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Abstract: Phosphate based-glass ceramics in the system of P,0,-Ca0-Na,0-Si0,-TiO, were obtained by the sintering
method. For evaluating the effect of strontium and zinc, different amounts of these elements were doped in the parent
glass instead of calcium oxide. Sintering behavior of the glasses was evaluated through the measurement of bulk
density, liquid absorption, and open porosity percentages. Based on the results, 600 °C was determined as the optimum
sintering temperature. Based on the X-Ray diffractometry, calcium pyrophosphate was precipitated during the sintering
process as the main crystallized phase. It is worth noting that changing the parent glass composition led to its phase
transformation. Variation in the pH and ion concentration in the simulated body fluid as well as weight loss percentages
of the samples were considered to evaluate the dissolution behavior of the samples. The in vitro tests showed that
increasing the amount of strontium and zinc intensified the dissolution rate. According to scanning electron micrographs,
hydroxyapatite nuclei precipitated on the surfaces of the samples after three days of simulated body fluid (SBF) soaking;
but, they were dissolved in the solution after 28 days due to the dissolution of the substrate. Some residues of the grown
apatite-like layer were observed on the surface of the composition when 25 and 2.5 molar percent of calcium were
substituted for strontium and zinc, respectively.
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1. Introduction

The demand for bone regenerative and repairing materials has exponentially increased by the aging of the world
population which leads to prevailing degenerative bone diseases such as osteoporosis.' Bioactive glasses have some
special properties that make them an ideal choice for this purpose. Their bioactivity can be tailored and their dissolution
rate can be controlled to coincide with the growth of new bone.” Their ability to form a layer of hydroxyapatite on the
specimen’s surface provides a coherent interface between the glass surface and body tissues.” However, bioactivity
can be affected by crystallization which may lead to contradictory results.” For example, in both silicate and phosphate
based-glasses, it was reported that crystallization can prevent or decelerate the glass bioactivity.””

Some unique properties of phosphate-based glasses such as their dissolution behavior, which can be dissolved
entirely in aqueous solutions, have made them a promising bioactive material for biomedical uses.” Their dissolution

rate can be controlled by the addition of metal oxides like titanium oxide which can bring about a positive response from
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bone cells too."” On the other hand, it is highly likely that they will be compatible with the bone as they have common
constituent ions."" It is known that zinc plays a significant role in the human body. Zinc consumption by metalloenzymes
activates different actions like structure, catalytic, or regulatory actions. For example, alkaline phosphatase is one of
these enzymes which is essential for ossification."” Apart from its antimicrobial role, it was reported that zinc not only
can prevent osteoclasts’ activities but also motivates osteoblast cells.">'* On the other hand, doping zinc in bioactive
glasses can enhance calcium phosphate nucleation, due to increasing the surface area while soaking in the SBF
solution."”

Strontium is a divalent cation that is located in the second group of the periodic table as calcium. Protelos®,
the trade name of strontium ranelate, is a medicine that has been prescribed for postmenopausal women to prevent
osteoporosis and diminish the risk of concomitant fractures.”* Strontium has recently been used for biomedical
applications especially in bone tissue engineering.”” It was reported that alkaline phosphatase (ALP) and apatite
mineralization activities were enhanced by strontium incorporation into bioactive glasses.”’ Novel bioactive glass
compositions have been synthesized by strontium and zinc co-doping in silicate-based glasses.'”"" Boyd et al. suggested
that strontium and zinc incorporation into these glasses leads to higher cell viability and biocompatibility." In this
context, strontium and zinc were incorporated into a phosphate-based glass system to evaluate their effect on the
sintering and crystallization as well as bioactivity and dissolution rate.

2. Materials and characterization methods
2.1 Samples preparation

The nominal composition of the primary phosphate-based glass system consisted of 47 P,Os, 30.5 CaO, 17.5
Na,O, and 5 mol ratio TiO, in which, for controlling the dissolution behavior 5 mol P,O; was then substituted by SiO,.
For evaluating the effect of strontium and zinc oxides, various parts of CaO were replaced by SrO and ZnO (see Table
1 for glass codes and compositions). Phosphorous pentoxide (P,O;s), calcium carbonate (CaCO,), sodium carbonate
(Na,CO,), silicon dioxide (Si0,), titanium dioxide (TiO,), strontium nitrate (Sr(NO,),), and zinc oxide (ZnO) were used
as precursors and all chemicals were above 98% purity and prepared from Merck Co., Germany.

