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Abstract

Although glass recycling is considered to be a default method for glass waste man-
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agement, fine fractions of container soda-lime glass, or cullet of other compositions
are still landfilled. This happens despite existing alternatives. Success could lie in
advanced upcycled products that bring higher economic motivation for the implemen-
tation in industry, but these are often connected to alternative ways of product syn-
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via flame synthesis (FS). GM and the precursors, either from colorless medical vials
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or glass fibers, were characterized by scanning electron microscopy (SEM), simul-
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and image analysis. A dynamic corrosion test was performed and evaluated via ion-
coupled plasma with optical emission spectroscopy (ICP-OES) to observe corrosion
kinetics products. FS has proved to be a fast method of waste glass processing into
GM. This article, besides the characterization of the starting material and final prod-
ucts, also suggests the possibility of processing for other landfilled waste glasses and

also discusses the manufacturing of GM for water filters and fillers for polymers.
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1 | INTRODUCTION

The growing amounts of glass waste are ascribed to the grow-
ing consumption of products and strict emphasis on high-
quality production. Taking into account that 76% of glass
waste is recycled in the EU! and 33% in North America,2
each year, thousand tonnes of glass are landfilled. Even in

waste upcycling, flame synthesis process, glass microspheres, materials characterization, hydrolytic

the case of the most recycled soda-lime container glass, fine
fractions (<30 pm) are still landfilled, due to the plastic and
metal contaminations.**

During the glass waste treatment, the unrecyclable cullet
is sorted out in energetically and technologically expensive
procedures,5 only for then being landfilled. This happens with
medical glasses,6 lead/barium crystal glasses, and also glass
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fibers and their composites.7 These glasses are also often-
times landfilled directly from their manufacture, if products
are faulty. Their reintroduction in a glass batch would cause
too many serious technological problems, that is, stones or
streaks.®’

Out of the mentioned examples, medical glasses and glass
fibers are of the most significant value. These glasses are of
a low-alkali alumino-borosilicate formulation, well-known
since the beginning of the 20 century. 10 They are character-
istic in their hydrolytic resistance,'’ low thermal expansion
coefficient,12 high electrical 1resistivity,13 and low dielectric
constant.'*

In lieu of recycling, upcycling could be the answer to cul-
let landfilling. The aim of upcycling is to provide a prod-
uct, different from the original one, but possessing an added
economic value. Upcycling options for borosilicate glasses
include the conversion of cullet into glass foams TIS19 o
geopolymers.zo'23
are limited because of (a) the necessity to transport the waste
from several distant producing facilities into a processing fa-
cility, (b) mixed material characterization, and (c) the mate-
rial processed on the industrial scale needs to be produced
in large and steady quantities.”® Also, traditional construc-
tion materials are oftentimes protected by strict legislation.24
These issues could be partially avoided if the upcycling fo-
cused on highly specialized products.

To upcycle the borosilicate cullet into an economically ad-
vantageous product, we suggest the production of glass micro-
spheres (GM) via flame synthesis (FS) technology. According
to aresearch report, the global GM market reached 1993.36 mil-
lion USD by 2019, growing annually by 12.4%.%*7 GM can
be produced as solid/full (FGM), hollow (HGM), and porous
(PGM).”* The manufacturing process starts with the feeding
of a precursor into a high-temperature flame (~2200°C), where
particles almost immediately melt. Molten glass particles are
hyperquenched in a spray of deionized water and the structure
solidifies in the form of GM of particular morphology (FGM,
HGM, PGM). These unique conditions can also lead to a wide
spectrum of glasses usually characterized by high melting tem-
peratures and rapid crystallization.3 3,34

The resulting GM of various types shows excellent heat
resistance, light weight, porosity, and mechanical proper-
ties. These properties make them advantageous in aviation
and the automotive industry,34 and construction.”®>” GM are
also considered for hydrogen storalge,30’38'41 energy-saving
applications (thermal insulation), and also as luminescent or
reflective materials.**** Recently GM have proven to be ver-
satile biomaterials.*>*’

GM are favorable for the manufacture of complex-
shaped glass articles by additive manufacturing (AM)
technologies. The replacement of glass frit by GM leads to
lower friction during feeding, and increased packing den-
sity of product.48 AM technologies produce macroporous

However, the practical implementations
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green structures, which upon sintering might be comple-
mented by a microporosity. The possibility to produce hi-
erarchical porosity from hydrolytically stable waste cullet
would be interesting for the design of water filters.* Yet,
the chemical safety of the product would still have to be
assessed via hydrolytic durability tests, due to the possible
composition changes caused by FS.

