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ABSTRACT

Among the various process parameters of sol-gdinigoe, aging time and temperature play decisides@nd
affect the properties of precursors, sol and sysittesl product to a large extent. A detailed analyscluding
various rheological properties of Calcium and Phiespus based precursors at ambient temperatureGaldium
Phosphate sol at°® and 23C have been carried out in the present paper. Cemgnsive effects of aging
temperatures on structural and thermal properties @alcium Phosphate based powders have also been
characterized by using X-Ray Diffraction, Fourieraisform Infrared, Thermogravimetric/Differentiat&ning
Calorimetery, Transmission Electron Microscopy @whnning Electron cum Energy Dispersive Microscdpe
hydrolysis of precursors was found to have profoeffdct on their rheology. pH and density of Cals swere
found to be independent on aging time and temperaitormation of calcium deficient HAP, HABTCP anda-

TCP in CaP powders were revealed from XRD patteffi$R results showed the presence of HE®d PQ ions

for all sintering temperatures in both the aged pevs. SEM showed the powders have granular, ir@gubose

but smooth mixture of solid rod and plate like naegime particles. Average particle size rangedrfrb00-150 pm
and 105-180 um for powders aged af@5and 3C respectively. EDX presented the results in liridh WRD
detections. Hexagonal shape of crystals having shedges of both the powders was observed from TEM
micrographs. Larger crystals were observed in cafs23C aged powders.

Keywords: Aging Time, Aging Temperature, HAP, CaP, ViscosKRD, FTIR.

INTRODUCTION

Bioactive and bioresorbable phases of CaP powdermaterials of choice for innumerable bone-tissugineering
applications [1,2]. Among the various bioceramid#&P andp-TCP are most widely used, because these promote
osteogenesis and firm tight bonds with host bossugis [3] although, the degradation rat-GiCP is 10 times
higher than that of HAP [4]. This resulted in theoging interest in developing HAB-TCP Biphasic Calcium
Phosphate (BCP) ceramics due to its controllabigattation rate and more effective bone regeneratidity [5].

Though innumerable processes have been used thesyzeé BCP bioceramics, only a few techniques Hepen
developed to synthesize nano-powders. Of thes@edaynthesis has recently attracted much atterf€icr] owing

to its multiple advantages including molecular-lewaixing of precursors [2] which is capable of imping

chemical homogeneity [2,8,9] of the resulting pretdio a significant extent; reduced sintering terapge due to
small particle size [8]; few equipments used; higltput and easy operation process [10] in compariso
conventional methods such as solid state reacffg], polymeric precursor route [12], wet pretagion method
[9,13] and micro emulsion technique [14] etc. Farthore, sol-gel process can produce fine-grainostouctures
containing a mixture of nano-to-submicron apatifigstals [7,15]. These crystals can be better aedepy host
tissue [7,16]. Low temperature formation and fusidrthe apatitic crystals has been the main coution of the
sol-gel process [7] and hence has been widelyetiudly many investigators [17-19]. The use of sdlpgecess in
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the biomedical area is recent. The first paper camteabout 10 years ago, and the number of pulditsithas
increased noticeably during the last five yearg.[20

Sol-gel process usually comprises of five main stép) hydrolysis and polycondensation, (2) gelati3) aging,

(4) drying, (5) densification and crystallizatioR1]. Each of these stages and their respectiveepsoparameters
affect the overall properties of precursors, sa #re resultant product to a large extent [22].eBgive literature

was reviewed to ascertain the effects of diffesmitgel process parameters on the characteristiCs® powders.

Liu et al. [9] investigated the influence of hydrsis of 'P' sol solution on the phase evolutiohef resulting HAP

and concluded that long-term hydrolysis is requif@dbetter evolution of apatitic phases in theeadze of acid

catalyst. Hydrolysis can be monitored by testisgitl value [23].

Masuda et al. [24] found that the determining faéo the composition of the resultant powder ikison pH [22].
Hsieh et al. [23] measured the pH value of preasrsmly before and after the aging period. pH valuere not
reported during aging. Liu et al. [9] measuredpheof TEP and CaP solutions up to 24 hours only.

Viscosity of precursors and final solutions waaiet analyzed comprehensively which could havenstthened
the understanding of controlling the films on suli&ts while coating. Very few papers are availattéch discuss
the viscosity [25,26], but in a very little persgiee.

