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Structure, Morphology and Bioactivity of Bioactive Glasses
SiO2–CaO–P2O5 Doped with ZnO Synthesized by Green Synthesis
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Abstract—The bioactive glasses 60SiO2·(36 – x)CaO·4P2O5·xZnO (x = 1, 3, 5 mol %) were prepared by the
green synthesis based on the hydrothermal reaction of starting precursors at 160°C during 24 h. The unique-
ness of this method is that it did not use any acid or base catalysts. Several physical-chemical methods such
as BET, XRD, and SEM analysis were used for characterization of the synthetic glasses before and after
in vitro experiment in SBF solution. The obtained result shows that the synthetic glasses 60SiO2·(36 –
x)CaO·4P2O5·xZnO are amorphous materials and have mesoporous structures with pore size in range of 5.5–
21.4 nm. The ZnO addition acted as an agent to change the properties of glass materials. The obtained bioac-
tivity of synthetic glasses followed the order: sample x = 1 > sample x = 3 > sample x = 5.
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INTRODUCTION
Over the past 50 years, bioactive glasses (BGs) have

been used as artificial materials for repairing damaged
and diseased bone due to their ability to connect to
natural bone through the formation of mineral
hydroxyapatite (HA) layer [1]. Structurally, bioactive
glass materials consist of oxides like SiO2, Na2O, CaO,
P2O5, B2O3, MgO, ZnO that are interconnected
together to make an inorganic polymer with non-
cyclic structure [1].

Bioactive glasses can be synthesized by two main
processes, including the melting and sol-gel methods
[2]. Recently, the sol-gel method is frequently used
since it offers several advantages over the traditional

melting method. The sol-gel method can synthesize
bioactive glasses at low temperatures, preventing the
loss of final products because of P2O5 volatilization at
high temperatures. Furthermore, the sol-gel method
can synthesize bioactive glasses with porous structure
and high value of specific surface area, which
enhances the bioactivity of synthetic bioactive glasse
within the in vitro and in vivo experiments [3, 4].

When bioactive glasses are attached to bone tissue,
bioactivity needs to be controlled to determine how
long the artificial graft can bond with natural bone.
Biologically beneficial elements such as Mg, Sr, Al,
Cu, Fe, Ag, and Zn are frequently added to the com-
position of sol-gel synthetic glasses to regulate their
bioactivity [5–11]. Among them, Zn plays an import-
ant role in bone formation due to its ability to inhibit#The authors contributed equally (co-first authors)
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Table 1. Composition (mol %) of synthetic glasses
60SiO2·(36 – x)CaO·4P2O5·xZnO

Sample SiO2 CaO P2O5 ZnO

x = 1 60 35 4 1
x = 3 60 33 4 3
x = 5 60 31 4 5
the activity of osteoclasts and increase the differentia-
tion of osteoblasts [12, 13].

Depending on the Zn content as well as the com-
position of the synthesized system, the bioactive
glasses exhibit different properties. A. Balamurugan
et al., was synthesized the bioactive glass
64SiO2·26CaO·5P2O5·5ZnO (mol %) by the sol-gel
method. The authors showed that the combination of
ZnO not only reduced the bioactivity but also
increased osteoblast growth [6]. A.M. El-Kady et al.,
was also successfully fabricated 58SiO2·(33 –
x)CaO·9P2O5·xZnO (x = 1, 3, 5 wt %) by sol-gel
method. All synthesized bioactive glasses showed
porous structure, high surface area, and good bioac-
tivity in simulated body f luid (SBF) [14].

The results obtained by J. Bejarano et al., showed
that the content of doped ZnO affected the structure,
bioactivity, and biocompatibility of two bioactive glass
systems 60SiO2·36CaO·4P2O5 (mol %) and
60SiO2·25CaO·11Na2O·4P2O5 (mol %). Especially,
the increase in the content of doped ZnO reduced the
formation of apatite minerals on the surface of the
glasses after in vitro experiments [15].

