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Preface

Twenty years ago I decided to conduct postgraduate research in the field of
geopolymers (or inorganic polymers). Surprisingly, I did not find enough references
or articles on the subject for the literature survey. But during the past twenty years
this topic has become a subject of global concern, and there are tens of thousands
of publications covering it in various countries of the world. So I thought it was
worth editing this book, which focuses on certain aspects of geopolymers and

its applications. This book, Geopolymers and Other Geosynthetics, deals with the
basics of geopolymers as an extension of the rest of the geosynthetics structures.
This book contains ten chapters. Chapter 1, the introductory chapter, provides a
general introduction to geopolymers and the challenges facing their use on a large
scale, as well as studying geopolymers as functional materials that have more

than one use. Chapter 2 discusses geopolymers, their synthesis methods, as well

as their advanced applications. Chapter 3 summarizes some selected advanced
characterization methods of geopolymers, mainly the microstructure, such as
SEM, TEM, NMR, and Synchrotrons. Chapters 4 and 5 describe the synthesis of
geopolymer bricks using low cost and available precursors such as iron ore tailings,
slag sand, slag, and fly ash. Chapter 6 discusses the synthesis of geopolymers using
different precursors particularly bauxite, red mud, and wastes. Chapter 7 presents
the phase composition, microstructure evolution, and thermal expansion behaviors
of the ceramics derived from the geopolymers. Chapters 8, 9, and 10 discuss the
geotechnical properties and the geosynthetic structures indirectly related to
geopolymers. This book represents the background of the science of geopolymers.

Mazen Alshaaer
Prince Sattam Bin Abdulaziz University,
Saudi Arabia

Han-Yong Jeon
Inha University,
South Korea






Chapter1

Introductory Chapter:
Case Studies of Functional
Geopolymers

Magen Alshaaer

1. Introduction

Geopolymers are a relatively new material [1-5]. Basically, this term is applied to
material class that is chemically transformed from low-crystallinity aluminosilicates
to three-dimensional inorganic polymers (tectosilicates). The resulting material has
properties similar to natural minerals, so it is called artificial rock [3, 6]. Actually
these materials exhibit chemical composition and mineralogical structure similar to
feldspar, feldspathoid, and zeolites consisting of a polymeric Si-O-Al framework,
with a microcrystalline or an amorphous structure. Geopolymers were termed for
this group of materials by Prof. Davidovits [1].

The major aim of developing the geopolymers is to find alternatives to
portland cement and thus to reduce carbon dioxide emissions during cement
processing [7]. But in recent years, there has been an observable development in
geopolymers and their applications, which have been used in various fields such
as construction, waste management, art, and decoration [6, 8]. The precursors
of geopolymers are characterized by the availability, whether earth materials
such as kaolinitic soil or waste such as fly ash. Many geopolymeric materials are
still under development, but some products are already commercialized and
used in different fields.

Although geopolymers have attractive engineering and environmental char-
acteristics, there are some challenges in commercializing these materials [9, 10].
In this chapter, these challenges will be addressed along with introducing the
functional geopolymers as one of the effective approaches to commercialize
these materials and make them economically feasible. Functional geopolymers
are defined as geopolymers with more than one use at a time, such as use in
construction and water purification or use in construction and passive cooling
of houses [11].

2. Functional geopolymers and their applications

In the following sections, some of the most important functional geopolymers
and their applications are discussed.

2.1 Geopolymers for construction and water treatment
This research approach is related to the use of geopolymers not only for con-

struction purposes but also for water purification. The major interest is based on

1 IntechOpen
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Kaolinite Zeolitic tuff (ZK)
Compound Composition% Compound Composition%
MnO 0.01 MnO 0.04
Na,0 0 Na,0 0.77
CaO 0.06 CaO 14.66
K,0 1.05 K0 342
MgO 0.93 MgO 2.76
P,0s 04 P,0s 0.05
Fe,0; 0.29 Fe,0; 1.36
ALO; 3357 ALO, 11.04
Sio, 4114 Sio, 58.35
TiO, 0.36 LOI 755
LOI 11.8

Table 1.

The chemical analysis of kaolinite and zeolitic tuff (ZK) [8].

Series Zeolitic tuff/metakaolinite weight ratio
G1 0
G2 0.25
G3 0.50
G4 0.75
Table 2.

Composition of geopolymers [8].

the physical properties of materials as well as porosity. Therefore, in addition to the
geopolymer porous matrix, natural zeolite is used as a filler or partial reactant.

Geopolymers were prepared using metakaolin, zeolitic tuff (ZK), and alka-
line activators. The natural zeolitic tuff, mordenite, was collected from Kimolos
Island, Greece. This mineral is associated with calcite and dolomite [8]. Metakaolin
was prepared by calcination of kaolinite (Fluka, Germany) at 750°C for 3 to 4 h.
The chemical composition of both the zeolitic tuff and kaolinite is reported in
Table 1. Alkaline activators are prepared using sodium silicate solution and sodium
hydroxide. The SiO2-to-Na20 molar ratio is 1, and the Na20-to-A1203 ratio (from
metakaolin) is 1. Finally the molar ratio of H20/Na20 is 7. The zeolitic tuff is added
in different ratios as reported in Table 2.

Geopolymers exhibit a nanoporous matrix gel as reported in Figure 1 8, 12-14].
This porous matrix assists in increasing the surface area and the physicochemical
adsorption of micropollutants. The adsorption capacity of geopolymers with differ-
ent zeolites/metakaolins was studied in terms of adsorption of Cu2+ ions at a pH of 3.

All the geopolymeric specimens exhibit high adsorption capacity of 8 mg Cu/g
for samples G3 and G4 after 1 day (Figure 2). It is observed that the adsorption
capacity of bulk disks of geopolymers is comparable with powdered zeolites in
other findings [15]. Figure 2 illustrates that increasing the zeolitic tuff percentages
to 50% causes an increment in the adsorption capacity by several times. Therefore,
this type of geopolymer can be used effectively in water treatment.
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Figure 1.
SEM image of geopolymers. MK: Partially transformed metakaolinite. A: Geopolymer gel [8].

la]

Adsorption
img adsorbed Curg gecpolymer)

L L LT N - ) B o B B = =

1] L 33 34

0.00 0.25 0.50 075
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Figure 2.
Adsorption of Cu (II) onto geopolymeric disks, pH = 3 [8].

2.2 Natural fiber-reinforced geopolymers for construction and passive cooling
systems

In a recent research, vascular natural fiber is used to improve the properties of
end products to be used for more than one purpose. The use of natural fibers such
as Luffa cylindrica fibers (LCF) as reinforcements for geopolymers has several
objectives. In addition to improving mechanical properties, these vascular fibers
improve the microstructural properties of the resulting material. In this research,
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Figure 3.
The schematic diagram of the research methodology [11].
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Figure 4.

XRD patterns corresponding to kaolin and the vesultant geopolymer [11].

geopolymers (Sk-geopolymer) and LCF-reinforced geopolymers (LG composite)
were made for reference and polymer composites using fiber as a reinforcing mate-
rial with volume percentage of 10% as shown in Figure 3. The composition of the
Sk-geopolymer was reported in our previous work [11].

As can be seen from X-ray tests, Figure 4, kaolinitic soil is transformed to an
amorphous geopolymer gel as a result of the calcination at 750°C and the subse-
quent geopolymerization reactions [11, 16, 17]. These XRD results are in agreement
with the SEM images as reported in Figure 5. The kaolin layers in Figure 5A break
down by the geopolymerization process to obtain geopolymers with a semi-uniform
nano-pore network as shown in Figure 5B. We also note the presence of bundles of
tubes forming LC fiber. Both phases, whether the porous geopolymeric matrix or
vascular LCF, help to increase the surface moisture of the material, which helps in
the applications of passive cooling systems, especially in hot and dry regions.

On the other hand, we note that introducing LCF contributed significantly
in improving the mechanical properties of geopolymeric products, where the

1
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Figures.
SEM images of the precursor (A), geopolymer matrix (B), and the LCF cross section (C) [8, 11].
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Figure 6.

Mechanical and physical properties of geopolymers (Sk-geopolymer) and geopolymer composite
(LG-composite): Compressive strength (A), Bulk density (B), and Stress-strain curve (C) [11].
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Figure7.
HFO granules (point 1) in the geopolymeric matrix (point 2).

Element Toxicity (IUPAC) [19] HFO (ppm) HFO geopolymer matrix (ppm)
Na X 216 179.2
Ca X 0.6 16
Zn X 164.0 0.0
Mg X 01 06
Fe X 33 0.1
Mn X 1.0 0.0
Al X 189.0 39.2
Ni Toxic 32.0 0.0
Co Toxic 01 0.0
Pb Toxic 16 0.0
Cu Toxic 12 0.0
Cr Toxic 41 0.0
Table 3.

Concentration (ppm) of leached metals from crude HFO and HFP geopolymer matrix after immersion in
pH = 7 for 1 day.

compressive strength was doubled as shown in Figure 6A. It was observed also

that the density of products was reduced by up to 10%, Figure 6B, thanks to the
addition of vascular LC fiber as reinforcement. This reduction in density is due

to the fact that these fibers exhibit low bulk density compared to the geopolymer
matrix. The most important influence for LC fibers on the mechanical properties of
geopolymers is to significantly increase the tensile strength as shown in Figure 6C.
Brittle geopolymer matrix also acquires the ductile failure thanks to LC fibers.

It is observed in this research that the LCF geopolymer composites have
attracted mechanical and physical properties. In addition, the presence of multiple
structures of porous networks, whether the geopolymeric matrix or the vascular LC
fibers, plays an active role in the manufacture of passive cooling materials. Thus,
these materials can be used as construction materials and in reducing the energy
consumed in the indoor conditioning.
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2.3 Immobilization and stabilization of toxic wastes in geopolymers

Geopolymers have been used in recent years as a matrix for immobilization
and stabilization of toxic wastes. The finished products can be used for specific
construction purposes as well. Therefore, this geopolymerization process achieves
several goals at once. In this study [18], heavy oil fly ash (HFO) containing toxic
elements such as Ni, Cr, Pb, etc. was added to the geopolymeric matrix as a filler.
As can be seen in Figure 7, the granules of the HFO are fixed in the geopolymers.
The resultant HFO geopolymer exhibits mechanical properties comparable with
pure geopolymer [18]. As for the examination of the immobilization of toxic ele-
ments, it is observed in Table 3 that these elements were fixed in the geopolymeric
matrix and they were not leached in water after a full day of immersion in water.
Accordingly, this research achieves several objectives: the use of geopolymers in the
recycling of HFO as a waste and the stabilization of toxic elements, in addition to its
use as construction materials in specific applications.

3. Conclusions

There are several challenges and drawbacks facing the commercialization of
geopolymers as an alternative to conventional cement and other conventional
materials in construction. One important strategy to overcome these challenges
is the manufacture of functional geopolymers with multiple uses. Three different
applications of polymers in the fields of water purification, passive cooling systems,
and waste recycling were presented in this introductory chapter. It is noticeable
that the results are of great importance in many applications and confirm that this
strategy will play a key role in the commercialization of geopolymers as products
with multiple uses in engineering and environmental applications.
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Chapter2

Advanced Geopolymerization
Technology

Sudhir Sitavam Amritphale, Pooja Bhardwaj and Rainy Gupta

Abstract

Advanced geopolymerization is a novel approach for the manufacture of
geopolymers via innovative solid-state chemistry mechanism in which tailored geo-
polymeric precursors in solid powder form are the one part requirement, and only
water is needed for its conversion to advanced geopolymeric material, in contrast to
conventional process, where first solution of alkali is prepared and then mixed with
silicoaluminous source materials. This novel process comprises of tailored geo-
polymeric precursors in solid powder form which is obtained via mechanochemical
dry grinding of raw materials for prolonged hours. The basic raw materials include
vitreous silica- and alumina-containing waste material/by-products, e.g. fly ash,
activated by sodium hydroxide with or without sodium silicate. The solid powder
needs only addition of water to form geopolymeric material. The advanced process
includes solid-state reactions during dry grinding process and enables sequencing
of reactions for preparation of geopolymeric material.

Keywords: advanced geopolymers, mechanochemical grinding, fly ash,
mechanism, solid-state

1. Introduction

Nowadays, safe disposal of different waste materials and industrial by-products
is a key concern for global communities. In this context, the possibility to reuse
industrial waste like fly ash to produce economical value-added important prod-
ucts, viz. geopolymers, by mitigating environmental hazards related to waste
disposal is being explored on a large scale worldwide. The construction industries
benefited using the concept of utilization of waste materials as resource material
for the development of value-added materials certainly due to increasing cost and
shortage of virgin raw materials. Reuse of industrial by-products to generate value-
added products is one of the promising ways to attain green and sustainable devel-
opment. Geopolymers are one of the commercially important products suitable for
construction sector manufactured using waste products like fly ash, slag, etc.

In this work a brief status of barriers in adopting conventional geopolymerization
and the challenges that must be overcome to commercialize geopolymers is consid-
ered as research objective and successfully achieved by introducing advanced geo-
polymerization process for the manufacture of solid-state advanced geopolymeric
materials. The authors of this research focused their aim to establish a new chemical
mechanism behind advanced geopolymerization contrasting reaction mechanism of
conventional geopolymerization with an objective to broaden application spectrum
of geopolymer which will be an important part of sustainable development.

1 IntechOpen
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2. Geopolymers

Geopolymers can be defined as covalently bonded noncrystalline Si==O==Al
networks in which SiO4 and AlO, tetrahedral frameworks are linked by shared
oxygen to form a dense amorphous to semicrystalline three-dimensional frame-
work. These are termed as geological polymers for the reason that their starting
raw materials is of geological origin, and formation of geopolymer proceeds via
inorganic polymerization and condensation reactions [1].

Prof. J. Davidovits in 1978 introduced the term geopolymer and described it as
cement-free green cementitious material. These are the inorganic polymers obtained
from alkali activation of aluminosilicate materials like fly ash. These are structurally
and chemically comparable to natural rocks and are synthesized by the condensation
mechanism similar to thermosetting organic polymers therefore termed as geo-
polymers. Earlier these were considered as a special case of ‘soil cement/silicates’ or
alkali-activated aluminosilicate cement and termed as ‘geocements’ as it consists of
three-dimensional framework of cross-linked polysialate chains [2, 3].

Geopolymers have the potential to replace ordinary Portland cement (OPC) and
to overcome the limitations associated with OPC. The production of OPC requires
high temperature for calcinations which is not a requisite for the production of
geopolymers. Unlike OPC, the production mechanism of geopolymers does not
produce greenhouse gas CO, and possess extraordinary chemical properties and
mechanical strength. Thus, geopolymers are environment-friendly substitutes for
OPC and are frequently referred to as ‘green cement’

Geopolymers can be produced from sources of geological origin (e.g. kaolinite,
clay) or industrial by-products such as fly ash, granulated blast furnace slag, red
mud, waste paper sludge, rice husk ash, wheat straw ash, etc. [4, 5]. The choice
of source material in geopolymerization technology depends upon the competi-
tive cost, availability, and specific application. Fly ash [Class F fly ash]-based
geopolymerization is getting intense research interest in past few years. It is a coal
combustion residue generated from thermal power plants extensively rich in silica
and alumina content [6]. Alkali activation of reactive silica- and alumina-rich raw
materials produces an intense 3D==Si==Q==Al==O==polymerization network [7].
The compact 3D framework thus formed after hardening is known as geopolymer,
and the complete process is termed as geopolymerization (Figure1).

@ Q =3
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Figure 1.
Schematic vepresentation of conventional geopolymerization.
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3. Geopolymerization

Geopolymerization is the process of transforming aluminosilicate raw mate-
rial into covalently bonded 3D network consisting [==Si==O==Al==O==], bonds.
In other words, geopolymerization process refers to geosynthesis, i.e. synthesis
of chemically integrated minerals. The geopolymerization reaction results in the
formation of viscous cementitious slurry which upon hardening forms strong,
durable, and compact geopolymeric material [6, 8, 9]. Moreover much has been
known about geopolymers and their chemistry in the last two decades, and efforts
are still going on to uncover and discover some new scientific aspects of these
wonder materials including some innovative applications besides construction
sector [10, 11]. Considering this numerous scientists and researchers are engaged
all over the world to extract out more potentiality in geopolymeric materials. The
knowledge regarding geopolymer science during the last two decades indicated
that the inorganic geopolymers are prepared by using starting raw materials which
should essentially contain reactive silica and alumina in their structure, e.g. fly
ash, and the alkaline activator solution containing mixture of sodium hydroxide
and sodium silicate [12-14]. Conveniently we termed this process of developing
geopolymer as conventional geopolymerization technology. It is to note that geo-
polymers can be prepared by utilization of different aluminosilicate sources such
as red mud, blast furnace slag, kaolinite, rice husk ash, etc., and the starting mate-
rial plays important role in deciding physicochemical and mechanical properties of
geopolymeric material [15, 16]. The basic understanding of geopolymer formation
and chemical reactions involved during conventional geopolymerization can be
summarized as follows:

* Chemically, the conventional process includes solution chemistry mechanism
in which amorphous aluminosilicate, e.g. fly ash, reacts with the solution of
sodium hydroxide with sodium silicate and forms geopolymeric gel. Therefore
geopolymer formation follows the bimolecular nucleophilic substitution (SN,)
mechanism [17]. Though geopolymerization reactions via solution chemistry
mechanism cannot be fully understood, the complete mechanism can be
understood under following heads including association, dissociation, oligo-
merization, and autopolycondensation.

* Step I is association, that is, association of water molecules to siloxane bond
(==Si==QO==Si==) present in aluminosilicate raw material. This association
leads to the formation of an intermediate silicon species. The structure of
intermediate silicon species is pentavalent making it highly reactive. The
intermediate pentavalent silicon possesses distorted trigonal bipyramid
structure and due to highly reactive nature undergoes dissociation rapidly to
from silanols [12, 18-20].

* Step Il is dissociation; in this step of SN2 mechanism, intermediate pentava-
lent silicon undergoes dissociation in a concerted manner and forms silanol
(>Si==OH) and aluminol (>Al==OH) groups [12, 18-22].

 The silanols further reacts and forms silanediol SiO(OH),, silanetriol
SiO(OH); and silanetetraol Si(OH), species. It is to be noted that the hydrated
silica behaves as an acidic oxide in the presence of alkaline solution and pos-
sesses tendency to go into solution. Further, OH™ ions break siloxane bridges
and result into the formation of alkaline silicates [23-26].
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Tllustration of silanol and aluminol linkages in geopolymerization via SN,-solution chemistry mechanism.

* Similarly in aluminosilicate materials, oxides of Al get hydrated and form
aluminol (>Al=OH) containing one negative charge and represented as Al
(OH)*. AP* developed in fourfold coordination structure as it contributed
only three electrons to bonding framework in place of four silicon atoms and

because of this carry one negative charge [13].

* Autopolycondensation of silanols and aluminols takes place, and oligomers are
transformed into polymer with the release of water molecules, further hard-
ened to compact, strong 3D structure of [==Sim=Omm=Al==O==], framework.
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In the geopolymeric chemistry, the negative charge on Al is balanced by cationic
species like Na* to maintain the electrical neutrality. These are stereo-specific reac-
tions which proceed with inversion of configuration. The rate of concerted mecha-
nism depends on the concentration of both nucleophiles OH™ and the molecule
undergoing attack. The complete reaction sequence for SN, mechanism is presented
in Figure 2. On the other hand, Figure 3 is the complete illustration of silanol and
aluminol linkages in geopolymerization via SN,-solution chemistry mechanism.

4. Drawbacks of conventional geopolymerization process

In order to make large-scale commercialization of geopolymeric materials, it
is essential to replace this conventional synthesis method because it is not a user-
friendly process. The dissolution of NaOH in water is an exothermic reaction which
leads to the formation of highly hazardous alkaline solution. The handling of alka-
line solution is risky and prone to on-site hazardous accidents. Besides, the conven-
tional method produced geopolymers with the properties suited for the confined
commercial applications. With the conventional method, tailoring of properties
of geopolymeric product is not possible. It is noteworthy that, for multifunctional
applications of any product, tailoring of properties is highly desired for large-scale
production. With this context, the conventional process seems to be ineffective
regarding tailoring of properties for broad-range applications. Therefore to over-
come these limitations, we introduce the concept of advanced geopolymerization
and its basic reaction mechanism further in this chapter.

5. Advanced geopolymers

Advanced geopolymerization is a novel approach for the manufacture of geopoly-
mers via innovative solid-state chemistry mechanism invented and patented by [27].
The advanced process is one part system, i.e. the tailored geopolymeric precursors in
solid powder form are the one part requirement and only water is needed for its con-
version to advanced geopolymeric material, in contrast to conventional process, where
the first solution of alkali is prepared and then mixed with source materials. In the
novel process, tailored geopolymeric precursors in solid powder form are obtained via
mechanochemical dry grinding of raw materials for 8 hours. The basic raw materials
include vitreous silica- and alumina-containing waste material, i.e. fly ash and NaOH
with or without sodium silicate. This solid powder needs only the addition of water
to form geopolymeric material. The advanced process comprises solid-state reactions
during dry grinding process and enables tailoring of raw materials and sequencing of
reactions among them for the preparation of geopolymeric materials. These geopoly-
meric materials can be used on site easily just like ordinary Portland cement.

6. Mechanochemistry/solid-state method

Grinding is an important operation that is used industrially for particle size
reduction and production of large surface areas or liberating valuable things from any
mineral. It comprises of different steps including material transport to grinding zone,
grinding action, initiation and propagation of cracks, breakage of particle, or initia-
tion of solid-state reactions within. Size reduction and intergranular breakage are
significantly achieved by subjecting particles to mechanical pressure for a prolonged
period. Generally, the breakage and fracturing process during grinding involves
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rupturing of chemical bonds in order to create several reactive sites. The reactive sites
when created are highly prone to undergo change and form some new chemical bonds
with some other additive if present in the same reaction mixture [28]. This concept
forms the basis of mechanochemical grinding reactions in dry state.

Mechanochemistry involves transformations supported by mechanical force
in the form of milling or grinding [29-31]. The reactions proceed with grinding
or milling are cleaner and efficient in terms of solvent, chemicals, materials, etc.
[29]. It is known that the mechanical activation of aluminosilicate material, e.g. fly
ash, results in enhanced reactivity. This is due to the combined effects of particle
size reduction and physiochemical changes induced during high-energy mill-
ing of fly ash particles [32]. The mechanochemical activation on the other hand
involves breakage of existing bonds and formation of new chemical bonds during
high-energy milling process in the presence of any chemical agent in dry environ-
ment along with particle size reduction and increased amorphization. Solid-state
chemical transformation occurs during mechanochemical grinding process of raw
materials used for the advanced geopolymerization process.

The basic study for advanced geopolymerization was conducted by [27] in which
grinding of fly ash along with NaOH in a ball mill exposed to mechanochemical
forces that trench the internal bonding of fly ash and NaOH due to friction and
impact with tumbling balls for prolonged durations. The amorphous reactive Si/

Al phase disperses uniformly throughout the grinding process and reacts with Na*
ions to form three intermediate phases which are termed as precursor phases for
advanced geopolymerization reaction. The solid powder obtained after mechano-
chemical grinding of fly ash and NaOH is therefore termed as advanced geopoly-
meric precursors [8, 9, 33, 34].

Figure 4 is the pictorial presentation of the advanced geopolymerization
technology which clearly shows that by just addition of only water to the advanced
geopolymeric precursor phases, gelation occurred, and this gel essentially contain
N==A==S=—H phase [sodium aluminium silicate hydrate-geopolymeric phase].

{a) Mechanochemical grinding (b} Solid state trasformations
Glassy Sval phass in '
Ball mill fy ash
S[-.H'FL“EE Sl \ /
balls Together Mechanochemical
Grinding
Solld state chemica
traaformations
Grinding Material
{Fly ash + NaOH) o L]
Sodagm adcabs | Sodis Al
| Al snde
) i

Advanced geopolymedc precursor phases in
the solid powder

l+ HOH
N-A-5-H gel phase

Advanced Geopolymer

Figure 4.
Mechanochemical grinding of vaw materials and development of advanced geopolymeric precursor phases due
to solid-state chemical transformations.
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Later on, established by a number of experimental analyses, it can be said that
advanced geopolymer possesses improved properties in terms of strength of the
material and excellent corrosion protection [8, 9, 33-35].

7. Plausible solid-state mechanism for advanced geopolymerization

The solid-state mechanism involved in advanced geopolymerization reaction is
different from that of conventional geopolymerization in the initial steps [33]. So
the plausible chemical reaction mechanism for advanced geopolymerization can be
understood under the following points:

* The 8 hours of mechanochemical activation of glassy silica/alumina in fly ash
led to the dissociation of bonds present in glassy Si/Al phase; hence unlike
conventional geopolymerization, the first step in the solid-state mechanism is
dissociation. This step led to the formation of unstable silanone species ==Si=O
from siloxane ==Sim=Q==Sjm=.

* This unstable Si=O is active in nature and rapidly transform into silanol even
in the presence of minimum amount of water. So the next step is the associa-
tion of intermediate with the water molecules to form silanol.

* First dissociation, followed by association reaction for the formation of
advanced geopolymer, confirms its unimolecular nucleophilic substitution
(SN;) mechanism as also presented in Figure 5.

* In the presence of water, silanols form ==Si==O==Al= linkages, and geopoly-

meric gel is then formed which on drying produces advanced geopolymeric
material with considerable enhanced properties.

Step I- Dissociation

N
Si—0—Si— fSl:ﬂ

Siloxane Silanone

Step LI- Association

M3i=0 4+ H—0—H—— Silanols
/

Figure .
Illustration of formation of silanone and silanols for advanced geopolymerization via SN, solid-state chemistry
mechanism [33].

8. Advantages of advanced process over conventional process
There are numerous advantages of advanced geopolymerization over conven-
tional process. As we know, alkaline solution [pH around 10-14] is hazardous in

nature which can cause skin hazards when accidently comes in contact with people
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dealing with it. The most important advantage of advanced geopolymerization

is that it obviates the use of handling of highly alkaline solution as the advanced
process involves reactions in dry state and only water is added to the geopolymeric
precursor mixture which makes it a non-hazardous process. Unlike conventional
geopolymerization, the geopolymeric precursor prepared by advanced process can
be considered as ready-to-use premixture just like OPC which only requires addi-
tion of known amount of water to form cementitious material, thus facilitating its
use for on-site application.

Moreover, advance geopolymerization is advantageous in terms of its applica-
tion spectrum. The advanced geopolymeric precursor material is suited not only
for application as cementitious material but also best suited for prefabricated or
pre-engineered geopolymeric end products which enhance its commercialization.
Tailoring of properties can be performed at the precursor stage by altering basic
formulations before the stage of mechanochemical grinding. In other words, to get
the desired properties from geopolymeric end product, advanced geopolymeriza-
tion technology allows the user to tailor properties of the geopolymeric end product
which is not possible in the case of conventional geopolymerization. Also advanced
geopolymers are capable to address the concerns related to high cost, transporta-
tion, and long-term storage that are important challenges for building and con-
struction materials.

9. Advanced applications

Having all the properties required for traditional applications of geopolymers,
the advanced geopolymers also offer additional commercial applications due to
their eco-friendlier and user-friendlier approach. The advanced geopolymerization
process via solid-state route enables the tailoring of the properties of end products
as per requirement. Some of the important applications of advanced geopolymers
are given below:

1. Advanced ready-to-use geopolymeric cement just like OPC for cementitious
functions by adding water alone instead of hazardous alkaline solution

2. Advanced household cement-free green cements for manufacture of geopoly-
meric construction products like tiles, panels, and paver blocks addressing

rural development

3. Advanced corrosion protection material to provide corrosion protection to
mild steel.

4. Advanced geopolymeric instant repairing material to reconstruct or repair
damaged structures
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Chapter 3

Summary of Some Selected
Characterization Methods of
Geopolymers

Dattaguru Ananthapadmanaban

Abstract

All modern day materials have to be characterized in order to understand their
properties. Simple techniques can be used for macrostructural and microstructural
characterization. Many a time, however, advanced techniques may be required in
order to understand structure property relationships in a better way. Advanced
characterization techniques include scanning electron microscope (SEM), trans-
mission electron microscope TEM, nuclear magnetic resonance (NMR), synchro-
tron, X-ray fluorescence microscopy and a few others. Geopolymers have advanced
to the level of nanogeopolymers, and in order to understand the fundamental
properties of nanogeopolymers, it becomes imperative to gain a fundamental
understanding of characterization methods. SEM, TEM, NMR and synchrotrons
have been briefly described, and advances in these characterization techniques have
been emphasized. Microstructures of common geopolymers have been discussed
with special emphasis on nanogeopolymers.

Keywords: SEM, TEM, X-rays, NMR, synchrotron

1. Introduction

Characterization studies are essential to gain practical knowledge about materi-
als. They can also be used to correlate structure with properties. There is a host
of characterization techniques used to identify materials. They include scanning
electron microscopy, transmission electron microscopy, X-ray diffraction, TEM,
XRD, X-ray fluorescence, NMR (nuclear magnetic resonance) and synchrotron
techniques. However, no single technique can give a full analysis of the material
being characterized. In practical research work, conclusions have to be drawn by
using 2 or 3 characterization techniques. This chapter examines the use of various
characterization techniques for researching geopolymers.

Aluminosilicate binder gel has an amorphous structure. Some years back, a
study of amorphous structures was not possible since characterization techniques
had not advanced to that extent. But, now it is possible to study amorphous
structures, and hence characterization of geopolymers, which can occur in the
amorphous state, is possible. Most of the literature in geopolymers concentrates on
cements and substitutions/additions to cement. An additional advantage is the high
compressive strength of geopolymers. Many geopolymers are manufactured using
binders, and most of these binders exist in an amorphous state. These binders are
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obtained by the reaction between an alkali source and a solid aluminosilicate pow-
der. The aluminosilicate can be one among metakaolin, fly ash and/or blast-furnace
slag. These geopolymers are increasingly being used as construction materials to
replace Portland cement [1-3]. Geopolymers based on natural zeolite have also been
studied and found to have good adhesion to concrete. These geopolymers have been
characterized using XRD and SEM [4]. Fly ash has also been activated by alkali

to form a geopolymer, but there are concerns regarding mechanical properties of
this material [5]. Geopolymers based on phosphoric acid and illito-kaolinitic clay
have been synthesized with reasonably good compression strength [6]. Hence,
among all the geopolymers studied, kaolinite-based geopolymers seem to hold
promise for the future, and this geopolymer has been used mainly for description of
characterization.

