurel: XRD patternsof hydroxyapatite powder dried at
105°C for 24 hours

Both experimental and theoretical research have been
tried to solvethe complexity of thesetypesof substitu-
tiong“*4l, However, thetypes and extents of most of
these subgtitutionsareincompletely understood because
of many practica complications. Oneof thesecompli-
cationsisthedifficulty in establishing themechanismsof
charge compensations dueto coupled and multiplied
subgtitutiong*2.

Althoughtheexistence of naturd silicophosphates,
silicosulfo-phosphates and silicosulfate apatites is
known, only limited synthesis studies have been re-
ported“d, Both silicaand sulfur arefound astraceele-
mentsin human hard tissué*¥. Also, carbonate substi-
tutions are labeled as A- and B-type, depending on
whether they occupy the OH- or PO,* sitesin the hy-
droxyapatite, respectivey“#¢l, Subgtitutionsof carbon-
ate groupsin phosphate positionsare observed in hu-
man boneminerd™. Theroleof silicatessubstitutions
inthehydroxyapatitelatticeisimportant with respect to
physicochemica propertiesand bioactivity“2.

Studies carried out by Carlislé*34% indicated the
importanceof thesilicon on boneformation and ca cifi-
cation. Recently, it hasbeen observed that theaddition
of Si duringthe HAP synthesisleadsto an improve-
ment of the bioactive behavior®®Y, |t meansthat the
implant isabletojoin chemicaly to thebonethrough a
strong “bioactive bond”. In this way, the
osteoi ntegration and the good performance of theim-
plant areensured®2%3, Silicon subgtitutionsin HAPhave
been studied by many investigators, but no one have
determined themaximum extent of substitution*?,

Theaim of thisresearch isto prepare and charac-
terize severd slicateand sulfate substituted hydroxya-
patite powders(HAP-SS) usingsilicicacid (H,SIO,)
and sulfuric acid asaprecursorsof silicate and sulfate,
respectively, under N, gasto prevent CO, contamina-
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tion. Therewas expected that sulfate substitution will
increasetheamount of slicate substitutionin hydroxya
patite structure.

MATERIALSAND METHODS

Pure CaCO, powder was heated at 1100°C for 4
hours, and theresultant CaO powder wasused asit is.
All the other chemicalswere analytical grades. Hy-
droxyapatite powderswere prepared by agqueous pre-
cipitation method. The precipitationwascarried out in
apolyethylenebottlecloseunder N, gasat room tem-
perature. Precipitationswere carried out by titrating
1000 mL suspension of Ca(OH), (0.200 M) simulta-
neously with 500 mL solution of H_,PO,, 500 mL
H,SiO4 and 500 mL H,SO, based on the methods
described e sewhere“d. Fivegradesof silicate and sul-
fate-substituted hydroxyapatite (HAP-SiS) powders
were synthesised by maintaining the Cal/(P+Si+S) ra-
tiosfixed a 1.67, asshown TABLE 2which showsthe
expected chemical composition (% wt), expected mo-
lar ratiosand formulas of different silicate and sulfate
co-substituted hydroxyapatite. All the preparations of
hydroxyapatiteweredried at 105°C for 24 hours.

Thechemica andys swasmeasured by X-ray fluo-
rescence (XRF). Thecarbonate content wasdetermined
by CHN analysis using a Perkin Elmer 2400 CHN
andyse.

X-ray diffraction (XRD) analysiswas performed
using an automated diffractometer (Philips type:
PW1840), at astep sizeof 0.02°, scanning rateof 2°in
206/min., and a26 rangefrom 4° to 60° The values of
full width at half-maximum of (FWHW) of the pesak of
the (002) plane, representative of thecrystallitesalong
the c axis, and of the peak of the (300) plane, repre-
sentative of the crystalitesalong theaaxis, wereused
inthe cal culation according Scherrer’s formulal™.
D=KAM[B,, cosd]

whereD isthecrystallitesizeinA°, K isSchrrer
constant (0.89), A is the wavelength of X-rays
beam(1.5405A°), 0 isthediffractionangle(12.92) for
thereflection (002) and (16.45) for reflection (300),
and B, isdefined asthediffraction peak width at half
maximum height, expressedinradian.