Table 1. Chemical composition of various samples (mol. ratio)

Samples P,0Os CaO Na,O TiO, SiO, SrO ZnO
1 47 30.5 17.5 5 0 0 0
2 42 30.5 17.5 5 5 0 0
3 42 27.15 17.5 5 5 3.05 0.305
4 42 22.12 17.5 5 5 7.625 0.76
5 42 13.73 17.5 5 5 15.25 1.52

The batches were prepared as per the compositions given in Table 1 by weighting reactants precisely and mixing
them homogeneously. Melt quenching technique was performed to prepare glasses by melting batches in alumina
crucibles at 1150 °C for 30 minutes in air at the heating rate of 10 °C/min. Stainless steel rotary rollers were applied to
obtain frit by casting the molten mixture between them. Eventually acquired frits were pulverized in agate mortar until
to reach powders with particles smaller than 58 um (mesh no. 270). The crystallinity of the quenched glass and the
sintered ones was checked by X-ray diffraction (APOH-8) using Cu-Ka radiation. The diffraction angle was between 5°
and 100° while the angular step was 0.1 degrees.

The shaping of the glass powders was performed within a stainless steel cylindrical die, with a 10 mm diameter,
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using uniaxial pressing under a pressing load of 134 MPa.

2.2 Sintering and thermal behavior

To evaluate the sintering and crystallization behavior of glasses, pellets of each glass were sintered at different
temperatures between 570° and 700° for 1 h at a heating rate of 10 °C/min in air and then were freely cooled down to
room temperature inside the furnace. This sintering interval temperature was adopted regarding the differential thermal
analysis result of the initial glass composition."

The density of the sintered specimens, liquid absorption, and open porosity percentage of them was measured
by the Archimedes method using American Society for Testing Material (ASTM) standards.'*" It is worth noting that
phosphate base glasses were soluble in water, so ethanol and petroleum were used instead of water. The measurements
for three pellets were reported as a mean density for each two mentioned liquids and the average of them was calculated.

Scanning Electron Microscope (SEM)/Energy Dispersive X-Ray Analysis (EDX) (VEGA II TESCAN) was
employed to investigate the microstructure of the sintered specimens. For this purpose, samples were etched with a
mixed acid solution (H,SO, + HCl + H,0, 1: 3: 2 in volume) and then coated with silver.

2.3 Solubility and bioactivity of glass-ceramics

To assess the bioactivity of the sintered specimen, the formation of apatite on the sintered glass-ceramic surfaces
was considered, five specimens of each glass composition were considered for this evaluation. The sintered specimens
were weighted precisely and then immersed in SBF solution for 3, 5, 7, 14, and 28 days in an incubator (Memmert
INB200) at 37 °C.

The SBF solution was prepared using a method described by Kokubo et al.' Subsequently, the immersed
specimens were removed and gently washed with deionized water and then desiccated at 65 °C for 48 hours. Eventually,
dried specimens were weighted for evaluating the weight loss (WL) percentage, during immersing in SBF to determine
the dissolution behavior of samples according to the following Eq.:"’

WL(%) = wi-w2
w1
Where W1 is the sample’s weight before immersing and W2 is the weight of desiccated samples after immersing.
pH changes in the solutions were recorded for varied immersing times using the pH meter (BEL PHS3-BW) and
compared to a blank sample including only SBF.
The inductively coupled plasma-optical emission spectrometer (Shimadzu ICPS7000) was utilized to specify the
variation of Ca ion concentrations in SBF solutions at predetermined immersing periods.

3. Results and discussion
3.1 Sintering behavior of the glasses

As was mentioned the compacted samples were sintered at temperatures 570, 600, 615, 635, and 700 °C for 1 h
to determine the optimum sintering temperature of glasses. These temperatures extend from the dilatometric softening
points of the base glass composition to its crystallization temperature. Glasses sintered at 570 °C didn’t have enough
strength to measure their sintering parameters. The mean densities, liquid absorption, and presence of open porosity of
the specimens after sintering at different temperatures are given in Table 2. As it is observed, the maximum densification
has happened at 600 °C for all glasses. It seems that the main reason for this short sintering region of glasses, i.e. 570-
600 °C, should be due to bloating of them immediately at temperatures upper than 600 °C. A premature formation of the
glass phase on the surface of the specimens and the presence of some elements which are susceptible to exit in the form
of gas can be considered as a cause of bloating. Phosphate-based glasses suffer from insufficient chemical resistance and
can absorb the moisture of the environment during preparation and storage; so, the absorbed -OH groups are the other
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sources for bloating. Based on these explanations, 600 °C was considered as the optimum sintering temperature.