Characterization methods have been classified into (a) microscopy (b) X-ray-
based tomography and fluorescence (c) and other modern methods of charac-
terization which include imaging, nuclear magnetic resonance, FTIR spectra and
synchrotron. Each division of characterization has been described briefly before
taking up case studies. Selective characterization techniques have been described
with metakaolin as an example. Other geopolymers have also been characterized as
and when required. During the description of selective characterization techniques,
the use of characterization in metakaolin has been dealt with first, and then some
more examples of characterization of other geopolymers have been studied as and
when required.

2. Microscopy

Microscopy is commonly used in research and lab studies to throw light upon the
detailed features of a material. Optical micrographs are generally used to study the
metallurgical microstructures. But, in the case of geopolymers, we are concerned
with the pore formation, distribution and other more intricate features. So either
scanning electron microscope (SEM) or transmission electron microscope (TEM)
is used in recent research. Figure 1 summarizes the types of rays that are produced
when an electron hits a sample target.

Electron beams strike the surface of the sample in all cases of electron micros-
copy. It would be worthwhile to have a short discussion of what happens when the
electron beam strikes the surface. The Figure 1 shown above gives a gist of the type
of rays emitted after striking a sample. The backscattered electrons are used in SEM
backscattered image. Unscattered electrons are used in TEM. Auger electrons are
used in Auger spectroscopy, and emitted X-rays are used in EDS (electron disper-
sive spectra) and EPMA (electron probe microanalysis).

2.1 SEMimaging

Scanning electron microscopy has been widely used to study fractured surfaces.
The images give an idea of whether the fracture is ductile or brittle. Sometimes, it is
possible to have a mixed mode failure too (Figure 2).

2.2 TEMimaging
Figure 3 shown above gives in brief the differences between SEM and
TEM. Here, the specimens have to be prepared to thin slices of less than 100 nm

thickness. Again, similar to SEM, specimen preparation is of utmost importance.
Vacuum has to be maintained in the TEM, and any flaw in the maintenance of
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vacuum will reflect in the performance of the TEM. Usually, dislocation density and
second phase precipitation can be clearly seen in TEM images.

The electron gun is a source of electrons. The electrons are focused with the help
of condenser lens and objective lens. There is a chamber to hold the workpiece. Care
should be taken to prepare the workpiece very carefully and specialists are required
for SEM sample preparation. The chamber consists of a backscatter detector and a
secondary detector. So the SEM can be operated under two modes.
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LM TEM SEM

Figure 3.
Difference between light microscope, SEM and TEM.

Figure 4 depicts uniform distribution of metakaolin and possibly a ductile
fracture. The SEM image above shows a wide variety of shapes of fly ash, tending
towards a spherical shape. There seems to be agglomeration and there also seem to
be some cracks. Cracks often lead to brittleness. This SEM micrograph of a fly ash
geopolymer seems to indicate mixed mode of failure (Figures 5 and 6).

Again, this SEM shows an even wider distribution of particles and a very large
particle size distribution too. It appears, from the cracks seen and the fragments in
the SEM that in this case, there has been a brittle fracture. This possibility is sup-
ported by the fact that most concrete fails in a brittle fashion. Addition of geopoly-
mer/substitution of various geopolymeric elements like fly ash could change the
morphology and influence fracture to some extent.

Research in these areas is still in the nascent stage. However, it is worth mention-
ing here that considering the danger that Mother Earth is facing under the deluge
of huge amounts of metallic and ceramic waste, it would be a very worthwhile task
to look for alternatives to concrete or make some substitutions to concrete to make
it more environmentally friendly. It is here that geopolymeric materials could help
(Figure7).

Figure 4.
SEM image of metakaolin; source—Wiki Image [8].
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Figures.
SEM image of geopolymer fly ash after heating at 820 Celsius—courtesy of Temujin et al. [9].

Figure 6.
SEM micrograph of fly ash geopolymer [10].

Figure7.
SEM micrograph clay-based geopolymer brick cured at 85 Celsius for 24 hours [11].

Here, since the geopolymer is clay-based, the SEM shows a ductile type of
fracture. Curing may be necessary to improve strength and bonding. Usage without
curing may lead to lower tensile strength. Microcrack formations are seen in the
SEM, but these are too small to be of any importance or create any immediate
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danger of failing to the geopolymer. Another study of ground-granulated blast-furnace
slag (GGBS)-amended fly ash was conducted by Sharma AK et al. This can be used
as soil conservative. The SEM shown below shows a fairly ductile fracture. The
interface condition is good and porosity is not seen. This indicates that there is good
contact between soil particles and cementitious mix. C-S-H and calcium oxide
formations have also been confirmed in this study. SEM evidence has shown that fly
ash mixed with GGBS has the potential to improve the properties of expansive soil
with a minimum requirement of chemical additives such as lime (Figure 8).

In Figure 9, clustering can be seen. The bright-field transmission electron
micrograph of a slag-based geopolymer is shown in Figure 9. The figure shows the
clustering of slag. This may have a deleterious effect on properties.

In Figure 10(a) Medri et al. [8] tested two metakaolins manufactured industri-
ally by the company Imerys with two different kiln technologies. One called M1000
is calcined in a rotary kiln and characterized by rounded massive aggregates of
lamellar particles. The second, called M1200S, calcined in a flash kiln, is made up
of fine lamellar particles with lower agglomeration. Figure 10(b) reports that the
geopolymer structure is characterized by gel (amorphous) phase, and also some
crystalline phases are present as in most geopolymers.

TEM image shows agglomeration of slag, which can be seen with SEM also, but
SEM can be used only for surface studies, whereas TEM can be used to find details
of subsurface.
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Figure 8.
C-S-H bonds and aggregation [10].

Figure 9.
Bright-field image of slag-based geopolymer.
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Figure 10.
(a) SEM images of natural and synthetic metakaolins (Cui et al.) [12] and (b) pore structure in coal ash-
based geopolymer [13].

3. X-ray tomography and fluorescence microscopy

Many different cross-sectional views are created suing X-rays. These are then
assembled to create a 3D image of the object. The size of the pixels which are cre-
ated in this manner so created are in micrometers and hence the word, microtomog-
raphy. It should be noted that the 3D model is a virtual model and is not in real time.
These pixel sizes have also resulted in the terms high-resolution X-ray tomography,
micro-computed tomography (micro-CT or pCT) and similar terms. In today’s
terminology, tomography automatically implies computer tomography.

Figure 11 illustrates the features of a slag-based geopolymer using the X-ray
microtomograph. Furthermore, histogram, Figure 11, also depicts particle size
distribution. In general, fly ash-based polymers have been studied by Das et al. and
characterized by X-ray tomography [14].

The X-ray tomography shows the distribution of phases. Slag particles can be
clearly seen as a white product. There also seem to be some cracks, which, if allowed
to propagate, could lead to premature failure of the component in use (Figure 12).

According to The Royal Chemical Society, X-Ray Fluorescence is an imaging
technique where a beam of X-rays is directed at the specimen-Rays are emitted
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Figure 11.
X-ray microtomography scan of a sodium silicate-activated binder (80% slag/20% metakaolin, activat) (b) a
histogram depicting volume of pixels of the volume of interest.
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Figure 12.
X-ray fluorescence micrographs of a sodium metasilicate-activated binder (75% slag/25% metakaolin) [13].

due to transitions and the intensities of the X-rays emitted due to are detected asa
function of wavelength and position. As these energies are element-specific, X-ray
fluorescence microscopy can be used to determine spatially resolved elemental
composition.

The X-Ray fluorescence image shown above shows different emitted colors for
inner gel and for outer gel. As can be seen, the differences in Ca/Si ratio also can be
mapped based upon the color.

4. Nuclear magnetic resonance (NMR) spectra

Nuclear magnetic resonance (NMR) is a physical phenomenon in which nuclei
in a strong static magnetic field are perturbed by a weak oscillating magnetic field.
This field is very close to the surface. It does not involve electromagnetic interac-
tions or waves and respond by producing an electromagnetic signal with a frequency
characteristic of the magnetic field at the nucleus. This process occurs near resonance.
As we are aware, during resonance, two frequencies have to match, and the resultant
frequency is far ahead in intensity compared to the two participating frequencies.
When the oscillation frequency matches the intrinsic frequency of the nuclei, which
depends on the strength of the static magnetic field, the chemical environment and
the magnetic properties of the isotope involved; in practical applications with static
magnetic fields up to ca. 20 tesla, the frequency is similar to VHF and UHF television
broadcasts (60-1000 MHz). NMR results from specific magnetic properties of certain
atomic nuclei. Nuclear magnetic resonance spectroscopy is widely used to determine
the structure of organic molecules in solution and study molecular physics, crystals
as well as noncrystalline materials. NMR is also routinely used in advanced medical
imaging techniques, such as in magnetic resonance imaging (MRI).

Nuclear magnetic resonance spectra can be used to identify elemental groups.
Each group has a characteristic shift in wavelength. The shifts for different geopoly-
mers are shown in Figure 14.

Figure 13 depicts wavelength shift [15].

Figure 14 depicts the difference between amorphous and semi-crystalline
geopolymers. Mathematical analysis has been done on these peaks, and Gaussian
peak deconvolution has been used to characterize short range order in T-O-T bonds,
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Figure 13.

The shift in wavelengths in the case of aluminum and silicon in aluminosilicate geopolymers. The first peak is
for aluminum-based and the second peak is for silicon-based amorphous polymers [15].

295 MAS NMR of geopolymers

Amorphous geopolymer Semicrystalline geopolymer

Figure 14.
Shift in amorphous geopolymer as compared to semi-crystalline geopolymers [15].

where T can be either Al or Si [15]. Fly ash and consolidated materials have been
studied using NMR. The signals obtained are wide in nature, indicating a heteroge-
neous distribution of Si atoms in these matrices [16].

According to the 29Si RMN MAS spectra of fly ash-based geopolymer, the main
shift equal to —94,66 ppm indicates the presence of Q4 (2 Al) and Q4 (3Al) units in
the geopolymer matrix [17]. The shift equal to —107 ppm corresponding to the Q4
(OAI) coordination was less represented, which points to the Al penetration into the
[SiO4] 4- skeleton. This interpretation of the NMR spectra is also shared by other
workers [18, 19].

5. FTIR spectra

A schematic diagram of FTIR spectroscopy is reported in Figure 15. Thereisa
broadband infrared source, which gives radiation. This radiation is split in the beam
splitter. The split beam gets deflected onto the sample through a parabolic mirror.
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Figure 15.
Schematic of FTIR spectroscope.
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Figure 16.
Spectra for (a) soft kaolin and (b) metakaolin [15].
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Figure 17.

FTIR spectra of unsoaked RFFG sample and RFFG samples soaked in (a) sulfuric acid (pH = 3.0) and (b)
deioniged water (pH = 7.0) for 1, 56 and 120 days [20].
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Figure 18.
Stretching, bending and twisting as seen in FTIR spectra.

The sample is kept in an atomic force microscope. The radiation from the reflection
from the sample is detected using a detector.

Figure 16 gives the difference between the spectra for soft kaolin and metaka-
olin. There is a distinct change in the spectral lines. Comparison of spectra for red
mud fly ash-based geopolymers is given in Figure 15.

The vertical dotted lines in Figure 17 both indicate the position of the asymmet-
ric stretching vibration band of Si-O-T for geopolymer gels. The dip or movement of
the Si-O-T bond has to be carefully noticed while interpreting results.

Generally, as shown in Figure 18, stretching, bending and twisting are clearly
seen as dips in the FTIR.

6. Synchrotron

A synchrotron is a high energy device in which particles are accelerated to a very
high voltage. Figure 19 is a schematic diagram of a synchrotron.
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Figure 19.
A schematic of a synchrotron.
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Figure 20.
Synchrotron infraved microscopy of metakaolin-based geopolymer [21].
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Figure 21.
Synchrotron peaks (a) without and (b) with seeding [21] already given as [21].
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A synchrotron is a special type of cyclic particle accelerator. It is a modified
form of cyclotron, in which the accelerating particle beam travels around a fixed
closed-loop path. The magnetic field bends the particle beam into a closed path. This
magnetic field increases with time during the accelerating process. The increased
magnetic field is synchronized to the increasing kinetic energy of the particles. The
concept of synchrotron facilitated and enabled the building of large scale research
facilities to study particles in greater detail. Bending, beam focusing and acceleration
can be separated into different components. The most powerful modern particle
accelerators use versions of the basic synchrotron design. The largest synchrotron-
type accelerator, also the largest particle accelerator in the world, is the 27-kilome-
ter-circumference (17 mi) Large Hadron Collider (LHC) near Geneva, Switzerland,
built in 2008 by the European Organization for Nuclear Research (CERN). It can
accelerate beams of protons to an energy of 6.5 teraelectronvolts (TeV).

The block diagram shown in Figure 19 shows the particles subjected to accelera-
tion, injection, bending and focusing and final ejection.

Figure 20 reports a typical synchrotron infrared spectrum of a metakaolin-
based geopolymer. Information on the Si/Al-O bonds can be deduced from this
spectrum. Homogeneity of distribution can be determined using this data. This is
an important result with consequences in geopolymer mix design for optimal gel
structure and stability.

Synchrotron infrared microscopy data for geothermal silica-sodium aluminate
geopolymer binders have been generated by John L. Provis et al. Figure 21 shown
above gives the synchrotron peaks without (a) and with 0.5 wt.% nano-Al,0;
seeding (b).

7. Conclusions

A summary of selected characterization techniques that have been used to study
geopolymers has been given in this chapter. Some concrete examples of research
work on geopolymers have been reviewed, and characterization techniques that
have been practically applied in research have been explained.
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Chapter 4

Geopolymer Bricks Using Iron
Ore Tailings, Slag Sand, Ground
Granular Blast Furnace Slag and
Fly Ash

Raghunandan Kumay, Pranab Das, M. Beulah
and H.R. Arjun

Abstract

World is pound with million tonnes of industrial wastes such as ground granu-
lated blast furnace slag (GGBS), flyash and mine tailings as a various industrial
waste. The best way to make use of these wastes is to incorporate these materials as
structural elements, which in turn minimizes the carbon foot print. In this contest,
this study focuses on using iron ore tailings and slag sand as a replacement for clay
or natural sand for the production of stabilized geopolymer blocks. Also, in this
study geopolymer is used as a stabilizer instead of cement. Development of geo-
polymer binder based bricks using flyash and ground granulated blast furnace slag
has been carried out in this research. The study includes mechanical properties of
the geopolymer bricks. Sodium silicate (Na,SiO;) and sodium hydroxide (NaOH)
solution have been used as alkaline activators. The ratio of alkaline liquid to alumi-
nosilicate solid ratio and percentage of binder had major influence on the strength
of brick. The bricks were casted and cured at ambient temperature. The compres-
sive strength was carried out at 7, 14 and 28 days.

Keywords: iron ore tailings, slag sand, fly ash, GGBS, geopolymer,
sodium silicate, sodium hydroxide

1. Introduction

World over there is a huge demand on the natural resources to cater to the
housing, commercial spaces and the infrastructure for the ever growing popula-
tion. Once, it has been decided to build a new building or an infrastructure, a very
significant commitment to consume natural resources is made. Designers and
contractors may be able to help limit that consumption, but they cannot change the
overall commitment [1, 2].

Geopolymer, which is a synthesized inorganic material, is now used as an alter-
nate binder in a wide range of construction applications and products. Davidovits
[3] proposed that an alkaline liquid could be used to react with the silicon (Si) and
the aluminum (Al) in a source material of geological origin or in a by-product mate-
rial such as fly ash to produce binders. As the chemical reaction that takes place in
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this case is a polymerization process, he coined the term ‘Geopolymer’ to represent
these binders.

There are two main constituents of geopolymers, namely the source materials
and the alkaline liquids. The source materials for geopolymers should be rich in
silicon (Si) and aluminum (Al). These could be natural minerals such as kaolinite
and natural clays. By-product materials such as fly ash, ground granulated blast
furnace slag (GGBS), silica fume, slag, rice-husk ash, and red mud can also be
used as source materials. The alkaline liquids are from soluble alkali metals that are
usually sodium or potassium based. The alkaline liquid used in geopolymerization
is a combination of sodium hydroxide (NaOH) or potassium hydroxide (KOH) and
sodium silicate or potassium silicate.

Geopolymers are used to manufacture construction products like, geopolymer
bricks [4], tiles and concrete. In geopolymer bricks and in geopolymer concretes,
geopolymers do not form C-S-H gel (calcium-silicate-hydrates) unlike the Ordinary
Portland Cements (OPC), for matrix formation and strength in a geopolymer con-
crete, but it utilizes the polycondensation of silica and alumina and high alkali content.

Earth is the oldest building material used by man for millennia. All over the world
there are thousands of earth buildings which are over 500 years old. All these struc-
tures are still in sound condition and are well occupied. Even if earth is an ancient
building material [1], the earth building tradition has been kept blooming in many
countries and the technology is constantly being adapted to the requirements of
modern civilization. In terms of sustainability, un-stabilized earth outdoes any other
building material, including timber, owing to its low carbon footprint, its durability
and its unlimited recyclability. The advantages of earth buildings are as follows [1]:

a.100% natural local resource
b.Very low carbon footprint
c. Good for indoor climate
d.Low life cycle cost
e. Detoxifying effect
f. Moisture control
g.Fire resistance
h.Noise control
i. Affordable
j. Zero waste
The earth as a construction material has the following disadvantages:
a. Low resistance to water penetration resulting in structural failure due to crumbling.

b.High shrinkage and swelling resulting in structural cracks when exposed to
changing weather conditions.

c. Low resistance to abrasion requiring frequent repairs and maintenance.
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Sand is one such material which is highly used in the construction industry. Sand
has by now become the most widely consumed natural resource on the planet after
fresh water. Depletion of sand in the stream bed and along coastal areas leads to
the deepening of rivers and estuaries, and enlargement of river mouths and coastal
inlets. Therefore, the goal of sustainable construction is to use locally available
resources without affecting the environment and its people.

Iron ore tailings (IOT) [6], are waste material obtained from the process of
smelting of iron. The rapid growth in the surface mines led the production of Iron
Ore tailings which remains as overburden. The safe disposal or utilization of such
vast mineral wealth in the form of ultra- fine slime remains a major unsolved and
challenging task. Use of iron ore tailing will help in finding a new construction
material and also help in finding a proper solution for disposal of tailings. In order
to reduce the adverse impact of indiscriminate mining of natural sand, iron ore
tailings which is the waste products of mining industries is used as an alternative to
the river sand in the manufacturing of concrete and bricks.

Geopolymer is a type of inorganic polymer that can be formed at room tempera-
ture by using industrial waste or by-products as source materials to form a solid
binder that looks like and performs a similar function to Ordinary Portland Cement
(OPC). Geopolymer binder can be used in applications to fully or partially replace
OPC with environmental and technical benefits, including an 80-90% reduction in
CO, emissions and improved resistance to fire and aggressive chemicals.

Mud bricks are made by mixing earth with water [7], placing the mixture into
molds and drying the bricks in the open air. Straw or other fibers that are strong in
tension are often added to the bricks to help reduce cracking. Mud bricks are joined
with a mud mortar and can be used to build walls, vaults and domes.

To summarize, geopolymer, an inorganic polymer, made using sodium
hydroxide and sodium silicate with the prescribed molarity, can be used as binder
with industrial waste/reject materials rich in silicon (Si) and aluminum (Al),
such as fly ash, ground granulated blast furnace slag (GGBS), silica fume, slag
and rice-husk ash, to make geopolymers bricks and tiles which conform to the
standards of commercially available burnt bricks, and are environmental friendly
and can also be called as green bricks since they do not use fuel for firing and also
do not contribute to the greenhouse gases.

2. Materials and methods
2.1 Materials

A good brick earth, which is available as a natural resource, usually consist of
50-60% of silica, 20-30% of alumina, 5% of lime and 5-6% of oxide of iron [7].

However, for non-fired green bricks which can be made by using industrial
wastes, materials to be used includes iron ore tailings (IOT), slag sand, fly ash and
ground granulated blast furnace slag (GGBS), which can replace good brick earth
of similar constituents [4]. Geopolymer is synthesized by using fly ash, GGBS,
sodium hydroxide (NaOH), sodium silicate (Na,SiO;) and water. These bricks can
be manufactured without firing, but using geopolymer as binder.

2.1.1 Iron ove tailings
Iron ore tailings (IOT) [6, 8] are the waste materials obtained during the pro-
cess of separating the valuable fraction of iron from the iron ore. The different

steps involved in this process are crushing, screening, grinding, washing, jigging,
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cyclizing etc. The Iron ore tailing usually contains about 20-30% of iron. Further
extraction of iron is too expensive. The composition of the ore and the process of
mineral extraction adopted have a direct influence over the composition of the
tailings. The iron ore tailings are obtained from Bellary, Karnataka, India, where
steel companies are located (Please refer to Table 1 for the chemical composition and
Table 2 for the physical properties of the iron ore tailings used).

Similar iron ore tailings are available in other parts of India and world too which
have different percentage of iron in the tailings.

2.1.2 Slag sand

Slag sand, is an eco-friendly building material obtained as a by-product of the
industrial process which can replace conventional river sand in the construction of
buildings. It caters to the increasing demand and quality requirements of the fine
aggregates. Slag sand as an alternative to river sand will protect river banks and save
the environment (Please refer to Table 3 for chemical composition and Table 4 for
the physical properties of slag sand).

Therefore, replacing river sand with slag sand leads to a better environment and
becomes an economically viable solution for the shortage of fine aggregates.

2.1.3 Fly ash

Fly ash is extracted from flue gases by means of electrostatic precipitator in
dry form. It is a fine material and possesses good pozzolanic property. Fly ash is a
by-product of thermal power stations of India and it is of good quality as it contains
low sulfur and very low un-burnt carbon. The pozzolanic property of fly ash makes

Constituents Percentage (%)
Si0, 16.05

Fe 44.82
ALO; 6.34

CaO 1.52

MgO 0.28
MnO 1.20

TiO, 0.38

L.O.I 10.09

Table 1.

Chemical composition of ivon ore tailings.

Properties Results

Specific gravity 34

Fineness modulus 2.81

Optimum moisture content 13%

Bulk density 2.54

Maximum dry density 225
Table 2.

Physical properties of ivon ore tailings.
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Constituents Percentage (%)

Sio, 30.73

Fe,O3 0.56

ALO; 16.32

Ca0 38.47

MgO 6.41
Table 3.

Chemical composition of slag sand.

Properties Results

Specific gravity 265

Water absorption 1%

Fineness modulus 3.363
Table 4.

Physical properties of slag sand.

it a reserve for making cement and other ash based products. The specific gravity of
fly ash used is 2.17 in the present work. (Please refer to Table 5 for chemical compo-
sition of Fly ash used).

2.1.4 Ground granulated blast furnace slag (GGBS)

Granulated blast furnace slag (GGBS), is obtained by rapidly chilling (quenching)
the molten ash from the furnace with the help of water. During this process, the slag
gets fragmented and transformed into amorphous granules (glass). This granulated
slag is then ground to the desired fineness for producing GGBS. It is one of the green-
est construction materials. GGBS replaces something that is produced by a highly
energy-intensive process. The specific gravity of GGBS used in this work is 2.61.
(Please refer to Table 6 for the chemical composition of GGBS).

2.1.5 Sodium hydroxide

Sodium hydroxide is obtained from sodium carbonate which is formerly known
as caustic soda. At room temperature, sodium hydroxide exists as a white crystal-
line odorless solid which absorbs moisture from the air. When dissolved in water or
neutralized with acid it liberates substantial heat, which may be sufficient to ignite
combustible materials. It is very corrosive. It is generally used as a solid or as 50%
solution. Sodium hydroxide is one of the widely used chemical substances in labora-
tory and in industries. It is also used in the manufacture of other products like paper
pulp and various chemical products like plastics, synthetic textiles, geopolymers
etc. (Please refer to Table 7 for the specification of sodium hydroxide, NaOH).

2.1.6 Sodium silicate
Sodium silicate is usually known as water glass or liquid glass. It is well-known
due to its wide commercial and industrial application. It is composed of oxygen-

silicon polymer backbone lodging water in molecular matrix pores. Sodium silicate
products are manufactured as solids or thick liquids, depending on proposed
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Constituents Percentage (%)

Sio, 66.87

Fe, 05 441

ALO; 23.34

Ca0 117

MgO 0.31
Table 5.

Chemical composition of fly ash.

Constituents Percentage (%)

Si0, 3179

Fe,0; 0.49

ALO; 17.07

CaO 38.78

MgO 623
Table 6.

Chemical composition of GGBS.

Specifications of NaOH

M 40.0 g/mol

Assay (NaOH) >97%

Carbonate (Na,COs) <2%

Heavy metals (as Pb) <0.002%
Table7.

Specifications of sodium hydroxide (NaOH).

function. Sodium silicate is a versatile, inorganic chemical manufactured by com-
bining different ratios of sand and soda ash at high temperature.

This process gives a variety of products with unique chemistry that are used in
many industrial chemistry that are used in many industrial and consumer applications.

2.1.7 Water
Potable water is used for the manufacturing of geopolymer bricks.
2.2 Mix proportion

Six different mix proportions shall be considered viz.; GB-1, GB-2, GB-3, GB-4,
GB-5 and GB-6. The slag sand shall be mixed with portions of IOT as a partial
replacement with the following percentages; 20, 30 and 40% of the total dry mix.
Fly ash (15%) and ground granulated blast furnace slag (15%), which are kept
constant, all together contribute 30% of the total dry mix. The molarity of the
sodium hydroxide solution adopted shall be 8 and 10 M. The alkaline solution shall
contribute 10% of the total mix. The optimum moisture content adopted shall be
8%. The Na,SiO; to NaOH ratio adopted shall be 2.5. Alkaline solution to binder
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Quantity of ingredients/stabilizer

BrickID 10T% Sand% Fly ash% GGBS% Alkaline solution%

GB-1 20 40 15 15 10 (8 M NaOH Soln.)

GB-2 30 30 15 15

GB-3 40 20 15 15

GB-4 20 40 15 15 10 (10 M NaOH Soln.)
GB-5 30 30 15 15

GB-6 40 20 15 15

Table 8.

Mix proportions of geopolymer bricks.

material ratio adopted shall be 0.35. (Please refer to Table 8 for the mix proportion
including the molarity).

2.3 Process of block making
‘MARDINT is the advanced version of the mud block press machine developed

at the Department of Civil Engineering/ASTRA, Indian Institute of Science,
Bengaluru, India. The size of stabilized mud block manufactured in the machine
shall be 230 x 110 x 100 mm. The process of block making involves a series of
sequential steps as below:

a.Soil preparation

b.Alkaline solution preparation

c. Mixing of soil and stabilizer

d.Addition of extra water

e. Weighing of soil in scoop

f. Block pressing

g.Block ejection and stacking

h.Curing of the block (7, 14 and 28 days)

L&m_. Sail Alkaline Snd'mlm Silicate

Manufacturing of Bricks B et
MalH
1 S, ] l Solution Water
— e .

Fly Ash - Preparation solution
Preparation
GGEs | — o 1 ; Water

| Mixing of soil I‘_—E
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2.4 Tests on bricks
2.4.1 Compressive strength

The compressive test of a brick is considered as an index of its durability and
ability in a masonry wall to resist crushing loads [5, 7]. Even though most of the
bricks are specified in terms of strength, it is important not to sacrifice on the prop-
erties of durability and bond for higher compressive strengths. Most of the bricks
will a have strength generally ranging from 3.5 MPa to over 10 MPa. The dry
compression test shall be carried out according to IS: 3495-Part [1]—1992 specifica-
tion (or alternate as per the local relevant codes Figure 1). Five bricks per mix shall
be taken for testing and their average value turns will be the “Dry Compressive
Strength” of the brick. (Please refer to Table 9 for the results of the compressive
strength of the samples tested).

Compressive Strength = Failure Load/Area of Bed Face.

2.4.2 Brick density

Brick density is one of the primary tests on bricks. This test shall be done for
both dry and wet bricks [5]. The formula used for finding brick density is as below:

. .. dryweight kg
brick density = volume of brick =

Figure 1.
Compression test of geopolymer bricks.

Brick Dry compressive strength (N/mm?) Wet compressive strength (N/mm?)
ID
7th day 14th day 28th day

GB-1 1541 17.79 21.86 13.79

GB-2 13.04 14.82 18.46 11.70

GB-3 11.86 13.44 16.68 10.67

GB-4 17.59 20.16 253 20.95

GB-5 15.22 17.39 21.58 1739

GB-6 13.24 15.02 18.38 15.18

Tableg.

Compressive strength of geopolymer bricks.
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Brick ID Dry density (kg/m®) Wet density (kg/m®)
GB-1 1978 2110
GB-2 2001 2086
GB-3 2055 2152
GB-4 2006 2127
GB-5 2061 2136
GB-6 2120 2180
Table 10.

Density of geopolymer bricks.

Figure 2.
Water absorption test of geopolymer bricks.

BrickID Initial rate of absorption (kg/mzlmin) or(g) Water absorption (%)
GB-1 1.06 (27) 6.67
GB-2 0.94 (24) 4.22
GB-3 1.03 (26) 4.71
GB-4 1.28 (32) 6.04
GB-5 1.06 (27) 371
GB-6 0.90 (23) 2.83
Table 11.

Water absorption test results of geopolymer bricks.
(Please refer to Table 10 for the density obtained for the samples tested).
2.4.3 Water absorption

The water absorption for dry bricks should not exceed 20% of the weight of
the brick [5]. The acceptable values for initial rate of absorption (IRA) range from
10 to 30 grams. Dry brick with an IRA above 30 should be wetted before using
for construction (Please refer to Figure 2 and to Table 11, for the results of water
absorption obtained for the samples tested).

