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In tro d u c tio n

H ea vy m et a l pollu t ion is a m a jor en vir on m en t a l con cer n beca u se of t h e t oxicit y t o h u m a n a n d pla n t life. Th is t oxicit y is let h a l even in t r a ce qu a n t it ies a n d t h ese m et a ls h a ve a gr ea t t en den cy t o bioa ccu m u la t e. 1 The efficiency of ca lcium hydroxya pa tites (Ca HAP) in r em ovin g biva len t h ea vy m et a ls, especia lly lea d, zin c, and cadmium, from water, wastewater, municipal solid wa st e in cin er a t or (MSWI) a sh , a n d con t a m in a t ed soil h a s led t o va r iou s st u dies t o u n der st a n d a n d expla in t h e m ech a n ism s wit h wh ich it r em oves t h ese pollutants. 2-6 F u r t h er m or e, it s su it a bilit y in in sit u imm obiliza t ion of t h ese pollu t a n t s en h a n ced it s a pplicability. [7][8][9] It has been found that use of a mere 1% of HAP in con t a m in a t ed soil effect ively r em oves t h e lea d, zin c, copper , a n d ca dm iu m a n d t h a t t h e pla n t gr owt h wa s r est or ed, 8 and also that the use of 4 g of H AP per kg of soil sign ifica n t ly r edu ced t h e u pt a ke of Cd a n d P b by cr ops. 10 Th e effica cy of solid H AP in im m obilizin g lea d a nd decrea sing its ga strointestina l a bsorption wa s tested in vivo in albino rats, and a 60% decrease in lead accumulation was observed without any negative effect in t h e ca lciu m -phosphorus metabolism of the animal. 11 Th e pa r t ia l or com plet e su bst it u t ion of ca lciu m ion in Ca H AP by lea d ion lea ds t o t h e for m a t ion of h ydr oxypyr om or ph it e, t h e a cciden t a l pr esen ce of wh ich in dr in kin g wa t er does n ot pose a n y da n ger a s t h e pr ecipit a t ed lea d is n o lon ger bioa va ila ble. 11 Th e u se of Ca H AP in r em edia t ion of MSWI fly a sh es con t a in in g h ea vy m et a ls is becom in g a pr om isin g t echnology because the classical method of solidifying MSWI fly a sh es wit h P or t la n d cem en t a n d su bsequ en t la n dfillin g h a s som e sever e lim it a t ion s. Th ese lim it a t ion s in clu de difficu lt y in pr ot ect ion a ga in st h u m idit y a n d con t r ollin g t h e lea ch in g of t h e h ea vy m et a ls, 12 and also t h a t t h e r equ ir em en t of t h e bin der cem en t is r ela t ively h igh . Th e Ca H AP a dded ext er n a lly, or for m ed du r in g t h e r ea ct ion wh ile t h e MSWI fly a sh is ch em ica lly t r ea t ed wit h a m ixt u r e of ca lciu m h ydr oxide a n d ph os-phoric acid maintained at a certain ratio, has been found effect ive in im m obilizin g biva len t h ea vy m et a ls. 12,13 A sintering step is still required even when the in solu ble h ea vy m et a l-h ydr oxya pa t it e is for m ed. Th e thermal treatment process (sintering) effectively embeds t h e h ea vy m et a l in t h e h ydr oxya pa t it e m a t r ix t h r ou gh den sifica t ion a n d cr yst a lliza t ion a n d a lso a lm ost elim in a t es lea ch in g of t h e h ea vy m et a ls fr om t h e h ydr oxya pa t it e m a t r ix u pon su bsequ en t la n dfillin g. 12-14 Furthermore, the ion exchange process between the calcium ion in Ca H AP a n d t h e h ea vy m et a l ion s is ver y r a pid, a n d t h e ext er n a l r esist a n ce t o ion t r a n sfer (su ch a s ion diffusion) basically controls the process. [START_REF] Ta Keu Ch I | Rem ova l of coexist in g P b 2+ , Cu 2+ and Cd 2+ ion s fr om wa t er by a ddit ion of h ydr oxya pa t it e powder[END_REF] Similarly, the surfa ce a rea of the excha nge or the specific surfa ce a rea of t h e Ca H AP pla ys a n im por t a n t r ole in det er m in in g how fast the (exchange) reaction takes place. [START_REF] Su Giya M A | E ffect of ca lcin a t ion a n d sievin g of ca lciu m h ydr oxya pa t it e on ionexch a n gea bilit y wit h lea d ca t ion in t h e pr esen ce a n d a bsen ce of HCl[END_REF][START_REF] Da Roch A | Ca dm iu m u pt a ke by h ydr oxya pa t it e syn t h esized in differ en t con dit ion s a n d su bm it t ed to thermal treatment[END_REF] Hence, a com pa r a t ive st u dy of t h e sin t er in g a n d den sifica t ion pr ocess of t h e Ca H AP wit h t h e n it r a t es a n d oxides of lea d is im por t a n t for fu r t h er in g t h e u n der st a n din g of the immobilization behavior of the CaHAP with respect t o t h e h ea vy m et a ls. Alt h ou gh t h e sin t er in g a n d densifica t ion ph en om en a of t h e Ca H AP is bein g st u died quite extensively, [START_REF] Ru Ys | Sin t er in g effect s on t h e st r en gt h of h ydr oxya patite[END_REF][START_REF] ; H On | E ffect of ca lcin a t ion on sin t er in g of h ydr oxya pa t it e. B iom aterials[END_REF][START_REF] Ba Illiez | Mech a n ism s of sin t er in g of macroporous hydroxyapatite adsorbents[END_REF] the effect of oxide and nitrite salts of lea d on t h e sin t er in g a n d den sifica t ion of Ca H AP st ill a wa it s a com pr eh en sive st u dy.

Th is pa per a im s t o r epor t a com pr eh en sive st u dy on the sintering and densification behavior of CaHAP along wit h t h e effect of oxides a n d n it r a t es of lea d on it s sin t er in g beh a vior .

