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Effect of Oxide s and Nitrate s of Lead on the Sin tering and
Densification of Hydroxyapatite Adsorben ts

A. Nzihou* and B. Adh ikari

Ecole Des Mines d’Albi-Carm aux, Centre Energétique et Environnem ent, LGPSD, UMR CNRS 2392,
Campus J arlard , 81013 Albi Cedex 09, France

The effect of lead oxide (PbO2) and lead nit ra te [Pb(NO3)2] on sin ter ing and densifica t ion of
ca lcium hydroxyapa t ite (CaHAP) was studied using sur face area reduct ion and shr inkage. The
effect of concent ra t ion of these addit ives was studied using 2% and 10% (w/w) mixtures. The
addit ion of (PbO2) and [Pb(NO3)2] accelera ted the sur face area reduct ion especia lly when the
sin ter ing was accompanied with densifica t ion . These addit ives lowered the densifica t ion
tempera ture of HAP. Much lower fina l densifica t ion was achieved when 10% of these addit ives
were used. The ra te of densifica t ion of pure HAP had only one peak, whereas the mixture had
two or more peaks indica t ing tha t the addit ives br ing about mult iple speeds in the densifica t ion
process.

1. In troduction

Heavy meta l pollu t ion is a major environmenta l
concern because of the toxicity to human and plan t life.
This toxicity is letha l even in t race quant it ies and these
meta ls have a grea t tendency to bioaccumula te.1
The efficiency of calcium hydroxyapat ites (CaHAP) in

removing biva len t heavy meta ls, especia lly lead, zinc,
and cadmium, from water , wastewater , municipa l solid
waste incinera tor (MSWI) ash , and contamina ted soil
has led to var ious studies to understand and expla in
the mechanisms with which it removes these pollu -
tan ts.2-6 Fur thermore, it s su itability in in situ im-
mobiliza t ion of these pollu tan ts enhanced it s applica-
bility.7-9 It has been found that use of a mere 1% of HAP
in contamina ted soil effect ively removes the lead, zinc,
copper , and cadmium and tha t the plan t growth was
restored,8 and a lso tha t the use of 4 g of HAP per kg of
soil sign ifican t ly reduced the uptake of Cd and Pb by
crops.10 The efficacy of solid HAP in immobilizing lead
and decreasing it s gast roin test ina l absorpt ion was
tested in vivo in a lbino ra ts, and a 60% decrease in lead
accumula t ion was observed without any negat ive effect
in the calcium-phosphorus metabolism of the animal.11
The par t ia l or complete subst itu t ion of ca lcium ion in
CaHAP by lead ion leads to the format ion of hydroxy-
pyromorphite, the accidenta l presence of which in
dr inking water does not pose any danger as the pre-
cipita ted lead is no longer bioava ilable.11
The use of CaHAP in remedia t ion of MSWI fly ashes

conta in ing heavy meta ls is becoming a promising tech-
nology because the classical method of solidifying MSWI
fly ashes with Por t land cement and subsequent land-
filling has some severe limita t ions. These limita t ions
include difficu lty in protect ion aga inst humidity and
cont rolling the leaching of the heavy meta ls,12 and a lso
tha t the requirement of the binder cement is rela t ively
high . The CaHAP added externa lly, or formed dur ing
the react ion while the MSWI fly ash is chemica lly
t rea ted with a mixture of ca lcium hydroxide and phos-

phoric acid maintained at a certain rat io, has been found
effect ive in immobilizing biva len t heavy meta ls.12,13
A sin ter ing step is st ill required even when the

insoluble heavy meta l-hydroxyapa t ite is formed. The
thermal treatment process (sinter ing) effect ively embeds
the heavy meta l in the hydroxyapa t ite mat r ix through
densifica t ion and crysta lliza t ion and also a lmost elimi-
na tes leaching of the heavy meta ls from the hydroxy-
apa t ite mat r ix upon subsequent landfilling.12-14 Fur -
thermore, the ion exchange process between the calcium
ion in CaHAP and the heavy meta l ions is very rapid,
and the externa l resistance to ion t ransfer (such as ion
diffusion) basica lly controls the process.15 Similar ly, the
surface area of the exchange or the specific surface area
of the CaHAP plays an impor tan t role in determining
how fast the (exchange) react ion takes place.16,17 Hence,
a compara t ive study of the sin ter ing and densifica t ion
process of the CaHAP with the nit ra tes and oxides of
lead is impor tan t for fur ther ing the understanding of
the immobiliza t ion behavior of the CaHAP with respect
to the heavy meta ls. Although the sin ter ing and den-
sifica t ion phenomena of the CaHAP is being studied
quite extensively,18-20 the effect of oxide and nitr ite salts
of lead on the sinter ing and densifica t ion of CaHAP st ill
await s a comprehensive study.
This paper a ims to repor t a comprehensive study on

the sinter ing and densificat ion behavior of CaHAP along
with the effect of oxides and nit ra tes of lead on it s
sin ter ing behavior .