The powders morphol ogy wasinvestigated using
SEM (JOEL, Model: JSM-5600, Japan.) equipped
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with secondary el ectron detector and EDX. All samples
were coated with gold. FTIR spectroscopic measure-
mentswere carried out using aspectrometer (FTIR,
JASCO 470). The samplesweremixed with KBr with
asample/KBr weight ratio of ~1/100 and compressed
to givesdf-supporting pellets.

RESULTS

Characterization

XRD Diffractograms of HAP-SIS powders as
showninfigure 1, revealed no secondary phases, such
astrica cium phosohate (TCP), tetraca cium phosphate
(TTCP), or cacium oxaide (Ca0) besideshydroxya
patite phase on thebasis of JCPDS Card No. 9-432(5%
insamplesfromHAPto HAP-4SiS. Reflectionsof the
sliconand sulfate-containing hydroxyapatites (HAP-
SiS) areingenera broader than those of the pure hy-
droxyapetite(HAP). InsampleHAP-5S'S, themaxima
are characteristicto (002), (300), (212) and (202) re-
flections. Smilar results have been observed for HAP-
S coatings obtained viasputtering deposition™ or sol-
gel coating®?. Thisindicatesadecrease of crystalinity
withtheincreasing of slicateand sulfate contents, which
could beattributed to different charge compansetion
mechanisum for isomorphous substitution of PO,* by
S0,*,and SO,”. However, thebroadening of the XRD
peaks could result from an effective decreasein the
crystallitesize. Asbeing previoudy observed in other
study™s.

XRD dataof HAP-5Si S sampleindicatesto the
formation of dicacium phosphatedihydrate (brushite)
on the basis of JCPDS Card No. 72-0713 as minor
phase beside hydroxyapatite. The formation of this
phase may be attributed to decrease in the amount of
phosphate with respect to amount of calcium as con-
firmed by Ca/P of 3.615 for sample HAP-5SiS as
shown by XRF andysisTable 3. It wasfound that drops
in P concentration were related to the formation of
brushite, CaHPO,.2H,0™. Qliveiraet d [ wasfound
that agradua reduction of HAP crystalssmultaneousy
withthegrowth of brushitecrystals, until the complete
HAP disappearance. Also, it could be expected that
increased Si amount would cause HAP crystalsto be
moresoluble, releasing more Ca?* and P°* ionsinto the
culturemedium; thusrapidly re-precipitating and deve -
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oping anewly formed CaP-richi6162],

Thecrystal sizesasdetermined using Scherrer’s
equationdongacrystdlographicaxisanddongccrys
tallographic axisareshownin TABLE 3. Thecrysta
szefor all HAP-SIS samplesexcept HAP-3SiSaong
aaxisdecreaseswith theincreases of silicate and sul-
fate contents, whilethecrystd Szedongcaxisincreases
with theincrease of silicate and sulfate contents. The
crystd szefor HAP-3S Ssampledongaaxisand dong
caxisisincreased and decreased respectively. Silicon
substitution resultsin adecreaseintheaaxis, anin-
creaseinthecaxisof theunit cell of hydroxyapatite
and adight decreaseintheactuad unit volume®. Rouse
and Dunn®® noted that, the Si:Sratioisessentidly con-
gant a 1:1 and themean of the effectiveradii of SO,*
and SO,> isequd totheeffectiveradiusof PO,*. Thus
changesinthe(S, S): Pratio should not affect thesize
of theunit cell. Carbonate groupsin apreci pitated hy-
droxyapatite wasknown to causeareductioninaaxis
and adlight increased in c axis valuesrelated to the
stoichiometric oned®%4, while systematic decreasein
carbonate content asthe principa causesof theincrease
inaaxisand c axig®¥). Thechange of thelatticecon-
stantsof ion substituted hydroxyapatite clearly demon-
stratesthat silicate and sulfateionsare structurally in-
corporated, they do not just cover the surface of hy-
droxyapatite. The presence of SO,> and silicate re-
duce the growth of (100) and (010) and inhance the
growth of (001) face. The products consisted of uni-
form agpatite phase and had the XRD reflectionschar-
acteristic of the (100), (200) and (300) planes. These
resultsindicatethat the present apatite gives preferred
orientationinthec axisdirection of thehexagond crys-
tal, leading to devel op the aor b plane of the apatite
crystal(®d,

Generally the aspect ratios (length/diameter) in-
creasewithincreasing sulfate and silicate contents, the
rangeof 1.5-3.1.

