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Hepianyn:

H mopovca perétn yopiletor oe dvo mepapatikd pépn. Xto npmTo PEPOG
LEAETATOL M TAPOUCKELT] TOV QOCPOPIKAOV VAIK®V Tov acfectiov pe atopkd Adyo
Ca/P ico pe 1,67 xou 1,33, mov avtiotoryodv 610 GTOYEWOUETPIKO vOpodvamaTitn
(HA) ka1 poopopwcd oktacPéotio (octacalcium phosphate, OCP), avrtictotya. Xto
010 pépog peretdror n emidpaon NG CLYKEVTIPMONG TG Opeovivng, 6To GYNUATIGUO
tov OCP kot g mopwong otovg 900 °C avtéhv. 1o dgvTEPO HEPOG pEAETATOL )
amopdkpovon  Ole-ypoudtov  ond  SwAduatd Tovg, pHe T Pondew TV
TOPACKELAGHEVTOV POCPOPIKDV VAIKOV.

[No v mwapookev] TV eooeopikdv vAkov HA  xor  OCP
ypnowonomdnke 1 tpomomonpuévn pébodog katapubiong (pH shock-wave method)
nov avantoyOnke oto Epyastiplo Biopunyavikig Xnueiog, o€ cuvévacud [le cuokeuy
JdtoKopmopoh vymAng evépyelag. e owdivpo 800 mL mov mepieiye 0,0538 mol
Ca(H,PO4),;.H,0O xan 0,1254 mol CaCl, pe Ca/P = 1,67 ya v mopoackevny HA 1
0,0538 mol Ca(H;PO4),.H,O xou 0,0891 mol CaCl, pe Ca/P = 1,33 yw v
napackevy] TV VAkdV OCP. Zto mapackevacshév viukd HA vroloyiotnkay, pe v
teyvik] XRD, ot kpvotaAroypaeuwol mapduetpor a= 9.427 A and c= 6.930 A
(e&oyovikd P63/m). H avtictoym avaivon ya ta viwkd OCP, £dei&e 611 vadpyovv
tpelg @doglg OCP, monetite kot HA. Ot vrmoloyioBeioeg kpuoTOAAOYPAPIKES
napapetpot yio 10 OCP édwoav a= 10,733 A, b=13,753 A and c= 5,832 A
(opBopopPucd Pna-21). Ot tég avtég eivar eAa@pds SOPOPETIKEG OO OVTEG TOV
kaBapoh OCP, Aoym g mopovsiog Kot GAA®V pdcemv otn doun tov. Metd v
mopwon Tovg otoug 900 °C, dvo edoeg aviyvevovtar ot B-TCP (povokhvéc p2/c) kat

B—C32P207.



Ta edopota FT-IR €dmcav T yopaktnplotikés amoppoenoelg tov HA,
OCP and B-TCP. Ot pkpoowtoypapicg SEM £de1&av v S10popeTiky] Lopporoyia
tov deiypdtov. O HA oamotedeitor omd peEYAAO GUCGCOUATMOUOTE GEOUPIKOV
copotdiov. Ta copatidie tov delypatog THO Mrav avopoidpopea. H ypnom
Bpeovivng €xel cav amotélecua TNV GAAOYT TOV GYNIOTOG TOV COUTIIOV 0VOAOY®OS
Le TN ovyKEVTpmoT), and Pelovoedn yw to detypo TH2, g otpoyyvAd yio to detypa
TH4 xotr opopwcd v to detypo TH6. Ta mopopéva deiypato £oei&ov copatiow
BooTpuy0E1d0VG GYNILATOG.

H 6eppucny petatponn Aappdver yopa oe téocepa dwadoywkd Prpata. To
npdhTo eEddeppo Prpa (20-400 °C) amodidetar Kuping 6TV GMOUAKPUVOT HEPOVS
TOV KPUOTOAAKOV VEPOV Kol TOL TPocpoPnuévon vepov. To devtepo evdodbeppo
Brno (400-750 °C) omodideton oty Sidomacn tov OCP kat monetite oe
TVPOPOGPOPIKO acPéotio. To tpito eEdBeppo Prina Aappdver yopo oTnv TEPLOYN
Oeppokpactdv 750-1100 °C. Ot «opleg petaforéc mov mopatnpobvial eivor m
petatpony] tov y-CaP,07 oe B-CaP,0O7 ko M avtidpaon tov Tupoe®cPOPLKoy
acPeotiov pe tov HA kot o oynuatiopdg B-TCP. H pepucn apuddtmon tov HA kot
petatpony] v B-TCP oe a-TCP AapBdvet xdpo oto tétopto Prpa (1100-1400 °C).
Y10 t€A0g TOL PNUaTOg OLTOD TOPATNPEITOL M UEPIKN TVPOCCLGMOUATOCT TOV
detypdrav €€ artiog g TENG TOL TVPOPOCPOPIKOV AGRECTIOV.

Ao 116 1660epueg amoppdenonc-ekpodenong Ny, vroroyiletar pe ™ ypnon
g e&iowong BET, n edwm emodveio (ssa), n omoia Nrav 45-53 m2/g YL oL pn
nopopéva detypata Kot 5-6 m%/ g Y10 To TUPWOUEVOL.

Y10 dg0TEPO UEPOC TNG MEAETNG MOG, TPAYLOTOTOMOOUE TEPAOTO
TPOCPOPNONG Yo TNV OTOUAKPVVOT] TNG YPwoTikng direct yellow 27 amd dtoahdpora.

Bpétnke 6t 0 HA €yet v peyaddtepn wovotnTa TpocspoOPnong 6€ GUYKPIOT| LE TO.



delypata OCP. Xto mepdpoto mpoopdédenong pelembnke m emidpaomn: o) g
OLYKEVTIPMOONG NG YPWOOTIKNG, M omoia Mrav 20, 30 ,40, 50 and 60 mg/L, B) n
ToGATNTO TOV TPOGPOPNTIKOV, N oroia NTav 0,025, 0,50, 0,1, 0,2 and 0,3 g kot To pH,
pe petafoin xatd 1 oty tiun tov and 3,5 éwg 11,5. Ta mepdpata £de1&av OTL N
TPOCPOPNON  TNG YPWOOTIKNG oav&dvel pe v adénon g TOGOTNTAS TOV
TPOCPOPNTIKOD, AGY® NG HEYAADTEPNG OBECIUNG EMPAVEING KOl GUVETMS TNG
HeYOADTEPNG KOVOTNTOS TPospdenons. H mpocpdenon e€aptdtar oe peydro Badbud
a6 o pH. Meyoddtepn amopdkpuvor TG YPOOTIKNG ToPpATNPEital 68 UIKPEG TIES
pH kot avtiotpopa pikpéc Tég amopdkpuvong oe peydieg tipég pH. ILy. yuw
ovykévipowon yxpootikng 20 mg/L kot mocdtro  mpocopoentkov 0,2g o1
aropdkpovven Ntav 92% oe pH 3,5 o 24% og pH 11,5. Ot mepapatikeég Tieg g
1600epung mpospdPNoNG delvouV va TEPLYPAPOVTOL GE PEYaALTEPO Pabud and v
elowon Langmuir tapd v Freundlich. Me Bdon v 1660eppo Langmuir 1 péyiot
wKavOTNTO TPOSPOPNoNG tvan 89,28 mg/g. Xoumepacuatikd Uropovie va moOUe OTL
0 vopoévamatitng, €vo LAMKO pe yopnAd KOGTOg mapoywyns, £0e1ée eSonpetikn

TPOGPOPNTIKN KAVOTNTA YL TV OTOUAKpLUVOT NG XpwoTiknS direct yellow 27.



Summary:

The present study was designed for two experimental parts. The first part
was constructed to synthesized phosphate materials of Ca/P atomic ratio of 1.67 and
1.33, which are stoichiometry of hydroxyapatite (HA) and octacalcium phosphate
(OCP). This part also showed the effect of different concentrations of threonine and
calcination effect at 900 °C on octacalcium phosphate. The second part of this study
deals with the application of these synthesized phosphate materials, at which we
removed azo-dye from aqueous solution.

The high-energy dispersing equipment used in combination with a pH
shock-wave method to synthesize HA and OCP. An 800 mL solution of 0.0538 mol of
Ca(H,PO4),.H,O and 0.1254 mol of CaCl, with a Ca/P molar ratio of 1.67
(stoichiometry of HA) used for synthesize HA and for the synthesize of OCP, 0.0538
mol of Ca(H,PO4),.H,O and 0.0891 mol of CaCl, with a Ca/P molar ratio of 1.33
(stoichiometry of OCP) used. The obtained powders of HA was detected single phase
in XRD analysis and the calculated lattice parameters were a= 9.427 A and c= 6.930
A (hexagonal P63/m). From XRD pattern of uncalcination samples of OCP, three
phases of OCP, monetite and HA were structurally analyzed. The calculated lattice
parameters for OCP were a= 10.733 10\, b=13.753 A and c= 5.832 A (orthorhombic
Pna-21). These values were slightly different from standard values, these differences
is due to the presence of multiphase and the element content on unit cell. After
calcination at 900 °C, two phases of B-TCP (monoclinic p2/c). and B-Ca,P,0; were
detected.

FT-IR analysis showed all the characteristic peaks of HA, OCP and B-TCP.
SEM micrograph showed the different morphology of samples. For HA, the observed

particles were spherical in shape and highly agglomerated. For THO the shape was



ununiform. After used different concentration of threonine the shape changed to
needle-like for TH2, spheroidal for TH4 and spherical for TH6. The calcined samples
showed the particles of botryoidal shape.

The thermal transformation takes place through four consecutive steps. The
first exothermic step (20-400 °0), mainly assigned removal of part of crystalline and
adsorbed water. The second step is endothermic (400-750 °C) and this step OCP and
monetite decompose to calcium pyrophosphate. The third exothermic step happen
between temperature 750-1100 °C. The main transformation observed here y-Ca,P,0;
to B-Ca,P,0; and the reaction between hydroxyapatite and calcium pyrophosphate to
form B-TCP. The partial dehydration of hydroxyapatite and the transformation of B-
TCP to a-TCP occurred in fourth step (1100-1400 °C). At the end of the thermal
experiment, we observed partial sintering of materials due to melting of
pyrophosphate.

The N, adsorption-desorption isotherms for the samples were measured by
using BET equation and the observed specific surface areas (ssa) were 45-53 m*/g for
uncalcination samples and 5-6 mz/g for calcination samples.

In the second part of our study, batch adsorption experiments were
conducted to investigate the removal of dye direct yellow 27, from aqueous solution.
We have found that hydroxyapatite has higher adsorption capacity comparing other
samples of OCP. The adsorption experiments were carried out to investigate the
factors that influence the dye uptake by the adsorbent, such as contact time, dye
concentration, adsorbent dosage and effect of pH. The concentration of dye solutions
used were 20, 30 ,40, 50 and 60 mg/L, adsorbent dosage were 0.025, 0.50, 0.1, 0.2
and 0.3 g and solution pH values were 3.5 until 11.5 with the regular pH difference of

1.The experimental results showed that the percentage of dye removal increases with



increasing the amount of adsorbent. An increase in the adsorption with the adsorbent
dosage can attributed to a greater surface area and the availability of more adsorption
capacity. The adsorption was greatly pH dependent. The high uptake of the dye
observed at low pH and low uptake at high pH. The experimental values were 92% at
pH 3.5 and 24% at pH 11.5 for 20 mg/L dye concentration and 0.2g of adsorbent. The
adsorption data followed the Langmuir model better than the Freundlich model and
the adsorption equilibrium was described well by the Langmuir isotherm model with
maximum adsorption capacity 89.28 mg/g. Finally, we can say that, hydroxyapatite
showed an excellent adsorptive characteristics for the removal of direct yellow 27 due

to its good adsorption capacity and its low production cost.
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GENERAL INTRODUCTION

1.1. General description of phosphate materials:

Phosphates are naturally present in all soils at varying levels. Much
progress in phosphate chemistry and technology has been made in resent years. The
name phosphorus came from Greek word which mean “light bearer”. It is discovered
in 1669 by an alchemist, H. Brandt. At the end of the 17" century, Boyle obtained
phosphoric acid by dissolving phosphorous oxide in water. In 1770, phosphorus was
recognized to be a main component in animal bone and teeth. In 1840, Liebig clarified
the availability of calcium superphosphate for plant nutrition. Phosphate fertilizer
represented by calcium superphosphate was the most important material among the

inorganic phosphate chemicals.

Phosphate salts are inorganic compounds containing the phosphate ion
(PO43), the hydrogen phosphate ion (HPO42), or the dihydrogen phosphate ion
(H2PO;;), along with any cation. Phosphate esters are organic compounds in which the
hydrogens of phosphoric acid are replaced by organic groups (e.g., methyl, ethyl,
phenyl), with one of their carbon atoms bonding to an oxygen atom in the phosphate
group. Nucleic acids and ATP both contain phosphate, bones and teeth contain
calcium phosphate. Phosphate rock (mainly calcium phosphate) is one of the four
most important basic chemical commodities. Phosphates were formerly used in
detergents, which washed into rivers and lakes, causing water blooms of algae and
bacteria , such use is now generally outlawed or regulated. Phosphates are still used in

fertilizers, baking powder, and toothpaste.

Anthropogenically derived phosphates have their sources in a wide range
of organic materials with the result that in occupation areas, burials, food processing
areas, latrine areas and animal compounds and droveways the phosphate levels in the
soil can be considerably enhanced. Once in the soil, phosphate is generally fixed in an
insoluble form to inorganic aluminium, calcium, and iron components, or associates
with organic molecules to form insoluble complexes. Fixed in this way it can survive
for long periods. In archaeology, identifying concentrations of phosphates through

phosphate analysis is extremely useful for the recognition and definition of settlement



sites, and mapping the different levels of activity within a site. Phosphates can also be
used to identify the presence of burials in ground where all physical traces have
vanished.

Calcium phosphates are used as bone substitutes because of its high
compatibility with bone tissues as well as adsorbents because of specific adsorption
properties against organic substances. There are many types of calcium phosphate
materials such as, hydroxyapatite, octacalcium phosphate, tetracalcium phosphate,
tricalcium phosphate, etc. Octacalcium phosphate, (CagH,(PO4)6.5H,0O, OCP: Ca/P
molar ratio= 1.33), often occurs as a transient intermediate in the precipitation of the
thermodynamically more stable hydroxyapatite (Ca;o(PO4)s(OH),,HA: Ca/P molar
ratio=1.67) , and has been suggested to be involved in the mineralization of biological
tissues, such as bone and dentine. Both OCP and HA are of great scientific interest in
the field of biomaterials due to their importance in the formation of mineralized
tissue.

In our present study, we used Ca/P molar ratio 1.67 and 1.33, which is
stoichiometry of HA and OCP. The method used here pH shock wave method with
high speed dispersing equipment. At the same time, we used different concentration
of threonine in order to see the effect on calcium phosphate material. Threonine is an
essential amino acid, serving as a carrier for phosphate in phosphoproteins. Threonine
is present in the heart, central nervous system, and skeletal muscle. It assists in
maintaining protein balance in the body and is important in the formation of collagen
and elastin. When combined with aspartic acid, methionine aids liver and lipotropic
function. Other names for threonine include: THR, amino acid T, and 2-amino-3-
hydroxy-butanoic acid. Some spectroscopic measurements, including X-ray
diffraction (XRD), fourier transformed infrared spectroscopy (FTIR), scanning

electron microscopy (SEM), differential thermal analysis-thermo gravimetric analysis

10



(DTG-TG) and nitrogen adsorption-desorption porosimetry used for the

characterization of material.

1.2. Phosphate materials as an adsorbent of dye:

Modern society cannot ignore the grandness of dye in everyday needs as
an aesthetic point of view. Dyes are applied to numerous substrates for example to
textiles, leather, cosmetics, plastic, paper, carpet etc. in order to bringing color into
our lives. One of the main characteristic of dye is that it must get completely or at
least partially soluble in which it is being put to and produce considerable amount of
colored wastewater. However, certain kind of dyes can be toxic, carcinogenic or
mutagenic and can pose as a hazard to health. The nature of pollution that
accompanies different textile and dyeing based industry is primarily due to the non-
biodegradable nature of the dyes along with the strong presence of toxic trace metals
or acid or alkali carcinogenic aromatic amines traceable in the effluents. The
presence of these species in aquatic systems reduces light penetration, which cause to
move more slowly photosynthetic activity and also has a tendency to chelate metal
ions producing microtoxicity to fish and other organisms.

It is very important that dyes need to be removed before the effluents are
discharged into water. It has always been a major problem due to the difficulty of
treating such wastewaters by conventional methods. Biological procedures, which are
widely utilized in the removal of dye, are very inefficient because of the low
biodegradability of dyes. To decontaminate the dying waste water, a variety of
methods such as coagulation, chemical oxidation and reduction, photocatalysis,

adsorption, ion pair extraction and electrochemical techniques has been examined.
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Adsorption techniques have been widely applied to the treatment of industrial
wastewater containing dyes, heavy metals and other inorganic and organic impurities.

Hydroxyapatite is an important inorganic material in biology and
chemistry. Since many years, calcium phosphate materials were suitable used for a
number of biomedical applications, e.g., artificial bone and teeth, as well as a carrier
for drug delivery. However, in the recent years, there has been increasing interest for
calcium phosphate materials as an adsorbent due to their ionic exchange property,
adsorption affinity, characteristic to establish bonds with organic molecules, low
water solubility, high stability under reducing and oxidizing conditions, availability

and low cost.

1.3. Objectives of the present study:

The broad objectives of the present study were,

(1) To prepare the calcium phosphate materials with economically convenient.
(i1) To investigate the effect of amino acid (threonine) on it.

(ii1) To observe the characteristic change after calcination of 900 oC.

(iv) To investigate the adsorption capacity for some selected dye.
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Part 1

LITERATURE REVIEW

2.1. Structure of phosphate material:

The general chemical structure of a phosphate

O

I
R—O—FI’—OH
OH

This is the structural formula of the phosphoric acid functional group as found in a

weakly acidic aqueous solution. In more basic aqueous solutions, the group donates the

two hydrogen atoms and ionizes as a phosphate group with a negative charge of 2. [1-3]

2.2. Chemical properties:

The phosphate ion is a polyatomic ion with the empirical formula PO4>~ and a molar

mass of 94.973 g/mol; it consists of one central phosphorus atom surrounded by four

identical oxygen atoms in a tetrahedral arrangement. The phosphate ion carries a negative

three formal charge and is the conjugate base of the hydrogen phosphate ion, HPO4*,

which is the conjugate base of H,PO,", the dihydrogen phosphate ion, which in turn is the
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conjugate base of H3POy4, phosphoric acid. It is a hypervalent molecule (the phosphorus
atom has 10 electrons in its valence shell). Phosphate is also an organophosphorus

compound with the formula OP(OR)3,

A phosphate salt forms when a positively-charged ion attaches to the negatively-charged
oxygen atoms of the ion, forming an ionic compound. Many phosphates are not soluble in
water at standard temperature and pressure. The sodium, potassium, rubidium, caesium
and ammonium phosphates are all water soluble. Most other phosphates are only slightly
soluble or are insoluble in water. As a rule, the hydrogen phosphates and the dihydrogen
phosphates are slightly more soluble than the corresponding phosphates. The

pyrophosphates are mostly water soluble.

In dilute aqueous solution, phosphate exists in four forms. In strongly-basic conditions,
the phosphate ion (PO,”) predominates, whereas in weakly-basic conditions, the
hydrogen phosphate ion (HPO,>") is prevalent. In weakly-acid conditions, the dihydrogen
phosphate ion (H,POs ) is most common. In strongly-acid conditions, aqueous

phosphoric acid (H3POy) is the main form.

More precisely, considering the following three equilibrium reactions:

H;PO4 = H' + H,PO4~
H,PO,” = H' + HPO, >

HPO,> = H' + PO~

The corresponding constants at 25°C (in mol/L) are
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H][H,PO, ]

- 3
Kag = ~ 6.92 x 10
1T T [H,POy] .
. _ [HT]HPOI] s
Ky = [H,PO;] 6.17 x 10
. _ [H)[POY] 13
Koy =——=5—=4.79 x 10
@ = TTHPO? ] 8
For a strongly-basic pH (pH=13),
[HPO; | 0 [HPO3F™ < [POYT o
[HyPOy) 7o x 1077, [H,PO;] 0.2 > 107, [IIPOi_] =214
showing that only PO,>~ and HPO4*" are in significant amounts.
For a neutral pH (for example the cytosol pH=7.0),
[H,PO; | ., [HPO3Z~ PO . B
7. ——— ~ 062, ——— ~ 214 x 1
m,p0, ~ 2 mpo;) = Y meor < 10

so that only H,PO4™ and HPO42_ ions are in significant amounts (62% H,PO. ", 38%
HPO,”"). Note that in the extracellular fluid (pH=7.4), this proportion is inverted (61%
HPO,”", 39% H,POy4").

For a strongly-acid pH (pH=1),

[PO?]

[H,PO; | [HPO | . . . 412
~ ~6.2x1 — 1~ 214 x 107"
| = 02310 por x 10

m,p0, = V7 [m,po;

showing that H3;POy, is dominant with respect to H,PO,". HPO,” and PO, are

practically absent.
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Phosphate can form many polymeric ions such as diphosphate (also pyrophosphate),
P2074_, and triphosphate, P30105_. The various metaphosphate ions have an empirical

formula of PO3;™ and are found in many compounds.

Phosphate deposits can contain significant amounts of naturally occurring uranium.

Uptake of these substances by plants can lead to high uranium concentrations in crops.
2.3. Cellular function:

Phosphate is useful in animal cells as a buffering agent. Phosphate salts that are
commonly used for preparing buffer solutions at cell pHs include Na,HPO, , NaH,PO, ,

and the corresponding potassium salts.

2.4. Characteristics of inorganic phosphate materials:

Outstanding characteristics of solid phosphates are listed below.

(I) Many phosphates have water-affinity.

(2) Many phosphates hydrolyze easily.

(3) One-dimensional chain polymers are easily formed.

(4) The P-O ion structure is anisotropic.

(5) The volatility of P component in phosphate is high at high temperatures.
(6) Phosphates are easily fusible at low temperatures.

(7) Many phosphates are corrosive.

(8) Many phosphates are highly soluble in acidic solution.

(9) Phosphates, especially calcium phosphates, are closely related to biological materials.

