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The conversion of a bioactive borosilicate glass in aqueous phos-
phate solution was observed to produce vastly different reaction
kinetics and hydroxyapatite (HA) microstructures, depending
on whether the glass was reacted continuously or intermittently
in the solution. Particles (150–300 lm) of a borosilicate glass
(designated H12) were reacted continuously or intermittently in
0.25M K2HPO4 solution with a starting pH value of 7.0 at
371C. The conversion kinetics of the glass particles to HA were
determined from weight loss measurements. Structural and com-
positional changes resulting from the conversion reaction were
characterized using scanning electron microscopy, X-ray
diffraction, energy-dispersive X-ray analysis, and Fourier trans-
form infrared spectroscopy. For conversion experiments carried
out intermittently (12–24 h intervals, followed by drying), faster
reaction kinetics and a unique multilayered microstructure, con-
sisting of alternating layers of HA and an amorphous SiO2-rich
material with nearly uniform thickness (2–3 lm), were observed.
On the other hand, particles reacted continuously in the phos-
phate solution for the same total time converted more slowly and
produced a single HA layer. The kinetics and mechanism of
forming HA under the intermittent and continuous reaction con-
ditions are described and compared with those for bioactive
silicate and borate glasses studied in previous work.

I. Introduction

THERE is a growing interest in the use of bioactive glasses for
dental and medical applications, such as the repair and

regeneration of damaged or disease bone, fixation of long bone
fractures, and hip- and knee-joint revision surgery.1–6 Bioactive
glasses are osteoconductive as well as osteoinductive, and have
the ability to enhance growth and differentiation of cells, hence
they are attractive materials for use as scaffolds in tissue-engi-
neered regeneration of bone.6–8 A key property of bioactive
glasses is that they react chemically with the body fluids in an-
imals and humans, forming a hydroxyapatite (HA) layer that
bonds strongly to hard or soft tissues.9,10 Silicate-based bioac-
tive glasses, such as the well-recognized composition designated
45S5,3,4 have received much attention for biomedical applica-
tions. Because of their lower chemical durability, certain com-
positions of borate and borosilicate glasses transform more
rapidly and directly to HA, and hence they can provide alter-
native bioactive glasses for biomedical applications.11–14

To understand the kinetics and mechanism of converting
bioactive glasses to HA, several studies have been carried out
in vitro, in dilute aqueous phosphate solution, such as a simu-
lated body fluid or a K2HPO4 solution (0.01–0.25M), at near
body temperature (371C).11–14 The mechanism by which silicate
45S5 bioactive glass converts to HA in an aqueous phosphate
solution was discussed by Hench.3,4 It is well established that an
initial step in the reaction is the formation of a SiO2-rich gel
layer on the 45S5 glass surface by ion-exchange reactions. Fur-
ther dissolution of ions from the glass and their diffusion
through the SiO2-rich gel layer, followed by the reaction
between Ca21 ions from the glass and PO4

3� ions from the sur-
rounding liquid, leads to the formation of an amorphous calci-
um phosphate (ACP) layer on the SiO2 gel. The reaction
between the glass and the phosphate solution continues, and
at the same time the ACP converts to HA. Eventually, the
reaction stops and, with the completion of the ACP conversion to
HA, a composite structure consisting of an HA layer surround-
ing a SiO2-rich core is produced. The conversion of bioactive
borate glass to HA follows a process similar to that for 45S5
glass, but without the formation of a SiO2-gel layer.

12,13 Reac-
tion of the glass with an aqueous phosphate solution to form
ACP directly, coupled with the conversion of the ACP, leads to
an HA product. The conversion kinetics of bioactive borosili-
cate glass are intermediate between those for the parent bioac-
tive silicate and borate glasses,12–14 but the conversion
mechanism has not been studied in detail.

The objectives of the present work were to determine the
conversion kinetics of a bioactive borosilicate glass in an aque-
ous phosphate solution and to characterize the structure and
composition of the reaction products. Experiments were per-
formed in which the glass was reacted continuously or intermit-
tently in the solution for the same total time. The results were
compared with those from previous work for bioactive silicate
and borate glasses. Borosilicate glasses can provide alternative
bioactive materials having conversion rates to HA, which are
tailored between those of the more durable silicate bioactive
glasses (such as 45S5) and the more rapidly reacting borate bio-
active glasses. As such, a better understanding of the conversion
process for bioactive borosilicate glass is important.

