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Abstract. Mixed colour waste glass extracted from municipal solid waste is either not
recycled, in which case it is an environmental and financial liability, or it is used in relatively
low value applications such as normal weight aggregate. Here, we report on converting it into
a novel glass-ceramic lightweight aggregate (LW A), potentially suitable for high added value
applications in structural concrete (upcycling). The artificial LWA particles were formed by
rapidly sintering (<10 min) waste glass powder with clay mixes using sodium silicate as
binder and borate salt as flux. Composition and processing were optimised using response
surface methodology (RSM) modelling, and specifically: (i) a combined process-mixture dual
RSM, and (ii) multi-objective optimisation functions. The optimisation considered raw
materials and energy costs. Mineralogical and physical transformations occur during sintering
and a cellular vesicular glass-ceramic composite microstructure is formed, with strong
correlations existing between bloating / shrinkage during sintering, density and water
adsorption / absorption. The diametrical expansion could be effectively modelled via the
RSM and controlled to meet a wide range of specifications; here we optimised for LWA
structural concrete. The optimally designed LWA is sintered in comparatively low
temperatures (825-835 °C), thus potentially saving costs and lowering emissions; it had
exceptionally low water adsorption / absorption (6.1-7.2% w/wq; optimisation target: 1.5-
7.5% wiwyg); while remaining substantially lightweight (density: 1.24-1.28 g.cm™; target: 0.9-
1.3 g.cm™). This is a considerable advancement for designing effective environmentally
friendly lightweight concrete constructions, and boosting resource efficiency of waste glass

flows.
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1. Introduction

Maximising the value we can extract from waste and treating them as flows of ‘technical
nutrients’ and up-cycling them (improving their value via recycling), could be a critical factor
in managing resources to secure a sustainable future.' Key to success is a combination of
innovative materials processing, as new ideas™? in this research area demonstrate, combined
with the application of advanced environmental and materials engineering tools, such as
response surface methodology (RSM),*” to waste and secondary raw material reprocessing.
Recovering value from waste glass is a major challenge: issues concerned with collection,
colour and type separation still limit recycling (e.g. mixing of pyroceramic, lead-crystal,
ovenware type, and drinking glasses with soda-lime-silicate glasses).® For example, material
flow analysis demonstrated that for waste glass stemming from consumer beverages in New
Jersey in 2008, only a small amount (about 11% wt.) was used for glass manufacturing, the
bulk of it being used as construction aggregate — a low value (open-loop or downcycling) and
wasting energy application.” The challenge is particularly pertinent for the mixed colour glass
cullet smaller than 10 mm, such as often encountered in the reject fractions of mechanical-
biological treatment (MBT) plants® and material recycling facilities (MRF) processing
municipal solid waste. For such finely sized and contaminated streams optical sorting is
unable to render sufficient recovery results and residues are often disposed of in landfills
rather than being beneficially utilised. Disposal or use as low value aggregate wastes
significant embodied energy and materials contained in the glass along with opportunities for
material substitution’, which even in cases of thermal reprocessing have been shown to avoid
hundreds kg CO,-eq. per tonne of glass waste.” The development of new recycling options,
particularly for problematic mixed colour glass, is therefore required to increase its beneficial

post-consumption fate.'’ As a result, there is on-going research and innovation in this wider



area (indicatively: use of soda-lime-silica glass as feedstock for the production of
tobermorite)1 L

At the same time, there is increasing demand for ceramic lightweight aggregate
(LWA) particles with densities significantly less than 1.60 g.cm'3 for use in light aggregate
concrete (LWAC). Pre-cast LWAC components are a key development in sustainable,
environmentally friendly construction, and their use is increasing with the application of
LWA such as Lytag.'> LWAC offers the technical advantages of easier handling and reduced
construction times, while enabling the manufacturing of larger components off-site with
suitable quality control in place. Transport costs for pre-cast LWAC are also significantly
reduced compared to normal weight concrete and so are transport-related air emissions due to
lower weight. As a result, the development of artificial LWA particles engineered to the
required combination of properties is an important research area.'> 14