The final argument for upcycling by the FS, versus re-
cycling, lies in the energetic aspect of the process. The em-
bodied energy for the production of glass articles, which is
the amount of energy used in the primary production, is in
the orders of 10 MJ/kg. Yet the saving in embodied energy
during cullet recycling is not more than 25 %.% This is due to
the energetically demanding cullet sorting step,S’SI’52 hence
the energy savings are not sufficiently motivating when con-
sidering the technological complexity of recycling.

This publication aims to demonstrate the synthesis of GM
solely from low-alkali borosilicate glass waste. Input materi-
als and final products were characterized in the terms of their
physical and chemical properties. We were able to produce
hydrolytically stable FGM from the medical glass. A prom-
ising synthesis of PGM from glass fibers indicates a future
successful production after synthesis adjustments.

2 | EXPERIMENTAL PROCEDURE
The raw materials were received directly from their manu-
facturers: Glass fibers (GF) from Johns Manville Slovakia,
and colorless medical vials (MV) from MediGlass Slovakia
(Nouva Ompi Group). The chemical compositions of input
materials, provided in Table 1, were measured by the Bruker
Tiger S8 X-ray fluorescence spectrometer (WDXRF).

GF and MV were crushed in an agate mortar and sieved to
obtain a sufficient amount of glass powder (precursor) with a
mean particle size of 40—80 pm. This powder served as both
the precursor for FS and a testing sample for the stated anal-
yses. A general scheme of the in-house built FS apparatus is
provided in Figure 1.3

For FS the O,/CH, mixture was used that yielded a flame
with the temperature of ~2200°C. The FS laboratory device
is based at the FunGlass Centre (Trencin, Slovakia) and was
approved as a utility model®' with the overall efficiency of
the device in the range of 75%-85%. The production rate of
GM was 2 g/min using oxygen carrier gas (0.016 m*/min)
and oxygen - methane flame at the consumption of gasses,
0,-0.042 m>/min and CH, - 0.078 m>/min. The prepared pre-
cursors from GF and MV were fed into a torch with a vacuum
powder feeder at the rate of 3.3 (GF) and 4.8 (MV) g min~ L.
The molten particles were quenched in the spray of deionized
water and then micro-filtered through a ceramic filter (poros-
ity <0.3 um). Products were dried overnight at ~120°C. The
total yield was 54% for GF-GM and 63% for MV-FGM.
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TABLE 1 The composition of waste . )
glasses (precursors for the flame synthesis) Glass fibers (GF) Medical vials (MV)
measured by WDXRF in wt%, standard Composition Standard Composition Standard
deviations are estimated from three (Wt%) deviation (Wt%) deviation
consequential measurements $i0, 5520 0.700 71.70 0.700
ALO4 14.30 0.200 6.68 0.050
Fe,04 0.31 0.003 <0.10 <0.001
TiO, 0.37 0.004 0.02 0.001
CaO 22.80 0.200 1.05 0.030
BaO 0.04 0.002 0.74 0.030
MgO 0.63 0.010 — —
Na,O 0.37 0.010 6.53 0.090
K,0 0.72 0.008 1.32 0.030
B,0; 4.40 0.300 9.80 0.400
SO, 0.01 0.001 0.01 0.400

Glass powder

CH4 02

\\ Burner |
[ the \

4

‘Molten glass 4

‘ /g i
/

Quenching bath
(water)

N,
| Filter > enmmm—

FIGURE 1 Scheme of the flame synthesis apparatus in the
laboratory scale. Glass powder is fed into the feeding gasses,

and due to high temperatures, it is instantly molten. Droplets are
hyperquenched in the stream of coolant and collected on the filter

