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This study investigated the influence of flame spheroidisation process parameters for successfully manufacturing
solid (dense) and highly porous microspheres from Food and Drug Administration approved bioactive 45S5 glass
and 45S5 with addition of viscosity modifiers (i.e. 2 and 5 mol% borax and V20s), compared against successfully
processed phosphate glass microspheres (termed P40). Characterisation studies performed included thermal
analysis (SDT), glass viscosity measurements using high temperature rotational viscometry and hot stage mi-
croscopy, X-ray diffraction, scanning electron microscopy and energy dispersive X-ray analysis.

This study revealed that aside from intrinsic material properties (i.e. melt temperature and viscosity profiles),
process parameters including starting glass particle size, cooling rate and gas flow rates were important factors in
achieving the desired porous glass microsphere morphology. Considering the above influential factors, a pro-
cessing model has been proposed for the manufacture of highly porous microspheres from bioactive silicate

glasses.

1. Introduction

Bioactive glasses have been hugely successful in the field of
biomedical applications and especially for hard tissue repair applica-
tions. Creating the ability to tailor their morphologies would not only
strongly influence their future applicability but would also enable a
wider range of applications. In particular, glass particles with spherical
morphology provide the advantage of uniformity in size and shape, and
can be delivered to target tissues via minimally invasive injection pro-
cedures [1,2]. Spherical morphologies can also provide enhanced
versatility in filling defect shapes compared to bulk scaffolds which tend
to have pre-set shapes [3]. Moreover, the addition of porosity further
increases the surface area and if the external pores can be made large
enough, this would allow for efficient cell attachment, encapsulation
and proliferation which could be exploited to deliver varying payloads
(such as cells, drugs, growth factors or other biologics). Also, creating
interconnected porosity throughout each of the microspheres would
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enable the flow of oxygen and nutrient by-products [4]. The pore sizes
are also important factors to determine the adsorption and release of
biomolecules and can also influence blood vessel formation and bone
in-growth [5]. Several studies have been conducted to define the in-
fluence of material pore size on the outcome of new bone formation in
vivo, with contrasting results. For instance, when comparing ceramic
scaffolds with pore sizes ranging between 50 and 500 ym, larger pores
were associated with more bone formation [6-8]. However, opposing
outcomes have been reported by Diao et al., where it was observed that
100 pm pore sized scaffolds performed better than 250 and 400 ym pore
sized scaffolds [9].

Microspheres can be prepared using various processing methods
such as sol-gel, tube furnace method and flame spheroidisation, as ex-
amples [10]. From these, flame spheroidisation is a relatively rapid and
inexpensive process, and can easily be scaled-up for commercialisation
purposes. However, there are several parameters of the flame spher-
oidisation process which can influence the desired outcome of sphere
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Table 1

Compositions of eight different glasses investigated.
Glass Formulation SiO; (mol%) P05 (mol%) CaO (mol%) NayO  (mol%) MgO (mol%) K20 (mol%) Borax (NayB407-10H,0) V205
4585 46.1 2.6 26.9 24.4 0 0 0 0
S53P4 53.8 1.7 21.8 22.7 0 0 0 0
13-93 54.6 1.7 22.1 6 7.7 7.9 0 0
4585 + 2 mol% Borax 46.1 2.6 26.9 22.4 0 0 2 0
45S5 + 5 mol% Borax 46.1 2.6 26.9 19.4 0 0 5 0
45S5 + 2 mol% V305 46.1 2.6 26.9 22.4 0 0 0 2
45S5 + 5 mol% V305 46.1 2.6 26.9 19.4 0 0 0 5
P40 0 40 16 20 24 0 0 0

size and shape. For example, i) particle separation prior to entering the
flame is a key criterion to obtain dispersed uniform spheres; ii) particle
residence time in the flame is also an important factor as larger particles
(or high melt-temperature materials) may require longer residence times
to sufficiently melt, iii) the flame temperature can also influence out-
comes of the microspheres produced and is generally controlled by the
type of fuel and ratios used [11]. Several studies have utilised varying
gases to create a flame including oxygen/propane, oxygen/acetylene,
oxygen/petrol [12] and natural gas/air flames [11,13,14].

The initial development of manufacturing porous phosphate-based
glass (PBG) microspheres started within the Advanced Materials
Research Group (AMRG) at the University of Nottingham (UoN), with
attempts to make these materials porous so that they could be exploited
for delivery and release of varying biological payloads. Hossain et al.
prepared highly porous and fully interconnected PBG microspheres
(P40; 40P,05-16Ca0-24Mg0-20Nay0 in mol%) via the flame spher-
oidisation process [2]. The same manufacturing process was also
recently applied to produce highly porous borate glass microspheres
which were subsequently converted into porous hydroxyapatite micro-
spheres [15].

There are only a few studies which report on the development of
porous microspheres from melt-derived silicate-based materials
[16-18]. The preparation of porous silicate-based glass (45S5) micro-
spheres via flame synthesis was undertaken by Kraxner et al [18].
However, their process resulted in porous microspheres which were not
fully amorphous as a sodium calcium silicate crystalline phase was
observed [18]. Moreover, their process resulted in a markedly different
formulation when compared to the starting 45S5 glass powder with 11
wt% higher SiOy content for the porous microspheres [18]. Further-
more, no information on the yield of porous microspheres was reported.