II. Experimental Procedure

(1) Preparation of Glass

The borosilicate glass used in the present work was designated
H12, with a composition (in mole percent, mol%) of 40.0 B2O3,
7.5 SiO2, 40.0 CaO, 8.0 Na2O, 2.0 Al2O3, and 2.5 P2O5. Devel-
oped and used in previous work,15 the glass was found to be
bioactive and to provide a substrate favorable for cell growth, in
addition to forming a strong bond to titanium alloys used for
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total joint replacement.16 The glass was prepared by melting the
required quantities of SiO2 (Fused quartz; Particle Processing &
Classifying Corp., Patterson, NJ), CaCO3, Na2CO3, Al2O3,
NaH2PO4 � 2H2O, and H3BO3 (Reagent grade; Fisher Scientific,
St. Louis, MO) in a platinum/rhodium crucible in air for 2 h at
13001C. The melt was stirred twice and quenched between two
steel plates. Particles of size 150–300 mm were obtained by
crushing the glass in a hardened steel mortar and pestle, fol-
lowed by sieving through stainless steel sieves.

(2) Glass Conversion in Aqueous Phosphate Solution

The phosphate solution used in the conversion reaction was
prepared by dissolving K2HPO4 (Reagent grade; Fisher Scien-
tific) in deionized water to give a solution with a concentration
of 0.25M and a starting pH value of 7.0. While this pH value is
approximately equal to that of human body fluid, the much
higher phosphate ion concentration was used to enhance the
conversion rate to HA, reducing the duration of the experiments.
The reaction system consisted of 1 g glass particles in 100 cm3

solution at 371721C, identical to the reaction parameters used
in previous work involving other bioactive glasses.12,13

The conversion of the glass in the phosphate solution was
monitored by measuring the weight loss of the particles and the
pH value of the solution. The procedure is described in detail
elsewhere.12,13 Weight loss measurements were made as a func-
tion of time, after removing the particles from the solution,
washing ultrasonically three times with deionized water, then
twice with ethanol, and drying for at least 12 h at 901C. The
weight loss was taken as the difference between the initial mass
of the glass and the mass of the product at time t. After remov-
ing the glass particles from the phosphate solution for the weight
loss measurement, the solution was cooled to room temperature
and its pH value was measured using a pH meter (Accumet-
AR25; Fisher Scientific). Reaction times of up to 412 h were
used.

The conversion reaction was performed under two different
conditions, referred to as ‘‘intermittent’’ and ‘‘continuous.’’ In
the intermittent experiments, a single sample of the H12 parti-
cles was used throughout the conversion experiments. At peri-
odic intervals (12–24 h), the particles were removed from the
solution, dried, weighed, and replaced in the same solution. On
the other hand, for the continuous experiments, several samples
of the H12 particles were reacted concurrently in the solution.
At a given time, a sample was removed, dried as described
above, and weighed. In this case, a different sample, reacted
continuously in the solution, was used for each reaction time.

(3) Characterization of Reaction Products

Structural and compositional changes in the glass, which result-
ed from the conversion reaction, were characterized using sev-
eral techniques. Scanning electron microscopy (SEM; Hitachi
S-570, Tokyo, Japan) was used to observe the structure of the
surfaces and planar cross-sections of the reaction products. The
surfaces were observed using conventional techniques. Planar
cross-sections were prepared by infiltrating the particles, under
vacuum, with epoxy resin, curing the resin gently, followed by
grinding with SiC paper and polishing with diamond paste.
Compositional analysis across the planar section was performed
using energy-dispersive X-ray (EDS) analysis in the SEM
(S-4700; Hitachi) at an accelerating voltage of 10 kV and with
a spot size of 0.02 mm. The composition of each phase was taken
as the average of 3–5 measurements at different positions in the
phase. X-ray mapping by EDS microanalysis in the SEM
(S-570; Hitachi) was used to determine the spatial distribution
of Ca, P, and Si in the polished cross-section.