2. Materia ls and Methods

Lead oxide (PbO2) and lead nit ra te [Pb(NO3)2] were
reagent grade with 99% pur ity and were obta ined from
Aldrich and Labosie companies, respect ively. They were
finely ground before use. Ca lcium hydroxyapa t it e
(CaHAP) was prepa red by mixing ca lcium nit r it e
[Ca(NO3)2] and ammonium hydrogen phosphate [(NH4)2-
HPO4] both obta ined from Norskhydro. The tempera-
ture was main ta ined a t 25 °C and the pH was adjusted
to 7-8 with 10% ammonia solu t ion according to reac-
t ion 1.
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Deta ils of the prepara t ion and pur ifica t ion procedure
of CaHAP powder (termed HAP hencefor th) through the
route of react ion 1 are given elsewhere.21 The powder
was finely ground using a labora tory-scale gr inder (IKA
Works, Inc.) to obta in fine par t icles with nar row size
dist r ibu t ion . Thermal stabiliza t ion of the powder was
car r ied out by subject ing it to 400 °C for 2 h . The
stabilized sample exhibited agglomera t ion and the
par t icle size was widely a ltered. Hence, the powder was
ground aga in to obta in finer par t icles. This stabilized
HAP powder was used throughout the study.
The st ructure and composit ion of the HAP par t icles

was quantified by X-ray powder diffractometry (Siemens
D5000). X-ray diffract ion measurements (XRD) were
car r ied out with Cu KR radia t ion genera ted a t 40 mA,
3° < 2θ < 60° range and a t a scanning speed of 2°/min .
The phases present were determined by compar ing the
pa t terns with the J CPDS standards. The ca lcium/
phosphorus (Ca/P) ra t io of the HAP was determined
using a tomic absorpt ion spect romet ry (Var ian Sepct r -
AA-400). This HAP was found to conta in excess ca lcium
and the Ca/P ra t io was 1.75.
The specific sur face area of the samples was deter -

mined using nit rogen adsorpt ion with the BET method
(Micromet r ics Gemini Vacprep 061). The solid density
of the HAP was determined by helium pycnometry
(Micromet r ics Accupyc 1330). The specific sur face area
and solid density of the HAP powder were 43.48 m2/g
and 2987 kg/m3, respect ively.
The par t icle size dist r ibu t ion of the HAP was deter -

mined using a Malvern mastersizer (HYDRO 2000). The
par t icles were suspended in ethanol and shaken by
ult rasound. The mean par t icle size [d (0.5)] of the HAP
before the stabiliza t ion step was 5.05 µm, with the
dist r ibu t ion being monomodal. However , when the
stabiliza t ion step (ca lcina t ion a t 400 °C for 2 h) was
applied, the mean par t icle size increased. Although the
stabilized powder was crushed, the mean par t icle size
[d (0.5)] remained a t 23.05 µm and the par t icle size
dist r ibu t ion was bimodal.
The mass loss h istory of the samples was determined

in dynamic mode using a themogravimet r ic ana lyzer
(TGA-DTA, Netzsch STA 409) a t a scanning ra te of 10
°C/min from room tempera ture to 1200 °C.
Shr inkage test s of the samples were car r ied out by a

thermomechanica l ana lyzer (TMA, SETARAM Setsys
16/20) with 5-g constan t load. The shr inkage, resu lted
from the r ise in temperature, is defined as ∆L /L 0, where
L 0 is the in it ia l length of the sample and ∆L ) L 0 -
L (t). L (t) is the length of the sample as a funct ion of
t ime. The rela t ive density of the sin tered specimen is
expressed as Fb/Fs, where Fb and Fs are the bulk and solid
density, respect ively. The thermomechanica l ana lyses
(dila tomet ry) were car r ied out in dynamic mode with a
scanning ra te of 10 °C/min from room tempera ture to
1200 °C.
Calcinat ion experiments were carr ied out on a furnace

(Aubry Company, France). A hea t ing ra te of 10 °C/min
was imposed from room tempera ture to the designa ted
isotherm tempera tures. The isothermal donat ions were
main ta ined for 2 to 300 min . The samples were placed
on an a lumina crucible and subjected to the above
calcina t ion regime under flowing air . The samples were
cooled a t the ra te of 10 °C/min to room tempera ture.

The hea t ing (scanning) ra te of 10 °C/min was imposed
for TGA and TMA, as well as for the ca lcina t ion process
at the furnace, in order to facilita te the comparison. The
sur face character ist ics of the sin tered agglomera te as
well as the unsin tered par t icles/aggregates was studied
using environmenta l scanning elect ron microscopy (XL
30 ESEM-FEG, Phillips). The ESEM micrographs when
combined with the mass loss (TGA) and the shr inkage
(TMA) can provide excellen t insigh t in to the densifica -
t ion process.

3. Mode ling of Sin te ring and Densification

The specific sur face area is one of the most reliable
indica tors of the sin ter ing event because it s kinet ics of
reduct ion is linked to the mechanism of the sin ter ing,
and a lso because it is easily and reliably measured.
Var ious predict ive models are ava ilable in the litera -
ture22-25 for the quant ifica t ion of the specific sur face
area as a funct ion of sin ter ing tempera ture and t ime.
Recent ly, Bailliez and Nzihou21 compared these models
and found tha t the Schaffler model (eq 2) bet ter
predicted the kinet ics of sur face area reduct ion of
CaHAPs. Hence, the Schaffler model is used in th is
study.

S , K , and n are specific sur face area (m2/g), react ion
constan t (1/s), and react ion order (dimensionless), re-
spect ively. Equat ion 2 is in tegra ted using the specific
sur face area (S o) of the stabilized HAP as given by
eq 3.

Equat ion 3 was used to determine the K and n values
using minimized funct ion (fmin) represen ted by eq 4.