The aim of this study was to explore the manufacturing of bioactive
silicate glasses (i.e. 45S5) into highly porous microspheres using the
flame spheroidisation process developed in our group. The key objective
of this study was to investigate the effect of process parameters on
manufacture of highly porous microspheres. The characterisation
studies for the materials were performed via thermal analysis (simul-
taneous thermal analysis instrument, SDT), viscosity measurements,
using high temperature rotational viscometer (HTV) and hot stage mi-
croscopy (HSM), scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX) and X-ray diffraction analysis.

2. Materials and methodology
2.1. Glass preparation

In this study seven bioactive silicate glass formulations (including
P40 phosphate-based glass for comparison) were prepared using sodium
carbonate (NayCO3), potassium carbonate (KoCOs), calcium carbonate
(CaCOg), magnesium carbonate (Mg>COs3), sodium dihydrogen phos-
phate (NaH3POj4), calcium hydrogen phosphate (CaHPO4), magnesium
hydrogen phosphate trihydrate (MgHPO4-3H20), phosphorous pent-
oxide (P50s), silicon dioxide (SiO5), borax (NayB407-10H20) and V505
as starting materials (Sigma Aldrich, UK > 99%). The composition of
glasses produced is shown in Table 1. The required amounts of

precursors for silicate-based glasses were weighed, mixed and trans-
ferred to a platinum rhodium alloy crucible (Birmingham Metal Com-
pany, U.K.) which was then placed into a furnace and followed a
controlled program using 10 °C /min ramp for melting (at 350 °C for 0.5
h to remove H50, at 800 °C for 0.5 h to remove CO, and at 1380 °C for 2
h for melting). The mixture of precursors for phosphate-based glass was
pre-heated at 350 °C for 0.5 h to remove H,0 and then melted at 1150 °C
for 1.5 h. The resulting molten glass was poured onto a steel plate and
left to cool to room temperature.

2.2. Preparation of porous silicate and phosphate-based glass
microspheres

Glass particles from silicate and phosphate formulations in the size
range of 63-125 um (obtained after grinding the glasses in ball mill and
sieving the particles) were mixed with a porogen (calcium carbonate or
strontium carbonate) with 1:3 ratio of glass particles to porogen and
then processed via flame spheroidisation to prepare porous glass mi-
crospheres (PGMS), as described elsewhere [2]. Porous phosphate glass
microspheres were then washed using acetic acid (5 M) for 2 mins fol-
lowed by a wash-step using deionised water for 5 mins and then dried at
50 °C overnight [2]. For the porous silicate glass microspheres, the
wash-step involved using 0.5 M acetic for 1 min, followed by
post-washing using deionised water, which were also dried at 50 °C
overnight [19].

3. Characterisation methods

3.1. Scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) analysis

Scanning electron microscopy (SEM- Philips XL30, FEI, USA) with
accelerating voltage of 15 kV and a working distance of 10 mm, was
used to determine the morphology of the microspheres. The micro-
spheres were fixed onto aluminium stubs with conductive carbon sticky
tabs and sputter coated (Agar Sputter Coater) with platinum prior to
examination. Compositional analysis for the glass particles/micro-
spheres were carried out using EDX analysis by embedding the particles/
microspheres in a cold set epoxy resin and polishing with SiC paper
followed by a diamond cloth and then coating with carbon using an
evaporation coater (Edwards coating System E306A). EDX analysis was
performed on both area and 5 separate spots on each sample and an
average value was taken.

3.2. X-ray diffraction analysis

X-ray diffraction analysis was used to explore the amorphous nature
of each glass formulation both as particulates and as porous micro-
spheres, using a Bruker D8 Advanced diffractometer (BRUKER AXS,
Germany). The instrument was operated at room temperature and
ambient atmosphere with Ni-filtered CuKa radiation (A=0.15418 nm),
generated at 40 kV and 35 mA. Data were collected from 8° to 50° 260
diffraction angle using a scan step time of 8 s and step size of 0.04°.
Phases were identified using the EVA software (DIFFRACplus suite,
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Fig. 1. Initial attempts to prepare porous A) 45S5, B) S53P4 and C) 13-93 bio-silicate glass microspheres using CaCO3 porogen via conventional method. Trials
exploring D) particles: SrCO3 (1:3), E) particles: SrCO3 (1:4) and F) particles: SrCO3 (1:5) to improve the yield and porosity for 13-93 bio-silicate glass microspheres.

Bruker-AXS) and the International Centre for Diffraction Data (ICDD)
database (2005).

