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Abstract: Clay is a naturally occurring material that can be converted to different clay minerals
through thermal treatments, and can be used for the development of different products. Clays and
clay minerals have been used for different applications in different sectors. Detailed information
regarding the applications of these materials in the construction industry are described. Clay has
been used as a supplementary cementitious material in Portland cement (OPC) mortars and concretes.
These minerals decrease raw materials and CO, emissions during the production of Portland cement
clinker and, at the same time, increase the compressive strength of concrete at a later age. Therefore,
they are conducive to the sustainability of construction materials. A new type of cement, Limestone
calcined clay cement (LC3),and a binding material geopolymer cement have also been developed
using clay minerals. The properties of these binders have been discussed. Applications of clay
products for making bricks have are also described in this article.
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1. Introduction

Construction is one of the most important and oldest industries in the world. It is
as old as civilization. Nowadays, the construction industry is the leading industry in all
market economies. The construction industry uses a variety of materials such as cement,
concrete, aggregates, clay, wood, metals, and bricks. The choice of these materials depends
on their properties and cost. Out of different construction materials, binders are the most
used materials in the construction industry. One of the most important binders is cement
and concrete. Portland cement (OPC) is the main binder, with different constituents and
compositions. The manufacture of OPC consumes a lot of energy and raw materials, and at
the same time emits about 7% of the CO, gas responsible for global warming. Nowadays,
a lot of supplementary cementitious materials (SCMs) (industrial and agricultural wastes)
are being used as a partial replacement of OPC clinker. Because of the limited availability
of SCMs, they cannot be considered a global alternative for substitution in cement [1,2].
Recently, attempts have been made to replace the waste materials (SCMs) from naturally
occurring materials like clay, which contains lot of alumina and silica, as such clays can
cause a pozzolanic reaction under the proper conditions. Clays are found in abundance in
almost all countries [1,3].

Calcined clay (CC) is considered to be an important pozzolanic material [4,5] because
kaolinitic clays are found in abundance worldwide, showing the potential to work as SCMs.
Compared to fly ash and slag, CC does not have a variable chemical composition and
hence the properties of clay blended cements are more controllable and predictable. The
use of CC has been studied in conventional OPC systems, as well as in limestone calcined
clay cement (LC®) and CC-based geopolymer systems [6-8]. In CC blended cement, the
maximum replacement of OPC by CC is 30% [9], whereas in an LC3 system, the level of
substitution could reach 50% [9]. The CC-based geopolymer may be substituted with OPC
clinker, and presents superior mechanical properties and durability [5].

Clays from different sources have different properties. In hydration reactions, kaolinitic
clays are very effective [10]. Metakaolin (MK) obtained through the calcination of kaolinite
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clays is the most traditional SCM due to its high reactivity. MK blended cements have been
found to show a high sulfate resistance, low chloride attack, higher strength, and significant
pore structure refinement [10]. Although MK is much more reactive, its degree of reactivity
is restricted by the presence of Ca (OH), obtained during the hydration of OPC.

In blended cements, the early use of hydration is predominantly affected by the
chemistry of the pore solution (pH, dissolved ions, and water activity) and the physical
effects of the SCM used. On the other hand, in later stages, the hydration is affected
because of the filler effect, and accelerates over time. This is divided into three parts:
(i) “dilution effect”, (ii) “nucleation effect”, and “accelerated dissolution effect”. However, it
has been reported that the special surface properties of CC also affect the above-mentioned
processes to different extents. The early strength development in CC blended cement
is affected considerably by the sulfate content and adjustment of the sulfate carrier is
mandatory [11,12]. This aspect requires in-depth investigation.

Nano-materials in general improve the properties of cement, but due to their high
cost, their uses are limited [13,14]. On the other hand, nano-clay is economical and can be
obtained in large amounts and is more effective. However, the calcining temperature is an
important factor influencing the activity of calcined nano-clay.