Ma te ria ls a n d Me th o d s

Lea d oxide (P bO 2 ) a n d lea d n it r a t e [P b(NO 3 ) 2 ] were r ea gen t gr a de wit h 99% pu r it y a n d wer e obt a in ed fr om Aldr ich a n d La bosie com pa n ies, r espect ively. Th ey wer e fin ely gr ou n d befor e u se. Ca lciu m h ydr oxya pa t it e (Ca H AP ) wa s pr epa r ed by m ixin g ca lciu m n it r it e [Ca(NO 3 ) 2 ] and ammonium hydrogen phosphate [(NH 4 ) 2 -HPO 4 ] bot h obt a in ed fr om Nor skh ydr o. Th e t em per at u r e wa s m a in t a in ed a t 25 °C a n d t h e pH wa s a dju st ed to 7-8 wit h 10% a m m on ia solu t ion a ccor din g t o r ea ct ion 1. Det a ils of t h e pr epa r a t ion a n d pu r ifica t ion pr ocedu r e of Ca H AP powder (t er m ed H AP h en cefor t h ) t h r ou gh t h e r ou t e of r ea ct ion 1 a r e given elsewh er e. [START_REF] Ba Illiez | Th e kin et ics of su r fa ce a r ea reduction during isothermal sintering of hydroxyapatite adsorbent[END_REF] Th e powder wa s finely ground using a la bora tory-sca le grinder (IKA Wor ks, In c.) t o obt a in fin e pa r t icles wit h n a r r ow size dist r ibu t ion . Th er m a l st a biliza t ion of t h e powder wa s ca r r ied ou t by su bject in g it t o 400 °C for 2 h . Th e st a bilized sa m ple exh ibit ed a gglom er a t ion a n d t h e pa rticle size wa s widely a ltered. Hence, the powder wa s gr ou n d a ga in t o obt a in fin er pa r t icles. Th is st a bilized H AP powder wa s u sed t h r ou gh ou t t h e st u dy.

Th e st r u ct u r e a n d com posit ion of t h e H AP pa r t icles was quantified by X-ray powder diffractometry (Siemens D5000). X-r a y diffr a ct ion m ea su r em en t s (XRD) wer e ca r r ied ou t wit h Cu KR r a dia t ion gen er a t ed a t 40 m A, 3°< 2θ < 60°r a n ge a n d a t a sca n n in g speed of 2°/m in . Th e ph a ses pr esen t wer e det er m in ed by com pa r in g t h e pa t t er n s wit h t h e J CP DS st a n da r ds. Th e ca lciu m / ph osph or u s (Ca /P ) r a t io of t h e H AP wa s det er m in ed u sin g a t om ic a bsor pt ion spect r om et r y (Va r ia n Sepct r -AA-400). Th is H AP wa s fou n d t o con t a in excess ca lciu m a n d t h e Ca /P r a t io wa s 1.75.

Th e specific su r fa ce a r ea of t h e sa m ples wa s det erm in ed u sin g n it r ogen a dsor pt ion wit h t h e BE T m et h od (Micr om et r ics Gem in i Va cpr ep 061). Th e solid den sit y of t h e H AP wa s det er m in ed by h eliu m pycn om et r y (Micr om et r ics Accu pyc 1330). Th e specific su r fa ce a r ea a n d solid den sit y of t h e H AP powder wer e 43.48 m 2 /g a n d 2987 kg/m 3 , r espect ively.

Th e pa r t icle size dist r ibu t ion of t h e H AP wa s det ermined using a Malvern mastersizer (HYDRO 2000). The pa r t icles wer e su spen ded in et h a n ol a n d sh a ken by u lt r a sou n d. Th e m ea n pa r t icle size [d (0.5)] of t h e H AP befor e t h e st a biliza t ion st ep wa s 5.05 µm, with the dist r ibu t ion bein g m on om oda l. H owever , wh en t h e st a biliza t ion st ep (ca lcin a t ion a t 400 °C for 2 h ) wa s a pplied, t h e m ea n pa r t icle size in cr ea sed. Alt h ou gh t h e st a bilized powder wa s cr u sh ed, t h e m ea n pa r t icle size [d (0.5)] r em a in ed a t 23.05 µm a n d t h e pa r t icle size dist r ibu t ion wa s bim oda l.

Th e m a ss loss h ist or y of t h e sa m ples wa s det er m in ed in dyn a m ic m ode u sin g a t h em ogr a vim et r ic a n a lyzer (TGA-DTA, Net zsch STA 409) a t a sca n n in g r a t e of 10 °C/m in fr om r oom t em per a t u r e t o 1200 °C.

Sh r in ka ge t est s of t h e sa m ples wer e ca r r ied ou t by a t h er m om ech a n ica l a n a lyzer (TMA, SE TARAM Set sys 16/20) wit h 5-g con st a n t loa d. Th e sh r in ka ge, r esu lt ed fr om t h e r ise in t em per a t u r e, is defin ed a s ∆L /L 0 , where L 0 is t h e in it ia l len gt h of t h e sa m ple a n d ∆L ) L 0 -L (t). L (t) is t h e len gt h of t h e sa m ple a s a fu n ct ion of t im e. Th e r ela t ive den sit y of t h e sin t er ed specim en is expressed as F b /F s , where F b and F s are the bulk and solid den sit y, r espect ively. Th e t h er m om ech a n ica l a n a lyses (dila t om et r y) wer e ca r r ied ou t in dyn a m ic m ode wit h a sca n n in g r a t e of 10 °C/m in fr om r oom t em per a t u r e t o 1200 °C.

Calcination experiments were carried out on a furnace (Au br y Com pa n y, F r a n ce). A h ea t in g r a t e of 10 °C/m in wa s im posed fr om r oom t em per a t u r e t o t h e design a t ed isot h er m t em per a t u r es. Th e isot h er m a l don a t ion s wer e m a in t a in ed for 2 t o 300 m in . Th e sa m ples wer e pla ced on a n a lu m in a cr u cible a n d su bject ed t o t h e a bove ca lcin a t ion r egim e u n der flowin g a ir . Th e sa m ples wer e cooled a t t h e r a t e of 10 °C/m in t o r oom t em per a t u r e. Th e h ea t in g (sca n n in g) r a t e of 10 °C/m in wa s im posed for TGA a n d TMA, a s well a s for t h e ca lcin a t ion pr ocess at the furnace, in order to facilitate the comparison. The su r fa ce ch a r a ct er ist ics of t h e sin t er ed a gglom er a t e a s well a s t h e u n sin t er ed pa r t icles/a ggr ega t es wa s st u died u sin g en vir on m en t a l sca n n in g elect r on m icr oscopy (XL 30 ESEM-FEG, Phillips). The ESEM micrographs when com bin ed wit h t h e m a ss loss (TGA) a n d t h e sh r in ka ge (TMA) ca n pr ovide excellen t in sigh t in t o t h e den sificat ion pr ocess.

