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Abstract: Quarry waste fines and eggshells are unavoidable wastes which relentlessly contribute to
environmental load and pollution. Although a number of studies have suggested various methods
for recycling, these wastes remain underutilized due to some technical constraints. In addition, no
study has yet been explored on the possibility of combining quarry waste fines (QWF) and eggshell
powder (ESP) for tobermorite synthesis. Tobermorite is the main component which primarily
provides strength to the autoclaved aerated concrete products. For this purpose, this study seeks
to evaluate the potential of QWF- ESP mix at 10%, 15% and 20% amounts of cement, respectively.
The XRF, XRD, and TGA-DTA techniques were used to characterize the waste materials while
physical and mechanical property tests and XRD analysis were performed on the autoclaved
samples. It was found that QWF contains 53.77%  SiO2, while ESP  contains 97.8% CaO
which are key components for tobermorite synthesis. This study also revealed that the mixture with
only 10% cement has the highest compressive strength among the QWF-ESP samples. Furthermore,
the formation of tobermorite in the samples was confirmed through XRD analysis. Hence, the
hydrothermal curing of QWF —ESP can be further developed to produce functional tobermorite —
bearing materials.

Keywords: eggshells; hydrothermal synthesis; quarry waste fines; tobermorite

1. Introduction

Huge amounts of quarry by-products are generated globally mostly from the production of
crushed stone or coarse aggregate. These quarry by-products, also known as ‘quarry wastes’ contain
considerable amounts of fine particles that exhibit variable composition of minerals. In general,

i

quarry waste consists of different material types invariably known as “quarry fines”, “quarry dust”,
“stone by-products”, “recycled aggregates”, “quarry powder wastes”, and so forth [1-3]. Quarry dust
is considered a residue after rock crushing and screening to form particles less than 75 pm, consisting
of silt, clay, and non-quartz particles. This makes the quarry industry unsustainable since large
amounts of these fine materials are produced, which is about 20% to 25 % of the total output of rock

processing, which is considered unmarketable and is generally disposed of in landfills [4-6].
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Aside from the sustainability issues within the extractive industries, quarry waste fines pose
environmental and social impacts, especially at high proportions of extremely fine particles as these
are prone to mobilization under the action of gravity and wind. Consequently, these dust emissions
pose health risks to workers and surrounding communities. If not properly managed, these dusts
may also change native soil properties, and possibly destroy vegetation [2,7]. In addition, quarry dust
can cause water contamination and further affects communities when uncontrolled dust finds its way
into water sources making water unpleasant for consumption[8-10].

As a response, many researchers from different countries have been exploring the potential uses
of quarry by-products. Most of the proposed recycling methods are for structural purposes such as
building materials, road development, aggregates, bricks, and tiles. Specifically, quarry fines are
applied as partial replacement to natural sand or river sand in the production of various types of
concrete. The amount of substitution varies from the chemical and mineralogical properties of
different types and sources of quarry wastes. Based on the majority of the studies, 40% to 50%
replacement of sand with quarry wastes is the optimal range which has no harmful effect on the
concrete’s strength and durability[3,11,12]. However, some studies found that a high proportion of
fine particles and the presence of other elements in quarry waste have negative effects on the
properties (i.e. cohesive property, workability, density, and permeability) of concrete [13,14].

In addition to quarry waste fines, another type of waste that has not been adequately explored
as potential raw material for tobermorite synthesis is eggshell powder (ESP). According to some
studies, ESP can be employed as a replacement for cement which can be incorporated in concrete,
cement mortar, and brick. Other applications of ESP include the following: an additive in bio-
ceramics, alkali-activated binder, calcium source, solid catalyst for biodiesel production, soil
stabilizer and an additive in bone cement and red wall tiles [15-20]. Based on these findings, ESP is
suitable for structural systems since it contains high amounts of calcium, which can be combined
with pozzolanic materials. It is also reported that mechanical properties are improved by using
eggshell powder. However, some studies reported a reduction of strength when cement is replaced
with high percentages of ESP, especially above 10% [21-23].

To sum them up, quarry waste fines (QWF) and eggshell powder (ESP) have been found to have
potential by many researchers. However, the recyclability of these materials still has some
constraints. Based on the aforementioned published studies, QWF and ESP are limited as partial
replacements or substitute materials. At this point, most studies do not recommend using these
wastes as the primary raw materials for a product. Aside from that, no research had yet been reported
that eggshells can be paired with quarry waste fines found in Mandulog Iligan City, Philippines,
specifically to produce a blended formulation for the synthesis of tobermorite.

