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Geopolymers are inorganic polymers obtained through the alkaline activation of aluminosilicates.
Due to their cementitious properties, they are being studied as a sustainable alternative to Portland
cement. Red ceramic waste (RCW), being a source of silica and alumina, can serve as a precursor for
producing geopolymers. In this work, we evaluated the feasibility of producing geopolymers from
hollow brick (HB) and hydrated lime, using only sodium hydroxide as an alkaline activator. The test
specimens were prepared replacement HB by up to 30 wt% of hydrated lime, aiming to evaluate the
compressive strength after 7 and 28 curing days of the geopolymer produced. The results showed that
samples with 30 wt% of hydrated lime, achieved the highest compressive strength (11.26 MPa) after
28 days of curing, although all values found were above the limit established by Brazilian standards for
modular geopolymer bricks. The results therefore show a sustainable and widely viable implementation
alternative to reduce the environmental impacts caused by the production of Portland cement.
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1. Introduction

The construction industry is a sector of great importance
for global economic development. However, it is also
responsible for a significant portion of the environmental
impact caused by human actions.

Additionally, in 2021, Brazilian municipalities collected over
48 million tons of construction and demolition waste (CDW),
with a notable contribution from red ceramic waste (RCW)'.

According to data provided by the National Association of
the Ceramic Industry?, there are approximately 5,578 ceramics
and pottery workshops spread across Brazil, contributing
to an annual production of over 5 billion ceramic blocks.
During the production process, the ceramic sector generates
a considerable volume of waste due to fragmentation, non-
conformities, and irregular firing of pieces, often lacking
environmentally appropriate management.

Ceramic materials, due to their richness in aluminosilicates,
can form geopolymers in an alkaline solution?, serving as
a promising alternative cementitious agent to conventional
cement, given that Portland cement production generates 1.35
billion tons of greenhouse gases annually, accounting for
approximately 6% to 9% of global emissions*. One innovative
approach is to incorporate supplementary cementitious
materials that can replace clinker partially in the Portland
cement, which can be derived from natural materials or
industrial by-products such as fly ash, blast furnace slag,
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rice husk ash, silica fume, metakaolin, volcanic ash, calcined
clays, pumice, waste glass powder, and palm oil fuel ash®.
The use of alternative materials, such as ceramic materials
rich in aluminosilicates, is, therefore, a viable and sustainable
alternative for the production of binder materials and/or
materials with cementitious properties like Portland cement.

Geopolymer, as an emerging environmentally friendly
construction material, has gained significant attention and
application in the field of architecture®. In general, the
geopolymer is considered a green cementitious material
with higher strength and better resistance to acids, sulfate,
and heat, compared to Portland cement’.

Geopolymers emerged from research conducted by Joseph
Davidovits to discover new heat-resistant materials in the
form of non-flammable and non-combustible “plastic-like”
substances after several catastrophic fires in France during
the 1970s. The term “geopolymer” was coined because the
raw materials used in its synthesis are primarily minerals
of geological origin®’.

The geopolymerization process consists mainly of
dissolution, coagulation, condensation, and crystallization
reactions, where the first step consists of breaking the Si-O-
Si and Al-O-Si covalent bonds when the pH of the solution
increases and the groups are transformed into colloidal phase.
After this, the bond-breaking products are accumulated
and interact with each other to form a coagulated structure
which is then led to a third phase with the generation of a
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condensed structure. With time and temperature, they can
develop a crystallization phase®'°.

Geopolymers have numerous applications, including
materials for thermal insulation, coating, and adhesives resins,
biotechnologies (materials for medical applications), foundry
industry, cement and concrete, low-energy construction
materials, composites for infrastructure repair and reinforcement,
high-tech composites for aircraft and automotive interiors,
high-tech resin systems, containment of radioactive and
toxic waste, arts and decoration, among others®.

In this work, a geopolymer was developed using red
ceramic waste as a source of aluminosilicate to act as a
cementitious precursor, together with sodium hydroxide
as an alkaline activator. The results of this study suggest
a simple, feasible, and sustainable strategy to mitigate the
environmental problems caused by the improper disposal
of these wastes, as well as to reduce the impacts caused by
Portland cement production.

