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Mg and Zn doped hydroxyapatite whiskers were successfully prepared by hydrothermal homogeneous precipitation using 
amide additives. The morphology and structure of the products were characterized using SEM, XRD, and FTIR. It was shown 
that all samples prepared using < 10 % mol∙l-1 Mg or Zn ions were identified as HA. Further increasing their concentration 
gave rise to the appearance of the second phase. The Mg or Zn doped HA whiskers had a length of 60 - 110 μm and 
aspect ratio of 30 - 50, when the concentration of Mg or Zn ions were < 5 mol. %. Substitution of Mg or Zn impaired the 
crystallization of HA whiskers and led to changes in the morphology, lattice parameters and XRD peaks diffraction position, 
which demonstrated that Mg or/and Zn ions were incorporated into the unit cell of HA, rather than just absorption on the 
surface of the whiskers.

INTRODUCTION

 Hydroxyapatite (Ca10(PO4)6(OH)2, HA) has good 
biocompatibility and bioactivity because of its mineral 
composition being similar to that of the hard tissues 
of humans, and HA based materials have been widely 
applied to many biomedical fields in the form of granules, 
blocks, and dense bodies [1, 2]. Unfortunately, their 
applications are limited to small and unloaded implants, 
powders and low-loaded porous implants due to the low 
rate of bone bonding ability and low reliability [1]. 
 Reinforcement by whiskers or fibers is an effective 
way to improve the mechanical strength and durability 
of biomaterials [2]. HA whiskers reinforced bioceramics 
and polymer composites have shown an improved mecha- 
nical property [3, 4]. In our previous work, long HA 
whiskers with high aspect ratio have been successfully 
developed by hydrothermal homogeneous precipitation. 
Their morphology and crystallinity were found to depend 
on the initial Ca concentration, Ca/P ratio and pH [5, 6], 
and the whiskers reinforced bis-GMA composition 
conferred a significant increase in fracture toughness and 
slight improvement in flexural strength [7, 8].
 Although HA has been currently used as bone 
graft substitutes or coatings materials because of their 
excellent biocompatibility and osteoconductivity, it does 
not stimulate bone formation or inhibit bone resorption. 

In addition, HA does not inhibit bacteria, and the 
infections associated with the use of biomedical materials 
or medical devices are a significant rising complication 
[9]. Prevention of implant-associated infections has been 
one of the main challenges in orthopaedic and dentistry 
surgery. Thus, the successful long-term application of pro-
sthetic implants greatly depends on their good biocom-
patibility and mechanical stability as well as their anti-
bacterial ability. The use of bioactive and antibacterial 
reinforcing materials not only effectively improves the 
direct chemical bonding strength with natural tissue, but 
also improves its resistance to bacterial colonisation. 
 Zn and Mg, essential trace elements required for 
bone and connective tissues, have specific osteogenic 
effects on bone formation and selective inhibitory effect 
by stimulating bone cells revival, and collagen synthesis 
in osteoblastic cells in vitro and in vivo [10, 11]. Zn2+ ions 
have been found to have good antibacterial potential. In 
addition, The chemistry of HA is complex, and a va-
riety of substitutions can occur in the HA lattice [12]. 
To more accurately make HA to have the bone mineral 
component, both Mg and Zn doped HA powders have 
been successful developed from an aqueous solution. 
It have been found that doping Mg or Zn ions into 
HA crystal would impair the crystallization of HA and 
significantly change the lattice parameter a and c values 
of HA unit cell, and the Mg and Zn ions substitutions 
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also affected the crystal morphology and their thermal 
behavior [13-15]. Nevertheless, no more literature 
reports were found about the synthesis of Zn or Mg ions 
doped HA whiskers. Therefore, the aim of this study 
was to prepare the Zn or Mg doped HA whiskers and 
study the effects of the Zn and Mg ions substitution on 
the constitution and microstructure of HA whiskers as 
well as the appropriate substitution degree of these ions 
in HA whiskers.

