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Preface 
At present, some books on geopolymers have been published, which elaborate on the 
research progress of geopolymers curing mechanism, material composition, physi-
cochemical analysis, applications, etc., mainly based on alkali excitation system, 
for the applications of building materials, heavy metal fxation, and other normal 
temperature conditions, while the research on acid excitation system is less, and the 
application of refractory materials and other high temperature conditions is basically 
a blank. Under the background of high-quality strategic development goals such as 
the low carbon manufacturing and environmental protection, the book focuses on 
the 3D printing technology of geopolymers, the development of geopolymer com-
posites, the resource utilization of solid wastes, the treatment of industrial waste 
acids, and the application of geopolymers in the felds of refractory materials and 
sewage treatment, which is in line with the high-quality development direction of 
today’s society. The topic of the book will help relevant enterprises to enhance their 
market competitiveness, make full use of local resources, promote sustainable devel-
opment, and play a leading role in the transformation of local economic and social 
development. 

The frst chapter of the book describes the latest progress, advantages, and poten-
tial development directions of geopolymers. The second chapter elaborates on the 
preparation of geopolymer composites, including the effects of fbre reinforcement 
and additives on the properties of geopolymers. The third chapter describes in detail 
the effects of industrial waste material types, material ratio, and curing process on 
the mechanical properties. The fourth and ffth chapters describe the current research 
progress of 3D printing geopolymers, including the preparation of materials and the 
optimization of printing parameters. Chapters six to ten discuss about the applica-
tions and practical cases of geopolymers in building materials, refractory coatings, 
marine structures, waste acid treatment, water treatment flters, etc. and compare 
them with existing materials in terms of performance, economy, and environment. 



https://taylorandfrancis.com


xi 

List of Contributors 
U. Johnson Alengaram 
Universiti Malaya 
Kuala Lumpur, Malaysia 

Anton Frederik Becher 
Cracow University of Technology 
Cracow, Poland 

Szymon Gądek 
Cracow University of Technology 
Cracow, Poland 

Yanhong Jia 
Tsinghua University 
Beijing, China 

Sirithan Jiemsirilers 
Chulalongkorn University 
Bangkok, Thailand 

Kinga Korniejenko 
Cracow University of Technology 
Cracow, Poland 

Barbara Kozub 
Cracow University of Technology 
Cracow, Poland 

Huirong Le 
Tsinghua University 
Beijing, China 

Longyuan Li 
Plymouth University 
Plymouth, United Kingdom 

Janusz Mikuła 
Cracow University of Technology 
Cracow, Poland 

Mohammad Rauf 
Tsinghua University 
Beijing, China 

Kaibao Wang 
Tsinghua University 
Beijing, China 



https://taylorandfrancis.com


1  

 

 

 

 

 

 

 
  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

1 Recent Advances in 
Geopolymer Cement 
and Concrete 

Longyuan Li 

1.1 INTRODUCTION 

The concrete industry faces signifcant challenges related to carbon dioxide (CO2) 
emissions and climate change. The production of ordinary Portland cement (OPC), 
a key component of concrete, is responsible for around 8% of global CO2 emissions 
due to the energy-intensive calcination process and the chemical decomposition of 
limestone, which releases CO2. The high emissions contribute to global warming 
and climate change, making it imperative for the industry to seek sustainable alter-
natives. Innovations like geopolymer concrete (GPC), which uses industrial by-
products and emits fewer greenhouse gases, present a promising solution to reduce 
the environmental footprint of concrete production. Transitioning to such sustainable 
practices is essential for mitigating climate change impacts and aligning with global 
environmental goals. 

The development of geopolymers for producing construction and building 
materials has a rich and multifaceted history, spanning from ancient practices to 
cutting-edge scientifc advancements. Early forms of geopolymer-like materials can be 
traced back to ancient civilisations such as the Egyptians and Mesopotamians, who 
utilised natural pozzolans (volcanic ash) and lime in their construction techniques 
[1]. These early innovations laid the groundwork for the eventual rediscovery and 
scientifc exploration of geopolymer materials in the 20th century. The modern era 
of geopolymer research began in the 1970s when French materials scientist Joseph 
Davidovits coined the term ‘geopolymer’ [2]. He discovered that aluminosilicate 
materials could be activated with alkaline solutions to form binder systems with 
superior properties compared to OPC. This breakthrough led to the development 
of the frst geopolymer binders, which were initially tested for various applications, 
including GPC and geopolymer mortar, specifcally for fre-resistant materials and 
thermal insulation. In the 1990s and 2000s, researchers expanded their investiga-
tions to include industrial by-products such as fy ash (FA), ground granulated blast-
furnace slag (GGBS), and metakaolin (MK) as source materials for geopolymer 
binders. The primary goal was to develop sustainable alternatives to OPC, thereby 
reducing carbon emissions and utilising industrial waste. Extensive laboratory 
research during this period demonstrated the superior mechanical and chemical 
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2 Geopolymers and Composites 

properties of GPC, such as high compressive strength, low shrinkage, and excellent 
resistance to acids and high temperatures. By the 2010s, the focus shifted towards 
scaling up production and commercialising GPC. Pilot projects and feld applica-
tions were conducted to demonstrate the feasibility and advantages of GPC in real-
world conditions. Notable projects included infrastructure repairs, precast concrete 
products, and eco-friendly construction initiatives. Today, ongoing research and 
development continue to optimise mix design, curing processes, and performance 
characteristics of GPC. Efforts are also being made to standardise testing methods 
and develop guidelines for large-scale adoption in the construction industry. Future 
research is focusing on enhancing the properties of GPC, exploring new source 
materials, and integrating advanced construction technologies such as 3D printing 
and smart materials. 

To illustrate the research progress on GPC, Figures 1.1 and 1.2 present the num-
ber of publications by year and by country/territory, respectively, based on a Scopus 
search conducted on July 1, 2024, using the keywords ‘geopolymer concrete’ and 
‘alkali-activated concrete’. The data reveals a substantial increase in publications 
over time, particularly after 2012. India leads with nearly 2,000 documents, followed 
by China and Australia. The United States, Malaysia, and the United Kingdom also 
demonstrate signifcant research outputs, indicating a global distribution of research 
efforts in this feld. 

FIGURE 1.1 Documents published by year (01/2000–07/2024). 



 

 

 

3 Recent Advances in Geopolymer Cement and Concrete 

FIGURE 1.2 Documents published by country/territory (01/2000–07/2024). 

1.2 GEOPOLYMER BINDERS 

Geopolymer binders are created through the reaction of aluminosilicate precursors 
such as FA, GGBS, MK, and rice husk ash (RHA) with alkaline activators. The 
fundamental constituents of these materials include silicon (Si) and aluminium (Al), 
which undergo a series of chemical reactions during the geopolymerisation process. 
The primary steps involved in the synthesis of geopolymer binders are shown in 
Figure 1.3 and described as follows [3, 4]: 

• Dissolution: The aluminosilicate particles break down in the presence of
the alkaline solution, releasing Si and Al species into the solution.

FIGURE 1.3 Dissolution and polymerisation processes of geopolymer precursors [4]. 



 

 

 

 

  

4 Geopolymers and Composites 

• Oligomer formation: The small molecules of Si and Al start linking 
together, forming small chains or clusters (oligomers). 

• Gel formation: These oligomers grow larger and start forming a gel-like 
structure. 

• Polymerisation: The gel structure becomes more rigid with the formation of 
a continuous 3D network. 

• Hardened geopolymer: This is the fnal solid structure with an intercon-
nected network of Si-O-Al bonds. 

Geopolymer binders are typically derived from industrial by-products, such FA, 
GGBS, red mud (RM), and silica fume (SF), and/or from natural pozzolan materials, 
such as MK and RHA. Figure 1.4 shows the images of these materials [5]. The pri-
mary chemical constituents of these materials include Si and Al, which are crucial 

FIGURE 1.4 Particle images of (a) FA, (b) GGBS, (c) MK, (d) RM, (e) SF, (f) RHA, 
(g) volcanic ash, (h) calcined clay, and (i) diatomaceous earth. 



 
 
 
 
 
 

 

 

 
 

 
 
 
 

 

 

 

5 Recent Advances in Geopolymer Cement and Concrete 

TABLE 1.1 
Chemical Compounds Presented in Various Geopolymer Precursors 
(% by Weight) 

Precursor SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 P2O5 LOI* 
Class-F FA 50–60 20–30 5–10 1–5 0–5 0.5–2.5 0.5–2.5 <1.5 <1 <1 0.5–5

Class-C FA 20–40 10–20 4–10 15–35 1–10 0.5–2.5 0.5–2.5 <1.5 <1 <1 0.5–5

GGBS 30–40 7–15 0.5–2.0 35–50 5–15 <1 <1 <1 <1 <1 <3

MK 50–55 40–45 1–2 <1 <1 <1 <1 <1 1–2 <1 <2

RHA 85–95 0.5–1.0 <1 <1 <1 <1 <1 <1 <1 1–5 <5

RM 5–20 10–30 30–60 2–8 <1 2–8 1–6 1–4 5–15 1–2 8–20 

SF 85–98 0.5–1.5 <1 <1 <1 <1 <1 <1 <1 <1 <3

Natural 50–60 15–25 5–15 1–10 1–5 0.5–2.5 0.5–2.5 <1.5 <2 <1 <5
pozzolans 

* Note that loss on ignition (LOI) indicates the amount of weight loss during heating, often related to
unburned carbon and other volatile components.

for the geopolymerisation process that forms the binder. Table 1.1 presents the pri-
mary chemical compounds typically found in various geopolymer precursors, along 
with their usual percentage ranges [5]. Note that the actual composition of these 
materials can vary depending on their source and processing methods. Although 
minor components like trace metals or other oxides are not listed in the table, they 
may still be present in small amounts. 

FA is a fne, powdery material produced as a by-product during the combustion of 
pulverised coal in power plants. As coal burns, the non-combustible minerals within 
the coal (such as silica, alumina, and iron) melt and solidify into tiny, glassy particles 
that are carried out of the furnace with the fue gases. These particles are then collected 
using electrostatic precipitators or flter bags. FA is composed primarily of silicon 
dioxide (SiO2), aluminium oxide (Al2O3), and iron oxide (Fe2O3), making it rich in the 
aluminosilicates necessary for the production of geopolymers. FA is typically classi-
fed into two main types, class F and class C, based on its chemical composition, which 
is infuenced by the type of coal burned. Class F FA is produced from burning anthra-
cite or bituminous coal. It contains low amounts of calcium oxide (CaO), making it rich 
in silica and alumina. Class F FA is pozzolanic, meaning it reacts with calcium hydrox-
ide in the presence of water to form compounds with cementitious properties. Class C 
FA is derived from the combustion of lignite or sub-bituminous coal. It has a higher 
calcium content, often exceeding 20%. This higher CaO content gives it both pozzo-
lanic and self-cementing properties, meaning it can set and harden on its own when 
mixed with water. FA-based geopolymers often exhibit superior compressive strength 
compared to traditional OPC, which makes them suitable for structural applications 
and excellent resistance to a wide range of chemicals, including acids, sulphates, and 
chlorides, which enhances their durability in harsh environments [6–8]. 

GGBS is a by-product obtained from the iron and steel-making industry. It is pro-
duced when molten iron slag, a non-metallic residue formed during the extraction of 
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iron from its ore, is rapidly quenched with water or steam. This rapid cooling process 
forms a glazed granular material. The granules are then dried and ground into a fne 
powder known as GGBS. GGBS is primarily composed of CaO, SiO2, Al2O3, and 
magnesium oxide (MgO), which gives it cementitious properties when mixed with 
water or alkaline activators. GGBS-based geopolymers develop high early compres-
sive strength, making them ideal for applications requiring rapid strength gain. They 
also exhibit better workability and fow, low permeability, and enhanced resistance 
to harmful substances, extending the material’s durability [9–12]. 

MK is a highly reactive pozzolanic material produced by the thermal treatment of 
kaolin, a natural clay mineral composed primarily of kaolinite. When kaolin is heated to 
temperatures between 650°C and 800°C, it undergoes a process known as calcination, 
which removes water from its crystal structure, resulting in the formation of MK. This 
calcined product is an amorphous, fne powder that is rich in silica (SiO2) and alumina 
(Al2O3), making it an excellent precursor for the synthesis of geopolymers. MK-based 
geopolymers achieve high early strength, low shrinkage, and excellent resistance to 
chemicals, making them suitable for applications requiring rapid setting and durability. 
Their fne particle size and high reactivity improve workability and provide a smooth 
fnish. Additionally, MK-based geopolymers offer outstanding thermal stability and low 
permeability, making them ideal for refractory and fre-resistant applications [13–15]. 

Rice husk is the outer protective covering of rice grains, which is removed dur-
ing the milling process. It is a fbrous, tough, and abrasive material that constitutes 
about 20% of the weight of harvested rice. Rice husk is primarily composed of silica 
(SiO2), lignin, cellulose, and hemicellulose. Due to its high silica content, rice husk 
is often used as a precursor for producing RHA through controlled burning. RHA is 
rich in amorphous silica, making it a valuable material for various industrial appli-
cations, including the production of geopolymer binders. RHA-based geopolymer 
binders are valued for their high reactivity and strength. These binders exhibit excel-
lent durability, chemical resistance, low permeability, and thermal insulation, mak-
ing them suitable for lightweight, energy-effcient construction [16, 17]. 

RM, also known as bauxite residue, is a by-product of the Bayer process, which is 
used to extract Al2O3 (alumina) from bauxite ore. The Bayer process involves treat-
ing bauxite with sodium hydroxide at high temperatures and pressures, which dis-
solves the alumina. The remaining residue, which consists primarily of iron oxides, 
alumina, silica, titanium dioxide, and various other oxides, is red in colour due to its 
high iron oxide content. RM is highly alkaline, with a pH ranging from 10 to 13, due 
to the residual sodium hydroxide from the Bayer process. RM-based GPC can achieve 
high compressive strength, comparable to or even exceeding that of conventional OPC 
concrete, especially when combined with other binders like FA and/or GGBS [18, 19]. 

SF, also known as microsilica, is a by-product of the production of Si metal or 
ferrosilicon alloys. It is produced in electric arc furnaces as SiO2 vapour, which then 
condenses into extremely fne spherical particles. These particles are amorphous 
(non-crystalline) and have a very high content of SiO2, typically around 85–98%. SF 
particles are extremely small, with an average diameter of about 0.1 μm, which is 
about 100 times smaller than the average cement particle. Due to its fne particle size, 
SF has a very high specifc surface area, usually in the range of 15,000 to 30,000 
m2/kg. SF is a highly reactive pozzolan, meaning it reacts with calcium hydroxide to 
form additional calcium silicate hydrate (C-S-H), which contributes to the strength 
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and durability of concrete. SF can be used as a source material of geopolymer bind-
ers, either on its own or in combination with other materials like FA, GGBS, or MK. 
Its fne particles and high reactivity enhance the properties of their produced GPC, 
making it a valuable additive in high-performance concrete applications [20, 21]. 

Natural pozzolans are naturally occurring materials that contain reactive silica and 
alumina, which, when fnely ground and mixed with water, react with calcium hydrox-
ide at ordinary temperatures to form compounds possessing cementitious properties. 
These materials have been used in construction for thousands of years, dating back to 
ancient civilisations like the Romans, who used volcanic ash in their concrete, con-
tributing to the durability of structures like the Pantheon and aqueducts. The common 
types of natural pozzolans include volcanic ash, calcined clay, diatomaceous earth, and 
zeolites. Natural pozzolans can be used as a primary binder in GPC or as a supplemen-
tary material to enhance the properties of their produced GPC [22, 23]. 

It is important to note that the reactivity of the materials mentioned above as geo-
polymer precursors is infuenced by factors such as particle size, crystallinity, specifc 
surface area, and chemical composition. Figure 1.5 illustrates the particle sizes of various 
geopolymer precursors [24], which may directly impact the reactivity and effectiveness 
of the compounds listed in Table 1.1. Smaller particle sizes typically enhance the surface 
area available for chemical reactions, thereby increasing the reactivity of the compounds. 
Consequently, understanding the relationship between particle size and chemical compo-
sition is crucial for optimising the performance of geopolymer materials. 

Note that many researchers use ternary diagrams to represent the components 
CaO, SiO2, and Al2O3 in a material. In these diagrams, an equilateral triangle is 
depicted, with each corner representing 100% of one of the oxides (CaO, SiO2, or 
Al2O3) [25]. Any point within the triangle corresponds to a specifc combination 
of the three components, and its position indicates the relative proportions of CaO, 
SiO2, and Al2O3 in the material. If the sum of CaO, SiO2, and Al2O3 for a given 

FIGURE 1.5 Particle size and specifc surface area scale of FA, GGBS, MK, RHA, RM, SF, 
natural pozzolans (NP), OPC, sand, and fne and coarse aggregates [24]. 



   

 

 
 
 

 

 

 

8 Geopolymers and Composites 

material does not add up to 100%, the values must be normalised so that they in total 
give 100%. While normalisation allows for accurate plotting of individual materials 
on the ternary diagram, it can introduce inconsistencies when comparing different 
materials. This is because the normalisation process can obscure signifcant differ-
ences in the absolute content of the three oxides across materials, potentially leading 
to misleading interpretations if not carefully considered. 

1.3 WORKABILITY AND MIX DESIGN OF GEOPOLYMER 
CONCRETE 

1.3.1 WORKABILITY 

GPC shares some similarities with traditional OPC concrete in its composition, con-
sisting of solid components like the geopolymer precursor, sand, and coarse aggre-
gate, and liquid components, primarily the alkaline activator. However, despite these 
similarities, the workability and overall behaviour of GPC can differ signifcantly 
due to the distinct chemical reactions involved in its formation. 

Workability refers to the ease with which concrete can be mixed, placed, and 
compacted into its fnal form. In the context of GPC, workability is a crucial factor 
that directly impacts the effciency of mixing, pouring, moulding, and compacting 
the concrete. Poor workability can lead to diffculties in placement, increased labour 
costs, and potential defects such as voids, honeycombing, or segregation. Achieving 
the right balance in workability is essential, as it needs to be aligned with other 
critical performance aspects, including strength, durability, and setting time. A mix 
that is too fuid may result in segregation and bleeding, while an overly stiff mix can 
be challenging to place and compact. Therefore, understanding and controlling the 
workability of GPC is vital for successful construction outcomes. Several factors 
infuencing the workability of GPC can be listed as follows. 

• Alkaline activators: The type and concentration of alkaline activators signif-
cantly affect workability. A higher concentration of activators can increase 
the viscosity of the mix, making it less workable. The choice between sodium 
hydroxide, sodium silicate, or a combination of both can alter the mix’s fuidity. 

• Source materials: The characteristics of aluminosilicate source materials 
play a crucial role. Fineness, particle shape, and chemical composition can 
affect the ease with which the concrete can be mixed and placed. Finer par-
ticles may improve workability by flling voids between aggregates, while 
coarser particles might reduce workability. 

• Aggregates: The size, shape, and texture of aggregates infuence the fow-
ability of the mix. Rounded aggregates generally improve workability com-
pared to angular aggregates. The moisture content of the aggregates also 
plays a role; wet aggregates can lead to unexpected variations in the liquid-
to-binder (L/B) ratio, affecting the mix’s consistency. 

• Liquid-to-binder ratio: L/B ratio is a critical factor in determining work-
ability. Higher L/B ratios typically increase workability by reducing viscos-
ity, allowing the mix to fow more easily. However, excessive liquid can lead 
to segregation and bleeding. 
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• Aggregate-to-binder ratio (A/B): The proportion of aggregates to binder 
affects the density and viscosity of the mix. A higher aggregate content 
may reduce workability by increasing the overall stiffness of the concrete. 

• Alkaline activator dosage: The dosage of alkaline activators, relative to the 
binder content, is crucial. Too much activator can lead to a rapid setting and 
a reduction in workability, while too little may not activate the geopoly-
merisation process effectively. 

• Temperature: The ambient temperature during mixing and placing can sig-
nifcantly infuence workability. Higher temperatures accelerate the geopo-
lymerisation reaction, reducing the workability window. Conversely, lower 
temperatures may prolong setting time but improve workability. 

• Curing conditions: The method and environment of curing (e.g., steam cur-
ing, ambient curing) affect the workability and fnal properties of GPC. 
Proper curing is essential to maintain the designed workability and prevent 
premature stiffening or cracking. 

The workability of concrete is typically assessed using standard tests, each suited 
to different types of concrete and applications. For GPC, the most common tests 
include the slump test, fow table test, and Vebe test. Achieving the desired workabil-
ity in GPC presents unique challenges due to the variability in source materials and 
the sensitivity of the geopolymerisation process to mix proportions and environmen-
tal conditions. GPC can set rapidly due to the high reactivity of alkaline activators, 
especially in warm climates. The use of retarders or adjustments in activator dosage 
can help control the setting time, improving workability. Additionally, admixtures 
like superplasticisers can signifcantly enhance the workability of GPC without com-
promising strength or durability. These admixtures reduce the viscosity of the mix, 
facilitating easier placement and compaction. 

1.3.2 MIX DESIGN 

The mix design of GPC involves selecting and proportioning key materials such as 
geopolymer precursors, alkaline activators, and aggregates. The process focuses on 
balancing the binder, activator dosage, and aggregate ratios to achieve desired prop-
erties like workability, strength, and durability. Water content is minimised, with 
admixtures like superplasticisers added to enhance workability. Through trial batch-
ing and adjustments, the fnal mix is optimised to meet specifc performance criteria, 
ensuring successful application in construction projects. Table 1.2 provides examples 
of mix design used for producing normal-strength, high-strength, self-compacting, 
low-heat, and rapid-setting GPC. 

Once the mix design is established, the production of GPC involves a carefully 
controlled mixing process to ensure the optimal performance of the fnal product. 
The standard procedure for mixing GPC typically involves the following steps [26]: 

• Preparation of materials: The aluminosilicate source materials (e.g., FA, MK) 
and the alkaline activator solution are prepared separately. The alkaline solution 
typically consists of a mixture of sodium or potassium hydroxide and silicate. 



 

 

 

 

 

    

 

 

 

 
 

  

 
 

   
 

 
 

10 Geopolymers and Composites 

TABLE 1.2 
Examples of Mix Design of GPC 

General-Purpose High Strength 
Component (30–35 MPa) (50–60 MPa) Self-Compacting Low Heat Rapid Setting 
FA (kg/m³) 400 350 400 500 300 

GGBS (kg/m³) – 150 – – 200 

Sodium silicate 100 120 120 80 130 
solution 
(kg/m³) 

Sodium 40 (12 M) 50 (14 M) 40 (10 M) 30 (8 M) 60 (16 M) 
hydroxide 
solution 
(kg/m³) 

Sand (kg/m³) 650 600 850 700 650 

Coarse 1200 (10–20 mm) 1100 (10–20 mm) 900 (10 mm) 1100 (20 mm) 1150 (10–20 
aggregate mm) 
(kg/m³) 

Water (kg/m³) 100 80 110 120 90 

Superplasticiser 1% (4 kg/m³) 1.5% (7.5 kg/m³) 2% (8 kg/m³) 1% (5 kg/m³) 1% (5 kg/m³) 
(% of binder 
content) 

Viscosity – – 0.2% (0.8 kg/m³) – – 
modifying 
agent (kg/m³) 

Retarder (kg/m³) – – – – 0.2% (1 kg/m³) 

Application General High-performance Complex Mass concrete Rapid repairs, 
structural elements forms, dense emergency 
components reinforcement construction 

• Mixing alkaline activator: The alkaline solution is prepared by dissolving 
solid hydroxide pellets in water and then adding the silicate solution. This 
mixture is allowed to cool to room temperature before use. 

• Combining materials: The aluminosilicate source materials are dry-mixed 
with fne and coarse aggregates to ensure homogeneity. The prepared alka-
line activator solution is then gradually added to the dry mix. 

• Mixing process: The mixture is blended using a mechanical mixer to ensure 
a uniform distribution of the alkaline activator throughout the aluminosili-
cate material. This process typically takes several minutes, depending on 
the mixer type and batch size. 

• Casting and compaction: The mixed GPC is poured into moulds and com-
pacted to eliminate air voids. Compaction can be achieved through vibra-
tion or manual methods. 

• Curing: GPC generally requires a curing period to achieve desired strength 
and durability. This can be done at ambient temperature or through heat 
curing, depending on the specifc mix design and application requirements. 
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FIGURE 1.6 Standard procedure used for mixing GPC [26]. 

Note that the mixing process for GPC is more sensitive compared to traditional 
OPC concrete due to the critical nature of the alkaline solution’s concentration. 
Adjusting workability in GPC involves managing the alkaline solution, a more com-
plex task than adjusting water content and chemical admixtures in OPC concrete. 
Moreover, GPC often requires more stringent heat curing, whereas OPC concrete 
typically cures at ambient temperature with moisture retention methods. Safety 
considerations are also more pronounced in GPC due to the handling of corrosive 
alkaline activators, whereas OPC concrete, although requiring care, involves safer 
handling procedures. Figure 1.6 shows the standard procedure for mixing GPC. 

1.3.3 SETTING TIME 

The setting time of a binder is a crucial factor in its concrete application and perfor-
mance, as it infuences workability, curing requirements, and overall project time-
lines. The setting time dictates how long the material remains in a workable state, 
allowing it to be mixed, transported, placed, and fnished. 

Geopolymer binders and Portland cement exhibit notable differences in their set-
ting times due to their distinct chemical compositions and hardening mechanisms. 
Portland cement sets and hardens primarily through hydration reactions, leading 
to the formation of C-S-H and calcium hydroxide. In contrast, geopolymer binders 



 
 

 
 
 

 

 

 

 

 
 

 
 
 

12 Geopolymers and Composites 

are set through geopolymerisation, involving the dissolution of aluminosilicate pre-
cursors in an alkaline solution followed by polycondensation reactions to form a 
hardened structure. The setting times for geopolymer binders can vary signifcantly, 
often exhibiting shorter initial and fnal setting times compared to Portland cement, 
which can be advantageous in certain construction scenarios but requires careful 
handling and precise control of the mixing and curing processes. 

The following factors can infuence the setting time of geopolymers. 

• Alkaline activator concentration: The concentration and type of alkaline acti-
vator (e.g., sodium hydroxide, potassium hydroxide, or sodium silicate) play 
a pivotal role in controlling the setting time. Higher concentrations gener-
ally accelerate the dissolution of aluminosilicate precursors, leading to faster 
polycondensation reactions and shorter setting times. However, overly high 
concentrations can lead to rapid setting, reducing workability and potentially 
causing issues such as incomplete compaction or poor surface fnish. 

• Source material composition: The chemical and mineralogical composi-
tion of the aluminosilicate source materials, such as FA, MK, and BBGS, 
signifcantly affects the setting time. Materials with higher reactivity, such 
as MK, tend to react more rapidly with the alkaline activators, resulting in 
shorter setting times. Conversely, FA, which is less reactive, may prolong 
the setting time, allowing for longer workability periods. 

• Curing temperature: Temperature is a critical factor in the setting and 
hardening process of geopolymer binders. Elevated curing temperatures 
can accelerate the polycondensation reactions, leading to faster setting and 
strength gain. This characteristic can be advantageous in situations where 
rapid strength development is desired. However, in ambient temperature 
curing, geopolymer binders might exhibit slower setting times, necessitat-
ing adjustments to the curing regime or the use of accelerators. 

• Water-to-solid ratio: The water-to-solid ratio in the geopolymer mix infu-
ences its consistency and setting time. Lower water content generally leads 
to a faster setting time due to the higher concentration of reactive species 
in the solution, whereas higher water content can delay the setting time by 
diluting the reactants. Achieving the optimal water-to-solid ratio is essen-
tial for balancing workability and setting time. 

• Additives and admixtures: The use of additives and admixtures, such as 
retarders, accelerators, or superplasticisers, can modify the setting time of 
geopolymer binders. Retarders can be used to prolong the setting time, pro-
viding more time for mixing and placing, especially in large-scale or complex 
pours. Accelerators, on the other hand, can reduce the setting time, which can 
be benefcial in cold weather conditions or when rapid turnover is required. 

• Mix design and proportioning: The overall mix design, including the pro-
portioning of source materials, activators, and additives, plays a critical 
role in determining the setting time. A well-balanced mix design that 
considers the specifc requirements of the application, such as workabil-
ity, setting time, and early strength, is essential for optimising the perfor-
mance of geopolymer binders in concrete. 
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Similar to OPC, the setting time of geopolymer binders can be measured experi-
mentally using a standardised Vicant test, in which a standard sample of the paste or 
mortar is prepared and placed in a cylindrical mould. A needle or plunger of a speci-
fed weight and size is then allowed to penetrate the sample at regular intervals. The 
initial setting time is recorded as the time elapsed from the start of mixing until the 
needle fails to penetrate the block to the 5.0 ± 0.5 mm from the bottom of the mould. 
The fnal setting time is the point at which the needle fails to make an impression on 
the surface of the test block. 

Due to the variability in setting times, the use of geopolymer binders requires 
careful planning and control during the construction process. For instance, in precast 
concrete applications, where rapid setting and early strength development are often 
desired, geopolymer binders can offer signifcant advantages. However, in large pours 
or in hot weather conditions, managing the setting time is crucial to avoid prema-
ture stiffening of the mix, which can lead to challenges in placement and fnishing. 
Moreover, the accelerated setting times associated with some geopolymer systems 
necessitate precise timing and coordination in the construction sequence. This might 
involve pre-planning the logistics of mixing, transportation, and placement to ensure 
that the material remains workable throughout the process. Additionally, the curing 
regime must be carefully controlled to prevent issues such as cracking or insuffcient 
strength development, particularly in ambient temperature curing scenarios. 

1.4 COMPRESSIVE STRENGTH AND STIFFNESS 
OF GEOPOLYMER CONCRETE 

The compressive strength of GPC is a critical parameter that infuences its structural 
performance and durability. The key factors that can affect the compressive strength 
of GPC include the chemical composition of precursors, L/B ratio, concentration of 
activator, A/B ratio, and curing conditions [5, 27–29]. 

1.4.1 CHEMICAL COMPOSITION OF PRECURSORS 

The chemical composition of the precursors used in GPC is fundamental to the geo-
polymerisation process and directly impacts the material’s compressive strength. The 
precursors, typically sourced from industrial by-products like FA, GGBS, and MK, 
contain varying amounts of oxides such as silica (SiO2), alumina (Al2O3), CaO, and 
Fe2O3. These oxides play distinct roles in the formation of the geopolymer matrix. 

• Silica and alumina content: The ratio of silica to alumina is crucial in deter-
mining the strength and durability of the geopolymer matrix. A higher 
silica content typically enhances the formation of a strong aluminosili-
cate network, which increases compressive strength. An optimal silica-to-
alumina ratio, often around 2:3, ensures that the matrix has adequate bond-
ing and reduced porosity. A too-high silica content, however, may lead to 
an incomplete reaction or excessive silicate gel formation, which could trap 
unreacted particles and lower the overall strength. 
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• Calcium content: The incorporation of calcium-rich materials like GGBS 
into geopolymer mixtures introduces C-S-H gel formation alongside the 
primary aluminosilicate gel. The presence of C-S-H contributes to early 
strength gain and improves the overall compressive strength of the con-
crete. The synergistic effect of aluminosilicate and C-S-H gels creates a 
denser matrix with fewer microvoids. However, excessive calcium can lead 
to premature setting and increased brittleness, which may adversely affect 
the long-term strength and durability of the concrete. 

• Iron oxide: Iron oxide acts as a fux in the geopolymerisation process, low-
ering the energy required for the reaction and enhancing the material’s 
workability. The presence of iron oxide can improve the mechanical prop-
erties and density of the matrix, especially in the early stages. However, 
higher iron content might contribute to the formation of unwanted phases, 
such as ferrite, which can be less durable and reduce compressive strength 
over time. 

1.4.2 LIQUID-TO-BINDER RATIO 

The L/B ratio is a critical parameter in GPC, which affects its workability, setting 
time, and compressive strength. This ratio determines the consistency of the mix and 
the degree of geopolymerisation. 

• Higher L/B ratio: When the L/B ratio is high, the mixture tends to be more 
fuid, which can improve the workability and ease of casting. However, this 
increased fuidity often leads to higher porosity in the hardened concrete, 
as the excess liquid creates voids when it evaporates during curing. This 
porosity weakens the matrix, leading to a reduction in compressive strength. 
Additionally, too much activator relative to the binder can result in an incom-
plete reaction, leaving unreacted particles that further compromise strength. 

• Lower L/B ratio: Decreasing the L/B ratio results in a thicker, less fuid mix, 
which reduces workability but leads to a denser and less porous matrix. This 
denser matrix is associated with higher compressive strength due to the reduced 
presence of voids and unreacted material. However, if the L/B ratio is too low, 
the mixture can become overly stiff, making it diffcult to mix and place prop-
erly, potentially leading to poor compaction and weak spots within the concrete. 

1.4.3 CONCENTRATION OF ACTIVATOR 

The concentration of the activator solution, which typically consists of a combination 
of alkali hydroxides (e.g., sodium hydroxide or potassium hydroxide) and silicates 
(e.g., sodium silicate or potassium silicate), plays a pivotal role in the geopolymerisa-
tion process and the resulting compressive strength of the concrete. 

• Alkali concentration: The concentration of alkali hydroxides is a major factor 
infuencing the dissolution of silica and alumina from the precursor materi-
als. A higher alkali concentration increases the pH of the solution, enhanc-
ing the dissolution rate and accelerating the geopolymerisation process. This 
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generally results in higher compressive strength due to the more complete 
reaction and formation of a robust aluminosilicate network. However, very 
high alkali concentrations can cause rapid setting, leading to diffculties in 
handling and placing the concrete. Moreover, excessive alkali can lead to 
efforescence and potential long-term durability issues, such as alkali-silica 
reaction (ASR). 

• Silicate-to-hydroxide ratio: The ratio of silicate to hydroxide in the activator 
solution is another critical factor. A higher silicate content tends to promote the 
formation of a stronger, more coherent geopolymer matrix, thereby increasing 
compressive strength. The silicate acts as a binder that helps in the polymerisa-
tion of the dissolved alumina and silica. However, an overly high silicate con-
tent can increase the viscosity of the activator solution, making it diffcult to 
mix uniformly with the binder. This could result in incomplete geopolymerisa-
tion and a reduction in the compressive strength of the hardened GPC. 

1.4.4 AGGREGATE-TO-BINDER RATIO 

The A/B ratio affects the density, homogeneity, and overall mechanical properties 
of GPC, including its compressive strength. The ratio determines the proportion of 
binder to aggregates, infuencing the concrete’s structural integrity. 

• Higher A/B ratio: A higher aggregate content in relation to binder can lead 
to insuffcient coating and bonding of the aggregates, resulting in a weaker 
concrete matrix. This scenario often leads to a higher porosity and a weaker 
interfacial transition zone (ITZ) between the binder and the aggregate, 
which is typically the weakest part of the concrete. The result is reduced 
compressive strength, as the poorly bonded aggregates are more likely to 
cause crack initiation and propagation under load. 

• Lower A/B ratio: A lower aggregate content relative to binder generally 
results in a denser, more homogeneous concrete matrix, which enhances 
compressive strength. The decreased aggregate content improves the bond-
ing between aggregates and reduces the presence of voids, leading to a 
more robust ITZ. However, an excessively high binder content can make 
the concrete more brittle and prone to cracking under load, which may limit 
its toughness and long-term durability. Additionally, a very high binder 
content can increase the cost and environmental footprint of the concrete. 

1.4.5 CURING CONDITIONS 

Curing conditions, including temperature, duration, and humidity, are crucial in the 
development of the compressive strength of GPC. The geopolymerisation process is 
highly temperature-sensitive, and proper curing is essential to achieve optimal strength. 

• Curing temperature: Elevated curing temperatures accelerate the geo-
polymerisation process by increasing the reaction rate of the precursors. 
Typically, temperatures between 60°C and 90°C are used to achieve high 
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early compressive strength. This is particularly effective in promoting the 
formation of a dense, strong matrix in FA-based geopolymers, which ben-
eft from higher activation energy. However, curing at excessively high tem-
peratures can lead to rapid water loss and microcracking, especially if the 
curing is not properly controlled. This can result in a reduction of long-term 
compressive strength and durability. 

• Curing duration: The duration of curing is directly related to the complete-
ness of the geopolymerisation process. Longer curing durations allow for 
a more complete reaction, leading to a more stable and stronger matrix. In 
practice, a curing period of 24 to 48 hours at elevated temperatures is often 
suffcient to achieve the desired compressive strength. Beyond this period, 
the strength gain may plateau, especially if the reaction has consumed most 
of the available reactive components. However, insuffcient curing time 
can leave unreacted particles in the matrix, resulting in lower strength and 
increased porosity. 

• Humidity: Maintaining adequate humidity during the curing process is 
vital to prevent drying shrinkage, which can cause microcracks and reduce 
compressive strength. Humid curing environments help to retain moisture 
within the concrete, which is necessary for the continued geopolymerisation 
process. Inadequate humidity control, especially during the early stages of 
curing, can lead to surface cracking and a weaker overall matrix. In some 
cases, water curing or the use of curing compounds may be necessary to 
maintain the appropriate humidity levels. 

For example, Figure 1.7 shows the variation of compressive strength of FA- and 
GGBS-based GPC with a L/B ratio [11, 30–32]. The results show a general decline 
in compressive strength as the L/B ratio increases. This trend suggests that higher 
L/B ratios, which introduce more liquid into the mixture, likely reduce the material’s 
density and cohesion, leading to lower strength. However, it is important to note 
that other factors, such as the concentration of activators, sodium silicate-to-sodium 
hydroxide ratio, curing conditions, and the type of precursors used, can also infu-
ence the results, contributing to the variability observed in the data. 

The relationship between compressive strength and the modulus of elasticity 
in GPC is similar to that of OPC concrete but with notable differences due to the 
distinct chemical composition of the two materials. In OPC concrete, the modulus 
of elasticity generally increases with compressive strength, following a well-established 
empirical relationship. However, in GPC, which is made from aluminosilicate mate-
rials activated by alkaline solutions, the modulus of elasticity tends to be lower for 
the same compressive strength compared to OPC concrete. This difference arises 
because GPC exhibits a more brittle behaviour and has a different internal micro-
structure, with less dense and more interconnected pore networks. As a result, while 
both materials show an increase in the modulus of elasticity with higher compressive 
strength, the rate of increase is typically lower in GPC, which can affect its overall 
stiffness and deformation characteristics. As an example, Figure 1.8 compares GPC 
and OPC concrete in terms of the relationship between compressive strength and the 
modulus of elasticity. 
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FIGURE 1.7 Effect of liquid-to-binder ratio on compressive strength of GPC. (Data taken 
from [11, 30–32].) 

FIGURE 1.8 The relationship between compressive strength and the modulus of elasticity 
in GPC. (Data taken from [32].) 
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1.5 DURABILITY OF GEOPOLYMER CONCRETE 

The durability of GPC is crucial because it directly impacts the longevity and sus-
tainability of construction projects. Unlike traditional OPC concrete, GPC is highly 
resistant to chemical attacks, high temperatures, and environmental degradation, 
making it ideal for infrastructure in harsh conditions. By prioritising durability, we 
can reduce maintenance costs, extend the lifespan of structures, and contribute to 
more sustainable and resilient built environments. This section delves into the dura-
bility of GPC with a focus on its chemical resistance, freeze-thaw resistance, sul-
phate resistance, and abrasion resistance, providing a comprehensive understanding 
of its performance in challenging conditions. 

1.5.1 CHEMICAL RESISTANCE 

GPC is notably resistant to chemical attacks, a feature that stems from its unique chem-
ical composition and microstructure. The primary binder in GPC is an aluminosilicate 
gel, which forms through the polycondensation of silicate and aluminate species in the 
presence of an alkaline activator, such as sodium hydroxide or potassium hydroxide. 
This process results in a dense, cross-linked network that is less reactive with aggres-
sive chemicals compared to the C-S-H gel found in OPC concrete. 

• Acid resistance: Traditional OPC concrete, with its high calcium content, is 
susceptible to acid attack. Acids react with calcium hydroxide and calcium 
silicate hydrate, leading to the dissolution of the binder and subsequent 
weakening of the concrete structure. In contrast, GPC’s aluminosilicate gel 
is much less reactive to acids. The low calcium content in GPC reduces the 
availability of calcium hydroxide, which is prone to leaching in acidic envi-
ronments. Moreover, the dense microstructure of GPC minimises the per-
meability of the concrete, limiting the ingress of acidic solutions. Studies 
have shown that GPC maintains its structural integrity and exhibits mini-
mal mass loss even when exposed to highly acidic conditions (pH 3–4) over 
extended periods, making it ideal for use in environments such as industrial 
wastewater treatment plants and chemical processing facilities [33, 34]. 

• Chloride resistance: Chloride-induced corrosion of steel reinforcement is 
a signifcant issue in reinforced concrete structures, particularly in marine 
environments and regions where de-icing salts are used. Chloride ions pen-
etrate the concrete, reach the steel reinforcement, and initiate corrosion, 
which can lead to cracking and spalling. The dense and low-permeability 
matrix of GPC signifcantly reduces the diffusion of chloride ions, thereby 
enhancing its resistance to chloride-induced corrosion. Research has shown 
that GPC has a chloride diffusion coeffcient several times lower than that 
of OPC concrete, translating to a much longer service life in chloride-laden 
environments [35, 36]. 

• Alkali resistance: ASR is another durability issue in traditional concrete, 
where reactive silica in aggregates reacts with alkalis in the cement paste, 
leading to the formation of an expansive gel. This gel absorbs water, swells, 
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and causes cracking in the concrete. The aluminosilicate structure of GPC is 
less prone to ASR due to its different chemical composition and the absence 
of free alkalis in the hardened matrix [37, 38]. Furthermore, the lower perme-
ability of GPC restricts the ingress of moisture, which is necessary for the 
expansion of the ASR gel, thereby enhancing its resistance to ASR. 

