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Effect of Oxides and Nitrates of Lead on the Sintering and
Densification of Hydroxyapatite Adsorbents

A.Nzihou* and B. Adhikari

Ecole Des Mines d’Albi-Carmaux, Centre Energétique et Environnement, LGPSD, UMR CNRS 2392,

Campus Jarlard, 81013 Albi Cedex 09, France

The effect of lead oxide (PbO,) and lead nitrate [Pb(NOs3),] on sintering and densification of
calcium hydroxyapatite (CaHAP) was studied using surface area reduction and shrinkage. The
effect of concentration of these additives was studied using 2% and 10% (w/w) mixtures. The
addition of (PbO;) and [Pb(NOs3),] accelerated the surface area reduction especially when the
sintering was accompanied with densification. These additives lowered the densification
temperature of HAP. Much lower final densification was achieved when 10% of these additives
were used. The rate of densification of pure HAP had only one peak, whereas the mixture had
two or more peaks indicating that the additives bring about multiple speeds in the densification

process.

1. Introduction

Heavy metal pollution is a major environmental
concern because of the toxicity tohuman and plant life.
This toxicity is lethal even in trace quantities and these
metals have a great tendency to bioaccumulate.!

The efficiency of calcium hydroxyapatites (CaHAP) in
removing bivalent heavy metals, especially lead, zinc,
and cadmium, from water, wastewater, municipal solid
waste incinerator (MSWI) ash, and contaminated soil
has led to various studies to understand and explain
the mechanisms with which it removes these pollu-
tants.>”® Furthermore, its suitability in in situ im-
mobilization of these pollutants enhanced its applica-
bility.”~? It has been found that use of a mere 1% of HAP
in contaminated soil effectively removes the lead, zinc,
copper, and cadmium and that the plant growth was
restored,® and also that the use of 4 g of HAP per kg of
soil significantly reduced the uptake of Cd and Pb by
crops.'? The efficacy of solid HAP in immobilizing lead
and decreasing its gastrointestinal absorption was
tested in vivo in albinorats,and a 60% decrease in lead
accumulation was observed without any negative effect
in the calcium —phosphorus metabolism of the animal.!!
The partial or complete substitution of calcium ion in
CaHAP by lead ion leads to the formation of hydroxy-
pyromorphite, the accidental presence of which in
drinking water does not pose any danger as the pre-
cipitated lead is no longer bioavailable.!!

The use of CaHAP in remediation of MSWI fly ashes
containing heavy metals is becoming a promising tech-
nology because the classical method of solidifying MSWI
fly ashes with Portland cement and subsequent land-
filling has some severe limitations. These limitations
include difficulty in protection against humidity and
controlling the leaching of the heavy metals,'? and also
that the requirement of the binder cement is relatively
high. The CaHAP added externally, or formed during
the reaction while the MSWI fly ash is chemically
treated with a mixture of calcium hydroxide and phos-
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phoric acid maintained at a certain ratio,has been found
effective in immobilizing bivalent heavy metals.!?-!3

A sintering step is still required even when the
insoluble heavy metal—hydroxyapatite is formed. The
thermal treatment process (sintering) effectively embeds
the heavy metal in the hydroxyapatite matrix through
densification and crystallization and also almost elimi-
nates leaching of the heavy metals from the hydroxy-
apatite matrix upon subsequent landfilling.!>~'* Fur-
thermore, the ion exchange process between the calcium
ion in CaHAP and the heavy metal ions is very rapid,
and the external resistance to ion transfer (such as ion
diffusion) basically controls the process.!3 Similarly, the
surface area of the exchange or the specific surface area
of the CaHAP plays an important role in determining
how fast the (exchange) reaction takes place.'¢'” Hence,
a comparative study of the sintering and densification
process of the CaHAP with the nitrates and oxides of
lead is important for furthering the understanding of
the immobilization behavior of the CaHAP with respect
to the heavy metals. Although the sintering and den-
sification phenomena of the CaHAP is being studied
quite extensively,'8720 the effect of oxide and nitrite salts
of lead on the sintering and densification of CaHAP still
awaits a comprehensive study.

This paper aims to report a comprehensive study on
the sintering and densification behavior of CaHAP along
with the effect of oxides and nitrates of lead on its
sintering behavior.