Chemical composition of theHAP powder isone
of themost crucia parametersin determining different
propertieslike solubility, thermal stabilitiesand sinter-
ing properties®. Thechemica compositionsdetermined
by using XRF and CHN analysis of al sasmples are
giveninTABLE 2and TABLE 3. The contentsof sili-
con, sulfure, calcium and phosphorusaresmaller than
those presentintheinitia mixes Thisimpliesthat some
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of slicate, sulfateand phosphateionsremainedinthe
mother liquor solution after precipitation. Incorpora-
tion of carbonate ions from the atmosphere a so con-
tributesto thedecreasein Si, S, P and Cacontentsin
thefinal powders. The most notable effect isthein-
crease of carbonate contents as the silicate contents
increase®. Carbonatesareusually, observedin HAP
powders®"%8 and coatingd®” deposited by the sol-gel
technique. Sprio et a.[* have been stated that there
was acompetition between SiO,* and CO,? for sub-
gtitutioninPO,* position. Whilein the present investi-
gation, slicateand sulfateions substitutionsinduce car-
bonateions co-substitutionswhich was dissol ved from
aimosphere.

The Ca/Pmolar ratioisone of theimportant char-
acteristics of the biomaterial to be used for bone sub-
stitution, because of scaling its phase purity, chemica
homogeneity, and solubility!®. Therefore, the Ca/lP
molar ratio of thed| samplesweredetermined by XRF,
itwasfoundto be 1.66 for HAP sample, whichisquite
similar to that of pureHAP (1.67). Thedight increase
inthe Ca/Pratio for other samplescan beattributed to
the substitution of silicate, sulfate and carbonate into
apatite, indicating theformation of anion substituted-
HAP. It al'so showsthat theamount of CO,* substitu-
tionisvery low. The calculated Ca/(P+Si+S) ratio of
samplesfrom HAP-1SiS to HAP—4S:iS is ranged from
1.52t0 1.65 appreciableand fitsquitewdl | with that of
calcium deficient hydroxyapatite®. While, thedevia-
tion of thevaueof Cal/(P+S+S) for sampleHAP-5S S
isattributed to theformation of brushiteasasecondary
phase beside hydroxyapatite.

Comparing the expected chemical compositionin
TABLE 2 and the found chemical composition in
TABLE 3. Thefound sulfur, phosphorousand calcium
arelower than expected. However silicon contentsare
higher than expected. Theseare dueto the higher solu-
bility of CaSO, which causesloseof Ca?* and SO,* in
the mother liquor. Comparing the maximum amounts of
silicon with previous study conducted with the same
group“?, wefound ahigh silicon percentinthe present
results.

Microstructure of sasmplesHAP, HAP-3SiSand
HAP-5SiS did not show any differences between Si-
substituted and unsubstantiated hydroxyapatite. All
powdersconsist of hard sub micrometer agglomerates
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(c)HAP-3SiS
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(b) HAP-2SiS

(d) HAP-5SiS

Figure2: Scanning electron micrographsand EDSplaotsof; (a) HAP, (b) HAP-2S'S, (c) HAP-3SiSand (d) HAP-5SS
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Figure3: FTIR spectraof different hydr oxyapatitepowders
dried at 105°C for 24 hours

whicharecomposed of finecrystdlites. Generdly, these
agglomerae particlesare hard to break down evenwith
long time ultrasoni cation. However, EDS analyses, as
shown also infigure 2, clearly depict the progress of
increasing Silicateand sulfate contentsof samplesHAP,
HAP-2S S, HAP-3SiSand HAP-5SIS.