Mo d e lin g o f S in te rin g a n d D e n s ific a tio n

Th e specific su r fa ce a r ea is on e of t h e m ost r elia ble in dica t or s of t h e sin t er in g even t beca u se it s kin et ics of r edu ct ion is lin ked t o t h e m ech a n ism of t h e sin t er in g, a n d a lso beca u se it is ea sily a n d r elia bly m ea su r ed. Va r iou s pr edict ive m odels a r e a va ila ble in t h e lit er ature [22][START_REF] Ger M A N | Su r fa ce a r ea r edu ct ion kin et ics du r in g in t er m edia t e st a ge sin t er in g[END_REF][START_REF] Nich Olson | Va r ia t ion of su r fa ce a r ea du r in g t h e t h er m a l decom posit ion of solids[END_REF][START_REF] Sch A Ffler | Agin g of silica-alumina cracking catalyst. I. Kinetics of structural changes by h ea t a n d st ea m[END_REF] for t h e qu a n t ifica t ion of t h e specific su r fa ce a r ea a s a fu n ct ion of sin t er in g t em per a t u r e a n d t im e. Recen t ly, Ba illiez a n d Nzih ou [START_REF] Ba Illiez | Th e kin et ics of su r fa ce a r ea reduction during isothermal sintering of hydroxyapatite adsorbent[END_REF] com pa r ed t h ese m odels a n d fou n d t h a t t h e Sch a ffler m odel (eq 2) bet t er pr edict ed t h e kin et ics of su r fa ce a r ea r edu ct ion of Ca H AP s. H en ce, t h e Sch a ffler m odel is u sed in t h is st u dy. S , K, and n a r e specific su r fa ce a r ea (m 2 /g), r ea ct ion con st a n t (1/s), a n d r ea ct ion or der (dim en sion less), r espect ively. E qu a t ion 2 is in t egr a t ed u sin g t h e specific su r fa ce a r ea (S o ) of the stabilized HAP as given by eq 3. E qu a t ion 3 wa s u sed t o det er m in e t h e K and n va lu es u sin g m in im ized fu n ct ion (f min ) represented by eq 4. S i exp and S i ca l a r e t h e exper im en t a l a n d ca lcu la t ed specific su r fa ce a r ea , r espect ively.

Th e evolu t ion of bu lk den sit y of t h e specim en a s a fu n ct ion of t em per a t u r e ca n be det er m in ed fr om t h e measured shrinkage history. Bulk density is an import a n t pa r a m et er in u n der st a n din g t h e evolu t ion of t h e voidn ess of t h e specim en . Th is qu a n t it y is a lso im port a n t for followin g t h e r ela t ive den sit y (F b /F s ) of t h e sa m ple. Th e bu lk den sit y (F b ) ca n be det er m in ed u sin g eq 5. [START_REF] Ba Illiez | Th e kin et ics of su r fa ce a r ea reduction during isothermal sintering of hydroxyapatite adsorbent[END_REF] m o and L o a r e t h e in it ia l m a ss (kg) a n d in it ia l len gt h (m ) of t h e sa m ple, a n d r is t h e in n er r a diu s (m ) of t h e cr u cible in t h e dila t om et er (TMA). E qu a t ion 5 wa s der ived by a ssu m in g t h a t t h e va r ia t ion in t h e sa m ple dim en sion is isot r opic a n d u n idir ect ion a l, a n d t h a t t h e weight of the mass remains constant at the temperature range of interest. The validity of these assumptions will be fu r t h er discu ssed. 

Re s u lts a n d D is c u s s io n s

S in te rin g a n d D e n s ific a tio n o f HAP .

S (t) ) [S o (1-n ) + (n -1)Kt] 1/(1-n ) (3) f min ) ∑ i)1 n [S i exp -S i ca l ] 2 (4) F b ) m o [100 -weigh t losss (%)] πr 2 L o [100 -sh r in ka ge (% )] (5) 
by u sin g t h e specific su r fa ce a r ea a s a n in dica t or . Th e kin et ics of su r fa ce a r ea r edu ct ion a t differ en t sin t er in g temperatures is presented in Figure 1. As shown in this figu r e, t h e su r fa ce a r ea is a st r on g fu n ct ion of t em pera t u r e a s well a s t im e. F or a given t em per a t u r e, t h e su r fa ce a r ea decr ea ses ver y r a pidly wit h in t h e fir st 10 t o 30 m in a n d st a bilizes t h er ea ft er . Th is figu r e fu r t h er sh ows t h a t t h e sin t er in g of H AP a t 400 °C for 5 h does n ot ch a n ge t h e specific su r fa ce a r ea m u ch . At 1200 °C, the surface area reduces by 97.8% and reaches 0.97 m 2 /g wit h in 30 m in . F u r t h er m or e, a t 1000 °C a n d beyon d t h e specific su r fa ce a r ea va lu es a t differ en t t im es a r e ver y close t o ea ch ot h er , sign ifyin g t h a t t h e sin t er in g complet es a lm ost in st a n t ly. Th e effect of sin t er in g t im e a n d t em per a t u r e on t h e solid den sit y of H AP powder a r e sh own in F igu r e 2. It ca n be seen fr om t h is figu r e t h a t for a given sin t er in g temperature the solid density becomes stable within 30 m in , wh ich is sim ila r t o t h e effect of sin t er in g t im e on t h e specific su r fa ce a r ea (F igu r e 1). On e im por t a n t fea t u r e of t h is figu r e is t h a t t h e solid den sit y st a r t s decreasing instead of increasing at 1200 °C after 10 min. Th is in dica t es t h a t t h e H AP h a s u n der gon e st r u ct u r a l ch a n ge wh ich is pr oba bly du e t o t h e pa r t ia l deh ydr ox-yla t ion of H AP wh ich lea ds t o t h e for m a t ion of t et r aca lciu m ph osph a t e [Ca 4 (P O 4 )O, TTCP ] a n d R-t r ica lciu m ph osph a t e [R-Ca 3 (P O 4 ) 2 , R-TCP ]. [START_REF] La Yvolle | Sol-gel Syn t h esis of Am or ph ou s ca lciu m ph osph a t e a n d sin t er in g in t o m icr opor ou s h ydr oxya pa t it e biocer a m ics[END_REF] Th is fea t u r e br in gs a bou t a n im por t a n t effect in t h e sin t er in g m ech a n ism as will be discussed shortly. Furthermore, the maximum solid density obtained (1000 °C, 5 h) is 3158 kg/m 3 which is merely 5.7% higher than the density of the unsintered sa m ple. It ca n be con clu ded t h a t t h e solid den sit y does n ot ch a n ge m u ch wit h sin t er in g t em per a t u r e a n d t im e, a n d h en ce, it is a poor in dica t or of t h e sin t er in g ph en om en on .