Currently, the QWF from Mandulog Iligan City has not been thoroughly explored in terms of
its recycling potential. Hence, this study seeks to evaluate the characteristics of QWF sourced from
Iligan City, along with ESP, and investigate their reaction under high—pressure steam curing method,
known as autoclaving or hydrothermal treatment. During this hydrothermal curing, products are
strengthened due to the complex reactions affecting the calcium-silicate-hydrate (CSH) phase leading
to the formation of tobermorite. Furthermore, the hydrothermal process contributes to the high
utilization of solid wastes because of the stimulation of mineral activity, for this reason, various
industrial solid wastes can be used for the production of tobermorite-bearing products like AAC [24—
27]. Likewise, this study examined the presence of tobermorite mineral since it is considered the main
reaction product during the hydrothermal curing process which plays a major role in the structural
integrity and strength of the product [28-31].

This study aims to investigate the suitability of QWF and ESP as raw materials for the
hydrothermal synthesis of tobermorite. Specifically, this study intends to (1) evaluate the chemical
and mineralogical properties of the raw materials; (2) determine the physical and mechanical
properties of the autoclaved samples, and (3) determine the presence of tobermorite in the autoclaved
samples (at 10%, 15%, and 20% OPC, respectively). The use of additives and pore formers such as
gypsum and aluminum powder is not included since this study concerns only the reaction between
QWF and ESP and this serves as preliminary research towards the development of AAC using the
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aforementioned waste materials. Additionally, only OPC was added which acts as the binder in the
sample-forming process, and was limited only to three variations - 10%, 15%, and 20%, respectively.
This was carried out in order to evaluate the dependability of QWF-ESP mix with cement.
Furthermore, only a Ca/Si ratio of 0.80 was followed in the mixture preparation of QWEF-ESP samples
[32-34]. Meanwhile, the hydrothermal conditions were fixed at 180 °C for 6 hours [25,26,35-37].

The research presents new possible recycling routes for QWF and ESP which would later
contribute to the reduction of environmental load and waste management costs in quarry industries,
agriculture, and commercial sectors. Furthermore, this study provides additional insights into the
potential use of QWF and ESP as possible starting materials for the synthesis of tobermorite for the
future development of autoclave concrete products. In effect, such wastes may be converted into
valuable resources and may reduce the demand for raw materials especially river sand and limestone
in the future.

2. Materials and Methods

2.1. Raw Material Preparation

This study utilized QWF which was sourced from a river sand quarry site in Mandulog Iligan
City, Philippines. In the preparation of the QWF, foreign materials were removed and discarded by
sieving 2 kilograms of QWF on a size 20-mesh sieve (840 microns). The screened QWF was then wet
milled until a uniform particle size distribution with a fineness of < 75 microns (passing 200-mesh
sieve) was achieved [38]. Since QWF is already composed of fine materials, this process only took 3
hours for uniform particle size distribution to be attained. Lastly, the wet milled QWF was oven-
dried for at least 4 hours at 110 °C and pulverized.

For the ESP preparation, the collected eggshells were washed thoroughly with water and were
then oven-dried for 4 hours at 110 °C. Similar to the quarry waste fines, this study used ESP of
particle size <75 microns [38]. The dried eggshells were milled for at least 5 hours using a porcelain
ball mill and screened using a 200-mesh sieve (75 microns) to form finer ESP. Afterwards, the ESP
was subjected to pre-treatment which is the calcination process to remove volatile substances and
purify the material. This procedure was done by subjecting ESP at 1000°C in a firing furnace [39].

2.2. Raw Material Characterization

X-ray fluorescence analysis (XRF) and X-ray diffraction analysis (XRD) were carried out to
determine the chemical composition and mineralogical characteristics of the raw materials that were
used for the formulation of the QWEF-ESP mix. Approximately 15 grams of powdered sample were
prepared for each of the aforementioned analyses. The analyses were carried out via X-ray
fluorescence spectroscopy (XRF, EDXL300, Rigaku Corporation, Tokyo, Japan) and X-ray diffraction
spectroscopy (XRD, MultiFlex, Rigaku Corporation, Tokyo, Japan). For the XRD, the sample was
placed in a platinum sample holder and analyzed at a heating rate of 2°C/min. In addition, the
Thermogravimetric Analysis and Differential Thermal Analysis (TGA-DTA) were performed on the
raw materials to determine the mass loss and microstructural changes, as well as to identify minerals
and hydrates, thus were used to complement the XRD [40—42]. In the TGA-DTA procedure,
approximately 70 mg of sample was required which was placed on an aluminum crucible, and
subjected to a heating rate of 10°C/min for up to 1000 °C in an oxygen atmosphere.