The maximum sintering density at this temperature was obtained for sample 5. It can be attributed to the higher
substitution of calcium oxide for strontium and zinc oxides in this glass as well as a higher density of these oxides than
calcium one. Glass 3, experienced the minimum percentage of liquid absorption and open porosity at the optimum
sintering temperature. It can be concluded that this sample had the best sinterability compared to other compositions.

Table 2. Various parameters of the samples sintered at the indicated temperatures

(code- tSnigleprftflres /°C) bulk density (g/cm3) liquid absorption (%) open porosity (%)
1-600 1.69 3.21 6.74
1-615 1.18 7.78 11.48
1-635 1.32 6.34 10.38
1-700 0.89 37.98 42.52
2-600 1.91 2.54 6.01
2-615 1.52 7.74 14.71
2-635 0.94 22.56 26.99
2-700 0.65 38.43 31.38
3-600 2.32 1.04 2.94
3-615 1.64 5.36 14.58
3-635 1.39 10.21 17.82
3-700 0.73 37.49 3431
4-600 2.23 2.17 6.06
4-615 1.34 9.86 16.51
4-635 1.31 11.11 18.29
4-700 0.95 26.94 32.03
5-600 2.39 1.42 4.19
5-615 1.52 4.83 9.14
5-635 1.17 15.11 22.33
5-700 1.07 18.32 24.37

3.2 Crystallization behavior

X-ray diffraction analysis (XRD) patterns of the prepared glass powders are shown in Figure 1. It can be seen that
there is not any specific peak in the patterns of glasses 1, 2, and 3, which confirms they are amorphous, while glasses 4
and 5 have started to crystallize. Figure 2 shows the XRD patterns of glasses after sintering at 600°C for 1 h.
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Figure 1. XRD patterns of the glasses
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Figure 2. XRD patterns of all glasses sintered at 600 °C for an hour then freely cooled inside the furnace
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XRD analysis illustrates that while gamma calcium pyrophosphate (yCa,P,0,) is the major precipitated crystalline
phase, sodium-calcium phosphate (Na,Ca(PO;),) and sodium-titanium phosphate (NaTi,(PO,);) are crystallized as
minor phases in glass 1. Gamma calcium pyrophosphate transforms into beta form with the tetragonal structure at 700-
750 °C."" XRD analysis of glass 2, indicates that beta calcium pyrophosphate (BCa,P,0,), Na,Ca(PO,),, and NaTi,(PO,),
have been precipitated in it. Substitution of SiO, for P,O; can cause phase transformation of gamma calcium
pyrophosphate to beta form and stabilizing it at low temperatures."’
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Figure 3. Intensifying and shifting XRD patterns of the major (A) and minor (B) peaks of alpha calcium pyrophosphate with increasing strontium
content
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XRD pattern of glass 3 illustrates that substituting a low amount of strontium and zinc oxides for calcium oxide
has not modified its crystallization behavior and the same crystalline phases have been precipitated in it during heat
treatment, However, by increasing the substituted amounts of SrO and ZnO for CaO in glasses 4 and 5, strontium
phosphate (Sr,(PO,),) appears as a minor phase. Indeed, strontium can incorporate, instead of calcium, in the same
crystalline structure.”” On the other hand, beta calcium pyrophosphate, a high-temperature form of aCa,P,0; is also
observed as a major phase. Since alpha calcium pyrophosphate has a looser structure than beta form,” it could be
assumed that the replacement of strontium ions, with a larger ionic radius than calcium, has stabilized the beta one at
room temperature. Based on the Bragg equation (nl = 2dsind) diffraction patterns should be shifted to lower angles by
strontium substitution. It can be seen that in the strontium containing samples the major (Figure 3A) and minor (Figure
3B) peaks of alpha calcium pyrophosphate have intensified and shifted considerably to lower 2-theta with increasing
strontium content.

3.3 Scanning electron microscope investigations

SEM micrographs of the samples sintered at 600 °C for one hour are given in Figure 4. It has been reported that
gamma and beta forms of calcium pyrophosphate have plate-like morphologies;”*'** hence, the plate-like phases in
these SEM micrographs can be attributed to these phases. On the other hand, it is said that sodium titanium phosphate
tends to be agglomerated and its morphology is irregular;” the phase which has been pointed with the yellow arrow
(Figure 4B) can be attributed to this phase, based on the EDX analysis. Accordingly, samples 1, 2, and 3 which contain
similar crystalline phases show almost similar SEM micrographs (Figure 4A-C). The rod-like particles in these
microstructures are probably the immature calcium pyrophosphates, which their growth would ultimately lead to the
plate-like ones.