4.1.2 M ech an ism s of S in terin g. Figure 3 presents the exper im en t a l a n d pr edict ed va lu es of specific su r fa ce a r ea a s a fu n ct ion of t im e a n d t em per a t u r e. Th e pr edict ion s wer e ca r r ied ou t u sin g eq 3. Beca u se t h e su r fa ce a r ea does n ot begin t o ch a n ge a t 400 °C, t h e su r fa ce a r ea va lu es a t t h is t em per a t u r e a r e n ot u sed for pr edict ion . F igu r e 3 sh ows t h a t t h e pr edict ion s follow t h e exper im en t a l ou t com es qu it e well. Th e va lu es for K, wh ich is u su a lly kn own a s sin t er in g r a t e con st a n t or r ea ct ion r a t e con st a n t , r a n ge fr om 1.70 × 10 -14 s -1 at 700 °C to 1.3 × 10 -4 s -1 at 1200 °C which means that it in cr ea ses by 7.65 × 10 9 wit h in t h is t em per a t u r e r a n ge. On t h e ot h er h a n d, t h e n va lu e, wh ich is kn own Figu re 1. Kin et ics of specific su r fa ce a r ea r edu ct ion of H AP a s a fu n ct ion of t im e a n d t em per a t u r e.

Figu re 2. Va r ia t ion of solid den sit y a s a fu n ct ion of t im e a n d t em per a t u r e. as reaction order, decreases from 8 to 6. The magnitude of K va lu e in dica t es pa ce or speed of t h e su r fa ce a r ea r edu ct ion wh ile t h e n va lu e in dica t es t h e m or e im port a n t a spect , t h e m ech a n ism s in volved.

Figure 4 presents the prediction error while assuming a r ea ct ion or der (n va lu e). Th e or der of r ea ct ion va r ies fr om 5 t o 8 wh en t h e sin t er in g t em per a t u r e va r ies fr om 700 t o 1200 °C. As will be discu ssed in t h e sect ion dea lin g wit h den sifica t ion , t h e den sifica t ion pr ocess of H AP wou ld n ot com m en ce below 850 °C, h en ce t h e r ea ct ion or der below 850 °C is expect ed t o be sa m e a s t h e m ech a n ism of sin t er in g befor e t h e com m en cem en t of den sifica t ion ca n be, t o a r ea son a ble ext en t , expect ed t o be t h e sa m e. Th is is con fir m ed fr om F igu r e 4 t h a t n ) 8 gives the minimum error in prediction. Similarly, for sin t er in g t em per a t u r e a t a n d a bove 1200 °C, H AP u n der goes pa r t ia l deh ydr oxyla t ion a n d even t h e solid density gets altered (Figure 2). The rate of densification, a s will be discu ssed la t er , sh ows t h a t t h e m a xim u m den sifica t ion occu r s below 1200 °C. H en ce, for t h e ch em ica lly in t a ct H AP , it is expect ed t h a t sin t er in g a t 1200 °C a n d a bove sh ou ld be gover n ed by a differ en t m ech a n ism . Th is fa ct is con fir m ed by F igu r e 4 wh er e n ) 5 gives m in im u m er r or in pr edict ion . In fa ct , t h is va lu e (n ) 5) m a y n ot be t h e sin t er in g m ech a n ism for ch em ica lly in t a ct H AP , r a t h er , it m a y be t h e sin t er in g m ech a n ism of pa r t ia lly deh ydr oxyla t ed H AP , wh ich is expect ed t o h a ve differ en t ph ysicoch em ica l pr oper t ies due to the presence of tetracalcium phosphate monoxide (Ca 4 O(P O 4 ) 2 ) and R-t r ica lciu m ph osph a t e [Ca 3 (P O 4 ) 2 ]. Th e t em per a t u r e r a n ge bet ween 850 a n d 1200 °C is r ea son a bly expect ed t o be t h e t em per a t u r e r egion a t which the densification commences as well as completes. H en ce, sin t er in g even t s wit h in t h is t em per a t u r e r a n ge sh ou ld be gover n ed by a u n iqu e sin t er in g m ech a n ism . This fact is confirmed from Figure 4 in which n ) 7 gives m in im u m er r or in pr edict ion for sin t er in g t em per a t u r e of 900 a n d 1000 °C, a n d t h is va lu e of n is expect ed for 1100 °C a lso.

Th e m ech a n ism of sin t er in g of H AP , a s eviden ced by t h e r edu ct ion in specific su r fa ce a r ea , ca n be divided in t o t h r ee m ech a n ism s. F ir st , below 850 °C, t h e su r fa ce area reduces without densification (i.e., sintering withou t den sifica t ion ) a n d is r epr esen t ed by n ) 8. Secon d, a t t em per a t u r e r a n ge of 850 t o 1200 °C, t h e r edu ct ion in su r fa ce a r ea is a ccom pa n ied by den sifica t ion pr ocess wh ich is r epr esen t ed by n ) 7. Th ir d, a t t em per a t u r es at and above 1200 °C, the HAP undergoes some chemi-Figu re 3. Redu ct ion of specific su r fa ce a r ea wit h sin t er in g t im e a n d t em per a t u r e: exper im en t a l va lu es a n d pr edict ion s.

Figu re 4. Va r ia t ion of er r or in pr edict ion wit h differ en t r ea ct ion or der . ca l ch a n ges in st a n t ly (wit h in 10 m in ). Th e su dden decr ea se in t h e solid den sit y of H AP wh ile sin t er ed a t 1200 °C (F igu r e 2) in dica t es t h is ch em ica l ch a n ge. In fa ct t h e sin t er in g com plet es a t t h e t im e wh en H AP a t t a in s 1200 °C it self. It is expect ed t h a t n va r ies bet ween 5 a n d 6 in t h is t em per a t u r e r a n ge.