FTIR spectroscopy

FTIR spectroscopy was used to study thetypes of
congtituting groupsinthe synthezied hydroxyapatiteand
substituted hydroxyapatite powders. Theeffect of the
substituted ionsnamely; silicon (S), sulfure(S), and
carbonate(CO,?) onthedifferent functuna groups, such
ashydroxyl and phosphate groups, of hydroxyapatite

Figure4: Thebent hydrogen bond between O-H and silicate
group (O-H- - -SiPO,) Si=blue, H=white, O=red, Ca=green
and p=**

has been verified. In addition, the position of the car-
bonate ion whether in the phosphate (B) and/ or hy-
droxyl (A) sitesinthedifferent apatite powders, was
determined.

Valuableinformation onthe short-range ordering
in materials can be obtained by infrared absorption
(FT-IR) spectra. Figure 3, depicts FT-IR spectra of
synthesized hydroxyapatite and substituted hydroxya-
patite powdersdried at 105°C for 24 hours. All spectra
possess a broad band at 3400-3200 cm?, due to
stretching vibrations of O-H groupsinadsorbed H,O.
Thisbroadeningisdueto theformation of hydrogen
bonding with awiderange of strengthd™ ™. Itiswell
known that as hydrogen bonding strength increases,
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TABLE 2: Expected chemical composition (% wt), and for-
mulasof different silicateand sulfateco-substituted hydr oxya-
patite(HAP-SS)

Sample

Predicted

%Ca %P %Si %S [Cal(P+Si+9)]

Formulas

HAP

HAP-
1sis
HAP-
2sis
HAP-
3sis
HAP-
4sis
HAP-
5SiS

Cao(PO)s(OH), 39.8930 18499 0 0 167
Cao(PO)s 905(Si02)00475(SO)o0ars(OH):39.8973 182 01328 0.1516 167
Cao(PO4)s.4(Si04)0a(SO4)os(OH),  39.915 16.657980.8391550.95804  1.67
Cago(PO.)s(SIOs)os(SOn)os(OH),  39.929615.42967 1.399 15973 167
Cay(PO,)A(SIO,)(SO)(OH),  39.965412.3548 2.8007 3.19749  1.67

Cayo(PO4)SI0%2(SO4)2(OH), 40.037 6.18848 5.61147 6.40647 1.67

TABLE 4: CHN analysis of different silicate and sulfate-
subgtituted hydroxyapatite(HAP-SS) powder es

TABLE 3: Crystallitesizesalong a axisand along ¢ axisof
different hydroxyapatite

Crystallitesize

Crystallitesize

Sample along a-axis (nm) along c-axis (nm) Aspect ratio
HAP 311 474 152
HAP-1SiS 28.7 489 1.70
HAP-2SiS 27.6 49.7 1.80
HAP-3SiS 26.7 41.7 157
HAP-4SiS 179 55.7 311
HAP-5SIS 18.8 50.4 2.68

TABLE 5: Chemical analysis (% wt.) and molar ratios of
different sllicateand sulfate-substituted hydr oxyapatite (HAP-
SiS) powderes

Sample % C % H Sample % Ca %P %S %S CaP CaP+Si+S
HAP 0.07 0.64 HAP 3774 1752 O 0 1.665 1.665
HAP-1SiS 0.35 0.72 HAP-1SS 3746 17 0.407 0.0801 1.703 1.652
HAP-2SiS 0.27 0.76 HAP-2SIS 35835 162 144 0425 1.710 1.522
HAP-3SiS 0.57 0.73 HAP-3SiIS 3532 148 216 0681 1.844 1.531
HAP-4SiS 0.44 0.97 HAP-4S'S 3444 109 44 151 2441 1.547
HAP-5SIS 0.60 0.95 HAP-5SiS 3008 643 992 213 3.615 1.197

the stretching vibrations frequency of O-H group de-
creases™. The bending vibration band of molecular
H,O appearsat 1632 cm. The bands at 1400-1550
cm*isassignableto CO,21™,

The strong bandsin the wavenumber range 900-
1200 cm?, correspond to P-O stretching vibration
modes of the phosphate groups. Thedoubl et bands at
603-565 cm! correspond to the O-P-O bending mode.
The bands at 3572 and 631 cm™ correspond to the
stretching and bending modes, respectively, of thehy-
droxyl groupsinhexagond channels.