1.5.2 FREEZE-THAW RESISTANCE 

Freeze-thaw cycles are a major durability concern for concrete structures in cold cli-
mates. When water within the pores of concrete freezes, it expands by approximately 
9%, creating internal stresses that can lead to microcracking, scaling, and, eventu-
ally, signifcant structural damage. Traditional concrete mitigates this risk through 
the incorporation of air-entraining agents, which create small, evenly distributed air 
voids that provide space for the expanding ice. 

• Low porosity and refned pore structure: GPC naturally exhibits a highly 
refned pore structure and signifcantly lower capillary porosity compared to 
OPC concrete. This is due to the geopolymerisation process, which results 
in a densely packed matrix with fewer and smaller capillary pores. The 
lower porosity of GPC reduces its water absorption capacity, minimising 
the amount of water available to freeze within the concrete. Consequently, 
the risk of freeze-thaw damage is signifcantly reduced. 

• Absence of calcium hydroxide: In traditional concrete, the presence of 
calcium hydroxide can exacerbate freeze-thaw damage by facilitating the 
formation of ice lenses, the layers of ice that form within the pores of the 
concrete and cause additional internal stresses. GPC, however, contains 
little to no calcium hydroxide, which eliminates this risk. This absence of 
calcium hydroxide not only reduces the potential for ice lens formation but 
also contributes to the overall durability of GPC in freeze-thaw conditions. 

• Experimental evidence: Laboratory studies and feld tests have consistently 
shown that GPC outperforms OPC concrete in freeze-thaw durability. 
For example, GPC samples subjected to over 300 freeze-thaw cycles (in 
accordance with ASTM C666) have demonstrated negligible mass loss and 
minimal reduction in compressive strength [39]. This superior performance 
makes GPC an ideal material for use in cold climates, particularly for infra-
structure that is frequently exposed to freeze-thaw cycles, such as bridges, 
pavements, and parking structures. 

1.5.3 SULPHATE RESISTANCE 

Sulphate attack is a common durability issue for concrete structures exposed to 
sulphate-rich soils, groundwater, or industrial effuents. In traditional OPC concrete, 
sulphate ions react with calcium hydroxide and the hydrated aluminate phases (such 
as monosulphate) in the cement paste to form expansive compounds like ettringite 
and gypsum. These compounds cause internal expansion, leading to cracking, spall-
ing, and, ultimately, loss of structural integrity. 
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• Low calcium content: GPC is inherently resistant to sulphate attack due to 
its low calcium content. The absence of calcium hydroxide and calcium alu-
minate phases means that the chemical reactions that lead to the formation 
of expansive compounds do not occur in GPC. Instead, the aluminosilicate 
network that forms during the geopolymerisation process is highly resistant 
to sulphate ions, preventing the penetration and subsequent reactions that 
typically damage traditional concrete. 

• Durability in aggressive environments: Field studies have shown that GPC 
performs exceptionally well in environments with high sulphate concentra-
tions. For example, GPC specimens immersed in a 5% sodium sulphate 
solution for extended periods (over 12 months) exhibited minimal expan-
sion and no signifcant loss of compressive strength [40]. This resistance 
to sulphate attack makes GPC an ideal choice for structures in sulphate-
rich environments, such as sewage systems, underground foundations, and 
marine infrastructure. 

• Resistance to combined chemical attacks: In many real-world scenarios, 
concrete structures are exposed to a combination of chemical attacks, such 
as sulphates, chlorides, and acids, all of which can simultaneously degrade 
the material. GPC’s dense and chemically stable matrix provides a robust 
defence against these combined attacks, ensuring long-term durability in 
highly aggressive environments. This makes GPC particularly suitable for 
critical infrastructure in harsh chemical environments, where traditional 
concrete would rapidly deteriorate. 

1.5.4 ABRASION RESISTANCE 

Abrasion resistance is a key durability factor for concrete surfaces that are subjected 
to mechanical wear and tear, such as pavements, industrial foors, hydraulic struc-
tures, and other high-traffc areas. Abrasion can lead to surface degradation, loss of 
material, and reduced functionality of the concrete structure. 

• Dense microstructure: The abrasion resistance of GPC is largely attributed 
to its dense microstructure, which is a result of the geopolymerisation pro-
cess. The aluminosilicate gel forms a tightly packed, three-dimensional net-
work with minimal porosity and few microcracks. This dense microstructure 
provides a hard and durable surface that is resistant to mechanical wear. 
Additionally, the strong bonding within the aluminosilicate matrix ensures 
that the surface layer of GPC remains intact even under heavy abrasive forces. 

• High compressive strength: GPC typically exhibits higher compressive 
strength than traditional OPC concrete, which contributes to its superior 
abrasion resistance. The higher the compressive strength of a concrete 
material, the more resistant it is to surface wear. GPC’s high compressive 
strength is due to the strong chemical bonds formed during geopolymerisa-
tion, as well as the reduced presence of voids and microcracks. This results 
in a surface that can withstand heavy traffc, mechanical abrasion, and the 
impact of sharp or heavy objects without signifcant deterioration. 
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• Performance in abrasion testing: Standard abrasion tests, such as the ASTM 
C944 rotating cutter method and the Böhme grinding wheel test, have 
shown that GPC exhibits signifcantly lower material loss rates compared 
to OPC concrete under similar abrasive forces [41]. For example, GPC dem-
onstrated an average wear depth of 2.8 and 4.4 mm after 12 and 24 hours of 
abrasion testing, respectively, whereas OPC concrete showed greater aver-
age wear depths of 4.5 and 7.2 mm at the same test intervals [42]. These 
results suggest that GPC surfaces are more durable and retain their integrity 
longer under abrasive conditions. 

• Applications in high-wear environments: The superior abrasion resistance 
of GPC makes it particularly suitable for use in high-wear environments, 
such as industrial fooring in manufacturing plants, where heavy machin-
ery, forklifts, and other equipment constantly exert mechanical stress on the 
concrete surface. It is also highly effective in transportation infrastructure, 
such as highways and airport runways, where the surface must withstand 
the constant wear and tear from vehicles and aircraft. In hydraulic struc-
tures, such as spillways and dams, GPC’s abrasion resistance ensures long-
term durability against the erosive forces of water and debris. 

1.6 FIRE RESISTANCE OF GEOPOLYMER CONCRETE 

The ability of construction materials to withstand high temperatures during fre 
events is a critical factor in ensuring the safety and longevity of structures. GPC, 
known for its superior durability and environmental benefts, has been shown to offer 
remarkable fre resistance compared to traditional OPC concrete. 

1.6.1 MECHANICAL PROPERTIES OF GEOPOLYMER CONCRETE AT 

ELEVATED TEMPERATURES 

Understanding how GPC behaves under fre conditions involves analysing its 
mechanical properties as it is exposed to elevated temperatures. These properties 
include compressive strength, tensile strength, modulus of elasticity, thermal con-
ductivity, and thermal expansion, all of which are vital for maintaining structural 
integrity during a fre. 

• Compressive strength: Compressive strength is a critical measure of con-
crete’s ability to withstand loads without failing. At elevated temperatures, 
the performance of GPC in retaining its compressive strength is markedly 
superior to that of OPC concrete. This is largely due to the unique chemical 
structure of GPC, which is based on a network of aluminosilicate bonds 
rather than the C-S-H gel found in OPC concrete. When exposed to temper-
atures up to 200°C, GPC generally shows a slight increase in compressive 
strength. This phenomenon is attributed to the ongoing geopolymerisation 
and the densifcation of the microstructure as free water evaporates and 
additional bonds form within the matrix. Beyond this temperature, up to 
about 400°C, GPC begins to experience a gradual reduction in compressive 



 

 

 

22 Geopolymers and Composites 

strength. However, this reduction is far less severe than in OPC concrete, 
which can lose signifcant strength due to the dehydration and breakdown 
of C-S-H gel at similar temperatures. As temperatures rise to 600°C and 
above, GPC continues to outperform OPC concrete. At 600°C, GPC typi-
cally retains 70–80% of its original compressive strength, while OPC 
concrete may retain only 40–50%. This is due to the thermal stability of 
the aluminosilicate framework, which does not undergo the same level of 
chemical degradation as the C-S-H gel in OPC concrete. The absence of 
calcium hydroxide in GPC prevents the formation of lime, which decom-
poses at high temperatures in OPC concrete, leading to a loss of structural 
integrity. Figure 1.9 shows the typical variation of compressive strength 
with temperature obtained from experiments for the GPC mixed using FA, 
a combination of FA and GGBS, and GGBS. The data are taken from arti-
cles [43–47]. 

• Tensile strength: Tensile strength, the capacity of concrete to resist tension 
without cracking, is a critical factor in fre resistance, as it helps prevent 
the formation of thermal-induced cracks that can compromise the mate-
rial’s structural integrity. GPC shows a more gradual reduction in tensile 
strength as temperatures increase, compared to OPC concrete. At tempera-
tures up to 200°C, GPC generally retains most of its tensile strength and 
may even see a minor improvement due to the same densifcation processes 
that enhance compressive strength. As temperatures approach 400°C, the 
tensile strength of GPC starts to decline, but this decline is less steep com-
pared to OPC concrete. While OPC concrete can experience a sharp reduc-
tion in tensile strength due to the formation of microcracks from thermal 
expansion and the breakdown of the C-S-H gel, GPC’s more stable matrix 
reduces the rate at which these microcracks form and propagate. At 600°C, 
GPC often retains around 60–70% of its tensile strength, compared to a sig-
nifcantly lower retention in OPC concrete. The aluminosilicate gel in GPC 
maintains its cohesive structure under thermal stress, which helps to resist 
crack formation and propagation, even at high temperatures. 

• Modulus of elasticity: The modulus of elasticity, representing the material’s 
stiffness, is another critical property that determines how much a material 
will deform under load. A high modulus of elasticity is desirable to ensure 
that the concrete can resist deformation during thermal expansion. GPC 
exhibits a slower reduction in modulus of elasticity compared to OPC con-
crete when exposed to elevated temperatures. At temperatures up to 400°C, 
GPC maintains a signifcant portion of its stiffness, whereas OPC concrete 
can experience a more rapid decline. The reason for this is twofold: frstly, 
the aluminosilicate matrix in GPC remains relatively intact, maintaining 
the bond strength between the particles; secondly, the low thermal con-
ductivity and thermal expansion coeffcient of GPC reduce the likelihood 
of internal stresses that cause microcracking. When exposed to tempera-
tures as high as 600°C, GPC retains a higher percentage of its initial modu-
lus of elasticity compared to OPC concrete. This means that GPC is less 
likely to deform excessively under thermal stress, maintaining its structural 
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FIGURE 1.9 Normalised compressive strength of FA-, FA+GGBS-, and GGBS-GPC at 
elevated temperatures. (Data taken from [43–47].) 

load-bearing capacity even in extreme conditions. This characteristic is par-
ticularly important in ensuring that structures remain stable during a fre, 
preventing excessive defection or collapse. Figure 1.10 shows the typical 
stress-strain curves at different temperatures obtained from experiments 
for the GPC mixed using combined FA, GGBS, and SF. The data are taken 
from an article [48]. It can be seen from the fgure that, with the increase in 
temperature, the compressive strength of GPC decreases while the strain at 
the peak stress point increases, indicating that GPC has much lower stiff-
ness at higher temperatures. 

• Thermal conductivity and thermal expansion: GPC’s lower thermal con-
ductivity compared to OPC concrete is a critical advantage in fre resis-
tance. This lower conductivity means that heat penetrates the material more 
slowly, reducing the rate at which the temperature rises within the con-
crete’s core. Consequently, GPC structures can withstand fre exposure for 
longer periods before reaching critical temperatures that could compromise 
their integrity. In addition, GPC has a lower coeffcient of thermal expan-
sion than OPC concrete. This means that GPC expands less when heated, 
which reduces the internal stresses caused by thermal gradients during 
a fre. These reduced thermal stresses minimise the risk of cracking and 
spalling, phenomena that are common in OPC concrete during rapid tem-
perature increases. 
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FIGURE 1.10 Experimental stress-strain curves of FA+GGBS+SF-GPC at elevated tem-
peratures. (Data taken from [48].) 

• Microstructural stability: The microstructural stability of GPC at elevated 
temperatures is one of its key advantages over OPC concrete. The alumino-
silicate network in GPC remains largely intact even at temperatures up to 
800°C, whereas the microstructure of OPC concrete can become severely 
compromised due to the dehydration of C-S-H gel and the breakdown of 
calcium hydroxide. The stability of the GPC matrix ensures that the mate-
rial retains its integrity, with fewer microcracks and less porosity develop-
ment compared to OPC concrete. 

1.6.2 RESIDUAL STRENGTH AND STIFFNESS OF GEOPOLYMER CONCRETE AFTER 

EXPOSURE TO ELEVATED TEMPERATURES 

The performance of GPC after it has been exposed to high temperatures is criti-
cal for assessing its viability for continued use or determining the extent of repairs 
needed. Residual properties, including compressive strength, tensile strength, and 
stiffness, are key indicators of the material’s ability to function as a load-bearing 
element after a fre. 

• Residual compressive strength: GPC exhibits superior residual compres-
sive strength compared to OPC concrete after exposure to elevated tem-
peratures. This is largely due to the thermal stability of the aluminosilicate 
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FIGURE 1.11 Residual compressive strength of OPC concrete and FA- and FA+GGBS-
GPC after exposure to elevated temperatures. (Data taken from [51, 52].) 

gel, which does not decompose or lose binding capacity as dramatically 
as C-S-H gel in OPC concrete. For instance, after being exposed to tem-
peratures of 800°C and then cooled, GPC can retain 60–70% of its original 
compressive strength [49]. In contrast, OPC concrete typically retains only 
30–40% of its strength after similar exposure [50]. This higher residual 
strength in GPC is critical for the continued safety of structures post-fre, as 
it means that the material can still bear signifcant loads without collapsing. 
The residual strength is also infuenced by the minimal thermal cracking 
and spalling observed in GPC. Unlike OPC concrete, where fre exposure 
often leads to signifcant cracking due to thermal stress and the breakdown 
of hydration products, GPC’s microstructure remains relatively intact, with 
fewer cracks and less damage overall. Figure 1.11 shows the variation of 
residual compressive strength with temperature obtained from experiments 
for the GPC mixed using FA and combined FA and GGBS. For the purpose 
of comparison, the results related to OPC concrete are also superimposed 
in the fgure. The data are taken from articles [51, 52]. 

• Residual tensile strength: The residual tensile strength of GPC after expo-
sure to high temperatures is similarly impressive. While all concrete expe-
riences some loss of tensile strength after fre exposure, GPC typically 
retains a higher percentage of its original tensile strength than OPC con-
crete. This residual tensile strength is crucial in preventing further cracking 
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and ensuring that the material can resist tensile forces in the structure. 
After exposure to temperatures around 600–800°C, GPC may retain up 
to 50–60% of its original tensile strength. The ability of GPC to main-
tain tensile capacity after cooling is largely due to the preservation of its 
microstructure and the minimal formation of thermal cracks, which would 
otherwise weaken the material’s tensile performance. 

• Residual modulus of elasticity: The residual modulus of elasticity, or stiff-
ness, of GPC is another important property for post-fre structural assess-
ment. GPC generally retains a signifcant portion of its stiffness after 
being exposed to elevated temperatures. This is crucial for maintaining the 
structural integrity of buildings, as a high residual modulus of elasticity 
ensures that the concrete can still resist deformation and maintain its shape 
under load. After exposure to temperatures up to 800°C, GPC often retains 
50–60% of its original modulus of elasticity. In contrast, OPC concrete can 
suffer a much greater loss of stiffness due to the extensive microcracking 
and phase changes that occur within its matrix at high temperatures. The 
better retention of stiffness in GPC means that structures made from this 
material are less likely to experience excessive defection or deformation 
after a fre, enhancing the safety and usability of the building. Figure 1.12 
shows the typical residual stress-strain curves after exposed to different 
temperatures obtained from experiments for the GPC mixed using com-
bined FA, GGBS, and SF. The data are taken from an article [53]. 

• Microstructural integrity and crack resistance: The microstructural analy-
sis of GPC after exposure to elevated temperatures reveals that it suffers 
less microcracking and retains more of its original structure compared to 
OPC concrete. The aluminosilicate gel in GPC does not undergo signifcant 
chemical changes or decomposition at high temperatures unlike the C-S-H 
gel in OPC concrete, which can break down and lead to extensive cracking. 

FIGURE 1.12 Experimental residual stress-strain curves of FA+GGBS+SF-GPC after 
exposure to elevated temperatures. (Data taken from [53].) 
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This microstructural integrity is crucial for the material’s residual proper-
ties. Fewer microcracks mean that GPC retains more of its strength and 
stiffness, reducing the need for extensive repairs after a fre. The minimal 
cracking also limits the pathways for further damage from moisture ingress 
or chemical attack, which can occur in OPC concrete after fre exposure. 

• Practical implications for structural safety: The superior residual proper-
ties of GPC after exposure to elevated temperatures have signifcant impli-
cations for the safety and resilience of structures. Buildings constructed 
with GPC are likely to exhibit fewer signs of structural damage after a fre, 
reducing the need for costly repairs or demolition. This resilience not only 
enhances the safety of the occupants but also contributes to the sustainabil-
ity of the structure by extending its service life and reducing the need for 
material replacement. 

In summary, GPC’s excellent performance at elevated temperatures and its supe-
rior residual properties post-fre make it a highly attractive material for construction 
in fre-prone areas. Its ability to maintain strength, stiffness, and microstructural 
integrity under fre conditions underscores its potential as a robust and durable alter-
native to traditional OPC concrete. 

1.7 CONCLUSIONS 

GPC represents a sustainable and innovative alternative to traditional OPC concrete, 
addressing signifcant environmental concerns by reducing CO2 emissions. GPC is 
produced through the activation of aluminosilicate materials using alkaline or phos-
phoric acid solutions. This process results in the formation of a robust binder that 
offers superior mechanical properties compared to OPC. The mix design of GPC 
is critical, requiring precise control over factors such as the L/B ratio, aggregate 
composition, and curing conditions to optimise performance. GPC demonstrates 
high compressive strength, comparable or superior to that of traditional OPC con-
crete. Its mechanical performance is infuenced by the chemical composition of 
the precursors, the concentration of the alkaline activators, and curing conditions. 
Notably, GPC achieves high early strength, making it suitable for a wide range of 
structural applications. GPC exhibits excellent durability, particularly in harsh envi-
ronments. It shows superior resistance to chemical attacks, including acid, sulphate, 
and chloride exposure, making it ideal for infrastructure in aggressive environments. 
Additionally, GPC has been found to possess signifcant freeze-thaw resistance and 
high abrasion resistance, further extending its service life in demanding conditions. 
One of the standout features of GPC is its fre resistance. Unlike OPC concrete, GPC 
retains a signifcant portion of its mechanical properties when exposed to elevated 
temperatures, making it a safer option for structures at risk of fre. This fre resis-
tance, combined with its excellent residual strength after fre exposure, highlights 
GPC’s potential as a reliable material in fre-prone areas. 

Future research should focus on optimising the mix design and curing processes 
to further enhance the properties of GPC. Exploring new source materials, such as 
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alternative industrial by-products and NP, could reduce costs and further minimise 
environmental impact. Additionally, integrating advanced technologies such as 3D 
printing and the development of smart GPC materials could open new avenues for 
innovative applications. Understanding the long-term performance of GPC in vari-
ous environmental conditions and scaling up production for broader commercial use 
are also critical areas for future investigation. By advancing these research areas, 
GPC can be further developed as a sustainable, high-performance material for the 
construction industry, contributing to global efforts to reduce carbon emissions and 
improve the resilience of infrastructure. 
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2 Processing and Properties 
of Phosphoric Acid-
Activated Metakaolin 
Geopolymer Composites 

Huirong Le 

2.1 INTRODUCTION 

As reported in 1978 by French scientist Joseph Davidovits, naturally occurring alu-
minosilicates, such as kaolinite, could be transformed at ambient temperature, in a 
short time, into three-dimensional aluminosilicate mineral polymer [1, 2]. This has 
attracted a lot of attention since the discovery. Scientists have widely studied the 
reaction mechanisms and physical and chemical properties of the materials and have 
found more and more applications in building materials, refractories, and so on [3, 
4]. The material is also used to consolidate industrial and nuclear wastes containing 
heavy metal or radiative elements, which makes it particularly useful in the feld of 
environmental protection [5]. However, its insuffcient mechanical properties and 
high-temperature stability have hindered its wider applications in industries [6]. 

Alkaline-activated geopolymers have been widely studied but suffer from insuf-
fcient thermal resistance due to the formation of glass phases containing alkaline 
elements. Compared with alkali-activated geopolymers, phosphoric acid-activated 
geopolymers have superior high-temperature properties without the interference of 
alkaline elements [7]. However, there are few studies on phosphoric acid-activated 
geopolymers so far. Unlike the rapid curing of alkali-activated geopolymers, the cur-
ing of phosphoric acid-activated geopolymers is relatively slow and usually requires 
to be carried out above room temperature, adding more cost to fabrication [8]. 

Potential applications of thermal-resistant geopolymer ceramics include refrac-
tory materials for metallurgy and ceramics industries, mould cores for the casting 
industry, etc. However, the existing geopolymer materials suffer from insuffcient 
mechanical strength and thermal resistance. Fibre reinforcement is regarded as an 
effective method to improve both the mechanical and thermal resistance of ceram-
ics. A considerable number of fbres are employed as reinforcing phases to improve 
the properties of geopolymers, including natural fbres like cotton fbre [9], wood 
fbre [10], hemp fbre [11], and so on [12, 13]. These fbres are only suitable for room 
temperature applications. There are also studies using ceramic fbres as reinforc-
ing phases, such as silicon carbide, alumina, mullite, and basalt fbres [14, 15]. 

DOI: 10.1201/9781003535683-2 
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Fang et al. [16] investigated the mechanical properties of geopolymer composites 
with BN-coated SiC whiskers at elevated temperatures. The composites exhibited 
improved high-temperature strength up to 900°C. Yan et al. [17] investigated the 
high-temperature mechanical properties of Cf-SiCf reinforced geopolymer compos-
ites, which also showed improved high-temperature resistance. However, The addi-
tion of SiC whiskers or SiC fbres increases the cost of the materials signifcantly. 

This chapter is focused on phosphoric acid-activated geopolymers because of 
their superior high-temperature performance [18, 19]. Previous studies indicated 
that the geopolymerization mechanism in the reaction system of phosphoric acid 
and metakaolinite is believed to be a “bonding reaction” among the P-O tetrahedral 
units of phosphoric acid solution, the Si-O tetrahedral units, and the Al-O layer of 
metakaolinite. So the polymeric structure of -P-O-Si-O-Al-O formed during geopo-
lymerization constitutes the main building block of phosphoric acid-based metaka-
olin geopolymeric structure [20, 21]. Unlike alkaline-activated geopolymer based on 
the -Si-O-Al-O building block, the -P-O-Si-O-Al-O building block does not require 
alkaline elements to balance the charge and hence improves the thermal resistance. 

Fibre reinforcement method can also be applied to overcome its higher probabil-
ity of brittle failure due to insuffcient mechanical strength and temperature-induced 
stresses under a large temperature gradient. Mullite short fbres are widely used as the 
reinforcing phase because of their good temperature resistance [22], low cost, and sim-
ilar compositions to the geopolymer matrix material studied. It is expected that mullite 
fbres will have good compatibility with the geopolymer matrix. The processing and 
the effect of the fbres on the microstructure and thermal mechanical properties have 
been reported by Wei et al [23]. The interplay of composition and processing will be 
further elaborated. Finally, the scope for further research will be proposed. 

2.2 MATERIAL AND METHODS 

2.2.1 RAW MATERIALS 

Kaolin powder was purchased from Sigma-Aldrich Inc; the specifc surface area 
is 10.2 m2/g according to the supplier. The kaolin powder was calcined at 800– 
900°C for 1 h to convert into metakaolin. The chemical compositions of kaolin and 
metakaolin determined by XRF are shown in Table 2.1. Mullite fbres were short 
fbres sourced from Rayjohn Refractories Ltd (Deqing County, Zhejiang Province, 

TABLE 2.1 
Chemical Compositions of Kaolin and Metakaolin 

Chemical Composition (wt%) 

Raw Materials 
Kaolin 

Metakaolin 

SiO2 

54.37 

52.97 

Al O2 3 

39.78 

41.09 

K2O Fe O2 3 

2.11 0.916 

2.08 0.897 

TiO2 

0.662 

0.646 

PbO 

0.602 

0.591 

P O2 5 

0.445 

0.504 

BaO 

0.200 

0.265 

MgO 

0.197 

0.218 
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China). The average mullite fbre diameter is 3–5 μm, the average length is 2 mm, 
the alumina content is about 75%, and the melting point is about 1850°C. Tap water 
was used with phosphoric acid (85%) with a view for industrial applications in the 
experiments. 

2.2.2 SAMPLE PREPARATION 

2.2.2.1 Fibre Dispersion 
It is a widely adopted method to use short fbres as a reinforcing phase for a wide 
range of materials [24], but fbre dispersion remains a common problem to be solved. 
If the fbres are agglomerated and knotted, it is easy to generate defects in the com-
posite and reduce the mechanical properties. The as-received mullite fbres are in the 
form of clusters. The initial idea to mix the fbres directly with kaolin did not break 
the agglomerates of the fbres. After many explorations, we developed an effective 
process to disperse the fbres. 

The frst step of fbre dispersion was to mix a certain amount of fbre with water 
and stir it quickly in the same direction. In this study, typically, the fbre weight was 
5–20 g in 300 ml of water. A magnetic stirrer was used in this step in the laboratory. 
After about 30 min, a uniformly dispersed fbre suspension was obtained, and then a 
certain amount of kaolin powder was gradually added to the fbre suspension under 
continuous stirring. Finally, a uniform slurry of the fbre, kaolin, and water was 
obtained. The slurry was fltered by vacuum-assisted fltering to avoid agglomera-
tion of fbres during the process, and then the obtained cake was dried in the oven 
and broken by dry ball milling. The milling time shall not be too long; typically, ball 
milling is at 150 rpm for 10 min and then at 300 rpm for 10 min to ensure the mullite 
fbres are not broken. Finally, the powder was calcined at 800–900°C [25, 26] for 1 
h to obtain a mixture containing metakaolin and mullite fbres. 

It was reported previously that when the molar ratio of Al2O3:H3PO4 = 1:1.3, phos-
phate-based geopolymer yields the best strength [18]. The recommended weight ratio 
of metakaolin to liquid phase is about 1:1 for ease of processing. So, phosphoric acid 
was diluted to a specifc concentration and added to the powder as the liquid phase to 
ensure the desirable Al2O3:H3PO4 ratio. Since fbre is generally considered to be the 
part that does not participate in the reaction, phosphoric acid is added in proportion 
to the amount of metakaolin only. The compositions of the composites with various 
fbre contents are summarized in Table 2.2. 

TABLE 2.2 
Proportion of Raw Materials Used in Sample Preparation 

Group Metakaolinite (g) Phosphoric Acid (85%) (g) Water (g) Mullite Fibre (g) 
1 100 54 46 0 

2 100 54 46 5 

3 100 54 46 10 

4 100 54 46 20 



 
 
 
 

 
 

    

 

 

 

35 Phosphoric Acid-Activated Metakaolin Geopolymer Composites 

FIGURE 2.1 Preparation process of mullite fbre geopolymer [23]. 

2.2.2.2 Geopolymer Composite Preparation 
The obtained solid and liquid phases are mixed in a mixer (MSK-SFM-7; Kejing, 
China) for 30 min and then poured into a plastic mould made by 3D printing, sealed, 
and placed on the shaking table at 120 rpm for 1 h to remove bubbles. The materials 
were cured for 24 h in an autoclave at 60°C and then removed from the mould and kept 
in humidity above 80% at room temperature for 7/28 days. Two types of samples were 
made for three-point bending and compression tests to obtain the fexural strength and 
compressive strength, respectively. The process fow chart is shown in Figure 2.1. 

2.2.3 MICROSTRUCTURAL ANALYSIS AND MECHANICAL TESTING 

Three-point bending and compression test samples are shown in Figure 2.2. 
Cylindrical specimens were used for the compressive strength test, while rectan-
gular specimens were used for the three-point bending test, with a crosshead speed 

FIGURE 2.2 Specimen size for mechanical property test: (a) confguration of three-point 
bending, and (b) compressive strength test sample dimensions [23]. 
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of 1 mm/min using a mechanical testing machine (50ST; Tinius Olsen, USA). Each 
group included three samples. As shown in Figure 2.2, the size of the rectangular 
sample for three-point bending was 60 mm × 15 mm × 15 mm, and the sample for 
the compression test was a cylinder with a diameter of 20 mm and a height of 23 mm. 
The peak load of six parallel test pieces was used to calculate the fexural strength 
by the following formula: σf = 3FL/2bh2, where σf is the fexural strength (MPa), F is 
the failure load (N), L is the span (mm), b is the width of the specimen (mm), and h 
is the height of the specimen (mm). The compressive strength was determined by σc 

= 4F/πd2, where σc is the compressive strength (MPa), F is the critical load (N), and 
d is the diameter of the specimen (mm). 

Scanning electron microscopy (SEM; Merlin, Zeiss Company, Germany) was 
adopted to observe the microstructures of the mullite fbre-reinforced geopolymer 
composites fabricated under various conditions and the fractal surfaces resulting 
from the three-point bending test. 

To determine the crystalline phases of the specimens, X-ray diffraction (XRD) 
tests were carried out (D8 Advance, Bruker Optics, Germany) using a scanning range 
from 10° to 80°. X-ray fuorescence spectrometer (XRF; ARL PERFORM X; Thermo 
Fisher, China) was used to determine the chemical compositions of the powder sam-
ple. Thermogravimetry (TG; STA8000, PerkinElmer, USA) combined with Fourier 
transform infrared spectroscopy (FTIR; Spectrum 3, PerkinElmer, USA) was used to 
simultaneously obtain the thermodynamic information and the functional groups of 
the specimens. Nitrogen with a fow rate of 20 ml/min was injected during the heat 
process, and the temperature was increased to 1600°C at a heating rate of 10°C/min. 

High-temperature treatment was carried out in a muffe furnace (KSL-1750X; 
Kejing, China), heated at 5°C/min and held at the target temperature for 1 h, then 
cooled to room temperature to obtain the treated sample. Rectangular samples with 
dimensions of about 30 mm × 15 mm × 15 mm were used for high-temperature 
shrinkage test and microstructural analysis. Cutting and polishing of samples were 
carried out with a metallographic sample cutting machine (SYJ-50; Kejing, China) 
and a polishing machine (UNIPLO-802; Kejing, China). 

2.3 RESULTS AND DISCUSSIONS 

2.3.1 INTERFACES BETWEEN GEOPOLYMER AND FIBRE 

In fact, mullite is also one of the phases of geopolymer produced after calcination 
above 1150°C [21], but the proportion of mullite produced by polymerization is 
small. On the one hand, the addition of mullite fbre increases the weight proportion 
of the highest melting point component in the composite; furthermore, the fbrous 
structure can hinder the shrinkage of the matrix at high temperatures. The dispersion 
of the fbres is critical to the properties of composites. A typical SEM image of the 
dispersion of fbres in the slurry is shown in Figure 2.3, indicating excellent disper-
sion of mullite fbres using the processing described in Section 2.1. 

Fractal surfaces after three-point bending tests were also examined using SEM. 
It was frst found that geopolymer particles are grown on the surface of the mullite 
fbres (cf Figure 2.4a), which proved that mullite fbre has good compatibility with 
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FIGURE 2.3 The fbres are evenly dispersed in the slurry [23]. 

the geopolymer matrix. Because the stiffness of the fbre is higher than that of the 
matrix, it is expected that the load will transfer from the geopolymer matrix to the 
fbres under loading, hence improving the strength of the matrix. 

The fracture mechanism of the sample can also be inferred from the fractal sur-
faces of the samples. It is found that sections of fbres are detached from the matrix 
upon fracture (cf Figure 2.4b), which is referred to as fbre pull-out. It is well known 
that the additional energy consumed in the process of fbre pull-out improves the 
toughness of the material. These observations indicate that the bonding between the 
fbre surface and the matrix is desirable for both fbre pull-out and load transfer. The 
strengthening effect of fbres is also confrmed by observation during the bending 
test. The sample with no fbres split into two parts after fracture, exhibiting brittle 
fracture characteristics, while the sample with fbres remains attached after the test. 

In some cracks of the sample, it can also be seen that the cracks are usually 
accompanied by crack defection due to fbres, as indicated by arrows in Figure 2.4c. 
This shows that the fbre/matrix interface is weaker than the matrix. When the crack 
propagates, the crack tends to propagate along the weak fbre/matrix interface. Crack 
defection can also lead to crack branching, as indicated by arrows in Figure 2.4c, 
which further increases the resistance to crack propagation. 

2.3.2 MECHANICAL PROPERTIES 

Figure 2.5 shows the mechanical properties of the samples post 7-day or 28-day 
curing. The maximum compressive strength reaches 27 MPa, and the maximum 

FIGURE 2.4 SEM photos of the interface between mullite fbre and geopolymer matrix, 
(a) geopolymer grains on mullite fbres, (b) fbre pull-out, and (c) crack defection [23]. 
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FIGURE 2.5 (a) Flexural and (b) compressive strength of geopolymer ceramic composites [23]. 

fexural strength reaches 13 MPa, both of which are achieved with the addition of 
10% fbres. Compared with the sample without fbre addition, which has a compres-
sive strength of 18.9 MPa and a fexural strength of 9.4 MPa, they are increased by 
more than 30%. With the increase in fbre addition, the overall mechanical proper-
ties frst rise and then decrease, indicating that the addition of 20% fbres has caused 
some defects in the material. The mechanical properties of the samples cured for 
28 days are slightly higher than those of the samples cured for 7 days. The data are 
provided in Table 2.3. 

2.3.3 PHASE EVOLUTION AT ELEVATED TEMPERATURES 

2.3.3.1 XRD Results 
Figure 2.6 shows the XRD patterns of geopolymers after various heat treatments. 
Pattern (a) of the sample without any treatment after curing for 7 days reveals that 
there are quartz crystalline phase q and amorphous phase. After different heat 
treatments, the position of the diffraction peak does not change, but the intensity 
increases. These crystalline phases were identifed as quartz and berlinite (alumin-
ium phosphate) phases. After fring at 1150°C, peaks correlated with cristobalite, 
mullite, and aluminium phosphate phases appeared. With exposure to 1550°C, the 
intensity at about 21° of the crystal face (101) of cristobalite reaches a maximum. 
According to previous studies [27], the geopolymer with a complete reaction will 

TABLE 2.3 
The Effect of Fibre Content on Flexural and Compressive Strength of 
Geopolymer Composites 

Addition of mullite fbre (%) 0 5 10 20 
7-day fexural strength (MPa) 7.83 ± 0.72 7.86 ± 0.52 10.37 ± 0.12 9.76 ± 0.47 

7-day compressive strength (MPa) 18.33 ± 2.76 19.83 ± 1.37 25.90 ± 0.37 23.03 ± 1.40 

28-day fexural strength (MPa) 9.41 ± 0.83 10.51 ± 1.53 13.37 ± 0.50 10.25 ± 1.40 

28-day compressive strength (MPa) 18.95 ± 1.89 24.23 ± 2.34 27.07 ± 4.32 21.60 ± 2.05 
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FIGURE 2.6 XRD patterns of the geoploymer sample with 20% fbre addition under vari-
ous heat treatments. (a) Room temperature. (b) 1150°C calcination for 1 h. (c) 1250°C cal-
cination for 1 h. (d) 1350°C calcination for 1 h. (e) 1450°C calcination for 1 h. (f) 1550°C 
calcination for 1 h. Peak symbols correspond to phases: m – mullite, c – cristobalite, a – alu-
minium phosphate, and q – quartz [23]. 

show an amorphous phase in XRD patterns. The remaining quartz peaks (~20°) in 
Figure 2.6a indicate that excessive quartz from metakaolinite is not fully consumed 
by the reaction. 

2.3.3.2 FTIR Spectra 
Figure 2.7 shows the FTIR spectra of different geopolymer samples. The addition 
of fbre had no signifcant effect on the curve. There are some obvious absorption 
peaks: 1083 cm−1 of Si-O-Si asymmetric stretching, 798 cm−1 of Al-O-Si, and 464 
cm−1 of Si-O bending. The broad absorption around 950–1300 cm−1 corresponds to 
the stretching vibration of P-O-Si-O, and the band around 1600–1740 cm−1 is gener-
ated from the adsorbed water and P-O group of stretching and bending vibration. 
The broad absorption band around 3400–3700 cm−1 corresponds to the vibration of 
hydroxyl (OH) groups and H2O molecules. 

FIGURE 2.7 Infrared spectra of geopolymers treated with different fbre ratios and tem-
peratures [23]. 
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FIGURE 2.8 Results of differential thermal analysis of samples [23]. 

After calcination at high temperatures, obvious curve changes are found. First, it 
is noted that the wide absorption peak of 3436 cm−1 reduces, symbolizing the reduc-
tion of hydroxyl groups. Some changes have also taken place where the wavelength 
is less than 700 cm−1. Based on the experimental results and previous studies [28, 
29], the bonding reaction among the P-O tetrahedral units of the phosphoric acid 
solution, the Si-O tetrahedral units, and the Al-O layer of metakaolinite generated 
the polymeric structure of P-O-Si-O-Al-O, which provides the main structure of the 
acid-based geopolymer. 

2.3.3.3 TG-DSC Curves 
Thermogravimetry and differential scanning calorimeter (TG-DSC) curves of zero 
fbre addition and 20% fbre addition samples from 50°C to 1600°C were obtained 
and shown in Figure 2.8. Since the sample was not dried in advance, the weight loss 
of 17.27% was detected below 200°C of 20% fbre addition samples, mainly due to 
the loss of absorbed water and condensation of hydroxyl groups [30]. There is an 
obvious endothermic peak detected by the DSC curve at around 140°C. Continued 
mass loss of approximately 0.24% was observed between 200°C and 250°C because 
of dehydroxylation of the high-temperature hydroxyl group. A small exothermic 
peak was observed around 1000°C. The exothermic phenomenon was detected at 
1400–1500°C, which was due to the formation of the mullite phase. An obvious 
endothermic peak was detected near 1530°C. Recalling the discussion about the 
disappearance of the AlPO4 phase at 1550°C in Section 2.3.1, it is believed that this 
endothermic peak is related to the melting or decomposition of the AlPO4 phase. 
After the temperature exceeds 1400°C, the weight loss of the sample becomes faster. 
Again, this is mainly attributed to the decomposition of AlPO4, which coincides with 
the DSC analysis. It was found that the samples added with fbres reduced the weight 
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FIGURE 2.9 SEM photos of samples treated at different temperatures, the heat treatment 
indicated on the images [23]. 

loss by about 4% compared to monolithic geopolymer up to 1600°C according to the 
TG curve, owing to the proportion of stable mullite fbres. 

2.3.3.4 SEM Observation 
As shown in Figure 2.9, the geopolymer at room temperature is mainly composed 
of lamellar structure. At 1250°C, the lamellar structure starts to produce some con-
nections. When the temperature rises to 1350°C, the lamellar structure has formed 
a porous structure. After 1450°C treatment, some fne needle-like structures are 
produced on the sample surface, speculatively mullite and cristobalite. When the 
temperature reaches 1550°C, the needle-like structure has evolved into a colum-
nar structure. It is believed that the columnar crystal is mainly due to mullite and 
cristobalite crystal growth in the liquid phase formed by the melting of aluminium 
phosphate above 1500°C. 

2.3.4 THERMAL PROPERTIES 

After the high-temperature treatment of the samples, linear shrinkage was obtained, 
as shown in Figure 2.10. The data are provided in Table 2.4. Each data point is the 
average of three samples. The linear shrinkage of the sample increased steadily and 
slightly until 1350°C, reaching about 3–5%, but suddenly the shrinkage at 1450°C 
exceeded 10%. Generally, the linear shrinkage of the sample with 20% fbre is about 
30% lower than that of the sample without fbre addition. 

Below 1350°C, the sample can basically maintain the shape, and some microcracks 
can be observed on the surface. Above 1450°C, the sample has undergone serious 
deformation and cracks. This coincides with the weight loss and exothermic phe-
nomenon that occurred in TG-DSC above 1400°C. Above 1550°C, the deformation 
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FIGURE 2.10 Linear shrinkage at different temperatures [23]. 

TABLE 2.4 
Effects of Fibre Content on the Linear Shrinkage of Geopolymer Composites 
after Calcination 

Addition of Mullite Fibre (%) 0 5 10 20 

Shrinkage at 1150°C 4.92% 3.35% 2.61% 2.33% 

Shrinkage at 1250°C 4.22% 4.02% 3.21% 2.56% 

Shrinkage at 1350°C 5.44% 4.53% 4.23% 3.32% 

Shrinkage at 1450°C 16.05% 14.68% 13.42% 11.90% 

becomes more serious and even shows the trend of fow. This is correlated with the 
TG-DSC analyses described in Section 2.3.3. 

It is noted that not only the linear shrinkage of the sample decreases with the 
addition of fbres but also the number of cracks on the sample surface decrease and 
are invisible with the addition of more than 10% fbres, as shown in Figures 2.11 and 
2.12. The results confrm that the addition of mullite fbres has hindered the shrink-
age and cracking effect during heat treatment. 

FIGURE 2.11 The surface crack of the sample after 1150°C treatment for 1 h [23]. 
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FIGURE 2.12 The surface of 10% fbre added samples after 1450°C and 1550°C treatment [23]. 