As mentioned, many ZnO-doped bioactive glasses
have been synthesized by the sol-gel method. In the
sol-gel synthesis, the catalyst (acid or alkaline) is
introduced in very small quantities and often not used
[5], or nitric acid is used [6, 9]. Therefore, using axit or
alkaline as a catalyst in bioactive synthesis is harmful
to the environment and especially reduces the poten-
tial applications of bioactive glass such as biomedical
applications. The ZnO-doped bioactive glasses syn-
thesized by the “green chemistry method” without
acid/base catalysts are of great significant not only in
their use as artificial bone materials, but also as addi-
tives in toothpaste or cosmetics. Green chemistry
method is the utilization of a set of principles that
reduces or eliminates the use or generation of hazard-
ous substances in the design, manufacture and appli-
cation of chemical products [16]. In previous work, we
used the acid-free hydrothermal method to synthesize
a three-component glass system SiO2·CaO·P2O5 (mol %)
[16]. The mixture of initial precursors was heat-
treated in a hydrothermal reaction system at 160°C for
24 h. The gel product was dried and then sintered at
700°C for 3 h. The synthesized glass has an amorphous
structure and exhibits good bioactivity within in vitro
experiment.
GLASS
In this work, we firstly synthesized three-compo-
nent glasses SiO2–CaO–P2O5 doped with ZnO at the
ratios of 1, 3 and 5 (mol %) by the green synthesis
without using acid or base catalysts based on the
hydrothermal reaction. The phase composition,
structural morphology, and bioactivity of bioactive
glasses were studied and evaluated.

EXPERIMENTAL
Synthesis of Bioactive Glasses

Bioactive glasses 60SiO2·(36 – x)CaO·4P2O5·xZnO
(x = 1, 3, 5 mol %) were prepared by green synthesis
without using acid or base catalysts. The composition
of bioactive glasses are selected according to the previ-
ous bioactive glasses which were synthesized by using
sol-gel method [14, 15]. The compositions of bioactive
glasses are presented in Table 1. The main regents used
for bioactive glass synthesis are tetraethyl orthosilicate
(TEOS, Sigma Aldrich), triethyl phosphate (TEP,
Sigma Aldrich), calcium nitrate tetrahydrate
(Ca(NO3)2·4H2O, Merck), and zinc nitrate hexahy-
drate (Zn(NO3)2·6H2O, Merck). Firstly, the initial
precursors were added successively at 30 min intervals
to the reaction vessel containing distilled water under
continuously stirring condition. The molar ratio of
H2O/TEOS was surveyed and chosen to be 60. Then,
the reaction mixture was transferred to a hydrothermal
system and heated at 160°C for 24 h. The resulting gel
was dried at 100°C for 12 h and calcined at 700°C for
3 h to achieve the synthetic glasses.

In vitro Experiment
In vitro experiments were carried out according to

the protocol of Kokubo et al. [17]. The samples of bio-
active glasses 60SiO2·(36 – x)CaO·4P2O5·xZnO (x = 1,
3, 5 mol %) were immersed in SBF (Simulated Body
Fluid) solution at 37°C for several times. Inorganic
composition of synthetic SBF is similar to that of
blood in the human body. The bioactivity of glasses
was proved through the formation of hydroxyapatite
(HA) layer as function of soaking times.

Characterization
Textural property of synthetic glasses was investi-

gated by N2 adsorption/desorption measurement on a
Quantachrome Instruments Quadrasorb, SI. The
types of porous structure were determined based on
the feature of adsorption/desorption isotherms
according to the IUPAC classification [18, 19]. The
values of specific surface area were obtained by multi-
point BET (Brunauer Emmett Teller) measurements
in a range of relative pressure from 0 to 0.3. The pore
size distributions were achieved by BJH (Barrett
Joyner Halenda) calculation from the desorption
curves. The phase composition of synthetic glasses was
 PHYSICS AND CHEMISTRY  Vol. 48  No. 4  2022
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Fig. 1. N2 adsorption/desorption isotherms and pore size
distributions of synthetic glasses 60SiO2·(36 –
x)CaO·4P2O5·xZnO (x = 1, 3, 5 mol %).
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verified by X-ray diffraction (XRD) on a D8- Advance
with a step size of 0.02° in the range of 10°–70° (2θ).
The surface morphology of synthetic glasses was
investigated by Scanning Electron Microscopy (SEM)
observation on SEM Hitachi S-4800.

