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ABSTRACT
Existing data show that Portland cement material production contributes ~8% to the global CO 2
emissions. This is detrimental to the environment and can lead to global warming. It is therefore
pertinent to develop alternative cost-effective and environmentally friendly cement material. The
geopolymerization technology presents a solution.
This project is aimed at using a Nigerian metakaolin-based geopolymer as a sustainable
alternative to Portland cement. Kaolin clay sourced from Kankara, Katsina State Nigeria was
calcined at 700oC for 2 hours and used in synthesizing the MK geopolymers. Different sample
formulations were prepared, cast in a 50x50x50mm mold, and then tested for compressive
strengths after curing at 40 and 60oC for 7 and 28 days. The effects of sodium hydroxide
concentration and the curing temperature on the compressive strength were examined at alkaline
solution ratios of 0.24 and 1.50. The highest recorded compressive strength value in this study
was 17.10MPa.

This study has revealed that geopolymers can serve as a potential sustainable construction
material for the Nigerian construction industry.

Keywords: Geopolymers, Metakaolin, Kankara, Portland cement, Sustainable building material
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CHAPTER ONE
INTRODUCTION
1.1

Background of Study

Over the years, Portland cement has become the most predominant and extensively used building
material. It is one of the essential ingredients in virtually every type of construction material. In
recent years, global demand and production of this material has experienced exponential growth
due to rapidly growing construction needs arising from increased urbanization, industries, and
infrastructural projects. The year 2010 recorded a global production of about 3.31 billion tons,
3.60 billion tons in 2011, 3.80 billion tons in 2012, 4.08 billion tons in 2013, 4.18 billion metric
tons in 2014, 4.19 billion tons in 2015, 4.20 billion tons in 2016 with a projected value of 4.40
and 4.83 billion tons for the years 2020 and 2030 respectively (Statista, 2016).
Portland cement is produced by a process that involves the decomposition of limestone
(calcium carbonate) into lime (CaO) and CO 2 by the addition of heat. The chemical reaction
involved in the decomposition process is responsible for the release of large amount of CO 2 into
the atmosphere. The cement industry now accounts for 5-8% of the total global annual
anthropogenic CO2 emissions (Rashad, 2013; Boden et.al, 2016; Andrew, 2017). This is
detrimental to the environment, prompting the search for alternative environmentally friendly
cementitious materials e.g., geopolymers. Geopolymers are inorganic polymeric materials
produced by the reaction of aluminosilicates with a highly concentrated alkaline solution
(Davidovits, 2013).
Geopolymeric cement are low CO2 cementitious materials that provide similar properties
to the current high CO2 Portland cement (Davidovits, 2015a). The geopolymerization technology
reduces CO2 emission caused by the cement industry by 80% (Davidovits, 2015a). It is currently
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gaining considerable interest in the construction industry, especially in the development of green
and sustainable materials. The concept of geopolymer was introduced in the late 1970’s by a
French Scientist Davidovits (Davidovits, 2002). Early interests of geopolymers were in the areas
of fireproofing and thermal resistant applications but in recent times, research in geopolymers
has shifted focus towards its use as a construction and building material. Presently, geopolymers
are rapidly emerging as a promising alternative binder material to ordinary Portland cement
(OPC) due to their comparable mechanical properties (Davidovits, 2013; Boulayt et al., 2017).
The primary aluminosilicate precursors for the production of geopolymer include fly ash,
blast furnace slag, kaolin and metakaolin, the choice of which depends largely on their
availability (Swanepoel and Strydom, 2002; Palmero et al., 2011; Heah et al., 2013; LunaGaliano et al., 2015; Okoye et al., 2015). In today’s world, fly ash and blast furnace slag are the
major materials used in geopolymer synthesis and the use of metakaolin in the formation of
geopolymer binder is marginal compared to fly ash and blast furnace slag. Despite this,
metakaolin remains the most promising raw material for future geopolymer production. This is
because metakaolin has shown more consistent chemical compositions than other aluminosilicate
sources and is expected to give more consistent results in the geopolymerization process (Zhang
et al., 2015). Furthermore, fly ash and blast furnace slag are becoming less available in many
countries. This is because they are used in the production of blended cement and concrete, which
makes them more expensive (Malhotra et al., 1996; Joshi et al., 1997; Van Deventer et al., 2012).
Hence, from a long-term perspective, the use of metakaolin as a precursor in the synthesis of
geopolymers is gaining attention.
Metakaolin is produced by heating kaolin, one of the naturally abundant clay minerals in
the earth’s crust to temperatures of 600-850 oC for periods ranging from one hour to twelve hours
(Rashad, 2015). The heat treatment breaks down the structure of kaolin causing the bonded
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hydroxyl ions to be removed resulting in a disordered structure. A geopolymer based on
metakaolin is formed when metakaolin powder is mixed with varying proportions of
concentrated alkaline hydroxide and silicate solution. Depending on the alkaline type, alkaline
silicate, and water content, the desired strength values are achieved. Results have shown and
demonstrated that metakaolin-based geopolymers have excellent mechanical properties and longterm durability (Pelisser et al., 2013).
Despite some studies carried out on metakaolin-based geopolymers, the evaluation of
Nigeria’s kaolin clay-mineral in geopolymerization processing is still needed. This study will
shed some light on the use of Nigeria’s clay materials in the construction industry. Due to the
availability of low-cost kaolin in Nigeria, geopolymers from Nigerian metakaolin may serve as
an alternative binder material to ordinary Portland cement.
1.2
Statement of Research Problem
Our environment is currently threatened by the large emissions of CO 2 (a greenhouse gas causing
global warming) from Portland cement production (Mehta, 2001; McCaffrey, 2002; Andrew,
2017). The production of 1 ton of Portland cement often releases approximately 1 ton CO 2 in the
atmosphere (Davidovits, 2015; Andrew, 2017). In a report by Andrew (2017), worldwide cement
production accounts for about 8% of the total global CO 2 emissions. Controlling greenhouse gas
emission is a major issue for the construction industry. Due to current environmental
requirements aimed at reducing the CO2 impact of the construction industry, mainly from the
production of cement, the quest for alternative binders having the same mechanical properties as
Portland cement is still a major issue (Pouhet, 2015). Furthermore, there is a concern that
Portland cement may not meet with future cement needs as the demand for its use is increasing
yearly with increasing infrastructural development. According to Ganesan et al. (2013), about 3
billion tons of raw materials are needed every year for the manufacturing of this material which
considerably results in high energy consumption of 4700 MJ/ton (Davidovits, 2013). Hence,
3

owing to the highlighted challenges with Portland cement, there is an urgent need to develop
alternative and complementary binders to make the construction industry more ecofriendly and
sustainable. In this regard, geopolymer technology is a solution.
1.3

Aim and Objectives

1.3.1

Aim

The aim of this research is to evaluate a Nigerian metakaolin-based geopolymer as an alternative
source of cement material compared to ordinary Portland cement.
1.3.2

Objectives

This study is conducted to accomplish the following objectives:
(i) To synthesize metakaolin-based geopolymers from kaolin clay obtained from Katsina State,
Nigeria.
(ii) To study the effects of alkaline concentration, curing temperature, calcium addition, and fine
(iii)

aggregate addition on the compressive strength of synthesized geopolymers.
To evaluate the microstructure of synthesized metakaolin-based geopolymers from
Katsina.

(iv)To recommend appropriately the areas of applications of the developed metakaolin-based
geopolymers in building construction.
1.4

Justification

Numerous works have shown the potential of using calcined kaolin clay (metakaolin) as a solid
aluminosilicate precursor in the synthesis of geopolymers (Alonso and Palomo, 2001; Aroke et
al., 2013; Heah et al., 2013; Ming et al., 2016; Rashad, 2015 ; Zhang et al., 2015; Wan et al.,
2017). However, limited information is available on the use of kaolin clay from Nigeria for such
application. Kaolin clay, a major raw material for the synthesis of metakaolin-based geopolymers
4

is readily available in large quantities in many localities in Nigeria. According to the data
published by the Raw Materials Research and Development Council (2013), a reserve estimate
of 3 billion tons of good kaolinite clay has been identified in many localities in the country.
Furthermore, processing this clay to geopolymers of metakaolin require only considerably low
energy compared to the high energy requirement of Portland cement manufacture. In addition,
the synthesis and production of this type of geopolymer only require simple technology which
makes it attractive. Lastly, unlike Portland cement, which accounts for a large amount of CO 2
emission into the atmosphere, this technology is environmentally friendly.
1.5

Scope of Work

This research work is confined to geopolymers of metakaolin and not geopolymers of other
aluminosilicate sources such as fly ash for the synthesis of geopolymer materials. The study
considered only the use of Kankara kaolin clay from Katsina state, Nigeria for the synthesis of
metakaolin-based geopolymers. Furthermore, this study only examined the effects of 8M, 10M
and 14M alkaline concentration, at ambient, 40 oC and 60oC curing temperatures, and 5%
calcium addition on the compressive strength development and microstructure of synthesized
metakaolin-based geopolymers.
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CHAPTER TWO
LITERATURE REVIEW
2.1

An Overview of Cement

This section of the chapter gives a brief overview of cement (Portland cement) which is the most
commonly used material in the building construction industry. The section begins by describing
what cement is, the historical development of the material, the raw materials used for its
production and finally the production process of the material.
2.1.1

Cement

Cement in the broadest sense, is a material with adhesive and cohesive properties capable of
bonding fragments into a compact whole (Lyons, 2007). In other words, it is a fine grey powder
which when reacted with water hardens to form a rigid chemical mineral structure. It is made in
many compositions for a wide variety of applications. Such application includes; binding of fine
and coarse aggregate together to form concrete, coating of various surfaces etc. In construction,
cement is characterized as being either hydraulic or non-hydraulic depending upon the ability of
the cement to set in the presence of water. Hydraulic cement sets and hardens in the presence of
water while non-hydraulic cement does not set in wet conditions or water rather it sets as it dries
and reacts with CO2 in the air.
2.1.2

Brief History of Portland Cement

The credit for the discovery of cement is attributed to the Romans who in early times mixed lime
with volcanic ash and water to produce a cement mortar for the construction of aqueducts, baths
and magnificent structures (Lyons, 2007). The information on how this material was made was
however lost due to the fall of the Roman empire but the 16 th century marked its recovery.
Interestingly, the early cement was not improved upon until 1758. Smeaton discovered that
6

heating a limestone mixture with 20 - 25 % clay content resulted in a cement that hardens under
water. The name 'hydraulic lime' was given to the new cement he discovered. Usually, when the
mixture was heated, only a small quantity of it was sintered. Further improvement was made by
Joseph Aspdin and Johnson in the 1800’s. They discovered that when the entire batch of the
cement mixture undergoes sintering and then ground, a cement superior to the former is
produced. This cement became designated Portland cement (after the region in which they were
working) and is the most common cement in use today. The first commercial production of this
cement was in New Zealand in 1886, and ever since, it has been produced all around the globe.
2.1.3

Portland Cement Production Process

The Portland cement production process involves four distinct stages: quarrying, raw material
preparation, clinkering and milling (Cement and Concrete Association,1989). The processes are
explained further.
2.1.3.1 Quarrying
It is the first stage in the cement production process that entails the extraction of raw materials
needed for cement manufacture, from the quarry. The main raw material is a rock mixture
containing limestone rich in CaCO3 and clay or shale (a source of silica, alumina, and Fe 2O3).
Table 2.1 illustrates a typical composition. These materials are quarried and stored separately.
Lime and silica provide the main ingredients of the cement, while iron reduces the reaction
temperature and gives cement its characteristic grey color.
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Table 2.1: Typical composition of starting materials for Portland cement manufacture
Component
Lime
Silica
Alumina
Iron Oxide
Other Oxides
Source: Lyons, 2007

Percentage
68
22
5
3
2

2.1.3.2 Raw material preparation
This is the second stage in the production process. The steps involved in this stage largely
depend on the type of manufacturing process employed. Three main manufacturing processes
have been identified: the wet, dry and semi-dry/wet processes. These terms depend on the state
of the raw materials at the time of feeding into the kiln. Further discussion on the three processes
is given.
i

Dry process

In the dry process (Figure 2.1), the quarried limestone and clay from stage one is separately
crushed to smaller particle sizes, i.e., sizes less than that of a tennis ball. Mineral analysis is then
carried out to ensure both rock samples contain minerals (e.g. Aluminum, Iron etc.) in their
required proportion otherwise minerals are added to either the clay or the limestone to ensure
that the correct amounts are present. The clay and limestone are then fed together into a mill
where the rock is ground until more than 85% of the material is less than 90μm in diameter.

