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Pure nano-crystalline hydroxyapatite (Hap) and Hap doped with magnesium, zinc and silicon, namely Hap-
0.25wt%Mg: Hap01, Hap-0.25wt%Mg-0.47wt%Si: Hap02, Hap-1.50wt%Mg-0.47wt%Si: Hap03, Hap-
0.67wt%Mg-0.2wt%Zn-0.13wt%Si: Hap04, were synthesized using aqueous precipitation method. The pure
and doped Hap were calcined individually at 400, 650 and 850 °C for 2h, and investigated by Brunauer-
Emmett-Teller (BET) specific surface area and porosity measurements, as well as by X-ray powder diffraction
(XRD). The morphology and particle size of nano-crystalline powders were investigated using scanning
electron microscopy (SEM) and atomic force microscopy (AFM). The thermal stability of the obtained
nanoceramics from 30°C to 1000°C and the effect of calcination temperatures (400, 650 and 850 °C) on their
composition and structure were also determined by using TG, DTG, TGA and DTA techniques coupled with
SEM-EDX. Results analysis shows a high thermal stability (up to 1000 °C) of these nanomaterials, including
the triple-substituted Hap with Mg, Zn and Si (Hap04). Simultaneous incorporation of Mg, Zn and Si into Hap
lattice represents a novelty and promotes a new generation of synthetic porous nanoceramics with unique
Hap structure, and high thermal stability. Due to their chemical composition and structure rather similar to
those characteristic for the inorganic component of bone, these nanoceramics can have multiple applications

in biomedicine, as bone substitutes, for metal coatings and in drug delivery systems.
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Hydroxyapatite, Ca, (PO,),(OH),: Hap, due to its
similarity with inorganic component from human bones
and teeth has been extensively studied as a biocompatible
and bioactive material [1-3]. Accordingly, Hap
nanoparticles can significantly increase the
biocompatibility and bioactivity of various artificial
biomaterials. Over the past decade the preparation of
synthetic Hap nanoparticles has been intensively
investigated to develop new synthetic routes. At the same
time important efforts have been made for enhancing the
bioactivity and mechanical properties of hydroxyapatite.
The bioactivity can be improved by incorporating ionic
constituents in Hap structure (SiO,> and CO,* for
phosphate, Mg?*, Zn**, Na*, K* for Ca*) [4], because it is
proven that the hydroxyapatite rather easily accepts ions
in its crystalline lattice. Over the past years, several
ceramics have been prepared through doping
hydroxyapatite with F, CO,*, Na*, Mg*", Mn**, Zn**, but
most of them being primarily mono substituted Hap.
Through elemental substitution within the Hap structure
various advantages are encountered. For example, silicon
is important in the calcifying process of bones, and in
consequence, bioceramics based on Hap doped with
silicon are intensely studied for their bioactivity [5-7].
Further, the adsorbed -Si-OH groups at the Hap nanoparticle
surface can modulate the nucleation and the crystallite
growth [8, 9] leading to the controlled formation of
nanosized Hap patrticles.

Since Mg** and CO,* are components of natural bone,
bioceramics containing these ions are entitled to have
superior characteristics to pure Hap [10]. Furthermore,
magnesium is known to influence both bone matrix and
bone mineral metabolism. As the magnesium content of
bone mineral decreases, bone crystals become larger and
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more brittle. Thus, the effect of magnesium as a dopant on
hydroxyapatite characteristics is a subject of numerous
studies [11, 12]. Magnesium doped hydroxyapatites (Ca,,
Mg, (PO,),OH,) are appropriate as biomaterials, because
Mg?*in Hap structure has an adsorbent role at the surface
of particles and contributes to the binding of bioceramics
to organic substances in that system [13-15]. Several
techniques can be mentioned for the synthesis of
magnesium doped hydroxyapatites: aqueous
precipitations [16-18], sol-gel technique [19, 20], solid-
state reactions [21], microwave-assisted synthesis [22],
and hydrothermal synthesis [23]. Mg and Si co-doped
hydroxyapatite is also of great interest because it may be
applicable as artificial bone [23-25]. Zn is another important
constituent of bone tissues, being involved in bone
regeneration and in cellular growth and proliferation [26-
28].