(10) Rock phosphates are necessary as a raw material of various phosphates.
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These characteristics can be understood if the phosphate compounds are compared with
solid silicate compounds. [4-7] are due to the anti-branching-rule[5] of the phosphate ion.
Bonding energy between M, where M is Si, P or S, and oxygen, follows the order (S-
0)>(P-0)>(Si-0).[6] Thus the P-O bond is seen to be intermediate between Si-O and S-O
bonds. Roughly speaking, a sulfate is chemical-agent-like, while a silicate is mineral-like,

therefore a phosphate is intermediate and ambiguous.[8-11]
2.5. General description of calcium orthophosphates:

The calcium orthophosphates are conventionally classified according to their ca/P molar
ratio, which varies from 0.5 to 2. These salts are insoluble except for Ca(HPO,4), and
Ca(HPO,). H,0O. Hydroxyapatite is the most insoluble salt in the neutral and alkaline
solutions. Therefore, all of the calcium orthophosphate salts in table :1 can be converted
into hydroxyapatite at a pH higher than 5 [12]. Except for tricalcium and tetracalcium
phosphates, these salts can be formed in aqueous solutions. However, when a small
amount of divalent cation with an ionic radius of 0.07 nm, typically magnesium, is
present in solution such as body fluid, whitlockite, that has a structure very similar to -

tricalcium phosphate, is precipitated [13].

Dicalcium phosphate dehydrate (DCPD) with the formula CaHPO,. 2H,0 and dicalcium
phosphate anhydrous (DCPA) with the formula CaHPO, are stable phases at a pH lower
than 4.5-4.3 at 25°C [14]. Dicalcium phosphate anhydrous is 0.680 times less soluble
than dicalcium phosphate dehydrate.  Dicalcium phosphate dehydrate gradually
dehydrated in water at 60-100°C resulting in the formation of dicalcium phosphate

anhydrous.

The calcium orthophosphates are salts of the tribasic phosphoric acid, H3P04, and thus
can form compounds that contain H2P04'1,HPO42' or PO43' ions. Those with H2PO4'1 ions
only form under rather acidic conditions, and are therefore not normally found in
biological systems. However, both HPO,* and PO, ions occur in the mineral of bones

and teeth and in various pathological calcifications. Some calcium phosphates are

17



hydrated and those that belong to the basic apatitic calcium phosphate family contain OH

!ions.

Table 2.5: Calcium Orthophosphate Family

Abbreviat coP
) Explanation Chemical formula ~ molar
on ratio
MCPA Monocalcium phosphate anhydrous Ca(POy)2 0.50
MCPM Monocalciumphosphate monohydrate  Ca(HPO,).H.O 0.50
DCPD Dicalcium phosphate dihydrate CaHPQ4.2H,0 1.00
DCPA Dicalcium phosphate anhydrous CaHPO4 1.00
OCP Octacalcium Phosphate CagH2(PO4)6.5H.O0 1.33
ACP Amorphous calcium phosphate Caz(PO4)2.nH0 1.50
TCP Tricalcium phosphate Caz(POy)2 1.50
a-TCP a-Tricalcium phosphate a-Caz(POy)2 1.50
B-TCP B-Tricalcium phosphate B-Caz(POa4)2 1.50
HA Hrdroxyapatite Caio(PO4)s(OH),  1.67

Pyrophosphates (P,O;", dipolyphosphates) and polyphosphates, which contain P-O-P
bonds, are of less biological importance than the orthophosphates, although calcium
pyrophosphates occur in some pathological calcifications. Pyrophosphates are potent
inhibitors of nucleation and crystal growth of CaPs in aqueous systems, and are also
sometimes formed on ignition of hydrogen orthophosphates. In addition to their
biological importance many CaPs occur as minerals [I5-18], the most important of these

being the apatites whose mineralogy will be briefly mentioned below.

The CaPs are all white solids (unless doped with a coloured ion), most are sparingly
soluble in water, and some are very insoluble, but all dissolve in acids. The preparation
and chemistry of the CaPs [19-21], ortho- and polyphosphates [9, I 0], and the alkaline
earth ortho- and polyphosphates [22-24] have been reviewed. Structural aspects of

biological CaPs have been discussed [25]. Details of the preparation and characteristics
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of the calcium pyrophosphates [26], and the preparation, X-ray, optical and IR
characteristics of alkaline earth and other ortho- and pyrophosphates [27] have been

published.

Well-known calcium orthophosphates other than apatite are Caz(P04), (TCP),
Cay(P04),0(hilgenstockite), Ca(H,P04),, Ca(H,P04),.H,0, CaHPO, (monetite), CaHPO4¢
2H,0 (brushite), CasH»(P04)s. SH>0 (octacalcium phosphate; OCP) and Ca3(P04),-3-
4.5H,0 (amorphous calcium phosphate; ACP). The dihydrogen phosphates are water-
soluble and important fertilizer salts. B-TCP is often called whitlockite. However natural
whitlockite is considered to be a compound with hydrogen phosphate like
6Ca3(P04),.2MHP0O; (M = Mg, Mn, Fe). Both OCP and ACP are interesting biologically
and crystallographically as precursors during the course of HAp formation in vivo. The
other calcium phosphates, some of which have industrial uses, are employed mainly as
sources or reagents for the preparation of various calcium phosphate-containing

materials.

Precipitates, especially HA and related calcium phosphates such as ACP and OCP, from
calcium phosphate solution have been studied in detail with respect to various reaction
factors, e.g., degree of super saturation, concentration of solution, pH, mixing ratio of
Ca/P, temperature, ripening duration and coexistent ions. The ACP has been thought to
change in neutral to alkaline media into apatite in the course of ACP -> HA
(Ca/lp<1.67) = HA (Ca/p = 1.67). Recently, it has been suggested that ACP changes to
HAp through two processes, i.e., ACP > OCP-> HA (Ca/p<1.67) 2> HA (Ca/p = 1.67),
and ACP-> HA (Ca/p = 1.67) directly [28].

2.5.1. Amorphous Calcium Phosphate (ACP):

ACP is amorphous with the composition of Caz(POs),.nH,O (n=3-4.5), which
corresponds compositionally to a calcium deficient Ha. ACP forms mostly as spherical
particles of ca. 300-1000 A’ in diameter and has a surface area of ca. 30-120 m2/g [28].

X-ray diffraction of ACP gives an amorphous pattern as shown in figure 2.5.1 (a)
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[29,30]. IR and ESR results show a lowering of the symmetry of POy tetrahedra and the
absence of a strong crystalline field in ACP [31,32].

ACP

Relative intensity

268 (deg, Cully)

Figure 2.5.1 (a): Comparison of X-ray diffraction patterns of ACP and well crystallized
HA.

(Reproduced with permission by Posner, A.S and Betts, F., Accounts Chem. Res., 8, 274
(1975)).

The formation of ACP from solution involves an induction period or formation time
(tacp), with increases in initial [Ca] x [P] solution product, Ca/P mixing ratio, temperature

and pH, tacp becomes shorter.[33]
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Figure 2.5.1 (b): Effect of pH on the transformation of ACP to HA at 26 ocC.
(After Boskey, A.L. and Posner, A.S. J. Phys. Chem. 77, 2314(1973)).

At values below pH 6.6, CaHPO4.2H20 formed instead of ACP, and was gradually
converted to OCP or HA [34] (Fig. 2.5.1 (b)). ACP forms in vitro over a wide range of
initial [Cal X [P] mM2 from 2.5 X 10 to 5 X 10’ as long as the precipitation is carried out
in alkaline medium [35]. Coexistence of Na" and K™ does not change tacp, however
EDTA and citrates increase tacp, Trace amounts of C032', Mg2+, F'" and P2074' decrease t

acp longer in this order, and polymer electrolytes also tend to increase tacp [33].
2.5.2. Thermal Changes:

ACP crystallizes to OCP or HA in aqueous solution, whereas in dry atmosphere it
crystallizes to TCP with heating. An endothermic peak around 150 °C corresponds to
dehydration of ACP, and an exothermic peak at about 660 °C to crystallization into a-
TCP, and the o form converts exothermically into - TCP at about 870 °C. With further
heating, the £ form transforms into the o form at about 1180 oC. Apparent activation
energies for the dehydration were 10.5 and 20.0 kcal/mol for loosely held water and
tightly bound hydrate water, respectively [36]. The formation of the a form at such a

thermodynamically unstable temperature range was studied in detail [35,37,38].
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Complicating features of the crystallization were observed depending on preparative
conditions as shown in figure 2.5.2 [37]. ACP samples prepared form solution with low

initial [Cal x [P] products tended to first crystallize B- TCP only or an o and - TCP

mixture.
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Figure 2.5.2: Thermal changes of ACP at different [Ca] x [P] products (left) and Ca/P

mixing ratios (right).
2.6. Tricalcium Phosphate (TCP):

Tricalcium phosphate is a compound with formula Caz(POy),. It is also known as calcium
orthophosphate, tertiary calcium phosphate, tribasic calcium phosphate, or "bone ash"
(calcium phosphate being one of the main combustion products of bone). TCP is typically
more soluble and less crystalline than hydroxyapatite. TCP is extremely biocompatible
and act as an osteoconductive scafold. Tricalcium phosphate comes in two forms, alpha
(o) and beta (B) TCP. The o-TCP is more soluble than B-TCP and has a faster
bioresorbable profile in vivo. In minerals, "calcium phosphate” refers to minerals
containing calcium ions (Ca™) together with orthophosphates (PO, metaphosphates or
pyrophosphates (P,0,") and occasionally hydrogen or hydroxide ions. Especially, the

common mineral apatite has formula Cas(PO4);X, where X is F, CI, OH, or a mixture; it is
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hydroxyapatite if the extra ion is mainly hydroxide. Much of the "tricalcium phosphate"

on the market is actually powdered hydroxyapatite.

2.6.1. Structure of some calcium phosphate materials:

Q
o-F-o| |ca®

O
2 3

Tricalcium phosphate - Ca3(PO4),

O

I
HO-P~o | |Ca®
OH |,

Calcium dihydrogen phosphate

O

[l
HO-F~0O .
O Ca

Calcium hydrogen phosphate

2.6.2. Reaction with H,O:

TCP has been found to react with H,0 below 100°C [39]. The reactions are expressed as

follows, depending on pH.

TCP + 6H,0 - 2CaHPO, . 2H,0+Ca(OH),
3TCP+ 7TH,0 = OCP+ Ca(OH)2
10TCP+6H,O - 3HA+2H3P0,
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Formation field of the products was obtained with respect to pH and temperature as

shown in figure 2.10 compared with that from CaHPO,4. 2H,0 [40]. These hydrolysis

Temperature ('C)

ptf
Figure 2.6.2: Hydrolysis products of a-TCP (A) and CaHPO,. 2H,0 (B)

reactions are used in the preparation of OCP and HA. In particular, the hydrolysis
reaction of TCP is unique in that the reaction of powdery TCP carried out without stirring
is accompanied by a hardening or solidification phenomenon [39,41]. Similar phenomena
are well known for calcium sulfate hemihydrates and Portland cement. The solidification

occurs with entanglement of produced microcrystals of OCP or HA.

2.7. Calcium pyrophosphate:

Calcium pyrophosphate (Ca,O7P») is a chemical compound that can be formed by the
reaction of pyrophosphoric acid and a calcium base or by strongly heating calcium
hydrogen orthophosphate or calcium ammonium orthophosphate. It is commonly used as
a mild abrasive agent in toothpastes. Deposition of CPPD in articular joints causes an

arthritis condition called pseudogout.
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Structure of calcium pyrophosphate.

2.8. Octacalcium Phosphate (OCP):

Octacalcium phosphate, CagH»(PO4)s.SH,O (OCP), often occurs as a transient
intermediate in the precipitation of the thermodynamically more stable hydroxyapatite
(HA) [42], and has been suggested to be involved in the mineralization of biological
tissues, such as bone and dentine [42-44]. The inorganic phase in these calcified tissues is
a poor crystalline carbonated apatite, which, however, could be just the final phase of a

process where OCP acts as a precursor phase.

HA crystallizes in the hexagonal space group P6s,,. Biogenic apatite crystals from bone,
dentine and calcifying enamel exhibit or ribbon-like shapes and are elongated along the
c-axis [45-47]. The plate like habit, which is not consistent with apatite symmetry, is one
of the reason why OCP is thought tobe involved in the first stages of mineralization of
bone and tooth tissues [48]. In fact, crystallizes as {100} blades of triclinic pinacoidal
symmetry, alongated along the c-axis and bordered by the forms {010}, {001} and {011}
[44]. Although the triclinic structure of OCP, space group P1, does not exhibit any
sixfold symmetry relation, its similarity with HA structure is remarkable. The unit cell
consists of a layer practically identical to the unit cell of HA and a layer with more
widely spaced PO,> and Ca®* ions and H,O molecules interdispersed. Apatitic layers,
about 1.1 nm thick alternate with hydrated layers, about 0.8 nm thick, parallel to the
(100) face [49]. Figure 2.8 shows the projections along the (100) plane of the structures
of OCP and HA, together with a tridimensional scheme of the layered OCP structure.
OCP hydrolyzes in water to HA. It has been suggested that the transformation of OCP to
HA takes place through in situ hydrolysis of OCP, and/or dissolution of OCP followed by
HA precipitation [42, 49-51]. The involvent of the exchange of ions and water molecules

between solid and solution phases
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Figure 2.8: Projections along the (100) face of the structures of OCP and HA, together
with a tridimensional scheme showing the alternating apatitic and hydrated layers parallel
to the (100) face of OCP. The dark spheres indicate the Ca atoms, the white spheres show
the oxygen atoms of water molecules in OCP, as well as of OH group in HA, and the

shadowed tetrahedral indicate the phosphate groups.

[49], as well as the great influence of pH on the transition rate [50-51], suggests that the
dissolution/reprecipitation process is the most probable. Flouride, carbonate, citrate, as
well as several mono and divalent cations, have been found to influence the conversion of
OCP to HA [51-56]. Furthermore, the same ions, when present during the synthesis of
OCP, can affect its growth and morphology, the presence of magnesium, carbonate and
fluoride, for instance, suppresses the growth of OCP along the c-axis under most

conditions [57-59].

OCP structure can incorporate a large variety of inorganic and organic species [60]. Thus,
the presence of impurities which stabilize or destabilize OCP [61-62] could affect not
only the relative rate of crystallization and hydrolysis but also the composition and
structure of the calcium phosphate finally formed [53,63]. Ionic incorporation during

OCP transformation into HA could account also for the nonstoichiometry and poor
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crystallinity of biological apatites [43]. OCP has been found in dental calculi [64,65], as
well as in other pathological calcifications [66]. Furthermore, high resolution electron
microscopy images of calcifying dentine revealed the presence of OCP in the central part

and of HA at the extremities of the same crystal [47].

It must be remembered that the process of mineralization of biological tissues takes place
in an environment rich in acidic macromolecules, which can affect crystallization and
growth of the mineral phase [67]. Because of the presence of many charged groups, such
as carboxylate, phosphate and sulphate groups, the acidic macromolecules can interact
with the charge crystal surfaces. The interaction can be specific, with the protein adopting
a conformation and exhibiting charge distribution and repeating distances matching some
structural motif of the mineral crystal, or even non-specific, due to multiple electrostatic
interaction [68]. The results of in vitro experiments carried out on OCP crystallization
suggest a specific interaction of the highly phosphorylated acidic protein,
phosphophoryn, with the (010) face, whereas carboxylate rich proteins seem to interact
preferentially with the hydrated layer of the (100) face [68]. It has been verified that some
synthetic polyelectrolytes can affect the nucleation and growth of calcium phosphates
playing a role similar to that played in vivo by biological macromolecules [69]. In
particular it has been verified that the presence of polyacrylic acid, aswell as its sodium
salt, inhibits the synthesis of hydroxyapatite [69-70]. The presence of the carboxylate-
rich polyelectrolyte affects also the morphology of the crystals, suggesting that its
significant adsorption on HA crystals takes place through interaction with the phosphate
sites on the (100) faces [71]. Furthermore, polyacrylic acid, as well as its sodium salt, is
easily and irreversibly adsorbed on HA through a process which has been ascribed to

electrostatic interactions and/or hydrogen bonding forces [72].

2.8.1. A Survey on Different Methods for Synthesizing OCP:

OCP is one of the most important calcium phosphates and has a high compatibility with

bone tissues as well as HAp. In vitro crystal growth studies have been reported in which
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dicalcium phosphate dehydrate (DCPD) and amorphous calcium phosphate (ACP) could
be hydrolyzed to HAp via OCP [73-75]. Thus, the basic study of OCP offers useful
information about biological mineralization processes [ 76-79]. Furthermore, OCP is paid
much attention as a functional material with a large potential for being applied as calcium
phosphate compound containing organic substances like medicine. This is because only
OCP in many kinds of calcium phosphates has a unique layered structure composed of
alternative layers of apatitic and hydrate. In addition, some organic matter, especially
with a di-carboxylic group, can be intercalated between these uniquely alternative layers.
However, it is well known that synthesizing pure OCP is difficult because the crystalline
structure of OCP is unstable and can be easily hydrolyzed to HAp near room temperature

[80-82].

Nakabhira et al. successfully synthesized OCP by a hydrolysis of B-tricalcium phosphate
(Ca3(P04)2, a-TCP: Ca/P molar ratio = 1.50) [83,84]. However, the formation of OCP by
the hydrolysis of a- TCP was limited within narrow processing conditions, and this
restriction makes the synthesis of OCP difficult. Additionally, OCP could not be sintered
as ceramic because of its thermal dehydration property. In the case of organic substances
being added to OCP for developing new functional properties, organic matter could be
easily decomposed at relatively low temperature [85,86]. The above features inhibit new
application of OCP as potential biomaterial, artificial bone. Few studies have been
reported about how OCP was used as a new material [87,88]. Therefore, it is expected
that OCP ceramic can be used as an important material like artificial bone for the
following reasons: (1) if OCP ceramic had an improved mechanical property, this can
support to the body as artificial bone; (2) OCP is believed to be more bioactive than HAp
when used clinically to fill bone defects because OCP is transformed into HAp in vivo

[89].

Shiho et al. [90]. showed hydrothermal hot-pressing (HHP) method can achieve
densification of dissolvable powder materials at extremely low temperatures below
200°C. It has been reported that with the HHP processing technique, it is possible to
promote the solubility of particles and connect with these particles under the low

temperature condition [91-104]. In this process, not only OCP but also adipic acid-
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intercalated OCP (Adi-OCP) as an organic-inorganic hybrid for the development of
functional biomaterials were synthesized and used as starting materials. Then,
fabrications of OCP bulk ceramics with mono phase of OCP and Adi-OCP were
attempted by HHP. The hydrothermal hot-pressing method was a feasible way to
fabricate OCP ceramics without thermal dehydration and thermal decomposition.
Mechanical properties of the OCP ceramics could be improved by HHP treatment as low

as 110°C. The OCP ceramics showed good bioactivity in the SBF immersion test.

Recent studies demonstrated that OCP could stimulate osteoblastic cell differentiation in
vitro [105-108]. In vivo studies showed biodegradabiliy and replacement by newly
formed bone [109-112]. Also, OCP coating on metallic implants promoted
osteoconductivity [113], osteoblastic cell proliferation [114] and ectopic osteoinduction
in some cases [111,115]. There is a general consensus that OCP is a metastable calcium
phosphate salt at physiological pH and temperature. The transition of OCP to HA is
thermodynamically favored. This transition proceeds spontaneously and irreversibly once
initiated [116,117]. Also, this conversion is accompanied by changes in the
physicochemical aspects including: 1) base consumption if converted from amorphous
calcium phosphate to HA via OCP-like phase [118,119]; 2) calcium consumption and
phosphate release [120,121]; 3) progressive increase of the Ca/P molar ratio [122-124];
4) progressive decrease of acid phosphate in total phosphorus [105,125]; 5) modification
of the adsorption affinity of serum proteins [126]. It is also becoming clear that major
incorporation of impurities, such as carbonate and fluoride ions, into biominerals occurs

during the hydrolysis [122,127].

Mathew et al. [128] proposed an example of the non-stoichiometric formula of OCP,
Cal6H4+X( P0O4)d OH)x- (10 - X)H,0 with excess hydrogen in the structure. In fact, the
non-stoichiometric OCP has been shown to have approximately 40% HPO04 that excess
proton can release if extracted in an alkaline condition without disruption of the OCP
structures and its labile HPO4 can be reordered in its stoichiometric 33% if re-extracted in
a neutral condition [125]. A previous study suggested that partially hydrolyzed OCP has a
common structural feature with partially dehydrated OCP which is derived from

disordered structure in the hydrated layer of OCP [129]. Thus, OCP exhibits a variety of

29



stoichiometries in composition and structure, most probably due to the existence of the

hydrated layers which stack alternately with the apatitic layers [130].

Naohisa et al. [131] investigated whether subtle compositional and structural changes of
OCP, caused by partial hydrolysis, affect its osteoconductive characteristics when
implanted in rat bone marrow. Furthermore, the biodegradability of the OCP was
compared to the typical, biodegradable bioceramic B-tricalcium phosphate (B-TCP). Ca-P
ceramic biodegradation is the highest in marrow tissue, and higher in cancellous bone
than in cortical bone, hence marrow tissue has been suggested to be better for testing
material biocompatibility in vivo [132]. They have found that the stoichiometry of OCP,
controlled by the partial hydrolysis of OCP in the synthetic preparation, influences the
osteoconductivity, biodegradable characteristics and immune response of this material in
bone marrow. The partial hydrolysis, observed as the onset of the conversion to HA,
decreased the crystallinity with the formation of a very small amount of HA in the OCP

crystals.