3.3. Thermal analysis

The thermal properties of various types of glasses, specifically the
glass transition (Tg) (measured at the midpoint), onset of crystallisation
(Ty), crystallisation peak (T.), melting peak (Ty,) temperatures and glass

stability against crystallisation (i.e. AT = Ty - Tg), were characterised
using a simultaneous thermal analysis instrument (SDT, TA Instruments
SDT Q600, USA). Approximately 20 mg of glass powder (125-200 pm)
was placed into a platinum (for phosphate) or alumina (for silicate) pan
and then heated from room temperature to up to 1300 °C at 20 °C min™!
heating rate, under 100 mL min™ of nitrogen gas flow. An empty pan
was also analysed to determine the baseline which was then subtracted
from the thermal traces using TA Universal Analysis 2000 software.
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Compositional analysis for six different types of glass formulations via EDX analysis.

Components (mol  Glass formulations

%) P40 4585 Expected/ 45S5 + 2 mol% Borax 45S5 + 5 mol% Borax 45S5 + 2 mol% V05 4585 + 5 mol% V;05
Actual Expected/Actual Expected/Actual Expected/Actual Expected/Actual
SiO, - 46.1/47.5 £ 0.5 46.1/- 46.1/- 46.1/45.2 £ 1.4 46.1/44.1 £1.3
P,05 40/39.9 2.6/3.1 £0.2 2.6/- 2.6/- 2.6/2.6 0.3 2.6/2.7 £0.2
+ 0.1
MgO 24/23.5 - - - - -
+ 1.7
CaO 16/16.3 26.9/26.5 £ 1.2 26.9/- 26.9/- 26.9/27.5 £ 0.9 26.9/27.3 £1.1
+ 1.6
Na,O 20/20.3 24.4/229 +£1.3 22.4/- 19.4/- 22.4/23.1 £1.2 19.4/20.9 + 0.9
+ 0.6
Borax - - 2/- 5/- — -
V.05 - - - - 2/1.7 £0.2 5/5.1 £0.2

These measurements were made in triplicate.
3.4. Viscosity measurements

Viscosity of the glasses were measured using a high temperature
rotational viscometer (Theta industries Rheotronic II 1600 °C Rotating
Viscometer, Brookfield DV-III UTRA, USA). The viscosity was deter-
mined by measuring the shear stress and the shear rate exerted by the
viscous fluid on a rotating cylindrical platinum spindle according to:

n=" (€Y

14
where, 7 is the viscosity in poise, 7 is the shear stress in dynes/cm? and y
is the rate of shear in sec™’.

In order to derive a viscosity curve for glasses, the fixed viscosity at
glass transition temperature [20] and the viscosity data obtained via
rotational method were used and fitted to the Vogel-Fulcher-Tammann
(VFT) Equation 2 [21] by a least squares calculation [22]. The equation
is:

where, T is the temperature in °C, 7 is the viscosity in Pas and A, Band T,
are constants.

Viscosity of the glasses was also measured via Hot Stage Microscopy
(HSM) analysis which provided information on the temperatures for
various characteristic points (i.e. first shrinkage, maximum shrinkage,
sphere, hemisphere and flow point/melt temperature) which is
described in further detail in the results section. A cylinder-shaped
sample with an estimated diameter of ~ 2 mm and the sample height
of around 3 mm was used for HSM analysis. The instrument used was a
Misura 3 HSM 1400-50 at a heating rate of 5 °C/min for all HSM
measurements.

4. Results

4.1. Initial trials to prepare bio-silicate glass microspheres using flame
spheroidisation method

Initial invmeasurements..to prepare porous bioactive silicate glass
microspheres were explored using similar parameters used to make
porous phosphate and borate glass microspheres (i.e. particle to porogen

Log(n) =A+B/(T—-T,) 2)
=20
2
5
2 4555 + 5 mol % V,0
§ 4555 + 2 mol % V205
I
. _ “\_ 4555+ 5 mol % Borax
T
.\, [—— 4585
"—
I T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0 200 400 600 800 1000 1200 1400
Temperature (°C)

Fig. 2. DSC curves for the six different glass formulations investigated at 20 °C min™* heating rate. T, = glass transition, T, = crystallisation peak and T, = melting

temperature.
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Fig. 3. A) Percentage of sintering as a function of temperature for the different glass formulations investigated via Hot Stage Microscopy (HSM). B) Temperature
difference amongst flow, hemisphere and sphere point for the glass formulations investigated via Hot Stage Microscopy (HSM).

(CaCO3) ratio (1:3) and gas flow rate (2.5:2.5) [2]. Our ‘conventional’
method utilises ground glass particles mixed with porogen directly and
the outcomes are presented in Figs. 1A) 45S5 B) S53P4 and C) 13-93.
However, although a good production yield of spherical particles was
obtained, it was observed that the porosity features and quantity of
porous microspheres were very low. We then explored use of SrCO3 as
the porogen materials due to its higher decomposition temperature of
1100-1200 °C, which was closer to the melt profiles of the bioactive
silicate glasses (1200-1250 °C), as compared to CaCO3 (~800 °C).
13-93 bio-silicate glass was investigated further with different ratios (i.
e. 1:3, 1:4 and 1:5) of glass particles to porogen (SrCO3) and the

outcomes are presented in Figs. 1D-F. However, unsatisfactory results
(in terms of porous features, quantity of porous microspheres, sphericity
etc.) were obtained from these trials.