2.4.4 Dimensionality test
Dimensionality test shall be carried out according to IS: 2185-Part [1] specifica-

tion (Refer, Figure 3). In this test, 20 or more bricks shall be selected at random
and shall be arranged in rows and the dimensions shall be measured to the nearest
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Figure 3.
Dimensionality test of geopolymer bricks.

Dimensions No. of Dimension Average dimension Code recommendations
units (mm) (mm) (mm)
L 30 230 230 230+5
B 110 110 110+3
H 100 100 100+3
Table 12.

Dimensionality test results of geopolymer bricks.

millimeter. The overall lengths of the arranged bricks shall be measured with

the help of a steel tape. Similarly the width and depth of the arranged bricks are
measured along straight line. (Please refer to Table 12 for the results obtained for
the dimensionality test of the geopolymer bricks).

2.4.5 Falling test

In this test, the dried bricks after curing shall be allowed to fall from a height of
1 m from the ground. The ground shall be firm and leveled. Then the observations
shall be noted down specifying whether cracks appeared, failure happened etc. All
the samples tested show moderate edge failure which is acceptable. (Please refer to
Figure 4 for the results of the falling test).

2.4.6 Efflovescence test
The efflorescence is caused due to the presence of alkalis in bricks. When the

bricks get exposed to moisture, water is absorbed by them. Due to evaporation this
water absorbed dries out from the exposed faces. As a result of this, the soluble

g 12

Figure 4.
Falling test of geopolymer bricks.
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Figure 5.
Efflovescence test of geopolymer bricks.

salts contained within them crystallize out on to the surface. This process continues
for several years depending on the amount of salts present in the bricks and their
solubility. All the samples tested showed very slight effloresce which is acceptable.
(Please refer to Figure 5).

2.4.7 Soundness test

The soundness test is conducted by striking two bricks against each other or
by a light hammer [5]. If the bricks generate a clear metallic ringing sound and do
not break, then those are good quality bricks. All the samples tested for soundness
showed that they are heavy and good causing a metallic ringing sound when struck
against each other.

2.4.8 Havdness test

Hardness of the bricks can be found out with the aid of the scratch of the
finger nail [5]. If no impression is left over the surface, the brick is treated to be
sufficiently hard. All the samples tested showed very slight indentation, which is
acceptable. (Please refer to Figure 6 for the result of the hardness test).

2.4.9 Structure test

In structure test, a brick is broken and its structure is inspected. It is observed
that the bricks are compact, homogeneous and free from any imperfections such as
lumps, holes, etc. (Please refer to Figure 7 for the result of the structure test).

Figure 6.
Hardness test of geopolymer bricks.
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Figure7.
Structure.

2.4.10 Scanning electron microscopy

From the images of the scanning electron microscope (SCM) as seen in
Figures 8 and 9, it is observed that the bricks are homogeneous, compact and free
from defects such as holes and lumps.

HEE HY; 350 KV Wen sobimm | i VEGAS TESEA
Dt &8 =

SEM WAG: 100 ks
Wi Nl 10T pm Dwis{meciy ). BIFI0AE CoE-BUE Colege of Enginssing

Figure 8.
SEM image of GB-1.
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Figure 9.
SEM image of GB-4.
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3. Discussions

In this work a series of tests were carried out to study the strength and durability
properties of the geopolymer bricks. Also field tests were conducted to check the
quality of bricks.

The following are the key points of the discussions:

The compressive strength of the geopolymer bricks is more for the mix which
has higher concentration of the alkaline solution, i.e. 10 M as compared to 8 M and
which has the highest percentage of Slag sand.

The compressive strength is minimum for the geopolymer bricks, which were
having the least percentage of slag sand and with the highest percentage of iron ore tail-
ings. The highest water absorption percentage obtained also showed the same pattern.

The dimensionality test results were within the Indian Standard code recom-
mendations. In falling test, failure of the geopolymer bricks was not severe and
maximum pattern failures were restricted to mild edge failure, moderate edge
failure and no failure.

The efflorescence test conducted proved that the bricks were prone to efflo-
rescence slightly. Thus, it satisfied the statement “Efflorescence shall not be more
than Slight for Higher class bricks” as all the bricks belong to class AA category, the
highest category.

The geopolymer bricks produced clear ringing sound when struck with another
brick and proved to be sound and good. The bricks when subjected to hardness test
by scratching with a nail did not leave any impressions on the surface and proved to
be sufficiently hard.

The structure test and the scanning electronic microscope (SCM) conducted on
geopolymer bricks helped to understand the microstructure level of the bricks. The
bricks are homogeneous, compact and free from defects such as holes, lumps etc.

4, Conclusion

The use of geopolymers proves to be an excellent replacement for cement and
can be used as a stabilizer for bricks. Fly ash and ground granulated blast furnace
slab acts as excellent solid binders for the synthesis of geopolymers.

The compressive strength of geopolymer bricks with iron ore tailings, slag sand,
fly ash, and GGBS increases with the increase in the molarity of the alkaline solu-
tion and increases with the increase in the percentage of slag sand. The minimum
required compressive strength for geopolymer brick shall be achieved by all the
different mixes indicated.

Iron ore tailings (IOT) and slag sand can be used for manufacturing stabilized
geopolymer blocks of good quality and strength.

The field tests conducted on geopolymer bricks shows excellent results for being
adopting them for sustainable construction. Geopolymer bricks prove to be an
excellent replacement for fired bricks based on the studies conducted.
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Chapter 5

Utilization of Iron Ore Mines
Waste as Civil Construction
Material through Geopolymer
Reactions
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Abstract

In India, due to fast pace development there is a drastic growth in the iron and
steel industry. As of 2017, India is one of the largest producers of crude steel in the
world. This has led to drastic increase in mining activity. Mining activity is respon-
sible for generation of wastes, which can pose threat to the environment and its
habitants. However, there is also a great potential for mines wastes to be utilized in
construction industry, which can become an important ingredient for sustainable
and eco-friendly development. In iron and steel industry, Iron ore tailings (I0T)
and slimes utilization is still an area of challenge, because of the low content of
iron oxide present in them, which is unsuitable for metal extraction. Usually parti-
cle size of slimes below 1 mm is not amenable for further metal extraction through
conventional pelletization techniques. In the present study waste from two differ-
ent iron ore mines have been tried for their utilization as a construction material
through geopolymerisation technology. As a primary consideration, shapes made
in the form of common bricks were tested for their densification behavior, com-
pressive strength and water absorption. To reduce the cost, industrial wastes like
fly ash, ground granulated blast furnace slag, and lime were tried in different batch
compositions in addition to sodium silicate and sodium hydroxide. Relationship
between compressive strength values with individual ratio of silica to alumina
(Si/Al), silica to alumina with iron combined (Si/Al + Fe), and calcium to silica
(Ca/Si) were developed. Based on the elemental ratios, critical threshold values
were established that showed significant effect on the compressive strength of the
final composite.

Keywords: 10T, geopolymer, GGBS, calcium, fly ash

1. Introduction

Numerous scientific studies indicated superiority of the ancient concrete as
being much more durable than their modern counterparts made with ordinary port-
land cement. It has been observed that calcium silicate hydrate formed as a result
of the hydration of modern portland cement deteriorates, while the ancient cement
remains intact under identical conditions. French scientist, Davidovits [1] proposed
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that the durability of ancient concrete was the result of the presence of alkaline
aluminosilicates in the structure. Davidovits named this new class of cementitious
material as geopolymers. This is a new generation material with diverse applications
in the building industry. Geopolymers are produced from the alkali activation of an
aluminosilicate source, for e.g. fly ash, metakaolin etc. These binders have similar
chemical composition as the natural zeolitic materials but without the extensive
crystalline zeolitic structure [1, 2]. It is formed by the polymerization of individual
aluminate and silicate species, which are dissolved from their original sources at
high pH in the presence of alkali sources and the products exhibit high mechanical
strengths having the following general chemical formula.

Mn[- (Si - 0,)z - Al - O]nwH,0 1)

where M is the alkaline element, which indicates the presence of a bond, zis 1,
2 or 3 and n is degree of polymerization. Theoretically, any alkali and alkali earth
cation (Ca, Mg) can be used as a replacement of the alkaline element (M) in the
reaction, However the majority of research has focused on the effect of sodium
(Na+) and potassium (K+) ions [3], disregarding effect of alkaline earth cations
(Ca, Mg). There have been many studies investigating the role of the Si/Al ratio,
and how it relates to the mechanical properties of geopolymer. Theoretically,
there should be a direct correlation with mechanical strength and silica content
because increasing the amount of silica increases the amount of Si—~O-Si bonds,
which are stronger than Si-O—-Al and Al-O-Al bonds [2]. However, it was found
for metakaolin geopolymers with a Si/Al ratio lower than 1.40, the composites had
a very porous matrix, which led to lower compressive strength. But when the Si/Al
ratio was increased over 1.65 the composites showed an increase in strength. This
increase was attributed to a homogenous microstructure in the geopolymer. Also
in metakaolin based geopolymers it was found that the optimum strength was at
an intermediate Si/Al ratio [4]. The reduction in strength for high Si/Al ratio mixes
was the result of unreacted material, which was soft and acted as a defect in the
binder phase [5].

Past research has also shown that the addition of calcium into metakaolin
geopolymers has beneficial results for mechanical properties. But the role that
calcium plays during the geopolymer reaction period has yet to be elucidated. It
has been observed that both geopolymer gel and calcium silicate hydrate form
during the reaction process [6, 7]. For metakaolin geopolymers, it appears that the
alkali hydroxide concentration plays a vital role in determining if C-S—H forms
in the geopolymer. At low alkali hydroxide concentration, the reaction product
favors the formation of C—S—H, while at higher concentration (above 10 M) the
reaction favors the formation of the geopolymer gel. This difference is due to the
fact that the high hydroxyl concentration hinders the Ca®* dissolution forcing
the dissolved silicates and aluminum species to form geopolymer gel. On the
other hand, when the OH™ concentration is low, the amount of Ca** dissolving
increases and causes more C—S—H to form. Addition of calcium has been observed
to accelerate the hardening process and increase the strength for fly ash based
geopolymers. It was also observed that addition of calcium increases strength for
geopolymers cured at ambient conditions, while it reduces mechanical properties
of geopolymer cured at elevated temperatures, because the presence of calcium
hinders the development of the three-dimensional network structure in the geo-
polymer gel. However, other research indicates that the presence of both C-S-H
and geopolymer gel in a geopolymer could have beneficial effects on strength
because the C=S—H phase act like micro-aggregates for the geopolymer gel and
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forms a denser and more uniform binder. More research needs to be conducted to
understand the effects of composition and nanostructure on mechanical proper-
ties of both the geopolymer gel and the C-S—H phases in the geopolymer. There
is a lack of documented research involving geopolymeric reaction mechanisms
occurring in natural systems like ore minerals consisting of calcium and alkaline
minerals and in such systems it is probable that both C-S—H gel and geopolymeric
reactions could be forming simultaneously. As a result, an investigation into the
role of calcium in dictating the chemical mechanism will provide answers to the
fundamental question as to whether two separate phases will be formed, or a new
material will be produced.

In past, industrial wastes have been utilized in manufacturing of bricks. For
instance, manufacturing of bricks using waste foundry sand at industrial scale
has shown promising results [8]. Similarly, IOT can be a very favorable material
for manufacturing of bricks at industrial scale. The suitability of IOT as a partial
replacement of sand in mortar for masonry was studied. It was found that up to
20% IOT can be replaced for sand with desired compressive strength [9]. Masonry
units made of IOT in compressed earth block as a replacement for natural sand
at 25, 50 and 100% rates were evaluated [10]. Optimum mix proportion of soil,
sand and cement was utilized for manufacturing of stabilized mud blocks. It
was found that the water absorption increased with the increase in IOT content,
but was within permissible limits. It is also reported that when 7% of cement is
used, the wet compressive strength is 7 MPa. The experimental results showed
that the significant amount of sand can be replaced by IOT without compromis-
ing the strength parameters [10]. Lamani S R et al. [11] investigated the utility of
iron ore waste (IOW) in preparing non-fired bricks by using cement and fly ash.
Bricks were prepared with different proportions of cement, fly ash, and IOW. The
manufactured bricks were cured for 7, 14, 21, and 28d. Compressive strength and
water absorption of bricks were evaluated. The results of the study reveals that
mixture with 70% IOW, 15% cement and 15% fly ash shows the minimum required
compressive strength and water absorption properties of bricks for a minimum
curing period of 7d. The potential of IOT in sandcrete block was evaluated [12].
Maximum IOT used was 30%, which was replaced for sand in the production of
sandcrete blocks. Accordingly the study reported increase in compressive strength
with increased IOT replacements from 0 to 30%, and curing period from 7 to 28d.
In another study the sustainability of IOT as a replacement to fine aggregate in
mortar for masonry work was studied. It was found that the strength attained was
approximately 37 MPa for the optimum combination of IOT and river sand. In self-
compacting concrete the replacement of fine aggregate with IOT up to 40% and red
mud by cement up to 4% was evaluated [13]. Accordingly the maximum compres-
sive strength was achieved for 30% IOT mixtures [13]. Nagaraj and Shreyasvi [14],
made an explorative study to prepare compressed stabilized earth blocks utilizing
various proportions of mine spoil waste (MSW), quarry dust as aggregates, cement,
and lime as stabilizers. In their study the researchers used 30-50% waste along with
cement and lime. Cement varied in proportions of 6 and 8% with 2% lime. Blocks
of 230 x 110 x 75 mm were prepared using Mardini press. The wet compressive
strength and water absorption was evaluated for various curing periods of 7, 15, 30,
60 and 1800d. They concluded that wet compressive strength, water absorption and
flexure strength of the blocks are meeting the requirements of Indian standards;
accordingly they suggested that these blocks can be effectively used as eco-friendly
blocks in construction activity [14].

In the present work, research is conducted with the addition of GGBS and
lime (commercial grade) in IOT system with fixed amount of sodium silicate.
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It is envisaged, that this will lead to a number of reaction products and the type
and number of these products will be dependent on the experimental condi-
tions and, more importantly, depending on the form of calcium present. It is
anticipated that likely products to be formed will be calcium silicate hydrate and
aluminum silicate geopolymers. Also the isomorphs nature of iron in combina-
tion with aluminum will most probably produce alkali (Al + Fe) geopolymers. It
will be interesting to find the application of this waste as regards to its mechani-
cal strength as construction material through calculation of Si/Al, Si/(Al + Fe),
Ca/Si ratios. As regards to industrial application the present research explores
the possibility of utilizing IOT for the production of eco-friendly bricks. These
bricks are produced in Mardini block making machine. The formed bricks

are kept in room temperature for extended time periods after which different
properties are determined.

2. Part A: case study with BMM Ispat iron ore mines
2.1 Experimental
2.1.1 Materials

The materials used in this study include IOT, sodium silicate solution (Na,Sio;),
lime, GGBS and potable water. The mine tailings were received in a sizes ranging
(<150 pm) from the Bellary mining area (BMM Ispat). The physical properties of
the mine tailings are determined as per the standard (IS: 2720 (part3 & 7). Ground
granulated blast furnace slag (GGBS) is a by-product of steel industry. GGBS can
be used as a replacement for, or be blended with portland cement. When blended
with Portland cement it is called Portland slag cement. Addition of GGBS has shown
improvement in properties of the cement like resistance to chemical attack which
results in improved durability of concrete mixtures. The chemical composition of
IOT and GGBS is presented in Table 1. Table 2 presents the physical properties of
IOT. Figure 1 shows SEM images of IOT and GGBS, respectively. As seen the [OT
surface shows random distribution of irregular particles, while GGBS surface exhib-
ited aggregates which might have happened due to surface kinetics. Figures 2 and 3
show the XRD patterns of IOT and GGBS. XRD pattern of IOT shows the presence

Chemical composition 10T GGBS
Sio, 9.02 34.16
Fe,03 66.56 1.99
ALO; 9.56 17.54
CaO 196 3710
MgO 212 —
MnO, 115 —
TiO, 0.66 1.00
K,0 — 0.31
Na,O — 0.57
Table 1.

Chemical composition of IOT ¢ GGBS.
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Fineness modulus 1.8
Specific gravity 2.34
OMC (%) 9.8
MDD (g/cm®) 214
Plastic limit (%) 16.56
Liquid limit (%) 261
Plasticity index (%) 9.54
Table 2.

Physical properties of IOT and GGBS.

Figure 1.
SEM micrograph (a) 10T, (b) GGBS.
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Figure 2.
XRD pattern of Iron ore tailing (I0T).

of kaolinite and calcite in addition to the crystalline phase of hematite. XRD pat-
tern of GGBS shows highly amorphous nature, which is effective to control the
geopolymeric reaction. The lime used in this study was commercial grade and slaked
in nature, and the purity was more than 96%. Sodium silicate used in this study was
procured from a local sodium silicate manufacturer in liquid form in concentration
range of 3(Si0,):1(Nay0).
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XRD pattern of GGBS.

2.1.2 Preparation of brick samples

In present study standard sized brick (230 x 115 x 75 mm) were made by hand
pressing in Mardini press as shown in Figure 4. The brick were cured at room
temperature conditions for a period of 7, 14, and 28d. The variation of IOT was
between 30 and 50% in increments of 5%. While the amount of lime was kept fixed
at 5% and sodium silicate concentration was fixed at 20%. The addition of GGBS
was proportionately decreased from 45 to 25% such that the total of IOT and GGBS
for each composition was 75%. Table 3 presents the details of mix specification. The
schematic representation of brick making is shown in Figure 5.

2.2 Results and discussion
All the tests on the bricks were performed as per the IS:3495 standard. The

maximum stress in the brick specimens were calculated by determining the
maximum load at failure to the area of the bed surface of the bricks. Load was

Figure 4.
Mardini block making machine.
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Mix designation Quantity (%)
10T GGBS Na,Si0; Lime
B1 30 45 20 5
B2 35 40 20 5
B3 40 35 20 5
B4 45 30 20 5
B5 50 25 20 5
Table 3.

Details of mix specifications.

2- Alkaline solution g- Mixing of soil
- Soil Preparati . 3-1 E
1= Sail Preparation H preparation H R AT
6- Pressing of soil 5- Weighing of soil 4= Addition of
sample in block in scoop excess waler
7= Block ejection and 8- Curing of . )
stacking H Spreeimen 9= Final Produoct
Figures.

Schematic representation of brick making.

applied axially at a uniform rate of 14 N/mm? per minute till failure. Figure 6
shows the setup for compressive strength test. The results of the strength test

are shown in Figure 7. Water absorption data is obtained by immersion of brick
specimen in water for 24 h at room temperature, followed by drying of bricks in
oven at 110°C. The water absorption is determined by obtaining the difference in
weights of bricks before and after drying, to its dry weight in percentage. As per
the IS: 3495 good quality bricks should not absorb more than 20% water by its
weight. From the results of strength, density, and water absorption, it is seen that
there is an increase in strength and density with increase in IOT (as observed in
Figures 7 and 8). Similar trends in increase of water absorption and compressive
strength for IOT bricks with increased IOT content were reported in past stud-
ies. Increase in water absorption as observed in Table 4 can be attributed to the
higher absorbing capacity of the tailing waste. The water absorption for IOT bricks

Figure 6.
Compressive strength test setup.
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Compressive strength of bricks at different curing period.
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Figure 8.
Density of bricks.
Brick designation B1 B2 B3 B4 B5
Water absorption 59 75 10.2 12.7 135
Table 4.

Water absorption of bricks.

are well below the limits of IS standard specifications. The relationship between
Si/Al, Ca/Si, and Si/ (Al + Fe) to compressive strength at different curing periods is
shown in Figures 9-11, respectively. It is observed that there is a drastic fall in the
compressive strength with increase in the Si/Al, Ca/Si, and Si/(Al + Fe) concentra-
tions. At early curing periods (7d) the critical threshold values for Si/Al. Ca/Si, and
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Relationship between Si/Al ratio and compressive strength at different curing periods.
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Figure 10.
Relationship between Ca/Si ratio and compressive strength at different curing periods.

Si/(Al + Fe) ratios were observed to be 1.25, 0.70, and 0.30, respectively, beyond
the threshold values there was drastic reduction in the compressive strength of the
bricks. Similarly, at later curing periods (14 and 28d) the critical threshold values
for Si/Al, Ca/Si, and Si/(Al + Fe) ratios were observed to be 1.27, 0.73, and 0.34.
Figure 12 shows the SEM micrograph of brick specimen with 50% IOT. Sample
cured at room temperature for 7d show amorphous phase with gel nature, but the
increase in curing period changed the structure to crystalline with less degree of
aggregation.
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SEM micrograph of brick specimen with 50% IOT (a) 7d curing, (b) 28d curing.

3. Part B: case study with JSW Steel mines Ltd

3.1 Experimental

3.1.1 Materials

Raw materials are important in geopolymer formation and materials rich in
Siand Al are the primary requirement. These two materials react with alkaline

solution (comprising of sodium silicate and sodium hydroxide) for dissolution of Si
and Al to form reactive precursor necessary for mechanical strength. Combination
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of these two materials has traditionally been used for geopolymer formation. The
role of calcium either in formation of C==S=H gel giving cementitious bond or as
a substitute in Al and Si as partial replacement towards geopolymerisation reaction
is yet a controversy. In the current study as a calcium source; GGBS, fly ash and slag
sand were used in the various batch compositions.

Fly ash is a waste by-product from coal burning power plants for generation
of electricity. It has pozzolanic properties and is widely used in cement making
industries as an admixture in portland cement. GGBS is a byproduct from iron
making industries namely blast furnace. GGBS can be used as a replacement for, or
be blended with portland cement. When blended with portland cement it is called
portland slag cement. Addition of GGBS has shown improvement in properties of
cement, like resistance to chemical attack. However, the quality of slag depends
on certain conditions. For instance, slow cooling of the slag results in more crys-
tallized product, while rapid cooling results in desired non-crystallized product
which exhibits enhanced reactivity. Slag sand is an admixture of blast furnace slag
and other calcia based alumina-silicate compounds produced by Jindal Steel Ltd.,
Karnataka, India. The materials are generally used in civil engineering construction
for early development of strength in concrete. IOT is a low grade iron ore generated
in iron ore mines after sorting out of good quality ore (>65% hematite).

Water glass, also known as sodium silicate, contains compounds of sodium
oxide (Na,0) and silica (SiO,) and forms a glassy material that is soluble in water.
Water glass can be produced as both an aqueous solution and as solid material.

It is produced when burning sodium carbonate and silica sand in a furnace at
temperatures between 1000 and 1400°C. The viscosity of the solution depends on
the ratio of SiO, and Na,O; the higher the concentration of both, the more viscous
is the solution. Water glass dissolves in water and produces an alkaline solution
which is glassy in nature and colorless. Due to the alkali properties, water glass will
react under acidic conditions and form a hard glassy gel, which is a very useful as
bonding agent. Sodium hydroxide (NaOH), also known as caustic soda is a white
material commonly found in the form of pellets, granules or flakes. NaOH is highly
soluble in water and because of its high alkaline activator levels; it is normally used
in geopolymer reactions. The NaOH concentration has a significant effect on the
compressive strength of geopolymers.

In the present study 8 and 10 M NaOH solution were used. The NaOH was deliv-
ered by Merck (Germany). Table 5 presents the chemical composition of all the raw
materials used. Figure 13 shows the XRD patterns of different raw materials. XRD
analysis was performed to understand the nature of the material. Sharp and intense
peaks of samples A and D, is attributed to its crystalline nature. Broad diffraction
peaks of samples B and C, exhibited its amorphous nature. The full width at half
maximum (FWHM) of a peak is inversely proportional to crystallite size. Lower
crystallite size of samples B and C, compared to samples A and D is obvious from
the diffraction patterns.

Sio, AlLO; CaO MgO MnO, TiO, Fe,03
Fly ash 66.87 23.34 117 0.31 — — 441
GGBS 3179 17.07 38.78 6.23 — — 0.49
Slag sand 30.73 16.32 38.47 6.41 — — 0.56
I0T 16.05 6.34 1.52 0.28 120 0.38 44.82

Table 5.
Chemical composition of raw materials.
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Figure 13.
XRD patterns of (A) fly ash, (B) GGBS, (C) slag sand, and (D) IOT.

3.1.2 10T geopolymer with fly ash, GGBS and slag sand composition

Table 6 presents the details of proportions made with IOT, fly ash, GGBS, and
slag sand. The amount of fly ash and GGBS was kept constant as 15% in all the
compositions. As seen in Table 6, IOT increased from 20% (GB1) to 40% (GB3).
The Ca/Si ratio was increased and varied between 0.504 (GB-1) and 0.368 (GB-3).
All these compositions were made with 8 M alkaline solutions. Similarly, another set
of composition with 10 M alkaline solution was made. IOT varied from 20% (GB4)

Sample designation GB1 GB2 GB3 GB4 GB5 GB6
I0T (%) 20 30 40 20 30 40
Slag sand (%) 40 30 20 40 30 20
Fly ash (%) 15 15 15 15 15 15
GGBS (%) 15 15 15 15 15 15
Alkaline sol. 10 10 10 10 10 10
(concentration) (8 M) (8 M) (8 M) (10 M) (10 M) (10 M)
NaOH sol. (%) 2.04 2.04 2.04 18 1.8 1.8
Na,SiO; sol. (%) 1.37 1.37 1.37 171 171 171
Extra water (%) 3.8 3.8 3.8 3.69 3.69 3.69
Si (mol) 0.767 0.730 0.693 0.770 0.733 0.696
Al (mol) 0.068 0.063 0.058 0.068 0.063 0.058
Si/Al (molar ratio) 11.279 11.587 11.948 11.324 11.635 12.000
Ca (mol) 0.387 0.321 0.255 0.387 0.321 0.255
Ca/Si (molar ratio) 0.504 0.439 0.368 0.502 0.438 0.366
Table 6.

Details of mix proportion with fly ash, GGBS, and slag sand.
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to 40% (GB6) with 10 M alkaline solution. The ratio of Si/Al varied between 11.32
(GB-4) and 12.00 (GB-6). The Ca/Si ratio varied between 0.502 (GB-4) and 0.366

(GB-6).

3.2 Results and discussion

The compressive strength versus Ca/Si ratio at different curing periods for
the different compositions is shown in Figure 14. The general trend of increase
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in compressive strength with increase in time period (7, 14, and 28d) is observed.
However, with increase in the amount of IOT (from 20to 40%) thereisa fall in
compressive strength. It is observed that in all the different samples the Ca/Si
decreases with increase in IOT content. This was further attributed to decrease in
compressive strength of the brick specimens. Almost identical trends were observed
for the specimens with 10 M solution. Figure 15 shows the compressive strength
behavior of the bricks and its relationship with Si/Al ratio. It will be observed that
with increase in Si/Al ratio there is decrease in compressive strength.

Figure 16 shows the SEM micrographs of different composites. The SEM
micrograph of GB1 reveals the crystalline nature of the material with irregular
distribution of shapeless particles. Crystalline nature of the material may posi-
tively influence the compressive strength. GB3 sample also exhibited shapeless
structures with irregular distribution. The aggregation due to surface kinetics
is more compared to GB1. Due to high concentration of NaOH, GB6 is highly
aggregated with less number of independent particles. The compressive strength
of GB3 was found to be less due to low calcium content, less concentration of
sodium hydroxide and irregular distribution of particles with some degree of
aggregation.

4, Conclusion

In the current study, IOT from two different sources were used to make
brick samples in laboratory. The characterization on IOT from different sources
revealed the variation in the chemical composition of the raw hematite tailings. In
the first sample the combined (SiO, + Al,03) was found to be 18.6%, and that of
hematite was 66.56%, similarly second sample showed (SiO; + AL,O3) to be 22.4%
and hematite was 44.8%. With first IOT sample, bricks were manufactured with
GGBS, sodium silicate, and lime. In the brick specimens with IOT, GGBS, sodium
silicate, and lime there was an increase in compressive strength with increased
IOT content. The trend in increased strength was similar for different curing
periods. A maximum of 23 N/mm” was observed for bricks made with 50% IOT,
25% GGBS, 20% Na,SiOs, and 5% lime. The relationship between Si/Al, Ca/Si, and
Si/(Al + Fe) to compressive strength at different curing periods were developed.
From the developed ratios it was observed that at early curing periods (7d) the
critical threshold values for Si/Al. Ca/Si, and Si/(Al + Fe) ratios were 1.25, 0.70,
and 0.30, respectively, beyond the threshold values there was drastic reduction
in the compressive strength of the bricks. With second IOT sample, bricks were
manufactured with GGBS, fly ash, slag sand, Na,SiO;, and NaOH (8 and 10 M).
With increase in IOT content there was decrease in compressive strength of the
brick specimens. The maximum compressive strength of 25.7 N/mm? was observed
for bricks containing 20% IOT, 40% slag sand, 15% fly ash, 15% GGBS, Na,SiO;,
and NaOH (10 M). The limited results of the current study shows the effective
utilization of waste materials like IOT, GGBS, fly ash along with geopolymerisation
results in more eco-friendly and environmental sustainable building material.
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Chapter 6

Survey of Bauxite Resources,
Alumina Industry and the
Prospects of the Production of
Geopolymer Composites from the
Resulting by-product

Sékou Traoré, A. Diarra, O. Kourouma and D.L. Traové

Abstract

Guinea is endowed with huge mineral resources. Several geological surveys have
identified bauxite, iron, gold, diamond, and several metal ores. Because of the
diversity and the magnitude of its resources, the country is referred to as a geological
scandal. Nowadays the aluminum industry is still at the quarrying stage of bauxite,
the main raw material that is converted into alumina and further to aluminum.
Approximately 35-40% of the processed bauxite ore goes into the waste as alkaline
red mud RM slurry which consists of 15-40% solids. RM and other industrial wastes
material such as fly ash FA, rice husk ash RHA, that poses environmental hazards
can be mixed to make them apt for usage in engineering applications. Geopolymers
GP represent a new class of materials consisting of Al,03==SiO,-based material
suitable for several engineering application. The present chapter presents the baux-
itic potential of Guinea, the subsequent developing alumina industry. It reviews the
application of RM for the production of geopolymer materials in the perspective of
the valorization of the huge bauxite potential of Guinea.