Arellano et [133]. al produced octacalcium phosphate (OCP) powder by precipitating
250 mL Ca(CH3COOH 0.04 Minto 750 L of phosphate solution (5 mmol Na,HPO, and 5
mmol NaH,P0,4) at a constant temperature of 60 °C and pH 5, which resulted in a dry
white powder. X-ray diffraction (XRD), transmission electron microscopy (TEM)
analysis, and the electron diffraction pattern (SAED) all showed only OCP.
Hydroxyapatite (HAP) was directly obtained through hydrolysis of the powder. The total
transformation of OCP into HAP was registered over a period of 6 h. During the first 30
min of hydrolysis both phases coexisted. The two phases and the OCP-HAP interface
were structurally analyzed through XRD and TEM. Xin et al.[134] reported the formation
of OCP into HAP by electron beam radiation in situ obsevations in the transmission
electron microscope (TEM) also observing OCP and HAP domains as a result of solid-
state-transformation mechanism in the OCP crystals. Recent intensive studies on the
experimental application of synthetic OCP have shown that it has the potential to enhance

new bone formation [135-141].
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The osteoconductive nature of synthetic OCP was found first by its subperiosteal
implantation in mouse calvaria in comparison with synthetic hydroxyapatite [135,142].
Several studies have been conducted to investigate the possible use of synthetic OCP as a
bone regenerative scaffold in various forms, such as coatings on metallic implants [138-
140,143], micro scaffold self-assembled [144,145] and granules [135,137,141,142,146].
Recent in vitro studies disclosed that OCP facilitates osteoblastic cell differentiation
[141,144,145], and that marked increase in osteoblast-related gene expression, such as
osterix and alkaline phosphatase (ALP), was observed depending on the dose of OCP
[147]. It has been shown that synthetic OCP is converted into HA both in vivo
[135,141,142,148] and in vitro [141,149-151]. Previous studies showed that a process of
OCP-HA conversion involves exchanges of calcium and phosphate ions with surrounding
tissue milieu [1141,152,153] and is involved in promoting osteoblastic cell differentiation
[141,147] and bone regeneration [135,141,142]. OCP can be converted topotaxially
without changing its original morphology [150,154,2155] even in vivo, where bone
formation was accelerated by its implantation [156] thereby providing a scaffold for

osteoblast attachment, proliferation and subsequent differentiation.

It is known that solubility at physiological pH decreases in the order of OCP, B-tricalcium
phosphate (B-Caz(P0s),; B-TCP) and HA [152]. BTCP is widely accepted as a
biodegradable bioceramic and used clinically [157-159]. Thus, OCP is the most soluble
salt among them. So a lot of attention has been paid to the use of synthetic OCP with the
expectation of it acting as potentialloci for the nucleation of bone induction in orthotopic
sites, which could be replaced with a significantly higher volume of newly formed bone
compared with the other calcium phosphate phases such as HA [157,158] or amorphous
carbonated apatite [143]. It has been explained that the biodegradable characteristics of
OCP are acquired via its resorption by osteoclast-like multinucleated giant cells
(MNGCs) in bone marrow spaces [136,146,160] after a larger amount of new bone
deposition compared with the amount by HA [146], in addition to its soluble nature in
physiological condition. However, it is still uncertain whether the enhanced bone
formation is induced coupled with osteoclastic resorption of OCP in not only bone

marrow spaces but also in an environment near to intramembranous bone, such as the
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calvaria. The subperiosteal region of intramembranous bone is considered to be a less

reactive site compared with the bone marrow site regarding bone formation [161,162].

Kikawa et.al [163] designed to investigate whether synthetic OCP in granule form has
biodegradable characteristics when implanted in the subperiosteal area of mouse calvaria
in comparison with non-sintered stoichiometric HA, especially in relatively short periods
after implantation. OCP crystals exhibited plate-like morphology, whereas HA crystals
had a sphere-like structure. Both crystals had large pore volumes >75% in total, with
micropores within the granules. Direct bonding of newly formed bone was discernible in
HA until 35 days after implantation by element analysis for calcium and phosphorus.
However, histomorphometric analysis demonstrated that bone formation was facilitated
on OCP surfaces with greater alkaline phosphatase activity than on HA up to 21 days.
The surfaces attacked by tartrate-resistant acid phosphatase positive osteoclast-like cells
were significantly greater than those of HA. OCP became encapsulated and replaced with
new bone with prolonged implantation periods up to 180 days. The results suggest that
the enhanced bone formation in mouse calvaria could be associated with the
biodegradable nature of OCP, and that OCP could be used in augmenting

intramembranous bone volume.

There is a general consensus that the OCP structure stacks apatitic layers alternatively
with hydrated layers, and that the transition of OCP to hydroxyapatite (Ca;o(P04)s(OH)2;
(HA) is thermodynamically favored [166,167]. Because of the transitory characteristics
of OCP in the physiological condition [165-167], the detection of OCP in these calcified
tissues is not easy. The direct evidence of the presence of OCP, however, was obtained as
the inclusion in the central part of a dentin crystal and apatite in the outer most layers of
the same crystal [168]. The mineral prototype of bones and teeth is usually considered to
be basic calcium phosphate HA [169-171]. The biomineral displays better crystallinity
and a higher molar ratio with mineral development [169-171]. The final biological apatite
crystals are constituted of poorly crystalline HA with a low Ca/P molar ratio, i.e. Ca-
deficient HA, containing foreign ions, such as carbonate and fluoride. Conversion of
synthetic OCP into HA has been investigated in various physiological media, such as

simulated body fluid [172] and ultrafiltered human serum [173], and by murine tissue
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implantation [164,174,175]. It has been shown that the apatite converted from OCP in in
vitro physiological conditions was a Ca-deficient HA, which has a chemical composition

with a lower Ca/P molar ratio and a higher acid phosphate content [176].

Suzuki et. al [177] demonstrated that the implantation of OCP markedly enhanced bone
formation compared to the implantation of hydrolyzed Ca-deficient HA from OCP.
Osteoblastic cell proliferation and the differentiation were also facilitated on OCP in
vitro. Since OCP tended to convert to apatite both in vivo and in vitro, it is conceivable
that OCP supports not only appositional bone formation but OCP-apatite conversion may
be involved in this stimulatory effect of OCP. Their results reconfirmed one of the
attractive aspects of OCP as a bone substitute material that enhances bone regeneration.
Since OCP is thought to be a precursor of biological apatite crystals in bones and teeth
[178-180], studies of the mechanism of bone formation by synthetic OCP implantation
may lead to the elucidation of the mechanism of biomineralization during bone

formation, in addition to the understanding of OCP as a bone substitute material.

2.8.2. Thermal transformation of Octacalcium phosphate:

The thermal decomposition of OCP is complex. OCP with partial loss of water of
hydration, collapsed OCP, DCPA (CaHP(,), HA, B-Ca,P,0; and tripolyphosphate are
formed as the temperature increases, with these compounds persisting over different
temperature ranges. The products also often depend on the duration of heating.
Octacalcium phosphate (OCP), CagH,(PO4)6.5H>O undergoes a thermal evolution

represented by the following canonical chain of reaction:

Casz(PO4)6.5H20 200°C CagHg(PO4)5.H20
— »
400°C 2Cas (PO4)30H+ B-CazP.07
R

However, the production of pyrophosphate is a negative factor. Therefore, the OCP is not
a thermally stable compound and it is therefore an unsuitable constituent of a material
designed ceramic bodies.When this substance occurs, either originally or through
formation, it may react with calcium oxide or calcium carbonate ( originating from the

breaking up of other phosphates) to give rise to the reaction:
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CagHg (PO4)5.5H20 +Ca0 — 303.3(PO4)2 + GHZO
Or, CagH>» (PO4)5.5H20 +2Ca0 —* 20&5(PO4)3 OH+ 5H,0

2.8.3. Solubility and hydrolysis of OCP:

The effects of solution Ca/P ratio and degree of saturation on the dissolution kinetics of
OCP at constant pH 5.75 and 25 C have been studied [181]. The results indicated that
the dissolution of OCP can apparently be controlled by two processes (probably transport
and nucleation), depending on the undersaturation and Ca/P ratio. The dissolution has
also been investigated [182] at constant undersaturation using constant composition
methods. The kinetic data were analyzed in terms of recent crystal growth theories using
a nonlinear least squares procedure. A rate equation was derived for a spiral dissolution,
following detachment-desorption-volume diffusion mechanism at very low kink
densities. The results indicated that processes at the crystal surface were much more

important than volume diffusion in determining the rate of dissolution.

OCP hydrolyses in water to HA with contributions from both the reactions:
CagHz(PO,).5H,0+ 2Ca** — 2Ca5(PO4)30H + 3H20 + 4H" (i)
1.2 5CagH2(PO4)s. 5SH,O ——»  2Cas (PO4)3 OH +1.5 H3PO4+ 4.2 H,O (ii)

The hydrolysis of OCP to HA at different calcium and phosphate concentrations has been
studied [183]. Carbonate ions slow the rate [184] and are retained in the solid [185,186].
The amount of carbonate incorporated depends markedly on which alkali carbonate is
used [187] . These results have led to the suggestion that it might be possible for part of
the carbonate to be situated in some type of gross defects introduced during hydrolysis,
rather than on true lattice sites [188,187,189] . Na* ions can also be retained during
hydrolysis [185]. Mg2+ ions inhibit the reaction [186]. A recent study [190] of the
transformation of OCP to apatite using scanning and transmission electron microscopy

and IR demonstrated the inhibiting effect of Mg2+ , citrate and pyrophosphate ions and
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facilitation by Fl', C032', HPO42', and Ca’+ ions. Solution pH, ionic concentrations and

OCP crystal size also influenced the rate of transformation.

2.8.4. Stability in aqueous solution:

OCP is thermodynamically metastable with respect to CaHPO.2H,O in acidic solutions
and to HA in slightly acidic to alkaline solutions. Stability of OCP is strongly affected by
solution conditions. For instance, OCP is stable in water, at pH 6 arid 40° C for up to 9
days. The addition of F'~ ions markedly the conversion to fluoridated apatite (FAP). This
reaction is applied in the preparation of FAP. OCP converts to FAP with 4.0 % F content
by treatment in O.1M NaF or KF solution at 45° or 40° C for 7 or 21 days [191-192].
Even in dilute solutions of F'", OCP converts easily into a partially fluoridated HA [193].
In an alkaline solution of pH 12, about 50% OCP converts to HA at 40° C for 3 hours
[193]. When OCP is boiled in water, it converts to HA after 3 days [194].

2.8.5. Catalytic property:

OCP shows typical acidic behavior as a catalyst, i.e., strong dehydration character for the
thermal decomposition of alcohols as well as nonstoichiometric HA and CaHP0,, 2H,0.
Increases and decreases in acidity and acid strength are considered to be correlated to
various thermal changes in HPO, groups, lattice and adsorptive water contained in OCP

[195].

2.9. General description of hydroxyapatite (HA):

Hydroxyapatite is a mineral which is a naturally occurring form of calcium apatite with
the formula Cas(PO4)3(OH), but is usually written Ca;o(PO4)s(OH), to denote that the
crystal unit cell comprises two entities. Hydroxylapatite is the hydroxyl end member of
the complex apatite group. The OH™ ion can be replaced by fluoride, chloride or
carbonate. It crystallizes in the hexagonal crystal system. It has a specific gravity of 3.08
and is 5 on the Mohs hardness scale. Pure hydroxyapatite powder is white. Naturally
occurring apatites can however also have brown, yellow or green colorations, comparable

to the discolorations of dental fluorosis.
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Substitutions in the HA structure is possible. Substitutions for Ca, PO4 and OH groups
results in the change in the lattice parameter as well as changes in some of the properties
of the crystal, such as solubility. If the OH'" groups in HA are replaced by F'" the anions
are closer to the neighboring Ca®* ions. This substitution helps to further stabilize the
structure and is proposed as one of the reasons that fluoridation helps reduced tooth decay
as shown by the study of the incorporation of F into HA and its effect on solubility.
Biological apatites, which are the mineral phases of bone, enamel and dentin, are usually
referred to as HA. Actually, they differ from pure HA in stoichiometry, composition.

Crystallinity, as well as in other physical and mechanical properties.

Hydroxyapatite constitutes ~65% of human bone by weight. There is another 18%
collagen fiber, which makes the bone flexible and more durable. Then there is ~10%
genetic tissue (mostly living bone cells). This tissue carries the genetic code of the person
or animal and unless it is in a denatured form, which also kills the bone, it is likely to be
rejected in the body as bone graft. Therefore, it is impossible to be successfully implant
living bone even closely related donors. The remainder of bone is composed capillaries,

nerves and so on.

Hydroxyapatite is a very strong material. Tooth enamel is nearly 100% hydroxyapatite.
For the last two or three decades, researchers have tried to produce strong bioceramics
starting with hydroxyapatite powder that can be obtained from geological sites or
obtained in a white powder form from a number of chemical manufacturers. In the past, it
has been mostly ceramicists who attempted to create strong hydroxyapatites. Although
ceramicists now have advanced techniques such as solgel technology, most often
ceramicists use molds to heat and press. Unfortunately, hydroxyapatite is only stable
~1200 °C. At the point, the OH' comes off as steam (H,O) leaving behind mixtures of
calcium phosphate compounds that are not very strong and are also somewhat water

soluble. Obviously, it would not be a good idea to have water soluble teeth and bones.

Seventy percent of bone is made up of the inorganic mineral hydroxyapatite. Carbonated-

calcium deficient hydroxyapatite is the main mineral of which dental enamel and dentin
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are comprised. Hydroxyapatite crystals are also found in the small calcifications (within

the pineal gland and other structures) known as corpora arenacea or 'brain sand'.

2.9.1. Medical uses of hydroxyapatite:

Hydroxyapatite can be found in teeth and bones within the human body. Thus, it is
commonly used as a filler to replace amputated bone or as a coating to promote bone in
growth into prosthetic implants. Although many other phases exist with similar or even
identical chemical makeup, the body responds much differently to them. Coral skeletons
can be transformed into hydroxyapatite by high temperatures, their porous structure
allows relatively rapid in growth at the expense of initial mechanical strength. The high
temperature also burns away any organic molecules such as proteins, preventing graft-

versus-host disease (GVHD) and rejection.

Many modern implants, e.g. hip replacements and dental implants, are coated with
hydroxyapatite. It has been suggested that this may promote Osseo integration and there
is strong supporting evidence for this [196]. In orthopedic surgery and dental
applications, there is a great need for biocompatible and bioresorbable implant materials
which can be used as a bone substitute. This includes bone lost due to periodontal
disease, ridge augmentation, bone defect or bone cavities due to trauma or surgery, and
spinal fusion. After implantation, the bone substitute is resorbed and replaced by the

formation of new bone.

In orthopedic surgery, autogenous bone has been used quite often for bone repair or bone
substitute. Autogenous bone has good biocompatibility, is not subject to immunological
rejection, and induces bone growth. However, it requires a secondary surgery and thus
increases the burden on the patient while delaying recovery. On the other hand, both
homogeneous bone from other human sources and heterogeneous bone from animal
sources always suffer the disadvantages of adverse immunological reactions. This will

result in an inflammatory reaction and rejection after implantation.
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The major inorganic composition of hard tissue is a calcium phosphate compound called
biological apatite. Bone has 65% to 70% of biological apatite and teeth contain near 98%
biological apatite. Hydroxyapatite and other apatite compounds have the same crystal
structure as biological apatite. In principle, these apatite materials should be ideal
candidates for bone replacement. However, the precipitated hydroxyapatite and other
apatite compounds have very fine particle size. The difficulty in manipulating these fine

powders renders them useless as materials for bone replacement.

Recently, many attempts have been made to prepare artificial bone substitute materials.
Among these are metal, plastics and ceramics. In the past, several types of ceramics have
been developed. These included aluminum oxide, calcium sulfate dihydrate, a glass

containing calcium phosphate, and a variety of calcium phosphate ceramics.

The advancement of ceramics technology to prepare different types of calcium phosphate
ceramics makes the medical application of calcium phosphate realized. In fact, clinical
studies confirmed that apatite ceramic has the best biocompatibility among the artificial
bone substitutes. Other calcium phosphate compounds or ceramics such as dicalcium
phosphate, tricalcium phosphate, octacalcium phosphate and tetracalcium phosphate also

show excellent biocompatibility.

Previous studies indicated that dense hydroxyapatite is not bioresorbable, while porous -
tricalcium phosphate and other calcium phosphates are bioresorbable. The bioresorption
rate of B-tricalcium phosphate is rather difficult to predict. Plaster of Paris has been
studied as a hard tissue replacement material for many years. In general, Plaster of Paris
has acceptable biocompatibility. However, its resorption rate is too fast to match the in
growth of new bone formation. In orthopedic surgery, particularly in bone defect repair,
there is a great need for an implant material with good biocompatibility and a controllable

resorption rate.

2.9.2. Hydroxyapatite uses in chromatography:

The mechanism of hydroxyapatite (HA) chromatography is complicated and has been

described as "mixed-mode" ion exchange. It involves nonspecific interactions between
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positively charged calcium ions and negatively charged phosphate ions on the stationary
phase HA resin with protein negatively charged carboxyl groups and positively charged
amino groups. It may be difficult to predict the effectiveness of HA chromatography
based on physical and chemical properties of the desired protein to be purified. For

elution, a buffer with increasing phosphate concentration is typically used.

Microcrystalline hydroxyapatite (MH) is marketed as a "bone-building" supplement with
superior absorption than calcium. It is a second-generation calcium supplement derived
from bovine bone. In the 1980s, bone meal calcium supplements were found to be
contaminated with heavy metals, and although the manufacturers claim their MH is free
from contaminants, people are advised to avoid it because it has not been well-tested.
However, the limited tests seem to show positive results. A 1995 randomized placebo-
controlled study of 40 people in Europe found that it was more effective than calcium
carbonate in slowing bone loss. A 2007 randomized double-blind controlled study of an
MH supplement called the Bone Builder found significant positive effects in bone

mineral density (BMD) [197].

2.9.3. Background:

Hydroxyapatite is chemically similar to the mineral component of bones and hard tissues
in mammals. It is one of few materials that are classed as bioactive, meaning that it will
support bone in growth and Osseo integration when used in orthopedic, dental and
maxillofacial applications. The chemical nature of hydroxyapatite lends itself to
substitution, meaning that it is not uncommon for non-stoichiometric hydroxyapatites to
exist. The most common substitutions involve carbonate, fluoride and chloride
substitutions for hydroxyl groups, while defects can also exist resulting in deficient

hydroxyapatites.
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2.9.4. Key properties:

I) The ability to integrate in bone structures and support bone ingrowth, without breaking

down or dissolving (i.e it is bioactive).

i1) Hydroxyapatite is a thermally unstable compound, decomposing at temperature from

about 800-1200 °C depending on its stoichiometry .

ii1) Generally speaking dense hydroxyapatite does not have the mechanical strength to

enable it to succeed in long term load bearing applications.

2.9.5. Applications:

i) Bioceramic Coatings: Coatings of hydroxyapatite are often applied to metallic implants
(most commonly titanium/titanium alloys and stainless steels) to alter the surface
properties. In this manner, the body sees hydroxyapatite-type material, which it is happy
to accept. Without the coating, the body would see a foreign body and work in such a
way as to isolate it from surrounding tissues. To date, the only commercially accepted

method of applying hydroxyapatite coatings to metallic implants is plasma spraying.

ii) Bone Fillers: Hydroxyapatite may be employed in forms such as powders, porous
blocks or beads to fill bone defects or voids. These may arise when large sections of bone
have had to be removed (e.g. bone cancers) or when bone augmentations are required
(e.g. maxillofacial reconstructions or dental applications). The bone filler will provide a
scaffold and encourage the rapid filling of the void by naturally forming bone and
provides an alternative to bone grafts. It will also become part of the bone structure and

will reduce healing times compared to the situation, if no bone filler was used.

2.9.6. Thermal Transformation of Hydroxyapatite:

Each denomination (TCP, OCP, HA, etc.) refers to a chemical compound with a defined

stoichiometric formula. Most of the compounds crystallize and have many crystallization
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phases. The crystallized phases generally have different names. Sometimes the name

used is the chemical one, and a Greek letter is adopted to distinguish the different phases.

Hydroxyapatite is a well-defined chemical compound with formula Cas(POs); OH
(though the term apatite, in this case calcium hydroxyapatite, derives from a
mineralogical definition). It belongs to a family of homologous compositions,
crystallizing in the same spatial group, defined as apatites. The OH group can be
replaced, for example, by F and CI, so that fluorapatite and chlorapatite are obtained,
respectively. Also, the cation can be replaced by other bivalent ions (such as Sr**, Ba**,
Pb™) to give rise to strontium, barium, and lead hydroxyapatites, All these apatitic

compounds crystallze with only one phase, with. the specific lattice group P63/m.

Stoichiometric (calcium) hydroxyapatite is a very stable compound up to 1400 °C. At

temperatures over 1200 °C the following reaction can occur:
2Ca5(PO4)3OH -> 3Ca3(PO4)2 + CaO + H,O

particularly if associated with a CaO-consuming one. If calcium oxide is present, the

following transformation can take place:

2Cas(PO4);0H + 2Ca0 -  3CasO(PO4), + H,O

By combining both equations, the following is obtained:
2Cas(PO4);0H = 2Ca3(POs); + Ca;O(PO4), + H,O

The main transformations under consideration are:

i) Formation of oxyapatite [Ca;o(PO4)¢O] - through condensation of hydroxyapatite, particularly above
1400°C.

i1) Of great importance is the transformation that can take place in o-TCP and

CasO(PO,), at 1550 °C.

At 1550 °C, the last reaction is completely shifted to the right side.
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There are also other cations and anions which, though unable to reach a complete
substitution, may beavailable for playing a role in the formation of solid solutions
confined within the apatitic crystal lattice. As regards the Mg”" , it was ascertained to be a
characteristic ion not favoring the apatitic structure (LeGeros, 1991). This ion can be
incorporated into synthetic apatites in quantities lower than 0.4%. Similar ions are P,0;",
Sn2+, and Al3+, all of wllich tend to divert the formation of amorphous calcium

phosphatic compounds (ACP).

Other ions, such as COs> , may be contained in the apatitic lattice in sufficiently large
percentages on condition that Mg2+ is not present. A further ion that may occur in

sufficiently large percentage proportions is HPO,*.

In these cases, we deal with the so-called nonstoichiometric hydroxyapatites which are, in
reality, different solid solutions belonging to the same large family isomorphous
compounds, better defined by the general term of apatites. If the starting powders are not
stoichiometric, the formation of other compounds, such as mainly CaO or amorphous

phosphates, is expected.

2.9.7. The Apatitic Family and Its Importance in the Biomedical Field:

The term hydroxyapatite commonly refers in the biomedical field to calcium
hydroxyapatite, the chemical compound with stoichiometric formula Cas(PO,);OH. The
term comes from the mineralogical class of apatites to which the crystallized minerals of

this compound belong (with the same name).

