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ABSTRACT

The red ceramic industry generates a substantial amount of solid waste, which can be reutilized in the construction
sector, contributing to the reduction of natural resource consumption and CO, emissions from the Portland cement
industry. However, the use of red ceramic waste as a precursor for alkali-activated materials remains insufficiently
investigated. This study aimed to evaluate a binary mixture of red ceramic waste (RCW) and metakaolin (MK) for the
production of alkali-activated cements. Four pastes with varying RCW and MK proportions were prepared. In the
fresh state, mini-slump, setting time and bulk density tests were performed. In the hardened state, compressive
strength was assessed at 7, 28, and 91 days, and water absorption was measured. Finally, scanning electron
microscopy (SEM) analysis was conducted. The paste with 100% RCW exhibited the greatest spread (94.5 mm), while
the mixture containing 75% MK and 25% RCW achieved the highest compressive strength, reaching 42.79 MPa at 7
days. SEM analysis revealed the formation of binding gels, indicating effective geopolymerization. These findings
confirm the feasibility of producing alkali-activated cements from RCW and MK for cementitious paste applications.

KEYWORDS

Construction; Waste; Paste; Alkali-activated binder.

RESUMO

A industria da cerdmica vermelha é uma grande geradora de residuos sélidos, que podem ser reaproveitados na
construgado civil, reduzindo o consumo de recursos naturais e a emissédo de CO, pela industria do cimento Portland. No
entanto, a aplicacdo de residuos de cerdmica vermelha como precursor de materiais dlcali-ativados ainda é pouco
explorada. Este estudo tem o objetivo de avaliar a mistura bindria de residuo de cerdmica vermelha (RCV) e metacaulim
(MK) para obtencéo de cimentos dlcali-ativados. Foram produzidas quatro pastas com propor¢ées variadas do RCV e
MK. No estado fresco, realizaram-se ensaios de mini-slump, tempo de pega e massa especifica. No estado endurecido,
analisaram-se a resisténcia a compressdo, nas idades de 7, 28 e 91 dias, e a absor¢ao de dgua. Por fim, foi feito o ensaio
de Microscopia Eletrénica de Varredura (MEV). A pasta com 100% RCV apresentou maior espalhamento de 94,5 mm
e a composicdo com 75% MK e 25% RCV apresentou a maior resisténcia a compressdo, com 42,79 MPa aos 7 dias.
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A formacdo de géis aglomerantes foi observada no MEV. Dessa forma, confirma-se a viabilidade do cimento dlcali-
ativado com RCV e MK para pastas cimenticias.

PALAVRAS-CHAVE

Construgdo civil; Residuo; Pasta; Cimento dlcali-ativado.

RESUMEN

La industria de la cerdmica roja es una gran generadora de residuos sdlidos, los cuales pueden ser reutilizados en la
construccion civil, reduciendo el consumo de recursos naturales y la emisién de CO, por parte de la industria del cemento
Portland. Sin embargo, la aplicacién de residuos de cerdmica roja como precursor de materiales alcaliactivados atn es
poco explorada. Este estudio tiene como objetivo evaluar la mezcla binaria de residuo de cerdmica roja (RCR) y metacaolin
(MK) para la obtencién de cementos alcaliactivados. Se produjeron cuatro pastas con proporciones variables de RCR y MK.
En estado fresco, se realizaron ensayos de mini-slump, tiempo de fraguado y masa especifica. En estado endurecido, se
analizaron la resistencia a la compresion, a las edades de 7, 28 y 91 dias, y la absorcién de agua. Por ultimo, se realizé el
ensayo de Microscopia Electrénica de Barrido (MEB). La pasta con 100% de RCR presenté el mayor esparcimiento, con 94,5
mm, y la composicién con 75% de MKy 25% de RCR presentd la mayor resistencia a la compresion, con 42,79 MPa a los 7
dias. La formacién de geles aglomerantes fue observada en el MEB. De esta forma, se confirma la viabilidad del cemento
alcaliactivado con RCR y MK para pastas cementicias.