2.3. Sample Preparation

The samples were produced using QWF and ESP with the forming binder OPC following a Ca/Si
ratio of 0.8 in the formulation and mixture preparation [32-34]. Afterwards, water was added to these
materials following a 0.70 water-solid ratio and was mixed thoroughly to form a slurry consistency.
The slurry was then poured and cast into the cubic mold. After the cast mixture was hardened, it was
de-molded and autoclaved at 180 °C for 6 hours [25,26,35-37]. The control sample used was
formulated with the traditional raw materials, lime and silica with only 10% OPC while the Ca/Si
ratio, water-solid ratio, and autoclaving conditions are consistent with the QWEF-ESP samples.
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2.4. Determination of Physical and Mechanical Properties

The physical and mechanical properties which include the bulk density, percent water
absorption, percent volume of permeable voids and compressive strength tests were performed on
the cured samples. Before testing, the samples were prepared through oven drying at 100 to 110°C.
The bulk density and water absorption tests were carried out in accordance with ASTM C642-06
guidelines. On the other hand, the compressive strength was determined in accordance with ASTM
C1386 -98, 2017 using a Universal Testing Machine (Zhejiang Tugong Instrument Co,.Ltd).

2.5. Determination of Phase Composition of the Autoclaved Samples

X-ray diffraction analysis (XRD) was carried out on the autoclaved samples to determine the
presence of the tobermorite and other mineral phases as the resulting products of the hydrothermal
reaction between QWF and ESP, in comparison with the control sample (lime and silica). This
procedure required the autoclaved sample to be crushed and pulverized using a mortar. The analyses
were carried out via X-ray diffraction spectroscopy (XRD, MultiFlex, Rigaku Corporation, Tokyo,
Japan).

3. Results and Discussion
3.1. Raw Material Characterization Results

3.1.1. X-Ray Fluorescence Analysis (XRF)

The major chemical/oxide components of the QWF and ESP which were determined by the X-
ray fluorescence analysis are shown in Table 1.

Table 1. Chemical compositions of QWF and ESP.

Chemical Composition (Oxides) QWF (%weight) ESP (%oweight)
5i0:2 53.77 0.41
CaO 8.89 97.80

ALOs 20.07 0.50
MgO 3.56 -
Fe20s 10.90 0.49
K0 1.26 0.36
P20s 0.21 0.33
MnO 0.19 -
TiO2 0.85 0.01
V205 0.10 -
CuO 0.02 0.01
ZnO 0.02 -
S0s 0.13 0.57

The QWF from Mandulog, lligan City contains silicon dioxide (5iOz) as the highest amount,
followed by alumina (ALOs), iron oxide (Fe20s) and calcium oxide (CaO), respectively (Table 1).
Reported QWF chemical compositions from previous works agree with this result of which most
QWF or quarry dust materials consist mainly of the aforementioned oxides with SiO: being the
highest ranging approximately from 47% to 63% [11,43—45].The amount of SiOz in QWEF is also almost
similar to the amount of 5iO:z in Class F fly ashes from different regions or countries ranging around
46% to 59% as reported in the literature [38,46—49]. On the other hand, ESP has a high calcium oxide
content (CaO) of up to 97.8%. However, the oxide, Ca0O, is the product of the thermal decomposition
of the eggshell [50-52]. Eggshells are almost entirely composed of calcium carbonate (CaCOs) up to
about 95% in normal cases [50,53]. This compound, however, cannot be determined in the XRF
analysis. Hence, XRD analysis was carried out to confirm the CaCOs phase.
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3.1.2. X-Ray Diffraction Analysis (XRD)

X-ray diffraction (XRD) analysis was employed on each sample in order to complement the
result of XRF analysis by identifying their mineral phase composition. The X-ray diffraction patterns
of QWF and ESP are shown in Figures 1 and 2, respectively.
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Figure 1. X-Ray Diffraction Pattern of the QWEF.
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Figure 2. X-Ray Diffraction Pattern of the ESP.