2. Materials and Methods

Lead oxide (PbO,) and lead nitrate [Pb(NO3),] were
reagent grade with 99% purity and were obtained from
Aldrich and Labosie companies, respectively. They were
finely ground before use. Calcium hydroxyapatite
(CaHAP) was prepared by mixing calcium nitrite
[Ca(NOs3),] and ammonium hydrogen phosphate [(NH4),-
HPO,] both obtained from Norskhydro. The tempera-
ture was maintained at 25 °C and the pH was adjusted
to 7—8 with 10% ammonia solution according to reac-
tion 1.



10 Ca(NO,), + 6 (NH,),HPO, + 8 NH,OH —
Ca,,(PO,)(OH), + 20 NH,NO, + 6 H,0 (1)

Details of the preparation and purification procedure
of CaHAP powder (termed HAP henceforth) through the
route of reaction 1 are given elsewhere.?! The powder
was finely ground using a laboratory-scale grinder IKA
Works, Inc.) to obtain fine particles with narrow size
distribution. Thermal stabilization of the powder was
carried out by subjecting it to 400 °C for 2 h. The
stabilized sample exhibited agglomeration and the
particle size was widely altered. Hence, the powder was
ground again to obtain finer particles. This stabilized
HAP powder was used throughout the study.

The structure and composition of the HAP particles
was quantified by X-ray powder diffractometry (Siemens
D5000). X-ray diffraction measurements (XRD) were
carried out with Cu Ko radiation generated at 40 mA,
3° <260 < 60°range and at a scanning speed of 2°/min.
The phases present were determined by comparing the
patterns with the JCPDS standards. The calcium/
phosphorus (Ca/P) ratio of the HAP was determined
using atomic absorption spectrometry (Varian Sepctr-
AA-400). This HAP was found to contain excess calcium
and the Ca/P ratio was 1.75.

The specific surface area of the samples was deter-
mined using nitrogen adsorption with the BET method
(Micrometrics Gemini Vacprep 061). The solid density
of the HAP was determined by helium pycnometry
(Micrometrics Accupyc 1330). The specific surface area
and solid density of the HAP powder were 43.48 m?/g
and 2987 kg/m?3, respectively.

The particle size distribution of the HAP was deter-
mined using a Malvern mastersizer (HYDRO 2000). The
particles were suspended in ethanol and shaken by
ultrasound. The mean particle size [d(0.5)] of the HAP
before the stabilization step was 5.05 um, with the
distribution being monomodal. However, when the
stabilization step (calcination at 400 °C for 2 h) was
applied, the mean particle size increased. Although the
stabilized powder was crushed, the mean particle size
[d(0.5)] remained at 23.05 um and the particle size
distribution was bimodal.

The mass loss history of the samples was determined
in dynamic mode using a themogravimetric analyzer
(TGA-DTA, Netzsch STA 409) at a scanning rate of 10
°C/min from room temperature to 1200 °C.

Shrinkage tests of the samples were carried out by a
thermomechanical analyzer (TMA, SETARAM Setsys
16/20) with 5-g constant load. The shrinkage, resulted
from the rise in temperature, is defined as AL/Ly, where
Ly is the initial length of the sample and AL = Ly —
L(t). L(t) is the length of the sample as a function of
time. The relative density of the sintered specimen is
expressed as py/ps, where pp and ps are the bulk and solid
density, respectively. The thermomechanical analyses
(dilatometry) were carried out in dynamic mode with a
scanning rate of 10 °C/min from room temperature to
1200 °C.

Calcination experiments were carried out on a furnace
(Aubry Company, France). A heating rate of 10 °C/min
was imposed from room temperature to the designated
isotherm temperatures. The isothermal donations were
maintained for 2 to 300 min. The samples were placed
on an alumina crucible and subjected to the above
calcination regime under flowing air. The samples were
cooled at the rate of 10 °C/min to room temperature.

The heating (scanning) rate of 10 °C/min was imposed
for TGA and TMA, as well as for the calcination process
at the furnace, in order to facilitate the comparison. The
surface characteristics of the sintered agglomerate as
well as the unsintered particles/aggregates was studied
using environmental scanning electron microscopy (XL
30 ESEM-FEG, Phillips). The ESEM micrographs when
combined with the mass loss (TGA) and the shrinkage
(TMA) can provide excellent insight into the densifica-
tion process.