Due to an augmented demand for synthetic
hydroxyapatites, possessing closer characteristics to
biological Hap [29], the interest in safe production of multi-
substituted Hap [30-33] is justified and recently highly
increased [34-36]. Therefore, an important objective is
arising to develop multi-substituted Hap with high thermal
stability and enhanced physical, chemical, mechanical and
biological properties. To reach this goal, the modification
in chemical composition is an excellent approach in
tailoring the properties of synthetic hydroxyapatites but
involves many challenges. Evidently, the controlled reaction
conditions, such as pH and temperature, followed by the
aging time at selected temperatures [6, 30, 36], and the
right choice of thermal treatment parameters are essential
[16, 29] and play a major role in realization of these
bioceramics based on hydroxyapatites with appropriate
composition for biomedical applications.
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Although there are studies in this field, a systematic
characterisation of doped Hap with Mg, Zn and Si,
synthesized under identical experimental conditions has
not been reported. Here we report a simple aqueous
precipitation method for the preparation of pure
hydroxyapatite and hydroxyapatite doped with a various
content of magnesium, zinc, and silicon, used separately
and combined. The significant influence of the preparation
methodology and thermal treatment approach on the
features of multi-substituted Hap is evidenced in this work
for various hydroxyapatites, doped with Mg, Zn and Si, and
it is also documented for the fabrication of various other
compounds [37-39].

The resulting nanoceramic powders were investigated
by thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) as well as by Brunauer-Emmett-
Teller (BET) specific surface area and porosity
measurements. The surface morphology was analysed by
scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The phase analysis and the chemical
composition were performed by X-ray diffraction (XRD)
and elemental analysis by energy-dispersive X-ray
spectroscopy (EDX).

Experimental part
Materials and methods

The following compounds Ca(NO,),»4H,0
(NH,),HPO,, Mg(NOQ,),*6H.,0, Zn(NO,),*6H.0, tetraeiwyl
orthodilicate (C,H.0), §| TE%DS) and chglorotrrmethyl silane
(CH ),SiCl, TMS?) were used as starting materials, as Ca, P,
%n and Si precursors. Pure stoichiometric Hap and four
doped hydroxyapatites with different content of Mg, Zn and
Si (table 1) were prepared using a wet precipitation
method, developed previously by us [6, 26, 27, 33]. All
chemicals were reagent grade and purchased form Merck
and Sigma-Aldrich. All solutions were prepared with
deionized water.

Synthesis of pure Hap and doped Hap

The pure stoichiometric hydroxyapatite was prepared,
as a control, with the starting Ca/P molar ratio equal to the
stoichiometric value of 1.67. Similarly, the simultaneous
doping of the synthetic hydroxyapatite with Mg, Zn and Si
was performed including the appropriate amount of each
element in the synthesis in alkaline solution.

As a general procedure, aqueous Ca(NO,), solutions
without or with an appropriate amount of Mg(NO ) (Hap01-
Hap04) and Zn(NO,), (Hap04), was added at 70 C, under
vigorous stirring (§(fO rpm) to an aqueous (NH,),HPO,
solution of suitable concentration corresponding 0 caP
molar ratio of 1.67 (for pure stoichiometric Hap), or
containing the calculated amount of Si for each sample
(Hap02-Hap04, Table 1), added as TMS (Hap02) or TEOS
(Hap03-Hap04). The nonylphenol, CH, O, was added in
0.1 % proportion relative to final product to control the
crystal growth of Hap or doped Hap. The pH of the reaction
mixture was adjusted at 11.5-12 with concentrated
aqgueous ammonia, 25%, in the presence of ethylene-
diamine (1,2-ethanediamine, EDA). The reaction
parameters for the synthesis of pure Hap and doped Hap
were identical. The maturation of the resulting dispersion
was conducted at 70 °C, for 24 hin reactor, under moderate
stirring for the formation of nanocrystalline product. The
obtained suspension was filtered. The precipitate was
carefully washed with deionised water until free of NO,
ions, and the resulted materials were dried by lyophilisation.
The dried materials (pure stoichiometric Hap and Hap01-
Hap04) were each calcined separately at 400°C (2 h),
650°C (2 h), or 850°C (2 h).
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Characterisation methods

Thermal behaviour of pure Hap and doped Hap powders
was determined by thermogravimetric analysis (TGA) and
differential thermal analysis (DTA), for the temperature
range from 30 to 1000 °C, using Universal SDTQ600 TA
Instruments. Samples were heated in alumina crucibles
ata constant heating rate of 10 °C/min, in flowing air, using
simultaneous TG/DTG-DTA techniques.