S iexp and S ica l a re the exper imenta l and ca lcu la ted
specific sur face area , respect ively.
The evolu t ion of bulk density of the specimen as a

funct ion of tempera ture can be determined from the
measured shr inkage history. Bulk density is an impor-
tan t parameter in understanding the evolu t ion of the
voidness of the specimen. This quant ity is a lso impor-
tan t for following the rela t ive density (Fb/Fs) of the
sample. The bulk density (Fb) can be determined using
eq 5.21

m o and L o a re the in it ia l mass (kg) and in it ia l length
(m) of the sample, and r is the inner radius (m) of the
crucible in the dila tometer (TMA). Equat ion 5 was
der ived by assuming tha t the var ia t ion in the sample
dimension is isot ropic and unidirect iona l, and tha t the
weight of the mass remains constant at the temperature
range of in terest . The validity of these assumpt ions will
be fur ther discussed.

4. Resu lts and Discuss ions

4.1 Sin te ring and Dens ification of HAP . 4.1.1
S in tering. The sin ter ing behavior of HAP was studied

10 Ca(NO3)2 + 6 (NH4)2HPO4 + 8 NH4OH f
Ca10(PO4)6(OH)2 + 20 NH4NO3 + 6 H20 (1)

dS
dt ) -KS n (2)

S (t) ) [S o
(1-n ) + (n - 1)Kt]1/(1-n ) (3)

fmin )∑
i)1

n

[S i
exp - S i

ca l]2 (4)

Fb )
m o [100 - weight losss (%)]

πr2L o [100 - shr inkage (% )]
(5)



by using the specific sur face area as an indica tor . The
kinet ics of sur face area reduct ion a t differen t sin ter ing
tempera tures is presented in Figure 1. As shown in th is
figure, the sur face area is a st rong funct ion of temper-
a ture as well as t ime. For a given tempera ture, the
sur face area decreases very rapidly with in the fir st 10
to 30 min and stabilizes thereafter . This figure fur ther
shows tha t the sin ter ing of HAP at 400 °C for 5 h does
not change the specific sur face area much. At 1200 °C,
the surface area reduces by 97.8% and reaches 0.97 m2/g
with in 30 min. Fur thermore, a t 1000 °C and beyond the
specific sur face area va lues a t differen t t imes are very
close to each other , sign ifying tha t the sin ter ing com-
pletes a lmost instan t ly.
The effect of sin ter ing t ime and tempera ture on the

solid density of HAP powder are shown in Figure 2. It
can be seen from this figure tha t for a given sin ter ing
tempera ture the solid density becomes stable with in 30
min , which is simila r to the effect of sin ter ing t ime on
the specific sur face area (Figure 1). One impor tan t
fea ture of th is figure is tha t the solid density sta r t s
decreasing instead of increasing at 1200 °C after 10 min.
This indica tes tha t the HAP has undergone st ructura l
change which is probably due to the par t ia l dehydrox-

yla t ion of HAP which leads to the format ion of tet ra -
calcium phosphate [Ca4(PO4)O, TTCP] and R-t r ica lcium
phospha te [R-Ca3(PO4)2, R-TCP].26 This fea ture br ings
about an impor tan t effect in the sin ter ing mechanism
as will be discussed short ly. Furthermore, the maximum
solid density obtained (1000 °C, 5 h) is 3158 kg/m3 which
is merely 5.7% higher than the density of the unsintered
sample. It can be concluded tha t the solid density does
not change much with sin ter ing tempera ture and t ime,
and hence, it is a poor indica tor of the sin ter ing
phenomenon.
4.1.2 Mechanism s of S in tering. Figure 3 presents the

exper imenta l and predicted va lues of specific sur face
area as a funct ion of t ime and tempera ture. The
predict ions were car r ied out using eq 3. Because the
sur face area does not begin to change a t 400 °C, the
sur face area va lues a t th is tempera ture are not used
for predict ion. Figure 3 shows that the predict ions follow
the exper imenta l ou tcomes quite well. The va lues for
K, which is usua lly known as sin ter ing ra te constan t
or react ion ra te constan t , range from 1.70 × 10-14 s-1
a t 700 °C to 1.3 × 10-4 s-1 a t 1200 °C which means tha t
it increases by 7.65 × 109 with in th is tempera ture
range. On the other hand, the n value, which is known

Figure 1. Kinet ics of specific sur face area reduct ion of HAP as a funct ion of t ime and tempera ture.

Figure 2. Var ia t ion of solid density as a funct ion of t ime and tempera ture.



as react ion order , decreases from 8 to 6. The magnitude
of K value indica tes pace or speed of the sur face area
reduct ion while the n value indica tes the more impor-
tan t aspect , the mechanisms involved.
Figure 4 presents the predict ion error while assuming

a react ion order (n value). The order of react ion var ies
from 5 to 8 when the sin ter ing tempera ture var ies from
700 to 1200 °C. As will be discussed in the sect ion
dea ling with densifica t ion , the densifica t ion process of
HAP would not commence below 850 °C, hence the
react ion order below 850 °C is expected to be same as
the mechanism of sin ter ing before the commencement
of densifica t ion can be, to a reasonable exten t , expected
to be the same. This is confirmed from Figure 4 tha t
n ) 8 gives the minimum error in predict ion . Simila r ly,
for sin ter ing tempera ture a t and above 1200 °C, HAP
undergoes par t ia l dehydroxyla t ion and even the solid
density gets altered (Figure 2). The rate of densificat ion,
as will be discussed la ter , shows tha t the maximum
densifica t ion occurs below 1200 °C. Hence, for the
chemica lly in tact HAP, it is expected tha t sin ter ing a t
1200 °C and above should be governed by a differen t
mechanism. This fact is confirmed by Figure 4 where
n ) 5 gives minimum error in predict ion . In fact , th is

