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Abstract

There are over 2 billion tons of building-related construction and demolition waste
(brCDW) produced annually in China, but less than 30% of the waste is presently
recycled. The majority of the brCDW is being disposed of in landfills in suburban or
rural areas, resulting in a serious waste of resources and environmental pollution issues.
This study proposed a high-value utilization approach for the brCDW, which was used
as a precursor material to synthesize the high strength and environmentally friendly
geopolymer. The brCDW was classified into three main components, namely, brick,
ceramic, and concrete. The X-ray fluorescence (XRF), X-ray diffraction (XRD),
particle size analyzer, and unconfined compressive strength tests were conducted to
evaluate the influences of chemical composition and particle size of precursor materials
on the strength of geopolymers derived from single and mixed brCDW components.
The results demonstrated that the brick geopolymer exhibited a low strength in the early
stage but a significantly high strength in the late stage. The ceramic geopolymer showed
a low strength in both the early and late stages. The strength of concrete geopolymer
was high in the early stage, but increased slowly later on. The mixed brCDW
geopolymer had the highest early strength and the second-highest final strength
compared to the single-component derived geopolymers. Furthermore, the XRD,
scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS) tests
were conducted to explore their microscopic mechanisms. The precursor materials
dissolved in the geopolymerization process, thereby generating gels to coat and bind
the unreacted particles. The formed gel type varied due to the different chemical
composition ratios of precursor materials. The morphology and structure of brick
geopolymer gels differed from other geopolymers, with the main gel products being C-
A-S-H and N-A-S-H. The primary gel of ceramic, concrete, and mixed precursor
geopolymers was the C-S-H gel, possibly with small amounts of C-A-S-H and N-A-S-
H gel. Both the formed gel type and the compactness of the microstructure had
significant influences on the geopolymer strength.
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1 Introduction

With the rapid urbanization and infrastructure reconstruction, there are over 2
billion tons of building-related construction and demolition wastes (brCDW) produced
annually in China, but less than 30% of the waste is presently recycled (Akhtar and
Sarmah, 2021; Zhang et al. 2019; Zhang et al. 2020). The majority of the brCDW is
being disposed of in landfills in suburban or rural areas, resulting in a serious waste of
resources and environmental pollution issues (Zhang et al. 2019). Recently, the concept
of a “zero-waste city” has been proposed to minimize the amount of produced waste
and strengthen the recycling program. The Chinese Ministry of Ecology and
Environment has also promoted this concept in more than 100 cities, aiming to improve
the recycling rate of brCDW up to 60%. To achieve this goal, one potential solution is
to develop a high-value utilization approach for the brCDW.

In road engineering, the recycled brCDW has been widely used as an alternative
for subgrade filler or aggregates in asphalt mixture, cement concrete, granular base, and
subbase (Zhang et al., 2019; Zhang et al., 2020; Hu et al., 2022; Tang et al., 2021; Guo
et al., 2018; Bai et al., 2020; Chen et al., 2021). However, using the brCDW as a
subgrade filler is a low-value approach, especially for the construction projects with
heavy costs of material transportation. While using the brCDW as alternative
aggregates improved its added value, the relevant implementation is limited due to the
poor quality of the recycled aggregates. The existing studies were focused on the
physical-chemical-biological modification of the recycled brCDW, but there was still
lack of reliable technology to modify the brCDW for use in the upper layers of
pavements (Mohammed et al., 2021; Peng et al., 2023; Mistri et al., 2020; Li et al.,
2022; Feng et al., 2022; Tang et al., 2023). Geopolymer is a class of aluminosilicate
materials with a three-dimensional structure ranging from an amorphous to semi-
crystalline state. It is formed by polymerizing different types of aluminosilicate
precursors through an activation process using alkaline activators (Davidovits, 1991).
Compared to Portland cement, the production of geopolymer can approximately reduce
carbon dioxide emissions by 40-60% and energy consumption by 60% (Gu et al., 2019;
Barcelo et al., 2014; McLellan et al., 2011; Neupane, 2022). Additionally, geopolymer
exhibits excellent engineering properties such as rapid setting, high strength, and high
corrosion resistance (Vafaei et al., 2018; Aiken et al., 2018; Aliques-Granero et al., 2019;
Lahoti et al., 2019; Shill et al., 2020; Obeng et al., 2023). The brCDW typically consists
of brick, concrete, and ceramic, which contain large amounts of Si, Al, and Ca elements
(Komnitsas et al., 2015). This indicates that the brCDW can serve as a suitable
precursor for geopolymer, which will be a high-value and possibly environmentally
friendly binder for construction materials.
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The engineering performance of geopolymer is mainly dependent on the chemical
composition and particle size of precursor materials and the type and dosage of alkaline
activators (Komnitsas et al., 2015; Leong et al., 2016; Ozbayrak et al., 2023; Jiang et
al., 2023; Jiang et al., 2023; Zhang et al., 2020). Fly ash, metakaolin, and slag are the
most commonly used precursor materials in geopolymer. The previous studies had
shown that the geopolymers derived from fly ash and metakaolin had an unconfined
compressive strength (UCS) ranging from 30 to 60 MPa after 28 days of curing, which
was comparable to that of cement concrete (Luna-Galiano et al., 2022; Temuujin et al.,
2010; Tchakouté et al., 2017; Chen et al., 2016). By using slag as a precursor material,
the geopolymer had even a higher UCS (i.e., 80 to 100 MPa) (Lemougna et al., 2020;
Komnitsas et al., 2009; Zhang et al., 2020). Due to the high residual alkalinity, many
types of industrial wastes such as red mud, coal gangue, and waste gypsum were also
used as a precursor material in geopolymer production. Although the geopolymers
derived from the industrial wastes had acceptable UCS, the leaching of heavy metals
from the geopolymers impeded their implementation (Nie et al., 2019; Yang et al., 2019;
Zhang et al., 2020).

