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Preface

The increasingly growing population of the Earth and the need to save natural resources 
and energy and minimize carbon dioxide emissions over the past few decades have led 
to the development of new materials.

Geopolymers, a subclass of alkali-activated materials, are analogues of aluminosilicates 
that naturally occur due to chemical weathering and the interaction of the resulting 
products with the formation of zeolite-like minerals.

The processes of mineral formation occurring in nature were used to develop a class 
of inorganic polymer materials that possess a unique set of properties far exceeding 
those of organic polymers. Contrary to organic polymers, these inorganic polymers 
are environmentally friendly and help protect human health, particularly in case 
of fire (they do not produce toxic emissions). Above all, activating alkalis provides 
the opportunity to involve many industrial wastes and by-products in the production 
process, helping address environmental problems.

The defining characteristic of geopolymer is the binding phases comprised of an alkali 
aluminosilicate gel, with aluminium and silicone linked in a three-dimensional tetra-
hedral gel framework that is relatively resistant to water. In other words, the primary 
method for synthesizing geopolymers involves combining an alkaline solution with 
reactive aluminosilicate powder, particularly metakaolin (as discussed in the chapters 
“Optimization of Alkali-Activated Concrete Dosage Based on Metakaolin from the 
Brazilian Northeast” and “Geopolymers in Civil and Environmental Engineering 
Applications”), or fly ash.

This results in the formation of a disordered alkali aluminosilicate gel phase, known 
as the geopolymeric gel-binder phase of system Na2O(K2O)-Al2O3-SiO2-H2O.

By changing the ratios of the listed oxides and using modifiers containing Ca2+ or Mg2+ 
ions (Chapter “Optimization of Alkali-Activated Concrete Dosage Based on Metakaolin 
from the Brazilian Northeast”), it is possible to synthesize the specified properties of 
such binders for various applications, such as dispersed reinforced concrete (Chapter 
“Performance Enhancement of Geopolymers through Natural Fiber Reinforcement: 
Sustainable Alternative Construction Materials”), thermal insulating materials 
(Chapter “Foaming Processes and Properties of Geopolymer Foam Concrete”), as 
well as in civil and environmental applications (Chapter “Geopolymers in Civil and 
Environmental Engineering Applications”).

This book covers recent activities and the accumulated knowledge of researchers from 
multiple disciplines worldwide, providing a comprehensive overview of advancements 
in the synthesis and characterization of geopolymers. It includes a broader range of 
raw materials that can be used and explores their applications in various fields.



IV

Summarizing general research practices and principles, including case studies drawn 
from the firsthand experiences of scientists, engineers, regulators, and educators, this 
book can be used in advanced environmental engineering courses. It also serves as a 
valuable reference for emerging engineers, technology vendors and buyers, laboratory 
technicians, scientists, environmentalists, policymakers, and managers.
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Chapter 1

Optimization of Alkali-Activated 
Concrete Dosage Based on 
Metakaolin from the Brazilian 
Northeast
José Anselmo da Silva Neto, Jhennifer Larissa de Barros Silva, 
José Augusto Gomes Neto and Aline Figueirêdo da Nóbrega

Abstract

Alkali-activated structural concretes that are both pumpable and machinable were 
synthesized utilizing a low-reactivity metakaolin characterized by elevated levels of 
quartz and iron. The investigation into the effects and interactions of alkaline concen-
tration (NaOH—8, 10, 12, 14, and 16 M) and the ratio of alkaline reagents (Na2SiO3/
NaOH—1.0, 1.5, 2.0, 2.5, and 3.0) on the material properties was conducted employ-
ing a 2k full factorial design. An increase in alkaline concentration (NaOH), when 
coupled with a decrease in the ratio of alkaline reagents (Na2SiO3/NaOH), expedited 
both the initial and final setting times of the mixtures. Elevated alkaline solution 
concentrations led to a diminished slump, swifter hardening, and enhanced mechani-
cal strength; however, surpassing the threshold of 14 M for the same Na2SiO3/NaOH 
ratio resulted in a 12.4% decline in compressive strength at 28 days. The factorial 
design facilitated the identification of the optimal dosage for the material’s produc-
tion, revealing that an alkaline concentration (NaOH) of 10 M and a Na2SiO3/NaOH 
ratio of 2.5 are requisite. The evaluation of various potential combinations enabled 
the attainment of a material possessing properties that are conducive to structural 
applications.

Keywords: low reactivity, quartz, iron, factorial planning, dosage

1.  Introduction

Alkali-activated concretes formulated from metakaolin have emerged as a subject 
of considerable scholarly investigation as a viable alternative to Portland cement 
concrete, aimed at mitigating energy consumption and global carbon dioxide (CO2) 
emissions [1–3]. Nevertheless, critical considerations regarding the implementation 
of geopolymer concretes in industrial process facilities and field operations encom-
pass their rapid setting characteristics and insufficient consistency for optimal release 
and effective densification, which directly impacts the void volume and porosity of 
the geopolymer; thus, it also affects its ultimate compressive strength [4].
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Metakaolins characterized by significant quartz and iron impurities, coupled with 
a diminished surface area, typically exhibit low reactivity and, as a consequence, 
are less desirable in commercial applications within the realm of geopolymers [5]. 
Without further elaboration, it is posited in Silva et al., Brazilian Association of 
Technical Standards and Lemougna et al. [5–7] that metakaolin exhibiting a quartz 
content of less than 50%, a minimal iron proportion generally not exceeding 3%, and 
an elevated surface area surpassing 15 m2/Kg is inclined to demonstrate heightened 
reactivity, rendering it more desirable for use in geopolymers.

In this context, the authors opted to utilize locally sourced metakaolin (originating 
from the northeastern region of Brazil), thereby mitigating the extensive transporta-
tion of materials via roadways within Brazil. This particular metakaolin exhibits three 
noteworthy chemical properties from the perspective of geopolymerization kinetics, 
aimed at prolonging the setting durations and minimizing the viscosification of the 
geopolymer matrix: the diminutive specific surface area, the presence of crystalline 
quartz, and the concentration of iron [6]. This metakaolin, characterized by elevated 
levels of iron and quartz along with a reduced specific surface area, has been desig-
nated as MKFeQ in this study.

Assessing the effects of alkaline concentration (NaOH) [8] and the proportions 
of alkaline reagents (Na2SiO3/NaOH) within this framework is imperative [9–11], not 
solely owing to the varying properties of the precursor utilized to regulate the set-
ting duration but also to enhance comprehension of the system, which is particularly 
critical given the absence of an established standard dosing protocol, as is prevalent in 
Portland cement concrete (ABCP, IPT, and others) [12, 13].

Recent studies have highlighted the significant role of Fe2O3 in the structural 
formation and mechanical properties of alkali-activated cements, particularly those 
based on metakaolin. The presence of iron oxide influences the geopolymerization 
process by enhancing the formation of iron-silicate binding gels, which contribute 
to the overall strength and durability of the material. According to Silva Neto et al. 
[14], the amalgamation of iron and quartz within the constituent materials has the 
potential to extend the duration of the polymerization reaction, thereby enhancing 
the mechanical integrity of the geopolymer concrete as time progresses. The iron-
silicate binding gel generated throughout the chemical interaction is essential for 
the mechanical robustness of the material. Furthermore, Ngnintendem et al. [15] 
observed that the presence of iron minerals in metakaolin-based geopolymers can 
lead to enhanced compressive strength and microstructural properties. Similarly, 
Gomes et al. [16] demonstrated that iron’s distribution within geopolymers signifi-
cantly affects the final properties of the material, making it essential to control Fe2O3 
content during the formulation to optimize performance.

The role of temperature in the development of strength and the evolution of the 
structure of alkali-activated concretes is crucial. During the geopolymerization pro-
cess, temperature directly influences the reaction rate and the formation of the three-
dimensional matrix that characterizes these materials. Higher temperatures increase 
the solubility of aluminosilicates, accelerating the polymerization of monomers into 
a denser and stronger structure. However, excessively high temperatures can damage 
the matrix integrity, leading to the formation of undesirable phases such as mullite, 
which compromises mechanical strength and increases material porosity.

Furthermore, the curing regime under different temperature conditions signifi-
cantly affects the microstructural and mechanical properties of the concrete. Curing 
at moderately high temperatures (around 60°C) has proven effective in obtaining 
geopolymers with excellent strength and low porosity by promoting more complete 
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geopolymerization and forming a homogeneous structure. Conversely, curing at 
very high temperatures or for extended periods can cause excessive dehydration and 
the formation of microcracks, which deteriorate the material’s properties in the long 
term. Therefore, controlling temperature during the curing process is essential to 
optimizing the final characteristics of alkali-activated concretes, ensuring a balance 
between strength, durability, and dimensional stability.

Regarding the concentration of alkali (NaOH), while it has been documented that 
alkali-activated composites derived from metakaolin have employed concentrations 
ranging from 8 to 16 M NaOH [17, 18], an escalation in the alkaline concentration to 
12 M has been shown to enhance the mechanical properties of alkali-activated materi-
als based on metakaolin [3, 19, 20].

The role of Fe2O3 in the development of mechanical strength and structural forma-
tion of alkali-activated concretes is significant, particularly when considering varying 
curing temperatures. Fe2O3 contributes to the formation of iron-silicate gels, which 
enhance the material’s compressive strength by promoting denser and more intercon-
nected aluminosilicate networks. The curing process at different temperatures plays 
a critical role in optimizing these properties. For instance, curing at moderate tem-
peratures, such as 60°C, has been shown to accelerate the geopolymerization process, 
resulting in a more uniform and robust microstructure. However, excessively high 
curing temperatures can lead to the formation of undesirable phases, such as mullite, 
which may compromise the material’s mechanical performance. Therefore, the care-
ful control of Fe2O3 content and curing conditions is essential for achieving optimal 
performance in alkali-activated concretes.

Elevated concentrations of sodium hydroxide (NaOH) can expedite polymer-
ization reactions, leading to saturation and constraining the interaction among 
polymerized molecules [21–23], which consequently results in an augmentation of the 
solution’s viscosity [22], a diminishment in setting durations [20], and the retention 
of unreacted precursor substances within the final product [22], accompanied by a 
decline in mechanical properties and an increase in porosity levels [3, 24, 25], as well 
as an elevated likelihood of efflorescence occurrence [26, 27]. While modifications 
in mixing ratios and materials have postponed this configuration, they have concur-
rently induced a decrease in mechanical properties [8, 28].

Conversely, the augmentation of alkaline reagents (Na2SiO3/NaOH) has been 
documented to enhance the polymerization process [29, 30]. The predominant ratios 
of Na2SiO3/NaOH ranging from 1.0 to 3.0 have been identified in composites activated 
by alkali and based on metakaolin [17, 18, 31]. Indeed, Na2SiO3/NaOH ratios approach-
ing 3.0 are frequently reported to be advantageous for the attainment of superior 
mechanical strength [19]. Nevertheless, it is imperative to exercise caution regarding 
the diminished workability that accompanies an increase in the Na2SiO3/NaOH ratio 
[28]. Decreases of as much as 30% in slump are noted in the frustum due to the escala-
tion of the Na2SiO3/NaOH ratio from 1.5 to 2.5 in alkali-activated concretes derived 
from metakaolin [32–34], thereby complicating workability because of the viscous 
nature of the mixture, which subsequently leads to a reduction in strength [35, 36].

Therefore, the objective of this investigation is to enhance the understand-
ing of alkali-activated concretes that utilize metakaolin as a primary constituent. 
The enhancement of scholarly insights pertaining to metakaolin characterized by 
elevated levels of quartz and iron impurities, along with a reduced specific surface 
area (MKFeQ ), holds significant relevance in the current discourse. In light of the 
aforementioned context, this study addresses a critical deficiency in this domain of 
knowledge by providing empirical findings.
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2.  Materials and methods

2.1 Materials

For the production of concrete, aggregates, water, sodium silicate, sodium hydrox-
ide, and MKFeQ were used, the latter being used as the primary source of silica and 
alumina. The activating solution consisted of a sodium silicate solution (Na2SiO3), 
used as an extra source of silica, and sodium hydroxide (NaOH), the alkaline medium 
necessary for geopolymerization, accompanied by water. The properties provided 
by the manufacturer for silicate and sodium hydroxide are shown in Tables 1 and 2, 
respectively. To synthesize concrete, coarse and fine aggregate were added to the alkali-
activated paste.

The materials were characterized in terms of physical, chemical, and mineralogical 
aspects. In the physical analysis, the particle size and specific mass of the aggregates 
and fines were verified. In the chemical analysis, the X-ray fluorescence test (XRF) 
was carried out, and in the mineralogical analysis, by X-ray diffractometry (XRD).

Figures 1 and 2 show the particle size curves of the fine and coarse aggregate, 
respectively. The fine aggregate had a maximum diameter of 2.40 mm and a fineness 
modulus of 2.47, being classified by NBR NM 248 [37] as medium sand. The granulo-
metric curve of the sand used behaved practically between the lower and upper limits 
of the optimum zone. The coarse aggregate had a maximum diameter of 25.00 mm 
and was delimited between the lower and upper usable zones.

The particle size distribution of metakaolin was determined utilizing the laser 
beam diffraction technique, employing a Cilas 1180 laser granulometer, to assess 

Characteristics Inferior limit (%) Upper limit (%) Result (%)

Sodium Oxide: Na2O — 0.040 0.040

Iron Oxide: Fe2O3 — 0.006 0.006

Purity 98.00 — 98.50

Source: Bandeirante Brazmo (2023).

Table 2. 
Characteristics of sodium hydroxide.

Determination Specification Result

Physical state (25°C) Liquid Liquid

Coloring Colorless Colorless

Alkalinity: Na2O (%) 16.00–19.00 16.13

Silica: SiO2 (%) 33.00–38.00 34.20

Total solids (%) 50.00–57.00 50.33

Water: H2O (%) — 49.67

Density 1.63–1.67 1.63

Source: Pernambuco Química S/A (2023).

Table 1. 
Characteristics of sodium silicate.
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the distribution of the material across a size spectrum ranging from 0.5 to 500 μm. 
According to the particle size analysis of metakaolin, 10% of the solid constituents 
are smaller than 0.99 μm; 50% are below 3.80 μm, and 90% are less than 32.13 μm. 
The mean diameter of the particles was recorded at a value of 10.41 μm. It is evident 
that the predominant concentration of fine metakaolin particles is located within the 
range of 0.48–32.13 μm (Figure 3). As stated in Zhang et al. [38], this average particle 
diameter of metakaolin is pivotal in facilitating the filler effect and in the formation 
of nucleation sites within alkali-activated matrices.

Figure 1. 
Fine aggregate granulometric curve.

Figure 2. 
Coarse aggregate granulometric curve.
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The specific gravity of the aggregates was determined using the Archimedes prin-
ciple, following NBR NM 52 [39] for fine aggregate and NBR NM 53 [40] for coarse 
aggregate. The fine and coarse aggregates had a specific mass of 2.67 and 2.79 g/
cm3, respectively. The specific mass of metakaolin complied with NBR 16605 [41], 
establishing two readings, and the average of these readings was the value considered, 
which was 2.58 g/cm3.

Regarding the diagnosis of the chemical composition of metakaolin (FRX), the 
sample was sieved through mesh no. 200 mesh, then tablets were compressed at a 
load of 80 kN and placed in the sample holder of the Shimadzu EDX-720 equipment. 
According to the result obtained in Table 3 and in accordance with NBR 12653 [42], 
MKFeQ met the requirements as Class N pozzolanic material, as it presented a SO3 
content lower than 4% and the sum of SiO2, Al2O3, and F2O3 greater than 70%.

The role played by Fe2O3 (iron oxide) in the formation of the structure of geo-
polymers is fundamental in determining the integrity and final properties of the 
material. The presence of Fe2O3, especially in high concentrations, directly influences 
the polymerization reaction, contributing to the stability of the three-dimensional 
structure formed during the geopolymerization process. In metakaolin-based geo-
polymers, Fe2O3 can act as a structure modifier, promoting the formation of stronger 
bonds between silicon and aluminum atoms, resulting in a denser matrix with 
improved mechanical properties. However, the amount of Fe2O3 must be carefully 

Figure 3. 
Metakaolin particle size curve.

Material SiO2 
(%)

Al2O3 
(%)

Fe2O3 
(%)

CaO 
(%)

MgO 
(%)

SO3 
(%)

Na2O 
(%)

K2O 
(%)

TiO2 
(%)

LOI* 
(%)

MKFeQ 53.65 31.79 9.90 0.12 1.17 0.08 0.20 0.65 1.84 0.60

*LOI: Mass Loss.

Table 3. 
Chemical composition of MKFeQ.
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controlled, as excessive concentrations can lead to the formation of undesirable 
secondary phases that may compromise the durability and strength of the material.

Additionally, Fe2O3 contributes to the distinct coloration in the geopolymer 
matrix, which can indicate the distribution of iron within the structure. Its presence 
can also influence the reactivity of metakaolin during alkaline activation, altering the 
dissolution rate of aluminosilicates and, consequently, the curing speed and the evo-
lution of strength over time. The interaction between Fe2O3 and other components, 
such as Na2O, should be considered when formulating geopolymers, as it affects ion 
solubility and the final polymeric network formation.

For the mineralogical analysis by X-ray diffraction, the sample was sieved through 
mesh No. 200 mesh and subsequently deposited in the sample holder, undergoing 
slight compression before being deposited in the Siemens Bruker model D5000 equip-
ment using CuK α wavelength radiation λ = 1.5418 with X-rays at 30 kv and 30 mA, 
reading speed of 1°/min in a range of 5–70° 2θ at an angular step of 0.02° 2θ. To 
identify the peaks, the X’Pert software was used. HighScore Plus 2.0. Figure 4 shows 
the MKFeQ diffractogram.

According to Figure 4, it is possible to observe some intense peaks of MKFeQ, 
mainly composed of crystalline phases of feldspar, muscovite, and quartz. When 
these minerals appear in kaolinite clay, they can be harmful to its quality, affecting 
some important properties such as whiteness, viscosity, and abrasiveness [43]. 
Another important factor to be analyzed in Figure 4 is the amorphous halo pres-
ent between 22° and 27° 2θ, although it is not of great intensity, but its presence 
is common in pozzolans and, generally, indicates a certain reactive potential of 
pozzolanic materials.

2.2 Methods

After characterizing the materials, it was possible to carry out the 2k factorial 
experimental design (k = 2) through the complete linear models using the Statistica 
10.0 software. The values used were based on research by Zhang et al. [44]. Factorial 

Figure 4. 
MKFeQ X-ray diffractogram.
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planning using linear models includes defining the study levels of the variables  
(−1, 0, +1), shown in Table 4.

Synchronously, the setting time, slump, and resistance to axial compression of 
these composites were evaluated in relation to the extreme values with regard to the 
central points of each variable obtained from Zhang et al. [44], following the same 
methodology as replicates, in order to obtain the average of the response variables, as 
shown in Table 5.

The composition of the chosen mass mix was 1:2:3 (metakaolin: sand: gravel) based on 
previous work by Melo [45] and because it results in good fresh and hardened characteris-
tics. The solid/liquid ratio was 0.80; this ideal value was also obtained by Perez-Cortes and 
Escalante-Gracia [46] in his research. The production of the test specimens was carried 
out in accordance with NBR 5738 [47]. However, except for the curing configuration, 
where thermal curing took place at a temperature of 60°C for a period of 48 hours.

After the thermal curing process at 60°C for 48 hours, the hardened specimens 
were subjected to a series of tests to evaluate their properties. The axial compressive 
strength was measured according to NBR 5739 [48], using cylindrical specimens of 
100 mm x 200 mm. Additionally, microstructural analyses were conducted using 
scanning electron microscopy (SEM) to assess phase distribution and material den-
sity. Furthermore, Fourier Transform Infrared Spectroscopy (FTIR) was performed 
to identify changes in chemical bonds present in the samples after alkaline activation. 
These tests provided a comprehensive understanding of the physical and chemical 
properties of the produced geopolymers.

Alkaline activated pastes were evaluated according to Brazilian Association of 
Technical Standards [49] and the consistency of the concretes through the cone 
slump test according to NBR NM 67 [50]. On the other hand, regarding the hardened 
property, the resistance to axial compression was verified by NBR 5739 [48]. Fifteen 
cylindrical specimens (100 mm x 200 mm) were made for each type of mixture 
produced, obtaining the arithmetic mean of three specimens after 28 days.

In statistical modeling, the response surfaces were established in the diagram by 
two vertices (independent variables), modifying the last vertex with the response 

Extreme points

TRAITS Codification NaOH (M) Na2SiO3/ NaOH

T-8-2.0 8 2.0

T − 16-2.0 16 2.0

T − 12 − 1.0 12 1.0

T-12-3.0 12 3.0

Table 5. 
Combination of coded parameters of extreme points.

Variable - 1 0 + 1

NaOH (M) 10 12 14

Na2SiO3/ NaOH 1.5 2.0 2.5

Table 4. 
Variable levels.
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variable (dependent variable) defined with p-values equal to 0.05. Finally, the 
models were validated using a diagram with the predictive and observed values to 
compare them, as well as through a calculation based on an analysis of variance table 
(ANOVA), analyzing the F-Test and R2.

The specimens utilized for the scanning electron microscopy examination (FEI-
Quanta 450, 20 kV, 250x) were fabricated with dimensions measuring (3 x 3 x 1) cm 
and were extracted from the central region of the samples employing a low-speed saw 
equipped with a diamond disk lubricated by mineral oil. Subsequent to the cutting 
procedure, the specimens were subjected to immersion in isopropyl alcohol under 
ultrasonic treatment for a duration of 24 hours, followed by drying in an oven at a 
temperature of 35°C for an additional 24 hours, after which they were encapsulated in 
resin and meticulously polished using progressively finer grades of sandpaper: 400, 
600, 1000, 1200, 1500, and 2000 grit, in sequence. Upon completion of the polishing 
process, the samples were coated with a conductive layer of carbon and were stored in 
a desiccator at ambient temperature until such time as analysis was conducted.