BET specific surface area, pore volume and pore size
distribution were determined for Hap powders with an
automated Sorptomatic 1990 instrument, with nitrogen
adsorption at 77 K. The calculation of surface area was
made in the P/Po range between 0.03 and 0.3, and the
total pore volume was determined at P/Po = 0.95. Before
BET measurements the samples were outgassed [27] for
6 hat70°C.

X-Ray diffraction (XRD) investigations were carried out
using a Bruker D8 Advance diffractometer, in Bragg-
Brentano geometry, equipped with a X-ray tube with copper
K, line, wavelength 1.541874 R). Phases were identified
by comparing the peak positions of the diffraction patterns
with PDF files.

All samples were imaged by scanning electron
microscope: SEM, JEOL 5600 LV, using backscattered-
electron (BSE) and secondary electron imaging (SEI)
techniques [6]. The SEM samples were deposited as a
uniform layer on the adhesive graphitized tape and were
examined in low vacuum (23 Pa), with an accelerating
voltage of 15 kV, a working distance of 20 mm, at 1000 to
30,000 magnifications. For local elemental analysis of
different samples, the energy-dispersive X-ray (EDX)
spectroscopy was used coupled with SEM imaging.

Atomic force microscopy imaging was obtained using
JEOL 4210 AFM equipment, operated in tapping mode [40,
41], with standard cantilevers with silicon nitride tips
(resonant frequency in the range of 200-300 kHz). The
sample layer was deposited on glass support. Different
areas from 10um x 10um to 0.5um x 0.5um were
scanned on the same layer. The AFM images and cross-
section profiles along a selected direction were processed
by the standard procedures.

Results and discussions
The syntheses for Ca substitution with Mg into
hydroxyapatite (Hap) lattice are based on the reaction:

(10-x)Ca(NO,),+ xMg(NO,), + 6(NH,),HPO, + 8NH,OH —
CalO-Xng(Po4)6(OH)2+ 20NH4N03 + 6H20

where, X has values from 0 to 10, as seen in table 1 from
theoretical formula for stoichiometric Hap. For Ca
substitution with Mg and Zn simultaneously, the (Ca?* +
Mg** + Zn**)/PO* ratio was maintained 1.667 for all
samples, which is the stoichiometric value for Hap
structure. The element content is given in weight % (wt%)
and in the moles of element/ mole Hap, also shown in
Table 1, for the synthesized Hap powders.

The substitution of PO,* and OH with SiO,* is also
possible simultaneously with cationic substitution and gives
Ca,; Mg (PO,),,(OH),, (SiO,), for the Hap doped with Mg

and 8i. The formula for a tri-substituted Hap with Mg, Zn
and Siis: Ca, Mg Zn, (PO,),,(OH),. (SIO))

Thus, synthesrzed Hap pro ucts in this work have general
formula Cay,, Mg.Zn (PO) (OH), (Si0,),, that for x =y
=z=0 corresponds to pure Stoichiometric hydroxyapatrte
Hap: Ca, (PO,),(OH),.

The dopants play an important role in the bone cells
response. For example, Mg?* and Zn?* ions are linked to an
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Table 1
COMPOSITIONS OF SYNTHESISED HYDROXYAPATITES DOPED WITH Mg, Zn AND Si (Hap-Mg-Zn-Si)