Comparing the FT-IR spectraof different hydroxya-
patites, thereare some systematic changesin phosphate,
hydroxyl, carbonate, sulfateand silicate. These group
of bandswill bediscussed separately for convince.

Phosphatebands

Thespectra range 900-1200 cm? contai nsthe sym-
metric and theasymmetric P-O stretching modes of the
phosphate groups. It iswell known that for hydroxya-
patite, the symmetric P-O stretching mode occurs at
964 cm't, whilethe asymmetric stretching modes occur
at 1036 and 1095 c #3774, Asshown infigure 3, the
infrared symmetric and theasymmetric P-O stretching
bands of phosphate groups decrease and becomeless
resolved asthedlicateand sulfate contentsareincressed

inall thesampled® ™, Sample HAP-5SiSisexcluded
from thisobservation dueto theformation of second-
ary phased™!. Similar changeswerealso observedin
the doubl et at 603-565 cn?, correspondsto the anti-
symmetric bending motion of phosphate groups™74.

The group of weak intensity bands at the
wavenumber range of 2200 cm* to 1950 cmr region
derivesfrom overtonesand combinationsof thev,and
v, PO, modes*>"8. Thesharpnessof bands, especidly
sharpness of the 631 cm?, 601 cm?, and 574 cm'?
bands, indicateawd|-crystallized HAP™. However,
both, stretching and bending bands positions of phos-
phate groupsarequite obvioudy unaffected by thesili-
catesubgtitution.

Carbonatebands(CO_?)

The carbonate bands appear in all samples at
wavenumbers 1468-1418 cmrt and 875 cm'?, corre-
spond to the CO,* groups substituting for phosphate
groupsinthe gpatite structure®”. These correspond to
aB-type carbonate-hydroxyapatite, smilar to biologi-
cal apatites™. As seen in figure 3, the CO,> bands
intensify asthe silicate contentsincreases. Thiswas
confirmed by CHN anaysis(TABLE 3.2).

Hydroxyl bands
Themost notable effect of silicate substitution on
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TABLE 6 : Theeffect of silicate and sulfate substitution on
theO-H vibration wavenumber

Sample  HAPHAP-1SIS HAP-2SIS HAP-3SIS HAP-4SiS HAP-5SiS
Stretching(cm™) 3572 3568 35675 3564 3560
Shift(cm™®) N/A -4 35 -8 -12

Bending(cm™) 6325 625
Shift(cm™) N/A 75

FT-IR spectraof hydroxyapatiteisthe changein the
hydroxyl stretching band at 3572 and bending band at
631 cnl. Infigure 3, intensitiesat 3572 and 631 cm'®
of dlicateand sulfate substituted samplesdecreasewith
increes ng Slicateand sulfate subgtitutionlevel and both
bands nearly disappear for sample HAP-4SS. Many
investigatorg® 7" have been accounted thisdueto
the chargecompensation mechanisminwhichHAPunit
cell lossone OH group for every silicate substituted
from phosphate.

Another remarkableeffect of Slicatesubgtitutionis
the negative shifts on both O-H stretching and bending
bands, asshownin TABLE 3.3. These negative shifts
incressewithincreasing slicateand sulfate contents. It
iswell known that, the shiftin O-H bandsisamarker
for hydrogen bonding. Hydroxyl groupscapableof two
typesof hydrogen bondingin hydroxyapatite structure.
O-H makes hydrogen bonding with other O-H inthe
same hexagonal channel$*°. Stronger hydrogen bond
formation of thetype O-H- - -O-H isusually associ-
ated with downward shift in the O-H stretching band
and upward shift in O-H bending band*®. However, in
the present case both O-H stretching and bending bands
show downward shift. Thus, thistypeof hydrogen bond-
ingisnot responsiblefor the observed shiftin O-H vi-
brations. Increasing sili cate substitution accompanied
by adecrease of the O-H contentswhichwill also de-
bilitate O-H- - -O-H hydrogen bonding(*>&,

