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Abstract Zinc-substituted hydroxyapatite (Zn-HA) pow-

ders were prepared by hydrothermal method using

Ca(NO3)2, (NH4)3PO4 and Zn(NO3)2 as reagents. X-ray

fluorescence spectroscopy (XRF), X-ray diffraction (XRD),

fourier transform infrared spectroscopy (FT-IR) and trans-

mission electron microscopy (TEM) were used to charac-

terize the crystalline phase, microstructure, chemical

composition, morphology and thermal stability of Zn-HA.

The results show that the substitution content of zinc (Zn) in

Zn-HA powders prepared in NaOH solution is higher than

that prepared in NH3 solution, and is lower than that of the

corresponding amount of starting materials. The substitution

of the Zn ion for calcium ion causes a lower crystallinity of

Zn-HA and changes the lattice parameters of Zn-HA, since

the ionic radius is smaller in Zn2+ (0.074 nm) than in Ca2+

(0.099 nm). Furthermore, the substitution of the Zn ions

restrains the growth of Zn-HA crystal and decreases the

thermal stability of Zn-HA. Zn-HA powder prepared in NH3

solution starts to decompose at 800 �C when the Zn fraction

increases to 15 mol%, while that prepared in NaOH solution

start to decompose at 5 mol% Zn. The substitution content of

Zn significantly influences the thermal stability, micro-

structure and morphology of Zn-HA.

Introduction

Hydroxyapatite (HA, Ca10(PO4)6(OH)2), a synthetic

material analogous to calcium phosphate found in bone, is

considered for orthopaedic and dental applications. This

biomaterial implanted in human body leads to release of

calcium and phosphate absorbed by human tissues and

presents highly biocompatible and bioactive properties.

However, the stability of crystal structure of HA is higher

than that of natural apatite. HA is difficult to degrade in

living body. Most natural apatite is non-stoichiometric

because of the presence of minor constituents such as ca-

tions (Mg2+, Mn2+, Zn2+, Na+, Sr2+) or anions (HPO4
2– or

CO3
2–) [1, 2]. Trace ions substituted in apatite can have an

effect on the lattice parameters, the crystallinity, the dis-

solution kinetics and other physical properties of apatite

[3–7]. Trace ions substituted HA can also improve its

clinical applications, like Zn2+ [8].

Zn, in particular, is essential for the development and

growth of all species, including humans, and has been

implicated with mineralization in biological systems. Zn is

found in all human tissues, with bone containing the major

part of total body [9] and closely related to bone metabo-

lism [10]. Zn content ranges from 0.0126 wt% to

0.0217 wt% in human bone and is relatively higher than

the average Zn content of whole fat-free adult tissues

(0.0030 wt%) and that of plasma (12–17 Zn lM) [11–14].

The important role of Zn in many biological functions is

well known: Zn is a cofactor for many enzymes and is

essential for DNA replication. Zn stimulates animal bone

growth and bone mineralization [15–17]. Zn has a direct

effect on osteoblastic cells in vitro [18] and a potent

inhibitory effect on osteoblastic bone resorption [19]. As is

known, Zn can modify the production of cytokines [20].

The slow release of Zn incorporated into an implant

material could promote bone formation around the implant

and accelerate recovery of the patient. Many studies have

demonstrated that Zn-HA significantly improved the bio-

activity of HA [21–23]. Therefore, Zn-HA can be a new

generation of materials for bone tissue engineering.
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The main methods of preparation of Zn-HA, which have

been reported, are sol-gel procedure [21, 22, 24] and

chemical precipitation [23, 25, 26]. But these products

prepared by precipitation are irregular and easy to

agglomerate, while those products prepared by sol-gel

procedure have a low crystallinity. Hydrothermal methods

[27], as the name implies, deal with the application of high

temperatures to aqueous solutions to facilitate the precip-

itation of crystals of dimensions larger than those attainable

using ordinary wet methods. Because the aqueous precip-

itating medium at atmospheric pressure has its boiling

point as the upper temperature limit, being heated under

high pressure enables this limit to be exceeded. In an

autoclave, the desired high pressure is produced by the

vapour of the solvent of the precipitating medium, because

the system is subjected to a high temperature in a sealed

enclosure. The principal advantage of such methods has

been to enhance considerably the crystallinity and purity of

the product.

