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Abstract Biomorphous, highly porous hydroxyapatite

(HA) ceramics have been prepared by a combination of a

novel biotemplating process and a sol–gel method, using

natural plants like cane and pine as biotemplates. A HA sol

was first synthesized from triethylphosphate and calcium

nitrate used as the phosphorus and calcium precursors,

respectively, and infiltrated into the biotemplates, and

subsequently they were sintered at elevated temperatures to

obtain porous HA ceramics. The microstructural changes,

phase and chemical composition evolutions during the

biotemplate-to-HA conversion were investigated by scan-

ning electron microscopy (SEM), X-ray powder diffraction

(XRD), and Fourier-transform infrared (FT-IR) spectros-

copy. The XRD and FT-IR analysis revealed that the

dominant phase of the product was HA, which contained a

small amount of mixed A/B-type carbonated HA, closely

resembling that of human bone apatite. Moreover, the

appearance of a small amount of secondary phase CaCO3

seemed unavoidable. The HA was not transformed to the

other calcium phosphate phases up to 1400�C, but it con-

tained a trace amount of CaO when sintered at above

1100�C. The possible transformation mechanism was pro-

posed. The SEM observation and mechanical property test

showed that as-produced HA ceramics retained the macro-/

micro-porous structures of the biotemplates with high

precision, and possessed acceptable mechanical strength,

which is suggested to be potential scaffolds for bone tissue

engineering.

1 Introduction

Bone tissue engineering, involving the fabrication of a

porous scaffold, has become an alternative approach to

promote the repair and regeneration of diseased or dam-

aged bone tissue [1]. Ideal porous scaffolds for bone tissue

engineering should exhibit some necessary properties,

including excellent osteoconductivity and bioactivity, bio-

compatibility, controllable biodegradability and good

absorbability, three dimensionally interconnected highly

porous structure as a template favorable for new bone

ingrowth, and irregular shape fabrication ability [2, 3], etc.

Many studies reported that porous hydroxyapatite

(Ca10(PO4)6(OH)2, HA) ceramics met most of the above

criteria. Particularly, HA can induce the formation of bone-

like apatite layer in vitro when exposed to SBF, which can

strongly bond to living bone [4], stimulate new bone for-

mation and growth [5] and exert a positive effect on the

expression of genes regulating osteogenesis [6]. So, syn-

thetic HA similar to bone mineral in chemical composition,

biology and crystallography [7, 8], has attracted special

interest in the field of bone tissue engineering over past two

decades. Compared with other techniques such as wet

chemical precipitation technique [9], hydrothermal method

[10], solid-state reaction [11], mechanochemical synthesis

[12] and combustion preparation [13], sol–gel derived HA

ceramics exhibit higher bioactivity, biocompatibility, os-

teoconductivity and better cell responses because of their

poorly crystalline and presence of carbonate ions in the

crystal lattice [14, 15].

It has been recognized that the pore structure is one of

the decisive factors affecting the biological function of

scaffolds [16, 17]. To imitate the porous structure of

spongy bone, many techniques have been developed, such

as polymeric sponge replication [18], rapid prototyping
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techniques [19], electrospinning [20], phase-separation

[21], particulate leaching [22], sacrificial filler [23], freeze

drying [24], solvent casting [25] and gel-casting techniques

[26]. These techniques endued scaffolds with a variety of

porous microstructures to satisfy different applications.

Recently, special attention is paid to some biomorphic

bone substitutes and scaffolds for bone regeneration,

originating from biological tissues and natural materials

like cuttlefish [10], seastar [27], bovine bone [28], coral

[29], seashell [30], and red algae [31], because their unique

morphology and inter-connective highly porous structure

similar to human bone may improve the solubility of the

implant and facilitate cellular activity and faster bone in-

growth [32, 33].