Chai et al. [8] addressed the effect of aging tatmghe composition of coating and the time requftedhe solution
before depositing monophasic coatings and concltidgidthe solution aging time of at least 01 dagdsential to
deposit monophasic HAP coatings. Similarly, Litakt[29] also indicated that a specific aging tipeziod either at
ambient or higher temperature is necessary to frnphase-pure apatite. Insufficient aging causegappce of
impurity phases, such as CaO or CaCn. Liu et al. [7] investigated the structuraladution during the transition
of sol to gel, and to the final crystalline apatite45C for time periods up to 120 minutes. Nissan ef{22]
expressed that aging of HAP solution between 6y8 dlecreased HAP formation and suggested thatiaadrfactor
in determining the composition of the final coatisghe period between solution preparation andirgaeposition
(aging time). Gross et al. [27] also emphasized ttie chemical phase purity of the powder and ogas dictated
by the purity of precursor material and the aginggetof solution.

Effect of heating on the production of uniform HABwders and coatings were also investigated [2Zielet al.
pointed out that the thermal treatment generalfypla very important role in the formation of theqursors
because stoichiometry of calcined powders is catedl with molecular arrangement in which heatingviates
energy to arrange the precursors [23]. Hsieh etisdd the higher aging temperature ranges from08G-th his
study. The effect of reaction temperature (18€0on the kinetics of HAP precipitation was alsods¢éd by Cui
and co-authors [28] and reported that the HAP pitation is highly temperature dependent and thedemation rate
is faster at higher temperature. Further, they désoonstrated that the temperature has a greaéidé on both the
particle size and the morphology of the precipdat®\P or product [28].

Effects of sintering temperature and sintering tiamethe properties of synthetic bioceramics havenbeidely
studied by numerous authors [30-32].

Keeping in mind the insufficient reporting of rhegical properties of especially Ca and P basedupsecs during
hydrolysis and their mixed sols during aging atoas temperatures and times inspired the presehoeuto study
them comprehensively. In addition, dearth of inigedttons comprehending the effects of aging tentpezaon
structural, thermal and elemental characteristic@a®® powders became another objective of the presper.

EXPERIMENTAL SECTION
2.1. Materials
CNT (Merck, 98% Pure) and TEP [Spectrochem, 98% Papecific Gravity= 0.969 g/ml] were used as sa@d P
ion sources throughout the investigation. Doubkilthd water (DDHO) and ethanol [Merck, 99.9% pure] were
used as solvents. Ammonium Hydroxide [25%, MerckBwsed to increase the pH of CaP solution to iugits
gelation.

Methodology for the synthesis of CaP based precsirsols and powders has been explained in Figure 1
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2.2. Synthesis of CaP Precursors, Sols and Powders

Erthsrol (353.14 ) snd DDH2O (5.06 g) wers mixad to prepar= 01
molar solution and sti=d for 0.5 kour @ 50° C

1 1
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Figure 1. Synthesis Methodology

2.3. Sol Characterization

Digital pH meter (MAX, India) was used to measure pH value of solutions. Digital weighing-cum-dignsneter
(SI-234; Denver Instruments) was used to measueedmsity of solutions. A special attachment meant
measuring density of solutions was employed through

Rheological properties viz. % torque, viscosityeahstress and shear rate were analyzed usingapnotable
Rheometer (Brookfield, DV-III Ultra). Special attaoent UL adaptor along with spindle no- 87 wereduse
measure the rheological properties. % torque, sisgoshear stress and shear rate of various eohlitivere
measured.

2.4. Powder Characterization

X-Ray Diffraction (Philips X'Pert 1710) analysis s@erformed for all powders using Cukadiation {= 1.54 A,
20= 20 to 50, step size 0.0F7time per step 20.03 s and scan speed /§0RRelative amount of different phases
present were estimated on the basis of the peaksity variation by means of external standard oetBoth cell
parameters, a and ¢ has been calculated usingjtiagi@en given below:

1 4 {h2+hk+k2} 12
dz 3

22 + = (Eq 1)
where d is the distance between adjacent plandéiseirset of Miller indices (h k I), the reference f8AP being
JCPDS file no. 09-0432 (a=9.418 A, b=9.418 A, c88.4\, space group p63/m), fBETCP being JCPDS file no.
09-0169 (a=10.432 A, b=10.432 A, ¢=37.39 A, spamrg R3c (167)) and fos-Tricalcium Phosphaten{TCP)
being JCPDS file no. 03-0681. Crystallite size walsulated using Scherrer’s equation:

0921
X, = FCosO (Eq. 2)
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Where X is the crystallite size in nanometris the wave length of x-ray beafhjs the broadening of diffraction
line at half of its maximum intensity in radiansda@ is the Bragg’s diffraction angl€)( The silicon standard was
used to measure the instrument broadening to ddtrecsalue of3. The three diffraction peaks (0 0 2), (2 0 2) and
(2 2 2) which are well separated or peaks havigd tensities were chosen to calculate mean dliystaize of
HAP lattice. For calculating domain sizes along thestallographic axis ¢ and a of HAP lattice, tiffraction
peaks at 25:8(20) corresponding to (0 0 2) and 32(29) corresponding to (3 0 0) were considered.