In many cases an imperfect understanding of the chemistry has produced confusion about
the utilized terminology and, in particular, about the meaning of the term hydroxyapatite.
This led, for example, to the erroneous concept that there are different calcium
hydroxyapatites, as this term was intended to indicate a commercial name and not a
chemical compound. Even a large number of experiments, once considered exhaustive,

were carried out on numerous nonchemical aspects, but in some cases the results of these
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studies are improper because no distinction was made between the differences in
chemical nature. It frequently happens that different laboratories have used powders of
different origin (whether from the market or produced individually), with the result that

there is an imperfect correspondence between the obtained data.

Considering all this, it would be more proper to speak of defective apatites, apatites
containing substituting ions, or other apatites stable in their own right. In the past, many
measurements used to be conducted on samples believed to be identical white in reality
they were different in nature. This was due to the difficulty of dealing with a system
made up of a myriad of equicomponent compounds existing in an equilibrium
relationship to each other, not just individually but more than one at a time. Hence the
difficulty of a deliberately systematic study, and also the ease with which they are spoken

of in an improper way.

Various arrangement mechanisms are adopted by different ions that try to occupy sites,
which are more congenial to their requirements in terms of charge, volume and molecular
shape, or specific chemical properties. The greater the number and quantity of species
substituting the original groups (bivalent cation, or site C; OH™ group, or site A; PO43'
group, or site B), the more numerous are the possible combinations of solid apatitic
solutions. Account must also be taken of sites that must remain empty in order to respect
charge neutrality even at short distance. Such sites may involve each of the three original
groups. The following table lists the most common, or regular, ions which can form
specific apatitic molecules by filling the three sites. Some other ions are included in the
list in parentheses, but they are not typical for the formation of apatitic compounds and

can substitute regular ones in their own crystallographic site as vicarious.
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Table 2.9.7: Main components that can fill the three sites of hydroxyapatite

Site of Ca™* Site of PO4™ Site of OH"
© (B A)
Ca™ PO, OH
Sr** HPO,* COs™
Ba®* COs™ F
cd* (Si045) CI
Pb>* (HCO3) (%)
Eu** (P,0,%) o
M"° (H20)
(D2+)b _____ L
(T3+)b __________
e

®M= Monovalent ions (Na", K*), D= Divalent ions (Fe’*, Mn*"), T= Tetravalent ions

(AI**, Fe**, Mn™).

Classical vicarious substitutions are, e.g. HPO42' and C032' for PO42'. However, it must
be emphasized that, for example, incorporation of COs> is extremely difficult in high-
temperature syntheses, while at the same temperatures it is very much possible to
incorporate P,0;* groups (e.g. originating from the condensation of HPO,*) into the

apatitic groups.

44



2.9.8. The role of impurities present in a hydroxyapatite powder:

Impurities can play an important role during thermal transformation of hydroxyapatite.

They can be divided into two categories:

(i) Ionic impurities: As previously noted in relation to hydroxyapatite substitutions,
some ionic species may penetrate into the lattice and take the place of each of the three
groups: cation (Ca®*), phosphate (PO4~), and even hydroxyl (OH). Each kind of
substitution modifies in a specific way the behavior of the resulting apatite in terms of its
chemical and thermal stability. In the thermal evolution, in particular, these ionic
impurities may(depending on their nature and quantity) lead to the existence of other
phosphatic phases. Some possible cations which substitute Ca®" in its site can be toxic
(such as Ba2+, Pb2+), and this has induced authorities to introduce normative regulations
and standards of production to prevent particular kinds of contaminants. Other impurities
may be Sr**, Mg”* alkaline ions, etc., which may even influence - by their nature and

quantity -the stability of the phosphates in question.

(ii) Foreign phases: These may either occur in the starting powders Of may develop as a
result of thermal decomposition of the different phosphates. The Ilatter aspect is
particularly important in regard to thermal decomposition of defective hydroxyapatite.
The foreign phases and more stoichiometric hydroxyapatite remain in physicochemical

equilibrium between themselves at every temperature.

(a) Ionic Impurities. X-ray analysis sometimes shows apatite peaks at a large band. This
kind of compound appears to give rise to sudden transformations from 550 °C to 650 °C.
Within this range there is a decrease in the crystallinity shown by X-ray, while at a higher
temperature separate phases form such as primarily, hydroxyapatite, TCP (in B-and a-
phases), and OCP. In addition, the more different the compositions and physicochemical
methods for obtaining the powders, the more variations will there be in the thermal story

of hydroxyapatite following the disruption or the apatite lattice.
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Regarding the behavior of elementary cells, there is seen in the original lattice a general
tendency to high volumes, a circumstance that illustrates the difficulty of molecular
rearrangement. An increase in thermal mobility brings about a collapse of the lattice, with
a resulting decrease in crystallinity also due to the presence of crystallites. This event
follows the destruction of the original lattice and prompts the formation of more stable
lattices, which in the end leads to the existence of other foreign phases ascertainable by

X-ray analysis from 700 °C upward.

Above this temperature, the volume of the elementary cell appears to decrease slowly up
to about 1000 °C in relation to a loss of CO, and H,O (if present). At around 1200 C all
the elementary-cell values coincide with and correspond to those considered canonical or
stoichiometrically pure hydroxyapatite. The outcome is that a discharge of foreign ions
allows the apatitic lattice to optimally rearrange the remaining fraction of atoms. While
gaseous ions such as CO, and H,O leave the system, there may still persist some
equilibria between the various phases formed. The trend is in fact toward a combination
of phases thermodynamically stable at that temperature. This also applies to the equilibria
relative to the quantities of existing phases and the equilibria between the lattice defects

of one phase and those of other phases.

A report on stoichiometric reaction is complicated, but experience indicates some

guidelines:
If OCP is present, at low temperatures there are reactions of the type:
HA (highly defective and low crystalline) + OCP

100 HA (crystalline) + p-TCP + CaO
With stoichiometric hydroxyapatite, a reaction like that leads to:
2Cas(PO4);0H +CagH,(PO4)s. SH20

6C2[3(PO4)2 +7H20
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At the highest temperatures, there are phase equilibrium reactions that lead to a decrease
in the lattice defects of hydroxyapatite (especially in the presence of CaO). It must be
stressed that if hydroxyapatite is stoichiometrically free from defects in terms of ionic
impurities and free from the consequent defects due to vacancies, it would undergo no
thermal transformation, apart from that of condensation to oxyapatite at a temperature of

around 1400 °C.

All the transformation undergone by hydroxyapatite and leading to the formation of other
compounds do not derive from stoichiometric hydroxyapatite, but from those
apatitic/phosphatic compositions whose lattice hosts ions that, by their nature and for
their complexity (in terms of distribution of charges, steric reasons, ionic/covalent ratio of
the produced bond, etc.), differ from the canonical ones (Ca2+, PO43', OH’) that they
proceed to substitute. In general, the existence of impurities some influence not only on
thermal stability but also on bio compatibility and biological resorption in in vivo

implants.
The deposition of a hydroxyapatite layer on the substrate answers two purposes:
1.To preserve the substrate and prevent its contact with physiological fluids.

2. To enable an anchoring to tissue as natural as possible (just like what happens with the

introduction of hydroxyapatite in-bulk devices).

Care must be taken to evaluate the kind of porosity and the existing pinholes. These
defects may in fact be harmful, because they allow the physiological liquids that are on
the outside of the coated prosthesis to come into contact with the substrate. Such a
contact can induce corrosion phenomena below the coating layer that are not easy to
identify and are more dangerous than corrosion phenomena that might have developed
directly on the uncoated substrate. The reason is that such substrate is not under the
protection of corrosion or passivation treatments, whose effects were in any case
cancelled by the cleaning procedures (etching and sand-blasting) applied to prepare the

surface for plasma-spray coating.
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(b). Foreign phases: Depending on the method adopted to synthesize the apatitic
powder, the powder may or may not be accompanied by other separated phases such as
CaHPO,,Cag(H,PO4)s. SH,0, and Ca,P,0;. If present, these phases could be identified by
X-ray diffractometry. The mentioned phases do not generally exceed just a few percent
units in many commercial products, but are nonetheless noxious because they start a
"story of reactions” with hydroxyapatite already at low temperatures (beyond 600 °C) and
give rise to compounds in the ceramic body that are sufficiently soluble and consequently
compromise in time the mechanical efficiency of an implanted device made with that

ceramic.

It must be noted that a hydroxyapatite covering will bring the same biological benefits
that would be brought by the introduction of an in-bulk hydroxyapatite ceramic. The use
of hydroxyapatite as coating is evidently motivated by the fact that the substrate provides
all the desired properties in terms of mechanical benefits. However, the minimum
thickness of the deposited and properly evaluated layer should not be less than 70 um. It
was in fact observed that in animal and human implants there was in the phagocytic
phase an average layer corrosion of around 40 um. What was said above is valid provided
that the deposited hydroxyapatite is crystalline, a condition ensuring greater

physicochemical stability.

It may happen that a number of cells penetrate the porosity, affecting the walls of the
ceramic pore. This event on the one hand vitalizes the covering hydroxyapatite layer but
may, on the other hand, give rise to localized weakening that might in turn bring about a

detachment from the substrate.
2.9.9. Transformations Induced at High Temperature by Plasma Spraying:

Plasma spray application of hydroxyapatite on the substrate may give rise to a change (at

last partial) in the nature of the latter.
The main transformations to be considered in producing a hydroxyapatite ceramic are:

Presence or possibility of formation of CaO.

48



Presence or possibility of formation of TCP whose -phase undergoes a transformation of

great importance in o-TCP at 1290 °C

Powders must be precalcined to avoid any packing phenomenon. Grains must be

rounded, possibly with a spherical shape, and carefully selected.
2.9.10. A Survey on Different Methods for Synthesizing Hydroxyapatite:

The nature of a hydroxyapatite crystal lattice allows easy replacement of a number of
chemical groups with others, endowing the resulting compound characteristic slightly
dissimilar to those of the theoretical hydroxyapatite. In a synthesis, it is simpler to obtain
partially substituted apatites than stoichiometrically ones. The required formulation could
be achieved through small chemical or operative adjustments of the previously proposed

methods.

The quality of the obtained hydroxyapatite is commonly represented by values assumed
by the theoretical stoichiometric ratio Ca/P=3/5 (or 1.6). Regarding the preparation of
hydroxyapatite from an operative point of view, we shall discuss the following methods:
(1) wet preparation, (2) sol-gel preparation, (3) mechanoohemical preparation, (4) dry

preparation, (5) preparation of hydroxyapatite as inorganic cement.
2.9.10.1. Wet Preparation:

Several methods of hydroxyapatite synthesis from an aqueous solution have been
proposed since 1961 (Mooney and Aia, 1961). One of the commonest is under

ammoniac-alkaline conditions according to Asada et al. (1987):
5Ca(NOs3), +3NH4H,PO, + 7TNH,OH
> (Cas(PO,)OH + 10NH4NO; + 6H,0

This process, however, though very simple, requires not only a great amount of ammonia

for the reaction, but also repeated washing with water on the filtered precipitate to try to
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eliminate any residual of it and of formed NH4sNOs. An alternative method, the most

widely adopted for small-scale productions, is that proposed by Akao et.al (1981):
5Ca(OH), + 3H5POy4 . Cas(PO4);0H + 9H,0

The above reaction occurs when H3POj, is dropped in a Ca(OH), aqueous suspension.
Calcium hydroxide is in fact very weakly soluble in water, and consequently the reaction
takes place between the PO4” jons diffused from the drop plunged into the suspension
and the surface of the colloidal particles, The alkaline pH of the aqueous environment, in
which hydroxyapatite is stable, is maintained by the complete dissociation of the few
dissolved molecules or Ca(OH), which is a strong base. The hydroxyapatite forming
reaction is therefore linked to the rate of: (1) diffusion the ionized phosphatic ionic
groups (PO43', HPO42', H,PO,4 and H3POq itself) connected to each other by well-known
simultaneous equilibria, (2) dissolution of Ca(OH), as well as that of diffusion of Ca
ions into the aqueous system, and (3) migration of the ionized phosphate groups within
the colloidal grains of Ca(OH),. The success of the transformation depends on the value
of the local pH, even if the overall solution may remain alkaline. There develops in fact,
all around the plunged drop, an environment resulting from the diffusion of H3;PO,
molecules and, according to the pH, the resulting ions are prevalently one of the above-
cited allowed by the simultaneous equilibria.Therefore layers richer in PO43', or HPO42',
Or H,POy4', or H3PO4 will occur, starting from the periphery to the core of the drop. The
hydroxyapatite-forming reaction is also linked to the concentration of OH ions, and
through the formation of each molecule and the consequent trapping of an OH ions for
each formed molecule the reaction contributes to a decrease in the local pH. In this way,
unless the local pH is adequately checked, there is a risk that may give rise to a
combination of residual Ca(OH); in the core of the colloidal granules and to a certain
quantity of phosphates of varying nature, such as dicalcium phosphate (DCP), tricalcium

phosphate (TCP), and octacalcium phosphate (OCP).

Another factor to be considered is the presence of carbonate within the solution for all
possible kinds of synthesis. It is in fact possible that COs” ions, even if not deliberately

introduced as carbonate of some cation, are present in the solution at equilibrium with the
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CO; of the atmosphere. The dissolved fraction of carbonic acid may replace the anionic
component of the calcium compounds and give rise to more stable CaC0O; by operating in
an alkaline environment. This is a further component which may be involved in the

production of other kinds of phosphates, including the carbonate apatites.

Such a presence of CO, can be avoided by promoting a reaction inside a reactor and
cause gas not contaminated by CO, to gurgle in the solution. All the foreign ions present
in the synthesis solution may lead to the formation of molecules different from the
hydroxyapatite molecule. These molecules may aggregate (and eventually crystallize in
foreign phases), or may induce the formation of other phases and hinder the formation of
hydroxyapatite, or may associate in the precipitation of hydroxyapatite crystals and, by
co-precipitating, replace one or other of the component groups in their regular group. In
this way, for example, HPO42' and C032' may replace PO43 “1in its site and C032' may also

replace the OH" group in its site.

If these replacements occur, defective hydroxyapatite is produced in which a number of
empty sites are present inside the crystal lattice. Defective hydroxyapatites are always
accompanied by lattice vacancies, which allow a rearrangement of the electro neutrality
of the overall charge. The behavior during firing of these defective hydroxyapatite may
cause alterations to the products, such as the formation by segregation of a- and - TCP,

free CaO, pyrophosphates, etc.

To favor the escape of foreign ions from the hydroxyapatite lattice and at the same time
to increase the thickness and the rate of crystallization of synthesized hydroxyapatite, it is
essential to allow a digestion of the solution once the synthesis has been completed, after
the addition of the last drop which brings about the correct stoichiometric ratio between

Ca’ and PO43' (in an atomic, or molar, ratio of 5/3).

The digestion consists in maintaining the solution at rest at a temperature of about 37 °c
for at least 48 hours. It was ascertained that the highest degree of crystallinity was

reached when the solution approached the boiling temperature (about 97 °C).
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Another wet method for producing hydroxyapatite is to start from Ca®* chelate complex
[coming, e.g., from Ca(NO0s3), or calcium acetate] ions with EDT A (ethylene diamine
tetra-acetic acid). This method is generally adopted either to impregnate spongy bodies or

clothes with hydroxyapatite or to coat fibrous materials with a hydroxyapatite film.

It consists in placing the body to be impregnated in an aqueous solution based on
(NH4),HPO, with a pH brought to 7.5. A solution of Ca** with EDTA is then added to
the previous one and the whole is mixed carefully. The strength in forming the complex
with Ca”** exerted by EDTA is so great that it prevents the capture of Ca®* from it by the
phosphate groups. Therefore, it is impossible to link Ca’* and PO, partners to give rise
to a precipitate. When the solution is suitably homogeneous, H,O, at 30 vol% is added.
Oxygenated water oxidizes all the molecules of EDTA and thereby makes available the
freed Ca®* ions, which can now combine with the phosphate groups to form

hydroxyapatite.
2.9.10.2. Sol-gel preparation:

The sol-gel method, which has attracted attention as a new synthesis method for glass and
ceramic materials (Sakka, 1983, Maki and Sakka. 1986), is expected to produce fine
granules at high purity at the highest stoichiometric obedience. This method is also
pursued to obtain either bulk objects or thin coating films of hydroxyapatite directly
without a powdering step (Masuda et al., 1990). Unlike what is commonly believed, the
first paper concerning this method is very old, dating back to Ebelmen (1846), so

belonging to history.

The procedure starts from molecular precursors dissolved in solutions that, unlike
inorganic syntheses obtained by precipitation in aqueous solution, are organic solvents.
The main conceptual difference comes just from the nature of such precursors. They are
in fact organic molecules that include the inorganic atoms which will react afterward to
give rise to the required chemical compound. This association of inorganic and organic

parts is commonly called a metal-organic compound.
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The name of the procedure originates from the constitution of a metal-organic component
containing all the inorganic atoms in the correct stoichiometric proportion as required to
obtain the required final inorganic compound, which is at first suspended as sol solution
in the suitable solvent utilized for the organic reaction. This metal-organic component is
obtained by a series of organic reactions starting from the precursors, in their turn each
containing one of the different inorganic atoms to be associated. With the introduction of
a further solvent in which the previous one is soluble, but which does not allow the
solvability of the present sol, a flocculation of roundish colloidal gel particles is obtained

which precipitate under gravity.

Although apparently different, this particular procedure (taken as a whole) is not
substantially different from the common techniques of chemical synthesis already in use
in industry, such as precipitation, co-precipitation, thermo hydrolysis, hydrothermy, etc.
(Livage 994). Technologically speaking the adoption of this method is not easy as the
procedures involved are very sensitive to many variables (far more so than with other

methods).

Anyway, all the reactions can be described via the same chemical models. The only
question is to expand the classical chemical interpretation of acid-base ratios by
Arrhenius into the scheme followed by Bronsted and Lowry. The procedure consists in
creating required inorganic compounds by a coupling process involving metal-organic
components. Such a coupling process is in the first place a polymerization, and

subsequently a colloidal condensation of gel micellae.

The polymerization step generally involves condensation coupling.

There can be many utilizable precursors, alkoxides, acetates, acethylacetonates, etc. Also,
inorganic chemicals can be used provided they are soluble and/ or captured by
complexatins agents in organic solvents, Mixtures of inorganic compounds as well as
metal-organic precursors can be used too. All depends on the physiochemical operative
conditions, on the ability to provide specific metal-organic precursors, and on the

specificity of the required final compound.
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The utilization of alkoxides is very popular owing to their easy availability in the market
from many international companies. Generally speaking, their synthesis is carried out in

various ways (Bradley et al., 1978). The simplest method could be:
MCI, + nROH ->M(OR), + nHCI (1)

The chemical reactivity or alkoxides is connected to the impervious arrangement of the
molecular structure of the metal-organic complex. This arrangement is conditioned by the
inclination of the inorganic atom in a complex to assume a coordination with the largest
number of molecules which produce chelate complexes, assuming its typical n-fold
symmetry fashion. This depends on its external electronic configuration and on the
consequent specific hybrid of coordination. However, the number of organic molecules
coordinated in giving rise to the metal-organic complex depends not only on the
maximum degree of coordination that is possible, but on the overall configuration
arrangement induced by the steric situation, which occurs in connection with the
dimensions and the stereoisometry of the organic molecule that is able to produce chelate
complexes. Therefore, different complexes having very different molecular structures can

be found for the same inorganic atom possessing extremely variable reactivity.
Most alkoxides are extremely reactive compared to nucleophilic compounds:
M(OR), + yXOH > M(OX),(OR),.y + xROH 2)

The chemistry of alkoxides applied by the sol-gel method is founded on this equation.
Therefore, with a reaction of chemical condensation such as this, new molecular
precursors are synthesized and, in their turn, are involved as they are formed, so giving
rise to more and more modified molecules having new structural arrangement, chemical
complexity, and different steric factors. In this way, during the polymerization a
continuous modification of reactivity and functionality of the whole system in reaction is
involved. This process of polymerization is consequently modifiable, so allowing
intervention to chemically control the structure and morphology of the required final
product. Needle-like structures of the final powders come more easily, e.g., from

polymerization in linear chains, while micro crystals with axial/ basal ratio more prone to
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unity come more easily, e.g., from polymerization of clusters of multibranched polymers

joined to each other.

A controller, or propagation stopper, of polymerization by polycondensation is
acetylacetone (CH3-CO-CH,-CO-CH3) which, by formation of a chelate complex with its
own carbonyl groups the reading sites of the head of propagation of the reacting
polymeric molecules, stops the condensation process and so decreases the possibility of
propagation of the polymerization process. The grain size of the powder of the required

compound depends on when the condensation process is stopped.

As concerns the sol-gel preparation of hydroxyapatite, a method was recently proposed
(Masuda et al, 1990) which starts from calcium diethyl-oxide, Ca(OC,H;), and
triethylphosphite, P(OC,Hs);. The procedure continues by dissolving calcium
diethyloxide in ethylene glycol and the tryethylphosphite in ethanol. These nonaqueous
solvents are carefully dried for 24 hours by molecular sieves before use. This is to avoid
the reaction of the metal-organic component with the more acidic molecules of water
present inside the solvent before they have been reacted in the useful way. The starting
materials are allowed to react with each other in a completely dried N2, atmosphere (to
reach a good result, N, must be dried by passing through a molecular sieve column). The
ethylene glycol solution of Ca(OC;,Hs), is mixed with the ethanol solution of P(OC,Hs);
while stirring. When both solutions are well mixed to set the Ca/P molar ratio at 5/3, a
mixture of water, ethanol, and acetic acid is in its turn added drop by drop (1 ml/min)
always under stirring. The pH value will be maintained in a suitable range to favor gel
flocculation and at the same time prevent possible reaction that may lead to a precipitate
with a Ca/P ratio different from that theoretically required. In this manner the reagents
undergo a number of reactions while the environmental solution changes its nature,
favoring the formation of gel precipitates. The whole reactive process starts with the

following dehydration of ethylene glycol by calcium diethyloxide:

C2H4(0H)4 + Ca(OC2H5)2 > CH3CHO + CszOH + Ca(C2H402) (3)
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The formed aldehyde is a source of problems. In the first place, it causes an aldolic

condensation if the solution is under alkaline conditions:

OH

|
2CH,CHO - CH,—CH—CH,—CHO - CH,—CH=CH—CHO + H,0
(4)

At the same time, the triethylphosphite reacts slowly with some of the added water to

obtain

P(OC,Hs); + H,O - HPO(OC,Hs), + C,HsOH 5)

The phosphorylic ester so formed reacts with the aldehyde coming from reaction (3):
HPO(OC;Hs), +CH3;CHO -> HPO(OC,Hs)CH,CHO +C,HsOH (6)

But this reaction is slow, while if Ca(OC;Hs), is present the following faster reaction

takes place:

HPO(OC,Hs), + CH;CHO + Ca(OC,Hs), = [HPO((OC,Hs)CHCHO],Ca**OH"
+ C,HsOH (7

In which the calcium ion compound undergoes the dissociation

[HPO((OC,Hs5)CHCHO],Ca*OH™ - HPO(C,Hs)CH,CHO + Ca(OH),  (8)

The calcium ion derivative turns into calcium hydroxide in the presence of a sufficient

amount of water. Both hydroxyl calcium ion derivative

[HPO(OC,Hs)CHCHO], Ca**OH" and calcium hydrate are substantially all precipitated
as gel colloids, while the phosphoric ester is sufficiently soluble. Consequently the

required correct stoichiometric proportion is not guaranteed.