Due to initial unsuccessful trials (as shown in Fig. 1), a hypothesis
was formulated that altering the viscosity profiles of the glasses would
aid the porous microsphere manufacturing process. This was based on
the previous success of porous microspheres manufactured from phos-
phate and borate-based glasses.
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Fig. 4. A) Combined fixed point viscosity curves (fitted) for all six different glass formulations investigated via Hot Stage Microscopy (HSM). B) Fitted viscosity
curves for six different glass formulations investigated via high-temperature viscometer.

4.2. Addition of viscosity modifiers: compositional analysis

Borax and V05 were added to 45S5 glass to explore their effect
mainly on viscosity as these are known viscosity modifiers [21,23].
Literature reports show that borax (Na;B407-10H20) and V,0s acting as
viscosity modifiers can reduce the melting temperature of glass [21,23].
Therefore, 2 and 5 mol% borax and V205 doped 45S5 glasses were
prepared along with 45S5 glass alone for further analysis and micro-
sphere production trials. As previously highlighted, porous micro-
spheres were formed from phosphate glass via our conventional
processing method [2], as such the phosphate glass formulation P40
(40P205-24Mg0-16Ca0-20Nag0; in mol%) was also included for
comparative thermal (i.e. melting) and viscosity analysis with the sili-
cate based glasses (as highlighted in Table 2).

Table 2 shows compositional analysis derived from EDX analyses of
the glass formulations produced. Experimental compositional analysis
for 45S5 and V;0s5 containing 45S5 glasses were found to be close to
expected composition. Although EDX analysis was also conducted for
the borax containing glasses, the results did not show satisfactory data
for B, so we have not included it. This is a known issue for EDX analysis
and detecting boron as it is very light element.

4.3. Thermal analysis

Fig. 2 shows the thermal profiles of the glasses, where the

corresponding glass transition (Tg), onset of crystallisation (Ty), crys-
tallisation peak (T.) and melting (Ty,) temperature have been labelled. It
can be seen from Fig. 2 that the melting temperature for 4585 (1213 °C)
was 450 °C higher in comparison to P40 (766 °C). It was also observed
that the thermal properties especially Tg and initial melting (Ty,) tem-
peratures for 45S5 glass decreased with increasing borax or V,Os con-
tent (see ESI Table 1). For example, the initial melting temperature (Ty,)
was seen to decrease from 1213 °C (for 45S5) to 1033 °C (for 4585 + 5
mol% borax) and 1017 °C (for 45S5 + 5 mol% V50s). In addition, three
melt peaks were observed for 4555 + 5 mol% V505 at 1017 °C, 1075 °C
and 1140 °C.

4.4. Viscosity measurement

Viscosity profiles for the glasses were measured indirectly via Hot
Stage Microscopy (HSM) analysis and directly via a Searl type high
temperature viscometer. HSM analysis provided information on the
temperature for five characteristic points as follows: first shrinkage;
maximum shrinkage; sphere; hemisphere and flow point/melt temper-
ature. The data obtained enabled plots of the viscosity curves to be
compared, including the temperature differences between sphere/
hemisphere and flow points, all of which are associated with viscosity
changes relative to temperature. The first two temperatures (i.e. first
shrinkage, maximum shrinkage) were extracted from the sintering curve
profiles and the last three temperatures (i.e. sphere, hemisphere and
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Table 3

Rate of viscosity change between two points (i.e. flow and sphere or flow and
hemisphere) for six different types of glass formulations investigated via HSM
(Hot Stage Microscopy) and HTV (High Temperature Viscometer).
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Table 4

Several trials of flame spheroidisation for different glass composition and
different process parameters like starting glass particles size, gas flow rate ratio,
outcomes based on surface and cross-sectional images.