The relative amounts of HAP afdTCP in the synthesized powder were determinedjusiternal standard method
as givenin Eq. 3.

1[3TCP(0210) - Weight of pB—TCP (Eq 3)
IHAP(211) Weight of HAP )

Where }.rcp (0210)iS the intensity of-TCP peak having (0 2 1 0) as (h k I) plane apg Is the intensity of HAP
peak having (2 1 1) as (h k I) plane respectively.

Calcium deficiency (x) of synthetic HAP powder weedculated by converting the weight ratio into maiatio as
follows:

Molgrcp _ Wegrce x 3.23 (Eq. 4)
Molgap  Wthap

MOIBTCP _ 3X

Molyap - E qB)
Where x is a calcium deficiency of synthesized penvd

Calcium to phosphorous (Ca/P) ratio was furthecuated using Eq. 6 as follows:

Ca _10—x

EEE (Eq. 6)

Infrared spectra (FTIR Perkin Elmer) were recoritethe region 500-4000 cfrusing KBr pellets (1% wt/wt), with
spectral resolution of 2 chtaking four scans for each sample.

Thermal behavior of as-synthesized gel was invati using simultaneous Thermogravimetry and Ddfféal
Scanning Calorimetry (TGA/DSC, Perkin EImer STA 8R0with an accuracy of 0.1 pg in weight measunmame
and +0.5 °C in temperature measurement. All théstesre performed in air environment under theofeihg
conditions: heating rate 1@/min, peak temperature 10@) and air flow 20.0 mL/min.

Morphology of synthetic powders was observed uSognning Electron Microscopy (SEM, JEOL); operatad
voltage of 30 kV. Presence of various constitueleiments in powders was detected by Energy Dispersiv
Spectroscopy (EDX).

Shape and size of nano-crystals were observed Uisamgmission Electron Microscope (TEM) (Hitact30D) with

resolution of 0.2 nm, operated at an acceleratoigage of 80-100 kV. The powders were ultrasonjcdispersed in
ethanol to form a dilute suspension and then a dfguspension was dropped on carbon-coated capjokeof 300

mesh for observation.

RESULTS AND DISCUSSION

3.1. Selection of TEP as Phosphorous Precursor aitd Hydrolysis

CNT and TEP were chosen as Ca and P reagents prékent study. TEP was so selected, because itepasted
that out of trialed phosphoric acid, phosphoroustgexide refluxed with 1-proponal and TEP as phospirs
precursors; an aqueous solution of latter is thg sutable phosphorous candidate [22]. Being &atle, it's easy
to prepare HAP or other allied phases by using BERa phosphorous reagent [9,32]. In addition, édsy to
hydrolyze TEP rapidly, as opposed to trialkyl pHuee precursors [9].

Non aqueous solvents are frequently employed ferdilution of TEP, together with a small amountwafter for

hydrolysis [9]. Water can be mixed with the ethaswmlution due to the reason that polymerizatiorctiea usually
accompanied by hydrolysis [9]. TEP can be hydralyre the presence of water or air moisture to faliethyl

472



Ravinder Pal Singhand Uma Batra J. Chem. Pharm. Res., 2014, 6(9):469-487

phosphorous ester [33]. Therefore, a mixture oarethand water was prepared to dissolve into TEfReérmpresent
investigation.

In conjunction with the previous experimental obsgipns, TEP remained immiscible with the water $owined
emulsion phase after immediate mixing with water.

P(OC,H; ); + H,0 — HPO(OC,H;) + C, H;OH (7

Masuda et al. [33] indicated that reaction (7) pems exceedingly slowly, for example 10 or morerfiare
required to complete. In the present study, thisulsion mixture turned into a clean solution alonghwthe

disappearance of phosphite odor only after 144 shaair hydrolysis (Figure 4), indicating completior its

hydrolysis. A continuous decrease in pH of TEP timuwas detected for 144 hours (Figure 4) sugggstktended
progress of hydrolysis, by the release of prototoeding to reaction 8. This strongly suggests #ratextended
hydrolysis of the diethyl phosphorous esters majeugo, where more —OR groups were replaced by —©tpg in
reaction 9.

(CH;0H)3P: + H* & (CH;0H)3P*H
(CH;0H)3P*H + H,0 — (CH;0)2 P(H) 8)

= 0+CH;0H + H*
HPO(0OC,Hs)2 + H,0 - HPO(OC,H:)2 — x(OH)x + xC,HsOH 9

Sufficient hydrolysis causes the formation of minee solvents (i.e. £sOH in reaction 9) and is expected to
remove easily on further treatments [9].