To avoid this problem it is necessary to stop the action of aldehyde. An addition of acetic

acid yields
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C,HsOH + CH3COOH -> CH3COOC;Hs )

Ethyl acetate ester thus formed underwent an ester condensation in the presence of
calcium diethyloxide as calcium source. An alternative insoluble and relatively stable

calcium derivative ion is formed:
2CH3;COOC,H;s + Ca(OC,Hs), =2[CH3;COCHCOOC,Hs], Ca>*OH
+ C,HsCOOH (10)

This derivative ion is partially converted to calcium acetate, depending on the pH and the

amount of introduced acetic acid:
[CH;COCHCOOC,Hs], Ca*'OH + 2CH;COOH - CH;COCH,COOC,H;
+ (CH3COO), Ca 11

On the other hand, triethylphosphite would react with acetate to form phosphoric ester

and ethyl acetate:
P(OC,Hs)3 + CH3;COOH -> HPO(OC;Hs), + CH3;COOC,Hs (12)

A phosphoric-calcium-containing ion derivative is obtained at this point by condensation

of the products from reactions (5), (11), and (12):
HPO(OC2H5)2 + CH;COCH,COOC,H; + Ca(OC2H5)2
>[HPO(OC,H5)CHCOCH,COOC;,H;s], Ca>*OH” + C,HsOH (13)

Since some amounts of phosphorus and calcium remain in the solution as soluble salts or
organic compounds, a correct compromise to obtain a good Ca/P ratio of the gel
precipitates to produce a high-purity hydroxyapatite is to balance all the existing
reactions, both those with and without intervention of acetic acid. Such a compromise is
reached when a relatively neutral environment (pH~ 7.5-8.5) is adopted, with a low

concentration of acetic acid and no more than 20% ethanol.
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The step that follows is to allow flocculation of the forming gel precipitate, possibly with
the aid of a centrifugation process. The obtained gel mass is thus put in Pt crucibles and
heated at 900°C in a kiln, possibly in a flux of air. During firing all the organic part is
pyrolyzed, producing CO, and H,O, and the inorganic parts react together in giving rise
to hydroxyapatite. Contamination of COs> for PO4> can occur in the apatite lattice,
depending on the amount of organic part and the rate of air flow. An enrichment of Ca®
can derive from a pH >8.5, which favors the lattice substitution of carbonate, while low
values of the Ca/P ratio can derive from a pH < 6, which leads to formation of some

calcium triphosphate.

2.9.10.3. Mechanochemical preparation:

The mechanochemical method consists in subjecting powder mixtures of suitable
composition to pressure by the use of grinding media. The reaction to produce

hydroxyapatite is (Toriyama et al., 1995, 1996; Krajewski et al., 1995, 1996)
3CaHPO, + 2CaCO; = Cas(PO4);0H + 2CO; + H,O

and can be activated by producing energy in the form of both heating and mechanical
work . The reaction is generally promoted in large cylindrical jars filled with ZrO, balls
of suitable dimensional distribution. Some have observed that Al,O3 balls cannot produce
sufficient activation of the reaction. The reason for this, apart from any unreliable
catalytic influence on the substance constituting the balls, is the higher density of ZrO,
balls. Such a higher density determines a higher pressure on the powders, especially those
lying between the balls and the internal wall of the jar. This means that the equilibrium of
the reaction is shifted toward the right, owing to the variation in the pressure of the
reaction system. The provision of the obtained product is guaranteed by the outflow of

CO; and H,O.

The best conditions were observed when use was made of a jar made from ZrO,, and the

efficiency appeared to increase with increase in the diameter of the jar. This also agrees
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with the thesis of pressure originating from both gravity and centrifugal forces of the
column of balls incident on each point of the internal wall of the jar. On the basis of these
observations, a threshold value of pressure will exist which is able to activate the

reaction.

The operation consists in placing the powders to be reacted into the jar with a quantity of
water ten times the overall weight of the powders. The overall weight of the balls must be
at least five times as high as the amount of water. The best grinding conditions appeared
to be at 24 hours and 280 rpm for the ZrO, based jar and at 48 hours, under the same
reaction rate, for jars made from softer rnaterials such as Teflon. The hydroxyapatite
synthesized in a jar with softer walls was more defective and gave rise in the sintering
phase to a considerable TCP fraction which, however, was almost absent in the synthesis

performed inside ZrO, based jars.

2.9.10.4. Other methods:

Hydroxyapatite (Cas(P04)3(OH), HA) is similar with the mineral constituents of human
bone and teeth. Due to its excellent biocompatibility and bioactivity, wide applications
include bone fillers [198], surface coatings [199,200] and unloaded scaffolds [201,202].
It is the poor mechanical properties, such as fracture toughness and flexural strength that
limit its medical applications of HA under load bearing conditions. These properties
could be improved by using composites reinforced with HA or reducing crystalline size

to nano scale [203,204].

Nano-sized HA particles could be prepared by a variety of techniques such as mechano
chemical synthesis [205], combustion preparation [206] and various techniques of wet
chemistry [207, 20]. Among the most reported precipitation process, chemical agents,
such as citric acid [209,210], amino acid [211] and EDTA [212,213] were always used to
mediate HA nucleation and crystal growth process. These modifiers would finally exert
significant control on crystal morphology due to some form of affinity between
modifying agent and HA crystal. However, less attention had been paid on precipitation

kinetics of nucleation and growth, which was related with the degree of supersaturation.
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Chengfeng Li [214] used Ca(OH); and H3P04 to synthesize nano-sized hydroxyapatite. In
the process of acid-base reaction, citric acid or sodium citrate was added to influence the
crystallinity of hydroxyapatite. Formation of Ca-citrate complex resulted in variations of
ionic concentrations and ionic activity products for solutions with different citrate
additions. The degree of supersaturate was found higher for solutions with less citric acid
or more sodium citrate addition. Consequently, hydroxyapatite particles with smaller size
were gained. These crystalline behaviors were investigated and explained by mechanism

of crystal nucleation and growth in solutions.

Hydroxyapatite has attracted much attention as a substitute material for damaged teeth or
bones over the past several decades because of its crystallographical and chemical
similarity with various calcified tissues of vertebrates [215-217]. The principal limitation
of this material is that it is brittle and weak, which restricts the clinical orthopedic and

dental applications [218,219].

There are several approaches for the improvement in mechanical properties of the HA.
One is to fabricate HA reinforced with other ceramics. This approach has attracted much

attention since the successful development of ceramic-matrix composite materials [220].

To be effective as a reinforcing agent for a ceramic-matrix composite material, the
following conditions should be satisfied. First, the strength of the second phase must be
higher than that of the matrix. Second, the interfacial strength between the matrix and the
second phase should be neither too weak nor too strong. For an appropriate interfacial
strength, no excessive reaction should occur between the matrix and second phase. In
addition, the coefficient of thermal expansion (CTE) of the second phase should not
differ too much from that of the matrix [221]. In the case of biomaterials, the
biocompatibility of the reinforcing agent is another important factor that should be

considered [222].

Zirconia has been commonly used as reinforcement for many ceramics because of its

high strength and fracture toughness [223,224]. Bioinertness is another merit of the Zr0,
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[225]. However, extensive reaction between the HAP and the Zr0, to from TCP and fully

stabilized Zr0, is a serious disadvantage of this approach [226].

Alumina, which is also classified as a bioinert material, has been widely investigated as a
reinforcing agent for HA [227]. Therefore, it is desirable to combine the advantages of
both materials as reinforcements for the HA: the excellent mechanical properties of zr0,
and the chemical inertness of Al,0; with respect to HA. Zr0,-A1,05 is one possible

approach.

I. Mobasherpour et al. [228] synthesized nanocrystalline hydroxyapatite powder from a
Ca(NO03),.4H,0 and (NH4),HPO, solution by the precipitation method. In the next step
prepared Zr(0,-A1,0; powder. After preparation, the powder was dried at 80°C and
calcined at 1200 °C for 1 h.Various amounts (HA-15 wt% ZA, HA-30 wt% ZA) of
powder were mixed with the hydroxyapatite by ball milling. The powder mixtures were
pressed and sintered at 1000°C,1100 °C and 1200 °C for 1 h. In order to study the
structural evolution, X-ray diffraction (XRD) was used. Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) were used to estimate the
particle size of the powder and observe fracture surfaces. Results show that the bending
strength of pressed nanocrystalline HA was improved significantly by the addition 15
wt% of Zr0,-A1,0; powders at 1200 °C, but the fracture toughness was not changed,
however when 30 wt% of ZA powders were added to nanocrystalline HA, the bending

strength and fracture toughness of the specimens decreased at all sintering temperature.

The effect of fluoride additives on the mechanical properties of hydroxyapatite/alumina
composites was investigated by Sung-Jin Kim et al. [229]. When MgF. (5 vol%) was
added to hydroxyapatite/alumina composites, the decomposition of hydroxyapatite was
suppressed due to the substitution of F for OH" in the crystal structure. Comparing two
additives, such as MgF, and CaF,, MgF, showed much more effective for the suppression
of phase decomposition in the hydroxyapatite/alumina composites due to the enhanced
substitution of F for OH'. In the case of MgF, addition, a relatively high mechanical
properties (flexural strength: ~170 MPa; Vickers hardness: ~7 GPa) was obtained

compared to MgF,-free composites.
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The influence of equilibration conditions and hydroxyapatite (HAP) physico-chemical
properties onto retention of Cu’+ ions was studied by M. Sljivi¢ et al. [230] in batch
conditions. The amount of cation removed from the solution increased with increasing
pH, reaching almost 100% at pH 3, 4 and 7 for 5 x 10*, 107 and 5 x 10° mol/dm’
solutions, respectively. Contact time necessary for reaching equilibrium was found to
increase with the increase of Cu®* concentration. Kinetic and equilibrium data were best
described by pseudo-second-order kinetic model and Langmuir theoretical model. The
calculated values of separation factors and Gibbs free energy change confirmed that the
sorption was spontaneous and thermodynamically feasible at room temperature. The
experiments conducted using HAP samples with different physico-chemical
characteristics have revealed that the amounts of sorbed Cu’+ depended mainly on the
specific surface area and crystallinity of the applied powders. Desorption of Cu’+ was
more efficient in acidic conditions than in the solution of competing cation-Ca®*. The
samples with higher sorption capacities also demonstrated higher stability; consequently,
from the aspects of both higher sorption and lower desorption, utilization of low-
crystalline HA samples with high specific surface area was superior for immobilization of
Cu’+ ions. Taking into account molar Cu/Ca ratios, observed final pH changes, copper
speciation in the function of pH and the results of X-ray diffraction analyses, conclusions

about sorption mechanisms at different experimental conditions were derived.

The compressive strength of porous hydroxyapatite (HA) scaffolds was enhanced by Se-
Won Yook et al. [231] by adding polystyrene (PS) polymer as a binder to hydroxyapatite
(HA)/camphene slurries. As the PS content was increased from 0 to 20 vol% in relation
to the HA content, the compressive strength was significantly increased from 1.1 + 0.2 to
2.3+0.5 MPa, while the pore size was decreased from 277447 to 170+29 urn. The
improvement in the compressive strength was mainly attributed to both the suppression
of the cracking of the green sample during freeze drying and the mitigation of the

formation of micro-pores in the HA walls.

M.I. Dominguez et al. [232] reports the synthesis, characterization and catalytic activity
for CO oxidation of gold catalysts supported on calcium hydroxyapatite. On both the

hydroxyapatite support and the gold-supported hydroxyapatite catalyst, the CO

62



conversion shows a peak near 100% of conversion at room temperature. The generation
of structural vacancies by interaction of CO with the solid provokes the formation of
peroxide species in the presence of gaseous oxygen, which seems to be responsible of
this high conversion of CO at room temperature. Moreover, the influence of the pre-
treatment temperature on the activity has been observed and related with the elimination
of carbonate species and the generation of structural defects in the apatite structure,

which are able to modify the gold oxidation state.

Ai-Juan Wang et al. [233] prepared hydroxyapatite microspheres by spray drying
technology at different process parameters was investigated in this paper. The results
indicated that the process parameters, such as the slurry concentration, compressed air
flow rate, and liquid feed rate, played important roles in controlling the performance of
hydroxyapatite microspheres, such as the specific surface area, the size distribution, etc.,
but had little influence on the micro morphology, phase composition and crystallinity.
The spray dried particles were composed of low crystallinity and the scanning electron
microscope results showed that they had good spherical structure with smooth surface.
The results of the laser diffraction particle size analyzer indicated that the mean size
increased with the increase of the slurry concentration and compressed air flow rate.

Experimentally, most of the process parameters were crucial to the productive efficiency.

For immobilization technologies to be successful, the use of readily available and cost
advantageous amendment is important when the remediation targets vast amounts of
contaminated soils. Yohey Hashimoto et al. [234] investigate whether the byproduct-
synthesized hydroxyapatite can be used as an immobilizing amendment for dissolved Pb
from a shooting range soil, and to model the kinetic data collected from dissolution
experiments. A soil-solution kinetic experiment was conducted under fixed pH conditions
as a function of time. A Pb-contaminated soil was reacted with various hydroxyapatite
amendments to determine the dissolution rate and mineral products of soil Pb. Three
types of amendments used were pure hydroxyapatite (HA), and poorly crystalline
hydroxyapatites synthesized from gypsum waste (CHA), and synthesized from
incinerated poultry litter (PHA). The dissolved Pb concentration decreased with the

addition of amendments at pH 3-7. Both CHA and PHA were more effective than HA for
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attenuating Pb dissolution at pH 6 and above. According to the thermodynamic
calculation at pH 6, the dissolved Pb concentration for CHA and PHA treatments was
predicted to be 66% and 50% lower than that of HA treatment, respectively. A better Pb
immobilization effect demonstrated by CHA and PHA resulted in their greater solubility
at higher pH, which may promote the formation of chloropyromorphite precipitates.
Dissolution kinetics of soil Pb was adequately explained by pseudo-first order and
pseudo-second order equations in acid pH ranges. According to the ion exchange model,
an adequate agreement between the experimental data and regression curves was shown
in the initial 40 min of the reaction process, but the accuracy of model predictability
decreased thereafter. According to kinetic models and dissolution phenomena, CHA and
PHA amendments had better Pb sorption capacity with rapid kinetics than pure

hydroxyapatite at weak acid to neutral pH.

Simone Sprio et al. [235] deals with the preparation of bioactive ceramic composites to
be employed for the development of load-bearing bone substitutes, made of
hydroxyapatite and bioactive dicalcium silicate (Ca,Si04, C,S) as a reinforcing phase.
The composite materials were prepared by Fast Hot-Pressing (FHP), which allowed the
rapid sintering of monolithic ceramics at temperatures up to 1500 °C, well above the
commonly adopted temperatures for the consolidation of hydroxyapatite (1200-1300 °C).
The purpose was to achieve the grain coalescence of both HA and the strengthening
phase, so that to obtain a homogeneous ceramic material characterized by controlled
phase composition and improved mechanical strength; the dwell time was reduced as
much as possible to prevent HA decomposition and excessive grain growth. The most
remarkable result, in terms of phase composition, was the absence of any secondary
phases in the final ceramics other than HA and C,S, even after sintering at 1500 °C. The
flexure strength of the composite materials was found to be much higher than that of HA
alone. Further mechanical characterization was also carried out on HA and composites,
sintered in different conditions, to evaluate the elastic properties and fracture toughness,
and properties close to those of mineral bone were found. These preliminary results
confirmed that composites of HA and Ca,Si0s are promising for the development of

bioactive load bearing ceramic bone substitutes with controlled phase composition.
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Nano-hydroxyapatite reinforced poly(vinyl alcohol) gel (nano-HA/PVA gel) composite
has been proposed by Yusong Pan et al. [236] as a promising biomaterial, especially used
as an articular cartilage repair biomaterial. In this work, nano-HA/PVA gel composite
was prepared by in situ synthesis method and incorporation with freeze-thaw cycle
process. The effects of various factors on the friction coefficient of the gel composites
and stainless steel ball counterpart were investigated by a ball-plate friction and wear
tester. The variations of the friction coefficient with influence factors were explored by
Hertzian contact theory and elastohydrodynamic lubrication theory. The results show that
the friction coefficient of the gel composites is positively to the normal load and inversely
proportional to the sliding speed and the diameter of stainless steel ball. Furthermore, the
friction coefficient of the gel composites is obviously lower than that in distilled water or
in physiological saline, whereas, friction coefficient has little difference between in

distilled water and in physiological saline.

Adsorption kinetics and adsorption isotherms of Cu(Il) onto a nanosized hydroxyapatite
(HA) in the absence and presence of different low-molecular-weight organic acids are
studied in batch experiments by Yu-Jun Wang et al. [237] . The results show that the
adsorption kinetics of Cu(ll) onto the HA are best described by pseudo-second order
model, and the adsorption isotherms of Cu(ll) onto the HA fit Dubinin-Radushkevich
model very well with high correlation coefficient (R* =0.97-0.99). The amount adsorbed
of Cu(ll) onto the HA at pH 5.5 was much higher than that at pH 4.5. The presence of
organic acids significantly decreased the adsorption quantity of Cu(ll), clarifying the
lower sorption affinities of Cu(Il)-organic acid complexes onto the HA rather than Cu(Il)
ion. The decreased maximal adsorption quantity of Cu(Il) onto the HA increased with the
increasing logarithm of cumulative formation constants of Cu(Il) and organic acids. The
stronger coordination of organic acid with Cu(Il), the more decreased Cu(Il) adsorption

quantity onto the HA.

Composites of hydroxyapatite with partially stabilized zirconia with MgO or MgF, were
pressureless sintered by Zafer Evis et al. [238] between 1000 °C and 1300 DC. The
reactions and transformations of phases were verified by X-ray diffraction. For the

hydroxyapatite and zirconia composites with MgO, calcium from the hydroxyapatite
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diffused into the zirconia phase, and the hydroxyapatite decomposed to tri-calcium
phosphate at sintering temperatures higher than 1000 °C. Above about 1200 °C, CaZr0;
was formed. Composites containing the MgF, decomposed slower than the composites
with MgO, which was verified by the changes in the lattice volume of the hydroxyapatite
left in these composites. Fluorine ions in MgF, diffused into hydroxyapatite, which
resulted in thermal stability at high sintering temperatures. Composites with MgF, had
higher hardness than those with MgO. The lowest porosity was found in a composite

initially containing 10 wt% partially stabilized zirconia and 5 wt% MgF,.

Micro-arc oxidation (MAO) is commonly used to modify the surface of Ti-based medical
implants with a bioactive and porous titanium oxide (Ti0,) layer. Dong-Yoon Kim et al.
[239] reports a novel method of incorporating hydroxyapatite (HA) within the Ti0, layer
by coupling MAO with an electrophoretic deposition (EPD) process. A HA-incorporated,
porous Ti0, layer was produced successfully on the Ti substrate using the EPD-coupled
MAO treatment, as confirmed by electron microscopy observations. Addition of ethanol
to the electrolyte solution containing the fine HA particles was essential to reduce the
level of gaseous emission on the anode, which obstructs the attachment of HA particles.
In vitro cellular assays showed that the incorporation of HA significantly improved the

osteoblastic activity on the coating layer.

R.M. Trommer et al. [240] reported the production of hydroxyapatite (HA) powder, one
of the most studied calcium phosphates in the bioceramics field, using a cost-effective
apparatus, composed by three major components: the atomization device, the pilot and
main flames and finally the powder collector system. Calcium acetate and ammonium
phosphate, diluted in ethanol and water, were used as salts in the precursor solution. The
Ca/P molar ratio in the precursor solution was 1.65, equivalent to biological
hydroxyapatite. After its production and collection, HA powder was calcined at 600 °C
for 2 h. X-ray diffraction analysis pointed to the formation of crystalline hydroxyapatite
powders. Carbonate was identified in the powders by Fourier-transform infrared (FTIR)
spectroscopy. Scanning electronic microscopy (SEM) showed that the powders were
composed of spherical primary particles and secondary aggregates, with the morphology

unchanged after calcination. By transmission electronic microscopy (TEM), it was
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observed that the crystallite size of the primary particles was 24.8 + 5.8 nm, for the
calcined powder. The specific surface area was 15.03+6.4 and 26.50+7.6 mzjg, for the as-

synthetized and calcined powder respectively.
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3.1. Reagents and solutions:

All experiments were performed with analytical reagent grade chemicals
and solvents. All solutions were using distilled water from a borosilicate auto still
(Jencons Ltd). The following reagents and solutions were used in the present
investigations:

Ca(H,PO4),.H,O and CaCl, used for the synthesis of phosphate materials, with
Ca/P ratio of 1.67 and 1.33, and these are purchased form Sigma-Aldrich, 25%
NH4OH solution used to control pH, HCI and NaOH used for zeta-potential,

purchased from Fluka.