PALABRAS CLAVE

Construccion civil: Residuo; Pasta; Cemento alcaliactivado.
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1. INTRODUCTION
The construction industry increasingly seeks
sustainable alternatives due to the high carbon
dioxide (CO,) emissions associated with Portland
cement (PC) production. One of the strategies to
mitigate these emissions is the reduction of clinker
consumption, as clinker is the primary component of
PC. The clinker production process involves both the
calcination of limestone and the combustion of fossil
fuels, which together significantly contribute to CO,
emissions within the cement industry (Miller, Horvath,
and Monteiro, 2016).

The cement
approximately 6% to 7% of the anthropogenic CO,
emissions released annually into the atmosphere
(Garcia-Lodeiro, Palomo, and Fernandez-Jiménez,
2015). Additionally, cement production requires
the extraction of over 30 billion tons of natural

industry is  responsible  for

resources each year, as highlighted by Jexembayeva
et al. (2020). These factors significantly contribute to
environmental degradation, intensifying both the
depletion of natural resources and the emission of
greenhouse gases.

According to Mohajerani et al. (2019), geopolymers
and alkali-activated binders can reduce environmental
impacts by lowering CO, emissions by up to 80%
compared to Portland cement, while maintaining
comparable mechanical performance.

One effective way to reduce these environmental
impacts is through the use of alkali-activated materials
(AAMs). Studies have shown that AAMs can lower
greenhouse gas emissions by up to 80% compared
to Portland cement (Davidovits, 2002). Depending
on the precursors and processing conditions, these
materials can exhibit a wide range of properties
similar to those of conventional cementitious binders.
These properties include high compressive strength,
low shrinkage, acid and fire resistance, as well as low
thermal conductivity (Duxson et al., 2007), alongside
an ecologically sustainable profile.

Metakaolin (MK) is widely recognized as one
of the most reactive and consistent precursors for
geopolymer synthesis, owing to its high degree of
amorphicity and well-defined chemical composition
(Provis and Bernal, 2014). Furthermore, its use as a
partial cement substitute has been extensively studied
because of its pozzolanic activity when processed
under appropriate conditions (Sabir et al., 2001).

https://doi.org/10.29183/2447-3073.MIX2025.v11.n2.109-122

Alkali-activated cements (AACs), also known as
geopolymers, are produced by mixing an aluminosilicate
source with an alkaline activator, which typically consists
of alkaline hydroxides and/or silicates. The most common
activators include sodium silicate (Na,SiO;), sodium
hydroxide (NaOH), potassium silicate (K,SiOs), and
potassium hydroxide (KOH) (Poudyal and Adhikari, 2021).
Aluminosilicate sources may include industrial by-products
such as red ceramic waste (RCW), fly ash from thermal
power plants, MK, blast furnace slag, among others.

Red ceramic waste can have a chemical composition
similar to that of MK, although this depends on the
raw materials used. RCW typically contains silica (SiO,)
ranging from 40% to 80% of the total material. Alumina
(Al,0s3) is another significant component, generally
present in amounts between 10% and 40% (Medeiros,
2010). In contrast, MK contains approximately 40%
Al,O; and 52% SiO,, totaling around 92% by mass (Nita,
2006). Despite their similar chemical compositions,
RCW exhibits lower reactivity than MK, as reported by
Schackow et al. (2015). This lower reactivity is attributed
to the amorphous and disordered aluminosilicate
structure formed during the sintering process.

According to Neto et al. (2016), the generation of red
ceramic waste (RCW) is significant due to fragmentation
of parts, the presence of non-conforming products, and
variations in the sintering process, among other factors.
The accumulation and improper disposal of this waste
pose serious environmental concerns. Brazilian ceramic
industries lose approximately 3 million blocks annually,
resulting in around 7,500 tons of waste generated from
losses during the ceramic production process, according
to the Brazilian Micro and Small Business Support
Service (SEBRAE, 2008). The red ceramics industry is
primarily responsible for producing bricks and tiles,
which account for approximately 90% of the materials
used in masonry and roofing in Brazil (ANICER, 2015).
These facts underscore the importance of developing
sustainable solutions for reusing the waste generated
by this sector.