Keywords: bauxite, red mud, silicate, activation, geopolymer,
compressive strength

1. Introduction

Bauxite deposits in Guinea are characteristically gigantic and of higher grade
than commercial deposits in other parts of the world. Out of Africa’s five producer
countries, only Guinea has significantly contributed to worldwide production. The
only African alumina refinery is located in Fria, Guinea, and has produced about 1%
of world output since the start of production in 1960. In the Bayer process for
alumina production, huge quantities of the insoluble by-product called red mud RM
are generated. Per ton of produced alumina, about 1-1.5 tons of bauxite RM is
generated. Management of RM is a first-priority issue for all alumina plants. The
high alkalinity is considered to be one of the principal reasons for the limited
success until today in finding applications for RM. An application in building mate-
rials, as a component in Ordinary Portland Cement (OPC) or geopolymers, seems to
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be a straightforward approach in terms of high quantity reuse. Generally, the use of
geopolymer as an alternative binder drew the attention because of its excellent
properties, such as high compressive strength, resistance to acidic solutions, and
thermal stability, in combination with their lower CO, footprint [1].

The primary function of a geopolymer is to act as a binder and replace OPC in
concrete manufacture or provide complementary products [2]. Some of the advan-
tages that geopolymers have over OPC are their high compressive and flexural
strength, their very high temperature resistance, a high resistance to acid, and the
ability to utilize multiple waste or byproduct streams [2] Geopolymers binders have
the potential to incorporate cations, anions, and organic species within their three-
dimensional structure. A significant ecological and marketing benefit reported for
geopolymer binder over OPC is the reduction in CO,; OPC releases 0.55 ton of
CO, emissions. One ton of CO, from the calcination of limestone and the combus-
tion of carbon-based fuel for heat and power generation produces an average
additional 0.40 t of CO,. Comparatively, geopolymer production creates only
between 0.2 and 0.5 ton of CO, per ton of product, depending on inclusion of life
cycle and transport factors [2].

2. Bauxite potential and outlook

Aluminum (Al) is the most plentiful metal in earth’s crust, representing more
than 7% by weight, and is the third most abundant element after silicon and oxygen.
Because aluminum is highly reactive, it is mostly found in oxidized form, of which
approximately 250 different minerals exist [3]. Bauxite is the main source of the
world’s aluminum, supplying 99% of metallic aluminum [1]. Bauxite is a member of
the family of lateritic rocks. It is characterized by a particular enrichment of
aluminum-hydroxide minerals, such as gibbsite, boehmite and/or diaspore. Bauxite
is formed as a weathering product of low iron and silica bedrock. About 90% of
bauxite resources in the world can be found in tropical areas while the rest in other
latitudes have been exposed to prolonged weathering in their geological past [4].
Bauxite is the principle ore for the production of alumina and aluminum metal. Via
a two-stage process that involves the refining of bauxite to alumina by the Bayer
process, wet chemical caustic leach process and the electrolytic reduction of alu-
mina to aluminum metal.

2.1 Nature and occurrence

Bauxite is a naturally occurring heterogeneous material and composes of one or
more aluminum hydroxide minerals, principally gibbsite [Al(OH);], boehmite
[y-AlO(OH)] and diaspore [a-AlO(OH)],. In addition, other compounds are also
found in bauxite such as hematite [Fe,03], goethite [FeO(OH)], quartz [SiO,],
rutile/anatase [TiO,], kaolinite [Al,Si,Os(OH),] with impurities in traces, as shows
Table 1. Most commercial bauxite has a minimum Al,O5 content of 50-55% [5].
Based on mode of occurrence and parent rock, bauxite deposits can be subdivided
into two major groups.

* Alumina-rich or lateritic bauxite, resulting from the weathering of rocks
containing alumina.

* Terra vossa, occurring as a weathered residue on, or closely associated, with
limestone and dolomite. The relatively mobile ions, including alkalis, alkali
earths and silica, are leached out leaving a residue of aluminum and iron
hydroxides, titania and other insoluble materials
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2.2 Bauxite mining and alumina industry in Guinea

Several concepts are used to define the content of a geological deposit: resource,
reserve, potential, etc. No matter definitions used, taking into account its identified
bauxite deposits both in tonnage and grade, it appears from all studies that Guinea
is the country the most endowed with bauxite in the world [6]. The country account
for more than one-third of the world’s known reserves.

As shows Table 2 its potential is about 40 billion tons. Its production of bauxite,
sourced from three mines located at Sangarédi, Kindia and Fria, is among the largest
in the world. At present, crude bauxite and alumina constitute about 60% of
Guinea’s exports and generate a quarter of its tax revenues [8].

However, Guinea has not realized the full potential of its mineral resources.
Annual production of bauxite is very low considering the proven reserves. A com-
parison of the country’s bauxite reserves and production pattern with other major
world producers shows that whereas Guinea has the largest known bauxite reserves
in the world it has the lowest alumina to bauxite production ratio of all the major
bauxite and alumina producing countries. The country has only one alumina refin-
ery plant which has a production capacity of about 0.6 million tons, hence, more
than 95% of the bauxite is exported raw. Among others a reason for the poor
performance of the sector is insufficient emphasis on local transformation. Power
supply constraints and a generally weak investment climate are other possible
reasons for low growth in the sector [8]. Power supply, which is vital to production
of alumina and aluminum, is a major constraint in Guinea. Poor transport infra-
structure and lack of human capital and organizational capacity are also serious
concerns. Figure 1 shows a train transporting bauxite from Débélé (Kindia) on a
distance of 130 km to the Port of Conakry.

Name Composition
Gibbsite y-AI(OH3) a-Al,05.3H,0
(Hydrargillite) y-AIOOH, a-AhO].H
Boehmite y-AIOOH, «a-Al,03.3H,0
Diaspore a-AIOOH, p-Al,05.3H,0
Hematite a-Fe,O3
Goethite a-FeOOH
Magnetite a-Fe;0y4
Siderite FeCO3
IImenite FeOTiO3
Anatase TiO,
Rutile TiO,
Brookite TiO,
Halloysite Al,05.2Si0,3H,0
Kaolinite Al,05.2S5i10,2H,0
Quartz SiO,

Table 1.

Main minerals of bauxite deposits [5].
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Location Nrof Provenand Measured Indicated Total Extra Bauxite
bowe probable resources and identified forecasted potential
reserves supposed  resources and resources
resources reserves
Boké 94 913 1945 3053 5911 322 8233
Kogon- 144 2893 7238 10,129 1593 11,722
Tominé
Fatala 115 62 201 1450 1713 4615 6328
Débélé- 49 157 23 69 249 126 375
Kindia
Mali 67 277 225 502 622 1124
Labé 85 320 2225 2545 239 2784
Dalaba- 57 455 465 859 1324
Mamou
Donghol- 49 703 982 1685 272 1957
Sigon
Balin-Ko 28 927 927 927
Tougué 111 1428 925 1219 3572 791 4363
Dabola 64 617 95 740 1458 855 690
Bafing- 39 89 89 601
Tinkisso
Littoral- 4 9 39
Islands*
Total 894 3178 7,398 18,686 29,245 10,895 40,139

*Exhausted reserves.

Table 2.
Bauxite potential of Guinea (billions of tones) [6, 7].

Figure 1.
Bauxite train of the CBK.

The bauxite and alumina industry is dominated by three producers: Alumina
Compagnie de Guinée (ACG), Compagnie des Bauxites de Guinée (CBG), and
Compagnie des Bauxites de Kindia (CBK). CBK and ACG are controlled by the
Russian aluminum giant RUSAL. CBG is a joint venture between the American
aluminum firm Alcoa Inc., the Canadian aluminum firm Alcan Inc., and the gov-
ernment of Guinea. Its main export markets are North America and Europe. These
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two corporation networks the Russian possessions (Fria and Débélé) and the US-
American and Australian (CBG in Sangaredi and Kamsar) form two business deci-
sion spaces that overlay with the official political structure in Guinea.

The alumina refinery plant ACG in Fria converts bauxite into alumina by the
Bayer process summarized in as follows.

2.2.1 The Bayer process

The Bayer process is the name for the hydrometallurgical extraction and refine-
ment of alumina from bauxite. Bauxite ore is ground and then digested in highly
caustic solutions at elevated temperatures.

2NaOH + Si0, ——— > Na,SiOz;+ H,O (1)

Na,SiO; + ALO; ——— 3 Na,0.Al SiO; (2)

The basic digestion reaction is the following:

ALO3 XH,0 +2NaOH —133-145°C | 9N\3A10 + (x + 1) HyO (3)
Depending on the specific raw mineral:

135-145°C
Gibbsite Al,03.3H;0 + 2NaOH ——— 2NaAlO,+ 4H,0 (4)
(YAI(OH3)

205-245°C
Boehmite A,O3.H,0 + 2NaOH —— 2NaAlO; + 2H,;0 (5)
( yAIO.OH)

High temper
Diaspore Al,O3. H;0 + 2NaOH 55 2NaAlOs+ 2H,0 (6)

High pressure

Crystalline alumina hydrate is extracted from the digestion liquor by hydrolysis.
2NaAlO; + 4H,0 ——> Al(OH); +2NaOH (7)

Gangue solids, usually iron oxides, quartz, and other resistant minerals, are
separated from the hot sodium aluminate slurry by physical means such as settling
and filtration. The solids (red mud and red sand) are countercurrent washed to
recover the caustic solutions, then pumped to specially designed impoundment
beds. The mud and sand can be intercepted, neutralized, washed, and stored for
reuse [2]. The chemical reactions leading to the alumina as final product are given
above.

2.2.2 Red mud

According to the composition of the parent bauxite and technology applied for
processing, the derived RM contains mainly of different amounts of Fe,03, AL,O3,
Si0,, TiO,, Ca0, and Na,O.

The high alkalinity is considered to be one of the principal reasons for the limited
success until today in finding applications for RM. Growing awareness has led to a
multitude of studies and semi-industrial trials related to the recycle or valorization
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of RM as a raw material for different industrial applications. An application in
building materials, as a component in OPC, filler material, or geopolymers, seems to
be a straightforward approach in terms of high quantity reuses [1]. Generally, the
use of geopolymer as an alternative binder drew the attention because of its excel-
lent properties, such as high compressive strength, resistance to acidic solutions,
and thermal stability, in combination with their lower CO, footprint [7].

The quantity of alumina produced from bauxite ore depends on the type and the
composition of the bauxite ore. Generally authors agree that 1 ton of alumina is
produced from 3 ton of bauxite [9]. In average the RM generated per ton of alumina
varies between 1 and 1.5 tons, although the amounts from different industrial
companies are much broader; it is estimated that over 150 million tons of bauxite
residue are produced annually. The quantity of bauxite residue generated at a
particular refinery is governed by the processing conditions and bauxite quality
[10]. The global inventory of RM stored on land currently is estimated to be over 2.7
billion tons, with an annual growth rate of over 120 million tons.

Over the ACG’s 30 years of existence, the quantity of RM produced may very
well exceed 20 million metric tons. It should be mentioned that up until the end
of the 1980’ this mud was simply dumped in the Konkouré river which flows not
far from the plant [11].

Figure 2 is a schema allowing the assessment of the accurate amount of alumina
and the resulting RM obtainable from crude bauxite.

Bauxite mining and processing have a strong and varied impact on the environ-
ment because they entail modifications of the landscape and severe pollution by
rejecting wastes into the biosphere (soil, the atmosphere and the water) [13].
Among others RM causes: (i) contamination of water resources with caustic soda
and metallic oxide-bearing impurities; (ii) direct contact with fauna and flora;

Input Qutput
Crude bauxite - Moisture
10 = 24 Weight-5)

Lamice bound waler
Dry bauxite # (Loss on ignition)
(90 - 31 Wsight-%)

av. Al,O, Dependent on
{31 - 50 Weight-%) || mineralogy

.| Redmud Residue from

available Al,D,

Red mud

L Redmud
“technical” i o

Figure 2.
Calculation scheme for the amount of alumina and ved mud that turn out during alumina vefinery using
chemical and mineralogical data [12].
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(iii) evaporation that could originate highly alkaline rainfalls; (iv) visual impact on
extensive areas [14].

Chemical analysis shows that red mud contains silicium, aluminum, iron, cal-
cium, titanium, sodium as well as an array of minor elements namely K, Cr, V, Ba,
Cu, Mn, Pb, Zn, P, F, S, As and etc. [9]. The variation in chemical composition
between red mud worldwide is high. The major chemical composition of red mud
for selected countries over the world is presented in Table 2. Chemical analysis
shows that red mud contains silicon, aluminum, iron, calcium, titanium, sodium as
well as an array of minor elements namely K, Cr, V, Ba, Cu, Mn, Pb, Zn, P, F, S. As
and etc. The variation in chemical composition between red mud worldwide is high
[9]. The major chemical composition of red mud for selected countries over the
world is presented in Table 3.

ACG plant rejects 1 ton of mud per ton of alumina produced and that each ton of
mud contains on average 15 kilograms of caustic soda (NaOH) which has not been
recovered by washing [11]. Moreover this mud is composed on average of 60% iron
ore (Fe;03), lime (CaCO3) with traces of titanium (TiO,). Table 2 shows that RM
from ACG/Fria has the highest Fe,O; content and the lowest Al,O; one [10].

2.2.3 Prospects for the valorization of RM

The increasing need of the industry sectors involving aluminum as metal,
entailed the improvement of the Bayer process and the subsequent issue of the
management of RM. Despite several years of research on the possible valorization of
this waste, there is almost no evidence of a large-scale application of this industrial
waste to date. Globally research efforts are focused on three fields for the valoriza-
tion or reuse of RM:

* Civil and chemical engineering applications.
* Mechanical engineering and Metallurgical applications.

* Ecological and biological production purposes.

Country Plant Major composition (%)

Fe,0; ALO; TiO, Si0, NaO, CaO

Australia AWAAK 28.5 24.0 311 18.8 3.4 5.26
Brazil Alunorte 45.6 15.1 4.29 15.6 7.5 1.16
Canada ALCAN 31.60 20.61 6.23 8.89 10.26 1.66
France Pechiney 26.62 15.0 15.76 4.98 1.02 2221
Germany AOSG 44.8 16.2 12.33 5.4 4.0 5.22
Guinea ACG/Fria 53.89 14.68 — 7.06 — 21
Guinea Pt Comfort/Texas/US 40 18 — 9.6 2.7 7.6
Italy Eurallumina 35.2 20 9.2 11.6 7.5 6.7
Spain Alcoa 37.5 21.2 11.45 4.4 3.6 5.51
Turkey Seydisehir 36.94 20.39 4.98 15.74 10.10 223
UK ALCAN 46.0 20.0 6.0 5.0 8.0 1.0
USA RMC 35.5 18.4 6.31 8.5 6.1 7.73
Table 3.

Chemical composition of red mud generated in alumina plants in various countries adapted from [13].
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This chapter addresses specifically the use of RM for the production of
geopolymers for construction and other engineering applications.

2.2.4 Suitability of RM for the production of GP

A polymer is a macromolecule, organic or inorganic, consisting of the repeated
sequence of the same pattern, the monomer (from Greek monos: one or only one,
and meros: part), connected to each other by covalent bonds. In the following
macromolecule AmmAmmAm—Am=Am=A==A ... = [==A==]. The constituent unit is A; it
is formed of a group of atoms that repeats itself. At the molecular level, most
macromolecules are in the form of “long and flexible thread”. The chemical reac-
tions allowing to pass from a monomer A to the macromolecule [==A==] are called
polymerization.

Geopolymer is a class of inorganic polymers generally formed by the chemical
reaction between silica-rich and alumina-rich solids with a high alkaline solution.
It is assumed that they result from the dissolution of alumina and silica into a silicate
solution occurring the polycondensation of these monomers into aluminosilicate
anions.

sponds to M + n [==(Si0,) z==AlO;==]n in geopolymer chemistry. A monomer A is
equivalent to (==Sim=Qm=Al==O==), poly-sialate-silox0 (==SimmQOm=AlmmQm=Sjm=O==),
or poly-sialate-disiloxo (==Sim=QO==Al==Q==Sj==O==Sij==0O==). As shows Table 2, the
RM from the ACG plant in Fria contains about 15% AL Oj3. In the chapter below the
role of AL,O; as precursor or monomers provider in geopolymerization will be
highlighted. Taking into account the country’s bauxite reserves and the subsequent
quantity of RM resulting from it processing into alumina, geopolymer production
may be a serious option for Guinea for the valorization of RM.

3. Geopolymerization

The GP technology has recently attracted increasing attention as a viable solu-
tion to reuse and recycle industrial solid wastes and by-products. It provides a
sustainable and cost-effective development for many issues where hazardous resi-
dues have to be treated and stored under critical environmental conditions [15].
Generally, materials containing mostly amorphous silica (SiO,) and alumina
(AL,O3) are a possible source for GP production. Furthermore Geopolymers appear
to be a potential alternative to the classic hydraulic binders. Some research studies
have been carried on to produce alkali-activated materials from RM. Due to Its low
reactivity and low SiO,/Al,O3 molar ratio (<2.0), it has been combined with other
higher grade precursors such as metakaolin and metakaolin to prepare alkali-
activated materials using sodium hydroxide (NaOH) and sodium silicate as alkaline
activators solutions. The authors obtained 10.8 MPa compressive strength after
28 days curing [16].

3.1 Classification of Geopolymers

Bragg used a method based on the theory of distinct silicate or aluminate anions
as the basic unit of constitution. This central unit is a tetrahedral complex consisting
of a small cation such as Si or Al that lies in tetrahedral coordination with 4 oxygen
anions to produce SiO4 or AlO,. The silicon-oxygen bond should never be ionic; it
should be polar and covalent [5]. This is since specific silicon and oxygen atoms
Cannot move at liberty within the crystalline structure. Covalent bonding is more
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general and holds for silicates, Al==Si (such as zeolites), alumino-phosphates and
geopolymers. Aluminosilicate based geopolymers such as polysialate consist of SiO,4
and AlO, tetrahedra which are linked alternatively by sharing all the oxygen atoms
[5]. Alkali-activated binders have either amorphous or nanocrystalline microstruc-
tures. This depends on the amount of alumino-silicate content in the precursor
materials and on the mineralogical nature mineralogy of raw materials [17].
Depending on the composition of the starting materials, alkali-activated binders can
be divided into two groups as shows Figure 3:

¢ Alkaline earth binding systems: Me,O==MeO==Me,03=Si0==H,0, the typical
example of this group is alkali-activated blast furnace slag OPC.

¢ Alkaline binding system: Me;O==Me,03;=SiO,==H,O0, the typical example of
this group is alkali-activated metakaolin or fly ash OPC [3].

Glukhovsky classified the alkaline activators in six groups, where M is an alkali
ion: alkalis, MOH; weak acid salts, M,COj3, M,SO3, M3PQO,, and MF; silicates, M,0.
nSiO3; aluminates, M,0.nAL,O3; aluminosilicates, M,0.ALO3. (2-6) SiO; and strong
acid salts, M,SO, [18]. Further GP are broadly classified as acid activated and alkali
activated geopolymers as shown in Figure 1. Acid activated geopolymers were
recently introduced, having properties comparable to alkali activated materials e.g.
phosphoric acid activated metakaolin produced 30% higher cold crushing strength
than their alkali activated counterparts [19]. The higher porosity of this group of
polymers suggested their possible application in waste water treatment and as an
adsorbent [20]. Acid activated geopolymers have not been explored and further
research in this field is required. Alkali activated GP are materials of special interest
in the past four decades due to their superior properties compared to OPC. Based on
the alumino silicate matrix they are classified as sialate, sialate silaxo and sialate di
silaxo.

3.2 Raw materials for geopolymer production

Starting materials are checked for pozzolanic content i.e. SiO, + AL O;. With the
advanced mixing technologies, mix design comprised of pozzolanic and semi poz-
zolanic waste materials have been reported. The base materials found to be suitable

[ Geopolymers ]

—[Aikali activated ]7—[ Acid activated ]
—[ Sialate ]

H  sialate silaxo |

H,PO, activated
geopolymers

—{ Sialate Di silaxo ]

Figure 3.
Classification of Geopolymers [17].
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comprise natural minerals such as metakaolin, clays, which contains Si, Al and
oxygen in their chemical composition [16]. By-product from other industries such
as fly ash, silica fume, slag, rice-husk ash red mud (§ 1.3.1.), etc. could be utilized
alternatively as the source materials. Disposal, price, application and demand of the
users are the main factors in the process of the selection of source materials [4].

In order to obtain a GP with desired properties e.g. high strength, low shrinkage,
high acid resistance or low cost, a range of ratios need to be controlled: Si/Al ratio;
Na/Si and K/Si ratio and water to solid ratio. It is therefore of major importance to
characterize the aluminosilicate source and to determine their reactivity, in order to
be able to evaluate the amount silicates and aluminates reacting. It should be noted
that the particles size distribution or fineness is of importance regarding the reac-
tivity of the aluminosilicate source. The mix can then be optimized by adjusting the
type and the amount activators added.

Most of the investigations have used alkali solutions for dissolution of raw
materials to form the reactive precursors necessary for geopolymerization. It has
been shown that silicate activation increases the dissolution of the starting materials
and gives rise to favorable mechanical properties [21].

. Two groups of materials are required to make a geopolymer; one is source
materials containing alumina and silica and other is an alkali that activates the
polymerization reaction. Basing on their origin materials of the first group are
natural or industrial (mainly by-products).

3.2.1 Natural minerals: Kaolinite, calcined kaolinite (metakaolin) and clays

* Kaolinite (microsilica): is a clay mineral having the chemical composition
AlSi,O5(0OH),4 Rocks that are rich in kaolinite are known as kaolin or china
clay. Kaolinite is a clay mineral with the chemical composition Al;S;05(OH).,,
which means each particle has one tetrahedral silica layer and one octahedral
alumina layer [15]. It is a soft, earthy, usually white mineral, produced by the
chemical weathering of aluminum silicate minerals like feldspar. Rocks that are
rich in kaolinite are known as china clay, white clay, or kaolin. Kaolin is a fine,
white, clay mineral that has been traditionally used in the manufacture of
porcelain.

* Metakaolin is a dehydroxylated form of the clay mineral kaolinite in the
temperature range of 500-800°C. It is a highly pozzolanic and reactive
material. Kaolinite is a clay mineral with the chemical composition
Al,Si,05(OH) 4, which means each particle has one tetrahedral silica layer and
one octahedral alumina layer. It is a soft, earthy, usually white mineral,
produced by the chemical weathering of aluminum silicate minerals like
feldspar.

3.2.2 Industry wastes

* Fly ash: fly ash is defined as the finely divided residue that results from the
combustion of ground or powdered coal and that is transported by flue gasses
from the combustion zone to the particle removal system. The characteristics
of fly ash are loss on ignition (LOI), fineness and uniformity. LOI is a
measurement of unburnt carbon remaining in the ash. Finer gradation
generally results in a more reactive ash and contains less carbon. Fly ash is a
very fine, powdery material, composed mostly of silica. It consists mostly of
silt-sized and clay-sized glassy spheres. These are generally spherical in shape
and range in size from 0.5 to 100 pm [20]. They consist mostly of SiO,, which
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is present in two forms: amorphous, which is rounded and smooth, and
crystalline, which is sharp, pointed and hazardous. Three classes of fly ash are
defined by ASTM C 618; Class N fly ash, Class F fly ash, and Class C fly ash
[15]. The chief difference between these classes is the amount of calcium,
silica, alumina, and iron content in the ash.

* Red mud: RM (see § 1.3.1.) is characterized by strong basicity even with a high
water content, because of the presence of huge amount of sodium hydroxide
used to extract silicates and alumina. Figure 4(a) shows oven dried RM,
Figure 4(b) grounded RM,; its color is due to the Fe,05 or Fe30,4, which can
make up to 60% of the mass of the RM.

* Rice-husk ash: Rice husk is the natural sheath that forms on rice grain during its
growth. Removed during the refining of rice, the rice husk ash RHA is
generated after burning the rice husk in the boiler. At present, the most
common method of disposal of RHA is dumping on waste land, thus creating
an environmental hazard through pollution and land dereliction problems. The
major compounds from rice husk are silica and cellulose which yields carbon
when thermally decomposed [22]. Rice husk is unusually high in ash compared
to other biomass fuels, close to 20%. The ash is 92-95% silica, highly porous
and light weight, with a very external surface area RHA is an active pozzolan
which when combined with line in the presence of water results in a stable and
more amorphous hydrate (calcium silicate). Rice husk is unusually high in ash
compared to other biomass fuels—close to 20%. Figure 4(c) shows RHA after
burning of RH at ambient temperature. At higher temperatures the RHA color
tends to white and its Si content increases.

This is stronger, less permeable and more resistant to chemical attack. Due to its
insulating properties, RHA has been used in the manufacture of refractory bricks.
Recently RHA has been incorporated in activated aluminosilicates.

* Catalyst vesidues: Petroleum refineries worldwide process crude oil in fluid
catalytic cracking (FCC) units, and 160,000 tons of spent FCC catalyst residue
are thus produced every year [23]. The spent catalyst is essentially an
agglomeration of zeolite (faujasite) crystals held together by an aluminosilicate
matrix including amorphous silica and clays. However, in using this type of
residue as a precursor in alkali-activation, it is important to consider the
significant heavy metal content of the catalysts, particularly nickel, vanadium
and/or lanthanum, as these may impact the performance of the geopolymer
materials, and are also potentially leachable under some conditions. Catalysts

ﬁ
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Figure 4.
(a) RM oven dried (b) RM ground (c) rice husk ash.
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from different sources and processes also differ in composition and reactivity,
meaning that this is rather a diverse class of materials which can provide alkali-
activated products with a range of performance levels [24].

* Ground Granulated Blast furnace Slag (GGBS): Ground-granulated blast-
furnace slag is obtained by quenching molten iron slag from a blast furnace in
water or steam, to produce a glassy, granular product that is then dried and
ground into a fine powder [19]. The main components of blast furnace slag are
CaO (30-50%), SiO, (28-38%), Al,O3 (8-24%), and MgO (1-18%). In general,
increasing the CaO content of the slag results in raised slag basicity and an
increase in compressive strength. The MgO and Al,O; content show the same
trend up to respectively 10-12% and 14%, beyond which no further
improvement can be obtained [25]. GGBS has now effectively replaced sulfate-
resisting OPC on the market for sulfate resistance because of its superior
performance and greatly reduced cost.

3.2.3 Particle size and reactivity of vaw materials

Particle size of the raw materials is also important factors in geopolymerization.
Finer particle sizes of the RHA improve its reactivity and thereby higher degree of
geopolymerization can be achieved. The finer the particle size the stronger the
geopolymer [26]. Higher degree of geopolymerization makes the resulting
geopolymer more ductile and stronger. As the particle size of the RHA decrease the
surface area increase [27]. The increased surface area also results in the formation of
more ductile and stronger geopolymers. This suggests that the mechanical proper-
ties of geopolymers are depending upon the physical property, the particle size of
the raw materials. The strength of geopolymer mortars are affected by the fineness
of RHA. The increase in the fineness of RHA increases its reactivity and strength of
mortars. RHAs with 1- 5% retained on No. 325 sieve are suitable for making
geopolymer mortars.

3.2.4 Activating alkali solutions

The efficiency of the alkali activation process of geopolymers is very much
dependent on the addition of chemical activators (sodium/potassium hydroxide,
soluble silicates, etc.) and also the curing regime (heat treatment) employed on the
hardened geopolymer concrete [6]. Strength development of geopolymers fabri-
cated without the addition of chemical activators or subsequent heat treatment is
very slow, particularly during the early stages.

The most common alkaline liquid used in geo-polymerization is a combination
of sodium hydroxide (NaOH) or potassium hydroxide (KOH) and sodium silicate
or potassium silicate [28].

Besides the aluminosilicate as raw material an alkaline activator is required to
produce a geopolymer. The alkali component used as an activator is a compound
from the elements of the first group in the periodic table. The common activators
can be classified as follows:

¢ Alkali metal hydroxide: NaOH, KOH, LiOH.
¢ Alkali metal silicate (AMS) Na,SiO3, K,SiOs.

* Alkali metal hydroxide silicate: Na,SiO3 + NaOH.
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¢ Metal aluminate NaAlO,.
¢ Metal carbonate Na,COs.

The Alkalinity of the solution is a widely investigated factor and the most
significant factor controlling the compressive strength of geopolymer concrete.
High alkalinity of the solution accelerates the dissolution of the raw materials,
which shortens the setting time. It also enhances the compressive strength of
geopolymers. The higher the alkaline concentration is, the higher the compressive
strength is obtained.

3.3 Concept and chemical mechanism of geopolymerization

Geopolymer is an inorganic polymer with SiO4 and AlO, tetrahedra being the
structural units [29]. Geopolymers composites are also defined as an Al- and Si-rich
cementitious, amorphous binder, which is formed by polymerization of an alkali
activated solid aluminosilicate precursor [30]. Geosynthesis is based on the ability of
the aluminum jon to induce crystallographical and chemical modifications in a silica
backbone. Usually polymerization reaction takes place in organic compounds, due to
the tetra valancy of the carbon atom. Geopolymerization is an inorganic polymeriza-
tion. It consists of dissolution and hydrolysis followed by a condensation step in an
alkaline silicate plus alumino-silicate system. The chemistry of geopolymerization is
similar with the synthesis of zeolites, although the resultant products are different in
composition and structure [31]. It consists of chains or a 3D framework of linked
AlO,”" and SiO, tetrahedra. The more general term inorganic polymer defines a super
group with a deviation from the tetrahedral coordination of Al and Si and the alumi-
nosilicate chemistry [32]. The dissolution of the mineral results with the formation of
Si==O==Al species as monomers. Their reorganization leads to the GP network.

The schema below illustrates the reactions proposed for the polycondensation
process [12]. In the reactions (8) and (9) the amount of Al-Si materials used depend
on the particle size, the extent of dissolution of Al-Si materials and the concentra-
tion of the alkaline solution. The formation of [Mz(AlO,)x(SiO,)y-MOH-H,0] gel is
a dominant step in the geopolymerization and essentially relies on the extent of
dissolution of aluminosilicate materials (reaction (10)).