Formulations Flow-Sphere (slope Flow-hemisphere (slope Compositions Starting Gas Outcomes based of Evidence
negative) (log Pas/ °C) negative) (log Pas/ °C) particle flow surface and cross-
HSM HTV HSM HTV size ranges rate sectional images of
(x107%) (x107%) (x107%) (x107%) (um) ratio microspheres
P40 10.09 10.06 10.01 9.97 45S5 + 2 mol 63-125 3:3 70-80% microspheres Figs. 5A-
45S5 2.00 4.74 1.96 4.67 % borax were fully porous, and B
455542 mol% 2.28 4.73 2.22 4.63 the rest exhibited only
Borax surface pores with a
458542 mol% 3.79 4.80 3.71 4.70 large solid core.
V205 4585 + 5 mol 63-125 3:3 The microspheres Figs. 5C-
4558545 mol% 5.67 6.46 5.57 6.35 % borax exhibited rough surface D
Borax textures after washing.
45S5+-5 mol% 7.18 6.86 7.14 6.72 Some microspheres only
V205 had surface pores with a
large solid core, whilst
some had large cavities
flow) were determined based on height, width ratio and contact angle of inside and some of the
materials taken from snapshot images using the software supplied with microspheres were full
. . porous
the HSM microscope (see ESI Figure 1). ) 4585+ 2mol  63-125 3:3 70-80% of the Figs. SE-
The three characteristic points (i.e. sphere, hemisphere and flow) % V505 microspheres were fully ~ F
were also marked on the sintering curves of each glass composition (see porous whilst the
Fig. 3A). remainder exhibited
Fig. 3A represents the sintering percentage (i.e. relative height of the :;11}; s:::::e;; ‘r);sr ‘:;;l;s
sample in%) for the glass compositions investigated against temperature were also observed for 2
obtained via HSM. It was clearly observed that the sintering profile for mol% V,0s containing
the P40 glass (purple line) occurred at the lowest temperature as 45S5 compared to 2/5
compared with the 4585 and borax or V,0s containing 45S5 glass. 215051? borax containing
Moreover, the ?IHtEFlng curves .shlf.ted to .lower temperature (i.e. tf)' 4555+ 5mol  63-125 33 Highly porous Figs. 5G-
wards the P40 sintering curve) with increasing borax or V05 content in % V5,05 microspheres (>95%) H
45S5 glass. The highest shift was observed with addition of 5 mol% with fully
borax (blue line) followed by the 5 mol% V505 (green line), 2 mol% interconnected pores
. . . duced
borax (amber line) then 2 mol% V205 (black line) and finally 45S5 (red were pro
. ( ) 6 V20s ( ) y ( 4585 63-125 3:3 Only a few porous Figs. 6A-
line) glass alone. microspheres with small B
Fig. 3B represents temperature points for the following three pores were observed.
different characteristics i) flow, ii) hemisphere and iii) sphere, for each Some microspheres were
of the glass compositions investigated. The change from sphere or solid (represented with
. . . red circles) whilst some
hemisphere to flow point occurred very rapidly for the P40 phosphate microspheres only
glass compared to 45S5 glass as can be seen from Fig. 3B. Moreover, a exhibited surface pores
smaller spread of these value ranges was observed for the V505 con- with a solid core
taining 45S5 glasses in comparison to borax containing 45S5 glasses, (represented with amber
which revealed a much larger range between the hemisphere and flow circles), and some only
. h o . had large cavities inside
point characteristics. the microspheres
To further investigate the rate of viscosity change, viscosity vs tem- (represented with yellow
perature curves were obtained and plotted using the fixed viscosity for circles). Also, the few
the characteristic temperature points such as flow, hemisphere, sphere, m;f“})lsf’herefs ‘l’lbser"ed
maximum shrinkage and first shrinkage obtained using the HSM anal- WAICH ere ULy Porous,
X were relatively smaller
ysis [20,24]. in size (shown as green
The viscosity fitting curves using Vogel-Fulcher-Tammann (VFT) circles)
equation were plotted based on the characteristic temperature points 4555 63-71 3:3 Highly porous Figs. 6C-
obtained via HSM and viscosity at glass transition temperature (as microspheres with large D
h . . . he fixed vi . d pores were formed. The
s ({;vsn in ESI Figure 2). Literature reports the fixed viscosity aroun yield more than 95%
10"~ Pa s for glass transition temperature [20]. The six fixed point microspheres seen with
viscosity characteristics (i.e. flow, hemisphere, sphere, maximum full porosity.
shrinking, first shrinkage and glass transition temperature) were used to 45585 63-125 3535  More th;n 90% l Elgs‘ 7A-
fit the viscosity curves using VFT equation (see ESI Figure 2). Fig. 4A Ellféﬁip cres were Iy
represents the fitted viscosity curves for the formulations investigated. 4585 63-125 4:4 More than 90% Figs. 7C-
Viscosity can also be measured directly using a high-temperature microspheres were fully D
rotating viscometer, and these viscosity profiles were also obtained for porous.
4585 63-125 4.5:4.5 More than 90% Figs. 7E-

the six glass formulations investigated. ESI Figure 3 represents the vis-
cosity fitting curves for the glass formulations investigated (using VFT
equation) based on high temperature viscosity (HTV) data and the fixed
viscosity for glass transition point (see fitted viscosity curves in Fig. 4B).

The viscosity curves obtained via HTV followed similar trends to the
viscosity curves obtained via HSM. Fig. 4 shows that the viscosity curves

microspheres were fully F
porous.
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Table 5

Chemical compositions for starting 45S5 bulk glass and 45S5 PGMS (cross-
sectional samples) for the different starting particle sizes (i.e. 63-71 pm and
63-125 um) and gas flow rate ratios (i.e. 3:3, 3.5:3.5, 4:4 and 4.5:4.5) obtained
via EDX analysis.

Formulations Si0, P,0s5 CaO Na,O
(mol%) (mol%) (mol%) (mol%)