Doped Hap nanopowders Wite | Molesof [ Formula
Sample Element element/
Code maole Hap
Hap-0.215%hE Hap(1 Ca 387 R CaganMeo 1ol POe sl UH)2
Mg 0.23 0.10
Zn 0 0
51 0 0
P 13.6 &
Hap -0.35%:Mz- | Hapl2 Ca 307 R Capsclzn 10P 0 538104 1 70 H 155
0.47% 81 Mg 0.23 0.10
Zn 0 0
51 0.47 0.17
P 18.1 5.83
Hapl3 Ca 380 o030 Cap zalgn e (FOw)s e2( 3104 )0 1 7(0H 52
Hap -1.50%Mg - Mg 1.50 0.61
047% 51 Zn 0 0
51 0.47 0.17
P 182 5.83
Hap(d Ca 388 0.6g Cag salIgn 2:8ng 0:(POx]s 30510400 05{0H) 125
Hap -0.67%Mg- Mg 0.67 0.28
0.2%:Zn-0.13% 81 Zn 020 0.03
51 0.13 0.03
P 15.4 5.83

enhanced activity of osteoblasts [26, 36] and their presence
as dopants within Hap structure can enhance Hap
bioactivity. Silicon is also important in bone metabolism
and has beneficial effect on the biological response of
osteoblasts, as reported recently elsewhere [6]. The doping
of Hap with various elements, such as Mg, Zn and Si, might
influence thermal stability, crystal structure, morphology
and porosity of the resulting doped Hap powders.

Thermal behaviour

Thermal behaviour of the four synthesised doped Hap
powders, Hap01-Hap04 (table 1), previously calcined at
400 °C, is compared with that corresponding to non-
calcined pure Hap (Hap-nc) and calcined Hap (Hap-c) at
400 °C. Thermal analysis (TGA/DTA) was performed on all
samples in the temperature range of 30-1000°C.
Thermogravimetric (TG) curves and difference in
temperature (DT), between sample and reference, curves
are given in figurel for all six investigated powders. A
summary of the weight loss (Am) as well as the residue
weight is given in table 2, determined by TGA, for specific
temperature ranges obtained for pure Hap-nc and Hap-c,
as well as for doped Hap samples: Hap01-Hap04.

The average weight loss for non-calcined pure Hap, Hap-
nc, recorded by TGA for 30-1000°C was 9.51% (table 2)
due to a relatively high content of water. In comparison
Hap-c showed a weight loss of only 6.65% which can be
primarily attributed to a relatively low content of water
existing within as obtained Hap-c (pure Hap previously
calcined at 400°C ). The smallest average weight loss
recorded for Hap01 (5.21%) and Hap02 (5.02%) might be
correlated with a lower amount of water within these doped
Hap powders and only slightly lower than for Hap-c. The
Hap03 and Hap04 exhibited a weight loss of 6.94% and
6.30%, respectively, which is around 6.65% found for pure
Hap-c. These findings support a high thermal stability of
doped Hap powders with Mg, Zn and Si.

The corresponding DTA data revealed an endothermic
process for all samples. DTA analysis (fig.1) of Hap-nc,
Hap-c, Hap01-Hap04 are in substantial agreement with
XRD results, indicating a good structure stability of these
powders. The endothermic effect observed in temperature
range between 50 and 150 °C for all powders is due to the
removal of physically adsorbed water and CO, in
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agreement with other reported data [17] for mono
substituted Hap. Then, the weight loss up to 620 °C might
be caused at least partially by the decomposition of organic
reagents used in synthesis of Hap, as reported for biological
Hap [29].

Analysing the data in figure 1 and the weight loss in
table 2, some details of thermal behaviour can be further
discussed. The gradual loss in weight for Hap-nc (8.65%
for heating up to 760°C, a) is higher than for Hap-c (5.38%
for heating up to 758°C, b), which is slightly higher than for
Hap01 (4.28% for heating up to 797°C, ¢), which is equal to
that for Hap02 (4.22% for heating up to 677°C, d), which is
smaller than for Hap04 (5.32% for heating up to 713°C, ),
which is smaller than for Hap03 (6.03% for heating up to
747°C,e). The weight loss and the corresponding
endotherms might be explained by the gradual loss of
water from hydration layers, surrounding individual particles
and aggregated particles, as well as from water adsorbed
on the surface of Hap particles [14, 16], including lattice
water (e.g., coordinated water molecules with surface ions)
from these nano powders, in substantial agreement with
reported data on mono-substituted Hap with Mg or Zn [36].
At heating up from noted high temperatures (table 2) to
1000°C, the weight loss is about 0.86% for Hap-nc, which
is not far from 0.93% recorded for Hap01, and rather close
to 0.80% for Hap02, and near to 0.91% for Hap03 and rather
close to 0.98% for Hap04 and only slightly smaller than
1.27%, recorded for Hap-c. This small weight loss about
1% found for these powders might be attributed to the
decomposition of possible CaCO, traces [18], due to the
nano powder synthesis in air, and/or to the loss of lattice
water [36]. Nevertheless, the structural dehydroxylation
of Hap and doped Hap powders cannot be ruled out [29] at
very high temperature close to 1000°C.

