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Abstract

Hydrothermal stability and chemical solubility of metakaolin appear like a promising
alternative for geopolymers elaboration, which have excellent properties such as high
mechanical strength, long term durability and stability in alkaline and acidic solutions, fire
resistance under high temperature; also the outstanding adsorption properties result in

geopolymers to be a desired adsorbent.

Therefore, the adsorption of bromothymol blue was done in different concentrations to

achieve optimal color degradation.
Keywords: Metakaolin, geopolymer, adsorption, bromothymol blue.

Résumé

La stabilite hydrothermale et la solubilité chimique du metakaolin dans les milieux
alcalins apparaissent comme une alternative prometteuse pour 1’¢laboration des
géopolymeres, qui ont d'excellentes propriétés telles qu'une résistance mécanique élevée,
une durabilité et une stabilité a long terme dans les solutions alcalines et acides, une
résistance au feu a haute température; aussi les propriétés d'adsorption exceptionnelles font
les géopolymeres des prometteurs adsorbants.

Dans ce fait, I’adsorption du bleu de bromothymol a été faite dans différents concentrations

dont le but de trouver une dégradation optimale de la couleur.
Mots clés: Métakaolin, géoplymére, adsorption, bromothymol bleu.
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GENERAL INTRODUCTION

General introduction:

Geopolymerization of alkali metakaolin is an exothermic reaction occurs at an ambient
or slightly evaluated temperature [1]. In the last decade, geopolymers are receiving
considerable attention because of their excellent properties such as high mechanical strength,
long term durability and stability in alkaline and acidic solutions, fire resistance under high
temperature and also due to their interest use in diverse applications including refractory
materials, biotechnology and building cements[2,3], according to Davidovits, these
materialsare inorganic polymers resulting from the reaction between aluminosilicate powder
and alkali solution [4], this inorganics polymers are composed of tetrahedral silicate and
aluminate structural units joined in a random configuration by sharing oxygen atoms [5]
although different source materials can be used to prepare geopolymer binders, metakaolin
has been extensively used and found to be the most practically suitable due to improvement of
mechanical properties especially it can attain high compressive strength of cementations
materials at an early age due to the high pozzolanic reactivity and the finer particles filling
effect [6,7].

The cheap raw materials and outstanding adsorption properties result in geopolymer to
be a desired adsorbent. The chemical structure of geopolymer is a negatively charged
aluminosilicate framework balanced by cations (Na*, K*, or Cs"), which can be exchanged
with cations solution [8,9]. Thus, this feature provides the basis of the removal of cationic
dyes.

The aim of this work is adsorption of bromothymol blue by geopolymer synthesized

from metakaolin; our work revolves around 5 chapters:
Literature review

Chapter I: Kaolin and Metakaolin

Chapter 11: Geopolymers

Chapter I1I: Dye adsorption
Experimental

Chapter 1V: Geopolymer synthesis

Chapter V: Bromothymol blue Adsorption

Page 1
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Kaolin and Metakaolin




CHAPTER | KAOLIN AND METAKAOLINS

n china, 1,800 years ago, the first porcelains were made from weathered materials of
granite from a hill called “Kao Ling” (high hill), near Jingdezhen in Jiangxi province. In

English, the term kaolin is often referred to as “china clay ”.

The use of kaolin in Europe began from the 17th century, first for ceramics, before
extending to the paper industry (which is the main current use), refractories, paint fillers,

plastics, rubber, and fiber glass.

Kaolin essentially results from the alteration of rocks rich in feldspars, mainly acid
rocks (granite, granodiorite, and pegmatite). The products of this alteration remain on site :
this is the “residual kaolin ”, also called “primary kaolin ”. In the case where the weathering
products undergo transport and then deposition, we speak of “secondary kaolin . The latter

represent the major part of the reserves[1]. .

1. Kaolin:

1.1. Definition:

The name of kaolin is derived from Chinese term ‘Kao-ling’ meaning high ridge, the
name for a hill near Jauchau Fu, where this material was mined centuries ago for ceramics [2].
Fig 1 shows the typical view of kaolin. The main constituent, kaolinite is a hydrous

aluminium silicate of approximate composition 2H,0-Al,03-2SiO..

Fig 1: Kaolin

Kaolinite is the clay minerals which provide the plasticity of the raw material and
change during firing to produce a permanent material. Structurally, kaolinite consists of
alumina octahedral sheets and silica tetrahedral sheets stached alternately with the theoretical
composition of 46.54%Si0,, 39.5% Al,O3 and 13.96%H,0. The arrangement of atoms in the
kaolinite group is shown in Fig 2. The kaolinite crystals are pseudo-hexagonal along with

plates, some larger books, and vermicular stacks [3].
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CHAPTER | KAOLIN AND METAKAOLINS
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Fig 2: Schematic structural of kaolinite [4].