The Fourier Transform Infrared Spectroscopy (FTIR) analysis was conducted 
with the objective of elucidating alterations in the chemical bonds inherent in the 
precursor (MKFeQ ) and subsequent to the exposure of the activating solutions to 
the alkali-activated concretes following a duration of 28 days. The specimens were 
subjected to fragmentation and sieving (# 200 μm), resulting in the acquisition of 
a fine particulate material. The examination was performed utilizing a Shimadzu 
spectrophotometer (IRPrestige-21) for transmittance measurements at a velocity of 
0.2 cm/s and a resolution of 4 cm−1 across a spectral range spanning from 4000 to 
400 cm−1. For the execution of the analysis, potassium bromide (KBr) was employed 
in conjunction with the samples, maintaining identical mass proportions for each 
assessment in the presence of ambient atmospheric conditions.

3.  Results

3.1 Fresh property

Figure 5 shows the results of the test regarding the final and initial setting times 
mutually.

From the image above, it is observed that the increase in alkaline concentration 
(NaOH), accompanied by the reduction in the ratio of alkaline reagents (Na2SiO3/
NaOH), accelerated the dissolution rate of the source materials. This accelerated 
kinetics is perceived in the T-10-2.5 mix compared to the T-16-2.0, reducing the initial 
and final setting times by 100 and 115 minutes, respectively.

Furthermore, it can also be seen that the reduction of the Na2SiO3/NaOH ratio 
from 2.5 to 1.5, emphasizing the traces T-10-2.5 and T-10-1.5 for the same concentra-
tion alkaline (10 M), reduced the initial and final setting time by 10 and 5 minutes 
mutually. On the other hand, when further lowering the Na2SiO3/NaOH ratio from 
3.0 to 1.0 for a higher alkaline concentration (12 M), the trace T-12-3.0 compared to 
T-12-1.0 showed a reduction in initial and final setting times of 35 and 40 minutes, 
respectively. According to Davidovits [3], the attenuation of the SiO2/Na2O ratio 
present in the activating solution accelerates the reaction rate and the hardening of 
aluminosilicates.

The ratio of Na2SiO3 to NaOH, quantified at 2.0 and denoted in traces T-8-2.0 
and T-16-2.0, resulted in a reduction of both the initial and final setting times of the 
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formulations, which decreased to 115 and 135 minutes, respectively. Conversely, a 
decrease in alkalinity from 16 to 12 M (T-12-2.0) led to an increase in the initial and 
final setting times by 65 and 85 minutes, respectively. This observed phenomenon of 
reduced setting time can be attributed to the enhanced dissolution of Si4+ and Al3+ 
ions from the precursor materials at elevated pH levels, as well as the alteration in 
the silica modulus (SiO2/Na2O) of the dual activators comprising both hydroxide and 
silicate [48–50].

NBR 7212 [51], for the execution of batched concrete in a plant, stipulates the 
maximum time for it to be completely unloaded (applied) on site at 150 minutes. 
Therefore, only traits T-14-1.5, T-14-2.5, and T-16-2.0 do not qualify as viable for such 
an application.

After preparing the traces for molding the test specimens, the slump analysis of 
the mixtures was immediately carried out using the slump test. The abatement results 
can be seen in Figure 6.

In Figure 6, it is noticeable in the mixtures that when using the same alkaline 
concentration of 12 M and varying the Na2SiO3/NaOH ratio (1.0–3.0), there was 
a reduction in spreading of 72 mm, respectively, in the mixtures. T-12-1.0, T-12-
2.0, and T-12-3.0. In the work Xie et al. [52], the same behavior is reported: when 
increasing the ratio of alkaline reagents from 1.0 to 3.0 in the mixture, the slump was 
reduced by 82 mm for an alkaline concentration analogous to 10 M. This happens 
because the solution of sodium silicate as an auxiliary activator is more viscous than 
sodium hydroxide [53].

Conversely, concerning the augmentation of alkaline concentration at a consistent 
Na2SiO3/NaOH ratio, a diminished reduction was also observed, as illustrated by the 
trace T-8-2.0 in comparison to T-16-2.0, which exhibited a decline from 107 to 87 mm. 
This phenomenon can be ascribed to the enhanced viscosity of sodium silicate con-
comitant with the escalation of sodium hydroxide, as well as to the accelerated leach-
ing of aluminosilicates from the parent material in an elevated pH environment [54].

In general, pumpable concrete must have good workability, that is, the slump 
must be greater than 70 mm, with values between 80 and 100 mm being the most 

Figure 5. 
Setting times of MKFeQ-based alkali-activated pastes.
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recommended. In view of this, the only traits that are not suitable for this application 
would be T-12-3.0 and T-14-2.5.

3.2 Hardened property

Figure 7 shows the axial compression resistance at 28 days of alkali-activated 
concrete.

From the traces T-8-2.0 and T-12-2.0 for the same Na2SiO3/NaOH ratio, the ben-
eficial effect of increasing the alkaline concentration at 28 days can be seen, that is, 

Figure 6. 
Slump test of alkali-activated composites.

Figure 7. 
Resistance I’m compression up to 28 days.
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indicating an increase in compressive strength of approximately 8.3 MPa. This same 
behavior is reported by Chithambaram et al. [55], because due to the high content of 
cyclic silicate and because it is a lower alkaline concentration, it makes the condensa-
tion process difficult, resulting in lower resistances.

In theory, this increase proved to be beneficial in the study, but it was observed 
that when exceeding the limit of 14 M for the same ratio Na2SiO3/NaOH = 2.0, such 
as at 28 days, the T-16-trace 2.0, there was a reduction of 12.4% for compressive 
strength and 11.5% for tensile strength when compared to the T-12-2.0 mix. This 
excessive increase in alkaline concentration reduced the stability of the oligomeric 
silicate particles (such as Si4O8 (OH)6

−2 and Si4 O8 (OH)4
−4) and the equilibrium of 

these particles made the shift toward the formation of mononuclear silicate (such as 
SiO2 (OH)2 and SiO (OH)−3), as a consequence, the generation of excess (OH)−. These 
excess hydroxide ions, in turn, reduce the effectiveness of the polycondensation 
process and, subsequently, reduce mechanical resistance [56].

From an alternative viewpoint, the enhancement in the Na2SiO3/NaOH ratio from 
1.0 to 3.0 at an alkaline concentration of 12 M proved to be conducive to the aug-
mentation of mechanical strength, attributable to the degrees of silica and alumina 
dissociations of MKFeQ, in addition to the soluble silica content present in the sodium 
silicate solution when interacting with the sodium hydroxide solution within the 
specified molarity range. For instance, the samples T-12-1.0 and T-12-3.0, which 
exhibit a molarity corresponding to 12 M and where the ratio of Na2SiO3/NaOH is 
varied from 1.0 to 3.0, demonstrated a compressive strength exceeding 22.1 MPa at 
the 28-day mark.

Given this scenario, and in accordance with NBR 8953 [57], all concrete produced 
was classified as having structural applicability, as it was between classes C20 and 
C40 at 28 days.

It is also pertinent to note that the concurrent presence of iron and quartz within 
the raw materials can extend the duration of the geopolymerization reaction when 
subjected to alkaline solutions, thereby enhancing the mechanical properties of the 
concrete. This phenomenon can be attributed to iron’s considerable atomic mass 
and its comparatively larger atomic radius in relation to silica and alumina, which 
renders it more reactive in the context of the activating solution. Furthermore, quartz 
exhibits a minimal surface area, which implies a reduced interface available for 
interaction with the activator solution. The coexistence of iron oxide and quartz has 
been linked to an extended curing period, which in turn contributes to an elevation 
in the compressive strength of the geopolymer concrete. The iron-silicate binding gel 
generated during the chemical reaction is fundamental to the mechanical integrity of 
the material [5, 7].

3.3 Microstructural analysis

In Figure 8, it is observed that increasing the alkaline concentration for the same 
alkaline reagent ratio of 2.0 is beneficial in the mechanical resistance of the alkali-
activated metakaolin matrices up to a certain limit, thus confirming the reason for 
the hardened property results. According to Kamseu et al. [8], alkali is characterized 
by promoting the solubility and dissolution of aluminosilicates, and normally the 
increase in alkaline concentration results in composites with superior mechanical 
resistance.

According to the data presented in Figure 8, for the mixture exhibiting an alkaline 
concentration of 8 M, there was a lack of complete dissolution of the aluminosilicates; 
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however, the elevation of the concentration from 8 to 12 M illustrates a more compact 
structural formation, with a portion of the resultant product demonstrating enhanced 
reactivity. Nonetheless, upon further augmentation of this concentration to 16 M, the 
dissolution appeared to be illusorily reinstated in an incomplete manner, akin to the 
sample at 8 M, albeit characterized by a smoother and more compact structure, which 
indicates a favorable response resulting from this increase in hardened properties. 

Figure 9   illustrates the efficacy of augmenting the ratio of alkaline reagents while 
maintaining a constant alkaline concentration of 14 M. In the majority of instances, 
the escalation in the proportion of alkaline reagents is congruent with the mechanical 
strength of alkali-activated materials, as it promotes the polymerization process [ 38 ].  

 The increase in the ratio of alkaline reagents from 1.5 to 2.5 for the same alkaline 
concentration of 14 M (  Figure 9  ) resulted in a more compact and dense structure, 
indicating a benefit in the polymerization process with the increase in this variable in 
response. 

Figure 10   presents the infrared spectra of activated alkali concretes produced 
using MKFeQ up to 28 days.  

  Figure 8.
  Increase in alkaline concentration for the same ratio of alkaline reagents of 2.0 (a) 8 M (b) 12 M and (c) 16 M.          

  Figure 9.
  Different ratios of alkaline reagents (Na 2 SiO 3 /NaOH) (a) 1.5 (b) 2.5.          
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According to the results obtained, it is verified that the material presents a more 
accentuated presence of bands in the wavelength range from 1700 to 400 cm−1, which 
can be attributed to the intrinsic characteristics of the material. It can be highlighted 
the presence of ban-related I’m vibrations of the OH group at 3697 cm−1, referring to 
I’m Al-OH bonds and asymmetric stretching of the group present in water emissions, 
poorly adsorbed on the surface of the material, and bands in the region of 1660 and 
798 cm−1, attributed to I’m Hello group vibration and Si-O group length, respectively.

It is crucial to emphasize that the spectral band observed at 1033 cm−1, which is 
ascribed to Si-O-Si groups within MKFeQ, exhibited a notable shift toward wavenum-
bers approximately near 1000 cm−1, as evidenced in the spectra of geopolymerized 
specimens. This observed displacement can be attributed to the chemical interactions 
occurring during the geopolymerization process, specifically due to the substitution 
of silicon atoms with aluminum, resulting in the formation of Al-O-Si structures, 
thereby supporting the findings presented in previous investigations conducted by 
Brazilian Association of Technical Standards and Lizcano et al. [6, 58].

The diminution of the iron band to a value of 540 cm−1 may suggest that the iron 
contained within the initial sample underwent a chemical transformation during the 
synthesis of the geopolymer matrices. This phenomenon may arise due to the presence of 
alkaline ions within the solution, which are capable of solubilizing iron and facilitating 
its interaction with other constituents of the sample. The reduction of the Si-O and Al-O 
bands to a level of 696 cm−1 may imply that the concentration of these compounds within 
the sample has also diminished subsequent to exposure to the alkaline solution [13].

It is also feasible to underscore the pre-existing spectral bands within the range of 
600–800 cm−1, which are associated with the presence of Si-O-Al, thereby signify-
ing the existence of crystalline phases, as corroborated by Brazilian Association of 
Technical Standards, Zhang et al., and Fang et al. [6, 38, 53]. The manifestation of 
these spectral bands can be elucidated through the examination of the precursor 
X-ray diffraction (XRD) results (MK), employed in this study, which reveals the pres-
ence of crystalline phases.

Figure 10. 
FTIR of alkali-activated concrete produced using MKFeQ.
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3.4 Statistical modeling

Table 6 presents the non-linear regression models that incorporate statistically 
significant parameters at a 95% confidence level (p < 0.05), along with the calculated 
F ratio (F-Test) and the coefficient of determination (R2).

The coefficients highlighted in bold within the regression models presented in 
Table 5 (responses) demonstrate statistical significance at the 95% confidence level. 
Consequently, based on the equations delineated in Table 5, it is evident that the first-
order models exhibit statistical significance across all evaluation responses, as they 
possess an F-Test value exceeding 1.

The coefficient of determination, denoted as R2, oscillates between the values of 0 
and 1 and is occasionally represented in percentage format. In this context, it quanti-
fies the proportion of variability in the data that is elucidated by the linear regression 
model. Consequently, an increase in the R2 value signifies a greater explanatory 
power of the linear model, thereby indicating a superior fit to the dataset under 
consideration.

Statistically significant models were employed to construct response sur-
faces aimed at optimizing both the fresh and hardened properties of concrete. 
Consequently, to streamline the responses, only the principal characteristics of 
the concrete were assessed, specifically the final setting time, slump, and com-
pressive strength at 28 days, as depicted in Figure 11 (a) and (b) and Figure 12, 
respectively.

Figure 11 (a) clearly shows the inversely proportional influence of the alkaline 
concentration (NaOH) and the directly proportional influence of the Na2SiO3/NaOH 
ratio. It is also inferred that when fixing the independent variable (NaOH) in the 
response at level − 1 (10 M), it can be seen that for the value of Na2SiO3/NaOH at 
level + 1 (2.5), one obtains the maximum final setting time value of 225 minutes.

Simultaneously, it is observable in Figure 11 (b) that the influence of the Na2SiO3/
NaOH parameter within the mixtures on the concrete slump is relatively minimal 
for ratios exceeding the threshold of 0 (2.0) at the same alkaline concentration. For 
instance, when the NaOH concentration is held constant at the +1 level (14 M) and 
the Na2SiO3/NaOH ratio is elevated from the −1 level (1.5) to the +1 level (2.5), there 
is a notable maximum decrease in slump of approximately 40 mm.

The response surface graph presented in Figure 12 substantiates the performance 
in a harmonic manner concerning the dependent variable (compressive strength) 
at 28 days. Overall, it was discerned through the independent variables that this 
enhancement is notably amplified for alkaline concentrations exceeding the 0 level 
(12 M) and Na2SiO3/NaOH ratios greater than the 0 level (2.0) in conjunction, culmi-
nating in compressive strength values on the order of 41 MPa at 28 days.

Encoded variable Equation* F-Test R2

Final setting time 184.00−40.00 (1) + 7.50 (2) + 2.50 (3) 18.03 0.9772

Slump Test 97.20−5.75 (1)−21.00 (2) + 1.50 (3) 35.20 0.9883

Compressive strength: 28 days 33.06 + 0.83 (1) + 7.61 (2)−0.03 (3) 17.44 0.9764

*Equation: (1) NaOH; (2) Na2SiO3/NaOH; (3) NaOH. Na2SiO3/NaOH.

Table 6. 
Regression models for the responses of alkali-activated composites.
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In the pursuit of optimizing the dosing procedure for alkali-activated concrete, 
the preferred parameters outlined in Table 7 were ascertained to uphold the requisite 
properties in both the fresh and hardened states. The objective function was estab-
lished with an alkaline concentration of sodium hydroxide (NaOH) at 10 M and a 
ratio of sodium silicate to sodium hydroxide (Na2SiO3/NaOH) set at 2.5, while consis-
tently preserving the same independent variable.

The optimization of the final setting time and the slump time of the concrete was 
performed based on Brazilian Association of Technical Standards [59]. The maximum 

Figure 11. 
Response surface for (a) final setting time and (b) slump.
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time for complete application on site is 150 minutes, and a slump of more than 80 mm 
is required to obtain pumpable concrete. By setting the alkaline concentration up to 
10 m and the Na2SiO3/NaOH ratio at 2.5, it is possible to obtain a viable mixture with a 
final setting time close to 230 minutes and a slump of approximately 82 mm.

In addition to fulfilling the properties in the fresh state, the optimization is 
directed toward meeting the criteria established in the Brazilian Association of 
Technical Standards [60] for structural concrete, which necessitates a compressive 
strength exceeding 20 MPa at 28 days. Utilizing an alkaline concentration of 10 M 
along with a Na2SiO3/NaOH ratio of 2.5, Figure 15 illustrates that it is feasible to 
achieve strengths surpassing 35 MPa at 28 days, taking into account that the model 
demonstrates statistical significance.

4.  Conclusions

According to the results obtained, the following can be highlighted:

• Pumpable alkali-activated structural concretes (except T-12-3.0 and T-14-2.5) 
and capable of being machined (except T-14-1.5, T-14-2.5, and T-16-2.0) were 
obtained using a low-reactivity MKFeQ with high iron and quartz contents.

Figure 12. 
Response surface for compression strength up to 28 days.

Response NaOH Na2SiO3/NaOH Optimization

Final setting time −1 (10 M) +1 (2.5) 230 min

Slump −1 (10 M) +1 (2.5) 82 mm

Compressive strength: 28 days −1 (10 M) +1 (2.5) 39.50 MPa

Table 7. 
Optimization of alkali-activated concretes.
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• Fresh part: Greater alkaline dissolutions accelerated setting and reduced slump, 
especially for higher Na2SiO3/NaOH.

• Hardened part: Higher combined alkaline concentrations of the highest ratio of 
alkaline reagents tend to increase mechanical strength.

• Microstructure: it was proven that not only is there an optimal concentration 
of alkaline concentration (NaOH) to guarantee the complete effectiveness of 
the dissolution of aluminosilicates, but also the increase in the ratio of alkaline 
reagents (Na2SiO3/NaOH) generates denser three-dimensional networks.

• Dosage: The optimized dosage indicated the lowest alkaline concentration 
(NaOH) (10 M) and the highest order Na2SiO3/NaOH ratio (2.5).
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Engineering Applications
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Abstract

This chapter highlights the potential applications of geopolymers in civil and 
environmental engineering applications. It indicated how geopolymeric materials 
could reform current building techniques and sustainable practices. This chapter will 
start by elaborating on and synthesizing geopolymer mortars, promoting the use of 
natural and recycled source materials with a focus on industrial waste and sustain-
able raw materials. This chapter delves into the characterization methods that enable 
geopolymers’ good mechanical properties in the coming step. Among the significant 
properties are the correlation with the microstructural, thermal, and durability 
properties. The chapter also discusses how geopolymers help the environment by 
managing waste and reducing carbon footprints.

Keywords: geopolymer synthesis, characterization, sustainable materials, durability, 
mechanical properties

1.  Introduction

This chapter will overview geopolymer mortars’ synthesis, characterization, 
mechanical properties, and environmental benefits. Significant developments in past 
decades have been dedicated to developing more sustainable construction materi-
als. There is a continuously rising demand for green concrete, emanating from the 
heightening demand for sustainable construction materials. Against this, this chapter 
looks explicitly into geopolymers, which fit into the class of inorganic polymers 
obtained from the reaction of aluminosilicate materials with alkaline activators. 
Geopolymeric material is sustainable because it has excellent mechanical properties 
and durability, particularly because of the great potential for reusing recyclable and 
industrial by-products and reducing carbon emissions. Finally, in this regard, the 
synthesis, characterization, and application of geopolymers in civil and environmen-
tal engineering are overviewed in this chapter of the present book, together with their 
relation to past and present synthesis.

The quest for more sustainable and durable construction materials has intensi-
fied interest in geopolymers, a class of inorganic polymers resulting from the alkali 



Advances in Geopolymers

26

activation of aluminosilicate materials. Geopolymers offer a range of environmental 
and mechanical benefits when compared with traditional Portland cement; thus, it is 
quite a promising alternative to its application in civil and environmental engineer-
ing. Geopolymers are a particular case of materials known under the name of alkali-
activated materials, which were forecasted as one of the possible applications as a 
green material for building [1].

Normally, geopolymers are alkali-activated aluminosilicates whose hydration 
products are presented by zeolite-like phases similar to natural zeolites [2]. They are 
the product of a reaction between aluminosilicate precursors and alkaline solutions 
when forming a three-dimensional polymeric network. Some of the most used pre-
cursors in the production of geopolymers are the by-products of industry, such as fly 
ash, metakaolin, and slag; hence, this material is labeled green due to the use of waste. 
Geopolymers have been foreseen over the last two decades as a reliable alternative to 
conventional Ordinary Portland Cement (OPC) materials. The global CO2 emissions 
from the production of Portland cement are enormous, on the order of 8%, and most 
of these emissions are from the calcination step [3].

In contrast, geopolymerization occurs under ambient temperature and does not 
need energy-intensive calcination, which could contribute significantly to greenhouse 
gas (GHG) emissions. The geopolymers demonstrate superior mechanical charac-
teristics, such as high compressive strength, excellent fire resistance, and durability 
under the attack of aggressive environments. Such is a consequence of the said good 
chemistry of the material changing due to good stability and excellent resistance to 
chemical attack. Accordingly, their application is diverse, and the thermal insulation 
and low shrinkage properties are good, making them applicable in several fields [4].

Geopolymers are amorphous to semicrystalline aluminosilicate gel on a 
microscale, giving them a highly mechanical-strong and chemical-resistant nature. 
The properties of the geopolymer material will be strongly dependent on and influ-
enced by the nature of whole precursor materials and the conditions applied during 
the geopolymerization process, including the type and concentration of the alkaline 
activator [5]. In this regard, it has been experimentally illustrated that modifying 
these parameters can lead to the optimized performance of the mechanical properties 
for engineering applications. Geopolymers have found some applications in several 
civil engineering works, from the construction stage to infrastructure repair and 
rehabilitation [6]. Among several developed applications, one of the primary ones 
for geopolymers includes producing a green alternative to conventional concrete 
for structural purposes. It was seen that geopolymer structures are compatible with 
aggressive environments, mainly in marine and industrial sites. Geopolymers are also 
used in the in-situ remediation of hazardous waste by providing a methodology for 
stabilization that does not allow the mobility of heavy metals and other contaminants 
[7]. This is relevant to sustainable waste management practices because it eliminates 
environmental pollution and valorizes industrial by-products. Practical implications 
of the uses of geopolymers refer to the environmental sustainability engineering 
discipline, with its uses in water and wastewater treatments, soil stabilization, and 
encapsulation of radioactive waste. Geopolymer materials efficiently remove heavy 
metals and other pollutants from aqueous solutions since they possess large surface 
areas and availability of ion exchange capacity [7]. The essential advantage of the 
material in treating contaminated media is the opportunities afforded by tailoring to 
provide definite adsorption characteristics currently applied in a broad spectrum of 
environmental remediation. It was seen that geopolymer can be tested in the matrixes 
for the encapsulation of radioactive waste, as it immobilizes radionuclides without the 
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possibility of leaching them into the environment. To this end, this is one area where 
geopolymers can assist in delivering human-informed solutions for resolving envi-
ronmental issues and simultaneously offer a long-term issue to containment problems 
that some other materials may encounter. Even though features potentially valuable 
to geopolymer applications are a few, challenging traits limit their wide acceptance. 
Together, they constitute some critical sources of variability in standardized test 
methods, source materials, and mix design optimization for an intended application. 
Accordingly, the prospects of geopolymers in civil and environmental engineering 
will be very bright since the daily serious challenges posed by new applications that 
material science and engineering are being pressed forward to meet. Research is 
progressively filling these gaps in the weaknesses of geopolymer applications in the 
quest for a robust, cost-effective solution. Geopolymers relate to the upward trend of 
resilient, sustainable infrastructures, given the recent upsurge in sustainability inter-
est attributed to the construction industry. In this respect, geopolymers have been 
available to the materials science of concretes as a support for developing sustainable 
and high-performance alternatives to traditional OPC. Geopolymers represent an 
upcoming civil and environmental engineering revolution based on properties associ-
ated with their versatile applications [6]. This chapter is intended to understand, from 
basic chemistry to practical applications, pointing toward a new material that can 
change the construction industry.

