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a

Abstract

Porous geopolymers are sustainable alternative binders with applications in lightweight structures and thermal 
or acoustic insulation. Their performance depends on pore distribution and stability, which directly affect mechanical 
properties. This review examines synthesis methods for producing metakaolin-based porous geopolymers, focusing on 
porosity formation mechanisms and their impact on microstructure and functional behavior. The methodology involves a 
critical analysis of recent studies, including raw material characterization and porosity incorporation techniques such as 
foaming agents, surfactants, and sacrificial templates. Literature results confirm that the synthesis method significantly 
influences pore structure and connectivity, directly impacting the functional efficiency of porous geopolymers in insulation 
and environmental applications.
Keywords: Geopolymers; Metakaolin; Porosity; Microstructure.

1 Introduction

Portland cement, widely used in civil construction, 
faces significant environmental challenges due to its high 
energy consumption and substantial CO2 emissions during 
production. The production of one ton of Portland cement 
can result in almost one ton of CO2 emission. In response to 
this significative impact, geopolymers as binder alternative, 
can by manufactured from industrial by-products such as fly 
ash and slag have emerged as more sustainable alternatives. 
These conditions promote dependence on Portland cement 
consumption as well as offering superior properties, including 
higher mechanical strength and improved durability [1,2].

Studies indicate that geopolymers can reduce energy 
consumption by up to 0.110 kWh per gram and CO2 emissions 
by approximately 800 kg per ton compared to Portland 
cement [3], aligning with the Sustainable Development 
Goals (SDGs) by minimizing greenhouse gas emissions [4]. 
Additionally, they are gaining popularity due to their 
environmental benefits and versatility in various applications, 
particularly in construction and wastewater treatment [5].

The alkali activation process, responsible for 
geopolymer synthesis, is based on aluminosilicate-rich 
precursors reaction with alkaline activators, such as sodium 
and potassium hydroxides or silicates, which are the most used. 

This process can be carried out through two-part systems with 
liquid activators or one-part systems using solid activators, 
both resulting in cementitious materials characterized by an 
amorphous alkali-aluminosilicate-hydrate structure [5,6]. 
The efficiency of this transformation is influenced by factors 
such as activator concentration and precursor reactivity, 
which directly affect the final properties of the material [7]. 
However, even when alkali activation presents significant 
advantages, challenges such as handling high-pH activators 
and heterogeneous raw material need to be addressed for 
large-scale application [5].

In this context, geopolymers are amorphous inorganic 
materials cured below 100 °C. The commonly used 
precursors are fly ash, red mud, granulated blast furnace 
slag and metakaolin. This last one, a calcined clay, is widely 
preferred for its high reactivity, large specific surface area, 
and consistent chemical composition [8].

Porous geopolymers, in turn, are a variant designed to 
exhibit high porosity, obtained through pore-forming agents 
such as surfactants and foaming agents. This porous structure 
enhances the material’s ability to adsorb contaminants, enabling 
the capture and retention of large amounts of pollutants [9]. 
Due to these characteristics, geopolymers have been studied 

1Laboratório de Materiais Avançados – LAMAV, Programa de Pós-graduação em Engenharia e Ciência dos Materiais, Universidade Estadual do Norte 
Fluminense Darcy Ribeiro – UENF, Campos dos Goytacazes, RJ, Brasil.

2Laboratório de Engenharia Civil – LECIV, Programa de Pós-graduação em Engenharia e Ciência dos Materiais, Universidade Estadual do Norte 
Fluminense Darcy Ribeiro – UENF, Campos dos Goytacazes, RJ, Brasil.

3Universidade Federal de Viçosa, Rio Paranaíba, MG, Brasil.

*Corresponding author: 202411120050@pq.uenf.br 
E-mails: afonso@uenf.br; madelatb@gmail.com; markssuel.marvila@ufv.br

Synthesis methods in the production of porous 
metakaolin-based geopolymers

Alexandre Alves Belga Esteves 1* 
Afonso Rangel Garcez de Azevedo 2 

Madeleing Taborda Barraza 1 
Markssuel Teixeira Marvila 3 

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0004-8482-5751
https://orcid.org/0000-0002-4694-4459
https://orcid.org/0000-0002-2214-9784
https://orcid.org/0000-0002-2162-1872


Esteves et al.

2/8Tecnol Metal Mater Min., São Paulo, 2026;23:e3308

This network is mainly composed of two types of gels: 
N-A-S-H (sodium aluminosilicate hydrate) and C-A-S-H 
(calcium aluminosilicate hydrate) [18,19], depending on the 
calcium oxide content of the precursor. This reaction products 
are detected by other microstructural techniques as ray-x 
diffraction and spectroscopy curves, as a microstructural 
shift on raw-materials.