RESULTS AND DISCUSSION
Textural Analysis

The textural properties of glasses 60SiO2·(36 –
x)CaO·4P2O5·xZnO (x = 1, 3, 5 mol %) were investi-
gated by the N2 adsorption/desorption analysis. The
isotherm and pore size curves are presented in Fig. 1
and the textural values are reported in Table 2.
According to IUPAC classification, the isotherms of
all glass samples (x = 1, 3, 5) are type IV, characteristic
of mesoporous materials with pore sizes in range of 2
to 50 nm [19]. The distributions of pore size are mea-
sured by BJH method using the desorption isotherm
branch. The pore sizes of synthetic glasses range from
5.5 to 21.4 nm depending on their compositions. The
obtained values of specific surface area and pore size
show the irregular variation according to the addition
of ZnO content. The specific surface area decreased
when the ZnO content increased from 1 to 3 mol %;
however, it increased sharply when the added ZnO
content was 5 mol %. This is explained by the depen-
dence of the specific surface area not only on the pore
size but also on the number of pores present in the syn-
thetic material. The best value of specific surface area
is obtained for sample x = 5 (108.8 m2/g). This result
is consistent with the previous study, where the best
value of specific surface area was achieved for syn-
thetic sample with lower CaO/SiO2 ratio [20].

Phase Identification
Figure 2 depicts the XRD diagrams of synthetic

glasses 60SiO2·(36 – x)CaO·4P2O5·xZnO (x = 1, 3,
5 mol %). In the sample x = 1, the XRD pattern pres-
ents a halo diffraction with a center of about 25° (2θ),
which is indicated the amorphous characteristic of
synthetic glass [14–16]. When amount of added ZnO
increased from 1 to 5, the shapes of the diffraction pat-
terns were slightly changed, but still showed wide dif-
fraction halos without any crystalline peaks. Taken
together, these results confirm that the ZnO-doped
glasses are amorphous materials.

Morphological Observation
The morphology of synthetic bioactive glasses

60SiO2·(36 – x)CaO·4P2O5·xZnO (x = 1, 3, 5 mol %)
are represented in SEM images (Fig. 3). Samples were
measured at different magnifications of 30000, and
50000 times. As shown in Fig. 3, the morphology of
obtained glasses is changed when increasing the con-
tent of doped ZnO. The sample x = 1 shows a fairly
GLASS PHYSICS AND CHEMISTRY  Vol. 48  No. 4  
uniform surface structure consisting of quasi-spheri-
cal particles connected together to make a regular-
porous structure of the synthetic material. When add-
2022
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Table 2. Textural properties of glasses 60SiO2·(36 – x)CaO·
4P2O5·xZnO (x = 1, 3, 5 mol %)

Glass samples SBET, m2/g Pore size, nm

x = 1 65.8 9.3
x = 3 54.4 21.4
x = 5 108.8 5.5
ing 3 mol % of ZnO to the glass system (sample x = 3),
the quasi-spherical particles seem to disappear and are
replaced by aggregates of larger particles that combine
to produce a more porous structure than sample x = 1.
This observation is consistent with the above textural
analysis, where the sample x = 3 shows the decrease of
specific surface area and the increase of pore size com-
pared to the sample x = 1. The surface structure of
synthetic glass changed strongly as the doped-ZnO
content increase from x = 3 to x = 5 mol %. Particu-
larly, the sample x = 5 exhibits a completely different
structure in comparison with the sample x = 3, which
shows an uneven structure which consists of distinct
porous regions, making the high value of specific sur-
face area as the above analysis.

Bioactivity Investigation

Figures 4 and 5 provide the XRD diagrams of
60SiO2·(36 – x)CaO·4P2O5·xZnO (x = 1, 3, 5 mol %)
after immersion in SBF solution for 3 and 5 days,
respectively. Noted that the diffraction patterns of the
samples after 1 day of immersion did not show much
change in their features, so they are not included here.
GLASS