3.2. Synthesis of Hydroxyapatite (HA):

The apparatus used consisted of a 1 L glass reactor vessel having a four
neck cover (Fig.3.2 (1)). The dispersed element (Model G 45M, IKA-Works, Inc.,
Wilmington, NC) of the dispersing equipment (Model S 50 KG-HH, IKA-Works)
was passed through the central neck (Fig.3.2 (2)). The reaction temperature was
adjusted by a temperature controller (Fig.3.2 (4)), which was connected to a
thermocouple (Fig.3.2 (3)) and heating mantle (Fig.3.2 (5)). A flowing stream of
air was used to remove CO, from the reactor. The air was passed through an
absorption tube containing solid NaOH as a CO, absorbent (Fig.3.2 (7)), and the
flow rate was adjusted using a flow meter (Fig.3.2 (6) ). A condenser (Fig.3.2 (9))
and a proper syringe containing concentrated NH4OH solution (Fig.3.2 (8)) were
connected to the one angled side neck.

An 800 mL solution of 0.0538 mol of Ca(H,PO,),.H,O and 0.1254 mol
CaCl, with a Ca/P molar ratio of 1.67 (the stoichiometry of HA) was transferred
into the reactor vessel and was heated to 97° + 1°C using an airflow rate of 15 L/h
for 30 minute. The rotation speed of the disperser was adjusted at 5000 rpm, and
then 18 ml of concentrated NH4OH solution (25% w/w) was added slowly (3
min). The pH of the solution increase to 8.90 and white slurry was produced. The
modified precipitation method described above is called “pH shock wave
method”. The slurry produced was aged under over night at room temperature,

filtrated; washed using distilled water and dried at 90° C for 6 hours.
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Figure 3.2: Schematic illustration of reaction apparatus for the synthesis of
octacalcium phosphate: (1) reaction vessel, (2) dispersing instrument, (3)
thermocouple, (4) temperature controller, (5) heating mantle, (6) flow meter, (7)

U-shape adsorption tube, (8) syringe, and (9) condenser.

3.3 Synthesis of octacalcium phosphate (OCP):

The used apparatus was the same as for synthesis of hydroxyapatite. An
800 mL solution of 0.0538 mol of Ca(H,PO,4),.H,O and 0.0891mol CaCl, with a
Ca/P molar ratio of 1.33 (the stoichiometry of OCP) was transferred into the
reactor vessel and was heated to 97° + 1°C using an airflow rate of 15 L/h for 30
minute. The rotation speed of the disperser was adjusted at 5000 rpm, and then 15
ml of concentrated NH4OH solution (25% w/w) was added slowly (3 min). The
pH of the solution increase to 8.90 and white slurry was produced. The modified
precipitation method described above is called “pH shock wave method”. The
slurry produced was aged under over night at room temperature, filtrated; washed

using distilled water and dried at 90° C for 6 hours. The same procedure was
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repeated using threonine concentration of 0.2mM/L, 0.4mM/L and 0.6mM/L. A
portion of 1 g of the samples was subsequently calcined for 3 hours at 900 °C. The
calcinations temperature was chosen with respect to thermal data derived from
differential thermal analysis (DTA). Table 3.3 showed the experimental

conditions, and composition of samples (uncalcined and calcined).

Table 3.3: Experimental conditions and composition of samples.

Ca/P Molar Final Solution  Code of Samples
Name of samples

Ratio pH Raw Calcined

Hydroxyapatite 1.67 8.9 HA ...
Octacalcium 1.33 8.7 THO THOC
Phosphate (OCP)

OCP+Threonine 1.33 8.8 TH2 TH2C
0.2mM/L

OCP+Threonine 1.33 8.9 TH4 THAC
0.4mM/L

OCP+Threonine 1.33 8.8 TH6 TH6C
0.6mM/L

3.4. Characterization :

The products obtained by these procedures were studied by powder X-
ray diffractometry (XRD), Fourier Transform infrared spectrometry (FT-IR),
scanning electron microscope (SEM), differential thermal analysis-

thermogravimetric analysis (DTG-TG).

3.4.1. XRD:

XRD technique was conducted using a diffractometer (Model D500,
Siemens, Karlsruhe, Germany) with secondary graphite monochromator and CukK,
radiation. The measurements were performed using the following combination of

slits: 1.0%/1.0%/1.0° as aperture diaphragmes, 0.15° as detector diaphragm and 0.15°
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as diffracted beam monochromator diaphragm. The measured 20 range was

scanned in steps of 0.03" in 10s/step.

3.4.2. FT-IR:

FT-IR was performed using a spectrophotometer (Model Spectrum RX I
FT-IR, Perkin-Elmer). The KBr disk technique was used with 2mg of sample
powder in 200 mg of spectroscopic grade KBr (Merck), which has been dried at
100°C. Infrared spectra were recorded in the 4000-400 cm™ region, with

resolution of 4.00 cm™.

3.4.3. SEM:

The SEM samples were prepared as follows: (i) the powders were
attached to aluminum stubs using carbon glue (Leit-C, Neubauer Chemikalren,
Germany), (ii) the powders were coated with a 5-10 nm thick gold film to prevent
electron-beam charging and (iii) the powders were examined using SEM with an

acceleration electron-beam voltage of 25 kV.

3.4.4. TG-DTG:

TG and DTG analysis of the samples were performed using a NETZSCH
simultaneous TG-DTG apparatus (Model STA 449C, Jupiter) from ambient
temperature to 1400°C in nitrogen atmosphere (flow rate ~30 mL/min) with

heating rate of p=10°C min-1. The mass of the samples was about 50 mg.

3.4.5. N, Porosimetry:

All the materials were characterized by nitrogen adsorption-desorption
isotherms at 77K using a commercial SORPTOMATIC/FISONS 1900 apparatus.
Prior to each adsorption-desorption measurements the samples were degassed at
T=473K under p= 107 mbar for 24h. The specific surface area (ssa) were
determined on a routine basis using the linear part of BET equation at 0.05< (P/Py)
<0.15-0.25.
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4. Results and discussion:

4.1. XRD analysis of HA:

Figure 4.1 shows the XRD pattern of hydroxyapatite powder. The
sample has been first indexed with X-Cell algorithm [1] and refined afterwards
with Pawley fitting in order to find the best approximation for the unit cell
parameters. Background has been subtracted using a 20 points polynomial
function and a smoothing function has been applied using Savitsky-Golay filter.
This pattern of XRD indicates both crystalline and amorphous powder of
hydroxyapatite, because all the peaks are not strong and sharp and also not in the
same labeled. There is no other extraneous peak detected in XRD pattern, which
indicates the synthesized powder is single-phase hydroxyapatite. Peaks at 25.898°
and 32.923° in 20 assigned as major peaks of hydroxyapatite due to (002) and
(300) planes [File No. PDF# 73-1731]. The lattice parameters calculated using the
X-Cell algorithm software [1]. The calculated values of a= 9.427 A, c=6930 A
and volume= 529.390 A*. These values are slightly different from standard data of
hydroxyapatite [PDF# 73-1731], where a= 9.400 A, ¢=6.930 A and volume=
530.30 A’

Table 4.1: Peak shift data compared with standard hydroxyapatite

Plane d-space (1&) Shift
PDF 73-1731 HA 1.67
002 3.467 3.442 -0.025
210 3.079 3.144 +0.065
211 2.814 2.809 -0.005
112 2.791 2.775 -0.016
300 2.719 2.716 0.000
202 2.640 2.640 0.000
220 2.259 2.269 +0.010
222 1.946 1.945 -0.001
312 1.893 1.891 -0.002
213 1.848 1.839 -0.009
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Figure 4.1: XRD pattern of hydroxyapatite.

The difference of a axis is due to the replace of PO4 group by acid phosphate.
From the literature [34] the presence of acid phosphate group results to increase of
a and b axis , on the contrary not effect on c¢ axis. In our results these behavior is
different, that is, the distance of ¢ axis is reduced, while a and b axis remain
unchanged. This behavior attribute to low crystalinity of hydroxyapatite and
presence of amorphous phase. Koumoulidis et al [2] also got slightly difference
with standard data of hydroxyapatite. Furthermore, we can say that standard
hexagonal hydroxyapatite is formed, with space group P63;/m[173]. Table 4.1
showed the peak shift, which is calculated by Bragg equation [3] and compared
with the standard XRD spectra of hydroxyapatite.
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4.2. XRD analysis of OCP:

Figure 4.2(a), 4.2(b) and 4.2(c) showed the XRD patterns of
uncalcination and calcination samples of OCP. All samples have been first
indexed with X-Cell algorithm [1] and refined afterwards with Pawley fitting in
order to find the best approximation for the unit cell parameters. Background has
been subtracted using a 20 points polynomial function and a smoothing function
has been applied using Savitsky-Golay filter. The total reflection pattern was
similar to the know reflection pattern of synthesized OCP [PDF# 86-1407]. In the
present study at first we try to fix our crystallic system as triclinic system and the
calculated values of lattice parameters using X-Cell algorithm software [1] were
a= 7.204;%, b= 6.087 A and c= 4.333 A. However, these values does not fix with
the standard triclinic system [File No. PDF# 26-1056].

The second solution of this system has been indexed as orthorhombic and
the calculated lattice parameters were a= 10.733 A, b= 13.753 A and c= 5.832 A.
These values are more exact with standard orthorhombic OCP system [File No.
PDF# 86-1407]. Still these values are slightly different with standard file. This is
due to the presence of multiphase and the element content on unit cell.

Figure 4.2(a) and 4.2(b) showed the XRD pattern of uncalcination
samples. After used different concentrations of threonine no change detected in
the XRD pattern. The entire pattern showed the phases of OCP monetite
(CaHPOy) and hydroxyapatite. To be well observation of phases, we separate the
XRD pattern of uncalcination samples. One pattern showed 20 ranges between 3-
40° (figure 4.2(a)) and another 20 ranges between 20 until 40° (figure 4.2(b)). In
figure 4.2(b), on THO showed the phases, on TH2 indicate the values of d space
(A), calculated from Bragg equation [3] and on THS,it is indicate the reflection

planes for phases. The peaks at 20 values 4.80, 16.7° 22.70, 26.00, 26.50, 28.6" and

36.1° derived from (010), (021), (201), (002), (221), (112) and (052) reflections
indicate the phase of OCP. The peaks at 20 values 13.00, 30.30, 32.5% and 32.7°
derived from (001), (120), (102) and (201) planes indicate the phase of monetite
[File No. PDF# 75-1520]. And the peaks at 20 values 22.80, 31.80, 32.90 and
34.10 derived from (111), (211), (300) and (102) planes indicate the phase of
hydroxyapatite [File No. PDF# 73-1731].
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Figure 4.2(a): XRD pattern of uncalcination samples of OCP (2Theta 3-40)
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Figure 4.2(b): XRD pattern of uncalcination samples of OCP (2Theta 20-40

Figure 4.2(c) showed the XRD patter of calcination samples of material.
Calcination temperature used in the present study is 900 C. All the peaks detected
here is more sharp than uncalcined samples. The curve on THOC indicate the
phases of B-TCP and B-pyrophosphate, The curve on TH4C indicate the d space
values, determined from Bragg equation [3] and curve on TH6C indicate the
planes for B-TCP and B-Ca,P,0;. Two phases are observed here, one is [-
tricalcium phosphate (B-TCP) [File No. PDF# 79-0700] and other is B-calcium
pyrophosphate (B- Ca,P,07). Some difference detected here for sample TH4C, in
which the intensity decreases and the peaks are more broad than other samples.

Some shift also observed after use different concentrations of threonine for
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samples TH2C, TH4C and TH6C at 20 values between 30.99° until 34.72°. This
shift is due to the increase of 20 values and decrease of d space, which do not
affect the main phenomena of phases. All the peaks determined are according to
the literature [File No. PDF# 79-0700]. The lattice parameter calculated for -
TCP, using X-cell algorithm software were, a=8.174 A, b=3.348 A and c=11.394

A. The system is monoclinic with the space group P2/C.
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Figure 4.2(c): XRD pattern of calcination samples of OCP

4.3. FT-IR analysis of HA:

Fourier transform infrared spectroscopy (FT-IR) was used to determine
the reaction chemistry of the synthesized hydroxyapatite. Figure 4.3 shows the
FT-IR adsorption spectra of HA powders. According to the standard IR
transmission spectra, peaks observed at 3573 and 631 cm’ (present study 3576
and 633 cm'l) are assigned to OH band. Peaks around 472, 563, 960, 1040 and
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1106 cm™ are phosphate groups (PO,), and peak at 873 cm™ assigned to P-O-H

bond. The presence of P-O-H bond indicates the material is Ca-deficient

Transmittance (a.u)

hydroxyapatite.
P-O-H
873 \
3576 l
OH
3430
H20 633
OH
'
/V
4000 | 35|00 | 30|00 | 25|00 | 20|00 | 15|00 | 10|00 | 5(|)0

Wave number (cm-')

Figure 4.3: FT-IR spectra of hydroxyapatite.

4.4. FT-IR analysis of OCP:

Figure 4.4(a) and 4.4(b) shows FT-IR spectra of ucalcination and
calcination samples of material. After use the different concentrations of
threonine, there is no change happen in the peaks band for samples THO, TH2,
TH4 and THS6. It is observed the same peaks in all samples. In figure 4.4(a) the
three distinct bands origination from P-O in the orthophosphate stretch absorption
around 1030- 1113 cm™ tended to obscure the central peak at 1070 cm’™. The band

HPO,” appeared at 960 cm” come from OCP, monetite and Ca-deficient
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hydroxyapatite. The two sharp adsorption bands of PO4> appearing at 560 and
600 cm™' suggest that the particle has a crystallized OCP structure [4, 5], which is
also confirmed by XRD analysis. Furthermore, there is a possibility of adsorption
bands due to COO™ at 1600-1250 cm™ [6] for OCP, which is not found in the
present study.

The FT-IR spectrum of the powders calcined at 900 °c (fig 4.4 (b))
become similar to that of B-TCP [33], which is confirmed by the previous XRD
result. The characteristic peaks of PO4 ions which consistence the standard spectra
of B-TCP, appeared at 942-1141 and 558-613 cm'. This result is similar with Yan
Zhang et al. [7]. After 900 °C, there is no more heat treatment in the present study
for the samples that can further transform B-TCP to o-TCP.

Transmittance (a.u)
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THO

P-O ' HPO *
960 4
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1400 | 1 2IOO | 1 OIOO | 860 | 6(I)0 | 400
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Figure 4.4(a): FT-IR spectra of uncalcination samples of OCP.
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Figure 4.4(b): FT-IR spectra of calcination samples of OCP.

4.5. Mechanism of OCP and monetite formation:

Threonine is an essential amino acid, serving as a carrier for phosphate in
phosphoproteins [35, 36]. The chemical structure of threonine (2-amino 3-
hydroxy butanoic acid) and the equilibrium for different pH, is shown in the

following equation.
OH"

CH;-CH(OH)-CH(NH;")-COOH ..——+" CH3-CH(OH)-CH(NH;)-COO
H

In our experimental conditions before add of ammonium solution, the initial
solution of salts has pH ~3.3. The main forms of threonine and phosphates are

CH;-CH(OH)-CH(NH;")-COOH and H,POg4, correspondingly, which create
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together the following complex.

®
OH N CH

N\ , -~ F
PN TS
CH, CHZ ~ .H”
3 \ O
<

OH

In this complex, one hydroxyl group of phosphate is bonded with the threonine
molecule by an hydrogen bond. By this way, it is inhibited to formation of HA
and is remained as acid phosphate group, consequently it create OCP and

monetite.

4.6. SEM analysis of HA:

Figure 4.6 shows typical SEM micrograph of hydroxyapatite. The
observed particles were spherical in shape and highly agglomerated. Numerous
aggregates of isolated particles also observed in SEM image and the observed

particle size was ~75 to ~150 nm.
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Figure 4.6: SEM micrograph of hydroxyapatite.

4.7. SEM analysis of OCP:

Figure 4.7(a) and 4.7(b) shows typical SEM micrographs of samples. It
could be found that each particle contained a number of fine grains The obtained
powders appeared to weakly agglomerate particles after eliminating the absorbed
water. SEM images of powders also showed numerous aggregates of much
smaller and thinner images. The OCP granules of THO composed of aggregates of
un-uniform particles. After use different concentration of threonine, change in
shape and size is observed for all samples. By using small concentration of
threonine, TH2 granules were composed of numerous isolated small needle-like

particles without any agglomeration. The mean particle size is about 1 pm for
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Figure 4.7(a) : SEM micrographs of uncalcination samples of OCP
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Figure 4.7(a) continued: SEM micrographs of uncalcination samples of OCP

for sample TH2. TH4 granules aggregate of spheroidal particles and after increase

threonine concentration, for TH6 granules, the synthesized particles were big
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aggregates of round spherical shape and some particles get rod-shaped and their

mean sizes were 150-300 nm.

Figure 4.7(b): SEM micrographs of calcination samples of OCP.
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Figure 4.7(b) continued: SEM micrographs of calcination samples of OCP.

After calcined at 900°C, the primary particles of material were

conglomerated tightly into secondary powders of botryoidal (resembling a cluster
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of grapes in form) shape (Fig 4.7(b)). Calcination did not cause a change in the
particles morphology, and the OCP particles remain spherical geometry, and kept
aggregated. All of these phenomena suggest that the material formed in this study

incorporated organic compounds in the interlayer .

4.8. Thermal analysis of material:

Figure 4.8(a) and 4.8(b) shows the TG and DSC curves of uncalcined
samples of material (THO, TH2, TH4 and TH6). The thermal decomposition takes
place through four successive steps between the temperature ranges 20 until 1400
OC. The first step is exothermic, takes place between room temperature and about
400 °C. This step mainly assigned the removal of adsorbed and crystalline water.
For octacalcium phosphate, the reaction is:

Cag(HPO,), (PO4). 5SH,0 & Cag(HPOy), (PO4) + SH,O (1)
For hydroxyapatite the removal of water is:
Cajox(HPO4)x(PO4)6«(OH),.xnH,O >

Cajx(HPO4)x(PO4)6.x(OH)z x(n-m)H,0 + mH,0 (2)
This step suggests an increasing water adsorption tendency and the removal of
residual crystalline water is:
Cajx(HPO4)x(PO4)s-x(OH)»«(n-m)H,O -

Cax(HPO4)x(PO4)6-x(OH)2x + (n-m)H,O 3)
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Figure 4.8(a): TG curve of uncalcination samples of OCP
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Figure 4.8(b): DSC curve of uncalcination samples of OCP.
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Second step is endothermic and occurred at temperature range between
400 and 750 °C. In this step very weak peak observed for sample THO on DSC
curves, on the other hand, for samples TH2, TH4 and TH6 more sharp peaks than
THO detected. Here mainly decomposition of octacalcium phosphate to
pyrophosphate occurred under the following reaction:

Cag(HPO,), (PO4) - 2Ca3(POy), + Ca,P,0; + HyO 4)
In this step monetite also decompose to calcium pyrophosphate about 417-422 oC.
Later between 519-530 °C the amorphous calcium pyrophosphate is crystallized to
v- Ca;P,0, which the peak is not observed in the present study. The reactions are:
2CaHPO, - Ca,P,0; + H,O (5)
Ca,P,07 2 y- Ca,P,0; (6)
From equation (3) the transformation of acid phosphate to pyrophosphate take
place under the following reaction:
Cajox(HPO4)x(POs)sx(OH)2.x 2

Caj02x(PO4)6x(OH)2.4.x/2Ca,P,07 + x/2H,0 (7)

In the third exothermic step between temperatures 750-1100 °C, no peak
detected for sample THO on DSC curves, while broad peaks observed for samples
TH2, TH4 and TH6. In this step at about 854 C the v- Ca,P,07 is transformed to
B-Ca,P,07, which is also detected in XRD results for calcination samples of 900
°C.

y- Ca,P,0; > - CaP,04 (8)
In this step the following reaction also take place:
Caj02x(PO4)6x(OH)px.x/2Ca2P,07 2 Caj-5x2(PO4)s-x(OH)20x +

x/2Ca3(PO4), + x/2H,0 )
In this step another reaction happen between hydroxyapatite and calcium
pyrophosphate, to form B-TCP, which is the main phase of samples after
calcination 900 OC, confirmed by XRD.
Ca;o(PO4)s(OH), + CayP,0O7 = 4 Caz(PO4), + H,O (10)

The fourth and final step occurs at temperature ranges 1100-1300 °C.
Sharp endothermic peaks observed for all samples with some variation of
temperatures on DSC curves. In this step the partial dehydration of hydroxyapatite
happen from equation (9) under the following reaction:

Ca0.5x2(PO4)6x(OH)22x = Cag 5x2(PO4)61(OH)2 2490y V, 2 + yH,O (1)
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Where VP! denotes the lattice vacancies on OH sites. G.C. Koumoulidis et al. [8]
have found the same result during the sintering of hydroxyapatite lath-like
powders. The small and sharp peaks about 1200 °C on DSC curves indicate the
transformation of B-TCP to a-TCP.
B-TCP - o-TCP (12)

About 1300 °C sharp peaks observed on DSC curves for samples TH2,
TH4 and TH6, which indicates the melting of calcium pyrophosphate.
Ca,P,04(s) = CaxP,04(1) (13)
But for sample THO this peak is not detected due to the absent of pyrophosphate.
This observation indicates the consumption of all the amount of pyrophosphate by
the reaction (10). At the end of the experiment, we observed partial sintering of

materials due to melting of pyrophosphates.

4.9. Peak separation of material:

Figure 4.9(a), 4.9(b), 4.9(c) and 4.9(d) show the peak separation curves
of uncalcination samples of material. These peak separation curves are calculated
by using NETZSCH SEPARATION of PEAK software (SW/PKS/650.01A) from
DTG curves. The mass loss (%) and peak temperature (OC) data are shown in
Table 4.9(a) and Table 4.9(b), and depicted in figures 4.9(e) and 4.9(f),
respectively. It is observe that for the first step (the removal of crystalline and
adsorbed water), the main mass loss happen for sample THO, it is the highest
amount comparing other samples, which is 4.44%. After add different
concentration of threonine the mass loss decreases and it is 3.92, 2.88 and 3.26%
for samples TH2, TH4 and TH6, correspondingly.

For THO, in the 1% stage of 1*' step the presence of two phase of HA, and
OCP cause the big mass loss but in 2™ stage it is remain only OCP. In the 2™
stage, the mass loss of samples TH2, TH4, TH6, which prepared by presence of
threonine, were highest than sample THO and this indicate that the amount of
produced OCP were highest in these samples. Also, the peak temperatures, that is,
the temperature at the maximum rate transformation of the peak, of the second
stage of first step increase as the threonine content increases.