2.4 CONCLUSIONS 

This chapter investigated several important properties, such as thermal resistance, 
mechanical properties, and interfaces of geopolymer ceramics reinforced with mullite 
fbres. These particular fbre-reinforced geopolymer composites were prepared from 
kaolin and mullite fbres with phosphoric acid as an activator. XRD, TG-DSC, FTIR, 
and SEM were used to determine the phase evolution and strengthening mechanisms. 
With the addition of mullite fbres, the mechanical properties increased by at least 
20%. The optimum fexural strength exceeded 13 MPa. It was found that mullite fbres 
have desirable interface bonding with this type of geopolymer, promoting both crack 
defection and fbre pull-out strengthening mechanisms. This is correlated with the 
signifcant strengthening effect of the fbres. The linear shrinkage when treated at 
1150–1450°C was investigated and correlated with XRD analyses. The addition of 
mullite fbres reduced the linear shrinkage signifcantly up to 1350°C. The large linear 
shrinkage at 1450°C was correlated with the melting and decomposition of the AlPO4 

phase. In summary, the following conclusions can be drawn: 

1. Mullite fbre has a good affnity for phosphate geopolymer and has a sig-
nifcant fbre reinforcement effect. The addition of 10% mullite fbre is 
optimum for the mechanical properties, reaching a 28-day compressive 
strength over 27 MPa and fexural strength over 13 MPa, while the addi-
tion of 20% has the strongest inhibitory effect on the shrinkage after high-
temperature calcination, which has the linear shrinkage of 3.32% after 
1350°C calcination for 1 h, 30% lower than that without fbre addition. The 
main strengthening mechanisms of the fbre are fbre pull-out and fbre 
defection effects. 

2. Although a certain amount of microcracks appeared in the geopolymer at 
1350°C for 1 h, it can still maintain its shape, and the inhibition effect on the 
crack is more obvious with the increase in fbre addition. When it reaches 
above 1450°C, there  obvious deformation, with 11.9% linear shrinkage of 
20% fbre addition sample. Signs of melting appear at 1550°C. 

3. The polymeric structure of P-O-Si-O-Al-O is the main structure of geo-
polymer activated by phosphoric acid. When heated above 1150°C, its main 
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forms are mullite and calcite. When heated to 1450°C and above, AlPO4 

phase is formed, which is responsible for the melting of the composite 
above 1550°C. This limits the thermal resistance of the composites. 

To further improve the thermal and mechanical properties of phosphoric acid-
activated geopolymer composites will require a more effcient dispersion process for 
higher fbre content, e.g. 20%, and/or optimization of the composition to hinder the 
formation of the AlPO4 phase. 
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3 Development of 
Geopolymers Using 
Industrial Wastes 

Sirithan Jiemsirilers 

3.1 INTRODUCTION 

Alternative cementitious materials called “geopolymers” are gaining increasing 
attention because of their low carbon emission and energy consumption. It is syn-
thesised by SiO2 and Al2O3 in an alkali activator solution at the temperature range 
of 20–120°C [1]. Geopolymers utilise industrial wastes and by-products, such as fy 
ash, blast furnace slag, rice husk ash, bottom ash, aluminium waste, and mining 
tailings waste. As a result, these wastes can also be used as starting materials for 
geopolymers. Mechanical properties of geopolymers rely on large aluminosilicate 
chains in three-dimensional structures. Therefore, the source of Al and Si becomes 
important, especially in cases of waste reuse. 

The primary objective of early geopolymer synthesis was to develop a mate-
rial to replace cement, as it is well known that the production of Portland cement 
requires high heat energy, ranging from 1400 to 1600°C. In this process, raw 
materials containing alumina (Al2O3), silica (SiO2), and calcium oxide (CaO) 
are burned to produce Portland cement. Additionally, the cement manufacturing 
process releases signifcant amounts of greenhouse gases into the atmosphere, 
accounting for up to 7% of the total global emissions, contributing greatly to 
global warming. 

Therefore, geopolymers are a new type of binder that has been developed with the 
potential to replace traditional cement and concrete materials in the future. In recent 
years, geopolymer technology has been applied in various industries, including con-
struction, decorative arts, and even the electrical and aerospace industries. Today, 
this technology is gaining popularity internationally. 

Geopolymers synthesised from calcined kaolin have been extensively 
researched, with numerous studies published on factors affecting geopolymer 
properties, such as raw material ratios, water content, and types of alkalis used. 
Therefore, this study focused on synthesising geopolymers using kaolin residue 
with low alkaline concentration. The modifcation of the forming process and the 
emphasis on developing materials with suffcient strength to create products align 
with both environmental sustainability and waste management. This approach can 
provide a practical and eco-friendly solution to managing industrial waste and 
by-products. 
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3.2 MATERIALS AND EXPERIMENTS 

3.2.1 RAW MATERIALS AND CHEMICALS 

Raw materials and chemicals used in this study are as follows. Metakaolin-based geo-
polymer was prepared using metakaolin, kaolin residue, and calcined kaolin residue. 

• Kaolin residue, Imerys Ceramics (Thailand) Company Limited 
• Metakaolin, Hayashi Kasei Company Limited, Japan 
• Sodium hydroxide fakes (98% purity), PT Interchem Plasagro JAYA, Indonesia 
• Sodium hydroxide (97% purity) pellets, Nacalai Tesque Inc., Japan 
• Potassium hydroxide (97% purity) pellets, Nacalai Tesque Inc., Japan 
• Sodium silicate solution (Na2SiO3), C. Thai Chemical Company Limited, 

Thailand 
• Na2SiO3 solution, Japan 
• Distilled water 

3.2.2 PREPARATION OF RAW MATERIALS 

Prior to the geopolymerisation process, calcined kaolin residue was obtained by cal-
cination of kaolin residue at 700°C in air for 1 h with a heating rate of 2°C/min by 
an electric furnace, HP Advanced Ceramic Company Limited, Thailand. The alkali 
solution, NaOH solutions were prepared in the concentrations of 4, 6, 8, and 10 M for 
synthesis of calcined kaolin residue-based geopolymer. Moreover, NaOH and KOH 
with concentrations of 0.5, 1, 3, 5, and 10 M were obtained by dissolving dried pel-
lets of NaOH and KOH and then used to synthesise metakaolin-based geopolymer. 

The alkali activator solution was a mixture of Na2SiO3 solution and NaOH solu-
tion, as well as Na2SiO3 solution and KOH solution. The Na2SiO3/NaOH ratios of 
0.44–3.43 (by weight) were used to prepare the geopolymer produced from calcined 
kaolin residue. Moreover, the Na2SiO3/NaOH and Na2SiO3/KOH ratios of 2.25 (by 
weight) were employed to fabricate the geopolymer produced from metakaolin. 

3.2.3 CHARACTERISATION OF RAW MATERIALS 

3.2.3.1 Characterisation of Kaolin Residue and Calcined Waste 
The chemical compositions of kaolin residue and calcined kaolin residue were analysed 
by using X-ray fuorescence (XRF), S8 Tiger, Bruker. X-ray diffraction (XRD) (X’Port 
Pro, PANalytical) was used to determine the phase component of kaolin residue and 
calcined waste. XRD diffractograms of these wastes were recorded in the 2θ range of 
5°–80° at 0.02° step size. Field emission scanning electron microscope (FESEM) JEOL 
7800F and energy dispersive X-ray spectroscopy (EDX) were employed to observe the 
morphology and element composition, respectively, of kaolin residue. The particle size 
of kaolin residue was examined using Mastersizer 2000, Malvern Instruments. 

3.2.3.2 Characterisation of Metakaolin 
The chemical component of metakaolin powders was measured via XRF, ZSX Primus 
II, Rigaku. The morphology of metakaolin was examined via XRD analysis using Smart 
Lab 3kw, Rigaku. A scanning electron microscope (SEM) (TM303Plus, Hitachi) was 
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used to observe the plate-like structure of metakaolin. The particle size of metakaolin 
was determined via a laser diffraction particle size analyser, SALD-7000, Shimadzu. 

3.3 PREPARATION OF GEOPOLYMERS 

Kaolin residue or waste from the kaolin washing industry is generated daily at approx-
imately 100,000 tons/year [2]. Improper disposal of this waste has negative effects 
on both the environment and society, causing widespread concern among academics 
around the world. Given the high proportion of SiO2 and Al2O3 contents in kaolin resi-
due, it can be used as precursor materials to form geopolymers for building materials. 
Reducing waste is recognised as an effective and sustainable strategy. 

Geopolymers are generally produced by the casting method with a high content 
of alkali activator solution. This ensures that the geopolymer paste is usable [2, 3]. 
Moreover, it is well known that the production process of alkali activator solution 
causes higher energy consumption and carbon dioxide emissions. Highly alkaline 
activator solutions can be problematic in terms of sustainability and environmen-
tal friendliness. The use of a large amount of alkali activator solution also encour-
ages the formation of pores. This information results in a subsequent decrease in the 
mechanical performance and durability of the geopolymers. Previous investigations 
have provided evidence that 28-day compressive strength achievement for cast geo-
polymers is limited under room temperature [4–8]. This problem is solved by using 
geopolymer synthesis with a low amount of alkali activator solution and the prepa-
ration of the geopolymer sample using a pressing method. Previous research has 
indicated that the improved compressive strength and low porosity of geopolymer 
were prepared by pressing approach [9, 10]. These properties ensure  that the pressed 
geopolymers can be used in applications such as bricks and paving blocks. 

The geopolymer samples were prepared using pressing and casting methods, 
which have lower and higher alkali activator solution contents, respectively, as 
shown in Figures 3.1 and 3.2. To prepare the geopolymer using the pressing method, 

FIGURE 3.1 Calcined kaolin residue-based geopolymer prepared by pressing method with 
a height of 50 mm and a diameter of 25 mm. 
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FIGURE 3.2 Calcined kaolin residue-based geopolymer prepared with casting method with 
a width of 50 mm and length of 50 mm. 

homogeneous semidry powders were produced by mixing calcined kaolin residue 
with a lower alkali activator solution in a Hobart mixer for 5 minutes; the alkali 
activator solution concentration is between 20–26% by weight. The cylindrical 
stainless-steel mould (a diameter of 25 mm) containing these semidry powders was 
compressed by using the hydraulic press machine at 20 MPa pressure to obtain a 
specimen with a height of 50 mm. 

For the preparation of the geopolymer using the casting method, calcined kaolin 
residue was mixed with the higher alkali activator solution for 5 min in a Hobart 
mixer. In this case, the alkali activator solution comprises between 46% and 52% of 
alkali by weight. The geopolymer pastes were drained into a silicone mould with 
dimensions of 50 mm × 50 mm × 50 mm, and it was oscillated on the vibrating
table for 5 min. After 24 h, the geopolymer samples were removed from the mould, 
as shown in Figure 3.2. Following the demoulding of the geopolymer samples, they 
were covered with plastic flm to prevent water evaporation and kept at room tem-
perature for 7 days ±3 h, according to ASTM C109/C109M-02 [11].

3.4 RESULTS AND DISCUSSIONS 

3.4.1 CHEMICAL COMPOSITION OF KAOLIN RESIDUE AND CALCINED

KAOLIN RESIDUE

The results of the chemical composition of kaolin residue and calcined kaolin resi-
due analysed by XRF are illustrated in Table 3.1. Kaolin residue consists of a high 
proportion of SiO2 and Al2O3, which are equal to 51.21 and 30.98 wt%, respectively. 
Calcined kaolin residue has a high proportion of SiO2 and Al2O3, which are equal 
to 55.56 and 33.85 wt%, respectively. The amounts of SiO2 and Al2O3 of calcined 
kaolin residue were higher than those of kaolin residue waste. Moreover, the amounts 
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TABLE 3.1 
Chemical Compositions of Kaolin Residue and Calcined Kaolin 
Residue [13] 

Kaolin Residue Calcined Kaolin Metakaolin [12] 
Composition Waste (wt%) Residue Waste (wt%) (wt%) 
SiO2 51.21 56.56 53.94 

Al2O3 30.98 33.85 44.43 

Na2O 0.02 0.23 – 

K2O 5.20 5.15 0.87 

CaO 0.02 0.05 0.04 

MgO 1.19 0.05 0.08 

TiO2 0.16 0.16 – 

Fe2O3 2.22 2.16 0.63 

MnO 0.15 0.14 – 

SO3 – – 0.01 

Loss on ignition (LOI) 8.85 1.65 – 

Total 100.00 100.00 100.00 

of SiO2 and Al2O3 of calcined kaolin residue were higher and lower than those of 
metakaolin in the research of Tippayasam et al. [12], respectively. 

3.4.2 MICROSTRUCTURE OF RAW MATERIALS 

Figure 3.3 shows the SEM micrograph of kaolin residue. The morphology of the 
kaolin residue particles presented hexagonal, rod, corroded, plate, sharp edge, and 
irregular shape crystals as indicated in Figure 3.3a. Kaolinite and halloysite crystals 

FIGURE 3.3 Morphology of kaolin residue (a) and kaolinite (Point a1) and halloysite (Point 
a2) in kaolin residue [12]. 
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in the kaolin residue remaining from the kaolin washing process are Point a1 and 
Point a2, respectively. These crystals corresponded to the crystalline phases of well-
ordered kaolinite, halloysite, muscovite, mica, sanidine, and quartz, respectively, 
and these results were strongly supported by X-ray diffractogram. 

3.4.3 XRD ANALYSIS 

From XRD analysis as shown in Figure 3.4, the phase composition of kaolin residue 
was halloysite (Al2O3·2SiO2·2H2O), kaolinite (Al2O3·2SiO2·2H2O), albite (NaAlSi3O8), 
sanidine (K, Na)(AlSi3O8), muscovite (KAl2(AlSi3O10)(F, OH)2), and quartz (SiO2). 
Geopolymerisation reaction was conducted for calcined kaolin residue when it was 
mixed with a low amount of alkali activator solution (24 wt%) by Hobart mixer. The 
homogeneous mixture was poured into a mould with a size of ø 25 × 50 mm and pressed 
by using a hydraulic pressing machine at 21 MPa. The geopolymer sample was removed 
and covered with plastic flm to avoid water evaporation and cured at room temperature 
for 7 days ±3 h before characterisation in accordance with ASTM C109 [11]. 

3.4.4 MICROSTRUCTURE OF GEOPOLYMERS PRODUCED FROM DIFFERENT 

FORMING METHODS 

For the pressing method in Figure 3.5, the semidry powder that resulted from mixing 
the calcined waste with the lower content of the alkali activator solution was compressed 
using a hydraulic press machine. After completing the mixing, the semidry powders were 
poured into a steel mould, and the pressures were applied in the mould to eliminate large 

FIGURE 3.4 XRD diffractograms of (a) kaolin residue and (b) calcined kaolin residue at 
700 °C [13]. 
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FIGURE 3.5 SEM micrographs of pressed and cast geopolymers with different contents of 
alkali activator solution. 
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air volumes (between the powder particles) to produce the compact matrix. The powders 
were highly compacted, and this led to the formation of a geopolymerisation reaction on 
the adjacent surface between the alkali activator solution and wet calcined waste particles. 
Thus, the surfaces of these particles in the compact metrics were dissolved by the alkali 
activator solution, thereby producing Si4+ and Al3+ ions in the solution. These ions were 
coordinated in silicate tetrahedral ([SiO(OH)3]ˉ) and aluminate tetrahedral ([Al(OH)4]ˉ) 
monomers in the alkali activator solution. Subsequently, the monomers were incorpo-
rated by polymerisation reaction into a stable oligomer which was the geopolymeric gel. 
The geopolymeric gel can fll into the pores of geopolymer specimens and lead to the 
formation of denser microstructures with reduced pore contents. 

For the casting method in Figure 3.5, the geopolymer paste was obtained by mixing 
the calcined waste with the higher content of alkali activator solution. This paste was 
cast in a silicone mould and then vibrated on the vibrating table. A greater number of air 
bubbles moved toward the surface of the geopolymer paste as the content of the alkali 
activator solution was increased. After 1 day, the geopolymer samples were removed 
from their moulds after the initial hardening of geopolymer paste had occurred, and 
the samples were then allowed to cure for 7 days. After the geopolymerisation reaction, 
many air bubbles or larger pores remained in the geopolymer samples because the geo-
polymer paste had a high viscosity and a lower workability [14]. Moreover, this work pro-
poses the reason for the cracking of geopolymer samples. It is suggested that the higher 
alkali activator solution contents used for the cast geopolymer resulted in higher shrink-
age and the subsequent formation of cracks because the content of alkaline activator 
solution exceeds the requirement for the geopolymerisation process which may weaken 
the geopolymer structure. Moreover, the excess content of the alkali activator solution 
also hindered the process of geopolymerisation and the formation of the sodium carbon-
ate phase, sodium hydroxide-like phase, and zeolite phase. Therefore, the larger pores, 
the higher crack density, and the hindering process of geopolymerisation combined were 
expected to adversely impact the compressive strength of these samples. 

3.4.5 MECHANICAL PROPERTIES OF GEOPOLYMERS 

Figure 3.6 illustrates the infuence of geopolymers containing low and high contents 
of alkali activator solution by pressing and casting on the compressive strength. For 
the pressed geopolymers, the compressive strength increased with the increment of the 
content of the alkali activator solution from 20 to 24 wt% but remained constant from 
24 to 26 wt%. Therefore, the content of the alkali activator solution of 24 wt% was 
used to synthesise geopolymer in the next part. With respect to lower alkali activator 
solution proportions, the 20 and 22 wt% alkali activator samples had lower compres-
sive strengths, i.e., 12.55 and 18.39 MPa, respectively. On the other hand, samples 
produced with higher proportions of alkali activator solution (i.e., 24 and 26 wt%) 
obtained higher compressive strengths (i.e., 26.98 and 27.74 MPa, respectively). The 
compressive strength of geopolymers produced with 24 and 26 wt% alkali activator 
solution increased approximately 114.98% and 121.04% compared to those samples 
produced with 20 wt% alkali activator solution. Therefore, lower proportions of alkali 
activator solution reduce the degree of the geopolymerisation reaction, which in turn 
reduces the compressive strength. Higher proportions of alkali activator solution 
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FIGURE 3.6 Compressive strength of pressed and cast geopolymers with different contents 
of alkali activator solution [20]. 

resulted in higher compressive strengths for the pressed geopolymers because of the 
higher dissolution capacities for the Al3+ and Si4+ ions from the calcined kaolin pro-
cessing waste, which increased the formation of monomers and geopolymeric gel in 
the geopolymerisation process. Leong et al. [15] and Duxson et al. [16] reported that 
the amount of aluminosilicate gel formed was related to the compressive strength of 
geopolymers (i.e., increased gel formation leads to higher compressive strengths). 

From SEM micrographs in Figure 3.7, the amount of geopolymeric gel increased 
with increasing content of alkali activator solution. This gel could fll in the pores 
of the pressed geopolymer samples, which resulted in denser samples and higher 
compressive strengths. Moreover, the lower water absorptions, the slightly increased 
bulk densities, and the lower apparent porosities also contributed to these results. 

FIGURE 3.7 SEM micrographs of geopolymeric gel in pressed geopolymer with different 
contents of alkali activator solution. 
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For the cast geopolymers, the compressive strength clearly decreased when the con-
tent of the alkali activator solution was increased. The compressive strengths of cast 
geopolymers produced with alkali activator solutions of 46–52 wt% were 22.30–14.53 
MPa, respectively. The lowest compressive strength of the cast geopolymers was mea-
sured for samples produced with 52 wt% alkali activator solution; the strength of these 
samples decreased by approximately 53.48% in comparison to samples produced with 
46 wt% alkali activator solution. The geopolymers prepared with lower proportions of 
alkali activator solution exhibited higher compressive strengths than the geopolymers 
prepared with higher content of alkali activator solution. This can be explained by the 
pores in geopolymer samples. The geopolymer prepared with the higher content of 
alkali activator solution (52 wt%) had the highest apparent porosity and indicated the 
most porous microstructure and highest crack density per the SEM image in Figure 3.7. 
Furthermore, one factor affecting the strength of the cast geopolymers was the content 
of the alkali activator solution. The content of alkali activator solution within the sam-
ples increased the Si4+ and Na+ ions available for geopolymerisation, which resulted 
in a decrease in the compressive strength. The excessive Si4+ ion content inhibited 
geopolymerisation due to the precipitation of aluminosilicate [17]. The excessive Na+ 

ion content in the presence of CO2 in air may result in the formation of Na2CO3. The 
presence of Na2CO3 may decrease the compressive strength of geopolymers [18] since 
Na2CO3 reduces the degree of geopolymerisation because of the high alkali concentra-
tion and due to the relatively weak binding and exchangeability of Na in the geopoly-
mer structure [19]. FTIR spectra and SEM/EDX in this work support the formation of 
Na2CO3 in the cast geopolymer samples. 

Additionally, the compressive strengths of pressed geopolymer samples were directly 
compared to cast geopolymer samples. The results indicate that processing has a very 
important effect on the compressive strength of geopolymers. The compressive strength 
of the pressed geopolymer was approximately 24.39% higher than that of the cast geo-
polymer. This result could be explained in many ways. First, the higher compressive 
strength could be attributed to sample compaction, fewer pores, and no observable cracks 
(per the SEM images of the pressed geopolymers). Furthermore, the lower water absorp-
tion, the higher bulk density, and the lower apparent porosity of the pressed geopolymers 
are also expected to enhance the compressive strength. This result is assumed due to the 
smaller proportion of alkali activator solution used in the pressed geopolymers com-
pared to the cast geopolymers. In this study, it was clearly demonstrated that the pressing 
method resulted in higher compressive strengths than the casting method. 

3.4.6 MECHANISM OF GEOPOLYMER FORMATION OF PRESSED GEOPOLYMER 

The mechanism of geopolymer formation of pressed geopolymer with low alkali acti-
vator solution is presented in Figure 3.8. The compacted geopolymer matrix caused 
a high geopolymerisation reaction and low porosity in the samples because the sur-
faces of particles in the compacted geopolymer matrix were dissolved with an alkali 
activator solution to obtain the dissolved Si4+ and Al3+ ions. These ions resulted in 
the formation of aluminate tetrahedral monomers ([Al(OH)4]ˉ) and silicate tetrahedral 
monomers ([SiO(OH)3]ˉ) and the stable oligomers in an alkali activator solution. These 
oligomers were polycondensed as a three-dimensional aluminosilicate network. 
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FIGURE 3.8 Schematic mechanism of geopolymer formation by the pressing method [2]. 

3.4.7 NMR ANALYSIS 

Green geopolymer prepared with calcined kaolin residue and low alkali activator 
content by pressing was synthesised with various Si/Al mole ratios using soluble 
silicate (Na2SiO3 solution) to improve the Si ratio. The structure of geopolymer with 
low alkali activator content was analysed by NMR, as shown in Figures 3.9 and 3.10 
and Table 3.2. Findings found that when the geopolymer with Si/Al mole ratio was 

FIGURE 3.9 29Si NMR spectra of calcined kaolin residue (a) and geopolymer samples with 
Si/Al mole ratios of 1.50 (b), 1.54 (c), 1.58 (d), and 1.62 (e) [13]. 
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FIGURE 3.10 27Al NMR spectra of calcined kaolin residue (a) and geopolymer samples 
with Si/Al mole ratios of 1.50 (b), 1.54 (c), 1.58 (d), and 1.62 (e) [12]. 

increased to 1.58, Q4(4Al) and Q4(3Al) structures changed to Q4(2Al) structures, 
and AlIV species declined. Consequently, the mechanical properties of the geopoly-
mers may depend on the structure and chemical bonds within the three-dimensional 
aluminosilicate network. The higher compressive strength of the geopolymer was 
attributed to an increase in linkages of Si-O-Si bonds and larger aluminosilicate gels. 
However, the creation of the zeolite crystal phase (Figure 3.11) was responsible for an 
increase in the Si-O-Al and Al-O-Al bonds and a decrease in the gel aluminosilicate, 
which led to a reduction in compressive strength. The results show that the chemical 

TABLE 3.2 
29Si and 27Al NMR Spectra Deconvolutions (Area%) of Calcined Kaolin 
Residue and Geopolymer Synthesised with Various Si/Al Mole Ratios [13] 

29Si NMR (%) 27Al NMR (%) 

Si/Al Mole Q2 Q3 Q4 Q4 Q4 Q4 Q4 

Ratios Q0 Q1 (1Al) (0Al) (0Al) (1Al) (2Al) (3Al) (4Al) AlIV AlV AlVI 

1.42 14.5 9.0 3.7 1.4 5.2 8.9 12.2 25.6 19.5 52.3 1 47.1 
(Calcined 
waste) 

1.50 14.7 13.7 18.0 4.4 0.8 6.4 5.3 8.7 28.0 99.9 0 0.1 

1.54 6.7 9.8 15.1 6.9 3.7 5.0 5.0 25.8 22.0 99.8 0 0.2 

1.58 3.7 6.9 11.0 18.7 3.6 8.2 19.2 13.1 15.6 96.5 0 3.5 

1.62 7.1 7.9 11.1 13.8 3.9 10.5 15.5 13.6 16.6 99.2 0 0.8 
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FIGURE 3.11 SEM image (a) and XRD diffractogram (b) of the zeolite phase in alumino-
silicate gels of geopolymer with the highest Si/Al mole ratio of 1.62 [12]. 

composition of precursor materials affects geopolymers with low alkali activator 
levels in a substantial way. Additionally, the circular economy framework may be 
used to make geopolymers from kaolin residue and low alkali activator content, 
which will be used as green building materials to help with low carbon emission, low 
energy consumption, resource conservation, and environmental protection. 

3.5 CONCLUSIONS 

In this chapter, kaolin residue waste was utilised to synthesise geopolymers, with 
the waste being calcined before being used as a raw material. The following fndings 
can be drawn: 
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1. The compressive strength and dense microstructure of geopolymer pro-
duced with a low amount of alkali activator solution by pressing was higher 
than that of geopolymer produced with a high amount of alkali activator 
solution by casting. 

2. The geopolymer fabricated by the pressing method can reduce the amount 
of alkali activator solution by approximately 50% by weight compared to 
the casting method. 

3. The optimum condition for the preparation of geopolymer was obtained 
from the pressing method, and a low alkali activator solution was found at 
24 wt%. 
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4 Effects of the Rheological 
Property on Extrusion 
Printing of Metakaolin-
Based Geopolymers 

Yanhong Jia and Huirong Le 

4.1 INTRODUCTION 

Geopolymers are low-carbon cementitious materials that hold promise to replace tradi-
tional concrete and enhance sustainability in the construction industry, especially when 
combined with 3D printing technology [1]. The geopolymer system varies according 
to the type of activator used, which can be an alkali, acid, or salt [2]. In particular, 
alkali-activated systems cure relatively quickly at room temperature [3]. Research on 
3D printing of geopolymers has focused on linking material dynamic properties with 
the extrusion process. The proportions of geopolymer powder, activator, and rheologi-
cal modifer can be adjusted to ensure 3D printing quality, at least in the short term 
[4]. However, changes in the rheological property during long-term continuous print-
ing and high-precision printing may directly affect printing quality. If the rheological 
property during the printing process does not match the selected printing parameters, 
problems such as material interruption, nozzle clogging, and part collapse may occur 
[5]. Although rheological modifers and fne aggregates can be added to reduce part 
deformation and collapse, the printing stability is still affected by the gel transition 
process, during which the viscosity, yield stress, and shear rate of the material undergo 
signifcant changes [6]. Thus, there is a high demand for an approach to optimizing 3D 
printing parameters to accommodate changes in the rheological property [7]. 

Current research on large-scale and long-term 3D printing of geopolymers for the 
construction feld has been focused on alkali-activated geopolymers based on fy ash 
[8, 9]. Less research has focused on the 3D printing of alkali-activated geopolymers 
based on metakaolin, and any such studies have mostly considered smaller spatial 
scales [10]. Although substantial progress has been made in the material and process 
optimization of 3D printed geopolymers, the dynamic adjustment of printing param-
eters according to the rheological behaviour remains a critical issue to be addressed. 

In this study, we developed a method for dynamically adjusting the printing param-
eters of alkali-activated metakaolin-based geopolymers in response to changes in the 
rheological property. We developed a Grasshopper-based G-code generation plugin 
that links key printing parameters such as the extrusion pressure, movement speed, and 
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extrusion height to real-time rheological property in the slurry, expanding the printable 
window and improving printing quality while reducing the need for additional additives. 
We developed a rheological model to determine the printable window for metakaolin-
based geopolymer slurries with varying NaOH content, and we developed an extrusion 
model to describe the extrusion behaviour of the slurry. We conducted a series of experi-
ments to verify the effectiveness of the proposed method and evaluate its impact on the 
printing quality. This study not only provides new insights for the development of 3D 
printing technology for geopolymers but also serves as a reference for the 3D printing of 
other materials that demonstrate changes in rheological property over time. 

4.2 EXPERIMENTS AND METHODS 

4.2.1 MATERIAL PREPARATION 

We used an alkali-activated metakaolin material system to prepare the geopolymer 
slurry. The raw materials included metakaolin (98 wt%, Shanlin Shiyu Mineral 
Products Co., Ltd., Guzhang Xian, Hunan, China.), silica sol (Keying New Material 
Co., Ltd., Dezhou, China.), NaOH (96 wt%, Shanghai Titan Technology Co., Ltd., 
Shanghai, China), quartz sand (70–100 mesh, Qingmiaoyuan Co., Ltd., Zhengzhou, 
China), kaolin (95 wt%, Shanlin Shiyu Mineral Products Co., Ltd., Guzhang Xian, 
Hunan, China.), hydroxypropyl methylcellulose (HPMC-20, Qimeng Chemical Co., 
Henan, China.), and Triton X-100 (Scientifc Phygene Co., Fuzhou, China.). Table 4.1 
lists the chemical composition of the metakaolin used in this study, and Table 4.2 
lists the physical parameters of the silica sol. Figure 4.1 shows the particle size dis-
tributions of metakaolin, kaolin, cellulose, and quartz sand. 

The alkaline activator was prepared by mixing NaOH particles with 15 g of silica sol 
using a magnetic stirrer for 24 h. Then, the activator was mixed with 10 g of metakaolin 
powder and stirred for 10 min to obtain the cementitious material. Next, 1.5 g of quartz 
sand and 0.5 g of Triton X-100 were added along with appropriate amounts of kaolin and 

TABLE 4.1 
Chemical Composition of Metakaolin (wt%) 

IL 
0.41 

Al2O3 

45.03 

SiO2 

52.14 

Fe2O3 

0.48 

CaO 
0.13 

MgO 
0.15 

K2O 
0.14 

TiO2 

1.16 

TABLE 4.2 
Physical Parameters of Silica Sol 

SiO2 Na2O Density Particle Size Viscosity 
Content (%) Content (%) (g/cm3) pH Level (nm) (mPa·s) 

30 ± 1 ≤0.3 1.19–1.21 9.0–10.0 8–15 ≤10 
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FIGURE 4.1 Particle size distributions of raw materials used in the geopolymer slurry: 
(a) cumulative volume and (b) particle number distribution. 

HPMC as rheological modifers. The mixture was stirred for another 10 min to prepare 
the geopolymer slurry, which was then loaded into the syringe of a modifed direct ink 
writing extrusion head with a volume of 50 ml. Samples were labelled according to the 
amounts of NaOH, kaolin, and HPMC added. For example, sample Na5.33KL1.5HP1.5 
contained 5.33 g of NaOH, 1.5 g of kaolin, and 1.5 g of HPMC. 

4.2.2 3D PRINTER AND PRINT GEOMETRIES 

In this study, we modifed a commercial ceramics 3D printer that can continuously print 
clay by pushing it through a lead screw extrusion head using steady pressure provided 
by an air pump. To address nozzle clogging caused by the curing of the geopolymer, we 
replaced the original lead screw extrusion head with a direct ink writing extrusion head, 
allowing it to be easily detached and replaced. The syringe of the extrusion head had an 
external diameter of 25.2 mm, an internal diameter of 22.5 mm, and a total length of 118 
mm. The slurry was extruded through a needle with an internal diameter of 1.05 mm and 
a length of 20 mm. We added a pneumatic controller (DELIMA-983A) between the air 
pump and extrusion head to enable more precise dynamic pressure adjustment. Figure 
4.2 shows the modifed 3D printer and the associated equipment. 

4.2.3 MATERIAL DESIGN FOR PRINTABILITY 

To ensure that the cementitious material could be extruded through the 3D printer sta-
bly and smoothly, we needed to select suitable additives to modify the rheology of the 
cementitious material by enhancing its extrudability and buildability. Quartz sand was 
selected as the fne aggregate for improved buildability and reduced slump [11]. The 
ratio of coarse and fne sands was fxed for enhanced extrudability [12]. The layered 
kaolin structure had hydrophilic functional groups that reduced the free water content 
in the slurry and thus increased its viscosity and plasticity [13]. HPMC was selected 
because it can absorb and retain moisture, which would prevent cracking and shrink-
age due to rapid drying [14]. Triton X-100 was selected as a surfactant to increase the 
yield stress of the slurry and facilitate smooth extrusion and rapid curing [15]. 
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FIGURE 4.2 Modifed 3D printer and equipment for testing the slurry printability: (a) Schematic 
diagram of key components of the 3D printer. (b) Schematic diagram of the direct ink writ-
ing extrusion head. (c) Replaceable direct ink writing extrusion head. (d) Vicat test equipment. 
(e) Pneumatic controller and direct ink writing extrusion head. (f) Mini slump test set-up. 

4.2.3.1 Extrudability: Extrusion Test 
A pneumatic controller and direct ink writing extrusion head (Figure 4.2c) were used to 
test the extrudability of the slurry samples with different proportions of NaOH, kaolin, 
and HPMC. The extrusion test started once the slurry was uniformly mixed and loaded 
into the extrusion head. The extrusion operation was performed every 15 min, and 
the extrusion line and extrusion pressure were recorded for each interval. Recording 
stopped when the maximum pressure of the air pump could no longer extrude the 
slurry, indicating a signifcant change in its rheological properties due to curing. 

Slurry samples from the same batch were tested every 30 min at different extru-
sion pressures of 50, 100, 150, and 200 kPa. The extrusion volume was then calcu-
lated based on the dimensions of the extrusion head and the density of the prepared 
geopolymer (i.e., 2 g/cm3). Each extrusion was performed for 10 s, and the weight of 
the extruded slurry was recorded by using an analytical balance. 

4.2.3.2 Buildability: Mini Slump Test 
Owing to the correlation between slump and rheological performance [16], we 
employed a self-built mini slump test (Figure 4.2f) to evaluate the relationship 
between the spread diameter of a printed slurry and time. The experiment was con-
ducted on a transparent acrylic upper plate, with a camera installed beneath it to 
record the changes in spread diameter over time. 

4.2.4 RHEOLOGICAL PERFORMANCE 

A dynamic shear rheometer (Model HAAKE MARS 60, Thermo Scientifc,  Beijing, 
China) was used to study the rheological performance of the printed slurries. The 
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FIGURE 4.3 Grasshopper plugin for dynamic adjustment of printing parameters: 
(a) Example workfow of using the Grasshopper plugin to generate G-code fles and print 
geopolymers directly. (b) Printing using the generated G-code fles. (c) Screenshot of the 
software code implementing G-code conversion functionality. 

shear rate sweep mode was applied to measure the variation of shear stress with shear 
rate, while the oscillation frequency sweep mode was used to obtain the changes in 
the storage modulus and loss modulus. 

4.2.5 SOFTWARE DEVELOPMENT 

To achieve dynamic adjustment of the printing parameters and more precise process 
control, we developed a plugin that closely integrates design, slicing, and manufac-
turing. We utilized the Grasshopper (Graphical algorithm editor) plugin to directly 
generate G-code fles in the modelling software, Rhinoceros, and map dynamic 
changes in parameters to each coordinate point. Figure 4.3 shows the steps for gen-
erating the printing parameters and the interface of the developed plugin. 

4.3 RESULTS AND DISCUSSION 

4.3.1 RHEOLOGICAL MODEL FITTING 

Experimental data of geopolymer slurries with varying NaOH concentrations were 
collected. As shown in Figure 4.4, data were obtained in shear scan mode (i.e., shear 
rate vs. shear stress) and oscillation scan mode (i.e., frequency vs. storage modulus 
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FIGURE 4.4 Experimental data for ftting to rheological models: (a, c, e, g) Variations in 
the shear stress with the shear rate of different samples. (b, d, f, h) Variations in the storage 
modulus and loss modulus with the oscillation frequency of different samples. 

and loss modulus). To ensure reliability, the raw data scanned in the shear mode were 
preprocessed by setting the shear rate range to 0.01–20/s and fltering out extreme 
values. 

We ftted the shear rate–shear stress data to three rheological models: the 
Bingham, Herschel–Bulkley, and Carreau models. The formulas, ftting param-
eters, and mean square error (MSE) for each model are detailed in the Supporting 
Information. Figure 4.5 shows the ftting curves of the three models. 



   

 
 
 

 
 
 
 
 
 
 

 

67 Extrusion Printing of Metakaolin-Based Geopolymers 

FIGURE 4.5 Shear rate–shear stress data of geopolymer slurries with different NaOH con-
centrations ftted to three rheological models. 

For most samples, the Carreau model demonstrated the best ft and lowest error. 
The experimental results indicated that the prepared geopolymer slurries exhibit 
shear-thinning behaviour, as they showed a high initial viscosity at low shear rates, 
which gradually decreased as the shear rate increased [17, 18]. Therefore, the Carreau 
model was selected to investigate the laminar fow within the circular tube of the 
direct ink writing extrusion head. 

4.3.2 INITIAL SETTING TIME 

We measured the initial setting times of samples with different NaOH additions 
using the Vicat test apparatus (Figure 4.2d). The samples exhibited fuidity and shear 
strength in the initial setting state. As the fuidity decreased and viscosity increased, 
the penetration depth of the Vicat test needle gradually decreased until it could no lon-
ger penetrate the sample, indicating the fnal setting state. Figure 4.6a shows the initial 
and fnal setting times of the samples. Throughout the setting process, the yield stress 
changed signifcantly. The data obtained in oscillation scan mode (Figure 4.4b, d, f, and 
h) showed that both the storage modulus and loss modulus increased with an increasing 
oscillation frequency. However, the storage modulus increased at a greater rate than the 
loss modulus, which indicates that the material exhibited more elastic behaviour under 
periodic stress. This change can be attributed to the increased crosslinking density 
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FIGURE 4.6 (a) Changes in penetration depth of the Vicat test needle over time. (b) Effects of 
the NaOH content in slurries on the setting time. (c) Extrudability test results of different slurries. 

with a higher NaOH content. The addition of NaOH reduced the yield stress of the 
slurry, acting similarly to a superplasticizer [19]. The yield stress also varied owing 
to changes in the Na/Si ratio [20]. Increasing the NaOH content in the alkali activator 
delayed the initial setting time, which is mainly because NaOH reduces the polymer-
ization of SiO2 and slows down the setting speed [21]. An appropriate amount of NaOH 
helps increase slurry fuidity for smoother extrusion, but excessive NaOH can degrade 
the mechanical properties after curing [22]. The extrudability window for a slurry typi-
cally ends when the initial setting state is reached (Figure 4.6c). To minimize the use 
of NaOH and additives, optimizing the printing parameters is essential for extending 
the extrudability window of the slurry. 

4.3.3 DIRECT INK WRITING EXTRUSION MODEL 

The Benbow–Bridgwater model can be used to describe the stress and fow charac-
teristics of geopolymer slurries extruded from a syringe, allowing for the calculation 
of extrusion air pressure and fow rate. The model is expressed as: 

˙ Ab ˘ ML nPext = ˝0lnˇ � + (�0 + �Vext ) (4.1) 
ˆ Ad � Ad 
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FIGURE 4.7 (a) Relationship between pressure and extrusion volume at different time 
points (20, 60, 90, and 120 min). On the x-axis, labels 1, 2, 3, and 4 correspond to extrusion 
pressures of 50, 100, 150, and 200 kPa, respectively. (b) Changes in yield stress over time. 
(c) Changes in wall slip shear stress over time. 

Figure 4.7a presents data on the extrusion volumes of four samples at different 
time points (20, 60, 90, and 120 min) and various pressures. We used the extrusion 
data and Benbow–Bridgwater model to calculate the yield stress and wall slip shear 
stress of the four samples at different time points. The calculation process is detailed 
in the Supporting Information. 

As shown in Figure 4.7b, the yield stress of each sample increased over time, with 
a signifcant infuence from the NaOH concentration. As the NaOH concentration was 
increased, the yield stress initially decreased and then increased. At lower NaOH con-
centrations, more Si and Al could dissolve to produce more dissolved species [23]. As 
the NaOH concentration increased, the reactants quickly converted into N–A–S–H gel 
products, which gradually formed a denser microstructure, which increased the slurry 
viscosity and yield stress [24, 25]. As shown in Figure 4.7c, the wall slip shear stress 
initially decreased and then increased over time, which may be related to the shear-
thinning characteristics of the slurries. In shear-thinning fuids, the viscosity decreases 
with an increasing shear rate, which affects the magnitude of the wall slip shear stress. 
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4.3.4 DYNAMIC PRINTING PARAMETER SETTINGS 

For successful 3D printing of geopolymers, the ideal rheological behaviour is a com-
bination of a low yield stress and suffcient viscosity. This ensures that the slurry can 
easily extrude from the nozzle and stabilize quickly after deposition, avoiding defor-
mation and collapse. Figure 4.8a shows the velocity and shear stress distributions 
within the syringe. The velocity distribution was parabolic along the diameter, while 
the shear stress was minimal at the centre and maximal at the inner wall. When 
the shear-thinning material reached a steady fow, the velocity along the diameter 
tended to be uniform, which is crucial for achieving even extrusion. At this stage, the 
viscosity of the material decreased with an increasing shear rate. The relationships 
between the shear stress, shear rate, and viscosity can be used to control the fow rate 
and avoid uneven extrusion or poor interlayer bonding. 