In recent years, a novel replication method, i.e. bio-

templating technology based on wood, has been applied

to manufacture biomorphic porous ceramics with wood-

like structures via substitution or transformation

processing, including carbide (SiC, TiC) [34], oxide

(Al2O3, Cr2O3) [35] and nitride (TiN) [36], etc. Wood, a

natural biopolymeric composite mainly comprised of

hemicellulose, cellulose and lignin, exhibits a complex

micro-/macro-structure and hierarchical microcellular

architecture featuring honeycomb-like microchannels,

which is very similar to that of cancellous bone. Many

natural plants such as cane and wood have highly open

trabecular structures, and have been used as sacrificial

templates for porous ceramics. Some benefits of inno-

vative wood-based biomorphic materials are the

versatility for the fabrication of complex shapes, suffi-

cient biomechanical properties [37], and intrinsic three-

dimensional interconnected porous structure [38]. These

merits allow this kind of biomorphic porous materials for

biomedical applications like bone implants and scaffolds

in bone reconstitution. Coating biomorphic ceramics with

bioactive materials can confer them excellent bone-

bonding ability [39]. P González et al. [40] proposed

wood-based biomorphic SiC ceramics coated with bio-

active glass by Pulsed Laser Deposition as a very

promising device for dental and orthopaedic applications.

Recently, they [41] tested the in vitro cytotoxicity of the

biomorphic SiC ceramics uncoated or coated with bio-

active glass, using MG-63 human osteoblast-like cells.

Their results revealed that the biological response of the

cells on the biomorphic SiC ceramics was similar to the

one exhibited by well-known implant materials like

Ti6Al4 V and bulk bioactive glass, which makes it pos-

sible to be applied in bone implantology like load

bearing protheses.

In fact, there have been some observations on bone

ingrowth into Clematis alba—derived charcoal [42] and

birch wood [43] implants since the 1980 s. In another

paper, bone ingrowth and appositional growth in small

prosthesis implants of juniper, pretreated by a boiling

procedure, was reported [44]. In a recent paper, heat-trea-

ted deciduous wood (birch) was directly used as

replacement material for osteochondral bone defects in the

knee joint of rabbit [45]. As a result, the natural porous

channel structure of wood made it serve as a porous bio-

active scaffold, which allowed ongrowth of bone and

cartilage differentiation on its surface and ingrowth the

porous structure (with a diameter of 100–200 lm) of the

wood, demonstrating osteoconductive and chondrocon-

ductive contact. Then, wood and wood-derived materials

might become a promising tissue engineering scaffold

strategy.

Much interest within tissue engineering is paid to the

design of the scaffolds to ensure good tissue growth.

However, a common problem encountered when using

scaffolds for tissue engineering is the rapid formation of

tissue on the outer edge, leading to the development of a

necrotic core, due to the limitations of cell penetration, and

oxygen and nutrient exchanges [46]. To overcome this

issue, several different strategies have been developed,

such as adopting dynamic culture systems [47], incorpo-

rating chemotactic growth factors [48] and choosing an

appropriate composition [49, 50]. It is suggested that the

issue may also be solved by an alternative approach, i.e.,

tailoring the porous structure and morphological properties

of scaffolds. For example, the incorporation of macro- and/

or micro-channels within scaffolds can not only enhance

cell penetration and tissue infiltration but also maintain

suitable living cell, nutrient and oxygen concentrations

throughout the scaffolds in vitro and in vivo [51]. More-

over, such scaffolds possess higher strength than the

scaffolds with the same porosity [17]. Some methods have

been developed to produce microchannels in scaffolds,

including novel rapid-prototyping techniques [52], coex-

trusion process [53], freeze-dry processing [54], fiber

templating technique [55], and molding process using

acupuncture needles as mandrels [56], etc. However, it is

difficult for them to obtain microchannels with less than

100 lm.

To the best of our knowledge, there has been no report

on the preparation of biomorphic HA from natural plant

templates. In the present study, we attempt to utilize the

combination of this biotemplating method and sol–gel

processing, for the first time, to develop novel biomorphic

HA ceramic scaffolds from natural plants like wood and

cane. The main objective is to probe the influence of the

thermal treatment on the morphological, structural and

phase changes during the biotemplate-to-scaffold conver-

sion. The final goal is to create an ideal scaffold for bone

tissue engineering application.
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2 Experimental

2.1 HA sol synthesis

The aim of this work is to fabricate biomorphic HA

ceramics by a biotemplating process, involving the infil-

tration of a HA sol into biotempates, e.g. cane and pine

(Local plants, Purchased from Xi’an Wood Company,

Xi’an, China), and subsequent sintering at elevated tem-

peratures. The HA sol was prepared by a sol–gel route

using calcium nitrate tetrahydrate (Ca(NO3)2 � 4H2O, AR,

purity [ 99.9%, Chongqing Rearents Company, Chongq-

ing, China) and triethyl phosphate (OP(OC2H5)3, TEP,

CP, purity [ 99.5%, Kunshan Kunhua Group Company,

Kunshan, China) as calcium and phosphorous sources,

respectively. Other reagents are analytical reagents and

purchased from Xi’an Chemical Plant (Xi’an, China).

