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Abstract

Ternary mixtures of geopolymers obtained from the alkaline activation of metakaolin (MK), boiler slag (BS), and rice husk ash (RHA)
using a solution of potassium hydroxide were mechanically, thermally, and microstructurally characterized. The geopolymer properties
and final microstructures indicate that the addition of BS, despite containing large amounts of unburned material (16.36%), allows for
greater densification and greater homogeneity of the geopolymeric gel, which results in greater stability in strength at long curing ages.
Substitution of 30% of MK by BS results in an increase in compressive strength of up to 21% and 122% after 28 and 180 days of curing,
respectively. These results demonstrate the possibility of the construction sector using geopolymers based on MK and adding BS and RHA
to obtain cementitious materials with a lower environmental impact.

Keywords: Geopolymer; metakaolin; boiler slag; rice husk ash.

Sintesis de geopolimeros ternarios basados en metakaolin, escoria de
parrilla y ceniza de cascarilla de arroz

Resumen

Mezclas ternarias de geopolimeros fueron obtenidas a partir de la activacion alcalina de metacaolin (MK), ceniza de parrilla (BS) usando
como activador alcalino una mezcla de hidroxido de potasio con ceniza de cascarilla de arroz (RHA). Los materiales producidos fueron
caracterizados mecénica, térmica y microestructuralmente. Las propiedades de los geopolimeros y microestructura final indica que la
adicion de la escoria de parrilla (con grandes cantidades de material sin quemar, 16.36%), permite un mayor grado densificacion y una
mayor homogeneidad del geopolimero, resultando en una mayor estabilidad de la resistencia para largas edades. La sustitucion del 30%
del MK por BS genera un incremento de la resistencia a compresion hasta del 21% y 122% después de 28 y 180 dias de curado
respectivamente. Los resultados aqui obtenidos demuestran la posibilidad de usar geopolimeros basados en MK son adicion de BS y RHA
en el sector de la construccion para obtener materiales cementicios con bajo impacto ambiental.

Palabras claves: geopolimero, metacaolin, escoria de parrilla, ceniza de cascarilla de arroz.

1. Introduction

Portland cement is the most widely used construction
material due to its physicochemical and mechanical
properties; however, its production process demands high
energy consumption and emits large amounts of CO,,
primarily due to the consumption of limestone as raw
material and the use of fossil fuels during the clinkering
process. Environmental demands in the global industry have
led to the development of alternative cementitious materials

with lower environmental impacts; among these, alkali-
activated cements and geopolymers have emerged.
Geopolymers are a diverse group of ceramic materials
created by the geosynthesis reaction of an aluminosilicate-
type material with an alkaline solution at low temperatures
(<100 °C). Thus, the geopolymerization process involves a
chemical reaction that results in a network-type
tridimensional structure. Geopolymers are known as eco-
friendly materials because in addition to the fact that they can
use industrial residues and sub-products as raw materials,
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they require less energy during their synthesis process and
acquire great hardness and strength at ambient temperature
and at early ages, as early as the first few hours of being
produced [1-3]. Geopolymers are non-combustible materials,
resistant to high temperatures, and stable against chemical
attack [4,5]; in particular, when they are subjected to elevated
temperatures, geopolymers undergo a process similar to the
sintering of ceramic materials, where the pore sizes are
reduced, which densifies the structure and increases the
compressive strength. These properties support the potential
for widespread implementation of these materials in
engineering applications [6,7].

In general, primary-type materials are used as raw
materials, i.e., the material is taken directly from natural
sources, such as kaolin-type clays or volcanic tuffs.
Secondary-type materials are also used, such as waste
(ceramic products waste) or industrials sub-products, which
also include Fluid Catalytic Cracking [8], fly ash, and slag
obtained from different metallurgic processes [9-12]. The
function of alkaline activators is to accelerate the dilution of
the aluminosilicate source. Alkaline activators include
hydroxides, silicates, and carbonates.

Geopolymer synthesis is affected by different parameters,
among which, the size and morphology of the precursor
particles influence the viscosity of the fresh-state mixture
[13]. Thus, geopolymers based on metakaolin (MK) require
greater amounts of mixing water due to the laminar
morphology and the greater surface area of MK particles
[14]; in contrast, the spherical morphology of fly ash (FA)
particles means that less mixing water is required, which
reduces cracking at elevated temperatures. Other parameters
that can affect the synthesis are related to the chemical
composition and microstructure of the raw material; thus, it
is affirmed that when FA is used, iron and crystalline phases,
such as quartz, are unwanted because at temperatures
>500°C, cracking by expansion occurs [15,16].