The incorporation of red ceramic waste (RCW) in the
production of alkali-activated materials has emerged
as a promising and sustainable strategy to reduce
environmental impacts. Its use in combination with
metakaolin (MK) has been investigated by Rovnanik
et al. (2018), who reported improved workability
and modifications in the microstructure, although a
decrease in the overall reactivity of the system was
noted. Similarly, Sarkar and Dana (2021) demonstrated
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that substituting up to 30% of MK with ceramic waste
can achieve satisfactory levels of mechanical strength,
particularly when the activating solution is properly
optimized. More recently, Lemougna et al. (2023)
explored the replacement of 70% to 90% of MK with
ceramic tile waste in geopolymer composites, achieving
compressive strengths of up to 39.6 MPa.

These studies provide valuable insights into the
performance of this binary system in alkali-activated
cements (AACs). further
research is needed, particularly to assess the feasibility

However, experimental
of utilizing locally sourced RCW. In this context, the
main objective of the present study is to investigate
the alkaline activation of binary mixtures composed of
ceramic waste and metakaolin, including formulations
containing 100% ceramic waste. The focus is on
evaluating the development of binder properties in
paste formulations. To this end, the behavior of the
pastes in both fresh and hardened states is analyzed,
along with the microstructural characteristics of the
resulting materials, to assess the formation of binding
phases within the cementitious matrix.

2. MATERIALS AND METHODS

Figure 1 summarizes the stages of the experimental program.

Red ceramic
( Metakaotn )
Materials

Ratio between sodium hydroxide
and sodium silicate (1:1)

2.1. Materials
2.1.1. Precursors

The RCW, used as an aluminosilicate source, was derived
from brick production waste generated by a company
located within the Local Productive Arrangement in the
state of Ceara, Brazil. The metakaolin was sourced from
local suppliers.

The RCW was initially broken manually, then subjected
to crushing and milling in a ball mill. After grinding,
the material was oven-dried at 105°C for 24 hours and
subsequently sieved through a 75um (No. 200) sieve.
Figures 2a and 2b illustrate the visual characteristics of
the precursors used.

Figure 2:a) V|sua| aspect of RCW; b) Visual aspect of metakaolln
Source: The authors, 2025.

Various tests and analyses were performed to
characterize the materials, including laser granulometry,
chemical composition, specific gravity, and specific
surface area.

Table 1 presents the D10, D50, and D90 values obtained
from particle size distribution analysis using laser diffraction,
conducted with a Helos KR system (Sympatec).
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Figure 1: Methodological procedure.
Source: The authors, 2025.
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The materials used to make the pastes were: red
ceramic waste (RCV), metakaolin (MK), sodium hydroxide
(NaOH) and sodium silicate (Na,SiOs).
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; MK
Features | Diameter (%) | RCW (um)
(um)
D10% 4,60 5,75
Particle size
distribution D50% 42,20 31,07
D90% 89,70 64,89

Table 1:Table Particle size distribution of RCW and MK.
Source: The Authors, 2025.

The chemical composition of the precursors was
determined by X-ray fluorescence (XRF) analysis using
a Rigaku ZSX Mini Il spectrometer. The results for both
materials are presented in Table 2.
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% de oxides
Components

RCW MK
Sio, 58,85 65,44
ALO, 17,82 26,66
Fe,0, 6,37 2,87
Ca0 2,03 0,70
MgO 1,21 0,39
SO, - 0,19
Na,O 1,70 0,08
k,0 2,27 0,59
TiO, - 1,85
P,O, - 0,07
MnO - 0,01
cl - 0,02
Sro - 0,04
PF 0,81 0,91

Table 2: Chemical composition of precursors.
Source: The Authors, 2025.

Table 2 indicates that silicon dioxide (SiO,) and
aluminum oxide (Al,O;) are the predominant chemical

components in both red ceramic waste and metakaolin.

A low content of calcium oxide is also present, which is a
common constituent in geopolymer precursors.
The specific gravity was determined according to

the procedures specified in ABNT NBR 16605 (2017).