Fig. 2. XRD diagrams of synthetic glasses 60SiO
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The XRD pattern of hydroxyapatite (HA) is used to
verify the bioactivity of glass samples after in vitro
experiments [JCPDS no. 09-0432]. After 3 days of
immersion in SBF solution, all synthetic samples
appeared crystalline peaks which are characteristic for
the HA phase (Fig. 4). This observation confirms the
bioactivity of synthetic glasses. When the content of
ZnO in the glass composition was 1 (sample x = 1),
there was the appearance of two characteristic peaks of
HA at about 26° and 32° (2θ), which are correspond-
ing to the reflection planes (002) and (211), respec-
tively. Meanwhile, at x = 3, and x = 5, accompanying
glasses just showed one characteristic peak of HA at
32° (211) and the peak intensities of these glasses were
much lower than those of glasses at x = 1. These results
demonstrated that the bioactivity of synthetic glass is
obviously reduced when the content of added ZnO
increased from 1 to 5 mol %. On the other hand, after
5 days of in vitro experiment, the XRD patterns of
sample x = 1 showed most of the characteristic peaks
for HA phase, while those of samples x = 3 and x = 5
exhibited only 3 peaks (Fig. 5). Moreover, the peak
intensities of sample x = 3, and x = 5 were lower than
that of sample x = 1. Therefore, with 1 (mol %) of
doped ZnO, the synthetic glass 60SiO2·(36 – x)CaO·
4P2O5·xZnO (x = 1) showed good bioactivity. From
above analysis, the bioactivities of synthetic glasses
60SiO2·(36 – x)CaO·4P2O5·xZnO (x = 1, 3, 5 mol %)
can be arranged in the following order sample x = 1 >
sample x = 3 > sample x = 5. These obtained results
was consistent with the previous studies [15, 20], con-
firmed the effect of ZnO addition on decreasing the
bioactivity of synthetic glasses. Together these results
 PHYSICS AND CHEMISTRY  Vol. 48  No. 4  2022
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Fig. 3. SEM images of synthetic glasses 60SiO2·(36 – x)CaO·4P2O5·xZnO (x = 1, 3, 5 mol %).
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Fig. 4. XRD diagrams of synthetic glasses 60SiO2·(36 – x)CaO·4P2O5·xZnO (x = 1, 3, 5 mol %) after 3 days of immersion in SBF
solution.
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provide important insight into the role of ZnO in the

controlling of bioactivity of synthetic bioactive glasses.

Figure 6 presents the SEM images of synthetic

glasses 60SiO2·(36 – x)CaO·4P2O5·xZnO (x = 1, 3,

5 mol %) after 3 and 5 days in SBF solution. After

in vitro experiment, the glass samples changed their

surface morphology in comparison to the initial sam-
GLASS PHYSICS AND CHEMISTRY  Vol. 48  No. 4  
ples in Fig. 3. These differences can be explained in
part by the interaction between the glass surface and
SBF solution. The glass sample x = 1 showed clearly
the appearance of well-defined small crystals on their
surfaces after 5 days of in vitro experiments, whereas
samples x = 3 and x = 5 did not clearly show the forma-
tion of new crystalline phase. The obtained results were
in full agreement with XRD results with the conclusion
2022
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Fig. 5. XRD diagrams of synthetic glasses 60SiO2·(36 – x)CaO·4P2O5·xZnO (x = 1, 3, 5 mol %) after 5 days of immersion in SBF
solution.
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Fig. 6. SEM images of synthetic glasses 60SiO2·(36 – x)CaO·4P2O5·xZnO (x = 1, 3, 5 mol %) after 3 and 5 days of immersion in
SBF solution.
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about the decrease of bioactivity when the ZnO content
added into glass system increased from 1 to 5 (mol %).

CONCLUSION

The bioactive glasses 60SiO2·(36 – x)CaO·

4P2O5·xZnO (x = 1, 3, 5 mol %) were prepared by the

green synthesis based on the hydrothermal reaction.
The well-mixed precursors were introduced into the
hydrothermal system and heated at 160°C for 24 h.
The resulting gels were dried and calcined at 700°C to
GLASS
achieve the vitreous systems. Textural analysis con-

firms the mesoporous structures of all synthetic

glasses. The best value of specific surface area was

obtained for the sample x = 5 with lower CaO/SiO2

ratio. Phase investigation mentions amorphous char-

acteristic of synthetic glasses. In vitro experiment

highlights the effect of ZnO addition on the bioactivity

of synthetic glasses. The bioactivity of glasses is

arranged in the following order: sample x = 1 > sample

x = 3 > sample x = 5. In summary, the green synthesis

can replace the conventional sol-gel method for the
 PHYSICS AND CHEMISTRY  Vol. 48  No. 4  2022
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synthesis of ZnO-doped bioactive glasses with their
interesting properties. The green synthesis without
using of any acid or base catalysts brings the benefits to
the environment, researchers, and offers potential
application in bone regeneration.
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