A range of waste materials have previously been investigated for the production of
artificial LWA.'*"” A major technical disadvantage of commercially available artificial
LW As is their high water absorption which can result in different interfacial transition zone
with the cement paste,'® increase the possibility of surface cracking of the concrete or
decrease its strength,'” and cause heterogeneity in the paste, leading to low concrete stability,
high permeability and low workability.'> ' Commercial and logistics issues are also related
to the need for pre-wetting of highly absorbent LW As. Thus, it would be highly beneficial if
an artificial LWA for structural precast concrete applications could be engineered to absorb
considerably less water before (pre-wetting) or during contact with the cement paste. Another
key limitation of commercially available artificial LW As is the high temperature needed
during manufacturing (e.g. 1400 °C);'? a much lower sintering temperature could bring

significant energy, emissions and cost savings, delivering sustainability benefits. Additional



benefits can stem from material substitution, by avoiding pumice extraction, and transport
emissions, especially for areas that have to import it from afar.

The research reported here uses the lowest quality of waste glass cullet, i.e., the most
difficult to be recycled, as the main secondary raw material to manufacture an added value
product (up-cycling). The use of waste glass, clay, sodium silicate and an expansive agent to
form LWA has previously been reported.zo’ 2l LWA has also been produced by combining
lignite coal fly ash and recycled glass.22 The addition of waste glass provided an amorphous
phase which reduced the water absorption of LW A prepared from clay and sewage sludge.23
The properties of LWAC containing expanded glass LWA have also been reported.**

Here we aim to develop a sustainable LWA for use in precast LWAC structural
components. The novel LWA is produced by rapid thermal processing (sintering) of waste
glass, clay, sodium silicate, borate materials mixture at relatively low temperatures; borate
salts are added as a flux to lower the melting point and reduce melt viscosity.”*’ We aim to
engineering a LWA with minimal water absorption.

RSM is a statistical design of experiments methodology, increasingly used to develop and
optimise products and model processes within the environmental sciences and engineering.*’
It has not previously been used for LWA production. RSM is particularly useful when
properties depend on variables such as composition and sintering temperature, for which the
underlying physical mechanisms are unclear, and where complex non-linear
interdependencies exist. I addition, dual RSM can produce a statistically validated predictive
empirical model able to optimise both the average (target) values and the variability.*®
Concurrent multiple factor optimisation is applied here, benefiting from advances in
desirability optimisation methodology (DOM).*’

These methods are used here to develop a formulation and rapid sintering procedure to

manufacture novel LWA products to exact and advanced specifications (low water absorption



and low sintering temperature). The optimal LWA is characterised to validate the

optimisation outcome, and mineralogy, microstructure and strength aspects are examined.

2. Experimental
2.1. Materials

Mixed colour glass cullet (Stacey, UK) was received as a fine dry powder, with a median
particle size of 65 pm and 90% vol. less than 114 pm. There was no significant paper fibre
contamination in the milled glass. Donnington fireclay (Castle Claysales Ltd., UK) was
supplied as a homogeneous fine powder. The chemical composition, moisture content and
loss on ignition of the as-received glass and clay are given in supporting information (SI)
Table S1.

Sodium pentaborate decahydrate (Na,O-5B,03- 10H,0, Polybor Flow®, Rio Tinto Borax,
UK) was used as an aqueous stable suspension of sodium borate with an active boric oxide
(B203) content of 32.2-33.5% wt. This was diluted 5:1 v/v using tap water before use.
Sodium silicate solution (Crystal 0075, PQ Corporation, UK) with a total Na,O content of
8.4-8.8% wt. and a Si0,:Na,O ratio of 3.15-3.25:1 was used to increase the unfired (i.e.,

green) strength of LWA pellets.

2.2. Lightweight aggregate manufacturing

Preliminary experiments identified an initial composition range and key processing factors
for further investigation. Dry glass cullet powder and fireclay were mixed for 2 minutes. Tap
water, sodium silicate solution and dilute sodium pentaborate decahydrate were then added to
form a paste that could be hand-rolled into roughly spherical pellets (?=10-14 mm). The
green pellets were coated with a thin layer of calcium carbonate powder (99+%, reagent

grade, Aldrich, UK) to inhibit pellet bonding during sintering.