3.2. Effect of Hydrolysation Time on Rheological Poperties of Precursors

Rheological properties of CNT and TEP solutionsemereasured [(at 20, 40, 70, 100, 140, 200 and 2M<Rat
ambient temperature (30)) during their hydrolysis up to 06 days (144 )lurEffect of hydrolysis on pH, density
and rheological properties of CNT and TEP precwsoan be comprehensively studied from Figures 2-5
respectively.
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Figure 2. pH, Density and Viscosity of CNT Precursoat 30° C
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Figure 3. Mean Torque, Mean Shear Stress and Mearh8ar Rate of CNT Precursor at 30° C
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Figure 4. pH, Density and Viscosity of TEP Precursoat 30° C

Opposite behavior was observed in the rate of ahafigH of CNT and TEP precursors as indicateddufe 2 and
Figure 4 respectively. pH of CNT precursor was fibtmincrease, whereas it decreased continuousigsa of TEP
solution. Change in pH of TEP was continued for hirs (06 days), which supports the requiremenitsof
hydrolysis for such a long time. After 144 hours] of TEP precursor came to stand still and was vesketo be
highly reactive (1.03) in nature. It is believeattfincorporation of more acidic phosphate ionshsas HPQ,
rather than more basic group PQinto the resulting gel structure is more favoeafl]. On the other hand, pH
gradient of CNT precursor was noticed to be nelglégafter 72 hours (03 days).

In light of uncertain behavior of rate of changevifcosity of both the CNT and TEP precursors, Qi@cursor

was noticed to be 05 times more viscous than TEBYpsor corresponding to 144 hours at ambient teatyre as
enumerated in Figure 2 and Figure 4.
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Figure 5. Mean Torque, Mean Shear Stress and Mearh8ar Rate of TEP Precursor at 30° C

Density and mean shear rate of CNT and TEP precursmained constant throughout all hydrolysatiomet
periods as shown in Figure 2-5 respectively whithdate their independence on hydrolysation time.

Rate of change of % torque and shear stress of &MTTEP precursors were ascertained to be dirpatlyortional
to each other as shown in Figure 3 and Figure pexdiely. Ratio of shear stress to shear straithén validates
the non-Newtonian and Newtonian nature of CNT aB& Folutions respectively.

3.3. CaP Sols and Their Properties
Following mixing of Ca and P precursors, hydrolyzglibsphite has been believed to interact with Ge im
aqueous solution through a condensation polymésizagaction to form a Ca-P intermediate,

2HPO(0OC,Hs)2 — x(OH)x + Ca + + — CaP intermediate + 2H + (10)

Neither precipitates nor solid like gel were eveserved for the prepared CaP sol even upon O7afaaging. This
may account for the partial charge model proposedibage et al. [35,36], where the degree of polsimation

described in equation (10) must be low, resultim@ligomeric derivatives dispersed in solutionhestthan a 3D
network structure.

Condensation between hydrolyzed phosphite mole¢aléssm oligomeric derivatives such as
2HPO(OC,H;)2 — x(OH)x = (0C,H5)2 —x O(H)P — 0 — P(H)O(OC, H5)2 — x + 2H,0 (11
The oligomeric derivatives further hydrolyze (reéawtl2) and reacts with Ca to form CaP derivativeaction 13:
(0C,H;5)2 —xO(H)P — 0 — P(H)O(0OC, H5)2 —x + 2H,0

- (0C,Hs)2 — y(OH)y(H)OP — 0 — P(H)0(0C, H)2 — y(OH)y

+ 2(x — y)C,HsOH (12)
(0C,H;)2 — y(OH)y(H)OP — 0 — P(H)0(0C, Hg)2 — y(OH)y + Ca—

- Ca—0-(0C,Hs)2 -y (H)OP -0 —P(H)O(OC,H5)2—y—0—Ca+2H

+ +H,0 (13)

Although above equations are of simplified and sehe speculative chemical paths, these do propbse t
possibility for the formation of the CaP derivasweith lower Ca/P ratio than stoichiometry [9].

Therefore due to non-precipitation even after agorgmany days, ammonium hydroxide was chosen tbiatb
prepare CaP sol to raise its pH to 10, in ordend¢oease its gelation. 10 pH was sol selected laasitbeen reported
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that at pH values above 9, the most stable CaPephasqueous solution is HAP [39]. The liberatidrpooton in
reaction (10) can be monitored by the change aftewi pH as shown in Figure 6 and Figure 8, whbeessblution
pH remained almost constant as a function of aimg for over a period of 48 hours. This also iadés a slow

reaction between hydrolyzed phosphite and Ca ions.