47.5 + 3.1+ 26.5 + 23.0 +
0.2 0.1 0.7 0.2

45S5-Starting bulk glass

4585-PGMS (63-71 pm, gas 47.7 + 2.6 + 28.3 + 21.4 +
flow rate ratio-3:3) 1.5 0.1 0.6 1.6
45S85-PGMS (63-125 pm, gas 46.6 + 2.7 £ 28.9 + 21.8 +
flow rate ratio-3.5:3.5) 1.3 0.2 1.9 0.8
45S85-PGMS (63-125 pm, gas 46.6 + 2.7 + 27.4 + 23.3 +
flow rate ratio-4:4) 1.3 0.2 0.4 0.6
4585-PGMS (63-125 pm, gas 46.8 £ 2.6 + 27.7 £ 229 +
flow rate ratio-4.5:4.5) 0.5 0.1 0.8 0.5

shifted to lower temperature with increasing borax or V,0s content in
4585 glass. A higher shift of the viscosity curve was observed for the 5
mol% borax containing 45S5 glass in comparison to 5 mol% V05 45S5.
However, the fittings for the viscosity curves obtained via HTV (ESI
Figure 3) were more accurate compared to the viscosity curves obtained
via HSM (ESI Figure 2). The rate of viscosity changes (slope) in between
melt and hemisphere temperature and/or between melt and sphere
temperature for all six glass formulations were calculated from viscosity
curves (from both HSM and HTV methods) as presented in Table 3. The
slope between melt and sphere temperature was considered a straight
line as transformation from melt to spheres occurred very quickly (by
lowering 9 °C only for P40 and 78 °C (highest) for 45S5, see Fig. 3). The
rate of viscosity change (melt-sphere/melt-hemisphere) was 125%
higher for P40 (as observed via HTV) compared to 45S5. The rate of
viscosity change (melt-sphere/melt-hemisphere) for 45S5 increased
with increasing borax or V405 in 45S5. For example, a 45% higher rate
of viscosity change was observed for the 5 mol% V305 45S5 glass
compared to 45S5 alone. Moreover, a higher rate of viscosity change
(melt-sphere/melt-hemisphere) was observed for the V505 containing
4585 glass when compared to borax containing 45S5 (see Table 3).

4.5. Influence of gas flow ratios

It was also noticed that the flame length could be changed by varying
the gas flow rate ratios. To confirm this the flame lengths were measured
to investigate their variation with gas flow ratio and are shown in ESI
Figure 4. The flame length decreased from approximately 37 cm to 31
cm with increasing gas flow rate ratio from 2:2 to 3:3. As such, adjusting
the gas pressures, which altered the flame lengths, could also influence
the particle residence time within the flame and thereby subsequently
effect the cooling rate of the particles. For example, particles exiting the
shorter flame, had reduced particle residence time and faster cooling
rate.

4.6. Flame spheroidisation trials

As the melt temperature and viscosity for 45S5 glass decreased
significantly with the addition of borax or V,0s, further trials of
spheroidisation for both the 2 and 5 mol% borax and V205 45S5 and
45S5 alone were conducted using the same parameters as the initials
trials (i.e. starting glass particle size range, particles to porogen ratio,
porogen size range etc.) with the exception of gas flow rate ratios. The
gas flow rate ratio of 3:3 was trialled instead of 2.5:2.5 (used in the
initial trial) to explore if increasing cooling rate for molten microparti-
cles would be beneficial. Moreover, trials for the 45S5 glass alone were
also conducted focussing on use of smaller starting size range particles
(i.e. between 63 and 71 pm) and with varying gas flow rate ratios (i.e.
3.5:3.5, 4:4, 4.5:4.5) to further increase their cooling rate. Outcomes for
these trials are presented in Table 4 below.
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4.7. XRD of porous 45S5 glass microsphere

To explore whether the materials produced remained amorphous,
XRD analysis was conducted and presented in Fig. 8. A small sharp peak
was observed for the PGMS profiles which was matched to CaCO3 used
as the porogen material for manufacturing the PGMS. This suggested
that some residual porogen material remained in the pores of these
microspheres, even after the wash-step.

4.8. Compositional analysis of porous 45S5 glass microsphere

Chemical compositions (mol%) for starting bulk glass and PGMS
(cross-sectional samples) from different starting particle size ranges (i.e.
63-71 um and 63-125 pm) and different gas flow rate ratios (i.e. 3:3,
3.5:3.5, 4:4 and 4.5:4.5) obtained via EDX analysis are presented in
Table 5. It was seen that around 2 mol% CaO content increased as
compared to starting bulk glass which most likely resulted from
decomposition of the porogen materials.

5. Discussion

Food and Drug Administration (FDA) approved bioactive 45S5 and
S53P4 glasses are well known and have successfully been used clinically
as bone regeneration materials due to their ability to bond to bone tissue
[19]. However, these materials have been implemented as
irregular-shaped particles which limits their applicability. Developing a
rapid cost-effective process to produce spherical and especially porous
particles will enable alternate applications to be explored especially
with a view towards orthobiologics.

This paper set out to explore the processing parameters of a flame
spheroidisation process to demonstrate successful production of PGMS
from bioactive silicate glasses. The results revealed that initial attempts
to manufacture porous bioactive silicate glass microspheres using our
‘Conventional method’, following the same parameters (i.e. glass par-
ticle to porogen ratio, gas flow rate ratio) used for making porous mi-
crospheres from phosphate and borate glasses [1,15] were unsuccessful.
These initial unsuccessful attempts were suggested to be due to the large
differences between glass melt temperatures (i.e. 1200-1250 °C) and the
decomposition temperature of the CaCO3 porogen (~800 °C). The hy-
pothesis here was that if the porogen decomposed earlier than the glass
particles had time to melt, then this could impact the pore formation
process. Therefore, CaCO3 porogen was substituted with SrCO3 which
has a decomposition temperature (1100-1200 °C) closer to the melt
profiles of the bioactive silicate glasses. These initial trials using SrCO3
also proved unsatisfactory (in terms of pore features, quantity of porous
microspheres, sphericity etc.). These outcomes then led to reconsider-
ation of the higher melt temperatures of these bioactive silicate glasses
alongside their viscosity profiles and comparing them to the success
achieved with phosphate glasses, which formed highly porous micro-
spheres [2]. Therefore, 2 and 5 mol% borax and V05 were added to
biosilicate glass 4585 to alter its thermal and viscosity profiles.

