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Abstract Calcium oxyboroapatite with bimodal porosity

and proposed general formula (CaO)x(PO2.5)y(BO1.5)z with

10 C x C 9, y C 4 and z C 1.6 have been prepared for the

first time, by thermal processing of sol–gel-derived glass.

F-127 triblock copolymer was incorporated in the sol–gel

reactions as the structure directing agent under acidic

conditions, whereas tributyl borate, triethyl phosphate and

calcium nitrate were used as precursors for the glass

structure. The prepared materials were chemically ana-

lyzed and characterized by X-ray diffraction (XRD),

infrared absorption and Raman scattering spectroscopic

techniques, where the related XRD patterns clearly

revealed growth of rich in boron oxyboroapatite phase with

increasing temperature. The oxyboroapatite phases treated

at high temperatures exhibited bioactivity after soaking in

simulated body fluid (SBF) solution within a few hours and

these were observed by l-Raman and scanning electron

microscopy (SEM). Moreover, the external morphology of

these materials has been directly observed with SEM

microscopy before and after the immersion in SBF. Fur-

thermore, mercury intrusion porosity measurements were

taken in order to investigate the porosity, showing bimodal

meso- and macro-porosity.
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1 Introduction

Apatite materials L10(PO4)6X2 where M = Ca or Sr, and

X = F, Cl, Br or OH have traditionally been synthesized by

various methods involving high temperatures, such as solid-

state reactions involving temperatures from 1000 to 1500 �C
such as in [1], flux methods, for example, in [2], with tem-

peratures above 1100 �C, fast microwave synthesis as well

as with various lower temperature methods. Some of these

later are, hydrolysis [3], precipitation, precipitation by dou-

ble decomposition, wet precipitation [4] and finally sol–gel

processes [5]. Hydrothermal treatments [6] can be used for

conversion of one type to another as well. Moreover,
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nanocrystalline apatites can be formed with similar methods

as read in the reviews in [7]. In all cases, apatite formation

and the final material are controlled through a multitude of

parameters. Moreover, and in relation to the results of this

work, a special case of new apatite phases, in particular

oxyboroapatite and hydroxyboroapatite, has been studied by

Ternane et al. [8, 9]. The group synthesized nonporous

apatite with high-temperature reactions and found the exis-

tence domain of pure apatitic oxyborophosphates with the

general formula Cax(PO4)yBzOt. In these compounds, boron

is incorporated as BO3
3- ions in the PO4

3- sites and as linear

BO2
- ions located in channels of crystals. It is worthwhile to

mention efforts of the Ternane group to dope these boroap-

atites with Yb or Eu and to produce application-focused fiber

materials [10, 11]. Finally, it has not been reported until now

a method to use sol–gel bioactive glasses in order to reach

oxyboroapatite materials. The most well-known bioactive

silicate glass codenamed 45S5, Bioglass�, has a typical

composition of 45 % SiO2, 24.5 % Na2O, 24.5 % CaO and

6 % P2O5 and has been of primary interest in biological

applications [12] being bioactive, due to its SiO2 concen-

tration, as well as due to the high content of Na2O and CaO

and the large ratio of calcium to phosphorus in the system

[13], leading to useful applications [14, 15]. Many tech-

niques have been used to synthesize bioglasses producing

various structures including macroporous scaffolds, meso-

porous particles and nanofibrous structures [16]. In order to

use bioactive glasses, especially the oxyboroapatite systems,

it would be ideally required to have similar chemical stoi-

chiometry to that of hydroxyapatite or boroapatite.

Bioactive glasses and specifically borophosphate—not

containing silica—glasses, with high CaO/P2O5 molar ratio

([1.5) have a high potential for use as biomaterials because

their chemical composition is close to that of natural bone

[17], and thus, such glasses have been synthesized recently

[18]. However, these last reported bioactive glasses have

been prepared with melt-quenching techniques, while other

such pure calcium borophosphate glasses have not been

reported. Boron, besides being catalyst for bioactivity,

facilitates the manufacturing process of the phosphate

glasses. Boron trioxide (B2O3) is regarded as the most

capable glass former oxide as the melt does not crystallize

even with very small cooling rate. In addition, it provides

improvement to the mechanical and chemical properties of

phosphate glasses [19] and allows the possibility to change

the coordination number of boron from 3 to 4 and vice

versa, thus, being susceptible to hydrolysis as well as to the

creation of B–OH bonds when exposed to moisture. Such

bonds act as catalysts for bioactivity as it has been similarly

observed to the active groups: Si–OH, Ti–OH, Zr–OH, Nb–

OH and Ta–OH [20].