3. Modeling of Sintering and Densification

The specific surface area is one of the most reliable
indicators of the sintering event because its kinetics of
reduction is linked to the mechanism of the sintering,
and also because it is easily and reliably measured.
Various predictive models are available in the litera-
ture??~2 for the quantification of the specific surface
area as a function of sintering temperature and time.
Recently, Bailliez and Nzihou?!' compared these models
and found that the Schaffler model (eq 2) better
predicted the kinetics of surface area reduction of
CaHAPs. Hence, the Schaffler model is used in this
study.

ds _

dr
S, K, and n are specific surface area (m?/g), reaction
constant (1/s), and reaction order (dimensionless), re-
spectively. Equation 2 is integrated using the specific
surface area (§,) of the stabilized HAP as given by
eq 3.

—KS" 2)

SO =1[5""+®n— K" (3)

Equation 3 was used to determine the K and n values
using minimized function (fnin) represented by eq 4.

n

fmin — z[siexp _ Sical]Z (4)

SP and S are the experimental and calculated
specific surface area, respectively.

The evolution of bulk density of the specimen as a
function of temperature can be determined from the
measured shrinkage history. Bulk density is an impor-
tant parameter in understanding the evolution of the
voidness of the specimen. This quantity is also impor-
tant for following the relative density (p»/ps) of the
sample. The bulk density (pp) can be determined using
eq 5.2

m [100 — weight losss (%)]

pb = 2 . (5)
ar°L, [100 — shrinkage (% )]

m, and L, are the initial mass (kg) and initial length
(m) of the sample, and r is the inner radius (m) of the
crucible in the dilatometer (TMA). Equation 5 was
derived by assuming that the variation in the sample
dimension is isotropic and unidirectional, and that the
weight of the mass remains constant at the temperature
range of interest. The validity of these assumptions will
be further discussed.

4. Results and Discussions

4.1 Sintering and Densification of HAP. 4.7.]
Sintering. The sintering behavior of HAP was studied
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Figure 1. Kinetics of specific surface area reduction of HAP as a function of t
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Figure 2. Variation of solid density as a function of time and temperature.

by using the specific surface area as an indicator. The
kinetics of surface area reduction at different sintering
temperatures is presented in Figure 1. As shown in this
figure, the surface area is a strong function of temper-
ature as well as time. For a given temperature, the
surface area decreases very rapidly within the first 10
to 30 min and stabilizes thereafter. This figure further
shows that the sintering of HAP at 400 °C for 5 h does
not change the specific surface area much. At 1200 °C,
the surface area reduces by 97.8% and reaches 0.97 m?/g
within 30 min. Furthermore, at 1000 °C and beyond the
specific surface area values at different times are very
close to each other, signifying that the sintering com-
pletes almost instantly.

The effect of sintering time and temperature on the
solid density of HAP powder are shown in Figure 2. It
can be seen from this figure that for a given sintering
temperature the solid density becomes stable within 30
min, which is similar to the effect of sintering time on
the specific surface area (Figure 1). One important
feature of this figure is that the solid density starts
decreasing instead of increasing at 1200 °C after 10 min.
This indicates that the HAP has undergone structural
change which is probably due to the partial dehydrox-

ylation of HAP which leads to the formation of tetra-
calcium phosphate [Cas(PO4)O, TTCP] and a-tricalcium
phosphate [a-Ca3(PO4),, a-TCP].2° This feature brings
about an important effect in the sintering mechanism
as will be discussed shortly. Furthermore, the maximum
solid density obtained (1000 °C, 5 h) is 3158 kg/m? which
is merely 5.7% higher than the density of the unsintered
sample. It can be concluded that the solid density does
not change much with sintering temperature and time,
and hence, it is a poor indicator of the sintering
phenomenon.

4.1.2 Mechanisms of Sintering.Figure 3 presents the
experimental and predicted values of specific surface
area as a function of time and temperature. The
predictions were carried out using eq 3. Because the
surface area does not begin to change at 400 °C, the
surface area values at this temperature are not used
for prediction. Figure 3 shows that the predictions follow
the experimental outcomes quite well. The values for
K, which is usually known as sintering rate constant
or reaction rate constant, range from 1.70 x 1074 s~!
at 700 °Cto 1.3 x 107* s~ at 1200 °C which means that
it increases by 7.65 x 10° within this temperature
range. On the other hand, the n value, which is known
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as reaction order, decreases from 8 to 6. The magnitude
of K value indicates pace or speed of the surface area
reduction while the n value indicates the more impor-
tant aspect, the mechanisms involved.