2. Materials and Methods

2.1. Preparation and characterization of red
ceramic waste

Red ceramic perforated hollow brick (HB) waste was
used as a precursor material to geopolymer test specimens.
Initially, the waste was subjected to a crushing procedure
using a jaw crusher to reduce the initial material size.
Subsequently, the waste fragments were added to a pulverizing
mill using iron pans and rings (Marconi, MA-360 model)
programmed to rotate for 6 minutes. The pulverized waste
was sieved through a 100-mesh screen to achieve a particle
size of < 150 um. These particle sizes are important to the
geopolymer reaction.

The HB powder was characterized by: (1) X-ray diffraction
(XRD) using Shimadzu instruments (XRD-6000), with Cu-Ka.
radiation source, A= 1.5444 A, in an angular scan from 5° to
60° (20); (2) X-ray fluorescence (FRX) using the Shimadzu
(EDX-7000) instrument, with a scanning capability from
Sodium (Na) to Uranium (U), and a primary Rhodium (Rh)
radiation source, focused on a 5 mm diameter collimator and
sample holder containing mayler. The analysis was carried
out using a qualitative-quantitative method under a vacuum
atmosphere; (3) FTIR analysis using Perkin Elmer Frontier
IR equipment equipped with a diamond ATR module, with
a measurement range of 500-2000 cm ™.

2.2. Preparation and characterization of
geopolymer specimens

Initially, an activator solution of NaOH (Synth, 97%
purity) 8 mol/L was prepared. Then a solid mixture of
pulverized HB with 0, 10, 20, and 30 wt% of hydrated lime
was prepared. Next, a geopolymer material was prepared
using 16.7 mL of the NaOH activating solution together
with 65 g of solid mixture, setting the liquid-solid ratio at
0.26. The geopolymer materials were manually mixed until
achieving homogeneity.

The specimens were prepared using a cylindrical mold
(3 cm in diameter x 6 cm in height) in a manual hydraulic
press (Carlsons) and a compaction pressure of 0.5 ton.
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Three specimens were prepared for each hydrated lime
concentration, totaling 12 specimens for each curing time
(7 and 28 days, at room temperature). Compression tests
were carried out on each specimen, using a universal testing
machine (Instron/EMIC 23-100), applying a loading rate of
Imm/min with a 10 kN load cell.

Fragments of the specimens after the mechanical test
were powdered, and used for FTIR characterization, seeking
to evaluate molecular interactions and/or functional groups
in the geopolymer after the curing process. FTIR analysis
was carried out using Perkin Elmer Frontier IR equipment
equipped with a diamond ATR module, with a measurement
range of 500-2000 cm ™.

3. Results and Discussion

3.1. Characterization of the ceramic waste

The mineralogical compositions of the HB waste are
shown in Figure 1. According to the X-ray diffraction
pattern, some crystallinity peaks were identified in the HB
due to the presence of quartz (JCPDF: 89-8936), hematite
(JCPDF:79-7), and rutile (JCPDF: 76- 319). The identification
of quartz is related to the sand present in the “clay” used
for brick production. The reddish color of the HB indicates
the presence of iron oxides identified by the hematite peaks
and rutile by the titanium oxide (TiO2) content. These
compounds are confirmed by chemical analysis using X-ray
fluorescence (Table 1), highlighting the majority presence
of silicon aluminum, and iron oxides, commonly found in
red ceramics''2.

3.2. Characterization of geopolymer specimens

The geopolymer specimens exhibited efflorescence,
particularly those cured for 7 days. The occurrence of this
phenomenon may have been facilitated because they were not
wrapped during the curing period, remaining in contact with
the ambient air. Efflorescence, which involves a superficial
formation resulting from the deposition of salts leached from
alkali carbonation, is a recurring phenomenon in laboratory
situations but is not widely researched and reported by
the scientific Community'®. Zhao et al.” reported that the
formation of geopolymer efflorescence is a rapid process
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Figure 1. XRD of hollow bricks waste.
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Table 1. Chemical composition of hollow bricks waste.
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HB_30

in the early stage, consistent with the constant leaching
concentration of alkali ions after reaching the reaction
peak. Therefore, the effects appear after 7 days of healing.
According to the authors, less sufficient dissolution of the
solid alkaline activator in the geopolymer results in a higher
concentration of unreacted alkali in the matrix. This higher
concentration of alkali, in turn, could continuously dissolve
and leach onto the sample surface along with pore solutions
under the action of water capillary pressure, which results
in a crystallization characteristic of efflorescence’.