The thermal processing cycle involved pre-drying, rapid heating and rapid cooling. Pre-
drying for 24 hours at 40+2 °C reduced the pellet moisture content and resulted in less
variable LWA properties. Dried pellets were rapidly sintered for 20.0 £ 0.1 minutes by
placing samples directly into a furnace (Lenton UK, EFC 11/8 chamber furnace) pre-heated
to specified temperatures between 750 and 900 °C. Heat treating above 900 °C caused
excessive bloating. Immediately after the sintering holding time, the pellets were removed
from the furnace and rapidly air cooled, with ambient temperatures (ca 20+5 °C) reached in
less than 5 mins. This decision prevented potential further uncontrolled volumetric changes
that could have occurred during slow cooling because of: (1) ongoing irregular foaming of a
partially solidified hot pellet; and (2) undesirable large-scale formation of crystalline phases
which could contribute to sudden volume changes due to phase transitions (quartz 573°C and

cristobalite ~250°C).

2.3. Raw materials and lightweight aggregate characterisation

The crystalline phases present in raw materials and fired LWA pellets were determined by
X-ray diffraction (XRD, Nonius PDS120 Powder Diffraction System). XRD combined a
Cobalt source, a primary Ge (111) monochromator and an INEL 120° curved position
sensitive detector. The samples were measured in flat-plate asymmetric reflection geometry
with tube operating conditions of 35 KV and 30 mA. Phase identification was performed with
the X Pert HighScore Plus software in conjunction with the powder diffraction file (PDF)
database from the International Centre for Diffraction Data (ICDD).

The particle density of oven-dried LWA (p,q) and the 24-hour water absorption (WA,4)
were determined simultaneously using Archimedes’ liquid displacement principle as
specified in BS EN 1097-6: 2000.*° The method was modified by using the vacuum method

described for ceramic tiles in BS EN ISO 10545-3:1997.3! Air was removed from connected



porosity, so that maximum impregnation of the intrusion medium occurred, in this case
vacuum-degassed tap water. LWA pellets were held under vacuum for 1 hour before being
immersed under 10 + 1 cm of vacuum-degassed tap water at 21 £ 0.5 °C for 24 hours.
Despite that the tests and established terminology refer to water “absorption”, it can be
reasonably assumed that this measurement includes also water adsorbed on the LWA pellet.
However, standard terminology is followed onwards.

A bloating index was calculated as the relative diametrical expansion percentage (%ADy,))
of the pellet diameter before (D;) and after (Dy) rapid firing (Appendix, Eq. Al). The moisture
content (M) (w/wq) of raw materials was measured by oven drying at 105-110 °C for 24
hours.

The indirect tensile strength of LWA pellets was determined.’ The secant stiffness and
the mass-specific energy to fracture were measured using individual pellet compression test
equipment.” The secant stiffness K (N mm™) was calculated by dividing the failure load by
the total particle linear deformation, i.e. as the slope of a line connecting the fracture point of
the load-displacement curve with the zero point. The mass-specific energy to fracture was
measured as the area under the load-displacement graph prior to fracture, normalised with
respect to particle mass. A Weibull distribution (Weibull modulus (m), reference stress (ap))
was fitted to the strength data.

The microstructure of the LWA pellets was investigated by optical microscopy (Carl Zeiss
Axioscope equipped with a computer controlled stage and camera (AxioCam), with software

analysis by AxioVision 4.7).

2.4. Experimental design
A statistically designed experiment following dual mixture-process response surface

methodology (RSM) was followed using the Design-Expert® 8.0.2 software,>* specialised in



design of experiments (DoE). The aim was to identify mix compositions and sintering
conditions able to produce LWA pellets with specific particle density p;q and water
absorption WA,4 with minimal variability. The dual RSM approach accounts for unknown
sources of variability in the quality measures (p;q and WA,4), in addition to predicting average
levels, as in the simple RSM. The green LWA paste mass Mt (Eq. A2) was kept constant at
60 g for all the mix formulation ranges shown in Table 1. Additional mixture constraints are
provided in Eq.A3 and A4. The exact mixture and firing temperatures of the runs are shown
in the Table S2. The relative ratio of glass and clay, the two main mix ingredients, varied
from 0.08 to 0.25. The suitability and adequacy of the experimental design was verified using
specific DoE criteria, as defined and implemented within the Design-Expert® 8.0.2 software
** such as: IV-optimality via maximisation of fraction of design space plots; absence of
aliasing; enough degrees of freedom (d.f.) available for estimation of lack-of-fit; and no

leverages at 1.