In addition to cement and concrete, geopolymer concrete is also going to be an im-
portant construction material in the future because of its high mechanical properties and
durability in aggressive atmospheres [15]. A wide variety of materials can be used to make
geopolymers, among which slag, fly ash, and MK have been extensively used. Clay miner-
als are easily available and cost effective, and are being used for geopolymer production.
However, different types of clays have different influences on the properties. The overall
mechanism of geopolymers made from clay is not well understood [16].

Air dried bricks, first made in around 4500 BCE, were made of clays [17]. Firing is
important for making bricks because porosity is reduced during firing, with an increase
in mechanical strength. There are variety of clay minerals used when making bricks.
Normally, brick manufacturers define clays based on their particle sizes [18]. However,
different clay minerals modify brick properties depending on their crystal structures,
compositions, elements, plasticity, and shrinkage behaviors [19,20]. All these aspects need
to be understood.

Our literature survey clearly indicates that clays and clay minerals play an important
role in the construction industry, particularly as SCMs in cement and concrete, for making
geopolymer cement and bricks. How clay and clay minerals modify the properties of the
above construction materials have been studied in detail [21-25]. It has been reported that
different clay and clay minerals affect the properties in different ways and to different
extents. However, there is no single write up with the latest information that discusses the
applications of clay and clay minerals for improving the properties of different materials
in the construction industry. Therefore, in this review article, the use of clays and clay
minerals as materials in the construction industry have been discussed in detail.

2. Clay Minerals, Classifications and Structures

Agricola formally defined clay in 1546 [26], although the definition was revised many
times, considering the particle size, plasticity, and fire hardening [27]. Clay is an earth
material with a plastic character when moist but is hard when fired. It consists of mainly
fine particles of hydrous aluminum silicates and other minerals [28]. A group of hydrous
aluminum phyllosilicate (“phyllosilicates being a subgroup of silicate minerals”) minerals
are described by clay. A soft and fine-grained natural rock/earthy material with diameter
< 0.005 mm is called clay. Besides peat, muck, some soils, etc., clays are mainly inorganic
materials. Due to erosion and weathering over vast spans of time, rocks containing ceramic
clays, soil, clay shales, glacial clays, and the mineral group feldspar (known as the “mother
of clay”) are formed. During the process of weathering, feldspar is distorted by hydrolysis
and results in the formation of clay minerals like smectite and kaolinites. In the presence of
small amounts of Al,O3, SiO,, MgO, etc., as well as organic matter, more clay minerals can



Minerals 2022, 12, 301

30f21

be incorporated into clay [29-31]. Due to the content of water, the geometry, and the particle
size, the clays have plasticity and become coherent, stiff, hard, and non-plastic upon firing
or drying. The chemical composition of clay affects the plasticity and hardness. When clay
retains water, it can be molded into any form. For clay, the particle size is important, but
no upper limit has been given to date. On the basis of size and mineralogy, clays can be
distinguished from each other [32,33].

Because of the high cation exchange capacity, pore size distribution, and high surface
area, it is used as a good adsorbent for water purification. Nano clays are widely used in
a number of industries, such as in paper coatings, pesticides, paints, ceramics, pharma-
ceuticals, construction industry, ion exchangers, separators, plastics, and cosmetics. Clay
nanocomposites are also used in different sectors.

Layers of linked silicate tetrahedral and octahedral units constitute clay. About
30 types of nano clays are known and have different mineralogical compositions with
different properties [34]. Classifications are mainly made based on the type of combinations
of the tetrahedral and octahedral silicate sheets and the way they stack. Some of the clays
are “(i) kaolinites, where one octahedral sheet is linked with one tetrahedral (1:1 ratio) (e.g.,
kaolinite, halloysite, and serpentine); (ii) nonexpanding clays, where one octahedral sheet
intercalates between two tetrahedral sheets (2:1 ratio) (e.g., mica and illite); (iii) limited
expanding clays (2:1 ratio) (e.g., vermiculite); (iv) strongly expanding clays (2:1 ratio) (e.g.,
montmorillonite (Mt)); (v) uncharged group (2:1 ratio) (e.g., pyrophyllite and talc); (vi) 2:1:1
group with a brucite octahedral layer between a 2:1 mineral (e.g., chlorites); and (vii) fi-
brous silicates (e.g., palygorskite and sepiolite)”. Weak van der Waals forces are involved
in holding the sheets, forming an “interlayer”. Negative and positive surface charges are
generated due to “isomorphous substitutions in the tetrahedral and octahedral sheets”
and pH. The clay minerals classified above are nanoscale materials and are represented in
Figure 1 [34].