Figure 2.1: Typical composition of starting materials for Portland cement manufacture
8

Source:
ii

Lyons, 2007

Wet process

In the wet process (Figure 2.2), the clay is mixed to form a paste in a wash mill (a tank in which
the clay is pulverized in the presence of water). This step is preceded by adding crushed lime to
the clay paste and the whole mixture further ground together. Any material which is too coarse is
extracted and reground. Finally, the obtained slurry is tested for the correct balance of minerals
with extra ingredients blended in when necessary.

Figure 2.2: Manufacture of Portland cement - wet process
Source:
Lyons, 2007
iii

Semi-dry/wet process

In the semi-dry process, limestone and dry shale powders are blended. About 12% water is added
to the mixture in order to nodularize the blend, which is then precalcined while in the semi-wet
process, limestone is broken down in water and blended into a marl clay slurry. Water content
within the slurry is reduced in a filter press. The resulting filter press is nodularized by extrusion
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onto a traveling preheater grate or reduced in a crusher/dryer to pellets and finally, fed into the
kiln.
2.1.3.3 Clinkering
Clinkering is the third stage in the cement production process. It is the stage that defines the
characteristics of Portland cement. The finely ground material is dried and heated in the kiln to
allow sintering reactions to take place and finally cooled. While heating in the kiln, various
chemical reactions take place to form the major mineral constituents of Portland cement
(Equation 2.1 - 2.4).
CaCO3 ∆ CaO+CO 2 (2.1)
→
2CaO +SiO2 ∆ 2CaO . SiO2 (2.2)
→
2CaO . SiO2 +CaO ∆ 3CaO . SiO2 (2.3)
→
3 CaO . Al 2 O3 +CaO+ Fe2 O3 ∆ 4 CaO . Al 2 O3 . Fe 2 O3 (2.4)
→
Table 2.2: Major mineral constituents and compositions of Portland cement
Compound
Tricalcium silicate
Dicalcium Silicate
Tricalcium Aluminate
Tetracalcium Alumino-Ferrate
Source: Lyons, 2007

Abbreviation
C3S
C2S
C3A
C4AF

Chemical
Formula
3CaO.SiO2
2CaO.SiO2
3CaO.Al2O3
4CaO.Al2O3.Fe2O3

Typical
Composition
55-65%
15-20%
2-10%
2-15%

From Table 2.2, C3S and C3A are the compounds mainly responsible for the strength of cement.
The role of C4AF is to make the cement more resistant to seawater. The composition of Portland
cement chemically controls the performance characteristics of the cement material. Hence,
considerable efforts are made during the production process to ensure that correct chemical
compounds in the correct ratios are present in the raw materials before the materials are
introduced to the steel of dimensions, 60m long inclined at an angle of 1 in 30 (Figure 2.3)
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supported on 3 roller trunnions. The kiln is heated by injecting pulverized coal dust into the
discharge end where it spontaneously ignites due to very high temperatures. The reaction
processes occurring within the kiln are not easily understood due to the wide variations in rawmix chemistry, raw-mix physical properties and kiln operating conditions, and the physical
difficulties of extracting hot materials from the process for investigation before they cool.

Figure 2.3: General layout of a rotary kiln
Source:
en.m.wikipedia.org/wiki/cement_kiln
Approximations about the cement formation process are achieved by breaking down the
reaction processes into a number of simple zones: zone 1, where decarbonation takes place
within the temperature range of 800 - 1100oC with the formation of 3CaO.Al2O3 at temperatures
above 900oC (Equation 2.1); zone 2, where exothermic reactions resulting in the formation of
secondary silicate phases takes place in the temperature range 1100 - 1300 oC (Equation 2.2);
zone 3, where sintering and reaction within the melt to form ternary silicates and tetracalcium
aluminoferrates takes place in the temperature range of 1300 - 1450 - 1300 oC (Equation 2.3 and
2.4); zone 4, where cooling and crystallization of the various mineral phases formed in the kiln
takes place in the temperature range 1300oC to 1000oC.
After the cement is passed through all the processes in the zones highlighted, the
temperature of the clinker (as the fused material is now called) is cooled in a cooler positioned
immediately after the kiln from 1000oC to 150oC. At this point in the process, the materials have
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been formed into all the required minerals to make cement but because it is composed of 1-3 cm
diameter fragments, it becomes too coarse to be used hence, undergoes further milling.
2.1.3.4 Cement milling
This is the last stage in the production process of Portland cement. The resultant clinker from
stage 3 is mixed with gypsum (CaSO4.2H2O), which acts as a set retarder. The mixture is ground
for approximately 30 minutes in large tube mills. The cement flows from the inlet to the outlet of
the mill (a rotating chamber), being first ground with 60 mm then 30 mm diameter steel balls.
The first grinding breaks up the material while the second grinds it to a fine powder. The particle
size of the cement powder is measured by laser diffraction analysis. The process generally is
energy intensive. A typical production process flow chart is shown in Figure 2.4.

Gypsum
Quarrying of Raw Materials
(Limestone & Clay)

Rotary Kiln

Crushing

Preheating

Final grinding

Grinding

Dry mixing and blending

Storage and Packaging

Figure 2.4: Typical Cement Production Process Flow Chart
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Clinker Cooler

2.2

An Overview of Clay

Clay is one of the aluminosilicate sources for the synthesis of geopolymers. In this section, a
general description of clay materials, their characteristics, mineral composition, properties,
structure, occurrence and formation, types and method of mineral characterization is presented.
Focus is given to kaolin which is the main raw material processed and used in this study. In
addition, the processing method for the transformation of kaolin to metakaolin after calcination
at 550 oC-800oC is outlined. Also, the distribution and abundance of the material (kaolin) in
Nigeria is outlined.
2.2.1

Clay

The mineralogy term “clay” is widely used across various disciplines by different producers
(Joseph, 1955 and Lagaly, 2006). It is referred as a “rock” and as a particle in rocks and soils
analysis (Grim, 1953). It is defined by the Joint Nomenclature Committees (JNCs),
Internationale Pour L’Etude des Argiles (AIPEA) and the Clay Minerals Society (CMS) as “a
naturally occurring material composed primarily of fine-grained minerals, which is generally
plastic at appropriate water contents and will harden when dried or fired’’ (Guggenheim et.al.,
1995). Clays are composed of silica, alumina, and water. Frequently, it has appreciable amounts
of iron, alkalies, and alkaline earth (Grim, 1953). It is a basic raw material in many industries,
such as agriculture, ceramics, construction, food processing and the petroleum industry (Joseph,
1955). Clay has been used since prehistoric times in the production of tiles, bricks, porcelain, art
objects, ceramics, and in recent times in the production of geopolymers ( Davidovits, 2002 and
Bih, 2016).
Among the factors that control the properties of clay materials are clay-mineral
composition, nonclay-mineral composition, organic material, exchangeable ions and soluble
salts, and texture (Grim, 1953). Organic materials in clay are typically in the form of wood
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particles, leaves, or organic molecules adsorbed on the surface of the clay-mineral particles.
Soluble salts here refer to water-soluble salts which are entrained in the clay at the time of
accumulation or developed as a consequence of weathering or alteration processes. The textural
factor refers to the particle size distribution of the constituent particles, shape, and orientation of
the particles in space and with respect to each other, and the forces binding them together.
2.2.2

Structure of Clay Minerals

Numerous investigations are reported on the basic structure of clay minerals. Such investigations
are based on the structure of micas and related layer minerals (Pauling, 1930). Two structural
units are identified to be a part of atomic lattices of most clay minerals: (1) Consist of two sheets
of closely packed oxygens or hydroxyls in which aluminum, iron, or magnesium atoms are
embedded in octahedral coordination, so that they are equidistant from six oxygens or hydroxyls
(Figure 2.5).

Figure 2.5: Diagrammatic sketch showing single octahedral unit and sheet structure of
octahedral units
Source:
Grim, 1953
(2) A unit of silica tetrahedrons in which a silicon atom is equidistant from four oxygens,
or hydroxyls (for balance purpose) arranged in the form of a tetrahedron with silicon atom at the
center (Figure 2.6).
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Figure 2.6: Diagrammatic sketch showing single silica tetrahedron and sheet’s hexagonal
network
Source:
Grim, 1953.
2.2.3

Classification of Clay Minerals

Grim (1955), classified clay minerals into amorphous and crystalline forms. The amorphous
form is referred to as the allophane group. The crystalline form is further divided into the twolayer type sheet structures. The first is composed of units: a layer of silica tetrahedrons and a
layer of alumina octahedrons. Examples are the kaolinite (Figure 2.7a), nacrite and halloysite.
The second is a three-layer type sheet structure composed of two layers of silica tetrahedrons and
one central dioctahedral or trioctahedral layer. Examples are montmorillonite (Figure 2.7b),
sauconite, vermiculite, nontronite, saponite, hectorite, illite, chlorite, attapulgite, seppiolite and
palygorskite.

(b)

(a)

Figure 2.7(a): Diagrammatic sketch of the structure of kaolinite
(b): Diagrammatic sketch of the structure of montmorillonite
Source:
Grim, 1953.
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2.2.4

Formation of Clay Minerals

Typically, clay minerals are formed through a range of processes which involves at one extreme
the action of compressed water vapor (hypogene processes) at temperatures of several hundred
degrees centigrade, and at the other extreme, the action of atmospheric agencies (supergene
processes) at ordinary temperature [ CITATION Pau55 \l 1033 ]. In the hypogene processes,
gases, vapors, or solutions force their way upward through rocks of the earth’s crust. As a result,
some materials are removed from the crustal rocks including alumina, silica, alkali or alkaline
earth elements, and iron. These materials are transformed into clay minerals at a temperature
ranging from slightly below 100oC to about 450 oC in an acidic, neutral or alkaline environment
depending upon the type of the invaded rocks and acidity of vapors emanating from magma.
Supergene processes, on the other hand, are processes by which clays are formed on or near
surfaces. According to Kerr (1955), the formation of clay minerals by either hypogene or
supergene action, followed by the removal, transportation and redeposition at a new site involves
many features that should receive further scrutiny particularly the extent to which the alteration
or direct precipitation of clay minerals occur in the cycle.
In general, two types of clay deposits exist, the primary and secondary clay. Primary
clays are formed as residual deposits in soil and remain at the site of formation, while secondary
clays, on the other hand, are transported from their original location by water erosion and
deposited in a new sedimentary position.
2.2.5

Identification of Clay Minerals

The identification of the minerals in a clay material is needed to enable the use of the clay for a
specific application. X-ray powder diffraction (XRD) analysis is the basic technique used to
characterize clay minerals (Moore & Reynolds, 1989). The procedure often includes first,
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preliminary removal of sand followed by separation of clay from silt by centrifugation or
sedimentation from suspensions. X-ray diffraction patterns are obtained for air-dried samples
and, in the case of oriented aggregates, samples are treated with ethylene glycol vapor or heated
to 350 and 550 °C. The obtained diffraction patterns are compared with standards (Grim, 1968;
Thorez, 1975; Brindley & Brown, 1980; JCPDS, 1981). Although comparisons are complicated
and subject to a variety of errors, approximate quantification of mineral abundance in samples
containing several minerals is possible (Starkey et al., 1984; Salt, 1985).
2.3

Kaolin

Kaolin is a clay containing 10-95% of the mineral kaolinite (Kambai, 2014). It is commonly
referred to as China clay with the name derived from the word ‘’Kau-Ling’’ named after a hill
near Jau-chau Fu, China, where kaolin was first mined (Sepulveda et al., 1983). Kaolin is a soft,
white, greyish-white color clay, sometimes slightly colored. It is made up of flexible sheets of
triclinic crystal that are tiny, thin and pseudohexagonal with its crystal diameter in the range of
0.2-12 µm and density 2.1-2.6 g/cm3 (Grim, 1968). Kaolinite which is a hydrous aluminum
silicate with approximate composition Al2Si2O5 (OH)4, is the major mineral constituent of kaolin
(Grim, 1968). Kaolinite has 1:1 uncharged dioctahedral layer structure (Ming et al., 2016). In
addition to this major mineral component, traces of quartz, mica and less frequently, feldspar,
illite, montmorillonite, ilmenite, anatase, haematite, bauxite, zircon, rutile, kyanite, sillimanite,
graphite, attapulgite, and halloysite may be found in kaolin depending on how the kaolin was
formed (Patterson & Murray, 1975; WHO, 2005). Davidovits (2008) primarily used kaolinite as
the source of aluminosilicate oxide to synthesis geopolymers. Kaolinite provides a structureforming species to the overall geopolymerization process (Xu and Van Deventer, 2002).
2.3.1