Briefly, TEP was first mixed with distilled water and

ethanol, and hydrolyzed for 6 h under vigorous stirring

using a magnetic stirrer to form a 0.6 M solution. Then, a

1 M aqueous solution of Ca(NO3)2 � 4H2O was slowly

added dropwise into the above-mentioned hydrolyzed

TEP solution, according to a stoichiometric molar ratio

for the formation of HA. The pH value of the mixed

solution is adjusted to 8 using ammonium hydroxide

[NH4OH, 17% in H2O]. After the reactants were contin-

uously stirred for additional 12 h at room temperature, a

clear liquid was obtained, namely, HA sol. Finally, the

sol was kept in a sealed container to allow to age for

5 days.

2.2 Fabrication of biomorphic HA ceramics

To prepare biomorphic HA ceramics, the biotemplates

were immersed in HA sol in glass beaker in a self-made

equipment. After the equipment was vacuumized and held

for 2 h, the interior pressure was raised to 3–5 atmospheric

pressure and maintained for 1 h, ensuring the infiltrate of

sol into the biotemplates. And then, the impregnated

samples were gelled and dried at 120�C for 24 h in an

oven. The HA amount in the biotemplates can be increased

by repeating the above infiltration procedure. After drying,

the organic biotemplates were burned out at 550�C for 2 h

with a heating rate of 1�C/min in order to minimise

damage to porous HA structure. Once the organic bio-

templates were removed, the temperature was raised up to

700, 1,100, 1,200, 1,300 and 1,400�C with a heating rate of

15�C/min and kept for 3 h to increase the density of the

struts and to improve mechanical properties. The experi-

mental procedure is shown in the flow chart given in

Fig. 1.

2.3 Materials characterization

The morphologies of the fracture surfaces of original

templates and template-derived scaffolds were observed by

S-2700 scanning electron microscopy (SEM, Hitachi,

Japan). The samples were mounted on copper stubs, coated

in vacuum with gold using a sputter coater, and observed

by SEM at an accelerating voltage of 20 kV.

The effects of sintering temperature on the crystalline

phase and chemical structure evolutions were investigated

by powder X-ray diffraction (XRD) and Fourier transform

infrared spectroscopy (FT-IR). The scaffolds were first

ground into a powder and 1 g of the powder was collected

for XRD analysis. The XRD experiments were performed

on a Philips X’Pert MPD diffractometer in the

10� B 2h B 80� range with a step size of 0.033� for 2h and

a scanning speed of 0.14�/min, employing Cu Ka
(k = 1.54056 Å) radiation generated at 40 kV and 40 mA.

The crystalline phases were determined from a comparison

of the registered standard JCPDF cards (HA: 09-0432,

CaCO3: 05-0586, CaO: 37-1497, Ca(NO3)2: 07-0204,

b-TCP: 09-0169) available in the system software with the

obtained powder diffraction files. To characterize the

chemical composition and molecular structure, FT-IR

Hydrolyzing of TEP

Aqueous solution of
Ca(NO3)2•4H2O

HA sol, pH=8
Vigorous stirring

Drying

Sintering at 700~11400 °C for 3 h

Burning out organic biotemplates
550 °C, 2 h, in air

Biomorphic, porous HA ceramics

Aging

Infiltrating organic biotemplates with HA sol
by a vaccum/pressure process

Fig. 1 Flow chart of fabricating biomorphic, porous HA ceramics by

the biotemplating process
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spectra were recorded on a Shimadzu IR Prestige 21

spectrometer in the range 4,000–400 cm-1 in transmission

mode with 1 cm-1 resolution using a typical KBr pellet

technique. In order to allow comparisons, the spectra were

normalized from the m4 band of the phosphate group at

602 cm-1 according to a classical procedure [57].

The crystallinity of the as-prepared HA was estimated

from the XRD data using the following Eq. 1 [58].