Natural Clay

! | l

1:1 2:1 Montmorillonite 2:1:1
Laponite + Donbassite
» Rectorite + Smectite Sepiolite * Chlorite + Sudoite
Hectorite + Chamosite
+ Kaolinite * Vermiculite Bentonite
« Halloysite
; . « Pyrophyllite
* » Pyrophyllite talc
Chyrsotile yrophylli { Tale
: {' Muscovite
+ Mica )
» Paragonite
+ Brittle Mica

Figure 1. Different types of clay and their classifications.

There are number of clay minerals with different structural features [34-38]. The
structural features of some of the clay minerals are discussed briefly. Kaolinite clays have
been used for a long period in the ceramic industry, particularly in fine porcelains. The for-
mula of kaolinite is “Al4[SifsO19][OH]g” and is a 1:1 type silicate mineral with a tetrahedral
silicate layer and a thin sheet of octahedral aluminate. Montmorillonite belongs to a family
of expansible 2:1 phyllosilicate clay. The formula of montmorillonite is “(Al; ¢zMg0 33)
[Si4O10][OH],-nH,O” with a 2:1 layered lattice. The chemical formula of metakaolin (MK)
is AlpSipOy7. Smectite consists of beidellite, saponite, montmorillonite (MMT), nontronite,
hectorite, and sauconite. Clay minerals with a 2:1 layer are formed by the weathering of
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rocks and soils, belonging to a group of hydroxyl alumino-silicate. MMT may be either
calcium- or sodium-based. It is the major clay mineral in smectites. The formula of smectite
is “(Na, -Ca)g 3(Al, Mg),514019(OH),-nH,O”. Illite is like muscovite and is one of the most
common clay minerals. Illite has the formula “(ALFe,Mg),[(Si,Al)4010][OH],-nH,O” and is
a 2:1 layered structure. Bentonite is mainly formed by smectite clay minerals, hydrothermal
synthesis, and chemical alteration of volcanic ash. The formula for bentonite is (Na)g 7
(Al33Mgq.7) SigO20(OH)4-nH,O. Vermiculite is a 2:1 phyllosilicate clay mineral with a high-
charge. It Is normally regarded as a weathering product of micas. Phyllosilicates of a small
size with a high surface area containing iron and manganese hydroxides constitute clay
minerals. Smectite (Sm) and Illite alone constitute about 30% of all sedimentary rocks [38].
Clay minerals consist of a sheet of edge-sharing MptOg octahedra (Mot = Mg, Fe, or
Al), the octahedral sheet, fused to one or two sheets of corner-sharing Mre;O4 tetrahedra
(Mrtet= Si or Al). One or two tetrahedral sheets and one octahedral sheet form a layer of
clay mineral. One tetrahedral sheet layer forms a 1:1 type; two tetrahedral sheet layers (on
either side of the octahedral sheet) form a 2 type.

3. Applications of Clays and Clay Minerals

Clays and clay minerals are very important industrial minerals because of their charac-
teristic physicochemical properties and their variety of applications in different industrial
sectors (Figure 2). They are used in a number of industries such as ceramics, cosmetics,
biomedical, health care, energy, construction, environmental remediation, food packaging,
clothing and paints, soil fertility, radioactive waste disposal, etc. Clay minerals are also
used for the preparation of different composites used in different ways. However, in this
review article, the applications of clays and clay minerals in the construction industry with
reference to cement and concrete, geopolymer cement, and bricks are discussed.

k Ceramics Whitewares

OPC
concrete

Geopolyme
concrete

purification

Soil
Fertility

Biomedical -
application

Figure 2. Applications of clay in different sectors.
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Clay and Clay Minerals in the Construction Industry

i In the construction industry, the following are the most important components
ii. Cement and concrete

iii. Limestone calcined clay cement (LC3)

iv. Geopolymer and concrete

V. Bricks

For all of the above, clay and clay minerals are used in one way or another. In the
following section, their applications are discussed.