To address the mineralogy of products, powder X-ray dif-
fraction was used (XRD; Panalytical Empyrean DY 1098 B.V.
Netherlands) CuKa radiation, 26 range 10°-80°. Afterward,
the surface and the cross sections of the GM were examined
by scanning electron microscope (SEM; Jeol JSM 7600 F),
15 kV acceleration voltage, 14 mm work distance (WD)
using lower secondary electron detector (LEI). Approximate
compositions were obtained through the electron dispersion
spectroscopy (EDS), 5 kV acceleration voltage, 11 maA,
14 mm WD. For cross-sectional examination, the samples

were mounted into Trans Optic resin (Buehler) and were pol-
ished using Buehler Planar Met 300. The SEM micrographs
were also used to evaluate the GM size and size distribution,
using the Image analysis performed in NIS Elements Viewer.
The density of the obtained glass microspheres was measured
by liquid pycnometry in isopropanol.53

Characteristic thermal properties of GM, the glass-
transition temperature (7,), and the maximum of the first
crystallization peak temperature (7,) were determined using
simultaneous thermal analysis coupled with differential
thermal analysis (STA-DTA; Netzsch STA 449 F1 Jupiter
Netzsch GmbH& Co., Bad Berneck Germany). The heating
rate used was 10 K min_l, at the N, of 25 mL. min~! used as
the carrier gas. The values were obtained on the first DTA
curve, the values of Tg were evaluated on the onset of the first
derivation glass-transition peak.

The chemical resistance tests were performed in dynamic
test mode. Samples (0.5 g) were measured in corrosion cells,
with one cell left empty for the blank test line. Deionized
water (DIW) at ~90°C was chosen as the testing solvent, at
the steady flow rate ~30 mL h™", the test duration was 8 h
total. Leachates were collected after every 30 min during the
first 2 h. Afterward, the sampling was performed every hour.

Leachates were immediately stabilized by the addition
of 1 ml 1 M HNOj solution and analyzed by optical emis-
sion spectroscopy in inductively coupled plasma (ICP-OES;
Agilent 5100). The measurements were carried out with the
scandium (10 mg L_l) as the internal standard to deal with
non-spectral interferences.

3 | RESULTS AND DISCUSSION

The mineralogical analysis of GF-GM and MV-GM,
shown in Figure 2, confirmed the microspheres were XRD
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FIGURE 2 XRD patterns of GF-GM
and MV-GM proving the GM upon FS
MV-GM were XRD amorphous
— GF-GM
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amorphous, with the characteristic halo of silicate vitreous
phase at 20 = 20°-35°. We conclude that processing low-
alkali borosilicate waste glasses by FS yields materials that
are not prone to crystallization, and hence the process is in
this aspect without major technological difficulties.

SEM results for GF-GM are shown in Figure 3A in the
surface viewing and Figure 3B in cross section. Some re-
sidual pores in the microspheres, for better visualization
highlighted in the brackets, indicate that the resin coating of
GF precursors decomposed during FS. However, only small
amounts of closed pores are visible, and only in larger GM

FIGURE 3 GF-GM (A) surface view
(residual pores captured in brackets), (B)
cross section; and MV-FGM (C) surface
view, (D) cross section

specimens. Yet, this claim is also confirmed by the pycnom-
eter tests. The density of GF-GM (2.5 + 0.2 g/cm3) showed a
small deviation from the starting glass residue (2.6 + 0.1 g/
cm3).

Figure 3C,D show that FS yielded full MV-GM, without
any pores visible on the surface or in the cross section. The
achievement of full density was confirmed by the fact that the
density of MV-GM (2.4 + 0.2 g/cm3) exactly matched that of
the starting cullet (2.4 + 0.2 g/cm3).

Table 2 provides the average compositions obtained
by SEM-EDS on the surface and the cross section of the
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TABLE 2 Composition of glass microspheres obtained via SEM-
EDX in wt%. and compared to the values from precursors measured
by XRF. Arrows show the apparent concentration change in the GM
against the precursor of corresponding compositions

GF MV

Precursor GM Precursor GM

SiO, 55.2 56.0 71.7 79.0
B,0, 44 4.6 9.8 9.0
Na,O 0.4 0.1 6.5 4.5
Al, O3 14.3 14.0 6.7 6.0
K,0 0.7 — 1.3 —
CaO 22.8 24.0 1.1 1.7
TiO, 0.4 0.4 — —
MgO 0.6 0.6 — —
Fe,04 0.3 — — —

20 4 ‘ \

Particle distribution (%)
=
" 1 " L

10-20 20-30 40-50 50-60 60-70 70-80 80-90

Diameter (microns)

FIGURE 4 Particle size distribution in respect to group sizes of
particles. GF-GM show a significant population of particles under the
sieving limit

respective GM. When comparing with the results obtained
by XRF (Table 1), some changes in the measured values were
observed, with possible volatilization of alkalis and B,0;.
It is reasonable to conclude that the FS and consequential
quenching did not alter the chemical composition of GM sig-
nificantly, despite the different analytical methods used. The
chemical composition of the product remains characteristic
for low-alkali alumino-borosilicate glasses. The properties
bound to the chemical composition of the original waste can
be assumed also for the upcycled product.