The combination of precursors in geopolymers results in
better final properties; in the case of geopolymers based on
MK, mixtures of MK and FA [17-21], and MK and blast
furnace slag (GBFS) [22] have been investigated. In several
cases, reports contradict each other, particularly in the
definition of the optimum mixture percentages [12].
Yunsheng [17] studied the durability of MK geopolymeric
mortar fibers reinforced with substitutions of up to 50% FA
and concluded that with 10% FA, a material with lower
porosity, greater impact strength, and a greater tenacity can
be obtained; larger percentages adversely affect the
properties due to the lower reactivity of FA compared with
that of MK. However, in a later study, the same researcher
[19] suggested using mixtures of up to 30% FA to obtain
acceptable strengths and to immobilize heavy metals. Zhang
[20] evaluated percentages of up to 66.7% FA and reported
increases in fluidity, setting time, and compressive strength
for mixtures with 35.5% FA in MK geopolymers reinforced
with polypropylene fibers. In a later study, the same author
[18] recommends the substitution of MK for FA in the order
of 10%, and attributes the loss of mechanical properties to the
increase in porosity of the geopolymeric paste when using
higher percentages. Aguilar [21] produced lightweight
geopolymeric concretes based on MK enhanced with 25%

Table 1.

Chemical composition of the raw materials (wt.%).
Compound, MK BS RHA
(wt, %)
SiO, 51.52 49.24 92.33
AlLO5 44.53 25.39 0.18
Fe,05 0.48 7.65 0.17
CaO 0.02 0.77 0.63
MgO 0.19 0.53 0.49
Na,O 0.29 - 0.07
K,O 0.16 - 0.15
TiO, 1.71 - -
LOI* 1.09 16.36 2.57

“LOI: Loss on ignition at 1000°C
Source: Authors’ own.

FA with acceptable properties. It is worth noting that the
physicochemical properties of the raw materials in these
studies were different. In this sense, the goal in selecting the
raw materials for binary and/or ternary mixtures for
geopolymeric materials is to seek the best combination of
properties, which depends on the application of the final
product.

The present study analyzes the mechanical performance
of geopolymeric mixtures based on MK and incorporates a
sub-product of coal combustion obtained from industrial
boilers, which contains a high content of unburned material
(boiler slag). It is noteworthy that there is no literature on the
use of this material as a partial substitution for MK in the
synthesis of geopolymeric materials. In addition, agro-
industrial waste is used, i.e., rice husk ash mixed with
potassium hydroxide as the alkaline activator. The
mechanical compressive strength is evaluated, and
techniques, such as thermogravimetric analysis, Fourier
transform infrared spectroscopy and scanning electron
microscopy, are applied to analyze the microstructure of the
developed materials.

2. Experimentation
2.1. Materials

Metakaolin (MK, supplied by the BASF Corporation) and
boiler slag (BS, collected from a boiler of PROPAL S.A.)
were used as precursor materials. Table 1 shows the chemical
composition of the materials determined by X-ray
fluorescence (XRF). An X-ray fluorescent spectrometer,
MagixPro (PW-2440 Philips) equipped with a Rhodium tube
with a maximum power of 4 kW was used. Fig. 1 shows the
results of the X-ray diffraction test for the raw materials,
where it can be observed that MK is a highly amorphous
material; the small crystalline phase signals are attributed to
impurities, such as anatase (TiO,, Inorganic Crystal Structure
Database, ICSD 154604) and quartz (SiO,). The BS
contained large amounts of quartz, mullite, hematite and in
addition, it was possible to identify a slight increase in the base
line for the 26 angles between 20°-30°, which suggests the
presence of amorphous-state material.

The BS was conditioned by milling in a hammer mill and
then in a ball mill for 1 hour until an average particle size of
19.143 um was obtained. The MK particle size was 7.8 pm.
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Figure 1. XRD patterns for the raw materials.
Source: Authors’ own.

In both cases, the laser granulometry technique was
performed using Mastersizer 2000 equipment. Rice husk ash
(RHA) was used as the silica source to prepare the activator.
The RHA was obtained via a thermal treatment of the rice
husk at 700°C for 2 hours in an electric oven; the amorphous
SiO2 content in the RHA was 92%.