Figure 4.8b shows the printing results of the slurry samples under different extru-
sion conditions: failed, unstable, and stable. In the failed state, the slurry collapsed 
or deformed. In the unstable state, uneven layering occurred. In the stable state, the 
slurry had uniform layer height and a smooth surface. During the 3D printing pro-
cess, the printing parameters need to be adjusted dynamically based on the rheologi-
cal properties and fow characteristics of the slurry within the syringe to account for 
changes over time, such as variations in layer height due to slump or discontinuous 
extrusion caused by insuffcient pressure. 

Figure 4.9 presents the 3D printing process and results after dynamic parameter 
adjustment based on the rheological properties and fow characteristics of the slurry 
within the syringe. The ftted data were input into the Grasshopper plugin to generate 
a G-code mapping the relationship between the extrusion pressure and the rheological 
performance. Figure 4.9a–c shows the printing results without dynamic parameter 
adjustment. Figure 4.9a shows the slump test results for slurry samples from the same 
batch, and Figure 4.9b shows the flling process of the direct ink writing extrusion 

FIGURE 4.8 Flow velocity within the syringe and extrusion test results: (a) Schematic of the 
shear stress and velocity distributions. (b) Printing results under different extrusion conditions. 



 
 

   

 
  

   

 

 

 

71 Extrusion Printing of Metakaolin-Based Geopolymers 

FIGURE 4.9 3D printing results of geopolymer slurries with dynamic adjustment of print-
ing parameters. 

head. Figure 4.9c displays the slump test and printing results after 20, 60, and 90 min 
of resting time, where material fowability decreased as the resting time increased, 
leading to issues such as uneven layer height, collapse, and increased surface rough-
ness during printing. Figure 4.9d presents the rheological performance compensation 
method using the Grasshopper plugin in Rhinoceros. The plugin generates a paramet-
ric geometric model to achieve continuous spiral layer slicing, layer height compen-
sation, and extrusion pressure and speed compensation for dynamic optimization of 
the printing process. Figure 4.9e shows the Grasshopper interface and the parameter 
adjustment process. Figure 4.9f illustrates the printing results obtained with dynamic 
parameter adjustment. Compared to the results without dynamic parameter adjust-
ment, the obtained cylinder had a higher number of stacked layers, more uniform 
layer height, and reduced slump, indicating improved printing quality. 

4.4 CONCLUSIONS 

The 3D printing of alkali-activated metakaolin-based geopolymers requires careful 
consideration of rheological properties to ensure printing accuracy and stability. The 
experimental results indicated that dynamic adjustment of the printing parameters 
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is crucial for improving the printing quality while minimizing the use of NaOH 
and rheological modifers. The developed dynamic parameter adjustment method 
takes into account the changes in the material’s rheological properties during the 
printing process to ensure the structural integrity and surface quality of the fnal 
printed product. This study provides important technical support for the application 
of alkali-activated metakaolin-based geopolymers in additive manufacturing and 
offers valuable insights and references for the 3D printing of other shear-thinning 
materials with real-time changes in rheological properties. 

ACKNOWLEDGEMENTS 

This work was supported by Tsinghua University Initiative Scientifc Research 
Program-International Cooperation Special Project：20233080011. The authors are 
also grateful for the support of colleagues at the Future Lab, Tsinghua University. 

REFERENCES 

1. S. Qaidi, A. Yahia, B. Tayeh, H. Unis, R. Faraj, A. Mohammed, 3D printed geopolymer 
composites: A review, Materials Today Sustainability 20 (2022): 100240, https://doi. 
org/10.1016/j.mtsust.2022.100240. 

2. J. Davidovits, Geopolymers: Inorganic polymeric new materials, Journal of Thermal 
Analysis and Calorimetry 37.8 (1991): 1633–1656, https://doi.org/10.1007/bf01912193. 

3. G. M. Zannerni, K. P. Fattah, A. K. Al-Tamimi, Ambient-cured geopolymer concrete 
with single alkali activator, Sustainable Materials and Technologies 23 (2020): e00131, 
https://doi.org/10.1016/j.susmat.2019.e00131. 

4. H. Castillo, H. Collado, T. Droguett, S. Sánchez, M. Vesely, P. Garrido, S. Palma, 
Factors affecting the compressive strength of geopolymers: A review, Minerals 11.12 
(2021): 1317, https://doi.org/10.3390/min11121317. 

5. S. A. Khan, H. Ilcan, R. Imran, E. Aminipour, O. Şahin, A. A. Rashid, M. Şahmaran, 
M. Koç, The impact of nozzle diameter and printing speed on geopolymer-based 
3D-printed concrete structures: Numerical modeling and experimental validation, 
Results in Engineering 21 (2024): 101864, https://doi.org/10.1016/j.rineng.2024.101864. 

6. R. Aversa, L. Ricciotti, V. Perrotta, A. Apicella, Chemorheology of a Si/Al> 3 alkali 
activated metakaolin paste through parallel differential scanning calorimetry (DSC) 
and dynamic mechanical analysis (DMA), Polymers 15.19 (2023): 3922, https://doi. 
org/10.3390/polym15193922. 

7. B. Panda, C. Unluer, M. J. Tan, Investigation of the rheology and strength of geopoly-
mer mixtures for extrusion-based 3D printing, Cement and Concrete Composites 94 
(2018): 307–314, https://doi.org/10.1016/j.cemconcomp.2018.10.002. 

8. H. Alghamdi, S. A. Nair, N. Neithalath, Insights into material design, extrusion rheol-
ogy, and properties of 3D-printable alkali-activated fy ash-based binders, Materials & 
Design 167 (2019): 107634, https://doi.org/10.1016/j.matdes.2019.107634. 

9. Y. Chen, K. Xia, Z. Jia, Y. Gao, Z. Zhang, Y. Zhang, Extending applicability of 
3D-printable geopolymer to large-scale printing scenario via combination of sodium 
carbonate and nano-silica, Cement and Concrete Composites 145 (2024): 105322, 
https://doi.org/10.1016/j.cemconcomp.2023.105322. 

10. S. Ma, S. Fu, S. Zhao, P. He, G. Ma, M. Wang, D. Jia, Y. Zhou, Direct ink writing of 
geopolymer with high spatial resolution and tunable mechanical properties, Additive 
Manufacturing 46 (2021): 102202, https://doi.org/10.1016/j.addma.2021.102202. 

https://doi.org/10.1016/j.mtsust.2022.100240
https://doi.org/10.1016/j.mtsust.2022.100240
https://doi.org/10.1007/bf01912193
https://doi.org/10.1016/j.susmat.2019.e00131
https://doi.org/10.3390/min11121317
https://doi.org/10.1016/j.rineng.2024.101864
https://doi.org/10.3390/polym15193922
https://doi.org/10.3390/polym15193922
https://doi.org/10.1016/j.cemconcomp.2018.10.002
https://doi.org/10.1016/j.matdes.2019.107634
https://doi.org/10.1016/j.cemconcomp.2023.105322
https://doi.org/10.1016/j.addma.2021.102202


  

  

  

  
 

  

 
  

 
  

  

 
  

  

  

  

  

  

  

 

73 Extrusion Printing of Metakaolin-Based Geopolymers 

11. J. Archez, N. Texier-Mandoki, X. Bourbon, J. Caron, S. Rossignol, Shaping of geopoly-
mer composites by 3D printing, Journal of Building Engineering 34 (2021): 101894, 
https://doi.org/10.1016/j.jobe.2020.101894. 

12. H. Zhong, M. Zhang, 3D printing geopolymers: A review, Cement and Concrete 
Composites 128 (2022): 104455, https://doi.org/10.1016/j.cemconcomp.2022.104455. 

13. T. Voigt, J.-J. Mbele, K. Wang, S. P. Shah, Using fy ash, clay, and fbers for simul-
taneous improvement of concrete green strength and consolidatability for slip-form 
pavement, Journal of Materials in Civil Engineering 22.2 (2010): 196–206, https://doi. 
org/10.1061/(ASCE)0899-1561(2010)22:2(196). 

14. B. Panda, S. C. Paul, M. J. Tan, Anisotropic mechanical performance of 3D printed fber 
reinforced sustainable construction material, Materials Letters 209 (2017): 146–149, 
https://doi.org/10.1016/j.matlet.2017.07.123. 

15. S. Ma, S. Fu, T. Yang, K. Li, G. Chen, Q. Dong, P. He, Z. Sun, X. Duan, D. Jia, P. 
Colombo, Y. Zhou, Unveiling the critical role of rheology modifers in additive manu-
facturing of geopolymers and their mechanical properties, Additive Manufacturing 78 
(2023): 103826, https://doi.org/10.1016/j.addma.2023.103826. 

16. M. S. Choi, J. S. Lee, K. S. Ryu, K.-T. Koh, S. H. Kwon, Estimation of rheological prop-
erties of UHPC using mini slump test, Construction and Building Materials 106 (2016): 
632–639, https://doi.org/10.1016/j.conbuildmat.2015.12.106. 

17. N. S. Akbar, S. Nadeem, Carreau fuid model for blood fow through a tapered artery 
with a stenosis, Ain Shams Engineering Journal 5.4 (2014): 1307–1316, https://doi. 
org/10.1016/j.asej.2014.05.010. 

18. L. Li, Y. J. Wei, Z. Li, M. U. Farooqi, Rheological and viscoelastic characterizations of 
fy ash/slag/silica fume-based geopolymer. Journal of Cleaner Production 354 (2022): 
131629, https://doi.org/10.1016/j.jclepro.2022.131629. 

19. K. Vance, A. Dakhane, G. Sant, N. Neithalath, Observations on the rheological response 
of alkali activated fy ash suspensions: the role of activator type and concentration. 
Rheologica Acta 53 (2014) 843–855, https://doi.org/10.1007/s00397-014-0793-z. 

20. D.-W. Zhang, D. M. Wang, X.-Q. Lin, T. Zhang, The study of the structure rebuilding 
and yield stress of 3D printing geopolymer pastes, Construction and Building Materials 
184 (2018): 575–580, https://doi.org/10.1016/j.conbuildmat.2018.06.233. 

21. S. Chithiraputhiran, N. Neithalath, Isothermal reaction kinetics and temperature depen-
dence of alkali activation of slag, fy ash and their blends, Construction and Building 
Materials 45 (2013) 233–242, https://doi.org/10.1016/j.conbuildmat.2013.03.061. 

22. X. Luo, L. Huang, L. Wei, M. Chen, Z. Zhou, T. Zhang, A technique for preparing 
one-part geopolymers by activating alkali-fused lithium slag with solid sodium sili-
cate, Construction and Building Materials 435 (2024): 136817, https://doi.org/10.1016/j. 
conbuildmat.2024.136817. 

23. M. Nenadovic, M. Ivanovic, D. Kisic, N. Bundaleski, V. Pavlovic, S. Knezevic, L. 
Kljajevic, Changes in the physicochemical properties of geopolymer gels as a func-
tion of NaOH concentration, Science of Sintering 55.4 (2023): 509–519, https://doi. 
org/10.2298/sos220624020n. 

24. B. Zhu, R. Yu, J. Shang, X. Xi, Y. Liu, X. Zhu, The infuence of NaOH concentra-
tion on the strength and microstructure of ceramic binders prepared from coal gangue 
through geopolymerization, Materials Research Express 11.2 (2024): 025202, https:// 
doi.org/10.1088/2053-1591/ad2a85. 

25. K. Chen, W.-T. Lin, W. Liu, Effect of NaOH concentration on properties and microstruc-
ture of a novel reactive ultra-fne fy ash geopolymer. Advanced Powder Technology 
32.8 (2021): 2929–2939, https://doi.org/10.1016/j.apt.2021.06.008. 

https://doi.org/10.1016/j.jobe.2020.101894
https://doi.org/10.1016/j.cemconcomp.2022.104455
https://doi.org/10.1061/(ASCE)0899-1561(2010)22:2(196)
https://doi.org/10.1061/(ASCE)0899-1561(2010)22:2(196)
https://doi.org/10.1016/j.matlet.2017.07.123
https://doi.org/10.1016/j.addma.2023.103826
https://doi.org/10.1016/j.conbuildmat.2015.12.106
https://doi.org/10.1016/j.asej.2014.05.010
https://doi.org/10.1016/j.asej.2014.05.010
https://doi.org/10.1016/j.jclepro.2022.131629
https://doi.org/10.1007/s00397-014-0793-z
https://doi.org/10.1016/j.conbuildmat.2018.06.233
https://doi.org/10.1016/j.conbuildmat.2013.03.061
https://doi.org/10.1016/j.conbuildmat.2024.136817
https://doi.org/10.1016/j.conbuildmat.2024.136817
https://doi.org/10.2298/sos220624020n
https://doi.org/10.2298/sos220624020n
https://doi.org/10.1088/2053-1591/ad2a85
https://doi.org/10.1088/2053-1591/ad2a85
https://doi.org/10.1016/j.apt.2021.06.008


74  

 

 

 
 
 

 

 
 
 

 
 
 

5 3D Printing with 
Geopolymers and 
its Applications 

Anton Frederik Becher, Szymon 
Gądek, and Kinga Korniejenko 

5.1 INTRODUCTION 

Additive manufacturing is a breakthrough technology in many areas, including the auto-
motive industry, biomedical applications, and many others [1, 2]. Over the years, additive 
manufacturing (also often referred to as 3D printing) has grown from a niche method 
that was used almost exclusively for prototyping to a frmly established manufacturing 
technology. The process is characterised by its distinctive feature of building compo-
nents from individual layers and, unlike conventional subtractive processes, using mate-
rial only where it is needed in the product [3, 4]. The additive manufacturing technologies 
constitute a fast-developing industrial sector and, potentially, a groundbreaking technol-
ogy. They have a lot of potential advantages for construction applications and can provide 
new horizons in this sector, i.e., increasing geometrical construction fexibility, reduction 
of labour costs, improvement of effciency and safety, the possibility of construction in 
diffcult environmental conditions, and they are in agreement with the sustainable devel-
opment policy [4, 5]. It is worth noticing that this technology brings many benefts to 
building industries, one of them being automation and the possibility to work in harsh 
environments, including in space or underwater [1, 6]. However, the full exploitation of 
3D printing technology for cementitious materials is currently limited [5]. 

Also, in recent years, there have been calls for more environmentally friendly 
production methods and materials for the building and construction industry. The 
most used building material worldwide is concrete, which has seen a sharp rise in 
demand over the last few years. The binder used for the concrete mixture is ordinary 
Portland cement (OPC), whose production is extremely energy-intensive and releases 
large quantities of carbon dioxide (CO2) into the atmosphere [7]. To reduce emissions 
in this area, it is necessary to look for a more environmentally friendly binder that 
can be processed using modern production methods [8, 9]. 

Since their exploration in the 1970s, geopolymers, as a sustainable alternative, can 
reduce environmental impact due to their lower energy requirements and the ability 
to recycle industrial waste products [10, 11]. Geopolymers are mostly described as 
inorganic polymers formed by the reaction of aluminosilicate powders with alkaline 
solutions. Those preconditions result in materials that exhibit excellent mechanical 
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properties, thermal stability, and chemical resistance [10, 12]. To fully utilise the 
potential of the material, modern production methods are required [13]. 

A promising solution in this scope seems to be geopolymers, but their application 
requires the development of the material and improvement of 3D printing technology 
for these materials. By leveraging the benefts of both geopolymers and 3D printing 
technology, this feld holds promise for advancing sustainable manufacturing prac-
tices and developing next-generation materials for a wide range of industries [13, 14]. 

The motivation of this chapter is to show the importance of geopolymers as a print-
able material for civil engineering applications. The main aim of this study is to show 
the current development of geopolymer materials for 3D printing technology. The 
chapter is based on a literature review that is supplemented by case studies. The litera-
ture review is based mainly on the Scopus database. It was conducted between August 
and September 2024. The used keywords were ‘geopolymer’ and ‘3D printing’ com-
bined. The research results in the Scopus database showed 287 documents. The review 
was focused on the works for the last 5 years. The case studies include some projects 
conducted at the Faculty of Materials Engineering and Physics, Cracow University of 
Technology, Poland, or the project in which employees from this research unit were 
involved. The chapter is addressed to researchers and practitioners to demonstrate the 
state of the art in the feld of application geopolymers as a material for 3D printing 
technology. It can be an inspiration for new works in this area. 

5.2 3D PRINTING TECHNOLOGIES 

The term ‘Additive Manufacturing’ is described in ISO/ASTM 52900 as a process of 
joining material. Parts from 3D model data are created by placing layer upon layer, 
as opposed to subtractive and forming manufacturing methodologies. Alternative 
names for additive manufacturing from a historical context are layered manufac-
turing and the term solid freeform fabrication. Most modern methods had their 
frst appearance in the late 20th century, just like the techniques of laser photo-
polymerisation (Swanson, 1968), powder fusion (Ciraud, 1972), and laser sintering 
(Householder, 1979) [15]. The year 1987 can be seen as an important milestone in the 
history of AM with the appearance of the frst commercially available stereolithog-
raphy (SL) printer from 3D Systems [15]. In 2005, Dr. Adrien Bowyer presented his 
concept of RepRap (Replication Rapid-Prototyping), fuelling the success of a new, 
low-cost 3D printer, which provided many people with access to manufacturing [15]. 
Nowadays, we can distinguish between seven main methods of AM (ISO/ASTM 
52900), which can be split into different sub-categories (Table 5.1) [16]. 

The ability to produce in such diverse ways enables the manufacturing method 
to establish itself in a variety of felds, including the automotive industry, building 
sector, medical sector, aerospace, defensive industries, and even the food market. 
Although additive manufacturing has a variety of methods and an almost unlimited 
choice of materials, the processes often follow the same procedure. For this reason, 
they can be generally divided into development, production, and post-production 
stages. Every process starts with a multidimensional model. This can be created in a 
CAD program through design, modelling, or by importing data from 3D scans, for 
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TABLE 5.1 
Methods of Additive Manufacturing after ISO/ASTM 52900 

Name Description 
Binder jetting A liquid-based binding agent is used to selectively join material from a 

powder bed together [17, 18] 

Material extrusion Layered structures are created by the deposition of strands of material [19] 

Powder bed fusion It works by selectively adhering material in a powder bed, using a source of 
thermal energy [16] 

VAT photopolymerisation UV light is used to trigger polymerisation, which ultimately leads to the 
hardening of specifc cross sections in a resin vat [17] 

Direct energy deposition Material in the form of powders or wire is fed into a laser or electron beam, 
which melts it and allows it to harden along the path [20] 

Material jetting Parts are created via selectively placing and curing photopolymeric droplets [17] 

Sheet lamination Parts are created from sheets of material which are stacked, then merged and 
cut to the desired shape [21] 

example. In most cases, it is necessary to check the model before it can be optimised 
for additive manufacturing with the help of further programs. 

The model can then be oriented and positioned in the virtual construction space in a 
slicer. The main task of the slicer is to convert the STL fle into a G-code fle. By hori-
zontally dividing a closed three-dimensional body, a sequence of cross sections is cre-
ated, whose geometries can be implemented as machine code. Furthermore, the exact 
printing parameters can be set, which plays an important role in the properties of the 
printed body. When the printer has material available and is at operating temperature, 
the printing process can begin. After the generated component has been ‘unpacked’, 
which often takes place in the form of separating it from the building platform or 
removing it from a bath or powder bath, the post-production stages follow. The post-
processing can differ greatly in terms of the amount of work involved and account for 
a signifcant proportion of the overall process. Cleaning and support removal follow for 
most products. Frequently used processes are thermal and UV-based curing and clas-
sic mechanical and abrasive processes. There are also necessary post-processes, such 
as sintering or infltration, as well as processes that can be easily automated, such as 
laser or plasma polishing, which are only suitable for certain materials [22, 23]. Visual 
and X-ray-based methods are usually used for quality control. In general, the workfow 
of additive manufacturing is shorter compared to conventional production methods. 
Especially since a lot of joining and processing steps have been eliminated [24, 25]. 

5.3 GEOPOLYMER AS A MATERIAL FOR 3D PRINTING 

5.3.1 KEY MATERIAL PROPERTIES 

Geopolymers are convinced by a variety of qualifying properties, which are high-
lighted in the following section. Where it is suitable, its properties are compared with 
those of the world’s most widely used construction material, that is, concrete [26, 
27]. The setting of geopolymer (GP) happens between 35 and 600 min when being 
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cured at 20–80°C. However, it can be accelerated or extended by customising the 
binder, composition, mixing process, or surrounding conditions [28]. When mixing 
geopolymers, water only fulfls the function of a chemical reaction medium, which 
means that it is not bound internally and causes the material to shrink up to 5% due 
to evaporation, which can lead to cracking. This can be prevented by using more fll-
ers like sand or improving the molar ratios of reacting elements [29]. 

Most sources agree that shrinkage and weight loss happen more drastically in 
geopolymer concrete (GPC) compared to OPC concrete. Tukaziban et al. [30] com-
pared a shrinkage of around 2.75% after the frst 30 days in GPC, compared to only 
around 0.125% in OPC mixes [30]. The mechanical properties of geopolymer con-
crete strongly depend on the solution-to-binder ratio as well as the water content, the 
number of additives added [31], and the type of oxides used for providing SiO2 and 
Al2O3 [32]. The values for fexural strength can reach up to 11 MPa, and a correlation 
between curing time and strength can be observed [33]. Bakri et al. [34] researched 
to compare the compressive strength of fy ash-based GPC against OPC concrete and 
found out that the latter achieved 37% lower values in testing [34]. It can be assumed 
that GPC offers the same or improved values as concrete with OPC [35]. According 
to data, geopolymers also have higher abrasion resistance (61% higher for a 12-h 
exposure and 64% higher for a 24-h exposure) [36] and rapid development of early 
strength (>35 MPa after 12 h) [37]. They also offer great bonding to reinforcing steel 
as they do not form different microstructures at the boundary layers [37]. 

The curing process, with regard to time and temperature, has great importance 
when it comes to explaining the properties of geopolymers. In most geopolymer 
mixes, curing at higher temperatures and for a longer time will lead to an increase in 
mechanical strength until reaching fnal properties [38]. Their resistance to acids and 
freeze-thaw circles due to the lack of water, as well as a low calcium content in some 
mixes, makes them a very durable material [38]. After being exposed to sulphuric 
acid for 18 months, blended-ash-based GPC specimens exhibited a mass loss of 8%, 
which is almost three times less than OPC, and only a 35% decrease in compressive 
strength values (compared to a 68% decrease in OPC) [39]. On top of that, they can 
absorb toxic chemical wastes and immobilise them by integrating and effectively 
sealing them inside the geopolymer matrix [40, 41]. 

The properties of geopolymers can be improved not only by varying the neces-
sary components but also by adding additives. Nanomaterials such as silica fume, 
nano-ZnO, and graphene can improve the strength of geopolymers by up to 300% 
[42] (testing of fexural strength on geopolymer with graphene nanoparticles added) 
if used in very low percentages. The enforcement with fbres does signifcantly 
improve the compressive, tensile, and fexural strength and results in a less brittle 
material behaviour [43]. Their characteristics allow the use of numerous industrial 
waste materials as raw materials [44, 45] and make geopolymers very suitable for 
recycling [46]. Many articles attribute a signifcantly lower environmental impact 
to geopolymer binders compared to conventional/ordinary Portland cement. For 
example, Kumar and Kumar [47] describe geopolymers as materials that produce 
4.8 times less CO2 per ton in their production and only need 3/4 of the amount of 
water compared to OPC [47]. It must be pointed out that the sodium silicate solution 
has the worst environmental properties under the geopolymer ingredients [45]. 
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5.3.2 GEOPOLYMER PASTE PROPERTIES 

Additive manufacturing of a pasty material differs in many respects from working 
with conventional methods such as moulding. The properties of the paste must support 
uniform extrusion, good bonding to existing layers, minimal deformation after deposi-
tion, rapid curing, and other parameters. The fow behaviour of materials can be sum-
marised under the term rheology. By testing the material with a rheometer, it can be 
divided into different fuid registers, each of which has different properties. Especially 
for systems in which the material is pumped, it is important that the paste behaves 
like an easily pumpable liquid under pressure and increases its viscosity as the stress 
decreases. This behaviour can be described as shear-thinning, and when the viscosity 
decreases not only under a shear strain but also as time progresses, we can speak about 
thixotropy. The activator solution plays a vital role in determining the viscosity of geo-
polymer mixes. Sodium-based activators lead to higher viscosities, and their molarity 
is an important regulator of fowability [48, 49]. Moreover, the activator should be 
coherent with the used raw material for geopolymer synthesis and its reactivity [50]. 

Another necessary property for clean processing is the good extrudability of the 
paste. A low plastic viscosity and optimal yield stress help to convey a material string 
that neither tears off nor leads to lumping. Zhang et al. [51] investigated the effect of the 
Si/Na ratio of the activator on the extrudability of geopolymer and found that decreas-
ing this ratio leads to better results in terms of paste structure [51]. The workability of 
a material is characterised by how little resistance it offers to processing by conven-
tional methods. This property is greatly infuenced by the particle size and shape of 
the raw materials. Particle size reduction, for example, with fy ash generally improves 
the workability of the mixture, and the even particle shape also enhances machinabil-
ity compared to slag-based geopolymer. The irregular particle shape and the compact 
structure of slag-based geopolymer lower its workability. It can be improved by replac-
ing ground granulated blast furnace slag (GGBFS) with metakaolin to prevent early 
polymerisation and by adding additives just as superplasticisers to the mix [43, 52]. 

The open time of the material, i.e. how long it remains workable, and the build-
ability are closely related. Because fresh properties can change over time, it is impor-
tant to know the time window during which the paste has optimal characteristics for 
extrusion. For geopolymers, the open time typically ranges up to 30 or 60 min [52]. 
However, variations in the precursors, temperature, and additives can have retarding 
or, conversely, accelerating effects on the material [7, 48]. 

Efforts in recent years to use materials more sparingly and to realise more sophis-
ticated geometries, especially in the construction sector, require state-of-the-art pro-
duction techniques. For geopolymers to establish themselves as a modern material, 
processability using additive manufacturing is of great importance. As with concrete, 
additive manufacturing of geopolymers ultimately promises the same improvements 
as conventional manufacturing methods [53, 54]. 

5.3.3 EXTRUSION ADDITIVE MANUFACTURING AS THE MOST 

POPULAR METHOD FOR GEOPOLYMER 3D PRINTING 

With additive methods, geopolymers are mainly processed using extrusion-based 
techniques and less with the aid of binder jetting [55, 56]. Binder jetting utilises the 
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powdered state of the geopolymer cement and solidifes them by adding the activa-
tor in droplets [57]. After analysing the essential parameters of the process, such as 
particle size, droplet distribution, and activator incorporation, Xia and Sanjayan [58] 
documented the mechanical and printing properties of binder jet-printed geopolymer 
geometries [58]. They used a powder mix made up of fne sand, anhydrous sodium 
metasilicate, and slag and cured the fnal printed part in sodium metasilicate solu-
tion to eliminate anisotropic properties [58, 59]. In another approach by researchers 
at ETH Zurich, a mix of metakaolin and silica sand was used as bed material for 
which a sodium silicate solution was printed. By changing the metakaolin content, 
they were able to establish correlations with powder wetting and binder distribution, 
as well as the optimum layer height [60]. 

Extrusion-based 3D printing methods require the presence of geopolymer in a 
mixed, paste-like form and convey it through a nozzle using force. A continuous mate-
rial fow at the nozzle can be achieved by using a pump, a driven piston, or an extruder 
screw. The use of pumps or piston units for material feed is particularly suitable for 
larger printer systems. On the biggest scale, the nozzle is guided by a structural frame-
work (gantry) or a robot arm. The gantry enables the construction of large cross sec-
tions in a cartesian coordinate system, whereas the robot arm works based on a polar 
coordinate system and is mostly used for slightly smaller prints. In both cases, the 
geopolymer mix is pumped through a hose before reaching the nozzle [61, 62]. 

In contrast, systems are also used where the material supply is positioned just 
above the nozzle, and a feed is achieved using extruder screws instead of direct force 
input. The principle is mainly used to develop and manufacture smaller components 
and has become established due to its ease of handling. The gantry systems have the 
advantage that they are basically an enlargement of most fused flament printers and 
are, therefore, working based on well-established principles [63] (Figure 5.1). 

However, there are also differences between robots and gantry systems. Robotic 
systems have the great advantage that they are based on a 5-axis principle and can, 
therefore, also produce signifcantly more complex geometries, such as non-planar 
surfaces. Furthermore, they can be used more fexibly if not permanently mounted 
and enable higher print qualities. On the other hand, gantry systems are much easier 
to maintain and enable higher material throughputs. 

FIGURE 5.1 Illustration of a paste extrusion printer based on a 3-axis frame with material 
feed by (a) pressure and (b) screw. 
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Nowadays, practical tests in the area of geopolymer materials are usually carried 
out with the help of the paste extrusion modelling (PEM) method. It is one of the extru-
sion-based methods and is often used synonymously with liquid deposition modelling 
(LDM). LDM was shaped by the Italian company Wasp, which used the term for its 
special extrusion process for ceramic and clay-based materials. The principle is based 
on feeding a pasty material through a nozzle and depositing it at a defned position. The 
advantages of these processes are that very large components can be generated quickly 
and inexpensively from a wide range of materials. However, the geometric accuracy 
can vary greatly due to the nozzle diameters and layer thicknesses [64, 65]. 

5.3.4 THE MAIN AREA OF CURRENT APPLICATIONS 

The largest use of additively processed geopolymer is in the construction industry, 
where it can complement the possibility of modern construction using 3D printing by 
utilising a more environmentally friendly material in comparison to OPC [66, 67]. 
The initial state of research in the feld of AM with geopolymers results in only a few 
examples of applications (Figure 5.2). 

Nematollahi et al. [71] investigated the printability and testing of mechanical 
properties for a ‘one-part’ geopolymer, which can be used in 3DP applications 
after mixing with water. They utilised a gantry and auger-type extruder to generate 
defned specimens and large free-form shapes (Picture A) [71]. To enhance the low 
yield stress of geopolymers, Panda et al. [68] introduced nano clay to their geopoly-
mer concrete and managed to manufacture a small-scale bathroom unit, proving the 
workability and extrudability of their composition (Picture B) [69]. 

FIGURE 5.2 Different applications for AM with geopolymers [68–70]. 
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Picture C shows wave-absorbing lattice structures printed using the dual gradi-
ent direct ink writing (DGDIW) method through the continuous transition from one 
material to another. The specimen displayed a largely increased absorption of elec-
tromagnetic waves, and the combination of materials and methods achieved highly 
functional results [69]. Alghamdi and Neithalath [70] used paste extrusion to gener-
ate geopolymer foams with enhanced thermal insulation properties. Their porous 
material is tested for its mechanical, conductive, and thermal properties and then 
evaluated on the basis of already existing materials (Picture D) [70]. 

It is also worth mentioning that 3D printing also uses geopolymer materials [72, 
73]. They are usually made by utilising a large gantry system, and they were able to 
print a geopolymer mix based on liquid silicates combined with reactive materials 
as well as sand because the complicated mixing and preparation of the geopolymer 
material remains challenging [74, 75]. 

Another feld of application for printed geopolymer geometries is artifcial coral 
reefs and similar underwater applications. Practical testing in this area was done by 
A.I. Yoris-Nobile et al. [76]. In various research studies, the effects of material and 
design were tested in terms of environmental protection, cost, impact, and embedding 
in nature. After analysing different geometries of geopolymer and Portland cement 
in differing marine regions and for varying periods of time, similar properties were 
found; however, Portland cement provided better mechanical values [76, 77]. 

5.4 CASE STUDIES OF THE DEVELOPMENT OF 3D 
PRINTING TECHNOLOGY FOR GEOPOLYMERS 

5.4.1 URBAN INFRA REVOLUTION PROJECT 

The project ‘Urban infra revolution: Circular economy materials and the develop-
ment of novel methods to produce recyclable and functional urban construction prod-
ucts’ was co-fnanced by the European Regional Development Fund through Urban 
Innovative Actions (UIA). The project was implemented between 2017 and 2020 
by the consortium, which involves the municipal – city of Lappeenranta, Finland 
(lider), four small-medium enterprises (SME), fve private enterprises (large), two 
universities, and one Region Development Company (Table 5.2). 

This project involves several activities connected with sustainable development 
and circular economy. The most important was the valorisation of industrial by-
products and waste for geopolymer manufacturing and the implementation of 3D 
printing technology to reduce CO2 emissions, limit the amount of waste during pro-
duction, and increase cost effciency. The new geopolymer materials are based on 
by-products from local industry, such as ashes, green liquor dregs, and mine tailings, 
as well as on construction and demolition waste. These materials are produced in 
large amounts in Finland, and previous research shows the usefulness of such kinds 
of products in the geopolymerisation process [78, 79]. The main idea connected 
with the material design was to limit environmental burden through the replace-
ment of concrete in urban architecture. Because of that, the designed geopolymer 
composite material includes 99.6% of circulative materials and is 100% recyclable. 
Additionally, the composite is based on local sources (a maximum distance of 100 
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TABLE 5.2 
The Most Important Information about the Project Urban Infra Revolution 

Project title Urban Infra Revolution – Circular economy materials and novel method development 
to produce recyclable and functional urban construction products 

Amount and EU: co-fnanced by the European Regional Development Fund through the Urban 
sources of Innovative Actions (UIA) 
funding Total project: 4 336 568.40 EUR 

Co-fnancing: 3 386 638.40 EUR 

Duration 01/11/2017–31/12/2020 

Consortium Lider: Municipal—City of Lappeenranta (Finland) 
Partners: 4 SME, 5 private enterprises, 2 universities, 1 Region Development Company 

Raw materials Ashes, green liquor dregs, tailings, construction waste 

Technology Laboratory (testing materials): Robotic arm; Scale-up: Large-format printer – printing 
inside the ready elements 

Product Noise barriers, small architectural elements such as pots and benches, skate park 

km from the manufacturing plant), which realistically reduces the cost of transporta-
tion and CO2 emission. Additionally, the materials had to be coherent with additive 
3D printing technology. 

The application of 3D printing technology for the geopolymers was an important 
innovative aspect. The challenges were connected with automation of the technol-
ogy (effciency, zero waste) and using it in harsh environments (low temperatures 
in Finland). In the laboratory, for the testing materials, the robotic arm was used 
(Figure 5.3a). For scale-up, a new solution – a large format 3D printer – was devel-
oped based on the solution for the concrete 3D printing (Figure 5.3b). The prototype 
elements were performed using a large 3D printer (Figure 5.3c). These products were 
dedicated to urban architecture, including elements for a skate park and a noise bar-
rier. The design process was performed with applications of new technologies (3D 
modelling and augmented reality). The fnal elements were characterised by high 
aesthetic values thanks to the use of additive manufacturing solutions. One of these 
products, a noise barrier (100 m length), is presented in Figure 5.3d. 

The project experience shows that the mine tailings or by-products from the 
industry are potentially useful for the geopolymerisation process and for the produc-
tion of valuable products for urban architecture. The described case study indicates 
an alternative to the current methods of waste rock management. Also, it proves the 
usefulness of 3D printing technology for design elements for urban architecture, 
giving them interesting aesthetic values as well as some new properties, such as an 
increased level of sound absorption because of the rough surface. 

5.4.2 PRINTGEOHOUSE PROJECT 

The project titled ‘Development of 3D printing technology for construction and facade 
prefabricated elements made of concrete composites and geopolymers’ was supported 
with European funds dedicated to the development of the Polish economy (Table 5.3). 
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FIGURE 5.3 Photos from the project realisation: (a) 3D printing on a small scale using a 
robotic arm, (b) 3D printer constructed for the large elements manufacturing, (c) ready ele-
ments, and (d) fnal product – noise barrier. 

One of the requirements of such grants was cooperation with the company and receiv-
ing the fnal stage of the advanced prototype solution for practical application. 

The main aim of the activities was to obtain the building elements for residential 
houses made using 3D printing technologies. Two different types of materials were 
applied to this purpose: concrete composites and geopolymers, including hybrid 
solutions. In the frst stage, manual trials in the laboratory were conducted using 

TABLE 5.3 
The Most Important Information about the Project PRINTGEOHOUSE 

Project title Development of 3D printing technology for construction and facade prefabricated 
elements made of concrete composites and geopolymers (PRINTGEOHOUSE) 

Amount and National (Polish)/EU – Polish National Centre for Research and Development in Poland 
sources of Total project: ca. 1 784 050.00 EUR 
funding Co-fnancing: ca. 806 342.38 EUR 

Coordinators: Prof. Janusz Mikuła, Prof. Marek Hebda, CUT 

Duration 01/01/2019–31/12/2021 

Consortium Cracow University of Technology, Poland (CUT) 
CKBM Sp. z o. o. Sp. K. (Company), Poland 

Raw materials Metakaolin, fy ash 

Technology Laboratory (testing materials): modifed WASP 2040; Scale-up: Large-format printer 
(ATMAT) 

Product Components for the production of a residential house on the place 
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FIGURE 5.4 Photos from the project realisation: (a) used 3D printer, (b) problems with the 
liquidity of geopolymer paste, and (c) 3D printing process for exemplary element. 

geopolymers and their composites reinforced by fbres [80, 81]. For the fnal stage, 
the decision about the application of short fbres was made because of the easier 
practical application of 3D printing technology [82]. In the next phase of research, 
the 3D printer was applied to manufacturing some elements (Figure 5.4a). 

During the process, some challenges have been noted, including the proper pro-
portion of the liquid-solid ratio (Figure 5.4b and c). Moreover, it was noticed that this 
proportion is dependent on the scale of 3D printed products, and material behavior is 
different on a small scale than on a larger scale. Another important conclusion was the 
strong dependence of the quality of fnal products on the stabilisation of the pumping 
process. The brakes in this process caused the failures in the fnal products. During the 
project, some ideas connected with heating elements during the 3D printing process 
were also tested. Two methods were developed: direct heating of paste after realising 
the nozzle and 3D printing on the heated place. Both ideas signifcantly complicated 
the process of manufacturing, but at the same time, they gave poor results and caused 
problems with process stabilisation. Finally, the process was made at ambient labora-
tory temperature without an additional heating system. In this case, the most promising 
solutions were obtained based on hybrid materials (concrete and geopolymer) rein-
forced by fbres [83, 84]. The provided works show a high dependence on mechanical 
strength depending on the direction of 3D printed layers. The obtained materials in full 
scale were weaker than elements made with casting technology; however, the proper-
ties that were achieved were suffcient for applications in residential buildings [84]. 

5.4.3 MICROSTRUCTURE INVESTIGATION 

The project under the title: ‘The infuence of the material structure on the mechani-
cal properties of geopolymer composites reinforced with short fbres obtained with 
additive technologies’ has a supporting character to recognise the phenomena inside 
the material and their infuence on material properties (Table 5.4). 

The main goal of the project was to investigate the infuence of material micro-
structure on the mechanical properties of the two kinds of composites (fax and 
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TABLE 5.4 
The Most Important Information about the Project MINIATURA 3 

Project title The infuence of the material structure on the mechanical properties of geopolymer 
composites reinforced with short fbres obtained with additive technologies 

Amount and PL: National Science Center Poland, MINIATURA 3 
sources of Total project: 6 500 EUR 
funding Coordinator: PhD Eng. Kinga Korniejenko 

Duration 22/11/2019–-21/11/2020 

Consortium Cracow University of Technology, Poland (without partners) 

Raw materials Fly ash with fbre additions 

Technology Manual trials (extrusion) 

Product 3D printable geopolymer reinforced by fbres 

carbon reinforced) and compare two methods of production for geopolymer compos-
ites (casting and 3D printing). The results partly explain these phenomena and help 
better understand the relationship between microstructure and mechanical proper-
ties of the composites. The results also provided the possibility of comparing dif-
ferent manufacturing methods. The samples made by the additive technology had 
comparable properties with those made by casting. The main fnding in this research 
was the very high values of compressive and fexural strength of fax fbres in com-
parison with carbon fbre-reinforced composites. It confrms the possibility of usage 
as a reinforcement in the geopolymer matrix with natural fbres [85]. 

5.4.4 SMART GEOPOLYMERS 

The main area of the ‘Smart Geopolymers’ project was the valorisation of the min-
ing products. Special attention was given to by-products from the mining industry, 
especially aluminium production (bauxite residues) [86]. The important goal of this 
project was to prepare a material that would be printable and fre-resistant. The main 
idea for the application of this material was the internal layer of the tunnels. Because 
of that, it was necessary to obtain a signifcant level of freedom of shaping and, for 
safety reasons, freproof properties (Table 5.5). 

The material composition was prepared mainly by partners from Belgium and 
Portugal, based on raw products delivered by Greek partners and using a geopo-
lymerisation process. The main area of Polish partners was the stabilisation of the 
process of 3D printing. The obtained material has very good properties for that pur-
pose, especially pumpability and viscosity. The material received good mechanical 
properties at ambient temperature after several days. It was possible to shape it into 
complex products (Figure 5.5). 

The important aspects of the project were also environmental issues. The combi-
nation of sustainable material with 3D printing technology allows the design of the 
technology that brings very clear environmental benefts. It not only re-uses min-
ing by-products but also, thanks to the usage of 3D printing technology, fulfls the 
requirement for zero waste production with a signifcant level of energy effciency. 
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TABLE 5.5 
The Most Important Information about the Project SMART-G 

Project title Smart Geopolymers (SMART-G) 

Amount and EU: ERA-MIN 2 (Call 2019), TOPIC 4. Recycling and Re-use of End-of-Life 
sources of products 
funding Total project: 1 085 926 EUR 

(Coordinator: Prof. Hubert Rahier, VUB) 
CUT: 116 250 EUR 
(Coordinator CUT: Prof. Izabela Hager) 

Duration 01/12/2020–31/11/2023 

Consortium Lider: VUB – Vrije Universiteit Brussel, Belgium 
Partners: 
Portugal: University of Aveiro 
Greece: MNLT Innovations GP, IESL/FORTH, Mytilineos S.A. 
Poland: Cracow University of Technology, PBP Łęgprzem Sp. z o.o, Poland 
Belgium: ResourceFull 

Raw materials Industrial waste, red mud, CDW, etc. 