Al Si material (s) +MOH (aq) + Na»SiO; (s or aq) (8)
Al Si material (s) +[M, (AIO,)x (SiO>) nMOH.mMOH,0] gel (9)
Al Si material (s) + [Ma ((AIO2) . (SiO2) , nMOH.mMOH,0] (10)

The general empirical formula of geopolymer is as follows:
M + n[-(Si02)z -AlO; -Jn (11)

Where M* = an alkali cation (K*, Na*) for balancing the negative charge of AI**
in IV-fold coordination; n = degree of polymerization; and z = Si/Al ratio. The value
of ‘2’ represents describe the Si/Al ratio, based on which three types can be distin-
guished: poly(sialate) with 1:1 Si/Al ratio, poly(sialate-siloxo) with 2:1 Si/Al ratio
and poly (sialatedisiloxo) with 3:1 Si/Al ratio [7]. Geopolymers possess amorphous
to semi-crystalline three dimensional silico-aluminate structures consisting of
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linked SiO4 and AlO, tetrahedra by sharing the oxygen atoms, which can be desig-

nated as poly-sialate (==Sim=O==Al==O==) (Si/Al = 1), poly-sialate-siloxo
(=Sim=QOm==Al==O=Si==O==) (Si/Al = 2), poly-sialate-disiloxo
(== Simm Qe A | Qe S e Qe S jmm O===) (Si/ Al = 3),and sialate links (Si:Al > 3).

The sialate is an abbreviation for silicon-oxo-aluminate. The structures of the above
types of poly(sialates) are schematically presented in Figure 6 [23, 29].

Aluminosilicate backbones are formed during geopolymerization process as
shows Figure 5. Sialate is an abbreviate form for alkali silicon-oxo-aluminate, the
alkali element being (Na, K, Li, Ca) and the term poly(sialate) covers all
geopolymers containing at least one (Na,K,Li,Ca) (Si==O==Al) and (Na,K,Li,Ca)-
sialate unit. Sodalite frameworks and kalsilite frameworks have structural molecules
Na- (==SimmOmmAl==O==) and K- (==SimmOm==Al==O==) respectively [13]. As shows
Figure 6, they are chain and ring inorganic polymers that are the result of the
polycondensation of the monomer, orthosialate (OH) 3==Sj==O==Al=—=(OH).

Sanidine frameworks, K- (==Si==QO==A]==Q==Sj==Q==Si==0==) may be consid-
ered as the condensation result of orthosialate with two ortho-silicic Si(OH)3 [13].
The sialate unit may be at the beginning, in the middle or at the end of the sequence.
There are six isomorphs: 2 linear, 2 branched and 2 cycles. Leucite frameworks
with structural molecule K- (==Si==QO==Al==O==Si==0==) may be considered as
the condensation result of orthosialate with ortho-silicic acid Si(OH). There are
three isomorphs, a linear (==Si==QO==SiQ==Al==O==), mono-siloxo-sialate and
3 cycles. Anorthite frameworks containing 2 sialate unit, Ca-
(==SimmOmm Al Q= Sjmme O Al==O==) are ring polymers that are result of the poly-
condensation of the monomer [13].

Crystalline alumina hydrate is extracted from the digestion liquor by hydrolysis.

2NaAlO, +4H,0 ~———> AI(OH); + 2NaOH (12)

The formation reactions of the above geopolymer material are established by the
following two reactions [18].

n(Si,0s, ALO3) + 4nH,0 + NaOH/KOH — > Na, K. + n(OH);-Si-O-Al-O-Si-(OH);

(OH),
(Geopolymer precursor

n(OH)s -Si-0-Al—O0-Si-(OH); + NaOH/KOH —————p (Na, K)-(-Si-O-Al-0-Si-O-) + 4nH,0

|

(OH). 0O 0 O
(Geopolymer backbone)
(13)
| | I I I I I I |
¢ 9 ¢ 9 9 ¢ 9 0 0
—D—SII'G—JE'.I'O— —D—SII'G—J?.I'D—ISI'O— —O—Sli'D—a?.I'D—gi'Cl—Sli'O—
o o o o o O o} o]

O
I | I I [ I [ I |

P t

z=1:Poly(sialate) =z =2: Poly(sialate-siloxo) z = 3 : Poly(sialate-disiloxo)

Figure 5.
Schema of GP-monomers units [23, 29].
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Sodium-Poly(sialate) Potassium Poly(sialate-disiloxo)
Sodalite framework Na-PS Sanidine framework K-PSDS

Potassium-Polysialate)
Kalsilite framework K-PS

Potassium-Poly(sialate-siloxo) Calcium-Poly(disialate)
Leucite framework K-PSS Anorthite framework Ca-PS

Figure 6.
Polymeric structures from polymerization of monomers [33].

After Duxson, the geopolymer structure consists of cross-linked, SiO4 and AlO,-
tetrahedral species where the negative charge on Al** in IV-fold coordination is
balanced with the positive charges of the alkali ions (Na+, K+). The
geopolymerization reaction can be expressed as shown below:

2Si0,Al,O;, + 3 OH ™+ 3 H,0 = 2 [AI(OH),] "+ [SIO(OH),]*~

" 0

0 s
[AI(OH),] ™+ [SIO,(OH), ]~ ——» HO~I"O~§~OH —>
HO o (14)

||
m _§i_0_‘iu'_0_§i_0_

9 9
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Geopolymers are mainly represented in the models proposed by Davidovits and
Barboza the as shown in Figures 7 and 8 [34, 35]. The two models have in common
a space, three-dimensional disposition. The Davidovits structural model of GP is
designed on the basis of a poly-sialate-siloxo type. It takes on a monolithic type of
GP comparable to organic polymers. The water molecules surrounding the Na ion in
the Barbosa model suggests the presence of pores in the structure of the GP.

3.4 Characterization of geopolymers

With regard to the characterization of GPs, the use of common materials science
techniques presents challenges because of the complex multiphase nature of pre-
cursors being structurally disordered: glassy (FA) or thermally disrupted layer
(MK). The most widely used tools for microstructural analysis of GP-materials are
scanning electron microscopy (SEM), X-ray diffraction (XRD), EDX.

3.4.1 Microstructure of RM and RHA

The SEM diagram of the RM is shown in Figure 9 RM has relatively porous
microstructure with the presence of dispersed particles. The figure presents unequal
formed aggregates with smaller particles. The aggregates represent probably Fe,0;
particles and needle-shaped particles of CagOy,.

,‘ﬁ.{o -sf -a si
i il’
q\ o\ o=

nat \ "'; ]"L"l
-sm-ﬁ“ My s..nr:-aﬂﬂ,IL 0 Alo.gi®

Figure 7.

Figure 8.
Barbosa model [35].
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Figure 9.
The SEM micrograph of RM from ACG Plant.

Figure 10 presents the morphological properties of the RHA detected by SEM. It
shows a porous and multifaceted particle shape and size. The foremost constituents
of rice husk comprise hydrated silica, cellulose and hemi cellulose component and
lignin component of approximately. The porous and honeycomb morphology seen
can be credited to the burning out of the organic component in the rice husk during
combustion.

The XRD diffractogram of RM (Figure 11) shows the presence of hematite
Fe,03, gibbsite AI(OH)3, Al,03.H,0, lapidocrocte FeO(OH) and calcite CaCO3;. RM
displays some undisclosed peaks and a few sharp peaks that are mainly from hema-
tite and calcite, but no observable broad humps [36]. This suggests that the amor-
phous phases are not present at large quantity. By comparison with its chemical
composition, alumina mainly presents as amorphous phases. Thus, red mud pro-
vides mainly Al (in the form of amorphous AL,O; or dissolved NaAlO,) and NaOH
but little Si to geopolymerization.

3.4.2 Microstructure of RM-based GP

There are three parent materials contributing in the synthesis of RHA/RM
geopolymers: RM, RHA, and NaOH solution. However, only amorphous phases in
raw materials contribute in geopolymerization reaction [36]. Among the three raw
materials, the red mud provides NaOH, A1,03, and NaAlO,; rice husk ash provides
amorphous SiO,; sodium hydroxide solution provides NaOH.

Figure 10.
SEM micrograph of RHA.
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Figure 11.
XRD pattern of red mud.

The SEM [36] of the investigated samples shows that the microstructure of RHA
and RM geopolymer comprises non-dissolved particles of RM, which are bonded in
an extent gel phase and the formation of gel silicate as shows Figure 12. The
reaction with the alkaline solution to form a particulate gel network took place at
the border of particles then involving the entire surface.

The XRD diagram (Figure 13) shows that the product is not clean geopolymer
matrix, but a composite consisting of the geopolymer structure and crystalline
phases from parent materials. It show a broad reflection related to the high amor-
phous content. However, the center of this reflection is shifted to 26 = 29° due to
changes in composition and structure when RHA is activated by NaOH and NaSiO,
solutions. This is in conformity with the microstructure RM and MK-based GP of
red mud and metakaolin based-geopolymers comprising undissolved particles of
red mud, which are bonded in an extent gel phase [37]. It indicates a Fe content
higher than 65% assigned to the existence of undissolved red mud. While, micro-
analysis of the area presented in Figure 13 indicated the formation of gel silicate
phase (Si > 40% and Fe < 7%). Therefore, red mud may participate within the
geopolymeric structures as active and not as reactive material.

Figure 12.
SEM of RM-RHA based GP [36].
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Figure 13.
XRD pattern of RM-RHA based GP [36].

3.5 Mechanical properties

Generally, a strong alkaline medium is necessary to increase the surface hydro-
lysis of the aluminosilicate [6]. Particles present in the raw material while the
concentration of the chemical activator has a pronounced effect on the mechanical
properties of the geopolymers; on the compressive strength in particular. Compres-
sive strength is an indication of the compactness and strength of a construction
material. Most of the inorganic polymer work reported is consisted upon an exten-
sive discussion of compressive strength and its relation with time, temperature,
chemical composition, source material and activating alkaline solutions. Besides
compressive strength, flexural strength was also reported in the recent papers. It
was observed that aluminosilicate based GP produced higher compressive strength
compared to other activating systems. Most of the GPs attained maximum com-
pressive strength within 7 days and only partial increase has been recorded in
certain cases. Few papers also reported the descending trend in compressive
strength with increasing time. This trend was explained on the formation of crys-
talline zeolites at extended curing time.

3.5.1 Durability

Geopolymers durability is the most important issue in determining the success
of these new materials. The fact that samples that have been exposed to service
conditions for in excess of 30 years show little degradation means that geopolymers
do therefore appear to stand the test of time [12]. Since those samples were of the
(Si + Ca) type conclusion cannot be extended to geopolymers defined as alkali
aluminosilicate gel, with aluminum and silicon linked in a tetrahedral gel frame-
work. One of the key unsolved questions in the development and application of
alkali activation technology is the issue of durability. Whether geopolymer con-
cretes are durable remains the major obstacle to recognition in standards for struc-
tural concrete [33].

Efflorescence is originated by the fact that alkaline and/or soluble silicates that
are added during processing cannot be totally consumed during geopolymerization
[38]. It is the presence of water that weakens the bond of sodium in the aluminosil-
icate polymers. In the crystalline zeolites the leaching of sodium is negligible,
contrary to what happens in the geopolymers. Na and/or K ions in geopolymers are
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bounded only weakly in the nanostructure of the geopolymer gel and are therefore
almost completely leachable.

4. Application of geopolymer composites

Several studies have been carried on to produce alkali-activated materials from
RM. Due to its low reactivity and low SiO,/Al,0; molar ratio (<2.0), it has been
combined with other higher grade precursors such as metakaolin and fly ash to
prepare alkali-activated materials using sodium hydroxide (NaOH) and sodium
silicate as alkaline activators solutions. The authors obtained 10.8 MPa compressive
strength after 28 days curing. The main application fields of GP are presented in
Table 4. The potential use of red mud for synthesis of inorganic polymeric com-
posites was studied to use it in the construction sector as artificial structural ele-
ments such as massive bricks [9]. RM was reacted with FA, sodium silicate via
geopolymerization reaction to get red mud geopolymers which are a viable OPC
material that can be used in roadway constructions. Giannopoulou et al. studied the
geopolymerization of the red mud and the slag generated in the ferronickel pro-
duction, in order to develop inorganic polymeric composites with advanced
mechanical and physical properties. The inorganic polymeric materials produced by
the geopolymerization of the red mud developed compressive strength up to
21 MPa and presented water absorption lower than 3%.

They stated that red mud may be viewed as alternatives in the industrial sectors
of construction and building materials [39]. The compressive strength of the RM-
RHA geopolymers seems to be enough competitive, which is also comparable to that
of all types of OPC with strengths of 9-20.7 MPa. Thus GP can be used as a
OPCitious binder to replace OPC in certain civil engineering applications, such as
roadway construction, building materials. Moreover, GP-binder has the ability to
immobilize toxic chemicals. Potential use of RM in GP synthesis is summarized in
Table 4. It should be expected that the application of the RM-based geopolymers
can bring both environmental and economic advantages [15]. Geopolymerization of
the RM and byproducts can save not only the expenses for waste disposal, but also
the costs for manufacturing OPC. Then recycling of abundant wastes can minimize

Si/Al Ratio Application
1 Bricks
Ceramics

Fire protection

2 Low CO, cement and concrete

Radioactive and toxic waste encapsulation

3 Fire protection fiber glass composite

Foundry equipment

Heat resistant composite 200-1000°C

Tooling for aeronautics titanium process

>3 Sealants for industry 200-600°C

Tooling for aeronautics SPF aluminum

20-35 Fire resistant and heat resistant fiber composites

Table 4.
Applications of Geopolymeric materials based on the silica to alumina atomic ratio [9].
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their potential damage to the environment. Lastly the elimination of OPC usage can
reduce the CO, emission caused by firing carbonates.

Silicate-based geopolymer binders have been utilized in applications such as
pathways, pavers, mine backfill, railway sleepers, sewerage pipes, and earth
retaining [40]. For red mud-based geopolymers to penetrate similar markets, in situ
and ambient temperature curing are required. This has been achieved in laboratory
trials while targeting a compressive strength above 20 MPa [37].

4.1 Environment considerations on Geopolymers applications

Geopolymer production tackles two main issues of the present time. On one
hand, with the increasing amount of waste generation from different processes,
there has been a growing interest in the use of waste in producing sustainable
building materials to achieve potential benefits. Cleaner production is a pressing
issue of our time. Residues or byproducts resulting from different industrial pro-
cesses requires proper management to ensure a sounder environment [14]. The use
of recycled materials in new sustainable materials production is very attractive due
to the low-cost related to the waste materials in addition to saving required space
for landfill purposes and the development as well as improvement in the materials
properties.

On the other, the global warming is one of the most pronounced terms in the
present time. Thus reducing the greenhouse gas emissions, which is the main reason
behind global warming, is the need of the present time and the future. Efforts are
underway to develop environmentally sustainable construction materials, which
make minimum utility of fast dwindling natural resources and help to reduce
greenhouse gas emissions [41-43]. It is an established fact that the greenhouse gas
emissions are reduced by 80% in GP concrete vis-a-vis the conventional OPC
manufacturing, as it does not involve carbonate burns. In this connection, GP are
showing great potential and several researchers have critically examined the various
aspects of their viability as binder system. For manufacturing each tone of the OPC
as the primary component of concrete about 1.5 tons of raw materials is needed.
Furthermore; in this process about one tone of carbon dioxide will be released into
the atmosphere. Geopolymers generate just 0.184 t of CO, per ton of binder.
Although the CO, emissions generated during the production of Na,O are very
high, still the production of alkali-activated binders is associated to a level of carbon
dioxide emissions lower than the emissions generated in the production of OPC.

5. Conclusion

In the light of the above it appears clearly that extensive research has been carried
out into the field of geopolymers for better understanding the chemical mechanism
conducting to their formation and to develop the ability to design geopolymers with
specific applications. In particular the variance of source material makes difficult a
standard mix design. Nowadays the most investigations agree that source material,
mixing ratio, alkali activator, curation time are key factors in the geopolymerization
process. With regard to the immense bauxite resources of Guinea, the development
of a subsequent alumina industry is expected and implies two questions: (i) a highly
qualified manpower is required to manage the very complex issue of the alumina
production and the management of the resulting waste; (ii) a worldwide integrated
approach will be required to Takle the management of industrial wastes an environ-
mental challenge and a technological opportunity to develop promising engineering
application. The valorization of the red mud is at the same ns.
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Chapter7

Thermal Evolution of
Geopolymer in the Process of
High-Temperature Treatment

Jingkun Yuan, Peigang He and Dechang Jia

Abstract

More and more attention had been given to geopolymers (GPs) over the last
decades because of an increasing urgency to search for high-performance and/or
environment-friendly alternatives to traditional Portland cement. In addition, geo-
polymer technology could also provide an innovative approach to prepare advanced
ceramic products by overcoming problems faced in the conventional preparation
technology. With only the need to go through appropriate thermal treatment proce-
dure, geopolymers could be directly in situ transformed into advanced ceramics such
as leucite or pollucite with adjustable microstructures, mechanical properties, coef-
ficient of thermal expansion, and melting points. In the process of high-temperature
treatment, multiple parameters, such as the composition of geopolymer, treatment
temperature, thermal insulation, etc., would affect the phase composition and micro-
structure of the resulting products. In the present chapter, two kinds of mixed-alkali
metal ion-activated geopolymer systems, Cs 4)Li,GP (wherex = 0, 0.1, 0.2, and 0.3)
and Cs(1.,)Na,GP (wherex = 0, 0.1, 0.2, 0.3, and 0.4), respectively, were designed
and prepared. Phase composition, microstructure evolution, and thermal expansion
behaviors of the ceramics derived from the geopolymers were characterized and the
effects of ion substitution on the thermal evolution of geopolymer were evaluated.

Keywords: geopolymer, high-temperature treatment, pollucite, spodumene,
amorphous glass phase, phase composition, microstructure, thermal expansion
behavior

1. Introduction

More and more attention had been given to geopolymers over the last decades
because of an increasing urgency to search for high-performance and/or environ-
ment-friendly alternatives to traditional Portland cement [1-6]. They were typically
synthesized at ambient or elevated temperature by alkali-activated process between
alkali-activated solutions and aluminosilicates. And the source of aluminosilicates
was very extensive and inexpensive, such as metakaolin, fly ash, blast furnace slag,
etc. [7-11]. Most notably, there was almost no emission of greenhouse gases through-
out the preparation process, which made geopolymer technology more competitive in
terms of environmental and economic advantages.

From their composition, geopolymers were a class of amorphous materials
consisting of cross-linked [AlO,]™ and [SiO,] tetrahedra units, and the nega-
tive charge aluminum in fourfold coordination was balanced by alkali metal
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or alkaline earth metal cation, such as Na*, K*, Mg2+, and Ca** [12-15]. As for
geopolymers, alkali metal hydroxides were involved in many processes during the
alkali-activated reaction or geopolymerization reaction, including accelerating
the dissolution of aluminosilicates, stabilizing the solution species and colloids,
reducing the electrostatic repulsion between the anions, and promoting gel
formation and rearrangement [16-18]. Therefore, as for alkali metal hydroxide,
the OH™ group in it mainly accounted for creating the reactive precursors, while
the alkali cations would play an important role in catalyzing gel formation, acting
as a structure-directing agent. Since the alkali metal was one of the most easily
alterable constituents in the framework of geopolymer, it was very valuable to
investigate the effects of alkali cation species on the evolution of microstructure
and properties of the geopolymer system [19]. Fernandez-Jiménez et al. proved
that Na* was much more conducive to the coagulation and precipitation process
than K*, and the resulting geopolymer gels would consist of a much wider diver-
sity of Q" species in the case of Na* [20-22]. Duxson et al. suggested that larger
cations were more inclined to bind by the gel in mixed-alkali-activated systems
that contained Na* and K* [23]. Tkuo et al. reported that the thermal expansion
coefficient (CTE) of the cubic cesium leucite-based compounds decreased with
much smaller ions occupying/substituting the crystallographic sites of Cs*, such as
Na* or Li* substitutional ions [24-26].

Pollucite (CsAlSi,O¢) exhibits a unique thermal expansion curve that has two
stages: the average CTE is ~12.5 x 107 K™" from 298 to 473 Kand ~2.2 x 10 ° K™
from 473 to 1473 K [24, 27]. In recent years, many reports have given evidence that
the thermal expansion of pollucite decreased with ionic substitution at the Cs”
sites by smaller alkali metal ions, such as Na* and Li* [24-33]. But, the mechanisms
about how thermal expansion properties of pollucite are affected have not yet
been studied clearly. In general, there were three main methods to prepare pol-
lucite, including the solid-state reaction method, sol-gel method, and ion exchange
method from leucite [34]. However, solid-state reaction always required high
sintering temperatures and easily suffered from problems of cesium volatilization,
agglomeration, furnace contamination, etc. Ion exchange and sol-gel techniques
were also uncompetitive due to their high cost and severe preparation conditions.
Moreover, it was almost impossible to get fully densified pollucite ceramic products
because the volatilization of cesium was inevitable in the high-temperature envi-
ronment during its preparation process. Therefore, only limited researches have
been made on pollucite glass ceramic until now. In contrast, geopolymer technology
could be an excellent alternative to prepare pollucite ceramic products through
in situ conversion due to its ability to from crystalline ceramic phase after proper
thermal treatment [35].

Therefore, as a part of our continuing research, a series of ion-substituted
cesium-based geopolymer samples, Cs(_,)Li,GP (wherex = 0, 0.1, 0.2, and 0.3)
and Cs(;.,)Na,GP (wherex = 0, 0.1, 0.2, 0.3, and 0.4), were prepared. Phase
composition, microstructure evolution, and thermal expansion behavior of
ceramics derived from Cs(;_,)Li,GP and Cs(_,)Na,GP were characterized, with the
aim of investigating the effect of ion substitution on the thermal evolution of the
geopolymer.

2. Experiments and characterization
Simultaneous thermogravimetry (TG) and differential thermal analysis (DTA)
(Netzsch STA 409, Germany) were carried out under Ar gas flow (20 mL/min) with

temperature up to 1200°C at a heating rate of 5°C/min in alumina crucibles. Sample
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powders were sintered without the occurrence of any reaction between the samples

and the crucible.

The phase composition of samples was analyzed using X-ray diffraction (XRD,

40 KV/100 mA, D/max-yB CuKa, Rigaku Corp., Japan) method to obtain the X-ray

diffraction spectra at 20 = 10°~90° with a scanning speed of 4°/min. Slow step-scans
with a step width of 0.02 and a step time of 3 s were carried out to determine the

shifts of X-ray spectrum.

The microstructure of geopolymers before and after heat treatment was inves-
tigated by a scanning electron microscope (SEM, 30 KV, Helios Nanolab600i, FEI
Co., USA). Energy dispersive spectrometer (EDS) was also adopted to study the
elemental arrangement and phase distribution. Transmission electron microscope
(TEM, 300 KV, Talos, FEI Company) was also employed to analyze its microstruc-
ture. For ceramics derived from geopolymer, TEM samples were ion-milled at low
temperature, using a Fischione ion mill (Model 2; Export, PA).

3. Results and discussions

3.1 Thermal analysis

Figure 1 displays the results of thermogravimetry (TG) analysis as to Cs.)Li,GP
and Cs;.,)Na,GP systems, respectively. Both systems showed similar TG curves.
There was significant mass loss as the temperature increased until 800°C. The
escape of free water, including water adsorbed on the surface and pore solution,
accounted for the mass loss in the interval below 300°C. The mass loss between 300
and 800°C could be mainly attributed to the condensation and polymerization of
hydroxyl connected with Si/Al atom, which resulted in the formation of oxo-bridge
in the framework of geopolymer [13, 36]. As the temperature rose further, the TG
curves remained essentially unchanged, suggesting almost no mass loss in this stage.
The total mass loss increased regularly with the increase of Li*/Na* content. Take
Cs(1.x)Na,GPs for example, Na" had a smaller ionic radius than that of Cs*, which
means Na" ion had a higher hydration energy than that of Cs" ion [37]. Therefore,
the amount of hydration water associated with Na* was much more than that with
Cs" ion and, so, it was easy to see why the mass losses increased with increase in Na*

ion substitution amount in the Cs(;_,)Na,GP system.

Figure 2 displays thermal shrinkage curves of these two geopolymer systems.
The process of thermal shrinkage could be divided into four stages [14, 38, 39]: (I)
Structural resilience (RT ~100°C): due to only free water lost in this interval, the
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dimensions of the tested samples could be maintained substantially, and the cor-
responding densification degree of the tested samples did not change significantly
synchronously; (ITI) Dehydration (100-300°C): the causes of the shrinkage and
deformation in this interval could be attributed to the capillary contraction induced
by the escape of water from micro- and nano-pore solutions; (III) Dehydroxylation
(300-800°C): the condensation and polymerization between T-OH groups
(T = Al/Si) caused the water escape and shrinkage in the interval, with more weight
damage and shrinkage at this stage than those in stage (II); (IV) Viscous sintering
(above 800°C): the shrinkage in this stage was caused by the generation of molten
amorphous glass phase, and the presence of molten amorphous glass phase would
facilitate sintering and densification, which also means the maximum shrinkage
behavior would occur in this stage [13, 19, 40, 41]. When the treatment tempera-
ture climbed to 1200°C, almost no shrinkage was observed, suggesting that the
shrinkage process was fully completed.

However, after Cs* ion was substituted, significant differences are observed
in Stage IV. For Cs;.,)Li,GP samples, they all showed two sintering steps in Stage
IV. Taking Csg oLio ;GP for example, as depicted in Figure 3, there were two sintering
steps: Region i: 850-1050°C and Region ii: 1050-1300°C. On raising Li" ion content
from 0 to 30 mol%, the onset temperature of two steps decreased gradually, from 850
to 730°C for Region i and from 1050 to 970°C for Region ii, respectively. In general,
the melting points of the MAISi,O¢ decline with decreasing ionic radius of M" ion
(M = Li, Na, K, Cs). Meanwhile, onset sintering temperatures for NaGP, KGP, and
CsGP were 650°C [36], 850°C [14], and 1200°C [13], respectively, indicating that
geopolymer containing M+ ion (MGP) also showed a similar trend with MAISi,Oe.
Therefore, it was reasonable to deduce that LiGP would exhibit the lowest onset sin-
tering temperature, resulting in the lower temperature in Region i of Stage IV. Region
ii might be due to melting of Li-based aluminosilicates. It should be pointed out that
after doping with Li, all the samples show lower overall thermal shrinkage than pure
CsGP, implying that the presence of Li facilitated sintering of Cs;)Li,GPs to dense
microstructure. The same trend could also be observed in the Cs(;_,)Na,GP system.

3.2 Phase composition

Figure 4 provides XRD patterns of Cs;.,)Li,GPs and corresponding ceramic
products derived from it. For Cs(.,)Li,GPs, all the samples show a typical amorphous
character with a broad amorphous hump from 20° to 30° 26, and almost no changes
in phase composition had been observed based the XRD results of Cs ,)Li,GPs with
different Li* content. However, a substantial amount of pollucite was observed after
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XRD patterns of Cs,.x)LixGPs (a) and cevamics derived from it (b).

pure CsGP was treated at 1300°C for 2 h. In addition, a small amount of spodumene
was also observed after Cs* ion was partially substituted by Li* ion, and the content
of spodumene was proportional to the Li" ion substitution in Cs;.,)Li,GPs system.
The results of quantitative analysis indicated that the content of spodumene was 8.8
and 14.2 wt.% corresponding tox = 0.2 and 0.3 in Cs(;.,)Li,GPs system, respectively.
However, the spodumene content was too small to calculate using XRD data when
Li" ion content was 10 mol%.

Unlike Cs( ) Li,GPs (x > 0), the phase composition of Cs_,)Na,GPs (x > 0)
was not completely amorphous after the introduction of Na* ion, and the crystal-
linity of Cs(.,)Na,GPs gradually increased as more Cs* ion was substituted. The
XRD results indicated the presence of pollucite in the unheated samples partially
substituted by Na* ion (Figure 5a), which suggested that the presence of Na* ion
would have contributed to the crystallization of pollucite. As for the crystalliza-
tion of pollucite, a possible reason could be attributed to the formation of a zeolite
containing sodium, aluminum, and silicon, such as analcime (NaAlSi,O¢H,0). The
crystallization temperature of zeolite was very low, about 300°C, and the crystal-
lization temperature will become lower (~120°C) for the samples with low Si/Al
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ratio under the hydrothermal condition [42, 43]. The geopolymer was nanoporous
together with numerous capillaries, filled with pore solution. This structure was
like a hydrothermal reaction environment. So, it was possible to produce some fine
zeolite nucleus if the reaction time was long enough, although the reaction tem-
perature was low. Analcime and pollucite have similar crystal structure and both
were tetragonal and belong to [41/acd (space group). Meanwhile, lattice constant of
analcime was 4~13.727 and ¢~13.686, which was close to that of pollucite, 4~13.677
and ¢~13.691 A. Therefore, it was highly possible that the zeolite nucleus could have
served as the nucleation site for pollucite, which contributed to pollucite formation.
So, crystalline pollucite could be present in Cs(;,)Na,GPs when x > 0, which was
not the same as the phenomenon of Cs_)Li,GPs system.

For the resulting ceramics derived from Cs(;.,)Na,GPs (x > 0), only crystalline
phases of pollucite were observed in the corresponding XRD pattern, which were
different with the Cs(;.,)Li,GPs system. So, the difference between Cs.,)Li,GPs
and Cs(;.y)Na,GPs also indicated that Na* may have only existed in the form of
amorphous glass phase.

Based on the result of slow step-scans of ceramics derived from Cs;_,)Li,GPs, it
was possible to find that with increase in Li* ion substitution, almost no deviation
occurred for the characteristic peaks (4 0 0) and (3 2 1) corresponding to pollucite
(Figure 6), which proved that the lattice parameters of pollucite did not change
as more and more Li" ions were introduced [33, 44]. This implied that Li" ions did
not occupy Cs crystallographic sites of the pollucite framework and phase separa-
tion occurred during heating. Diphasic compositions of product ceramics derived
from Cs(y.,)Li,GPs also conform to the aforementioned two-step sintering behavior
observed in thermal shrinkage results.