The present work is devoted to the scope of synthesis

and the structural characterization of new porous

oxyboroapatite materials using borophosphate sol–gel

porous glasses as precursor materials, based on a technique

introduced in early 1990s [21]. Also, in parallel, another

main objective was to include boron, due to the fact that it

had been observed that the reported well-characterized

glasses obtained from fast quenching of boron-containing

calcium phosphate glasses did have strong bioactive

behavior [20]. In addition, strong motive was toward the

synthesis of this type of material in porous form with the

ability to tune the pore size and the final chemical stoi-

chiometry through the use of sol–gel reaction. In this

fashion, it could have been possible to synthesize bioactive

borophosphate materials with needed porosity for biologi-

cal applications, however, using low-temperature synthe-

sis. In order to induce porosity to the final material, a route

can be followed where the reaction occurs within the

regions of micelles formed in an aqueous or nonaqueous

solution. An important nonionic surfactant with uses

throughout the scientific field is the triblock polymer

F127(PEO–PPO–PEO). The synthesis of this type of

induced porosity via the use of F127 can lead to a variety

of materials in general. In the cases reported here, as well

as others that have not been reported and lie beyond the

scope of bioactive porous materials, the usage of ethanol/

water/F127 in the particular ratios allows the creation of

hydrophobic/hydrophilic micelles that lie in the L1 region

(micellar—lyotropic phase liquid crystal) of their relevant

phase diagram. In detail, the less hydrophilic components

such as tributyl borate and triethyl phosphate probably

reside in the region formed by the polypropylene oxide

chains, while the calcium ions reside in the region to the

polyethylene oxide chains of F127. Therefore, upon drying

the final product is being formed by first inducing boron—

phosphorus connectivity to which calcium ion diffuses and

binds in a secondary process. Thus, it is expected that these

materials will have high content in boron.

Finally, the glass materials that were synthesized and

characterized were also subjected to heat treatment in order

to improve the results analysis and verify to be compatible

with oxyboroapatite, a system only reported in the past by

Ternane et al. [8, 9].

2 Materials and methods

2.1 Materials

All chemicals were purchased from Sigma-Aldrich.

Nonionic block copolymer EO97PO67EO92 (F127,

Mw = 12,600). As starting materials were used: triethyl

phosphate [(C2H5)3PO4, Mw = 182.15, (TEP)], calcium

nitrate [Ca(NO3)2
. 4H2O, Mw = 236.16, (CaNt)] and tri-

butyl borate [(CH3CH2CH2CH2O)3B, Mw = 230.15,
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(TBB)]. Hydrochloric acid (HCl) and absolute ethanol

(Eth, 99 %). All chemicals were used without further

purification.

2.2 Synthesis

Porous ternary phosphoborate glasses were prepared by the

standard sol–gel reactions using as starting materials

Ca(NO3)2
. 4H2O (CaNt), (C2H5)3PO4 (TEP) and (CH3CH2

CH2CH2O)3B (TBB) with defined proportion. The ternary

system was synthesized by using a nonionic surfactant,

Pluronic F127 as mesostructure directing agent. In a typical

synthesis, 1.6 g of F127 was dissolved in 20 mL of abso-

lute ethanol at room temperature with 1 g of a 2-M HCl

solution and 3.08 g of H2O. Afterward, the appropriate

amounts of CaNt, TEP and TBB were added under con-

tinuous stirring for 1 h. Reactant compositions for the

synthesis of samples presented here are shown in Table 1.

The samples were heated at 450 �C for 1 h in porcelain

crucibles to evaporate nitrates and water. Also, these

samples were heated at different temperatures from

450 �C, up to 1050 �C for characterization purposes as

well as to develop the evacuation of the pores from organic

template and the formation of apatite-like crystalline

phases.