Technology Extrusion – ATMAT company 

Product Tunnel 

5.4.5 DEVELOPMENT OF LUNAR REGOLITH SIMULANT FOR 3D 
PRINTING IN BINDER JETTING TECHNOLOGY 

The project titled ‘Development of lunar regolith simulant for 3D printing in Binder 
Jetting technology’ was a small grant, but it is worth mentioning because of the very 
interesting topic and experience connected with this activity can be used for design-
ing the shelters on the Moon [87] (Table 5.6). 

The main goal of the project is to develop materials based on ceramics for produc-
tion using 3D printing technology – Binder Jetting. The developed material (powder) 
is intended to imitate the lunar regolith (soil) in terms of its chemical composition; an 
alkaline material, previously used in geopolymer materials, is planned as the binder 
material. The implementation of design tasks allowed for the expansion of knowledge 

FIGURE 5.5 Photos from the project realisation: (a) 3D printed material for samples and 
(b) exemplary elements – letter. 
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TABLE 5.6 
The Most Important Information about the Project MINIATURA 5 

Project title Development of lunar regolith simulant for 3D printing in Binder Jetting technology 

Amount and PL: National Science Center Poland, MINIATURA 5 
sources of Total project: 6 000 EUR 
funding Coordinator: PhD Eng. Barbara Kozub 

Duration 02/12/2021–01/12/2022 

Consortium Cracow University of Technology, Poland (without partners) 

Raw materials Selected powders for regolith composition 

Technology Manual trials (binder Jetting) 

Product 3D printable regolith (simulant of lunar regolith) 

regarding the possibilities of new applications of materials, both as in-situ raw materi-
als for the construction of the lunar base, as well as for 3D printing in extreme condi-
tions on the Earth, and the use of geopolymer materials for special applications in the 
construction industry. One important element of the works was the research on the 
microstructure of composites, including the morphology of both ceramic and metallic 
powder particles and their impact on the durability of joints and fnal material proper-
ties. The use of binder jetting technology was connected with the most probable solu-
tion possible to apply in the outer terrestrial environment [87]. 

5.4.6 3D-FOAM PROJECT 

The ongoing project connected with the 3D printing application is conducted under 
the title ‘Foamed Geopolymer Made by Additive Manufacturing for the Construction 
Technology Applications (3D-FOAM)’ (Table 5.7). 

The main aim of this project is to print the foamed material that can be used for 
insulation purposes in buildings. The frst trials show that this kind of task is quite 
ambitious and caused some challenges connected with proper foam formation and sta-
bilisation. To obtain the proper solutions, proper additives must be used. The most valu-
able results have been achieved with silica fume and aluminium for foam formation 
and polymeric fbres for stabilisation. The slightly worse results have been acquired by 
using hydrogen peroxide [88]. To better control the 3D printing process, the trials are 
made on the 3D printer that has a chamber with temperature regulation (Figure 5.6). 

An important challenge undertaken in the project is the design of zero-emission 
technology for 3D printing and the use of waste products as raw materials, such 
as clay bricks, aerated concrete, crushed cement, etc. However, the most important 
innovative area is in the development of foamed geopolymer composites for 3D 
printing with tailored properties. 

5.4.7 MAR-WRECK PROJECT 

An ambitious task was undertaken in the project MAR-WRECK: ‘Development of 
geopolymer composites as a material for protection of hazardous wrecks and other 
critical underwater structures against corrosion’. In this case, the trials of underwater 
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TABLE 5.7 
The Most Important Information about the Project 3D-FOAM 

Project title Project: Foamed Geopolymer Made by Additive Manufacturing for the 
Construction Technology Applications (3D-FOAM) 

Amount and EU: M-ERA.NET 3 Call 2021 
sources of Total project: 757 000 EUR 
funding Co-fnancing: 210 000 EUR 

Coordinator: PhD Dariusz Mierzwiński 

Duration 01/05/2022–30/04/2025 

Consortium Lider: Cracow University of Technology, Poland 
Partners: 
ATMAT Sp. z o. o., Poland 
Riga Technical University, Latvia 
University of Miskolc, Hungary 
National Ilan University, Taiwan 

Raw materials Ashes, tailings, others 
Hybrids with concrete 

Technology Extrusion – dedicated equipment (ATMAT, PL) 

Product Insolation materials for the construction industry 

3D printing were undertaken (Table 5.8). It was a very interesting task because 
exploring underwater areas is considered an even more challenging task than design-
ing the materials for space applications. It is worth stressing that, in many ways, we 
know more about the surface of our moon than we do about the extreme depths of 
our oceans. More people have walked on the moon than have reached the bottom of 
the Mariana Trench, more on which later [89]. 

Basically, this project is a response to the need for materials with increased dura-
bility to protect dangerous wrecks and critical underwater infrastructure against 

FIGURE 5.6 Photos from the project realisation: (a) programming of 3D printer and 
(b) nozzle and exemplary element. 



 
 

  

89 3D Printing with Geopolymers and its Applications 

TABLE 5.8 
The Most Important Information about the Project MAR-WRECK 

Project title Development of geopolymer composites as a material for protection of hazardous 
wrecks and other critical underwater structures against corrosion (MAR-WRECK) 

Amount and EU: M-ERA.NET 3 CALL 2021, Call Topic: High performance composites 
sources of Total project: 1 141 860 EUR 
funding (Coordinator: PhD Thomas Grab) 

CUT: 275 000 EUR 
(Coordinator CUT: PhD Kinga Korniejenko) 

Duration 01/06/2022–31/05/2025 

Consortium Lider: Technische Universität Bergakademie Freiberg, Germany 
Partners: 
Cracow University of Technology, Poland 
HIBRID Sp. z o.o, Poland 
Technical University of Liberec, Czech Republic 

Raw materials Ashes, tailings, construction waste, etc. 

Technology Extrusion and binder jetting 

Product Material for underwater applications 

corrosion. As part of the project, it is planned to fnd a cost-effective method that will 
protect shipwrecks, particularly wrecks containing cargo that may be potentially 
hazardous to the environment. The development of such a method will eliminate the 
risk of leakage and release of hazardous substances, such as petroleum waste, into 
the natural environment. The material that has been developed for this purpose is 
geopolymer composites because of their resistance to marine environments [90, 91]. 

For this ambitious task, 3D printing technology seems to be an adequate solution. 
It allows the design of the proper elements for the protection of wrecks according to 
the specifc shape of each of them. Part of this project was to do trials of underwater 
3D printing and the development of the material for 3D printing in the water environ-
ment (Figure 5.7). 

FIGURE 5.7 Photos from the project realisation: (a) the plate printed in the water and 
(b) the appearance of the plate after removing the water. 
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In this case, more adequate technology seems to be material extrusion because of 
its easier application in the underwater environment. Nowadays, this project is ongo-
ing; some successful tests have been performed in laboratory conditions, and in the 
near future, trials on open water are planned. 

5.5 CONCLUSIONS, CHALLENGES, AND FUTURE PROSPECTS 

The main fndings show that geopolymers could be effective materials for 3D print-
ing technology for different applications in civil engineering as well as other areas. 
The usage of 3D printing can bring a number of benefts, including increasing work 
effciency, enhancing safety, and reducing the impact on the environment. For that 
purpose, the process of material extrusion will be modifed, and material properties 
will be improved. This chapter identifes the following areas as the most promising 
for the future development of geopolymers as a material for 3D printing technology: 

One of the most promising areas for the application of 3D printed geopolymer 
materials is sustainable building that is based on a circular economy approach. The 
combination of usage by-products and waste in geopolymer materials strongly cor-
relates with the minimum waste technology of 3D printing, giving an excellent syn-
ergy effect. This kind of solution should be focused on local sources of raw materials 
and be in line with environmental policy. Currently, the important issue is also the 
enhancement of mechanical properties of the 3D printed products. In this area, the 
investigation of different fbre reinforcements is necessary. The existing research 
defnes the possible types of fbres to use, but further investigation for solving prob-
lems with technology is necessary. An interesting technological challenge is the 
technology of co-printed fbre combined with geopolymer paste. 

The technology of 3D printed foamed geopolymers can have signifcant effects 
on isolation products. Despite the high potential, this research area is not so widely 
studied. The main challenges to be solved are connected with the stabilisation of the 
foaming process during additive manufacturing. 3D printing technology of geopoly-
mers gives a huge perspective in the case of applications in harsh environments such 
as outside terrestrial applications and underwater projects. However, in this case, 
both elements – material and technology – are required to be developed for usage in 
in-situ conditions (relevant environment). 
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6 Industrial By-Products 
and Waste Materials 
for the Geopolymers 
in Construction 

Ir. U. Johnson Alengaram 

6.1 INTRODUCTION 

In an era of heightened environmental awareness and advancing construction 
technologies, the search for materials that balance performance, sustainability, 
and cost-effectiveness has never been more critical. Traditional construction 
materials, particularly Portland cement, have long underpinned the built environ-
ment, forming the backbone of infrastructure worldwide [1]. However, the envi-
ronmental toll of conventional cement production, accounting for roughly 8% of 
global CO2 emissions driven by the high temperatures required in its manufacture 
and the extensive use of non-renewable resources [2], has sparked an imperative 
search for more sustainable alternatives. Amidst this backdrop, geopolymers have 
emerged as a transformative solution, promising a paradigm shift in construction 
materials. 

Geopolymers are categorized as advanced inorganic polymers produced by 
the interaction of alumino-silicate minerals with alkaline reagents [3]. Unlike 
Portland cement, which is produced by limestone calcination at high tempera-
tures, geopolymers are made at much lower temperatures using industrial and 
agro-based by-products, also known as supplementary cementitious materials 
(SCM), such as fy ash (FA), ground granulated blast-furnace slag (GGBS), silica 
fume (SF), rice husk ash (RHA), metakaolin (MK), palm oil fuel ash (POFA), 
palm oil clinker powder (POCP), coal bottom ash (CBA), etc. [4]. This not only 
reduces their carbon footprint but also capitalizes on materials that would oth-
erwise contribute to waste, thus offering a sustainable advantage from both pro-
duction and disposal perspectives [5]. As a result, there is a great interest in 
developing alternative binding materials that can reduce the carbon footprint and 
embodied energy of the product (concrete) while maintaining essential techni-
cal properties. Figure 6.1 depicts the use of industrial by-products and wastes 
responsibly. 

DOI: 10.1201/9781003535683-6 

https://doi.org/10.1201/9781003535683-6


 
 
 

 
 

 

 
 

 

98 Geopolymers and Composites 

FIGURE 6.1 Utilization of industrial waste and by-products sustainably. 

The properties of geopolymer materials distinguish them from traditional alter-
natives. Geopolymer concrete (GPC), for instance, exhibits exceptional durability, 
outstripping conventional concrete in resisting chemical attacks, such as chloride 
ingress, sulphate, and acid attack [3]. This makes it particularly suitable for harsh 
environments, including wastewater treatment facilities and marine structures. 
Furthermore, geopolymers exhibit remarkable fre resistance, withstanding high 
temperatures better than traditional concrete and thus providing enhanced safety in 
fre-prone scenarios [2]. 

Beyond concrete, the versatility of geopolymers extends to a range of con-
struction materials including mortars, plasters, bricks, and tiles. Geopolymer 
mortars and plasters offer high adhesion strength and low shrinkage, making 
them ideal for both new constructions and repair applications [1]. Geopolymer 
bricks and blocks provide a sustainable alternative to conventional clay or con-
crete bricks, delivering comparable strength while enhancing thermal insulation. 
Similarly, geopolymer tiles and paving materials are increasingly utilized for 
their durability and aesthetic fexibility, suitable for both high-traffc and decora-
tive applications [6]. 

This chapter explores the diverse applications of geopolymers within the con-
struction industry, emphasizing their potential to revolutionize various aspects of 
building and infrastructure. It examines how geopolymers are utilized in struc-
tural components, including beams, columns, and pavements, and highlights their 
effectiveness in repair and rehabilitation projects. Additionally, the chapter delves 
into specialized applications such as fre-resistant panels and environmental pro-
tection measures, underscoring the adaptability and multifunctionality of geopoly-
mer materials. 

In the face of growing environmental regulations and the need for more resil-
ient structures, understanding the potential of geopolymers becomes increasingly 
crucial. This chapter offers practical applications and continuous improvements 
that promise to strengthen its position in sustainable building. By shedding light on 
the transformative impact of geopolymers, this discussion not only showcases their 
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current capabilities but also envisions their future contributions to a more sustainable 
and innovative built environment. 

6.2 GEOPOLYMER 

Geopolymer is an emerging technology that promotes a greener environment by 
using abundant industrial and agricultural by-products and waste. These materials 
serve as a complete replacement for cement, combined with chemical additives, fne 
and coarse aggregates, and water to form GPC [4]. 

Joseph Davidovits was the frst to introduce the word ‘geopolymer’ in 1978 to 
describe a wide spectrum of materials composed of networks, chains, or links of 
inorganic monomer units or molecules. It displays a collection of mineral binders 
with an amorphous morphology and a chemical makeup similar to zeolites, known 
as ‘soil cement’ [7]. Geopolymers, unlike OPC, do not generate calcisilicate hydrates 
(C-S-Hs) to form the matrix and strength; instead, they use polycondensation of Si-Al 
to provide structural strength. Geopolymers are made up of two main ingredients: 
Si-Al source materials and alkaline or acidic activator solutions. The raw materials 
used as source materials must be fortifed with aluminium (Al) and silicon (Si). The 
by-products and waste materials, such as GGBS, FA, SF, POFA, CBA, MK, POCP, 
and RHA, are reported to be precursors or source materials, as depicted in Figure 
6.1 [8]. 

Geopolymer can be produced by activating alumina and silicate-rich raw mate-
rial with alkali. Aqueous alkaline reagents can include sodium hydroxide (NaOH) 
or potassium hydroxide (KOH), as well as soluble silicates like sodium or potassium 
silicates (Na2SiO3 or K2SiO3). The chemical reaction between the source material 
and the alkaline reagent is often a polymerization process. The mechanism is hence 
referred to as geopolymerization [9]. 

Geopolymerization occurs in an alkaline medium when the alumino-silicates 
react with alkaline reagent(s) to produce monomer units of Si-O-Al-O links and 
combine to form a 3D polymeric chain-like structure. The 3D structures formed 
are of poly(sialate) (-Si-O-Al-O-), poly(sialate-siloxo) (-Si-O-Al-O-Si-O-), 
poly(sialate-disiloxo) (-Si-O-Al-O-Si-O-Si-O-), and sialate link, as illustrated in 
Figure 6.2. Sialate is an acronym for silicon-oxo-aluminate. A sialate network is 
composed of mainly aluminate (AlO4) and silicate (SiO4) molecules connected 
tetrahedrally and shares an oxygen (O) atom. Positive ions are needed in the 
framework cavities to counteract the negative charge of Al ions during fourfold 
coordination. 

The empirical formula [10] of poly(sialates) is as follows: 

Mn [− (SiO2) z − AlO2] n, wH2O 

where 
M – cation (Na+, K+, Ca2+) 
n – degree of polycondensation 
z – 1, 2, 3 
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FIGURE 6.2 3D confguration of poly(sialate) [1]. 

6.3 MECHANISM OF GEOPOLYMER 

The mechanism behind geopolymer formation involves several key steps: 

i. Breakage or dissolution of bonds of silica-aluminate source materials in an 
alkaline medium (hydroxides of Na or K), releasing SiO4 and AlO4 tetra-
hedral units. 

ii. The relatively unstable hydroxyl group in alkali allows these base units to 
interact and unite, resulting in T-O-T bonds (T = Al or Si). 

iii. Finally, they rearrange and condense into geopolymer gels or other hydra-
tion products, enhancing mechanical and durability qualities [11], as shown 
in Figure 6.3. 

Further, the geopolymer mechanism is explained in simple steps: 

1. Source material: Geopolymers are typically made from Al- and/or Si-rich 
materials such as GGBS, FA, or natural minerals like kaolinite. These 
materials provide the necessary alumino-silicate framework. 

2. Activation: The source material is mixed with an alkaline reagent. 
Common reagents include a combination of NaOH, commonly known 
as caustic soda or sodium hydroxide, and Na2SiO3, commonly known 
as water glass or sodium silicate in aqueous and other chemical reagents 
used, a combination of K2SiO3 and KOH. The alkaline solution breaks down 
the alumino-silicate structure into soluble silicate and aluminate species. 
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FIGURE 6.3 Mechanism of geopolymer [11]. 

3. Dissolution and polymerization: The activation process dissolves the alu-
mino-silicate material into its constituent ions. These ions then react with 
each other, forming a network of alumino-silicate chains through a process 
called polycondensation. The primary reactions involve the formation of 
aluminum-oxygen-silicon (Al-O-Si) bonds. 
• Dissolution: The alkaline reagents break down the alumino-silicate 

material, releasing Al-Si ions into the solution. 
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• Polycondensation: The dissolved Si and Al ions subsequently react with 
one another to create a 3D polymeric network. This network is charac-
terized by corner-sharing tetrahedra of Si and Al, with the Al generally 
in tetrahedral coordination with oxygen. 

4. Gel formation: During polymerization, a gel-like structure forms. This gel 
is essentially the geopolymer matrix and contains the alumino-silicate net-
work. It gradually hardens and solidifes over time, resulting in a stable and 
durable material. 

5. Curing and hardening: The geopolymer gel continues to solidify and 
strengthen over time. Curing conditions, such as ambient temperature and 
humidity (steam), can affect the rate and extent of hardening. Geopolymers 
typically cure at room temperature; however, higher temperatures can 
speed up the process. 

Their mechanism of action revolves around the formation of a robust 
alumino-silicate network that gives them their unique properties [12], as shown 
in Figure 6.4. 

FIGURE 6.4 Geopolymer mechanism in simpler form. 
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6.4 MATERIALS USED FOR THE PREPARATION OF GEOPOLYMER 

6.4.1 PRECURSORS 

Materials such as GGBS, FA, CBA, POFA, and POCP that are shown in Figure 6.5 
and others have a reasonable amount of alumina and silica content, making them 
appropriate for substitution as Si-Al source materials for the creation of geopolymer 
instead of cement [10, 13]. The material description is presented in Table 6.1. The 
primary oxides found in the various material samples were largely silicon oxide 
and aluminium oxide, as shown in Table 6.2. The physical properties of various 
precursors are tabulated in Table 6.3. These chemical oxides are crucial because 
they may signifcantly boost the stability, endurance, and mechanical properties 
of geopolymers due to their large amount of reactive silica and alumina [3]. These 
precursors might be single or multi-material with a high Si and Al content, though. 
The strength of a geopolymer is governed by the precursors used. Calcium silicate 
facilitates the dissolution of alumino-silicate from the precursor structure; more-
over, it integrates into the geopolymer matrix, serving as counterbalancing cations. 
Sodium aluminate increases the compressive strength by twice as much as non-
sodium aluminate [2]. 

6.4.2 CHEMICAL REAGENTS 

The alkali activation of alumino-silicate is responsible for the creation of amor-
phous alumino-silicate gel, which has good mechanical and chemical charac-
teristics [19]. Alkali activation in geopolymers is commonly achieved by the 
use of mixtures of Na2SiO3 and NaOH or K2SiO3 and KOH. Silicate anions have 
the most important role in improving geopolymerization in geopolymer mate-
rials through alkali activation. KOH has a higher alkalinity than NaOH and a 
lower activation potential. Higher NaOH concentrations enhanced the solubility 

FIGURE 6.5 Geopolymer binders and SEM images of different precursors [13]. 
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TABLE 6.1 
Material Description 

Materials Description Ref. 
Fly ash (FA) FA is a powdery waste or by-product produced by pulverized [2] 

coal combustion in thermal power plants to generate 
electricity. It is a fine material and primarily consists of 
Al2O3, SiO2, and Fe2O3 

Groundgranulated GGBS is a residual by-product or waste produced by the steel [14] 
blast-furnace slag industry and is generated by rapid cooling of molten slag 
(GGBS) collected from blast furnace using water or steam, further 

grinding it into fne powder. It consists of CaO, SiO2, Al2O3, 
and MgO 

Coal bottom ash CBA is a granular, coarse waste or by-product from coal [13] 
(CBA) combustion in power plants. It collects at the bottom of the 

furnace and can be used as lightweight aggregates. Further, the 
large chunks can be grinded to get the powdery material that can 
be used as SCMs. CBA typically consists of unburned carbon, 
Al2O3, SiO2, and various minerals 

Eco-processed EPP is a residual by-product produced by calcining spent [5, 15] 
pozzolan (EPP) bleaching earth (SBE), a solid waste material resulting from 

the waste residues of refined crude oil from the palm oil 
industry. It primarily consists of Al2O3, SiO2, Fe2O3 and 
CaO 

Palm oil fuel ash POFA is a waste by-product generated from palm oil biomass [16, 17] 
(POFA) burning, primarily in power plants and mills. It is composed of 

fne particles rich in SiO2 and Al2O3 which gives it pozzolanic 
properties 

Palm oil clinker POCP is a residual by-product derived from the incineration of [16] 
powder (POCP) palm oil biomass and is primarily composed of residues from 

palm kernel shells and other palm oil waste materials. After 
being processed, it turns into a fine powder. It exhibits 
valuable pozzolanic properties due to the presence of 
Al2O3 and SiO2 

Rice husk ash RHA is a by-product or waste from the rice industry, produced by [10] 
(RHA) burning rice husks. It is lightweight, highly porous, and rich in 

silica, making it an effective pozzolanic material as it consists of 
around 85–95% amorphous silica along with small amounts of 
alumina and other minerals 

Metakaolin (MK) MK is a calcined clay material derived from kaolin, a type of [2] 
clay. It is produced by heating kaolin to high temperatures 
(around 600–800°C), which transforms its structure and 
enhances its pozzolanic properties. MK is composed of silica 
and alumina and has a high reactivity due to its amorphous 
nature 
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TABLE 6.2 
Oxides Composition of the Precursors for Geopolymer 

Oxides Composition (%) 

Materials SiO2 Al2O3 CaO MgO Fe2O3 Na2O K2O LOI Ref. 
FA 57.20 29.50 0.21 0.90 5.91 0.61 0.91 3.61 [15] 
GGBS 34.60 17.90 36.50 6.48 0.46 0.62 0.39 0.07 [14] 
CBA 50.41 15.52 2.53 0.90 6.96 0.39 0.75 5.73 [13] 
EPP 54.93 9.42 9.28 5.81 9.28 0.34 1.41 2.07 [15] 
POFA 50.49 0.66 3.95 3.46 1.95 0.08 5.56 15.48 [16] 
TPOFA 59.24 0.84 4.05 4.03 1.99 0.12 5.73 1.48 [16] 
POCP 59.12 5.72 3.98 4.20 5.27 0.20 7.24 3.68 [16] 
RHA 93.46 0.58 1.03 0.51 0.52 0.08 1.82 7.76 [10] 
MK 53.37 42.21 0.16 – 0.31 – 0.07 1.89 [18] 

rate of the source material by providing enough OH− to dissolve alumina and 
silica [9]. 

However, NaOH/KOH concentrations over 14 M (molarity) have been shown to 
result in a loss in mechanical strength due to the instability of oligomeric silicate, 
which shifts towards mono-silicate, delaying the geopolymerization process [20– 
22]. Furthermore, the rate of geopolymerization reaction is boosted in the presence 
of Na2SiO3/K2SiO3, which increases the dissolution of alumina and silica [9]. The 
geopolymer mortar/concrete preparation is shown in Figure 6.6. 

TABLE 6.3 
Physical Properties of the Different Precursors for Geopolymer 

Physical Properties 

Specifc Median 
Specifc Surface Area Particle 

Materials Gravity Colour Shape (m2/kg) Size (µm) Ref. 
FA 2.17 Grey Spherical 350 12.35 [15] 
GGBS 2.90 White Irregular 512 16.61 [16] 
CBA 2.76 Dark grey Irregular 432 48.05 [16] 
EPP 2.44 Brown Irregular 223 25.69 [15] 
POFA 2.10 Dark grey spherical and porous 509 19.41 [16] 
TPOFA 2.13 Light grey Irregular 523 19.19 [16] 
POCP 2.53 Dark grey Irregular 424 47.85 [16] 
RHA 2.45 Dark grey Irregular – <45.00 [10] 

MK 2.51 Off-white Angular – <45.00 [18] 
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FIGURE 6.6 Geopolymer production process. 

6.5 MECHANICAL PROPERTIES OF GEOPOLYMER 

GPC is an innovative and sustainable construction material that offers several 
mechanical properties, often superior to traditional Portland cement concrete. The 
following are some key mechanical properties of GPC: 

1. Compressive strength: GPC generally demonstrates a high compressive 
strength, frequently surpassing 20 MPa and reaching 100 MPa or more, 
depending on the formulation and curing circumstances [1, 4]. 

2. Splitting tensile strength: As known for OPC-based concrete, the splitting 
tensile strength of GPC could be in the range of 8–10% of its compressive 
strength; however, it can range between 2 and 7 MPa. Some formulations 
and additions can improve this characteristic up to 10 MPa [15, 23]. 

3. Flexural strength: Flexural strength usually ranges from 5 to 10 MPa. This 
property can also be improved with the addition of fbres or specifc aggre-
gate types and can go up to 20 MPa [15, 23]. 

4. Elastic modulus: The elastic modulus or modulus of elasticity (MoE) for 
GPC is similar to or slightly greater than that of conventional concrete, 
often between 20 and 30 GPa, depending on the mix design [15, 23]. 

5. Bond strength: It typically shows good bond strength with reinforcement 
materials and gives a bond strength between 10 and 30 MPa with a maxi-
mum slip of 0.4 to 1.3 mm with different diameters of reinforcing bars (12 
to 16 mm), contributing to the overall structural integrity [24]. 

6. Compression toughness: The compressive toughness of GPC is higher than 
that of conventional cement concrete, making it suitable for heavy stable 
structures [20]. 
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TABLE 6.4 
Mechanical Properties of GPC 

S. No. Mechanical Properties Range 
1 Compressive strength 20–100 MPa and more [1, 4] 
2 Splitting tensile strength 2–10 MPa [15, 23] 

3 Flexural strength 5–20 MPa [15, 23] 
4 Modulus of elasticity 20–30 GPa [15, 23] 
5 Bond strength 10–30 MPa (0.4 to 1.3 mm slip) [24] 

7. Shrinkage and creep: GPC generally has lower shrinkage and creep com-
pared to traditional concrete, making it suitable for large structures where 
dimensional stability is critical [25]. 

These properties can be modifed by a variety of parameters, including the 
type of precursor materials (e.g., FA, slag), the alkaline reagents employed, 
fbres used, curing conditions, and mix design. Properly built GPC can there-
fore serve as a long-term and high-performance alternative to ordinary concrete. 
The mechanical parameters of GPC are reported in Table 6.4. The fexure and 
split-tensile strength can further be enhanced by adding fbres in the GPC to get 
fbre-reinforced GPC [26]. 

6.6 APPLICATIONS OF GEOPOLYMER 

GPC might be used to make precast railway sleepers, bridge components, and other 
precast construction elements. It is benefcial in harsh maritime settings as well as 
soils heavy in carbon or sulphate. Similarly, in a more acidic environment, geopoly-
mer demonstrates higher resistance to acidic nature and may be suitable for applica-
tions such as mining, some industrial sectors, and sewage systems [27]. GPC can be 
used in the construction of rigid pavement owing to its high stiffness and fexural 
and tensile strength [28]. Geopolymers have a range of innovative applications in the 
construction industry, leveraging their unique properties to improve the performance 
and sustainability of building materials [29]. The following are some specifc appli-
cations of geopolymers in construction: 

Geopolymer Concrete 
• Structural concrete: Used in constructing buildings, bridges, and other 

infrastructure. GPC offers high mechanical strength, durability, and chemi-
cal resistance, making it suitable for demanding environments. 

• High-performance concrete: Ideal for applications requiring high mechani-
cal properties and durability, such as high-rise buildings and heavy-load 
structures. 

• Precast elements: Ideal for precast concrete elements such as panels, blocks, 
and modular units. Its fast setting and curing times make it suitable for pre-
fabricated construction [3]. 
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Geopolymer Mortar 
• Repair and rehabilitation: Used for repairing and restoring damaged con-

crete structures. It adheres well to existing concrete and provides excellent 
resistance to environmental degradation [30]. 

• Tile adhesives: Geopolymer mortars are used as adhesives for ceramic tiles 
and other fnishing materials due to their strong bonding properties. 

Geopolymer Bricks and Blocks 
• Load-bearing bricks: Used in walls and partitions, offering high strength 

and thermal insulation. Geopolymer bricks are often produced from indus-
trial by-products, making them a sustainable option. 

• Insulating blocks: Designed to provide thermal insulation in addition to 
structural support, improving energy effciency in buildings [6, 19]. 

Geopolymer Panels and Slabs 
• Facade panels: Used for building facades due to their durability and ability 

to resist weathering. Geopolymer panels can be customized to meet aes-
thetic and functional requirements. 

• Flooring slabs: Utilized for foor systems, offering durability and strength 
suitable for both residential and commercial applications [31]. 

Geopolymer Coatings 
• Protective coatings: Applied to steel reinforcement surfaces to enhance 

resistance to corrosion and environmental degradation. Commonly used in 
industrial facilities and infrastructure exposed to harsh conditions [32]. 

Geopolymer Insulation 
• Thermal insulation panels: Used in walls, roofs, and foors to improve 

energy effciency. Geopolymer-based insulation materials can offer better 
thermal performance than conventional options [19]. 

Geopolymer Lightweight Concrete 
• Lightweight blocks: Used for non-load-bearing applications or as infll 

materials in construction. This type of concrete reduces the overall weight 
of structures, which can lower transportation and handling costs [33]. 

Geopolymer Paving 
• Paving stones and tiles: Used for exterior paving applications such as side-

walks, plazas, and driveways. Geopolymer paving materials offer excellent 
resistance to environmental factors and wear [6]. 

Geopolymer Fireproofng 
• Fire-resistant: Provides high fre resistance, making it suitable for applica-

tions requiring stringent fre safety standards. 
• Fireproof panels: Used in areas requiring high fre resistance, such as in build-

ing facades and fre barriers. Geopolymer materials maintain their structural 
integrity and provide insulation under extreme heat conditions [27]. 
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FIGURE 6.7 (a) Three-Storey Queensland’s University GCI Building using structural GPC 
and (b) precast FA/slag-based GPC foor panel parts [26]. 

Overall, the usage of geopolymer materials in construction is motivated by their 
environmental benefts, such as the utilization of industrial and agro wastes and/ 
or by-products and lower CO2 emissions as compared to ordinary cement. Their 
strength, durability, and adaptability make them a popular choice for a variety of 
building projects, as illustrated below. 

6.6.1 GLOBAL CHANGE INSTITUTE (GCI) CONSTRUCTED USING GEOPOLYMER 

CONCRETE AT QUEENSLAND UNIVERSITY, AUSTRALIA 

In Australia, the production and application of GPC and precast products have grown 
in recent years. The construction of the world’s frst public building using structural 
GPC in the University of Queensland’s GCI, designed by HASSELL in partnership 
with Bligh Tanner and Wagner, is a testament to geopolymer’s eco-friendly concrete 
application that successfully employed FA/slag-based GPC for structural purposes 
[31] as presented in Figure 6.7a and b. 

6.6.2 BRISBANE WEST WELLCAMP AIRPORT (BWWA), AUSTRALIA 

The BWWA is Australia’s frst greenfeld public airport, as shown in Figure 6.8. 
BWWA began operating commercial fights in November 2014. The BWWA’s apron, 

FIGURE 6.8 Brisbane West Wellcamp Airport (BWWA), Australia [29]. 
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FIGURE 6.9 Geopolymer concrete house (frst cement-free concrete house in Malaysia in 
Universiti Malaya campus for bus drivers). 

turning node, and taxiway pavement construction is one of the large-scale cast-in-situ 
structures built with paving-grade GPC. This project represents a signifcant engi-
neering achievement as the ‘world’s largest geo-polymer concrete project’. BWWA 
was constructed with over 40,000 m3 (100,000 tonnes) of geopolymer concrete, 
making it the largest deployment of this new form of concrete in the world [34]. 

6.6.3 FIRST GEOPOLYMER CONCRETE HOUSE IN MALAYSIA AT UNIVERSITI 

MALAYA, KUALA LUMPUR, MALAYSIA FOR BUS DRIVERS 

The frst cement-free GPC house for bus drivers was constructed by using embryonic 
construction materials at Universiti Malaya, Malaysia, as shown in Figure 6.9. The 
use of FA, GGBS, and POFA as whole cement replacement enabled the construction 
of the house without conventional cement. Further, the use of M-sand (fne aggre-
gates), POC (palm oil clinker), and SA (slag aggregates) as coarse aggregates proved 
how local materials could be effectively utilized. The use of industrialized building 
systems (IBS) in the form of interlocking panels and blocks was a further testament 
to bringing the materials to fruition in the development and demonstration of GPC 
by utilizing locally available sustainable construction materials. 

6.7 CONCLUSION 

The use of geopolymers in construction materials represents a fundamental shift 
in building technology, driven by their excellent performance qualities and envi-
ronmental benefts. Geopolymers, which are composed of alumino-silicate minerals 
activated by alkaline solutions, offer higher strength, durability, and resistance to 
harsh conditions, making them a potential alternative to typical Portland cement-
based products. The diverse applications of geopolymers, ranging from structural 
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concrete and repair mortars to bricks, blocks, and panels, demonstrate their versatil-
ity and effcacy. GPC stands out for its high compressive strength and reduced envi-
ronmental impact, positioning it as a viable option for constructing robust structural 
elements while addressing sustainability goals. Geopolymer mortars facilitate effec-
tive repairs and serve as resilient adhesives, proving their value in maintaining and 
enhancing existing structures. 

In masonry, geopolymer bricks and blocks not only provide load-bearing 
capabilities but also enhance thermal insulation, contributing to energy-effcient 
building practices. Geopolymer panels and slabs offer durability and aesthetic fex-
ibility, making them suitable for prefabricated construction and façade applications. 
Additionally, geopolymer coatings extend the lifespan of surfaces by providing supe-
rior protection against environmental wear. 

The use of geopolymer-based insulation materials further demonstrates their poten-
tial to improve energy effciency while offering excellent fre resistance. Lightweight 
GPC and formwork systems enhance construction effciency and sustainability by 
reducing overall structural weight and enabling reusable formwork solutions. 

Overall, the application of geopolymers in construction materials represents a 
forward-thinking approach to modern building practices. Their ability to utilize 
industrial by-products further enhances their eco-friendliness, aligning with global 
efforts towards reducing carbon footprints. As the industry continues to explore and 
optimize geopolymer technologies, their role in transforming construction practices 
and contributing to sustainable development becomes increasingly prominent. The 
adoption of geopolymers not only solves performance and environmental problems 
but also sets the path for future innovative and durable construction materials. 
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7 Geopolymers in 
Environment-Friendly 
Fire-Retardation Coatings 
for Metallic Structures 

Kaibo Wang, Longyuan Li, and Huirong Le 

7.1 INTRODUCTION 

Coatings are commonly applied to the surface of an object or substrate to improve 
its surface properties, such as appearance, adhesion, abrasion resistance, corrosion 
resistance, roughness, scratch resistance, thermal resistance, and wettability [1]. It 
can also help to maintain or improve the object’s mechanical and physical properties. 
In addition, coatings allow for an enhancement in the structure or substrate’s service 
life, which is associated with ease of maintenance and a reduction in refurbishment 
costs [1, 2]. 

One of the signifcant applications of coating is to protect steel in the building 
and construction sectors. The steel structure is one mainstream building structural 
system due to the high strength-weight ratio and ductility, which enable the design-
ing of fascinating slim and light structures [3]. In addition, steel structures allow for 
the reduction of construction costs. Although the steel is not susceptible to fre, it 
experiences signifcant strength and stiffness reduction at elevated temperatures [3]. 
At a temperature above 550°C, steel can lose up to 50% of its yield strength [4]. In 
an extreme fre event, an unprotected steel structure may collapse due to a loss in 
mechanical properties at extremely high temperatures [5]. Therefore, a major design 
consideration in high-rise buildings during a fre is to prevent steel from reaching 
critical temperature and prevent fre-induced structural collapse by providing a suit-
able passive freproofng system. It gives suffcient time to evacuate humans and 
valuables [5]. 

The conventional passive freproofng system typically includes passive fre pro-
tection materials (e.g., cement-based coatings and thermal insulation panels) or reac-
tive materials (e.g., intumescent coatings) [6]. Intumescent coatings have been used 
as a passive fre protection material for over 20 years to prevent structural steel in 
high-rise buildings from collapsing [5]. They provide a high-quality fnish, light-
weight structure, and good fre ratings on buildings. However, the outdoor exposed 
coatings have poor corrosion resistance due to the presence of water-sensitive 
ingredients in the formulations [5]. Besides, the presence of organic binders, such 
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as epoxy resin and polyurethane, emit smoke from combustion and release odours 
during a fre event, which has a negative impact on the environment and human 
health. Cement-based coatings are more economical and accessible in application 
but have major limitations in their weight, thickness, and poor aesthetics [5]. Thus, 
innovations in conventional passive and novel coatings are constantly developing and 
growing rapidly. 

In recent years, extensive research has been conducted to investigate the feasibil-
ity of geopolymers as a sustainable alternative to ordinary Portland cement (OPC) 
[7]. Geopolymer is a three-dimensional inorganic polymer that is derived from the 
reaction between an aluminosilicate source and alkaline/acidic activators [8, 9]. 
Geopolymer exhibits excellent thermal stability, relatively high strength, and fre and 
chemical resistance. More interestingly, geopolymer can be fabricated using indus-
trial solid waste, such as fy ash (FA) and slug, and it produces less carbon dioxide 
(CO2) as well as consumes less energy during manufacturing than traditional cement 
[10, 11]. It was reported that the estimated CO2 emissions during the production of 
geopolymer concrete could be reduced by up to 45% than traditional cement concrete 
[11]. Apart from the environmental effect, the polymerisation reaction speed of geo-
polymer is rapid, and the three-dimensional network structure can be readily formed. 
Moreover, FA-based geopolymer can signifcantly reduce the leaching of toxic and 
harmful heavy metal ions, which has attracted more attention and research [12]. 

The geopolymer paste as a coating material could become an ideal solution to 
minimise deterioration by protecting the surface and increasing the chemical and 
thermal resistance of the substrate [13]. Despite the fact that a few geopolymer coat-
ing reviews have been conducted, a comprehensive review, including the current con-
ventional coatings and novel geopolymer coating that is only focused on the metal 
substrate, as well as the comparison between them, is rarely reported. The chap-
ter aims to summarise the current use of conventional passive coating and assess 
the potential use of novel geopolymer coating on the metal substrate, practically on 
the steel structure. The research progress of geopolymer coatings is investigated. 
Finally, a few investigations regarding the comparison between conventional coating 
and geopolymer coating are discussed. 

7.2 THE CONVENTIONAL COATING ON METAL STRUCTURE 

7.2.1 PASSIVE COATINGS 

The conventional passive coatings are mainly based on Portland cement, vermicu-
lite, gypsum, and other materials. During the on-site application, they are mixed 
in water with fllers and binders, which are then applied by spraying at a thickness 
of a few inches [5]. They provide fre protection by thermal insulation effects and 
water release from a few minutes to several hours. Cement-based materials exhibit 
low thermal conductivity and incombustibility and do not swell under heat, which is 
ideal for the application of fre-resistive materials [14]. 

Compared with traditional intumescent coatings, Portland cement-based coat-
ings provide superior properties, including anti-ageing, anti-cracking, and anti-
swelling, when exposed to water. In addition, the simple and fexible spraying method 
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signifcantly shortens the installation time, thus reducing the construction and repair 
costs [3, 15]. Moreover, due to their inorganic nature, they will not produce smoke 
and release odours in the event of a fre. Therefore, the research and development of 
cement-based coatings have attracted much attention. 

Despite the above-mentioned advantages, the drawback of the cement-based coat-
ing is also unavoidable. The mechanical properties of cement-based coating dete-
riorate signifcantly at high temperatures [14]. More seriously, spalling may occur, 
meaning a sudden and rapid brittle failure occurs. To overcome these deteriorations, 
inorganic porous fllers, such as perlite, hollow glass beads, aerogels, and expanded 
polystyrene, are typically used to improve the mechanical properties of cement-
based materials. The presence of short fbres, such as polypropylene (PP) fbres and 
steel fbres, could enhance the spalling performance, ensuring the structural integ-
rity of the coating during fre [14]. Moreover, adding calcined products, such as FA, 
blast furnace slag, and bottom ash, improves the thermal and mechanical properties 
of cement-based materials [14]. Ma et al. [14] summarised the advantages and dis-
advantages of various porous lightweight fllers, including FA cenospheres, hollow 
glass beads, aerogel, and phase change materials. It was stated that the fller type 
needs to be correctly chosen to satisfy the desired thermal and mechanical perfor-
mance by considering the cost, mechanical strength loss, ease of mixing, and com-
plexity of the encapsulation process. 