2.  Geopolymer mortars synthesis

The simple principle of geopolymer synthesis lies in the geopolymerization 
reaction in which aluminosilicate precursors activated in an alkaline solution (usu-
ally sodium or potassium-based) form a three-dimensional polymeric network. That 
means it is a multicriteria process, and each stage depends on the type of raw material, 
concentration of alkaline activators, and curing conditions. In summary, one chooses 
appropriate aluminosilicate precursors, normally by-products of industry products 
such as fly ash slag, or naturally occurring such as kaolinite clay or metakaolin. The 
material chosen to be the precursor during synthesis will affect the properties of the 
geopolymer since the reactivity varies according to the concentration of the chemical 
elements available and their composition. The next step will be the preparation of the 
alkaline activator, usually a mixture of sodium or potassium hydroxide and silicates of 
sodium or potassium. Their type and amount will be essential, as they will govern the 
dissolution rate of the aluminosilicate materials and the subsequent polymerization 
process. The higher the activator concentration, the rawer material dissolution will 
occur, hence the higher completeness of the reaction and, consequently, the better 
mechanical properties of geopolymers [8].

On the other hand, a concentration that is too high may result in flash settings or 
the suspicion of workability. The alkaline activator reacts with the aluminosilicate 
precursor mentioned above, whereby it dissolves aluminosilicate particles, releas-
ing silicate and aluminate species into the solution. These species react with each 
other through a series of condensation reactions, resulting in a gel-like network that 
further completes into a complex solid matrix. Again, creating this three-dimensional 
network gives geopolymers high compressive strength and hardness [9].

In most cases, the curing conditions play an essential role in developing the 
geopolymer structure. Curing can be realized under ambient temperatures or with 
the help of temperature acceleration. High curing temperatures generally enhance 
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geopolymers’ mechanical properties as they usually raise the degree of polymeriza-
tion, reducing the time required to achieve ultimate strength. More significantly, 
controlled humidity and curing time are the parameters considered. Excess drying 
will consequently lead to cracking in geopolymer matrixes; it can be prevented by 
maintaining optimal moisture and imparting uniformity and strength. This very 
flexibility of design and performance underlines the potential of geopolymers for 
replacing traditional cementitious materials with a sustainable, high-performance 
alternative for modern construction needs. This would be possible, in that respect, 
with the exact tailoring of each step from the choice of raw materials to the curing 
conditions and finally to the optimized performance for geopolymers destined for 
specific uses in civil and environmental engineering applications [8, 9].

2.1  Raw materials

Materials selection is an essential process that would determine the resulting 
properties of the geopolymer. Basically, the materials can be classified into two types: 
natural and recycled. The first category includes kaolinite, metakaolin, volcanic ash, 
and other clay minerals with sufficient aluminosilicates. Metakaolin will be more 
favorable due to its reactivity derived from kaolinite heat treatment [10]. The second 
category includes recycled materials, like fly ash, ground granulated blast furnace 
slag, or red mud, mainly resulting as by-products from industrial activities. Fly ash, 
a by-product of coal combustion rich in silicon and aluminum presents a potential 
source for precursor synthesis in geopolymers. Ground granulated blast furnace slag 
(GGBFS) is a by-product of making iron and steel that contains calcium, which geo-
polymer can use to enhance its mechanical properties and setting time [10]. Another 
source is red mud, an industrial aluminum production waste rich in alkalinity and 
aluminosilicate content. Generally, it should be noted that the type of materials is 
selected according to the proper amount of Al2O3 (Fe2O3) available; as such, the selec-
tion of constituents is chosen accordingly.

The alkaline activators necessary for geopolymerization will dissolve alumi-
nosilicate materials and react further with polycondensation. Common activators 
thus come from sodium hydroxide, potassium hydroxide, and sodium silicate. The 
concentration and the ratio of these activations set the reaction kinetics, the setting 
time, and the mechanical properties of the geopolymer. One important indicative 
factor is the molarity of the NaOH or KOH solution. Generally, the better the reaction 
grade and early-age strength, the higher the molarity will be. However, it is at the 
expense of probably providing an extremely short setting time and, therefore, a less 
workable mixture. Adding sodium silicate will increase the SiO2/Al2O3 nanoparticle 
ratio and give a geopolymer binder with a binding property that imparts the needed 
self-strength and durability to the whole system [3, 4].

Mixing is a process by which dry aluminosilicate precursors are combined with 
the alkaline solution to obtain a homogeneous paste. In this process, the mixing 
time, sequence, and destination of equipment are all potentially in a position to 
impact the different aspects of the quality and uniformity of geopolymer mortar. 
Generally, mechanical mixing is preferred as it may offer an adequate distribution of 
components.

One of the most essential parameters concerning geopolymer technology’s induc-
tion and development time, besides at room temperature, is curing conditions at 
higher temperatures relating to mechanical properties and microstructure. This 
could be done either at room temperature or by heating to an elevated temperature; it 
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depends on the specific application requirement and the type of raw materials used. 
A rise of the curing temperature to 40–80°C and the fast-aging geopolymer derives its 
strength. For most applications, however, curing at ambient temperature alone would 
be adequate, mainly if GGBFS were used since it is known to have a latent hydraulic 
nature, and strength continues to be developed through the continued geopolymer-
ization [10, 11].

3.  Geopolymer characterization

The geopolymer shall be tested using a set of characterization techniques to 
determine its properties. These tests provide information about the microstructure, 
the chemical composition of a geopolymer, its thermal stability, and its durability, as 
they allow for predicting performance conditions for in-service situations.

3.1  Microstructural analysis

Geopolymers are aluminosilicate gels that are amorphous and mixed with crystal-
lites, remaining unreacted particles, and pores. Since microstructural analysis is 
closely related to mechanical properties and durability, this will define the phases 
described above regarding their distribution and interaction [12].

Some applications study geopolymer matrix morphology and texture using scan-
ning electron microscopy. Such images demonstrate the network of gels together with 
crystalline phases and material porosity. It will also be essential in determining the 
extent of compaction, particle packing, and distribution of the unreacted particle, 
which will help sufficiently assess the efficacy of synthesis processes. It helps to 
identify crystalline phases present in the geopolymer. While geopolymers are essen-
tially amorphous, one can detect and estimate crystalline phases like quartz, mullite, 
or zeolites. X-ray diffraction (XRD) patterns provide information about the miner-
alogical composition and the precursors’ degree of reaction. Considering the Fourier 
Transform Infrared (FTIR) analysis, this test investigates the chemical bonding and 
functional groups of geopolymer. Generally, FTIR spectra show bands related to 
Si-O, Al-O, and Si-O-Al bonds, proving the formation of an aluminosilicate network 
[10]. Thus, it would be logical to find a relationship between the variations of band 
intensities and positions and the degree of polymerization and nature of bonding in 
the geopolymer matrix.

3.2  Thermal properties

The excellent thermal properties of geopolymers make them extremely useful in 
high-temperature, resistance, or thermal insulation applications. Geopolymers are 
reported to show good thermal stability, enabling them to remain structurally intact 
up to 1000°C [13]. This property is beneficial in civil engineering, especially for 
applications like fireproofing, thermal insulation, and high-temperature industrial 
processes where conventional materials lose integrity or deteriorate.

Differential scanning calorimetry (DSC) and thermogravimetric analyses can be 
used to establish thermal properties in geopolymers. DSC measures heat flow that 
attends phase transitions, providing critical information about thermal stability and 
composition. This helps in understanding geopolymers’ thermal behaviors under 
varied temperature conditions, which may be essential in specific applications where 
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such materials are put through cyclic thermal loads. On the other hand, TGA mea-
sures a material’s weight change as a function of temperature. The technique deter-
mines the geopolymer’s thermal degradation and volatile ingredients. Based on weight 
loss patterns, TGA can determine thermal stability and establish the makeup’s nature 
of a material’s composition. One of the essential parameters concerning geopolymers 
in thermal applications includes thermal conductivity. Most geopolymers usually 
have low thermal conductivity due to their amorphous nature and high porosity. 
Hence, they are very suitable for thermal insulation. For instance, geopolymers could 
be applied in the building and construction industries to make fire-resistant panels 
and insulation materials to improve safety and energy efficiency within a building. 
The very low thermal conductivity guarantees minimal heat transfer, hence effective 
insulation, which reduces energy consumption for heating and cooling purposes.

High-temperature resistance also qualifies geopolymers for refractory applica-
tions. These geopolymer-based products can line furnaces, kilns, or any other 
high-temperature equipment involved in industrial processes. The high-temperature 
resistance with less degradation adds to the service life of the installations and thus 
reduces maintenance costs. Besides, these fire-resistant properties can extend the 
application of geopolymers to passive fire protection systems for buildings or infra-
structure. In a way, geopolymers can act as an intumescent coating or barrier, delay 
the fire, and provide the critical time required for evacuation and rescue operations in 
case of a fire outbreak.

Their thermal stability also benefits them in thermal cycling applications when 
the materials are subjected to repeated heating and cooling. In such conditions, 
traditional materials experience thermal fatigue and hence develop cracks. However, 
geopolymers do not have issues related to robust thermal properties, which ensure 
that they are long-lasting and durable, thus fitting within environments like power 
plants, aerospace, and the automotive industry where materials experience extreme 
fluctuations in temperature [14].

3.3  Durability

Material durability is a prime concern for their long-term performance and 
structural integrity in civil engineering. Blended geopolymers have proved superior 
performance over Portland cement-based concrete materials for all sorts of tests, 
mainly due to the dense microstructure that renders them less vulnerable to chemi-
cal attacks than the amorphous matrix classically observed for Portland cement, as 
stated by Provis et al. [8]. This intrinsic chemical resistance makes geopolymers more 
resistant to attack by acids and sulfates, thus allowing them to be used in aggressive 
environments. Compared to Portland cement, the reduced calcium content in geo-
polymer structures enables such materials to increase their resistance to sulfate attack 
and related deterioration mechanisms.

One of the common properties of geopolymers in cold regions is their resistance to 
freeze-thaw. In geopolymer-based materials, due to lower porosity and higher density, 
frost damage is prevented, which occurs due to the expansion of water within the 
pores in any material during a freezing and thawing cycle. This would be important in 
ensuring that materials have good structural integrity under adverse climatic condi-
tions during cold weather, where traditional materials might be affected by repeated 
freeze-thaw cycles [14].

Also, geopolymers show lower chloride ion permeability, which is very important 
in reducing the corrosion of reinforcement concrete structures. Among the significant 
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causes of deterioration of reinforced concrete, chloride-induced corrosion is con-
densed because of reduced permeability in geopolymers. In addition, geopolymers are 
highly resistant to carbonation. This is another degradation process common in con-
crete structures under the action of CO2. It may be that such carbonation resistance 
would increase the lifetime of concrete structures, making geopolymers a feasible and 
long-lasting alternative to traditional materials [15].

Given improved durability and resistance to chemicals, besides freeze-thaw and 
chloride, geopolymers offer massive potential for application in civil engineering, 
where long-term performance and sustainability are prime essentials. Because of 
these characteristics, geopolymers have a wide range of usages, especially in infra-
structure works in marine and industrial environments, generally exposed to harsh 
chemicals and climatic conditions.

3.4  Compressive strength

One of the fundamental mechanical properties related to civil engineering that 
shows a material’s ability to withstand loads along its axis without failure is compressive 
strength. Geopolymers generally show quite impressive compressive strengths, mostly 
above 60 MPa. This strength is partly due to the formation of an aluminosilicate gel net-
work that is very dense and continues to hold the aggregates and fillers firmly together. 
Factors such as the precursor material’s nature, concentration, the alkaline activator’s 
nature, and curing conditions may influence compressive strengths in geopolymers. 
Ground granulated blast furnace slag is one of the most commonly added to a geopoly-
mer mix to increase its compressive strength. GGBFS participates in forming calcium-
aluminate-silicate-hydrate phases similar to the calcium-silicate-hydrate phases formed 
in Portland cement. It is also known that these C-A-S-H phases improve the binding and 
enhance the geopolymer matrix’s overall compressive strength. In a work conducted by 
Saba et al., different geopolymer mixes with varying proportions of metakaolin were 
tested [16]. The results showed that compressive strengths reached up to 80 MPa at 
28 days for specimens cured at ambient temperature.

3.5  Flexural strength and toughness

Flexural strength, otherwise known as the modulus of rupture, is normally a 
measure of whether the material can withstand deformation by bending. Normally, 
geopolymers indicate large flexural strengths that recommend them for tension 
applications. Adding reinforcement fibers can improve this flexural performance: 
steel, glass, and polymer fibers work to bridge cracks and distribute stresses better to 
withstand bending forces more effectively. In a study by Rashad, the flexural strength 
of fiber-reinforced geopolymers was studied [17]. It was seen that the addition of steel 
fibers to a volume fraction of 0.015 showed an improvement in flexural strength from 
5 to 8 MPa. In the same way, polymer fibers improve the toughness of geopolymer 
composites so that they can absorb more energy before failure. This gain in strength 
is of particular interest for structural applications where materials undergo dynamic 
loading and impact conditions.

3.6  Modulus of elasticity

The modulus of elasticity, commonly known as Young’s modulus, is a measure of a 
material’s stiffness and, thus, a predictor of its ability to withstand elastic deformation 
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under stress. Geopolymers generally have lower elasticity moduli than Portland 
cement concretes, which becomes an advantage in applications demanding ductility 
or capacity to accommodate deformation. In most cases, the modulus of elasticity of 
geopolymers is generally governed by precursor types, alkaline activator concentra-
tion, and curing conditions. For example, Saba et al. demonstrated that geopolymers 
synthesized with metakaolin and sodium hydroxide activators showed modulus of 
elasticity values in the 10–20 GPa range [18]. The lower modulus of elasticity can be 
useful in enhancing the energy absorption/dissipation capacity during failure and 
reduces the propensity for brittle failure. Lower stiffness makes geopolymers suit-
able for seismic-resistant structures, requiring materials to bear high strains without 
losing integrity.

4.  Environmental advantages

Geopolymers, undoubtedly, have the most potential for being green materials for 
sustainable construction in terms of environmental performance. Among the signifi-
cant benefits of geopolymers is that they offer an immense opportunity for mitigating 
the environmental impact caused by conventional Portland cement, responsible 
for about 8% of global CO2 emissions. Concerning this, geopolymers considerably 
decrease these emissions and offer a great substitute for civil works while taking care 
of sustainability [19].

4.1  Waste management

The application of numerous types of industrial wastes, such as fly ash, slag, red 
mud, and so on, in geopolymers, testifies very well to a well-thought-out mechanism 
of waste management on the part of the construction industry. Since these by-prod-
ucts are generally considered wastes, they can effectively be used in geopolymer for-
mulations to divert materials from landfills and reduce environmental degradation. 
For instance, fly ash is one of the by-products of coal combustion, which enhances 
the mechanical properties of geopolymers and reduces the volume of virgin mate-
rial used, hence saving natural resources. The valorization of industrial waste in the 
production of geopolymers works twofold: it solves disposal problems because there 
is a great directive in the European Union to regulate how waste is disposed of while 
creating an economic incentive through reduced raw material costs. This valorization 
route promotes a circular economy for geopolymers, in which the waste is a precious 
construction product that, in turn, represents resource efficiency and sustainability 
in the different civil engineering practices [20]. Up to 70% of industrial by-products 
can be shown to be utilized in geopolymer formulations, with the materials staying 
high-performance, significantly reducing the ecological footprint of construction 
activities [7].

4.2  Carbon footprint reduction

The carbon footprint from geopolymer production is low compared with 
ordinary Portland cement for some key reasons. First, the geopolymerization reac-
tion occurs at relatively low temperatures, normally 40–100°C, instead of cement 
clinker production at 1450°C. Processing at these lower temperatures reduces 
energy consumption, hence decreasing the general carbon emissions associated 
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with geopolymer production. This means that most geopolymers’ raw materials are 
directly obtained from waste streams, while the latter are generally disposed of in 
an environmentally damaging manner. Using such materials, geopolymers reduce 
natural resource use and lower CO2 emissions by avoiding extensive quarrying and 
processing of raw materials. According to studies within a life cycle assessment 
framework, geopolymers reportedly reduce CO2 emissions by more than 80% 
compared with traditional Portland cement applications, making them a likely 
sustainable alternative for civil engineering [5]. Indeed, the dense microstruc-
ture is formed mainly by creating a three-dimensional aluminosilicate network, 
which confers improved resistance to chemical attack, freeze-thaw cycles, and 
other forms of environmental stress. Increased durability extends the service life 
of structures and reduces maintenance costs and consumption of resources over 
time. In other words, if geopolymers are added to different types of infrastructure 
or civil works, long-term savings will be realized, and the environmental impacts 
associated with replacing and repairing a material will be reduced [21]. The appli-
cation fields of geopolymers in infrastructure works, roads, bridges, and building 
applications fully meet modern green building initiatives and goals of sustainable 
urban development. In this regard, one shall assist in constructing resilient and 
sustainable infrastructures that answer the increasingly stringent environmental 
regulations and standards by opting for geopolymer-based materials in civil 
engineering works.

5.  Applications of geopolymers in civil engineering

Geopolymers have limited applications in environmental engineering. They could 
be used in soil stabilization, waste containment, and water treatment. The geopoly-
mer binders can immobilize the contaminated soil by effectively anchoring the heavy 
metal through fixation, reducing its leachability and preventing further environmen-
tal contamination [7]. This attribute is very essential in eliminating common sites for 
environmental feuds. Apart from the goal of soil stabilization, geopolymers provide 
an excellent source of confinement for hazardous wastes. In this respect, the geopoly-
merization steps end up with a stable structure that can bear toxicity for long periods 
and is encapsulated with impermeable barriers, confining the waste to provide 
environmental safety and satisfy the set regulatory standards. Further, continued 
research in applying geopolymers for water treatment has established that they can 
separate heavy metals and other wastes from wastewater, hence providing cleaner 
water resources [7].

Moreover, geopolymers have progressively attracted much attention in civil 
engineering due to their perfect subsistence for other conventional materials, 
wherein paste use and binders find applications in renovations, pavement construc-
tions, infrastructural developments, and environmental engineering solutions. 
Geopolymers can be used as very effective pastes in many construction applications. 
High viscosity and excellent adhesion allow them to fill the gaps, build up the surface, 
and form seamless joints of the construction elements.

5.1  Infrastructure

Geopolymers have been gaining increasing interest in civil engineering due to 
their versatility and contribution to a cleaner environment. Areas where geopolymers 
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become adequate substitutes for conventional materials include renovation binders, 
pavement construction, infrastructure development, and environmental engineering 
solutions [15].

Nowadays, geopolymers find increasingly growing applications in all types of 
infrastructure, moving beyond pavements and bridges to various civil structures. 
They have high compressive strengths, developed by the geopolymerization process, 
and can be used for load-bearing applications. Geopolymers represent high-perfor-
mance materials that perform very well in the most aggressive conditions against 
chemical attacks and cycles, thus indicating excellent durability of infrastructure 
materials. Geopolymer concrete was selected for pavement applications because of its 
high compressive strength and durability. Excellent performance under cyclic loading 
and heavy traffic loading without structural damage places geopolymer concretes 
among those more sustainable options for modern roadways. Coupled with lower 
carbon emissions and the use of industry by-products associated with geopolymers, 
they are in line to satisfy the increasing demand for green construction materials 
within the sectors of infrastructure projects. In building construction, geopolymers 
may replace traditional concrete and masonry materials. Additionally, geopolymers 
can be easily used in wall insulation and their fireproofing applications due to their 
low thermal conductivity and the fact that they are resistant to fire, improving the 
strength and safety against fires and the energy consumption of structures. As per 
Assaad et al., geopolymer-based materials can also be used with other precast ele-
ments, including panels and blocks, offering high strength and durability and the 
benefits of rapid construction [22].

5.2  Binder for renovation

One of the promising fields of application for geopolymers is as a binder in 
renovation works. If geopolymers are materials with excellent adhesion properties 
and can bond well with existing substrates, they can very well substitute conven-
tional cement-based materials for repair and restoration. Therefore, due to the high 
resistance against chemical attacks, high compression strength, and durability, they 
will fit for retrofitting in historical structures, wherein keeping structural integrity is 
paramount while keeping contextual intervention on esthetics to a minimum.

Geopolymer binders have the potential to improve durability and repair perfor-
mance significantly, which results from strong bonding and resistance to environ-
mental attacks by water and contaminants. Adding further performance improvers 
into geopolymer binders, such as recycled aggregates and wastes, to their formulation 
can enhance their performance and develop an economically feasible and environ-
mentally friendly solution for renovation works [23].

Moreover, working flexibility in geopolymer formulations allows the design to be 
tailored to the requirements of the projects, making it suitable for renovation works, 
even for residential buildings, or the vast improvement of infrastructure on a large 
scale. The application for infrastructure works now uses geopolymers in an expand-
ing manner, covering beyond pavements and bridges to a wide range of other types 
of civil structures. This geopolymerization can offer high compressive strengths so 
that different materials can be successfully mounted in load-carrying applications. 
These geopolymers exhibit excellent behaviors under aggressive conditions, resisting 
chemical attacks and freeze-thaw cycles, two of the most critical parameters govern-
ing durability in infrastructure.
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High compressive strength and immense durability are dazzling treats that make 
geopolymer concrete a lucid option for pavement construction. Geopolymer can 
manage huge traffic loads without experiencing any structural failure, making it a 
material for modern roads with a low carbon footprint. Further, the environmental 
benefits of geopolymers due to reduced carbon emissions and utilization of industrial 
by-products have recently come into the limelight, indicating a growing demand for 
green construction materials in infrastructure projects [24].