F or a ch em ica lly (st r u ct u r a lly) in t a ct H AP , it is r ea son a ble t o st a t e t h a t t h er e a r e t wo m ech a n ism s of sin t er in g: on e t h a t dr ives t h e r edu ct ion in t h e specific su r fa ce a r ea wit h ou t den sifica t ion a n d t h e ot h er t h a t dr ives t h e r edu ct ion wit h den sifica t ion . Th e "r ea ct ion or der " for t h e for m er is n ) 8 wh ile t h a t for t h e la t t er is n ) 7. Th e m a t er ia l t r a n spor t pr ocess in sin t er in g is con sider ed t o occu r du e t o va por ph a se t r a n spor t , su r fa ce m igr a t ion , volu m e diffu sion , a n d viscou s flow. [START_REF] Sch A Ffler | Agin g of silica-alumina cracking catalyst. I. Kinetics of structural changes by h ea t a n d st ea m[END_REF] Considering the sintering of HAP is solid phase and that the material transport by vapor phase can be neglected, t h e possible dr ivin g m ech a n ism s of t h e sin t er in g ca n be su r fa ce m igr a t ion a n d volu m e diffu sion . H en ce, t h e sin t er in g wit h ou t den sifica t ion ca n be con sider ed t o be su per ficia l diffu sion -dr iven pr ocess (n ) 8) a n d t h e sin t er in g wit h den sifica t ion ca n be con sider ed t o be dr iven by volu m e diffu sion (n ) 7).

4.1.3 Den sification . Th e ph en om en on of den sifica t ion of H AP h a s been illu st r a t ed in F igu r e 5. Th e m a ss loss of H AP du e t o loss of a bsor bed or a dsor bed wa t er (∼1%) u su a lly occu r s below 400 °C a n d is n ot sh own h er e. In the temperature range where densification occurs (>850 °C), t h e loss of m a ss is a lm ost n egligible (∼0.5%). Hence, the densification process is due to volumetric shrinkage a t a con st a n t m a ss. Th e sh r in ka ge com m en ces a t 850 °C a n d con t in u es u p t o t h e t em per a t u r e st u died (1200 °C) a ch ievin g 14% sh r in ka ge. Th is fa ct is a lso m a n ifest ed in en vir on m en t a l sca n n in g elect r on m icr oscope (E SE M) m icr ogr a ph s sh own in F igu r e 6. Th e su r fa ce of t h e pa r t icles is n ot m u ch com pa ct ed a t 400 °C a n d a t 800 °C. Th e su r fa ce a ppea r s t o be sligh t ly com pa ct ed a t 1000 °C, wh er ea s it is h igh ly com pa ct ed a n d fu sed a t 1200 °C. Th is cor r obor a t es well wit h F igu r e 5, wh ich sh ows t h a t t h e den sifica t ion pr ocess in t en sifies a ft er 1000 °C, a n d a t 1200 °C a com plet e den sifica t ion ca n be achieved. The rate of densification (rate of shrinkage) r evea ls t h a t t h e m a xim u m den sifica t ion occu r s below 1200 °C. Th e va r ia t ion of bu lk den sit y r esu lt in g fr om the densification was calculated using eq 5 and is shown in F igu r e 7. Th e bu lk den sit y fir st decr ea ses a n d t h en st a r t s in cr ea sin g a t a poin t wh ich cor r espon ds t o t h e st a r t of t h e den sifica t ion pr ocess. H owever , t h e in it ia l bulk density is achieved at about 1000 °C only. The bulk den sit y a t t a in ed a bou t 40% of t h e in it ia l solid den sit y (in it ia l solid or t h eor et ica l den sit y ) 2987 kg/m 3 ) at the m a xim u m t em per a t u r e st u died (1200 °C). Th is m ea n s t h a t t h er e is a con sider a ble a m ou n t of voids on t h e sin t er ed pa r t icle bed.

Effe ct of P bO 2 an d P b(NO 3 ) 2 on Sin te rin g an d De n sification of HAP .

Th e effect of a ddit ion of P bO 2 and Pb(NO 3 ) 2 on t h e sin t er in g a n d den sifica t ion pr ocess is discu ssed in t h is sect ion . Th e a im wa s t o u n der st a n d the effect of the lead, existing in different chemical forms (oxides a n d n it r a t es), on t h e sin t er in g a n d den sifica t ion of H AP . Th e specific su r fa ce a r ea of H AP wit h 2% a ddit ives wa s det er m in ed a t differ en t sin t er in g t emper a t u r es for 2 h . Also, a com pa r a t ive pr esen t a t ion of t h e den sifica t ion of H AP wit h 2% a ddit ives a lon g wit h t h e pu r e H AP wa s m a de. Th e m a ss loss of t h ese m ixt u r es wa s n ot ver y differ en t fr om t h e m a ss loss of t h e pu r e H AP , a n d t h e loss du r in g t h e den sifica t ion pr ocess wa s a lm ost n egligible (<1%, da t a n ot sh own ).

Com pa r ed t o H AP , t h e evolu t ion of specific su r fa ce a r ea of t h e m ixt u r es sh owed t wo dist in ct fea t u r es Figu re 5. P lot s of sh r in ka ge (%), r a t e of sh r in ka ge (%/m in ), a n d m a ss loss (%) for H AP .

Figu re 6. E n vir on m en t a l sca n n in g elect r on m icr ogr a ph s for H AP sin t er ed a t differ en t t em per a t u r es for 2 h .

(F igu r e 11). Below 700 °C, com pa r ed t o pu r e H AP , bot h t h e m ixt u r es h a d h igh er specific su r fa ce a r ea . Th e in cr ea se of t h e specific su r fa ce a r ea for H AP + 2% P bO 2 and HAP + 2% Pb(NO 3 ) 2 within this temperature range wa s 5.4% a n d 6%, r espect ively. As t h e m ea su r em en t er r or of t h e equ ipm en t wa s fou n d t o be of t h e or der of (4.5%, t h er e wa s n o sign ifica n t ch a n ge in t h e su r fa ce a r ea du e t o t h e a ddit ion of P bO 2 a n d P b(NO 3 ) 2 . The small increase in the surface area was probably brought a bou t by t h e sm a ller pa r t icle sizes of t h e P bO 2 and Pb-(NO 3 ) 2 . Th e specific su r fa ce a r ea s of t h e m ixt u r es a n d the HAP almost coincided at 700 °C but were lower than tha t of HAP itself. At 800 °C a nd a bove, the specific surface areas of the mixtures were much lower than that of H AP . Up t o t h e lim it of t h e m ea su r em en t by t h e equ ipm en t (∼1 m 2 /g), t h e a ver a ge (%) differ en ce for mixtures with PbO 2 and Pb(NO 3 ) 2 were 14.9 a nd 17.6%, respectivelyswhich is significant. These results showed t h a t t h e a ddit ion of t h e P bO 2 a n d P b(NO 3 ) 2 in H AP accelerates the reduction of specific surface area at and above 800 °C, a regime where sintering accompanies the den sifica t ion .