3.4.Effect of Aging Time and Temperature onRheological Properties of CaP Sols
After the addition of ammonium hydroxide in the mive of ‘Ca’ and ‘P’ precursors, rate of changepbif density
and all rheological properties of resultant CaRitsomhs at controlled temperatures of@%nd 5C were measured

and have been shown in Figures 6-9 respectively.
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Figure 6. pH, Density and Viscosity of CaP Sol Agedt 25°C
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Figure 7. Various Rheological Properties of CaP Sd\ged at 23C
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Figure 9. Various Rheological Properties of CaP Sdlged at 5C

Magnitude and rate of change of various propertiesCaP solutions at different aging temperatures bea
comprehensively studied from Figures 6-9 respelgtivpH and density of resultant CaP were found & b
independent of aging time and temperature as shiowigure 6 and Figure 8 respectively. Density @fisons at
both aging temperatures was found to be very rmeaath other as well as the theoretical value oPHbhawder i.e.
3.18 g/cc, irrespective of different aging times.

CaP sol aged at°6 was found to be more viscous than the other sall age23C during all aging times. On the

other hand, a similar trend of decrease of visgosis observed over the increasing aging time #t thee aging
temperatures.
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Both the CaP precursors aged at different conttaenperatures were behaved as Non-Newtonian flaisishe
ratio of their mean shear stress to mean sheammgenot constant. Directly proportional relatiogtveeen mean
shear stress and mean %torque was observed inthethiesultant solutions, notwithstanding any effe€t

temperature on them.

pH of both the CaPRsols was remained almost constant with negligitilange up to 48 hours of aging which
indicates the absence of hydrolysis of TEP in th® @ixture. It further supports the need of congplatdrolysis of
TEP as a single precursor. That's why; hydroly$i$BP was monitored and carried out for 144 honrthée present
study. Highly hydrolyzed phosphorous ion precuraais expected to react with Ca ions present in theune
easily and fastly to form a desirable complex.

3.5. Effect of Aging Temperature on Structural Progerties of CaP Powders
XRD of resultant CaP powders synthesized at 25°€ ZiC aging temperatures followed by their sintgrat

300°C, 500C, 700C and 900C have been shown in Figures 10-11 respectively.
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Figure 10. XRD Patterns of CaP Powders Aged at 26°Followed by Sintering at (a) 306C, (b) 500C, (c) 700C and (d) 900C from Top
to Bottom. Here CP means Calcium Phosphate
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Figure 11. XRD Patterns of CaP Powders Aged at 5°Eollowed by Sintering at (a) 300 C, (b) 500C, (c) 700C and (d) 900C from Top
to Bottom

Major phases, HAP lattice parameters, mean critstaiize, weight fractions, estimated Ca deficieand resultant
Ca/P ratio of all the powders sintered at differerhperatures were categorized differently on tasisbof their

aging temperatures and have been briefed in Tdblegespectively.

Table 1. Calculated Properties of CaP Powders Ageat 25°C

Parameters CP-25-300 CP-25-500 CP-25-700 CP-25-90(

. HAP; B-TCP; A HAP; B-TCP; .
Major Phases @ TCP HAP; B-TCP @ TCP HAP; B-TCP

a=9.442; a=9.313; a=9.416; a= 9.440;
HAP Lattice Parameters (nm) c=6.859; c=6.913; c=6.900; c=6.900;

cla=0.726 cla=0.742 cl/a=0.732 c/a= 0.730
Mean Crystallite Size (hm) 10.606 28.796 40.643 163.

. . _ _ HAP=0.2865; HAP=0.25; HAP=0.2720;
Weight Fractions HAP=0.34123-TCP=0.7410 B-TCP= 0.7424| B-TCP= 0.7530| B-TCP= 0.6968
Estimated Ca Deficiency, x 0.700 0.736 0.764 0.734
Ca/P Ratio 1.55 1.54 1.53 1.54

Table 2. Calculated Properties of CaP Powders Ageat 5°C
Parameters CP-5-300 CP-5-500 CP-5-700 CP-5-900
. . B-TCP; HAP; . . . .
Major Phases B-TCP; HAP @TCP B-TCP; a-TCP; HAP; B-TCP; HAP
a=9.503; a=9.514; a=9.457; a= 9.449;

HAP Lattice Parameters (nm)  c¢c=7.216; c=6.828; c= 6.765; c=6.593;

c/a=0.759 cla=0.717 c/a= 0.715 cla=0.697

Mean Crystallite Size (hm) 12.965 nm 16.058 nm 669.nm 94.001 nm

. . B-TCP=0.3727;| B-TCP= 0.3310; B-TCP= 0.5030; B-TCP= 0.0920;

Weight Fractions HAP=0.3212 | HAP=0.1687 HAP=0.3714 HAP=0.2948

Estimated Ca Deficiency, x 0.556 0.679 0.593 0.251

Ca/P Ratio 1574 1.55 1.567 1.62

Peak width measurement of (0 0 2) and (3 1 0)ctdles of CaP powders were used to analyze theteffeaging

temperatures on their crystallinity and resultsenbgen enumerated in Tables 3-4 respectively.
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Table 3.Peak Width Measurement of (0 0 2) and (3 1 0) Refidons of CaP Powder Aged at 25°C