Thesecond type of weak hydrogen bondingiscom-
monly observed between O-H and the closest oxygen
of thethree phosphate groups, which surround the O-
H ion®4. An O-H- - -O-PO, hydrogen bonding, would
be bent because of the O-H bond directionalongthec
axis;, however, bent O-H- - -O-PO, bonds are com-
mon hydroxyapatites®. Thewavenumber of O-H vi-
brationbandisdifferent for HAP (3572 cmt) and HAP-
3SiS (3564 cm?) (TABLE 3.4). These values point
out astronger hydrogen bondinthe silicate substituted
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hydroxyapatite than for unsubstituted hydroxyapatite.
Thisattributesto thedifference between O-S and O-P
bondsin both polarity andlength. Thus, sllicateionsare
capableof forming stronger hydrogen bonding with O-
H group than phosphateiong®®. DFT (density func-
tional theory) calculationsof Astalaet d 1% havebeen
indicated that the PO, group has aweaker affinity for
H thanthe SO,. Figure 3.4 showsthebent type strong
hydrogen bonding between O-H and silicategroup (O-
H- - -O-SIPO,).

Silicatebands

Itiswell known that, themost intense spectrd fea
turesof slicatesgppear asacomplex group of bandsin
the range of 1100-900 cm'?, are attributed to asym-
metrical stretching vibrationsof SIO, tetrahedrd®!. The
second most intense silicate bands are broadly charac-
terized as O-Si-O deformation or bending modes,
which occur inthe 556-400 cmt region. Figure 3.3,
clearly showsthat the stretching vibration bands of sili-
cateinterferewith phogphate stretching vibration bands,
resulting in the observed broadening of thelater with
increasing silicatesubgtitutions. Theband a 766 cnmtis
observedin all hydroxyapatites containing silicateand
itsintensity progressively increases assilicate contents
increases®!, Starz et a.[® relatethe bandsat 750-810
cm to the presence of acombination of vibrations of
Si-O-Si, Si-O-Pand P-O-Pbridges.

Itiscommonto seeadditiond pesksinsilicatesub-
stituted hydroxyapatites. Gibson et al.["® was able to
detected peaksat 945, 890 and 840 cnm for hydroxya
patite powder with a 0.4 % wt. of Si. According to
thosefindings, the presence of apeak at 945 cmr* could
justify the broadening of the 960 cn™ band observedin
slicate substituted hydroxyapatites. Infigure 3.2, two
new (shoulder shaped) bandsat 931 and 892 cm'* oc-
cur. Tanizaw et d ¥ have been d so rel ated thesebands
tothepresenceof silicateinthe gpatite structure.

Yuet d.® wasabletoassign band at 811 cnr due
to Si-O stretching of dimmer silicate chains. Thisband
appears very week in sample HAP-2S S and HAP-
3SiSat 828 cmr! and increaseswith increasesilicate
substitution, indicating Silicate polymerization.
Sulfatebands

The SO, ion possessestetrahydral symmetry!®)
withfour activefundamentdsintheinferared, v, a 981

e, P aterioly Seience
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cm?, v, a451cm?, v, at 1104cm*, and v, at 613 cnmy
1, Only the absorption band at 456 cm! appearsvery
weak in spectrum of sample HAP-5SIS, confirmsthe
presenceof v, SO,* and the other threebands arein-
terferewith the phosphate bands.

DISCUSSION

Hydroxyapatite prepared in absence of silicateand
sulfateions(HAP) incorporatesminor amount of CO.>
initslattice. FTIR spectroscopy showed that carbon-
ateionssubdtitutefor phosphateions(B-type hydroxya
patite). Thechemica andyssof HAPsamplesuggested
that themost probabl e charge compensation took place
with thefoll owing mechanism™;
Ca*+2P0* >V, +2CO2 )

where, V __, representsavacancy in siteoccupied
by Ca* ions. Thisconclusionisalso supported by ther-
mal stability of thissampleat 1100°C. Decomposition
of cacium deficient hydroxyapatite startsat 900°C to
form trical cium phosphate®. However, carbonateions
substitutionsstabilizethe HA P powder at high tempera-
tures (1100°C). Theincreasein carbonate content in-
creases the Ca/Pratio (TABLE 3.2 and 3.3). When
the carbonates are removed at high temperature
(900°C), theHAP phaseisrendered more stable, due
to theincrease of Ca/P ratio over the stoichiometric
ratio (1.67)4.