Xc � 1� V112=300=I300

� �
ð1Þ

in which Xc is the degree of crystallinity, V112/300 the

intensity of the hollow between (112) and (300) diffraction

peaks, and I300 the intensity of the (300) peak. The

crystallite size in HA was evaluated according to

Scherrer’s formula as follows [59]:

Xs ¼ 0:89k= FWHM cos hð Þ ð2Þ

where Xs is the crystallite size (nm), k the wavelength of

the monochromatic X-ray beam (k = 0.154 056 nm for

CuKa radiation), FWHM the full width at half-maximum

for the diffraction peak under consideration (rad), and h
the diffraction angle (deg). The (002) and (300) dif-

fraction peaks were chosen for calculating the crystallite

size.

The relationship between lattice spacing (d) and lattice

parameters (a, b, and c) of the hexagonal structure is

expressed as

1

d2
¼ 4

3

h2 þ hk þ k2

a2
þ l2

c2
ð3Þ

where h, k, l are the Miller indices of the reflection planes.

The (002) and (300) reflections were chosen for the lattice

parameters calculation [60].

The samples’ porosity was measured by water dis-

placement method based on the Archimedean principle.

For the compressive strength test, cylindrical samples with

dimensions of U6 mm 9 height 8 mm were loaded with an

Instron 1195 universal testing machine (Instron Corp.,

USA) at a crosshead speed of 0.5 mm/min. Loading

direction was parallel to that of the honeycomb-like pores.

More than five samples were tested to obtain the average

value along with its standard deviation.

3 Results and discussion

3.1 Morphological characteristics of biomorphic HA

ceramics

The SEM micrographs in Fig. 2 show the morphologic

structures of the cross-sections of biotemplate cane and

cane-derived HA ceramics. As shown in Fig. 2a, b, cane

shows a typical honeycomb-like porous structure with a

bimodal pore diameter distribution. A lot of parallel long

tubular channels exhibit along the direction parallel to the

stem. The macrochannels with pore diameter of 50–

120 lm are surrounded by lots of microchannels with an

average pore size of about 10 lm. Moreover, the channels

are interconnected by the inherent pits of cane. The cell

wall thickness is about 1 lm.

It can be seen from Fig. 2c, d that, after the removal of

organic biotemplates and 3 h of sintering at 1,200�C in air,

the hierarchical pore structure of the initial template was

preserved intact to cane-derived HA ceramics. The result-

ing HA is of a rougher wall surface morphology, and many

micropores with irregular shape probably originating from

Fig. 2 SEM micrographs of

cane (a and b) and cane-derived

HA ceramics (c and d) obtained

at 1,200�C for 3 h. The cross-

sections are perpendicular to

stem direction
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the pits of cane and/or deficient sintering clearly exist in

walls among the elongated channel-like pores, which

makes the resultant HA ceramics exhibit an interconnect-

ing porous network. In addition, it is also noted that the

overall pore size observed in HA ceramics decreased

lightly in comparison with that of original biotemplates.

Figure 3 shows representative the SEM images of pine

and typical pine-like HA ceramics sintered at 1,200�C for

3 h in air. It can be seen that pine, different from cane, has

a characteristic texture of a unimodal macropore diameter

distribution with an average pore diameter of about 20 lm.

The SEM micrographs in Fig. 3 indicate that the channeled

porous microstructure of pine was also perfectly trans-

formed into HA ceramics after heat treatment. Moreover,

the walls of pine-derived HA ceramics appear to be denser

than those of cane-derived HA ceramics due to the dif-

ference in natural microstructure between pine and cane.

The result indicates that pine-derived HA ceramics exhib-

ited a good sintering feature, and the grain size in the cell

wall is about 2 lm.

The above-mentioned results suggest a possible route

for producing novel porous HA ceramics using natural

organic templates. According to the existing reports [31,

61], such porous HA ceramics containing interconnected

microchannels will permit the circulation of the physio-

logical fluid throughout them, induce protein adhesion,

stimulate significantly cell growth and promote bone

ingrowth, and modify their resorption behavior, when they

are used as bone implants and/or scaffolds for bone tissue

engineering.

3.2 Chemical composition changes

The FT-IR spectra of cane-derived HA ceramics sintered at

700, 1,100, 1,200, 1,300, and 1,400�C for 3 h are given in

Fig. 4. The FT-IR spectra of pine-derived HA ceramics are

not given here, because they are the same as those of the

cane-derived HA ceramics. The broad absorption band

between 3,700 and 3,100 cm-1 assigned to the O–H stretch

vibration of hydrogen bonded O–H groups, together with

the absorption peak at 1,636 cm-1 ascribed to O–H

bending mode, are evidences of the presence of adsorbed

water in the products [14]. The two sharp peaks observed at

3,571 and 632 cm-1, which are generated by unhydrogen

bonded free O–H stretch, are attributed to the characteristic

stretching and librational modes of structural O–H groups

in HA crystallites [62], respectively. The peak at

3,642 cm-1 has been reported to be due to the OH-

stretching vibrations of Ca(OH)2 [63].