Figure 2 shows the efflorescence of some specimens,
together with the results of compressive strength tests.
It is observed that, for all tests, there was an increase in
mechanical strength with the extended curing time of the
material. The average mechanical strength of the test samples
with the replacement of HB by 30% hydrated lime was
higher compared to the others, reaching 11.26 MPa at 28
days of curing. The second highest strength was obtained
by replacing HB with 20% of the hydrated lime, resulting in
9.37 MPa. The test without replacing HB with lime shows a
higher average strength compared to the 10% replacement.
Without the addition of hydrated lime, the mechanical
strength of the geopolymer was 7.31 MPa. For the 20%
replacement of HB with hydrated lime, the geopolymer
achieved a mechanical strength of 7.13 MPa, representing
the lowest strength observed. The results indicated that the
use of hydrated lime at a concentration of 30% enhanced
the hardening and strength of the HB-based geopolymer. All
these results are shown in Table 2, including the composition
of the geopolymer specimen.

Table 3 shows that the compressive strength results are
slightly below other values found in the literature. However,
it can be observed that other studies use different parameters,
such as the use of two alkaline activators. It is already known
that sodium silicate (Na,SiO,) provides both sodium ions
(Na*) and silicate ions (SiO,*) directly, which are essential
for the formation of the aluminosilicate structure in the

Table 2. Specimen data according to test and curing time.

Test HB  Hydrated lime NaOH  Strength
© © (mL) _ (MPa)
7 curing days
HB 0 65 0 16.7 3.68
HB 10 58.5 6.5 16.7 1.90
HB 20 52 13 16.7 5.38
HB 30 45.5 19.5 16.7 8.67
28 curing days
HB 0 65 0 16.7 7.31
HB 10 58.5 6.5 16.7 7.13
HB 20 52 13 16.7 9.37
HB 30 45.5 19.5 16.7 11.26

geopolymer. The silicate ions are readily available to react
with the aluminum ions present in the solution, facilitating
the formation of Si-O-Al bonds, which are the basis of the
geopolymer structure. This generates silica-rich structures
responsible for forming a denser matrix, resulting in higher
mechanical properties. On the other hand, NaOH provides
only sodium and hydroxide ions (OH"). Although the OH™
ions help in the dissolution of aluminosilicates present in
the raw material, such as HB, the absence of silicate ions
requires that all the silicon necessary for the formation
of the geopolymer be supplied by the dissolution of the
starting material, which can be a slower and less efficient
process. Consequently, the final material is less compact
and less resistant.

Other factors that may influence the compressive strength
results of the works cataloged in Table 3 are the presence of
metakaolin and sand in geopolymeric compositions. Similar
to Na-Si-based alkaline activators, metakaolin is crucial
as it is the main source of reactive silicon and aluminum,
promoting the formation of aluminosilicate that constitutes
the geopolymer structure. Sand, on the other hand, acts as
an aggregate that increases density, distributes stresses, and
fills voids, improving the integrity and mechanical strength
of the material.

In a study using hydrated lime as a composite activator
for the production of modular bricks, it was observed that its
utilization contributed to achieving the compressive strength
values established by the Brazilian reference standard'® that
corresponds to 2 MPa for geopolymer modular brick. This
can be explained by the fact that the addition of hydrated lime
facilitated greater dissolution of aluminosilicates, favoring
polycondensation and contributing to the enhancement of
the geopolymer’s mechanical strength!.