As substitutes to traditional concrete and masonry, geopolymers can offer an 
alternative solution to making building construction more sustainable. This is more 
useful in wall insulation and fireproofing since it has low thermal conductivity and 
raises building usage’s safety by being fire-resistant, which improves energy effi-
ciency. According to Assaad et al., geopolymer-based materials are expected to be 
used in high strength and durability precast elements such as panels and blocks for 
rapid construction [22].

The addition of fibers helps bridge micro-cracks that might develop under loading, 
making them distribute the stress efficiently and thus averting any crack propagation. 
Some studies have indicated that incorporating fibers into geopolymer composite 
results in improved ductility and resistance to impact loading, making it suitable for 
use when a material is subjected to transmit loads arising from dynamic forces. This 
trait can be helpful in structural members under seismic activity or heavy loads, as a 
gain in toughness would ease sudden failure.

It was proven that fiber-reinforced geopolymers have an advantage over ordinary 
concrete in terms of resistance to fire. The characteristic nature of such composites, 
bearing high temperatures, makes them very suitable for fire-prone environments 
connected with the non-destruction of structure. The fibrous reinforcement con-
tributed to the whole durability that would retain the mechanical properties of that 
material under extreme conditions. Geopolymers are, therefore, new-generation 
materials that can potentially revolutionize the field of civil engineering through 
diversified applications in several industries [4]. Their functionalities, such as paste, 
renovation binder, and durable solution for infrastructure development, enable 
them to become a sustainable solution for modern challenges in construction. 
Consequently, geopolymers will soon find wide applications in civil engineering, 
offering innovative and sustainable solutions for an industry under increasing pres-
sure concerning using more environmentally friendly construction materials and 
efficient constructability [5].

6.  Conclusion

It can be concluded that geopolymers represent a new frontier in the application 
of material science to civil and environmental engineering. Their properties make 
them suitable, if not excellent, alternatives to cement-based materials: their high 
compressive strengths, durability, and improved resistance to most environmental 
stresses. The synthesis of geopolymers from by-products of industry fly ash, slag, 
and metakaolin reduces construction’s carbon footprint and implements sustainable 
waste management practices. Fiber reinforcement further ameliorates the mechanical 
properties of geopolymer composites, allowing them to find a place in a broad scope 
of applications, spanning from pavement and bridge building to insulation and fire-
resistant ones.
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Critical advantages for infrastructure applications lie in the excellent resistance 
of geopolymers against the most aggressive environmental conditions due to freeze-
thaw cycles or chemical attacks, and their low thermal conductivity and exceptional 
fire resistance are all valuable characteristics for constructing more efficient buildings 
that offer high performance and sustainability. Their versatility spans from paste 
formulation to binders for renovation, soil stabilization, and hazardous waste encap-
sulation, which are linked to civil engineering applications. Without a doubt, the role 
of geopolymers will further increase as the construction industry moves ever more 
toward embracing sustainability. New precursors and activation methods, and more 
importantly, new applications, continue to be driven by industry, further improving 
the performance and sustainability of geopolymer-based materials. Further studies 
are needed on mix design optimization, long-term durability under actual exposure 
conditions, and the establishment of comprehensive guidelines for the effective use of 
geopolymers in civil engineering works.

Ultimately, geopolymers stand symbolically for a solution that will outlast current 
environmental challenges and the pathway to the kind of future construction materi-
als needed to realize performance, resilience, and ecological responsibility. Given 
such enormous challenges as climate change and resource depletion for resilient built 
environments, broadening adoption and further development of geopolymers should 
henceforth form part of the sustainable development goals.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 3

Performance Enhancement of 
Geopolymers through Natural 
Fiber Reinforcement: Sustainable 
Alternative Construction Materials
Zenamarkos Bantie and Desalegn Abera

Abstract

Cement manufacturing consumes a huge amount of energy and raw  materials, 
resulting in the emission of greenhouse gases responsible for global warming, 
resource depletion, and environmental degradation. Recently, geopolymer compos-
ites emerged as promising alternatives to the traditional cementitious materials for 
their cost-effectiveness and environmental-friendly processing technology, offering 
similar technical properties as traditional cements with superior performances. 
However, geopolymers have relatively low tensile and flexural strengths, fragile 
breakage, and low ductility, limiting their use in the construction sector. Recent 
advances in the area revealed that fiber-reinforcing geopolymeric matrices overcome 
these and other related deficiencies. Various natural fibers have been researched 
as reinforcement of geopolymer matrices to provide improved tensile and flexural 
strengths, reduced density, and improved thermal and acoustic insulation properties. 
This review is intended to analyze and discuss the performance enhancements and 
macro- and microstructural modifications of geopolymer composites through natural 
fiber reinforcement.

Keywords: geopolymers, reinforcement, natural fibers, performance enhancement, 
sustainable material, durability

1.  Introduction

The rabid growth of urbanization leads to the huge consumption of Portland 
cement, which causes a large amount of energy consumption and adversely affects the 
environment. Searching for a sustainable building material is the primary focus in the 
construction industry, which encourages researchers to develop alternative supple-
mentary cementitious materials that partially or fully replace the cement. One emerg-
ing alternative technology in the construction industry is the usage of Geopolymer 
Concrete (GPC) [1, 2], which is synthesized from geological materials found in natural 
sources and some other industrial wastes. The introduction of GPC technology leads 
to sustainable development in the construction sector, reducing the global emission 
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of CO2 and providing a cleaner environment in the long term [3–5]. Nevertheless, 
these novel alternative cementing materials share similar shortcomings with hardened 
cement materials, including brittleness and comparatively low tensile strength [6, 7]. 
This problem could be tackled by incorporating fibers into the base aluminosilicate 
materials [8–10]. Unlike typical brittle materials where cracks spread quickly and 
significantly reduce the matrix’s ability to bear loads, Fiber-Reinforced Concrete (FRC) 
behaves differently [11]. The fibers dispersed throughout the concrete matrix in FRC 
can impede crack growth, effectively slowing or even halting the formation of cracks.

Reinforcing geopolymer has been practiced with different fibrous materials 
[12–14]. Synthetic fibers, including steel, glass, and carbon fibers, are the most fre-
quently utilized materials for reinforcing geopolymer [15–17]. Additionally, numer-
ous studies have been conducted to examine the application of polymeric fibers, such 
as polypropylene and polyvinyl alcohol, as reinforcements of geopolymers [6, 11]. 
Li et al. [11] investigated the reinforcement of coal gangue-slag-based geopolymer 
with polypropylene fiber. The fiber significantly improves the flexural strength and 
reduces the brittle failure of the geopolymer. A steel fiber was utilized as reinforce-
ment in beams of geopolymer composite [16] to modify the flexural properties of the 
composite. These synthetic-based fibers are based on limited fossil sources and cause 
an environmental problem [13]; thus, natural fiber would be the alternative for them.

Natural fibers, mostly available as waste materials, which may pose environmental 
problems, can be utilized as sustainable reinforcements of construction materials 
[18, 19]. Agricultural wastes and plant residues have the potential to be a source of 
natural fibers with comparable performance to synthetic fibers [10, 20]. Several 
scientific studies have examined the impact of incorporating various quantities and 
varieties of natural fibers on the properties of geopolymer composites [8, 14, 20]. 
The type, length, alignment, surface properties, and pre-treatments of these fibers 
also have an impact on the mechanical property improvement of the geopolymer. 
Zulfiati et al. [14] utilized pineapple leaf fiber for the modification of fly ash-based 
geopolymer, and the result revealed that as the length of fiber increased, the mechani-
cal strength of the geopolymer also increased. Another study [2] evaluated South 
African alien invasive wood and sugarcane bagasse residues for the construction of 
panels used in outdoor conditions. The products exhibit comparable characteristics to 
other composites reinforced with natural fibers and can serve as alternative materials 
in similar applications. Silva et al. [8] studied the natural fibers, jute, and sisal for the 
performance enhancements of geopolymer composites from fired clay brick powder. 
The study examined the effect of the type and contents of fibers on the mechanical 
properties of geopolymer composites. Jute-fiber-reinforced geopolymer composites 
with 1.5% fiber content showed the highest increases in compressive and tensile 
strengths (64 and 45%), while sisal-FRGCs performed best at 2.5% fiber content. 
This chapter covers the general overview of natural fiber-reinforced geopolymers. 
Not inclusively all research published with natural fiber-reinforced geopolymers is 
reviewed. The synthesis, characterization, and performance of natural fiber-rein-
forced geopolymer were discussed in detail with current findings. Additionally, the 
future perspective of natural fiber-reinforced geopolymer was also highlighted.

2.  Characterization of natural fibers

Natural fibers are gaining attention as environmentally friendly alternatives to 
synthetic materials in various applications such as textile and apparel, construction 
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and building, automotive, arts and crafts, packaging, agriculture, etc. industries 
[21–25]. In this section, we aimed to discuss specifically the characterization of 
natural fiber to be applied in reinforcements of geopolymer composite. When charac-
terizing natural fibers for use as reinforcements in geopolymers, multiple approaches 
are required to ensure that the fibers operate efficiently within the composite mate-
rial. For this application, characterizing the physical, mechanical, chemical, fire 
resistance, thermal, moisture absorbance, etc. properties are required.

The physical properties of natural fiber to be considered include density, moisture 
content, ash content, diameter, and length measurements. Researchers have inves-
tigated the characterization of these physical properties with different fiber sources 
and standard methods [21, 25–27]. Geremew et al. [25] evaluated the bulk density 
(pycnometer), particle density, average diameter, moisture content (ASTM D 2216), 
ash content (ASTM D 2866), and water absorption of alkali-treated bamboo fiber. They 
obtained 0.065 g/cm3, 0.685 g/cm3, 1.158 mm, 7.690, 1.140, and 102.243%, respectively. 
Moussaoui et al. [28] determined the density of the Ampelodesmos Mauritanicus (AM) 
fibers using a pycnometer. AM fibers have a 1.00 g/cm3 density, making them a suitable 
substitute for synthetic fibers in lightweight applications. The diameters of roselle fibers 
were measured with a Zeiss optical microscope [29]. The study evaluated the effect of 
growing moths with diameter and found that as months increase from 3, 6, and 9, the 
diameter range also increases from 40 to 100, 80 to 120, and 90 to 150 μm, respectively.

The chemical compositions of fibers also have an effect on their performance. 
Since the source of fiber is lignocellulosic material, extraction to its fraction is manda-
tory. Alessandro J. [30] extracted the lignocellulosic components of bamboo fibers 
determined according to NBR 14660. The bamboo fiber was extracted in toluene, 
alcohol, and water in the sequence of solvents. The lignin content was determined 
with the help of the spectrophotometer FEMTO 700 S, where the fibers were hydro-
lyzed with 72% sulfuric acid. Varma VK. and Sarangi SK. [31] analyzed the chemical 
configuration of the raw Bauhinia Variegata (BV) fiber (α-cellulose, hemicellulose, 
lignin, and wax), which was subjected to aging with 95%. Ethanol. The Technical 
Association of the Pulp and Paper Industry (TAPPI) standards and the T-203 method 
were used to measure the α-cellulose and hemicellulose content [29]. The Klason 
lignin technique to determine the lignin content of BV was employed.

Geopolymers are inorganic polymers that can benefit from mechanical reinforce-
ment from natural fibers, which increases their strength, durability, and overall 
performance [22, 28]. The mechanical properties like tensile strength, elongation at 
break, and elastic modulus are basic to characterize. Moussaoui N. et al. [28] charac-
terize the mechanical performance of the microwave, NaOH, and acetic anhydride-
treated AM fibers through stress, elongation at failure, and modulus of elasticity 
with 40 mm gauge length. This study found that microwave irradiation with a power 
of 550 W for 4 minutes is the most effective way to change AM fiber surfaces. It 
increases strength from 155.41 to 289.93 MPa (86.55% increase) and Young’s modulus 
from 10.99 to 18.59 GPa (69.15% increase). Another study [31] also investigated the 
mechanical properties of BV natural fiber treated with bleaching, benzoylation, and 
alkalization with a gauge length of 200 mm. Alkalized BVR fiber has a high tensile 
strength (50.52 MPa), Young’s modulus (31.3 GPa), and 5.9% elongation, making it 
a viable alternative to traditional fibers in green composite manufacture. Hence, the 
mechanical properties of fibers are influenced by the nature of the fiber source, type 
of treatment used, length and diameters of fibers, standard methods used, etc. For 
the application of reinforcement, the mechanical performance of fiber is very impor-
tant to impart this value to the geopolymer matrix.
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Other structural and morphological characterizations are also important to tell us 
the significance of the fiber for the desired application. FTIR describes the interac-
tions of chemical components of the fiber with the main matrix of material to be 
reinforced [27, 31]. The morphological characteristics of the fiber are also determined 
by Scanning Electron Microscopy (SEM) [27, 28, 30, 32] and Transmission Electron 
Microscopy (TEM) [33]. TEM visualizes the fiber’s internal structure, including 
arrangement, orientation, hemicellulose, and lignin, aiding in understanding the 
relationship between the fiber’s mechanical, thermal, and chemical properties. The 
SEM technique visualizes fiber surfaces, defects, and the fiber-matrix interface in 
composite materials, providing valuable insights into the fiber’s processing, treat-
ment, and performance. It also aids in investigating the effect of morphology on the 
material’s mechanical properties. The crystalline structures of fiber are determined 
using an X-ray diffractometer [22, 25, 33]. The XRD analysis measures the crystallite 
structure of materials, such as crystallinity index and crystal size. Thermal proper-
ties of natural fibers can be characterized via a thermal conductivity meter [23] and 
Thermogravimetric Analysis (TGA) [22, 34]. The higher thermal resistance perfor-
mance of fibers would guarantee their incorporation into the main matrix of material 
and will not pose drawbacks to the modified materials.

3.  Synthesis of natural fiber-reinforced geopolymer composites

Natural fiber-reinforced geopolymer composites are a fascinating field of materi-
als research that combines the environmental benefits of natural fibers with the 
distinct features of geopolymers. Geopolymer materials, such as cementitious matri-
ces, exhibit strong quasi-brittle behavior. To overcome this disadvantage, the addition 
of appropriate fillers to brittle matrices is recommended [14, 22, 32, 35]. For this 
objective, including fiber reinforcement into the geopolymer matrix can increase the 
mechanical performance of the final composite [12]. The evaluation of the mechani-
cal properties of reinforced geopolymer composites indicated that adding fibers helps 
to limit the propagation of micro- and macro-cracks across the material, as well as 
control shrinkage stresses, especially when exposed to high temperatures [9, 20, 23]. 
Various natural fibers, including cotton [33], sisal [36], coconut [30], bamboo 
[25, 30], flax [8], hemp [37], and banana [21], have been successfully incorporated 
into geopolymer matrices. The optimal fiber content for enhanced mechanical 
properties of reinforced geopolymer is typically around 0.5–1.0 wt% [38]. However, 
increasing fiber content may lead to decreased workability, density, and compres-
sive strength. Before the synthesis of fiber-reinforced geopolymer composites, the 
selection of natural fibers that have desirable features for the specific target should be 
performed. Then, preparation of the natural fiber with either physical/mechanical or 
chemical methods is required based on the nature of the fiber source [39]. The perfor-
mance of prepared fiber is also characterized by mechanical, chemical, thermal, and 
other properties.

Once the selection and preparation of natural fiber are completed, the next step 
will be the preparation of the geopolymer matrix. The aluminosilicate source can be 
from natural sources (clays), industrial wastes, and ashes mixed with an activator 
in a pre-set proportion. Then the prepared natural fiber is introduced to the geo-
polymer matrix at the appropriate condition, usually at room temperature [40, 41]. 
This low-temperature processing of geopolymers allows for the use of organic fibers 
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without thermal degradation, although the highly alkaline matrix may potentially 
degrade the fibers [13]. After the preparation of reinforced geopolymer, it should 
be aged at a given temperature and humidity for some time, such as 7 and 28 days, 
at which the interaction of components within the matrix improves [40, 42]. The 
quality of the final product is influenced by the degree of mixing, the amount of 
fiber, the concentration of the activator, the type of aluminosilicate source used, the 
curing condition, etc. Alomayri and Low [39] synthesized a cotton fiber-reinforced 
geopolymer composite with an alkaline solution to fly ash ratio of 0.35. Four geo-
polymer composites with varying cotton fiber content were developed and mixed 
with dry fly ash until homogeneity was achieved, then an alkaline solution was 
added. The mixture was cast into 25 silicon molds, cured at 105°C for 3 hours, and 
then air-dried for 28 days. Another study [38] investigated the addition of sisal, 
coconut, and glass fiber to geopolymer mortars, focusing on their volume fractions 
and workability, as high fiber volumes can hinder casting and compacting. The 
fly ash, sodium hydroxide, river sand, sodium silicate, and fiber were well mixed. 
The geopolymer mortar was cast into molds, vibrated for compaction, and stored 
at room temperature. Then it was cured in the oven at 60°C for 48 hours and then 
de-molded (Figure 1).

In the synthesis of natural fiber-reinforced geopolymer, the fiber-matrix bonding 
should be considered as a major controlling factor. Ensuring good adhesion between 
fibers and the geopolymer matrix is crucial for the mechanical performance of the 
composite. Surface treatments or coupling agents may be used to enhance bonding. 
The other basic issue is sustainability. Both natural fibers and geopolymers are chosen 
for their environmental benefits, so it’s important to ensure that the entire process 
aligns with sustainability goals.

Figure 1. 
Synthesis of geopolymer reinforced with natural fiber.
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4.  Effect of natural fiber reinforcement on the performances of 
geopolymer composites

Like cementitious matrices (such as cementitious matrices of pastes, mortars, and 
concrete), geopolymers show high brittle behavior and have low tensile and flexural 
strengths [20]. Furthermore, geopolymer materials demonstrate a significant level 
of shrinkage, although research shows that it is less pronounced than that observed 
in Portland cement-based materials [42]. The common approach to overcome such 
drawbacks is the addition of suitable fillers to the matrices. For this purpose, fiber 
reinforcement of geopolymer matrices can improve the performances of the result-
ing composites. Fiber reinforcement of geopolymer composites helps to reduce 
and control the propagation of micro- and macro-cracks through the material and 
shrinkage stresses [43, 44]. Both synthetic (e.g., polypropylene, polyvinyl alcohol, 
and carbon, basalt, steel, and glass) [17, 43–49] and natural (hemp, jute, kenaf, 
flax, false banana, and wood) [9, 50–58] fiber reinforcements have already been 
investigated. However, the use of natural fibers as reinforcement has grown fast as 
cost-effective, friendly, and renewable materials due to an increasing environmental 
concern from synthetic fibers. Natural fibers have been considered the materials 
of the future as reinforcement in geopolymer composites because of their excel-
lent mechanical properties, wide availability, cost-effectiveness, biodegradability, 
 non-toxicity, and low density.

In producing geopolymers, developing the optimum mix of the components, 
considering the alkali activator, the NaOH concentration, the cement/binder, and 
the aluminosilicate, is critical. Then, to produce the fiber-reinforced geopolymer, 
the fiber with proper length and weight percentage is introduced to the optimum 
mix design. The fiber is first dry-mixed with the binder and then with the alkaline 
activator solution to ensure the homogeneity of the composite. The thoroughly mixed 
geopolymer paste is poured into a mold with specified geometry and tapped to ensure 
optimal compaction and to expel trapped air [9].

4.1 Characterization of natural fiber-reinforced geopolymer binder

Composite materials are mainly made up of two basic elements, the matrix, or 
continuous phase, and a reinforcing material, or dispersed phase, or filler dispersed 
in the matrix, and the interface separates them [59, 60]. The interphase is the region 
of interaction between the reinforcement and the matrix with chemical and physical 
bonds [54]. The function of the matrix is to protect the reinforcement from a harsh 
or corrosive environment, keep the reinforcement in place, and transfer tension to it. 
The interface is a hypothetical surface without thickness joining the reinforcement 
and the matrix by a certain adhesion mechanism. Achieving adequate interface and 
interphase between matrix and reinforcement is the main challenge in processing 
composite materials.

Geopolymers are produced from different components with different sources for 
each component, i.e., there are many types of aluminosilicate sources and activated 
agents or binders that can be used as raw materials to produce geopolymers. The 
chemical compositions of the raw materials and other synthesis factors, including 
the optimum mix design of the starting materials and the processing conditions 
(e.g., curing time), as well as the addition of fillers/reinforcements, can influence the 
final properties of geopolymers. The common properties of the geopolymer pastes, 
mechanical, thermal, and water behavior, are discussed below.
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4.1.1 Mechanical performance

Geopolymers as future prospective construction materials are mainly character-
ized by their mechanical properties (e.g., compressive strength, splitting tensile 
strength, flexural strength, impact resistance) as their most important performance 
indicators. Studies demonstrated that geopolymer concretes (e.g., made of metaka-
olin) exhibit higher mechanical strengths than ordinary Portland cement concretes 
[61, 62]. Geopolymers exhibit different mechanical properties depending on the 
source of the binder material. For instance, metakaolin-based geopolymers show 
good mechanical properties at room temperature, which are likely to decrease after 
exposure to high temperatures, in contrast to FA-based geopolymers, which have 
a much lower strength at an early age but better mechanical properties at elevated 
temperatures [6, 63, 64]. This could be due to the difference in the degree of polym-
erization with respect to the standing time, which for fly ash-based geopolymers 
increases with time when coupled with optimum heat curing. On the other hand, it 
has been reported that the Si/Al ratio in the source aluminosilicate material affects 
the mechanical performance of geopolymers [65–69]. An optimum Si/Al ratio (~2) 
promotes the geopolymerization reaction to generate more gel phase and contributes 
to the formation of more Si-O-Si and Si-O-Al bonds. A decrease in mechanical perfor-
mance of geopolymers at a higher Si/Al ratio may be related to the lack of Al, which 
leads to a decrease in the structural reactivity of the geopolymer and adversely affects 
the structural reorientation. The Si/Al ratio from 1.5 to 2 produced a 3D network, 
while increasing the Si/Al ratio to more than three times formed the low-compressive-
strength two-dimensional cross-linked polysialate [22, 65]. Furthermore, Wan et al. 
[66] reported that the high Si/Al ratio results in a large number of unreacted or 
partially reacted particles in the mixture, which causes an agglomeration phenom-
enon that affects the strength of geopolymers. Some research demonstrated that 
mixing such precursors with different temporal responses may result in geopolymers 
with optimal strength, either at room temperature or after exposure to elevated 
 temperatures [62, 70].