va lue (n ) 5) may not be the sin ter ing mechanism for
chemica lly in tact HAP, ra ther , it may be the sin ter ing
mechanism of par t ia lly dehydroxyla ted HAP, which is
expected to have differen t physicochemica l proper t ies
due to the presence of tet racalcium phosphate monoxide
(Ca4O(PO4)2) and R-t r ica lcium phospha te [Ca3(PO4)2].
The tempera ture range between 850 and 1200 °C is
reasonably expected to be the tempera ture region a t
which the densificat ion commences as well as completes.
Hence, sin ter ing events with in th is tempera ture range
should be governed by a unique sin ter ing mechanism.
This fact is confirmed from Figure 4 in which n ) 7 gives
minimum error in predict ion for sin ter ing tempera ture
of 900 and 1000 °C, and th is va lue of n is expected for
1100 °C also.
The mechanism of sin ter ing of HAP, as evidenced by

the reduct ion in specific sur face area , can be divided
in to three mechanisms. First , below 850 °C, the surface
area reduces without densifica t ion (i.e., sin ter ing with-
out densifica t ion) and is represen ted by n ) 8. Second,
a t tempera ture range of 850 to 1200 °C, the reduct ion
in sur face area is accompanied by densifica t ion process
which is represen ted by n ) 7. Third, a t tempera tures
a t and above 1200 °C, the HAP undergoes some chemi-

Figure 3. Reduct ion of specific sur face area with sin ter ing t ime and tempera ture: exper imenta l va lues and predict ions.

Figure 4. Var ia t ion of er ror in predict ion with differen t react ion order .



ca l changes instan t ly (with in 10 min). The sudden
decrease in the solid density of HAP while sin tered a t
1200 °C (Figure 2) indica tes th is chemica l change. In
fact the sin ter ing completes a t the t ime when HAP
at ta ins 1200 °C it self. It is expected tha t n var ies
between 5 and 6 in th is tempera ture range.
For a chemica lly (st ructura lly) in tact HAP, it is

reasonable to sta te tha t there are two mechanisms of
sin ter ing: one tha t dr ives the reduct ion in the specific
sur face area without densifica t ion and the other tha t
dr ives the reduct ion with densifica t ion . The “react ion
order” for the former is n ) 8 while tha t for the la t ter
is n ) 7. The mater ia l t ranspor t process in sin ter ing is
considered to occur due to vapor phase t ranspor t ,
sur face migra t ion , volume diffusion , and viscous flow.25
Considering the sinter ing of HAP is solid phase and that
the mater ia l t ranspor t by vapor phase can be neglected,
the possible dr iving mechanisms of the sin ter ing can
be sur face migra t ion and volume diffusion . Hence, the
sin ter ing without densifica t ion can be considered to be
super ficia l diffusion-dr iven process (n ) 8) and the
sin ter ing with densifica t ion can be considered to be
dr iven by volume diffusion (n ) 7).
4.1.3 Densification . The phenomenon of densifica t ion

of HAP has been illust ra ted in Figure 5. The mass loss
of HAP due to loss of absorbed or adsorbed water (∼1%)
usua lly occurs below 400 °C and is not shown here. In
the temperature range where densificat ion occurs (>850
°C), the loss of mass is almost negligible (∼0.5%). Hence,
the densifica t ion process is due to volumetr ic shr inkage
a t a constan t mass. The shr inkage commences a t 850
°C and cont inues up to the tempera ture studied (1200
°C) achieving 14% shr inkage. This fact is a lso mani-
fested in environmenta l scanning elect ron microscope
(ESEM) micrographs shown in Figure 6. The sur face of

the par t icles is not much compacted a t 400 °C and at
800 °C. The sur face appears to be sligh t ly compacted
a t 1000 °C, whereas it is h ighly compacted and fused
a t 1200 °C. This cor robora tes well with Figure 5, which
shows tha t the densifica t ion process in tensifies a fter
1000 °C, and a t 1200 °C a complete densifica t ion can
be achieved. The rate of densificat ion (ra te of shr inkage)
revea ls tha t the maximum densifica t ion occurs below
1200 °C. The var ia t ion of bulk density resu lt ing from
the densificat ion was calculated using eq 5 and is shown
in Figure 7. The bulk density fir st decreases and then
sta r t s increasing a t a poin t which cor responds to the
sta r t of the densifica t ion process. However , the in it ia l
bulk density is achieved at about 1000 °C only. The bulk
density a t ta ined about 40% of the in it ia l solid density
(in it ia l solid or theoret ica l density ) 2987 kg/m3) a t the
maximum tempera ture studied (1200 °C). This means
tha t there is a considerable amount of voids on the
sin tered par t icle bed.
4.2 Effect of PbO2 and Pb(NO3)2 on Sintering and

Densification of HAP . The effect of addit ion of PbO2
and Pb(NO3)2 on the sinter ing and densifica t ion process
is discussed in th is sect ion . The a im was to understand
the effect of the lead, exist ing in different chemical forms
(oxides and nit ra tes), on the sin ter ing and densifica t ion
of HAP. The specific sur face area of HAP with 2%
addit ives was determined a t differen t sin ter ing tem-
pera tures for 2 h . Also, a compara t ive presenta t ion of
the densifica t ion of HAP with 2% addit ives a long with
the pure HAP was made. The mass loss of these
mixtures was not very differen t from the mass loss of
the pure HAP, and the loss dur ing the densifica t ion
process was a lmost negligible (<1%, da ta not shown).
Compared to HAP, the evolu t ion of specific sur face

area of the mixtures showed two dist inct fea tures

Figure 5. Plots of shr inkage (%), ra te of shr inkage (%/min), and mass loss (%) for HAP.