The main characteristic bands of PO4
3- tetrahedral

apatite’s structure [59, 64] are clearly observed, given as

follows. The peak at 472 cm-1 is attributed to v2 O–P–O

bending. The double peak at 571 cm-1 and 602 cm-1 with

a high resolution belongs to v4 O–P–O antisymmetric and

symmetric bending modes [62, 65], and 962 cm-1 for v1 P–

O symmetric stretching. The peaks at 1,040 and 1,088 cm-1

are due to v3 P–O antisymmetric stretching modes [66].

Moreover, the v1 and v3 peaks overlap to give a broad band

in the wavenumber interval of 900–1,200 cm-1 [67]. The

group of weak intensity bands in the 1,950–2,200 cm-1

region is a reflection of overtones and combinations of the

v3 and v1 PO4
3- modes [33, 68]. These results clearly

indicate the formation of a typical HA structure. The

double peaks at 2,365 and 2,344 cm-1 are due to CO2 in air

[69]. In the present study, however, the characteristic bands

of b-TCP at 1,118 cm-1 and 945 cm-1 [33] were not

observed for all the sintered samples.

It should be noted that the obvious absorption bands at

1,600–1,400 and 875 cm-1 confirm the presence of car-

bonate group [70]. The bands centered at 1,420 cm-1 and

1,500 cm-1 correspond, respectively, to v3 asymmetric and

symmetric C–O stretching modes [71], which is different

from a single characteristic peak (1,415 cm-1) of free

CO3
2- or carbonates, indicating the presence of at least two

carbonated phases [72, 73]. The peaks at 875 cm-1 and

714 cm-1 correspond to the v2 out-of-plane deformation

Fig. 3 SEM micrographs of

pine (a and b) and pine-derived

HA ceramics (c, d and e)

obtained at 1,200�C for 3 h. The

cross-sections are perpendicular

to stem direction
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and v4 in-plane deformation O–C–O bending modes in CO3

group [15, 74], respectively. The FT-IR band at 1,420 cm-1

together with the XRD peak at 2h = 29.42� supports the

existence of a CaCO3 phase. The peaks at 2,515 cm-1 and

1,794 cm-1 are attributed to v1 + v3 and v1 + v4 combi-

nation bands of CaCO3, respectively. The weak bands at

1,560, 1,510 and 1,460 cm-1 correspond to the incorpora-

tion of CO3
2- groups at the OH position (A-type) [67], and

those at 1,460 and 1,420 cm-1 are ascribed to the substi-

tution of CO3
2- ions for PO4

3- sites in the apatite structure

(B-type) [75]. The band at 875 cm-1 is assigned to three

types of CO3
2- groups.

As sintering temperature was increased from 700�C

to 1,200�C, the characteristic peaks (3,571 cm-1 and

632 cm-1) of OH groups became stronger in intensity and

better in resolution. However, when sintering temperature

was further increased from 1,200�C to 1,400�C, the

intensity of the OH- peaks started to decrease. In contrast,

the PO4
3- bands located at 602, 962, 900–1,300 and 1,950–

2,200 cm-1 significantly increased in intensity and became

broader with the increasing sintering temperature, indicat-

ing a deteriorating molecular arrangement. Such a behavior

is in accordance with the XRD analysis which indicated

partial dehydration and decomposition of HA phase. The

fast reduction in the intensity of CO3
2- bands at 1,420 and

875 cm-1 with temperature up to 1,400�C was seen, which

is strongly indicative of the decomposition of CaCO3. In

general, the decomposition of CaCO3 occurs at 580�C or

higher [76], so the stretching modes of CO3
2- groups

should be absent in the spectra of the samples obtained at

the present sintering temperatures. However, the remnant

presence of the carbonate peaks are still evident in these

spectra, even if the sample was heat-treated at 1,400�C,

which further proves the inclusion of CO3
2- groups in the

apatite structure [72]. Surprisedly, it is found that there

seems be more CO3
2- ions incorporated into HA crystal

lattice structure at 1,300 and 1,400�C than those at 1,100

and 1,200�C. But, this is accordance with the fact that

the bands of PO4 groups became broader with increasing

heat-treatment temperature.