The involvement of fbre can reduce the chance of spalling under high tempera-
tures, which is infuenced by fbre type, size, and weight. At present, PP fbres are the 
most widely used fbres to resist the spalling of cement-based materials at high tem-
peratures effectively [16–18]. This is because PP fbres melt at relatively low temper-
atures (160–170°C). The melted PP fbres are then rapidly absorbed by the slurry, and 
fnally, the remaining empty channels will be interconnected to form a network of 
cracks in the matrix [16]. In addition, the presence of PP fbres can effectively reduce 
the pore pressure and thermal strain of the concrete, signifcantly reducing the range 
of the stress feld during heating [18]. Similarly, the fre spalling resistance could 
be improved by adding other types of polymer fbres with a low melting point, such 
as nylon and PVA fbre [14]. Although the involvement of polymer fbres can effec-
tively resist concrete spalling, it cannot improve the residual compressive strength 
and elastic modulus of the concrete at high temperatures [16]. The use of steel fbres 
allows the prevention of spalling while improving the residual mechanical properties 
after heating to some extent, but it could only reduce the degree of spalling sever-
ity and duration of the severe spalling. Thus, the combination of polymer and steel 
fbres was investigated to improve both properties of cement-based coating [19]. It 
was stated that the PP fbres with a lower melting point would frst melt and form a 
broader channel to release water vapour. As the temperature continues to rise, the 
steel fbres inside the matrix control the expansion of internal cracks during heating. 
As a result, both the spalling resistance and residual mechanical properties can be 
improved [19]. 

The use of cement-based materials in steel structural coatings exhibits excellent 
thermal insulation properties and spalling resistance performance, and mechanical 
properties are improved after elevated temperature. In addition, cement-based coat-
ings are generally more economical and more accessible in application compared 
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to intumescent coating. However, in an actual application, the required thickness 
of the cement-based coating is signifcantly larger than that of intumescent coating, 
which enormously affects the structural self-weight and aesthetics [14]. The inherent 
brittleness and poor bonding properties of cement-based coatings result in delami-
nation to substrate and loss of fre protective performance, resulting in a deteriora-
tion of the fre resistance and structural stability. Currently, only a few publications 
related to the mechanism of fre protection, explosion suppression of cement-based 
coating, and interfacial bonding strength to metal can be found, which needs further 
investigation. 

7.2.2 REACTIVE MATERIALS 

Intumescent coatings have been increasingly used as a fre protection material for 
both commercial and industrial applications due to their high-quality fnish, light-
weight, speed of construction, and fair fre ratings [20]. Intumescent coatings are 
thermally reactive materials, and nowadays they are usually composed of a combi-
nation of organic and inorganic components bound together in a polymer matrix [3, 
21]. They are usually composed of an acid source, e.g., ammonium polyphosphate, 
a carbonaceous compound, e.g., polymers, a blowing agent, e.g., melamine, bind-
ers, and additives. The effect of these compositions on the coating performance has 
been explored extensively [3]. These types of coatings are insensitive to weather and 
water compared with alkali silicate-based coatings, which are commonly used for 
passive fre protection of steel-framed structures. In addition, they provide a fnish 
that does not detract from the appearance of the exposed steelwork, as in the case 
of cementitious coatings. Therefore, they are increasingly used in modern airports, 
skyscrapers, sports complexes, shopping malls, and hotels [20]. 

Intumescent coating is reactive because it swells due to heat exposure, increas-
ing its original thickness and decreasing in density many times, producing a porous 
media that acts as an insulating layer to protect the substrate (Figure 7.1) [3, 5, 22]. 
The intumescence process generally involves the following steps: a mineral acid is 

FIGURE 7.1 Steel structure protected with an intumescent coating before (left) and after 
(right) fre test. (Reprinted with permission from ref. [3]. Copyright 2019 Elsevier and [24].) 
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released by breaking the acid source, resulting in dehydration and carbonisation of 
char formers. The blowing agent then decomposes to release gases and is trapped in 
the melted matrix, making it swell. An insulating multi-cellular protective char layer 
is formed. This carbonaceous char shield limits the heat transfer from the source to 
the substrate and prevents further degradation of the underlying material [20, 23]. 

As mentioned previously, the main ingredients of intumescent are an acid source, 
a carbon source, and a blowing agent. The intumescent coating needs to be well 
designed and formulated to form an effcient protective char, as its structure signif-
cantly impacts the heat barrier properties. A coating should form a large char volume 
with a thick and continuous inner char structure, while the char should be compact, 
having a smaller cell size, narrower cell size distribution, and closed solid foam [5]. 

Ammonium polyphosphate is the most widely used acid source in intumescent 
formations, and it releases acid above 250°C in the event of a fre. However, the 
disadvantage is the water sensitivity and poor compatibility with the binder. Other 
salts, such as melamine phosphate and melamine pyrophosphate, are also widely 
used in intumescent formations [20]. Melamine phosphate has slightly less solubil-
ity in water and is a suitable choice in combination with ammonium polyphosphate. 
Moreover, melamine pyrophosphate is thermally more stable and also has less water 
solubility. It also exhibits better water resistance and gives char with better thermal 
barrier properties than melamine phosphate [5]. 

The presence of char former allows the formation of a carbonaceous char by 
dehydration in the presence of an acid source [5]. Pentaerythritol is a widely used 
charring agent in combination with ammonium polyphosphate as an acid source in 
intumescent formulations due to its low melting point [22]. However, the poor water 
solubility limits its use, especially for stable weather applications [5]. Starches, sug-
ars, and cellulose that contain pendant hydroxyl groups are also attractive in intu-
mescent formulations due to their low cost and sustainability [25]. 

Blowing agents, typically melamine, are commonly used in intumescent formu-
lations, which decompose to form a considerable amount of gases that cause the 
carbon-rich mass to bubble and foam, producing a thick insulating layer [20]. The 
use of binders improves protective performance. They also have to degrade over 
the same temperature range as other intumescent fre-retardant additives in the for-
mulation so as to produce intumescence, leading to a carbonaceous char. Various 
polymeric resins can be used as a binder in intumescent coatings [5]. The choice of 
binder depends upon the service environment to which the coating is exposed and its 
expected durability. Waterborne acrylics are mostly used in dry, internal locations, 
while solvent-borne acrylics are used in an internal or sheltered external location. 
Solvent-less or solvent-borne epoxy coatings are used in any location where high 
weatherability and protective performance are anticipated [5]. 

Inorganic fllers and fbres are also involved in intumescent formulations, which 
improve the fre protection performance as well as the durability of the coating. 
Fillers such as magnesium hydroxide are reported to increase bonding strength to 
the metal substrate due to its effective interface adhesion [26]. Inorganic compounds 
such as borides, nitrides, titanium, or other metals are chemically inert and exhibit 
a much higher thermal decomposition temperature. They could stabilise char in 
intumescent formulations [5]. The addition of fbres in the intumescent coating has 
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been well investigated. It was reported that alumina and silica fbres increase the 
strength of the residual char, thus elongating the freprotective performance [27]. 
High-temperature ceramic fbres could enhance the toughness of the char [28]. More 
recently, the addition of nano-scale additives, such as carbon nanotubes, in intumes-
cent coatings has been widely explored as it was proved that they could enhance the 
fre protection performance of the coatings [5, 29]. 

Thin intumescent coatings are typically solvent- or water-based with a dry 
thickness ranging between 400 and 3000 μm. They are mainly applied in the built 
environment and used for cellulosic fre conditions. In contrast, thick intumescent 
coatings are usually epoxy-based (two-component systems) with thickness in the 
order of a few centimetres. Thick intumescent coatings are mainly applied in indus-
trial applications, such as the oil and gas industry, and they are used for hydrocar-
bon fre conditions [3, 6]. Intumescent coatings usually consist of primer, base coat, 
and top coat. The primer ensures good adhesion between the metal substrate and 
the coating and offers improved corrosion resistance, while the top coat is usually 
for decorative or durability reasons when exposed to weathering and an aggressive 
environment [3, 20]. 

Intumescent coatings offer passive fre protection with a rating of a few minutes to 
several hours. They also provide an aesthetic appearance [6]. Moreover, they could 
be used in cellulosic fre and hydrocarbon fbre, including jet fre, which effectively 
prolongs fre-induced structural collapse. However, the application usually involves a 
long drying time, which is sometimes diffcult to use on-site. In addition, the outdoor 
exposed coatings have poor corrosion resistance due to the presence of water-sensitive 
ingredients in the formulations. Moreover, the formation of carbonaceous char 
may exhibit poor cohesive strength and fragility, leading to the falling of the coatings 
during a fre event [5]. Finally, organic binders, such as epoxy resin and polyure-
thane, emit smoke from combustion and release odours during a fre event, which 
negatively impacts the environment and human health. Thus, continuous improve-
ment of the intumescent coating is still needed. 

7.3 THE POTENTIAL OF GEOPOLYMER COATING ON 
METAL STRUCTURE 

In recent years, geopolymer coatings have attracted much attention due to their bet-
ter workability, higher mechanical strength, excellent resistance to chemicals and 
heat, and easier handling. In addition, geopolymer coatings offer excellent durability 
and long-term performance. Moreover, the green and environmentally friendly char-
acteristics make geopolymer an admirable coating material for many applications 
[30, 31]. 

The mixture compositions with regard to the activator solution and binder con-
tent, as well as the curing conditions, are the infuencing factors for the mechanical 
and durability properties of geopolymer coatings [4, 31]. A defect-free and integral 
coating is essential to provide strong adhesion to the substrate. Therefore, it is neces-
sary to balance the preparation process of the coating, including water evaporation, 
geopolymerisation, the formation of a bond between the coating and the substrate, 
and the techniques used to apply the coating [1]. 
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The common techniques used to apply geopolymer coatings on substrate surfaces 
are dipping, spraying, blading, brushing, and extruding [32]. The dipping method is 
convenient and simple, but the major drawback is the inability to control the thick-
ness of the applied layer accurately. Similar to the dipping method, the brushing 
method leaves relatively thick coatings on substrate surfaces. This may limit its use 
when layers of small thickness are required, for example, the possibility of mis-
matched properties between the coating and the substrate [1]. Geopolymer coatings 
can also be manually applied to the surface via a blading method. It usually has a 
high shrinkage rate in geopolymer paste, which consequently forms microcracks 
on the surface in atmospheric conditions [33]. The spray method is a low-cost and 
effcient method which can precisely control the thickness of the applied layer. In 
contrast, the disadvantage is that a fowable coating suspension is required [33, 34]. 
Nevertheless, the spraying method still offers the highest application potential for 
geopolymer coating. 

As a coating material applied on metal surfaces in the building and construction 
industry, the coating performance, such as adhesion strength, fre resistance, corro-
sion resistance, and shrinkage, signifcantly impacts the safety and service life of 
existing structures. 

7.3.1 ADHESION STRENGTH 

Adhesion strength is generally defned as the capability of coating materials to 
adhere to the substrates [31]. For a coating to be retained and to perform its function, 
adhesion to the substrate must tolerate mechanical stress, thermal stress, or elasto-
plastic distortions and the environment [35]. There are two types of bonding failures: 
the coating layer debonding from the interface between coatings and substrate and 
the substrate or the coating layer failure tears. The system is likely to fail at its weak-
est spots [36]. The adhesions of geopolymer coatings are typically infuenced by the 
properties of the coating, the quality and state of the substrate, and the construction 
technique of coatings [37]. 

It was well proved that the effect of Si/Al ratio and Na/Al ratio signifcantly 
impacts the adhesive strength [32, 38]. Temuujin et al. [38] studied the effect of 
the Si/Al ratio on adhesion for FA-based geopolymer coating applied to mild steel 
via the dipping method. Results showed that the increase in the Si/Al ratio induced 
increases in the adhesive strength, with a maximum strength of 3.5 MPa at a Si/Al 
ratio of 3.5. Khan et al. [39] investigated the effect of the Na/Al ratio on the adhesive 
strength of FA-based coating applied on steel by dipping. The adhesive strength of 
the prepared samples tends to increase, followed by a reduction as the Na/Al ratio 
increases from 0.6 to 1.2. 

The water content also plays a vital role in forming geopolymer coating and is 
correlated to the Si/Al and Na/Al ratios [40]. Water is consumed in the dissolution of 
the aluminosilicate solid by alkaline hydrolysis but released in condensation of the 
dissolved oligomers. As an aqueous medium, high water content is conducive to full 
hydration of the precursor materials, leading to soft geopolymer binders. This is ben-
efcial for applying geopolymer as adhesive coatings [41, 42]. The geopolymerisation 
process is induced at low water content, resulting in a reduction of porosity in the 
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FIGURE 7.2 Schematic illustration of dissolution-reorganisation mechanism in geopoly-
mer formation at varying Si/Al mole ratios: (a) 1.5, (b) 2.5, and (c) 3.5 in HGM/geopolymer 
composites. (Reprinted with permission from ref. [44]. Copyright 2022 Elsevier, and [24].) 

binder. The workability of the binder decreased, making the coating hard to deposit 
[43]. It was suggested that the adhesion strength tends to decrease with increasing 
water content [8]. 

Tatlisu et al. [44] prepared FA-based geopolymer coating with the addition of 
hollow glass microspheres (HGM). The composite coating was applied on hot 
(300°C) metal surfaces via the spray deposition technique. The effect of Si/Al ratio, 
HGM content, and Na/Al ratio on adhesion strength and thermal conductivity was 
investigated. As expected, for the samples without HGM, the increase in Si/Al ratio 
(1.5 to 3.5) resulted in a signifcant increase in adhesion strength (1 to 6.5 MPa) due 
to the increasing dissolved geopolymer phase (Figure 7.2), while the thermal con-
ductivity of the samples decreased slightly. When the HGM was added, the adhesion 
strength decreased slightly (5.5 to 5.0 MPa at a Si/Al ratio of 2.5) as the wt% of HGM 
increased from 0 to 10% with a fxed Si/Al ratio. However, as the amount of HGM 
increased further to 15%, the adhesion strength dropped signifcantly to 1.0 MPa. 
The thermal conductivity of the composite coating decreased signifcantly with the 
addition of the HGM. Therefore, depending on the application, there should be a 
trade-off between the adhesion strength and the thermal conductivity. 

Tomar et al. [45] prepared geopolymer coating containing FA, red mud, metaka-
olin (MK), and blast furnace slag, and the amount of red mud on the adhesion 
strength was evaluated. The coating material was applied on mild steel via the spray 
coating technique, and the thickness of the coatings was in the range of 240–290 
μm. Generally, the adhesion strength increased with the addition of red mud, and the 
strength of all samples was reported between 10.80 and 12.15 MPa. This may be due 
to the synergistic effect of red mud and FA constituents, which emerged as iron that 
contains inorganic phases. 

The bonding strength of geopolymer coating to stainless steel and aluminium is 
generally weak due to only a physical bond being formed [8]. Chromium (Cr) present 
in stainless steel inhibited the geopolymerisation of the binder on a stainless-steel 
substrate and formed a weak bond [46]. Excessive reaction with aluminium sub-
strates results in detrimental corrosion. This caused very weak bonding between the 
coating and substrates [47]. Temuujin [32] studied the adhesion strength of FA-based 
geopolymer coating on mild steel and stainless steel (Figure 7.3). Results showed that 
it exhibits higher adhesion strength on mild steel (2.7 MPa) compared with stainless 
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FIGURE 7.3 Interface between geopolymer coating and (a) mild steel and (b) stainless steel. 
(Reprinted with permission from ref. [32]. Copyright 2009 Elsevier and [24].) 

steel (0.25 MPa). Yong [46] suggested that the growth of synthetic geopolymeric gel 
is more rapid when placed on an iron substrate due to chemical bonding, while the 
presence of Cr in stainless steel inhibits the growth of geopolymeric gel, and weak 
bonding was observed. 

High adhesive strength likely involved mechanical interlocking or chemical bonds 
between the coating and the substrates, apart from the physical bond. This could be 
achieved by increasing the surface roughness of the substrates, leading to a higher 
contact area between the coating and the substrate [8, 48]. Mechanical treatment 
(sandblasting) and chemical treatment (nitrophosphoric acid and sanitation) could be 
carried out on steel and aluminium plates [40]. De Barros et al. [49] suggested that 
mechanical treatments were more effective than chemical treatments for geopoly-
mer coating applied on steel and aluminium substrates. Wang et al. [50] examined 
the effect of substrate surface characteristics (relative area) on the adhesion proper-
ties of geopolymer coatings. The relative area was determined by area scale fractal 
analysis, which can effectively characterise the surface roughness. It was reported 
that the bond strength reduced with the decreasing relative area. However, Temuujin 
et al. [32] claimed that the difference in adhesion strength of various geopolymer 
compositions applied on metals was clearly independent of surface roughness. Even 
if the metal surface is treated the same way, the surface roughness of each sub-
strate could vary due to the time and power of grinding. The relationship between 
substrate surface roughness and adhesion strength in the coating industry is widely 
investigated, which provides valuable guidance for geopolymer coating applied on 
the metal surface [40]. 

7.3.2 FIRE RESISTANCE 

Steel, as a load-bearing structural component, is widely used in the building and 
construction industry, and freproofng is one of the most critical properties. The 
yield stress of steel will decrease as the temperature rises. At a temperature above 
550°C, steel can lose up to 50% of its yield strength [4]. Fire protection is rated for 
the time that passive fre protection can withstand a standard fre resistance test, such 
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as a 2-h rating for steel beam protection. Due to their inorganic nature, geopolymer 
coatings exhibit higher strength, durability, and fre resistance characteristics com-
pared to conventional coating materials [31, 36]. It was well indicated that the effects 
of composition, additives, and thickness of coatings have a signifcant infuence on 
the thermal resistance of the geopolymer coating [8]. 

Temuujin et al. [51] conducted a direct fame test (fame temperature of 1100– 
1200°C) for MK-based geopolymer coating. Results indicated that the coating could 
withstand the direct fame for 30 min, which denoted high structural integrity. 
Temuujin et al. [38] also explored the microstructure of the geopolymer coating at 
elevated temperatures. It was observed that the material exhibited shrinkage with 
a temperature increase of up to 820°C. The metal substrates expanded after heat-
ing while the geopolymer shrunk, resulting in a loss of adhesion. The formation of 
cracks during heating due to heat fow directly to the metal substrate caused a loss of 
strength. Bakharev [52] suggested that KOH-activated FA-based geopolymer coat-
ing had better thermal stability than NaOH-activated geopolymer coating. The fre 
resistance property was also improved with increasing K2O and MK content. 

Nicoară et al. [53] prepared a geopolymer coating containing waste glass powder, 
FA, NaOH, KOH, and borax decahydrate (chemical reagents). The coatings were 
applied on a metal surface via spray technique and tested in direct contact with a 
propane fame. An uncoated steel plate was used as a reference, and the fame test 
showed that the back face temperature rose rapidly, reaching the critical value of 
500°C in the frst 2 min. This temperature was critical for the structural strength of 
steel. For the samples containing glass powder, FA, and borax (N_C_0.58 and N7_ 
K3_C_0.58), the back face temperature remained broadly stable at below 500°C for 
more than 1 h, indicating an excellent thermal resistance property. During the fame 
test, no exfoliation of the coating layer was observed, indicating excellent adhesion 
between the coating and the substrate. It is also worth mentioning that the addition 
of glass powder increased the temperature at which intumescence occurred, which 
was benefcial to the fre resistance. 

Sarazin et al. [54] explored the infuence of coating thickness on the fre resistance 
test by adding a foaming agent and surfactant (CetylTrimethyl Ammonium Bromide, 
or CTAB). The temperature profles for three geopolymer coatings were compared 
during the burn-through tests. Whatever the coating is considered, the rise in tem-
perature is lower than for the uncoated steel plates. The maximum decrease in tem-
perature (–251°C) was obtained for geopolymer coating modifed with both a foaming 
agent and surfactant, whereas the lowest (–122°C) was obtained for the reference 
coating (i.e., without a foaming agent and surfactant) compared to uncoated steel 
plate. This means that the foaming structure provided a better thermal barrier than 
bulk geopolymer, and the addition of foam stabiliser (CTAB) enhanced the thermal 
barrier effect as well. This is expected as both additives increase the foam thickness. 

Bhardwaj et al. [55] introduced an advanced polymerisation process in which 
water was added to solid precursor powder obtained by co-grinding raw materials. 
Amorphous tricalcium phosphate was also added as it was proved that phosphate-
based coatings possessed effective corrosion protection and fre protective proper-
ties. It could also enhance the inhibition effciency and improve the passivity of the 
metal surface. At a coating thickness of about 115 μm, the cold side temperature 
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curve showed that the insulation capacity (time required to reach a temperature of 
180°C) was approximately 7 min. This was about three times longer than that of an 
uncoated steel substrate. It was predicted that the protection effciency might exceed 
up to 1 h if the thickness of the coating increased to 20 mm. The direct fame test was 
also carried out, and the results proved that the increased inorganic phosphate con-
tent led to superior fre protective characteristics. The coated sample can withstand 
a fame for more than 45 min without peeling off. No visual cracks or degradation 
were observed in the coating after 50 min. 

7.3.3 CHEMICAL RESISTANCE 

Corrosion in steel structures is a critical issue, especially for infrastructures exposed 
to marine environments. It had nonnegligible impacts on economic losses, human 
health, and environmental pollution [7]. Geopolymer coating offers higher strength, 
longer durability, less permeable mix design, and superior chemical resistance, 
which can be seen as an excellent alternative to conventional coating materials [4]. 

Deshmukh et al. [56] demonstrated that geopolymer coating exhibited strong cor-
rosion resistance via electrochemical measurements by dipping the coated mild steel 
plate in NaCl electrolyte. The coated mild steel plate showed a signifcantly lower 
current density (5 × 10−7 A/cm2) compared to the uncoated mild steel plate (1 A/cm2). 
After 72 h of dipping, an insignifcant increment in current fow was observed, pos-
sibly due to the metal oxide/hydroxide formation. 

Bhardwaj [55] discussed the corrosion behaviour of phosphatic geopolymer coat-
ing applied on mild steel. The results showed that the coated mild steel exhibited 
strong corrosion resistance ability even after 20 h of salt spray test, while the uncoated 
mild steel corroded within 7 h. A non-electrochemical weight loss method was also 
performed to determine the corrosion rate of coated mild steel. It was demonstrated 
that the coating containing tricalcium phosphate and sodium metasilicate provided 
the highest resistance towards the saline condition. Both of these compounds act as 
anodic inhibitors (also known as passivation inhibitors). The addition of phosphate 
in the geopolymer matrix makes the coating denser and less porous, so water cannot 
reach the passivation layer. Thus, the phosphate groups retards corrosion by promot-
ing the growth of protective iron oxide flms and by healing the defects in protective 
flms. Meanwhile, the silicon ion forms negatively charged colloidal particles that 
migrate to anodic areas and form a passive flm. These ensure the corrosion protec-
tion effciency of the coating materials. 

Tomar et al. [45] evaluated the effect of red mud amount on the corrosion resis-
tance of the geopolymer coating applied on mild metal. The corrosion test was per-
formed in a salt spray chamber in 3.5% NaCl with 95% RH. Results showed that the 
rust creepage tends to decrease with the addition of red mud (5 to 20 wt%. This could 
be due to the highly dense and intact structure of geopolymer coating with more red 
mud amount. It was mentioned previously that the adhesion strength also increased 
with the increasing amount of red mud, indicating that the involvement of red mud 
improved the overall property of the coating materials. 

To further improve the corrosion resistance, Yang et al. [7] introduced graphene 
oxide into the geopolymer coating system (Figure 7.4), and the infuence of graphene 
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FIGURE 7.4 The schematic illustration of the preparation and coating process for reduced 
graphene oxide geopolymer coating. (Reprinted with permission from ref. [7]. Copyright 
2022 Elsevier and [24].) 

oxide contents on the physicochemical and electrochemical properties was investi-
gated. It was indicated that the appearance of graphene oxide showed a noble cor-
rosion potential with very low corrosion density (in the order of 10−7), which shows 
the effectiveness of graphene oxide geopolymer coating in inhibiting corrosion. In 
addition, using a graphene oxide content of 0.1% could increase the corrosion resis-
tance of geopolymer-coated steel by more than two orders of magnitude compared 
to bare carbon steel. 

Although the corrosion resistance of geopolymer coating applied on mild steel 
structures has been investigated widely, it was suggested that the geopolymer coat-
ings were not appropriate for aluminium substrate due to the high alkalinity of the 
geopolymer, which can corrode the aluminium [47]. 

7.3.4 SHRINKAGE 

A crack-free coating on substrates is mandatory to sustain its function, whether for 
fre resistance or anti-corrosive protection. Cracks could occur due to the shrinkage 
of coatings or the mismatch between the coatings and substrates attained [2, 57]. 
Therefore, optimising the preparation process or adjusting the recipe for chosen sub-
strates or applications is necessary. 

Mao et al. [58] investigated the effect of curing temperature on MK-based geo-
polymer coating applied on metals by airbrush spraying. Results showed that an ade-
quate microstructure was observed at a moderate curing temperature (80°C). Curing 
at lower or higher temperatures leads to several or numerous cracks. At low tempera-
tures, several microcracks occurred due to the evaporation of water. At high tem-
peratures, cracks were generally caused by the residual stress between the coating 
and the substrate. In addition, the difference in the MK-based geopolymer coating on 
an aluminium substrate was also explored. As the coating was cured at 40°C, plastic 
deformation was seen, and no cracks were observed within the sample. This could 
be due to the incomplete polymerisation of the coating. Unlike the coating applied 
on the mild steel, the coating process failed as the coating was cured at 80°C. As the 
curing temperature further increased to 150°C, severe cracks were observed from 
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the beginning of the scratch test. As a result, the coating was completely removed 
from the aluminium substrate by a load of 12 N. The authors suggested that chemical 
adhesion may have been involved due to the large differences in adhesive strength on 
mild steel compared with other substrates. 

The water content is also a critical factor infuencing the shrinkage of the coating. 
Temuujin et al. [38] studied the effect of water content on the thermal expansion or 
shrinkage of the geopolymer coating. With less water content, the initial shrinkage 
of the samples tends to reduce before 200°C, while the expansion of the coatings was 
high thereafter. Zhang et al. [2] demonstrated that the shrinkage of geopolymer coat-
ings could be improved by adding PP fbre and a MgO expansion agent. 

The selection of geopolymer mixture design, curing conditions, and coating 
technique signifcantly impact the adhesion strength, thermal and chemical resis-
tance, and microstructure. This has been explored extensively. However, the bond-
ing behaviour (either physical or chemical or both) needs to be further investigated 
to fully understand the adhesion mechanism between the coating and the substrate. 
Besides, the majority of the investigations are on a lab scale, where an on-site experi-
ment of the geopolymer coating is necessary to promote a large-scale application. 

7.4 THE COMPARISON BETWEEN THE CONVENTIONAL 
COATING AND GEOPOLYMER COATING 

As mentioned previously, geopolymer exhibits excellent thermal stability, relatively 
high strength, and fre and chemical resistance compared with traditional cement. 
The study indicated that the geopolymeric materials showed only slight cracks after 
exceeding 800°C, while the cracks are intensive for the samples made of conventional 
concrete under fre resistance test. In addition, no spattering was observed for geo-
polymers at very high temperatures, indicating excellent thermal stability [1, 38, 46]. 

Phoo-ngernkham et al. [59] discussed the effect of raw materials composition 
(FA, GGBFS, NaOH, and Na2SiO3) on the adhesion strength. Results indicated that 
the mixture containing FA and GGBFS activated via NaOH and Na2SiO3 combined 
solution possessed the maximum shear bond strength (Figure 7.5). It is also worth 
mentioning that the shear bond strength of the geopolymer coating was 19–47% 
higher than the two common organic coatings (epoxy A and B). Zhang et al. [2] com-
pared the bonding strength between geopolymer coating and cement-based materials 
at various drying conditions. Results showed that the 1-day bonding strength was 
equal to or higher than that of cement-based materials at any chosen curing condition 
(dry-wet cycle curing, air-curing, and seawater-curing). 

Lahoti et al. [60] compared the fre performance of Portland cement concrete 
against geopolymer concrete. It was stated that the thermal conductivity of geopoly-
mer (0.2–0.4 W/m.K) is generally much lower than cement concrete (1–4 W/m.K), 
although both materials are incombustible. Geopolymer concrete also exhibits bet-
ter spalling resistance compared to OPC concrete due to the interconnected pore 
structure of geopolymers. More importantly, geopolymer concrete provides excel-
lent fre resistance properties up to 1200°C, while a signifcant strength loss was 
observed for OPC concrete after 600°C. At high temperatures, geopolymers main-
tained microstructural stability as the chemical bonds in geopolymers do not break 
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FIGURE 7.5 Shear bond strength between geopolymer paste, epoxy, and substrate with 
interface line at 45° to the vertical. (Reprinted with permission from ref. [59]. Copyright 2015 
Elsevier and [24].) 

down, although a transformation from the amorphous phase to the crystalline phase 
is generally observed at high temperatures (close to 1000°C). In contrast, cement 
paste and aggregates lose their strength above 600°C, indicating that the concrete is 
considered structurally failed. 

Wang et al. [61] evaluated the environmental impacts of geopolymer coatings 
against Portland cement coating via life cycle assessment (LCA). LCA can identify 
the main contributors to environmental impacts and assist in decision-making by 
pointing out potential aspects for future improvement. In addition, the effect of fab-
rication parameters on the overall environmental performance was also addressed. It 
was concluded that the geopolymer coating yielded substantially lower environmen-
tal impacts (50–80% lower in most impact categories) than OPC coating. For cement-
based coating, sand and cement are the two major contributors to the environmental 
impacts due to the limestone’s calcination and the high temperature needed to heat 
the raw materials. As a result, the estimated CO2 emissions during cement concrete 
production could increase up to 45% more than geopolymer concrete [30]. For geo-
polymer coating, waterglass contributes considerably to the overall environmental 
impacts as waterglass production requires heating at high temperatures and emits 
heavy metal ions into the water environment (Figure 7.6). In addition, an increase 
in the W/S ratio decreased the environmental impacts, and slag-based geopoly-
mer coating achieved lower environmental impacts than FA-based and MK-based 



 

 
 
 

 
 

 

128 Geopolymers and Composites 

FIGURE 7.6 Life-cycle boundary of (a) ordinary Portland cement, (b) slug, (c) MK, (d) FA, 
and (e) waterglass [24, 61]. 

varieties. These fndings provide useful guidance for balancing the performance and 
environmental impacts of geopolymer coating [61]. 

Geopolymer coating exhibits superior mechanical and thermal performance 
compared with conventional cement-based coating. The life cycle analysis between 
these two coatings indicates that the geopolymer coating has a substantially lower 
environmental impact than cement-based coating. Apart from these investigations, 
an economic analysis of geopolymer coating could be carried out and compared 
with current commercial protective coatings. It was suggested that the beneft-to-cost 
ratio is a more precise index to utilise in the economic analysis [4]. 

7.5 CONCLUSIONS 

This chapter reviewed the current use of conventional passive coating and assessed the 
potential use of novel geopolymer coating on the metal substrate, practically, the steel 
structure. The infuencing factors, including precursor materials, the alkaline activator, 
curing processes, and water contents, on the adhesion, thermal, and chemical resis-
tance of the geopolymer coating were well explored. The performance comparison 
between geopolymer coating and conventional cement-based coating indicated that 
geopolymer coating offered superior mechanical and thermal performance with sub-
stantially lower environmental impact compared with cement-based coating. 
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Meanwhile, further study is still required. Although the bonding strength has 
been widely investigated, the mechanism of adhesion between the coating and the 
substrate is still unclear. Therefore, the bonding behaviour (physical, chemical, or 
both) needs further investigation. In addition, the required thickness of the freproof 
coating is much higher than that of intumescent coating, which increases the struc-
tural self-weight. Thus, the trade-off between the weight and the thermal-mechanical 
performance needs to be identifed. 

Moreover, the preparation and production of geopolymer mainly rely on alumi-
nosilicate precursors and activators. Due to the absence of technical standards and 
the diversity of constituent materials, the properties of the geopolymer are less con-
trollable compared with cement-based materials. Therefore, further standardisation 
of the raw material and the fabrication process is needed to achieve custom-tailored 
products for particular performances and applications. 

The life cycle analysis indicates that the geopolymer coating has a substantially 
lower environmental impact compared with cement-based coating. Apart from this, 
an economic analysis of geopolymer coating could also be carried out and compared 
with current commercial protective coatings. Besides, on-site experiments on geo-
polymer coating are necessary to verify all the factors investigated. Nevertheless, 
geopolymer coatings show great potential for fre protection on steel structures with 
excellent physical properties, lower environmental impact, and cost savings. 
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8 Geopolymers in the 
Marine Environment 

Kinga Korniejenko, Mikuła Janusz, 
and Kozub Barbara 

8.1 INTRODUCTION 

The aquatic environment places many demands on materials to be used for applica-
tions in seas and oceans [1, 2]. These materials have to be characterized by suitable 
physical and mechanical properties, durability, long-term resistance against corro-
sion, and other features dedicated to particular applications. Moreover, they have to 
be safe for marine fauna and fora [3, 4]. One of the basic challenges is the corrosion 
and deterioration of materials (Figure 8.1). 

FIGURE 8.1 Deterioration of coastal infrastructure in a different type of seas and oceans: 
(a) harbor in Athens, Greece; (b) seaside promenade in Nha Trang, Vietnam; (c) coastal infra-
structure in Tel Aviv, Israel; (d) pier in Gdansk, Poland. 
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Materials for underwater applications should be durable and resistant to marine 
environments [4]. The coastal regions are focusing on the challenges of maintaining 
the sustainability of marine resources, limiting damage to the ecosystem, and protect-
ing against foods and coastal erosion. The cost of corrosion of different water infra-
structure, including offshore facilities, is estimated to be approximately 4% of GDP [5]. 
Basic problems are corrosion and deterioration of the materials. Despite the resistance 
to corrosion, materials can be affected by environmental factors [4]. Furthermore, the 
presence of soluble salts from greenhouse acid gases and other water pollution, such 
as sulphur oxide, nitric oxide, and carbon oxide, can accelerate the corrosion process 
[6]. The deterioration of a material is not only an aesthetic problem; the pollutants 
can weaken structural barriers, accelerating corrosion. In marine environment, the 
main cause of corrosion in concrete structures is the intrusion of chlorides [7, 8], 
sodium chlorides, and sodium sulphates [9]. Materials, in spite of their resistance to 
corrosion, can be damaged due to the infuence of environmental stressors [9, 10]. 
On the surface, it is caused by exposure to weather agents such as wind, temperature, 
rain, relative humidity, and condensation. These agents induce physical and chemical 
reactions, which destroy the material and cause chemical corrosion or erosion by oxi-
dation and dehydration reactions, dissolution of carbonates, and dissolution of some 
minerals containing silicates. In the bulk of concrete structures, the crystallization of 
salts in the pores of materials can cause dimensional movements that result in crack-
ing [11, 12], in addition to the corrosion due to chloride ingress, sodium chlorides, 
and sodium sulphates [13]. Furthermore, in this environment, a distinctive problem 
is bioerosion. It is mainly a chemical process, but it may be assisted by mechanical 
means [14] – by bio abrasion and biocorrosion. It is a signifcant problem, especially 
in underwater applications. A wide range of materials can suffer physical, chemical, 
and aesthetic damage from insects, algae, lichens, fungi, and bacteria [14, 15]. The 
surfaces of such materials are used as substrates by a wide variety of microorgan-
isms, chemoorganotrophs, chemolithotrophs and phototrophs, actinomycetes, fungi, 
and lichens [16]. The intensity of biological attack and biodeterioration processes is 
strongly infuenced by water availability. Biodeterioration is determined by: mate-
rial parameters (porosity, permeability), their conservation status (low ductility, ero-
sion, microcracks), environmental conditions, structure morphology, and interactions 
between the support and the environment over time [16, 17]. They must be resistant 
not only to salt water but also to water pollution (in inland and marine waters). 

According to current research, geopolymers can be highly desirable for marine 
applications due to their physio-chemical properties, particularly long-term stability 
and resistance to different environments [2, 10]. The preliminary research shows the 
successful application of geopolymers for marine applications such as repair works 
[11–13]. Current building materials are environmentally damaging: concrete, for 
example, is considered toxic to many marine organisms and 70% of all coastal infra-
structure. This toxicity is due to high surface alkalinity (pH 13 compared to pH 8 
of seawater) and leaching of heavy metals. Therefore, there is a need to fnd new 
materials and technologies for application in marine environments. 

The main aim of this chapter is to analyse the current progress in developing geo-
polymers for marine applications as a potentially interesting material with a limited 
environmental burden. The study is based on the systematic review that was performed 
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using Scopus as the main search tool and the supportive tools in the following data-
bases: ScienceDirect, IEEE Xplore Digital Library, ACS Publications, Wiley Online 
Library, and Google Scholar. It was conducted between August and September 2024. 
The keywords used were “geopolymer” and “marine” combined. The research results 
in the Scopus database showed 172 documents. They were checked, and the most rel-
evant publications were selected for this review. The analysis of the literature showed 
that the topic was very new. The frst publication was in 2014, and after 2019, the 
growth of interest in this area was noted. In conclusion, from the frst look at this data, 
it can be noted that the research area is innovative, and it has been intensively devel-
oped in the last few years. This chapter addresses researchers and practitioners who 
are demonstrating the state of the art in the feld of geopolymer applications in marine 
environments. It can be helpful for this group to defne the attractive research felds in 
this area. This chapter also defnes the most important trends for the further develop-
ment of geopolymer materials for marine applications. 

8.2 MATERIAL COMPONENTS 

8.2.1 MARINE-BASED INGREDIENTS AS A REPLACEMENT FOR 

TRADITIONAL COMPONENTS OF GEOPOLYMERS 

The frst feld of investigation for geopolymers in marine environments is proper 
raw materials that ensure the necessary properties and will be cost-effective as well 
as safe for the natural environment. Currently, the most popular raw materials for 
geopolymer manufacturing are metakaolin and industrial by-products such as fy 
ash and furnace slags [18]. These materials quite often require some modifcations to 
improve their properties, such as corrosion resistance and durability. The alternative 
approach is to use the materials that come from marine sources. This increased the 
chance that there will be more durability in this environment. This kind of research 
was made by Pradhan et al. [19], who investigated a one-part geopolymer manufac-
tured from the quartz-rich marine clay available in Singapore [19]. The results show 
that marine clay is not ideal for a precursor material in geopolymerization because of 
the low amount of kaolin in the raw material (∼29%) and the necessity to activate in 
high temperatures (calcination at 850°C) or with using the milling process. However, 
it can be applied as an alternative raw material for the marine environment [19]. 

The other tested raw materials were sediments [20, 21]. The main aim of the pro-
vided research was to increase the economy of dredging practices. The dredged sedi-
ments are a potential source of material, but because of the unfavorable properties, 
especially high setting times and shrinkage, they are not possible to use as only one 
material [21]. This type of raw material requires to be mixed with other materials, such 
as concrete or alkali reagents, to obtain useful material for civil engineering applica-
tions [20, 21]. The trials in this area were made for the co-valorization of marine sedi-
ments using metakaolin and ground-granulated blast furnace slag (GGBFS) to obtain 
sediment-based geopolymer mortars [21] and with coal fy ash and ground-granulated 
blast furnace slag to obtain low-cost lightweight artifcial aggregates [20]. 

The other important element for the design of geopolymer material is aggre-
gate. Geopolymer concrete with fne aggregate is commonly used for marine 
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infrastructure. To create an effective solution to this environment, it is possible to use 
recycled materials, such as industrial by-products and construction and demolition 
waste. The investigation provided by Irum and F. Shabbir [22] shows that this kind 
of aggregate could have a positive infuence on the reduction of environmental bur-
den, but it negatively infuences material properties, such as mechanical strength and 
durability [22]. Because of that the application of this kind of aggregates is limited. 

The other possibility is the incorporation of coral aggregate in geopolymer con-
crete. It allows for cost and time savings associated with the transportation of raw 
materials, especially if the place of construction is located in the offshore region [23]. 
Additionally, this approach allows for reducing carbon emissions. The research also 
shows that the addition of this kind of sand allows the material to resist the sulphate 
ions erosion in the marine environment [23]. Similar results were achieved also by 
Anbarasan et al. [24]. This team confrms that dredged marine sand can be used as a 
fne aggregate to make geopolymer concrete. This kind of geopolymer in terms of cor-
rosion resistance, carbonation, and alkalinity has comparable properties as geopoly-
mers manufactured with the usage of river sand [24]. The sea sand was also the subject 
of an investigation by Xu et al. [25]. They also confrmed that sea sand had a positive 
effect on geopolymer-based material in the area of corrosion resistance [25]. 

Moreover, the usage of marine sand as an ingredient of geopolymer materials 
can positively infuence their properties, such as compressive and fexural strength, 
giving the material superior structural durability and environmental friendliness 
[26]. The other type of the origin material that can be applied in coastal areas is 
coral waste. Yang et al. [27] applied coral waste as the internal curing material 
to prepare high-performance marine geopolymer concrete. Moreover, they combine 
this material with other marine-based materials such as seawater and sea sand [27]. 
This research shows that coral coarse aggregate could be a valuable addition to the 
amount of between 40% and 50% [27]. The potential disadvantages of using coarse 
coral aggregate can also be connected to the high porosity and brittleness of this 
type of aggregate, which affect the mechanical characteristics and durability of the 
material [28]. However, in practice, the research results prove that dense microstruc-
ture and stabilized hydration products of geopolymers positively infuence corrosion 
resistance in seawater compared to traditional cement-based materials [28]. 

The materials, such as sea sand and coral wastes, were also tested together as 
environmentally sustainable marine-engineered geopolymer composites [29]. As 
a result, the fowability and drying shrinkage decrease. The behavior of the com-
pressive strength was changeable in time, with an initial rise but fnally a decrease. 
The marine-based components have positive infuence on the tensile ductility. These 
phenomena were caused by changes in microscopic structure, especially hydration 
products and pore structure [29]. Another marine-based material that was tested 
in the application of geopolymer materials is marine shell waste [30]. This waste 
was used as a replacement for a part of metakaolin as a raw material for geopoly-
mer production. The results showed that adding shell waste reduced the compres-
sive strength of geopolymer materials and slightly increased the elasticity modulus 
[30]. The reduction of mechanical properties is compensated by environmental and 
economic benefts. The provided analysis showed that replacing metakaolin with an 
average amount of 10% seashell waste reduces energy usage by 7% and the price 
by 2% to produce 1 ton of geopolymer [30]. Moreover, this kind of activity prevents 
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the depletion of non-renewable sources of kaolin and solves the problems related to 
seashell waste landflling [30]. 