A com pa r a t ive pr esen t a t ion of t h e den sifica t ion of H AP a n d it s m ixt u r es wit h 2% P bO 2 a n d P b(NO 3 ) 2 is m a de in F igu r e 8. Th is figu r e sh ows t h a t t h e den sifica t ion of t h e bot h m ixt u r es st a r t s a t a bou t t h e sa m e t em per a t u r e (820 °C), wh ich is a bou t 30 °C lower t h a n the commencement of densification of pure HAP (Figure 7). Th e com m en cem en t of den sifica t ion is r epr esen t ed by com m en cem en t of sh r in ka ge, a poin t a t wh ich t h e sh r in ka ge ver su s t em per a t u r e plot begin s t o m ove t owa r d n ega t ive. Th ese a ddit ives h a ve a lso br ou gh t about an increment in the extent of shrinkage. The final sh r in ka ge (a t 1200 °C) is 15.6% a n d 17.1% for t h e mixture with PbO 2 a n d P b(NO 3 ) 2 , r espect ively, wh ich is 1.5% a n d 2.1% h igh er t h a n t h e sh r in ka ge of H AP . Th ese fa ct s a r e cor r obor a t ed by t h e E SE M m icr ogr a ph s (F igu r e 9) wh ich sh ow t h a t t h e su r fa ce of t h e pa r t icles h a s n ot u n der gon e m u ch den sifica t ion or sin t er in g u p t o 800 °C, wh er ea s t h e su r fa ce a ppea r s t o be qu a n t it a -Figu re 7. Va r ia t ion of bu lk den sit y (kg/m 3 ) du r in g den sifica t ion pr ocess.

Figu re 8. Va r ia t ion of sh r in ka ge (%) a n d bu lk den sit y of H AP a n d it s m ixt u r e wit h 2% P bO2 a n d P b(NO3)2 a s a fu n ct ion of sin t er in g temperature.

t ively a lt er ed a t 1000 °C. At 1200 °C t h e su r fa ce of t h e m ixt u r es a ppea r s t o be com plet ely den sified a n d fu sed, a nd a lso the surfa ces of these mixtures a ppea r to be sim ila r . Wh en F igu r e 9 is com pa r ed wit h F igu r e 6, wh ich pr esen t s t h e E SE M m icr ogr a ph s for t h e pu r e HAP, it can be seen that the surface of the samples with a ddit ives a ppea r s t o be m or e den sified a n d coa lesced. F igu r e 8 a lso m a kes a com pa r a t ive pr esen t a t ion of t h e in cr em en t in bu lk den sit ies of t h e m ixt u r es wit h t h a t of pu r e H AP . Th e bu lk den sit y of t h e sin t er ed m ixt u r es (1200 °C) wa s 40% com pa r ed t o t h e solid den sit ies of t h e u n sin t er ed m ixt u r es a t r oom t em per a t u r e. Th is is not significantly different from the bulk density of pure H AP (Sect ion 4.1) a t 1200 °C. H en ce, t h e den sifica t ion br ou gh t a bou t by a ddit ion of 2% P bO 2 a n d P b(NO 3 ) 2 does n ot a ppea r t o be sign ifica n t . H owever , t h e r a t e of den sifica t ion cou ld be differ en t . Th e r a t e of sh r in ka ge wa s det er m in ed by differ en t ia t in g t h e sh r in ka ge ver su s t im e plot wit h r espect t o t im e. Th is wa s t h en plot t ed a ga in st t em per a t u r e t o obt a in sh r in ka ge r a t e ver su s t em per a t u r e plot s. F igu r e 10 sh ows t h e t h e r a t e of den sifica t ion (sh r in ka ge) of H AP a n d it s m ixt u r e wit h 2% P bO 2 a n d P b(NO 3 ) 2 is qu it e differ en t . Com pa r ed t o H AP , t h e r a t e of sh r in ka ge of t h e m ixt u r es is m u ch fa st er fr om 800 t o 1050 °C, a ft er wh ich it declin es. Furthermore, there are two peaks in the shrinkage rates of t h e m ixt u r es wit h in 1050 a n d 1110 °C, wh er ea s t h e r a t e of pu r e H AP sh ows on ly on e pea k a t 1195 °C. Th e r a t e of sh r in ka ge of m ixt u r e wit h P b(NO 3 ) 2 is gr ea t er t h a n t h a t of t h e m ixt u r e wit h P bO 2 . Th is, t o som e ext en t , ca n be a t t r ibu t ed t o t h e eva por a t ion of NO 2 and gr ea t er m a ss loss (5.6% m a ss loss for P b(NO 3 ) 2 compared to 5.3% loss for PbO 2 at 1200 °C). The more porous su r fa ce of t h e P b(NO 3 ) 2 com pa r ed wit h t h a t of P bO 2 (E SE M m icr ogr a ph s a t 1200 °C, F igu r e 9) su ggest s t h e eva por a t ion of NO 2 . Th e r a t e of sh r in ka ge of t h e H AP , as well as its mixtures, declines rapidly at the proximity of 1200 °C, in dica t in g t h a t t h e sin t er in g even t com plet es there.

E ffect of Con cen tration . H ow do t h e h igh er concentra tions of PbO 2 and Pb(NO 3 ) 2 affect the sintering a n d den sifica t ion pr ocess of H AP ? Th is qu est ion is

Figu re 9. Environmental scanning electron micrographs for HAP with 2% PbO2 and Pb(NO3)2 sin t er ed a t differ en t t em per a t u r es for 2 h . Figu re 10. Va r ia t ion of t h e r a t e of sh r in ka ge (%/m in ) for H AP a n d it s m ixt u r e wit h 2% P bO2 a n d P b(NO3)2 a s a fu n ct ion of sin t er in g temperature.

a n swer ed h er e by m on it or in g t h e specific su r fa ce a r ea a n d sh r in ka ge by in cr ea sin g t h e a m ou n t of P bO 2 and P b(NO 3 ) 2 t o 10% (w/w).