In contrast, for the heated samples derived from Cs(;,)Na,GPs, the peaks (4 0 0)
corresponding to pollucite shifted to the high-angle region with increase in sodium
substitution (Figure 7), which suggested that the lattice parameters of pollucite
decreased with increases in sodium content [33, 44]. The decline of pollucite’s lattice
parameters proved that Na* partially occupied/substituted the crystallographic sites
of Cs" in the pollucite crystal structure during high-temperature processing. The dif-
ference between Cs(;.,)Na,GP and Cs;.,)Li,GP systems could be attributed to the dif-
ference between the size of the ions and the form of the substituted ions. Compared
with Li" ion, the size of Na* ion was closer to that of Cs" ion. In the Cs(y_)Li, system,
Li" jon was only in the form of spodumene in the heated samples. The different forms
of Na" and Li" ions also suggested that the Na* ion had a higher degree of freedom
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XRD patterns of Cs,.xyNa,.GPs (a) and ceramics derived from it (b).
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than Li* ion in the mass transfer process. So, it was much easier to occupy/substitute
the crystallographic sites of Cs* ion in the pollucite crystal structure with Na* ion.

3.3 Microstructure evolution

Figure 8 displays the microstructure of as prepared Cs;_,)Li,GPs. The particles
are too small to be observed clearly for pure CsGP. For other Cs(;_,)Li,GPs (x > 0.1),
the average particle sizes (APSs) are close to ~120, ~200, and ~250 nm correspond-
ing tox = 0.1, 0.2, and 0.3, respectively, which could also be attributed to the
difference in hydration energy between Li* ion and Cs* ions. By comparison, the
hydration energy of Li* was higher than that of Cs*, which means that there were
more [AlO4] and [SiO4] associated with Li* ion than that around Cs* ion in the
framework of the geopolymer. Therefore, higher Li* ion contents in the geopolymer
always resulted in particles with larger APSs [37]. The same variation trend was also
observed in Cs(;,)Na,GPs system, as shown in Figure 9.
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As for Cs1.,)Li,GPs system, as shown in Figure 10, these precipitates coarsened
substantially and all the geopolymers developed a smooth, glassy texture after
heating to 1300°C. The coarsening was consistent with the considerable shrinkage
observed over the sintering temperature range [45]. Closed pore formations were
also observed coincident with significant coarsening and surface area reduction.
Pollucite crystals could not be directly observed on any of the fracture surfaces
of pure CsGP ceramics despite their noticeable presence in the XRD. As for other
Cs(1.)LiyGPs (x > 0.1), the corresponding ceramic product derived from it contain
large numbers of spherical particles surrounded by a glassy matrix, with the size
of coarsening increasing with Li* ion content. The mean diameters of spherical
particles were close to ~100 (x = 0.1), ~250 (x = 0.2), and ~400 nm (x = 0.3),
respectively. The back-scattered electron (BSE) image suggested the presence
of diphasic compositions in corresponding ceramic products derived from
Cs(1)LixGPs (x > 0.1) (Figure 10e). EDS spectra showed that cesium content at
point A (Figure 10f) was much higher than that at point B (Figure 10g). Because
EDS was a semi-quantitative analytical measure and Li* ion could not be detected
by it, so, the results of EDS suggested that spherical particle (point A) and glassy
matrix (point B) corresponded to pollucite and spodumene, respectively.

From the fracture morphology after hydrofluoric acid (HF) corrosion, the
existence of pollucite grains could be clearly observed in ceramic derived from
pure GsGP (Figure 11a). In contrast, a polydisperse distribution of pollucite
crystals and pores left after dissolution of molten glass phase during etching after
the introduction of Cs” ion, and the coarsening trend of pollucite grains were also
obvious (Figure11).

Figure 8.
Microstructure of Cs(,.x)LixGPs, (a) x = 0, (b) x = 0.1, (c) x = 0.2, (d) x = 0.3 (observed from fracture
surface).
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Figure 9.
Microstructure of Cs,x Na,GPs, (a) x = 0, (b) x = 0.1, (¢) x = 0.2, (d) x = 0.3, (e) x = 0.4 (observed from
fracture surface).

Figure 10.
Microstructure of ceramics derived from Cs,_xLi,GPs, (a) x = 0, (b) x = 0.1, (c) x = 0.2, (d) x = 0.3, (¢) BSE
image of (d), (f) EDS spectrum of point A, (g) EDS spectrum of point B.

Figure 12 shows TEM analysis of the ceramic derived from Csy 7Li 3GP. The
grain boundaries could be observed clearly, and the selected area electron diffrac-
tion (SAED) patterns of area A indicate the existence of spodumene crystallite in
the resulting products, which may have arisen from the recrystallization of molten
spodumene during cooling. Meanwhile, SAED patterns of area B also proved the
corresponding grain should be pollucite, and the spodumene phase, with no fixed
shape, mainly distributed among pollucite grains or in the grain junction area.

The microstructure morphologies of ceramic products derived from Cs;,)Na,GPs
are given in Figure 13. By comparison, the particles coarsened significantly after

107



Geopolymers and Other Geosynthetics

Figure 11.
Microstructure of ceramics derived from Cs,.)Li.GPs, (a) x = 0, (b) x = 0.1, (c) x = 0.2, (d) x = 0.3 etched in
4 wt% HF at room temperature for 20 s.

being treated at 1300°C than that of corresponding unheated Cs; ,)Na,GP samples.
It could be observed that the surface of pollucite grains was covered by smooth and
glassy texture. The presence of amorphous glass phase would be conducive to the
densification of resulting ceramic products [45].

After etching the samples in 4 wt% HF acid for 20 s, pollucite crystals could
be clearly observed in ceramics derived from heated Cs; ,)Na,GPs whenx < 0.3,
as shown in Figure 14. It could be clearly observed that the particle size gradually

(a)

Figure 12.
TEM images of ceramics derived from Cs,)Li,GPs, (a) x = 0.3, (b) and (c): SAED patterns of point A and
B, respectively.
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Figure 13.
Microstructure of ceramics derived from Cs(,.,)Na GPs, (a) x = 0, (b) x = 0.1, (c) x = 0.2, (d) x = 0.3, (e)
X = 0.4.

decreased with increasing Na* ion substitution. Compared with ceramics derived
from pure CsGP, many pores could be observed, which should be attributed to
the dissolution of the amorphous glass phase in the process of static etching. Due
to the content of amorphous glass phase and the Na* ion substitution showed a
proportional relationship. So, the residual amorphous glass phase will be more

in the sample contained a higher Na* ion substitution. Take Csq ¢Nag 4GPs for
example, the vast majority of pollucite grains could not be observed clearly on the
corroded surface of corresponding ceramic products due to the higher content of
amorphous glass phase.

Figure 14.
Microstructure of ceramics derived from Cs(,.,)Na GPs, (a) x = 0, (b) x = 0.1, (c) x = 0.2, (d) x = 0.3, (e)
x = 0.4 etched in 4 wt% HF at room temperature for 20 s.
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Figure 15 shows the TEM analysis of the ceramic evolved from treated
Csg6Nag 4GP. Similar to Cs;.,)Li,GPs system, the presence of crystal grains could be
clearly observed in this diphase composition system. The SAED patterns of area A
(Figure 15b) suggested the crystal grain to be pollucite. The results of the map-scan
suggested that Cs* ions were distributed only in the interior of crystal grain, which
is consistent with the TEM results, as shown in Figure 16. However, Na* showed a
completely different distribution. Map-scan results revealed that although the vast
majority of Na* distributed among pollucite grains, there was still a small portion
present in the interior of pollucite grains, which further demonstrated that Na*
ions partially occupied Cs crystallographic sites of the pollucite framework during
high-temperature processing. Combining the SAED patterns of area B (Figure 15¢)
and the result of the map-scan indicated again that the Na" ion mainly existed in the
form of amorphous glass phase and distributed among the pollucite grains.

In heated Cs;.,)Li,GPs system, the particle size of pollucite coarsened with
increases in Li substitution. However, Cs(.,)Na,GPs system showed a distinctly
different variation tendency, in which the particle size of pollucite grains gradually
decreased with increasing Na® ion substitution. The phenomenon of grain refinement
in heated Cs(;.,)Na,GPs system may have a direct relationship with the presence of
zeolite nucleus in corresponding unheated samples. The zeolite nucleus formed in
the unheated Cs;.,)Na,GP samples could serve as the nucleation site of pollucite and
accelerate the crystallization process of pollucite. As already mentioned, the number
of zeolite nucleus was proportional to Na* ion introduction. Therefore, the growth of
pollucite grains was more dispersed as the nucleation sites increased.

3.4 Sintering mechanism

A possible sintering mechanism of Cs;.,)Li,GP system can be suggested in
light of the theory of reactive liquid-phase sintering [46]. The composition of

1 5.00 1/nm

e—— L A L P 5.00 1inm
Figure 15.

TEM images of ceramics derived from Cs,.yNa,GPs, (a) x = 0.4, (b) and (c): SAED patterns of point 1 and
2, respectively.
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Figure 16.
HAADF-STEM and STEM-EDX images illustrating the element distribution.

Cs(1.4)LiGP can be expressed as (1-x) Cs,0-xLi,0-Al,05-4Si0,-wH,0. In fact, both
Li* and Cs* ions were present as silicates, that is, x;Li;0-y;SiO, and x,Cs,0-),S10,
(the complexity of composition and structure of silicate indicated that xy, y1, X2,
and y, did not have a certain value). Therefore, it was reasonable to employ Li,O
and Cs,0 to express the form of Li* and Cs” ions in this system.

It well known that alkaline metal oxides often participated in the sintering
process as a sintering aid in many low-temperature sintering systems [46, 47].
In addition, as a typical network-modifying agent, the presence of Li,O or Li*
ion could promote the densification process of sintering [48-51]. Similarly, the
reaction between the alkaline metal oxide dopant and the matrix phase was
studied and results showed that the mechanism was exactly the same in many
cases. Hence, as for the Cs(_,)Li,GP system, Li* was an intermediate cation with
a stronger electric field intensity in the glass-ceramic system than that of Cs* ion
[52]. Thus, with increases in temperature of high-temperature processing, the
reaction between Li,O, AL,O; and SiO, first occurred at a lower temperature, as in
Eq. (1).

Li, O(s) + SiO,(s) + Al,O5(s) — LiAlSi, Og(1) 1)

The presence of liquid spodumene (LiAlSi,O¢) and the simultaneous reaction
between Li;O and the matrix phase decreased the viscosity of the geopolymer sys-
tem, which doubtlessly accelerated the kinetics of mass-transport processes during
the low-temperature sintering. The changes in the sintering processes could reflect
from the variation tendency in thermal shrinkage curves with different lithium con-
tents (Figure 3). As the processing temperature rose further, the reaction between
Cs,0, ALL,O; and SiO, would occur at a higher temperature compared with the onset
temperature of spodumene, asin Eq. (2).

Cs,0(s) + SiO,(s) + A1203(S) - CSA]SIzOG(S) (2)
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The presence of liquid spodumene increased the rates of mass transfer and
diffusion more easily, conducive to nucleation and crystallization of pollucite
(CsAlSi,Og). This was consistent with the decrease in crystallization temperature
and the grain coarsening behavior observed above with increasing lithium sub-
stitution. Meanwhile, the degree of densification was greatly improved as well.
Therefore, the presence of Li" ion contributed to the crystallization and sintering
densification via aiding the liquid-phase processes.

The sintering process of the Cs(;_,)Na,GP system was similar to that of the
Cs(1.4)Li,GP system. The results above have already proved that Cs;.,)Na,GP
ceramics only contained pollucite and amorphous glass phase. Therefore, the main
difference in the sintering process between Cs;_,)Li,GP and Cs.,)Na,GP systems
lied in the low-temperature area. The reaction between Na,O, Al,0; and SiO, in
the Cs1.,)Na,GP system would occur first at a lower temperature, as in Eq. (3).

Na, O(s) + SiOy(s) + Al,O3(s) - amorphous glass (1) 3)

In addition to this lower temperature, the sintering process of the two systems
also experienced almost the same process at higher temperature intervals.

3.5 Thermal expansion behavior

The results of the dilatometric measurement for Cs(;_,)Li,GP and Cs(;.,)Na,GP
ceramics with correction are shown in Figure 17. The thermal expansion of ceram-
ics derived from Cs;_,)Li,GP and Cs(;_,)Na,GP systems showed an increasing trend
with increase in temperature, which could be attributed to the larger atomic spacing
at elevated temperatures.

The average thermal expansion coefficient (CTE) was defined as the average
value of the relative length change in the temperature range of T, < T < T, as
described by the following Eq. (4):

a, = (Lz—Ll)/Lo (Tz—Tl) = AL/L() AT (4)

where Lo, Ly, and L, are the lengths of the specimen at temperatures of T
(30°C), Ty, and T, respectively. From Figure 14, both curves have two very differ-
ent slopes before and after ~150°C, indicating that there was a phase transition for
pollucite from tetragonal to cubic [24, 25]. Thus, the average CTE of Cs(;_,)Li,GPs
was computed based on data in the interval from 150 to 900°C.
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Figure 17.

Linear coefficient of thermal expansion of Cs ,.x)LixGP (a) and Cs,,)NaGP.
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As for Cs1.,)Li,GP ceramics, as depicted in Figure 18, it could be observed that
the average CTE decreased from 4.80 x 10°K ™ (x = 0) t03.61 x 10° K™? (x = 0.3).
The results obtained from our previous study on the K(;_,)Cs,GP system proved that
increase in Cs* ion introduction would decrease the average CTE of the resulting
leucite ceramic. The reason could be attributed to the substitution between Cs*
and K" in the leucite framework [33]. However, as for Cs(;_,)Li,GP ceramics, the
XRD results indicated almost no changes in lattice constants of pollucite, which
suggested that the integrity of pollucite crystal cell was unchanged after partial
substitution by Li* ion. XRD quantitative analysis suggested that the content of
spodumene in resulting ceramic products was proportional to the amount of Li*
ion substitution. By comparison, spodumene had a lower CTE (1.0 x 107°K™)
than that of pollucite. Therefore, the presence of spodumene could significantly
reduce CTE of the whole system, and the higher content of spodumene meant
lower CTE. Another reason could be attributed to the role of molten spodumene,
possibly as a buffer phase exists between pollucite crystals. Hence, with the increase
in Li substitution or spodumene content, the average CTE of Cs(y_,)Li,GP ceramics
decreased evidently.

However, the calculated results showed that the average CTE of Cs;.,)Na,GP
ceramic products showed a completely different variation pattern compared
with Cs . Li,GP ceramic products, increasing from 4.80 x 10° K™ (x = 0) to
726 x 10" K™! (x = 0.4) with the rise of sodium substitution.

For K(;.4)Cs,GPs system involved in our previous studies, the average CTE of the
leucite ceramic decreased with increase in the amount of Cs* ion introduced. The
reason could be ascribed to Cs* occupying/substituting K* crystallographic sites in
the leucite framework, which led to the increase in content of stabilized cubic leu-
cite in resulting ceramic products [33]. However, there was no evidence to suggest
any substitution at the lattice level between Li* and Cs* in the Cs(;.,)Li,GP system.
Besides, as a diphase system, pollucite and spodumene were present as independent
components in the resulting products [38]. Therefore, one could conclude that the
decline of average CTE was mainly due to the fact that CTE of spodumene was far
lower than that of pollucite.

As for Cs(1.4)Na,GP ceramics, XRD results suggested that the substitution
between Na* and Cs” ions caused the decline of lattice constant of pollucite.
According to the Ikuo et al. reports, the increase in Na* in the crystal lattice could
decrease the thermal expansion of the pollucite, and with the increase in Na* ion
substitution, the average CTE of ceramics derived from heated Cs( ,)Na,GPs
decreased [24-26]. However, compared with Cs;.,)Li,GPs system, the CTE of
Cs(1.x)Na,GP ceramics showed an opposite trend with increasing Na* ion
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Thermal expansion properties of Cs,.)LixGP cevamics (a) and Cs,.x)Na,.GP ceramics (b).
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substitution. The average CTE of Cs(;_,)Na,GP ceramics continued to rise with the
increase in content of Na* ion introduction. It is well known that amorphous glass
phase containing Na* ion always had a higher CTE (9~10 x 10™° K™*) than that of
pollucite (~4.80 x 10~ K1) [53-56]. By contrast, the effect on CTE caused by the
presence of the amorphous glass phase was much stronger than the impact caused
by the substitution of Na* for Cs" in lattice level. So, the presence of amorphous
glass phase could account for the rise of average CTE. The content of amorphous
glass phase was proportional to the amount of Na* ion substitution. Therefore, the
average CTE of ceramics derived from Cs;.,)Na,GPs increased almost linearly with
the increasing sodium content.

4, Conclusions

In this chapter, the effects of ion substitution on the thermal evolution of
cesium-based geopolymers on heating were studied. The following conclusions
could be obtained based on the current results.

i. The introduction of Li* or Na* could favor the formation of pollucite in
Cs1M,GPs (x > 0.1), respectively. A possible reason could be attributed to
the formation of zeolite nucleus, which could serve as the nucleation sites for
pollucite. This also provided a novel method for preparing pollucite at low
temperature, even at room temperature.

—_.

ii. Cs(1.,yM,GPs with different content of ionic replacement showed a similar
thermal evolution process. The introduction of Li* or Na* changed the
sintering mechanism through decreased onset temperature for viscous
sintering stage. With the introduction of more Li* or Na*, the amorphous
glass phase in resulting products would be conducive to its densification
process. The introduction of Li* ion led to particle coarsening in part because
of the rapid formation of a liquid phase on heating and perhaps because the
hydration energy of Li" is greater than that of Cs*. However, the particle size
of pollucite grain gradually decreased with the increase in Na* contents in
Cs(1.x)Na,GP ceramics, which had a close relationship with the role of Na*
ion in the nucleation process of pollucite.

iii. Compared with traditional way, geopolymer technology could be an
excellent alternative to fabricate ceramics or ceramic matrix composites
in an in-situ convert way. In the Cs;.,)Li,GP ceramics, the introduction of
Li* results in the formation of a multiphase system, including pollucite,
spodumene, and amorphous glass phase, and Li* only existed inside the
spodumene grains. In contrast, two forms of Na* ions were present in the
ceramic products derived from Cs(;_,)Na,GPs. Therefore, a small portion
was present in the pollucite grains due to Na* occupying/substituting
Cs" crystallographic sites of the pollucite framework, while the rest were
mostly present in the amorphous glass phase and distributed among the
pollucite grains.

iv. The average CTE of ceramics derived from Cs ,)Li,GPs and Cs;_,)Na,GPs
showed a completely different variation pattern. The reason could be
attributed to the difference between two kinds of substituted ion species,
which resulted in different phase composition in the corresponding result-
ing products.
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Chapter 8

Review of Sustainable
Geosynthetic Development Trend
with Environmental Adaptive and
Eco-Environmental Performances
Point of View

Han-Yong Jeon

Abstract

Most of the geosynthetics contribute to the long-term stability of the soil
structure, so products with little change in long-term performance are mainly
used. To this end, demand for biodegradable products emphasizing planting and
environmental compatibility is increasing. Sustainable geosynthetics can be catego-
rized as “Usual Geosynthetics” and “Green Geosynthetics” on the basis of required
performance, and it can be said that it is meaning to expand the use of geosynthet-
ics in the fusion level. In here, “Usual Geosynthetics” refer to functional long-term
maintenance and environmental adaptive products, and “Green Geosynthetics”
refer to eco-environmental products that are decomposable geosynthetic fibers
whose functions are extinguished after a required period of time. In this paper, we
introduce sustainable geosynthetics, which are differentiated from raw materials to
applicability.

Keywords: environmental compatibility, biodegradable, sustainable
geosynthetics, usual geosynthetics, green geosynthetics, environmental adaptive,
eco-environmental

1. Introduction

Terminology of Geosynthetics is that “a planar product manufactured from
polymeric material used with soil, rock, earth, or other geotechnical engineering
related material as an integral part of a man-made project, structure, or system.”
Their functions of geosynthetics are shown in Figure 1, and polymeric materials for
geosynthetics are shown in Figure 2 [1-3].

Actually, polymeric materials for geosynthetics have their unique properties,
and various additives are mixed to have the suitable and various functions of
geosynthetics, and the manufacturing process is also different for each product.
Figures 2 and 3 show abbreviations and abbreviated definitions and examples of
typical geosynthetic products, respectively.
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Separator

Reinforcement

Drainage
Energy absorber E
Container
Barrier “
Figure 1.

Functions of geosynthetics in soil structure.

Separation

separating dissimilar materials so that both can function
as originally intended
Reinforcement
providing tensile strength to soils or other materials
Filtration
allowing cross-plane flow, yet retaining upstream particles
Drainage
providing in-plane flow, vet retaining upstream particles
Containment (or Barrier)
preventing liquids, gases, or solids from becoming fugitive

Figure 2.
Functions of geosynthetics for application.

« Geotextiles (GT)

+ Geogrids (GG)

« Geonets (GN)

« Geomembranes (GM)
Geosynthetic Clay Liners (GCL)
Geofoam (GF)

« Geocompaosites (GC)

Geosynthetics - polymeric construction materials used in the ground
Geotextiles - permeable fabrics capable of multiple functions
Geogrids - interconnected sets of ribs used in reinforcement
Geonets - integrally joined sets of ribs used for drainage
Geomembranes - impermeable polymer liners used as a containment
Geosynthetic Clay Liners - bentonite layer between GTs on a GM

used as a barrier in containment applications
Geocomposites - GSs laminated together or GSs used with soil

Figure 3.
Abbreviations and abbreviated definitions of geosynthetics.
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2. Sustainable geosynthetics

Most of the geosynthetics contribute to the long-term stability of the soil
structure, so that products with small changes in long-term performance are mainly
used, while demand for biodegradable products emphasizing planting and environ-
mental compatibility is also increasing (Figures 3 and 4).

Therefore, sustainable geosynthetics mentioned in this chapter are classified as
“Usual Geosynthetics” and “Green Geosynthetics” based on required performance
as shown in Figure 5 [6, 7].

First, environmental adaptive geosynthetics, which we have previously described as
“Usual Geosynthetics,” have not changed much over the past 20 years but have created
a paradigm of composite products using extreme strength fibers with the keyword
of diversification. The environmentally adaptable geosynthetics can be introduced as
“Usual Geosynthetics,” which are used to reinforce the ground structure, and the initial
strength retention rate should be within the given range during the service life.

In other words, usual geosynthetics are a product that requires a high resistance
to instantaneous loads from the outside and also requires a hybrid function that
converges to the reinforcement, protection, and blocking functions that are the basic
functions of geotextiles. Since natural fibers have the advantage of being eco-friendly

GEOMEMBRANES

GEOSYNTHETIC
CLAY LINERS

GEOCOMPOSITES

Figure 4.
Examples of typical geosynthetic products.

| Usual Geosynthetics |
For Long-Term Performance
/ = Environmental Adaptive
Geﬂsynme“cs _ Sustainable

< Under Ground =
| Green Geosynthetics | I Dagradability I

For Biodegradabie Performance
= Environmental Friendly

Figures.
Schematic diagram of “Sustainable Geosynthetics”.
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materials, the utility of geotextile as a raw material has begun to be reemerged in
recent years such as various types of cotton, jute, coir, and straw. However, since it is
not used much and cannot be mass-produced compared to synthetic fibers, it has dif-
ficulties in creating demand. Some of them use natural geotextiles as slope stabiliza-
tion, erosion prevention, and drainage, but here is no big change [4].

On the other hand, polyolefin (polyolefin) and polyester (polyolefin) are the
most widely used synthetic polymer materials. Polyurethane, glass, and carbon
polymers are very limited. Since the polymer materials used in the manufacture
of geosynthetic products are often used in large quantities by low cost. In general,
manufacturing high-performance geosynthetics increases the manufacturing
cost, which is economically expensive. In other words, if the performance is the
same, a product with a lower manufacturing cost is economically advantageous.
Considering this, geosynthetics using recycled polymer materials may be consid-
ered, but disadvantages of performance decrease compared to geosynthetics using
virgin polymers rather than recycling becomes a problem. Considering the environ-
mental aspects, it is preferable to use recycled polymer materials, but the additional
cost of recycling is not recommended in terms of economic performance.

High-performance hybrid polymer materials are being used as convergence
geosynthetic products are required to protect, repair, and repair the ground struc-
ture from natural disasters such as earthquakes, tsunamis, and typhoons. These
convergence geosynthetic products play a pivotal role in improving the stability of
geotechnical structures and expanding their applications. Carbon fibers, aramid
fibers, and liquid crystal polymer fibers are being used as new materials. In addition,
test methods and construction techniques related to these new materials are being
developed to expand the performance of these convergence geosynthetic products.

Second, “Green Geosynthetics” refer to products that have sustainable degrad-
able geosynthetic fiber and environmental pollution prevention and restoration
functions that do not mean long-term implementation of initial performance in
terms of environmental friendliness.

For the slope stabilization/protection field requiring eco-environmental proper-
ties, mesh type geocell using biodegradable resin is applied to slope vegetation,
river maintenance, eco-slope composition, garden-based layer, landfill slope, and
waterproof protection. This reflects the demand for eco-environmental geosynthet-
ics and means that there is a growing need to expand biodegradable geosynthetics
to civil/environmental fields. In addition, polypropylene staple fiber products have
been developed in the geosynthetics and web structures to emphasize the slope
reinforcement function.

In the case of fiber, “biodegradability” means decomposition by microorganisms
or bacteria in the soil, which is a geotechnical structure, and the initial performance
gradually decreases during the service period [5].

In order to recover the contaminated environment and to manufacture “Green
Geosynthetics,” a biodegradable resin should be used as a raw material, and it is dif-
ferentiated from geo-fiber, which cannot be decomposed after construction. Also,
when used as a filter, manufacturing of geotextiles in the form of nanofibers helps
improve filtration efficiency.

3. Hybrid geosynthetics
3.1 For water permeable and reinforced functions

In the case of using the geosynthetics alone, it is true that the application field
is extremely limited due to the limitation of its function. For this reason, hybrid
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geotextiles suitable for specific functions and environments have been developed,
and their usage is also increasing faster than in any field of civil engineering syn-
thetic materials. In other words, a product that combines geogrid and geotext styles,
which are widely used in landfills, reinforced earth retaining walls, roads, and soft
ground reinforcement, has been developed.

This means geogrid’s reinforcement function and geotextile’s permeability func-
tion, and geogrid and geotextile are bonded through thermal and ultrasonic weld-
ing. In this product, the tensile strength and puncture resistance are increased, the
effective hole size and the vertical permeability are reduced, but the tear strength is
not greatly influenced by the change in weight. In addition, it is expected that when
the actual construction is performed from the tensile strain and the creep strain of
the geogrid, not only the reinforcing function but also the partial geotextile protec-
tion effect can be obtained.

3.2 For protection and water barrier

The geomembrane has a smooth sheet shape, so it has low frictional force with
the soil and much surface damage is caused by sharp objects such as gravel, concrete
slabs, and tree roots in the construction process.

In addition, when the geomembrane used as the cargo material in the landfill
is slid at the interface with the soil or other geosynthetics, or when the surface is
damaged, it causes problems in the stability of the landfill system during or after
the landfill is completed and may be affected by the leachate generated when the
waste is decomposed.

Therefore, tensile, tear, rupture, and puncture strength are increased when the
geomembrane and geotextile composite are manufactured, and the internal friction
angle with respect to the contact soil is increased to improve the shear characteris-
tics. And the stability of the geomembrane leachate is improved by the protection
effect of the geotextile.

This phenomenon is due to the fact that the difference in strength between two direc-
tions due to stretching, which is generally seen in the geomembrane, is complemented
by the thermal fusion bonding, and the resistance to the tensile force is increased due to
the reinforcing effect of the geotextile and the geomembrane bonding part.

3.3 For separation, filtration, and reinforcement

Geotextile surface smoothness can be improved to improve separation function
and reinforcement function of reinforcing geotextile, and AOS (Apparent Opening
Size) of geotextiles by differential design can improve filtration function (Figure 6).

These products have the overall performance (chemical stability, high tensile
properties, permeability, etc.) as geomembrane protection material in the landfill
construction where frequent damage of the aeration sheet is caused by the aggregate
applied to the leachate drainage layer and the working vehicle on the top can be
used as a composite product.

3.4 For auxiliary water barrier function

As shown in Figure 6, hybrid products such as GCL, which are used as auxiliary
water barrier materials, have been developed, such as improvement of swelling
property, prevention of loss, and improvement of freezing and thawing properties.
In addition, bentonite modification and the like are progressing with the aim of
improving the swelling property in salt water, and the interest in the product for
preventing environmental pollution is also increasing.
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Figure 6.
Geotextiles for [separation/filtration/veinforcement] functions improvement.

As a part of development of hybrid geosynthetic clay liners, GCL applies (1)
multi-layered swelling enhanced bentonite, (2) bentonite surface strengthening
performance, and (3) bentonite for blocking and removing harmful components.
Bentonite reforming and hybrid GCL development give the differentiated perfor-
mance to the GCL products such as this way.

3.5 For multi-axial geocomposite

Geocomposite manufacturing technology and products were developed for the
purpose of reinforcement function by developing not biaxial but multi-axial curved
knitting materials, which can enhance the ground reinforcement function by apply-
ing multi-axial curved knitting technology.

In addition, a smart monitoring high performance multi-axial geocomposite is
being developed in order to monitor the damage of the geocomposite due to stress
concentration by appropriately embedding the optical fiber sensor in the multi-
axial geocomposite as shown in Figure 7.

3.6 For reflective crack protection

The life of the pavement is affected by rutting caused by the load of the vehicle
and the driving load of the vehicle. In particular, due to differential settlement by
rutting, the reflective crack is generated, and the road fracture proceeds due to
the propagation of the reflective crack. Reflective crack is also the main cause of
differential settlement due to plastic deformation, and it also has a great influence
on road stability, causing social problems due to increased casualties due to vehicle
accidents.

Therefore, in order to improve the durability and stability of the pavement by
reflective cracks and to improve the driving performance of the vehicle, it is neces-
sary to use geosynthetics that can suppress the reflective cracks.

Figure 7.
Multi-axial geocomposites by optical sensor application technology.
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Figure 8.
Anti-veflective crack geosynthetics for road construction.