Planes| CP-25-300 CP-25-500 CP-25-700 CP-25-900
(002) 0.2007 0.1004 0.2007 0.1506
(310) 0.4015 0.2676 0.2856 0.1171

Peak Width (26)

Table 4.Peak Width Measurement of (0 0 2) and (3 1 0) Reffédons of CaP Powder Aged at 5°C

Planes | CP-5-300 CP-5-50 CP-5-700 CP-5-900
(002) - 0.0502 0.2007 0.2007
(310) - 0.0612 0.2007 0.2007

Peak Width (20)

Diffractograms confirmed the biphasic nature of @avders synthesized at both the aging temperapriesrily
comprised of}-TCP and HAP in major proportions followed byrCP in traces. Existence of HAP at low sintering
temperature of 30Q in both the synthesized powders irrespective afgatemperatures can be considered as one of
the achievement of present work owing to its silitgbfor coating applications having minimized odsitive
degradation of underlying metal substrates [9]tiBlaamorphous nature of both the CaP powders atenweénto
crystalline powders upon increasing the sintergmggerature from 30C-500°C as can be interpreted in terms of
indistinct to distinct and clear peaks as showRigures 10-11 respectively. This is in accordanith the reference
no.-9, which suggests that apatite having lowePQatio can be developed as amorphous complexrietiiate in
the gel, which then can be transformed into criigphases upon heating. Further observationsoldide fact that
no evolution of new phases take place upon sirgefiom 500C-900°C respectively irrespective of aging
temperatures. Sintering temperatures increasedntbasity of existing phases which is also suppbitg the
respective TG analysis which confirm the same imgof maximum %weight change up to the temperabdire
300°C only. This property further highlights the theinmstability of both the CaP powders beyond DO
respectively. Lattice distortion (c/a value) wapentenced at all sintering temperatures rangingnfé®-75% with
HAP lattice parameters calculated to be near tereete values of a=9.418A and c= 6.884 A. Lattistodtion
values indicate an expansion in the crystal lattitker or along both a and ¢ axes, indicatingctimperfection
may be due to the incorporation of larger ions.sTdefect may be introduced as a result of highiitacof the
precursors, where more acidic phosphate FfPay substitute smaller R®which may, based on electrical
neutrality, have a chemical form of Ga(HPQ,), (POy)sx(OH)., i.€. a calcium deficient apatite, which is agreed
with Ca/P ratios as determined in present investigaAs expected, mean crystallite size increasitid the rise of
sintering temperature in both the synthesized posvde

Comparing the effects of aging temperature on Galdprs conclude that during aging temperature 8€2phase
formation and thermal stability completed at a egiimgy temperature of 500, whereas the onset of similar
properties started to occur at 7@0sintering temperature in case of CaP powder peepat an aging temperature of
5°C respectively. Relative weight fractions BTCP and HAP phases were observed to be more atnadiring
temperatures of CaP powder aged &tC2B6ompared to one aged &5 On the other hand, aging temperature of
25°C caused the powder to be more calcium deficiean tbne synthesized havingG aging temperature.
Crystallinity of CaP powder synthesized at an agergperature of & was compared to be more than the one aged
at 25C by comparing the peak widths of (3 1 0) planesbofh the CaP powders as shown in Tables 3-4
respectively. But at a temperature of 900crystallinity was observed to be more in caspavider synthesized at
an aging temperature of 5.

Development and existence of resorbable (TCP) &wattive (HAP) phases at all sintering temperatunay be the
result of complete hydrolysis and aging of reactmetursors and their CaP sols respectively. ladlyicthis TCP
phase may be not an undesirable component on gis bfthe biphasic calcium phosphate concept ¢8gmntly
proposed by Daculsi [37]. From practical viewpoihis always desirable if an implant material ¢sndesigned in
such a way that it can be completely replaced ey hibst tissues upon a resorption-apposition meshani
Moreover, bioresorption has been a process thablis to accelerate the growth of defective harsuds and this
mechanism implies the significant role of resonptio biological response. Therefore, non/less tesae nature of
synthetic HAP can be further modified by incorpamatof more bioresorbable second phase(s). Therefam
optimized combination of different calcium phos@satof varying degree of solubility may be a prongsi
alternative for specific clinical purposes [9]. Bdson the concept, presence of TCP phase developeatrent
synthesis conditions can be considered as an aty@nther than an obstacle.