Formation of Kaolin
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Kaolinite is formed mainly by the decomposition of feldspars (potassium feldspars), granite, and
aluminum silicates (Grim, 1968). The formation of kaolin occurs in two ways (Grim, 1968): (1)
Crumbling and transformation of rocks due to the effects of climatic factors and (2)
transformation of rocks due to hydrothermal effects.
2.3.2

Processing Kaolin

Large quantities of kaolin are mined and produced worldwide. It is usually removed from the
mines in large moist lumps. Two main methods are used to refine natural clay. These are the dry
process, and the wet process. In the dry process, the clay is dried, pulverized, and then carried by
currents of hot air into a classification chamber, from which a stream of finely powdered kaolin
emerges. The dry process is also known as the air flotation method. In the wet process, the crude
clay is mixed with water and vigorously agitated. The individual kaolin particles separate from
each other and suspend in water. Water is removed using different procedures (WHO, 2005).
Because of the varying composition of raw kaolin and different uses, it generally requires
processing to acquire characteristics suited to specific industrial needs.
2.3.3

Applications of Kaolin

Kaolin has applications in the production of paint, paper, landfill liner, ceramic, porcelain, and
rubber. It also serves as a component of fiberglass and mineral wool and a catalyst in oil and gas
refining process. In this work, kaolin was used as the raw material for metakaolin synthesis for
the production of geopolymers.
2.3.4

Distribution of Kaolin in Nigeria

Kaolin deposits are widely spread in Nigeria. Almost every state in Nigeria has at least one
known deposit of kaolin. The three most extensively studied deposits are the Ozubulu deposits in
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Anambra state, Kankara deposits in Katsina state and Porter deposits in Plateau state. Table 2.3
presents the location of kaolin deposits in Nigeria and their estimated reserve.

Table 2.3: Location of kaolin deposits in Nigeria
S/N States

Locations

Estimated Reserve

1.

Abia

2.

Akwa-ibom

3.

Anambra

4.

Bauchi

5.
6.
7.
8.
9.

Benue
Borno
Crossriver
Delta
Edo

Umuahia, Ikwuano, Isiukwato,
Nnochi
Ibiaku,ntok okpo,mbiafum,ikot,
Ekwere .etc
Ozubulu, Ukporo, Ekwusigo, Nnewi,
Ihiala, Njikoka, Aguata, Anambra etc
Alkaleri, Ganjuwa, Darzo, Misua,
Kirfi, Damban
Apa, Ogbadibo, Okpokwu, Vandikya
Maiduguri[gongulon]bui,damboa
Alege, Betikwe, Mba, Bbuabong
Aniocha, Ndokwu
All part of the state

10.

Enugu

11.
12.
13.

Ekiti
FCT
Imo

14.
15.

Kaduna
Kano

16.

Katsina

17.

Kebbi

18.
19.

Kogi
Nasawara

Kachia Manaraba-Rido
Rabo,Bichi,Tsanyawa,dawakin
Tofa,Gwarzo
Kankara, Dustsenma, Safana, Batsari,
Ingawa, Musawa, Malumfashi
Danko, Zuru, Giru, Dakin gari, Illo,
Kaoje
Abgaja
Awe, Keffi

20.

Niger

Lavun gbako, Bida, Patigi, Kpaki

21.

Ogun

Ibeshe, Bamojo, Onibode, Abeokuta

Not yet qualified

22.

Ondo

23.

Osun

24.

Oyo

Abusoro, Ifora Ewi Ode-aya,
Okitipupa, Omifun-fun
Irewole, Ile-ife, Ede, Odo otin, Ilesa,
Iwo
Tede, Ado-awaye

Not yet quantified

25.

Plateau

Small scale exploitation.

20 million tones

Partial exploitation is being
carried out
Commercial exploration

Large
Large

More investigation required
Yet to be exploited
Yet to be exploited

Uzo Uwani, Nsukka south, Udi,River
oji Enugu
Usan-ekiti, Omi-Alfia, Ikere Ekiti
Kwali,Dongara
Ehime, Mboano, ahiazu mbaise,
orlu,Ngor-okpalla, okigwe,Oru

Major Porter Nahute, Barkin-ladi,
Mangu, Kanam

Small scale mining activities
at Nsukka.
Small scale mining in some
of the sites.
5.5 million tons
Not available

Partial exploration
Not available

20 million tones

Exploitation by RMRDC/

Not yet quantified

45,000 metric tones

20 million tones
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Remark

Exploitation at small scale
level
Partial exploitation is carried
out
Partial exploitation

Commercial exploration

26.

Yobe

Fika[turmi]

Source: RMRDC survey report, 2003.

2.4

Metakaolin

Metakaolin is an anhydrous aluminosilicate produced by the thermal decomposition of kaolin
under carefully controlled conditions (Ming et al., 2016). It has been used as a pozzolanic
additive for cement as it improves mechanical strength and other properties (Palomo et al.,
1999). However, in recent years, some researchers have used it as a silica and alumina source for
the synthesis of geopolymers (Xiao et al., 2009; Davidovits, 2013; Rashad, 2015; Wang et al.,
2017). Upon heat treatment of kaolin at temperatures greater than 500°C, the kaolin molecule
loses hydroxyl ions to form disordered metakaolin structure. The following reactions steps occur.
Between 100-200˚C, kaolinite clay-mineral Al2Si2O5(OH)4, lose most of its physical adsorbed
water. At 500 - 900˚C temperature range, metakaolin is formed (Equation 2.5) (Damilola, 2013;
Rashad, 2015; Lagaly, 2006b). The exact temperature for the formation of metakaolin depends
on the type and origin of starting kaolin clay and heat treatment time. Most researchers have
reported an optimum calcination temperature of 700 ˚C for a period of 1h to 12h (Rashad, 2015).
Differences in the calcination time may be related to metakaolin chemical composition.
OH
¿
¿
Al 2 Si 2 O5 ¿
kaolin

Metakaolin

The metakaolin reaction product, Al2Si2O7 (Equation 2.5) is an amorphous
aluminosilicate. Once metakaolin is formed, it cannot rehydrate to kaolin in the presence of
water (Ming et al., 2016).
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2.5

An Overview of Geopolymers

This research work is focused on the application of geopolymers as an alternative material to
Portland cement. This section provides a brief overview on geopolymers. It begins by giving a
general description of geopolymers, followed by its historical development, chemistry, structure,
and formation mechanism. The section concludes with reviews on metakaolin-based
geopolymers with a focus on the effects of the nature and concentration of alkali hydroxide,
alkaline reactant ratio, the proportion of raw materials, curing conditions and influence of
additives on the compressive strength and microstructure of the geopolymers. Also captured in
this section are the characterization techniques available for geopolymers.
2.5.1

Geopolymers

The term ‘geopolymer’ refers to inorganic polymers formed by mixing aluminosilicate,
concentrated alkaline hydroxide, and alkaline silicate (Davidovits, 2015b). The term was coined
by Davidovits in the 1970’s (Davidovits, 1994) and considered as a third-generation cement after
lime and Portland cement. The term ‘Geo’ relates to the inorganic aluminosilicate based
geological materials which reacts with alkaline solution to form binder through polycondensation
reaction. The term ‘polymer’ relates to the similarity of the geopolymer structure to organic
polymers. Geopolymers have also been described by other researchers as ‘mineral polymers’,
‘inorganic polymer glasses’, ‘hydroceramics’, ‘alkali-bonded ceramics’, alkali ash material’, and
‘soil cements’. The different nomenclature together describes materials synthesis using
chemistry. A variety of aluminosilicate sources such as fly ash, blast furnace slag, and
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metakaolin, are the commonly used aluminosilicate precursors (Provis and van Deventer, 2009).
The reactivity of the solid raw materials in the production of geopolymers depend on their
chemical make-up, morphology, mineralogical composition, finess, and glass phase content.
Geopolymers were originally developed as fire-resistant materials which serve as
alternative materials to organic thermosetting polymers. They were typically used in Europe
following a series of fires. Currently, they serve as a new class of material for coatings,
adhesives, fiber composites and cement materials (Provis and van Deventer, 2009; Davidovits,
2015b).
2.5.2

Structure of Geopolymers

Geopolymers are built of SiO4 and AlO4 tetrahedral units that are alternately linked to polymeric
precursors by sharing oxygen atoms (Figure 2.8). Al is in the IV-fold coordination (Ming et al.,
2016). Neutrality of the structure is achieved by charge-balancing with cations such as Na +, K+,
Li+, Ca2+, Ba2+, NH4+, H3O+ as depicted in Figure 2.8 of the Davidovits model and having a final
structure which is amorphous to semi-crystalline.

Figure 2.8: Davidovits’ model of geopolymer structure
Source:
Davidovits, 1988
As proposed by Davidovits, geopolymer structures are categorized into three basic forms
depending on the Si/Al ratios (Figure 2.9): poly(silate) with a ratio of 1.0, poly(silate-siloxo)
with a ratio of 2.0, and poly(silate-disiloxo) with a ratio of 3.0 (Davidovits, 1994). The empirical
22

formula for these geopolymers is given by

SiO 2
¿
where M represents cation such as Na+, K+,
¿
M n {−¿

or Ca2+; n is the degree of polycondensation; z the Si/Al molar ratio (e.g. 1, 2, 3) and w the
amount of bound water.

Poly(sialate)
(-Si-O-Al-O-), Si:Al = 1

Poly(silate-siloxo)

Poly(silate-disiloxo)

(-Si-O-Al-O-Si-O), Si:Al = 2

(-Si-O-Al-O-Si-O), Si:Al = 3

Figure 2.9: Basic forms of geopolymer structures
Source:
Davidovits, 1994.
2.5.3

Geopolymer Formation and Reaction Mechanism

Geopolymers are made by the reaction of a solid aluminosilicate powder with mixtures of alkali
hydroxide/alkali silicate. The reaction is an exothermic process that transforms rapidly, partially
or totally amorphous aluminosilicates into three-dimensional polymeric networks. To develop a
stable geopolymer, the source materials are recommended to be amorphous and possess
sufficient reactive glassy content, low water content and be able to release aluminum easily
(Singh et al., 2015). Alkaline reactant solution such as the mixture of hydroxide (NaOH or KOH)
and silicate solution (Na2SiO3 or K2SiO3) are the commonly used. Compared to NaOH, KOH has
shown a greater level of alkalinity although NaOH possesses a greater capacity to liberate silicate
and aluminate monomers (Duxson et al., 2007). The mechanisms governing the
geopolymerization reaction process is yet to be fully understood. It is one of the challenging
fields to study. However, most researchers in this field agree that the reaction mechanism
involves the key processes as outlined in the model of Figure 2.10.
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Figure 2.8: Geopolymerization Reaction Mechanism
Source:

Pouhet, 2015.