4. Cement and Its Hydration in Presence of Calcined Clay

During the early period of civilization, clay was frequently used as the most important
construction material. Examples of this are roof tiles, blocks, and bricks [39]. Nowadays,
cement is the most important construction material used all over the world. Global cement
production is continuously increasing, with China in the number one position. However,
after China, India is at number 2. A huge amount of CO,, responsible for global warming,
is emitted during cement production [40]. When part of the clinker in cement is replaced
by supplementary cementitious materials (SCMs), the quality of cement is improved, and
CO, emission is reduced [41]. There are a number of SCMs, e.g., fly ash, rice husk ash,
granulated blast furnace slag, and silica fume, but their availability is limited. Now, CCs
containing kaolinite are used as sustainable SCMs [42]. The early strength of calcined clay
blended cement develops at a lower rate than pure cement. Based on the type of calcined
clay, the development of the later strength is increased [43].

Many clay-based SCMs have been produced. Some examples are flash calcined clay,
calcined clay, mechanically activated kaolin, and MK. Out of all of these, MK has drawn
significant attention due to its many advantages [44]. In the presence of water, Al,O3 and
5i0; of MK react with CH, leading to the formation of calcium aluminate hydrates (CAH),
calcium-silicate hydrate (CSH), and calcium alumino-silicate hydrates (CASH) [44]. The
gel formed blocks the capillary pores of concrete. In many cases, MK exhibits a pozzolanic
activity like silica fume (SF) [44]. This is because of the high Al-content. MK changes
the initial and final setting times of mortar and concrete, which depends on the reactivity
of the MK and Al,O3 content, type of cement, finesse of MK and OPC, and the dosage
of superplasticizer (SP). MK sometimes has a greater accelerating effect than SF in early
ages [45] and sometimes has a retarding effect due to the slower hydration-kinetics than
OPC [46]. In general, MK increases the packing density and the pozzolanic reactions are
increased. The service life of RC structures in marine and harsh environments is increased
in the presence of MK due to the increase in corrosion resistance [44].

The major hydration reactions in calcined clay (CC) blended cement produce C-S-H
and CH due to C35 and C;S hydration [47].

“3Ca0-Si0, + nHyO—xCa0-SiOy+(1 - 3 + x)H,O + (3 — x)Ca(OH), @
2Ca0-Si0; + nHyO—xCa0-SiO,-(1n — 2 + x)Ho0 + (2 — x)Ca(OH),”.

When CC is used as a partial substitute for clinker, the pozzolanic parts of CC react
with CH to form additional C-5-H and mitigate the expansive effect of ASR and ACR.
Additional SCCs, such as CSH, CAH, and CASH, are also formed.

Al,O3-25i0; (calcined clay) + Ca (OH), (OPC hydration) + H,O—CSH + CASH  (2)

Furthermore, 20 wt.% CC (20CC) reduces the heat of hydration [48]. During the
hydration of cement, the first peak comes as a result of silicate, particularly, C3S hydration;
the second peak is due to C3A dissolution; and third peak is due to sulfate depletion
and renewed ettringite formation. The same type of peaks appear in the presence of 20%
calcined clays (20CC) and the reaction occurs at a faster rate. The results indicate that in the
presence of CC, the hydration sequence does not change. The depletion of sulfate peaks is
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visible in both cases. In the presence of microlimestone (1LS), the acceleration of hydration
is more compared to that in the presence of 20CC alone. The role of uLS in enhancing
hydration may be due to a seedling effect. The formed C-5-H seeds might cover the cement
grains after 24 h (Figure 3) [48]. The SEM pictures after one day indicated that the amount
of C-S5-H in the gel phase increased in the cement with CCs (Figure 3B). In the presence of
uLS and C-5-H, the micrographs showed long ettringite needles (Figure 3C,D).