Effect on S pecific S urface Area R eduction. Figure 11 pr esen t s t h e specific su r fa ce a r ea of H AP wit h 2%

a n d 10% of bot h P b(NO3) 2 and PbO 2 a s a fu n ct ion of t em per a t u r e. F r om t h is figu r e it ca n be seen t h a t , a t a given temperature, the specific surface areas of mixtures of 10% P b(NO 3 ) 2 and PbO 2 a r e a lwa ys lower t h a n t h ose of t h eir cor r espon din g 2% m ixt u r es. F u r t h er m or e t h e specific su r fa ce a r ea r edu ct ion is sign ifica n t com pa r ed t o t h a t of H AP a bove 800 °C wh er e t h e sin t er in g accompanies densification. The reduced specific surface a r ea s in t h ese m ixt u r es below 800 °C m a y be du e t o increased particle coalescence or surface reorganization. Com pa r ed t o t h e 2% m ixt u r es t h e specific su r fa ce a r ea s differ sign ifica n t ly on ly a t 800 °C. Th is fa ct ca n a lso be obser ved fr om t h e E SE M m icr ogr a ph s (F igu r e 15), which show that the particles of mixture containing 10% a ddit ives a r e gr own la r ger , pr oba bly du e t o su r fa ce diffu sion . Aft er t h e a dva n cem en t of t h e den sifica t ion , t h e specific su r fa ce a r ea s of m ixt u r es wit h 2% a n d 10% a ddit ives a r e close t o ea ch ot h er . Th is sign ifies t h a t t h e a ddit ion of m er ely 2% of t h ese a ddit ives br in gs a bou t close t o opt im u m r edu ct ion in su r fa ce a r ea of H AP .

4.2.3 E ffect on Den sification . Figure 12 presents the effect of con cen t r a t ion of P bO 2 on t h e m a ss loss a n d den sifica t ion of t h e H AP . Th is figu r e sh ows t h a t t h e den sifica t ion for t h e m ixt u r e con t a in in g 10% P bO 2 has st a r t ed a t 780 °C wh ich is 70 °C a n d 50 °C lower t h a n t h a t of H AP a n d H AP + 2% P bO 2 , r espect ively. Th is figu r e fu r t h er sh ows t h a t t h e r a t e of sh r in ka ge of H AP + 10% P bO 2 is m u ch fa st er t h a n t h a t of bot h t h e H AP a n d H AP + 2% P bO 2 u p t o 980 °C t h en it declin es su bst a n t ia lly. At 1200 °C t h e fin a l sh r in ka ge of H AP + 10% P bO 2 is a bou t 6.8% wh ich is m u ch less com pa r ed t o 15.6% of H AP + 2% P bO 2 a n d 14% t h a t of H AP . Th e m a ss loss of t h e H AP + 10% P bO 2 a bove 1050 °C h a s in cr ea sed su bst a n t ia lly (5%) ou t of t ot a l loss of 10.2% (a t 1200 °C). Con sider in g t h e fr ee or a dsor bed wa t er in H AP is less t h a n 1-2%, t h e r em a in in g 8% loss in m a ss might be due to partial dehydroxylation and evaporation du e t o ch em ica l r ea ct ion cou pled wit h t h e sin t er in g (ph ysica l r ea ct ion ) a s it wa s descr ibed in t h e lit er a -Figu re 11. E ffect of con cen t r a t ion of P bO2 a n d P b(NO3)2 on t h e su r fa ce a r ea of H AP (sin t er in g t im e ) 2 h ).

Figu re 12. E ffect of con cen t r a t ion of P bO2 on t h e den sifica t ion a n d m a ss loss of H AP . ture. [START_REF] La Yvolle | Sol-gel Syn t h esis of Am or ph ou s ca lciu m ph osph a t e a n d sin t er in g in t o m icr opor ou s h ydr oxya pa t it e biocer a m ics[END_REF][START_REF] Va N La | ce of h igh sin t er in g t em per a t u r es on t h e m ech a n ica l pr oper t ies of h ydr oxya pa t it es[END_REF][START_REF] Raynaud | Calcium phosphate apatites with variable Ca/P atomic ratio II. Calcination and sintering[END_REF][START_REF] Ra Yn A U D | Mech a n ica l pr oper t ies a n d degr a da t ion in solu t ion of h ot pr essed cer a m ics[END_REF] Th e E SE M m icr ogr a ph s pr esen t ed in F igu r e 15 a lso su ggest t h a t t h e pa r t icles of t h e m ixt u r e con t a in in g 10% P bO 2 a ppea r t o be gr own la r ger a t 800 °C com pa r ed t o t h ose in t h e 2% m ixt u r e. H owever , t h e E SE M m icr ogr a ph s sh ow t h a t t h e su r fa ce of m ixt u r e con t a in in g 10% P bO 2 is m or e coa lesced a n d fu sed (F igu r e 15) t h a n t h e 2% on e. Th is m a y be du e t o t h e fa ct t h a t h igh er a m ou n t s of a ddit ives ca n select ively deposit on t h e su r fa ce, beca u se of wh ich t h e E SE M m icr ogr a ph s a ppea r t o be su bst a n t ia lly coa lesced.