Thedecreasein O-H stretching and bending bands
intengtieswithincreasing silicate content, indicatesthe
decrease of the hydroxyl content asthe degree of sub-
stitutionincreases. X-ray and neutron diffraction stud-
ieg5% have shown that silicateionsreplace phosphate
ions. Thus, theextranegativechargeof theSO,* groups
iscompensated by formation of vacanciesat the OH-
sites. This suggests the first charge compensation
mechanismfor silicate substitution, to beasfollows:
PO +OH —»SIO*+V, - @)

whereV , representsavacancy in siteoccupied
by OH-ion. If thisistheonly working mechanism, the
composition of the powders could bedescribed by the
formula; Ca, (PO,),,(SIO,), (OH),,. Dunfield et al
havereported that, at doping level above0.2moleS O,/
molehydroxyapatite, the stretching modefalsto zero,
for samples prepared at controlled conditionswithout

carbonates. However, inthe present investigation, the
stretching mode of OH is detected up to 1.48 mole
SiO,/molehydroxyapatite (sample HAP-3SS). This
pointsout that the pervious charge compensation mecha
nism cannot account for dl silicatesubgtitutions. Inthe
present sudy, thechemica andyssandthe FTIR spec-
trashow that sulfate groupsin phosphatesitesincreases
asdlicatecontentsincreases. Thissuggeststhat the sec-
ond charge compensation proceeds according to the
following mechaniam:

2P0 — SIO,* + SOZ ©)

Congdering only the previous substitution mecha:
nism, the composition of the powders could be de-
scribed by the formula; Ca (PO,),.,(SIO,),
(SO,),(OH),. Whenthe number of molesof sulfateis
equal tothat of slicate, no hydroxyl vacancieswill be
Created.

Someauthorg®" ™ observed that theamount of car-
bonate ionsincreases with the Si(OCH,CH,), addi-
tion. They suggested that the competition between SO,*
and SIO,* groupsfor the phosphate sites causes some
of thesilicateto stay freewithout being incorporated
into the hydroxyapatite. However in the present study,
thechemica analysisand the FT IR spectrashow that
all the powders (with and without Si) contain carbon-
ate groupsin phosphate sites and carbonate content
increases assilicate contentsincreases.
2P0 — SI0* + CO.Z 4

Thistypeof charges compensation areexpected to
be similar to happen in part in theformation of bone.
Assuming that only themechanica structurecan befor-
mulated in general as follows: Ca (PO,), ,(SI0O,),
(CO,),(OH),.

CONCLUSIONS

Hydroxyapatite powder pureand severd silicate
and sulfate substituted hydroxyapatite powders (HAP-
SiS) were successfully prepared by wet chemical pre-
cipitationrouteusingsilicicacid (H,SO,) and sulfuric
acid asprecursorsof silicateand sulfate, respectively,
under N, gasto prevent CO, contamination at room
temperature. Theintroduction of sulfateioninthestruc-
ture of HAPraised the percentage of silicateupto 9.9
% wt. Si. Increasing substitution of SIO,* and SO,*

Au Tudian Yourual
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for PO,* isaccompanied by increase of CO,* substi-
tutionsfor PO,* and decrease of OH- contentsin hy-
droxyapatitecrystal structure. Incorporation of carbon-
ateionsfrom the atmosphere al so contributesto the
decreasein Si, S, Pand Cacontentsin thefinal pow-
ders. Whilethe competition between SO,> and SO,*
groupsfor the phosphate sites causes some of the sul-
fateionsto stay free without being incorporated into
the hydroxyapatiteinthe HAP-5S S sample. Although
powder crystalinity isstrongly reduced asthe extent of
the substitutionincreases, but thereareno signsexist
wherethe gpatite structure collgpses and an amorphous
phaseforms.
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