Crystalline phases were detected by X-ray diffraction (XRD)
(XDS2000; Scintag, Cupertino, CA) using CuKa radiation
(l5 0.15406 nm) in a step-scan mode (0.051 2y per step) in
the range 101–801 2y. Fourier transform infrared (FTIR) anal-
ysis (1760-X; Perkin-Elmer, Eden Prairie, MN) of the glass and
the reaction products was performed in the wave number range

400–2500 cm�1 on disks prepared from a mixture of 2 mg of the
sample and 150 mg of high-purity KBr powder. Each FTIR
spectrum was obtained from 80 scans at a resolution of 2 cm�1.
The surface area of the final reaction product was measured us-
ing N2 adsorption at the boiling point of liquid N2, by the
Brunauer–Emmett–Teller (BET) method (Nova—1000 BET;
Quantachrome, Boynton Beach, FL).

III. Results and Discussion

(1) Conversion Kinetics

Figure 1(a) shows data for the fractional weight loss, DW, of the
H12 glass particles and pH of the phosphate solution as a func-
tion of reaction time, t, for the intermittent experiments. As
defined, DW5 (Wo�W)/Wo, where Wo is the initial mass of the
particle, andW is the mass at time t. The error in the DW data at
any time was72%. The DW increased with time and eventually
reached a limiting value DWmax 5 21% after t5 250–300 h,
which can be taken as an indication that the conversion reac-
tion had effectively stopped. The pH of the solution increased
from the starting value of 7.0 to a limiting value of 8.4 after 250–
300 h. As observed for other bioactive glasses,12,13 the trend in
the pH curve was approximately similar to that for the weight
loss curve. This is because the reactions that lead to the weight
loss of the glass particles are the same reactions that control the
pH of the solution. For the present glass, ions such as Na1 and
B31 dissolve into the solution, whereas Ca21 ions from the glass
react with PO4

3� ions from the solution to precipitate a calcium
phosphate material, typically HA. The overall result is a net
decrease in the mass of the glass particles. As B(OH)3 is a weak
acid, the consumption of PO4

3� ions from the solution, coupled
with the dissolution of Na1, leads to an increase in the pH value.
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Fig. 1. (a) Fractional weight loss of H12 glass particles (150–300 mm)
and pH value of phosphate solution versus reaction time in 0.25M
K2HPO4 solution at 371C in intermittent experiments. (b) Comparison
of fractional weight loss data for the H12 glass particles in intermittent
and continuous experiments.
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Figure 1(b) compares the weight loss data for the intermittent
and continuous experiments. While the two curves showed
approximately similar trends, the glass particles converted
more slowly in the continuous experiments. The weight loss
data for the continuous experiments also appeared to reach a
limiting value after 250–300 h, but in this case DWmax 5 12%,
compared with DWmax5 21% for the intermittent experiments.

(2) Characteristics of the Phosphate Product

XRD indicated that the final products formed in the conversion
reactions corresponded to HA (Fig. 2(a)), and FTIR spectra
showed resonances corresponding to the PO4

3� group in HA
(Fig. 2(b)). These results are consistent with previous observa-
tions for the conversion of H12 glass,15,16 and bioactive silicate,
borate, and borosilicate glasses,12,13 indicating the formation of
HA during the conversion reaction. SEM images of the H12
glass particles before and after reaction intermittently for 412 h
in the phosphate solution are shown in Fig. 3. As observed for
other bioactive glasses,12,13 the conversion reaction appeared to
be pseudomorphic, with the product particles having approxi-
mately the same external dimensions as the original glass par-
ticles. Cracks in the product particles (Fig. 3(b)) are believed to
be caused by capillary-induced stresses during drying. A higher
magnification SEM image of the surface (Fig. 3(c)) showed that

the product was porous, with pores of size smaller than B0.5
mm. The surface area of the product particles was 40 m2/g, com-
pared with a value of 0.01–0.02 m2/g for the starting H12 glass
particles, which is an increase of 2000–4000 times.