In the second step of mass loss, it is opposite happen. The sample THO,
has the lowest mass loss (0.68 %) comparing other samples. The presence of

threonine in the solution results to the increase of the mass loss about three times.
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Take into account that in the second step mainly occurs the decomposition of
acid-phosphate groups to pyrophosphates, we conclude that the presence of the
threonine in the solution favors the preparation of monetite and OCP.

In the third step again highest mass loss observed for THO, which is
0.86% and for TH2, TH4 and TH6, the mass loss is 0.56, 0.63 and 0.42%. Take
into account that: i) in this step takes place the consumption of pyrophosphates by
reaction of produced pyrophosphates species with the HA, (reaction 10) and ii) in
the DSC curves of THO sample the melting of pyrophosphates don’t observed, we
conclude that the amount of HA are stoichiometric less than pyrophosphates, and
some amount of pyrophosphates were remained unchange.

A small and continuous mass loss observed in fourth step, which is 0.38,
0.35, 0.29 and 0.38% for samples THO, TH2, TH4 and TH6.

In conclusion, that the presence of threonine in the initial solution inhibits

the HA preparation and prevents the monetite and OCP phases formation.
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Figure 4.9(a): Peak separation curve of sample THO.
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Figure 4.9(b): Peak separation curve of sample TH2.
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Figure 4.9(c): Peak separation curve of sample TH4.
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Figure 4.9(d): Peak separation curve of sample TH6.

Table 4.9(a): Mass loss (%) data of thermal analysis for uncalcination samples:

Sample Step
code First Second Third Fourth
1" stage 2™ stage  Total
THO 2.90 1.54 4.44 0.68 0.86 0.38
TH2 1.60 2.32 3.92 1.89 0.56 0.35
TH4 1.33 1.55 2.88 1.97 0.63 0.29
TH6 0.83 243 3.26 1.93 0.42 0.38
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Table 4.9(b): Peak Temperature (OC) of thermal analysis for uncalcination

samples:
Sample Step
code First Second Third
1* stage 2" stage
THO 35 306 454 762
TH2 38 357 461 769
TH4 40 379 462 772
TH6 42 399 463 776

Step 1, total
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Figure 4.9(e). The mass loss of the steps-stages of samples for the peak separation
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Figure 4.9(f). The peak temperatures of the steps-stages of samples for the peak

separation

4.10. BET analysis of HA:

The N, adsorption-desorption isotherms for the sample of hydroxyapatite
is shown in figure 4.10. The most important morphological parameters can be
calculated from analysis of the relationship between the volume adsorbed and the
relative pressure of a physically adsorbing gas. The method is realized by
rearranging the original BET equation [9].

1% C(P/F,)

v, [1+(C=1)P/R)i-(P/R)] (14)
In the form,
W=C‘% -(c-1yv[i-(P/R)] (15)

Plots of the form V [1-(P/Py)] / (P/Py) vs V[1-(P/Py)] provide lines which have the

shape of an inclined V, i.e. >, and variable slopes corresponding to (C-1) from
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which the values of the C parameter can be determined for the whole range of
partial pressures 0 < (P/Py) < 1. The inversion point of such plots, termed the I-
point, projected on to the V [1-(P/Py)] axis corresponds exactly to the volume of
monolayer, i.e. Vi, = V[1-(P/Py)] , from which the values of the specific surface
area (ssa m°g’) can be easily determined from the trivial relationship, ssa = 4.356
Vi [10,11]. In the present study V,, is calculated from BET isotherm instead of I-
point.

Figure 4.10 show the adsorption-desorption isotherm of HA. The specific
surface area (ssa) estimated according to the standard BET equation is 53 m?® g

and the corresponding V,, value is 12 cm? g

Isotherm of adsorbent

100.000
90.000 -
80.000 -
70.000 -
60.000 -
50.000 -
40.000 +
30.000 -
20.000 -
10.000 -

0.000 T T T T T
0.000 0.200 0.400 0.600 0.800 1.000 1.200

Figure 4.10: BET isotherm of hydroxyapatite.

4.11 BET analysis of OCP:
The N, adsorption-desorption isotherms for the uncalcined samples of OCP are
shown in figure 4.11(a) and the calcined samples in figure 4.11(b). The specific

surface are is determined by using the same BET method [9].
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Figure 4.11(a) : BET isotherm curves of uncalcination samples of OCP.
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Figure 4.11(a) continued: BET isotherm curves of uncalcination samples of

OCP.

119



Isotherm of THOC

70
60 -
50 -
40 -
>
30 -
20 -
10 -
0 T I I I I I
0 0.2 04 0.6 0.8 1 1.2
P
Isotherm of TH2C
70
60 -
50 -
40 -
>
30 -
20 -
10 -
0 n I I I I I
0.00 0.20 0.40 0.60 0.80 1.00 1.20
P

Figure 4.11(b) : BET isotherm curves of calcination samples of OCP.
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Figure 4.11(b) continued: BET isotherm curves of calcination samples of

OCP

The initial part of the adsorption isotherm (P/Py < 0.2) corresponded to

monolayer and multilayer formation and followed the same path as that given by a
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corresponding nonporous solid, which support the typical, type II isotherm
(IUPAC) for samples THO, TH2, TH4 and TH6. On reducing P/P,, desorption
occurs, resulting a hysteresis loops, which is occurred between 0.2-1.0 relative
pressures, very close to type H3 (IUPAC).

Table 4.11 showed the specific surface area (ssa m” g') estimated
according to the standard BET method and I-point method. Figure 4.11(c) showed
the comparison between these two methods and it is observed that there is a very
small difference between these two methods. It is observed from fig 4.11(a), that
relative volume start between 0-10 and the specific surface are (ssa) found from
BET equation is between 45-53 m” ¢! for uncalcination samples (THO, TH2, TH4
and TH6) and 5-6 m> g'1 for calcination samples (THOC, TH2C, TH4C and

TH6C), which indicates all the samples are nonporous.

Table 4.11: The specific surface area estimated from BET method and I-point

method.
Sample code ssa (m”g")
BET method [-Point method
THO 45.32 44.45
TH2 53.12 52.09
TH4 46.38 45.38
TH6 48.83 47.18
THOC 5.82 5.72
TH2C 5.76 5.49
TH4C 6.70 6.14
TH6C 6.66 6.19
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Figure 4.11(c): Comparison between the Sggr and S; values.

4.12. Determination of activation energy

In our present study, we also determine the activation energy, E and the
pre-exponential factor. Activation energy may be defined, as the minimum energy
required starting a chemical reaction. The Arrhenius equation gives the
quantitative basis of the relationship between the activation energy and the rate at
which a reaction proceeds. The study of reaction rate is termed as chemical
kinetics. From the Arrhenius equation, the activation energy can be expressed as:
Ea = -RT In(K/A) (16)
where A is the frequency factor for the reaction, R is the universal gas constant
and T is the temperature (in Kelvin). While this equation suggests that the
activation energy is dependent on temperature, in which the Arrhenius equation is

valid this is cancelled by the temperature dependence of K. Thus, Ea can be
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evaluated from the rate constant at any temperature (within the validity of the
Arrhenius equation).
In our study we used Kissinger method [12], to determination of

activation energy and pre-exponential factor, based on the following equation:
In (B/ T*ma)= -Ea/R T+ In (AR/Ea) (17)
where [ is the heating rate (K min’l), Tmax 1S the maximum reaction rate
temperature (K), Ea is the activation energy (kJ/mol), A is the pre-exponential
factor (min™) and R=8.314 kJ/mol/K is the gas constant.
The plot of In (B/ szax) against 1000/T .« should be a straight line with a slope of
—Ea/R and an intercept equal to In(AR/E). The activation energy is calculated by
multiply the slope with molar gas constant (8.314 kJ/mol/K).

Table 4.12 showed the activation energy Ea and pre-exponential factor A
for different stages of DSC and DTG curves. Figure 4.12(a), 4.12(b), 4.12(c),
4.12(d) showed plot B/Tm”2 vs 1000/Tm and figure 4.12(e), 4.12(f), 4.12(g),
4.12(h), 4.12(1), 4.12(G), 4.12(k), 4.12(1) showed DTG and DSC curves on
different heating rate (B K/min) for the samples THO, TH2, TH4 and TH6.
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Figure 4.12(a): Plot B/Tm”2 vs 1000/Tm for sample THO.
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Figure 4.12(b): Plot f/Tm”2 vs 1000/Tm for sample TH2.
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Figure 4.12(c): Plot f/Tm”2 vs 1000/Tm for sample TH4.
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Figure 4.12(d): Plot B/Tm”2 vs 1000/Tm for sample TH6.
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Table 4.12: The activation energy, Ea and the pre-exponential factor, A for different thermal decomposition steps, determined by

Kissinger equation:

Sample Decomposition step Transformation of
code 2" step 3 step B-TCP - o-TCP
DSC DTG DTG DSC
Ea (kJ/mole) A(min') Ea(kJ/mole) A(min') Ea(kJ/mole) A(min') Ea(kJ/mole) A(min")
THO 246 2.1 E+14 246 9.1 E+13 314 8.4 E+11 6242 4.8 E+221
TH2 258 5.1 E+14 249 1.2 E+14 328 5.0E+12 4189 3.2 E+147
TH4 236 1.3 E+13 221 1.4 E+12 360 22 E+14 6068 4.8 E+215
TH6 253 2.6 E+14 224 2.5E+12 277 1.1 E+10 3749 2.6 E+130
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Figure 4.12(e): DTG curve of different heating rate for sample THO.
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Figure 4.12(f): DTG curve of different heating rate for sample TH2.
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Figure 4.12(g): DTG curve of different heating rate for sample TH4.
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Figure 4.12(h): DTG curve of different heating rate for sample TH6.
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Figure 4.12(i): DSC curve of different heating rate for sample THO.
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Figure 4.12(j): DSC curve of different heating rate for sample TH2.
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Figure 4.12(k): DSC curve of different heating rate for sample TH4
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Figure 4.12(1): DSC curve of different heating rate for sample TH6.
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4.13. Compensation effect and isokinetic temperature:

Several terms have been employed essentially interchangeably to describe
sympathetic relationships between the apparent activation energies and the
preexponential factors for a series of processes, which is well known as
compensation effect. Numerous series of catalytic studies have inferred that there
is a compensation effect and have estimated a specific isokinetic temperature for
individual series. Many theoretical analyses have offered explanations for this
phenomena, although, the majority have focused on interpreting any isokinetic
temperature that is evident or determining if compensation exists. However, there
is no commonly accepted explanation for kinetic compensation. Many analyses
suggest that there are several actual forms of kinetic compensation that may be
evident in process depending on the nature of the series that are being compared.
The compensation effect occurred in a group of related reactions for which the
influence of changes in preexponential factor, A, on reaction rate is offset to a
greater or lesser extent by a sympathetic variation in activation energy, Ea, often
expressed as:
log A=B + eEa (18)
Where B and e are constants. This effect has been observed in both heterogeneous
and homogeneous rate processes.

As shown in figure 4.13(a), the activation parameters of the thermal
degradation exhibit a compensation effect measured by second DSC, DTG and 3™
DTG steps. In the second DSC step y-Ca,P,0O; decomposed to B-Ca,P,07. Second
DTG step acid phosphate decompose to pyrophosphate and in the 3" DTG step
pyrophosphate decompose to hydroxyapatite, which is further react with calcium

pyrophosphate to form B-TCP.
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Figure 4.13(a): The compensation effect.

The isokinetic temperature is the temperature at which the rate coefficients
for all the compounds are the same and hence the point through which all the
Arrhenius plots must pass. It should be noted that this isokinetic plot is not a result
of accidental compensation of errors, for if the given rate coefficients are modified
such that all of the Arrhenius lines pass through a point, a perfect isokinetic
relationship is obtained. The rate vs temperature curves for all the reactions pass
through this single point. Comparisons are affected since the isokinetic
temperature is a point of inversion of relative reactivity in the series. It is also a
point of change in control of reaction rate by the energy of activation below it to
control by the entropy of activation above it. The effect of changes in structure,
solvent, e.t.c., will depend on the relation of the experimental temperature to the
isokinetic temperature. The best mathematical explanation for the dependence of
the rate constant on temperature is given by the Arrhenius equation:

K = A exp (- Ea/RT) (19)

Where Ea is the activation energy, A is the pre-exponential factor and T is the
temperature. From equation(19),

InK = InA- E/RT (20)

InA = InK + E/RT (21)
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Comparing equations (19) and (21),
B = InKi

or, Ki =exp (B)

And, e = 1/RTi

or, Ti = 1/eR

where Ki is the compensation constant and Ti is the isokinetic temperature.

Table 4.13: Values of parameters Ki and Ti determined from Arrhenius equation

for different stages of DSC and DTG curves.

e B Ki Ti

2DSC 0.1604  -7.2597 0.0007033 477
2DTG 0.1607  -7.4849 0.0005615 475
3DTG 0.1195 -10.008 4.504E-05 734
4DSC 0.0841 -13.797 1.019E-06 1157

Table 4.13 showed the values of Ki and Ti determined from Arrhenius equation
for different steps of DSC and DTG curves. Figure 4.13(b), 4.13(c) and 4.13(d)
showed the linear plot of InA vs E for different stages of DSC and DTG.

y = 0.1607x - 7.4849 . & 2DSC
** R?=0.9984 = 207G
2] Y = 0.1604x - 7.2597 Linear (2DTG)
R2 — 0.892 Linear (2DSC)
31.54 - :
<
£

275 T T T T T T T T
215 220 225 230 235 240 245 250 255 260

Figure 4.13(b): Plot InA vs E for 2™ DSC and 2™ DTG
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Figure 4.13(d): Plot InA vs E for 4" pSC
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Figure 4.13(e), 4.13(f), 4.13(g) and 4.13(h) showed the isokinetic temperature (T1)
for different stages of DSC and DTG curves. All these values of Ti with in the
range of thermal analysis result, which is 400-500 °C for 2" DSC and measured
Ti is 477 °C, for 2" DTG, it is 400-500 °C and Ti for 2" DTG 475 °C, for 3"
DTG, it is 700-800 °C and Ti for 3" DTG 734 °C, for 4" DSC, it is 1100-1200 °C
and Ti for 4" DSC 1157 °C.

4.14. Conclusion:

We have successfully produced hydroxyapatite and octacalcium phosphate by
using pH shock —wave method with high-speed dispersing equipment and the
following observations are made:

1) From XRD pattern for the samples of Ca/P atomic ration of 1.67, single phase
of hydroxyapatite was detected. The calculated lattice parameters were a= 9.427
10%, and ¢=6.930 A (hexagonal P63/m), while for the uncalcination samples of Ca/P
atomic ratio 1.33, three phases of OCP, monetite and HA were detected and the
lattice parameters were a= 10.733 A, b= 13.753 A and c= 5.832 A (orthorhombic
Pna21). For the calcination samples of the same ratio of Ca/P two phases of B—
TCP and B—Ca,P,0; were detected and the lattice parameters were a=8.174 A,
b=3.348 A and c=11.394 A. The system is monoclinic with the space group P2/C.
2) FT-IR showed all the characteristics peaks for HA, OCP and B-TCP.

3) SEM analysis showed the different morphology of particles. For HA, it was
spherical in shape and highly agglomerated. For uncalcination samples of OCP the
particle shape was un-uniform and after used different concentration of threonine
the shape changed to needle-like, spheroidal and big aggregate of round spherical.
The calcination samples of OCP showed the botryoidal shape of particles.

4) The thermal analysis of OCP samples were studied between temperatures 0 and
1400 °C. The transformation takes place through four consecutive steps. At higher
temperature, about 900 OC, B-TCP formed together with p—Ca,P,0O;. At the end of
the thermal experiment, we observed partial sintering of materials due to melting
of pyrophosphate.

5) The N, adsorption-desorption isotherms for the samples were measured by
using BET equation and the observed specific surface areas (ssa) were 45-53 m*/g

for uncalcination samples and 5-6 m?/g for calcination samples.
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5. Adsorption theory:

Adsorption is a process that occurs when a gas or liquid solute
accumulates on the surface of a solid or a liquid (adsorbent), forming a film of
molecules or atoms (the adsorbate). It is different from absorption, in which a
substance diffuses into a liquid or solid to form a solution. The term sorption

encompasses both processes, while desorption is the reverse process.

Adsorption is present in many natural physical, biological, and chemical
systems, and is widely used in industrial applications such as activated charcoal,
synthetic resins, and water purification. Adsorption, ion exchange, and
chromatography are sorption processes in which certain adsorbates are selectively
transferred from the fluid phase to the surface of insoluble, rigid particles suspended

in a vessel or packed in a column.

Similar to surface tension, adsorption is a consequence of surface energy.
In a bulk material, all the bonding requirements (be they ionic, covalent, or metallic)
of the constituent atoms of the material are filled by other atoms in the material.
However, atoms on the surface of the adsorbent are not wholly surrounded by other
adsorbent atoms and therefore can attract adsorbates. The exact nature of the bonding
depends on the details of the species involved, but the adsorption process is generally
classified as physisorption (characteristic of weak van der Waals forces) or

chemisorption (characteristic of covalent bonding).

5.1. Isotherms:

Adsorption is usually described through isotherms, that is, the amount of
adsorbate on the adsorbent as a function of its pressure (if gas) or concentration (if
liquid) at constant temperature. The quantity adsorbed is nearly always normalized by
the mass of the adsorbent to allow comparison of different materials.

The first mathematical fit to an isotherm was published by Freundlich and

Kiister (1894) and is a purely empirical formula for gaseous adsorbates,
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where x is the quantity adsorbed, m is the mass of the adsorbent, P is the pressure of
adsorbate and k and n are empirical constants for each adsorbent-adsorbate pair at a
given temperature. The function has an asymptotic maximum as pressure increases
without bound. As the temperature increases, the constants k and n change to reflect
the empirical observation that the quantity adsorbed rises more slowly and higher

pressures are required to saturate the surface.

5.2. Adsorbent Characteristics and general requirements:

Adsorbents are used usually in the form of spherical pellets, rods,
moldings, or monoliths with hydrodynamic diameters between 0.5 and 10 mm. They
must have high abrasion resistance, high thermal stability and small pore diameters,
which results in higher exposed surface area and hence high surface capacity for
adsorption. The adsorbents must also have a distinct pore structure which enables fast
transport of the gaseous vapors.

Most industrial adsorbents fall into one of three classes:
o Oxygen-containing compounds — Are typically hydrophilic and polar,
including materials such as silica gel and zeolites.
o Carbon-based compounds — Are typically hydrophobic and non-polar,
including materials such as activated carbon and graphite.
e Polymer-based compounds - Are polar or non-polar functional groups in a

porous polymer matrix.

5.3. Langmuir Adsorption Isotherm:

The Langmuir equation or Langmuir isotherm or Langmuir adsorption
equation relates the coverage or adsorption of molecules on a solid surface to gas
pressure or concentration of a medium above the solid surface at a fixed temperature.
The equation was developed by Irving Langmuir in 1916 [1]. The equation is stated
as:

_ a-F
~1ja.p
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0 or theta is the fractional coverage of the surface, P is the gas pressure or
concentration, o (alpha) is a constant.
The constant a is the Langmuir adsorption constant and increases with an increase
in the binding energy of adsorption and with a decrease in temperature
5.3.1. Equation Derivation:

The equation is derived starting from the equilibrium between empty
surface sites
S : ), particles (P) and filled particle sites (SP)
S*+ P« SP

The Equilibrium constant X is thus given by the equation:

o 5P

[5*][P]

Because the number of filled surface sites (SP) is proportional to 6, the number of
unfilled sites (S ~ ) is proportional to 1-8, and the number of particles is
proportional to the gas pressure or concentration (P) the equation can be rewritten

as:

0
(1-0)P

where a is a constant

Ck':

Rearranging this:
0=a(l -0)P
0 = Pa — PBa
0 + PBa = Pa
0(1 + Pa) = Pa
a- P
T +a-F

Other equations relating to adsorption exist such as the Temkin equation or the

Freundlich equation. The Langmuir equation (as a relationship between the
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concentration of a compound adsorbing to binding sites and the fractional

occupancy of the binding sites) is equivalent to the Hill equation.

5.3.2. Equation Fitting:
The Langmuir equation is expressed here as:
I‘-mt-u:r.' Kc
14+ Ke

where K = Langmuir equilibrium constant, ¢ = aqueous concentration (or gaseous

partial pressure), I' = amount adsorbed, and I'j,x = maximum amount adsorbed as
c increases. The Langmuir equation can be fitted to data by linear regression and
nonlinear regression methods. Commonly used linear regression methods are:
Lineweaver-Burk, Eadie-Hofstee, Scatchard, and Langmuir.

The double reciprocal of the Langmuir equation yields the Lineweaver-Burk

equation:
11 1
[~ Toae | TpmKc

A plot of (1/T") versus (1/c) yields a slope = 1/(I')xK) and an intercept = 1/1 yax.

The Lineweaver-Burk regression is very sensitive to data error and it is strongly
biased toward fitting the data in the low concentration range. It was proposed in
1934. Another common linear form of the Langmuir equation is the Eadie-
Hofstee equation:
r
Ke
A plot of (I') versus (I'/c) yields a slope = -1/K and an intercept = I'n.x. The

I'= Fﬂm -

Eadie-Hofstee regression has some bias toward fitting the data in the low
concentration range. It was proposed in 1942 and 1952. Another rearrangement

yields the Scatchard regression:

r = Kl — KT
C

A plot of (I'/c) versus (I') yields a slope = -K and an intercept = KI'p,x. The

Scatchard regression is biased toward fitting the data in the high concentration
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range. It was proposed in 1949. The last linear regression commonly used is the
Langmuir linear regression proposed by Langmuir himself in 1918:

C C 1

= + =
I' T Kl
A plot of (c/T') versus (c) yields a slope = 1/T'n.x and an intercept = 1/(KI ax)-

This regression is often erroneously called the Hanes-Woolf regression.

5.4. Freundlich equation:

The Freundlich equation or Freundlich adsorption isotherm is an
adsorption isotherm, which is a curve relating the concentration of a solute on the
surface of an adsorbent, to the concentration of the solute in the liquid with which it is
in contact. There are basically two well established types of adsorption isotherm: the
Freundlich adsorption isotherm and the Langmuir adsorption isotherm
5.4.1. Freundlich adsorption isotherm:

The Freundlich Adsorption Isotherm is mathematically expressed as

r/m = {pl,’n
or

x/m= Kc'"
where

x = mass of adsorbate

m = mass of adsorbent

p = Equilibrium pressure of adsorbate

¢ = Equilibrium concentration of adsorbate in solution.