3.3 Phase evolution

Structural information obtained by XRD is essential for the

interpretation of the mechanisms taking place during sin-

tering. The XRD patterns of cane-derived HA ceramics

sintered at 700, 1,100, 1,200, 1,300 and 1,400�C for 3 h are

shown in Fig. 5. The XRD patterns of pine-derived HA

ceramics are not given here, because they are the same as

those of the cane-derived HA ceramics. In all the XRD

patterns, most diffraction peaks are identical to the char-

acteristic patterns of stoichiometric HA of a hexagonal

phase structure (JCPDF 09-0432) in terms of both intensity

and position of the peaks, indicating the formation of ap-

atitic structure. The pronounced XRD diffraction peaks

observed at 2h = 29.42, 35.98, 39.4, 43.16, 47.55 and
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48.54� suggest the formation of calcite (rhombohedral

CaCO3, PDF 05-0586) as a secondary phase. However, in

the XRD patterns of the sample heat treated at 700�C, the

two weak peaks located at 2h = 27.78 and 30.80� indicate

the formation of a trace amount of b-tricalcium phosphate

(b-Ca3(PO4)2, b-TCP, JCPDF 09-0169), which originally

presented in lower temperature calcined gels [10] and was

attributed to the decomposition of a nonstoichiometric HA.

At the same time, no CaO and Ca(NO3)2 crystalline phases

were not detected. This phenomenon suggests that aging

time is enough. b-TCP disappeared at above 700�C, sug-

gesting a result caused by thermally activated reactions.

The possible reason is that the existing CaCO3 restrained

the decomposition of HA, and synchronously reacted with

b-TCP to produce HA. For the latter, a possible reaction is

grossly represented as follows:

CaCO3 þ b-Ca3 PO4ð Þ2þ H2O

! Ca10 PO4ð Þ6 OHð Þ2 ð4Þ
It was previously reported that apatite could evolve from

the reactions among the impurity phases such as Ca2P2O7,

Ca3(PO4)2, CaCO3, and Ca(NO3)2 present in lower tem-

perature calcined HA [14].

The XRD diffraction peak at 2h = 18.09� is identified to

hexagonal Ca(OH)2 (PDF 04-0733), which is confirmed by

another evidence of 3,642 cm-1 peak in the FT-IR spectra.

It was also noticed that the additional two weak peaks at

2h = 37.48 and 53.98 were seen when the samples were

sintered at 1,300�C or above, which indicates the presence

of a new crystalline phase. The two peaks are identified to

the characteristic (200) and (220) reflections of cubic CaO

phase (lime). We believe, in fact, that Ca(OH)2 phase

detected in the samples obtained at 1,100�C should be the

product of the reaction between CaO and H2O upon

exposure to air (Eq. 5) during the storage period because of

the hygroscopic nature of CaO.

CaOþ H2O ! Ca OHð Þ2 ð5Þ

As indicated in the reports till date on the sol–gel-

derived HA from the same or similar raw materials, CaO

was an unavoidable major impurity phase in the

synthesized HA [14]. However, the formation of CaO

was usually considered to be originated from the

decomposition of partial Ca(NO3)2 molecules which had

no opportunities to react with TEP sol to form Ca–

OP(OH)x(OC2H5)3-x complex [77, 78]. However, in

present reaction system, CaO may originate from the

decomposition of CaCO3 and/or partial HA, and the

corresponding reactions are shown in Eq. 6 and Eq. 7,

respectively.

CaCO3 ! CaOþ CO2 ð6Þ

Ca10 PO4ð Þ6 OHð Þ2! b-Ca3 PO4ð Þ2þCaOþ H2O ð7Þ

Particularly noteworthy, as sintering temperature

increased, the diffraction patterns showed a continuous

evolution of the structure. The diffraction peaks due to HA

exhibited a considerable increase in the intensity, and

became stronger and narrower, which suggests further

nucleation/growth of hexagonal HA mostly from the

transformation of the amorphous Ca–P intermediate. This

was confirmed by the occurrence of some new peaks (301),

(312) and (322), etc. This implies that there must be orderly

transport of mass to the central growing crystal from the

neighboring ones. In contrast, the relative intensity of

calcite peaks remarkably decreased and even disappeared.