2.3 Characterization

X-ray powder diffraction (XRD) on the samples were

carried out on a D8 Advance system (Bruker) with Cu

(k = 1.54178 Å) radiation. The voltage and current

applied to the X-ray tube were 40 kV and 40 mA. The

graphs were measured in the 2h range from 2� to 80�. The
step rotation was 0.02�, and the scanning speed was

maintained at 1 s/step.

Infrared spectra were measured on a Fourier transform

spectrometer (Digilab) in the form of powder pressed within

anhydrous KBr pellets. The final spectra were the average of

20 scans in the frequency range of 400–4000 cm-1, at

2 cm-1 resolution. ATR(Pike) measurements were also

taken for the sake of comparison and showed no differences.

Raman spectra were obtained from samples in the form

of small pieces with a micro-Raman system using the

532-nm (Nd-YAG) line of a laser diode operating at 60

mW for excitation. Raman scatter was collected by an

optical microscope (Leica) equipped with lenses 109, 509

and 1009. The probing spot was about 2 lm in diameter

when using the 100 9 lens in the microscope. The spec-

trometer was calibrated by recording the spectrum from a

Si sample with characteristic Raman peak at 520.7 cm-1.

Mercury intrusion porosity measurements were taken

with a Quantachrome PoreMaster-33 GT instrument. Pore

size distribution was constructed according to the Wash-

burn equation: D = -(4ccosh)/P, where D is the pore

diameter expressed in lm, c is the mercury surface tension

(480 dyne/cm), h is the contact angle between mercury and

the pore wall (140�), and P is the applied pressure in psi.

The surface morphology of the samples was observed by

scanning electron microscopy (SEM) (EVO-MA10, Bruker)

using LaB6 as electron source. The surface chemical analysis

was carried out by energy-dispersive X-ray spectroscopy

(EDX) analysis using the SEM microscope electron beam,

while in many cases the photographs were acquired without

gold coating on the sample and in these cases a highly fast

data acquisition mode was used in conjunction to low beam

current and averaging in order to produce good quality

images without significant charging effects.

Additional, the in vitro bioactivity of the produced

materials was studied. The SBF solution was prepared with

ion concentrations nearly equal to those of the human

blood plasma in 500 mL batches and was continuously

checked for pH and possible precipitates throughout the

period that portions of it were used in the in vitro bioac-

tivity tests of the prepared materials. The samples, c.a.

1.5 mg, were soaked in 7 mL of simulated body fluid

(SBF) in polyethylene containers maintained at 37 �C and

pH = 7.4. After specific periods of time, the samples were

removed and studied by l-Raman spectroscopy and SEM.

3 Results and discussion

Figure 1 shows the powder XRD patterns of OBA1 and

OBA2 after heat treatment at different temperatures as

placed on appropriate silicon substrate. Reflection bands of

interest were observed in the range of the angles 2h = 30�–
36�, while even at temperatures as low as 450 �C the

creation of semicrystalline apatitic matrix can be detected

both in OBA1 and in OBA2. At 800 �C, OBA1 showed

extra reflections between 30� and 32� (Fig. 1c), while

OBA2 at 1050 �C exhibits a shoulder at slightly larger than

30.5� (Fig. 1f). The differences are attributed to the varying
concentration of the boron units into the hydroxyapatite

(HA) structure (Fig. 1i) which affects its XRD pattern.

Table 1 Composition of the

materials investigated

(oxyboroapatite samples 1

and 2)

F127 (g) TBB (g) CaNt (g) TEP (g) H2O (mL) Eth (mL) HCl 1 M/2 M (mL)

OBA1 1.6 2.42 4.13 1.61 3.08 20 1

OBA2 3 2.9 1.52 1.61 – 20 0.36
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OBA1 and OBA2 have been synthesized with different

types of micelles, where no water was used in OBA2.

Therefore, the integration of the boron units in the structure

is initiated by different concentration in the formed pre-

cursor micelles. The main difference between the XRD

patterns [8, 9] of the OBA1/OBA2 and HA is that the

splitting between the two major lines (211) at 31.7� and

(112) at 32.2� of HA decreases in boroapatite with

increasing boron content and finally convolutes to one band

when the content is above 12 % mol, as OBA1 and OBA2

become one peak at 32.15o, as shown in Fig. 1f, e,

respectively. Characteristic example of bibliographic XRD

patterns of low (9 %) and high (12 %) boron content is

shown for comparison purposes as Fig. 1h, g, respectively.