2.2. Preparation of the geopolymers

Three geopolymeric systems were studied: EO (100%
MK), E20 (80% MK and 20% BS by weight), and E30 (70%
MK and 30% BS). The alkaline solution used as the
activating agent was prepared from the RHA mixture with
potassium hydroxide pellets in the presence of water. In the
EO mixture, a SiO2/Al,O3 molar ratio of 2.5 and a liquid/solid
ratio of 0.4 were used; in the remaining mixtures, the molar
ratios were 3.0 and 0.35, respectively; the K,O/SiO, molar
ratio was 0.28 for all mixtures. The specimens were cured at
a temperature of 70°C for 20 hours at a relative humidity
>90%. Afterwards, they were demolded, wrapped in plastic
film to avoid water evaporation, and placed in a chamber at a
relative humidity of ~60%; then, the compressive strengths
at different curing ages were determined.

2.3. Test

The compressive strength was determined for each of the
geopolymeric systems up to an age of 180 curing days using
cubic specimens with dimensions of 20 x 20 mm,; the test was
performed in a universal testing machine, Instron® 3369, at
a displacement rate of 1 mm/min. The performance index
(P.I) was determined following the eq. (1), where Ex
corresponds to E20 and E30

Strength Ex) — Strength E0).

PI(%)=
%) InitialStiength( EO).

x100 (1)

The following instrumental techniques were used for the
mineralogical and microstructural analysis of the specimens:

X-ray diffraction (XRD) using wide angle diffraction
equipment (RINT2000) with a Cu-Kal signal at 45 kV and
40 mA with a step of 0.02° in a 26 range of 10°- 60° at a scan
speed of 5°/min; Fourier transform infrared spectroscopy
analysis (FTIR) was performed with a Perkin Elmer spectrum
100 spectrometer in the transmittance mode in a frequency
range of between 450 cm™! and 4000 cm™!, where the samples
were prepared by the KBr compression method; the
thermogravimetric analysis (TGA/DTG) of the samples was
performed in a nitrogen atmosphere using TA Instruments
STD Q-600 equipment at a heating rate of 10 °C/min and up
to a temperature of 1250°C. The collected data were analyzed
with Universal Analysis software, version 4.4A from TA
Instruments. The scanning electron microscopy (SEM)
images were obtained using JEOL JSM-6490LV equipment,
which has an INCAPentaFETx3 detector (OXFORD
INSTRUMENTS, model 7573).

3. Results and discussion

Fig. 2a shows the results of the compressive strength
obtained for the mixtures evaluated up to an age of 180 curing
days. Fig. 2b shows that the P.I can be observed when
substituting MK by 20 and 30% of BS in the geopolymer;
this index represents the strength increment with the added
percentage. The average compressive strength at 7 curing
days for E20 and E30 was 6.5 and 1.6% better than that of
EO, respectively. It can be observed that in general, a decrease
in strength occurs at long curing ages (greater than 90 days).
This effect is attributed to the curing temperature and time
used in the geopolymer synthesis during the initial hardening
phase at 70°C for 20 hours [12]. Rovnanik [23] performed a
study on the curing temperature (10-80°C) effect on the
strength development of the geopolymer based on MK and
also reported a decrease in strength as the temperature and
time increased, which is associated with a less densified and
less compact structure. The author claims that when
subjecting the specimen to thermal curing, in particular, at
temperatures above 60°C, the polymerization degree
increases, which contributes to increased strength during the
early ages. However, with rapid setting and hardening, the
formation of a lower quality structure with greater porosity is
obtained, which is detrimental to the mechanical properties
at greater ages [23]. This conclusion coincided with those
expressed by other authors [24]. It is noted that the open
porosity (ASTM C642) of the geopolymers based only on
MK (EO0) is 13.7% and 28.9% higher than the open porosity
of the E30 and E20 respectively. The addition of BS
stabilizes this effect and reduces the porosity, which is seen
in the smaller decrease in strength for E20 and E30 at ages of
90 and 180 days. This result is reflected in the performance
indexes calculated for E20 and E30 at an age of 180 days,
which were 87 and 121%, respectively. Based on
compressive strength results of the geopolymer pastes, the
samples EO and E30 were selected. These geopolymer were
characterized by FTIR, TGA/DTG and SEM.