In recent years, some pioneer researchers have used the brCDW as a precursor
material for geopolymer production. They found that the UCS of brCDW-derived
geopolymer had a wide variation, ranging from 10 MPa to 60 MPa (Sun et al., 2013;
Tan et al., 2022; Bassani et al., 2019; Hwang et al., 2019; Tuyan et al., 2018; Moreno-
Maroto et al., 2022; Xiao et al., 2022). This variability is attributed to the current
synthesis approaches, which do not adequately control the chemical composition and
particle size of brCDW. These factors may significantly impact the engineering
properties of geopolymer (Komnitsas et al., 2015; Petrakis et al., 2019; Ahmari et al.,
2012). The strength of the geopolymer is also influenced by the type and dosage of the
alkaline activator (Tchakouté et al., 2017; Kovtun et al., 2015; Helmy et al., 2016). The
most commonly used alkaline activators include sodium hydroxide solution and sodium
silicate solution. Many researchers had demonstrated that using a mixed alkaline
activator, rather than a single component, could significantly enhance the activation
effect, resulting in a higher strength of geopolymer (Ma et al., 2019). Note that
excessively high or low modulus (the mole ratio of SiO; to Na>O) and dosage of
alkaline activators adversely affect the geopolymerization process and compromise the
quality of geopolymer. Thus, there is an optimal modulus and dosage for an alkaline
activator that achieves the highest strength of the geopolymer (Sivasakthi et al., 2021;
Ouyang et al., 2019; Luukkonen et al., 2020).

To address the aforementioned problems, this study aimed to develop an approach
for synthesizing a high strength geopolymer derived from the brCDW. The recycled
brCDW was classified into three components, namely, brick, ceramic, and concrete, for
analyzing the impact of the chemical composition of each component on the strength
of the geopolymer. Furthermore, this study evaluated the influences of the modulus and
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dosage of the alkaline activator on the UCS of brCDW geopolymer, which was used to
determine the optimal mix design for the geopolymers with single and mixed brCDW
components. Finally, the microscopic mechanisms of brCDW geopolymer were
revealed via the X-ray diffraction (XRD), scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) tests (Gill et al., 2023).

2 Materials and test methods
2.1 Raw materials

The brCDW was collected from a local aggregate recycling plant, where the
brCDW was pre-processed via crushing, separation, screening and stockpiling. In the
laboratory, the brCDW with a particle size above 26.5 mm was cleaned by removing
the debris such as plastic, metal and glass, and then dried overnight in an oven at 110°C.
The processed brCDW consisted of 79% concrete, 16% brick and 5% ceramic in terms
of weight proportion. To investigate the impact of the chemical composition of brCDW
on the mechanical properties of the synthesized geopolymer, the brCDW was separated
into concrete, brick and ceramic stockpiles. Sodium silicate and sodium hydroxide
solutions were used as the alkaline activator. The sodium silicate solution was a
transparent viscous liquid, composed of 27.3% SiO, 8.5% Na,O, and 64.2% H>0O. The
mole ratio of SiOz to NayO for sodium silicate was 3.3. The sodium hydroxide was a
white flake solid with a purity level larger than 98%. The deionized water was used for
diluting the alkaline activator solution. In this study, the diluted alkaline activator
solution stood in the laboratory environment for 24 hours before use.