Images obtained from the SEM analysis were evaluated
to determine the mean GM diameter and size distribution,

also shown in Figure 3 as the distribution of particle size.
In the case of GF-GM, ~50% of particles were 40—60 um
in diameter, with a significant ratio of GM under the
mean value. This could be explained by the diameter of
each fiber from the GF bundle being considerably smaller
than the mean size of the sieve used for this purpose. MV-
FGM were also mostly yielded in the mean fraction of 40—
60 um, ~50% total, but considering the fact the precursor
originates from bulky material, the particle sizes remained
evenly distributed across the entire size range (10-80 um).
In both cases, particles above the sieving limit were de-
tected, which could result from either large particle aspect
ratios, too high FS temperature resulting in the sintering
of small particles, or bloating of particles due to entrapped
pores (Figure 4).

The DTA results are shown in Figure 5 and consequen-
tially summarized in Table 3. In both cases, GM demonstrated
higher values of 7, and 7 than those of their precursors. This
shift cannot be ascribed entirely to the changes in the ther-
mal history of GM, because the composition of GM has also
changed slightly (Table 2). The presented microspheres show
a wide temperature interval between 7, and T, comparable
to that of the precursors. This parameter is important, if GM
should be considered for the manufacture of water filters
by AM technologies. In this case, hierarchical porosity is
achieved first by printing and then by sintering. A sufficiently
broad temperature interval where viscous flow sintering can
be applied (sintering window) is, therefore, an important pa-
rameter in the process.

Figure 6 shows the dissolution rate of GM expressed in
terms of the cumulative concentration rates of Si and Al,
which represent the glass-forming elements. MV-GM dis-
solved at a much slower rate compared to that of GF-GM,
reaching the state very near to solubility plateau.55 The prod-
uct maintained excellent hydrolytic resistance, which is an
important property in applications involving higher humid-
ity (air filters) or aqueous solutions (cleaning of wastewa-
ter). Porosity could be introduced into MV-GM by chemical
means, for example, by alkali activation.”® The introduction
of the pores into GM would broaden the hierarchical porosity
in future water filters.

The measured amounts of Si and Al leached from GF-
GM were higher. Considering the lower content of silica
in the GF, we can conclude that the GF-GM dissolve faster
than the GM prepared from medical glass. This is in line
with the known high hydrolytic resistance of borosilicate
medical glass. The prepared GF-GM also showed a small
number of pores (Figure 3) without any preconditioning of
precursor. Their porosity could be enhanced by chemical
pretreatments, which would result in a porous lightweight
material. The GF-GM could be then suitable also for other
applications than water filtration, such as lightweight fillers
in polymers.
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study, we have proven that low-alkali borosilicate glasses, ! 2 3 4 5 6 7 8
namely glass fibers, and medical vials, are an excellent Time (h)

material for the preparation of glass microspheres, a ma-
terial of large potential for utilization and functionaliza-
tion. The results show that through flame synthesis, we
can produce either solid or porous glass microspheres. In
the latter case, we observed only a small number of pores.
However, the used precursor was without any prior ad-
justments and the preconditioning and/or changes in the
synthesis conditions could lead to a more porous product
in the future.

The resulting products are characteristic by a wide sin-
tering window, and good particle size-control, both of which
offer opportunities for further functionalization. In the case
of microspheres prepared from medical vials, excellent hy-
drolytic resistance was preserved, despite the large active
surface. The microspheres are considered excellent raw
materials for the preparation of water filters by AM tech-
nologies. The microspheres from glass fibers dissolved at
comparably faster rates. We, therefore, recommend their use

FIGURE 6 The cumulative flow for GF and MV GM was
expressed in the terms of glass-forming element concentrations (Si and
Al), during the first 8 h of dynamic corrosion testing

in environments where they are not in direct contact with hu-
midity/aqueous solutions.
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