Figure 3. SEM pictures at 24 h: (A) reference, (B) 20CC, (C) 20CC-10uLS, and (D) 20CC-3C-S-H [48].

The effect of thermally made MK and mechanically activated MK (AK) on the hy-
dration of cement has been studied [49]. At 90 days, 20MK in mortar gives a higher
compressive strength compared to the reference, whereas in presence of AK, the compres-
sive strengths of mortars are lower [50,51]. The differences in the compressive strengths in
the presence of MK and AK may be due to the partial amorphization of AK [51]. The high
values of compressive strength in the presence of MK in mortars may be due to the higher
content of reactive silica.

Nanomaterials affect the properties of cement and concrete. Nano-metakaolin
(NMK) acts better than nano-SiO, and nano-CaCOj [52]. NMK is a derivative of kaolin
(AlO3-25i0,-2H;,0) and promotes the nucleation, consume free CH, and also forms needle-
like secondary hydration products. In the presence of NMK in cement, HySiO4%~ is
formed, which reacts with Ca?*, forming additional C-S-H. This densifies the structure
(Figure 4) [53]. For the acceleration of hydration, an optimum amount of NMK is needed.
NMK also fills the pores and forms a compact structure, and is responsible for the high
mechanical properties [54-56].

Due to the high surface energy of NMK, there is thermodynamic control over the
process [53]. The thermodynamic drive is reduced due to precipitation on the NMK
surface. The growth of the hydrate phases starts when ion concentrations exceed saturation.
Normally, growth starts when the nuclei reach a certain critical size, but in this case, it
is different. NMK, in the meantime, generates a new nucleus for the hydration process,
helping with the continuous growth of the C-S-H phase on the NMK surface. The nucleus
of crystal is beneficial for increasing the early strength of cement [57]. After the completion
of hydration, the nucleation effect becomes negligible [58].
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Figure 4. SEM pictures and EDAX of (a) 0% NMK and (b) 10% NMK [53].

In the presence of sulphate ions, there is an interaction of sulphate ions with Ca (OH);
and calcium aluminate hydrate, with the formation of gypsum and ettringite, resulting into
the deterioration of the concrete structure. When MK is added to concrete, the sulfate resis-
tance is increased. A considerable amount of research has been done on the role of calcined
kaolinite (metakaolin) regarding the risk of sulphate in concrete [59,60]. Sulfate resistance
increased with the increase of metakaolin (Figure 5) [60]. With increasing the sulfate expo-
sure period, the expansion of MK concrete increased steadily and continuously because of
the slow and continuous intrusion of sulfate ions into concrete specimens. By consuming
CH, MK significantly affects concrete durability exposed to a sulfate environment [60,61].
MK reduces the corrosion of concrete, even at high chloride contamination [62,63].

040 41 —0—0%MK D)
..... & 5% MK
-->--10% MK

030 A --k-15% MK

0.20

Sulfate expansion (%)

Sulfate exposure period (month)

Figure 5. Effect of MK on sulfate expansion with time at a w/b ratio of 0.5.
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4.1. Limestone Calcined Clay Cement (LC3)

Due to the economic and environmental advantages of LC3, considerable research has
been done during the last decade [64]. In recent years, LC® has been gaining the attention of
engineers and researchers as an important alternative to Portland cement [64,65]. It is made
by blending clinker, calcined clay, limestone, and gypsum, as shown in Figure 6 [64,65]. It
is a new type of cement, reduces CO, by up to 40%, uses low grade raw materials, and
requires a lower calcination temperature for clay. It is cost effective and does not require
major modification in cement plants.

gypsum

A

calcined clay

30%

clinker

90%

Figure 6. Preparation of LC? by blending different constituents.