At the same time, CaO/Ca(OH)2 amount gradually

increased. This signifies that calcite decomposed to form

CaO. For the samples sintered at above 1,200�C, HA

became dominant phase. The CaCO3 amount in the HA

ceramics sintered at different temperatures was semi-

quantitatively estimated from the XRD peak height ratio of

HA (211) vs. CaCO3 (104) [79], and the results are given in

Table 1. All peak heights can be obtained directly from

XRD patterns.

It can be seen from Table 1 that the (h k l = 211) peak

intensity of HA decreased with the increase in temperature

above 1,300�C. This indicates that the decomposition of

partial HA has occurred via the reaction equations (Eq. 7

and/or Eq. 8). The dehydroxylation behavior of HA may

lead to the formation of a nonstoichiometric phase.

Ca10 PO4ð Þ6 OHð Þ2! Ca10 PO4ð Þ6Ox OHð Þ2ð1�xÞ þ H2O

ð8Þ

Though this dehydroxylation process had no significant

effect on the crystal structure of HA [80], it decreased

content of OH groups, which is in good agreement with the

FT-IR results. Moreover, the loss of OH- groups could

lead to the contraction of the HA lattice [81], which was

also confirmed by data in Table 2. According to the

existing literature [33, 53, 82, 83], b-TCP should also be

one of the decomposed products of HA. However, its

diffraction peaks were not observed in the XRD patterns.

The possible reason for this is that as-produced b-TCP

reacted with CaCO3 to reform HA, and the proposed

reaction is shown in Eq. 4.

Table 1 Comparison of XRD peak height ratios, HA(211) vs.

CaCO3(104)

Sintering temperature/�C 700 1,100 1,200 1,300 1,400

HA(211) vs. CaCO3(104) 0.4 0.943 2.146 4.310 2.326
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The reasons for the formation of CaCO3 in sol–gel

derived HA may be classified into two groups according to

the existing reports. One group suggests that CaCO3 orig-

inated from the reaction between CO2 in air and Ca-

containing compounds in system [65, 84]. In this case,

insufficient aging, i.e. incomplete reaction between

HPO(OC2H5)2-x(OH)x and Ca(NO3)2, is considered to be

main reason, and can cause the appearance of impurity

phases, such as CaO, Ca(OH)2, Ca3(PO4)2 or CaCO3 [85,

86]. A higher solution temperature together with a pro-

longed time period (of several days) is needed to form HA

phase because of the poor hydrolysis activity of triethyl

phosphate [87]. Another group believes that CaCO3 was a

product of a series of complex reactions between calcium

in the precursors and carbon-containing radicals-arising

from the pyrolysis of residual organics in precursors during

heat treatments [88, 89]. We believe that CaCO3 in HA in

the present study might most possibly be a product of the

reaction between Ca-containing compounds and some

active organic radicals containing carbon produced during

the pyrolysis of the organic biotemplates. The radicals were

of high affinity with Ca [72], which led to the formation of

carbonate groups. Moreover, from the phenomenon that

CaCO3 phase is dominant in the present system below

1,200�C, it can be concluded that the organic biotemplates

favored the formation of CaCO3. The formation of CaCO3

can be accounted for according to the following equation:

Ca NO3ð Þ2þ HOð ÞnPO OC2H5ð Þ3�nþcarbonaceous radicals

! CaCO3þCa10 PO4ð Þ6 OHð Þ2þCO2þH2OþNO2

n¼ 0;1;2;3 ð9Þ

In addition, the gases released during the removing

biotemplates, such as water, CO, CO2, etc., may also

become incorporated into the HA lattice to form carbono-

apatite [90].

According to Hwang et al’s discussion on the changes in

crystal lattice parameters caused by carbonate substitution

in HA [90], it can be deduced from the results in Table 2

that a mixed B-type and A-type carbonate substitution

occurred, because both the a axis and the c axis expanded

except the sample sintered at 1,400�C. It was further con-

firmed by the phenomenon, in which the (hk0) peaks and

(00l) peak shifted to higher angles and to a lower angle

than those of standard HA [91], respectively (data not

given here). The result is in agreement with the previous

investigations [59, 72, 76], in which the formation of B- or

A/B-type carbonated HA was often observed in sol–gel-

derived HA ceramics, especially in the sol–gel process

involving organic reagents [92]. Then, b-TCP formed

during the heat-treatment at 700�C may be due to the

decomposition of carbonated HA, and other products

should include HA and CaO [84].