Figure 4 presents the prediction error while assuming
a reaction order (n value). The order of reaction varies
from 5 to 8 when the sintering temperature varies from
700 to 1200 °C. As will be discussed in the section
dealing with densification, the densification process of
HAP would not commence below 850 °C, hence the
reaction order below 850 °C is expected to be same as
the mechanism of sintering before the commencement
of densification can be,toa reasonable extent, expected
to be the same. This is confirmed from Figure 4 that
n =8 gives the minimum error in prediction. Similarly,
for sintering temperature at and above 1200 °C, HAP
undergoes partial dehydroxylation and even the solid
density gets altered (Figure 2). The rate of densification,
as will be discussed later, shows that the maximum
densification occurs below 1200 °C. Hence, for the
chemically intact HAP, it is expected that sintering at
1200 °C and above should be governed by a different
mechanism. This fact is confirmed by Figure 4 where
n =5 gives minimum error in prediction. In fact, this

value (n = 5) may not be the sintering mechanism for
chemically intact HAP, rather, it may be the sintering
mechanism of partially dehydroxylated HAP, which is
expected to have different physicochemical properties
due tothe presence of tetracalcium phosphate monoxide
(CasO(P0Oy4)y) and a-tricalcium phosphate [Cas(POy),].
The temperature range between 850 and 1200 °C is
reasonably expected to be the temperature region at
which the densification commences as well as completes.
Hence, sintering events within this temperature range
should be governed by a unique sintering mechanism.
This fact is confirmed from Figure 4 in which n =7 gives
minimum error in prediction for sintering temperature
of 900 and 1000 °C, and this value of n is expected for
1100 °C also.

The mechanism of sintering of HAP, as evidenced by
the reduction in specific surface area, can be divided
into three mechanisms. First, below 850 °C, the surface
area reduces without densification (i.e., sintering with-
out densification) and is represented by n = 8. Second,
at temperature range of 850 to 1200 °C, the reduction
in surface area is accompanied by densification process
which is represented by n = 7. Third, at temperatures
at and above 1200 °C, the HAP undergoes some chemi-
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cal changes instantly (within 10 min). The sudden
decrease in the solid density of HAP while sintered at
1200 °C (Figure 2) indicates this chemical change. In
fact the sintering completes at the time when HAP
attains 1200 °C itself. It is expected that n varies
between 5 and 6 in this temperature range.

For a chemically (structurally) intact HAP, it is
reasonable to state that there are two mechanisms of
sintering: one that drives the reduction in the specific
surface area without densification and the other that
drives the reduction with densification. The “reaction
order” for the former is n = 8 while that for the latter
is n = 7. The material transport process in sintering is
considered to occur due to vapor phase transport,
surface migration, volume diffusion, and viscous flow.??
Considering the sintering of HAP is solid phase and that
the material transport by vapor phase can be neglected,
the possible driving mechanisms of the sintering can
be surface migration and volume diffusion. Hence, the
sintering without densification can be considered to be
superficial diffusion-driven process (n = 8) and the
sintering with densification can be considered to be
driven by volume diffusion (n = 7).

4.1.3 Densification. The phenomenon of densification
of HAP has been illustrated in Figure 5. The mass loss
of HAP due to loss of absorbed or adsorbed water (~1%)
usually occurs below 400 °C and is not shown here. In
the temperature range where densification occurs (>850
°C), the loss of mass is almost negligible (~0.5%). Hence,
the densification process is due to volumetric shrinkage
at a constant mass. The shrinkage commences at 850
°C and continues up to the temperature studied (1200
°C) achieving 14% shrinkage. This fact is also mani-
fested in environmental scanning electron microscope
(ESEM) micrographs shown in Figure 6. The surface of

1000°C
Figure 6. Environmental scanning electron micrographs for HAP sintered at different temperatures for 2 h.

1200°C

the particles is not much compacted at 400 °C and at
800 °C. The surface appears to be slightly compacted
at 1000 °C, whereas it is highly compacted and fused
at 1200 °C. This corroborates well with Figure 5, which
shows that the densification process intensifies after
1000 °C, and at 1200 °C a complete densification can
be achieved. The rate of densification (rate of shrinkage)
reveals that the maximum densification occurs below
1200 °C. The variation of bulk density resulting from
the densification was calculated using eq 5 and is shown
in Figure 7. The bulk density first decreases and then
starts increasing at a point which corresponds to the
start of the densification process. However, the initial
bulk density is achieved at about 1000 °C only. The bulk
density attained about 40% of the initial solid density
(initial solid or theoretical density = 2987 kg/m?3) at the
maximum temperature studied (1200 °C). This means
that there is a considerable amount of voids on the
sintered particle bed.