Figure 6. Environmenta l scanning elect ron micrographs for HAP sin tered a t differen t tempera tures for 2 h .



(F igure 11). Below 700 °C, compared to pure HAP, both
the mixtures had higher specific sur face area . The
increase of the specific surface area for HAP + 2% PbO2
and HAP + 2% Pb(NO3)2 within this temperature range
was 5.4% and 6%, respect ively. As the measurement
er ror of the equipment was found to be of the order of
(4.5%, there was no significan t change in the sur face
area due to the addit ion of PbO2 and Pb(NO3)2. The
small increase in the surface area was probably brought
about by the smaller par t icle sizes of the PbO2 and Pb-
(NO3)2. The specific sur face areas of the mixtures and
the HAP almost coincided at 700 °C but were lower than
tha t of HAP it self. At 800 °C and above, the specific
surface areas of the mixtures were much lower than that
of HAP. Up to the limit of the measurement by the
equipment (∼1 m2/g), the average (%) difference for
mixtures with PbO2 and Pb(NO3)2 were 14.9 and 17.6%,
respect ivelyswhich is significant . These results showed
tha t the addit ion of the PbO2 and Pb(NO3)2 in HAP
accelera tes the reduct ion of specific sur face area a t and

above 800 °C, a regime where sinter ing accompanies the
densifica t ion .
A compara t ive presenta t ion of the densifica t ion of

HAP and it s mixtures with 2% PbO2 and Pb(NO3)2 is
made in Figure 8. This figure shows tha t the densifi-
ca t ion of the both mixtures sta r t s a t about the same
tempera ture (820 °C), which is about 30 °C lower than
the commencement of densificat ion of pure HAP (Figure
7). The commencement of densifica t ion is represen ted
by commencement of shr inkage, a poin t a t which the
shr inkage versus tempera ture plot begins to move
toward nega t ive. These addit ives have a lso brought
about an increment in the extent of shr inkage. The final
shr inkage (a t 1200 °C) is 15.6% and 17.1% for the
mixture with PbO2 and Pb(NO3)2, respect ively, which
is 1.5% and 2.1% higher than the shr inkage of HAP.
These facts are corrobora ted by the ESEM micrographs
(Figure 9) which show tha t the sur face of the par t icles
has not undergone much densifica t ion or sin ter ing up
to 800 °C, whereas the sur face appears to be quant ita -

Figure 7. Var ia t ion of bulk density (kg/m3) dur ing densifica t ion process.

Figure 8. Var ia t ion of shr inkage (%) and bulk density of HAP and it s mixture with 2% PbO2 and Pb(NO3)2 as a funct ion of sin ter ing
tempera ture.



t ively a ltered a t 1000 °C. At 1200 °C the sur face of the
mixtures appears to be completely densified and fused,
and a lso the sur faces of these mixtures appear to be
simila r . When Figure 9 is compared with Figure 6,
which presents the ESEM micrographs for the pure
HAP, it can be seen that the surface of the samples with
addit ives appears to be more densified and coa lesced.
F igure 8 a lso makes a compara t ive presenta t ion of the
increment in bulk densit ies of the mixtures with tha t
of pure HAP. The bulk density of the sin tered mixtures
(1200 °C) was 40% compared to the solid densit ies of
the unsin tered mixtures a t room tempera ture. This is
not significant ly differen t from the bulk density of pure
HAP (Sect ion 4.1) a t 1200 °C. Hence, the densifica t ion
brought about by addit ion of 2% PbO2 and Pb(NO3)2
does not appear to be significan t . However , the ra te of
densifica t ion could be differen t . The ra te of shr inkage
was determined by different ia t ing the shr inkage versus
t ime plot with respect to t ime. This was then plot ted
aga inst tempera ture to obta in shr inkage ra te versus
tempera ture plots. F igure 10 shows the the ra te of

densifica t ion (shr inkage) of HAP and it s mixture with
2% PbO2 and Pb(NO3)2 is quite differen t . Compared to
HAP, the ra te of shr inkage of the mixtures is much
faster from 800 to 1050 °C, after which it declines.
Furthermore, there are two peaks in the shrinkage rates
of the mixtures with in 1050 and 1110 °C, whereas the
ra te of pure HAP shows only one peak a t 1195 °C. The
ra te of shr inkage of mixture with Pb(NO3)2 is grea ter
than tha t of the mixture with PbO2. This, to some
exten t , can be a t t r ibu ted to the evapora t ion of NO2 and
grea ter mass loss (5.6% mass loss for Pb(NO3)2 com-
pared to 5.3% loss for PbO2 at 1200 °C). The more porous
sur face of the Pb(NO3)2 compared with tha t of PbO2
(ESEM micrographs a t 1200 °C, Figure 9) suggests the
evapora t ion of NO2. The ra te of shr inkage of the HAP,
as well as its mixtures, declines rapidly at the proximity
of 1200 °C, indicat ing that the sinter ing event completes
there.
4.2.1 Effect of Concentration . How do the higher

concentrat ions of PbO2 and Pb(NO3)2 affect the sinter ing
and densifica t ion process of HAP? This quest ion is

Figure 9. Environmenta l scanning elect ron micrographs for HAP with 2% PbO2 and Pb(NO3)2 sin tered a t differen t tempera tures
for 2 h .