EXPERIMENTAL

Materials and Methods
Preparation of metal ions

doped HA whiskers
 Metal ions doped HA whiskers were prepared by 
a hydrothermal homogeneous precipitation method from 
aqueous solution containing calcium, phosphate, and 
magnesium or zinc doping ions [5, 6], in which acetamide 
(CH3CONH2) (all above from AnalaR, Sinopharm 
Chemical Reagent Co., Ltd., Shanghai, China) was used 
as additive, according to the following equations: 

 (10-x)Ca2+ + xM2+ + 6PO4
3- + 2H2O →

 → Ca10-xMx(PO4)6(OH)2 + 2H+   (M = Zn or Mg)

 CH3CONH2 + H2O → CH3COOH+NH3

 The aqueous solutions containing 2 - 40 mol. % Mg 
or Zn ions were prepared by dissolving appropriate 
amounts of Ca(NO3)2·4H2O, Mg(NO3)2·6H2O, Zn(NO3)2· 
·6H2O, NH4H2PO4 and CH3CONH2 in deionized water, 
keeping the (Ca+M)/P molar ratio of 1.67. The initial 
pH value was adjusted to 3.00 by adding 1:1 ammonium 
hydroxide or 1 mol∙l-1 HNO3 solutions. The mixture 
was then placed into a high-temperature reactor and 
hydrothermally treated at 170 ~ 190°C for 10 h. After 
processing, the precipitates obtained were filtered through 
paper (Qualitative, Advantec, Toyo Roshi Kaisha, Japan) 
and washed using deionized water. Finally they were 
dried in an oven at 80°C for 3-4 h for use

Characterization of metal ions
doped HA whiskers

 The phase composition of the products were cha-
racterized using X-ray powder diffraction (XRD) 
(D/MAX-RB, RIGAKU, Japan ) in a range of 2θ = 
= 10 ~ 70° with Cu Kα radiation at 0.02°/step and 
Fourier-transform infrared spectroscopy (FTIR) (Nico-
let iS10, Thermo Nicolet, USA) in a range of 4000 
~400 cm−1. The lattice parameters were determined 
by Rietveld refinements from the well determined and 
intense reflections using MDI Jade 5.0 software. Their 
morphology and microstructure were observed using a 
scanning electron microscopy (SEM) (JSM-5610LV, 
JEOL, Japan) with an accelerating voltage of 5 ~10 kV 
at a working distance of 10 ~ 15 mm. The pH of the solu- 

tion before and after the synthesis was measured with 
a combination electrode (PHS-3C, Shanghai Precision & 
Scientific Instrument Co., Ltd., Shanghai) at room tem-
perature (25 ± 2°C). 

RESULT AND DISCUSSION

Phase composition

 Figures 1 and 2 show the XRD pattern of samples 
prepared with various concentrations of Mg or Zn doping 
ions. For those of Mg or Zn doping ratio being < 10 %, 
all XRD peaks matched well with the standard pattern 
of HA (PDF9-0432), indicating that the incorporation of 
Mg or Zn did not affect the diffraction pattern of HA 
crystals. To obtain a product with single phase com-
position, Mg or Zn doping concentration in the initial 
solution should be < 10 mol. %. Further increasing the 
doping proportion, undesirable calcium magnesium 
hydrogen phosphate (Ca19.68Mg0.12H1.8(PO4)13.80, PDF79-
2186) or Scholzite (CaZn2(PO4)2·2H2O, PDF27-0095) 
would accompany HA in the products. When Mg doping 
concentration was > 15 mol. % or Zn doping concentration 
was > 20 mol. %, the phase composition of the precipitate 
was almost composed of Ca19.68Mg0.12H1.8(PO4)13.80, 
or Scholzite. The formation of Scholzite phase from 
a staring solution containing high Zn2+ concentration 
was also reported by Miyaji during the preparation of 
Zn-substituted HA [16].
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Figure 1.  XRD pattern of the samples doped with Mg ions.
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 Figure 3 shows the FTIR spectra of the products 
prepared using various initial metal ions concentrations. 
Characteristic bands at about 1092, 1034, 605 and 565 
cm-1 for phosphate and at about 3570 and 638 cm-1 
for hydroxyl were similar in each, despite a slight 
calcium deficiency. Increasing the initial metal ions con- 
centration did not affect the position of those cha-
racteristic bands. However, incorporation of Mg or Zn 
affected the intensity of the OH- liberation mode. The 
corresponding band at 638 cm-1 was obvious for the Zn 
doped samples, being coincident with Li [17]. Whereas, 
for the Mg doped sample, such band disappeared for the 
sample doped with 15 mol. % Mg, which agreed with the 
results of the XRD analysis. In addition, the appearance 
of symmetrical stretching vibration bands at about 
871 cm-1, assigned to HPO4

2-, indicated that the samples 
had slight calcium deficiency due to the ion substitution.