Moreover, previous studies investigated that type of activator affects the mechani-
cal strength of geopolymers [71]. In general, acidic activating agents exhibit higher 
compressive strength than alkali-based geopolymers [72]. For the alkali activation, 
Na activators promote higher dissolution of the aluminosilicate precursor to liberate 
amorphous Si and Al than K and result in a faster reaction rate. Hence, Na-based 
geopolymers provide higher strength than K-based geopolymers [71]. Besides, the 
molar concentration of the activating agent (acidic or alkaline) also affects the perfor-
mance of geopolymer concretes significantly; mostly, maximum strength is obtained 
at 10–16 M [72]. A reduction in strength at very high concentrations (≥16 M) is 
observed due to the excess of hydroxide groups, which caused the precipitation of 
aluminosilicate gel before the initiation of the geopolymerization process. Generally, 
a strongly alkaline medium is required to dissolve and hydrolyze Si and Al amorphous 
phases.

On the other hand, the mechanical properties of geopolymers are strongly influ-
enced by the starting raw mineral materials and curing process, which control the 
microstructural variations such as density, porosity, pore size, pore distribution, and 
micro-crack distribution [73, 74]. Microcracks readily grow around large pores. High 
curing temperatures may improve the mechanical strength of geopolymers synthe-
sized from certain binders. However, the recent trend on alleviating these challenges 
involves natural fiber reinforcement of geopolymer pastes, which limits the crack 
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initiation and propagation rate [74]. The effectiveness of natural fibers on reduction 
of defects significantly depends on the physicochemical characteristics of the fiber, 
such as the amount added, stiffness, length, orientation, and fiber-binder interfacial 
bonding. Energy absorption by the fiber is the main mechanism of limiting flaws in 
geopolymer pastes, i.e., when a propagating crack faces a fiber, a higher energy of 
fracture is required to pull-out or rupture the fiber and to advance the crack propa-
gation [9]. Fiber reinforcement of fragility matrices as a mechanical characteristic 
increases the toughness, ductility of the material, compressive strength, and bending 
resistance since the fibers control the propagation of cracks in the material under 
different loadings and also in cases where retraction occurs [75].

The performances of natural fiber-reinforced geopolymers strongly depend on 
the interfacial bonding between the fiber and the paste [76], the intensity of which is 
determined by the physical and chemical characteristics of the fiber used. The inter-
phase region can be a diffusion zone, a nucleation zone, a chemical reaction zone, 
or any combination of these parameters [77]. The interphase region is developed by 
the interactions of the matrix with the surface of the reinforcement [77, 78]. Both 
the interface and the interphase, mainly the adhesion, contribute to the mechanical 
properties of the composite. The adhesion mechanism may be interaction of the fiber 
surface with the matrix in electrostatic attraction (due to surface charge differences 
between the matrix and the fiber), formation of chemical bonds (formed between 
chemical groups on the reinforcement surface and compatible groups on the matrix), 
or inter-diffusion of materials [57, 78–81]. These adhesion mechanisms between the 
matrix and the reinforcement significantly contribute to the mechanical properties 
through the transfer of loads between the matrix and the reinforcement.

Raw natural fibers usually exhibit weak interfacial bonding with geopolymer 
pastes due to their smooth or corrugated surfaces. Employing various pretreatment 
techniques (chemical or thermochemical) of fibers removes undesirable substances 
covering the external surface (e.g., waxes, oils, lignin, etc.) and significantly 
improves fiber-geopolymer bonding [9, 51]. Alkaline treatment with appropriate 
concentration is one of the most effective and widely used treatment methods [9, 51, 
52, 54, 55, 82]. Ye et al. [58] reported that the interfacial bonding properties of wood-
geopolymer composites were improved by increasing the roughness of the wood 
surface through alkaline treatment of sisal fiber. Addis et al. [9] investigated the FTIR 
spectra of untreated and alkali-treated (NaOH) false banana fibers and correlated the 
effect of treatment on interfacial bonding with the absorption band characteristics. 
Significant increase in hydroxyl (OH) functional groups on the surfaces of the fibers 
for the alkali-treated boosted the fiber’s reactivity and promoted better adhesion with 
the matrix material, resulting in improved mechanical properties of fiber-reinforced 
geopolymer composites. Furtos et al. [83] reported that the presence of hydroxyl 
groups in wood fibers can form hydroxide bridges, and hydrogen bonding may play 
an important role in the adhesion between wood fibers and the geopolymer matrix.

Moreover, research shows that the amount of fiber added significantly influences 
the mechanical strength of geopolymer composites. Poor fiber distribution limits the 
reinforcement role of the fiber at low fiber loading. At higher fiber content, the fibers 
will be uniformly dispersed in the matrix and enhance the mechanical strength of 
geopolymer composites [84]. At significantly higher fiber loading, void formation and 
poor fiber dispersion reduce the reinforcement efficacy of the fiber. Most commonly, 
increasing natural fiber content up to 1 wt% leads to improved mechanical strength 
of plain geopolymer composites regardless of fiber type [55, 56, 85]. However, higher 
proportions of treated natural fiber can be added as a reinforcement (up to 3 wt%) 
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compared to raw fibers and maximize the mechanical strength of the composites 
[50, 86]. This may be related to the improved dispersion and interfacial adhesion of 
the fiber with the geopolymer paste. Furthermore, fiber length is another important 
factor that affects the mechanical performance of fiber-reinforced geopolymer 
composites. It has been observed that an optimum fiber length maximizes the per-
formance of the composites. Longer fibers reduce the mechanical strength of geo-
polymer composites due to the entanglement of fibers and subsequent formation of 
agglomerates, which occupy a particular space in the composite and cause an increase 
in voids, resulting in weak fiber-geopolymer interfacial bonding [53, 84].

In summary, the enhancement in mechanical performance of natural fiber-rein-
forced geopolymer composites comes mainly from the extensive energy-absorbing 
characteristics through fiber breakage, fiber-matrix interface delamination, fiber 
pull-out, and fiber bridging, which slow crack propagation and thus increase fracture 
energy. Insufficient interfacial bonding length and low fiber stiffness may initiate 
a fiber rupture and the crack propagates in the geopolymer binder. Furthermore, 
fiber orientation and the direction of applied forces significantly control the fracture 
energy. Fiber alignment in the direction of efficiently bridge cracks results in better 
mechanical performance [87]. If the crack is propagated in the plane perpendicular to 
the fiber, this latter encounters the fracture energy that is released to form cracks by 
the bridging mechanism. Otherwise, the crack continues to propagate by passing the 
fiber, as illustrated in Figure 2.

4.1.2 Thermal performance

Geopolymeric materials are generally characterized by their low thermal con-
ductivity compared to conventional building materials [65, 89–92]. Most impor-
tantly, the thermal conductivity of geopolymers is largely sensitive to the type of 
binder (i.e., mainly the Si/Al ratio) [90]. An increase in the Si/Al ratio decreases the 
amount and size of pores, increasing the thermal conductivity of the geopolymeric 

Figure 2. 
(a) Bridging mechanism in natural fiber-geopolymer composite; (b) Fiber organization scheme in a crack; (c) 
Breakage of specimens with fiber [20, 73, 88].
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materials [65, 91]. Moreover, the alkali activator type affects the thermal conductivity 
of geopolymers. The transfer of alkali ions (Na+, K+) proportion into the networks to 
balance the negative charge in aluminum-centered sites reduces the network’s poros-
ity [73]. Duxson et al. [92] found that the thermal conductivity of Na-geopolymers 
is greater than K-geopolymers due to the lower specific heat of potassium compared 
to sodium.

Very limited research studied the effect of incorporation of natural fibers in 
geopolymer composites on their thermal properties. Similar to the mechanical 
properties, the effect of the fiber on the thermal property strongly depends on the 
treatment of the fiber. Most of the findings show that untreated fibers reduce the 
thermal conductivity of the geopolymer composites, mainly attributed to the low 
chemical interaction between untreated fibers and the geopolymer matrix, result-
ing in increased air voids and, consequently, a lower thermal conductivity [86]. 
Besides, an increase in fiber content and length results in a reduction in thermal 
conductivity, which may be correlated to the low thermal conductivity of the fibers, 
attributed to the packing of the fibers in the geopolymer matrix and the structure 
of the fibers [4].

4.1.3 Density and porosity

Natural fiber reinforcement of geopolymer binders profoundly affects the 
density and the porosity of the composites. Most studies indicate that an increase 
in fiber loading increases the porosity of geopolymer composites and decreases the 
density [39]. The decrease in density is attributed to the weak fiber-matrix bonding, 
which generates void areas surrounding natural fibers, and to the agglomeration 
of the fibers during mixing, thus trapping water-filled spaces that turn into voids. 
Treatment of the fiber also influences the effect of the fiber on the density of the com-
posites; untreated natural fibers cause a slight decrease on the density of geopolymer 
composites compared to treated fibers, which can show a moderate or relatively lesser 
effect on the density of geopolymer composites [93]. The higher contents of hemicel-
lulose and lignin in untreated natural fibers are responsible for this effect, which 
influences negatively the fiber-matrix interface and creates more pores, resulting in 
low density [93].

4.1.4 Hydric performance

Hydric properties (i.e., water absorption, water permeability) have significant 
impacts on the quality and durability of geopolymer composites. High water absorp-
tion and permeability lead to a variety of degradation mechanisms in geopolymer 
composites, including freeze-thaw damage, alkali-silica reaction, and corrosion of 
steel reinforcement. The factors that critically determine the hydric properties of 
geopolymers are the particle size distribution of raw materials, curing conditions, the 
Si/Al ratio, and active agent type [94–97]. Fine particles fill vacant spaces and produce 
composites with higher density and consequently more resistance to water permeabil-
ity [94]. High-temperature curing increases the percentage of water absorption due to 
the dehydration and growth of larger pores in the composite [95]. Research shows that 
water absorption of geopolymers increases at low Si/Al ratio (1.6–3) and decreases at 
high Si/Al ratio (≥ 3) [96, 98]. The decrease in water absorption at high Si/Al ratio is 
attributed to the higher distribution of small pores that are isolated, and the impact of 
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their presence is not significant. When considering the effect of activator type, stud-
ies revealed that Na-based geopolymers exhibit better resistance to water absorption 
than K-based geopolymers, which can be attributed to the refinement of the surface 
pores [97].

For natural fiber-reinforced geopolymer composites, there is limited literature 
on the influence of the natural fiber on the hydric properties of the composites. The 
hygroscopic behavior of natural fibers is an inherent characteristic that can influence 
their applications as reinforcements in geopolymer composites. The fiber orientation, 
fiber nature (permeable or not), fiber content, exposed surface area, diffusion, and 
type of surface protection determine the hydric properties of the composites [12, 50, 
99–102]. The pores in the geopolymeric composites are responsible for the permeabil-
ity of moisture and gases from the environment into the matrix, reaching the natural 
fiber reinforcement; this modifies the matrix structure, the natural fiber reinforce-
ment, and consequently the durability of the fiber and the composite as a whole 
[103–106]. Most commonly, the available literature shows that the water absorption 
of the composite does not exhibit significant change due to the fiber addition [12]. 
Some research outputs reported that the water absorption decreases with increasing 
fiber length and fiber loading due to the high solid content of the composite and more 
dense packing of short fibers [50, 99]. In summary, further studies are needed to 
elucidate the effect of natural fibers (fiber stiffness, fiber orientation, fiber size, and 
fiber content) on the long-term durability of a natural fiber-reinforced geopolymer 
composite.

5.  Natural fibers vs. synthetic fibers for geopolymer reinforcement

Recently, fiber-reinforced geopolymer composites are playing an important role 
in recent times in the automobile, aerospace, and naval architecture industries as 
an advanced technological solution [85]. Synthetic fibers (such as steel, glass, and 
carbon fibers) have been the most common fibers in such geopolymer reinforce-
ments [107–109]. Besides, synthetic polymeric fibers (such as polypropylene and 
polyvinyl alcohol fibers) have been studied for reinforcement applications [110, 111]. 
Ilamvazhuthi and Gopalakrishna [112] evaluated the compressive strength of a 
polypropylene fiber-reinforced geopolymer concrete as a function of wet mixing 
time and compared it with traditional cement concrete with the fiberized geopolymer 
(Figure 3).

Natural fiber reinforcement of geopolymer composites is mainly motivated by the 
effect of synthetic fibers on the environment, aiming to produce sustainable building 
materials due to the renewable, biodegradable, and non-toxic nature of natural fibers 
and is a recent phenomenon. Furthermore, natural fibers are advantageous for their 
low density accompanied by comparable mechanical strength and for their economic 
gains given that the production of synthetic fibers is an energy-consuming process, 
unlike the planting and harvesting of natural fibers [55, 85, 113–115].

Most importantly, the performance of a geopolymeric material reinforced by 
both natural and synthetic fibers strongly depends on the fiber properties, the fiber 
content, the geopolymeric precursor, the curing conditions, and the setting time 
[42]. Even more important is the interfacial bonding between the fiber surface and 
the geopolymer matrix, which controls the mechanism of the load transfer from the 
matrix to the fiber, significantly determining the performance of the geopolymeric 



Advances in Geopolymers

50

composite [110, 116, 117]. The surface nature of fibers (smooth or rough) plays a 
considerable role in determining the intensity of the interfacial bonding between the 
fiber and the matrix, hence defining the performance of the composite. Ranjbar N, 
Zhang [74] used steel microfibers and polypropylene fibers to analyze the interfacial 
bond geopolymeric pastes and found that the polypropylene fiber exhibits weak adhe-
sion owing to its smoother and more regular surface, while steel microfiber showed 
strong adhesion with the matrix due to a much rougher surface. This was further 
proved by investigating the performances of the composite samples by comparing 
the results of the flexural strength tests; composites reinforced with steel microfibers 
had higher strengths than the polypropylene fiber-reinforced composites. These 
differences in performance are further aggravated by the differences in hydroscopic 
properties of the fibers. The surface of the polypropylene fiber is hydrophobic while 
that of the steel microfiber is hydrophilic, leading to a weak fiber-matrix interface for 
the former and further deterring the performance of the composites.

On the other hand, for natural fiber-reinforced geopolymer composites, although 
the hygroscopic properties and the surface morphology of the fiber surface are still 
important factors, other characteristics (mainly the chemical composition of the 
fiber, i.e., the lignin, hemicellulose, and cellulose contents) play more important 
roles in the fiber-matrix adhesion [118]. Non-cellulosic organic components (i.e., 
hemicellulose and lignin) are sensitive to highly alkaline environments, and they tend 
to degrade under these conditions and delay the hardening of the paste due to the 
generation of carboxylic acid as a product inhibiting the geopolymerization reac-
tions, which not only decreases the fiber’s compatibility with the geopolymer matrix 
but also causes a temporal reduction in the composite’s performance [55, 93, 119]. 
Furthermore, lignin and hemicellulose cause an increase in porosity, which further 
reduces the performance of the composites. The cellulose component of the fiber is 
not sensitive to an alkaline medium and does not undergo significant degradation 
in it; it also has a tendency to create improved adhesion between the fiber and the 
geopolymer matrix, which results in reduced porosity and consequently improved 
performance of the composites [93]. Similar to synthetic fibers, fiber-matrix adhesion 
in natural fiber-reinforced geopolymers is affected by the hygroscopic properties 
of the fibers [120]. Natural fibers are hydrophilic by nature due to the presence of 
hydroxyls and other polar groups on the surfaces, giving them the characteristics 

Figure 3. 
Effect of mixing time on the compressive strength of traditional and geopolymer concrete [112].
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of high moisture absorption and little dimensional stability (swell in contact with 
water). This behavior leads not only to the weakening of the fiber-matrix adhesion 
but also to the formation of cracks, resulting from the drying of the composite, and a 
reduction in mechanical performance [120, 121]. Considering all the factors analyzed 
above in relation to the effectiveness of the fiber-matrix adhesion, most of the studies 
recommend treatment of natural fibers to modify the chemical composition and the 
surface chemistry so that the fiber-matrix interface is optimized.

6.  Conclusions perspectives

Geopolymers, offering several advantages such as higher strength, a lower carbon 
footprint, a lighter weight, and increased durability, have emerged as promising 
alternatives to traditional cement-based materials for building and construction 
applications. The important factors determining the synthesis of geopolymers include 
the types of the aluminosilicate sources, synthesis processes, curing conditions, 
setting time, and the reinforcement mechanism, which considerably determine the 
microscopic and macroscopic properties of the composites. In addition to producing 
sustainable building and construction materials in order to meet the state-of-the-art 
in terms of environmental protection, natural fiber reinforcement of geopolymers 
provides meaningful gains in improving their mechanical properties.

Research findings in the last few decades demonstrate that the mechanical, 
thermal, and hydric properties of the natural fiber-reinforced geopolymer composites 
are the most important performance indicators and are strongly dependent on the 
type of reinforcement fiber, content, size, its mechanical properties, and treatment 
conditions, which significantly determine fiber-matrix adhesion intensity and conse-
quently the performance of the composites. Many of the findings reported that flaws 
or defects are common when raw natural fibers are used for geopolymer reinforce-
ment, mainly coming from the poor fiber-matrix adhesion and agglomeration of the 
fibers; this results in composites with increased porosity and cracks deterring their 
performances. Hence, implementing an appropriate treatment of the natural fibers is 
critical to improve the fiber-matrix interfacial adhesion, consequently to enhance the 
mechanical, thermal, and hydric properties of the natural fiber-reinforced geopoly-
mer composites. In this regard, further studies are required to illustrate the economic 
feasibility of applying natural fibers in geopolymers as reinforcement since the fiber 
treatment incurs additional manufacturing costs of the composites. Furthermore, the 
long-term durability, the optimum composition, the optimum processing conditions, 
the appropriate curing conditions, and the tangible environmental gains of natural 
fiber-reinforced geopolymer composites require further studies. Provided that the 
above-mentioned concerns are solved, applications of natural fiber-reinforced geo-
polymer composites present implausible promises as sustainable building materials. 
Hence, it can be concluded that, with continued research and development, natural 
fiber-reinforced geopolymer composites can offer a sustainable and viable alternative 
to traditional building materials in the near future.
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Chapter 4

Foaming Processes and Properties 
of Geopolymer Foam Concrete
Dong Guo, Yun-Lin Liu and Lan-Ping Qian

Abstract

Geopolymer foam concrete (GFC) is created by incorporating pores into geopoly-
mer slurry or mortar. The functional and mechanical properties, such as thermal 
insulation, compressive strength, and density, are influenced by the characteristics of 
the pores and the properties of their walls. In chemically foamed GFC, foaming agents 
mixed with the geopolymer slurry release gases through decomposition or reaction. 
The interaction between the geopolymer and the generated gas during foaming 
determines the pore characteristics. Gas pressure within the pores is influenced by the 
gas generation rate of the foaming agent, while confinement pressure is affected by 
surface tension, viscous resistance, and the weight of the slurry, with viscous resis-
tance being the most significant factor. The foaming process concludes when equilib-
rium is achieved between gas and confinement pressures or when the slurry solidifies. 
Various alkali solutions with Na2O contents ranging from 4–7% and modulus ratios 
from 1.1 to 1.5 were utilized in the mixture design, and the resulting properties 
were compared to assess their effects. The GFC’s density, compressive strength, and 
thermal conductivity ranged from 280.8 to 865.8 kg/m3, 1.10 to 8.13 MPa, and 0.088 
to 0.20 W/(m × K), respectively. Test results indicated that a higher gas generation 
rate and lower slurry viscosity—achieved with increased Na2O content and decreased 
modulus ratio—led to greater porosity, reduced compressive strength, and lower 
thermal conductivity.

Keywords: geopolymer foam concrete (GFC), foaming process, pore characteristics, 
compressive strength, thermal conductivity

1.  Introduction

Foam concrete is extensively utilized in construction due to its advantages over 
conventional concrete, such as reduced density, improved thermal insulation, and 
enhanced explosion resistance [1–5]. These benefits arise from the presence of closed 
pores or voids within the concrete, which are introduced through either chemical or 
physical methods. Traditionally, ordinary Portland cement (OPC) has been used as 
the precursor for foam concrete. However, OPC production is associated with approx-
imately 8% of global anthropogenic CO2 emissions and other environmental pollut-
ants [3, 6]. In response, geopolymer materials have emerged as a more sustainable 
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alternative. Geopolymers offer reduced CO2 emissions and allow the incorporation of 
various industrial by-products, including fly ash (FA) and ground granulated blast 
furnace slag (GGBS), as raw materials [7–9].

Geopolymers are generally made from aluminosilicate precursors, such as metaka-
olin (MK) or fly ash (FA) [10–19], or from calcium aluminosilicate precursors, like 
ground granulated blast furnace slag (GGBS) [20–23], or a combination of these. 
These precursors contain high levels of SiO2, Al2O3, and CaO, and can be activated 
using alkaline solutions, usually consisting of MOH and M2O∙nSiO2 (where M is Na 
or K). Upon geopolymerization, these materials form a disordered alkali aluminosili-
cate gel that encapsulates unreacted precursors and inert minerals [1]. Geopolymer 
materials with well-designed mixture proportions can exhibit mechanical properties 
that are comparable to or exceed those of OPC materials [7, 24, 25]. Additionally, 
geopolymers can be tailored for various strength requirements depending on their 
mix proportions [7, 26].

Geopolymer foam concrete (GFC) is created by incorporating voids into geo-
polymer, and is also named as foam/foamed, cellular, or porous geopolymer [7, 27]. 
Compared to ordinary Portland foam concrete, geopolymers offer higher strength, 
which contributes to lower density and improved thermal insulation at equivalent 
compressive strengths [28, 29]. Additionally, the reduced chemically bound water 
content and more discontinuous gel structures in geopolymer materials further 
enhance the thermal insulation properties of the geopolymer matrix [23]. Moreover, 
the inherent advantages of geopolymer, such as corrosion resistance and strong 
durability [30], are preserved in geopolymer foam concrete [5, 31–33].