As shown in the model (Figure 2.10), the geopolymerization reaction involves the
dissolution of Al and Si species from the surface of aluminosilicate source to form Si(OH) 4 and
Al(OH)4- precursors, restructuring and rearrangement of aluminosilicate precursors to a more
stable state (gel) and finally, polymerization and precipitation of the system i.e. the condensation
of mono silicates and mono aluminates to form Si-O-Si and Si-O-Al. Under highly alkaline
conditions, polymerization takes place, reactive aluminosilicates are rapidly dissolved and free
(SiO4)- and (AlO4)- tetrahedral units are released in solution. These tetrahedral units are
alternatively linked to the polymeric precursor by sharing oxygen atoms, thus forming Si-O-Al–
O polymeric bonds.
During the geopolymerization process, water is released which in turn is consumed
during dissolution. This water provides workability to the mixture during handling which is in
contrast to the chemical reaction of water in Portland cement mixture during the hydration
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process. The reaction that occurs during the geopolymerization process is shown in Equation 2.6
and 2.7.
O2
Si 2 O5 . Al 2 ¿
¿
4−¿ (2.6)
¿
−¿ → Si ( OH )4 + Al ( OH )
¿

−Si−O− Al−O−¿n +4 H 2 O(2.7)
4−¿ → ¿
Si (OH )4 + Al ( OH )¿
2.5.4

Properties of Geopolymers

Geopolymers have excellent physical and mechanical properties. These include low density, high
mechanical strength, good chemical, fire and thermal resistance (Ming et al., 2016). The bulk
density of geopolymers has been reported to be in the range of 1.20 g/cm 3 and 1.80 g/cm3,
making possible the production of lightweight materials (Ming et al., 2016). Curing condition
and synthesis parameters like the type of geopolymer, nature of alkali metal silicate, and
concentration of alkali, are some of the factors that determine the bulk density of a geopolymer.
As reported by Rovnanik (2010), increasing curing temperature results in decreased bulk density.
Furthermore, geopolymers set and harden within 24 hours although the setting time is
significantly dependent on the curing temperature. The higher the temperature, the faster the
geopolymer set. A short set time of 4 hours at curing temperature of 40°C has been reported by
De Silva et al. (2007). In addition, geopolymers have shown high compressive strength values of
70-100MPa (Davidovits, 1994). High strength is related to the ease of dissolving source
materials to generate more aluminosilicate species needed for geopolymerization process. The
strength of gel phase, amount of gel phase formed, and amorphous nature of the reaction
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products are some of the factors that control the strength of geopolymers (Duxson et al., 2007).
Geopolymers also have excellent thermal stability and low with shrinkage (~2%) during curing.
Stability has been observed up to 1000–1200°C (Davidovits, 1988; 1994b; 2002b). They are
stable are in acidic and alkaline media (Davidovits, 1994c, Palomo et al., 1999).
In general, to optimize the properties of geopolymers, proper selection of raw materials,
correct mix and processing parameters designed to suit a particular application must be
considered (Duxson et al., 2007).
2.5.5

Characterization of Geopolymers

The following analytical methods are used to characterize geopolymers. These are X-Ray
diffraction (XRD), Fourier Transform Infrared (FTIR), Scanning Electron Microscopy (SEM)
and Thermogravimetric Analysis (TGA) (Rosas-casarez et al., 2014).
X-Ray diffraction (XRD) analysis is used to study and identify newly formed phases,
define the degree to which starting materials have reacted and assess the extent of crystallinity of
the final geopolymer product. Studies have revealed that geopolymers are completely amorphous
to X-ray diffraction (XRD). Typically, they show a diffuse halo peak at about 27° to 30° twotheta angles (Davidovits 1994b, 1994d; Lecomte et al., 2003; Lizcano et al., 2012).
FTIR analysis (functional group identification) is considered as a method appropriate for
studying the structural evolution of geopolymers. It provides information on vibrations due to
small structural changes. The infrared absorption bands enable identification of specific
molecular components and structures. Characteristic absorption band between 900 and 1100 cm1

, corresponding to the asymmetric stretching of Si–O and Al–O bonds have been observed for

geopolymers (Rovnanik, 2010; Rosas-casarez et al., 2014). They also show a peak at 720cm-1

26

which is attributed to the Si-O-Si/ Si-O-Al stretching (Alonso and Palomo, 2001a; 2001b). Other
absorption bands appear at 560 cm-1 and 690–440 cm-1 attributed to tetrahedral aluminum
stretching bands and Si-O-Si/ Si–O-Al bending vibrations respectively (Rovnanik, 2010).
Scanning electron microscopy (SEM) allows monitoring of geopolymer development
over time. The strength of geopolymers is closely related to the density and porosity of the
structure. In general, low porosity, high density, and fine-grained microstructure contribute to
high strength geopolymers (Stevenson and Sagoe-Crentsil, 2005).
Thermogravimetric analysis (TGA) is used to characterize the water loss due to heating.
2.6

Reviews on Metakaolin-Based Geopolymers

Among the geopolymers formed from different aluminosilicates, metakaolin derived
geopolymers offer consistent and predictable properties. However, during processing, it develops
plate-shaped particles, morphology lead, which leads to rheological problems. The metakaolinbased geopolymers require more water during processing (Singh et al., 2015).
The properties, and microstructure of metakaolin-based geopolymer is influenced by
multiple factors such as the particle size, chemical composition, quantity of reactive phases, type
of alkali and metal silicate, alkali concentration, initial solid or liquid content, the proportion of
raw materials, curing conditions, fillers or additive content, and water content. Some of these
factors are discussed further below.
2.6.1

Effect of Alkali Concentration

NaOH and KOH have been used as the alkalis for metakaolin geopolymer production. The
concentration of these alkalis significantly influences the physical and mechanical properties of
metakaolin-based geopolymers. It is among the most important factors for geopolymer synthesis.
It determines the number of ions and controls the metakaolin aluminosilicate dissolution process
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(Xiao et al., 2009). Studies have shown that increasing the concentration of NaOH in metakaolin
geopolymers in the range 4-12M increases the strength of geopolymers (Ming et al., 2016). For
geopolymers synthesized with low sodium content, OH - ion will be insufficient to completely
cause the dissolution of aluminosilicate to Si 4+ and Al3+ ions. There insufficient Na+ or k+ ion
causes incomplete geopolymerization.
Despite the need for a sufficient amount of alkalis in the geopolymerization, excess alkali
can lead to detrimental consequences such as efflorescence and the release of alkali gel on the
geopolymer surface (Pouhet, 2015). According to Zuhua et al. (2009), 9M was recorded as the
optimum NaOH concentration to produce metakaolin geopolymers. Above this value, the
polymerization reaction was observed to be undesirable. It was also reported in a study by
Alonso and Palomo (2001) who examined the effect of 10-18M NaOH concentration on
metakaolin geopolymers in the presence of calcium hydroxide. They reported that increasing the
NaOH concentration above 10M induces delays in the polymerization process. The higher
concentration causes an increase in the number of dissolved species which reduces the contact
between polymerized species. Wang et al. (2005), in their synthesis and study of the mechanical
properties of geopolymers of metakaolinite reported that a higher concentration of NaOH
solution (4-12M being studied) provides better dissolving ability to metakaolinite with more
reactive bond for monomers and increased inter-molecular bond strength of geopolymers. They
also revealed that the content of formed amorphous phase in the geopolymer increased along
with an increased concentration of NaOH. Furthermore, in their work, the mechanical properties
of the synthesized metakaolinite based geopolymers were greatly dependent on the concentration
of sodium hydroxide solution. The increase in the concentration resulted in an increase in the
geopolymer’s compressive strength. Using KOH as the alkali, García-Mejía and Lourdes
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Chávez-García (2016), investigated the influence of 8 and 12M KOH concentration on the
compressive strength of metakaolin-based geopolymers. It is unclear whether high alkali
concentrations improve the geopolymerization process. However, there is evidence that shows
that high concentrations may be detrimental. In their study, the best performance condition was
achieved when the KOH concentration was 12M.
2.6.2

Effect of Alkali Reactant Ratios

To produce geopolymers, the proportion of Na 2SiO3 to NaOH in the alkaline solution is
paramount. It determines the rate and extent of geopolymerization reaction (Rahier et al., 2007).
NaOH acts as an aluminosilicate dissolvent while Na 2SiO3 acts as a binder in the
geopolymerization process. Previous studies have shown wide range use of different
Na2SiO3/NaOH ratios in the study of metakaolin-based geopolymers. Na2SiO3/NaOH ratio of
0.24 was recommended by Wang et al. (2005) as the optimum for metakaolin-based
geopolymers. The ultimate compressive strength achieved using this ratio was 59 MPa. On the
other hand, Pelisser et al. (2013) in their quest to contribute to the development of geopolymers,
characterized the mechanical and micro and nano mechanical properties of metakaolin-based
geopolymer through evaluation of the effect of the Na2OSiO2/NaOH molar ratios. 1.0, 1.6 and
2.2 Na2SiO3/NaOH ratios representing a higher range of alkaline reactant ratios were used in
their study. Presented in Table 2.4 is the metakaolin composition. Samples showed maximal
performance of 64 MPa with a ratio of 1.6 after 7 days of curing and 57 MPa after curing for 28
days. However, they measured a lower strength value ~32MPa for porous geopolymer matrix
with a Na2OSiO2/NaOH molar ratio of 1 (Figure 2.11).
Table 2.4: Chemical Composition of Metakaolin Sample Used (Pelisser et al., 2013)
Component

Al2O3

SiO2

Fe2O
3
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CaO

MgO

K2O

Na2O TiO2

LOI

Content (%)

45.20

53.40

0.43

0.03

0.01

0.41

-

-

0.40

Figure 9.11: Compressive strength versus Na2OSiO3/NaOH ratio
Source:
Pelisser et al., (2013)
Alkali reactant ratio can also be expressed in terms of SiO 2/Na2O molar ratio. To achieve
a high strength and durable geopolymer, Davidovits (1999) suggested the use of SiO 2/Na2O ratio
for alkaline reactant of 1.85.
In general, increasing the alkali reactant ratio leads to an increase in the strength of
geopolymers. However, at certain high ratios, the workability of such geopolymer paste may
become limited with a substantial drop in its strength (Ming et al., 2016). Pinto (2004) observed
that as metakaolin, geopolymers could hardly be mixed at a ratio lower than 0.85. This may be
due to the viscous nature of liquid Na2SiO3 which results in the formation sticky geopolymer
paste. It is therefore important that the selection of alkali reactant ratio be optimized to get the
right geopolymer mixture. However, on economic reasons, it must be noted that NaOH pellet is
cheaper than liquid Na2SiO3 or Na2SiO3 pellet hence, in the synthesis of geopolymers, lower
alkali reactant ratio that maintains good geopolymer properties including strength product is
recommended.
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2.6.3

Effect of Solid/Liquid Ratios

Solid and liquid content in geopolymer formation represents the aluminosilicate and alkali
reactant respectively. The importance of solid/Liquid (S/L) ratio cannot be overemphasized as it
governs the solid-liquid mass needed for homogeneous mixing which in turn could affect the
geopolymer formation process, and the ultimate strength of the final geopolymer product (Ming
et al., 2016). According to research conducted by Xiao et al. (2009) on geopolymerization
process of alkali-metakaolinite, S/L ratios above 2.0 were observed to result in metakaolin
geopolymers with low workability while at low values of S/L ratio, geopolymerization reaction
seemed to be delayed. An S/L ratio of 0.8 was recommended by Kong et al. (2007) as the
optimum for metakaolin-based geopolymers. Kang et al. (2013), on the other hand, studied the
effects of solid-to-liquid (S/L) ratios in the range of 0.97 to 1.19 and nano-SiO 2 percentages (0%
to 3%) on some properties of metakaolin-based geopolymers. In their work, the setting time and
compressive strength were investigated. High compressive strength was obtained when the S/L
ratio was 1.03. Early strength developed rapidly, and later strength developed steadily. When the
amounts of 0%, 1%, 2%, and 3% nano-SiO 2 were added, the compressive strength of
geopolymers were 43.7 MPa, 68.4 MPa, 59.5 MPa, and 49.2 MPa at 60 days respectively.
2.6.4

Effect of Si, Al, Na or K and H2O Molar Ratios

In a geopolymer system, the Si, Al, Na or K and H2O content are important as it affects the
properties of geopolymers produced. The Si content is given by the aluminosilicates and Na2SiO3
solution while Al content is supplied by the aluminosilicates only. Na or K, on the other hand, is
contributed by NaOH or KOH and Na 2SiO3 or K2SiO3 solution. H2O content is from Na2SiO3 or
K2SiO3 and NaOH or KOH solution and free water added during the mixing process. The Si, Al,
and Na or K contents in a geopolymer control the amorphous-crystalline phase transformation
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(Ming et al., 2016). Varying the mixing parameters in the synthesis of a geopolymer (alkali
concentration, Na2SiO3/ NaOH ratio, and S/L ratio) produces different atomic or oxide molar
ratios in geopolymer systems such as SiO2/Al2O3, Na2O/Al2O3, H2O/Na2O, and Na2O/SiO2. The
most important ratios among all are SiO 2/Al2O3 and Na/Al ratios. The SiO2/Al2O3 ratio has great
influence on the dissolution, hydrolysis and condensation reaction of geopolymers. According to
Davidovits (1982), to obtain a high strength and durable geopolymer product, the recommended
composition should have the following ratios: SiO2/Al2O3 (3.50-4.50), Na2O/Al2O3 (0.80-1.20),
H2O/Na2O (15-17.50), and Na2O/SiO2 (0.20-0.28). He concluded that the ideal Na2O/Al2O3 and
SiO2/Al2O3 ratios are about 1.00 and 4.00, respectively. Most researchers from previous studies
have reported the optimum SiO2/Al2O3 ratios to be in the range 3–3.8, which is slightly lower
than that proposed by Davidovits. Silica content has a significant effect on the mechanical
strength of geopolymers while alumina content controls the setting of geopolymers (Dimas et al.,
2009; Xiao et al., 2009; Ming et al., 2016). De Silva et al. (2007) studied the role of Al 2O3 and
SiO2 on the geopolymerization process of metakaolin-based geopolymers. They reported that an
increase in SiO2/Al2O3 ratios from 2.50 to 3.81 increased the early strength of metakaolin-based
geopolymers. In their study, the following ratios were used. H 2O/Na2O ratio was13.6. SiO2/Al2O3
ratio was 3.00–3.81 and Na2O/SiO2 ratio was 1. The geopolymer compressive strength was
22MPa.