Figure 3 shows the FTIR spectrum of the materials. It is
observed that the unreacted precursor exhibited a band with
a wavenumber of 1055 cm™. The material reacted with a
30% substitution of hydrated lime displayed a band with a
wavenumber of 1003 ¢cm™!. Furthermore, the other reacted
materials also exhibited a shift in band position relative to
the precursor toward lower wavenumbers.
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10, 15% of silica 28 . Zhao et al.
granulated blast- GGBS NaOH silica fume
fume a
furnace slag (GGBS)
Demolition waste )
powder (DWP) and Replacement of 0, Na,Si0, ~38MPa to 0% Rov and
ground Granulated GGBS + DWP 5,10, 15, 20% of NaOH 7 DWP and NaOH ISI}EIL ms
Blast Furnace Slag GGBS by DWP (3, 4 and 6M) 6M
(GGBS)
Replacement of 0, .
. Metakaolin +iron 10, 20, 30, 40, 50% Na,Si0, ~41MPa to 0% ;
Iron mine (Hem) . . 90 . . Santos et al.
mine of metakaolin by NaOH iron mine
iron mine
Ceramic waste
aggregate (CWA):  70% ceramic waste .
Bricks (BR), floor  + 30% binder (60% Repla‘i,emem of 0, Na,Si0, 7,14,and  ~47MPa to 50% o
tiles (FT), roof tiles fly ash and 40% 25, 50% of a sand 28 ST at 28 days Yanti et al.
) . . river by each CWA NaOH (14M)
(RT), sanitary ware  alkaline solution)
(ST)
Replacement of 0
. y ~11MPa to 50%
Red ceramic: hollow HB + hydrated 10, 20, and 30 wt% K .
brick (HB) lime of HB by hydrated NaOH (8M) 7 and 28 hydr;;egal}llrsne at This work
lime

M

~

1055 cm’

Transmittance (u.a.)

—— hydrated lime (HL)
~———HB + NaOH
——HB + 10% HL + NaOH
~——HB +20% HL + NaOH
——HB + 30% HL + NaOH
~———HB

T
2000 1800

T T T T T T
1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

Figure 3. FTIR of hollow brick waste, hydrated lime and geopolymers.

For hydrated lime, the bands at 873 and 711 cm™ are
related to calcite, CaCO3, O-C-O bond. The band around
1408 cm! is related to the CO32- ion®. This band can vary to
nearby wavelength ranges, due to the presence of other bonds
in the three-dimensional geopolymer network’, for example,
observed the presence of CO32- in the 1427-1454 cm™ interval.
For the authors, the vibration peak of O-C-O is mainly due
to the reaction of CO, in the atmosphere with OH™ in the
geopolymer, also called subflorescence. When analyzing
the unreacted precursor, the bands located at 446 cm™,

528 cm’!, and 895 ecm™! are associated with the flexural
vibration of Si-O-Si and Si-O-Al molecules. Additionally,
the bands at 693 cm™', 779 cm ™', and 1055 cm™' correspond
to the stretching vibration of Si-O bonds'.

The absorption bands at 1080-1050 cm™ correspond to
the asymmetric stretching vibrations of Si-O-Si, while the
bands at 1010-980 cm ™' represent the stretching vibrations of
Si-O-Al%'. Consequently, the primary evidence of geopolymer
formation can be observed by the shift of the broadband from
1055 cm ™! to a lower wavenumber of 1003 cm ™. This band is
associated with the fusion of Si-O and Al-O bonds, leading
to alterations in the material microstructure and confirming
the occurrence of the geopolymerization reaction®.

4. Conclusions

The results of this study showed that red ceramic waste
(hollow blocks) exhibits physicochemical characteristics
compatible with cementitious materials in the presence of
hydrated lime, using only NaOH as the alkaline activator. The
produced geopolymeric specimens showed a compressive
strength of up to 11.26 MPa, with a replacement of 30 wt%
of hollow blocks with hydrated lime after 28 curing days.
All the compressive strength results were above the limits
established by Brazilian standards for the production of
modular geopolymer blocks. The geopolymeric reactions
were confirmed by FTIR, where characteristic bands of
Si-O and Al-O bonds were evident. These results, therefore,
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demonstrate the versatility of obtaining geopolymers from
red ceramic waste, contributing sustainable alternatives to
minimize the impacts caused by Portland cement production.
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