Among the different types of clays, calcined clays show the highest pozzolanic ac-
tivity [66-70]. In LC3-50, he clinker content can be reduced to 50% and the strength
varies linearly with the kaolinite content [70]. When adding 40% calcined kaolinite, higher
strengths than OPC mortars are obtained after 7 days, irrespective of clay fineness. MK
acts as a pozzolanic material forming C-A-S5-H, AFm phases, and ettringite [71,72]. After
adding limestone in LC3, carboaluminate phases are formed [73].

LC® can be compared with conventional cement and it has a number of properties
(Figure 7).

The heat evolution profiles of LC? per gram of solid (a) and per gram of clinker (b) for
OPC and LC3-50 for 0%, 50.3%, and 95.0% are shown in Figure 8 [70]. The induction period
was slightly decreased for LC3-50 blends because of the addition of a superplasticizer. The
delay increased with the addition of the calcined kaolinite content. In the LC3-50 blends,
the hydration of C3S was enhanced due to the filler effect of the calcined clay. The calcined
clay significantly affected the intensity of the aluminate peak. The intensity of the peak
increased with the calcined kaolinite content. Furthermore, the increase in heat could be
explained by the start of the metakaolin reaction with portlandite.



Minerals 2022, 12, 301

9o0f21

s

[ Develops ultimate strengths comparable to OPCs
— Stronger " produced using the same clinker

More Produces denser microstructure concrete
Durable compared to OPC and PPC

Waste to Opportunity to utilize= low grade clay and
Value limestone (dolomitic)

Ene_rgy Low temperature of calcination and softer nature
Sawng of raw materials reduces grinding energy

_ Cost
N Saving —ll Saves up to 25% compared to OPC and PPC

Carbon | Reduces GHG emissions from the cement
— Freindly industry

Figure 7. Properties of LC3.
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Figure 8. Heat evolved: (a) normalized clinker (b) for PC, LC3-50 at 0%, 50.3%, and 95.0% [70].

Thermodynamic modelling of LC3 for 54% OPC, 30% calcined clay, 15% limestone, and
1% gypsum, at w/b 0.4 during hydration has been proposed (Figure 9) [74]. The formation
of different reaction products and the consumption of reacting components are also shown
in Figure 9. The carboaluminate (Mc) content increased until about 12% MK reacted, and
then decreased as the stratlingite started to precipitate. In thermodynamic modelling,
normally only Mc is observed, as pure hemi carboaluminate (Hc) as a metastable phase. A
significant variation in the C-A-S-H Ca/Si ratio over the reaction range of MK is shown by
thermodynamic modelling, especially after the complete consumption of portlandite. From
the thermodynamic modelling, it has been predicted that stratlingite is not expected to be
formed, even if all MK available reacts in the systems.

Compressive strength development of LC? concretes for three grades of concretes
for 25 MPa, 32 MPa, and 45 MPa of both LC? and also of conventional concrete (GPC)
were measured at different times (Figure 10) [75]. The figure shows that the compressive
strength of LC3 concrete was comparable to or even higher in some concretes than that of
the conventional concrete after 28 days of water curing. Figure 11 shows the increase of
tensile strength of LC3 concrete for up to 28 days of water curing, and the value increased
from grade 25 to grade 45 LC® concrete [75].
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Figure 9. Thermodynamic model for phases of an LC3-50 system in the presence of different amounts

of MK [74].
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=
=
e
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Figure 10. Compressive strength of LC? and GPC concrete [75].
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Figure 11. Change of tensile strength with time in LC? concrete [75].

The OPC in alkali activated cement (AAC) blocks was replaced by LC> cement. These
blocks were used to build non-load bearing walls in a temporary office building in the
Embassy of Switzerland, New Delhi, India (Figure 12) [76].

Figure 12. LC3 AAC blocks used for an office building in the Swiss Embassy, New Delhi [76].