Additionally, the specific surface area was measured
using the Blaine air permeability method, as defined
in ABNT NBR 16372 (2015), and compared with a
reference cement sample. These characteristics are
presented in Table 3.

https://doi.org/10.29183/2447-3073.MIX2025.v11.n2.109-122

Parameters Results
Na,O (%) 15,88
SiO, (%) 32,69
Total Solids (%) 47,77
Si0, (%) / Na,O ratio (silica modulus) 2,17
Specific gravity 1,57
Viscosity (cp) 1,074

Table 4: Characteristics of sodium silicate.
Source: Manufacturer Gota Quimica (2025).

The alkaline activation solutions were prepared 24
hours before paste formulation. The NaOH solution was
prepared at a concentration of 8.0 mol/L (Table 5).

Parameters 8,0 moles/liter
Total Solids — NaOH (%) 25,24
H,0 (%) 74,75
H,O / NaOH ratio 2,96
Specific gravity 1,305

Table 5: Characteristics of sodium hydroxide.
Source: The Authors, 2025.

2.2. Research method
2.2.1. Preparation of the paste

Four pastes were prepared with varying proportions of
precursors, designated as RCW100MKO (100% red ceramic
waste and 0% metakaolin), RCW75MK25 (75% red ceramic
waste and 25% metakaolin), RCW50MK50 (50% red ceramic
waste and 50% metakaolin), and RCW25MK75 (25% red
ceramic waste and 75% metakaolin). The activator-to-
binder ratio was fixed at 0.6, the silicate-to-hydroxide ratio
was maintained at 1:1, and the sodium hydroxide solution
molarity was set at 8 mol/L. Table 6 details the quantities of
materials used to prepare each paste.

Characteristic RCW MK
Specific gravity 2,65 2,44
Specific suzrface 2680 10500

area (cm“/g)

Table 3: Physical characteristics of precursors.
Source: The Authors, 2025.

2.1.2. Activators

The alkaline activators used in this study were solid
sodium hydroxide (NaOH) with 97.9% purity and a
commercial sodium silicate solution. The characterization
data for these materials are presented in Table 4.

Pastes RCW MK [ NaOH | Na,SiO;
RCW100MKO | 15573 0,0 467,2 4672
RCW75MK25 | 11680 | 3893 467,2 467,2
RCW50MK50 | 778,6 778,6 467,2 4672
RCW25MK75 | 3893 | 11680 | 4672 467,2

Table 6: Quantity of materials in kg/m’.

Source: The Authors, 2025.
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Mixing was carried out in a planetary mixer, where
the red ceramic waste and metakaolin were combined
with the alkaline activators. Initially, the precursors and
activators were manually pre-homogenized using a
spatula for 60 seconds. The mixture was then placed in
the mixer and blended at low speed (62 + 5 rpm) for 1
minute and 30 seconds. After this, a 60-second pause was
observed to assess homogenization. Mixing was resumed
for an additional 1 minute and 30 seconds, resulting in a
total mixing time of 5 minutes.

2.2.2. Tests Conducted
2.2.2.1. Fresh state

In the fresh state, the workability and fluidity of the paste
were evaluated using the mini-slump test (Kantro, 1980).
Setting time was measured according to ABNT NBR
16607 (2017) using a Vicat apparatus. Although this
standard was originally developed for Portland cement,
it was adapted here for use with alkali-activated cements.
Additionally, in the fresh state, the bulk density was
calculated. The volume of the paste was determined using
a cylindrical container of known volume. The relationship
between mass and volume is expressed by Equation 1.

Where Pum= bulk density (g/cm3), m= dry mass of the
sample (g), V = total volume (cm>).

Cubic specimens measuring 40 mm x 40 mm X 40
mm were molded and cured in an oven at 60 °C for 24
hours to accelerate geopolymerization. A total of 48
specimens were produced, with 12 cubes corresponding
to each paste composition. Demolding was performed
24 hours after casting.