The purpose of the present study is to prepare Zn-HA by

hydrothermal technique and to study the difference of the

substitution of Zn-HA with NH3 aqueous solutions or

NaOH solutions adjusting the pH, respectively. Addition-

ally, microstructure, chemical composition, morphology

and thermal stability of Zn-HA have been investigated.

Materials and methods

Preparation of Zn-HA powders

The pure HA and Zn-HA powders were prepared by

hydrothermal method using Ca(NO3)2, (NH4)3PO4, and

Zn(NO3)2 aqueous solutions as reagents. The amount of

reagents was listed in Table 1. The amount of regents was

calculated on the assumption that Zn would substitute

calcium. The Zn fraction for each composition was repre-

sented as [Zn]/[Ca + Zn] · 100 (mol%). The pH of

Ca(NO3)2 solution was kept higher than 10.0 and that of

(NH4)3PO4 solution was kept higher than 11.0 by the

addition of NH3 or NaOH solution, respectively. A 0.3 M

(NH4)3PO4 solution was added to Ca(NO3)2 and Zn(NO3)2

containing 0.2 g Polyethylene Glycol, and the reaction

mixture was stirred for 0.5 h, then hydrothermal treatment

at 200 �C for 8 h. The resulting precipitates were filtered,

dried at 100 �C overnight. Additionally, a fraction of each

as-prepared sample was treated at 400 �C or 800 �C for 1 h

under air atmosphere, respectively. Zn-HA powders pre-

pared by using NH3 solution to adjust pH value were de-

noted as Zn-HA1, and those prepared by using NaOH

solution to adjust pH value were denoted as Zn-HA2.

Sample characterization

The Zn content in Zn-HA was determined by X-ray fluo-

rescence (XRF) spectroscopy using a Philips Magix

PW2424 spectrometer. Hitachi 600 Transmission electron

microscopy (TEM) was employed to characterize the

microstructure of HA and Zn-HA. The phase composition

of as-prepared powders and the heated powders were

determined by X-ray diffraction (XRD). Philips X’Pert

MPD diffractometer with Cu Ka radiation was used, the

X-ray generator operated at 40 KV and 40 mA. Dataset

were collected over the range of 10�–90� with a step size of

0.02� and a count rate of 3.0� /min. Phases identification

was achieved by comparing the diffraction patterns of HA

and Zn-HA with ICDD(JCPDS) standards. The average

crystallite size of the samples was calculated by using the

Scherrer formula. FT-IR spectra were obtained by using

Nicolet Avatar 360 spectrometer. Spectra were obtained at

4 cm–1 resolution averaging 64 scans.

Results and discussion

Morphology of products

The TEM micrographs of as-prepared powders are shown

in Fig. 1. The addition of polyethylene glycol as surface

agent makes Zn-HA1 nanoparticle better disperse. The Zn

content has a negative effect on the crystal size, the mean

value size decreases with Zn content increasing. Figure 1

shows that the pure HA is stick-shaped crystallites, how-

ever, more needle-shaped crystallites increase with Zn

Table 1 Quantities of reactants used and the measured Zn mol% of the samples

Samples n(NH4)3PO4/mol nCa(NO3)2/mol nZn(NO3)2/mol Expected

Zn mol/%

Measured

Zn mol/%

Calculated chemical

formula of Zn-HA

HA 0.009 0.015 0 0 – Ca10(PO4)6(OH)2

10 mol%Zn-HA1 0.009 0.0135 1.5 · 10–3 10 4.1 Ca9.59Zn0.41(PO4)6(OH)2

10 mol% Zn-HA2 0.009 0.0135 1.5 · 10–3 10 8.5 Ca9.15Zn0.85(PO4)6(OH)2

20 mol% Zn-HA1 0.009 0.012 3.0 · 10–3 20 9.3 Ca9.07Zn0.93(PO4)6(OH)2

20 mol% Zn-HA2 0.009 0.012 3.0 · 10–3 20 16.4 Ca8.36Zn1.64(PO4)6(OH)2

798 J Mater Sci: Mater Med (2008) 19:797–803

123



content increasing. From the picture, the aggregate con-

sisting of interconnected fine rod-like particles with about

50–60 nm in length and 20 nm in width are observed. The

size of the apatite particles reduces with Zn content

increasing. It also indicates that the crystallinity of the

apatite decreases with Zn content increasing. In human

body, the crystal size of apatite particle is about

(5–20) · 60 nm. Therefore, to a certain extent, the size of

Zn-HA1 prepared by hydrothermal matches natural HA.