The production of porous geopolymers from 
metakaolin-based alkali-activated pastes requires a systematic 
and well-structured approach to evaluate their technical and 
environmental feasibility [20], ensuring control over the 
porosity created [21].

The development of this material involves key 
steps that ensure proper characterization of the precursors, 
optimized paste formulation, as shown in Figure 2, and the 
execution of comparative tests to understand the properties 
and performance of the compositions [11]. The optimal time 
to add such additives corresponds to the moment immediately 
after the activator solution has cooled, avoiding excessive 
delay in precursor incorporation, which could reduce its 
foaming potential, ensuring uniform pore structure and, 
consequently an improved mechanical property [22].

for applications in wastewater treatment and environmental 
remediation processes, such as the removal of heavy metals, 
dyes, and pharmaceuticals [10]. The porous structure reduces 
thermal conductivity and contributes to thermal and structural 
stability, expanding their applicability in fields such as 
construction materials and environmental remediation [8].

Specifically, due to their high porosity, the thermal 
conductivity of these systems decreases, while maintaining 
resistance to high temperatures without degradation—
benefiting the construction sector where energy efficiency is 
essential, as they can be used in coatings and adhesives for 
outdoor environments [11]. With a porous structure similar to 
zeolite—a mineral known for its high adsorption capacity—
these materials display unique adsorption behavior [12]. Their 
high surface area also enhances efficiency in processes such 
as carbon dioxide adsorption and environmental remediation 
due to synergistic effects [13].

The use of foaming agents plays a key role in the 
creation of porous geopolymers, with hydrogen peroxide 
(H2O2) standing out as one of the most effective in this 
context. In the preparation of metakaolin-based porous 
geopolymers, the choice of foaming agents is crucial for 
improving the mechanical properties of the final product.

H2O2 is one of the most widely used foaming agents 
in the direct foaming method, helping to create a stable foam 
structure that ensures a more uniform pore distribution within 
the geopolymer matrix [14,15].

Therefore, this review aims to present and critically 
discuss the main synthesis techniques employed in the 
production of metakaolin-based porous geopolymers, correlating 
pore-forming strategies, foaming agents, and resulting pore 
structures reported in the literature. The scope of this work is 
restricted to metakaolin-based systems, emphasizing qualitative 
and comparative analysis of previously published studies. 
No new experimental data are presented, and the discussion 
is limited to information available in the existing scientific 
literature, which constitutes the main limitation of this review.

2 Development

2.1 Materials used in the production of porous geopolymers

Geopolymer formation relies on two main components: 
alkaline activators and aluminosilicate precursors (Figure 1). 
These activators dissolve the silica (SiO2) and alumina 
(Al2O3) present in the precursors [16]. Typical examples of 
such precursors are in an amorphous state as a consequence 
of a previously applied heat treatment [6]. This dissolution 
occurs in a highly alkaline environment (pH > 11.5), which 
is essential for the subsequent polymerization reaction. After 
dissolution, the Si and Al ions become solubilized, forming 
aluminate and silicate groups available to interact with each 
other and with the alkaline ions supplied by the activator 
solution, resulting in a three-dimensional network known 
as a geopolymer [16,17].

Figure 1. Schematic representation of the preparation process of 
two-part alkali-activated materials using a liquid activator solution. 
Adapted from [16].
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The best way to monitor the development of the 
pore network is through destructive or non-destructive 
porosimetry techniques, such as nitrogen absorption isotherms, 
mercury intrusion porosimetry and X-ray microtomography. 
Considering that each technique has operating and depth 
limitations. Precursor morphology, percentaual adittions 
and solid-liquid ratio concentrations will also influence 
this property [23,24].

2.2 Synthesis techniques

Among the main methods, direct foam formation 
(DF) stands out [25], which uses foaming agents such 
as hydrogen peroxide and metallic powders (silicon or 
aluminum) to generate gas bubbles in the geopolymeric 
matrix, creating porous structures [26]. Another method is 
the sacrificial template method (SFM), in which materials 
such as polylactic acid (PLA), ice, or sodium chloride are 
used as temporary molds that, once solidified and removed, 
leave pores with controllable geometry [27].

Additive manufacturing (AM), including techniques 
such as 3D printing, direct ink writing (DIW), and binder 
jetting, enables precise control over macroporous structures 
and the creation of complex geometries [28].