Rowles et al. (2003), studied the compressive strength of metakaolin-based

geopolymers synthesized using sodium silicate solutions. The geopolymer with 1-3 Si/Al ratio,
0.5-2 Na/Al ratio were synthesized and cured at 75 °C for 24 hours. After 7 days of curing, the
highest compressive strength of 67 MPa was measured. Further, their results showed that the
compressive strength of the geopolymers depends on the amounts of Na, Si, and Al. Steveson
and Sagoe-Crentsil (2005) obtained the maximum compressive strength of 47 MPa with
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SiO2/Al2O3 ratio between 3.0–3.9. This is about doubled the compressive strength as reported by
De Silva et al. (2007). Furthermore, the study of Steveson and Sagoe-Crentsil (2005) showed
that the compressive strength increased consistently with the transformation of microstructure
into finer, denser and more intervening geopolymer matrix. It must be stated however that in
their study they used low H2O/Na2O ratio ~12 and higher Na2O/Al2O3 ratio ~1.2. The work of
Pouhet (2015) on metakaolin-based geopolymer showed that it is viable to use this geopolymer
formulation as a binder for mortar with optimal formulation parameters corresponding to the
molar ratios: SiO2/Al2O3 of 3.6, Na2O/Al2O3 of 0.9, and H2O/Na2O of 14.5. Kamalloo et al.
(2010) studied the effect of these molar ratios: R2O/Al2O3 (where R is Na or K), SiO2/Al2O3,
Na2O/K2O and H2O/R2O and modeled the compressive strength of metakaolin-based
geopolymers using the artificial neural network (ANN). They gathered data from literature and
experiments and employed it in their research. Results obtained revealed that the optimized
condition of SiO2/Al2O3, R2O/Al2O3, Na2O/K2O, and H2O/R2O molar ratios to achieve high
compressive strength metakaolin geopolymers should be 3.6-3.8, 1.0-1.2, 0.6-1, and 10-11
respectively. The highest compressive strength value in their work was ~ 80MPa.
In summary, the contents of Si, Al, and Na or K of metakaolin-based geopolymers affect
significantly its final properties. Even though most researchers varied the initial composition of
their metakaolin geopolymer mixture, the extent of reaction will determine the final properties.
Most research works supported that the synthesis of metakaolin-based geopolymers is restricted
to a certain range of Si, Al, and Na or K contents.
2.6.5

Effect of Curing Temperatures

Adequate curing of geopolymer is essential to achieve geopolymers with better mechanical
properties (Komnitsas et al., 2007). From the study conducted by Kong et al. (2008) on the
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performance of metakaolin geopolymers exposed to elevated temperatures, heat was observed to
be beneficial to geopolymers as it increases the reaction rate by accelerating the dissolution of
silica and alumina species from aluminosilicates as well facilitated the polycondensation process
and hardening of geopolymer matrix. The curing of geopolymers is mostly done at ambient or
slightly higher temperature after mixing. Most researchers agreed on the use of temperature less
than 100oC (Ming et al., 2016), with regard to the range for curing temperatures ~60-95 oC,
Davidovits (1982). Various researchers have examined the influence of curing temperature on the
strength development of metakaolin-based geopolymers. Rovnanik (2010), investigated the
effect of curing temperatures of 10, 20, 40, 60 and 80oC and time on the compressive strength
and pore distribution of metakaolin-based geopolymer mortars. Alkaline silicate solution with
(SiO2/Na2O) of 1.39 was used in the study. The results of the study showed that the treatment of a
fresh mixture metakaolin geopolymer at higher temperature accelerated the strengths
development of geopolymer samples. The reference mortar cured at an ambient temperature
reached the compressive strength 62MPa after aging for 28days while the specimens that were
cured for two or more hours at a high temperature of ~ 50°C reached their final strength in 3
days with the values about 50MPa. Based on a study by Xiao et al. (2009), curing from 20°C up
to 50°C favored the reaction rate of the geopolymerization process. Ambient temperature curing
was observed to be very slow whereas curing at 50°C did not favor strength development
probably due to the rapid formation of geopolymer structure on the particle surface which
hinders further dissolution of aluminosilicates. The optimum curing temperature in his study was
35°C.
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Rovnanik (2010) studied the effect of curing temperature on the development of the
structure of metakaolin-based geopolymer. They explained that curing at elevated temperatures
enhanced the formation of large pores which negatively affected the strength of geopolymers.
Table 2.5: Chemical Composition of Metakaolin Sample Used (Rovnanik, 2010)
Component

Al2O3

SiO2

Fe2O3

CaO

MgO

K 2O

Na2O

TiO2

LOI

Content (%)

40.94

55.01

0.55

0.14

0.34

0.60

0.09

0.55

1.54

Figure 2.10: Development of compressive strength of MK
Source:
Rovnanik, (2010)
Despite increasing geopolymer strength with increasing curing temperature, deterioration
in geopolymer strength may occur if the temperature is too high or if the period of exposure is
too long. High curing temperature contributes to high early strength, yet might deteriorate longterm strength (Ming et al., 2016). Therefore, an appropriate curing regime must be used for
proper dissolution and condensation of silica and alumina species in geopolymer synthesis. An
inappropriate curing regime (extremely low or high temperature) could cause an adverse effect
on the mechanical properties of the geopolymers formed.
Finally, the geopolymer curing temperature is interrelated with the type and concentration
of alkaline reactant solution in determining the strength of geopolymers. Thus, curing
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temperature and time of geopolymers must be matched appropriately with the geopolymer source
material and alkali reactant solution during geopolymer synthesis.
2.6.6

Effect of Blast Furnace Slag on Metakaolin-based Geopolymers

Yunsheng et al. (2010) tested the mechanical strength of metakaolin/slag geopolymer mortars.
NaOH and sodium silicate solution with the SiO 2/Na2O molar ratio of 3.2 were used as alkaline
reactants. The ratios by weight of metakaolin/slag examined were 100/0, 90/10, 70/30, 50/50 and
30/70. The specimens were cured at 20ºC and at 100% relative humidity for 28 days. The results
showed that the geopolymer mortar containing 50% slag gave the highest compressive strength
of 65MPa followed by 70% slag and followed by 30% slag. The composition of the raw
materials and result is given in Table 2.6 and Figure 2.13 respectively.
Table 2.6: Chemical Composition of Starting Materials (Yunsheng et al., 2010)
Type
of
Materials

Raw

Al2O3

SiO2

Fe2O3

CaO

MnO

TiO2

K 2O

P2O5

MgO

SO3

LOI

Metakaolin

26.91

62.97

2.62

0.60

0.01

1.24

0.18

0.74

-

-

4.44

Slag

34.20

14.20

0.43

41.70

0.30

1.07

-

-

6.70

1.47

1.02

Figure 2.11: Effect of slag replacement percentages on compressive
Source:
Yunsheng et al., (2010)
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2.6.7

Effect of Parawood, Oil Palm Ash and Liquid–Crystal Display Wastes on Metakaolin-

Based Geopolymers
Hawa et al. (2014), carried out experimental tests to identify the optimum mix of metakaolin
(MK) geopolymer mortars needed to achieve high early compressive strength. In this work, the
compressive strength, drying shrinkage of MK based geopolymer mortar samples containing
Parawood ash (PWA) and oil palm ash (OPA) were investigated. The alkaline solution used was
a mixture of sodium silicate to sodium hydroxide in a weight ratio of 2.5:1. Thirteen geopolymer
mortar formulations containing PWA and OPA were prepared and their compressive strengths
measured after 2, 6 and 24 hours at 7 and 28 days curing. The highest compressive strength ~62
MPa was achieved from a sample having OPA (5%) and after curing for 2 hours at 80°C. (Figure
2.14). Shown in Table 2.7 is the material chemical composition.
Table 2.7: Chemical Composition of Starting Materials (Hawa et al., 2014)
Type of Raw Material

Al2O3

SiO2

Fe2O3

CaO

TiO2

K 2O

MgO

Others

Metakaolin

41.02

50.30

1.05

0.33

1.50

4.08

-

-

PWA

0.53

2.57

0.56

41.19

-

16.11

4.52

10.78

OPA

1.48

38.37

3.01

13.84

0.21

14.09

3.00

5.57

Figure 2.12: Compressive strength development of MK geopolymers
Source:
Hawa et al., (2014)
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Lin et al. (2012) on the other hand, partially replaced metakaolin with thin-film transistor
liquid–crystal display (TFT-LCD) waste-glass, after crushing and milling to approximately
3000cm2/g, at replacement levels of 0%, 10%, 20%, 30% and 40%, by weight. The results of
their study showed both initial and final setting times increasing as the replacement levels of
metakaolin increased. Furthermore, the compressive strength decreased as the replacement levels
of metakaolin increased. However, the geopolymer based on 10% waste-glass and 90% MK gave
the best compressive strength of 62 MPa after 60 days curing (Figure 2.15). The chemical
composition of the starting material is given in Table 2.8.
Table 2.8: Chemical Composition of Starting Materials (Lin et al., 2012)
Type of Raw Material

Al2O3

SiO2

Fe2O3

CaO

K2O

Na2O

MgO

SO3

Metakaolin

38.00

51.42

1.17

0.39

0.21

0.04

0.29

2.95

TFT-LCD

18.10

62.48

0.19

5.78

0.04

0.04

0.92

2.93

Figure 2.135: Development of compressive strength of waste-glass MK based geopolymers
Source:
Lin et al., (2012)
2.6.8 Effect of Calcium on Metakaolin-Based Geopolymers
Alonso and Palomo (2001) studied metakaolin geopolymers mixed with calcium hydroxide. An
increase of metakaolin proportion upon calcium hydroxide was found to lead to a larger
formation of alkaline aluminosilicate due to the increase in reactant species dissolved.
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CHAPTER THREE
RESEARCH METHODOLOGY
3.1

Preamble

This chapter explains the research design for this study. Further, it presents the materials and
equipment used including the experimental procedures used in sample preparation, testing and
characterization.
3.2

Research Design

The research was divided into five (5) broad stages. A flowchart detailing the stages is shown in
Figure 3.1.

Figure 3.1: Flowchart of the Study
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3.3

Materials and Characterization

The materials used in this research include kaolin, metakaolin, fine aggregate (river sand),
sodium hydroxide (NaOH) pellets, sodium silicate (Na2SiO3) pellets, Calcium hydroxide
Ca(OH)2, and distilled water. The description of kaolin, metakaolin, fine aggregate materials and
characterization is given in the next section.
3.3.1

Kaolin

The kaolin clay used in this study was obtained from Ushafa Pottery, Abuja, with the original
source from Kankara, Katsina State. The clay was in powder form at the time of purchase, hence
it did not undergo further pulverization. The kaolin had a pink color (Figure 3.2). A series of
characterizations were performed on this material.