2.2 Preparation of precursor materials

To prepare the precursor materials, the recycled concrete, brick and ceramic
were crushed, pulverized and ground, respectively. As shown in Figure 1, the recycled
materials were crushed by a jaw crusher to a size range of 3-20 mm, and then pulverized
by an ore mill to a size range of 100-600 um. Finally, the pulverized materials were
ground by a ball mill for a certain period of time. Since the particle size and uniformity
of the precursor significantly affected the mechanical properties of geopolymer, this
study aimed to assess the appropriate grinding time for the preparation of brCDW
precursors. Thereby, four ball milling times (i.e., 2, 4, 6, and 8 hours) were selected to
explore their impact on the particle size distribution of each precursor. The Mastersizer
3000 laser particle size analyzer was employed to determine the particle size
distributions of the processed precursors.
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Figure 1. Pretreatment and research of Precursors

Figure 2 showed the particle size distributions of the processed concrete, brick

and ceramic with different milling times. The median particle diameter (D50) was used

to quantify the change in particle size of the precursor. As shown in Figure 3, the brick

particle was much coarser than the ceramic and concrete particles after 2 hours of

milling, and all the ground particles had a D50 smaller than 15 pm after 8 hours of

milling.
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Figure 5. Relationship between UCS of geopolymer and D50

In general, a smaller particle size yields a larger specific surface area, which
will increase the reaction rate between the brCDW and the alkaline activator (Petrakis
et al., 2019; Ahmari et al., 2012). In order to explore the influence of particle size of
precursor materials on geopolymer strength, the mixed precursor materials with
different particle sizes were obtained after various milling times. According to the
original proportion of each component in brCDW (brick: ceramic: concrete =16:5:79),
the D50 of mixed precursor materials under different milling time was calculated using
the weighted average method, as shown in Figure 4. The geopolymer was prepared with
mixed precursors for 7-day UCS test. Herein, the modulus of the alkaline activator was
1.0, the dosage of the alkaline activator was 35%, and the water-precursor ratio was
0.35. Figure 5 presented the UCS test results. It was shown that the strength of the
geopolymer was well correlated with the particle size of the precursor material. When
the D50 of the precursor material was smaller than 15 pm, the change in the strength of
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geopolymer became negligible. Therefore, by controlling the milling time, each
precursor material was ground to a certain size with D50 equal to 15 um.

2.3 Test methods
2.3.1 XRF test

The X-ray Fluorescence (XRF) test was performed via Shimadzu UV2700
fluorescence spectrometer under vacuum to determine the chemical composition of
concrete, brick, ceramic and the mixed brCDW. The principle of XRF is to irradiate
atoms with X-rays, causing the electrons of the irradiated atoms to undergo transitions
and emit characteristic secondary X-rays. By testing and analyzing the characteristic
radiation and its intensity for various elements, the types and concentrations of the
elements can be determined.

2.3.2 XRD test

The mineralogical composition of concrete, brick, and ceramic brCDW was
determined by XRD analysis. The diffraction patterns were obtained using a Rigaku
Smartlab diffractometer equipped with Cu Ka 115 radiation, operating at 40 kV and 30
mA. The samples were scanned between 5° and 80° 260, with a step size of 0.02° 26 and
a scan rate of 4 °/min (Moreno-Maroto et al., 2022). The obtained diffraction data were
analyzed using Jade software to establish the relationship between the angle and the
strength of the test sample, thereby determining the phase composition of the materials.

2.3.3 UCS test

The UCS test was conducted by the YAW-300D microcomputer controlled
pressure testing machine, with a loading rate of 2.4 kN/s. Prior to the test, the specimens
were prepared with dimensions of 40 mmx40 mmx40 mm, and conditioned in a
chamber with 20+2°C and 95% relative humidity for 7, 14 and 28 days. For the same
condition, six replicates were prepared for unconfined compressive strength (UCS)
testing.

2.3.4 SEM-EDS

The EVO-10 scanning electron microscope produced by Carl Zeiss was used
for the experiments. Before the test, the selected samples were dried and cleaned using
high-pressure blower to remove dust and other loose particles from the surface. The
sample surface was plated with palladium before being fixed onto the sample table for
imaging.

To identify the gel types in the different geopolymers, the EDS test was
performed on the selected points of the geopolymer samples. This allowed for
determination of the composition of the main elements in the gel. Note that the EDS
test was conducted simultaneously with the SEM test using the same instrument.
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3 Results and discussion
3.1 Chemical composition of brCDW

The XRF results were listed in Table 1. The chemical component of mixture
was calculated based on the proportion of each component. The main oxides of each
brCDW component were SiO», Al,O3, and CaO, which were the primary raw materials
for geopolymer. Thus, the brCDW was highly suitable for geopolymer production. It
was shown that SiO> always had the highest content, but its composition varied among
the brCDW components. Brick had an extremely low CaO content but the highest Fe>O3
content, whereas ceramic had a relatively high CaO content but the lowest Fe;Os
content. Concrete had the highest amount of CaO, but a relatively low Al>O3 content.
This was because the cement paste attached to the recycled concrete contained rich
calcium and the limestone in the recycled concrete also provided calcium. Since the
concrete was a dominant component in the brCDW, the chemical compositions of the
mixed precursor were similar to those of concrete, which contained substantial amounts
of Si02 and CaO.