The X-ray diffraction pattern of QWF displays the major phase composition of the material
including, anorthite (Al Ca Os Si2), bytownite (Al7z Cass Naoss Oz Sisz4) and quartz (5iO2). This
implies that SiO2 in QWF occurs in different mineral forms either (1) as part of anorthite and
bytownite or (2) as a crystalline form of SiO2 known as quartz. However, this material differs from
sand in terms of mineral composition. Beach sand for example, reportedly contains more than 72%
SiOz mostly in the form of quartz. In other words, QWF is composed of more diverse minerals
compared to sand. Furthermore, the XRD result agrees with several published works that it is a
normal characteristic for quarry fines to contain not only quartz but also other minerals, with similar
characteristics to that of mine tailings [11,43,54].

Nevertheless, some standards of tobermorite-containing products like AAC do not require raw
material specifications which allows innovation including the use of various silica-rich industrial by-
products such as bottom ash, fly ash, blast furnace slag, copper tailing, etc. [55-57]. It was previously
mentioned that the amount of SiO2 in QWF is comparable to fly ash and its mineral phase composition
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is similar to mine tailings [58-62]. Hence, this would imply that QWF could also be a promising raw
material for the synthesis of tobermorite and later for the fabrication of autoclaved concrete products.

The XRD pattern of ESP is shown in Figure. 2 which shows that its main mineral composition is
calcium carbonate, also known as “calcite’ (CaCOs). This result is consistent with XRF analysis
chemical composition results (Table 1) of which ESP consists of up to 97.8% of calcareous material.
However, XRF does not reflect carbonates, thus CaO (calcium oxide) is reported. It is in the XRD
result, that the true structure of the material is shown as CaCOs. Since ESP has a similar composition
to limestone, this could also be used as a source of calcium for the synthesis of tobermorite. Materials
containing CaCOssuch as limestone and shells have been used to produce CaO quicklime which is a
white, caustic, alkaline, crystalline powder with an array of industrial applications. Limestone,
specifically, is one of the most common starting materials in making aerated mixes along with ground
slate, also called lime formula [30,51,57].

3.1.3. Thermogravimetric Analysis and Differential Thermal Analysis (TGA-DTA)

The superimposed TGA and DTA curves of QWF are presented in Figure 3. Based on the TGA
data, the total mass loss of QWF was -7.2 mg which is equivalent to 10.26% mass loss at 1000°C.
Meanwhile, the DTA curve displays an endothermic drop at 98.57°C which is attributed to the loss
of surface water and dehydroxylation. Exothermic peaks are also observed at approximately 322.5°C,
758.49°C, and 811.85°C, respectively. The possible reasons for the occurrence of these peaks are due
to the chemical and physical changes in QWF including the removal of organic components,
decomposition of carbonates and hydroxyls, elimination of water from the interlamellar spaces and
the formation of new mineral phases. These results have been validated by some published works on
the thermal analysis conducted on some siliceous byproduct-based materials, of which endothermic
and exothermic peaks occur at nearly similar temperature levels [63,64]. The DTA results
complement and further validate the results of the XRD analysis which implies that QWF is made up
of variable mineral composition based on the material’s behavior at different temperature levels [65-

67].
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Figure 3. Thermogravimetric analysis and differential thermal analysis (TGA-DTA) graphs of the
QWE.

Figure 4 displays the TGA-DTA curves of the ESP raw material which is primarily composed of
CaCO:s. Based on the TGA result, the total mass loss of ESP is approximately -34.0 mg which
corresponds to 48.5% mass loss. On the other hand, the DTA curve shows a wide endothermic drop
at 75.11°C due to the evaporation of surface water or physically absorbed water. Moreover, an
exothermic peak occurred at 348.22°C due to the degradation of organic materials. These results are
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supported by literature stating that the decomposition of volatile materials such as moisture or
surface water and organic compounds occurs at the range of 30°C to 400°C. The loss of organic
compounds is primarily due to the removal of a membrane adhered to the eggshell. This membrane
consists of carbohydrates and proteins which are rich in organic matter [68-70]. Another endothermic
fluctuation along with a sharp drop of mass of approximately -24.76 mg is observed at 849.82°C which
indicates the decomposition of CaCOs. These results agree with the findings of existing studies in
which the TGA-DTA patterns appear relatively similar to this current study indicating that all major
reactions took place in and around the same temperature levels [67,71,72]. Similar to the TGA-DTA
analysis of QWF, this result is important since this further confirms the mineral composition of ESP,
in this case, the CaCOs. This material therefore, needs to be calcined to produce CaO (also known as
eggshell lime) and enhance its chemical properties [39,73,74].
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Figure 4. Thermogravimetric analysis and differential thermal analysis (TGA-DTA) graphs of the
ESP.