Therefore, based on the similarities of the XRD patterns of

both OBA1 and OBA2 to the bibliographic data, it is

implied that both are typical oxyboroapatite structures with

boron content above 12 % and by further comparison with

refs [8] and [10], the formula should be suggested to be

close to 9.0CaO.4.0PO2.5
. 1.9BO1.5. Also, as discussed fur-

ther, from EDX analysis at least this phosphorus to boron

ratio, i.e., *2, content can be verified. The differences of

the diffraction reflection peaks of OBA2 compared with

OBA1 is the appearance of peaks in the spectra of OBA2

(2h: 32.2�, 37.4�, 53.8�), the latter not shown in Fig. 1,

which are assigned to the CaO cocrystallization at tem-

peratures above 1000 �C. The peaks appearing for the

samples OBA1 and OBA2 at relatively low temperatures at

30.4, 31.4 and 31.7 as well as the small peak at 30.7 for

Fig. 1g pattern are peaks that are due to the impurities and/

or metastable phases, disappearing at higher temperatures,

not related to the oxyboroapatite phase. In particular, all

these peaks can be related to phases of calcium carbonate,

calcium borate and boron oxide, with ICDD cards

005-0586, 022-0139 and 01-076-0781, respectively. The

interesting observation is that all these peaks disappear at

high temperatures.

In these type of materials, most of the vibrational bands,

as observed in the IR and Raman spectra, are due to the

vibrations of isolated tetrahedral units as PO4, BO3 and

BO4 which have different sets of vibrational frequencies,

also dependent on the interconnectivity of these units and

the ending of chains of units. In this sense, the terminal

oxygen of the previously named units which are connected

to other units are labeled as Ø (bridging), while the oxygen

which are not connected to other units are labeled simple as

O. IR spectra of OBA1 and OBA2 are shown in Fig. 2 and

are dominated by four major absorption bands centered

around 1440, 1250, 1050 and 570 cm-1. The strongest at

c.a. 1050 cm-1 is assigned to the m3 antisymmetric

stretching modes of PO4
3-, while the one at c.a. 570 cm-1

is due to the m4 bending modes of PO4
3-. On the other

hand, boron addition has its the main effect in the IR

spectra the development of the absorption band at

1440 cm-1 which can be solely attributed to the presence

of BØ2O
- groups as well as the band centered at

1250 cm-1 due to the triangular boron BO3
3- units. Fur-

ther, carbonate units, such as in calcite and aragonite,

absorb in the same region, around 1400 cm-1 with parallel

absorption at 870 cm-1. On the other hand, boron oxide

exhibits absorption bands between 1200 and 1300 cm-1

(asymmetric stretch of trigonal borate units) and 720 cm-1

(bending modes) show bending modes of the bridged units

B-O-B. These phases were detected in the relevant XRD

patterns and using that basis we can also ascribe the IR

peaks to the vibrations of the XRD detected phases. In

30 31 32 33 34 35 36
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Fig. 1 X-ray diffraction patterns of OBA1 at 450 �C (a), OBA2 at

450 �C (b), OBA1 at 800 �C (c), OBA2 at 800 �C (d), OBA1 at

1050 �C (e), OBA2 at 1050 �C (f), an oxyboroapatite phase with a

12.64 % boron content (adapted from ref. 8) (g), an oxyboroapatite

phase with a 9 % boron content (adapted from ref. 8) (h) and

hydroxyapatite (i)

Fig. 2 Infrared absorbance spectra of OBA1 at 450 �C (a), OBA2 at

450 �C (b), OBA1 at 800 �C (c), OBA2 at 800 �C (d), OBA1 at

1050 �C (e), OBA2 at 1050 �C (f) and hydroxyapatite (g)
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addition, the peak at 762 cm-1 belongs probably to bend-