Both physical (i.e., mechanical) [16, 17, 22, 23] and chemical methods [10–15, 
18–21] are used to introduce pores into geopolymer foam concrete (GFC). Physical 
methods involve mixing the geopolymer slurry with foam, which is generated by 
machinery, such as the NCT foam generator. In contrast, the chemical foaming 
method mixes the slurry with foaming agents, which release gases through decompo-
sition or reactions with the liquid matrix. Hydrogen peroxide (H2O2) [10–12, 18, 21] 
and aluminum (Al) powder [13–15, 19, 20] are commonly used foaming agents. 
Specifically, H2O2 produces oxygen via the reaction 2H2O2 → 2H2O + O2↑ [34], while 
Al powder generates hydrogen gas through a reaction with hydroxyl ions: 2Al + 2
OH- + 2H2O → 2AlO2- + 3H2↑ [35]. Al powder is efficient in gas generation, with 
1 g (approximately 0.7 mL) of Al powder generating 1.24 L of hydrogen gas. Al is 
abundant, inexpensive (primarily due to electrical energy costs), and lightweight 
[36]. It is also relatively stable under ambient conditions due to its dense oxida-
tion layer, making it easier and safer to store and transport [37]. Moreover, the Al 
hydroxide by-product is environmentally benign [38] and can be incorporated into 
geopolymerization. Some researchers have questioned the reliability of chemical 
foaming methods due to their sensitivity to reaction temperature and curing condi-
tions [39, 40]. However, using Al powder as the foaming agent in geopolymer foam 
concrete mitigates this issue, given the higher hydroxyl concentration in geopolymer 
slurry compared to OPC slurry. Additionally, the chemical foaming method tends to 
produce more regular and reproducible pores compared to physical foaming methods 
[12, 41].

Geopolymer foam concrete (GFC) is a two-phase material consisting of a geopoly-
mer matrix and voids. Consequently, its functional and mechanical properties (e.g., 
thermal conductivity, sound absorption, compressive strength, flexural strength) are 
determined by both the characteristics of matrix (e.g., compressive strength and ther-
mal conductivity) and pores (e.g., porosity, pore size distributions, average pore size, 
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and roundness). Hilal et al. [42] observed a nearly linear relationship between the 
compressive strength of foam concrete and that of the matrix. Additionally, enhanced 
thermal insulation in GFC can be attained by utilizing a matrix material with lower 
thermal conductivity [16]. The properties of the geopolymer matrix are affected by 
factors such as the precursor type, the admixture of the alkaline solution, and curing 
temperature [12]. Important characteristics of the alkaline solution include the Na2O 
content and the silica modulus. Studies have shown that the compressive strength 
of geopolymers increases with Na2O content up to a certain threshold [43, 44]. 
Furthermore, strength enhancements at higher modulus ratios have been reported 
[45]. This improvement is attributed to reduced porosity and a more compact micro-
structure, resulting from a more condensed and polymerized C-S-H gel structure. 
However, strength enhancement may plateau or decrease when the modulus ratio 
exceeds a critical value [43, 45–48], which is influenced by the mineralogical compo-
sition of the precursors [47] and the Na2O content [48].

The functional and mechanical properties of GFC are also affected by pore 
characteristics, such as porosity, average pore size, and shape factor (roundness). 
Specifically, increased porosity and larger pore sizes typically result in lower density 
and reduced compressive strength [16, 19, 42, 49]. Moreover, higher porosity is 
typically associated with lower thermal conductivity [16], though the relationship 
between pore size and thermal conductivity is less clear. Shao et al. [16] found that 
smaller pore sizes contribute to lower thermal conductivity, but excessively reducing 
the pore size can impair thermal insulation performance. Additionally, irregular pore 
shapes, which may result from squeezing of the geopolymer slurry [49] or the pres-
ence of through-holes, negatively affect both the strength and temperature insulation 
of GFC [16]. The degree of irregularity can be quantified by roundness, which is 
calculated as the ratio of the perimeter squared to the sectional area multiplied by 4π 
(i.e., roundness = perimeter2/(4π × Area)).

Pore characteristics are shaped by the interaction between pores and the geopoly-
mer slurry during the casting/foaming process. The internal forces acting on physi-
cally foamed concrete have been analyzed in previous studies [40, 49, 50] to prevent 
the collapse of GFC. Physically foamed bubbles are subjected to buoyancy, viscous 
resistance, and gravity (i.e., drainage force [50]). The imbalance between gravity and 
buoyancy causes bubbles to move vertically, resulting in a nonuniform distribution 
of bubble size along the height. In extreme cases, bubble volume and buoyancy may 
increase significantly due to the rupture of slurry walls and coalescence of smaller 
bubbles, until the bubbles rise to the surface and burst. Excessive gas escape from 
GFC can cause structural collapse [50, 51], making pore coalescence undesirable in 
physically foamed GFC. Hao et al. [40] proposed requirements for slurry properties to 
mitigate this issue.

In addition to discussing the preparation techniques and macroscopic properties 
of GFC, this chapter also explores the relationship between pore characteristics and 
macroscopic properties. It further investigates the interaction between binder and 
chemically produced gas during the foaming process, which at last determines the 
final pore structures and macroscopic properties of the GFC.

2.  Foaming process

Figure 1 schematically demonstrates the forces applied on a single pore 
in chemically foamed GFC. Unlike physically foamed concrete, the pores in 



Advances in Geopolymers

66

chemically foamed GFC are generated by gases released from the foaming agent 
upon mixing with the slurry. The pores within GFC are subject to both internal gas 
pressure, determined by the extent of the Al powder reaction, and confinement 
force, which is influenced by the slurry’s rheology [40, 51, 52]. Initially, the gas 
pressure exceeds the confinement force, causing the pore volume to expand. As 
this occurs, the slurry walls surrounding the pores thin, promoting the coalescence 
of pores, as depicted in Figure 2.

The expansion and coalescence of pores, as illustrated in Figure 2, are driven 
by the internal gas pressure within the pores and the pressure difference between 
adjacent pores. These processes are restrained by the confinement forces, including 
surface tension, viscosity resistance, and gravity of the slurry [40, 51, 52]. Among 
these, viscosity resistance, resulting from the movement of slurry during pore expan-
sion and coalescence, is the dominant factor. The rate of gas formation reduces as 
the increases of Al powder reaction degree. The rheology of the slurry is influenced 
by the mixture proportions and the geopolymerization level. The foaming process 
concludes after achieving the equilibrium between the gas pressure and the surround-
ing confinement forces, or when the slurry hardens [50].

Figure 1. 
Force analysis of a single pore during the foaming process.

Figure 2. 
Expand and coalescence of the pores.
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In the former case, the geopolymerization degree of the geopolymer does not 
change significantly before reaching the aforementioned equilibrium. Then, the 
foaming process ends when the gas generation rate of the foaming agents reduces. 
While the gas generation rate can be significantly affected by the concentration 
of OH- in the geopolymer. Additionally, the rheological properties of geopolymer, 
including plastic viscosity and yield stress, are interrelated [53] and arise from 
the flocculation of particles, which involves Walls, electrostatic forces, colloidal, 
and contact interactions [54, 55]. As reported in previous studies, the rheologi-
cal properties of geopolymer slurries can be modified by using different alkaline 
solutions (e.g., Na2O content [53] and modulus ratio [56]). Additionally, the 
surface tension of geopolymer can be significantly influenced by the presence of 
surfactant [50].

In the latter case, the foaming process concludes when the geopolymer matrix 
reaches sufficient strength, making the efficiency of the foaming process dependent 
on the balance between the gas formation rate and the binder’s reaction rate [57]. If 
the slurry sets too quickly, the subsequent expansion of pores due to the gas genera-
tion is restricted, resulting in lower porosity in the GFC. Conversely, a lower setting 
rate can lead to ultra-high porosity and potential structural instability [58, 59]. In this 
case, the variation of rheological properties of the geopolymer should be considered 
to optimize pore characteristics. In the initial stage, the reaction mainly includes dis-
solution, gelation, and polymerization. Their reaction rates can be modified by using 
alkaline activators with different Na2O contents and modulus ratios [60], as well as 
different precursor types [7].

Based on the above, the gas generation rates, rheological properties of the geopoly-
mer, and reaction rate determine the foaming kinetics of the GFC and are influenced 
by the admixture design of the alkaline solution (i.e., Na2O content and modulus 
ratio). Therefore, the effects of alkaline solutions on the foaming mechanism, pore 
characteristics, and macroscopic properties of geopolymer foam concrete will be 
discussed in the subsequent sections.

3.  Experimental program

3.1  Materials

Class F fly ash (FA) from Henan Yulian Energy Co. Ltd. and ground granulated 
blast furnace slag (GGBS) from Tangshan Iron and Steel Co. Ltd. were used as precur-
sors for the geopolymer matrix. The D50 (median particle diameters) of FA, GGBS, 
and Al powder were measured as 14.2 μm, 11.1 μm, and 2.68 μm. Additionally, the 
specific surface areas of FA and GGBS were 2.38 m2/g and 1.34 m2/g, respectively. The 
particle size distributions of FA, GGBS, and Al powder were measured using BET 
method and are shown in Figure 3. The chemical compositions of FA and GGBS were 
analyzed using X-ray fluorescence (XRF) and are presented in Table 1.

The water glass used as the alkaline activator had a modulus ratio of 2.25 and a 
concentration of 50°Bé, containing 29.9% SiO2 and 13.75% Na2O. The modulus of the 
alkaline activator varies within the range of 1.1 to 1.5. The modulus ratio was adjusted 
by adding sodium hydroxide (NaOH) flakes with a purity of 98%. Calcium stearate, 
an anionic surfactant known for its foam-stabilizing properties due to its two hydro-
phobic non-polar long chains [61, 62], was added. The calcium stearate used had a 
purity greater than 99.7%.
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Table 2 presents the mixture compositions of the specimens. In the first specimen 
series (numbered 1 to 4), the modulus ratio was maintained at 1.5, while the Na2O 
contents varies from 4–7%. In the second specimen series (numbered 5 to 9), the 
Na2O content was held constant at 5%, while the modulus ratios varied from 1.1 to 1.5.

No. FA 
(g)

GGBS 
(g)

Water 
(g)

NaOH 
(g)

Water 
glass (g)

Al 
(g)

Calcium 
stearate (g)

Na2O 
content (%)

Modulus 
ratio

1 30 70 33.30 1.80 19.36 0.30 0.10 4 1.5

2 30 70 31.50 2.25 24.20 0.30 0.10 5 1.5

3 30 70 30.00 2.70 29.04 0.30 0.10 6 1.5

4 30 70 28.30 3.15 33.88 0.30 0.10 7 1.5

5 30 70 34.80 3.39 17.90 0.30 0.10 5 1.1

6 30 70 34.00 3.10 19.50 0.30 0.10 5 1.2

7 30 70 33.20 2.79 21.20 0.30 0.10 5 1.3

8 30 70 32.20 2.54 22.80 0.30 0.10 5 1.4

9(2) 30 70 31.50 2.25 24.20 0.30 0.10 5 1.5

Note: Mixing No. 9(2) means the No. 9 mixture design is identical to the No. 2 mixture design.

Table 2. 
Mixture compositions.

Figure 3. 
The cumulative curves of FA, GGBS, and Al powder.

SiO2 Al2O3 CaO Fe2O3 K2O MgO TiO2 SO3 Na2O

FA 54.97 33.9 3.38 2.05 1.46 1.11 1.02 0.891 0.556

GGBS 31.24 16.92 39.41 — 0.354 7.97 1.19 1.45 —

Table 1. 
Chemical compositions of FA and GGBS by XRF (%).
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3.2  Preparation of specimens

Figure 4 demonstrates the casting procedure of specimens. Initially, NaOH flakes are 
dissolved in water to create NaOH solution, which is then cooled in an alkali-proof con-
tainer to mitigate accelerated reactions caused by the exothermic nature of NaOH [63]. To 
maintain its effectiveness, the NaOH solution should be used within 24 hours. In the next 
step, the NaOH solution was mixed with a water glass to prepare the alkaline activator. 
Concurrently, the Al powder suspension is created by mixing Al powder with water.

During the mixing process, the dry ingredients (e.g., FA, GGBS, and calcium 
stearate) are first blended for 2 minutes. Afterward, the alkaline activator is added 
and mixed for about 90 seconds. Next, the aluminum powder suspension is poured 
into the mixer. Finally, the mixture is mixed at a rate of 1200 r/min for 30 seconds and 
poured into a mold to a depth of 1/2. The outer surface is covered with cling film to 
prevent cracking caused by moisture evaporation, and the mixture is cured at room 
temperature for 24 hours. After demoulding, the specimens are transferred to a cur-
ing chamber maintained at 20°C and 95% humidity.

3.3  Test methods

The duration of the foaming process was determined based on the volume varia-
tion of GFC, which was measured using a graduated cylinder shown in Figure 5. 
After the stirring in mixer, the slurry was immediately poured into the cylinder. The 
initial volume of GFC was set as 20 mL. Then, the variation of volume was recorded 
at 10-second intervals.

Cubic GFC specimens (40 mm × 40 mm × 40 mm) were prepared for testing the 
compressive strength in accordance with ASTM C1329 [64]. Then, the dry density of 
GFC was calculated by the weight of fully dried specimens dividing their dimensions, 
as specified in ASTM C1329 [64]. Additionally, cubic specimens with dimensions of 
100 mm × 100 mm × 100 mm were prepared for each mixture composition to obtain 
cross-sectional images and analyze pore characteristics.

Thermal conductivity was tested using 300 mm × 300 mm × 30 mm specimens, 
following GB/T 10294–2008 [65], with a heat flow meter apparatus (DD300F-D15 

Figure 4. 
Preparation of GFC.
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Figure 6. 
Microscopic images of GFC: (a) before processing; and (b) after processing.

from Foreda, China). During the test, the hot plate (35°C) and cold plate (15°C) were 
placed on opposite surfaces of the specimen. The thermal conductivity was measured 
in a steady state after approximately 2 hours of testing.

Pore structures of the GFC specimens were tested on fully cured specimens after dry-
ing at 60°C for one day. The samples were vertically cut from the pouring surface to the 
bottom using a saw. The cross-section images were then captured using a 3R-MSUSB401 
(Anyty, Japan) optical microscope, as shown in Figure 6a. The roundness and size 

Figure 5. 
Measurement of GFC volume.
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distribution of the pores were then determined using image analysis software (Image Pro 
Plus 6.0) [21, 22]. Figure 6b shows the processed cross-section image. In this study, the 
smallest discernible pore size was 6.8 μm, which is comparable to the objective macro-
scopic scale pores (approximately 5.6 μm) in other studies on GFC [57].

Figure 7 shows the NDJ-5S rotational viscometer (Roweeltec, Shanghai, China), 
which was adopted for measuring the viscosity of the slurry. The tests were conducted 
with a 3# stirrer (covering a maximum measurement range from 0 to 20,000 MPa·s) 
and at a speed of 6 rpm. Each test required three minutes, and viscosity variations 
during the foaming process were recorded at five-minute intervals.

During the geopolymerization reaction, hydrogen was generated from the reac-
tion between aluminum powder and the alkaline activator. The volume of hydrogen 

Figure 7. 
Rotational viscometer.

Figure 8. 
Gas generation meter (a) photo; and (b) schematic.
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was measured using a gas generation meter (Onway, Shanghai, China), as shown in 
Figure 8, in accordance with JC/T 407–2008 [66]. The gas was produced in a sealed 
beaker and transferred to the water level meter (a slim measuring cylinder) through 
gas pipes. To prevent the high temperature of the hydrogen gas from affecting the 
measuring water, a constant-temperature water tank was used.

Before testing, the measuring water was added to the water level meter, and the 
measuring cylinder was placed at the same level. The hydrogen gas was generated 
once the Al powder was added to the sealed beaker. The gas in the pipe then pushes 
the meter water (shown as blue liquid in the figure) down in the slim measuring 
cylinder and up in the stout measuring cylinder. Ultimately, the volume of hydrogen 
was determined by the change in water levels in the slim measuring cylinder. During 
this test, the temperatures of the hydrogen and meter water were maintained at 40°C 
using temperature-controlled water (green liquid in the figure).

4.  Results and discussion

4.1  Effect of the Na2O content

Figure 9 shows cross-sectional photos of the GFC with Na2O contents of 4% and 
7%, respectively. The dimensions of the section are 100 mm × 100 mm. The images 
reveal that the pores are spherical and uniformly distributed throughout the height 
of the specimen, indicating excellent foam quality. Additionally, the pore sizes are 
noticeably larger at higher Na2O content compared to lower Na2O content.

4.1.1  Effect of Na2O content during the foaming process

Figure 10 illustrates the change in GFC volume during the foaming process, with 
volumes normalized to the initial 20 mL. The volume of GFC increased continuously 
throughout the foaming process and gradually reached a maximum value. It is evident 

Figure 9. 
Cross-section images of the GFC with Na2O contents of: (a) 4%; and (b) 7%.
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that at higher Na2O contents, the foaming durations were generally longer, resulting 
in higher final volumes. This indicates that gas generation efficiency improved with 
higher Na2O content. Specifically, the final volume of GFC with 7% Na2O content 
(766 mL) was approximately 2.5 times greater than that with 4% Na2O content 
(310 mL).

Figure 11 shows the variations in gas volume measured by the gas meter 
(Figure 8) at different Na2O contents. The gas volume increase rate at higher Na2O 
content (7%) was slightly higher than at lower Na2O content (4%), likely because Al 
particles had a greater chance of reacting with free OH−. Additionally, the difference 
in the final gas volume at varying Na2O contents was much smaller than the difference 
observed in GFC volumes. According to Bernoulli’s principle, the air pressure inside 
the pores at higher Na2O content should be higher, which can be attributed to the 
differing rheological properties of the slurry.

Figure 12 shows the viscosity variations of the geopolymer slurry over 20 minutes 
after mixing, at different Na2O contents. The viscosities of most slurries remained 

Figure 10. 
The volume increase history of GFC at different Na2O contents.

Figure 11. 
The gas volume increase history at different Na2O contents.
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stable and low during the first 15 minutes, facilitating pipe transportation [58]. 
However, viscosities increased significantly from 15 to 20 minutes. When viscosity 
exceeded 10,000 MPa·s, the slurry’s fluidity was greatly reduced, making further 
foaming impossible. According to Figures 10 and 12, foaming processes were gen-
erally completed within 5 minutes of mixing, with slurries maintaining relatively 
invariant viscosities. Therefore, the foaming process was ended after the balance 
between gas pressure and confinement pressure was achieved (as discussed in the 
introduction), rather than the setting of the slurry.

During the first 15 minutes, the slurry with higher Na2O content exhibited lower 
viscosity. This can be attributed to the higher dispersion of geopolymer grains, such 
as amorphous silica and alumina [43, 53]. The increased Na2O content created a 
higher pH environment, which enhanced the dissolution of FA and GGBS grains [67]. 
The greater dissolution of aluminate and silicate altered particle geometry and Zeta 
potential, reducing particle flocculation and improving the rheological properties of 
the geopolymer slurry [53].

Additionally, the viscosity of geopolymer slurry decreased from 5799 MPa·s to 
3949 MPa·s as Na2O content increased from 5–6%. However, the decrease rate was 
lower (11.8%, from 3949 MPa·s to 3482 MPa·s) as Na2O content rose from 6–7%. This 
lower decrease rate can be attributed to the limited dissolution of silica and alumina 
from FA due to the precipitation of geopolymer gels on FA particle surfaces [43].

Moreover, the dissolution of silica and alumina from the raw materials is more 
extensive at higher Na2O content, which accelerated geopolymer synthesis and 
increased the amount of synthesis products [43, 68] and led to a significant viscosity 
increase after the initial 15 minutes. While the specimens at lower Na2O content, i.e., 
3%, were also prepared but exhibited significantly lower early-stage (1 day) strengths 
due to incomplete geopolymerization, resulting in demoulding failures.

4.1.2  Effect of Na2O content on the properties of GFC

Figure 13 shows the pore characteristics of GFC at different Na2O contents. At 4% 
Na2O content, most pores (75%) were in the range of 200 to 400 μm, with an average 
pore size of approximately 328 μm. In contrast, at 7% Na2O content, 69% of the pores 

Figure 12. 
Variation of viscosity of geopolymer slurry at different Na2O contents.
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were larger than 1000 μm, with an average pore size of 1105 μm. As shown in Figure 13b, 
both porosity and average pore size increased with Na2O content. This enhancement 
in pore expansion and coalescence during the foaming process is attributed to the 
lower slurry viscosity (Figure 12) and higher gas generation rate (Figure 11) [51, 52]. 
Additionally, higher Na2O content resulted in increased pore roundness, indicating more 
regular (spherical) pore shapes. Previous studies have shown that pore roundness is 
related to porosity, with higher porosity leading to greater pore merging and irregular-
ity [49]. Compared to physically foamed concrete using a similar approach, chemically 
foamed concrete exhibited smaller roundness magnitudes even with larger average pore 
sizes [49], demonstrating superior pore quality.

Figure 14 illustrates the variation in the properties of hardened GFC at different 
Na2O contents. It can be seen that GFC with higher porosity and larger average pore 
sizes exhibited lower dry density and thermal conductivity, which can be traced back 
to the increased porosity and average pore size at higher Na2O content. In addition, 
as Na2O content increased from 4–7%, the dry density and thermal conductivity 
decreased by 61.7% and 56%, respectively, as shown in Figure 14a.

Previous studies have shown that compressive strength in geopolymer paste 
tends to either increase monotonically or first increase and then decrease with ris-
ing Na2O content within a specific range [43, 69], primarily due to higher reaction 
rates of FA and enhanced formation of N-A-S-H gels [70]. However, in the case of 
GFC specimens, the compressive strength decreased consistently as Na2O content 
increased from 4–7%, dropping from 8.13 MPa to 1.10 MPa at 28 days (Figure 14b). 
These results suggest that pore characteristics significantly influence the compressive 
strength of GFC. The higher compressive strength of GFC can be achieved at thicker 
geopolymer paste walls between pores, which was achieved at lower Na2O content, 
higher slurry viscosity (Figure 12), and lower gas generation rate (Figure 11) [16].