2.2.2.2. Hardened state

To determine compressive strength, three specimens
were tested at each curing age, 7, 28, and 91 days, in
accordance with ABNT NBR 13279 (2005), as illustrated
in Figures 3a and 3b.
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Figure 3: a) axial compressive strength; b) broken specimen.
Source: The authors, 2025.

The water absorption test was adapted from
Luukkonen (2019). Specimens were dried in an oven
at 60°C for three days, after which their sides were
waterproofed with synthetic enamel paint, while the
base was submerged in a water bath. The mass of each
specimen was measured before water exposure and at
60s, 5 min, 10 min, 20 min, 30 min, 60 min, 2 h,3 h,4 h, 6
h,1d,2d,3d,4d,5d,6dand 7d after contact with water.

Equation 2 was used to calculate the percentage of
water absorption.

Mg

I = (2)

T axd

Where | = amount of water absorbed (mm), mz=
sample weight (g), a = surface area in contact with water
(mm?) and d = water density (g/mm?).

DR
Figure 4: Waterproofed test specimens.
Source: The authors, 2025.

Finally, the microstructural analysis of the hardened
pastes was carried out using Scanning Electron
Microscopy (SEM). The images were taken in surface
mode (SE), which allows the morphology of the
particles to be observed. The magnification used was
5000x, guaranteeing a precise view of the structural
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characteristics. The equipment used was the QUANTA
FEG 450 model from the FEI Company.

3. RESULTS AND DISCUSSIONS
3.1. Fluidity and setting time

The paste composed entirely of red ceramic waste
(RCW100MKO) exhibited an average spreading diameter
of 94.5 mm, exceeding that of the paste containing 75%
RCW and 25% MK, which measured 64.5 mm (Figure 5).In
contrast, the pastes with compositions of 50% RCW/50%
MK and 25% RCW/75% MK exhibited no measurable
spreading, as illustrated in Figure 4. The results obtained
in the test were organized and processed using the
arithmetic mean and standard deviation of the samples.

Kantro's Mini Slump
120,00
100,00
94,50
80,00
64,50
60,00
40,00
20,00
0,00 0,00
0,00

RCWI100MED RCW/SMEZS RCWEOMESD RCW2EMEKTS

B Spreading diameter {mm)

Figure 5: Average spreading diameter in mini slump.
Source: The authors, 2025.

Figure 5 illustrates a decrease in workability as the
MK content increases. The pastes RCV50MK50 and
RCV75MK25 exhibited the smallest spreading diameters,
and further reductions in RCW content resulted in
the absence of measurable spreading. This reduced
workability is attributed to the high fineness of MK
particles, as reported by Pacheco-Torgal et al. (2011) and
confirmed here by the Blaine fineness values in Table
3. The high specific surface area of MK increases the
demand for the liquid phase, specifically the alkaline
activator, which is required to adequately dissolve
the particles (Hwang et al., 2019). Conversely, pastes
with higher RCW content exhibited greater spreading
diameters, supporting the findings of Hwang et al.
(2019). The visual appearance and cohesiveness of the
pastes are shown in Figure 6.
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Figure 6: Spreading in the mini slump: a) RCW100MKO; b) RCW75MK25; ¢) RCW50MK50 e d)
RCW25MK75.

Source: The authors, 2025.

Pastes Bulk density (g/cm?)
RCW100MKO 2,01
RCW75MK25 1,97
RCW50MK50 1,99
RCW25MK75 1,92

Table 7: Bulk density of the pastes.
Source: The Authors, 2025.

The paste composed exclusively of RCW exhibited
the highest bulk density (2.01 g/cm?), indicating a more
compact particle structure and lower porosity, consistent
with findings reported by Azevedo et al. (2020). As
the proportion of MK in the mixtures increased, a
corresponding decrease in material density was observed.
This trend is attributed to the higher porosity and lower
density of MK compared with ceramic waste (Azevedo
et al., 2018; Souza, 2020), supporting the data presented
in Table 3. The mixture containing 25% RCW and 75%
MK showed the lowest density (1.92 g/cm?®), which can
be explained by the predominance of MK. These results
confirm that metakaolin’s greater porosity and lower
density directly influence the physical properties of the
mixtures (Sarkar and Dana, 2021).