Certainly, the smaller nano particles (measured from
AFM images) and their porous aggregates, illustrated in
SEM images, indicate larger surface areas, which may
explain the higher adsorption of surface water, particularly
for Hap03 and Hap04 powders, in substantial agreement
with BET analysis (table 3), calcined especially at 400 and
650 °C.

These results revealed also the importance of the
structure of water on the surface of Hap and doped Hap
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Powders Sample Code S8A m-g
400 (™C) 650 (C) 250 (7C) Table 3

Hap-0.25% Mg Hap(1 32 48 BET SPECIFIC SURFACE AREA

(SSA) OF HAP DOPED WITH Mg,
Hap-0.25% Mg- 0.47% 51 Hap02 37 11 Zn AND Si, CALCINED

POWDERS AT THREE
Hap-1.50% Mg- 0.47% 51 Hap03 24 Q CALCINATION TEMPERATURES:
400, 650 OR 850°C: EACH
Hap-0.67% Mz-0.20%Zn-0.13% Si | Hap04 34 19 POWDER INDEPENDENTLY
CALCINED FOR 2h

nanoparticles. Generally, the size, shape and surface
chemical composition of nanoparticles affect the surface
water layers. These findings are in substantial agreement
with the data found on hydrated magnesium oxide
nanoparticles by using molecular dynamics simulations
[42], emphasizing that the extent of water hydration (i.e.,
highly ordered layers) and the water coordination number
depend strongly on the nanoparticle characteristics.
Undoubtedly, the water structure on the surface of
nanoparticles is involved in different surface processes
with impact on crystal growth and dissolution.

BET analyses

The specific surface area, SSA, and porosity have an
important role concerning the behaviour of bioceramics
based on Hap in various biomedical applications. A good
biocompatibility is characterised by a large SSA and high
porosity of bioceramics. In this respect, the choice of
calcination temperature is crucial because it might
correspond to major transformations that could take part
in that bioceramic structure and consequently to modify
its properties. Certainly, thermal stability of bioceramics
needs first to be evaluated particularly for safe Hap sintering
and Hap coatings on metal.

The results of Brunauer-Emmett-Teller (BET) analysis,
in terms of SSA values and pore volume in doped Hap
powders, show the importance of their chemical
composition, calcined temperatures and the time allowed
for calcination. In the following, SSA values are given in
table 3, for Hap powders doped with Mg, Zn and Si, calcined
at three different temperatures, namely, at 400, 650 and
850°C with a plateau of 2 h, each.

As a general effect, the SSA decreases with the
increasing of calcination temperatures for a particular
chemical composition in doped Hap (table 3). The
influence of calcined temperature is higher in the case of
Hap02 and Hap03, with the largest content of silicon, and
also for Hap04, doped simultaneously with Mg, Zn and Si.

As a consequence of calcination from 400 to 850°C, the
SSA for Hap01, Hap-0.25% Mg, decreased from 81 m?/g to
48 m?/g, respectively as given in table 3. In the case of
Hap02, Hap-0.25% Mg-0.47%Si, the decrease in SSA was
from 95 m?g found at 400 °C to 11 m?/g found at 850 °C. In
the case of Hap03, Hap-1.50 % Mg-0.47%Si, with a
significant increased content in Mg, but the same Si content
as in Hap02, the effect on SSA at calcination, namely from
110 m?¥qg, at 400°C to 9 m?%g at 850°C is significantly
increased than for Hap02. For Hap04, Hap-0.67%Mg-
0.2%2n-0.13%Si, the effect of calcination on SSA is much
higher than for Hap01. Thus, the gradual decrease of SSA
with the increasing in calcination temperatures is
dependent on the dopant amount and on the multiple
substitutions within Hap lattice.