3.6. Effect of Aging Temperature on lonic Constituion of CaP Powders

Presence of various ionic groups in respectivetmgited powders was confirmed by FTIR spectrashasdbeen
shown in Figures 12-13 categorized on the basihef aging temperatures. Table 5 summarized tedsrd peak
data and their corresponding functional groups twhvere used to match with the frequencies of pebkained in
synthesized powders in the present work.
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Figure 12. FTIR Spectra of Powders Aged at 2& Followed by Sintering at 300C, 500°C, 700C and 900C Temperatures
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Figure 13. FTIR Spectra of Powders Aged at® Followed by Sintering at 300C, 500 C, 700°C and 900C Temperatures

Table 5. Standard FTIR Data for HAP

Frequency cm' CDHA According to Literature © Vibrations
3572w OH stretching
3400 Water-adsorbed deformation
1625 OH water adsorbed deformation
1600-1300 Carbonate stretching band
1210 3OH mode of HP@? hydrogen bonded
1133 v3 vibration component of HPQ gps
1087-1072 s
1046-1032 vs vs(PQ)
962 vi (PQy)
870 vs P-O(H) deformation of HPG gps
630 m OH liberations
Qm v4 (PO)
472 v, (PQy)
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Molecular arrangement of constituting ionic grogppowders aged and synthesized £t@2&nd 5C were studied
by means of FTIR spectras shown in Figure 12-1Beesvely. Comparison of spectras confirmed thesgnee of
water adsorbed deformation corresponding to 3400 wavenumber in both the CaP powders at all sirgerin
temperatures. With the increase of sintering teatpee, the broad band corresponding to water addorb
deformation narrowed down in case of powder age2bdf, whearas it remained almost intact in case ofdesw
aged at 5C. In addition, OH water adsorbed deformation figral group was completely absent in case of powder
aged at 25C, whereas the same deformation was noticed andimerdhintact at all sintering temperatures in a#se
5°C aged powder. An atmospheric impurity i.e. carlb®rian was noticed at a sintering temperature @G0
corresponding to two wavenumbers of 1463.61, 138dB" in case of powder synthesized at an aging temrerat
of 5°C and eloped also upon further sintering to higtemperature. On the other hand, a very sharp peak
representing carbonate ion was detected at a#ragt temperatures except 7@in case of powder aged at°€5

It has been reported that at low temperatures?@s might act as the role of FOions and allowed the amount
of PO, ions to be increased, so that the Ca/P ratio dsedewith the formation of the GOand hence led to the
occurrence of HAP/TCP biphasic carbonate-contaiaipatite [32]. This carbonate phosphate might ctrora the
atmospheric carbon dioxide which combined into tingstal structure during dissolving, stirring, réac and
calcining process [10]. It is similar to the naflupane mineral because bone mineral differs in cmsitfpn from
stoichiometric HAP in which carbonate is the mdsatiradant additional ions [10]. In addition, carb@nebntaining
and calcium deficient HAP is more thermodynamicd#lyored than stoichiometric HAP [28]. Third vikicatal
mode of HPQ@? ionic species was also detected in the powderthegized at both the aging temperatures 6€25
and 5C throughout respectively. Number of vibrationabgps corresponding to R®ion increased with the
increase of sintering temperature at both the agingeratures.

Quantitatively, more P¢F ionic groups were detected in powder aged 4C2&s compared to one aged &€5
whereas lesser number of HAP inhibiting impuriteeeh as carbonate and hydrogen phosphate was etkiect
powder aged at°® than the other, qualitatively. Presence of caab®ions at all sintering temperatures confirms
the more thermodynamically stable nature of CaPdeovaged at 2% than the one aged at® respectively.
Presence of PG ions right from 300C sintering using FTIR results further supports XD results and confirms
the existence of HAP phase throughout all sintetargperatures, which is one of the achievemenhefpresent
work of HAP formation at low temperatures using-gel technique. Lesser number of impurities asaleteby
FTIR study further supports the XRD results of havbetter Ca/P ratio in powder aged &€ 5Thus FTIR analysis
justifies the XRD results of calcium deficient bistic nature of powders and also enumerated therredpresence
of allied impurities in the formula of resultantnstituting compounds.

3.7. Effect of Aging Temperature on Thermal Properies of CaP Powders

Thermal behavior of gels aged at°’€5and 8C was ascertained and recorded using Thermograviroeim-
Differential Scanning Calorimetry (TG/DSC) techréquCorresponding results have been shown in Figldeks
differentiated on the basis of their aging tempees.
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Figure 14. Combined TG/DSC Thermogram of Gel Agedt25°C
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Figure 15. Combined TG/DSC Thermogram of Gel Agedte6°C

Comparison of TG plots as shown in Figures 14-Hicates of more weight loss of 35.66% in case ¢pgepared
at an aging temperature ofG whereas maximum of 18.36% of weight loss waseniesl in case of aging
temperature of Z% which is approximately half of the former weidbss. Maximum weight loss occurred up to
the sintering temperature of 3@Win both the gels. Large exothermic peaks bef0@@ in both the aged gels may
be primarily due to the removal of adsorbed wartet fiee solvents i.e. most probablyHgOH which caused the
weight to decrease rapidly.