The setting time evaluation, shown in Figure 7,
revealed that the paste composed of 100% RCW did not
harden, remaining unset even after 44 hours. This finding
aligns with observations by Hajjaji et al. (2013) and Hwang
etal. (2019), who reported that RCW alone lacks sufficient
reactivity at room temperature to initiate the formation
of a solid matrix.
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Characterization of a binary alkali-activated system based on ceramic waste and metakaolin. J. V. T. Tavares; N. R. Sousa; A. L. B. Moreira; A. E. B. Cabral; H. N. Costa.

https://doi.org/10.29183/2447-3073.MIX2025.v11.n2.109-122

450
400

B Inittial setting time {min)
350

150
100
50 o inittial setting .
o in 44 hours
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Pastes

Time (min)

Figure 7: Inittial setting time.
Source: The authors, 2025.

In the mixture containing 75% RCW and 25% MK
(RCW75MK25), the setting time was 7 hours, a behavior
similar to that reported by Souza (2020), who observed
prolonged setting times in systems with low MK content.
Increasing the MK proportion to 50% reduced the setting
time to 2 hours and 23 minutes, indicating an acceleration
of the hardening process. This acceleration is attributed
to the high reactivity of MK, which promotes the early
formation of cementitious products and faster matrix
consolidation, as noted by Souza (2003).

When the mixture contained 25% RCW and 75% MK,
the setting time was further shortened to 1 hour and 16
minutes, supporting findings by Murta (2015) and Souza
(2020), who reported that higher MK content leads to
faster setting. These studies confirm that MK accelerates
hardening and enhances the reactivity of mixtures,
especially in systems initially dominated by less reactive
ceramic waste.

The SiO,/Al,0; molar ratio plays a direct role in the
setting time of geopolymer pastes. In this study, mixtures
with higher MK content exhibited a SiO,/Al,O; ratio of
2.45 and shorter setting times, whereas those with higher
RCW content showed a ratio of 3.3 and longer setting
times, as illustrated in Figure 7.

As highlighted by Trochez et al. (2015), this behavior is
associated with an excess of silicate in the system, which
reduces the availability of alumina, thereby slowing the
polymerization process and extending the time required
for geopolymer matrix consolidation. These findings
align with previous research indicating that lower SiO,/
Al,O; ratios, with higher Al,O; content, tend to accelerate
polymer bond formation and reduce setting time (De
Silva et al., 2007; Fletcher et al., 2005).
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3.2.Compressive strength and water absorption

The results were reported as the arithmetic mean. Figure
8 shows the average compressive strength at 7, 28, and
91 days.

50,00
42[79

O i 40,20 -
2 40,00 . 37/33
£
= 35,00 30,45
o =
; 30,00 0,95 25,60
% 25,00
; 20,00
= 15,00
B . 10,29 9,75 9,71
5 10,00 = I &
W : 5,07
~ 500 39 st -

0,00 ™ .

7T Days 28 Days 91 Days

B RCW100M KOO RCW7SMEZS m RCWSOMESD m RCW2SMETS

Figure 8: Average axial compressive strength (MPa) - 7, 28, and 91 days.
Source: The authors, 2025.

The progressive replacement of RCW with MK
positively influenced the compressive strengths of
the samples, as shown in Figure 8, corroborating the
findings of Burciaga-Diaz et al. (2016). Similarly, Sarkar
and Dana (2021) reported a decrease in compressive
strength when MK was partially replaced by RCW in
binary mixtures.

The paste composed of 100% RCW exhibited the
lowest compressive strength at all tested ages. Pastes
containing more than 50% MK demonstrated the highest
strengths, consistent with results reported by Kaya and
Soyer-Uzun (2016). The RCW50MK50 paste showed an
approximate 84% increase in compressive strength
compared to the 100% RCW paste (RCW100MKO00). The
RCW75MK25 paste displayed intermediate performance
between RCW100MK00 and RCW50MKS50.