Table 1. Main chemical components and contents of brCDW (%)

SiO2 AL20Os CaO Fe203 MgO K20 TiO2

brick 61.86 17.94 2.48 11.09 0.81 3.63 1.42
ceramic | 63.39 15.11 12.53 2.72 1.40 3.03 0.62
concrete | 42.96 8.31 35.89 5.71 1.24 2.61 0.73
mixture | 47.01 10.19 29.38 6.42 1.18 2.79 0.84

Figure 6 showed the XRD patterns of each brCDW component. As presented,
the brick mainly consisted of quartz, hematite, calcite, and mullite. The ceramic was
primarily comprised of quartz, albite, and mullite. The main phases of concrete included
quartz, calcite, albite, microcline, and muscovite. Since the mixed brCDW contained
no new material, its primary phases included quartz, calcite, albite, microcline, and
muscovite. Due to the low content of hematite in bricks and the fact that bricks only
accounted for 16% of the mixed precursor, hematite was not detected in the XRD
pattern of the mixed precursor. Thus, XRD may not be able to detect the phases with
low content. The highest content in all materials was quartz, whose main component
was Si0;, as confirmed by the XRF test results. Furthermore, calcite in concrete was
the main source of calcium, which was also proved by the XRF results. The brick and
ceramic contained more aluminum elements that were primarily from mullite and albite.
In addition, the high content of Fe>Os in the brick may be mainly derived from hematite.
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Figure 6. XRD pattern of brCDW: (a): brick, (b): ceramic, (c¢): concrete, (d):
mixed precursor

3.2 Synthesis of geopolymer
3.2.1 Precursor material

To eliminate the influence of precursor particle size on geopolymer strength, it
is important to control the particle size of the precursor materials since it greatly affects
the reactivity rate. To achieve this, the D50 of each precursor material was controlled
at 15um by adjusting the milling time. The ball milling time for brick, ceramic and
concrete was set at around 8 hours, 4 hours and 2 hours, respectively. Apart from
preparing single-component geopolymer using each precursor material, the mixed-
components geopolymer was also developed. Note that the mixed precursor followed
the original proportion of each component of brCDW, with a specific ratio of brick:
ceramic: concrete = 16: 5: 79.

3.2.2 Design of mix proportion

The alkaline activator's modulus can significantly impact the strength of
geopolymer. To investigate this effect, it is necessary to adjust the modulus of the
alkaline activator by adding sodium hydroxide. The initial modulus of the sodium
silicate solution was 3.3. The relationship between the amount of sodium hydroxide (x)
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to be added per 100 grams of sodium silicate solution and the target modulus of the
alkaline activator (M,) was described by Equation 1.

my/M

= 1
Y m,/M,+x/(2M,,) M
where M, is the modulus of target activator; m; is the mass proportion of SiO» in water

glass; M; is the relative molecular weight of SiOz; m, is the mass proportion of Na,O
in water glass; M, is the relative molecular weight of Na>O; M;, is the relative molecular
mass of NaOH.

The amount of alkaline activator was another crucial factor affecting the
strength of geopolymer. In this study, we referred to previous research and designed
three different dosages of alkaline activator (30%, 35% and 40%) for each modulus of
alkaline activator (1.0, 1.2 and 1.4) (Huo et al., 2021; Zhang et al., 2020; Luna-Galiano
et al., 2022), which was presented in Table 2. To ensure the proper fluidity of
geopolymer, we considered the water-precursor weight ratio as 0.35, based on the
findings from Huo et al. (2021).