Figure 3.2: Kaolin Sample
Elemental composition analysis was carried out using Minipal 4, DY1055 Pananalytical
X-ray fluorescence (XRF) analyzer. The result, given in Table 3.1 revealed the oxide content of
the aluminum and silicon to be relatively high at 26.15% and 60.20% respectively giving a Si/Al
ratio of the of 2.30. The clay also contained some residual impurities in the form of metallic
oxides. The loss of the material on ignition was 9.05%.
Table 3.1: Chemical Composition of Raw Kaolin Sample
Oxide

Al2O3

SiO2

Fe2O3

Content (%) 26.15 60.20 1.46
Loss on ignition (LOI) = 9.05%

CaO

MgO

K 2O

Na2O

TiO2

MnO

CuO

ZnO

BaO

0.14

0.067

0.70

1.40

0.27

0.20

0.11

0.02

0.21

41

Figure 3.3 shows the spectrum of the raw kaolin from Fourier transform infrared (FT-IR)
analysis using a Thermo Scientific Nicolet is5 FT-IR spectrometer. A pellet of kaolin weighing
0.80g consisting 1% kaolin and 99% KBr, pressed under pressure was produced and used for
FTIR measurements. The FT-IR spectra were recorded from a wavenumber of 500 to 4000 cm -1
after 16 scans. The absorption bands at 3693.14-3619.24 cm -1 were attributed to the stretching
vibrations of the OH group of kaolinite (Hideomi Kodama and Kaoru Oniuma, 1963; Mejía de
Gutiérrez et al., 2008; Salahudeen et al., 2014; Obada et al., 2016). The bands at 3455.58 and
1107.21 cm-1 were attributed to water molecules vibrations while the band at 1636.99 cm -1 is
attributed to the bending of H-O-H bonds (Salahudeen et al., 2014). The band at 1039.91 cm -1
and 911.91 corresponds to vibrations of Si-O-Si and Si-O-Al groups respectively. The band at
796.68, 698.09 and 759.87 cm-1 is due to Al-OH stretching vibrations (Obada et al., 2016).

3619.24 (-O-H)

Figure 3.3: FTIR spectrum of Raw Kankara Kaolin
X-ray diffraction pattern (XRD) was obtained using a D-5000 PSC-8 X-ray
diffractometer equipped with a 40KV power source and an X-ray source with 1.54 Ǻ CuK�
radiation. The scanning rate was 1o per min and step size was 0.0396o. As shown in Figure 3.4,
the kaolin exhibited the main characteristic peaks of kaolinite (K) at 12.35, and 24.8837 o 2Ɵ
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(Mejía de Gutiérrez et al., 2008, Salahudeen et al., 2014). The intense and narrow peaks confirm
that the kaolinites were well crystallized. Other identifiable peaks of kaolinite were observed at
19.89, 20.38, 34.94, 35.95, 36.06, 38.35, 45.24, 54.88 and 62.37 o 2Ɵ (Mejía de Gutiérrez et al.,
2008). It was also discovered that the kaolin contained other minerals in association such as
quartz and illite. The peak at 26.63o corresponded to crystalline silica known as quartz. The
intensity of this mineral in the raw kaolin was observed to be high and in comparison, the
kaolinite peaks were seen to be broadly lower implying the high concentration of the mineral
quartz in the clay. The morphology of the Kankara kaolin as revealed by the scanning electron
microscopy (SEM) study of Salahudeen et al. (2014) and Obada et. al (2016) is shown in Figure
3.5. The micrograph showed the kaolin to be composed of platelets of kaolinite mineral in
bundles. The average particle size is estimated as 1.0 µm (Salahudeen et al., 2014).

Figure 3.4: XRD patterns of Raw Kankara Kaolin
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(i)

(ii)

Figure 3.5: SEM Micrograph of Raw Kankara kaolin
Source: i - (Salahudeen et al., 2014) ii - (Obada et al., 2016)
3.3.2

Metakaolin

This is the primary precursor material of the geopolymer that was formed and characterized. It
was obtained through a thermal treatment process of the raw Kankara kaolin under controlled
temperature and time. The thermal treatment was carried out in a Cole-Parmer electric furnace
(Figure 3.6a). The metakaolin sample after heat treatment was pink in color (Figure 3.6b).
Samples were heat treated at temperatures of 550, 600, 650, 700, and 750 oC for a duration of 2
hours. XRD analysis was performed on the heat treated samples. The patterns obtained in Figure
3.7 enabled the selection of the optimum calcination temperature based on the transformation of
the kaolin clay from crystalline to amorphous metakaolin. A calcination temperature of 700 oC
was selected as it gave the best transformation at 2 hours. The XRD pattern of the MK at this
temperature portrayed a highly amorphous material. The major peak present in the metakaolin
was at 26.63o 2Ɵ which was attributed to residual quartz in the material. The kaolinite peaks
observed in the raw kaolin were absent suggesting complete transformation of kaolinite to
metakaolin.
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Figure 3.6 (a): Heat treatment of Kaolin in the furnace, and (b) Calcined Kaolin (Metakaolin)
The elemental oxide composition of the metakaolin (calcined kaolin at 700 oC) as given
by XRF is presented in Table 3.2.
Table 3.2: Chemical Composition of Metakaolin Sample
Oxide

Al2O3

SiO2

Fe2O3

CaO

MgO

K 2O

Na2O

TiO2

Cr2O

CuO

ZnO

BaO

0.044

0.02

0.02

5

Content
33.23
60.09 2.31
(%)
Loss on ignition (LOI) = 2.47%

0.29

0.07

0.43

0.86

0.16

0.018

The result revealed an increase in the aluminum oxide content but about the same silicon
oxide content compared to raw kaolin clay. So, a decrease in the Si/Al ratio as expected was
observed from 2.30 to 1.80. Salahudeen et al. (2014) reported a similar decrease in this ratio of
the material. Impurities such as CaO, K 2O, and CuO also reduced in their contents. Also, the iron
content of the material increased. A similar increase was reported after the metakaolination of
Kankara kaolin by Salahudeen et al. (2014). This may be a contributing factor to the change in
color of the raw kaolin after calcination. In addition, the LOI of the raw kaolin clay decreased
(from 9.05% to 2.47%) by 72.7% after metakaolination. This decrease could be attributed to the
dehydroxylation of the raw kaolin during the thermal treatment process.
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Figure 3.7: XRD patterns showing transformation of raw kaolin at 550, 600, 650, 700, and 750 oC

FTIR analysis of this metakaolin revealed an increase in the bands corresponding to O-H bond
vibrations as depicted in Figure 3.8. This change confirms the transformation expected in the
raw material.

3619.24

Figure 3.8: FT-IR Spectra of MK compared with Raw Kaolin

Presented in Figure 3.9(a) is the particle size distribution (PSD) of metakaolin. This was
achieved by running a sieve analysis and hydrometric test on a 50g by weight sample of MK.
The sieve analysis was carried out using an Endecotts sieve shaker while a well-calibrated
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hydrometer (ANG 383058) with an inserted bulb was used for the hydrometric test as shown in
Figures 3.9(b) and (c). In this process, 100 ml of sodium hexametaphosphate was added to the
50g sample to cause segregation of particles. The mixture was stirred using a mechanized stirrer
for about 10 minutes. The stirred mixture was then washed through a 63 µm sieve and the
resultant fluid poured into a 1000 ml cylinder with a hydrometer dropped in the cylinder.
Readings were taken at intervals. For the particles retained on the sieve, it was oven dried, then
analyzed using BS sieves. The PSD show the metakaolin to be well graded. For the preparation
of the MK based geopolymer, the MK passing through the 150µm sieve was used.

(f)
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(e)
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gure 3.9(a) Sieve Analysis using Sieve Shaker, and (b) Hydrometric
Hydrometric
Figure 3.9(c) Particle Size Distribution of Metakaolin
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Sieve Analysis

Fi

3.3.4

Fine Aggregate

The fine aggregates used were clean and air-dried natural river sand obtained from FCT, Abuja.
This material was sieved through a BS 4.75mm sieve to remove larger aggregates and impurities.
Before the fine aggregate was used in this research work, it was subjected to sieve analysis to
determine its particle size distribution. This was undertaken in accordance with the specifications
of BS 812 (1990). On completion, fine aggregates retained on sieve size 150µm were then used
as a filler in the work.
3.3.5

Alkaline Reactants

The alkaline reactants used in this study include sodium hydroxide (NaOH), and sodium silicate
(Na2SiO3). The reagents were purchased from a local supplier in Abuja (Finlab) in considerable
quantities. The sodium hydroxide and sodium silicate were in the form of pellets and of
laboratory grade with a purity level of 98%. The sodium hydroxide and sodium silicate were
used to prepare the alkaline solution used in the geopolymerization process of metakaolin.
3.3.6

Water

Distilled water free of dirt was used for the preparation of alkaline solution and geopolymer.
3.3.7

Calcium Hydroxide

Calcium hydroxide was used as a calcium source for improving the geopolymer’s binding
strength. The Ca(OH)2 was in a powdery form and was purchased from a local supplier in Abuja
(Finlab) with a purity level of 98%.
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3.4

Sample Preparation

3.4.1

Alkaline Solution Preparation

In this experimental work, the alkaline solution is a mixture of sodium hydroxide solution and
sodium silicate solution. Firstly, sodium hydroxide solution of 8, 10 and 14 M concentrations
was prepared. In each case, a known mass of sodium hydroxide pellets was dissolved in a known
mass of distilled water to make the standard solution. The reaction was exothermic so, the
solution was allowed to cool down to room temperature (24 hours) after dissolution. For
instance, sodium hydroxide solution with a concentration of 8 M consists of 320 grams (8 x 40)
of NaOH pellets dissolved in 680 grams of distilled water, where 40 represents the molecular
weight of NaOH. Secondly, a standard sodium silicate solution was prepared by dissolving 44
grams of sodium silicate pellets in 56 grams of distilled water heated at 175 oC. The water was
heated to allow proper dissolution of the Na 2SiO3 pellets. After the preparation of individual
solutions of NaOH and Na2SiO3, the alkaline liquid solution was made by mixing the twoseparate solution with proper proportions. Two different ratios (0.24 and 1.50) of Na 2SiO3
solution to NaOH solution were prepared and used in this study. The basis for selecting these
have been covered in the literature review section.
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Figure 3.10: Preparation of Alkaline Solution

3.4.2

Metakaolin Geopolymer Preparation

After the production of the alkaline solution, a series of geopolymer paste specimens were
prepared by varying their mix composition for studying the effect of alkali concentration,
alkaline solution ratio, sand to MK ratio of geopolymer mix, calcium addition and changing
processing parameters such as curing temperature on the development of compressive strength
and microstructure. Mix proportions for the various samples are illustrated in Table 3.3. In all, a
trial mix with good workability was first prepared to arrive at the formulation adopted for the
geopolymer preparation. The compositional change in the geopolymer mix was obtained by
varying the amount of sodium hydroxide (NaOH), and sodium silicate solution (Na 2SiO3). For
formulation 1 (F1), the specimens were prepared with MK to alkaline solution ratio of 0.24 and
solid-to-liquid ratio of 1.33. Only the influence of alkaline concentration and ambient
temperature curing were investigated for this formulation. In test formulation series 2 (F2), 80g
of fine aggregate was added to investigate its influence. For this series, the curing temperature
examined were both ambient and 60oC. In sample formulation 3 (F3), the effect of 5% calcium in
the formulation of fine aggregates was examined. The calcium content was 5% of the mass of the
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metakaolin powder used. In addition, the influence of ambient and 60 oC curing temperature was
examined. Furthermore, other formulations were prepared by varying the alkaline solution ratio
(Na2SiO3: NaOH) and S/L ratio. This is evident in Table 3.3. For test series 4 (F4), the alkaline
solution ratio of 1.5 was prepared and used. Solid-to-liquid ratio of 1.03 was employed and the
effects of ambient, 40, and 60oC curing temperature were studied. To further examine the
influence of parameters such as fine aggregates, another formulation was prepared (F5). For this
formulation, ambient, 40, and 60oC curing temperatures were investigated.

Table 3.3: Mix proportions of Materials used in experiment
Sample

Alkaline
Concentration

Mass of
MK

Mass of
Alkaline
Solution

Mass
of
Sand

Mass
of
Calcium

Na2SiO3/
NaOH

S/L
Ratio

Curing
Conditon

FI

8, 10M

120g

90g

-

-

0.24

1.33

Ambient (Amb)

F2

8, 10M

120g

90g

80g

-

0.24

1.33

Amb, 60oC

F3

8, 10M

120g

90g

80g

5%
MK mass

0.24

1.33

Amb, 60oC

F4

8, 10, 14M

120g

116g

-

-

1.50

1.03

Amb, 40, 60oC

F5

8, 10, 14M

120g

116g

80g

-

1.50

1.33

Amb, 40, 60oC

In the preparation of the geopolymer paste, for samples without additives such as sand or
calcium hydroxide, the geopolymer was made by mixing the alkaline solution with the
metakaolin powder in the specified proportion. Manual mixing was used in the production
process. First, MK powder was measured and poured into a plastic bowl. The required alkaline
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solution was then introduced which was followed by mixing. The mixing was carried out for
about 15 minutes. This mixing time was chosen to enable the production of a mix that is
homogeneous and consistent. For samples with sand, the metakaolin and alkaline solution were
first mixed together in the specified proportion for 10 minutes, sand was then added and mixed
for another 5 minutes. In the case of samples with calcium hydroxide, the metakaolin powder
was first mixed with calcium hydroxide powder for about 5 minutes before the alkaline solution
was added to the mixture and mixed for another 10 minutes. Each mix was then vibrated using a
shaker for a period of 10 minutes in order to remove air bubbles trapped in the geopolymer
which could have, in turn affected the final strength of the product. In all cases, the formulation
with only MK acted as the control.