4.2 Effect of PbO; and Pb(NO3); on Sintering and
Densification of HAP. The effect of addition of PbO,
and Pb(NO3), on the sintering and densification process
is discussed in this section. The aim was to understand
the effect of the lead, existing in different chemical forms
(oxides and nitrates), on the sintering and densification
of HAP. The specific surface area of HAP with 2%
additives was determined at different sintering tem-
peratures for 2 h. Also, a comparative presentation of
the densification of HAP with 2% additives along with
the pure HAP was made. The mass loss of these
mixtures was not very different from the mass loss of
the pure HAP, and the loss during the densification
process was almost negligible (<1%, data not shown).

Compared to HAP, the evolution of specific surface
area of the mixtures showed two distinct features



2 1200
e
() Sessssssssssssssssssssesessassnsesesippapeeeee -
. Densification begins 1150
4 o z
- — Shrinkage (%) ﬁi
~
s 6 - Bulkdcnsily(kg/m‘) oo 2
-6 =
& 2
< ‘;
Z 3 5
E =
@ 1050 <
-10 a
-12
- 1000
-14 1
16 T T 950
400 500 600 700 800 900 1000 1100 1200
Temperature (°C)
Figure 7. Variation of bulk density (kg/m?) during densification process.
2 — 1 1200
0
Densificatin begins
-2 - 1150
4 HAP .
) HAP+2% PbO2 2
g -6 HAP+2% Pb(NO3)2 1100 =
% ol Density (HAP) =
R Density (HAP+2% PbO2) £
i
& -1+ Density [HAP+2% Pb(NO3)2] 1050 z
=
1, - @
-12 :
-14 1000
-16
-18 950
400 500 600 700 800 900 1000 1100 1200 1300
Temperature (°C)

Figure 8. Variation of shrinkage (%) and bulk density of HAP and its mixture with 2% PbO, and Pb(NO3), as a function of sintering

temperature.

(Figure 11). Below 700 °C, compared to pure HAP, both
the mixtures had higher specific surface area. The
increase of the specific surface area for HAP + 2% PbO,
and HAP + 2% Pb(NOs), within this temperature range
was 5.4% and 6%, respectively. As the measurement
error of the equipment was found to be of the order of
+4.5%, there was no significant change in the surface
area due to the addition of PbO; and Pb(NO3),. The
small increase in the surface area was probably brought
about by the smaller particle sizes of the PbO, and Pb-
(NO3),. The specific surface areas of the mixtures and
the HAP almost coincided at 700 °C but were lower than
that of HAP itself. 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 m?/g), the average (%) difference for
mixtures with PbO, and Pb(NOj3), were 14.9 and 17.6%,
respectively—which is significant. These results showed
that the addition of the PbO, and Pb(NO3), in HAP
accelerates the reduction of specific surface area at and

above 800 °C, a regime where sintering accompanies the
densification.

A comparative presentation of the densification of
HAP and its mixtures with 2% PbO, and Pb(NO3), is
made in Figure 8. This figure shows that the densifi-
cation of the both mixtures starts at about the same
temperature (820 °C), which is about 30 °C lower than
the commencement of densification of pure HAP (Figure
7). The commencement of densification is represented
by commencement of shrinkage, a point at which the
shrinkage versus temperature plot begins to move
toward negative. These additives have also brought
about an increment in the extent of shrinkage. The final
shrinkage (at 1200 °C) is 15.6% and 17.1% for the
mixture with PbO, and Pb(NOs),, respectively, which
is 1.5% and 2.1% higher than the shrinkage of HAP.
These facts are corroborated by the ESEM micrographs
(Figure 9) which show that the surface of the particles
has not undergone much densification or sintering up
to 800 °C, whereas the surface appears to be quantita-



for 2 h.