Another important resource for building material manufacturing is water. In the 
coastal area, huge amounts of salt water are usually available, but freshwater is not 
always accessible. Because of that, the important topic of the research is the possi-
bility of replacing freshwater with salt water replacement. The existing works show 
a potential to apply salt water to enhance binder systems as well as environmental 
benefts, including reduction of carbon dioxide emission [31]. The use of seawater was 
a main research topic suggested by Li et al. [32]. They confrm that seawater does not 
signifcantly infuence the geopolymer microstructure and mechanical properties, and 
the infuence of the ions on geopolymer formation is limited [32]. Also, the ions in salt 
water infuence the geopolymer composition, resulting in the formation of some salts, 
which was the main reason for reducing its compressive strength [32]. Additionally, 
the chlorine was distributed in the geopolymer matrix and bounded inside, but SO4

2– 

underwent precipitation. Overall, the results showed that salt water can be applied for 
geopolymers used as building materials in the marine environment [32]. 

Also, some research works combine different marine-based materials, such as 
salt water and marine sand. This kind of approach was applied by Yang et al. [33]. 
In this case, an addition of salt water caused the formation of magnesium alumino-
silicate hydrates, magnesium silicate hydrates, and silica gels flled the pores, which 
positively affected the mechanical properties [33]. One disadvantage of using salt 
water is the greater shrinkage of the material during the manufacturing process [33]. 
Other research on the usage of seawater and sea sand shows that using these compo-
nents makes it possible to obtain high-performance building materials. The devel-
oped geopolymers achieved compressive strength over 140 MPa and high tensile 
ductility [34]. This research also confrmed that the application of seawater caused 
a slight reduction of compressive strength. The main reason for this phenomenon 
is probably the high content of hydrotalcite phases in the material created with the 
usage of sea seawater [34]. The developed material also showed some advantages 
compared to material based on freshwater, such as slightly better tensile strength, 
superior crack resistance, and better sustainability [34]. It is worth noticing that most 
of the ingredients of geopolymers can be replaced by marine-based components, as 
shown in Table 8.1. 

TABLE 8.1 
Possibility of Replacing Traditional Ingredients of Geopolymer by 
Marine-Based Components 

The Basic Ingredient for Marine-Based 
Traditional Geopolymer Component for Replacing Source 

1 Aluminosilicate sources, for example, Marine clay, sediments [19, 20, 21] 
metakaolin or fy ash 

2 Fine aggregate, for example, river sand Marine sand, coral waste [23, 24, 25] 

3 Water Salt water [31, 32, 34] 

4 Alkaline activator – – 



 

 

 

 

 

138 Geopolymers and Composites 

Using marine-based resources as the ingredients of materials dedicated to con-
struction industries can signifcantly increase eco-friendly building and sustainable 
development in the island and coastal areas. The application of ingredients such as 
seawater, coral sand or sea sand, or coral coarse aggregate for the preparation of geo-
polymer concrete could reduce construction time and costs for offshore projects [28]. 
Also, other components have been tested as potential materials for geopolymeriza-
tion. Some studies were conducted using Posidonia oceanica sea balls (egagropili), 
which are marine wastes that accumulate along Mediterranean beaches [35]. The 
frst step was to recover halloysite nanotubes (HNTs) and cellulose from this waste 
and use it to develop hybrid flms. Next, the flms were used for geopolymers manu-
facturing by adding NaOH solution for the alkaline activation of nano clay [35]. The 
geopolymerization process enhances the rigidity of the material. The obtained flms 
can be promising solutions for packaging applications and also as flms in building 
applications [35]. 

8.2.2 REINFORCEMENT 

The important element of most building construction is reinforcement. This element 
is a key for the most demanding applications, such as bridges. Although steel rein-
forcement has a longer life in geopolymer concrete than traditional concrete, it is still 
limited [36]. Because of that, new reinforcement methods for marine construction 
are required [37, 38]. Currently, basalt fbres are one of the most promising fbres 
for construction reinforcement in the marine environment. The long-term durabil-
ity of 1% basalt fbre-reinforced geopolymer concrete was investigated by Zhang 
et al. [39]. The material was subjected to dry-wet cycles and immersion treatment 
in marine conditions. The results show that the addition of basalt fbres effectively 
enhances material stability, including mechanical properties and porosity [39]. Other 
possible benefts connected with basalt fbre reinforcement are improvement in the 
ultimate carrying capacity of beams and columns and increasing fexural and com-
pressive capacity in comparison to conventional steel-reinforced counterparts [26]. 
What may also seem interesting in terms of practical applications is the fact that 
using seawater increases fbre/matrix bond strength [34]. These results were also 
confrmed through the investigation by Rahman and Al-Ameri [40]. The research 
was based on geopolymers reinforced by basalt bars, and the experiment was sup-
posed to replicate tidal cycles. The experimental results revealed that the rein-
forced material shows better resistance in the marine environment, including lower 
micro- and macro-mechanical degradation and a higher residual ultimate load [40]. 
Investigation with reinforcement made from basalt bars was also provided by Zhao 
et al. [41]. This research shows some danger connected with the usage of this mate-
rial in highly alkaline solutions that are harmful in the long term for basalt bars [41]. 

The other type of research used in geopolymer matrix is glass fbre, which also 
shows good durability and mechanical properties in marine environments and 
can be applied in marine engineering [42]. It is also worth mentioning that not all 
research has positive results. Lu et al. [37] investigated different types of fbre rein-
forcement in a geopolymer matrix created with the usage of seawater and sea sand, 
as well as fy ash and ground granulated blast furnace slag [37]. This study explores 
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TABLE 8.2 
The Most Popular Reinforcement Types Used in 
Geopolymers Are Dedicated to Marine 
Infrastructure Applications 

Kind of Fibres Type of Fibres Source 
1 Basalt Bars [37, 40] 

2 Carbon Bars [37] 

3 Glass Bars [37] 

4 Basalt Short fber [39] 

the reinforcement in the form of glass, basalt, and carbon bars and the infuence of 
replacement river sand by sea sand on these compositions. In this case, the long-term 
performances of the composites based on both types of sand have similar properties 
and were characterized by reduced strength and enhanced brittleness in seawater 
[37]. The bonding strength between all types of bars and matrix decreased due to 
the decreased concrete strength under seawater immersion, and fbre fractured under 
the effects of sustained load [37]. In marine applications, there is a visible trend to 
fnd new types of reinforcement for the replacement of traditional steel bars to avoid 
corrosion problems (Table 8.2). 

The new types of applications are based mainly on organic polymers and mineral 
fbres that are characterized by high resistance to marine corrosive environments. 
The replacement of traditional steel bars with other fbres allows for the enhance-
ment of the corrosion resistance and durability of the construction in salt water. 

8.2.3 OTHER ADDITIVES APPLIED TO REINFORCE SELECTED PROPERTIES IN THE 

MARINE ENVIRONMENT 

The other important area of investigation is additives and admixtures for geopoly-
mers to enhance selected characteristics in marine environments. Among the differ-
ent materials that have been tested, interesting results have been obtained using nano 
fy ash particles [43]. This kind of fller, in addition of 1%, acts as a precursor of the 
geopolymerization reaction, resulting in a denser geopolymer medium and higher 
mechanical properties as well as higher corrosion resistance, especially a negligible 
level of chloride ion penetration [43]. Another approach to waterproof improvement 
is the different additives based on polymer compounds. One of the investigated addi-
tives was polydimethylsiloxane (PDMS) [44]. The results showed that the addition 
of PDMS effciently support the waterproof properties, such as increasing the con-
tact angle of geopolymer composites, giving the material hydrophobic surface wet-
tability, and decreasing the water absorption. Moreover, the PDMS improves the 
compressive properties of geopolymer [44]. Another approach to increase the mate-
rial’s durability is using protective layers or coatings. Geopolymeric materials have 
also been investigated in this area. The geopolymer is usually resistant to biologi-
cal pollution, and its high alkalinity gives an anti-fouling effect. Additives such as 
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triethoxycaprylylsilane (TTOS) can be used to enhance the superhydrophobic effect 
[45]. Based on this surface modifcation, the geopolymer materials obtained have 
micro/nanostructures with long-lasting controlled release of Cu2+. Such modifca-
tions extend the anti-biofouling properties of geopolymer [45]. Another approach 
was presented by Phiangphimai et al. [46]. They designed a coating made from 
alkali-activated/cement powder paste (geopolymer powder, Portland cement, and 
silica fume) for the improved durability of marine structures. The results showed 
good resistance of such coating against reactive environments such as 5% sulphuric 
acid (H2SO4) solution, 5% magnesium sulphate (MgSO4) solution, tap water (H2O), 
and chloride migration coeffcient. The proposed coating seems to be a good solution 
for preventing corrosion in marine environments [46]. 

8.3 KEY PROPERTIES IN THE MARINE ENVIRONMENT 

8.3.1 MECHANICAL PROPERTIES 

Mechanical properties are key to all engineering applications. In the case of marine 
infrastructure, they also play a crucial role. The provided research shows that geo-
polymer materials can have better properties in marine environments than tradi-
tional concrete. Zhang et al. [47] compared geopolymer concrete with traditional 
concrete. The materials were reinforced by using basalt bars. Geopolymer concrete 
was made from marine-based materials – seawater and coral aggregates [47]. The 
materials deterioration patterns and damage mechanisms under seawater immer-
sion were investigated. The results show that geopolymer beams exhibited better 
resistance to seawater erosion than beams made from traditional concrete. After 12 
months of exposition in seawater, the ultimate loading capacity of traditional con-
crete beams decreased by 12.2%, while that of geopolymer beams only degraded by 
9.5% [47]. 

8.3.2 DURABILITY AND RESISTANCE AGAINST CORROSIVE ENVIRONMENTS 

The topic of durability is presented in a number of studies on geopolymer materi-
als in marine environments. It is one of the most important factors in the possible 
application of the material to this environment. Such investigation was provided by 
Luga et al. [48]. The main area of this investigation was the infuence of wet-dry 
cycling in saline environments on the mechanical properties of geopolymer mate-
rial. The results showed that geopolymer materials have signifcantly reduced water 
absorption and porosity with increasing wet–dry cycles compared to traditional con-
cretes. Also, the mechanical properties of geopolymers were favorable. The fndings 
confrmed the superior durability of geopolymer under harsh saline conditions. A 
durability investigation was also conducted on some reinforced geopolymers [49]. 
In this case, the steel reinforcements were replaced with epoxy-coated carbon yarn. 
The main point of the research was the resistance against chemical attacks, includ-
ing acid, sulphate, marine water, and alkaline solutions. The results confrmed better 
durability of geopolymer material compared to cement concrete in terms of water 
absorption, acid resistance, sulphate resistance, marine water attack, and chloride 
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diffusion [49]. The fndings suggest that carbon yarn can be applied for special pur-
poses in construction where corrosion resistance and durability are crucial [49]. 

Similar studies were made on geopolymer composites reinforced by basalt bars 
[50]. The materials were investigated under seawater drying-wetting cycles. The results 
show better resistance to seawater attacks on geopolymer concrete than traditional 
concrete. Moreover, the geopolymer composite reveals lower reductions in the bond 
strength with basalt reinforcement [50]. Another investigation on the durability of basalt 
fbre-reinforced geopolymer concrete takes into consideration corrosive ions attack 
(Cl−, SO4

2−, Mg2+) in artifcial seawater [51]. The results showed that the volume expan-
sion rate and strength loss rate were more favorable for geopolymer concrete compared 
to traditional ones, especially the coeffcient of ions diffusion was much lower in the 
case of geopolymer concrete [51]. It proves excellent resistance to ion migration of geo-
polymer materials and shows the possibility of application of this material in marine 
environments [51]. Rashad et al. investigated the improvement resistance of the geo-
polymer material by adding limestone powder [52]. The main aim of limestone powder 
addition to the geopolymer matrix was to prevent the deterioration caused by seawater 
attack and the simulated tidal. The results reveal that limestone powder in amounts 
up to 20% into geopolymer cement improved the compressive strength and limited 
the deterioration caused by the marine environment [52]. In turn, Kanagaraj et al. [53] 
compared corrosion resistance to three different concrete types: conventional cement 
concrete, self-compacting concrete, and geopolymer concrete [53]. According to their 
research, the best performance of long-term exposure to corrosive environments is due 
to geopolymer concrete [53]. Other authors confrmed these results. Sungkono et al. 
revealed that the permeability coeffcient of geopolymer concrete is less than that of 
traditional concrete, while the corrosion resistance properties of geopolymer concrete 
indicated better results than traditional concrete. Moreover, the geopolymer concrete 
microstructure is more stable when corrosion occurs, which is a signifcant advantage 
for the marine infrastructure [54]. 

The important topic of investigation related to the marine environment is the 
resistance of the materials to chloride attack. The chloride environment is consid-
ered the main reason for the deterioration of the material properties in the envi-
ronment. The performance of developed polyvinyl alcohol (PVA) fbre-reinforced 
geopolymer composites against the ingress of chloride ions was the main topic of 
research provided by Hasan and Hossain [55]. They investigated different types of 
raw materials used as a geopolymer matrix and noticed that the high calcium fy ash 
and slags have better resistance to chlorine attack and better chlorine durability than 
low calcium fy ash-based geopolymer composites. As an explanation of this phe-
nomenon, they pointed to the higher density of the geopolymer matrix that is based 
on high calcium raw materials [55]. However, other research shows that slag addition 
is not always favorable for this kind of property [56]. According to this research, the 
slag addition showed a high rate of deterioration after marine exposure compared 
with the material without slag. It was caused by the reaction of NaCl salts with pores 
and faws in the material, which strongly infuenced the mechanical properties and 
durability performances of the specimens with slag [56]. 

The behavior of geopolymers under chloride attack was also the topic of the 
research provided by Somaiya [57]. The materials were tested with a chloride 
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penetration test and curing with water consisting of H2SO4. The results showed good 
resistance of geopolymers to chloride ingress and the possibility of application of 
this material in marine environments [57]. 

Another important study was made on the infuence of magnesium ion (Mg2+) 
on geopolymers [58]. The study reveals that Mg2+ retards the setting time of geo-
polymers. These fndings demonstrate the tailorability of setting time by the proper 
amount of Mg2+. This can be achieved by using marine resources and using different 
geopolymer applications, including 3D printing technology [58]. 

8.3.3 OTHER PROPERTIES 

An important area connected with applications in the marine environment in many 
areas is freeze-thaw behavior. The material behavior in changeable temperature 
could affect the safety and the lifetime of marine infrastructures [59]. This topic was 
investigated by Zhao et al. [59]. They studied the mechanical properties and frost 
durability of PVA fbre-reinforced geopolymer composites based on fy ash and ben-
tonite. The research reveals a better infuence of bentonite on frost properties [59]. 

8.4 APPLICATIONS IN MARINE ENVIRONMENT 

The main application of geopolymer concrete is marine engineering construction, 
including the construction of ports, harbors, offshore platforms, and coastal protection 
structures [26, 60]. In the last period, coastal infrastructure is progressively becoming 
more vulnerable to climate change, including storms. Because of that, more and more 
advanced solutions are required for proper protection. One possible solution in this 
area can be more durable geopolymer materials [61]. The research suggests that one of 
the desired materials is fy ash, which has a superior synergistic infuence on geopoly-
mer concrete performance and very good resistance to chloride ingress and seawater 
corrosion [61]. This kind of solution was tested in practice as thirteen 16-tonne hangar 
units on the Port Kembla northern breakwater in Australia [61]. 

Li et al. also show that geopolymers can be applied to stabilizing marine soil using 
eco-friendly components, including industrial by-products. In this case, the main com-
ponents of geopolymer materials were calcium carbide residue-activated coal gangue 
[62]. Other research in this area was done using coal gangue mixed with calcium car-
bide residues as raw material for geopolymer production [63]. The obtained material 
was successfully applied to enhance the geomechanical properties of marine clay [63]. 
Johney et al. confrmed these results and investigated the geopolymer binders as pos-
sible substitutes for lime. The main fndings of this investigation confrm the useful-
ness of geopolymers for stabilizing marine clay deposits [64]. Geopolymers can also be 
used to stabilize marine sand. This kind of sand is characterized by uniformly grain-
size distribution, which causes it to easily lose its shear strength in a loose condition 
and under cyclic loading [65]. Geopolymers can be applied as a stabilizing material 
to enhance the shear strength of marine sand [65]. Promising results have also been 
obtained in the case of marine clay stabilization [66]. 

Nowadays, the important application seems to be artifcial coral reefs. This appli-
cation requires form geopolymer materials that not only have excellent properties 
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FIGURE 8.2 The main areas of geopolymer applications in the marine environment. 

connected with behavior in marine environments but also most of them are produced 
using 3D printing technology. It also requires the specifc properties connected with 
the additive manufacturing process [2, 67]. The product also has to fulfl environ-
mental requirements [68]. This kind of research was provided by Santos et al. [69]. 
They provide ecotoxicological analysis of artifcial reefs in the aquatic environment. 
They compare artifcial reefs made by 3D printing based on cement and geopoly-
mer mortars [69]. The provided test confrms the environmental acceptability of its 
potential use in both investigated materials; however, better results were obtained for 
traditional concrete [69]. Also, Ly et al. [70] compared different cement materials, 
such as geopolymers and cement concrete, assessing their durability and biofouling 
(colonization of structures by biological organisms) in seawater [70]. In this case, 
the results also indicate that cement is a better material for building an artifcial reef 
using 3D printing due to its better mechanical properties and less susceptibility to 
biofouling [70]. In turn, the team of Yoris-Nobile et al. [68] showed that geopoly-
mers have better biological receptivity compared to cement [68]. This indicates the 
need for further research on the selection of materials depending on the purpose of 
restoration (specifc marine species) (see Figure 8.2). 

8.5 CONCLUSIONS, CHALLENGES, AND FURTHER PERSPECTIVES 

The provided analysis shows that geopolymers can be highly desirable materials 
for marine applications due to their physio-chemical properties, in particular, long-
term stability and resistance to different environments. Currently, geopolymers are 
promising materials for marine applications, but their applications are connected to 
several challenges, and they still require development and optimization. This chapter 
recognizes the following areas as the most promising for future development: 

1. The current research shows the possibility of the development of eco-
friendly buildings and sustainable development in the island and coastal 
areas through the replacement of traditional ingredients of geopolymers 
with marine-based resources. This kind of component brings environmen-
tal benefts and usually has good corrosion resistance. 



 

 

 

 

  
 

   

  

  

  

   

  

 
  

  

144 Geopolymers and Composites 

2. Basalt fbres and bars are used as the main tested reinforcement. They show 
better properties in marine environments than traditional steel bars. The 
other perspective areas are connected with polymeric and glass fbres. 

3. The important research area is material properties, especially durability 
and resistance in marine environments. The research shows the possibility 
of using waste and industrial by-products to reinforce these properties in 
geopolymer compositions. 

4. The application of geopolymers is focused on three areas: marine infra-
structure, soil stabilization, and artifcial reefs. All these areas required 
new solutions connected with material engineering. 

5. Despite the widespread interest in these materials and intensive research, 
thus far, only a few prototype solutions have been developed and tested in 
relevant environments. 
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9 Geopolymer Cement 
in Fixation of Industrial 
Waste Phosphoric Acid 

Kaibao Wang, Qingxin Wei, Hongwei 
Chen, and Huirong Le 

9.1 INTRODUCTION 

With the rapid development of industrial modernisation and economic level world-
wide, an excessive amount of waste acids is produced. Industrial waste acid has high 
acidity and often contains heavy metals, which may cause signifcant harm to the 
environment and lives. Waste acid could signifcantly affect the quality of surface 
water, threaten the survival of aquatic organisms, and damage plant growth due to 
the change in soil acidity and alkalinity. Additionally, heavy metal elements can also 
damage human organs seriously and cause a variety of diseases [1]. The high-quality 
development strategic goals, such as carbon neutrality, industrial waste and heavy 
metal pollution treatment, and green development, have been introduced succes-
sively; how to deal with heavy metal waste more economically and effectively is an 
important issue to be solved. Therefore, it is crucial to develop low-carbon materials 
and realise effcient solidifcation of heavy metal ions. 

Heavy metal solidifcation refers to the conversion of heavy metals into environ-
mentally acceptable wastes by physical or chemical mixing with adhesives for land 
disposal or construction purposes. This can be achieved via cement, polymer, and 
glass solidifcation [2]. Currently, cement solidifcation technology has been widely 
used to treat toxic and harmful wastes [3]. However, the drawbacks of cement-based 
solidifcation technology, such as high leaching rate, poor fxing effect, and heavy 
metals in waste, signifcantly affect the setting time and strength of cement [2]. In 
addition, cement-based materials emit excessive carbon dioxide during production. 
The solidifcation effect of glass-based materials is moderate, but the obtained prod-
ucts can only be landflled or used as aggregate, which has a low added value [4]. 

Geopolymer is a three-dimensional inorganic polymer that is derived from the reac-
tion between an aluminosilicate source and alkaline/acidic activators [5]. It exhibits 
excellent thermal stability, relatively high strength, and fre and chemical resistance. 
Besides, geopolymer has lower energy consumption and carbon emissions compared 
to traditional cement. Therefore, geopolymer has a promising potential for applica-
tion in infrastructure, sewage treatment, and heavy metal solidifcation [4, 6]. The 
heavy metal ions are mainly solidifed through physical (including physical storage 
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and adsorption) and chemical methods [3]. The heavy metal solidifcation of alkaline-
activated geopolymer has been widely studied [7–11]. Solid wastes containing heavy 
metals are used to prepare geopolymers under the activation of alkali activators, which 
can realise the reuse of solid waste and the safe solidifcation of heavy metal elements 
[4]. In this way, the heavy metal ions are solidifed via a physical storage process. 

In recent years, the acid-based geopolymer has shown great interest due to excellent 
temperature stability and mechanical strength [12–16]. In addition, compared with the 
alkali activation solution, the acid activation solution is more sustainable and environ-
mentally friendly regarding greenhouse gas emissions and energy consumption [17]. 
Figure 9.1 shows the activation process of acidic- and alkaline-based geopolymers 
[17]. Pu et al. [13] found that phosphate-based geopolymer has a good fxing effect 
on lead metal, and its performance is better than that of alkali-activated geopolymer 
and ordinary Portland cement (OPC), especially in an acidic environment. Liu et al. 
[18] prepared a porous metakaolin-based geopolymer and discussed its application 
in wastewater treatment. The results showed that the porous structure of geopolymer 

FIGURE 9.1 Activation process of aluminosilicate sources under acidic and alkaline con-
ditions to form geopolymer matrices. (Reprinted with permission from ref. [17]. Copyright 
2019, Frontiers and ref. [20]. Copyright 2024, Elsevier.) 
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could effectively adsorb heavy metals such as lead, nickel, and cadmium in wastewa-
ter, and the adsorption performance of acid-activated geopolymer was better than that 
of alkali-activated geopolymer at similar metal concentrations. He et al. [19] developed 
a low-cost phosphate acid-activated geopolymer; however, the compressive strength 
is relatively low (0.52–13.23 MPa) due to a low phosphate acid concentration, and the 
heavy metal solidifcation characteristics were not discussed. 

Although the heavy metal solidifcation of acid-based geopolymer has been 
explored [14–16], the use of waste phosphoric acid as the activator is rarely men-
tioned. The gradual shortage of phosphate resources and the high price of phos-
phoric acid will be the key factors limiting the broad application of phosphoric 
acid-activated geopolymers in the future. Therefore, it is of great signifcance to 
expand the range and types of acid activators, such as the application of waste liquid 
containing phosphoric acid. 

According to the survey conducted by the Qianzhan Research Institute in 2020 
[21], the annual output of industrial waste acid in China reaches 100 million tons, of 
which no more than 40% is recycled. About 40% of the waste acid is directly neu-
tralised; the rest is either turned into waste acid inventory reserves or unregulated 
storage. The estimated waste acid reserves exceed 200 million tons. Industrial waste 
acid has high acidity and often contains heavy metals and organic matter, which may 
cause signifcant harm to the environment. Neutralisation is the primary treatment 
method for waste acid in China, but its resource utilisation rate is insuffcient. The 
gas generation and diffusion during the treatment process cause secondary pollu-
tion. The remaining salt residue and heavy metal salt treatment is complex, and the 
treatment process has a specifc technical threshold. The proportion of waste acid 
recovery is constantly increasing, but there is a lack of demonstration projects for 
reference, and small and medium-sized enterprises occupy a large proportion [21]. 

This chapter discovered the feasibility of preparing geopolymers using waste 
phosphate acid with environmental and economic benefts. The novelty of this chap-
ter is to provide a key technology for the harmless treatment of industrial waste acid 
and the high cost and resource waste in waste acid treatment. At the same time, it can 
reduce the pollution of heavy metals to the environment and the carbon emission of 
the construction and ceramic industry. 

9.2 EXPERIMENTAL 

9.2.1 MATERIAL 

The waste acids A and B were supplied by Grandblue Environment Co., Ltd with 
unknown chemical composition. Thus, it is compulsory to conduct the chemical 
composition test, and this is described in Section 9.2.2.1. The kaolin and phospho-
rous acid (85% in water) were purchased from Sigma Aldrich. 

9.2.2 SAMPLE PREPARATION 

9.2.2.1 Chemical Composition Determination of Waste Acid 
Since the phosphate element concentration of the waste acid was excessive to allow 
ICP tests to be performed directly, and, if diluted, other low-concentration elements 
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may not be measurable, calcium oxide (CaO) was frst introduced for sedimentation, 
and the chemical composition of the fltered solution and sediment was then mea-
sured separately. The chemical composition was fnally calculated by subtracting the 
mass of CaO. The detailed procedure is described as follows: 

1. The mass of waste acids A and B was set to 50 g. The CaO was added 
into the solution slowly and continuously stirred until a pH value of 8 was 
obtained. The amount of CaO added was recorded. 

2. The mixed solution was then fltered, and the sediment was weighed after 
drying. The fltered solution was set to 500 ml. 

3. The chemical content of sediment was characterised via XRF, and the fl-
tered solution was determined by the ICP test. Six metal elements that were 
relatively high in content were selected. 

4. Since the waste acid emits a strong volatile odour, the waste acids A and B 
were diluted to conduct the Headspace Gas Chromatography test. 

5. The chemical composition of the waste acids A and B was fnally calculated 
by subtracting the mass of CaO. 

9.2.2.2 Fabrication of Waste Acid-Activated Geopolymer 
The kaolin (chemical composition shown in Table 9.1) was calcined at 800°C for 2 
h to obtain Metakaolin (MK). The solid-liquid (waste acid) ratio was set to 1:1. Pure 
phosphoric acid or deionised water was then added to the slurry to obtain a P/Al 
molar ratio of 1.3:1. The slurry was continuously stirred for 30 min at 300 rpm. The 
mould was then placed on a shaker for 5 min, allowing gas bubbles to escape from 
the slurry before transferring into an oven at a temperature of 60°C for 24 h. Finally, 
the sample was de-moulded and conditioned in the ambient environment for seven 
days before mechanical measurement. The fabrication process of waste phosphate 
acid-activated geopolymer is illustrated in Figure 9.2. For simplicity, the geopolymer 
activated with waste acids A and B is named WPAG-A and WPAG-B, respectively. 

9.2.3 SAMPLE CHARACTERISATION 

9.2.3.1 Chemical Composition and Crystalline Structure 
To determine the crystalline phases of the specimens, X-ray diffraction (XRD) tests 
were carried out (D8 Advance, Bruker Optics, Ettlingen, Germany) with a scanning 
range of 10° to 80°. X-ray fuorescence spectrometry (XRF; ARL PERFORM X; 

TABLE 9.1 
Chemical Composition of Metakaolin 

SiO2 Al2O3 K2O Fe2O3 TiO2 PbO P2O5 CaO 
54.37 39.78 2.11 0.916 0.662 0.602 0.445 0.186 

Source: Reprinted with permission from ref. [20]. Copyright 2024, Elsevier. 
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FIGURE 9.2 The fabrication process of waste phosphate acid-activated geopolymer. 
(Reprinted with permission from ref. [20]. Copyright 2024, Elsevier.) 

Thermo Fisher; Shanghai, China) was used to determine the chemical composition 
of the powder sample. 

9.2.3.2 SEM Imaging 
The morphology of geopolymer was obtained using a scanning electron microscope 
(SEM; Merlin, Zeiss Company, Oberkochen, Germany) with 15 kV voltage on the 
fractal surface of samples to discover the infuence of acid content on the structure. 
The samples were frst coated with platinum using Leica EM ACE600, and the coat-
ing thickness was set to 8 nm. 

9.2.3.3 Infltration Test 
The infltration test was performed following the HT 557-2010 standard for solid waste 
extraction procedures for leaching toxicity using the horizontal vibration method 
with X-ray fuorescence spectrometry, and the HJ 766-2015 standard for determining 
metals in solid waste using inductively coupled plasma mass spectrometry (ICP-MS) 
(Thermo, IRIS Intrepid II,  China). The prepared geopolymer sample was vacuum 
dried at 105°C for 4 h, and it was then crushed and sieved with a 60 mesh sieve. An 
extraction agent (in this case water) was mixed with the crushed geopolymer powder 
at a solid-liquid ratio of 1:10 (i.e., 50 g geopolymer and 500 g water). The mixture 
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was then placed on a shaker at 120 rpm for 8 h, followed by standing for 16 h to 
settle. The liquid was fnally extracted by fltering the mixture, and an ICP test was 
performed to measure the concentration of the metal ions leached. The heavy metal 
solidifcation effciency of the geopolymer was calculated based on the mass of the 
metal element leached into the solution divided by the total mass of the metal ele-
ment in the waste acid. 

9.2.3.4 Mechanical Test 
The compression strength measurement was carried out using a universal mechani-
cal test machine (Tinius Olsen 50ST) with a loading rate of 1 mm/min according 
to test standard GB/T 17671-2021. An extensometer was attached to the machine to 
determine the relative change in the gauge length on the test specimen at any time 
during the test. The change was automatically recorded and measured with an accu-
racy of 1% of the relevant value. The sample dimension for the compression test was 
20 mm × 20 mm × 20 mm cube. The fexural strength was measured with a loading 
rate of 0.5 mm/min. The sample dimensions for the fexural test were 20 mm × 20 
mm × 80 mm, with a span distance of 50 mm. A micrometre was used to measure 
the reading to 0.01 mm and provided with means for measuring the thickness and 
width of the test specimens. A minimum of fve specimens were tested to calculate 
an average strength. The arithmetic means of the test results, the standard deviations, 
and 95% confdence intervals of the mean values are needed to be calculated. 

9.2.3.5 Thermal Gravimetric Analysis 
Thermal stability was tested by thermal gravimetric analysis (TGA, PerkinElmer 
STA8000), according to GB/T 13464 thermal analysis test methods for thermal sta-
bility of materials. The samples were heat-treated in the nitrogen from 30°C up to 
1500°C with a rate of 20°C/min. 

9.3 RESULTS AND DISCUSSION 

9.3.1 MORPHOLOGY AND CRYSTALLINE STRUCTURE 

Figure 9.3 shows the digital (a and b), optical (c and d), and SEM images (e and f) of 
WPAG-A and WPAG-B, respectively. In the macroscopic view, the digital and opti-
cal images clearly indicate a consolidated structure for WPAG-A. In contrast, the 
geopolymer activated with waste acid B shows a loose and porous structure. In the 
microscopic view, the geopolymer activated with waste acid A exhibits a lamellar 
structure, as indicated in Figure 9.3e, where amorphous glass geopolymer matrices 
with clear particles were observed in Figure 9.3f. These particles were most likely 
the quartz crystals, as the quartz from Metakaolin did not dissolve fully in the gel 
phase, meaning that a low degree of polymerisation reaction was performed [22]. 
This can be visualised in Figure 9.5 (XRD). Besides, since the waste acid B contains 
sulphuric acid (Table 9.2), metal elements, such as Mg, Al, and Fe, may react with 
H2SO4, resulting in gas (H2) being generated. The gas bubbles are trapped within 
the slurry, expanding and generating mostly macropores. During the gas generation 
process, the ultimate shear stress of aerated slurry rises instantaneously [23]. Thus, 
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FIGURE 9.3 Digital images (a and b), optical images ×20 (c and d), and SEM images ×1000 
(e and f) of WPAG-A and WPAG-B, respectively. (Reprinted with permission from ref. [20]. 
Copyright 2024, Elsevier.) 

the generated bubbles are merged into larger pores in a small range. Therefore, the 
geopolymer activated with waste acid B shows a loose and porous structure. 

Figure 9.4 shows the EDX analysis of WPAG-A and WPAG-B. Spectrum 3 indi-
cates that the specimens are mainly composed of silicon, oxygen, phosphate, and 
aluminium with a limited amount of sulphur, whereas spectrum 4 for waste acid B 
clearly shows a signifcantly higher amount of sulphur presented within the speci-
men. In spectrum 3 (waste acid A), the Al atom percent is 8.74%, the Si atom percent 
is 10.02%, the P atom percent is 10.81%, and the S atom percent is 0.35%. In spec-
trum 4 (waste acid B), the Al atom percent is 5.26%, the Si atom percent is 4.38%, 
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TABLE 9.2 
Chemical Composition of Waste Acid Sediment via XRF 

Content (wt.%) 

Element Ca Px Mo Al Mg Na Si Fe Sx K Ag 
Waste acid A 43.23 16.1 0.695 0.207 0.203 0.227 0.101 0.063 0.0309 0.062 0.0278 

Sr Ti Nd W Cu Ni Mn Cl Au Ar 

0.0203 0.0096 0.0135 0.0076 0.0065 0.0049 0.0033 / / / 

Waste acid B Ca Px Mo Al Mg Na Si Fe Sx K Ag 

51.57 6.28 / 0.188 0.28 0.232 0.0964 0.0605 4.73 0.0144 0.0311 

Sr Ti Nd W Cu Ni Mn Cl Au Ar 

0.0315 0.0656 / 0.0113 0.0047 0.0038 0.0046 0.0105 0.0073 0.0021 

Source: Reprinted with permission from ref. [20]. Copyright 2024, Elsevier. 

the P atom percent is 5.21%, and the S atom percent is 1.76%. The presence of silicon 
and phosphate confrms the formation of -Si-O-P-O-Si- networks, where the one 
of aluminium suggests the formation of new crystalline phases such as berlinite or 
aluminium phosphate (AlPO4) [24]. 

Figure 9.5 shows the XRD patterns of WPAG-A and WPAG-B. Both patterns 
show a diffuse peak between 15 and 30° (2θ), indicating the characteristics of the 

FIGURE 9.4 EDX analysis of WPAG-A and WPAG-B. (Reprinted with permission from 
ref. [20]. Copyright 2024, Elsevier.) 
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FIGURE 9.5 XRD patterns of WPAG-A and WPAG-B (Q-Quartz, SiO2; M-Mullite; 
AP-Aluminum phosphate or berlinite; H-Hematite). (Reprinted with permission from ref. [20]. 
Copyright 2024, Elsevier.) 

amorphous aluminosilicate gels of the reaction products in both samples. The pre-
dominant crystal phases in both samples were quartz (Q, SiO2) and mullite (M, 
3Al O  ̃  2SiO2), and a few new crystalline phases, including aluminium phosphate 2 3 

(AP, AlPO4) and monetite (CaHPO4), were also observed, as indicated between 
20 and 28° (2θ). The remaining quartz peak indicated that excessive quartz from 
Metakaolin did not take part in the chemical reaction [22]. It is worth mentioning 
that a higher Q peak and less amount of AP peaks were observed in waste acid B 
compared to waste acid A, and this may suggest that a high concentration of sulph-
uric acid inhibited the dissolution of MK and subsequent polymerisation reaction 
[19, 25]. As a result, a higher degree of polymerisation reaction leads to a consoli-
dated structure of the geopolymer activated with waste acid A. 

9.3.2 HEAVY METAL SOLIDIFICATION EFFICIENCY 

9.3.2.1 Calculation of Waste Acid Concentration 
Table 9.2 shows the chemical composition of waste acid sediment. 24.7 g of CaO 
was consumed for waste acid A to reach a pH of 8, while 47.3 g of CaO was con-
sumed for waste acid B. The mass of waste acid sediments A and B weighed 45 
and 85 g, respectively. The sediments of waste acid A mainly contain calcium and 
phosphate, and the weight percentage of the Px element is 16.1%, which is equal 
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TABLE 9.3 
Chemical Composition of the Filtered Solution via ICP (Diluted to 500 ml) 

μg/ml 

Element Ag Cu Fe Mn Mo Ni 
Waste acid A 0.025 2.420 0.456 0.431 1.297 0.130 

Waste acid B 0.028 4.912 0.408 0.777 0.198 0.857 

Source: Reprinted with permission from ref. [20]. Copyright 2024, Elsevier. 

to 7.245 g (45 g × 16.1%, 0.234 mol). Since there is no phosphate or a tiny portion 
in the fltered solution, as indicated in Table 9.3, it is assumed that all phosphate 
comes from waste acid. If all the phosphorus is used as phosphoric acid (0.234 
mol), there is 22.932 g of phosphoric acid in 50 g of waste acid, and the mass frac-
tion is about 45.8%. Moreover, waste acid A also contains a moderate percentage 
of Mo and Al elements. Since these elements are insoluble in water, they can only 
exist in the form of acid. The slightly green colour of waste acid A also confrms 
the existence of molybdate. There are no other large number of positive ions coor-
dinating with phosphate, so it was suggested that the phosphate can only exist in 
the form of phosphoric acid. The Headspace Gas Chromatography test confrms 
that the volatile substance in waste acid A is acetic acid; however, the content is 
unknown. 

In contrast, the sediments of waste acid B mainly contain calcium, phosphate, and 
sulphur elements. Since the number of positive metal ions that can coordinate with 
sulphate is insuffcient, it is assumed that all phosphate and sulphur elements in the 
sediments can be converted to phosphate and sulphuric acid. The weight of the Px 
element is calculated to be 5.338 g (6.28% ×85 g, 0.172 mol), which is equivalent to 
16.89 g of phosphate acid in 50 g of waste acid B. Similarly, the weight of Sx element 
is calculated to be 4.021 g (4.73% ×85 g, 0.125 mol), which is equivalent to 12.30 g 
of sulphuric acid in 50 g of waste acid B. Thus, the mass fraction of phosphate acid 
and sulphuric acid was calculated to be 33.8% and 24.6%, respectively, in 50 g of 
waste acid B. 

9.3.2.2 Calculation of Metal Element Content in Waste Acid 
The total mass of each metal element within waste acid can be calculated based 
on the sediment and fltered solution, where the former is equal to the weight per-
centage of the metal element times the total sediment mass (based on Table 9.2), 
and the latter is equal to the mass fraction of the metal element times the total 
solution mass (based on Table 9.3). It is assumed that there are no impurities in the 
added calcium oxide. The calculated results for the selected six metal elements are 
summarised in Table 9.4, and these results were used as the base (the total metal 
elements within geopolymer) for calculating the solidifcation effciency of heavy 
metals. 
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TABLE 9.4 
Mass of the Selected Six Metal Elements in 50 g of Waste Acids A and B 

Element In Sediment (g) In Filtered Solution (g) Total (g) 
Waste acid A Ag 0.0125 0.0000 0.0125 

Fe 0.0284 0.0002 0.0286 

Mn 0.0015 0.0002 0.0017 

Ni 0.0022 0.0001 0.0023 

Cu 0.0029 0.0012 0.0041 

Mo 0.3128 0.0006 0.3134 

Waste acid B Ag 0.0264 0.0000 0.0264 

Fe 0.0514 0.0002 0.0516 

Mn 0.0039 0.0004 0.0043 

Ni 0.0032 0.0004 0.0037 

Cu 0.0040 0.0025 0.0065 

Mo 0.0000 0.0001 0.0001 

Source: Reprinted with permission from ref. [20]. Copyright 2024, Elsevier. 

9.3.2.3 Heavy Metal Solidifcation Effciency 
Table 9.5 shows the selected six metal elements leached from the geopolymer. The 
heavy metal solidifcation effciency of geopolymer can then be calculated using 
Equation (9.1), and the results are summarised in Table 9.6. It can be seen that geo-
polymers activated with both waste acid A and acid B show excellent heavy metal 
solidifcation effciency. The majority of the heavy metal elements can be solidifed 
successfully with over 90% solidifcation effciency. The heavy metal concentrations 
are signifcantly lower than the standard’s recommendation (HJ781-2016), indicating 
that the geopolymers are appropriate for hazardous material stabilisation and that 
the leaching of the heavy metals into the environment can be well controlled [26]. 

˛ Mass leached from geopolymer ̂
Solidification efficiency = 1 − ˇ̆ × 100% (9.1) ˝̇ 

Total mass in waste acid 

TABLE 9.5 
Metal Elements Leached from Geopolymer via ICP (50 g of Geopolymer in 
500 ml Water) 

μg/ml 

Element Ag Cu Fe Mn Mo Ni 
WPAG-A 0.0001 1.297 2.321 0.175 1.338 0.099 

WPAG-B 0.0001 3.100 1.348 0.499 0.001 0.151 

Source: Reprinted with permission from ref. [20]. Copyright 2024, Elsevier. 
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TABLE 9.6 
Heavy Metal Solidifcation Effciency 

Element 
WPAG-A 

WPAG-B 

Ag 
100.00% 

100.00% 

Fe 
95.94% 

98.69% 

Mn 
94.85% 

94.20% 

Ni 
97.82% 

97.94% 

Cu 
84.32% 

75.97% 

Mo 
99.79% 

99.65% 

Source: Reprinted with permission from ref. [20]. Copyright 2024, Elsevier. 