Fig. 3 shows the FTIR analyses of the aluminosilicate
precursors (MK and BS) and the silica source used in the
preparation of the alkaline activator. The RHA spectrum
exhibited a broad band centered at 1100 cm’', which is
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associated with the asymmetric stretching vibrational band of
the Si-O-Si bonds, and similarly, a vibrational mode at 802
cm!, which is attributed to the symmetric stretching of Si-O-
Si. The MK spectrum contains a broad asymmetric stretching
band centered at 1089 cm’!, which is associated with the
presence of amorphous structures and with the Si-O-Al/Si
bond. A vibrational mode is also observed at 814 cm™', which
is associated with the Al-O bond of Al'Y, and at 472 cm’!,
which is associated with the Si-O-Si and O-Si-O bond-
bending vibrations [25].

The BS spectrum revealed an absorption band between
900-1200°C, which is centered at 1103 cm’! and associated
with the asymmetric stretching vibrations of the Si/Al-O
bonds that correspond to quartz, mullite, and minerals found
in the XRD spectra of the BS. The signals at 471 cm™ and
799.5 cm! are associated with symmetric stretching
vibrations of the Si-O-Si and O-Si-O bonds due to the
presence of quartz in the raw material [26]. The signal at
561.2 cm’! is attributed to the symmetric stretching vibrations
of the Al-O-Si-type bonds [27], which is associated with the
octahedral aluminum (AIY") present in the mullite phase,
previously identified in the XRD of the material. The signal
located at approximately 1630 cm™ in RHA and MK is
associated with the vibration of the O-H bond, which is
characteristic of water molecules being weakly adsorbed on
the surface by the samples during their preparation.
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Figure 2. Compressive strength and performance index of the geopolymer
pastes at different curing ages.
Source: Authors’ own.

In the FTIR spectra of EO and E30 (Fig. 4), a broad band
of great intensity was identified between 1200 and 800 cm!,
which corresponds to the asymmetric stretching vibration of
the Si-O-T bonds (where T corresponds to Si or Al) [14,24].
Generally, this band can be associated with the
polymerization degree [29]. Compared with those
corresponding to the precursors, this band shifted to lower
wavelengths by approximately 50 cm™! in the geopolymer, as
shown in Fig.4. The EO signal is at slightly higher
wavelengths (1047.4 cm™") compared with that exhibited by
E30 (whose signal is located at 1036 cm™) after 28 curing
days (Fig. 4a). The signals corresponding to the bending
vibrations of the Si-O-Si bonds are approximately between
463 and 473 cm’! in both geopolymers. The signals between
591-616 cm™ are attributed to the symmetric stretching
vibrations of Si-O-Al [30].

11031

1089.2

c) RHA 1637

802 472

1100

1500 1000 500

cm-1

2500 2000

Figure 3. FTIR analysis for the raw materials.
Source: Authors’ own.

The signal identified at ~858 cm! corresponds to the
asymmetric stretching vibration of the tetrahedrally
coordinated Al present in the formed gel, which corroborates
the presence of structures composed by tetrahedrons of SiO4
and AlOs distributed in different configurations,
characteristic in these types of materials [14]. The signal at
875 cm’! identified for geopolymer E30 corresponds to the
asymmetric stretching vibration of AlY, associated with
mullite from the raw material; this result is an indication that
this phase is inactive during the geopolymerization process
and remains unaltered. The signals identified at ~697-713
cm! correspond to the stretching of the Si-O-Si(Al) bonds,
whose intensity indicates the elevated substitution degree of
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Al in the Si-rich gel, which is characteristic of the formation
of amorphous polymers [17,25,31]. This signal is more
intense in geopolymer EO.

Likewise, a band located at ~1650-1658 cm’! is observed,
which corresponds to the stretching vibration of the H-OH in
molecules of water for reaction products and determines
whether they are weakly bound at the surface level or trapped
in the structure cavities [32]. The signal at 1430.6 cm™! is
attributed to CO-type bonds associated with stretching
vibrations of CO;? compounds, in particular, alkaline
carbonates generated by the reaction with CO, in the
atmosphere (K,COs3) [33-35] and calcite (CaCO3) generated
by the reaction between CO,in the atmosphere and Ca*? from
BS. Similarly, for the case of EOQ, the signal is associated with
organic matter present in BS.