2.5. ANOVA and model fitting

Analysis of variance (ANOVA) was performed on the test results for each response
variable (averages and variability). ANOVA was used to identify parametric equations that
satisfactorily fit the measurements and can be used to navigate the response surface and
predict the average density, water absorption and variability. The best fitting model was
selected and validated by a sequence of steps, which are described in SI. Table 2 lists the

statistics reported for the ANOVA models.

2.6. Simultaneous mixture composition, temperature and LWA properties optimisation
Concurrent multiple factor and response variable optima were obtained using the Design-

Expert® 8.0.2, following the desirability optimisation methodology (DOM).*” *® Goals were



set considering the financial implications of raw materials and processing and the required
specification for LWA pellets. The LWA specifications (p;qg and WA,4) were chosen based on:
(1) the general aim to achieve minimal WA while remaining substantially lightweight; (ii)
with the exact values informed by what was considered as feasible from the RSM p.q vs WA4
scatterplot results (Figure 1B); along with (iii) extensive consultation with industry which
indicated the ideal trade-off between WA and lightweightness. The low-cost mix
components (glass, clay and water) were within ranges explored in the designed RSM
experiments, while the more expensive additives (Polybor Flow® and sodium silicate) were
minimised. The processing temperature was also minimised to achieve greater energy

efficiency. Exact settings for the optimisation scenarios explored are shown in SI Table S3.

3. Results
3.1. Correlations: Expansion, density, water absorption, moisture, green size

Diametrical expansion, particle density and water absorption were obtained for each
specific combination of mix formulations and processing conditions, as shown in SI Table
S4. The experiments resulted in LW As with a wide range of properties suitable for use in
various applications.

A strong negative correlation was evident between oven-dry density of LWA pellets and
diametrical expansion during rapid sintering (RZadj =0.91, P < 10°) (Figure 1A). The 24-hour
water absorption (WA»,) and the oven dry density (pyq) were also negatively correlated (R* adj
=0.58, P < 10'6) (Figure 1B). The WA, increased as the density decreased and vice-versa.
Higher WA,4 was also associated with higher diametrical expansion and lower particle

density, with these three properties being highly correlated (R ,qi= 0.87, P < 10°°).
J

3.2. Correlation between LWA properties and mixture-process factors

10



The firing temperature and the addition of borates are the most important factors
controlling the pg and WA,4. At 750 °C almost all the pellets contracted (%ADy, from -1.5 to
-11.1), while at 900 °C most of the pellets expanded during firing. LWAs with high density
and low water absorption resulted from firing at low temperatures, while the converse
occurred at higher temperatures. At each temperature, the lowest density was always
observed for mixes with the highest borate content (12.5% w/w). At 900 °C, samples with the
minimum addition of borates (3.13% w/w) had densities as low as 1.16 g.cm'3, which is
within the desirable specification. Temperature and borate content are significant (P < 10”) in
explaining the most of the variation in py.

At 750 °C, WAy, is generally below 7.5% w/wg irrespective of borate content. At 825 °C
the amount of borate present seems to control WA,4, with high values observed for high
borate contents. Firing at 900 °C results in a wider range of WA,4 values (1.6-136.8% w/wyg),
indicating that the water absorption depends increasingly on mix composition. At the highest
temperature, low borate content (3.15-5.47% w/w) results in LW As with water absorption
below 49% w/wq, while high borate (10.16-12.5% w/w) produces pellets in the range 51.8-
136.8% wiwq4. Temperature and borate content are both significant (P < 10”), but account for

only about half the variability in WA4 (Rzadj =0.560, F,5,=35.4).

3.3. RSM model fitting to LWA properties

Statistically significant models were fitted for all the dependent variables under
examination (Table 2). These included p,q (Figure 2A) and WA,4 (Figure 2B). All the
ANOVA underlying assumptions and model selection criteria were met. Two runs fired at
relatively high temperatures of 825 °C and 900 °C showed unexpected shrinkage and these
were omitted because the high leverage level could mislead model selection. A logarithmic

(base10) Box-Cox transformation was applied to all properties, with the exception of p;g (no
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transformation), to best meet the ANOV A prerequisites of normality and homogeneity of
variance. Thus, the predicted values refer to the median, rather than the arithmetic mean of
the properties modelled.

The processing temperature is the critical factor affecting the average density of pellets as
clearly illustrated by the 3D diagram of the model shown in Figure 2B. This demonstrates
that the density decreases as the temperature increases. Mix components have a much less
significant influence. Increasing the sodium silicate addition results in reduction in the
response surface slope, resulting in higher temperatures required to achieve the lowest
densities. In the region of high temperature and high borates, the model does not adequately
describe the combined temperature-borate quadratic effect, suggesting that density should
slightly increase with higher levels of borates, whereas the experimental results show a

decrease.