0.6 -

Rate of shrinkage (%/min)
<)
N

——HAP
0.8 —— HAP + 2% PbO2

-1 T T

1000°C
Figure 9. Environmental scanning electron micrographs for HAP with 2% PbO, and Pb(NO3), sintered at different temperatures

—— HAP + 2% Pb (NO3)2

1200°C

400 500 600 700

800 900 1000 1100 1200

Temperature (°C)

Figure 10. Variation of the rate of shrinkage (%/min) for HAP and its mixture with 2% PbO, and Pb(NOs3), as a function of sintering

temperature.

tively altered at 1000 °C. At 1200 °C the surface of the
mixtures appears to be completely densified and fused,
and also the surfaces of these mixtures appear to be
similar. 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
additives appears to be more densified and coalesced.
Figure 8 also makes a comparative presentation of the
increment in bulk densities of the mixtures with that
of pure HAP. The bulk density of the sintered mixtures
(1200 °C) was 40% compared to the solid densities of
the unsintered mixtures at room temperature. This is
not significantly different from the bulk density of pure
HAP (Section 4.1) at 1200 °C. Hence, the densification
brought about by addition of 2% PbO, and Pb(NOj3);
does not appear to be significant. However, the rate of
densification could be different. The rate of shrinkage
was determined by differentiating the shrinkage versus
time plot with respect to time. This was then plotted
against temperature to obtain shrinkage rate versus
temperature plots. Figure 10 shows the the rate of

densification (shrinkage) of HAP and its mixture with
2% PbO, and Pb(NO3), is quite different. Compared to
HAP, the rate of shrinkage 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 within 1050 and 1110 °C, whereas the
rate of pure HAP shows only one peak at 1195 °C. The
rate of shrinkage of mixture with Pb(NO3), is greater
than that of the mixture with PbO,. This, to some
extent, can be attributed to the evaporation of NO; and
greater mass loss (5.6% mass loss for Pb(NOs3), com-
pared to 5.3% loss for PbO, at 1200 °C). The more porous
surface of the Pb(NO3), compared with that of PbO,
(ESEM micrographs at 1200 °C, Figure 9) suggests the
evaporation of NO,. The rate of shrinkage of the HAP,
as well as its mixtures, declines rapidly at the proximity
of 1200 °C, indicating that the sintering event completes
there.

4.2.1 Effect of Concentration. How do the higher
concentrations of PbO, and Pb(NOs), affect the sintering
and densification process of HAP? This question is
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answered here by monitoring the specific surface area
and shrinkage by increasing the amount of PbO, and
Pb(NO3), to 10% (w/w).

4.2.2 Effect on Specific Surface Area Reduction.Figure
11 presents the specific surface area of HAP with 2%
and 10% of both Pb(NO3), and PbO; as a function of
temperature. From this figure it can be seen that, at a
given temperature, the specific surface areas of mixtures
of 10% Pb(NO3), and PbO; are always lower than those
of their corresponding 2% mixtures. Furthermore the
specific surface area reduction is significant compared
to that of HAP above 800 °C where the sintering
accompanies densification. The reduced specific surface
areas in these mixtures below 800 °C may be due to
increased particle coalescence or surface reorganization.
Compared tothe 2% mixtures the specific surface areas
differ significantly only at 800 °C. This fact can also be
observed from the ESEM micrographs (Figure 15),
which show that the particles of mixture containing 10%
additives are grown larger, probably due to surface
diffusion. After the advancement of the densification,
the specific surface areas of mixtures with 2% and 10%

additives are close to each other. This signifies that the
addition of merely 2% of these additives brings about
close to optimum reduction in surface area of HAP.
4.2.3 Effect on Densification. Figure 12 presents the
effect of concentration of PbO, on the mass loss and
densification of the HAP. This figure shows that the
densification for the mixture containing 10% PbO; has
started at 780 °C which is 70 °C and 50 °C lower than
that of HAP and HAP + 2% PbO,, respectively. This
figure further shows that the rate of shrinkage of
HAP + 10% PbO, is much faster than that of both the
HAP and HAP + 2% PbO; up to 980 °C then it declines
substantially. At 1200 °C the final shrinkage of HAP +
10% PbO; is about 6.8% which is much less compared
to 15.6% of HAP + 2% PbO, and 14% that of HAP. The
mass loss of the HAP + 10% PbO, above 1050 °C has
increased substantially (5%) out of total loss of 10.2%
(at 1200 °C). Considering the free or adsorbed water in
HAP is less than 1—2%, the remaining 8% loss in mass
might be due to partial dehydroxylation and evaporation
due to chemical reaction coupled with the sintering
(physical reaction) as it was described in the litera-
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Figure 14. Evolution of bulk density of HAP, HAP with 2% and 10% of PbO,, and Pb(NO3), as a function of temperature.