The melt (Ty,) temperatures for 45S5 glass decreased by approxi-
mately 200 °C with the addition of 5 mol% borax or V,Os in place of
Nay0 in 4585 (see ESI Table 1). This was attributed to the lower melting
temperature for borax (450-510 °C) and V205 (690 °C) compared to
NapO (1132 °C). Wang et.al. studied the effect of B;O3 on melting
temperature, viscosity and desulfurisation capacity of CaO-based
refining flux and reported that the low melting temperature of BO3
(~450 °C), was favourable for decreasing the melt temperature of higher
melting temperature components such as CaO and Aly,O3 [25]. More-
over, they reported that the viscosity for (Ca0)(60%)-(Al503)( 20%)—
MgO(8%)-Si02(8%) decreased significantly with addition of 4 mass%
B,03 compared to the equal mass% of CaF; [25].

Viscosity is an important property in glass making and is dependant
on the chemical glass composition as well as temperature. The viscosity
must be tightly controlled during glass forming processes to maintain a
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Fig. 5. SEM images of washed and cross-sections of A-B) 45S5 + 2 mol% borax, C-D) 45S5 + 5 mol% Borax, E-F) 45S5 + 2 mol% V»0s5 and G-H) 45S5 + 5 mol%
V205 microspheres.
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Fig. 6. SEM images of washed and cross-sections of A-B) 45S5 microspheres using 3:3 gas flow rate ratio for 63-125 um starting glass particles and C-D) 45S5
microspheres using 3:3 gas flow rate ratio for starting glass particles ranging between 63 and 71 pm.

high-quality product and temperatures throughout the glass cooling
schedule are also dictated by the viscosity.

In this study viscosity for the glasses was measured indirectly via Hot
Stage Microscopy (HSM) and then directly via rotating cylinder high
temperature viscometer (HTV) method. The viscosity fitting curves for
the six glass formulations were investigated using the VFT equation (see
ESI Figures 2 and 3) and the profiles obtained followed similar trends for
both methods (HSM, HTV), where viscosity curves shifted to lower
temperatures with the addition of the viscosity modifiers (borax, V20s).
This was attributed to the higher oxidation state of B (+3) and V (+5,
+4, +3, +2) which generally reduce the viscosity compared to oxidation
state Na (+) [26].The viscosity curve for P40 glass had the lowest
temperature compared to 45S5 and the borax or V505 containing 45S5
glasses (see Fig. 4).

The phosphate P40 glass formed excellent quality and high produc-
tion yield porous microspheres [2] whereas via conventional method
utilising similar processing parameters, 45S5 did not (see Fig. 1A).
However, after addition of viscosity modifiers, both borax and V05
containing 45S5 glass formed porous microspheres although slightly
higher gas flow rate ratio of 3:3 was used instead of 2.5:2.5. It was
interesting to note that the 5 mol% V305 containing 45S5 glass formed
highly porous microspheres compared to the 5 mol% borax containing
4585 glass (see cross-section, Figs. 5D and H), which was unexpected
based on the viscosity results showing that the borax formulation had
significantly lower viscosity compared to the V305 formulation,
although both had very similar melt temperatures.

These results were then correlated with the HTM profiles to explore
the temperature differences between flow and hemisphere/sphere point
(see Fig. 3B), which also related to viscosity change relative to tem-
perature. Here we observed there was a much smaller temperature gap
between flow and hemisphere/sphere point for the 5 mol% V505
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containing 45S5 in comparison to 5 mol% borax containing 45S5.
Moreover, it was also noted that the viscosity changes relative to tem-
perature between flow and sphere or hemisphere point occurred rapidly
for P40 compared to 45S5 glass (see from Fig. 3B). These results also
corelated to the rate of viscosity change between flow and hemisphere/
sphere points from fitting viscosity curves obtained via HSM and HTM
(see Table 3). Therefore, in our flame spheroidisation process we pro-
pose that the rate of change in viscosity is a highly influential and
important factor to successfully producing desirable porous micro-
spheres. We also observed that the flame length can be altered with gas
flow rate ratio which could also influence particle residence time within
the flame as well as the cooling rate of the particles ejected from the
flame. According to reports in the literature, the temperature of the oxy-
acetylene flame can range between 3100 and 3300 °C [27,28]. However,
the experimental flame temperature may vary with variation of gas flow
rate ratios as well as from introduction of varying material particles for
processing. As part of a follow-up study, we are looking to explore and
model the flame temperature at varying ratios as well as the influence of
introducing different materials using appropriate thermal analysis
cameras.