Taking this into consideration, reinforcement of asphalt and concrete roads
using geosynthetics has a great effect on suppressing reflective crack and differential
settlement and has the advantage of blocking water penetration by reflective crack.

From the above view, it is necessary to develop geosynthetics that can improve
the stability of roads by improving the resistance to fatigue loading of road struc-
tures by rutting and differential settlement (Figure 8).

4. Nanomaterial application to geosynthetics

Figure 9 shows various aspects of nanofiber manufacturing technology and
production where it is seen that mass production of nanofibers is possible by modi-
fied electro spinning. Electro spinning is the general method used to manufacture
nanofibers, which is similar to the meltblown method, but the current problem is to
increase mass production.

Regular size (~ 1 denier) fibers are used as 2500-6000 denier to implement the
function of geosynthetic products (e.g., separation /reinforcement/drainage/filtra-
tion/protection, etc.). However, if micros and nanofibers are used to make geosyn-
thetic products for separation and filtration, more fibers can be integrated in a given
space, and separation and filtration will be improved than with regular size fibers.
Figure 10 shows the fiber manufacturing method with fiber length, and micro and
nanofibers, which are smaller in fiber thickness, are selected for fibrillation process
that is different from the general spinning process. Nanofibers, in particular, have
not been significantly out of the range of electrospinning.

Dry spinming

Wet spinning Nanofiber
= Wit spinning hodified E-spinmiig
E Malthlowr Mo cified meiblown
T Islands-in-the-sea
3 BEiaes

ep
HANOTechnics
technology
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Fiber Length

Figure 9.
Fiber manufacturing technology and productivity.
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Figure 10.
Fiber filling between microfiber and nanofiber per unit area for geosynthetics.

One of the methods for improving the filtration function is to increase the pore
size per unit area. Conversely, increasing the number of filled fibers per unit area
in order to improve the adsorption performance reduces the pore size due to the
increase in specific surface area. Therefore, the fine particles cannot pass through
the pores made of nanofibers, thereby improving the filtration efficiency. It can be
seen that liquid and gas filters using micro and nanofibers can be used to adsorb
fine particles and heavy metal ions in water and air media (Figure 11).

Figure 12 is a schematic diagram showing the relationship between adsorption
and desorption of fine particles in the direction of pressure. Higher particle densi-
ties or adsorption rates are required to optimize these filter performances, and
micro and nanofibers can be used to maximize the capture and removal efficiency
of particles. Figure 13 shows the fiber density per unit area by fiber length and
thickness and the filtration area per fiber weight with the filter manufacturing pro-
cess. HMT and expanded PTFE (polytetrafluoroethylene) fibers have a relatively
higher fiber density per unit area than spunbonded, flashspun, and meltblown

Nanofiber Geotextiles
100 "/
g
™ Impurities
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E Components
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0 01 1
Particle Size(m)

Figure 11.
Effect of using a nanofiber geotextile filter.
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Figure 12.
Maintenance of filtration efficiency for nanofiber filters.
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Figure 13.

Comparison of fiber diameter and surface avea using nanofiber and other fibers.

fibers. Therefore, it can be seen that the filter performance by the optimization of
the specific surface area is excellent. Figure 14 shows the particle distribution area
that can be removed using micro and nanofiber filters.

From the above, when applying geosynthetic products made of micro and
nanofibers to the environmental field, considering the theoretical basis and validity,
considering the limitation and economic disadvantage of fiber manufacturing pro-
cess, development of differentiated technology and application should be preceded.

In order to remove the heavy metals and toxic substances contained in contami-
nated soil, a nonwoven geotextile is used, which is a mixture of nanofiber clay with
polyester fiber (Figure 15).

The specifications of nonwoven geotextiles with 2-3% yellow clay particles and
the composition of yellow clay particles are shown in Tables 1 and 2, respectively.

Clogging in nonwoven geotextiles means apparent opening size (AOS), which
represents the size of the voids between the fibers that make up the nonwoven
fabric, and this value depends on the distribution and continuity of the fibers that
make up the nonwoven geotextiles. In general, the AOS value could be controlled in
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Relationship between separation fields and membranes using nanotechnology.
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Figure 15.
Clay added geotextile to improve adsorption efficiency.
Composition Weight Yellow clay Raw fiber
Nonwoven geotextiles ( g/mz) content (%)
With yellow clay added FGT-1 272 2~3% Polyester Fibers (6 denier
geotextiles FGT-2 463 Filament)
FGT-3 784
FGT-4 1514
Without yellow clay GT-1 284 None
geotextiles GT-2 480
GT-3 756
GT-4 1546

Table 1.
Specifications two types of polyester geotextiles.

Component Yellow Clay SiO, AlLOs Fe,0; TiO, Cao MgO Na,O K,O
Amount 97.54 1.80 0.07 0.11 0.13 0.01 0.01 0.02 0.01
Table 2.

Components of yellow clay particles.
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the nonwoven geotextiles manufacturing process and the smaller the AOS value, the
lower the permeability.

Figure 16 shows the AOS values before and after burial of nonwoven geotextiles
used in landfills. Nonwoven geotextiles (FGT) added with yellow clay particles
showed smaller AOS values than nonwoven geotextiles without yellow clay par-
ticles. This is thought to be due to the fact that the pores of the FGT of with yellow
clay particles are smaller than the GT of without yellow clay particles.

As same as shown in Figure 16, analytical result of AOS value, heavy metals,
or harmful components contained in the leachate solution may be more easily
removed by adsorption using FGT than GT (Figure 17).

Figure 17 shows the permittivities between FGT and GT before/after burial in
the waste landfill site. As same as shown in Figure 16, FGTs showed smaller permit-
tivity than GT due to the clogging effects by smaller AOS values.

Figure 18 shows the adsorption efficiency of the heavy metal component of
the nonwoven geotextile of with yellow clay particles, this value is by ICP analysis
expressed as a percentage. This is also due to the AOS value of with/without yellow
clay as same as shown in Figure 16.
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Figure 16.
AOS of with/without yellow clay nonwoven geotextiles before/after immersion. (Where A, B mean before and
after immersion, respectively).
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Figure 17.
Permittivity of with/without yellow clay nonwoven geotextiles befove/after immersion. (Where A, B mean
before and after immersion, respectively.
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Figure 18.
Adsorption efficiency of with/without yellow clay nonwoven geotextiles.

In the future, if micro and nanofibers are used to manufacture nonwoven geo-

textiles, the development of technology to control the AOS distribution is expected
to create new demands in soil removal, prevention, and restoration.
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Chapter 9

Analysis of the Creep and

the Influence on the Modulus

Improvement Factor (MIF) in
Polyolefin Geocells Using the

Stepped Isothermal Method

Juan Carlos Ruge, Julian Gonzalo Gomez
and Carlos Andres Moreno

Abstract

The article shows the analysis of the behavior at long-term deformation of
geocells for a set time period, due to its importance on the modulus improvement
factor (MIF), which is considered in the design stage of a reinforced pavement
structure with geocells. When inquiring into the research about the structural
behavior that exists in the geocells, as well as the distribution of stresses that this
generates, in order to determine how important the existence of a deformation in
the geocell is. We proceeded with the sampling and execution of the test “modified
stepped isothermal method (SIM) for geocells.” The test was carried out under the
comparison of the materials and thicknesses of the sample, with the purpose to
analyze the influence on the behavior of a pavement structure. The stresses gener-
ated at the level of the granular subbase layer of a pavement are taken into account
as load effects.

Keywords: creep, geocells, modulus improvement factor, stepped isothermal method

1. Introduction

One of the most common problems in road geotechnics projects is encountering
subgrade soils of low carrying capacity. Multiple solutions are proposed to improve
the unfavorable conditions of this type of soil; however, a large part of them can
be harmful to the environment. In this sense, alternatives based on design with
geosynthetics are important and allow for adequate reinforcement of the unsuitable
soft subgrade as a supporting layer of the pavement structure.

However, with the implementation of geosynthetics, problems associated with
the stresses experienced by the material were observed, such as UV degradation and
long-term plastic deformation. These effects occur in almost all geosynthetics, even
in geocells, which will be analyzed in detail in this article.

The first need to reinforce highly compressible soils arose during wartime at the
beginning of the twentieth century, when the transport of heavy machinery was
required. For this reason, the US Army Corps of Engineers was the first to use and
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develop the cellular confinement system in the late 1970s, as a means to help build
roads, runways, platforms, and others; all these solutions were made on very soft
soils and under humid conditions.

The main large-scale use of this system of cellular confinement was during the
Gulf War, in “Operation Desert Storm”, where it transported heavy military mate-
rial with speed and efficiency. For the purpose of mobilizing large troops, accord-
ing to the company Geoceldas SA, the defense department of the United States
“acquired 6.4 million square feet (600,000 square meters) of cellular geosynthetics
for use in various military applications [1].”

In terms of its implementation in design tasks, pavement structure with geo-
cells uses a coefficient of increase for the modules of the materials (MIF), which
depends on several factors. Among these is resistance to long-term deformation
of the material that makes up the panel of geocells. This generates a mechanism
of confinement, which creates an apparent cohesion of the material incorporated
therein. If the geocells yield, it is susceptible to losing its properties and begins to
deform causing a settlement in the pavement structure, in addition to providing a
deconfinement in the geocell filling material [2, 3].

Therefore, some consequences of deformation in the geocell are the reduction
of the apparent cohesion in the filling material due to the loss of confinement,
according to which there is a high decrease in the MIF coefficient taken into account
during the design of the structure.

For these reasons, it is important to know the properties of the materials that
are involved in the pavement structures and the veracity of the calculations that are
made in the analyses. Therefore, when calculating the MIF, it is important to know
the long-term deformation of material to give support and certainty in the analyses.
Consequently, a modified test based on the SIM for geocells was developed. A test
program was carried out using different samples of geocells, exposing results for
each one of them.

The definition of the MIF factor refers to the material modulus with reinforce-
ment vs. the material without reinforcement. This value is obtained at the moment
of designing a structure with geocell, applying five characteristics of the material-
geocell set, among which is the long-term deformation of geosynthetic. The MIF
value depends on the analysis of the creep in the geocells, because if the material
becomes deconfined, the increase of the modulus considered in the design will be
reduced. For this reason, a safety factor is applied to the MIF, due to the creep in the
geocells.

The samples were analyzed under load effects, which contemplate those gen-
erated at the level of the granular subbase layer of pavement, thus showing the
feasibility of use in this layer and the possible behavior of these over its usable life.

2. Methodology

This research was based on the stepped isothermal method (SIM) which is
standardized by ASTM D6992 [4, 5]. It was modified to prove the long-term
deformation of the geocells and to learn the incidence that this property has when
calculating the MIF, which is described as the relationship that exists between the
module of a granular material confined with geocells and the same granular mate-
rial without confinement, determined from Eq. (1) [6]. Basically, the adjustment
on the test was based in terms of the width and length of the specimens, which
depends on the type of geocell that is being analyzed.

Evein orce
MIF = et 1)

Eno—reinfovced
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The SIM test determines the long-term deformation of polymers by time-tem-
perature superposition, whose effect was modified for use in polyolefin geocells.
This method, known as the “time-temperature superposition principle (PSTT),”
establishes that material having a viscoelastic property (V) measured in a time
interval coincides with the same measurement in greater times at a lower tempera-
ture. Because this method is clearly empirical, it is defined as a principle, because
not even theoretical concepts have been developed to sustain it [7].

With the aforementioned considerations, an increase in temperature accord-
ing to Billmeyer [8], accelerates molecular and segmental movement, leading the
system to equilibrium more quickly or “apparent equilibrium,” accelerating all
viscoelastic processes.

To that extent, the modification proposal is based on systematically dividing
the trial into five steps, in which the temperature will be increased with a specific
duration for each step. In addition to applying a constant load throughout the trial
of 4.4 kN/m, the temperatures reached for each step are 21 ¢ 1, 44, 51, and 65°C,
respectively.

The first part of the test refers to the simulation of the load exerted on the
geocell at the time of compaction of the filling material. It is possible to find
a mean of time-temperature superposition according to [9], a temperature of
51°C and 1 hour of testing, equivalent to 100,000 hours of use (4166 days or
11 years).

The load of 4.4 kN/m, to which the material is subjected throughout the test,
replicates the force supported by the geocell in the granular subbase of a pavement
structure. This necessitates implementation of a series of charges which will be
imposed through weights that will transmit this force to the geocells.

Properties of the material Testing method Unit Values MARV
Polymer density ASTM D-1505 g/em® 0.935-0.965
Black smoke content ASTM D-1603 % 1.5% min
weight
Nominal thickness of the cell wall before ASTM D-5199 mm 11+10%
texturing
Nominal thickness of the cell wall after ASTM D-5199 mm 1.52 + 10%
texturing
Physical properties Testing method Unit Typical values
Nominal size of the expanded cell Measured mm 320 x 287
Nominal area of the expanded cell Measured cm? 460
Nominal size of the expanded panel Measured m 2,56 x 8,35
Nominal size of the expanded panel Measured m’ 21,04
Height of the cell Measured mm 75(3) 100(4) 150(6)
(in) 200(8)
Resistance of the joints by ultrasound USAGE GL-86-19 N 1065 1420 2130 2840
Ultimate resistance to joints tension ISO 13426-1 kN/m 15
method B
Ultimate resistance to tension wide strip ISO 10319 kN/m 25
method
% of perforations per unit area Measured % 12+2

Table 1.
Properties of geocell type 1, Provider 1.
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Physical properties Norm Unit Typical values
Density of the material ASTM D-1505 g/em’ 0.950 + 0.015
Thickness of the sheet (textured) ASTM D-5199 mm min. 1.52 + 0.15
Black carbon content ASTM D-1603 % 2005
Resistance to environmental cracking ASTM D-1693 hours >3000
(ESCR)
Resistance of the joints to the takeoff ASTM D-4437 N/cm >150
Height of the unit mm 150
Minimum values of resistance ISO 13426-1 method A: kN/ 2.7
shear test joint
kN/m 8.1
ISO 13426-1 method B: kN/ 225
takeoff test joint

kN/m 6.75
Number of cells #/m 21.7
Diagonal length cm 304
Cell area cm? 461
Distance between joints mm 445
Width of the expanded unit m 243
Expanded unit length m 55
Coverage m’ 133
Weight of the unit kg 20.8

Table 2.

Properties of geocell type 2, Provider 2

Dimensions of the cells and panels

Property Value

Distance between ribs 445 mm (+2.5%)
Height of the cells 150-200 mm (+5%)
Dimensions of the open cell 340 x 290 mm (+3%)

# of cells/m? 22

Expanded section size 2.8 x 10.7-17.3 m (+3%) (méx.)
Expanded section area 3048 m” (+3%)

Categories of the geocell

Property Norm Cat. A Cat. Cat.D
C

Resistance to welding (kN/m) 1SO 13426-1 9 15 18

Ultimate resistance of the ASTM D638, ISO 527 22 24 28

material (MPa)

Ultimate resistance (wide ISO 103192 9 15 22

strip with perforations)

(kN/m)

Dimensional stability Norm Value

Coefficient of thermal ASTM E-831 <95

expansion (ppm/°C) measuring
range of —30°C to +30°C
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Dimensions of the cells and panels

Property Value

Time of induction to ASTM D-3895 >125
oxidation (OIT at 200°C)

(mpn.) (virgin material

before any modification)

Resistance to ultraviolet ASTM D-5885 >1250
degradation (HPOIT at
200°C) (min.)

Durability of the cell to long- Accelerated radial Cells, joints, and perforations remained intact
term cyclical loads (pass) pressure test (TRI) without evidence of plastic deformation at the
end of the cyclic loading

Efficiency of the internal ASTM D-5321 >0.84

friction angle

Flexural module for each ISO 672 ASTM E2254

temperature (MPa) (DAM)

—40°C >1150

—-10°C >1050

+10°C >950

+30°C >750

+45°C >650

+60°C >550

Reduction factor ASTM D-6992 (SIM)

due to permanent

deformation(creep)

5years <12

10 years <14

25 years <19

50 years <29
Table 3.

Geocell of types 3 and 4 properties, Provider 3.

2.1 Sampling

All samples used came from polyolefin geocells available in the Colombian mar-
ket. The sampling was conducted randomly from a bank of specimens supplied by
the manufacturer. For the high-density polyethylene (HDPE) geocells, its polymer
contents are not mentioned in this document, since it is known as high-density
polyethylene in all the state of the art. While for the Neoloy® Geocell, no typology
is obtained since its raw material is patented and there is no information about its
polymer composition.

For the first type of HDPE polyolefin geocells from Provider 1, the properties are
shown in Table 1.

For the second type of HDPE polyolefin geocells from Provider 2, the properties
are shown in Table 2.

For the third type of polyolefin geocell from Neoloy® of Provider 3, the proper-
ties shown in Table 3 are available, for categories A, C, and D.
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3. Procedure of the test

The laboratory procedure is divided into three parts.

Part I: To start the test, it is necessary to take the measurements of the samples;
for this reason the length, width, and thickness of the geocell must be taken.

Part II: The specimen is adjusted to the metal jaws, generating a total interaction
between the geocell and the jaws (Figure 1), while Figure 2 shows how the jaws should
be placed on both the upper and lower halves to generate the desired load transfer.

Figure 1.
Adjustment of the sample to the clamp.

Figure 2.
Placement of the sample to the upper and lower jaws.

Figure 3.
Installation of the sample in the oven.

140



Analysis of the Creep and the Influence on the Modulus Improvement Factor (MIF) in Polyolefin...
DOI: http://dx.doi.org/10.5772/intechopen.88518

Figure 4.
Deformimeters in the base of the oven (left) and placement of weights in the stems (right).

Part III: In this step, the samples are hoisted in the oven support, complementing
the union of the jaw of the lower part of the sample to the stem (Figure 3). After
this it is necessary to place the deformimeters in the base that supports the oven
(Figure 4, left).

Part IV: The hydraulic jack is placed in the lower part of the rods, generating a
support so as not to exert preliminary efforts on the geocells, and then all the neces-
sary weights are placed to reach the force required in the test (Figure 4, right). The
oven is subsequently closed.

Part V: The oven is turned on at room temperature (21 + 1°C), then the hydraulic
jack is lowered by hanging the stems with the weights, and the first reading of the
deformimeter is recorded, after which the steps with the pre-established times begun.

4, Results

To obtain the time-temperature superposition data that is necessary in the
production of the SIM assay graphs, it was necessary to create an accurate graph,
where equivalences (see Table 4) are determined between temperature and time
superimposed by every minute that elapsed in temperature; see [10].

An exponential behavior is observed in these correlations, where time depends
on temperature (Figure 5). For this reason, an exponential regression shown on the
same graph is generated, in order to determine the total time that the geocell was
exposed throughout the trial.

The following equation is the result:

T = 0.0005 % %3289 (2)
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Temperature (°C) Equivalent time (min.)

23 1

30 10

37 100

44 1000

51 10,000

58 100,000

65 1,000,000
Table 4.

Equivalent times.

1000000

Equivalent time (min)

20 20 40 50 ' 80 70
Temperature (*C)

Figure 5.
Time-temperature superposition.

in which.

T: equivalent time in minutes per minute elapsed in temperature ¢°.

t°: temperature (°C).

The data for the time equivalent to the temperature were obtained based on
the above equation, during the course of the different isothermal steps of the test.
These equivalent times are shown in Table 5.

After the development of the different graphs made from the tests, it was
possible to subtract and make a comparison between the materials that were used
in each of the tests, in order to determine which behaved better in the long-term
deformation. Figure 6 shows the comparative graph of materials. A red line is again
observed, which indicates 3% of the deformation, which generates a fault in the
ground and the possible breakage of the pavement structure.

For the comparative graph of materials, the samples that had been exposed for a
while were not considered, given that the other materials did not have this previous
exposure and therefore leading to a possible erroneous comparison.

It is important to consider the effect that occurs in the geocells of Neoloy® from
exposure to the environment (Figure 7), since these demonstrate the best behavior
against long-term deformation [11-15].

Based on the previous results, it is important to make a new comparison in the
Neoloy® Geocells, for its ultimate resistance to the wide strip test ISO 103192.
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Step Time (min.) Accumulation of time (years)
Ambient 0 0
30 2.96E-05
60 5.91E-05
90 8.87E-05
Increase to 44°C
44°C 30 8.94E—03
167 0.33
Increase to 51°C
51°C 30 0.46
167 3.63
Increase to 58°C
58°C 15 494
167 36.72
Increase to 65°C
65°C 60 78.78
122 310.89
Table 5.
Equivalent times for the SIM test.
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Figure 6.
Comparison of samples tested.

Figure 8 shows the incidence of this property in the behavior to the long-term
deformation and the affectation on the MIF.

Continuing with the analysis of the behavior of the polyolefin geocells in
long-term deformation, a different behavior was observed among the materials of
the HDPE samples, where the thickness determined in part the behavior that was
observed throughout the tests. Because of this, the evolution of the specimens in
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Figure 8.
Behavior of Neoloy® geocells according to resistance of wide strip 1SO 103192.

terms of thickness is shown in Figure 9, revealing that the material with greater
thickness presents a better response to this type of long-term stress.

As it is possible to extract from the different graphs in categories C and D com-
posed of Neoloy® from Provider 3, an acceptable behavior was observed against the
long-term deformation, this being the material that behaved better during the trials
without reaching the 3% deformation failure in any of the two categories men-
tioned. Therefore, the geocells would have an MIF factor of high incidence in the
module of the material to be confined, as shown in the Mohr circle (see Figure 10).

According to Han [16], the confinement creates an apparent cohesion consider-
ing the modification in the normal stresses caused to the granular material. This is
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Mohr circle of granular material with and without reinforcement [7].

only available if the material of the geocell resists the deformations produced by the
stresses over the life of the project. Only the Neoloy® Geocells of categories C and
D of Provider 3 manage to comply with the limitation of the MIFs.

When comparing the categories of the Neoloy® material, the great importance
of both the thickness of the material and the resistance to the wide strip is observed.
The results show better behavior in the geocell that has a greater resistance and
greater thickness, displaying a high creep behavior and consequently increasing the
MIF, which is significant when designing structures with this geocell methodology.

However, at the end of the tests, a rational time was determined to discharge
the geocells. At this time an important behavior was observed in which the samples
began to regenerate, decreasing the deformations that were at the end. The effect
was established for the geocells that did not fail, showing an “elastic” behavior but
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also maintaining a degree of plastic deformation. Therefore, a linear viscoelastic
behavior can be determined, in which there is an initial elastic deformation caused
by the stresses generated upon it, followed by a time-dependent delayed deforma-
tion, known as material creep. There may be some permanent flow in the material,
especially when high loads are applied.

When the unload is permitted to the material, within linear viscoelastic behav-
ior, an inverse process begins, with a certain recovery at the moment, continued by
arecovery along the time recovering fluence dependent on the time. The material
may or may not reach the original dimensions. If permanent flow occurs in the
charging process, there will be a residual deformation even when the load applica-
tion is no longer allowed [17-19].

5. Conclusions

Polyolefin geocells can be considered an excellent reinforcement in the struc-
tures of the roads as long as they meet certain specifications, such as resistance to
long-term deformation. For the geocells tested, the best performance was obtained
by the Neoloy® composite material.

Taking into account the results of the laboratories, the increase factor of MIF
modules is directly connected to creep resistance. When confinement is eventually
lost due to large deformations in the geocells, the increase will be zero, and the
behavior of the granular material belonging to the pavement structure will be the
same as if it were not considered reinforced, decreasing its modulus, requiring a
greater thickness to comply with the conditions of the structure.

All polymeric material that is exposed to weather, for greater resistance that it
possesses, suffers the loss of properties. This could be evidenced when comparing
tests with the same material and category, but with different time of exposure to
the effects caused by nature (UV rays, air, water, etc.). A lesser deformation was
displayed in the sample that had been under condition for a year.

The deformation behavior of HDPE exposed to high temperatures is low com-
pared to Neoloy® material. For this reason, it could be determined that the HDPE
geocells, although they have a regular behavior, cannot be located in the base layer of
the pavement structures, since these could have temperatures as tested in the “SIM
test” or higher, generating a double deformation. One of them would be due to time
and the other due to temperature, leading to failure in a very short period of time.

To determine the MIF, it is necessary to know the resistance of the material of
the geocell to the long-term deformation, since it is a vital part of achieving high
performance, during the entire life of the structure of pavement reinforced with
geocells.

The geocells, composed by Neoloy® with a resistance to the wide strip of
15 kN/m, are the most suitable to achieve a subgrade improvement. These geocells
have the ability to be used in the granular layers adjacent to the asphalt folder,
decreasing thicknesses. The use of these minimum aspects is recommended to
guarantee the functionality, serviceability, and long-term operability of structures
where geocells are involved.
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Chapter 10

The Assessment Strategy
for Selecting and Evaluating
Geoenvironmental Remediation

Meshari Almutairi

Abstract

A large volume of oil-contaminated sand remains in the Kuwaiti deserts, causing
threat to the groundwater and ecological system. The main aims of this research are to
evaluate the situation of Kuwaiti oil lakes and identify the impact of contaminated soil
on ecology and humans in Kuwait. This consists of two phases; the first phase sum-
marises the results from field demonstrations and discusses the prospective of using
different techniques for remediation of the oil-contaminated soil in Kuwait, while the
second phase aims to compare and select the appropriate soil remediation techniques
based on UN requirements. In this chapter, decision mechanism was carried out in
compliance with the House of Quality (HOQ ) analysis system. The total weighted
score for each soil remediation method was determined to obtain the final decision.

Keywords: oil lakes, house of quality, soil remediation, Kuwait, TPH

1. Introduction

The State of Kuwait sustained significant and widespread environmental dam-
age resulting from the Iraqi invasion in August 1990 and during the 1991 Gulf War.
The occupation of Kuwait by the Iragi army caused substantial damage to Kuwait’s
environment. Several oil lakes, i.e. oil accumulation in depressions, were formed.
During the 1991 Gulf War, estimates of 798 oil wells were set ablaze; out of 914
operational oil wells, 149 were damaged, 45 were gushing oil, and 155 were undam-
aged [1-3]. Approximately 25 million barrels of ignited crude oil were extinguished
using around 12 billion gallons of seawater. The gushing oil was spreading over the
desert surface from the oil fire plumes, which covered vast areas stretching from
Kuwait to the Kingdom of Saudi Arabia. Within the neighbourhood of the oil wells,
various sizes of oil lakes were formed and spread across areas far away from the oil
wells. Consequently, combustion products from oil fire and oil spray were able to
cause contaminations of soil and groundwater [4]. More than 300 large oil lakes in
low-lying areas within Kuwait desert were created from the accumulation of spilled
oil. These contamination soil consist of water, salt, 28% average, in excess of 10%,
respectively, where the oil and sand known as “oil lakes” were spreading over the
surface of ground. These oil lakes were classified into major and minor; around 45
major oil lakes were located in the Burgan oil field as well as between Ahmadi and
Maqwa oil fields; there were another 23 minor oil lakes [5-7]. Saeed [8] reported
that the oil lakes contain crude oil and partially combusted oil with soot. At present,
most of the oil lakes are dry, with the contamination comprising a black, moderately
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Source of contamination Average depth (cm) Extent (km?) Volume (x10° m?>)
Dry oil lakes 25 98.38 25.5
Wet oil lakes 64 719 4.6
Oil-contaminated piles 173 8.59 14.8
Oil trenches and pipeline spills 351 1.63 5.7
Total 115.79 49.6

Table 1.

Volume of oil trenches and oil lakes in Kuwait (source: [9]).

hard, tar-like dry surface layer. Four categories of oil-contaminated soil layers,
namely, soot, tar mat, oil lake, and dry oil lakes, were identified during the field
investigation. The fifth category is clean, where no contamination was detected. As
illustrated in Table 1, it is fortunate that the Kuwait Oil Company (KOC) has been
successful in recovering around 21 million barrels from the oil lakes since the end
of the Gulf War with approximately 49 km® of oil lakes with 16.5 x 10° m? in volume
left to be recovered [9].

This catastrophe has created one of the greatest environmental impact issues to
the coast, air, soil, groundwater, and the vicinity. In addition, it has been noticed
that the oil lake depth varies from a few metres to a few centimetres, which consti-
tute more than 60 million barrels of crude oil. Overall, almost 660 million barrels
of crude oil were spilled to the surface, and therefore, around 55 million tons of
contaminated sand is present in the lakebeds. The persistence of such a phenomenal
amount of oil over a large land area is considered as one of the main environmental
concerns in the State of Kuwait. There are no similar petroleum catastrophes in
history that has ever been as tragic as this incident [6, 7]. Furthermore, approxi-
mately 49 km? which constitutes 28% of the total Kuwait land area was covered
by oil mist and soot. As time goes by, lighter oil evaporated, oil mist became hard,
while smaller and shallower oil lakes became dry thus forming tar mats. Under the
extreme weather conditions, these contaminants continue to disintegrate slowly. The
thickness of tar mat varies from a few millimetres to approximately 2 cm. The soot
changed the soil beneath to black in the long run. It has been found by investigator
Kwarteng [7] many of these oil lakes could not be detected from the surface since
they were covered with a veneer of sand. Moreover, the author noticed in the dif-
ferent effected area of Kuwaiti desert that, the occasional flash floods and heavy
showers were placed when the oil travelled to new sites. There are limited large-scale
remediation processes implemented to deal and treat the contaminated areas thus
far. The Kuwaiti environment is exposed to these oil contaminated soil and oil lakes
since 1991 therefore the contamination is become a weathered oil contamination,
which is required special strategy to deal with this disaster. The State of Kuwait is
considered as the first country in the world who filed claims from the United Nations
Compensation Commission (UNCC) for seeking compensation to rehabilitate
and remediate the areas that sustained environmental damage. In 1991 UNCC had
decided to sell Iraqi oil for distributing money as recompense “the money to be taken
from the Oil-for-Food Programme” for damages suffered from the Iraq invasion. In
2003, the pace of the clean-up is anticipated to significantly increase over years of
researches and claims. The UNCC awarded the state of Kuwait about US$3 billion
in order to rehabilitate the effected area in the Kuwaiti desert during the Gulf War
[3]. The KOC, UNCC, and Kuwait National Focal Point (KNFP) are providing the
combined effort for the rehabilitation task. Currently, KOC is planned to coordinate
bidding for contracts worth hundreds of millions of dinars in the upcoming months
which will remain afterward every year. According to experts, the entire process
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is expected to take approximately 29 years. In fact, Kuwait is the first country that
claimed for environmental disaster from the Iraq invasion through the United
Nations (UN), to rehabilitate Kuwait’s environmental damage.