For both the EO and E30 samples, the shift of the primary
T-O-T band at lower wavelengths (1007 cm™") in the samples
at 180 days can be attributed to a greater substitution of SiO4
tetrahedrons by AlO, tetrahedrons in the geopolymeric gel,
which is a result of a decrease in the SiO,/ALOs ratio in the
geopolymer matrix with time. The shifts to lower values are
due to the lower strength of the Al-O bond, which vibrates at
lower frequencies compared with that of the Si-O bond
[36,37].

Fig. 5 shows the thermograms for samples EO and E30 at
the age of 180 curing days. The TGA shows that a greater
mass loss occurs at temperatures below 400°C, where the
mass loss was ~8.70 and 5.99% for EO and E30, respectively.
This loss is attributed to the evaporation of the free water
contained in the larger pores (<100 °C), to the water adsorbed
in the gel pores, and to the water bound to the K-A-S-H
structure [1]. The decay in the mechanical properties of the
sample EO could be related to the greater content of water
weakly bound in this matrix, which was observed in the
TGA. In addition, a second weight loss is detected in the
DTG for sample E30 in the temperature range of 600-800°C,
which is associated to the slag residual coal identified in the
XRF test (Table 1), and to the decomposition of the carbonate

a) 28 days b) 180 days

E30 E30

1036.5 1007.7

E0

16551
1373.7

10474 1007.9

1500 1000 500 2500 2000 1500 1000 500

cm-1 cm-1
Figure 4. FTIR spectra of the geopolymers at different curing ages.
Source: Authors’ own.
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Figure 5. TGA and DTG curves of the geopolymers at 180 curing days.
Source: Authors’ own.

species previously identified in the FTIR test (Fig. 4), which
can be in the form of potassium carbonate or bicarbonate
(K2COs or KHCO:s) [34, 35]. The loss in total weight of up to
1200°C was 9.93% for EO and 9.44% for E30.

The microstructure of the raw materials and of the
geopolymers produced can be observed in the SEM
micrographs shown in Fig. 6. Here, a hexagonal laminar
morphology is identified for MK in contrast with BS, which
contains particles of angular morphology, greater size, and
with porous characteristics due to the content of unburned
coal (Figs.6a, 6b, respectively). On the surface of geopolymer
EO, at a curing age of 28 days, it is possible to observe small
particles of unreacted residual MK (O) embedded in the gel, and
in E30, particles of unreacted BS (0) (Figs 6c, 6d). After 180
days (Fig.6e), a similar morphology is observed for geopolymer
EO, with the presence of pores (A) and particles of unreacted
MK. In contrast, in E30 (Fig. 6f), the surface is more
homogenous, soft, and compact, with less porosity and less
proportion of unreacted BS or MK particles. The greater
porosity in EO can be attributed to the effect of curing at
70°C, and the greater amount of water in the mixture (lig./sol.
ratio of 0.4). Although higher water contents are necessary
for workability and mobilization of the alkaline ions during
the mixing process, and in the fresh state, at a greater age, this
contributes to contraction and cracking and increases
porosity in the microstructure of the hardened gel [12,24].
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Figure 6. SEM images for the raw materials (a) MK, (b) BS; (c) EO and (d)
E30 geopolymers pastes at 28 curing days; (e) EO and (f) E30 geopolymer
pastes at 180 curing days.

Source: Authors’ own.

The presence of the BS decreases the water mixing
requirements, producing a less porous material, with a more
densified and compact structure, which keeps its compressive
strength stable for long ages.

4. Conclusions

The geopolymerization of ternary mixtures based on MK,
BS, and RHA was successfully performed. The materials
produced were mechanically tested and their microstructural
characterization was followed up to 180 days of aging. From
the results of this investigation, it can be concluded that two
industrial sub-products, BS and RHA, can be used along with
MK as starting materials in the preparation of ternary
geopolymeric mixtures. The high contents of unburned
material and crystalline phases, such as quartz and mullite in
BS, do not affect the geopolymerization process. The ternary
mixture with 30% BS exhibited better mechanical strength
for greater ages in comparison with the reference mixture,
which indicates that the partial substitution of MK by 30%
BS contributes positively to the stabilization of the matrix;
strength increments of 121% were obtained after 180 days.
In time, the ternary geopolymer showed a greater degree of
geopolymerization, a more homogenous surface, and a lower
content of unreacted material, which maintains a high
strength for long curing times (51 MPa). These materials
present properties of interest for their application in the
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construction sector, in particular, in the production of
structural elements, while simultaneously contributing to the

7 reutilization of two industrial residues, BS and RHA, and to

a lower environmental impact.
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