K and 1/n are constants for a given adsorbate and adsorbent at a particular

temperature.

5.5. A survey on different methods of adsorption:

Albanis et al. [2] showed the adsorption and removal of commercial dyes
by using fly ash mixtures with a sandy clay loam soil of low organic matter content.

They have got by adsorption batch experiments in soil mixture with 20% fly ash
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content were up to 53% for acid yellow 7, 44.9% for acid yellow 23, 99.2% for direct
yellow 28, 96.8% for basic yellow 28 and 88.5% for disperse blue 79.

Azharul et al. [3] showed the multiple response optimization for the
removal of organophosphorus pesticide quinalphos [QP: O,O-diethyl O-2-
quinoxalinyl phosphorothioate] from the aqueous solution onto low-cost material and
tried to overcome the drawbacks of univariate optimization. Used tea leaves were
used as low-cost adsorbent and batch equilibration method was followed for this
study. A Box—Behnken design was used to develop response model and desirability
function was then used for simultaneous optimization of all affecting parameters in
order to achieve the highest removal% of quinalphos. The optimum conditions of
factors predicted for quinalphos removal% were found to be: pH 8.83, concentration
7 mg L™" and dose 0.40 g. Under these conditions, maximum removal% of quinalphos
was obtained 96.31%. Considering the above optimum conditions, the adsorption
isotherms were developed and provided adsorption capacity of 196.07 pg g~ by using
Langmuir equation, indicating that used tea leaves may be applied as a low-cost

material for pesticides removal from aqueous matrices

Heavy metal contamination of waters and soils is particularly dangerous to
the living organisms. Different studies have demonstrated that hydroxyapatite has a
high removal capacity for divalent heavy metal ions in contaminated waters and soils.
The removal of Cd from aqueous solutions by hydroxyapatite was investigated by A.
Corami et al. [4] in batch conditions at 25 + 2°C. Cadmium was applied both as single
or multi-metal (Cd + Pb + Zn + Cu) systems with initial concentrations from O to 8
mmol L . The adsorption capacity of hydroxyapatite in single-metal system ranged
from 0.058 to 1.681 mmol of Cd/g of hydroxyapatite. In the multi-metal system
competitive metal sorption reduced the removal capacity by 63-83% compared to the
single-metal system. The sorption of Cd by hydroxyapatite follows the Langmuir
model. Cadmium immobilization occurs through a two-step mechanism: rapid surface
complexation followed by partial dissolution of hydroxyapatite and ion exchange

with Ca resulting in the formation of a cadmium-containing hydroxyapatite.
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B. Noureddine et al. [5] has been undertaken to evaluate the adsorption in
batch mode of a disperse dye (Disperse Blue SBL) by poorly crystalline
hydroxyapatite synthesized by coprecipitation between Ca(NOs), and (NH4)>,HPO,
reagents in aqueous solution at room temperature. The adsorption experiments were
carried out to investigate the factors that influence the dye uptake by the adsorbent,
such as the contact time under agitation, adsorbent dosage, initial dye concentration,
solution temperature, and pH. The experimental results show that the percentage of
dye removal increases with increasing the amount of adsorbent, until the total
discoloration. The adsorption isotherms follow the model of Langmuir with a high

adsorption capacity. The adsorption was pH and temperature dependent.

Batch adsorption experiments were conducted by A. Bahdod et al. [6] to
investigate the removal of phenol from wastewater by addition of three apatites
(porous hydroxyapatite (PHAp) and crystalline hydroxyl- (HAp) and fluoroapatite
(FAp)). The best performances were obtained with porous hydroxyapatite PHAp,
which presented higher adsorption capacities (experimental: 8.2 mg g, calculated 9.2
mgg-") than HAp and FAp (3-4 mg g). Different models of adsorption were used to
describe the kinetics data, to calculate corresponding rate constants and to predict the
theoretical capacities of apatite surfaces for phenol adsorption. A mechanism of
phenol adsorption associating chemisorption and physisorption processes is presented
allowing the discussion of the variations in adsorption behavior between these
materials in terms of specific surface area and chemical composition. These data

suggest that apatites are promising materials for phenol sorption.

Ronghai Zhu et al. [7] showed the removal of cadmium ions from aqueous
solutions by synthetic hydroxyapatite (Ca;o(POs)s(OH),, HAP) with different
morphologies was conducted in batch conditions. The influence of different sorption
parameters, such as equilibration time, initial concentration of metal ion, the amount
of HAP, pH value of solution and the specific surface area on the sorption amount of
Cd*+ were studied and discussed. Experimental results are in agreement with
pseudo-second-order kinetic equation. The Freundlich and Langmuir adsorption

isotherms, often used to describe the sorption of solutes from a liquid phase, can be
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applied to this experimental results. The Langmuir adsorption isotherm constant
corresponding to adsorption capacity, X, was found to be 260.42 mg/g. The sorption
amount of Cd*+ increased as the pH value enhanced from 5 to 8. The ion-exchange
mechanism and surface complex mechanism may both exist in the adsorption process.
Nearly linear dependence between Cd*+ sorption amount and specific surface area
within a certain range has been confirmed. Cd*+ desorption amount decreased with

the increasing pH value of the extracting solution.
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6. MATERIALS AND METHODS
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6.1. Reagents and solutions:

All experiments were performed with analytical reagent grade chemicals
and solvents. HCI and NaOH used for zeta-potential, purchased from Fluka. Direct
yellow 27 [C.I. =10190-68-8, molecular formula = CysH;)N4Na,O9S3, Molecular
weight= 662.62, Apn.x = 398 nm], used for adsorption reaction got form Sigma-
Aldrich. All solutions prepared using distilled water from a borosilicate auto still

(Jencons Ltd).

6.2. Choice of dye:

In the present study, we used five dyes in our adsorption experiment. The

general information of these dyes are given below:

1. Auramine O
Molecular formula : C;7H;N3-HCl
Molecular weight : 303.83

Amax : 432 nm

MH - HC
Ha . -CH
3 I'T-I " e I,Tj 3
CHa CHz

Chemical structure :

2. Methyl orange
Molecular formula: C14H14N3NaO3S

Molecular weight: 327.33
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Amax : 464 nm

Chemical structure:

3.Acid orange 7
Molecular structure: Ci¢H;1N>NaO4S
Molecular weight: 350.32

Amax : 480 nm

a
ﬁ- OMNa
£ré
M=M
oy

Chemical structure:

4. Acid yellow 23
Molecular structure: Co6Ho9N30O»
Molecular weight: 415.53

Amax : 434 nm

Na D3g2Y

“0°
H‘N"N — D'H
Na"'o“n' \N’N\rf i
0 = ”D"Na
070

Chemical structure:
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5.Direct yellow 27
Molecular formula: C,5sH,0N4Na,O9S5
Molecular weight: 662.62

Amax : 398 nm

T Q‘"s ONa
HEC [__, - S al "'\-\.| ""‘:]" S b D - .'..."'-\.
0=5=0 v o O R |
ONa o N =
| H
. QCH
HO™ “CH, ’

Chemical structure:

But our synthesize materials can not remove the first 4 dyes from aqueous
solution and these materials can remove only direct yellow 27 dye from aqueous
solution. Some reasons that are involve not to have adsorption on these dyes are to be
consider, the size of the dye, anionic or cationic character of dye, presence of
functional groups etc. To find out exact reason, it needs to work with more dyes with
different group and have broad research on it. As we worked only for five dyes so it is
difficult to say the exact reason and we wish to continue this work with more dyes for
our further research to find out suitable reason on this matter. Therefore, we choose

direct yellow 27 for our present adsorption study.

6.3. Choice of adsorbent:
In our present study, we synthesize mainly four samples of octacalcium
phosphate (THO, TH2, TH4 and TH6) and hydroxyapatite (HA). In order to choose

appropriate adsorbent we prepare 20 mg/L of 25mL dye solution of direct yellow 27
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and put 0.1 g of all the synthesize powder in it. Then shaked in a orbital shaker
(rotator drive STR4 UK) with a constant speed of 10 (40 circle/min) for three hours,
in order to reach equilibrium concentration.

Moreover, we have found the following dye removal percentage for our samples:

Sample 9% Removal
THO 79%
TH2 83%
TH4 80%
TH6 81%
HA 92%

As we can see that comparing all these materials, hydroxyapatite showed the highest
dye removal percentage and the synthesis of all these materials had the same method
and same reagents, which does not effect the synthesis cost. Comparing all these

criteria, we choose hydroxyapatite as our adsorbent.

6.4. Adsorption experiments:

The dye used in the present study, direct yellow 27 purchased from
Sigma-Aldrich (CAS 10190-68-8). Some general information of direct yellow 27 is
illustrated in table 6.4 and chemical structure in figure 6.4.

Table 6.4: General information of direct yellow 27

Direct yellow 27

CAS number 10190-68-8
Molecular formula CosHaoN4NaxOoS3
Molecular weight 662.62

Amax 398 nm
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Figure 6.4: Chemical structure of direct yellow 27

An exact weighed quantity of dye was taken in a 500 ml flask and filled it with
double distilled water until the mark, in order to make the stock solution of 500 mg/L
(500 ppm). The dye solution is shaken well to dissolve completely and create a
homogeneous solution. The stock solution was stored in dark place at room
temperature.

All batch adsorption experiments were performed at room temperature and
for this a fixed amount of HA adsorbent (0.025- 0.3g) was placed in a 50ml
polypropylene centrifuge tube containing 25.0 ml of dye solution (20-60 mg/L) at pH
ranging from 3.5 to 11.5. Then, the test tubes were shaken in a rotary orbital shaker
(rotator drive STR4, UK) at 10 (40 circle/min) for three hours, in order to reach
equilibrium concentration. At the end of the shaking, the samples were centrifuged at
4200 rpm for 5 min and the supernatant was collected and dye concentration were
determined by using a UV-visible spectrophotometer (Jasco,V-530, Japan).

The percentage removal of dye and amount adsorbed by the selected adsorbent was

calculated by the following equation:

c,-C
Removal % =100X =€) (1
0
c,-C -V
Removal capacity (q,) = ——*—— (2)
m
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Where, q. is the amount of dye up taken by the adsorbent (mg/g); Co, the initial dye
concentration (mg/L); C., the equilibrium concentration (mg/L); m, the mass of

adsorbent (g) and V is the volume (L) of solution used for adsorption.

7. Results and discussion:

7.1. Zeta potential measurement:

To control the pH of the aqueous solution is an important parameter for
adsorption process. In the present study Zeta-Meter System 3.0, New York, is used to
determine the H" and OH ion concentration at different pH. In aqueous solution the
surface charge is positive (+) and negative (-) and zeta potential is the sum of all

charges. When the

—m— Before adsorption
—m— After adsorption
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Figure 7.1: Zeta potential of adsorbent before and after adsorption.
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positive and negative charges are same in solution, the sum is zero, which indicates
the point of zero charge. To determine the point of zero charge of adsorbent in
aqueous solution, pH parameter is used 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, 9.5 and 10.5. It is
not possible to use pH less than 3.5 as the adsorbent is dissolve in that value of pH.
KNO:s is used as reference electrolyte, because KNO3 does not shift the zero point. In
aqueous solution, K" and NOs ions come from KNOs, which has no role to determine
any surface potential. Figure 7.1 shows the pH vs Z-potential curve of adsorbent
before and after adsorption. It is indicating that, there is no point of zero charge
detected for the adsorbent, as all the values of zeta potential is negative. In addition,

after adsorption the values of zeta potential increase rapidly.
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Figure 7.2: Effect of contact time on removal of direct yellow 27 by hydroxyapatite

(adsorbent amount 0.2g, solution concentration 40 mg/L, pH 6.5).
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7.2. Effect of contact time:

The effect of contact time on the adsorption of direct yellow 27 is shown
in Fig. 7.2. The removal percentage of dye increased with increase in contact time.
During the adsorption of first 100 minutes, the color removal is fast and it was 71%.
After that, the removal percentage was very slow and until 180 minute, it was 80%
and reached equilibrium. At the beginning of the adsorption, large surface area of the
adsorbent is vacant to have fast adsorption. After increasing time, the dye molecules
are adsorbed by the adsorbent and are saturated with dye ions, which results the

slowing down of the adsorption and reached equilibrium.

7.3. Effect of concentration:
The adsorption process is carried out at different initial dye concentration
of 20, 30, 40, 50 and 60 mg/L. In figure 7.3 it is shown that at lower initial

concentration dye removal percentage is high, almost 58%. However, after increase

60

55

50

45 -

% Removal

40 -

35 1
30 \
25 I L] I L] I L] I L] I

20 30 40 50 60

Concentration (mg/L)

Figure 7.3: Effect of concentration (adsorbent amount 0.1g, solution pH 6.5).
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the dye concentration under the same condition of pH and adsorbent amount, the
color removal percentage of dye decrease to 28% for 60 mg/L of dye solution. It
means that the adsorption process is highly dependent on initial concentration of dye.
It is because of at lower concentration, the ratio of the initial number of dye
molecules to the available surface area is low and subsequently the fractional
adsorption becomes independent of initial concentration [8]. However, at higher
concentration the available sites of adsorption becomes fewer and hence the

percentage removal of dye is dependent upon initial concentration.

7.4. Effect of adsorbent amount:

The percentage of direct yellow 27 removal with varying amounts of
hydroxyapatite is presented in figure 7.4. The amount of adsorbent used in the present
study is 0.025, 0.05, 0.1, 0.2 and 0.3 gm. These amounts were used for 25 ml of dye
solution with five different concentrations of 20, 30, 40, 50 and 60 mg/L. From figure
7.4, it is very clear that the dye removal percentage increased rapidly with the
increasing of adsorbent dosage until the certain limit. An increase in the adsorption
with the adsorbent dosage can attributed to a greater surface area and the availability
of more adsorption capacity. It is observed that, for the adsorbent dosages of 0.025,
0.05, 0.1 and 0.2 gm of amount, the dye removal percentage increased for all
concentrations of dye solution. Further more increase the amount of adsorbent, which
is 0.3 gm, the dye removal percentage suddenly start to decrease. This is due to the
large amount of adsorbent effectively reduces the unsaturation of the per unit mass,
resulting in the great reduction of per unit mass adsorption at higher adsorbent
amount [9]. Table 7.4 showed the adsorbent amount effect and removal percentage of

dye for different dye concentrations.
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Figure 7.4: Effect of adsorbent amount (solution pH 5.5).
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Table 7.4: The adsorbent amount effect and removal percentage of dye for different

dye concentrations.

Dye Adsorbent dosage (gm)

concentration  ~57553 0.05 0.1 0.2 03
(mg/L)

20 34% 53% 68% 82% 72%
30 38% 59% 72% 85% 74%
40 40% 63% 78% 89% 77%
50 43% 69% 88% 94% 82%
60 52% 72% 89% 97% 86%

7.5. Effect of pH:

The pH of the aqueous solution is an important parameter in the
adsorption process. Before describing the pH effect on adsorption mechanism, it is
necessary to determine the point of zero charge (pHo) of the adsorbent. Adsorption of
cations favored at pH higher than pHy, while the adsorption of anions is favored at pH
lower than pHy. Both adsorbate and adsorbent may have functional groups, which are
affected by the concentration of hydrogen (H") and hydroxyl (OH) ions that are
involved in the adsorption process. In the present study it has been already showed
that the highest zeta potential values of the adsorbent is detected at pH 6.5 and all zeta
potential values were negative. The variation in the adsorption of dye was studied in
pH ranged 3.5 to 11.5, with the regular pH difference of 1 and the results are shown
in figure 7.5. The FTIR analysis revealed that the main active functional groups on
hydroxyapatite surface were of alcohol groups (OH’) and mostly phosphate groups

(PO4¥). In aqueous solution phosphate exist four forms: at strong pH as aqueous
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phosphoric acid (H3POy), at weak pH as dihydrogen phosphate ion (H,POy’), at weak

alkaline condition as hydrogen phosphate ion (HPO4*) and at strong alkaline

condition
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Figure 7.5: Effect of dye solution pH on removal percentage of dye (amount of

adsorbent 1s 0.2g).
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as phosphate ion (PO,™). As other direct dye, direct yellow 27 is an anionic dye
chemically composed of sulfonated organic azo compounds which give sodium salts
of sulfonic acids in aqueous solution [10]. At lower pH, and the association of dye
anions with the less negative charged sites of the adsorbent could easily take place,
thereby increasing the adsorption amount. On the other hand, at higher pH (basic pH),
above mentioned active phosphate groups on the adsorbent surface become anionic in
nature and not suitable for the adsorption of negatively charged dye (anionic) due to
inter ionic repulsion between similar charged particle. Thus, the extent of dye
adsorption on the surface of hydroxyapatite at basic pH is low. Therefore, the
maximum adsorption observed at low pH that is pH 3.5 and. after increase the
solution pH from 3.5 to 6.5, the percentage of solution decreases slowly from 92% to
86% for 20 mg/L. dye concentration. Further increase of pH values from 6.5 until
11.5, adsorption removal decreases rapidly from 86% to 24% for the same

concentration of dye solution.

7.6. Kinetic study:

The Lagergren pseudo first order model can be represented by following

the Eq. (3)
Kt
log(q, —q,) =log(q,) ——— 3
The pseudo second order can be expressed as
LA @)

2

9. Ky,q, 4.
where g, the amount of dye adsorbed onto hydroxyapatite at equilibrium (mg g") and
g is the amount (mg g") of dye adsorbed at any time t (min) and K; and K, are the

rate constants of pseudo first order and second order model respectively.
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Studied two kinetics models were developed by constructing linear plot of log (g, —
gy vs. t for pseudo first order and t/q; vs. t for pseudo second order model for initial
concentration of 20mg/L. The rate constants K;, K, measured from the slopes of
corresponding linear plots. According to the regression coefficient (R?) the
adsorption of direct yellow 27 on hydroxyapatite is best described by the pseudo
second order kinetic model (RZ:O.982) (Fig. 7.6(b)) than pseudo first order kinetic
model (R2:0.320) (Fig. 7.6(a)). Besides, the calculated g, (amount of dye adsorbed
onto hydroxyapatite) values (qe=2.041 mg/g) for pseudo second order kinetic model
is similar to experimental g. value (q.=2.002 mg/g), indicating the best fitted model
than pseudo first order model (q. calculated=1.167, q. experimental=2.002). These
results indicated that the adsorption rate of direct yellow 27 dye depends on the
concentration of dye at the absorbent surface and the absorbance of these absorbed at

equilibrium solution [11].

y=-0.0066x~+ 0.1567
R*=0.3202

Log (q.-q:)

Time (min)

Figure 7.6 (a): First-order kinetics of adsorption process for direct yellow 27 dye

(adsorbent amount 0.2g, solution concentration 40 mg/L, pH 6.5).
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Figure 7.6 (b): Second-order kinetics of adsorption process for direct yellow 27 dye

(adsorbent amount 0.2g, solution concentration 40 mg/L, pH 6.5).

7.7. Adsorption isotherms:

The adsorption equilibrium isotherm is important for describing how the
adsorbate molecules distribute between the liquid and the solid phases when the
adsorption process reaches an equilibrium state. Several isotherm equations are
available for this purpose. The Langmuir [1] and Freundlich [112] models are
commonly used to describe the adsorption isotherm, and their constants afford
significant parameters for predicting adsorption capacities. The application of
Langmuir isotherm suggests that the adsorption takes place at specific homogeneous
sites within the adsorbent. Whereas, the Freundlich isotherm model assuming a
heterogeneous surface in the adsorbent. The adsorption data of the dye is correlated
with Freundlich and Langmuir models, which are represented by the following

equations:
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Figure 7.7 (a): Linear fit of experimental data obtained using Freundlich isotherm

model (adsorbent amount is 0.2g and solution pH 6.5).

Table 7.7: The adsorption parameters of Freundlich and Langmuir model

Freundlich Langmuir
Kr 1/n R gm(mgg) K,(Img") R
0.522 0.678 0.992  89.286 0.009 0.995
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Figure 7.7 (b): Linear fit of experimental data obtained using Langmuir isotherm

model (adsorbent amount is 0.2g and solution pH 6.5).

Freundlich isotherm:

1/n

qe = KFCe

®)
Langmuir isotherm:
QmKaCe
=TI 6
1 I+K,C, ©

All the adsorption isotherms were constructed for used hydroxyapatite using the
linearized Freundlich (Eq.5) and Langmuir (Eq.6) isotherm equation by plotting

log(g.) versus log(C,) and 1/g, versus 1/C,, respectively. From equation 5,

1

logg, = log(KF)+;log(Cg) (7)
LzGi%iﬁi_ ®
9. \K.q9.,)C., 4,
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where, ¢. is the adsorbed amount (mg g'l), C. is equilibrium concentration (mg L'l),
Kk is the Freundlich coefficient that represents the degree or strength of adsorption.
1/n is an exponential coefficient that reflects the curvature in the isotherm. g,, (mg g
is the maximum adsorption capacity of the adsorbent; K, is the Langmuir’s constant.

A list of the obtained parameters together with R* values are provided in Table 7.7.
As seen, the equilibrium data is accommodated well by the Langmuir model (Fig.7.7
(b)), with high correlation coefficient than Freundlich model (Fig.7.7 (a)). Such
coefficient indicate that the monolayer coverage of the adsorbate (dye) at outer
surface of the adsorbent (hydroxyapatite) particles, and with maximum adsorption

capacity of 89.29mg/g.

7.8. Conclusion:

The present study showed that hydroxyapatite is an effective adsorbent for
the removal of direct yellow 27 dye. The adsorption experiments were carried out to
investigate the factors that influence the dye uptake by the adsorbent, such as
adsorbent dosage and effect of pH. The experimental results showed that the
percentage of dye removed increase with increasing adsorbent dosage, increase with
increasing contact time, decrease with increasing initial dye concentration and
decrease with increasing dye solution pH. The adsorption equilibrium was attained
within 300 min. Kinetics data followed the pseudo second order model. The
adsorption data followed the Langmuir model better than the Freundlich model and
the adsorption equilibrium was describe well by the Langmuir isotherm model with
maximum adsorption capacity 89.28 mg/g. Finally, we can say that, the utilization of
hydroxyapatite as adsorbent for removal of direct yellow 27 dye is expected to be

economical due to less production cost needed.
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