4.2  Effect of modulus ratio

Figure 15 compares the cross-sectional images of GFC specimens with different 
modulus ratios but identical Na2O contents. It is evident that the pore dimensions and 
porosity are significantly higher at a lower modulus ratio (1.1, shown in Figure 15a) 
compared to a higher modulus ratio (1.5, shown in Figure 15b).

Figure 13. 
Pore characteristics: (a) pore size distribution; and (b) porosity, average pore size, and roundness of GFC at 
different Na2O contents.
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4.2.1  Effect of modulus ratio during the foaming process

Figure 16 illustrates the variations in GFC volume during the foaming process. It 
can be generally seen that the quicker volume increase rate and higher volume of GFC 
were achieved at a lower modulus ratio. For instance, the GFC with a modulus ratio 
of 1.1 achieved its ultimate volume in 2.0 minutes, while the GFC with a modulus 
ratio of 1.5 took about 3.3 minutes to reach its ultimate volume. Additionally, the final 
volume of GFC with a modulus ratio of 1.1 was about 1.33 times greater than that with 
a modulus ratio of 1.5. These differences in increase rates and final volumes can be 
attributed to variations in gas generation rates and the rheological properties of the 
geopolymer slurry.

Figure 17 shows the measured variations in gas volume using the gas meter 
(Figure 8) at different modulus ratios. It is clear that the alkaline activator with a 
modulus ratio of 1.1 facilitated a significantly higher gas generation rate than that 

Figure 14. 
Effect of Na2O content on the (a) density and thermal conductivity; and (b) compressive strength of GFC.

Figure 15. 
Cross-section images of the GFC specimens with modulus ratios of (a) 1.1; and (b) 1.5.
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at a modulus ratio of 1.5, along with a final gas volume that was 1.21 times greater 
(109 mL compared to 90 mL).

Figure 18 shows the variations in slurry viscosities at different modulus ratios. 
Similar to the results observed at different Na2O contents (Figure 12), the slurry viscosi-
ties increased at a slower rate within the first 15 minutes after stirring. Additionally, 
Figure 18 indicates that the viscosity of the slurry was higher at higher modulus ratios. 
This phenomenon can be attributed to the increased content of silicate ions in the slurry 
at higher modulus ratios, which enhanced the reactions with calcium ions and facilitated 
the formation of primary C-S-H. The C-S-H deposits among the GGBS grains increased 
interactions between the grains, resulting in higher viscosity [71].

4.2.2  Effect of modulus ratio on properties of GFC

Figure 19 shows the resultant pore characteristics at different modulus ratios. 
The GFC with modulus ratios ranging from 1.2 to 1.4 exhibited dimensions of pores 

Figure 16. 
Variation of GFC volume at different modulus ratios.

Figure 17. 
Variations of gas volumes at different modulus ratios.
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ranging from 600 to 800 μm. In contrast, the GFC with a modulus ratio of 1.5 exhib-
ited up to 57% smaller pores (400 to 600 μm). Additionally, as the modulus ratio 
increased from 1.1 to 1.5, the average pore size and porosity of GFC decreased by 4.1% 
and 21.0%, respectively (Figure 19b). The reduced pore size and pore roundness at 
higher modulus ratios can be attributed to the enhanced slurry viscosity (Figure 18) 
and reduced gas generation rate of aluminum powder (Figure 17).

Figure 20 illustrates the effect of modulus ratio on the properties of hardened 
GFC. The density of GFC increased from 358.8 kg/m3 at a modulus ratio of 1.1 
to 542.1 kg/m3 at a modulus ratio of 1.5. Similarly, the thermal conductivity rose 
from 0.115 W/(m·K) to 0.16 W/(m·K) over the same modulus ratios. In addi-
tion, the compressive strength of GFC increased from 2.43 MPa to 4.79 MPa, as 
the modulus ratio increased from 1.1 to 1.5 (Figure 20b). Previous studies have 
reported increased compressive strength in geopolymer pastes with higher modu-
lus ratios due to increased soluble Si ion concentrations facilitating greater silicate 

Figure 18. 
Variations of GFC viscosities at different modulus ratios.

Figure 19. 
Pore characteristics of GFC: (a) pore size distribution; and (b) porosity, average pore size, and roundness at 
different modulus ratios.
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polymerization [45]. However, the increased strength should be primarily attrib-
uted to the thicker barriers between pores inside GFC, which is due to the lower 
viscosity of geopolymer.

5.  Conclusions

This paper presents the preparation and characterization of geopolymer foam 
concrete (GFC). It examines the variation of rheological properties and the gas genera-
tion rate during the foaming process at different Na2O contents and modulus ratios. 
Subsequently, the resultant pore characteristics and macroscopic properties were 
analyzed. Based on the experimental findings, the following conclusions can be drawn:

1. Geopolymer foam concretes with Na2O contents ranging from 4–7% and modu-
lus ratios between 1.1 and 1.5 were successfully prepared, demonstrating dry 
densities from 280.8 kg/m3 to 865.8 kg/m3 and compressive strengths between 
1.10 MPa and 8.13 MPa.

2. The variation in macroscopic properties of GFC, including dry density, thermal 
conductivity, and compressive strength, can be traced back to the variation in 
the pore characteristics.

3. Pore characteristics are influenced by the gas generation rate and the rheological 
properties of the geopolymer slurry during the foaming stage. GFC with higher 
porosity and larger average pore sizes can be produced at lower geopolymer vis-
cosity and higher gas generation rates.

4. Higher Na2O content and lower modulus ratios result in lower thermal conduc-
tivity and compressive strength of GFC, attributed to increased gas formation 
rates and lower slurry viscosity.

5. The effect of the activator on the compressive strength of GFC is primarily due 
to changes in pore characteristics rather than the strength of the geopolymer 
matrix.

Figure 20. 
The variation of properties of GFC: (a). thermal conductivity and dry density; and (b). compressive strength at 
various silica modulus.
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Chapter 5

Perspective Chapter: Performance 
of Geopolymer-Based Coating for 
Protection of Concrete Surface after 
Coupling Effect of Wetting-Drying 
Cycles and Seawater
Pavlo Kryvenko, Igor Rudenko and Oleksandr Konstantynovskyi

Abstract

In marine structures, the risk of degradation of both the concrete structure and 
the initiation of corrosion of steel reinforcement is precisely caused by the periodicity 
of wetting in seawater and drying under the influence of atmospheric CO2. To protect 
reinforced concrete from the influence of the mentioned ions under coupling expo-
sure classes XS3 and XC4, a coating based on geopolymer of the formula (0,2K2O + 
0,8Na2O)·4,5SiO2·Al2O3·nH2O was designed. The effect of the wastes and industrial 
by-products as the modifying additives on the acceleration of the synthesis of water-
resistant zeolite-like matrices of geopolymer at normal temperatures (t = 20 ± 2°C) 
was studied. The water resistance coefficient of the geopolymer-based mortars was 
the highest (> 0.9) for both the slaked lime (Ca(OH)2) and aluminum fluoride (AlF3) 
modifications. The effectiveness of geopolymer-based coatings was confirmed by 
acceptable changes in water absorption (≤ 1 kg/m2) and adhesion (≤ 23%) after 
50 cycles and 200 cycles of wetting in seawater and further drying at t = 105 ± 2°C. 
Diffusion permeability of Cl−, SO4

2−-ions into the coatings was to a depth of no more 
than 1…2 mm, and the coating’s thickness ≥ 2 mm was determined as appropriate 
value.

Keywords: aggressive ions, binding, coating, diffusion, permeability, geopolymer, 
modifying additive, seawater, water resistance, wetting-drying cycles

1.  Introduction

To increase the durability of building structures, especially under the effect of 
aggressive environments, is current global trend in modern materials science [1, 2]. 
Reinforced concrete structures operating in seawater (berths, piers, coast-protecting 
structures, dams, etc.) require special attention to their durability [3]. This is caused 
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by the degradation of concrete and the corrosion of steel reinforcement under the 
action of chlorides (NaCl, MgCl2, CaCl2, and KCl) and sulfates (MgSO4 and CaSO4), 
the main constituents of seawater [4].

1.1 The effect of seawater

The interaction of SO4
2−-ions with portlandite Ca(OH)2 and calcium hydroalu-

minates leads to the formation of gypsum CaSO4⋅2H2O and secondary ettringite 
3CaO⋅Al2O3⋅3CaSO4⋅32H2O [5]. The increased chloride content in the pore solution 
causes the formation of phases like calcium oxychlorides xCa(OH)2·yCaCl2·zH2O 
through the reaction with portlandite [6]. The crystallization pressure of these phases 
in micropores can result in concrete degradation [5, 7].

Moreover, the formation of magnesium hydrosilicate M-S-H is possible as a result 
of a cation exchange reaction with MgCl2, replacing Ca2+-ion with Mg2+-ion in calcium 
hydrosilicates [8]. The decalcification of hydrosilicates causes the degradation of 
cement stone.

Aggressive seawater ions can also initiate corrosion of steel reinforcement [9]. 
Thus, Cl−-ions cause pitting corrosion of steel rebar [10, 11]. Sulfate ions do not cause 
immediate depassivation of steel reinforcement but determine the formation of hydro-
gen sulfide H2S, which catalyzes the oxidation (carbonation) of hydrate phases [12].

1.2 Effect of exposure zones

The marine structures are subject to different exposure classes [13]:

• XS1 (exposed to airborne salt but not in direct contact with seawater)—atmo-
spheric zone.

• XS2 (permanently submerged)—submerged zone.

• the combination of exposure classes XS3 (periodical effect of seawater or air con-
taining aerosols of seawater) and XC4 (effect of carbon dioxide while periodical 
contact with water)—splash and tidal zones.

In the atmospheric zone of marine structures, corrosion of steel reinforcement 
caused by airborne chloride is the prevailing degradation mechanism compared to one 
caused by carbonization [14]. The risk of deterioration of reinforced concrete struc-
tures is lowest at exposure class XS1 and can occur due to salt crystallization.

In the submerged zone, the permeability of the concrete is determined by 
diffusion, and is the most important performance than that of the strength [15]. 
The degradation of concrete under exposure class XS2 is caused by individual and 
combined effects of chemicals, mainly chlorides and sulfates, leaching of port-
landite Ca(OH)2, etc. [4].

Reinforced concrete structures in splash zone and tidal zone are exposed to the 
most aggressive effect with combination of exposure classes XC4 and XS3. The trans-
port of Cl−-ions into the concrete occurs under cyclic wetting in seawater, and drying 
under the influence of atmospheric CO2 (further, wetting-drying cycles) is higher 
than the full immersion in submerged zone [16]. An increase in the transport of 
Cl−-ions into concrete under wetting-drying cycles is due to the following processes: 
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(1) sorption under wetting; (2) diffusion after evaporation of water under drying; 
and (3) capillary absorption under subsequent wetting [17].

Wetting-drying cycles also accelerate the transport of SO42−-ions into concrete 
through capillary adsorption and diffusion [4]. At the same time, sulfate salts are 
crystallized like needle-like crystals of thenardite Na2SO4 and mirabilite Na2SO4⋅10H2O 
[18]. These phases exert pressure in the micropores, causing concrete degradation [19].

Wetting-drying cycles also increase the destructive effect caused by the carbon-
ation. Accelerated capillary absorption of CO3

2−-ions under wetting-drying cycles 
and their direct penetration into the concrete during the drying period caused this 
phenomenon [20].

The combined effect of seawater chlorides and carbonation on reinforced con-
crete causes the complex of physical and chemical processes [21]. The carbonation 
can be accelerated in the presence of chlorides [22]. In turn, carbonation promotes 
the release of Cl−-ions into the pore solution, which have already been bound by gel 
phases (chemisorption) and layered double hydroxides [23, 24]. This effect causes 
increased transport of Cl−-ions into the concrete.

There is therefore a need for effective means of protecting marine structures 
used under wetting-drying cycles from the transport of aggressive ions (Cl−, SO4

2−, 
and CO3

2−).

1.3 The protection of marine structures

Nowadays, there is a row of means to limit the transport of aggressive ions from 
aggressive environment into concrete.

The means for the primary protection of concrete are well known. For example, 
densification of the concrete structure using supplementary materials like ground 
granulated blast furnace slag, fly ash, microsilica, etc. [25, 26] or surfactants [27] 
reduces the permeability. The binding of Cl− and SO4

2−-ions in synthesized AFm-
phases (i.e., Friedel’s salt 3CaO·Al2O3·CaCl2(SO4)·10H2O and Kuzel’s salt 3CaO⋅Al2O3⋅0,
5CaCl2⋅0,5SO4⋅10H2O) is another mean to limit their transport [28].

However, the secondary (surface) protection of concrete is a more cost-effective 
solution for already constructed structures [29]. Depending upon its chemical nature, 
protective coatings can be organic and inorganic [30]. The main disadvantage of 
organic coatings applied in a thin layer (100…400 microns) is the decrease in service 
life under the action of ultraviolet radiation [31].

Portland cement modified with polymer additives (acrylic, epoxy, or polyure-
thane) is widespread among inorganic coatings [32]. Compared to organic coatings, 
such coatings have higher performance properties and greater resistance to ultraviolet 
radiation, but they are very expensive [33].

1.4 Coatings based on geopolymer

Inorganic coatings based on geopolymers (further, geopolymer-based coatings) to 
protect concrete from the effects of aggressive environments are well known [34, 35]. 
The increased durability and high protective performances of geopolymer-based 
coatings are due to the formation of analogs to natural minerals such as zeolites and 
feldspathoids in the reaction products [36]. To limit the transport of aggressive ions 
due to the binding by formed zeolite-like matrices allows us to predict the efficiency 



Advances in Geopolymers

90

of geopolymer-based coatings to prevent concrete degradation and to ensure the pas-
sive state of the steel reinforcement.

The main limiting factor in the use of geopolymer-based protective coatings is the 
need to provide elevated temperatures (>40°C) for their hardening to obtain a water-
resistant artificial stone with the phases represented by zeolite-like minerals [37]. 
The synthesis of water-resistant zeolite-like phases (gismondine CaSi2Al2O8·4H2O, 
thompsonite NaSi5Al5O20·6H2O, and heulandite Na(K)6Si27Al36O72·24H2O) in the reac-
tion products of geopolymer-based coating at normal temperatures (t = 20 ± 2°C) was 
shown due to optimizing the ratio of oxides in the Na2O-K2O-Al2O3-SiO2-H2O system 
and application of calcium-containing modifiers (lime, Portland cement, ground 
granulated blast furnace slag) [38]. The geopolymer-based coating is characterized 
by high protective performances against sulfate environments [39]. The mitiga-
tion of the negative effect of these environments on concrete has been explained 
by chemisorption and chemical binding of aggressive SO4

2− ions by the zeolite-like 
phases such as nosean Na8(Al6Si6O24)(SO4)·H2O, biachellaite (Na,Ca,K)8(Si6Al6O24)
(SO4)2(OH)0.5·H2O, and cancrinite (Na,Ca)8(Al6Si6)O24(CO3,SO4)2·2H2O, with an 
increased crystallinity [38].

The above-mentioned water-resistant zeolite-like matrices can also bind Cl− and 
CO3

2−-ions. The formation of zeolite-like phases, such as sodalite Na8(Al6Si6O24)Cl2, 
sarcolite Na4Ca12Al8Si12O46(SiO4,PO4)(OH,H2O)4(CO3,Cl), chabazite (Al2CaCl2O8Si2), 
and marinellite Na42Ca6Al36Si36O144(SO4)8Cl2·6H2O, is due to the binding of these 
aggressive ions [40, 41].

1.5 Choice of modifying additives

A promising area is the search for modifying additives that can contribute to the 
synthesis of water-resistant zeolite-like matrices of geopolymer-based coatings at 
normal temperatures as an alternative to Ca-containing additives. These substances 
can be used either by themselves or in the composition of by-products and production 
wastes.

The feasibility of incorporation of metals (i.e., Al3+, Fe3+, and Mg2+) into the zeolite 
framework has been shown [42, 43]. This phenomenon makes it advisable to choose 
substances containing metals as effective modifiers: a by-product of phosphatic fertil-
izers production (further, AlF3 production waste) (content of AlF3·3.5H2O—32.05% 
by mass, SiO2·nH2O—60.54% by mass) [44]; Fe-containing waste from galvanic 
wastewater treatment by ferritization method (content of Fe2O3— ≥ 30.0% by mass) 
[45, 46]; zeolitic by-product of the oil industry (content Al2O3— ≤ 50.0% by mass) 
[47]; red mud, by-product of technology to purify bauxite and produce alumina 
(content Al2O3 + Fe2O3— ≥ 60.0% by mass) [48].

Salts are another type of substance that can be an effective modifying additive of 
geopolymer-based coatings. The ability of zeolites to incorporate SO4

2−, Cl−, CO3
2−, 

and PO4
2−-ions as a result of exchange reactions explains this thesis [38, 40, 41].

1.6 Estimation of durability

The subject of the discussions is to estimate the durability of geopolymer-based 
coatings under the action of the mentioned aggressive factors. It is well known that 
methods of accelerated carbonation are used to determine the atmospheric CO2 
action in the experimentally available period of time [49]. However, there is a dif-
ference in the estimation of accelerated and natural carbonation for alkali-activated 
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materials [50]. Furthermore, in the case of accelerated carbonation, it is difficult to 
simulate drying-wetting cycles that actually affect the structures [51].

The absence of portlandite and the high alkalinity of the solution make the 
hydration products of alkali-activated materials extremely sensitive to acceler-
ated carbonization [52]. Changes in natrone (Na2CO3⋅10H2O)/nahcolite (NaHCO3) 
equilibria under accelerated carbonization can also lead to an increase in CO2 
permeability due to the lower molecular volume of sodium bicarbonate compared to 
carbonate [53].

The above results can predict the efficiency of the geopolymer-based coating for 
improved protection of reinforced concrete against the transport of aggressive ions 
under wetting-drying cycles. The acceleration of the formation of the water-resistant 
zeolite-like matrices by the use of modifying additives can result in the limitation 
of the transport of aggressive ions (Cl−, SO4

2−, and CO3
2−) in concrete due to their 

chemisorption and chemical binding. A realistic assessment of the proposed decision 
requires an objective method to evaluate the aggressive effect of the environment with 
a combination of exposure classes XS3 and XC4 on reinforcement structure.

Therefore, the aim of the paper is to evaluate the efficiency of concrete protection 
under wetting-drying cycles by the coating based on geopolymer with the formula  
(0.2K2O + 0.8Na2O)·4.5SiO2·Al2O3·nH2O through changes in performances due to salts, 
metal oxide and zeolite as modifying additives, which cause the synthesis of water 
resistance zeolite-like matrices at the normal temperatures.

2.  Materials and testing techniques

2.1 Raw materials and mix design

Geopolymer with the following oxide composition (0.8Na2O + 0.2K2O)⋅Al2O3⋅4.5Si
O2⋅nH2O was used in the design of the coatings.

The major components of the geopolymer were:

• Metakaolin ARGICAL-M 1200S (Imerys Minerals Refractory, France) per CAS 
15123–81-6.

• Sodium water glass (TM Klebrig, Ukraine) per CAS 1344-09-8.

• The following components were used to adjust the composition of the geopoly-
mer regarding the content of the main oxides:

• Tripoli powder (PJSC “Kirovograd mechanical plant”, Ukraine) per CAS 
1317-95-9.

• Solution of potassium hydroxide (KOH) (TM Klebrig, Ukraine) per CAS 
1310-58-3.

The composition of the geopolymer was, % by mass: metakaolin – 31.0, sodium 
water glass – 63.2, tripoli powder – 2.8, potassium hydroxide (calculated on dry 
matter) – 3.0.

The additives were used as modifiers, affecting the strength and water resistance 
of the geopolymer at normal temperatures (t = 20 ± 2°C):
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• Slaked lime (Ca(OH)2) (TM Klebrig, Ukraine) per CAS 1305-62-0 as an example 
of Ca-containing additives.

• Red mud (Ukraine).

• Aluminum fluoride (AlF3) per CAS 7784-18-1 as a model of AlF3 production 
waste.

• Natural zeolite (clinoptilolite) (TM “ZEOLITE-BIO”) as a model of zeolitic 
by-product.

• sodium chloride (NaCl) is an example of sodium salts of strong acids per CAS 
7647-14-5.

• Magnesium oxide (MgO) per CAS 1309-48-4 as an example of metal oxides.

A complex additive consisting of sodium phosphate (Na3PO4
.12H2O) per CAS 

7601-54-9 (TM Klebrig, Ukraine) and sodium gluconate (NaC6H11O7) per CAS 
527–07-1 (TM Klebrig, Ukraine), was used to provide required consistency and work-
ability retention.

Hydroxyethyl cellulose Tylose 10,000 YP2 (TM Tylose, Germany) per CAS 9004-
62-0 was used to add water-retaining capacity to the geopolymer-based coating mix.

Styrene butadiene copolymer powder Axilate PSB 150 (PLC “Synthomer”, United 
Kingdom) was used to increase the bond strength of the coating to concrete substrate.

Polysiloxanes Silsan 1300 (TM Silsan, Germany) was used to increase the water-
repellent properties of the coating surface.

Polypropylene fiber (TM MicroArm, Ukraine) was used as a reinforcing agent 
to increase the crack resistance and physico-mechanical properties of the coatings, 
length = 2 mm.

Starch ether Opagel FP-9 (TM Opagel, Germany) was used as additive to improve 
technological properties (consistency, thixotropy, viscosity, etc.).

CEN Standard sand per EN 196–1 was used as aggregate of geopolymer-based 
mortars for determination of their efficiency.

The fillers used in geopolymer-based coating were:

• fly ash (per the National Standard of Ukraine DSTU B V.2.7–205);

• siliceous sand, fr. 0.16…0.315 mm.

A chemical composition of geopolymer-based coating components is given in 
Table 1. The properties of components in the solid state are given in Table 2, and 
those of the components in the liquid state in Table 3.

The mix compositions of geopolymer-based mortar (Mix 1 and Mix 2) for deter-
mining the efficiency of modifying additives are given in Table 4. Modifying addi-
tives were added to Mix 1 in equal quantities—1.7% by mass.