The significant effect on SSA is obtained for Hap doped
with Si for the same quantity in Mg (0.25%), when Hap02
is compared with Hap01, and particularly at the highest
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calcination temperature of 850°C (table 3). Moreover, for
the high contentin Mg (e.g., six times bigger in Hap03 than
in Hap02), the SSA is almost the same, at 850°C, for both
powders. It appears rational to establish that a significant
effectis brought by the Si content in these Hap02 and Hap03
powders, in comparison with Hap01 powder, at the highest
calcination temperature. For triple substituted Hap04 with
small quantities of Mg, Zn and Si, the SSA is affected butin
a smaller degree than for Hap03, showing the importance
of cations and anions simultaneously incorporated within
the Hap lattice.

Also, a progressive decrease in the pore volume was
observed during calcination, for every doped Hap powder,
Hap01-Hap04, calcined individually at 400, 650 or 850 °C.
For instance, Hap0l showed a total decrease of pore
volume, from about 0.13 cm?®/g to 0.06 cm®/g; Hap02
showed a decrease from about 0.20 cm?®/g to 0.01 cm®/g;
Hap03 showed a decrease from 0.19 cm?3/g to 0.01 cm?/g;
and Hap04 showed a decrease of pore volume, from 0.18
cm?®/g to 0.02 cm?/g. This finding can be explained by a
possible crash of large pores within Hap lattice during the
calcination process, which is somehow facilitated by the
presence of Si in the HAP lattice.

Structural XRD analyses

The effect of calcination temperature on powders was
also studied using XRD analyses for all samples. Several
representative examples of XRD patterns are given for
Hap01 powder, calcined at 650°C (fig. 2a) and 850 °C (fig.
2b), as well as for Hap03 powder, and calcined at the same
temperatures (fig. 2c and fig. 2d). The diffraction peaks
match well with those of the stoichiometric Hap phase
(09-0432 PDF), suggesting that Hap is the unique phase
present in all samples.

All samples, calcined at 400°C or at 650°C, are formed
from nanocrystalline particles as revealed by AFM images
(fig. 5) while increasing calcined temperature to 850°C, a
porous aggregated crystalline structure is visualized by SEM
images, (figs. 3 and 4).

Morphological studies
As an example of representative SEM micrographs,
figure 3 shows the morphology of powders: HapOl
Ca Mg,,,(PO,),(OH), (a, b) and Hap04: Ca, Mg, ,.Zn, .
3 %é 10,)., (OH) (c,d). SEM mlcrograp smélcate
that ‘the partlcfes of HapOl calcined at 850°C (fig. 3b), are
more aggregated than in Hap01 powder, calcined at lower
temperature of 650°C (fig. 3a). A porous aggregated
structure is also revealed by figures 3c and 3d for Hap04,
calcined at 850 °C. Further, SEM image (fig. 3c) illustrates
different aggregates for Hap04 than for HapO01 (fig. 3b),
although both powders were calcined at the same
temperature of 850°C. The difference in morphology can
be related to the chemical composition of Hap04 doped
with Mg, Zn and Si against Hap01, which contains only a
small quantity of Mg. Certainly, this behaviour represents a
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Fig. 2. XRD patterns for Hap01: Ca

150MY,,,(PO,),(OH), (a, b) and Hap03: Ca, Mg, .(PO,),,,(Si0,),,,(OH), . (c, d); calcined at 650°C (a, c) and

850°C (b, d); compared with PDF 09-0432 for pure stoichiometric hydroxyapatite

Hap4. calcined at 850 °C (c) " Hap04, calcined at 850 °C (d)

general characteristic for all doped Hap (Hap01-Hap04)
powders.

Moreover, SEM results are in substantial agreement with
BET measurements (table 3). Therefore, the specific
surface area for Hap04 calcined at 850°C (19 m?/g) is much
smaller than for Hap01 (48 m?g). Through calcination of
Hap04, the pore volume decreased from about 0.18 cm?/
g, found at 400°C, to about 0.02 cm?/g, at 850°C, and in
consequence, the specific surface area gradually

T T T T T v x
2 3 4 H ] 7
ul Sesle 3316 els Cursor 0.000keY

Fig. 3. SEM images for Hap01: Ca,, Mg, (PO,),(OH),,
powder calcined at 650°C (a) and 850 °C (b); and
Hap04: Cag,ﬁgMgo,zszn0.03(P04)5,95(5io4)o,05(OH)1,95 (c,d),
powder calcined at 850°C. Bars in SEM images: of
10um (a, b, ¢) and 1 um (d)

decreased and the particle size increased. A similar
situation is encountered for all samples.