Figure 10. Var ia t ion of the ra te of shr inkage (%/min) for HAP and it s mixture with 2% PbO2 and Pb(NO3)2 as a funct ion of sin ter ing
tempera ture.



answered here by monitor ing the specific sur face area
and shr inkage by increasing the amount of PbO2 and
Pb(NO3)2 to 10% (w/w).
4.2.2 Effect on S pecific S urface Area Reduction. Figure

11 presents the specific sur face area of HAP with 2%
and 10% of both Pb(NO3)2 and PbO2 as a funct ion of
tempera ture. From this figure it can be seen tha t , a t a
given temperature, the specific surface areas of mixtures
of 10% Pb(NO3)2 and PbO2 are a lways lower than those
of their cor responding 2% mixtures. Fur thermore the
specific sur face area reduct ion is sign ifican t compared
to tha t of HAP above 800 °C where the sin ter ing
accompanies densifica t ion . The reduced specific surface
areas in these mixtures below 800 °C may be due to
increased par t icle coalescence or surface reorganizat ion.
Compared to the 2% mixtures the specific surface areas
differ sign ifican t ly only a t 800 °C. This fact can a lso be
observed from the ESEM micrographs (Figure 15),
which show that the part icles of mixture containing 10%
addit ives are grown larger , probably due to sur face
diffusion . After the advancement of the densifica t ion ,
the specific sur face areas of mixtures with 2% and 10%

addit ives are close to each other . This sign ifies tha t the
addit ion of merely 2% of these addit ives br ings about
close to opt imum reduct ion in sur face area of HAP.
4.2.3 Effect on Densification . Figure 12 presents the

effect of concent ra t ion of PbO2 on the mass loss and
densifica t ion of the HAP. This figure shows tha t the
densifica t ion for the mixture conta in ing 10% PbO2 has
sta r ted a t 780 °C which is 70 °C and 50 °C lower than
tha t of HAP and HAP + 2% PbO2, respect ively. This
figure fur ther shows tha t the ra te of shr inkage of
HAP + 10% PbO2 is much faster than tha t of both the
HAP and HAP + 2% PbO2 up to 980 °C then it declines
substan t ia lly. At 1200 °C the fina l shr inkage of HAP +
10% PbO2 is about 6.8% which is much less compared
to 15.6% of HAP + 2% PbO2 and 14% tha t of HAP. The
mass loss of the HAP + 10% PbO2 above 1050 °C has
increased substan t ia lly (5%) out of tota l loss of 10.2%
(a t 1200 °C). Consider ing the free or adsorbed water in
HAP is less than 1-2%, the remain ing 8% loss in mass
might be due to part ia l dehydroxylat ion and evaporat ion
due to chemica l react ion coupled with the sin ter ing
(physica l react ion) as it was descr ibed in the lit era -

Figure 11. Effect of concent ra t ion of PbO2 and Pb(NO3)2 on the sur face area of HAP (sin ter ing t ime ) 2 h).

Figure 12. Effect of concent ra t ion of PbO2 on the densifica t ion and mass loss of HAP.



tu re.26-29 The ESEM micrographs presented in Figure
15 a lso suggest tha t the par t icles of the mixture
conta in ing 10% PbO2 appear to be grown larger a t 800
°C compared to those in the 2% mixture. However , the
ESEM micrographs show tha t the sur face of mixture
conta in ing 10% PbO2 is more coa lesced and fused
(Figure 15) than the 2% one. This may be due to the
fact tha t h igher amounts of addit ives can select ively
deposit on the sur face, because of which the ESEM
micrographs appear to be substan t ia lly coa lesced.
F igure 13 presents the effect of concent ra t ion of

Pb(NO3)2 on the mass loss and densifica t ion of HAP.
This figure shows tha t the densifica t ion for the mixture
conta in ing 10% Pb(NO3)2 has sta r ted a t 810 °C which
is sligh t ly lower than tha t of HAP and HAP + 2%
Pb(NO3)2. This fact is cor robora ted from the ESEM
micrographs (Figure 15) tha t the par t icles with 10%
Pb(NO3)2 a re la rger compared to those of 2% mixtures.
F igure 13 fur ther shows tha t the ra te of shr inkage of

HAP + 10% Pb(NO3)2 is slight ly faster compared to that
of HAP + 2% Pb(NO3)2 up to 950 °C and then it declines
substan t ia lly. At 1200 °C the fina l shr inkage of HAP +
10% PbO2 is about 9.3% which is much less compared
to 17.1% of HAP + 2% Pb(NO3)2 and 14% of HAP. This
figure a lso shows tha t the mass loss of the HAP + 10%
Pb(NO3)2 is very substan t ia l compared to tha t of the
HAP and HAP + 2%Pb(NO3)2 under the same exper i-
menta l condit ion . It has lost 12.3% and 17.2% mass a t
800 and 1200 °C, respect ively. It has to be noted tha t
th is la rge loss of mass has not substan t ia ted in to an
increased densifica t ion of the same exten t . This exten t
of mass loss could be accorded to the evaporat ion of NO2
and other chemica l react ions. It can a lso be seen tha t
the mass loss of HAP + 10% Pb(NO3)2 accelera tes above
1050 °C which indica tes increase in the ra te of chemical
react ion . It was expected tha t the ESEM micrographs
(Figure 15) of samples conta in ing 10% Pb(NO3)2 would
be more porous tha t those of the samples conta in ing 2%

Figure 13. Effect of concent ra t ion of Pb(NO3)2 on the densifica t ion and mass loss of HAP.