ture.?72° The ESEM micrographs presented in Figure
15 also suggest that the particles of the mixture
containing 10% PbO, appear to be grown larger at 800
°C compared to those in the 2% mixture. However, the
ESEM micrographs show that the surface of mixture
containing 10% PbO, is more coalesced and fused
(Figure 15) than the 2% one. This may be due to the
fact that higher amounts of additives can selectively
deposit on the surface, because of which the ESEM
micrographs appear to be substantially coalesced.
Figure 13 presents the effect of concentration of
Pb(NOj3), on the mass loss and densification of HAP.
This figure shows that the densification for the mixture
containing 10% Pb(NOj3), has started at 8§10 °C which
is slightly lower than that of HAP and HAP + 2%
Pb(NOj),. This fact is corroborated from the ESEM
micrographs (Figure 15) that the particles with 10%
Pb(NO3), are larger compared to those of 2% mixtures.
Figure 13 further shows that the rate of shrinkage of

HAP + 10% Pb(NOs3), is slightly faster compared to that
of HAP 4+ 2% Pb(NOj3), up to 950 °C and then it declines
substantially. At 1200 °C the final shrinkage of HAP +
10% PbO; is about 9.3% which is much less compared
to 17.1% of HAP + 2% Pb(NOs3); and 14% of HAP. This
figure also shows that the mass loss of the HAP + 10%
Pb(NOs), is very substantial compared to that of the
HAP and HAP + 2%Pb(NOj3), under the same experi-
mental condition. It has lost 12.3% and 17.2% mass at
800 and 1200 °C, respectively. It has to be noted that
this large loss of mass has not substantiated into an
increased densification of the same extent. This extent
of mass loss could be accorded to the evaporation of NO;
and other chemical reactions. It can also be seen that
the mass loss of HAP + 10% Pb(NO3), accelerates above
1050 °C which indicates increase in the rate of chemical
reaction. It was expected that the ESEM micrographs
(Figure 15) of samples containing 10% Pb(NOs3), would
be more porous that those of the samples containing 2%
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Figure 15. Environmental scanning electron micrographs for HAP with 10% PbO, and Pb(NO3), sintered at different temperatures for

2 h.

Pb(NOs3), to corroborate with the mass loss kinetics.
However, it seemed denser and more coalesced and
fused compared with that of HAP + 2% Pb(NOs3),. This
may be due to the fact that the Pb(NOs3), is not
completely exhausted and that the unreacted Pb(NO3),
is covering the surface of the HAP particles, and also
that it has tendency to selectively occupy the surface of
the mixture agglomerate.

Figure 14 makes a comparative presentation of the
evolution of bulk density for HAP and HAP with 2% as
well as 10% PbO;, and Pb(NOs),. This figure reveals that
at the end of the sintering process the bulk densities of
HAP with 10% additives are lower than those of their
corresponding 2% mixtures. This is due to the fact that
much higher mass loss and much lower densification
were achieved in the mixtures with 10% additives. This
figure further shows that the bulk density of HAP +
10% PbO; has declined after 1000 °C, which is resulted
from faster rate of mass loss compared to the rate of
densification. This may be indicative of faster chemical
reaction occurring there. At the end of sintering, the
bulk densities for HAP with 10% of additives appear
to be very close to their respective bulk densities at
400 °C.

5. Conclusions

The sintering and densification behavior of HAP and
the effect of addition of PbO, and Pb(NOs3), were studied
using surface area reduction and shrinkage (densifica-
tion) as indicators. The surface area reduction of the
pure HAP was found to be driven by superficial and
volumetric diffusion during sintering without densifi-
cation and sintering with densification, respectively.
Addition of 2% PbO, and Pb(NO3), brought about
substantial surface area reduction during densification
process and also lowered the temperature at which
sintering with densification commenced. The higher
concentration of PbO; and Pb(NO3), failed to enhance
the degree of densification process although the effect
on the surface area reduction was significant. Hence, it
was found that there is no straightforward correlation
between surface area reduction and the volume shrink-
age. The rate of densification of pure HAP had only one

peak, whereas the mixture had two or more peaks
indicating that the additives bring about multiple
speeds in the densification process.
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