2. Engineering approaches

“Soil remediation” is referred to as the efforts which aim to reduce or remove the
risks related to the contamination site. This objective can be easily achieved by using
various ways; however, the most appropriate remediation method is governed by many
factors, such as the conditions of site, financial constraints, and category of contami-
nants. Nathanail and Bardos [10] proposed that the remediation process can take place
by degrading, removing, or transforming contaminants to the acceptable level. In situ
and ex situ remediation process for rehabilitation of weathered oil-contaminated soil
can be classified based on their treatment process, for instance, biological, chemical,
physical, thermal, and electrical [11]. A number of various methods of remediation are
presently available. Remediation techniques such as soil vapour extraction, bioreme-
diation, electrochemical remediation and electrokinetic soil remediation, and ex situ
soil washing have been developed lately in an effort to remediate soils contaminated
with petroleum [12, 13]. In accordance with Ellis et al. [14], appropriate engineering
solutions should be taken into account to ensure the remediation zone is contained
and migration of leachate beyond the treatment zone is avoided. Should the conclu-
sion require soil remediation, it should be tackled after the evaluation of technologies.
The following outlines the soil remediation technology in comparison with the typical
treatment approach. This includes remediation technologies that can improve the qual-
ity of soil through design and application which are central to soil clean-up process.
The remediation is achieved by reducing or removing contaminations such as total
petroleum hydrocarbons (TPHs), volatile organic compounds (VOC), semi-volatile
compounds (SVOC), and metal contents.

2.1 Bioremediation

The biological remediation process is conducted by using microorganisms to
degrade the contaminants to safe products and end products. Biological treatments
have significant accomplishment by combining with other remediation processes
and are easily implemented with contaminated soil [10]. Biological remediation is
implemented at a low cost compared to the other alternative techniques [15], even
though a wide variation occurs in terms of the environmental consequences, treat-
ment time, and performance of these techniques [16]. As shown in Figure 1, biore-
mediation in 2008-2009 [17] comprised the most significant portion (21%) of the
innovative activity which was reported by the Federal Contaminated Sites Action
Plan (FCSAP) in Canada. Brief explanations of bioremediation process conducted
in the remediation of contaminated soil are defined in the following section.

2.1.1 Land farming

Land farming is considered as an ex situ remediation process in which the
contaminated soil is excavated and then applied into lined beds afterwards; the
contaminated soil is tilled mechanically to aerate the waste. The contaminated soil is
placed in several layers 0.4 m thick. A synthetic, concrete, or clay membrane is then
used to cover the contaminated soil layer. Oxygen is added, and mixing occurs via
ploughing, harrowing, or milling. Nutrients and moisture can be added to support
the remediation method [18].
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Figure 1.
Distribution of innovative remediation activity (source [17]).

2.1.2 Vermiremediation

Vermiremediation is considered a less expensive and more acceptable
remediation process for contaminated soil in the world. Generally, earthworms
(especially E. fetida) have good resistance against contaminants including heavy
metals and organic pollutants within the soil. This approach is carried out using
the earthworms to bioaccumulate the contaminants within their bodies; more-
over, these earthworms are able to biotransform or biodegrade the contaminants
into harmless products with the presence of enzymes. Sinha et al. [19] reported
that the earthworms have high resistivity to a number of chemical pollutants
present in the soil. They concluded that 5 kg of earthworms (totalling to 10,000)
are able to degrade 1000 kg of waste, converting the waste into vermicompost
within only 30 days. One of the main features of this economic and environmen-
tal importance is that polluted land is not only cleansed but also improved in
terms of its physical, chemical, and biological quality.

2.1.3 Bio-piles

Bio-pile is considered as an ex situ remediation process in which the contami-
nated soils are excavated and combined with soil amendments and then placed
on a treatment area. In order to enhance the remediation process, nutrients and
oxygen are pumped into the contaminated soil using air injection system, which is
buried under the contaminated soil during the remediation process to provide the
required oxygen. This oxygen is supplied through the contaminated soil either by
positive pressure or by vacuum to support the biodegradation process [10]. Many
factors such as moisture, heat, nutrients, oxygen, and pH require to be controlled to
enhance biodegradation process; the height of the soil piles should be up to 20 feet.
This method has been conducted successfully to treat and rehabilitate soils con-
taminated with non-chlorinated VOCs and fuel-contaminated soil [19]; however,
chlorinated VOCs, SVOC, or pesticides might be treated as well, but the effective-
ness of the process varies [14].
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2.1.4 Bioventing

Bioventing is considered as an in-situ bioremediation process in which the
contaminated soils inject by air pump to enhance and improve the existing soil
microbial, where the movement of air is designed to maximise biodegradation while
minimising volatilisation [10-19]. Bioventing process is for treating permeable soils
because a huge volume of air is required to reduce and degrade VOC. Low air flow
rate is required during the process to supply only enough oxygen to maintain the
activity of the microorganisms in residual contamination in the soil. The current
method provides oxygen using air injection system, which is inserted into the
vadose zone. This technology has been implemented successfully to treat and reha-
bilitate soils contaminated with various levels of TPH or any chemical contaminants

that can be aerobically biodegraded [19].
2.1.5 Windrow

Windrows are considered as an ex situ remediation process in which the con-
taminated soils are excavated and combined with compositing materials such as
bark, compost, or wood chips and then placed in windrows to increase and improve
aeration process and enhance the structure of soil. Windrows are one of the waste
management systems that use microbial activity to biodigest organic waste com-
pounds and transform them into safe products. In order to transfer oxygen into
contaminated soils, regular turning is conducted, thus enhancing aerobic degrada-
tion. Windrows system and waste composting are considered very similar in their
methods [10-19]. Many aspects such as moisture, heat, nutrients, oxygen, and pH
need to be maintained in order to improve the biodegradation process.

2.1.6 Phytoremediation

Phytoremediation is the term used to describe a process based on biological
technology which uses natural plant processes in improving degradation as well
as eliminating contaminants in polluted groundwater or soil. In recent years, the
emphasis in handling polluted ground has been slowly swung away from the con-
ventional remove, dispose, and cap methods to a more on-site integrated technique.
Attempts to develop these integrated approaches have caused a swing in awareness
from reviewing the problems to addressing society’s needs by devising potential
solutions. It is possible to develop potentially sustainable methods such as phy-
torestoration and remediation which emphasise on restoring the usability as well as
the land’s social and economical significance. The utilisation of plants in reducing
the volume, mobility, or toxicity of contaminants in soil, underground water, or
any other polluted media is known as phytoremediation, which is a general term
used since 1991 [20]. Several mechanisms are available to make use of plants in the
process of phytoremediation for organic compounds, such as phyto-degradation,
phytovolatilisation, and rhizodegradation. Many benefits can be offered by employ-
ing the phytoremediation method in either minimising risks or saving costs as
compared with traditional excavation and landfilling methods, where contaminated
materials or other usual methods of implementation are carried out on-site.

2.2 Thermal desorption
Thermal desorption aims to increase the volatility of contaminants to a gas phase

or allow the contaminants to be melted by heating the contaminated soil. The prepa-
ration of this method is by means of rotary kiln plants, fluid bed, or sintering strand,
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which is considered as fast method nevertheless; this method is classified as the most
expensive remediation process. It is possible for contaminants such as VOC or SVOC
to be vaporised and then rise to the unsaturated zone where they are collected using
vacuum system to start another treatment procedure. For geological materials with
moderate to high permeability, it is recommended to apply steam. The time it takes
depends on three major factors: type and amounts of chemicals present, size and
depth of the polluted area, type of soil and situations present [21].

2.2.1 Ex situ thermal processes

Ex situ thermal treatments convert pollutants from the soil to a gas phase. The
pollutants are released by vaporisation and then burned at high temperatures. Ex situ
thermal remediation depends on three factors: type and amounts of chemicals pres-
ent, size and depth of the polluted area, and type of soil and conditions present [18].
In order to start the treatment process, the soil condition is required to be broken into
small grains and sieved in preparation for thermal treatment. A low temperature range
of 350-550°C is selected to heat the contaminated soil. Burning of the gases takes place
at the top of the surface, but the VOC or SVOC are not destroyed. The gases at approxi-
mately 1200°C can be then combusted in an after-burner chamber; however, dioxins
are destroyed [18, 19]. Moreover, ex situ thermal remediation processes are ideal for
removing hydrocarbon compounds.

2.2.2 In situ thermal processes

The process involves injecting a steam-air mixture at 60-100°C into the con-
taminated soil to avoid the shifting of pollutants to the groundwater; the steam-air
mixture should stay in that temperature range. After the injection, VOC and SVOC
get converted from the soil to the gas phase. The gases are then removed from the
subsurface using a soil vapour extraction (SVE) system and then remediated at the
surface. Furthermore, in situ thermal remediation is used for homogeneous soils
with high permeability and low organic content. In situ thermal processes are only
appropriate for destroying pollutants, which can be stripped in the lower tempera-
ture range (e.g. BTEX) [10-18].

2.3 Physical and chemical remediation

Physical remediation method aims to rehabilitate and remediate contaminants
by separating contaminants from soil. This method is focused on the physical
differences between the contaminants and soil (e.g. volatility, behaviour in electric
field) or among their physical properties (e.g. particle size, density, etc.) and soil
properties [10-18]. There are several physical and chemical remediation techniques
available for soil remediation which are described in the following section.

2.3.1 Solidification/stabilisation

Solidification/ Stabilisation (S/S) process is considered as an in-situ fixation or
immobilization, which aims to alter the condition of contamination compounds to
innocuous, and/or immobilize condition by using stabilizing agents into an area of
contaminated soil. This process make the status of the contamination soil to be in low-
permeability mass (solidification), or chemical reactions between the contaminants
and stabilising agent which able to decrease their mobility (stabilisation) or physically
bound. It is vital to have good knowledge of the hydrological regime, and it can be used
to moderate- to high-permeability soils as well as different types of contaminants.
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2.3.2 Electro-remediation

Electro-remediation is an in situ remediation system which requires the use
of low-intensity direct electrical current across pairs of electrode which is placed
into the ground of the contaminated site. This ion migration are depending on
their charge therefore, contaminates shifted towards respective electrodes. The
remediation process can be supported using surfactant to accelerate the separation
of contaminants at the electrodes. This technology is primarily a separation and
removal procedure for extracting contaminants from various soils such as saturated
or unsaturated soil, sludge, and sediment; additionally, this method is limited for
sites where the soil is wet or saturated with water [22].

2.3.3 Soil venting and air sparging

Soil venting and air sparging or SVE are used in treatment approaches by inject-
ing gas (usually air or oxygen) into the saturated zone to volatile contaminants
and stimulating biodegradation by augmenting subsurface oxygen concentrations
[10-23]. The remediation system of SVE can be applied successfully for VOCs in
relatively moderate- to high-permeability geologic soil. Among others, soil vapour
is useful to extract compounds with high vapour pressure for low molecular weight
(LMW) compounds. Nevertheless, this method is not suitable for organic com-
pounds with low volatility, for example, polycyclic aromatic hydrocarbons (PAH),
and unable to expel super heavy oil pollutants which contain high concentrations of
resins and bituminous materials [24]. After airflow is switched off, contamination
may transfer from these less accessible spots of contamination to recontaminate
the soil atmosphere. Under high pressure of injection, it is easy to fracture the
soil material which leads to pathways of air transfer to decrease the side effect of
the treatment. In addition sparging must be activated with venting to detain the
emissions of VOCs in air leaving the saturated zone. Treated soil, either from SVE
in conjunction with air sparging or SVE alone, is usually collected for subsequent
treatment, probably catalytic oxidation [25]. SVE has been conducted successfully
to treat and rehabilitate soils contaminated with VOC, SVOC, or any chemical
contaminants that can be aerobically biodegraded [19]; various factors need to
be controlled during the remediation process such as moisture, heat, nutrients,
oxygen, and pH to enhance the bioremediation process.

2.3.4 Soil washing

Soil washing aims to use liquids such as water, occasionally combined with
detergent or surfactant with mechanical processes, to separate the contaminants
from soils. Frequently, the higher contaminated part of the soil is the fine fractions
of soil. Moreover, if the fine fraction content is more than 30-40%, it may not be
cost-effective to conduct the separation as a further remediation stage [26].

2.3.5 Geosynthetic applications

As geoenvironmental applications are considered as a potential for rehabilitat-
ing contaminated soil, geosynthetic materials become vital in the industrial field,
particularly geomembranes. The main role of a geomembrane is to reduce the
migration of contaminants whether existing as liquid or vapour, either existing as a
composite or a single liner barrier system, via base liners and into the surrounding
environment [27]. Previous researches deduced that geomembranes could be used
as protective layers nearby diesel tanks, in temporary containment barriers, landfill

155



Geopolymers and Other Geosynthetics

and treatment walls, or in mining applications [28-30]. Geomembranes have been
employed and evaluated for the first time in the soil remediation area, as a layer for
biopile method in the composite liner barrier system used for treating hydrocarbon-
contaminated soil [31]. Geomembranes have been used for a variety of applications
during remediation of heavily contaminated sand with polychlorinated biphenyls
(PCBs), hydrocarbons, and metal [32, 33]. They proposed to construct geomem-
branes in the landfill site as the base barrier system to filter and treat the contami-
nants from the spring thaw. This technique is required when contaminated soil or
landfill needs to be isolated from the surrounding groundwater or ecological system
to prevent the release of hazardous gases or liquids. Furthermore, Various advantage
can be obtained by using geomembrane such as protecting people from contacting
with hazards or reduce the impact of discharge water through the contaminated land
which allow to decrease in leachate of these hazardous to the groundwater.

3. Methods
3.1 Site investigation

Field investigation was formulated to recognise, manage, and remediate the oil-
contaminated sand. As the first step, the concentration and type of contamination
present ought to be determined in the Greater Al-Burqgan oil field. The data from the
investigation will be utilised to plan future rehabilitation works. As such, the aim of
this survey can be summarised as:

* Classify the types of damage.
 Assess the level of contamination in the affected soil.

* Provide information to assist in future land use planning and to determine
remediation options using House of Quality (HOQ ) analysis system.

The selected approached was based upon the concepts of soil survey. The main
parameters measured were the depth of contamination (by site measurement), TPH
level (using gravimetric method), colour of the soil (using Munsell colour chart),
and the texture of the soil. The site investigation categorises the oil-contaminated
soil into four layers, namely, liquid oil, tar mat, oily soil, soot and clean soil with no
contamination. For remediation the bulk of the contaminated soil to be dealt with
has oily soil characteristics; also in some areas the oily soil placed under the liquid
oil requires to be treated. In addition, all of these areas may contain unexploded
ordnance (UXO). Any method for remediation of the tar mat and soot would need
to take into account that they occur over an extensive area and form a thin layer on
the soil surface.

3.2 Preliminary survey

It is evident from the field data in Figure 2 that these layers of contaminated
oil can be segregated based on their colour and property consistency. Typically,
weathered crude oil is black, oily soil is dark brown to black with a moderate to
slightly hard consistency, while the colour of tar mat is black with a hard stability.
The depth of these oil lakes is 70 cm below the surface; therefore, the crude oil has
penetrated the soil to different depths subject to the condition and characteristics of
the soil belowground (Figure 2).
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Figure 2.
The layers in the oil lake at the Burgan oil field in the State of Kuwait (13 Jan 2012).

A thick oily sludge deposit has covered the affected areas with a thicker layer
beneath, and oil has seeped through aided by gravity and rainfall [6, 7]. Besides
this, the quality of oil has deteriorated caused by prolonged exposure to the
extreme weather. The volatile hydrocarbons within the oil structure have been
lost, and the oil has endured changes in its chemical and physical properties
causing its sale not as lucrative. The nature of layers and the manner they are
arranged provide indication of the category of contamination, the three con-
tamination categories in Figure 2. Different sorts of oil-contaminated soils might
not be differentiated using only the analytical results. For example, field investi-
gation is vital to classify these contaminations, as they require various remedia-
tion methods to remediate or rehabilitate the contaminated site or options of
land use; furthermore, varying physical characteristics are noticed during the
investigation.

3.3 Characterisation of oil lakes

It is vital to evaluate the characteristics of Kuwait’s oil-contaminated sands
such as organic and inorganic material contents and soil particle size distributions
in order to select the appropriate treatment method. All analytical methods were
conducted at the University of Portsmouth, UK.

3.3.1 Soil sampling

The soil samples were collected from the Burgan oil field in the south of
the Kuwaiti desert. The sample was collected from the edge of lake no. 105, in
September 2011 (Figure 3). Firstly, the KOC and Ministry of Defence (MOD)
checked for unexploded bombs and landmines, and then a hand shovel was used to
remove about 3 cm of oily sludge from the soil surface. Then, after which heavily
oil-contaminated soil (concentration of oil 35%) was collected at a depth of approx-
imately 30 cm below the surface level of oily sludge. Subsequently, the samples
were placed into plastic containers after being excavated from the soil with a shovel.
This project has been focused on the contaminated layer below the oil sludge layer,
meanwhile the sludge will be taken by the KOC for reuse.
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Figure 3.
Sample collection from Burgan Lake No. 105.
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Figure 4.
Particle size distribution on wet basis.

3.3.2 Properties of oil lakes

Soil properties are classified into two categories: chemical properties and
physical properties. The soil samples were taken from the Burgan oil field to clas-
sify and analyse the physical properties according to the soil layers. The constant
head permeability test were used to measure the soil permeability. These samples
were considered as moderately permeable soil, with an average permeability rate
of 0.064 mm/s having been recorded. Due to the presence of oil on the top layer,
it prevented water from penetrating. Furthermore, mechanical sieve analysis
(Figure 4) was carried out based on British Standards (BS 1377: Part 2:1990) [34]
for wet sample to eliminate coarse fraction as well as to ensure homogeneity for the
oil-contaminated soil. Chemical properties were investigated by determining TPH
and measuring concentration of metal contents in Kuwaiti oil-contaminated sand.

Asillustrated in Table 2, the results indicate the presence of some ions such
as Ba, Cr, Fe, Ni, Pb, Cd, and Ag, as well as high concentration of TPH. The
present preliminary study showed that with the high average value of electrical
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Parameters Concentration of metals (mg/kg) KEPA limit (mg/kg)
Barium (Ba) 0.78 10
Chromium (Cr) 0.52 5
Iron (Fe) 8.10 5
Nickel (Ni) 0.43 10
Lead (Pb) 0.70 5
Cadmium (Cd) 11 1
Silver Ag 0 5
TPH 367,234 10,000
pH 78 5.5-7.5
Table 2.

The concentration of metals during the washing of Kuwait oil residual [36].

conductivity (EC) (2455 pS/cm), the existence of ions could be caused by using
seawater to extinguish fires from oil well. Moreover, pH for the contaminated
sample was found slight higher than the permissible level as shown in Table 2. For
the purpose of selecting the most appropriate treatment method, the chemical and
physical properties of the lake as well as unexploded ordnance, weathered soil, and
local conditions are taken into consideration.

4. Determination of remediation options

In carrying out decision-making process, a number of techniques could be
utilised, for example, pairwise comparison chart, decision matrix, force field
analysis, cost-benefit analysis, and HOQ. HOQ is used in this study among various
available methods. This decision-making tool is considered as a simple decision
mechanism with potential of implementation at various stages of advertising and
product manufacturing. Function deployment instrument is required to develop
the specifications into the product and organise customer requirements as well as
enhance procedure of work. This decision-making tool needs to assign weight to
each specification also; upon outlining personnel responsible for decision-making
ought to outline weighted symbols among the progressions that constitute the inter-
link between the proposed processes and specifications and non-weighted symbols
between the processes themselves. Towards the end, the sum of the product of the
specified weight by the equivalent symbol weight is determined by calculating the
accumulated score for each process. Moreover, HOQ provides assistance to engi-
neers in focusing on specified needs and deciding on the best sequence in the case
that the process goes ahead. Because of this, HOQ was employed for this project to
incorporate the requirements of UNCC and KNFP and choose the best technique of
remediation method for which the remediation process will proceed.

4.1 Establishing house of quality

Within this research, relationships were established between pre-set objectives
outlined by UNCC and KNFP and various methods of remediation chosen by the
team. In contrast to the numerical evaluation matrix, HOQ utilises symbols to
demonstrate the relationship between objectives and alternatives in addition to the
connection between alternatives themselves. In an effort to compare the proposed

159



Geopolymers and Other Geosynthetics

methods of remediation, all the needs were incorporated and translated into
engineering characteristics. This is beneficial in assessing the available remedial
methods with the pre-set engineering characteristics and comparing them with one
another. The detailed description of the UN requirements is described hereunder:

a.Remediating various contaminated soil.
b.Operate with severe weather conditions (extreme temperature).
c.Simple to operate and assemble.

d.Produces least effect on groundwater, air, soil, employees, and neighbouring
environment.

e. Short time duration.
f. In compliance with the requirements of Environmental Protection Agency (EPA).
g.Previous success percentage in Kuwait or comparable conditions.

h.The panel is of the opinion that remediation of oil-contaminated material
by means of high-temperature thermal desorption is unjustifiable, given the
conditions of this claim.

In an effort to weigh these criteria, Ejbarah et al. [35] carried out a series of
discussions with consultants, environmental engineers, and scientists, and under-
taking literature review, UN requirements were aimed to develop the weighted
objective tree. Based upon the outcomes, weights are assigned to each objective
creating the weighted objective, as listed in Table 3. The outcome of the study is
utilised to distinguish, appraise various solutions, and determine the importance

Engineering characterisation Assigned weight
1. Reduction in major contaminants 0.36
2. Can be used in Kuwait’s climatic conditions 0.18
3. Does not cause health problems to the worker 0.12
4. Simple to operate and assembly 0.07
5. Generates least residuals 0.03
6. Creates least equipment contaminants 0.03
7. The least pollution to air 0.027
8. Only small area needed 0.02
9. The least pollution to groundwater 0.018
10. Does not cause noise pollution 0.015
11. Requires shorter duration 0.01
12. In compliance with the requirements of EPA 0.06
13. Previous experience in Kuwait or similar surroundings 0.06
Total score 1
Table 3.

Weights of engineering characteristics (source: [34]).
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Table 4.
Intervelationship matrix among several soil remediation methods.

between the objectives listed. These engineering techniques are effective in remov-
ing potential risks posed by contaminants, require comparatively shorter duration
to operate, and can frequently be used extensively.

4.2 Investigating alternative methods

The “soil remediation” terminology relates to the efforts which seek to eradicate
or reduce the risks connected to contaminated soil. Several soil remediation meth-
ods have been considered in an attempt to remove the impact of crude oil pollution
on the environment. There are large variances in the biological, chemical, and
physical characteristics of the contaminants, as well as a number of soil remediation
methods are available in the market; selection of suitable and economical technol-
ogy for the remediation of specific contaminants may not be an easy. In this study
using a HOQ analysis system, only 10 remediation technologies have been consid-
ered: land farming, windrow, phytoremediation, vermiremediation, bioventing,
soil washing, biopiles, electro-remediation, solidification/stabilisation, and ther-
mal. These approaches have been selected in accordance with previous successful
investigations into the remediation of hydrocarbon-contaminated soil. For each of
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these techniques, the chosen methodology and theories are discussed in a compara-
tive evaluation based on the specialised research conducted.

4.3 Define the relationship symbol and weights

The relationship between the characteristics and each remediation method
was clarified in Table 4; the main target of this section is to find the appropriate
remediation method among other alternative methods. The symbols used with their
corresponding values are defined and listed below:

1. Strong positive @ with a weight of 7
2. Positive O with a weight of 3
3.Moderate V with a weight of 1

The interrelationship symbols were set to identify the potential of implement-
ing the selected remediation process in sandy soil. The symbols are used and listed
below:

1. More suitable A without problems
2. Suitable & with a few concerns

3. Less suitable ¥ to work

5. Results and discussion
5.1 Evaluating alternatives

A range of remediation alternatives are briefly presented in Table 4, and it
explains why it is the treatment alternative of choice for Kuwait’s oil-contaminated
sand. This chapter explains the decision-making process behind using soil wash-
ing and other remediation techniques. In order to choose the most appropriate
method, an exhaustive list of each remediation option was reviewed. As shown in
Section 2, each treatment was briefly described after thorough research in order to
develop an interrelationship between these methods. As a result, the matrix was
formulated and evaluated to show the interrelationship, although the requirements
were assessed and ascertained against the alternatives and the weights. Therefore,
weighted alternatives have been formulated. The process can be started by altering
the set symbols to their corresponding values. The characteristic weight is multi-
plied by each value. This procedure was repeatedly employed for all the characteris-
tics, and the total sum was kept at the last phase.

As seen in Table 4, the relative weight for biopiles is 7%; there is a similar
weight score recorded among land farming, windrow, phytoremediation, bio-
venting, and vermiremediation; the outcome showed that the score of relative
weight was about 8%. Similarly, the result also demonstrated that the scores
of relative weight for thermal adsorption and soil washing were 14 and 18%,
respectively, and that the score for both electro-remediation and solidification/
stabilisation was 9%.

Correspondingly, Table 4 also showed that there were no real concerns for all
the methods employed except for one: soil washing. From the results, soil washing

162



The Assessment Strategy for Selecting and Evaluating Geoenvironmental Remediation
DOI: http://dx.doi.org/10.5772/intechopen.88166

appears to be the best method in view of their total score, while thermal cannot
be employed based on UN requirements. This method was the most appropriate
and hence employed in selecting an optimised treatment method to match the
conditions under study. Each of the remedial methods was assessed against the set
requirements, and their capability to treat sandy soil was investigated. The results
obtained in this study showed that the soil washing was the best method to meet the
objectives of the project. This method can be employed on its own or performed in
series. The selection of the method for remediation is also essential for subsequent
soil or site use. Later restrictions of land use may be as a result of groundwater
pollution from the application of nitrates and due to the nitrogen release from the
endogenous decomposition of microorganism [36]. Using (ex situ) techniques
for soil washing, the coarser material which has been cleaned is without any clay
or organic materials, which can be used for construction use such as subgrade fill
or backfill. The major change in the soil materials takes place during the thermal
treatment. Usually, high-temperature procedures damage the organic compounds
and clay minerals; hydroxides are being transformed into oxides, and main minerals
are changed to fines. For thermally treated soils which are transformed to slurry,
their values of pH are quite high (pH 11); therefore the products are not ideal for
future use; however, the UN requirement does not allow to use it for remediation
of Kuwait’s oil lakes. In addition, compared with other thermal and bioremediation
technologies, soil washing method has some major benefits. Some of the benefits
are their cost-effectiveness, scalability, and exceptional ability to remove oil from
contaminated soil in short time. Limited successes have been reported with differ-
ent remediation process. Thus it encourages researchers to develop and enhance the
selected techniques of soil washing, so as to make it cost-effective, environmentally
friendly, and effectiveness. The standard removal efficiency of TPH shall be tested
and observed over a period of time. This involves developing methods for extrac-
tion of TPH from soil samples.

A large number of remediation methods have been designed in an attempt
to reduce the effects of petroleum pollution on the environment. Due to the
large differences in the physical, chemical, and biological characteristics of the
contaminants, as well as the large number of soil remediation methods available,
selection of an appropriate and economical technology for the remediation of
particular contaminants can be difficult. In this study using a multi-criterion
analysis system, only nine remediation technologies have been considered: land
farming, windrow, phytoremediation, vermiremediation, bioventing, soil wash-
ing, biopiles, electro-remediation, and solidification/stabilisation. Various criteria
were evaluated and assessed to select appropriate methods such, soil constraints,
implement in surface soil, if any further treatment is required when the remedia-
tion process is completed, which compounds can be removed, time for clean-up
and cost. Among others, the ability of wastewater treatment was investigated.
The evaluation study shows that bioventing, electro-remediation, and the solidi-
fication/stabilisation approaches are not applicable for use in sandy soil, once
the bioventing required low permeable soil, while electro-remediation needs
saturated soil with water. Furthermore, solidification/stabilisation is used at the
subsurface soil. Solidification/stabilisation, electro-remediation, bioventing, and
biopiles are generally considered to be the most expensive treatments. However,
land farming and bioventing need around 2 years to complete the remediation
process and were not effective for HMW. In this study, soil washing techniques
were selected as well. It has less profound side effects, while removal of contami-
nants can be controlled by enhancing washing factors. The selected techniques
require 1 year or less to achieve the remediation target and are the cheapest of the
available approaches.
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6. Conclusion

The scenario in Kuwait is somehow exceptional as the contamination is primar-
ily caused by crude oil, which has been weathered under open environment for
25 years. The exposure to the environment has caused most of the volatile substance
within the crude oil to evaporate into the atmosphere with heavy compounds left
as residue. Due to the complex nature of contaminated soil and the undeniable fact
that contaminations in different situations present a “cocktail” of various types of
pollutants, therefore, different types of remediation dealing with different ranges of
contaminants, limited success have been reported in remediation of contaminated
soil. The higher levels and wider ranges of TPH have shown interesting patterns
at Kuwait’s oil lakes. Most importantly, these contaminated sites have not yet been
restored, which poses continued potential hazards to the environment and human
health. Therefore, it is also important to estimate the characteristic of the contami-
nated soil; the tests can be performed to simulate the field conditions and provide
categorisation for the sample. Without this key information, it is impossible for the
planning of land use and options of remediation to be taken into account. Based on
the literature, bioremediation is unlikely to be successful given the high concentra-
tion of TPH and high concentration of the metal salt in Kuwaiti contaminated soil.
Furthermore, thermal system is not allowed to be used in this project (UN condi-
tions), and hence the technique based on decision tool with HOQ, soil washing,
was selected to deal with this issue. Selecting a remediation scheme challenges
decision-makers to compare and select the appropriate soil remediation techniques
by making a tool of engineering decision based on a set of UN requirements.
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