Figure 14. Evolu t ion of bulk density of HAP, HAP with 2% and 10% of PbO2, and Pb(NO3)2 as a funct ion of tempera ture.



Pb(NO3)2 to cor robora te with the mass loss kinet ics.
However , it seemed denser and more coa lesced and
fused compared with tha t of HAP + 2% Pb(NO3)2. This
may be due to the fact tha t the Pb(NO3)2 is not
completely exhausted and tha t the unreacted Pb(NO3)2
is cover ing the sur face of the HAP par t icles, and a lso
tha t it has tendency to select ively occupy the sur face of
the mixture agglomera te.
F igure 14 makes a compara t ive presenta t ion of the

evolu t ion of bulk density for HAP and HAP with 2% as
well as 10% PbO2 and Pb(NO3)2. This figure reveals that
a t the end of the sin ter ing process the bulk densit ies of
HAP with 10% addit ives are lower than those of their
cor responding 2% mixtures. This is due to the fact tha t
much higher mass loss and much lower densifica t ion
were achieved in the mixtures with 10% addit ives. This
figure fur ther shows tha t the bulk density of HAP +
10% PbO2 has declined after 1000 °C, which is resu lted
from faster ra te of mass loss compared to the ra te of
densifica t ion . This may be indica t ive of faster chemica l
react ion occur r ing there. At the end of sin ter ing, the
bulk densit ies for HAP with 10% of addit ives appear
to be very close to their respect ive bu lk densit ies a t
400 °C.

5. Conclu s ions

The sin ter ing and densifica t ion behavior of HAP and
the effect of addit ion of PbO2 and Pb(NO3)2 were studied
using sur face area reduct ion and shr inkage (densifica -
t ion) as indica tors. The sur face area reduct ion of the
pure HAP was found to be dr iven by super ficia l and
volumet r ic diffusion dur ing sin ter ing without densifi-
ca t ion and sin ter ing with densifica t ion , respect ively.
Addit ion of 2% PbO2 and Pb(NO3)2 brought about
substan t ia l sur face area reduct ion dur ing densifica t ion
process and a lso lowered the tempera ture a t which
sin ter ing with densifica t ion commenced. The higher
concent ra t ion of PbO2 and Pb(NO3)2 fa iled to enhance
the degree of densifica t ion process a lthough the effect
on the sur face area reduct ion was significan t . Hence, it
was found tha t there is no st ra igh t forward cor rela t ion
between surface area reduct ion and the volume shr ink-
age. The ra te of densifica t ion of pure HAP had only one

peak, whereas the mixture had two or more peaks
indica t ing tha t the addit ives br ing about mult iple
speeds in the densifica t ion process.

Literature Cited
(1) Ma, Q. Y.; Tra ina , S. J .; Logan , T. J .; Ryan , J . A. Effects of

aqueous Al, Cd, Cu, Fe (II), Ni and Zn on Pb immobiliza t ion by
hydroxyapa t ite. Environ . S ci. Technol. 1994, 28, 1219.
(2) Suzuki, T.; Hatsush ika , T.; Hayakawa, Y. Synthet ic hy-

droxyapa t ites employed as inorganic ca t ion-exchangers. J . Chem .
S oc., Faraday Trans. 1 1981, 77, 1059.
(3) Suzuki, T.; Hatsush ika , T.; Miyake, M. Synthet ic hydroxy-

apa t ites as inorganic ca t ion exchangers. Par t 2. J . Chem . S oc.,
Faraday Trans. 1 1982, 78, 3605.
(4) Suzuki, T.; Ish igaki, K.; Miyake, M. Synthet ic hydroxy-

apa t ites as inorganic ca t ion exchangers. Par t 3. Exchange char -
acter ist ics of lead ions (Pb2+). J . Chem . S oc., Faraday Trans. 1
1984, 80, 3157.
(5) Xu, Y.; Schwar tz, F . W.; Tra lna , S. J . Sorpt ion of Zn2+ and

Cd2+ on hydroxyapa t ite sur faces. Environ . S ci. Technol. 1994, 28,
1472.
(6) Mavropoulos, E .; Rossi, A. M.; Costa , A. M.; Perez, C. A.;

Moreira , J . C.; Sa ldanha , M. Studies on the mechanisms of lead
immobiliza t ion by hydroxyapa t ites. Environ . S ci. Technol. 2002,
36, 1625.
(7) Ma, Q. Y.; Tra ina , S. J .; Logan , T. J .; Ryan , J . A. In situ

lead immobiliza t ion by apa t ite. Environ . S ci. Technol. 1993, 27,
1803.
(8) Boisson , J .; Rut tens, A.; Mench , M.; Vangronsveld, J .