The substitution content of Zn

It has been reported that it is quite difficult for divalent

cations such as Zn2+, Ni2+, Mn2+ and Cu2+ to replace Ca2+

in the apatite structure [28]. The results of the chemical

analysis by XRF of the 10 mol% Zn-HA1, 10 mol% Zn-

HA2, 20 mol% Zn-HA1 and 20 mol% Zn-HA2 powders

were listed in Table 1. The Zn contents of samples are

lower than those of the corresponding amount of starting

material. It implies that some of Zn ions remain in the

mother solution after precipitation. However, the substitu-

tion content of Zn2+ for Ca2+ in HA powders prepared by

chemical precipitated is almost equal to starting material

[25], indicating that the substitution of Zn2+ into HA

structure through hydrothermal method is more difficult

than that through chemical precipitation. The measured Zn

content of 10 mol% and 20 mol% Zn-HA2 is twice as

large as 10 mol% and 20 mol% Zn-HA1. It demonstrated

that Zn ions are easier to be substituted into the crystal

structure of HA with NaOH adjusting the pH. The reason

could be that: Zn(NH3)4
2+ was generated by using NH3 to

adjust the pH, while Zn(OH)2 was created by NaOH.

Zn(NH3)4
2+ is more stable than Zn(OH)2 and is more

difficult to release Zn2+. Thus, a great many Zn ions remain

in the solution after precipitation.

XRD analysis

X-ray diffraction patterns of as-prepared and heat-treated

powders were showed in Figs. 2–6. Figures 2 and 3 show

the XRD patterns of Zn-HA1 and Zn-HA2 powder with

various Zn fractions. The peaks assigned to the apatite

structure just matches the ICDD standard for HA (JCPDS

09-0432), when the Zn fraction is below 20 mol%.

Fig. 1 TEM images of Zn-HA1

powder prepared with different

Zn fraction: (A) 0 mol%; (B)

5 mol%; (C) 10 mol%
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However, these diffraction peaks become wider and less

intense as the Zn content increases. There could be some

reasons: (1) the ionic radius is smaller in Zn2+ (0.074 nm)

than in Ca2+ (0.099 nm); (2) it also could be the result of

the effect of crystal size. The observation of TEM and

calculation by Scherrer formula prove that the crystallite

size decreases with the Zn content increasing; (3) it could

be the result that the crystallinity of the apatite significantly

decreases. On the other hand, the calcium zinc phosphate

hydrate (CaZn2(PO4)2�2H2O) phase appears in addition to

the low-crystalline apatite phase when the Zn fraction is

40 mol%. With increasing of Zn fraction, the peak inten-

sity of the calcium zinc phosphate hydrate increases, and

that of the apatite decreases. The peak intensity of Zn-HA2

is higher than that of Zn-HA1, indicating that the crystals

have higher crystallinity in NaOH solution than that in NH3

solution.

Figure 4 shows the XRD patterns of Zn-HA1 powder

heat-treated at 400 �C for 1 h. All the specimens treated at

400 �C show that the diffraction peaks are ascribed to the

apatite only. Almost no visible change was appreciable in

the XRD patterns. These patterns show that the diffraction

peaks are narrower than those of as-prepared samples,

pointing out larger crystallites and higher crystallinity. It

indicates that the crystal size and the crystallinity of the

apatite significantly increase after heating. Furthermore,
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Fig. 2 XRD patterns of Zn-HA1 powder prepared with different Zn

fractions. (a) 0 mol%, (b) 3 mol%, (c) 5 mol%, (d) 10 mol%, (e)

15 mol%, (f) 20 mol%, (g) 40 mol%
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Fig. 3 XRD patterns of Zn-HA2 powder prepared with different Zn

fractions using NaOH controlling pH value. (a) 0 mol%, (b) 5 mol%,

(c) 10 mol%, (d) 15 mol%, (e) 20 mol%, (f) 40 mol%
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Fig. 4 XRD patterns of Zn-HA1 heat-treated at 400 �C for 1 h (a)

0 mol%, (b) 3 mol%, (c) 5 mol%, (d) 10 mol%, (e) 15 mol%
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Fig. 5 XRD patterns of Zn-HA1 heat-treated at 800 �C for 1 h. (a)

0 mol%, (b) 3 mol%, (c) 5 mol%, (d) 10 mol%, (e) 15 mol%
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the patterns with no secondary phases, such as TCP or CaO

are detected.