4.2. Geopolymer Cement and Concrete

Development and innovation in science and technology is a continuous process for
improving infrastructure all over the globe. For the construction industry, cement and
concrete are the most required materials. Every day, new innovative binders are being
developed taking into consideration the safety, economics, durability, and environmental
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sustainability in construction industries. After water, concrete is the most used substance in
the world. OPC is normally used as the main component for the manufacture of concrete.
About 4.6 billion metric tons of OPC are produced every year, which consumes a lot of raw
materials and energy. The cement industry alone releases 7% CO, into the atmosphere,
which is responsible for global warming. In order to overcome these problems associated
with OPC production, researchers started searching for new binding materials. In the
1970s, it was pointed out by Davidovits that a fire-proof inorganic polymer obtained by
alkali activated alumino silicate materials would be a probable alternative to OPC [77-79].
This polymer was named a geopolymer. In the beginning, this was obtained through the
reaction of MK and NaOH /Na»SiO3 or KOH/K;5iO3. The MK-based geopolymer gained
worldwide interest in the past 40 years, because of its excellent thermal stability and high
mechanical property compared to Portland cement [80]. Now, geopolymers are used as
a construction material [81,82]. The advantages of using geopolymer concrete (including
clay-based geopolymers) for various applications in construction are shown in Figure 13.

- Sustainable |

" construction k

- Longer
™ SEI"H'iE'E iifE I

materials

Remarkable
life-cycle

cost savings

Figure 13. Advantages of geopolymer concrete in construction.

Initially, one of the most abundant source materials containing aluminosilicates used
for geopolymer concretes was MK. Natural clays (kaolin) with calcination at a moderate
temperature produce MK. In recent years, a considerable amount of research has been done
on fly ash-based geopolymers [83-85].

Geopolymers using MK and alkali activators are formed, as shown in Figure 14 [61].
The geopolymer structure is categorized into three forms depending on the Si/ Al ratios,
namely poly(sialate), poly(sialate-siloxo), and poly(sialate-disiloxo) (Figure 15) [86,87].
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Setting and Hardening
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Figure 14. Formation of the geopolymer from MK [86].
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Figure 15. Different geopolymer systems [86].
The empirical formula of geopolymers is
M, { — (SiOz)Z — AIOZ } -szo

M is a cation, such as K*, Na*, or CaZ*; n is the degree of polycondensation; z is a
coefficient; and w is the amount of binding water.

Geopolymerization is an exothermic process, and synthesis occurs through oligomers
(dimer and trimer), which produces a three-dimensional structure. Davidovits [88,89]
proposed equations for geopolymer formation (Figure 16) [86].
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n (Si20s, ALO2) + 2nSi02 + 4nH20 — n (OH)-Si-0-A10-0-Si~(OH)s

I
(OH)

(Geopolymer Precursor)

| | I
n (OH)3-Si—-0-A10-0-Si«(OH); — (Na*, K)H-Si—-0-A1"-0-Si-0-) + 4nH20

| I I I
(OH), O O o

(Geopolymer Backbone)
Figure 16. Geopolymerization reaction.

During geopolymerization, Si-O-5i and Si-O-Al bonds break and are converted to the
colloid phase when coming into contact with the alkaline solution. With the advancement
of the process, the intermediate phase (Gel 1) was transformed into Gel 2. After this,
polymerization occurs and a three-dimensional structure of the geopolymer is formed. The
structural model is presented in Figure 17 [86].

Chemical Attack Dissolution Gel 1

®si ®a1 @o ®nNa OH

Polymerization

Figure 17. Structural model of three dimensional geopolymers [86].

When MK is converted to the geopolymer, with the passage of time, hardening occurs
and microstructural changes take place [90]. Densification of the structure outside and
inside voids occurs.

Different ratios of Si/Al, water content, concentration, and type (Na*, K, Ca?)
of alkali cations affect the mechanical properties, phase transitions, and microstructural
features of the geopolymers. Different curing conditions also affect the geopolymerization
reactions, affecting the rate of formation and quality of the hard structure. Metakaolin
produced by the calcination of kaolin at 800 °C for 3 h, when cured at different temperatures,
the setting times and compressive strengths changed (Figures 18 and 19) [91]. Figure 19
shows that the setting time decreased as the curing temperature increased. However,
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after curing at 40 °C, both the initial and final setting times were merged, indicating
solidification of the geopolymer. The compressive strengths increased with temperature
and time (Figure 20). The values were the highest at 7 days and 60 °C curing. After curing
at 60 °C, cracking occurred, which lowered the compressive strength.