Lattice parameters
 Changes of the lattice parameters and crystallinity 
(Xc) of the HA doped with various amounts of Mg or Zn 
ions were given in Table 1. The degree of crystallinity 
was calculated by [18]:

Xc = 1 – V(112/300)/I300                          (1)
where V(112/300) is the intensity of the hollow between the 
(112) and (300) diffraction peaks and I300 is the intensity 
of the (300) diffraction peak in the corresponding XRD 
pattern.
 It has been proved that the substitution of Ca, PO4 
or OH groups by other ions may result in change in 
various structural properties [12]. Substitution of Mg in 
HA crystals obviously reduced the crystallinity of HA 
whiskers and both the a and c values of HA unit cell, 
especially for that of HA crystals doped with ≥ 8 % Mg, 
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Figure 2.  XRD pattern of the samples doped with Zn ions.

Figure 3.  FTIR spectra of specimens prepared using various 
initial metal ions concentration.

Table 1.  Lattice parameters of the products doped with single metal ions.

Initial metal                                    Lattice parameters (Å)  Crystallinity (%)
ions ratio (mol. %) a Δa c Δc Xc

Undoped 9.4215 ± 0.0022  6.8877 ± 0.0029  98.84

2 % Mg 9.4188 ± 0.0008 -0.0027 6.8857 ± 0.0105 -0.0020 98.55

5 % Mg 9.4161 ± 0.0007 -0.0054 6.8670 ± 0.0063 -0.0207 97.00

8 % Mg 9.4027 ± 0.0022 -0.0188 6.8456 ± 0.0031 -0.0421 93.58

2 % Zn 9.4166 ± 0.0015 -0.0049 6.8637 ± 0.0014 -0.0240 95.81

5 % Zn 9.4381 ± 0.0005 0.0164 6.8800 ± 0.0034 -0.0077 93.55

8 % Zn 9.4423 ± 0.0017 0.0208 6.8830 ± 0.0014 -0.0047 92.48
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which was coincident with the previous reports [19, 20]. 
However, the changes in the lattice parameters for Zn 
doped HA did not show any regularity, the a value 
increased when the doping concentration was > 5 %, but 
the c value nearly remained a constant value, which was 
consistent with the finding of Miyaji [16], who reported 
that the lattice parameter a decreased up to 5 mol. % Zn, 
and started to increase over 5 mol. % Zn. This increase 
in the lattice parameters was ascribed by an increasing 
amount of lattice H2O. Such a phenomenon also could 
be confirmed by the FTIR spectra, as shown in Figure 3. 
The OH- characteristic bands at 3570 cm-1 were visible 
for all the Zn substituted HA samples. However, such 
result was also different from the report of Li [17], the 
differences might be caused due to the low synthesis pH 
value. To deep insight into the reason, further research 
would be needed.
 Figure 4 shows the XRD pattern of the samples 
doped with 5 mol. % Zn and Mg at various ratios. The 
XRD diffraction peak shifted obviously to a lower 
diffraction angles with the increase of the concentration 
of Zinc ions, when compared with that of the sample 
doped with 5% Mg. Both a and c significantly increased 
with the proportion of Zn (Figure 5), and the regression 
line showed reasonably good fits for both a and c value. 
The relationship of the difference in a or c value (Δa or 
Δc) between the Mg and Zn doped samples and the 5 % 
Mg doped HA is given by the Equations 2 and 3, giving 
a correlation coefficient of 0.98 and 0.99, respectively:

Δa = 0.0236x + 0.0001                 (2)
Δc = 0.0128x + 0.0005                  (3)

where x equals [Zn]/([Mg]+[Zn]). The result revealed 
that doping Zn ions into HA crystal would increase both 
the lattice parameter a and c values of HA unit cell in 
the mixed doping system, which might be related to the 
different radius between Mg and Zn ions. 