Figure 3.11: Preparation of MK Based Geopolymer

3.4.3

Casting of Samples

After achieving a homogeneous mix, steel molds of size 50mm X 50mm X 50mm lined
internally with low-density polyethylene were used for the purpose of casting the metakaolinbased geopolymer samples. Plastic molds are usually recommended when casting geopolymers
to prevent unexpected reaction of geopolymer with a steel mold. However, the unavailability of
it resulted in the use of steel molds. As shown in Figure 3.12, geopolymer paste was filled into
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each mold in two layers and compacted using a cylindrical plunger. The metakaolin geopolymer
in the molds were vibrated using a shaker to remove air pores. The top surface of the mold was
then leveled using a smooth trowel. For each formulation, 3 samples were prepared.

Figure 3.12: Preparation of MK Based Geopolymer

3.4.4

Curing of Samples

After casting, geopolymer samples were sealed with polythene to prevent loss of moisture. The
sealed samples were left at room temperature for a period of 24 hours. Samples were demoulded
after this period and further curing followed. Different curing temperature regimes were studied
(ambient, 40 and 60oC). Curing at 40 and 60oC was carried out in an oven for 4 hours. At the end
of the curing period, samples were allowed to cool down in the oven at room temperature. After
this, samples were inserted in plastic bags to prevent dehydration and finally kept at room
temperature up till the time of test.
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Figure 3.13: Preparation of MK Based Geopolymer.

3.5

Testing of Samples

Compressive strength tests were performed on cured MK based geopolymer samples after curing
for 7 and 28 days in accordance with ASTM C109 using an ADR Touch ELE compression
machine (3,000 KN capacity) at a loading rate of 2.4kN/sec. Three (3) samples of each
formulation were tested for each experiment and the average data recorded. The compressive
strengths of samples were calculated using equation 2.8.

Figure 3.14: Compressive strength test of MK Based Geopolymer
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f c=

P
(2.8)
A
f c = Compressive strength measured in N/mm2

Where

P = Load applied (N)
A = sample pressed area (mm2)
Presented in Tables 3.4 and 3.5 is the summary of the 7 and 28 days compressive strengths
geopolymer results for the different formulations considered for alkaline solution ratio of 0.24
and 1.50

Table 3.4: Summary of geopolymer compressive strengths recorded at alkaline solution
ratio of 0.24

S/N

SAMPLE
DESCRIPTION

ALKALINE
CONC

ALKALINE
SOLUTION
RATIO

1

F1a (MK Only)

8M

0.24

2

F2a (MK+Sand)

8M

0.24

3

F3a (MK+Sand+Ca)

8M

0.24

4

F1b (MK Only)

10M

0.24

5

F2b (MK+Sand)

10M

0.24

6

F3b
(MK+Sand+Ca)

10M

0.24

CURING
CONDITION

Ambient
Ambient
60oC
Ambient
60oC
Ambient
Ambient
60oC
Ambient
60oC
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COMPRESSIVE
STRENGTH
@
7 DAYS (MPa)

COMPRESSIVE
STRENGTH
@
28 DAYS (MPa)

4.498
3.892
5.136
2.256
2.557
7.638
5.389
13.102
2.645
13.102

5.5692
5.6192
13.0488
6.4364
10.2992
11.0528
13.6632
17.0968
8.1544
16.8428

Table 3.5: Summary of geopolymer compressive strengths recorded at alkaline solution
ratio of 1.50
S/N

SAMPLE
DESCRIPTION

ALKALIN
E CONC

1

F4a (MK Only)

8M

2

F5a (MK+Sand)

8M

3

4

5

6

3.6

F4b (MK Only)
F5b (MK+Sand)

F4c (MK Only)
F5c (MK+Sand)

ALKALINE
SOLUTION
RATIO

10M

10M

14M

14M

1.50

1.50

1.50

1.50

1.50

1.50

CURING
CONDITION

COMPRESSIVE
STRENGTH
@
7 DAYS (MPa)

COMPRESSIVE
STRENGTH
@
28 DAYS (MPa)

Ambient
40oC
60oC
Ambient
40oC
60oC
Ambient
40oC
60oC
Ambient
40oC
60oC
Ambient
40oC
60oC
Ambient
40oC
60oC

1.9696
0.8364
0.8956
0.5248
2.0204
1.7612
3.9516
3.9368
5.064
0.68
0.4464
0.5848
8.2972
8.9868
10.288
1.5236
1.3444
5.6644

2.4388
2.012
2.6648
0.762
0.782
0.2072
10.0396
7.5336
8.9032
3.5476
2.8752
2.1048
9.2988
7.2266
6.6964
4.9196
7.0112
9.3376

Characterization of Samples

FT-IR, XRD and SEM analysis were conducted on the cross-section of samples after
compressive strength. This was to allow a detailed description of the influence of parameters
such as the alkaline concentration, curing temperature, sand, and calcium on synthesized
geopolymers.
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CHAPTER FOUR
RESULTS AND DISCUSSION

This chapter presents the results of the experiment carried out on Kankara metakaolin-based
geopolymers. The effects of alkaline concentration, fine aggregate, calcium, and curing
temperature on the compressive strengths and microstructure of the synthesized geopolymers are
discussed in detail.
4.1

Compressive Strength of Metakaolin-Based Geopolymers at Alkaline Solution Ratio
of 0.24

4.1.1

Effect of Alkaline Concentration on Compressive Strength of Geopolymer

In test formulation 1 (F1), MK geopolymer specimens were prepared by varying the alkaline
concentration at 8 and 10M at ambient temperature. The 7 and 28 days compressive strength of
the geopolymer mix at alkaline solution ratio of 0.24 is shown in Figure 4.1.

Compressive Strength (MPa)

12.00

11.05

10.00
7.64

8.00
5.57

6.00
4.50
4.00
2.00
0.00

Alkaline Concentration
Figure 4.1: Alkaline Concentration vs. Compressive Strength.
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It can be observed that the compressive strength of the geopolymer mix increased with
increased alkalinity of the medium at days 7 and 28. For alkaline concentration of 8M, the
compressive strength at day 7 was observed to be 4.50MPa which then increased to 5.57MPa at
day 28. Although the increase in compressive strength at this concentration was slightly minimal,
the geopolymer tended to have gained more strength due to increased dissolution and
polymerization of the aluminosilicates by the alkaline solution. At an alkaline concentration of
10M, a maximum compressive strength of 11.05MPa was recorded at 28 days. The compulsive
strength of the geopolymer cured for 7 days was 7.64MPa. The result indicated that the alkaline
concentration controls the dissolution and polymerization of Si and Al in a geopolymer gel. Its
increase from 8 to 10M resulted in an increase in compressive strength suggesting that more
geopolymerization reaction had taken place in the MK based geopolymer.
4.1.2

Effect of Fine Aggregate on Compressive Strength of Geopolymer

Fine aggregate (Sand) which is a filler material, reduces cracking and improves porosity of a
geopolymer. Its addition reduces the quantity of binder paste used per geopolymer formation
hence resulting in a more economical geopolymer material. In test formulation 2 (F2), the
influence of sand (150µm particle size) was studied in the resultant geopolymer mix at an
alkaline solution ratio of 0.24. The addition of sand to the geopolymer had no significant effect
to the mix after curing for 7days. This was found to be true for the alkaline concentration of 8
and 10M at ambient temperature.
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Compressive Strength (MPa)

16.00
13.66

14.00
12.00

11.05

10.00
7.64

8.00
6.00
4.00

5.62

5.57
4.50

5.39

3.89

2.00
0.00

Fine Aggregate Addition
Figure 4.2: Fine Aggregate Addition vs. Compressive Strength.

The recorded compressive strength of the 8M geopolymer mix with sand fillers after
curing for 7 days was 3.89MPa, compared to 4.50MPa of the mix without the fillers. As the
concentration of the alkalis within the mix was increased from 8M to 10M, an increase in the
compressive strength was noticed (from 3.89 to 5.39 MPa) after 7 days. A different result was
observed after curing for 28 days. At alkaline concentration of 10M the compressive strength
increased from 5.39 to 13.66MPa with addition of sand filler. The 28 days results of the
geopolymer mix with fine aggregate proved to be better as compared to the 28 days results of
geopolymer mix without fine aggregates. The results of this experiment using an alkaline
solution ratio of 0.24 therefore shows that fine aggregate is detrimental to the geopolymerization
reaction process at early curing periods and produces geopolymers with reduced strength.
However, curing for longer periods produces geopolymers with higher strength. At shorter curing
time e.g. 7 days, the sand tends to hinder the geopolymerization process, but longer periods
enhance more polymerization resulting in improved geopolymer strength.
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4.1.3

Effect of Calcium Addition on Compressive Strength of Geopolymer

Calcium content of the aluminosilicate of a geopolymer plays a role in the synthesis of
geopolymeric materials. Metakaolin reacts with calcium in the presence of water to form a
calcium aluminosilicate hydrate binder which provides additional strength as observed in
Portland cement. Presented in Figure 4.3 is the influence of the addition of calcium from
calcium hydroxide to the geopolymer paste of test formulation 3 (F3: Figure 4.3). The addition
of 5% calcium to the MK based geopolymer mix did not favor high compressive strength values
for samples cured for low 8M NaOH concentration. This was true for samples cured at both
short and long periods, of 7 and 28 days. This was true for samples formulated with 10M NaOH
solutions.

Compressive Strength (MPa)

16.00
13.66

14.00
12.00

11.05

10.00

6.00
4.00

8.15

7.64

8.00
4.50

6.44

5.62

5.57

5.39

3.89
2.26

2.65

2.00
0.00

Calcium Addition
Figure 4.3: Calcium Addition vs. Compressive Strength.

4.1.4

Effect of Curing Temperature on Compressive Strength of Geopolymer

The effect of curing temperature on the compressive strength of synthesized metakaolin-based
geopolymer was examined. A specimen of test formulation 2 (F2) and (F3) were used for this
purpose. The specimens were prepared and cured at ambient and 60oC temperatures. The effect
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of the curing temperature on the compressive strength of test formulation 2 (F2) is shown in
Figure 4.4a.

Compressive Strength (MPa)

18.00

17.10

16.00
14.00

13.66

13.05

13.10

12.00
10.00
8.00
5.62
6.00
3.89
4.00

5.39

5.14

2.00
0.00

Curing Temperature
Figure 4.4a: Curing Temperature vs. Compressive Strength.

It is observed that the higher curing temperature was beneficial to the geopolymer mix at
both 7 and 28 days and was more prominent for geopolymers formed with 8M NaOH solution.
With the increase in curing temperature from ambient to 60 oC, compressive strength increased
significantly. At a curing temperature of 60 oC, optimum compressive strength values of 13.05
and 17.10MPa were measured for geopolymers formed with 8M and 10M solutions and cured
for 28 days. This result is consistent with literature (Xiao et al., 2009) which show that
increasing curing temperature increases the kinetics of the geopolymerization process resulting
in geopolymers with improved strength.
Furthermore, presented in Figure 4.4b is the influence of curing temperature on test
formulation 3 with calcium addition (F3). A similar trend as observed for the case without
calcium addition was observed (Figure 4.4a). The higher curing temperature of 60oC formed
geopolymers with high compressive strength values. Values of 10.30 and 16.84MPa were
61

observed for samples cured for 28 days with geopolymers formed using 8 and 10M alkaline
concentrations. This result, therefore, is consistent with reports in the literature that show that
curing geopolymers at temperatures increase the kinetics of the geopolymerization process
forming geopolymers with higher strength.
18.00
16.84

Compressive Strength (MPa)

16.00
14.00

13.10

12.00
10.30

10.00

8.15

8.00
6.00

6.44

4.00
2.00 2.26

2.65

2.56

0.00

Curing Temperature
Figure 4.4b: Curing Temperature vs. Compressive Strength.