ing modes of boron tetrahedra in calcium borate phases,

also detected in the XRD patterns which are being con-

sidered impurities to the oxyboroapatite structure. In fact,

all the phases giving rise to the previously small IR peaks

vanish at high temperatures, as their XRD patterns do

vanish, with the exception of the 720-cm-1 peak which is

due to the borate units. It is very important to emphasize

that the weak peak at 1932 cm-1 is attributed to the

antisymmetric stretching mode of B-O bonds of linear

borate groups, BO2
- [8]. This unit is a part of the oxy-

boroapatite unit, while the other minor peaks are consid-

ered metastable impurities. According to the same authors,

boron is twofold coordinated in these glasses as BO2
- in

the channels of the apatitic structure and as triangular

BO3
3- groups substituting PO4 as well as OH groups,

which explain our observations concerning the character-

istic IR absorption peaks by boron units. Moreover, it

appears that OBA1 is more amorphous than OBA2 as

deduced by the comparison of their respective spectra. It

may well be assumed that OBA2 is a mixture of glass–

ceramic boroapatite and borate glass.

Figure 3 shows the Raman spectra of OBA1 at 800 and

1050 �C, after soaking in SBF solution and that of HA. The

spectra of OBA2 and OBA1 are almost identical, and thus,

OBA2 spectra are not shown for simplicity. In the OBA1

spectrum at 1050 �C (Fig. 3b), similar to that treated at

800 �C, the strongest line situated at 960 cm-1 is attributed

to the v1 symmetric stretching mode of PO3
4- ions, while

the weak peak at 1049 cm-1 has been assigned to the v3
antisymmetric stretching mode of PO4. Also, the peaks at

586 and 430 cm-1 can be attributed to the v4 antisymmetric

bending (out of plane) and the v2 symmetric bending

modes of PO4 groups, respectively. The peaks at 910 cm-1

and at 930 cm-1 are probably due to the different inter-

connected types of BO3
3- groups which coexist with the

previous phosphate ones because of the high proportion of

boron in the samples. According to Ternane et al., the peak

at 910 cm-1 is symmetric stretch of BO3
3- [8, 9]. The

remaining peaks correspond to degenerate situations aris-

ing due to the thermally induced crystalline field.

Figure 3 shows also a typical Raman spectrum of the

samples before and after soaking in SBF solution. The

main difference that was observed, after soaking in SBF

solution for 50 days (Fig. 3c) in relation to the sample

before soaking in SBF (Fig. 3b), is the observation of the

peak 3576 cm-1 which is characteristic of HA formation.

In addition, peaks due to the borate units are being

diminished due again to the HA formation and the spec-

trum resembles that of HA. In some spectra corresponding

to short SBF immersion times, the poor crystallinity of the

newly formed surface layer yielded broad and low-inten-

sity peaks for the characteristic HA bands.

Mercury intrusion porosimetry was employed to reveal

the porous character of the materials. A typical pore size

distribution curve for OBA2 heated at 800 �C is shown in

Fig. 4. As observed, the material exhibits a wide pore size

distribution with pore diameters from 20 nm up to above

2 lm. Nevertheless, three maxima are present at 36, 55 and

245 nm. These results come in full agreement with SEM

observations taking also into account that due to the pore

filling mechanism, mercury porosimetry will always

slightly underestimate pore sizes compared to SEM

observations [22]. In addition, fundamental porous char-

acteristics of the sample were determined. Total pore vol-

ume was calculated at 0.60 cm3/g, while its specific surface

area was estimated to be 13 m2/g.

Fig. 3 Raman spectra of OBA1 at 800 �C (a), OBA1 at 1050 �C (b),

OBA1 at 1050 �C after soaking in SBF solution (c), and hydroxya-

patite (d)

Fig. 4 Pore size distribution obtained by mercury intrusion

porosimetry for OBA2 (800 �C)
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Finally, and complementary to the abovementioned tech-

niques, energy-dispersiveX-ray spectroscopy (EDX) analysis

confirms the existence of boron in both OBA1 and OBA2

samples, which were thermally treated at 1050 �C, where
boron content appears as a low intensity but totally discrete

peak, while phosphorus and calcium are also detected as well

(Fig. 5). The carbon peak is due to the carbon wafer being

observed below the sample. The low-intensity appearance of

the boron peak in Fig. 5 (left) can be compared to the signal of

a reference compound such as BPO4, concluding that the

boron content is that the ratio of P/B is at least 2. Full stoi-

chiometric analysis has been carried out;, however, due to the

porosity of the samples, the least chemical composition that

can be safely deduced is that the boron content is at least

12 %mol, as described further below.