 Ionic substitutions in the crystallographic sites of 
HA lattice generally cause changes in cell parameters, 
depending on the sizes of doping ions. Zn and Mg have a 
substantially smaller ionic radius of 0.72 Å and 0.66 Å, 
respectively, compared to Ca (1.00 Å). Thus, Mg or 
Zn ions doped HA would lead XRD peak to shift to a 
high diffraction angle according to the Bragg equation 
in crystal diffraction. For Zn and Mg mixed ions doped 
HA, increasing the proportion of Zn ions would cause 
the XRD peak shift to a lower diffraction angles and 
led to a increase in the cell parameters a and c slightly, 
when compared with the single Mg ions doped HA. 
Considering the results showed in Table 1 and Figures 
4-5, the replacement of Zn2+ at the Ca site seems 
energetically more favorable at the Ca(1) sites. Whereas, 
for Mg ions doped HA, both a and c were smaller than 
those of the pure HA, the replacement of Mg2+ seems 
more favorable at the both Ca(1) and Ca(2) sites, but 
more examinations should be conducted in the later 
research. The change of the lattice parameters of Zn or/
and Mg-HA clearly demonstrated that Mg or Zn ions 
were structurally incorporated into the apatite crystals, 
they were not just absorbed on the surface of crystal.

The morphology

 Figure 6 shows the SEM micrographs of the pre-
cipitates. The Mg or Zn ions doped HA exhibited a whis-
ker-like morphology and had a length of 60 - 110 μm and 
aspect ratio 30 - 50 when the doping proportion of Mg 
or Zn ions were less than 5 mol. %. With the increase 
of Mg or Zn concentration in the initial synthesis 
solution, both the length and aspect ratio were impaired. 
For the proportion of Mg ions of > 15 %, few second 
phases appeared in the products, they were identified as 
Ca19.68Mg0·12H1.8(PO4)13.80, showing irregular morpholo-
gy (Figures 4a-c). Whereas, for the precipitates of Zn 
doped HA, CaZn2(PO4)2·2H2O was found to be one of 
the main phase when the concentration of Zn ions was 
> 15 %, showing regular dodecahedral morphology. 
The morphology of metal ions doped HA whiskers was 
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Figure 4.  XRD pattern of the samples doped with 5% Mg and 
Zn ions at various ratios.

Figure 5.  Changes of lattice parameters of the samples doped 
with 5 mol. % Mg and Zn mixed ions with the proportion of Zn.
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obviously affected by both the species of doping ions 
and their content in the synthesis solution. Low doping 
ions concentration favored the precipitation of long HA 
whiskers with high aspect ratio.

CONCLUSION

 Mg or Zn ions doped HA whiskers have been suc-
cessfully prepared using amide additives from a solution 

containing calcium, phosphate and doped ions by 
hydrothermal homogeneous precipitation at 170 - 190°C 
for 10 - 12 h. The Mg or Zn doped HA whiskers had a 
length of 60 - 110 μm and aspect ratio of 30 - 50, when 
starting concentration of Mg or Zn ions were less than 
5 mol. %. Their length would be impaired by increasing 
the initial concentration of Mg and Zn ions. Further 
increasing the concentration of Zn or Mg ion more than 
10 mol. % gave rise to the appearance of the second 

a) 5% Mg

c) 15% Mg

e) 8 % Zn

b) 8% Mg

d) 5% Zn

f) 15 % Zn

Figure 6.  SEM photographs of the metal ions doped HA; a) 5% Mg, b) 8% Mg, c) 15% Mg, d) 5% Zn, e) 8 % Zn, f) 15% Zn.



Synthesis and structural characteristics of magnesium and zinc doped hydroxyapatite whiskers

Ceramics – Silikáty  61 (3) 244-249 (2017) 249

phase CaZn2(PO4)2·2H2O or Ca19.68Mg0·12H1.8(PO4)13.80. 
Therefore, the appropriate starting concentration of 
these ions in HA whiskers should be less than 10 mol. %. 
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