3.4. Simultaneous mixture composition, temperature and LWA properties optimisation

Solutions for optimal LWA pellet production as identified by the optimisation algorithms,
for eight different optimisation specification scenarios are available in the SI Table S5.
Irrespective of the mixture composition, the specified ranges set for LWA particle density
(0.9-1.3 g.cm'3) and water absorption (1.5-7.5% w/w,), result in solutions that require a firing
temperature in the range 825-835 °C, and indicate that WA, are achievable in the range 6.1-
7.2% wlwg with pq in the range 1.24-1.28 g.cm'3. The LWA manufactured following the
suggested optimal mixture composition and firing temperature had WA4 at 4.3 + 2.1% w/wg
and particle density at 1.35 +0.10 g.cm™ (+ denotes extended uncertainty around the average
values from 10 particle replicates).

The optimisation objective function may underestimate the capability of borates to

enhance bloating and thus reduce particle density. Most of the suggested optimal mixture
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compositions comprise 73.6% wt. glass and 6.0% wt. clay. Sodium silicate solution appears
at 2 levels (0.28% wt. and 0.59% wt.) combined with two not very dissimilar low levels of
the 5 times diluted borates (3.13% wt. and 3.32% wt.). The predicted variability in density
ranges from 0.01-0.04 g.cm'3 and it is feasible to keep the variability in water absorption to
below 1% w/wg.

The ‘optimal” LWA replicates showed high variability in water absorption, with WA
ranging from 1.6-9.8% w/w4 and a standard deviation of 3.0% w/wyq. This variability is three
times the maximum limit set during the optimisation. Similarly, the density range and
standard deviation were at 1.16-1.56 g.cm™ and 0.14 g.cm™ respectively. Such variability

levels are towards the middle of the range measured during the response surface experiments.

3.5. Optimal LWA pellet mineralogy, microstructure and mechanical properties

Mechanical testing of optimal pellets indicated a median indirect tensile stress (os9) of
1.77 MPa, a median secant stiffness (K sp) of 2463 N.m'l, and a median mass-specific energy
to fracture (E,,s0) of 27.5 J.g"'. The tensile stress results were characterized by fitting a
Weibull distribution with Weibull modulus (m) of 1.17 and reference stress (op) of 3.07 MPa.
Figure 3 indicates that the optimal pellets can be grouped into two categories with tensile
stress behaviour corresponding to weak and strong pellets; for comparison with an indicative
commercially available LWA (LYTAG 4-14) refer to the Figure S1. The microstructures of
the outer surface and central inner area of optimal pellets are shown in Figure S2. A foam-
like inner microstructure is evident, containing a wide range of spherical macropores
distributed unevenly throughout the pellet, with a high concentration of larger pores and/or
one large void in the centre. The outer skin is considerably less porous and coated with
patches of calcium carbonate. The cellular glass framework shows generally a smooth

surface. Outlines of pores and connections between pores have a dense and uniform
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microstructure without obvious signs for cracks and spalled material. The porous morphology
seems not to be weakened by irregular growth or shrinkage of crystalline phases. Qualitative
XRD in Figure 4 shows the mineralogy of the raw materials, the green mix and the thermal
transformations occurring during processing of the optimal LWA pellets. This confirms that
the green mixture is dominated by the amorphous waste glass powder (Figure 4A), with
traces of a-quartz (Si0,) and diopside (CaMgSi,0Og). Phases identified in the fireclay were
kaolinite (Al,Si,0s5(OH),), illite ((K,H30)AlL,Si3AlO0,0(OH),), siderite (FeCO3) and a-quartz
(S10y).

After processing into LWA, the optimal pellet contains amorphous material, as indicated
by the broad curvature above the dotted background line, and new crystalline phases (Figure
4B). As in the green pellets, a-quartz and some diopside were detected. However, new
crystalline phases, a-cristobalite (Si0;) and wollastonite (CaSiO3) are formed, while mullite
(Al,Si0:s) is also possibly present, but peaks of the latter are close to detection limits and hard

to distinguish from sillimanite, which however is less likely to form.