The thermal treatment of doped Hap powders produced
insignificant changes in XRD patterns. Accordingly, a unique
Hap structure is identified for all investigated samples,
indicating a good thermal stability of these powders as
found by TGA and DTA data (fig. 1, table 2).

The elemental analysis of Hap01-Hap04 powders was
determined by SEM-EDX technique. The EDX analysis
showed the presence of Ca, P Mg and O in all powders,

Fig. 4. SEM image for the Hap04,
Ca, Mg, ,,Zn, ,,(PO,), .. (SiO,), ,-(OH), , calcined at
650°C (a) and results of the EDX analysis; the
amount of Ca, P O, Mg and Zn is revealed

http://www.revistadechimie.ro
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almost corresponding to synthesis (table 1). Additionally,
Si was identified in Hap02 and Hap03, while Zn was
identified in Hap04 (fig. 4). Si content in Hap04 was not
identified being at a very low amount (table 1), probably
under detection limit of EDX technique. In general, EDX
mapping indicated that Mg was rather uniformly dispersed
in all doped Hap powders. The EDX analysis agrees well
with the chemical composition corresponding to the
synthesis

Atomic force microscopy

AFMimages and cross section profiles are given in figure
5 for doped Hap, Hap01-Hap04, calcined at 650°C.

The size of particles is found in the range from 47 nm to
66 nm for all doped Hap powders (table 1), showing only
small variations. These values are comparable with those
determined from specific surface area: SSA (BET
measurements, table 3). As an example, the BET particle
diameter, D, of about 36 nm was estimated for Hap01,
assuming the particles like spheres, using the formula: D
= 6/(d x SSA), where d is the theoretical density (3.156 g/
cm?®) for hydroxyapatite [17], and used for all calculations.
The nanostructure for all doped Hap powders, calcined at
650°C, is also supported by SEM and XRD data. Thus, the
nanostructure is preserved for all doped Hap powders,
calcined at high temperature of 650 °C, having a high
thermal stability.

Conclusions

Four doped Hap powders with different content of
magnesium, zinc and silicon (table 1) were prepared by
wet precipitation method, dried by lyophilisation, and then
exposed to a thermal treatment process at 400, 650 or
850°C, each for 2h. The obtained powders were

REV.CHIM.(Bucharest)¢ 68¢ No. 6 ¢ 2017
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investigated by thermal analysis, BET measurements, XRD,
SEM, SEM-EDX and AFM techniques. The nanostructure
processing allowed a rather good control of the chemical
composition of doped Hap, Hap01-Hap04 (table 1), as
judged by SEM-EDX. The incorporation of various contents
of Mg, Zn and Si in Hap lattice caused a distinctive different
surface hydration of nanoparticles reflected in a
characteristic modification of their thermal behaviour.
Moreover, these results prove that dopant elements play a
crucial role in enhancing the thermal stability of doped Hap
powders. For instance, by calcination at 1000°C, their
residue (wt%) was found to higher values with respect to
those corresponding to stoichiometric pure Hap (table 2).
Generally, the specific surface areas and porosity for all
doped Hap powders decreased with increasing of
calcination temperatures, as revealed by BET analysis (table
3). Thus, the calcination temperatures influence the size
of nanoparticles and their surface properties. The effects
of calcination temperature on particle size and morphology
were determined by SEM and AFM imaging. It is observed
that, the higher is the calcination temperature, the larger
particle size is evidenced.

Certainly, multi-substituted Hap powders, with cations,
suchas Mg** and Zn**, and anions, such as SiO,*, are closer
to the biological hydroxyapatlte than pure stoichiometric
Hap. Consequently, multi-substituted Hap powders are
promising nanoceramics for bone substitutes, as coating
layers on metallic implants and carriers for drug delivery
systems.
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