(3) Structure and Composition of Cross-Sections

Figure 4 shows SEM images, at different magnifications, of the
cross-section of a product particle reacted intermittently for a
total of 412 h in the phosphate solution. It should be remem-
bered that 1 g of particles with sizes in the range 150–300 mm
were reacted in the solution, and the SEM images show only one
cross-section. The data points in Fig. 1 (intermittent curve) cor-
responded to the reaction times when the particles were
removed, dried, and replaced in the solution. It is clear that
the product cross-section has a multilayered structure. There are
B17 layers across the section of the particle, which is approx-
imately equal to the number of data points. Apart from a small
core, the particle appeared to be fully reacted. The unconverted
core was not in the center of the cross-section, but this may be
due to the irregular shape of the particle. The cracks present in
the cross-section are presumably caused mainly by capillary-
induced drying stresses. Because the cross-sections were prepared
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Fig. 2. (a) X-ray diffraction of H12 glass particles reacted for a total of
412 h in phosphate solution in intermittent experiments. A reference
pattern for hydroxyapatite (JCPDS 27-1243) is shown for comparison.
(b) Fourier transform infrared spectra for H12 glass particles before and
after reaction for 412 h in intermittent experiments. A spectrum for
commercial hydroxyapatite is shown for comparison.

Fig. 3. Scanning electron microscopy (SEM) of (a) original H12 glass
particles and (b) product formed after reaction for a total of 412 h in
phosphate solution under intermittent conditions. (c) Higher magnifica-
tion SEM of the surface of the reaction product shown in (b).
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by mounting the particles in epoxy resin, a contribution to the
cracking from differential volume changes during the curing of
the epoxy resin cannot be ruled out. Examination at higher
magnification (Fig. 4(d)) indicated that the cross-section con-
sisted of alternating layers of a light phase with a thickness of
3.070.5 mm and a dark phase with a thickness of 2.070.5 mm.
Closer examination revealed that the dark layers were not po-
rosity but a solid phase.

Figure 5 shows a secondary electron image and the corre-
sponding X-ray maps of Ca(K), P(K), and Si(K) across a planar
section shown in Fig. 4. Based on the compositional information
from the X-ray maps, the lighter phase in the secondary electron
image corresponded to a material rich in Ca and P, whereas the
darker phase consisted of an Si-rich material. As both the XRD
and FTIR analyses indicated the presence of HA in the product,
the light phase is presumably HA. Furthermore, because HA
was the only crystalline phase detected by XRD, the dark phase
is presumably an amorphous SiO2-rich phase. The X-ray map-
ping revealed that the outermost layer of the reacted particles
corresponded to the lighter (HA) phase.

The concentrations of the major elements present in the final
multilayered product, determined by EDS, are given in Table I.
The concentrations of B and C were not determined because
of the insensitivity of the technique to low atomic number
elements. However, in previous studies,12,13 inductively coupled
plasma mass spectrometry (ICP-MS) revealed that B (as well as
Na) in bioactive borate glass dissolved almost completely into
the solution during the conversion reaction. Apart from O, the
major elements in the lighter phase in Fig. 5 were Ca and P.
Although the Ca/P atomic ratio (1.9) was somewhat higher than
the value (1.67) for stoichiometric HA, the EDS data, when
combined with the aforementioned XRD and FTIR observa-
tions, strongly indicated that the lighter phase was HA. A con-
tributing factor to the higher Ca/P ratio might be the formation
of a carbonate-substituted HA (the substitution of CO3

2� for
PO4

3�), observed in the conversion of other bioactive glasses,12,13

due to the presence of dissolved CO2 in the phosphate solution.

The EDS data in Table I also showed that the dark phase in
Fig. 5 was Si-rich, with smaller concentrations of Al, Ca, and P,
confirming that the dark phase was an SiO2-rich amorphous
phase. It was not clear whether the presence of Ca and P in this
phase was due to sampling of the adjacent HA layers by the
EDS analysis. The concentration of Al in this phase was con-
siderably higher than in the starting H12 glass, indicating that a
significant portion of the Al from the converted glass layer was
retained in this SiO2-rich layer.

Figure 6 shows SEM images of the cross-section of a product
particle, after continuous reaction for 240 h in the phosphate
solution. In this case, the reaction product did not have a mul-
tilayered structure. The cross-section consisted of an outer layer
surrounding a core. EDS analysis indicated that the outer layer
had a composition rich in Ca and P, hence this layer was pre-
sumably HA, the product of the conversion reaction. The core,
rich in Si, Al, and Ca, was presumably the unconverted material.
(The presence of B in the core was not detected because of the
insensitivity of the technique to low atomic number elements.)
For the particle shown, with a cross-section of B200 mm in
diameter, the thickness of the reacted (HA) layer was 15–20 mm.
A few cracks in the radial direction were presumably due to
capillary-induced drying stresses.