1400 &
1 —n=initial setting time
it —e=—final setting time
000 4
= ]
E 8004
5 4
E 6004
b= ]
4004
200
1 el _ = -
'D' L B
1 N T i T ! T ¥ T
20 40 G0 &0 100
Curing Temperature/"C

Figure 18. Setting time with temperature [91].
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Figure 19. Compressive strength with temperature and time [91].

Furthermore, it has been reported that the replacement of calcined clay with 30%
waste marble is beneficial and improves the compressive strength and paste workability,
and mitigates the drying shrinkage. Plastic and early-age shrinkage are also improved [92].

The first building using geopolymer concrete (also clay-based) without OPC was
constructed in 1989 (Figure 20) [93].
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Figure 20. Residential building made using geopolymer concrete without any OPC in 1989 in Lieptsk,
the Russian Federation [93].

5. Clay Bricks

In small- and large-scale construction, clay-bricks are the most important material and
have been in use since the start of civilization. In sub-tropical regions, almost all buildings
are built using clay bricks. In different countries, China is the number one for producing
clay bricks [94,95]. Buildings built with clay bricks in ancient periods have remained intact
even in the 21st century. The bricks remained intact even after snow, thaw—freezing cycles,
rainstorms, high temperatures (sunlight and fire), and human-induced deterioration [96].
Clay bricks are made through four stages: (1) choice and preparation of clays, (2) mixing
and molding, (3) drying in the sunlight, and (4) firing. The quality of bricks depends on the
firing temperature and the source of fire. The quality also depends on the materials mixed
with clay. A number of waste materials, like glass, are mixed with clay.

Clays are natural materials with different origins and, in brick making, they vary
in type and content. Traditionally, brick manufacturers only define clays based on their
particle sizes. However, different clay minerals affect brick properties depending on their
crystal structures, elemental compositions, plasticity, and shrinkage behaviors [97,98]. At
a high molding pressure, the amount of clay plays an important role in developing the
strength of bricks. The strength gain mechanism can be explained at a micro-level and
molecular level (Figure 21) [99]. At a micro-level, the particles of clay are plate-like and
have more of a tendency to become firmly compact and fill in the spaces [99,100]. On the
other hand, at a molecular level, crystalline clay in the presence of an alkaline solution is
converted into silica and alumina superficially with non-bridged oxygen. After applying
further pressure and heat, dissolution is promoted as the molecules come closer together
along, with the phenomenon of the formation of bridged oxygen, hence promoting a
geopolymerization reaction.
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Figure 21. Strength gain mechanism at a micro and molecular level in bricks made from clay-based
geopolymers [99].

6. Conclusions

This paper gives an overall view of the current state-of-the-art regarding the use of
clays and clay minerals in the construction industry. A variety of clays and clay minerals are
known. Under different treatments, clays can be used for different applications. Different
types of clay minerals having different structural features available and can be used in
the construction industry. When it is used as a supplementary cementitious material in
OPC mortars and concrete, the compressive strength, durability, and sustainability of
concrete are enhanced. Further using clay minerals, new types of binder such as LC? have
been made. When adding 40% calcined kaolinite, higher strengths than OPC mortars
were obtained after 7 days, irrespective of clay fineness. MK acts as a pozzolanic material
forming C-A-5-H, AFm phases, and ettringite. Clays are also used for making geopolymer
cement and concrete, and the concretes have better mechanical and durability properties
and are equally timely and energy intensive. In the near future, LC° and geopolymer
concrete may replace conventional cement and concrete. These binders are considered
superior to conventional binders in many respects. Various types of bricks can also be
made using clay. However, more research is needed on the applications of clay minerals in
the construction industry.
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