SEi- 30kV AT WO13mm. dssa0

Figure 16. SEM Micrographs of Powder Aged at 25C and Sintered at 900C at Various Magnifications

From 300C-500°C, weight loss was negligible in case of gel age#5aC, whereas it was noted to be 6.645% in
case of 8C aged gel. Interestingly and strangely, onset @it gain was observed on further heating to°@00
(15.54%) and 90 (15.44%) in case of gel prepared at an aging ¢eatpre of 25C as shown in Figure 14. This
weight gain may be attributed to the inclusion afbonate ions into molecular structure of CaP geblaat 23C as
also indicated by FTIR analysis. Therefore, compmarihe %weight losses, CaP gel prepared &C?2&ging
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temperature has been concluded to be more (appatedyr02 times) thermodynamically stable in lindgthwkRD
and FTIR analysis.

3.8. Effect of Aging Temperature on Morphological ad Elemental Properties of CaP Powders

After comprehensive structural analysis of synttesdipowders; morphology, shape, size and spregubwéer
particles prepared at 256 and 3C aging temperatures followed by sintering at ‘@®nly were verified using
Scanning Electron Microscopy (SEM) and respectii@ographs have been shown in Figures 16-17 reispbct

Figure 17. SEM Micrographs of Powder Aged at C and Sintered at 900C at Various Magnifications

Presence of various constituting elements in posvdeas also detected using Energy Dispersive (EDX)
spectroscopy. Micrographs and corresponding elesmeatve been shown in Figures 18-19 differentiatedhe
basis of aging temperatures respectively.

EDXAT POINT 2

4 ] 8 10 12 14 16 1

Figure 18.SEM & EDX Micrographs of Powder Aged at 25C and Sintered at 900C

2
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EDXAT POINT 2

S A
Figure 19.SEM & EDX Micrographs of Powder Aged at 5 C and Sintered at 900 C

Granular, irregular, smooth, loose, non-agglomergtarticles primarily of solid and plate like shageving wide
range of sizes were detected for powder aged &C 2Bmperature. Similarly, powder prepared at am@gi
temperature of 8 was also comprised of little agglomerated gramuteaegular particles of nano-dimensional
structure having vivid particle sizes of rod andtellike shapes. Average particle size ranges @@150 pm with
an aspect ratio of 1.531 and mean roundness oBOw&fe the properties of powder synthesized atginga
temperature of Z&. On the other hand, a little larger particlesgiag from 105-185 um with an aspect ratio of
1.552 and mean roundness of 0.767 were measuas@of powder aged at@& Grain boundaries were visible in
both the structures, but only at higher magnifaadi

As expected, EDX analysis clearly showed the peserf O, Ca and P in varied weight% in both thettsysized
powders aged at 26 and BC respectively, thus validating the phase analpsedicted by XRD. Ca/P ratio
detected by EDX was calculated to range betweeh-1.55 and 1.57-1.60 for CaP powders aged &t 2td 3C
respectively which is close enough as predictedRiD.

Figure 20.Nanographs of Powder Aged at 28 and Sintered at 900C at Various Magnifications
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3.9. Effect of Aging Temperature on Crystal Structue of CaP Powders

Crystal size and shape of CaP powders were chamerteusing Transmission Electron Microscopy (TEM)
technique. Nanographs of powders aged and syn#tksiz 28 C and 3C have been shown in Figures 20-21
respectively revealing their approximate hexagshabe and corresponding sizes.

Figure 21.Nanographs of Powder Aged at 8 and Sintered at 900C at Various Magnifications

TEM analysis was carried out on fully crystallinewglers sintered at 900. Figures 20-21 characterized the nearly
hexagonal shape of crystals having sharp edgescantkrs irrespective of difference of aging tempees.
Average crystal size was measured to range betd®2f23 nm having aspect ratio and roundness of8lab®i
0.789 in case of 2& aged CaP powder, whereas smaller crystals 0895in having approximately similar aspect
ratio and roundness of 1.629 and 0.759 were medsuC aged powders.

CONCLUSION

Complete hydrolysis of CNT and TEP precursors pceduencouraging results viz. constant pH of CaP, sapid
and stable phase formation, thermal stability frtower temperatures onwards and HAP formation atelow
sintering temperatures etc. Higher aging tempegatdir25C produced more weight fractions @fTCP and HAP
phases, having carbonated ions in molecular streigttoviding higher thermal stability to synthesizéaP powders
than the one prepared at an aging temperature®féspectively. Furthermore, aging temperaturealss found to
affect the particle and crystal shape and sizesgdra non-agglomerated, hexagonal crystals havangpregime
were synthesized. This investigation concluded tirathigher aging temperature of°’25to be optimum having all
desirable properties as required for any biocorbfmbioceramic suitable to be used in the humarnesod
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