Table 2. Mix proportion of geopolymer

Water-precursor Modulus of alkaline Dosage of alkaline
weight ratio activator activator

30%

1.0 35%

40%

30%

0.35 1.2 35%
40%

30%

1.4 35%

40%

3.2.3 Production and curing

The production of geopolymer was shown in Figure 7. Firstly, the required mass
of sodium hydroxide was calculated and added to the sodium silicate solution. The
resulting alkaline activator solution stood for 24 hours. Next, the precursor material was
mixed with the alkaline activator solution and stirred for 5-10 minutes. The geopolymer
slurry was poured into a mold in three layers and each layer was vibrated for 2 minutes
to remove air. The specimens were then covered with film to prevent water evaporation
and cured for 24 hours at room temperature. After that, the specimens were demolded
and placed in a constant temperature and humidity curing box for further curing
(Moreno-Maroto et al., 2022; Patil et al., 2014). The curing condition was 20+2C
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with 95% relative humidity. The specimens were tested at the designated curing time to
assess their engineering properties. To ensure reliable results, each formulation yielded
18 cubic specimens (40mmx40mmx40mm), with six parallel specimens prepared for
UCS test at each curing time.
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Figure 7. Production and testing of geopolymer

3.3 UCS test results
3.3.1 Geopolymer of brick precursor

Figure 8 presented the UCS of brick geopolymer. In this figure, 1.0, 1.2, and 1.4
represented the modulus of the alkaline activator and 30%, 35%, and 40% represented
the dosage of the alkaline activator. A statistical analysis was conducted using the
analysis of variance (ANOVA) with Tukey honestly significant difference test, with a
confidence level set at 95% (0=0.05). Labels A, A", A" were used to represent the group
of samples with the statistically highest strength at 7, 14, and 28 days, respectively.
Samples with different letters indicated a significant difference in strength, with lower
alphabetical letters indicating lower strength grades.

The strength of brick geopolymer initially developed slowly, with a low UCS
of only 2-8 MPa. However, the strength improved significantly in the later stage, with
the highest strength of 29.9 MPa. There was no significant difference in the strength of
the brick geopolymer prepared using the two mix proportions: a modulus of alkaline
activator of 1.4 with a dosage of alkaline activator of 35% and 40%. However, the
optimal mix proportion should have a lower alkali content, resulting in a more
environmentally-friendly and cost-effective material for preparing brick geopolymer.
Thus, a modulus of alkaline activator of 1.4 with a dosage of alkaline activator of 35%
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was recommended as the optimal mix proportion. The low early-stage strength of brick
geopolymer might be attributed to the low calcium content, which resulted in a low
alkali consumption and generated only a small amount of C-S-H and C-A-H gels in the
early stage. While the curing continued, most of the alkali reacted with the active silicon
and aluminum components to form N-A-S-H and C-A-S-H gels, which provided the
brick geopolymer high strength at the final stage.

The UCS of the brick geopolymer increased with the modulus of the alkaline
activator, and the strength gain was greater with a lower modulus. For instance, the 28-
day strength increased by an average of 6.8 MPa when the modulus increased from 1.0
to 1.2, but the average strength gain was only 3.7 MPa when the modulus increased
from 1.2 to 1.4. This was likely because increasing the modulus of the alkaline activator
improved the dissolution efficiency of active silicon, aluminum, and calcium
components in precursor materials, particularly when the modulus was low. As the
modulus of the alkaline activator increased, the dissolution efficiency of these
components gradually decreased. When the modulus was 1.0 or 1.2, the strength of the
brick geopolymer decreased with an increase in alkaline activator dosage, likely
because the alkali content was high under these conditions. An excessive amount of
alkali negatively affected geopolymerization, leading to a reduction in reaction products
and structural damage.
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Figure 8. UCS of brick geopolymer
3.3.2 Geopolymer of ceramic precursor

Figure 9 showed the UCS of ceramic geopolymer. The 7-day UCS of ceramic
geopolymer ranged from 6-9 MPa. Compared to the brick geopolymer, the early
strength of ceramic geopolymer was generally higher. However, from 7 days to 14 days,
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the strength only increased by 2-3 MPa. After 28 days of curing, the UCS only increased
by 1 MPa compared to the strength at 14 days. Ceramic geopolymer had lower strength
compared to other geopolymers and was not suitable for the production of high-strength
geopolymers. The reason for this phenomenon might be the calcium of the ceramic was
rapidly consumed by the alkaline activator at the early stage, and the geopolymer of
ceramic formed certain strength gels such as C-S-H and C-A-H. However, the calcium
of the ceramic consumed the alkaline activator and affected the progress of the
geopolymerization reaction, resulting in the formation of limited amounts of high-
strength geopolymer gels (N-A-S-H, C-A-S-H). Another reason could be the low
content of active silicon and aluminum components in ceramic, as most of these
components did not participate in the geopolymerization reaction. The highest strength
of ceramic geopolymer was observed when the modulus of the alkaline activator was
1.0 and the dosage of the alkaline activator was 35%, which was recommended as the
optimal mix proportion.