From the outcomes and observations above, a processing model has
been assembled taking into consideration factors which could influence
the success of manufacturing porous microspheres as presented in Fig. 9
below.

It’s also worth noting that although the flame spheroidisation pro-
cess developed to convert irregular shaped particles into porous mi-
crospheres takes less than a second (i.e. in milliseconds), there are many
parameters involved to achieve the desired outcome, as highlighted in
Fig. 9.

Furthermore, the rate of viscosity change can also be influenced by
increasing cooling rate as a result of increasing gas flow rate ratio and
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Fig. 7. SEM images and cross-sections for porous 45S5 microspheres (washed) using A-B) 3.5:3.5, C-D) 4:4 and E-F) 4.5:4.5 gas flow rate ratio for starting glass

particles ranging between 63 and 125 pm.

this result reflected on the trial for producing borax containg 45S5 and
4585 glass alone using 3:3 gas flow rate ratio instead of 2.5:2.5 as used in
the initial trials. It was observed that partially porous 45S5 micro-
spheres were formed when using 3:3 gas flow rate ratio, whereas some
microspheres were solid (as shown in red circles) and other micro-
spheres only exhibited surface pores with a solid core (represented as
amber circles). Some microspheres only presented with a large cavity
inside the microspheres (shown in yellow circles) and a few micro-
spheres were fully porous (shown in green circles, see cross-sections,
Fig. 6B). For the microspheres with large cavity inside, two possibil-
ities may be responsible; 1) Smaller gas bubbles may have coalesced
together to form larger gas bubbles inside the microspheres, or 2) Larger
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porogen or large quantity of porogen had become entrapped inside the
molten glass during spheroidisation leading to large gas volume within
the microspheres. For the microspheres observed only with surface
pores and a large solid core, two possibilities may have contributed; 1)
Glass particles may not have fully melted and therefore, the porogen had
penetrated only the surface of microsphere as 45S5 glass had higher
melting temperature and viscosity. Or 2) Gas bubbles produced within
the molten glass may have moved towards the surface as the rate of
viscosity change for 45S5 or 5 mol% borax containing 45S5 glass was
comparatively lower compared to P40 or 5 mol% V505 containing 45S5
(see Table 3). On the other hand, from the few microspheres which had
formed into fully porous microspheres, these were relatively smaller in
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Fig. 8. X-ray diffraction pattern for 45S5 glass (starting particles) and porous 45S5 glass microspheres for different starting particle size (i.e. 63-71 ym and 63-125

um) and different gas flow rate ratios (i.e. 3:3, 3.5:3.5, 4:4 and 4.5:4.5).
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Fig. 9. Proposed model highlighting key parameters which can influence successful production of porous glass microspheres via flame spheroidisation process.

size as compared to the others. As such, subsequent highly porous mi-
crospheres of ‘45S5 glass alone’ were successfully produced by choosing
both smaller staring particle size ranges (as confirmed via SEM - see
Figs. 6C-D) and increasing the gas flow rate ratio thereby increasing
cooling rate (of molten glass during exiting the microspheres from the
flame, which resulted in the better formation of the pores in the mi-
crospheres) for this rapid changing viscosity profile glass (see Fig. 7).
Moreover, the PGMS prepared via this flame spheroidisation route
retained their amorphous nature (with the exception of a small peak of
CaCOj3 observed which was used as porogen) and no significant change
in chemical composition had occurred compared to the starting mate-
rials. Therefore, by selecting appropriate parameters, this
manufacturing process could also be used for other bioactive silicate
glasses (i.e. S53P4, 13-93), inorganic materials, such as glass-ceramics
(e.g. AW) and metal oxides to develop them as porous materials. For
example, successful manufacture of S53P4 porous glass microspheres
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using higher gas flow rate ratio (4:4) were also achieved and are shown
in ESI Figure 5.

In summary, porous 45S5 microspheres were produced via flame
spheroidisation process by choosing the appropriate process parameters
(e.g. smaller glass particles or higher gas flow rate ratio which increased
the cooling rate and the rate of viscosity change for the particles exiting
the flame).

6. Conclusions

The influence of various process parameters to manufacture of highly
porous microspheres utilising flame spheroidisation technique has been
summarised in this paper. Attempts to manufacture porous bioactive
silicate glass microspheres following the same parameters used for
making porous microspheres from phosphate and borate glasses were
unsuccessful due to the higher melting temperature (~450 °C) and
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higher viscosity of silica. Significant reduction of melt temperature
(~200 °C) and viscosity was observed by the addition of viscosity
modifiers (i.e. 5 mol% of borax or V,0s), which facilitated successful
production of silicate glass microspheres. The viscosity change relative
to temperature was determined to be an important factor in the process,
in addition to the melt temperature and viscosity profile. Higher yield
and highly porous pure 45S5 microspheres were also achieved by
manipulating the flame properties (i.e. using higher gas flow rate ratios)
which influenced the particle residence times and cooling rates for the
molten glass upon exiting the flame. Considering all of the influential
parameters, a model for the successful production of porous silica-based
glass microspheres via flame spheroidisation has been presented in this
paper.
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