Figures 5 and 6 show the XRD patterns of Zn-HA1 and

Zn-HA2 powders heat-treated at 800 �C for 1 h. As shown

in Fig. 5, b-calcium phosphate (b-TCP) phase appears

when Zn fraction increases to 15 mol%. It indicates that

the Zn-HA was transformed into Zn-substituted TCP after

the heat treatment at 800 �C [28]. As shown in Fig. 6, b-

TCP phase appears when Zn fraction only up to 5 mol%,

the peaks of b-TCP phase increase with the Zn fraction

increasing. It shows that the amount of Zn which is

incorporated into HA lattice influences the thermal stability

of HA. The thermal stability of Zn-HA decreases with Zn

fraction increasing. Comparing Fig. 5 with Fig. 6, we can

see that 15 mol% Zn-HA1 begins to decompose, while

5 mol% Zn-HA2 begins to decompose. The reason is that

the substitute content of Zn with NaOH solution adjusting

the pH is higher than that with NH3 aqueous solution. In

other words, the thermal stability of HA decreases with Zn

content increasing.

FT-IR analysis

Figure 7 shows the FT-IR spectra of Zn-HA1 powder with

various Zn fractions. All of them show the characteristic

absorption bands of HA. The bands at 3571 cm–1 and

631 cm–1 correspond to the stretching and vibrational

modes, respectively, of the hydroxyl group. However, the

stretching vibration mode of OH– is lower than the OH–

(3644 cm–1) of Ca(OH)2, which indicates that a weak

hydrogen-bonding exists between OH– and PO4
3– or OH–

and OH–. But in the crystal structure of HA, the distance

between OH– and OH– is 0.344 nm, and it is unable to

generate hydrogen-bonding between them, while it is able

to create hydrogen-bonding between OH– and PO4
3–, be-

cause the distance of O(H)–O is 0.3068 nm [29]. Gonzalez-

Diaz had approved the deduction [30]. Hence, the

stretching vibration modes of OH- are lower, which was

caused by the hydrogen-bonding created by oxygen be-

tween OH– and PO4
3–. The intense bands at 1100, 1036,

and 962 cm–1 correspond to P–O stretching vibration

modes, whereas the doublet at 603–569 cm–1 corresponds

to the O–P–O bending mode. Finally, the broad band at

3500 cm–1, as well as the band centred at 1653 cm–1,

corresponds to H2O adsorbed on the surface. With

increasing Zn fraction, the separation of three PO4
3–

stretching peaks (962, 1036 and 1100 cm–1) become ob-

scure, and the OH bending peak at 631 cm–1 do broaden.

These changes suggest that the crystallinity of the apatite

decreased as Zn fraction increase, which agree with the

results of the XRD patterns.

The FT-IR spectra of heat-treated HA and Zn-HA1

powders, as shown in Fig. 8, show no significant changes

from the as-prepared samples. The broad IR peak around

3500 cm–1 became smaller after the heat treatment at

400 �C. The result reflects the decrease in amounts of the

adsorbed and lattice H2O.

Lattice parameters

Hydroxyapatite monocrystals adopt a needle shape and are

oriented following the c-axis of the hexagonal HA struc-

ture, a-axis of the hexagonal HA structure parallel with any

one side of hexagon [31]. The observed peak position in 2h
was determined by full width at half maximum (FWHM).

The average crystallite size of the samples was calculated

using the Scherrer formula [31]:

DðhklÞ ¼
kk

cos h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 � x2
0

p

20 30 40 50 60

β-TCP

2θ/o

a

b

Fig. 6 XRD patterns of Zn-HA2 heat-treated at 800 �C for 1 h. (a)

5 mol%, (b) 10 mol%

4000         3500         3000         2500         2000         1500          1000          500
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603 5691100 1036
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35003571
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Fig. 7 FT-IR spectra of Zn-HA1 powder with different Zn fractions.