The mix compositions of geopolymer-based coating depending on the type of 
modifying additive (Mix 3 and Mix 4) are given in Table 5. The compositions of 
geopolymer-based mortars and geopolymer-based coatings used in the study were 
obtained by improving their efficiency under stationary exposure to sulfate environ-
ment (concentration of the sulfate ions 30,000 mg/l) in Ref. [39].
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Seawater of a composition simulating 99.9% of the salts contained in seawater 
(predominantly, near-neutral salts; % by mass: NaCl – 78.70, MgCl2–9.80, MgSO4–
5.76, CaSO4–3.75, KCl – 1.73, CaCO3–0.29) was used [54]. The total concentration of 
the salts in the seawater was 35 g/l (salinity 35.0‰).

2.2 Testing protocol

The liquid component of geopolymer was prepared by mixing sodium water glass 
and water solution of KOH. The powder component of geopolymer was prepared by 
mixing metakaolin, tripoli powder, and modifying additives. The geopolymer was 

Component Silicate
modulus (Ms)

Density, kg/m3 Concentration, g/L Purity, %

Sodium water glass 2.8 1430 574.7 99.0

Solution of potassium hydroxide — 1430 615.8 95.0

Table 3. 
Properties of components in the liquid state.

Component Specific surface area, m2/kg (by Blaine) Bulk
density,

kg/m3

Specific
gravity,

g/cm3

Average 
particle
size, μm

Purity,
%

Metakaolin 900 2450 2,4 1.5 93,8

Tripoli powder 800 2300 2,3 3.0 98,0

Slaked lime 400 1230 2,2 5.0 95,0

Natural zeolite 280 1050 2.0 50.0 97.0

Red mud 1500 2650 2.8 1.0 95.0

Fly ash 300 1150 2,1 10.0 97.0

Table 2. 
Properties of components in the solid state.

Component Mix

Mix 1 (without modified additive) Mix 2

Metakaolin 10.4 9.8

Sodium water glass 21.0 20.0

Tripoli powder 0.9 0.9

Potassium hydroxide KOH
(calculated on dry matter)

1.0 0.9

Modifying additive — 1.7

Siliceous sand per EN 196–1 66.7 66.7

Table 4. 
Mix design of geopolymer-based mortars (% by mass).
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prepared by mixing an alkaline solution with a powder component in a Hobart mixer 
for 3 min at a speed of 140 min−1. The consistency of geopolymer-based mortar mixes 
and geopolymer-based coating mixes was measured with a Suttard viscometer.

A schematic diagram showing the preparation procedure of geopolymer-based 
mortar mixes is given in Figure 1.

After preparation, 40x40x40 mm specimens of the geopolymer-based mortar mix 
were cured in molds for 1 day at t = 20 ± 2°C and RH = 55 ± 5%, then removed from 
the molds and stored for the further 27 days. Compressive strength values have been 
determined in accordance with EN 196–1.

A coefficient of water resistance of the geopolymer was calculated as a ratio of the 
values of compressive strength of the specimens at the specified age of 7 days (after 
preparation, the specimens were kept in molds for 1 day and then in water until the 
specified age), to those of the specimens hardened to the specified age under normal 
conditions. It is accepted that a material is classified as a water-resistant material, 
when the coefficient of water resistance≥0.8.

The bond strength of the geopolymer-based coating to a concrete substrate was 
determined in accordance with the National Standard of Ukraine DSTU B V.2.6–181 
by measuring the perpendicular tensile force required to separate the coating from the 
concrete substrate using a bonded metal stamp and dynamometer.

Water impermeability (W) of the coated concrete was evaluated in accordance 
with the National Standard of Ukraine DSTU B V.2.6–181. The thickness of the pro-
tective coating was 2 mm. The coated cylinder concrete specimens of Ø150 × 50 mm 

Component Mix

Mix 3 Mix 4

Metakaolin 11.91 11.60

Sodium water glass 24.23 23.58

Tripoli powder 1.07 3.65

Potassium hydroxide KOH (calculated on dry matter) 1.14 1.11

Slaked lime 0.77 —

Aluminum fluoride — 0.77

Sodium phosphate 0.97 0.95

Sodium gluconate 0.42 0.41

Hydroxyethyl cellulose Tylose 10,000 YP2 0.08 0.08

Styrene butadiene copolymer powder Axilate PSB 150 0.51 0.50

Polysiloxanes Silsan 1300 0.71 0.69

Starch ether Opagel FP-9 0.02 0.02

Polypropylene fiber 0.04 0.04

Fly ash 13.82 13.46

Siliceous sand, fr. 0.16...0.315 mm 44.31 43.14

Remarks. The content of tripoli powder in Mix 4 was calculated taking into account the SiO2 content in AlF3 
production waste [44] (the ratio of tripoli powder to AlF3 was 2:1).

Table 5. 
Mix design of geopolymer-based coatings (% by mass).
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that hardened at t = 20 ± 2°C and RH = 95 ± 5% were subjected at the age of 28 days 
to the action of water under pressure. The pressure was increased in steps, each step 
being – 0.2 MPa. The storage time at each stage was 6 hr. The grade of concrete in 
water impermeability is a maximal pressure of water (MPa⋅10−1) at which no water 
penetration through the specimen was observed.

The modeling of changes in the protective performances of a geopolymer-based 
coating used to protect the reinforced concrete, exposed to aggressive environments 
with a combination of exposure classes XS3 and XC4 as well as with exposure class 
XS2 (for comparison), was carried out using the author’s methodology.

The geopolymer-based coating mix was applied on the side surfaces of the 
40 × 40 × 160 mm prism specimens of the fine aggregate concrete (cement to sand 
ratio 1:3) in thicknesses of ≥5 mm. The coatings were stored for 28 days at t = 20 ± 2°C 
and RH = 55 ± 5%. A schematic diagram showing the preparation procedure of coated 
specimens is given in Figure 2.

Afterwards, the storage conditions of the coated and uncoated specimens (for 
comparison) were as follows:

• Periodical wetting (submergence) for 21 hours in seawater and drying for 
3 hours (t = 105 ± 3°C) under the influence of atmospheric concentration of CO2 
(K ≈ 0.04%) to model the environment with a combination of exposure classes 
XS3 and XC4;

Figure 1. 
A scheme of the preparation procedure of geopolymer-based mortars.
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• Permanently submergence in seawater to model the environment with exposure 
class XS2.

The control terms used to determine the protective performances of the geopoly-
mer-based coating were as follows:

• 50 and 200 cycles of wetting-drying cycles for the environment with a combina-
tion of exposure classes XS3 and XC4;

• 3 and 12 months for the environment with exposure class XS2.

Specified control terms were chosen in accordance with the methodology for 
corrosion testing of steel reinforcement in concrete per National Standard of Ukraine 
DSTU B V.2.6–171:2008.

The protective performances of the coating were assessed in terms of water 
absorption, diffusion permeability of Cl− and SO4

2−-ions, bond strength to a concrete 
substrate and the state of the steel reinforcement in the concrete.

The water absorption of the coating was determined per National Standard of 
Ukraine DSTU Б V.2.7–126:2011 by measuring the ratio of the water content absorbed 
by Karsten tube after 24 h to the area of the material in contact with water. The mate-
rial is considered to be waterproof if the water absorption is up to 1 kg/m2 as per the 
regulatory requirements.

Figure 2. 
A scheme of the preparation procedure of coated specimens.
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The diffusion permeability of Cl− and SO4
2−-ions was determined by qualitative 

reactions due to the spraying of water solutions of silver nitrate AgNO3 (concentration 
0.1 N) and lead acetate Pb(CH3COO)2 (concentration 0.5 N) on the surface of coated 
and uncoated specimens immediately after their breaking. The depth of penetration 
of the specified ions was measured using an electronic microscope equipped with 
microanalyzer REMMA 102–02 (JSC “SELMI”, Sumy, Ukraine) to confirm the results 
of the qualitative reactions. The specimens were cut into slices to determine a depth of 
penetration of aggressive ions per pointed method.

The evaluation of contact zone state between the coating and concrete was 
assessed using a Dino-Lite digital microscope (x500 magnification) (AnMo 
Electronics Corporation, Taiwan).

3.  Results

3.1 The efficiency of modifying additives

The efficiency of the modifying additives was evaluated by the changes in com-
pressive strength and water resistance coefficient of the modified geopolymer-based 
mortars (Mix 2 from Table 4) compared to the analog without the additive (Mix 1 
from Table 4) after 7 days. The consistence (flow) of geopolymer-based mortars 
mixes was in the range of 18 ± 1 cm. Compressive strength of additive-free hardened 
mortar (Mix 1) was 35.7 MPa after 7 days and was not water resistant (water resis-
tance coefficient < 0.8).

The application of slaked lime as a Ca-containing additive resulted in an increase 
in compressive strength by 8.1% compared to Mix 1 (Figure 3). At the same time, the 
modification with the additive of Ca(OH)2 caused an increase in the water resistance 
coefficient from 0.75 up to 0.97 (Figure 4). The effects of calcium-containing addi-
tives are in compliance with [38] and ensure the formation of the water-resistant 
stone due to the synthesis of zeolite-like hydroaluminosilicates C-N(K)-A-S-H at 
normal temperatures, such as gismondite (CaSi2Al2O8·4H2O) and thompsonite  
(NaCa2(Al5Si5O20)·6H2O).

Figure 3. 
The compressive strength of geopolymer-based mortar after 7 days versus the type of modifying additive.
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Additive of AlF3 provides the greatest effect in increasing compressive 
strength—by 23.5%. The water resistance coefficient of the geopolymer-based 
mortar also increased up to 0.92. This value of the water resistance coefficient was 
comparable to that obtained by modifying with Ca(OH)2. The obtained results 
are consistent with the concept regarding the intensification of the formation of 
zeolite-like structures C-N(K)-A-S-H with the participation of Al3+ ions, accom-
panied by an increase in strength and water resistance [36]. The formation of 
cryolite Na3AlF6 can also occur with participation of ions F+ in structure forma-
tion processes of geopolymer [44]. The synthesis of cryolite at the early stages of 
hydration as a film ensures that the setting times of the geopolymer are regulated 
by microencapsulation of silicate grains.

The possibility of ensuring the water resistance of the mortars was observed when 
using an additive of red mud with composition represented by the oxides Fe2O3 + FeO, 
Al2O3, CaO, and SiO2. A slight decrease in compressive strength of the mortar after 
7 days by 15.1% was observed compared to Mix 1. At the same time, the water resis-
tance coefficient of the mortar increased from 0.75 up to 0.90. The increase in water 
resistance was due to the participation of Ca2+, Al3+, and Si4+-ions, which is evidence 
of the formation of zeolite-like matrices of the C-N(K)-A-S-H type.

The formation of a waterproof stone was also observed when using the additive of 
clinoptilolite. The water resistance increased from 0.75 up to 0.99 compared to Mix 1. 
The intensification in the formation of zeolite-like matrices due to the crystal-chem-
ical affinity with the modifying additive caused this effect [55]. There was no change 
in compressive strength of the geopolymer-based mortar after 7 days.

Magnesium oxide (MgO) as a modifying additive increased the strength of the 
mortar by 20.2% compared to Mix 1. The water resistance coefficient of the mortar 
increased up to 0.83 but was not significantly higher than the required value (0.80).

The addition of sodium chloride (NaCl) also increased the water resistance coef-
ficient of the mortars (up to 0.87). However, the compressive strength of the mortar 
decreased by 21.6% after 7 days when using this additive.

According to the obtained results, all the modifying additives cause the formation 
of the water-resistant stone and can be used as an alternative to those Ca-containing 
in the geopolymer-based coatings, despite a slight decrease in strength in the case of 
red mud and NaCl.

Figure 4. 
The coefficient of water resistance of geopolymer-based mortar at 7 days versus the type of modifying additives.
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3.2 The efficiency of geopolymer-based coatings

The effectiveness of the coatings under wetting-drying cycles (the combination 
of exposure classes XS3 and XC4) was determined using Ca(OH)2 as a modifying 
additive (Mix 3 from Table 5) and the model of AlF3 production waste (Mix 4 from 
Table 5). The content of Ca(OH)2 was comparable to the content of the AlF3 produc-
tion waste model in terms of AlF3–0.77% by weight.

The effect of the environment with exposure class XS2 on protective preferences 
of the geopolymer-based coating was studied for comparison.

The compositions of the geopolymer-based coatings were characterized by 
technological and performance properties specified in the standards: consistency 
(flow) –≥ 20 cm, consistency retention –≥ 90 min, water retention –≥ 97%, flexural 
strength –≥ 3.5, 6.5 i 8.0 MPa after 2, 7 i 28 days, compressive strength –≥ 20.0, 37.0 
i 45.0 MPa after 2, 7 i 28 days, the bond strength to a concrete substrate –≥ 1.2 MPa, 
grade in water impermeability – W10.

3.2.1 Water absorption

The geopolymer-based coating modified with additive of Ca(OH)2 was char-
acterized by an increase in water absorption from 0.0 kg/m2 to 0.3 kg/m2 and 
0.5 kg/m2 respectively after 3 months and 12 months of submergence in seawater 
compared to the coating that had not been subjected to aggressive exposure (refer-
ence) (Figure 5). An increase in water absorption from 0.0 kg/m2 up to 0.5 kg/m2 
and 0.8 kg/m2 was observed after 50 and 200 wetting-drying cycles compared to 
the reference coating.

The modification of the coating by model of AlF3 production waste provides 
water absorption values comparable to those with additive Ca(OH)2. The values of 
water absorption were 0.5 kg/m2 and 0.8 kg/m2 after 3 months and 12 months of 
full submergence, and 0.8 kg/m2 and 1.0 kg/m2 after 50 and 200 wetting-drying 
cycles.

The obtained values of water absorption (≤ 1 kg/m2) indicate high waterproofing 
properties of the geopolymer-based coatings. This is due to the synthesis of water-
resistant zeolite-like matrices using modifying additives, which contributes to the 
denser coating structure.

Figure 5. 
Water absorption of geopolymer-based coatings versus type of exposure effect.
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3.2.2 Bond strength

The bond strength of the geopolymer-based coating to a concrete substrate when 
using both Ca(OH)2 and the model of AlF3 production waste, after 3 months and 
12 months of submergence in seawater, remained at the level of the coating without 
aggressive exposure (reference coating)—1.3 MPa and 1.2 MPa (Figure 6).

The bond strength of the coating to concrete substrate when using the additive 
of Ca(OH)2 slightly decreased after 50 and 200 wetting-drying cycles from 1.3 MPa 
down to 1.2 MPa and 1.1 MPa compared to the reference coating. Almost the same 
decrease in the bond strength under similar exposure conditions was observed 
when using the model of AlF3 production waste—down to 1.1 MPa and 1.0 MPa, 
respectively.

The observed decrease in the bond strength of geopolymer-based coatings when 
exposed to aggressive environments is within acceptable limits. The retention of 
the adhesive properties of the developed coatings is due to the high density of the 
“coating-concrete” contact zone (Figure 7).

Figure 7. 
SEM images of “coating-concrete” contact zone when using Ca(OH)2 (a) and model of AlF3 production waste 
(b) as modified additives after 200 wetting-drying cycles.

Figure 6. 
Bond strength of geopolymer-based coatings to concrete substrate versus type of exposure effect.
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3.2.3 Diffusion permeability of Cl− and SO4
2−-ions

The diffusion permeability of Cl− and SO4
2−-ions in uncoated concrete exposed to 

50 wetting-drying cycles was 3 mm and 2 mm, respectively, according to the results 
of the qualitative reactions (Eqs. 1 and 2). The diffusion permeability of Cl− and 
SO4

2−-ions in uncoated concrete exposed to 200 wetting-drying cycles was 6 mm 
(Figure 8a) and 3 mm (Figure 8b), respectively:

 + → ↓ +NaCl AgNO AgCl NaNO3 3  (1)

 ( )+ → + ↓Na SO Pb CH COO NaCH COO PbSO2 4 3 3 42  (2)

The results of the microprobe analysis confirmed the results of the qualitative 
reactions. The content of Cl− and SO4

2−-ions (further, referred to as SO3
2−-ions) at a 

depth of 3 mm of unprotected concrete, exposed to 200 wetting-drying cycles, was 
14.40% and 2.35%, respectively (Figure 9).

The diffusion permeability of both Cl− (Figure 10a) and SO4
2−-ions (Figure 10b) 

into the Ca(OH)2 modified coating, exposed to 3 months and 12 months of full sub-
mergence in seawater (exposure class XS2), was 1 mm. The same values of diffusion 
permeability of Cl− (Figure 11a) and SO4

2−-ions (Figure 11b) into the coating were 
obtained under the same conditions when the model of AlF3 production waste was used 
as a modifying additive. The content of Cl− and SO4

2−-ions at a depth of 1 mm in the 
coating, modified with Ca(OH)2 and exposed to 12 months of full submergence in sea-
water, was 0.50% and 0.24%, respectively, according to the results of the microprobe 
analysis (Figure 12a). The content of Cl− and SO4

2−-ions at a depth of 1 mm in the 
coating, modified with the model of AlF3 production waste and exposed to 12 months 
of full submergence in seawater, was 0.53% and 0.48%, respectively (Figure 12b).

Figure 8. 
SEM of the cleavage surface of half-uncoated specimens, exposed to 200 wetting-drying cycles, after spraying 
with water solutions of silver nitrate (a) and lead acetate (b).
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Figure 10. 
SEM of the cleavage surface of half-coated specimens (modifying additive – Ca(OH)2), exposed to 12 months of 
full submergence in seawater, after spraying with water solutions of silver nitrate (a) and lead acetate (b).

Figure 11. 
SEM of the cleavage surface of half-coated specimens (modifying additive – model of AlF3 production waste), 
exposed to 12 months of full submergence in seawater, after spraying with water solutions of silver nitrate (a) and 
lead acetate (b).

Figure 9. 
Microprobe analysis at a depth of 3 mm of unprotected concrete, exposed to 200 wetting-drying cycles.
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Higher diffusion permeability was observed when the coating was exposed to 
aggressive environments with a combination of exposure classes XS3 and XC4. The 
diffusion permeabilities of Cl−- and SO4

2−-ions when using the additive of Ca(OH)2 
were 1.0 mm and 0.5 mm and were higher in case of the model of AlF3 production 
waste – 1.5 mm and 2.0 mm after 50 wetting-drying cycles. After 200 wetting-drying 
cycles, the diffusion permeabilities of Cl−- and SO4

2−-ions when using Ca(OH)2 
increased up to 1.5 mm (Figure 13a) and 0.8 mm (Figure 13b) and up to 2.0 mm 
(Figure 14a) and 1.5 mm (Figure 14b) when using the model of AlF3 production 
waste.

Figure 12. 
Microprobe analysis at a depth of 1 mm of the coating, modified with Ca(OH)2 (a) and model of AlF3 
production waste (b) after 12 months of full submergence in seawater.

Figure 13. 
SEM of the cleavage surface of half-coated specimens (modifying additive – Ca(OH)2), exposed to 200 wetting-
drying cycles, after spraying with water solutions of silver nitrate (a) and lead acetate (b).
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The content of Cl− and SO4
2−-ions at a depth of 2 mm in the coating, modified with  

Ca(OH)2 and exposed to 200 wetting-drying cycles, was 0.13% and 0.00%, respec-
tively (Figure 15a). At the same time, the content of Cl− and SO4

2−-ions at a depth of 
1.5 mm in the coating, modified with the model of AlF3 production waste and exposed 
to 200 wetting-drying cycles, was 0.53% and 0.00%, respectively (Figure 15b).

Thus, the dynamics in the development of the permeability were damped when 
using both Ca(OH)2 and the model of AlF3 production waste as additives (Figure 16).

Thus, the maximum diffusion permeability of Cl− and SO4
2−-ions into concrete 

protected by geopolymer-based coating and exploited under seawater conditions was 
not more than 1…2 mm.

Figure 14. 
SEM of the cleavage surface of half-coated specimens (modifying additive – model of AlF3 production waste), 
exposed to 200 wetting-drying cycles, after spraying with water solutions of silver nitrate (a) and lead acetate (b).

Figure 15. 
Microprobe analysis at a depth of 2 mm of the coating, modified with Ca(OH)2 (a), and at a depth of 1.5 mm of 
the coating, modified with the model of AlF3 production waste (b), after 200 wetting-drying cycles.
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4.  Conclusions

1. The effectiveness of the coating based on the geopolymer (0,2K2O + 0,8Na2O)·4,
5SiO2·Al2O3·nH2O was confirmed for protection of the concrete surface under the 
cyclic wetting in seawater and drying under the influence of atmospheric CO2. 
The addition of salts (AlF3 and NaCl), metal oxides (MgO and Fe2O3), and zeolite 
(clinoptilolite) as an alternative modifying additive to those Ca-containing, was 
found to accelerate the synthesis of water-resistant zeolite-like matrices of the 
Na(K)2O-Al2O3-SiO2-H2O system at normal temperatures (t = 20 ± 2°C). These 
structure formation causes limitations in the transport of aggressive ions (Cl−, 
SO4

2−, and CO3
2−) into the concrete through the processes of chemisorption and 

chemical binding. The mentioned substances such as modifying admixtures can 
be used both independently and as part of by-products and production wastes.

2. The necessity in the coating is due to the diffusion permeability of Cl− and SO4
2−-

ions into the unprotected concrete to a depth of 2 mm and 1 mm – for exposure 
class XS2, as well as 6 mm and 3 mm – for a combination of exposure classes XS3 
and XC4. In the case of protected concrete, the environment with the combina-
tion of exposure classes XS3 and XC4 (after 200 cycles of wetting in seawater 
and their drying) demonstrated a higher degree of aggressiveness compared to 
the environment with the exposure class XS2 (after 12 months of permanently 
submergence of concrete specimens in seawater) with 25…60% higher values 
for water absorption and 50% higher diffusion permeability, and 15…17% lower 
bond strength to the concrete substrate.

3. The durability of the protective coating was confirmed by the retention of 
adhesion and water absorption after 200 cycles of wetting in seawater and dry-
ing. The high density of the “coating-concrete” contact zone ensures that the 
adhesion to the concrete substrate is maintained. The water absorption values 
(≤ 1 kg/m2) indicate high waterproofing properties of the developed coating. It 
was predicted that after about 500 cycles, the permeability of Cl− and SO4

2−-ions 
in the coating hardly changes, that is, the process is damped.

Figure 16. 
Permeability of aggressive ions after wetting-drying cycles versus type of modifying additive: Ca(OH)2 (a) and 
model of AlF3 production waste (b). Remarks. R2 – coefficient of determination (statistic).
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