One can observe three different morphologies such as plate-like, needle-like, and granular-like in sample 5 (Figure
4E). Since beta calcium pyrophosphate has a plate-like morphology (green arrow shows it) the two other morphologies
in this micrograph could be attributed to alpha calcium pyrophosphate and strontium phosphate. Samples 4 and 5
have similar crystalline phases; therefore, it is expected to have similar microstructures. The plate-like and needle-like
particles in the SEM micrograph of sample 4 are attributed to alpha calcium pyrophosphate and strontium phosphate,
respectively (Figure 4D).
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Figure 4. SEM micrographs of glass-ceramic samples sintered at 600 °C for 1 h, then freely cooled inside the furnace after etching, at magnification x
1000, A-E for sample 1-5, respectively

3.4 Dissolution behavior of glass-ceramics in SBF

To evaluate the dissolution behavior of the glass-ceramics in the body, the chemical durability of both amorphous
and crystallized samples was considered. Weight loss percentage of the samples after immersing in SBF solution was
considered as a criterion for this property, which is shown in Figure 5 for the samples sintered at 600 °C as a function of
immersion time.

It is said that the dissolution of phosphate-based glasses in aqueous solutions occurs in two steps:

1) Hydration reaction means the formation of a hydrated layer on the surface of glass due to the interchanging of
H" ion from the solution with Na' ion from the glass at the medium-glass interface;

2) Network breakage means that the P-O-P bonds break during the hydrolysis of phosphate glass which brings
about the destruction of the polymeric phosphate network.”*
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Figure 5. Weight loss of the samples as a function of incubation time

In general, the weight loss percentage of all samples have slightly increased with the incubation time. Also, glass 3
has experienced the least weight loss, compared to other samples in the first week of incubation. It can be attributed to
the less open porosity and liquid absorption percentages of this sample. On the other hand, the least weight loss of glass
1 at the end of incubation time could be attributed to the presence of gamma calcium pyrophosphate which has high
chemical durability.” The weight loss percentages of glass 5 has increased just before 5 days of incubation. Moreover,
this sample experienced the most weight loss during soaking in SBF compare with the other samples. As it has almost
the least liquid absorption, one can attribute its low chemical resistance to its high amounts of strontium. The larger
atomic radius of strontium compared to calcium makes it more susceptible to hydrolysis.”® Furthermore, the atomic
bond of strontium can be weaker than calcium since its electronegativity is less than calcium.
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Figure 6. pH variation in the SBF solution as a function of immersing time
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pH variation in the SBF solution as a function of immersing time is given in Figure 6. This can be explained by ion
dissolution from the surface of glass-ceramic and subsequent composition changes.

As can be seen in Figure 6, all samples experienced a considerable decrease in the pH during the first 3 days of
incubation. It may be related to phosphate ions release and phosphoric acid formation due to glass dissolution.” Its
subsequent increase is due to decreasing the concentration of H' ions in the medium which can be attributed to cations
substitution or releasing and following OH ™ ion generation.”** Cation releasing from the glass due to glass destruction
leads to change its charge balance. So, H™ can migrate to the glass from the solution and this may result in a pH
increase.”’ Besides, all samples experienced a second decrease in the pH of the solution after 7 days. This can be due to
the leaching of the amorphous matrix of glass-ceramics which could confirm a layer by layer glass dissolution.”* In other
words, releasing the rate of phosphate ions from the glass could be higher than the cation releasing rate after the seventh
day of soaking.

Since glass 5 experienced the maximum weight loss compared to the other samples at the end of incubation, it
could be expected that its pH would be lower than others.
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Figure 7. Cumulative release of Ca’" as a function of immersing time

The cumulative release of Ca*" as a function of soaking time for the resulted samples is reported in Figure
7. Samples that do not contain strontium and zinc released calcium up to day 5, which could be attributed to the
dissolution of glass-ceramics. On the other hand, strontium and zinc-containing samples experienced a decrease in the
concentration of Ca”" in the first five days of incubation. It can be because of apatite-like layer formation on the surface
of these samples which consumed Ca** ions from the SBF solution."*"> However, Ca>" concentration rose slightly after
5 days which maybe because of the destruction of the top layer and then the exposure of a fresh one. It can be expected
that since samples 1 and 2 have higher calcium contents, their cumulative release of Ca’* should be higher than others.