(a) 0 mol%, (b) 3 mol%, (c) 5 mol%, (d) 10 mol%, (e) 15 mol%
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where D(hkl) is the crystallite size (nm); k is the shape

coefficent, 0.9; k is the wave length(nm); h is the diffrac-

tion angle(�); x corresponds to experimental FWHM ob-

tained for each sample; x0 corresponds to standard FWHM

values. For this purpose, we choose the FWHM at (002)

(2h = 25.8�) and (300) (2h = 32.9�) to calculate the crystal

size along with the c crystallographic axis and a crystal-

lographic axis, respectively. We have used the LaB6 (SRM

660-National Institute of Standard Technology) powder

standard pattern to determine the instrumental width

(0.087) and afterward to calculate the crystalline size via

the Scherrer formula. The results are shown in Table 2. As

Zn content increases, the crystal size of a-axis decreases

and that of c-axis increases; these tendencies are consistent

with the results of the TEM observation.

The ionic radius is smaller in Zn2+ (0.074 nm) than that

in Ca2+ (0.099 nm), which must be affected by the crystal

structure of HA. The effect of the Zn substitution on the

crystal structure of HA was determined by Rietveld

structure refinement of the X-ray diffraction data. The most

important structure parameters are the lattice parameters

and unit cell volume, which were shown in Table 3. The

lattice parameter a decreased with increasing Zn fraction

up to 10 mol%, increased over 10 mol% Zn. The lattice

parameter c monotonously decreased with increasing Zn

fraction. Such contraction in a, c may reflect the smaller

ionic radius in Zn2+ (0.074 nm) than in Ca2+ (0.099 nm). It

has been previously reported that Zn-substitution for Ca

sites in the apatite structure increases the lattice parameters

a, c [31]. The present work clearly shows the opposite

tendency to that report. However, we have the similar

tendency to Miyaji [25] who had reported that the lattice

parameter a decreased up to 5 mol% Zn, and started to

increase over 5 mol% Zn. The lattice parameter c monot-

onously decreases with Zn fraction increasing. As re-

marked above, Zn ions are more difficult substitution into

the crystal structure of HA through hydrothermal method

than that through chemical precipitation. The fraction of Zn

incorporated into the crystal structure of HA is lower

through hydrothermal method than that through chemical

precipitation. Hence, the lattice parameter a decreases with

Zn fraction up to 10 mol%, increased over 10 mol% Zn.

Conclusion

Zn-HA powders were successfully prepared by hydrother-

mal method using Ca(NO3)2, (NH4)3PO4 and Zn(NO3)2 as

reagents, but the substitute contents of Zn into HA structure

are lower than those of the corresponding amount of

starting material. The substitution of Zn2+ into HA struc-

ture through hydrothermal method is more difficult than

that through chemical precipitation. The crystallinity and

the substitution contents of Zn of Zn-HA prepared with

NaOH solution adjusting pH value are higher than that

prepared by NH3 aqueous solution adjusting pH value. The

crystallinity and the thermal stability of the apatite signif-

icantly decrease with Zn fraction increasing. The lattice

parameter a decreases with Zn fraction up to 10 mol% Zn,

but starts to increase over 10 mol% Zn. The lattice

parameter c monotonously decreases with Zn fraction

increasing.
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Table 2 The size of crystal grains of the products with various Zn

fractions

Sample Size of crystal grain of HA and Zn-HA /nm

a-axis c-axis

HA 29.9 41.2

5 mol% Zn-HA1 21.0 69.1

10 mol% Zn-HA1 20.9 58.7

Table 3 Lattice parameters of the products with various Zn fractions

Sample a/nm c/nm Unit cell volume/nm3

HA 0.939579 0.684957 0.52367

3 mol% Zn-HA1 0.938242 0.684445 0.52179

5 mol% Zn-HA1 0.938066 0.684225 0.52143

10 mol% Zn-HA1 0.936287 0.683966 0.51915

15 mol% Zn-HA1 0.939274 0.683737 0.52240

20 mol% Zn-HA1 0.940666 0.683667 0.52390
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