In order to study the bioactivity and the ability of cal-

cification of the system, all samples, treated either in high

or in low temperatures, were soaked in SBF solution and

EDX measurements and SEM observations were made

after 1, 7 and 50 days. In addition, glass slides were used as

reference sample for checking if the SBF solution produced

precipitation materials onto various surfaces by itself. From

Fig. 6(left), it is obvious that there is no hydroxyapatite on

the surface of the reference sample since the double P peak

at c.a. 2 keV as well as the Ca peaks is missing. In contrast,

HA growth on OBA1 sample after soaking in SBF solution

is confirmed by EDX analysis (Fig. 6 right).

Heat-treated at 1050 �C, OBA1 and OBA2 samples

were immersed in SBF and exhibited rapid deposition of

HA on the surface even after 5 h of immersion as seen in

SEM images (Fig. 7). The top row images of Fig. 7 show

the deposition after just 5 h of immersion, while on the

middle row of Fig. 7, which corresponds to 50 days of

immersion, particles that have been created with an aver-

age diameter of 100 nm are being observed covering the

porous surface of the samples. For comparison reasons, the

SEM images of OBA1 at 450 and 800 �C before immersion

in SBF are shown in Figs. 7e, f where the porous character

of the glass is exposed and no precipitates are observed.

Also, we observe as an example in Fig. 8 that the OBA1

after being immersed in SBF for 50 days shows the for-

mation of hydroxyapatite on its surface as seen with the

measured XRD pattern that resembles that of hydroxyap-

atite but also shows as smaller peaks the peaks of oxy-

boroapatite phase below the formed hydroxyapatite.

4 Summary and conclusions

In this study, porous oxyboroapatite materials, with pro-

posed stoichiometry and boron content larger than 12 %mol,

i.e., proposed formula 9.0CaO.4.0PO2.5
. 1.9BO1.5, have been

prepared by means of sol–gel glasses. The synthetic route

for the glass preparation involved the use of nonionic

Fig. 5 EDX spectra of OBA1 (left) and OBA2 (right) both treated at 1050 �C (red vertical index line shows the N line)

Fig. 6 EDX spectra of reference sample (left) and OBA1 (right) thermally treated at 1050 �C and after soaking in SBF solution for 50 days
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surfactants to induce porosity and organic precursors that

provided boron and phosphorus. Thermal treatment above

800 �C yielded the oxyboroapatite phases with boron

content higher than 12 %. Moreover, it is the only instance

of such materials being synthesized where bimodal porosity

at the macro- and mesoporous scales is observed; property

Fig. 7 Representative SEM images of the surface of mesoporous

oxyboroapatite glasses (1050 �C) after immersion in SBF solution:

a OBA1 after 5 h, b OBA2 after 5 h, c OBA1 after 50 days and

d OBA2 after 50 days in SBF, e OBA1 before SBF immersion and

f OBA2 before SBF immersion
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that can be affected by the virtue of the surfactant and the

timing scale of the synthetic route. Studies are being

reported regarding their structure and properties using

techniques as XRD, IR, Raman, SEM/EDX as well as their

bioactivity by immersion in SBF solution. The initial glass

structure that creates the mesoporous matrix appears to be

closely related to oxyboroapatite, as observed after heat

treatment, by XRD, IR and Raman spectra, which are in

agreement with similar results from the literature. These

oxyboroapatite materials show immediate bioactivity after

soaking in SBF solution within few hours, as verified by the

formation of hydroxyapatite phase at their surface, detected

by Raman spectra, SEM images and EDX analysis.
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Fig. 8 Representative XRD patterns of hydroxyapatite (orange) and

that of sample OBA1 (black) after being soaked in SBF for 50 days.

Inset shows the same patterns in the region for 2h between 30 and

40�, where some of the oxyboroapatite peaks are shown in blue

arrows

346 J Sol-Gel Sci Technol (2016) 78:339–346

123


	Synthesis and characterization of calcium oxyboroapatite with bimodal porosity
	Abstract
	Graphical Abstract
	Introduction
	Materials and methods
	Materials
	Synthesis
	Characterization

	Results and discussion
	Summary and conclusions
	References