(4) Formation Mechanism of Multilayered HA Product

The data showed a vast difference in conversion kinetics and
microstructure of the product depending on whether the con-
version of H12 glass was performed intermittently or continu-
ously. In particular, the intermittent reaction conditions
produced almost complete conversion of the glass particles
with a multilayered microstructure consisting of alternating
HA and SiO2-rich layers. In comparison, only a single product
layer surrounding an unconverted core was observed in the ex-
periments carried out continuously.

In the intermittent experiments, a limiting weight loss
(DWmax5 21%) was observed after 250–300 h (Fig. 1), indicat-

Fig. 4. Scanning electron microscopy images, at different magnifications, of the cross-section of a product particle formed after a total of 412 h of
reaction under intermittent conditions.
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ing that the conversion reaction had effectively stopped. As
described earlier, the conversion mechanisms for silicate and
borate bioactive glasses in an aqueous phosphate solution
involve solution–precipitation reactions, the net result being
the reaction between Ca21 ions from the glass with PO4

3� ions
from the solution to precipitate an HA layer on the glass surface,
which moves uniformly inward with time. In the present system,
assuming that the reaction went to completion, and that all the
CaO in the glass reacted to form HA, while the other ions in the
glass dissolved into the solution, the calculated weight loss
DWth5 33.1%. This calculated value is considerably higher
than the maximum weight loss measured in the experiments
(DWmax5 21%.). However, the EDS data in Table I showed the
retention of significant amounts of SiO2 and Al2O3 in the reac-
tion product in the form of an SiO2-rich layer. Assuming that all
the SiO2 and Al2O3 present in the original glass were retained in
the product, DWth5 23.0%, which is close to the measured
DWmax value (21%).

If it is further assumed that all the SiO2 and Al2O3 in the H12
glass remained in the SiO2-rich layers of the multilayered prod-
uct, then the atomic concentrations of Si and Al in these layers

were calculated to be 23 and 12 at.%, respectively. From the
EDS data for the SiO2-rich layer (Table I), taking the contri-
butions from Si and Al only, and neglecting the smaller con-
centrations of Na, Ca, and P, the measured values are Si5 19.4
and Al5 7.6 at.%. These values indicate that almost all the SiO2

and much of the Al2O3 from the original glass are retained in the
SiO2-rich layers of the multilayered product.

For the continuous reaction, Fig. 6 indicates that for a par-
ticle with a diameter of B200 mm, the thickness of the reacted
layer is 15–20 mm. The volume fraction of the reacted layer is
therefore 40–50%. Assuming that the conversion mechanism is
similar to that for the intermittent reaction, the weight loss
DWmax for the continuous reaction is expected to be 40–50% of
the value for the intermittent reaction, which is in good agree-
ment with the data in Fig. 1(b).

A qualitative mechanism for the conversion of H12 glass in
the intermittent experiments is given in Fig. 7. The first step in
the reaction is expected to be the dissolution of ions such as Na1

and B31 from the glass into the solution (Fig. 7(a)), leading to a
break-up of the glass network. This is followed by the formation
of an SiO2-rich layer, broadly similar to the formation of an
SiO2-gel layer described by Hench3,4 for the initial stage of con-
verting silicate 45S5 glass. Diffusion of Ca21 ions from the glass
across this porous SiO2-rich layer, and reaction with PO4

3� ions
from the solution leads to the precipitation of an HA-type layer
on the SiO2-rich layer (Fig. 7(b)). The process repeats itself each
time the particles are removed, dried, and replaced in the solu-
tion (Figs. 7(c) and (d)). The presence of cracks in the converted
layer, presumably caused by capillary-induced drying stresses,
provides additional pathways for the reaction, so the conversion
proceeds faster in the intermittent experiments. For the contin-
uous experiments, the reaction mechanism appears to be the
same, except that the process does not repeat itself. Following
the formation of the SiO2-rich layer, the HA layer grows inward,
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 P (K) Si (K)
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Fig. 5. (a) Secondary electron image and (b)–(d) corresponding X-ray maps of Ca(K), P(K), and Si(K) across the planar section shown in Fig. 4.