4. Discussion

The RSM methodology has been successfully applied to optimise key properties of LW As.
It has been shown that using a LWA production process involving rapid sintering at relatively
low temperatures between 750-900 °C, it is feasible to produce LWA from mixes of glass-
clay-sodium silicate-borate with a very wide range of densities and water absorption.
Bloating, which directly results in low density, occurs for most mix compositions at 825 °C.
Firing at ~825 °C produces close to optimal LW As for a range of compositions in the glass-
clay-sodium silicate-borate system. This is at least 350 °C lower than typical commercial
waste-derived LW As fired at 1400 °C'?, potentially delivering energy use, emissions and cost

savings, which however have to be quantified in further studies and at pilot/full scale runs.
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The wide range of density and water absorption properties achieved suggests this system
can deliver products customised for a wider range of LWA applications. For example, other
high value applications, such as solid media for trickling filters treating wastewater and odour
treatment filters may be feasible given the high water absorption values of up to 136.8% w/wq4
achieved by sintering selected formulations at higher temperatures.

There are strong interdependencies between the diametrical expansion, particle density
and 24 hour water absorption. Bloating is well understood for clays37 and recently for foamed
glass.38 Trace components are volatilised at temperatures where the glassy phase has
softened. The evolved gasses are then trapped within the viscous melt and this causes
expansion and the vesicular structure of inner voids, as shown in Figure S2. The fireclay used
here is not anticipated to considerably contribute to the bloating as a fluxing agent, because of
its high Al,O; content (35.6% wt. - Table S1), which clearly classifies it well outside the
range of bloating clays.?’

The optimal compositions rapidly sintered in the temperature range 825-835 °C produces
glass-clay-sodium silicate-borates LW As with exceptionally low water absorption.
Achievable water absorptions are 6.1-7.2% w/wq4 (with target: 1.5-7.5% w/wq); while
remaining substantially lightweight: densities of 1.24-1.28 g.cm™ (target: 0.9-1.3 g.cm™).

Coating green pellets with calcium carbonate powder resulted in LW As with patched
surfaces due to the expansion process and the different surface texture resulting may have
different properties. The mechanical properties of LW As depend on a series of
microstructural properties including density, pore size distribution, thickness of the
connecting internal web, cracks/internal defects and mineralogy. The crystalline silicate
phases forming during sintering do not seem to weaken the foam-like structure, and mullite
and wollastonite may form elongated needle-like crystals, which embedded in glass may

provide a reinforcing effect.
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At each temperature the lowest density is always observed for mixes with the highest
borate content, suggesting that fluxing promotes bloating, as anticipated. However, the best
possible ANOV A model fitted for density (Table 2 and Figure 2A) is not sensitive to the
change of borate content at low temperatures, falsely indicating the opposite effect at T =750
°C. The model gives better fitting results as the temperature increases, but for T relevant for
the optimised pellet (825-835°C) is still relatively indifferent to borate content fluctuations.
This is a limitation of the model, which, however, did not prevent from identifying a verified
composition and process conditions for the optimal LWA. However, it suggests that further
optimisation towards minimising the use of borates could be potentially feasible by running
new RSM experiments narrowed down around the identified optimised area.

Mineralogical transformations occur during sintering that maintain the dominant
amorphous glassy phase, while new crystalline phases form, transforming the initial raw
materials into a new ceramic/glass composite microstructure. During rapid sintering at
temperatures around 825 °C new crystalline phases are formed that were not present in the
green LWA pellets. Kaolinite and illite are not detected in fired LWA pellets because they
decompose. Kaolinite thermally decomposes by dehydroxylation at 500-600 °C to poorly
crystalline metakaolin. Crystallization of spinel phases should only begin at temperatures
above 900 °C.* Tllite dehydroxylates between 350 and 600 °C, and cannot be detected by
XRD in samples fired above 700 °C. At 825 °C illite is expected to break down (700-850 °C)
and it has been observed that above the dehydroxylation temperatures, Si-rich liquid phases
form from kaolinite and illite which cannot crystallise into spinel. Diopside is stable at these
firing temperatures and is detected in the final product. Wollastonite is a common phase in
Ca-bearing silicate glasses: for example, it has been observed at 775°C using basic oxygen
furnace slags as starting material.*” Wollastonite formation has been reported during firing at