Traditionally, limestone is added to waste acid. The sediment is buried in a land-
fll, which cannot be used because of heavy metal contamination. The current tech-
nology allows the fxation of heavy metal elements in bricks, which can be used in 
pavement. At the end of service life, the heavy metal elements are diluted in the soil, 
which is less harmful to the land. Thus, the environmental impact of the geopolymer 
activated with waste acid is minimal. The heavy metal elements are distributed in 
the geopolymer in the form of Ag, Fe, Cu, Mo, and Ni, and the resultant material 
can be used as a sustainable alternative to conventional building materials and fre-
resistant materials. 

9.3.3 MECHANICAL PROPERTIES OF WASTE ACID-ACTIVATED GEOPOLYMER 

Table 9.7 summarises the tensile and fexural strength of WPAG-A and WPAG-B, 
and the compressive and fexural stress-strain curves of WPAG-A and WPAG-B are 
shown in Figure 9.6a and b, respectively. Results show that WPAG-A exhibits supe-
rior mechanical performance compared with WPAG-B, and the compressive strength of 
WPAG-A can reach 32.2 MPa. However, both samples show a lower fexural strength, 
which could be attributed to severe cracks forming during the ageing stage (Figure 9.3b). 

The Headspace Gas Chromatography test confrms the presence of acetic acid in 
waste acid A. Previous research suggested that the CH3COO– and H+ produced by 
ionisation of acetic acid (CH3COOH) will react (acid-base reaction) with metal oxides 
in Metakaolin, generating (CH3COOH)2Ca, Al(CH3COOH)3, and Fe(CH3COOH)3. 
The acid-base reaction causes an uneven surface of the metakaolin particles, reduc-
ing the particle diameter; thus, the particles are well dispersed. As a result, the con-
tact area between solid particles and solution increases, so as the hydration rate [27]. 

TABLE 9.7 
Mechanical Properties of Geopolymer with Waste Acid A and Waste Acid B 

Compressive Young’s Flexural Young’s 
Sample Strength (MPa) Modulus (MPa) Strength (MPa) Modulus (MPa) 
WPAG-A 32.2 ± 2.2 1141 ± 70 2.7 ± 0.4 981 ± 250 

WPAG-B 21.7 ± 2.0 743 ± 119 1.7 ± 0.3 413 ± 237 

Source: Reprinted with permission from ref. [20]. Copyright 2024, Elsevier. 
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FIGURE 9.6 (a) Compressive and (b) fexural stress-strain curve of geopolymer activated 
with waste acid A and waste acid B. (Reprinted with permission from ref. [20]. Copyright 
2024, Elsevier.) 

A considerable amount of hydration products, such as C-S-H gel and CH, are pro-
duced. This causes a dense structure with less porosity. Besides, Ca2+, Al3+, and Fe3+ 

can be decomposed from (CH3COOH)2Ca, Al(CH3COOH)3, and Fe(CH3COOH)3, 

which can provide the necessary ions for the hydration reaction and improve the 
degree of hydration reaction [27]. 

Additionally, high concentrations of sulphuric acid were detected via the ICP test 
in waste acid B. It was suggested that a high concentration of sulphuric acid signif-
cantly reduced the pH value of the internal environment of the geopolymer slurry 
[27]. A lower pH value of the solution leads to lower monomer concentration, which 
could inhibit the polymerisation reaction [28]. Therefore, the compressive and fex-
ural strength of WPAG-A is superior to that of WPAG-B. 

The compressive and fexural strain-strain curves of WPAG-A and WPAG-B are 
plotted in Figure 9.6a and b, respectively. In both plots, the ascent and descent stages 
are clearly shown. It is also worth mentioning that the stress-strain curve slope of 
waste acid A is steeper compared to that of sample B, meaning that the modulus of 
elasticity increased. Thus, the ductility of the material is improved. 

9.3.4 THERMAL GRAVIMETRIC ANALYSIS 

Figure 9.7 presents the TG curve of WPAG-A and WPAG-B in the temperature range 
from 30°C to 1500°C. An extensive weight loss was observed in the temperature 
range from 30°C to 200°C, which represents the removal of absorbed water and 
hydroxyl groups [22]. The weight loss at 200°C of the WPAG-B is approximately 3% 
higher than WPAG-A, and this may be due to a higher water evaporation rate caused 
by a loose and open porous structure, as presented in Figure 9.3d. In the temperature 
range between 400°C and 1500°C, the mass loss of WPAG-A is almost unchanged, 
indicating the geopolymer activated with acid A exhibits excellent thermal stability 
and is thermally stable at a temperature of 1500°C. In contrast, an additional weight 
loss of 6% for WPAG-B was shown between 600°C and 800°C due to dehydroxyl-
ation, indicating moderate thermal stability performance [29]. 
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FIGURE 9.7 TGA curve of WPAG-A and WPAG-B. (Reprinted with permission from ref. 
[20]. Copyright 2024, Elsevier.) 

9.3.5 ECONOMIC AND ENVIRONMENTAL ANALYSIS 

Table 9.8 summarises the CO2 emissions, energy consumption, and cost of the com-
mon raw materials during production, and the transportation process is not con-
sidered. Cement has signifcantly higher CO2 emissions and energy consumption 
compared to fy ash (FA) and MK. Since FA is a by-product during energy generation 
using coal, all three factors are the lowest. In addition, alkaline activators, such as 
NaOH and Na2SiO3, exhibit higher CO2 emissions and energy consumption than 
phosphate acid, whereas the price of phosphate acid is signifcantly higher [19]. It 

TABLE 9.8 
CO2 Emissions, Energy Consumption, and Cost of Raw Materials 
(Transportation Process Is Not Considered) [19, 30–34] 

Constituent CO2 Emissions (kg/t) Energy Consumption (GJ/t) Cost ($/t)a 

FA 12 0.173 45 

Cement 730 4.5 150 

MK 92 2.5 142.8c 

PA solution 314.4 1.17 812.76 

NaOH 1915 2.8 147.8 

Na2SiO3 1222 5.371 264.4 

Waste acid (WPA)b 0 0 –1428.6 

Source: Reprinted with permission from ref. [20]. Copyright 2024, Elsevier. 
a Market price may fuctuate. 
b The CO2 emission and the energy consumption are assumed as 0 since there is no additional treatment 

process after collecting the waste acid; the cost was quoted from the waste acid supplier. 
The price of Metakaolin was averaged based on local suppliers. c 
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is worth mentioning that the CO2 emission and energy consumption for producing 
waste acid is assumed to be 0 since there is no additional treatment process after col-
lecting the waste acid. According to the supplier, there is a cost to recycle the waste 
acid from the enterprise that generates waste acid. Thus, the cost for waste acid is 
negative for distinguishing commercial phosphate acid and alkaline activators. 

To compare the CO2 emissions, energy consumption, and cost between various 
types of geopolymers and cement, the intensity (per m3 sample per MPa) was used, 
and the results are summarised in Table 9.9 and Figure 9.8. It is well indicated that 

TABLE 9.9 
Typical Mixture Proportions of WPAG (This Work), PAFG (Phosphate-
Activated Fly Ash), AAFG (Alkaline-Activated Fly Ash), PAMK (Phosphate-
Activated Metakaolin), AAMK (Alkaline-Activated Metakaolin), and Portland 
Cement, as Well as Their CO2 Emissions, Energy Consumption, and Cost 

AAFG AAFG 
WPAG-Aa WPAG-Ba [35] [36] 

Waste Waste PAFG NaOH + PAMK AAMK PC Paste 
Type Acid A Acid B [19] NaOH Na2SiO3 [37] [34] [38] 

FA (kg/m3) – – 1538.46 2127.66 1910.83 – – 

Cement (kg/m3) – – – – – – 1333.33 

MK (kg/m3) 1262.37 1262.37 – – – 1302.08 858.8 – 

PA (kg/m3) 126.24 378.71 172.09 – – 651.56 – – 

WPA (kg/m3) 1136.14 883.66 – – – – – – 

NaOH (kg/m3) – – – 223.40 43.35 – 159.17 – 

Na2SiO3 (kg/m3) – – – – 183.44 – 945.07 – 

Water (kg/m3) 252.47 378.71 366.37 414.89 537.54 618.41 – 800 

Compressive 32.20 21.70 13.23 17.3 7.35 17.90 51.35 12.3 
strength (MPa) 

Carbon emission 187.20 269.87 230.91 453.35 666.36 340.75 705.04 973.33 
(kg/m3) 

Energy 3.47 3.78 1.37 1 2.91 4.23 8.54 
consumption 
(GJ/m3) 

Cost ($/m3) –1319.57 –745.19 255.38 128.76 213.67 760.76 401.27 200 

Carbon intensity 5.81 12.44 17.45 26.21 90.66 19.04 13.73 79.13 
(kg/m3/MPa) 

Energy intensity 107.89 174.32 103.34 57.69 396 236.12 166.31 487.8 
(MJ/m3/MPa) 

Cost intensity –40.98 –34.34 19.3 7.44 29.07 42.50 7.81 16.26 
($/m3/MPa) 

Source: Reprinted with permission from ref. [20]. Copyright 2024, Elsevier. 
a According to He et al. [19], the power consumption of an oven at 60°C for 24 h is 40 kWh. The CO2 emis-

sions, energy consumption, and costs per kWh of electricity are 0.62 kg, 3.6 MJ, and $0.09, respectively. 
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FIGURE 9.8 CO2 emissions, energy consumption, and cost intensity comparison of various 
geopolymers. (Reprinted with permission from ref. [20]. Copyright 2024, Elsevier.) 

the constituents of the geopolymer have a signifcant infuence on CO2 emissions, 
energy consumption, and cost. Apart from cement, the geopolymer activated with 
NaOH and Na2SiO3 has the highest carbon intensity and energy consumption inten-
sity due to the signifcantly high carbon emission and energy consumption of the 
NaOH and Na2SiO3 during the production process among all listed samples. The 
FA-based geopolymer activated with NaOH exhibits the lowest energy consump-
tion intensity due to the use of fy ash and a higher amount of water. It can be seen 
that the carbon intensity of the sample prepared in this work is substantially lower 
than that shown in the literature due to the use of waste acid as the activator. The 
carbon intensity was reduced by 92.7% and 57.7% compared to cement and AAMK, 
respectively (the lowest reported value), as listed in Table 9.9. In addition, the cost 
intensity is negative due to the income of waste acid treatment, meaning that addi-
tional value beneft was added to the product. This paves a promising way for the 
low-carbon transformation of ceramic enterprises and industrial waste treatment 
enterprises, obtaining greater economic and social benefts for related enterprises, 
driving further breakthroughs in high-tech industries, and promoting the sustainable 
development of the local economy. Nevertheless, the energy intensity is higher than 
the AAFG (alkaline-activated fy ash) (the lowest reported value) as the calcining of 
kaolin requires high energy consumption. As a result, the energy intensity is 87% 
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higher than AAFG, although it is already 77.9% lower than the PC paste. Therefore, 
in the future, an investigation will be carried out by replacing Metakaolin with fy 
ash to maximise the environmental and economic benefts. 

9.4 CONCLUSIONS 

This chapter investigated the feasibility of using industrial waste acid to prepare geo-
polymers with environmental and economic benefts. Two types of waste acid were 
examined to discuss the effect of waste acid content on the microstructure, mechani-
cal performance, thermal stability, and heavy metal solidifcation effciency. The core 
issue solved in this investigation is the harmless treatment of industrial waste acid and 
solidifcation effciency of heavy metals, so as to reduce the pollution of heavy metals 
on the environment and the urgent demand for low carbon emissions in the construc-
tion and ceramic industries. Several conclusions can be drawn from the study: 

1. The geopolymer activated with waste acid containing phosphate and acetic 
acid (waste acid A) exhibited a consolidated structure, high compressive 
strength (32.2 MPa), and excellent thermal stability. This may be because 
the ionisation of acetic acid promotes the dispersion of solid particles. As a 
result, the contact area between solid particles and solution increases, so as 
the hydration rate. 

2. The heavy metal solidifcation test showed that the metal elements (Ag, Fe, 
Cu, Mo, and Ni) can be successfully solidifed with over 95% solidifcation 
effciency for both samples, indicating that the geopolymers are appropriate 
for hazardous material stabilisation, and the leaching of the heavy metals to 
the environment can be well controlled. 

3. The potential CO2 emissions, energy consumption, and cost comparison 
between various geopolymers showed that the carbon intensity of the 
samples prepared in this study reduced by 92.7% and 57.7% compared to 
cement and AAMK, respectively (the lowest reported value listed). The 
energy intensity was 77.9% lower than the PC paste. What is more impor-
tant is that the cost intensity was negative due to the income of waste acid 
treatment, meaning that additional value beneft is added to the product. 

These fndings pave a promising way for the low-carbon transformation of 
ceramic enterprises and industrial waste treatment enterprises, drive further break-
throughs in high-tech industries, and promote the sustainable development of the 
local economy. Meanwhile, further investigation can be conducted: 

1. Notably, the CO2 emissions, energy consumption, and cost of MK are 
signifcantly higher than the industrial waste, such as fy ash; therefore, it 
would be more benefcial to develop a joint treatment technology for indus-
trial waste acid and solid waste. 

2. The fexural strength of the samples prepared is relatively low due to severe 
cracks exhibited during the ageing stage; thus, the fabrication process could 
be optimised by introducing the step moisture ageing. 
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3. The reaction mechanisms between waste acids, such as phosphate acid, 
acetic acid, sulphuric acid, and aluminosilicate solids (especially fy ash 
and other industrial solid waste) are still unclear. Thus, further research is 
needed, as it plays a key role in the industrialisation of the combined treat-
ment of industrial waste acid and industrial solid waste in the later stage. 
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10 Emerging Applications 
of Geopolymers in 
Water Treatment 

Mohammad Rauf, Kaibao Wang, and Huirong Le 

10.1 INTRODUCTION 

Davidovits proposed the name of geopolymers in the 1970s, and they have become 
an important class of materials because they provide a sustainable substitute for con-
ventional materials like cement and some ceramics [1, 2]. These compounds consist 
of aluminosilicates (such as fy ash, slag, or metakaolin) combined with alkaline 
solutions (like sodium hydroxide) or phosphoric acid [3]. In addition to being more 
environmentally friendly than traditional materials, geopolymers are notable for 
their superior mechanical strength, exceptional chemical resistance, and outstand-
ing thermal stability [4, 5]. Their possibility to be generated with less energy makes 
them desirable for high-performance applications like fltration, thermal insulation, 
and adsorption as well as for use in building materials. Because of their high porosity 
(can be as high as 50%), porous geopolymers have drawn interest recently because 
of their potential applications in a number of industries, including gas separation, 
wastewater treatment, and catalyst scaffolds [6]. 

The study and publication of articles on geopolymer-based membranes appear to 
have increased as research has progressed, especially in the past 10 years [7, 8]. The 
diffculties with conventional ceramic membranes, which require costly and energy-
intensive procedures like sintering and calcination, cause this extension. In many 
industrial processes, ceramic membranes are chosen over their polymeric counter-
parts due to their resistance to strong chemicals and high temperatures [9]. However, 
they are expensive to produce and require raw elements like titania and zirconia. 

Figure 10.1 displays the research trends for conventional ceramic mem-
branes and geopolymer membranes between 2017 and 2024. According to the 
data, interest in and publications about geopolymer membranes have rapidly 
increased because of their cost-effectiveness and sustainability. In contrast, 
research on conventional ceramic membranes has stayed mostly unchanged [10, 
11]. In contrast, the geopolymerisation technique makes it possible to create 
high-performing membranes without these limitations. Because using indus-
trial waste materials like fly ash lowers production costs and reduces environ-
mental impact, geopolymer membranes are a desirable substitute [12]. This shift 
has led to a steady rise in research publications since 2011, with the focus on 
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171 Emerging Applications of Geopolymers in Water Treatment 

FIGURE 10.1 Research trends in geopolymer vs traditional ceramic membranes. 

using geopolymer membranes growing more decisive year by year, as shown in 
Figure 10.1. 

The potential of geopolymer membranes offers a more economical and envi-
ronmentally friendly way to meet the high needs of industries that depend on 
water purifcation, gas separation, or fltration. Traditional membranes, especially 
ceramic ones, have long been preferred when polymeric membranes fail in high-
pressure, high-temperature, and chemically harsh conditions. Nevertheless, pro-
ducing these ceramic membranes continues to be expensive and energy-intensive. 
By providing a means of avoiding the sintering process while preserving strength 
and stability, geopolymer membranes offer a much-needed substitute. Researchers 
have demonstrated that the pore size and shape of these membranes can be altered, 
which is essential for fltration. They have shown that in some applications, includ-
ing wastewater treatment, where eliminating impurities is crucial, geopolymer 
membranes can perform on par with or even better than conventional ceramic 
membranes. 

Despite the progress, there are still some challenges to be addressed. One key 
issue is scaling up the production of geopolymer membranes to industrial levels 
while maintaining consistent pore size and mechanical properties across large 
areas. Researchers are still fne-tuning the process to optimise the membranes’ 
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performance, especially regarding long-term durability and effciency in large-
scale applications. Nevertheless, the potential of geopolymer membranes is unde-
niable. They provide a sustainable path forward by turning industrial waste, such 
as fy ash, into valuable materials that can be used to tackle global environmental 
issues, from reducing water pollution to minimising energy consumption [13]. 

The study of fy ash-based geopolymer membranes has gained increasing atten-
tion since 2022. One advantage of fy ash, a plentiful by-product of burning coal, is 
that it may be used to create inexpensive, high-performing membranes while also 
reducing the environmental problems associated with its disposal [14]. By modify-
ing their composition and pore structure, fy ash-based membranes can be made to 
ft particular uses. As companies look for more effective and sustainable ways to 
meet their material needs, the number of publications on geopolymer membranes 
is clearly increasing. Geopolymer membranes may play a key role in fltration 
technologies in the future, with more study and improvement, assisting sectors in 
their transition to more ecologically friendly, circular operations. 

10.2 RESEARCH PROGRESS 

10.2.1 RAW MATERIAL 

Table 10.1 summarises the raw materials suitable for the making of traditional and 
geopolymer membranes for water fltration application. Traditional sintered ceram-
ics and geopolymer membranes are made from various raw materials, each adding 
unique qualities that improve fltration effciency. According to Goswami et al. [15], 
fy ash offers an affordable source of aluminosilicate for ceramic membranes used 
in wastewater treatment applications. Mortar et al. [11] assert that blast furnace slag 

TABLE 10.1 
List of Raw Materials Suitable for the Making of Traditional and Geopolymer 
Membranes for Water Filtration Application 

Raw Material References Raw Material References 
Fly Ash [15] Metakaolin [11] 

Blast furnace slag [11] Red mud [18] 

Waste glass [11] Kaolin [11] 

Alumina (Al2O3) [16] Titanium dioxide (TiO2) [17] 

Calcium carbonate [17] Polyethersulfone (PES) [17] 

Polyvinylidene fuoride (PVDF) [17] Cellulose acetate [17] 

Carbon nanotube [15] Zeolites [16] 

Graphene oxide [17] Silica fume [18] 

Sodium silicate [16] Sodium hydroxide (NaOH) [11] 

Potassium hydroxide (KOH) [18] Aluminum powders [16] 

Hydrogen peroxide (H2O2) [18] Zirconia (ZrO2) [11] 

Sodium dodecyl sulphate (SDS) [17] Sodium lauryl sulphate (SLS) [17] 
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and metakaolin are essential for improving the mechanical strength and thermal 
resistance of geopolymer ceramics. Red mud helps produce sustainable geopolymers 
as an alternate aluminosilicate precursor [18]. In ceramic geopolymer applications, 
waste glass and kaolin are also common materials; kaolin enhances chemical resis-
tance [11]. According to Sadiq et al. [16] and Cheng et al. [17], traditional inorganic 
materials with excellent chemical resistance and structural stability, like alumina 
(AlO3) and titanium dioxide (TiO2), help improve membrane durability and environ-
mental cleanup. 

According to Cheng et al. [17], polymeric materials such as polyethersulfone 
(PES) and polyvinylidene fuoride (PVDF) are vital for improving membrane per-
formance and fexibility in water treatment. Because of its outstanding perme-
ability and biodegradability, cellulose acetate is also used as a functional base 
in membrane applications. Because of their large surface area and exceptional 
adsorption capabilities, advanced materials such as graphene oxide [17], zeolites 
[16], and carbon nanotubes  [15] provide signifcant gains in fltration effciency. 
By controlling porosity, silica fume helps improve the structural integrity of geo-
polymer membranes [18]. 

The geopolymerisation process depends on alkaline activators like sodium sili-
cate and sodium hydroxide (NaOH), which maximise the chemical linkages in the 
membrane matrix  [16, 11]. When used as an activator, potassium hydroxide (KOH) 
raises the reactivity of high-performance geopolymer membranes [18]. Furthermore, 
hydrogen peroxide (H2O2) and aluminium powders serve as pore-forming agents, 
generating regulated porosity for applications involving selective fltering [16, 18]. 
Zirconia (ZrO2) improves membrane toughness and offers resistance to wear under 
severe mechanical loads, according to Mortar et al. [11]. By strengthening surface 
contacts and stability during fltration, surface-active substances such as sodium lau-
ryl sulphate (SLS) and sodium dodecyl sulphate (SDS), as noted by Cheng et al. [17], 
further enhance membrane performance. 

10.2.2 PROCESSING TECHNIQUES 

Table 10.2 lists the typical fabrication methods of geopolymer membranes. The 
advantages and disadvantages of each method are summarised. The direct foam-
ing and dip-coating method is relatively straightforward, but the quality of prod-
ucts is generally hard to control. The extrusion method seems to be a suitable 
method for large-scale production, whereas intensive equipment and space are 
needed. 

10.2.2.1 Uniaxial Dry Pressing Method 
To build dense structures, dry powders combined with binders are pressed into a 
mould using unidirectional pressure in a simple procedure known as uniaxial dry 
pressing. To increase mechanical strength, the membranes are sintered and dried 
after pressing. According to Sadiq et al. [16], uniaxial pressing works well for sim-
pler geometries with good mechanical stability, which makes it appropriate for com-
mon fltration applications that call for longevity (Figure 10.2). 
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TABLE 10.2 
Membrane Fabrication Methods 

Fabrication 
Method Description 
Direct Foaming Introducing gas bubbles into a geopolymer 

slurry to create pores. Foaming agents 
like hydrogen peroxide or aluminum 
powder are often used 

Dip-Coating A substrate (e.g., ceramic or metal mesh)
is dipped into a geopolymer slurry, forming a 
thin layer on the surface. Multiple layers 
can be applied for thickness

Extrusion Method Used primarily for ceramic and geopolymer
membranes, materials are extruded through 
a die to create hollow fbres or fat sheets 

Slip Casting A slurry of ceramic or geopolymer material
is poured into a mould where the liquid is
drained off, leaving behind a cast structure 

Phase Inversion After being cast onto a support and submerged 
in a coagulation bath, the polymer solution
precipitates and forms a porous membrane

Sintering After being moulded, ceramic or geopolymer
materials are heated to high temperatures
(1200–1500°C) to solidify and form
porous structures

Electrospinning A polymer solution is electrostatically
charged and spun into fne fbres collected 
on a surface to form a porous membrane 

Common Membranes 
Produced 

Fly ash-based geopolymers
Composite geopolymer
membranes

Composite geopolymer
membranes

Zeolite-geopolymer
membranes

Fly ash-based ceramic
membranes

Zeolite membranes

Ceramic membranes
Geopolymer membranes

Polymeric membranes
(PSF, PVDF) 

Composite polymer-
inorganic membranes 

Inorganic ceramic 
membranes

Geopolymer membranes

Nanofbre composite
membranes

Polymeric membranes 

Advantages 
Simple method
Pore size can be controlled
with foaming agents

Easy to control thickness
Suitable for creating
composite layers

Suitable for large-scale 
production

Good control over shape and 
thickness

Allows complex shapes 
Good for creating thick
membranes

Good control over pore size 
Widely used for ultrafltration 
membranes

Produces high-strength,
durable membranes

Can achieve small pore sizes 

Produces nanofbre
membranes

Highly controllable pore sizes 

Disadvantages 
Pore distribution may be 
uneven 

Limited to larger 
pore sizes

May result in uneven 
coating

Requires multiple layers
for increased strength

Equipment-intensive 
Limited to specifc
shapes (e.g., tubes,
fbres)

Slow process 
Shrinkage during drying
can affect the fnal size 

Requires precise control
of phase separation

Can lead to pore blockage
if not carefully managed

Energy-intensive 
Requires expensive raw 
materials like zirconia 
and alumina

Complex process 
Limited scalability 

References 
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FIGURE 10.2 Illustration of a uniaxial dry pressing method [19]. 

10.2.2.2 Paste Casting Method 
Paste casting produces membranes that are subsequently dried and sintered using 
moulds and a thick slurry composed of water and raw ingredients. Although careful 
drying is necessary to prevent cracks, this process is cost-effective and appropriate 
for building larger structures. In their review, Goswami et al. [15] emphasise the 
potential of paste casting to create thicker, more substantial membrane layers, which 
are perfect for structural applications in fltering systems (Figure 10.3). 

10.2.2.3 Extrusion Method 
Extrusion creates tubular or multi-channel membranes with high surface-to-volume 
ratios that are advantageous for fltration by pressing a thick paste through a die. The 
tubes are dried and sintered after extrusion. Because extrusion may produce compli-
cated geometries with various fow channels, Mortar et al. [11] defne it as an effec-
tive approach for high-fow applications. This technology is frequently employed in 
industrial water fltration installations (Figure 10.4). 

10.2.2.4 Tape Casting 
Tape casting creates thin, fat membrane layers that are sintered by spreading a slurry 
over a level surface, adjusting its thickness with a doctor’s blade, and then drying it. 
Nurlina et al. [18] highlighted the accuracy of tape casting, which makes it appropri-
ate for layered fltration systems that need consistency in thickness and porosity for 
high fltration selectivity (Figure 10.5). 

FIGURE 10.3 Illustration of the paste casting method [19]. 



 

 

 

 

176 Geopolymers and Composites 

FIGURE 10.4 Illustration of the extrusion method [19]. 

FIGURE 10.5 Illustration of tape method [19]. 

10.2.2.5 Freeze Casting 
Directional porosity is created through a process known as freeze casting or ice 
templating. This method involves freezing a slurry, which leads to the formation of 
ice crystals that push particles closer together. Once the freezing process is complete, 
the ice sublimates, resulting in a porous structure that is then sintered. According to 
Sadiq et al. [16], freeze casting produces highly porous membranes with aligned, 
open channels, making them ideal for applications that require directional perme-
ability (Figure 10.6). 

FIGURE 10.6 Illustration of freeze method [19]. 
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FIGURE 10.7 Illustration of phase inversion method [21]. 

10.2.2.6 Phase Inversion Casting 
Phase inversion, commonly applied to polymeric membranes, creates an asymmet-
ric structure with both dense and porous layers by casting a solution that undergoes 
phase separation in a coagulation bath. Cheng et al. [17] explain how manipulating 
the solution composition and bath conditions can effectively achieve selective per-
meability, especially for hollow-fbre membranes (Figure 10.7). 

10.2.3 APPLICATIONS OF GEOPOLYMER AS FILTER MATERIALS 

Geopolymers have been applied extensively in fltration technologies, including 
water and air purifcation, due to their high porosity and mechanical robustness. 
Because geopolymers can eliminate pollutants like heavy metals from industrial 
effuent, fy ash-based geopolymers are highly valued for water fltration. These 
membranes were ideal for industrial fltration applications because of their high 
porosity and mechanical strength, which included compressive values of up to 18.5 
MPa. Metakaolin-based self-supported polymeric membranes for wastewater fltra-
tion were also investigated by Xu et al [23]. These membranes were successful in 
eliminating nanoparticles because they have pore diameters ranging from 20 to 100 
nm. These membranes performed exceptionally well in water fltration jobs, which 
makes them useful for microfltration and ultrafltration applications. 

Geopolymer membranes have also been utilised in air fltration, particularly for 
capturing particulate matter (PM) such as PM2.5 and PM10. A porous gradient geo-
polymer membrane developed by Wang et al. showed high removal effciency for 
PM2.5 (98.7%) and PM10 (99.5%), demonstrating their effectiveness in industrial air 
fltration applications [24] . 
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TABLE 10.3 
Types of Membranes 

Type of Material Used for 
Membrane Fabrication Advantages Disadvantages References 
Ceramic Alumina (Al2O3), High thermal and chemical High cost [16] 

Membrane zirconia (ZrO2), stability Energy intensive [19] 
titania (TiO2), silicon Lower fouling rate synthesis [15] 
carbide (SIC) Easy to clean 

Polymeric PVDF, PSF, PES, Wide range of applications Prone to fouling [22, 18] 
Membrane polyimides, Low cost Non-biodegradable [16] 

polyamide, Easy to fabricate Environmental [20, 15] 
nanocomposites concerns 

Geopolymer Fly ash, metakaolin, Low Cost Reproducibility [18, 15] 
Membrane red mud, Energy effcient synthesis issues [20] 

aluminosilicates, Good thermal and chemical Moderate fouling 
Na2SiO3, NaOH stability resistance 

Composite Geopolymer with Improved mechanical Complex [18, 15] 
Geopolymer fllers like zeolite, strength fabrication 
Membrane TiO2, and fbres Better selectivity and Costly additives 

resistance 

Inorganic Kaolinite, mullite, High stability in harsh Expensive raw [16] 
Membrane fy ash, silicon conditions materials [20, 15] 

carbide (SIC) Long durability Requires high 
sintering 
temperature 

Photocatalytic Geopolymer with TiO2, Good for pollutant Limited application [18, 15] 
Geopolymer Cr2O3 degradation More research 

Photocatalytic activity needed 

It is also worth mentioning that the use of waste materials to treat wastewater 
provides a promising future application. Geopolymer-zeolite composite membranes 
have been successfully applied to remove heavy metals from wastewater, includ-
ing chromium. The zeolite component provides a high surface area, enhancing the 
adsorption capabilities of the membrane, while the geopolymer matrix provides 
mechanical stability. This makes these composite materials excellent candidates for 
treating complex wastewater streams. 

The performance of geopolymers in fltration applications is highly dependent on 
their microstructure, which includes porosity, pore size distribution, and mechani-
cal strength. Tailoring these characteristics allows for optimisation in fltration eff-
ciency. Frequently, foaming chemicals like hydrogen peroxide and starch are used 
to regulate the porosity of geopolymer membranes. For instance, a study by Naveed 
et al. [25] showed that overall porosity increased with increasing hydrogen peroxide 
concentrations, reaching 53.21% at the highest concentration. The trade-off between 
strength and fltering effciency was highlighted by the fact that this increase in 
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porosity was linked to a loss in compressive strength. Similarly, using starch as a 
foaming agent produced porosity levels of up to 51.09% with pore diameters rang-
ing from 1.77 to 3.45 µm, which is perfect for applications in water fltering [26]. 
SDS, as a stabilising agent, plays a key role in regulating the porosity and stability 
of geopolymer foams by reducing surface tension and promoting pore uniformity. 
Korat and Ducman showed that adding SDS to alkali-activated fy ash geopolymers 
resulted in more homogeneous pore structures, which improved the mechanical 
properties of the fnal product [27]. 

Chitosan-modifed geopolymer sub-microparticles were utilised in work by Song 
et al. to control the pore structure of geopolymer membranes, resulting in pore diam-
eters as small as 58 nm. These membranes showed promise in water treatment by 
removing heavy metals and microplastics with high removal effciency (89.37%) 
[28]. When evaluating ‘geopolymers’ appropriateness for fltering applications, 
their mechanical characteristics, in particular, their compressive strength, are quite 
important. Fly ash-based geopolymers, for example, showed compressive strengths 
of up to 18.5 MPa, which indicates that they are robust enough for high-pressure 
fltration applications. Nevertheless, depending on the application, a trade-off that 
must be controlled is that higher porosity frequently leads to reduced mechanical 
strength. By adding further layers, like a chitosan coating, geopolymer membranes 
can be made even stronger. By mixing chitosan with porous geopolymers, Zhang 
et al. created an inorganic-organic composite membrane that has a high water fux 
and enhanced pollutant removal effciency [29]. Because of their exceptional chemi-
cal and thermal stability, geopolymers can withstand harsh conditions. For example, 
potassium-based geopolymers are perfect for high-temperature fltration applica-
tions since they can tolerate temperatures of up to 800°C. Geopolymers are also 
extremely resistant to basic and acidic conditions, which increases their suitability 
for use in challenging industrial situations. 

One recent case study is based on a mullite fbre reinforced metakaolin geopoly-
mer. The fabrication process is shown in Figure 10.8. Mullite fbres were dispersed 
in water followed by the addition of metakaolin and alkaline solution under vigor-
ous stirring. The slurry was poured into a plastic container which was placed on the 
shake table for 1 h. The sample was sealed by plastic flm and placed in an autoclave 
at 60°C for 24 h followed by 6 days of curing at ambient conditions. 

The fltration test set-up is shown in Figure 10.9. Filtration was conducted using 
the prepared geopolymer membrane inserted at the bottom of the top fask. A certain 
volume of tap water was placed in the top fask. The collection fask at the bottom 
was under vacuum. 

The water fux through the membrane is shown in Figure 10.10. It occurs that 
300 ml of water passed through the membrane of 36 mm in diameter within 60 min. 
The fow rate is equivalent to 0.3 m3/m2h. However, it was noted that the fltration 
time increased gradually due to an observed layer of impurities forming on the 
membrane surface from the tap water used in the experiment. Despite the impurity 
build-up, the membrane demonstrated effective performance throughout the fltra-
tion process. Further research on how to eliminate the impurity build-up through 
surface treatment is needed. 
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FIGURE 10.8 Preparation of fbre reinforced metakaolin geopolymer flter membrane. 

FIGURE 10.9 Test design for geopolymer membrane. 
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FIGURE 10.10 Water fux through the geopolymer membrane with time. 

10.3 THE COMPARISON BETWEEN GEOPOLYMER MEMBRANE 
AND TRADITIONAL SINTERED CERAMICS 

10.3.1 ADVANTAGES OF GEOPOLYMERS COMPARED TO 

TRADITIONAL SINTERED CERAMICS 

The fact that geopolymers require less energy to produce than sintered ceramics is 
one of their most obvious benefts. In contrast to ceramics, which require a high-
temperature sintering process (up to 1400°C), geopolymers are usually synthesised 
at ambient temperature or at somewhat elevated temperatures (60–90°C). Because 
of this substantial energy savings, geopolymers are a more environmentally friendly 
option. For example, studies have demonstrated that the production of geopolymers 
requires 60% to 80% less energy compared to traditional ceramics, making them 
more cost-effective, environmentally friendly, and suitable for industrial applications 
[16]. In addition to lessening the environmental impact, the synthesis of geopolymers 
from a variety of waste materials, including fy ash, metakaolin, and slag, repurposes 
industrial by-products that would otherwise contribute to pollution. Because of this, 
geopolymers are a desirable material for businesses looking to lessen their carbon 
footprint [16]. On the other hand, traditional ceramics usually use naturally occur-
ring clays that need to be extracted and processed, which has a greater environmental 
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cost. Numerous studies have highlighted the positive effects of geopolymers on the 
environment, especially how they help advance the ideas of the circular economy by 
converting trash into useful materials [11]. 

Compared to conventional ceramics, geopolymers offer more control over micro-
structural characteristics such as porosity, pore size distribution, and mechanical 
strength. Geopolymers can be customised for certain fltration applications by vary-
ing the proportions of basic materials, activators, and additives [9]. For example, 
porosity can be controlled, and fltration effciency can be increased by adding sta-
bilisers like SDS or foaming agents like hydrogen peroxide. However, because of 
the strict control needed during the high-temperature sintering process, traditional 
sintered ceramics have less tunability [9]. Geopolymers exhibit excellent chemical 
resistance, especially in extremely alkaline conditions. Geopolymer materials’ alu-
minosilicate network, which offers resilience against chemical attacks, is the cause 
of this resistance. According to research, geopolymer membranes are perfect for 
use in wastewater treatment since they can withstand severe industrial conditions 
without degrading. In contrast, geopolymers can equal or surpass the high chemical 
resistance of conventional ceramics in certain chemical conditions [11]. 

Due to their lower energy consumption and ability to be made from inexpensive and 
plentiful industrial by-products, geopolymers are typically more affordable than tradi-
tional ceramics [16]. For instance, fy ash, a by-product of burning coal, is frequently 
utilised as a raw material for geopolymers, which signifcantly lowers the cost of raw 
materials. However, traditional ceramics have greater production costs since they use 
more expensive ingredients and energy-intensive procedures [11]. When compared to 
conventional ceramics, the manufacture of geopolymers results in substantially fewer 
carbon emissions since they don’t require high-temperature processing or the use of 
carbon-based fuels. According to studies, compared to traditional ceramic production 
methods, the manufacture of geopolymer materials can reduce CO2 emissions by as 
much as 80%. This environmental advantage supports global sustainability objectives, 
especially for sectors looking to lower their carbon impact [9]. 

10.3.2 WEAKNESSES OF GEOPOLYMERS COMPARED TO TRADITIONAL 

SINTERED CERAMICS 

When compared to conventional sintered ceramics, lower mechanical strength of 
geopolymers, especially in high-load or high-pressure applications, is one of their 
main drawbacks. Traditional sintered ceramics can attain much higher values, 
frequently exceeding 100 MPa, while geopolymers can only reach adequate com-
pressive strength (usually between 10 and 20 MPa). The use of geopolymers in appli-
cations where great durability and resistance to mechanical stress are essential, like 
in structural components subjected to heavy loads or considerable wear and tear, is 
limited by these differences in mechanical characteristics [9, 11]. 

Geopolymers are more susceptible to deterioration in acidic circumstances than 
conventional ceramics despite their remarkable performance in alkaline environ-
ments. For example, when exposed to very acidic solutions, fy ash-based geopolymer 
membranes have demonstrated a propensity to leach heavy metals, which restricts 
their application in specifc fltration procedures involving acidic industrial effuents. 
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Because of their superior resilience to acidic conditions, traditional sintered ceram-
ics like those made of alumina are better suited for a wider variety of industrial fl-
tration applications [9, 11]. The thermal stability of geopolymers is good, especially 
when compared to organic membranes, although it is not as good as that of typical 
ceramics at high temperatures. While sintered ceramics can tolerate temperatures 
above 1400°C, geopolymer materials can often resist temperatures as high as 800°C. 
The use of geopolymers in high-temperature industrial applications, including gas 
fltration in furnaces or kilns, where ceramics perform better, is limited by this dis-
parity in thermal performance [9, 11]. 

Particularly in water fltration applications, geopolymers have demonstrated 
problems with long-term durability under continuous operating circumstances. For 
instance, over time, especially in extremely abrasive settings, certain geopolymer 
membranes show signs of structural breakdown or pore clogging. Because of their 
greater mechanical stability and resistance to wear, classic sintered ceramics exhibit 
less of this constraint and retain their integrity over extended years of use [9, 18]. 
Variability in material characteristics based on the synthesis process and raw mate-
rial source is another drawback of geopolymers. Fly ash and other industrial by-
products can differ greatly in composition, which can impact the consistency and 
functionality of geopolymer products. Conventional ceramics tend to have more con-
sistent properties since they are usually made using more standardised raw ingredi-
ents and procedures. This is important for applications that need exact performance 
[11, 12]. The scalability of geopolymer production for large-scale industrial applica-
tions is still diffcult despite its many benefts. Achieving consistent product quality 
on an industrial scale is challenging due to the unpredictability of raw materials and 
the requirement for exact control over the synthesis process. Conventional ceramics 
are better suited for large-scale production since they have established infrastructure 
and production methods [11, 18]. 

10.4 CONCLUSIONS 

In summary, geopolymers show great promise as a substitute for conventional sin-
tered ceramics in fltration applications, especially because of their affordable price, 
environmentally friendly nature, and versatile microstructure. The polymerisa-
tion process makes utilising industrial by-products like fy ash and slag possible, 
reducing production costs and promoting environmental sustainability and waste 
reduction. Because of their environmentally benign nature, geopolymers are very 
benefcial in a world where sustainable solutions are becoming increasingly impor-
tant in industrial processes. Geopolymers provide adaptability in both water and 
air fltration systems because of their exceptional thermal stability, resistance to a 
wide range of chemicals, and intrinsic porosity, which can be precisely adjusted to 
meet specifc fltration requirements. The controlled use of activators and additives 
gives them microstructural fexibility, enabling the construction of membranes with 
pore diameters appropriate for various fltering applications, from microfltration to 
ultrafltration. In industrial fltering operations, where pollutant removal effciency 
and specifcity are critical, the capacity to regulate porosity at such an acceptable 
level is especially advantageous. However, despite their many benefts, a few issues 
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must be resolved to fully utilise geopolymers’ potential infltration. While geopoly-
mers are suffcient for a wide range of applications, their mechanical strength is 
somehow inferior to sintered ceramics, especially in high-stress or impact situations. 
Furthermore, geopolymers have diffculties in acidic settings because alkali ele-
ment leaching can weaken their structural stability. These drawbacks emphasise the 
necessity of more study to improve their mechanical characteristics and create plans 
for increased resilience in challenging chemical environments. 

Future research should concentrate on reinforcing geopolymer structures to 
improve their mechanical robustness, maybe using hybrid techniques that include 
fbre or nanoparticle reinforcements. Expanding the use of geopolymers in industries 
with demanding chemical requirements may also be possible by looking at alternate 
curing techniques or changing the chemical makeup of the geopolymers to increase 
their resistance to acid. Furthermore, formulations that optimise porosity and struc-
tural integrity may be developed by comprehending how pore-forming agents and geo-
polymer matrices interact. Geopolymers have great potential as an effective, fexible, 
and ecological substitute for traditional ceramics in fltration applications. As material 
composition and processing techniques continue to advance, geopolymers could play 
an increasingly vital role in industrial fltration, fulflling the performance require-
ments of various fltration systems while also supporting environmental sustainability 
goals. 
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