The UCS of ceramic geopolymer initially increased and then decreased with an
increase in the modulus of the alkaline activator. The strength of ceramic-based
geopolymer showed little increase when the modulus of the alkaline activator increased
from 1.0 to 1.2, but it decreased significantly when the modulus of the alkaline activator
increased from 1.2 to 1.4. For example, at 28 days, the UCS increased by an average of
0.9 MPa when the modulus of the alkaline activator increased from 1.0 to 1.2, while it
decreased by an average of 2.9 MPa when the modulus of the alkaline activator
increased from 1.2 to 1.4. This phenomenon may be attributed to the fact that most of
active silicon and aluminum components in ceramic dissolved efficiently at a modulus
of alkaline activator of 1.2. A further reduction in the modulus of the alkaline activator
did not significantly improve the dissolution efficiency and resulted in excess alkali.
The excess alkali affected the geopolymerization process and reduced the reaction
products. The remaining alkali also destroyed the formed gel structure, leading to a
reduction in geopolymer strength. When the modulus of the alkaline activator increased
from 1.2 to 1.4, the strength of the geopolymer decreased significantly because the
active silicon and aluminum components in the precursor materials could not dissolve
fully due to the low alkali concentration.
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Figure 9. UCS of ceramic geopolymer
3.3.3 Geopolymer of concrete precursor

As shown in Figure 10, the early-stage strength of concrete geopolymer
exhibited rapid development and surpassed that of brick and ceramic geopolymer.
However, the rate of strength development gradually slowed down in the later stages.
The highest strength of concrete geopolymer was achieved when the modulus of the
alkaline activator was 1.0 and the dosage of the alkaline activator was 40%, which was
recommended as the optimal mix proportion. Note that this mix proportion had the
highest alkali content. The abundance of calcium components in concrete necessitated
a substantial amount of alkali for reaction. During the early stage, a larger quantity of
gels such as C-S-H and C-A-H, were generated. In addition, a small amount of
unhydrated cement particles could also undergo the hydration reaction. Consequently,
concrete geopolymer exhibited significant early-stage strength. However, due to the
high calcium content, a considerable amount of alkali was consumed, resulting in
insufficient alkali for reaction with the active silicon and aluminum components in
concrete, or a low content of active silicon and aluminum components. As a result, the
formation of N-A-S-H and C-A-S-H gels was limited, leading to a slow strength growth
in the later stage.

The UCS of concrete geopolymer decreased with an increase in the modulus of
the alkaline activator at each stage. This phenomenon may be due to the fact that the
active silicon and aluminum components in the concrete were fully dissolved when the
modulus of the alkaline activator was 1.0, allowing the alkaline activator to react
adequately with the precursor material. However, an increase in the modulus of the
alkaline activator led to a decrease in alkali concentration, resulting in decreased
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dissolution efficiency of the active silicon and aluminum components. Moreover,
increasing the modulus of the alkaline activator led to insufficient geopolymerization
and a reduction of reaction products, which ultimately lowered the geopolymer strength.
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Figure 10. UCS of concrete geopolymer
3.3.4 Geopolymer of mixture precursor

Figure 11 showed the UCS of the mixed brCDW geopolymer. The strength
growth of mixed brCDW geopolymer followed a similar trend to that of concrete
geopolymer, and its early-stage strength of geopolymer was greater than that of brick,
ceramic and concrete geopolymer. From 7 to 14 days, the UCS only increased by
approximately 1-2 MPa, and from 14 to 28 days, the UCS only increased by around 1
MPa. The reason for this phenomenon may be that concrete accounted for 79% of the
mixed precursor, with calcium comprising nearly 36% of it. The high calcium content
results in the generation of a large amount of C-S-H and C-A-H in the early stage,
leading to a rapid strength development. Furthermore, there may be unhydrated cement
particles in the mixed precursor, which could undergo hydration reaction to provide
additional strength. The mixed precursor also contained a small amount of brick and
ceramic, which supplemented the silicon and aluminum components in the precursor
materials, further enhancing the early strength of the mixed precursor geopolymer.
However, the low content of brick and ceramic implied that the active silicon and
aluminum components were not enough for an incomplete geopolymerization.
Consequently, there was little formation of high-strength geopolymer gels (N-A-S-H,
C-A-S-H) in the later stage, resulting in a slow strength growth.
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The UCS of the mixed brCDW geopolymer decreased as the modulus of the
alkaline activator increased. This phenomenon may be due to the fact that when the
modulus of the alkaline activator was 1.0, the active silicon and aluminum components
in the mixed precursor were fully dissolved, resulting in the highest strength. Increasing
the modulus of the alkaline activator reduced the alkali concentration and the
dissolution efficiency of the active components, leading to an insufficient
geopolymerization and a lower geopolymer strength. For all moduli of alkaline
activator, the strength of the mixed precursor geopolymer increased with the increase
of alkaline activator dosage, and the strength of the mixed brCDW geopolymer was
highest when the modulus of alkaline activator was 1.0 and the dosage of alkaline
activator was 40%, which was recommended as the optimal mix proportion.
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Figure 11. UCS of mixed precursor geopolymer
3.4 Microscopic mechanism of geopolymers