825 °C for 1 hour of compositions containing CaO—MgO—NaQO—PQOS—SiOz—Can.4]
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Cristobalite is a polymorph of silica, which is only stable above 1470 °C, the equilibrium
formation temperature, but this can form from quartz, as B-cristobalite above 227 °C.
Cristobalite has been found to precipitate when an initially amorphous borosilicate glass was
sintered, with devitrification occurring between 700-1000 °C.** During cooling both quartz
and cristobalite undergo phase transitions to their low-temperatur polymorphs (a-quartz
<573° and a-cristobalite <227°C). Both phase transition are accompanied with volume
contraction which could have a potentially weakening effect on the cellular structure of the
pellets. However, cracks due to shrinkage were not observed (Figure S2) indicating that the
low proportion of both silica phases compared to the glass phase resulted only in negligible
destabilizing effects on the pellet microstructure.

In these experiments the glass is predominantly soda-lime-silica. Boron was not detected
in any crystalline phases and B,Os is likely to be incorporated in the glassy phase, serving as
a network former. It is proposed that Al from kaolinite and illite combine with the Si
available from the amorphous waste glass, liquid sodium silicate, kaolinite and illite to form
mullite. No iron containing crystalline phases were detected in the fired LWA pellets.
Siderite thermally decomposes between 500-600 °C ** by decomposition/decarbonation with
the resultant phases formed depending on the exact firing conditions.**

The mineralogy is also a factor potentially affecting LW A particle density because of the
varying density of the different crystalline phases. However, both green and sintered LW As
are dominated by the amorphous glassy phase rather than the crystalline phases. Therefore
little differentiation could be anticipated due to mineralogy, and this should relate to the
variable amount of glass present in the green mix. However, the glass content, while
statistically significant (Table 1 - mixture component A), was not found to been as important
predictive factor for particle density as temperature: it could be speculated that there is

possibly sufficient quantity of glass in each mixture formulation for purposes related to
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bloating, and therefore particle density, varying only within a relatively narrow range (64-
T4% wt.).

Discrete sets of weak and strong LW A pellets were evident. The strong sub-group had
tensile strengths between 1.5-8.0 MPa and this suggests a variable microstructure between
individual LWA pellets. Reducing the average particle size of the LW As is expected to result
in higher tensile strength values. Forming the green pellets mechanical by standardised
pelletisation could potentially reduce variability. It is has to be explored whether mechanised
formation could limit or eliminate the existence of weaker pellets, which may have been
overly compressed, resulting in the introduction of undesirable cracks, carried over during
sintering.

Artificial LW ASs can be engineered to a defined specification by using a combined
mixture-process dual RSM, applied with desirability multi-objective optimisation. This
develops empirical models capable of predicting optimum average target values for LWA
properties. Overall, the optimal LWA produced using the RSM is a novel product with
exceptionally low water absorption and appropriate density. This outcome has significant
sustainability credentials as it incorporates a very high percentage of widely available and
currently not recycled waste glass. It is produced by rapid firing at low temperature,
potentially preserving energy and lowering carbon emissions. Optimisation goals met,
included the financial implications of raw materials. These features make this product
attractive for a range of applications, and particularly for structural LWAC. Pilot and full
scale tests are needed to verify the commercial viability of the glass upcycling technology
which was developed and tested here on lab scale. Despite extensive use of commercially
produced glass aggregate in concrete, concern over the potential for alkali silica reaction
(ASR) remains and further research work is needed to investigate this effect for the LWA

produced here. In the next phase of R&D further recovering of waste resources and reduction
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of manufacturing costs could be explored by potentially replacing the chemical grade

additives (sodium silicate and Polybor F10w®) with waste-derived substitutes.
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Table 1. Range of values set for the LWA mixture paste formulations and processing
factors.

Mix component Mass' Percentage
(2 (wt. %)

Symbol Min Max Min Max
Glass g 38.4 44.2 63.9 73.6
Clay c 35 9.6 59 16.0
Water’ w 4.1 10.1 6.8 16.9
Sodium silicate™ ss 0.16 1.15 0.27 1.91
Borate™ b 1.88 7.50 3.13 12.51
Firing temperature T 750 °C 900 °C

" Additional tap water (%Mry)