There is a variation in intensity and width of the HA

peaks in the XRD data among the different products, and

this variation is closely related to the crystallinity and

crystallite size. Table 3 presents the crystallinity and

crystallite size along the a-axis (300 plane) and the c-axis

(002 plane) of HA sintered at different sintering tempera-

tures. It can be seen that the crystallinity increased with

sintering temperature up to 1,200�C and then decreased.

The crystallite size along c-axis increased from 82.75 nm

to 124.11 nm as sintering temperature increased from

700�C to 1,100�C, and then nearly did not change with

further increase in sintering temperature. The same trend

was observed along a-axis. Moreover, the HA crystal grew

along the c-axis direction preferentially.

3.4 Porosity and mechanical properties of biomorphic

HA ceramics

To be used as scaffolds for bone tissue engineering, porous

biomaterials should possess high porosity and appropriate

mechanical strength. Table 4 presents the porosity and

compressive strength of cane- and pine-derived HA

Table 2 Lattice parameters of HA heat-treated at 700–1,400�C and standard HA (JCPDF 09-0432)

Sintering temperature/�C 700 1,100 1,200 1,300 1,400 Standard HA

a-axis/Å 9.425(2) 9.419(2) 9.428(1) 9.429(1) 9.413(3) 9.418

c-axis/Å 6.892(1) 6.879(3) 6.888(1) 6.887(1) 6.874(2) 6.884

The experimental errors are included in parenthesis

Table 3 Crystallinity and crystallite size of biomorphic HA ceramics sintered at various temperatures

Sintering temperature/�C 700 1,100 1,200 1,300 1,400

Degree of crystallinity/% 74.5(9) 97.7(4) 98.0(4) 96.1(7) 95.2(6)

Crystallite size along c-axis/nm 82.75(2) 124.11(1) 124.10(1) 124.10(1) 124.12(2)

Crystallite size along a-axis/nm 63.06(2) 100.89(1) 100.88(1) 100.88(1) 100.89(1)

Data obtained from XRD results. The experimental errors are included in parenthesis
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ceramics sintered at 1,100, 1,200, 1,300 and 1,400�C for

3 h. It can be seen that the porosity of both cane-derived

and pine-derived HA ceramics decreases as the sintering

temperature increase from 1,100�C to 1,400�C, and the

compressive strength gradually increases. The reason is

that the elevating sintering temperature favors the sintering

among the HA particles from HA sol, which leads to high

strength and reduces porosity. At the same time, it is also

noted that cane-derived HA ceramics have higher porosity

and lower compressive strength than pine-derived HA

ceramics obtained under the same experimental condition.

The porosity difference between them is caused by the

inherent different macro- and micro-structures of the bio-

templates cane and pine. Compared with pine, the bimodal

pore diameter distribution of cane probably easily causes

the uneven HA coating on the strut surfaces of organic

template during the infiltration process, which together

with higher porosity results in lower mechanical strength.

In addition, since the strength of HA ceramics sintered at

700�C is too low to be measured, the corresponding

porosity and compressive strength can not be given here.

Further studies are needed about the mechanical properties.

4 Conclusions

It has been proven that the novel biotemplating method

presented in this study, in combination with a sol–gel tech-

nique, may be employed to prepare biomorphic HA ceramic

scaffolds from the biotemplates like wood and cane. The

inherent pore structure of the templates, both multimodal

and monomodal pore size distribution, can be transferred to

the final HA scaffolds with high precision. The intercon-

nectivity among channel-like macropores in HA ceramic

scaffolds varies with the kind of biotemplates. The extensive

densification of the macro-pore walls occurred in the pine-

derived HA scaffolds. In contrast, cane-derived HA

ceramics exhibited an interconnecting porous network. The

FT-IR and XRD results show the dominant crystal phase is

identified as HA with a small amount of a mixed A and B

type carbonated HA, where hydroxyl or phosphate groups

are partially replaced by carbonate ones, whilst the appear-

ance of CaCO3 is unavoidable. Under the same experimental

condition, cane-derived HA ceramics have higher porosity

and lower compressive strength than pine-derived HA

ceramics because of their inherent different macro- and

micro-structures. The ideal sintering condition for HA

scaffolds should be 1200�C/3 h in terms of the purity and

appropriate strength of the products. This study reveals the

potential of natural plants in fabricating biomorphic porous

HA ceramic scaffolds suitable for bone tissue engineering

application.
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