4.2

Microstructural Characterization of Geopolymers at Alkaline Solution of 0.24

4.2.1

X-Ray Diffraction (XRD) of Geopolymer

The XRD results of the synthesized metakaolin-based geopolymer and those containing calcium
and fine aggregates are shown in Figures 4.5 (a-d). The XRD diffractograms are those of MK
geopolymer specimens tested at day 7 of curing. Figure 4.5a is the diffractogram of a
geopolymer synthesized with metakaolin only at 8 M alkaline concentration. Figure 4.5b shows
the spectra of the MK based geopolymer synthesized with the addition of calcium at 8 M
concentration. Figure 4.5c reveals the spectra of geopolymer with fine aggregate addition
synthesized at 10 M alkaline concentration while Figure 4.5d shows the diffractogram of the
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geopolymer with fine aggregate addition synthesized at 10 M concentration cured at 60 oC. Based
on these XRD patterns, a significant difference can be observed between metakaolin material and
the quantity and quality of newly formed geopolymeric matrices for the different parameters
examined. The geopolymer synthesized with only metakaolin as the raw material (Figure 4.5a)
showed a hump at approximately 20-33° two-theta degree typical of geopolymeric material. In
addition, it is observed that the crystalline phases that originally existed in the raw metakaolin
material (such as quartz and illite) have not apparently been altered by the geopolymerization
reaction process. However, the XRD patterns of the all the geopolymer specimens as shown in
Figures 4.5 (a-d) show the formation of new zeolitic crystalline phases identified as
hydroxysodalite and herschelite (Na-chabazite) which contribute to the compressive strength of
the geopolymers. The spectra in Figures 4.5c and 4.5d also confirmed that alkaline
concentration and curing temperature as shown in Figures 4.1 and 4.4a improves the
compressive strength of geopolymers as evidenced by newly formed crystalline phases (Figures
4.5a and 4.5b).
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Figure 4.5 (a-d): X-Ray diffractogram of Metakaolin and Geopolymer specimen at day 7

4.3
Compressive Strength of Metakaolin-Based Geopolymers at Alkaline Solution Ratio
of 1.50
4.3.1

Effect of Alkaline Concentration on Compressive Strength of Geopolymer

Presented in Figure 4.6 is the result of the compressive strength of MK derived geopolymer for
the formulations F4a, b, and c (ambient temperature). It is observed that MK geopolymer tested
at day 7 of curing increased in strength as the alkaline concentration of the medium was
increased from 8 M to 10 M and 14 M corresponding to compressive strength values of 1.97
MPa, 3.95 MPa, and 8.30 MPa respectively. The result showed that an increase in alkaline
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concentration improved the geopolymer strength which indicates more dissolution of Si and Al.
It further showed that more of Si and Al cations will be available in the geopolymerization
process thus giving higher strengths. Similarly, after 28 days of curing, the compressive strength
increased from 2.44 MPa and plateaus at about 10MPa.

Figure 4.6: Alkaline Concentration vs. Compressive Strength.

4.3.2

Effect of Fine Aggregate on Compressive Strength of Geopolymer

The results of the effect of fine aggregate on the compressive strength of synthesized
geopolymers of test formulations F4 (a-c) and F5 (a-c) at alkaline solution ratio of 1.50 and
ambient temperature curing is given in Figure 4.7. In general, it can be seen that for all
concentrations, the presence of fine aggregate is detrimental to the compressive strength
development of the geopolymers. At days 7 and 28, the alkaline concentration of 8 M, the mix
formulation without sand gave a compressive strength value of 1.97 and 2.44 MPa respectively
while the mix with sand content gave 0.52 and 0.76 MPa at days 7 and 28 respectively. At higher
concentration of alkalis, a similar trend was observed as compressive strength values reduced. At
10 M concentration, the compressive strength at days 28 reduced by a value of 6.49 MPa while
the decrease at 14 M was observed to be 4.38 MPa. Considering all these, the presence of fine
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aggregate might have hindered the formation of more oligomers in the medium thereby resulting
in lower compressive strength values.

Figure 4.7: Fine Aggregate Addition vs. Compressive Strength.

4.3.3

Effect of Curing Temperature on Compressive Strength of Geopolymer

The study on the effect of ambient, 40oC, and 60 oC curing temperatures on MK geopolymers
synthesized for test formulations F4 (a-c) is presented in Figure 4.8a. This formulation was
without any fine aggregate. From the results, it is revealed that at curing temperature of 40 oC and
60 oC, the compressive strength values were not greatly influenced at an alkaline concentration of
8 M. At this concentration, curing at 60 oC gave the highest value of compressive strength ~ 2.66
MPa. The results at this concentration showed that curing at 40 oC did not favor improvement of
compressive strength, but at 60 oC, an increase in compressive strength was observed. A similar
trend was observed at a nalkaline concentration of 10 M. At 14 M alkaline concentration, it is
seen that curing beyond ambient temperature was favorable to strength development at days 7
with the highest value of 10.29 MPa recorded at 60 oC but a decrease in compressive strength
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values were observed after curing for days 28 at 40oC and 60 oC. The results of this examination
showed that ambient curing at an alkaline concentration of 10 M was the most favorable in the
geopolymerization process.

Figure 4.8a: Curing Temperature vs. Compressive Strength.

Shown in Figure 4.8b is the observed compressive strength values on the influence of
different curing temperature on test formulations F5 (a-c). This formulation is composed of
geopolymer mix with fine aggregate content. At an alkaline concentration of 8 M, the most
favorable curing temperature is 40oC corresponding to 0.78 MPa compressive strength value.
This value is low in terms of applicability. In addition, at 10 M alkaline concentration, the most
favorable curing temperature is ambient curing. This corresponds to a compressive strength value
of 3.55 MPa. Furthermore, at 14 M alkaline concentration, an increase in compressive strength
was observed after curing for days 28. The highest compressive strength value is 9.34 MPa at
this alkaline concentration corresponding to 60 oC curing temperature. The results of this
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examination have shown that curing temperature influences the compressive strength
development of metakaolin-based geopolymers.

Figure 4.8b: Curing Temperature vs. Compressive Strength.

4.4

Microstructural Characterization of Geopolymers at Alkaline Solution of 1.50

4.4.1

Fourier Transform Infrared Spectroscopy (FT-IR) of Geopolymer

Figure 4.9 shows the FT-IR spectra of the metakaolin and MK based geopolymers of test
formulation F4a, b and c (ambient temperature) at days 28. To understand the changes that took
place after synthesizing the geopolymers at different alkaline concentration, the spectra of the
raw metakaolin was compared with the geopolymers. The metakaolin spectrum have main
characteristic bands at approximately 3695, 3619, 3464, 1636, 1384, 1060, 912, 760, 698, and
589 cm-1. The absorption bands at 3695 cm-1 correspond to the stretching vibrations of the OH
group of kaolinite in the metakaolin (Obada et al., 2016). Those at 3464 and 1636 cm -1 are due to
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the O-H stretching vibration and H-O-H bending vibration respectively (Salahudeen et al., 2014).
The wide band of the MK spectrum at approximately 1060 cm-1 reflects the Si-O vibrations in
the material. The band at 912 cm-1 is due to Si-O-Al vibrations. The band observed at 760 cm -1
corresponds to Al-O stretching vibrations. For the MK based geopolymer synthesized, the main
binder system vibration band is observed at approximately 1000 cm-1. The absorption at this band
is attributed to the asymmetric stretching mode of Si-O-Al bond in the reaction products.

Figure 4.9: FT-IR spectra of geopolymer sample

Comparing the MK spectrum with the spectra of the geopolymers synthesized at different
alkaline concentrations, the bands in the geopolymers are only a little different from those in the
FT-IR spectra of the raw metakaolin material though the results of the study showed that at
different alkaline concentration, slightly different FT-IR patterns were observed.
Examining the spectrum of the geopolymer synthesized using 8 M alkaline concentration,
it can be observed that some geopolymeric backbone bands between 500 - 700 cm -1 were absent
after the synthesis of the geopolymer at this concentration. This may as well be part of the reason
for the low compressive strength at this concentration compared to the bands (between 500-700
cm-1) of the spectra displayed by the MK geopolymers synthesized at 10 and 14 M alkaline
concentration. In addition, careful study of the spectra synthesized using 10 M indicated high
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absorption (low transmittance) in this band as a result of more bending, stretching, and vibrations
of the bonds in the system. This may be one of the reasons why the geopolymer synthesized at
this concentration exhibited the highest compressive strength (Figure 4.6).
4.4.2

Scanning Electron Microscope (SEM) of Geopolymer

Figure 4.10 (a-c) is the microstructure of the MK based geopolymer specimens for test
formulation F4a, b and c (ambient temperature curing condition). The micrographs of the
geopolymer specimens were obtained after the aging of 28 days.
(a)

(b)

(c)

.
Figure 4.10: SEM Micrograph of geopolymer Samples

4.5

Implications of the Current Study

Comparing the achieved compressive strength values of the synthesized Kankara clay
metakaolin geopolymer with relevant ASTM specifications and standards for building materials
such as ASTM C62 (Standard specification for building bricks) with minimum compressive
strength values of about 17.20 MPa (moderate weathering conditions) and 10.30 MPa (negligible
weathering conditions), ASTM C216 (Standard specification for facing brick) with minimum
compressive strength values of about 17.20 MPa (negligible weathering conditions), ASTM
C902 (Standard specification for pedestrian paving brick) with minimum compressive strength
values of about 20.70 MPa, and ASTM C90 (Standard specification for load bearing concrete
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masonry units) with minimum compressive strength values of about 13.10 MPa, this study has
demonstrated that Kankara clay can be developed as a geopolymeric material by the construction
industry for use as an ecofriendly construction material. The study has also revealed that the
alkaline concentration, curing condition, the presence of calcium and fine aggregates influence
the outcome of compressive strength of synthesized metakaolin-based geopolymers. The most
favorable combination of parameters beneficial to the development of this strength of MK based
geopolymers has been shown in the study.
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CHAPTER FIVE
CONCLUSION AND FUTURE WORK
5.1

Conclusion

In this research work, Kankara metakaolin geopolymers prove promising as an alternative
material to Portland cement in some applications in the building industry. Although high
compressive strength values (up to 50 MPa) were anticipated for the synthesized Kankara
metakaolin-based geopolymers, the highest recorded compressive strength value was 17.10 MPa.
From the study, the alkaline concentration of 10 M, and ambient curing favored the development
of compressive strength. In addition, 60oC curing temperature and the addition of fine aggregate
was most beneficial in some formulations. The highest compressive strength value obtained from
this study meets the ASTM minimum requirements for producing building materials such as
building blocks, paving materials, external decorative material, and concrete masonry units. The
Kankara metakaolin-based geopolymers can, therefore, be recommended to the construction
industry as an ecofriendly and sustainable building material.
5.2

Suggestions for Future Work

Having examined the performance of Kankara kaolin clay in the synthesis of metakaolin-based
geopolymers, the following are suggestions for future work.
a. To properly beneficiate the Kankara kaolin clay using the wet processing method (soaking
method). This might possibly remove some impurities from the kaolin and produce a
metakaolin geopolymer with improved compressive strength values.
b. To produce metakaolin-based geopolymers using pure metakaolin and as processed Kankara
clay and compare results with those from this study.
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c. To study the influence of other alkaline solution ratios on the compressive strength
development of Kankara metakaolin-based geopolymers.
d. To study the effects of particle size of Kankara metakaolin on the compressive strength
development of Kankara metakaolin-based geopolymers.
e. To examine the influence of mechanical mixing in the production process of metakaolinbased geopolymers and compare results with those of hand mix.
f. To further investigate the use of Kankara kaolin clay in the synthesis of metakaolin-based
geopolymer concrete. This would require careful study of other mechanical properties such
as flexural and tensile properties of the metakaolin geopolymer concrete.
g. Extensive characterization of synthesized geopolymers using the scanning electron
microscope (SEM) and X-Ray diffraction (XRD) technique to enable a proper analysis of
geopolymer samples as well show how different parameters influence results.
h. Modeling of compressive strength results using the Artificial Neural Network (ANN) in
MATLAB to allow predictions to be made of compressive strength values at changing
parameters such as alkaline concentration, curing temperature, alkaline solution ratio etc.
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