3.4.1 XRD test results

In this section, we conducted the XRD test to analyze the phase composition of
brCDW precursor and geopolymer, which was then used to explore the changes in the
material phase before and after geopolymerization. Figure 12 presented the XRD
patterns of brCDW components and the derived geopolymers. The detected phases in
the geopolymers included quartz, muscovite, calcite, albite, and microcline, which were
originally present in the precursor materials, and no new phases were generated after
geopolymerization. Because geopolymer gels existed in an amorphous to semi-
crystalline state, there were no obvious crystallization peaks of reaction products in the
XRD pattern of geopolymer. Nevertheless, the XRD pattern of geopolymer showed a
dispersion peak at around 20°-40° 26, which was the characteristic peak of geopolymer
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gels. Compared to the XRD pattern of the precursor material, an obvious change was
that the strength of partially crystallized peaks decreased, and some peaks disappeared
in the geopolymer pattern. This indicated that some phases dissolved and participated
in the geopolymerization, and other phases completely dissolved due to their low
content and participated in the reaction, causing their characteristic peak to disappear
in the XRD pattern of geopolymer.

The XRD patterns also demonstrated that the magnitude of the crystallization
peaks of the concrete and mixed precursors decreased most sharply. This suggested that
the amounts of dissolved and reactive substances in these materials were greater than
the other precursor materials. Additionally, the concrete geopolymer showed the most
distinct dispersion peak at 20°-40°20, indicating an abundance of gels. The significant
decrease in peak magnitude of calcite suggested that a large amount of calcium was
involved in the geopolymerization, and the resulting gels were primarily C-S-H and C-
A-H, which was confirmed in the EDS analysis later. In contrast, the XRD patterns of
ceramic and brick and their respective geopolymers showed a small decrease in peak
magnitude, indicating that fewer dissolved substances participated in the
geopolymerization. However, the brick geopolymer, despite having a smaller amount
of substances involved, had a more stable structure and higher strength than other
precursor materials.
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3.4.2 SEM test results

We also performed the SEM test on the optimal mix proportion of brCDW
geopolymers at 7 and 28 curing days for analyzing their microstructures. Figure 13
illustrated the microstructure of geopolymers, which is comprised of gels, unreacted
particles, cracks, and pores. Since the brCDW had low activity, some particles did not
dissolve and participate in the geopolymerization. Other precursor materials dissolved
and reacted to form gels, which covered the unreacted particles and bound them
together. The strength of the geopolymer was formed after the gel hardened. The pores
and cracks had an adverse impact on the strength of the geopolymer. The formation of
pores may be due to the presence of water and air in the geopolymer. As water and air
dissipated, the space they occupied initially evolved into these pores. The cracks may
have formed due to the loss of water in the geopolymer, resulting in a shrinkage issue.



488
489

490
491
492
493
494
495
496
497
498
499
500
501
502
503

504
505
506
507
508
509
510

511
512
513
514
515

Gu et al. 20

- pfiréacted part icl’?
$ LN Ry :

Figure 13. Microstructure of geopolymer

As shown in Figures 14a and 14b, the brick geopolymer had a cluster structure
and a rough surface, indicating that the type of gel in brick geopolymer differed from
that in other geopolymers. At 7 days of curing, brick geopolymer generated more gels
but had more pores with a loose structure, resulting in low early strength. However, at
28 days of curing, the number of pores in the brick geopolymer decreased notably,
leading to a high final strength. As illustrated in Figures 14c and 14d, the structure of
ceramic geopolymer was highly uneven with numerous pores and cracks, and the gels
were not completely bound together, resulting in low early strength. Although the
number of large pores in ceramic geopolymer slightly improved from 7 to 28 days of
curing, there were still many pores and cracks existing, which explained why the final
strength remained low. The concrete geopolymer (Figures 14e and 14f) contained a
large amount of gels and had a dense structure with no obvious pores or cracks, resulting
in high strength. From 7 to 28 days of curing, the coating effect of the concrete
geopolymer gel slightly improved, and no unreacted particles were detected.

The mixed precursor geopolymer (Figures 14g and 14h) also had a dense
structure, leading to a relatively high strength. After 7 days of curing, there were more
unreacted particles than the concrete. The consumption of alkaline activator by the
concrete may adversely impact the dissolution of some brick and ceramic particles.
From 7 to 28 days of curing, the number of unreacted particles decreased significantly
as gels continued to form and coat these particles. Consequently, the strength of the
mixed precursor geopolymer slightly improved in the later stage.