3.2. Physical and Mechanical Properties of the Cured Samples

The bulk density, water absorption and volume of permeable void spaces are key parameters
that predict the performance and durability of the concrete or cement-based materials. Usually, the
bulk density is inversely related to porosity while water absorption is linearly related to porosity.
Water absorption is a descriptor of the material’s durability since water can facilitate the transport of
the most aggressive ions that may penetrate cement-based materials [75,76]. In this case, the bulk
density, water absorption and volume of permeable voids were determined to evaluate the physical
properties of the samples and the results are shown in Figure 5.

Trends in the bulk densities, water absorption and volume of permeable voids are observed
among samples QWF-ESP10, QWF-ESP15 and QWF-ESP20, respectively. The results show that the
OPC amount has significant effects (p < 0.05) on the cured physical properties of the blended QWF
and ESP. In the QWF-ESP mix, the higher the OPC, the higher the percent water absorption and
percent volume of permeable voids. In contrast, the higher the OPC, the lower the bulk density. This
further suggests that the QWF-ESP10 which has the lowest percent water absorption and highest bulk
density is the least porous among QWF-ESP samples. Moreover, the physical characteristics of LS10
are clearly different from the QWF-ESP samples as they exhibit the least density, yet have low water
absorption and permeable voids. This implies that the replacement of lime-silica mix by blended
waste materials QWF-ESP has significant effects on the physical properties (p < 0.05).
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Figure 5. Bulk densities, percent water absorption and percent volume of permeable void spaces of
the samples.

The porosity of the autoclaved product is the main determining factor of the compressive
strength. Hence, to further support the physical property test results, the compressive strengths of
the samples were determined (displayed in Figure 6). Herein, it can be observed that the different
amounts of OPC have significant effects on the compressive strengths of QWF-ESP samples. QWEF-
ESP10 has higher compressive strength than QWF-ESP15 and QWEF-ESP20. This suggests that a lower
amount of OPC could produce a stronger autoclaved QWF-ESP product. In addition, the QWF-ESP
samples have significantly lower compressive strengths than the reference sample LS10. Yet, the
QWE-ESP samples have higher bulk densities compared to LS10 (Figure 5). This could mean that
QWE-ESP samples and LS10 have different pore characteristics. LS10 could have thicker pore walls
than QWF-ESPs, resulting in higher strength while having a low bulk density [25,26]
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Figure 6. Compressive strengths of the samples.

3.3. Phase Compositions of the Cured Samples

Figure 7 shows the superimposed diffraction patterns of the QWEF-ESP cured samples at 10%,
15% and 20% OPC along with the cured lime-silica formulated reference sample (LS10).
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Figure 6. X-Ray Diffraction Patterns of the Cured Samples.

From the XRD results, it was confirmed that tobermorite phases were present in the samples
which are represented by visible peaks at diffraction angles around 7.77° (20) and 16.20° (20),
respectively. Several peaks were also found around 26.60° (20), 29° to 32° (20), 40° to 42° (20), and
47° to 51° (20), respectively which appear to overlap with other phases like calcite and quartz. The
presence of these low-intensity peaks implies that QWF reacted with ESP to form tobermorite under
hydrothermal conditions which are somewhat similar to the XRD findings of several published
studies [25,26,77,78]. It was also observed that QWEF-ESP samples were almost similar to the LS10
control sample in terms of peak intensities. Furthermore, it can be observed that samples QWF-ESP10,
QWE-ESP15 and QWE-ESP20, respectively have an almost similar degree of tobermorite crystallinity
especially at 7.77° (20) and 16.20° (20), respectively which suggest that autoclaving a QWF-ESP
formulated body can produce tobermorite regardless if it uses 10%, 15% or 20% OPC. In this case,
QWEF-ESP10 which has the lowest OPC amount is more favorable in terms of reducing starting
material usage. In this study, one fundamental question that still remains unanswered while it is
beyond its scope, is “What specific steam curing conditions and optimum mix design and
concentrations of OPC in the QWEF-ESP formulation will yield more crystalline-structured
tobermorite products as a result of the hydrothermal process?”