F igu r e 13 pr esen t s t h e effect of con cen t r a t ion of P b(NO 3 ) 2 on t h e m a ss loss a n d den sifica t ion of H AP . Th is figu r e sh ows t h a t t h e den sifica t ion for t h e m ixt u r e con t a in in g 10% P b(NO 3 ) 2 h a s st a r t ed a t 810 °C wh ich is sligh t ly lower t h a n t h a t of H AP a n d H AP + 2% P b(NO 3 ) 2 . Th is fa ct is cor r obor a t ed fr om t h e E SE M m icr ogr a ph s (F igu r e 15) t h a t t h e pa r t icles wit h 10% P b(NO 3 ) 2 a r e la r ger com pa r ed t o t h ose of 2% m ixt u r es. F igu r e 13 fu r t h er sh ows t h a t t h e r a t e of sh r in ka ge of HAP + 10% Pb(NO 3 ) 2 is slightly fa ster compa red to tha t of H AP + 2% Pb(NO 3 ) 2 up to 950 °C and then it declines su bst a n t ia lly. At 1200 °C t h e fin a l sh r in ka ge of H AP + 10% P bO 2 is a bou t 9.3% wh ich is m u ch less com pa r ed t o 17.1% of H AP + 2% P b(NO 3 ) 2 a n d 14% of H AP . Th is figu r e a lso sh ows t h a t t h e m a ss loss of t h e H AP + 10% Pb(NO 3 ) 2 is ver y su bst a n t ia l com pa r ed t o t h a t of t h e H AP a n d H AP + 2%P b(NO 3 ) 2 under the same experim en t a l con dit ion . It h a s lost 12.3% a n d 17.2% m a ss a t 800 a n d 1200 °C, r espect ively. It h a s t o be n ot ed t h a t t h is la r ge loss of m a ss h a s n ot su bst a n t ia t ed in t o a n in cr ea sed den sifica t ion of t h e sa m e ext en t . Th is ext en t of m a ss loss cou ld be a ccor ded t o t h e eva por a t ion of NO 2 a n d ot h er ch em ica l r ea ct ion s. It ca n a lso be seen t h a t the mass loss of HAP + 10% Pb(NO 3 ) 2 accelerates above 1050 °C wh ich in dica t es in cr ea se in t h e r a t e of ch em ica l r ea ct ion . It wa s expect ed t h a t t h e E SE M m icr ogr a ph s (F igu r e 15) of sa m ples con t a in in g 10% P b(NO 3 ) 2 wou ld be m or e por ou s t h a t t h ose of t h e sa m ples con t a in in g 2% Figu re 13. E ffect of con cen t r a t ion of P b(NO3)2 on t h e den sifica t ion a n d m a ss loss of H AP .

Figu re 14. E volu t ion of bu lk den sit y of H AP , H AP wit h 2% a n d 10% of P bO2, a n d P b(NO3)2 a s a fu n ct ion of t em per a t u r e. P b(NO 3 ) 2 t o cor r obor a t e wit h t h e m a ss loss kin et ics. H owever , it seem ed den ser a n d m or e coa lesced a n d fu sed com pa r ed wit h t h a t of H AP + 2% P b(NO 3 ) 2 . This m a y be du e t o t h e fa ct t h a t t h e P b(NO 3 ) 2 is n ot com plet ely exh a u st ed a n d t h a t t h e u n r ea ct ed P b(NO 3 ) 2 is cover in g t h e su r fa ce of t h e H AP pa r t icles, a n d a lso t h a t it h a s t en den cy t o select ively occu py t h e su r fa ce of t h e m ixt u r e a gglom er a t e.

F igu r e 14 m a kes a com pa r a t ive pr esen t a t ion of t h e evolu t ion of bu lk den sit y for H AP a n d H AP wit h 2% a s well as 10% PbO 2 and Pb(NO 3 ) 2 . This figure reveals that a t t h e en d of t h e sin t er in g pr ocess t h e bu lk den sit ies of H AP wit h 10% a ddit ives a r e lower t h a n t h ose of t h eir cor r espon din g 2% m ixt u r es. Th is is du e t o t h e fa ct t h a t m u ch h igh er m a ss loss a n d m u ch lower den sifica t ion wer e a ch ieved in t h e m ixt u r es wit h 10% a ddit ives. Th is figu r e fu r t h er sh ows t h a t t h e bu lk den sit y of H AP + 10% P bO 2 h a s declin ed a ft er 1000 °C, wh ich is r esu lt ed fr om fa st er r a t e of m a ss loss com pa r ed t o t h e r a t e of den sifica t ion . Th is m a y be in dica t ive of fa st er ch em ica l r ea ct ion occu r r in g t h er e. At t h e en d of sin t er in g, t h e bu lk den sit ies for H AP wit h 10% of a ddit ives a ppea r t o be ver y close t o t h eir r espect ive bu lk den sit ies a t 400 °C.

Co n c lu s io n s

Th e sin t er in g a n d den sifica t ion beh a vior of H AP a n d the effect of addition of PbO 2 and Pb(NO 3 ) 2 were studied u sin g su r fa ce a r ea r edu ct ion a n d sh r in ka ge (den sificat ion ) a s in dica t or s. Th e su r fa ce a r ea r edu ct ion of t h e pu r e H AP wa s fou n d t o be dr iven by su per ficia l a n d volu m et r ic diffu sion du r in g sin t er in g wit h ou t den sifica t ion a n d sin t er in g wit h den sifica t ion , r espect ively. Addit ion of 2% P bO 2 a n d P b(NO 3 ) 2 br ou gh t a bou t su bst a n t ia l su r fa ce a r ea r edu ct ion du r in g den sifica t ion pr ocess a n d a lso lower ed t h e t em per a t u r e a t wh ich sin t er in g wit h den sifica t ion com m en ced. Th e h igh er con cen t r a t ion of P bO 2 a n d P b(NO 3 ) 2 fa iled t o en h a n ce t h e degr ee of den sifica t ion pr ocess a lt h ou gh t h e effect on t h e su r fa ce a r ea r edu ct ion wa s sign ifica n t . H en ce, it wa s fou n d t h a t t h er e is n o st r a igh t for wa r d cor r ela t ion between surfa ce a rea reduction a nd the volume shrinka ge. Th e r a t e of den sifica t ion of pu r e H AP h a d on ly on e pea k, wh er ea s t h e m ixt u r e h a d t wo or m or e pea ks in dica t in g t h a t t h e a ddit ives br in g a bou t m u lt iple speeds in t h e den sifica t ion pr ocess. (2) Su zu ki, T.; H a t su sh ika , T.; H a ya ka wa , Y. Syn t h et ic h ydr oxya pa t it es em ployed a s in or ga n ic ca t ion -exch a n ger s. J . Ch em . S oc., Farad ay T ran s. 1 1981, 77, 1059.
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Figu re 15 .

 15 Figu re 15. E n vir on m en t a l sca n n in g elect r on m icr ogr a ph s for H AP wit h 10% P bO2 a n d P b(NO3)2 sin t er ed a t differ en t t em per a t u r es for 2 h.

  

  

  

  

  

  

  

  

  

  

  

  

  

  4.1.1 S in terin g. Th e sin t er in g beh a vior of H AP wa s st u died 10 Ca (NO 3 ) 2 + 6 (NH 4 ) 2 HPO 4 + 8 NH 4 OH f Ca 10 (P O 4 ) 6 (OH ) 2 + 20 NH 4 NO 3 + 6 H 2 0 (1)

	dS dt	) -KS n	(2)