Evaluat ion of hydroxyapat ite as a metal immobilizing soil addit ive
for the remedia t ion of pollu ted soils. I. Influence of hydroxyapat ite
on meta l exchangeability in soil, plan t growth and plan t meta l
accumula t ion . Environ . Pollu t. 1999, 104, 225.
(9) Laperche, V.; Tra ina , S. J .; Gaddam, P.; Logan , T. J .

Chemical and minera logica l character iza t ions of Pb in a contami-
nated soil: React ions with synthet ic apat ite. Environ. S ci. Technol.
1996, 30, 3321.
(10) Chlopecka , A.; Adr iano, D. C. Influence of zeolite, apa t ite

and Fe-oxide on Cd and Pb uptake by crops. S ci. Total Environ .
1997, 207, 195.
(11) Arnich , N., L.; Anhers, M.-C.; Laurensot , F .; Podor , R.;

Mont iel, A.; Burnel, D. In vit ro and in vivo studies of lead
immobilizat ion by synthet ic hydroxyapat ite. Environ. Pollut. 2003,
124, 139.
(12) Nzihou , A.; Shar rock, P . Calcium phospha te stabiliza t ion

of fly ash with chlor ide ext ract ion . Waste Manage. 2002, 22, 235.
(13) Iretskaya , S.; Nzihou, A.; Zahraoui, C.; Sharrock, P . Meta l

leaching from MSW fly ash before and after chemical and thermal
t rea tments. Environ . Prog. 1999, 18, 144.

Figure 15. Environmenta l scanning elect ron micrographs for HAP with 10% PbO2 and Pb(NO3)2 sin tered a t differen t tempera tures for
2 h .



(14) Li, X. D.; Poon, C. S.; Sun , H.; Lo, I. M. C.; Kirk, D. W.
Heavy meta l specia t ion and leaching behaviors in cement based
solidified/stabilized waste mater ia ls. J . Hazard . Mater. 2001, 82,
215.
(15) Takeuchi, Y.; Ara i, H. Removal of coexist ing Pb2+, Cu2+

and Cd2+ ions from water by addit ion of hydroxyapa t ite powder .
J . Chem . Eng. J pn . 1990, 21, 75.
(16) Sugiyama, S.; Ichii, T.; Matusumoto, H.; Hayashi, H. Effect

of ca lcina t ion and sieving of ca lcium hydroxyapa t ite on ion-
exchangeability with lead ca t ion in the presence and absence of
HCl. Adv. Environ . Res. 2002, 6, 285.
(17) Da Rocha , N. C. C.; De Campos, R. C.; Rossi, A.; Moreira ,

E . L.; Barbosa , A. D. F .; Moure, G. T. Cadmium uptake by
hydroxyapa t ite synthesized in differen t condit ions and submit ted
to thermal t rea tment . Environ . S ci. Technol. 2002, 36, 1630.
(18) Ruys, A. J .; Sor rell, C. C.; Dickson , M. R.; Brandwood, A.;

Milthorpe, B. K. Sin ter ing effect s on the st rength of hydroxyapa-
t it e. Biom aterials 1995, 16, 409.
(19) J uang, H. Y.; Hon, M. H. Effect of ca lcina t ion on sin ter ing

of hydroxyapa t ite. Biom aterials 1996, 17, 2059.
(20) Nzihou , A.; Ba illiez, S. Mechan isms of sin t er ing of

macroporous hydroxyapat ite adsorbents. High. Temp. Mater. Proc.
2002, 21, 281.
(21) Bailliez, S.; Nzihou , A. The kinet ics of sur face area

reduct ion during isothermal sinter ing of hydroxyapat ite adsorbent .
Chem . Eng. J . (in press).
(22) German, R. M.; Munir , Z. A. Surface area reduct ion dur ing

isothermal sin ter ing. J . Am . Ceram . S oc. 1976, 59, 379.

(23) German, R. M. Surface area reduct ion kinet ics dur ing
in termedia te stage sin ter ing. J . Am . Ceram . S oc. 1978, 61, 272.
(24) Nicholson, D. Var ia t ion of surface area dur ing the thermal

decomposit ion of solids. Trans. Faraday S oc. 1965, 61, 990.
(25) Schaffler , W. G.; Morgan , C. J .; Wilson , J . N. Aging of

silica-alumina cracking cata lyst . I. Kinet ics of st ructura l changes
by hea t and steam. J . Phys. Chem . 1957, 61, 714.
(26) Layvolle, P .; Ito, A.; Ta teioh i, T. Sol-gel Synthesis of

Amorphous ca lcium phospha te and sin ter ing in to microporous
hydroxyapa t ite bioceramics. J Am . Ceram . S oc. 1998, 81, 1421.
(27) Van Landuyt , P .; Li, F ., Keustermans, J . P .; St reydo, J .

M.; Delannay, F .; Munt ing, E . The influence of h igh sin ter ing
tempera tures on the mechanica l proper t ies of hydroxyapa t ites. J .
Mater. S ci.: Mater. Med . 1995, 6, 8.
(28) Raynaud, S.; Champion, E.; Bernache-Assolant , D. Calcium

phosphate apat ites with var iable Ca/P atomic ra t io II. Calcina t ion
and sin ter ing. Biom aterials 2002, 23, 1073.
(29) Raynaud, S.; Champion , E .; Bernache-Assolan t , D. Me-

chanica l proper t ies and degrada t ion in solu t ion of hot pressed
ceramics. Biom aterials 2002, 23, 1081.