In sum, the microstructure of the mixed precursor geopolymer was the densest
compared to the single component-derived geopolymers. The mixed precursor
geopolymer had the highest strength, indicating that the strength of the geopolymer was
closely related to the density of the structure. Although the microstructure of brick
geopolymer was not dense, it formed clustered gels, which also remarkably influenced
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516  the geopolymer strength. Therefore, it was deduced that both the type of gels and the
517  compactness of the structure significantly affected the strength of the geopolymer.
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3.4.3 EDS test results

In addition to the SEM analysis, the EDS test was performed to determine the
elemental composition of the gels. As shown in Figure 15a, the proportion sequences
of the main elements in the gel of brick geopolymer were O, Si, Al, Ca, and Na. The
elements of Si and Al had relatively high percentages, while the proportion of Ca was
low, indicating a low probability of forming C-S-H and C-A-H gels. The likely gel types
in the brick geopolymer were C-A-S-H and N-A-S-H gels, which coexisted to strength
the material.

As presented in Figure 15b, the proportion sequences of the main elements in
the gel of ceramic geopolymer were O, Si, Na, Al, and Ca. The Si element accounted
for a relatively high proportion, while the Al element had a low proportion. Given the
morphology of ceramic geopolymer, it was inferred that the amount of C-A-S-H and
N-A-S-H gels formed in ceramic geopolymer was relatively small, and the major gel
type was the C-S-H gel.

Figure 15c demonstrated that the proportion sequences of the main elements in
the gel of concrete geopolymer were O, Ca, Si, Na, and Al. The elements of Ca and Si
accounted for a relatively high proportion, while Al had a low proportion. This
suggested that the gel type in concrete geopolymer was most likely to be the C-S-H gel.
Additionally, the presence of Na and Al indicated that the gel might also contain an
extremely low amount of C-A-S-H and N-A-S-H gels.

Figure 15d showed that the proportion sequences of the main elements in the
gel of the mixed brCDW geopolymer were O, Ca, Na, Si, and Al. The elements of Ca,
Na, and Si accounted for a relatively high proportion, while the Al element had a low
proportion. Therefore, it was inferred that the dominant gel type in the mixed brCDW
geopolymer was likely to be the C-S-H gel. Furthermore, the high proportion of Na and
Ca suggested that the gel also contained the C-A-S-H and N-A-S-H gels.
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4 Conclusions

In this study, the building-related construction and demolition waste (brCDW) was
divided into three components, namely, brick, ceramic, and concrete. The influences of
chemical composition and particle size of brCDW as precursors on the strength of the
subsequent geopolymer were evaluated. The X-ray diffraction (XRD), scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) tests were
performed to investigate the strength evolution and mechanism of the single-component
and mixed-component derived geopolymers. The major conclusions were summarized
as follows.

e The brCDW components contained large amounts of Si, Al, and Ca elements,
suggesting that the brCDW was a suitable precursor for synthesizing the
geopolymer. Nonetheless, the chemical composition of each brCDW
component differed, leading to differences in the strength of the resulting
geopolymer. This indicated that the chemical composition of precursor material
significantly affected the geopolymer strength. In addition, the strength of the
geopolymer is significantly influenced by the modulus and dosage of the
alkaline activator.

e The brick geopolymer exhibited a low strength in the early stage but a
significantly high strength in the late stage. The ceramic geopolymer showed a
low strength in both the early and late stages, indicating that it is not suitable
for high-strength geopolymer production. The strength of concrete geopolymer
was high in the early stage, but increased slowly later on. The strength
evolution of the mixed brCDW geopolymer followed a similar pattern to that
of the concrete geopolymer, as the mixed brCDW consisted of 79 % of concrete.
The mixed brCDW geopolymer had the highest early strength and the second-
highest final strength compared to the single component-derived geopolymers.

e The results of XRD, SEM and EDS analyses indicated that some precursor
materials dissolved in the geopolymerization process, which then formed gels
to coat and bind the unreacted particles and thereby resulting in a hardening
strength. The formed gel type varied due to the different chemical composition
ratios of each precursor material. The morphology and structure of brick
geopolymer gels differed from other geopolymers, with the main gel products
being C-A-S-H and N-A-S-H. The primary gel of ceramic, concrete, and mixed
precursor geopolymers was the C-S-H gel, possibly with small amounts of C-
A-S-H and N-A-S-H gel. Both the formed gel type and the compactness of the
microstructure had significant influences on the geopolymer strength.
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