The RCW25MK75 paste, with the highest average
compressive strength of 40.11 MPa, aligns with Sarkar
and Dana’s (2021) findings that strength is optimized at
around 66% MK content. This enhanced performance
is primarily attributed to MK’s higher fineness, which
provides a larger surface area for chemical reactions.

Additionally, the high content of amorphous phases
in MK facilitates its activation and results in greater
reactivity compared to RCW, which tends to have amore
crystalline structure, as discussed by Zhang et al. (2021)
and Souza (2020). Although RCW is rich in essential
oxides for geopolymerization, its low reactivity poses
a significant limitation, as noted by Alhawat et al.
(2024). This limitation is due to the semi-crystalline or
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crystalline nature of RCW, which hinders its complete
dissolution during alkaline activation.

Souza (2020) emphasizes that this low reactivity
compromises the efficient formation of geopolymer
gel, negatively affecting the mechanical strength of the
pastes. Therefore, the limited dissolution and reactivity of
RCW restrict its effectiveness as a geopolymer precursor.

In contrast, mixtures containing 75% MK achieved
the highest performance, reaching
compressive strengths of up to 42.79 MPa after 7 days.

For the paste entirely of RCW
(RCW100MKO00), proper hardening did not occur.
During demolding at 24 hours, the sample deformed,
indicating that the matrix had not developed sufficient
rigidity to retain its shape. This behavior, previously
reported by Souza (2020), is attributed to the low
reactivity of RCW when used alone, which results
in inadequate alkaline activation. The absence of a
solid matrix prevents the formation of cementitious
products, compromising the mechanical properties
necessary for structural rigidity. This not only hindered
proper hardening but was also the primary cause of
the low compressive strengths observed.

mechanical

composed

3.2.2 Water absorption

Figure 9 shows the water absorption values of the
hardened mixtures.

100

Absorption Rate (mm)
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Time (s 12}

=a= RCW L00M KOO == RCWTSMEKLS RCWSOMEKSD RCW2SMETS

Figure 9: Rate of water absorption over time.
Source: The authors, 2025.

The analysis of water absorption in the alkali-
activated pastes revealed distinct behaviors across
three time intervals. During the initial period (t < 60
s'4), corresponding to less than one hour, all pastes
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exhibited higher absorption rates, particularly those
with a greater proportion of RCW. For instance, the
RCW75MK25 paste showed a moisture penetration
depth of 9.58 mm. This elevated absorptionis attributed
to the increased connectivity of surface pores.
Although the RCW100MKO paste exhibited a lower
initial absorption value (2.08 mm), this measurement
does not accurately represent water uptake, as the
sample experienced mass loss during the test.

In the intermediate time interval, from 1 hour to
96 hours (60 s> < t < 587 s'2), the RCW100MKO paste
demonstrated the highest absorption rate, reaching
6.38 mm, while the other mixtures exhibited a more
linear and controlled absorption behavior.

Finally, beyond 96 hours (t > 587 s',), absorption
rates stabilized across all samples, indicating that the
specimens were approaching saturation, with minimal
additional water ingress.

The absorption curves presented in Figure 9
underscore the enhanced reactivity of MK and its
critical role in pore refinement and void filling within
cementitious matrices, resulting in reduced water
absorption
consistent with the findings of Zhang et al. (2021).
Moreover, Pacheco-Torgal et al. (2011) demonstrated
that incorporating MK significantly decreases porosity
and enhances the mechanical properties of alkali-
activated materials.

The RCW100MKO samples exhibited anomalous
compared to mixtures,  with
fragmentation observed during testing, leading to
irregular water absorption patterns. This phenomenon is
linked to inadequate hardening and insufficient strength
development, which undermine the durability and
performance of the material, especially under variable

and improved mechanical strength,

behavior other

load and moisture conditions.

Provis and Bernal (2014) highlight that a stable and
consolidated microstructure is essential for preserving
the physical and mechanical integrity of alkali-activated
materials. The absence of such a microstructure
compromises the overall macrostructural properties,
adversely affecting durability and service performance.