In addition, innovative methods such as microwave 
foaming (MF) have gained attention for providing rapid 

preparation; however, they may produce non-uniform pore 
structures, which can affect overall performance [29].

The reactive emulsion templating (RET) method 
can produce hierarchical meso- and macroporous open-
cell structures, improving both the mechanical and thermal 
insulation properties of the material [30].

Combining different approaches offers a pathway to 
enhance both porosity and mechanical strength. For example, 
routes that integrate direct foaming with reactive emulsion 
templating have achieved promising results [31]. Another 
notable technique is the suspension solidification method, 
in which the use of polyethylene glycol or silicone oil as 
a suspension medium allows the formation of granules or 
spheres through surface tension control [21].

The variations in these techniques, summarized 
in Table 1 and illustrated in Figure 3, offer a wide range 
of possibilities for customizing porous geopolymers and 
expanding their industrial applications by optimizing structure 
and final properties.

Curing conditions are also critical, as temperature and 
duration—such as curing at 60 °C or 70 °C for 4 to 24 hours—
are decisive for pore formation and stability [21]. Studies have 
also explored the combined use of surfactants and chemical 
foaming agents to enhance pore stability and mesoporosity. 
Common surfactants reported in metakaolin-based geopolymer 
systems include sodium dodecyl sulfate (SDS), Triton 

Figure 2. Schematic diagram of the preparation process for producing a porous geopolymer. Adapted from [11].
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X-100, and Tween 80. These compounds act by reducing 
surface tension and stabilizing gas bubbles generated during 
the foaming process, particularly in systems incorporating 
hydrogen peroxide. Their use has been associated with 
improved pore uniformity and reduced bubble coalescence, 

although their effectiveness depends strongly on dosage and 
curing conditions [11,22,23].

The diversity of synthesis techniques reflects their 
importance in optimizing geopolymers for advanced 
applications, showing how proper material and method 

Figure 3. Typical pore structures of metakaolin-based porous geopolymers produced by various methods: (a) DF-H2O2; (b) DF-Al; (c) SFM 
with ice mold; (d) SFM with PLA mold; (e) AM; (f) RM; (g) MF; (h) RET; (i) DF/RET. Adapted from [21].

Table 1. Advantages and Disadvantages of Foam Formation Methods. Adapted from [21]
Method Characteristics Porosity Formation Time Advantages Disadvantages

Direct Foaming 
(DF)

Dynamic liquid–gas system Short Controllable porosity; 
Easy large-scale 

production

Ostwald ripening and coarsening;
Broad pore size distribution; 

possible stratification
Sacrificial Template 

(SFM)
Pore geometry defined by 

the mold
Long Controlled pore 

geometry
Additional mold removal step

Limited by mold material
Additive 

Manufacturing 
(AM)

3D printer-based 
designability

Short Precise macroporous 
structure control

High rheological requirements (DIW)
llimited printing time (DIW)

Reactive Emulsion 
(RET)

Oil–water interface with 
saponification

Long Micro- to 
mesoporous structure

Possible water colapse
Time-consuming process

Replica Method 
(RM)

Porous characteristics of 
the model

Long Open-cell porous 
structure

High porosity

Limited by foam model selection

Microwave 
Foaming (MF)

Unstable liquid–gas system 
under heating

Short Rapid foaming and 
curing

Heterogeneous pore distribution
Low performance stability
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selection can lead to superior performance [11]. On the other 
hand, incorporating lightweight fillers during foam formation 
can reduce thermal conductivity, though at the expense of 
mechanical strength [14]. Balancing these properties is 
fundamental for applications requiring both insulation and 
structural integrity.

The incorporation of H2O2 as a chemical foaming 
agent in metakaolin-based systems is commonly reported 
in proportions typically below 10 wt.% relative to the 
precursor mass. Its decomposition releases oxygen, directly 
controlling the overall volume of generated pores and 
significantly increasing total porosity, often to values above 
50%, depending on formulation and curing conditions [32].

In contrast, surfactants are generally used in smaller 
proportions, typically below 5 wt.% relative to the solid 
content, primarily to stabilize the gas–liquid interface 
rather than to increase pore volume. Their incorporation 
improves bubble dispersion, reduces coalescence, and 
promotes narrower pore size distributions, contributing to 
more homogeneous microstructures without necessarily 
increasing total porosity [11].

Table 2 summarizes consolidated ranges of physical 
and mechanical properties of metakaolin-based porous 
geopolymers reported in the literature [8,14,22,33], highlighting 
the strong dependence of performance on pore architecture 
and processing conditions.