4. Implications

As previously stated, the investigation of blended QWF and ESP to form tobermorite and the
effects of varied OPC amounts on the properties of the autoclaved samples were the main emphasis
of this study. Tobermorite is responsible for the strength of autoclaved aerated concrete (AAC).
According to the literature, AAC is one of the confirmed green structures that permits the use of
many raw material types in its manufacture. Some of these substitute materials are effective in
reducing cement consumption in the production of AAC, thus leading to a reduction of greenhouse
gases [79,80]. The characterization of QWF and ESP, in this study, revealed that these waste materials
contain the key components for tobermorite synthesis such as SiOz and CaO. Aside from construction
applications, tobermorite has been gaining more attention in recent years due to its high utilization
value in chemical and mechanical industries, its economy of materials, as well as its potential for
environmental cleanup purposes [78,81-83].


https://doi.org/10.20944/preprints202311.1926.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2023 doi:10.20944/preprints202311.1926.v1

10

In the present work, the tobermorite phase was formed despite the differences in mineralogical
characteristics of QWF and ESP from the traditional raw materials (i.e. lime, sand and chemically-
grade silica). However, the QWF-ESP samples have lower compressive strengths than the reference
sample. Nevertheless, these findings will serve as a starting point for future innovation that will
encompass technical challenges associated with exploring the vast potentials of tobermorite and the
hydrothermal process to utilize waste by-products for the development of an environmentally
sustainable building material.

Furthermore, using QWF as the main source of silica and calcined ESP as the source of lime
could potentially conserve sand or silica resources and limestone. QWF is also composed of finer
materials than sand. Moreover, QWF is much cheaper compared to commercial chemically-grade
silica. Thus, recycling waste by-products like QWF and ESP not only reduces environmental load but
also promotes resource efficiency in the building sector. Finally, it should be noted that this is a
preliminary study that has been conducted to determine the potential of the mixture of QWF and ESP
as possible alternatives to the traditional AAC raw materials (i.e., lime and silica sand) in the
synthesis of tobermorite. Understanding the properties of the raw materials in order to determine the
appropriate pretreatment method and to optimize their proportions in the mix, as well as considering
the concentration of OPC, and hydrothermal curing conditions becomes necessary to come up with
a high quantity of crystalline tobermorite. More importantly, this study provides the individual
chemical and mineralogical characteristics of QWF and ESP which could be used not only for
tobermorite synthesis but for other recycling or waste valorization and solidification strategies (i.e.
heavy metal immobilization).

5. Conclusions and Recommendations

In this study, the chemical, mineralogical and physical characteristics of quarry waste fines and
eggshells were evaluated. Their suitability to form tobermorite-bearing material with different
amounts of OPC binder was also investigated via physical and mechanical property tests and XRD
analysis. Using different characterization techniques, the QWF was found to have a considerable
amount of silicon dioxide or silica (SiOz) content. On the other hand, ESP contains high purity CaCOs
making it a rich source of calcium (Ca) or calcium oxide (CaO). These would imply that QWF and
ESP can be used as alternative starting materials for tobermorite synthesis which may be applied in
the future for the manufacture of AAC. In addition, the full replacement of traditional lime-silica raw
materials by QWF-ESP has significant effects on the physical and mechanical properties of the
product. The QWE-ESP with the least amount of OPC has the highest strength among QWEF-ESP
samples which is favorable for saving raw materials. Furthermore, hydrothermal curing of QWE-
ESP-based samples at 180°C for 6 hours was able to produce tobermorite, as confirmed by XRD
results. It was found that the tobermorite peaks are visible in the QWEF-ESP samples and the peak
intensities are closely similar to the lime-silica formulation. Therefore, QWEF-ESP with lower OPC can
be further developed to produce tobermorite-bearing materials like AAC.

According to the literature, in order to obtain products with ideal properties, crystalline
tobermorite should be the main phase formed after hydrothermal treatment [25,26]. Hence, the
present work needs further improvement since the QWF-ESP formulations were not sufficient in
terms of achieving a comparable strength to the reference sample, suggesting that the amount of
tobermorite formed was also insufficient. Nevertheless, since lower OPC had positive effects on the
compressive strength, it is highly recommended to conduct a follow-up experiment using the same
or lower range of OPC at varying hydrothermal temperatures or curing time to further validate the
findings in this study. If this is not possible for the casting method, it is also suggested to explore
other forming methods such as semi-dry pressing. Furthermore, it is recommended to vary the mix
design and incorporate additives (i.e. gypsum or anhydrite) as possible methods to enhance the
properties of the cured product.
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