3.3. Microstructural analysis
Figure 10 presents SEM micrographs illustrating the

microstructural characteristics of the binding matrices
with varying proportions of RCW and MK.
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Figure 10: Scanning electron microscopy a) RCW100MKO b) RCW75MK25 ¢) RCW50MK50 e
d). RCW25MK75.
Source: The authors, 2025.

In the 100% RCW sample (Figure 10a), a highly porous
microstructure with prominent cracks and limited
formation of cementitious products was observed,
characteristic of predominantly crystalline materials with
low chemical reactivity. This finding is consistent with
Bernal et al. (2014) and Souza (2020), who reported that
materials with low reactivity tend to form porous matrices
when used as the sole precursor in alkali-activated systems.

With the addition of 25% MK (Figure 10b), the
microstructure became notably denser and more
compact, accompanied by the initial formation of
cementitious gels. Due to the high reactivity of MK, it
acted as the primary chemical precursor, reacting
with sodium hydroxide and sodium silicate solutions
to produce hydrated sodium aluminosilicate (N-A-
S-H) gels. These gels serve to bind the RCW particles,
partially reducing matrix porosity (Fernandez-Jiménez
& Palomo, 2005). The filamentous structures observed
in the RCW75MK25 and RCW50MK50 samples likely
correspond to secondary reaction products and
hydrated N-A-S-H gels, which are characteristic features
of geopolymeric matrices (Provis et al., 2015).

In the RCW50MK50 mixture (Figure 10c), a more
uniform and compact microstructure was observed,
with a significant reduction in crack formation.
According to studies by Komnitsas and Zaharaki
(2007) and Barbosa and MacKenzie (2003), mixtures
with a balanced proportion of industrial waste and
metakaolin exhibit enhanced mechanical properties
due to the formation of a three-dimensional
aluminosilicate network. This network effectively fills
voids and improves matrix cohesion.
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The sample containing RCW25MK75 displayed
the densest and most homogeneous microstructure,
attributed to the extensive formation of N-A-S-H gels
that efficiently integrate the RCW particles into the
geopolymeric framework. When metakaolin interacts
with sodium hydroxide, it rapidly releases aluminum and
silicon ions, which react with sodium silicate to form a
characteristic three-dimensional geopolymeric structure.
As a result, porosity is nearly eliminated, and the matrix
exhibits high potential for mechanical strength and long-
term durability (Provis & Bernal, 2014).

4. CONCLUSION

This study evaluated the performance of alkali-activated
binary pastes composed of red ceramic waste (RCW) and
metakaolin (MK). Based on the experimental results, the
following conclusions can be drawn:

- The paste composed entirely of RCW exhibited the
highest spreading diameter (94.5 mm), while mixtures
containing more than 50% MK showed no measurable
flow. This reduction in workability is attributed to the
high fineness of MK, which increases the demand for the
alkaline activator.

- RCW, when used as the sole precursor, did not harden.
The addition of MK significantly accelerated the setting
time and promoted hardening due to its higher chemical
reactivity, which facilitates the formation of a solid matrix.

- The mixture with 75% MK achieved the highest
average compressive strength (40.11 MPa), underscoring
the importance of MK as a reactive aluminosilicate source.
Its contribution to optimizing the SiO,/Al,0; molar ratio
enhanced microstructural development and mechanical
performance in alkali-activated systems.
increased with higher RCW
content, which correlates with the observed reduction

- Water absorption

in compressive strength. This relationship highlights the
influence of porosity and microstructural integrity on
mechanical properties.

- Higher MK content significantly improved the
microstructure of the pastes. At 75% MK, the matrix was
denser and more homogeneous, resulting in superior
mechanical performance. MK enhanced matrix cohesion
through the formation of a continuous aluminosilicate
network. However, mixtures containing 25% and 50%
RCW also showed satisfactory performance, indicating
their potential use in producing construction composites
such as mortars and concretes.
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These findings support the sustainable use of

industrial waste as alternative binders, contributing to
circular economy practices within the construction sector.
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