2.3 Aplications

In civil construction, porous cementitious structures are 
widely used to produce lightweight and durable components, 
noted for their thermal stability and low thermal conductivity, 
making them ideal for thermoacoustic insulation [14,34].

They also play an essential role in environmental 
applications, being effective in drinking water purification 
as adsorptive substrates and in removing emerging pollutants 
from wastewater due to their porous structure and high 
adsorption capacity [11].

Porous geopolymers are also explored in energy 
storage technologies, such as supercapacitors and electrode 
materials, contributing to energy sustainability [31]. In the 
agricultural sector, they have been used as fertilizers and 
slow-release materials, promoting greater efficiency and 
sustainability in crop production [35]. In the medical field, 
they show potential for oral drug delivery systems [36] and 
as pH-buffering materials, revealing promising applications 
in the pharmaceutical area [34].

They are also suitable for high-temperature environments, 
resisting extreme conditions, making them useful in coatings 
and adhesives [37]. Their adaptability enables use in 3D 
printing, allowing the creation of complex, application-specific 
structures [38].

Some authors have investigated specific applications 
of porous geopolymers. For example, studies analyzed the 
synthesis of porous geopolymers produced from volcanic 
pozzolans for nickel and cobalt removal [39]. The authors 
activated the geopolymers with sodium hydroxide and used 
hydrogen peroxide as a pore-forming agent. The results 
demonstrated the efficiency of porous geopolymers in 
adsorbing nickel and cobalt, especially at higher temperatures.

Lightweight fillers, such as expanded clay or perlite, 
can also be added to the geopolymer matrix [40]. These 
fillers not only reduce the composite’s overall density but 
also enhance its mechanical properties by creating additional 
voids within the structure, which contribute to its porosity. 
This method is particularly advantageous for applications 
requiring both strength and reduced weight.

2.4 Challenges

Controlled pore formation is a fundamental objective in 
structural design since increasing porosity typically causes an 
exponential reduction in compressive strength. This relationship 
presents a challenge in balancing the porosity required for 
lightweight or insulating applications with the need for adequate 
mechanical strength. The direct foaming method is considered 
ideal due to its simplicity and wide applicability.

However, one of the main challenges of direct foaming 
is controlling pore structure according to the foaming agent 
content. The dynamic nature of the gas–liquid system can 
lead to inconsistencies in pore size and distribution, making it 
difficult to achieve desired characteristics in the final product. 
If the paste is unstable, a dense surface film may form, hindering 
the foaming process and affecting overall porosity.

Even when direct foaming is the most widely studied 
method, it can present challenges in controlling pore size 
distribution due to phenomena such as Ostwald ripening, in 
which molecules on the surface of smaller particles dissolve 
and recrystallize on larger ones. These processes can produce 
larger pores at the expense of smaller ones, resulting in a 
less uniform pore structure that may not meet the specific 
requirements of certain applications.

Therefore, controlling the amount and type of additives, 
as well as their reaction time, are critical factors in determining 

Table 2. Ranges of physical and mechanical properties of metakaolin-based porous geopolymers
Property Typical range in literature References

Total porosity (%) 50–90 [8,22]
Bulk density (kg/m3) 300–1100 [8,14,22]

Compressive strength (MPa) 0.1–15 [8,22,33]
Thermal conductivity (W/m·K) 0.08–0.40 [8,22,33]
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pore distribution. This control enables the production of porous 
materials with reproducible and application-tailored functionality.

3 Conclusions

Porous geopolymers demonstrate remarkable versatility, 
with applications spanning civil construction, environmental 
remediation, energy storage, agriculture, medicine, acoustic 
insulation, 3D printing, and even space exploration. Their 
adaptability and multifunctionality make them innovative 
and sustainable materials capable of addressing numerous 
technological and environmental challenges.

Another noteworthy aspect is their potential use in 
supercapacitors, controlled drug-release systems, and even 
extraterrestrial construction, such as on the lunar surface. 
Moreover, metakaolin-based porous geopolymers have 
shown promise as catalytic supports in chemical reactions, 

particularly in the photocatalytic degradation of organic 
pollutants, reinforcing their relevance for both structural 
and catalytic applications.

Additionally, porous geopolymers can be applied in 
the capture of greenhouse gases, including carbon dioxide 
(CO2), nitrogen oxides (NOx), and sulfur dioxide (SO2). This 
gas-capture capacity is crucial in mitigating atmospheric 
emissions and combating climate change, contributing to 
air pollution control strategies.
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