Table I. Nominal Composition of the Starting H12 Bioactive
Glass and Compositions of the Alternating Layers of the Final
Composite Product Determined by EDS Analysis (in at.%)

Material O Na Al Si Ca P Ca/P

H12 glassw 73.5 5.8 1.5 2.7 14.6 1.8 8.0
Light phasez 65.1 0.7 0.7 0.4 21.9 11.3 1.9
Dark phasez 63.7 0.6 7.6 19.4 5.0 3.6 1.4

wComposition (in mol%): 40.0 B2O3; 7.5 SiO2; 40.0 CaO; 2.5 P2O5; 8.0 Na2O; 2

Al2O3.
zSee microstructure of product in Fig. 5(a).
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with the reaction presumably controlled by the concentration of
ions in the solution or diffusion of ions across the SiO2-rich
layer.

The present work showed that for the borosilicate H12 glass,
a multilayered HA product is formed in intermittent experi-
ments but not in continuous experiments. However, the forma-
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Fig. 6. Scanning electron microscopy images, at different magnifications, of the cross-section of a product particle formed after a total of 240 h of
reaction under continuous conditions.
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consisting of alternating layers of hydroxyapatite and an SiO2-rich phase.
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tion of a multilayered HA microstructure does not appear to be
controlled simply by the intermittent nature of the reaction con-
ditions. When observed closely, micrographs in the literature of
bioactive borate glass converted to HA in an aqueous phosphate
solution also indicate the presence of a layered microstruc-
ture.12,13 The composition of the bioactive glass also appears
to have an effect. In an initial attempt to clarify compositional
effects,17 disks (10 mm� 10 mm� 1 mm) of bioactive silicate,
borate, borosilicate, and H12 glasses were reacted continuously
for 10–20 days in aqueous phosphate solution under conditions
similar to those described for the present work. The silicate glass
was 45S5, with the composition (in mol%) of 24.4 Na2O, 26.9
CaO, 46.1 SiO2, and 2.6 P2O5. The borate glass (designated 3B)
was identical to the 45S5 composition except that all the SiO2 in
the glass was replaced with B2O3. The borosilicate glasses (B1
and B2) consisted of compositions in which one third and two
third, respectively, of the SiO2 molar content of 45S5 was
replaced with B2O3. Of the glasses studied, only the borate (3B)
and borosilicate (2B) glasses were observed to form a multilay-
ered HA structure. Figure 8 compares the multilayered HA
microstructure formed from the borate (3B) glass under
continuous conditions with that for the H12 borosilicate glass
under intermittent conditions. In the case of the borate (3B) glass,
however, there was no intervening layer between the HA layers.

The results of the present work raise the possibility of pro-
ducing unique, bio-inspired microstructures by the glass con-
version process, which cannot be easily obtained by other
known methods. Further work is required to more clearly
understand the mechanisms by which bioactive silicate, borate,
and borosilicate glasses convert to HA in an aqueous phosphate
solution. However, it appears that the composition of the

bioactive glass, the nature of the experiments (intermittent
versus continuous), and the concentration of the phosphate
solution are the key factors controlling the microstructure
development of the product. For borosilicate H12 glass, inter-
mittent experiments lead to a multilayered structure. In the case
of the borate (3B) glass, the conversion rate to HA is more
rapid,12,13 and the formation of the multilayered HA micro-
structure in continuous experiments (Fig. 8(b)) might be con-
trolled by the concentration of the reacting ions in the solution.
Following consumption of one or more of the reacting ions, it
appears that the reaction stops until the ionic concentration
increases to a value where the reaction can proceed again. In this
way, the reaction stops and starts at regular intervals.

IV. Conclusions

A unique multilayered microstructure, consisting of alternating
layers of HA and an SiO2-rich phase, was formed by reacting
particles of a bioactive borosilicate glass (H12) in an aqueous
phosphate solution at 371C under intermittent conditions. The
thickness of each HA layer wasB3 mm, whereas the thickness of
each SiO2-rich layer was B2 mm. The Ca from the glass reacted
with PO4

3� ions from the solution to form HA layers, whereas
almost all the SiO2 and much of the Al2O3 from the glass were
retained in the SiO2-rich layers. In comparison, particles of H12
glass reacted continuously in the phosphate solution converted
more slowly to HA and did not form a multilayered structure.
Instead, a structure consisting of a single, thicker HA layer sur-
rounding an unconverted core was formed. A qualitative model
was suggested to explain the formation of the multilayered
structure during the conversion reaction.
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