3.5 SEM observation of immersed specimens in SBF

To evaluate the bioactivity and hydroxyapatite formation ability of glass-ceramics in SBF, the surface of all
samples before and after immersing in SBF for 3 and 28 days, were investigated. Figure 8 depicts the obtained results.
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As is observed, apatite-like agglomerates deposited on the surface of the sample after three days of immersing in the
SBF solution (Figure 8B). But, at the end of immersing time, they have dissolved in the solution due to the destruction

of the specimen.

10 pm

Figure 8. SEM micrographs of sample 1 before (A) and after immersing in SBF solution for 3 days (B) and 28 days (C) at magnification x 5000

Increasing the cumulative release of Ca’* and decreasing the pH of the solution can confirm the destruction of
the substrate and a layer by layer dissolution mechanism which brings about the dissolution of deposited apatite-like
agglomerates. On the other hand, some residues of apatite-like agglomerates can be seen on the surface of the sample
at the end of immersing time (Figure 8C). Since sample 1 experienced the least weight loss percentage compare to
the other samples, they can be attributed to the residual apatite agglomerates on the surface of the gamma calcium
pyrophosphate phase. Otherwise, they can be the fresh ones deposited on the new surface layer of the sample. Similar
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trends for samples 2 and 3 were observed too. By day 3 apatite-like agglomerates precipitated on the surface of samples
(Figure 9B and Figure 10B respectively). But, after four weeks of immersing most of them were leached by the substrate
dissolution (Figure 9 and Figure 10C respectively). Since sample 4 has experienced the least cumulative calcium ion
release from day O through day 5 it can be related to the calcium consumption from the solution leading to the apatite-
like layer formation on its surface (Figure 11A).” Also, as its weight-loss percentage and pH decrease were relatively
lower than the other samples over 4 weeks, it can be concluded that sample 4 has experienced a moderate dissolution
rate. Consequently, aggregated apatite-like agglomerates can be expected to be observed on the surface of the sample at
the end of the immersing period (Figure 11C).

Figure 9. SEM micrographs of sample 2 before (A) and after immersing in SBF solution for 3 days (B) and 28 days (C) at magnification x 5000

Sustainable Chemical Engineering 60 | Bijan Eftekhari Yekta, ez al.



Figure 10. SEM micrographs of sample 3 before (A) and after immersing in the SBF solution for 3 days (B) and 28 days (C) at magnification x 5000

SEM micrographs of sample 5 demonstrated that like the other samples, agglomerates of hydroxyapatite were
deposited on the surface of the sample by day 3 (Figure 12B). But, they dissolved in the solution due to the substrate
dissolution at the end of the immersing period (Figure 12C). The weight-loss percentage and pH changes of this sample
confirm a high dissolution rate, which can be in agreement with the high activity of this sample that causes a new
hydroxyapatite formation on the fresh surface layer (Figure 12C).
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Figure 11. SEM micrographs of sample 4 before (A) and after immersing in SBF solution for 3 days (B) and 28 days (C) at magnification x 5000
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Figure 12. SEM micrographs of sample 5 before (A) and after immersing in SBF solution for 3 days (B) and 28 days (C) at magnification x 5000

4. Conclusion

The melt quench technique was applied to synthesize phosphate based glass-ceramics in the system of P,Os-
Ca0-Na,O-TiO, with various substitution amounts of SrO and ZnO for CaO. Sinterability, crystallization, dissolution
behavior, and bioactivity of glass-ceramics were evaluated. 600 °C was designated as the optimum sinter temperature.
While, the substitution of 3.05 and 0.305 mol% of strontium and zinc oxides for CaO in glass 3, leads to its best
sinterability compare to the other compositions. Calcium pyrophosphate was determined as the main crystalline phase
for all samples, which transformed from gamma to beta by SiO, substitution. On the other hand, Strontium substitution
can stabilize the high-temperature form of calcium pyrophosphate (alpha). It is noteworthy to point out that a low
amount of zinc oxide leads to its absence in the crystalline phase of glass-ceramics. The dissolution rate of glass-
ceramics increased with the substitution of strontium and zinc oxides. Apatite-like agglomerates were deposited on the
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surfaces of all samples at the first stage of incubation in the SBF solution. But, they were destructed by the substrate
dissolution. However, some residues of the grown apatite-like layer were observed on the surface of Sample 4. It can
be concluded that substitution of 7.62 and 0.76 mol% of SrO and ZnO respectively, can cause maintaining apatite-like
layer due to the dissolution rate controlling.
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