* Sodium silicate solution (%Ms) and diluted Polybor® Flow (%M3), including water content
™ Sodium silicate specific gravity = 1.375, resulting in 0.25-1.75% vol.
" Out of a total of 60 g
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Table 2. ANOVA for best fitting regression models selected for navigating the design space
and predicting responses for average (av) measure as arithmetic mean and variability,
measured as standard deviation (sd) of the particle density (p;q) and 24 hour water absorption

(WA24).
Statistics av(pr) sd(prq) av(WA,,) sd(WA».)
(Reduced
Reduced Linear +
Regression Quadratic Reduced Cubic x =~ Reduced Quadratic Squared)
model x Quadratic Mean x Linear x Quadratic
Box-Cox
transformation None Log (base 10) Log (base 10) Log (base 10)
A 1 0 0 0
SSR 1.14 0.66 15.71 14.52
d.f. (Residual) 42 21 42 46
MSR 0.027 0.031 1.31 1.82
SSE 13.45 3.97 2.35 4.97
d.f. (Model) 12 32 12 8
MSE 1.12 0.12 0.056 0.11
F value (Model) 41.21 3.97 23.38 16.81
P value (Model)
(Prob > F) <0.0001 0.0008 <0.0001 <0.0001
R’ i 0.90 0.64 0.83 0.70
R e 0.85 0.25 0.76 0.64
R” . R’ prea 0.05 0.4 0.08 0.06
F Lack-of-fit
(LoF) 6.22 0.48 5.88 1.05
d.f. (LoF) 37 16 37 41
P (LoF) 0.025 0.88 1.10 0.54
LoF significant Yes No No No
MS (Pure error) 0.0049 0.26 0.26 0.10
d.f. (Pure error) 5 5 5 5
Adequate model
precision 22.9 7.4 17.9 15.5
A,B,C,DE,
“AB, AC, AE,
“BC, BD, BE,
“CD, CE, "DE,
ABC, ABD, ABE,
ACD, ACE, ADE,
BCD, BCE, BDE,
CDE, AC(A-O),
AD(A-D), AE(A-
A, B,C,D,E, E), BC(B-O), A,B,C,D,E, AC,
“AF,BC, "BF, BD(B-D), BE(B- ~AF, CD, "CF, A,B,C,D,E,
“CE, "CF, “EF, E)CD(C-D), “DF, EF, "ACF, CF,”EF, CF,
Model term “CEF, EF? CE(C-E) CDF “EF?

" Typical DoE nomenclature followed. See Table S2 for model term (A to E) definitions. SSR: regression sum
of squares; d.f.: degrees of freedom used for model evaluation; MSR: regression mean of squares; SSE: error
sum of squares: MSE: error mean square; Rzadj: adjusted coefficient of multiple determination; Rzpred: predicted
coefficient of multiple determination. The first term of the regression models products refers to the mixture and

the second to the process (firing temperature).

* Model terms not statistically significant (o = 0.05), but included to respect hierarchy
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Figure 1. (A) Average particle dry density against average diametrical expansion; and (B)
24-h water absorption against average particle dry density, for the LWA pellets manufactured
in line with the DoE experimental runs. Strong correlations are evident for both (A) and (B).
The different colour squared data point in (B) indicates the actual average LWA that has

resulted from the optimisation.
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Figure 2. 3-dimensional grid and 2-dimensional contour plots of model fitted for average:
(A) particle density and (B) 24-hour water absorption of LWA pellets. Plotted for middle

levels of clay (10.5% wt.), sodium silicate (1.06% wt.) and added water (11.9% wt.).
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Figure 3. Compressive stress performance of LWA pellets. A Weibull distribution curve fit
to the 20 samples of optimised LWA pellets (NCO: In(In(1/(1-P(s)t; 4ja))) =-1.30 + 1.16 *
In(c)). The optimal glass-clay-borates LWA fit is not ideal, because 2 different sub-groups of
pellets regarding tensile stress are evident (‘weak’: solid grey line, and ‘strong’: dotted grey
line). For comparison with a standard commercial LWA (LYTAG 4-14) (LYTAG: In(In(1/(1-

P(0)r;.a4j))) = -4.26 + 3.39 * In(o)) refer to the Supporting Information Figure SI1.
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Figure 4. Mineralogy (X-ray diffractogram) of: (A) green mixture of raw material; and (B)
of the optimal LWA pellet after firing. Crystalline phases key: C: cristobalite; D: diopside; Q:

a-quartz; I: illite; K: kaolinite; M: mullite; S: siderite; W: wollastonite.

29