7

The physical and chemical properties of kaolin determine its use as an industrial
mineral. These uses are governed by several factors including the geological condition under
the kaolin formed, the total mineralogical composition of the kaolin deposit, the physical and

chemical properties.

Kaolin has the particle size ranging from0.2 to 15 um with the specific area of 10,000—
29,000 m?/kg. The 2 pm point as the commercial control point [5].The coarser kaolinis
usually used as filler clays and the finer materials are normally used as coating products. The
shape and distribution of kaolinare important factors in controlling many other properties
suchas equivalent diameter and determined by sedimentation methodfrom a flocculated

suspension of clay in water.

Kaolin is one of the most widely used industrial minerals; its world’s total output
exceeds 25 million tones [6]. Kaolin is an extremely useful mineral raw material. Its
properties of white color, softness, small particle size and chemical inertness make it suitable
for a number of different industrial applications. However kaolin is widely used in various
industrial applications, such as production of cement, ceramics, porcelain and bricks [7, 8-9].
It is also used as filler for paint, rubber and plastics [7, 8-9]. It is a conventional raw material
for coatings, fire-proof materials, chemicals, medicines, textiles and petroleum [10]. The
greatest demand for kaolinite is in the paper industry where it is used to produce high-quality
coated paper [11-12], pigments and aluminium industries. Kaolinite has also found

applications in medicine, in toothpaste, in cosmetics and as a food additive. Currently, a
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CHAPTER | KAOLIN AND METAKAOLINS

specially formulated spray has been used on fruit and vegetables while growing, to repel

insects and prevent sun burn [13].
1.2. Formation:

Kaolinite is formed by the chemical weathering of feldspath. In the case of potassium

feldspath, the reaction is as follows:

2 KAISlgOg + 3H 20 - A|28|205(OH) 4t 2KOH
K-feldspath kaolinite

Kaolin deposits can be of primary or secondary origin

» Primary kaolin (resulting from in situ processes linked to meteoric and/or
hydrothermal fluids).
» Secondary (or sedimentary): kaolin according to the classic source, transport and

deposition model. In this memento, itis about kaolin clays.
1.2.1. Primary kaolin:

Primary deposits are residual deposits resulting from the weathering in place, of rocks

rich in feldspar, by meteoric agents or by hydrothermal solutions.

Primary or residual kaolin deposits have kaolin contents that generally vary from 15 to
50%. The grade and composition of the deposit depends on several factors including the
nature of the original rock, the degree and type of weathering. The alteration of granite
produces kaolin which contains quartz and mica and, if the kaolinization is not complete,
there will be feldspar. In general, plagioclases are the first feldspars to be kaolinized while K-
feldspars weather more slowly and give kaolins which contain fine crystals of illite, sericite

and hydromuscovite[14].

Most of the kaolin deposits found in Quebec are residual deposits resulting from the
hydrothermal or meteoric alteration of Precambrian feldspathic rocks. These include

feldspathic quartzites, quartz monzonites and anorthosites.
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CHAPTER | KAOLIN AND METAKAOLINS

1.2.2. Secondary kaolin:

Secondary deposits are sedimentary deposits resulting from the transport and
sedimentation of kaolinite from primary deposits. Secondary deposits are generally richer in
kaolinite than primary or residual kaolin deposits. In secondary deposits, kaolinite occurs in

finer crystals.

Following the erosion of the residual kaolin deposits, sediments are transported by
waterways, washed and stripped of their impurities. This process allows finer, lighter particles
of kaolinite to settle in still waters of lakes or estuaries, producing exceptionally pure kaolins
(85-95% kaolinite), virtually free of sandy particles [15].0n the other hand, when the deposit
of kaolinite is done in a more disturbed marine environment, the kaolin can contain a high

quantity of sand.

The only secondary deposits of kaolin were found in the Schefferville area in
Cretaceous sediments that originally covered the iron deposit of the Redmond mine. They

were completely removed during the operation of the mine.
+ Some examples of kaolin deposits in the world:

Bassin des Charente (France), Cypress Hills (Alberta, Canada).Eastend, WoodMountain,
Ravenscrag (Saskatchewan, Canada). Moose River Basin (Ontario, Canada),Shubenacadie
Valley (Nova Scotia, Canada), Aiken (Caroline-du-Sud, USA), Wrens, Sandersville, Macon-
Gordon, Andersonville (Georgia, USA), Eufaula (Alabama, USA).Guelma, DjebelDebagh (a

mountain of eastern Algeria).
1.3. Mineralogical structure of kaolinite:

The Kaolinite belongs to a dioctahedrall:1 layer structure of clay minerals, with the
general composition of [Al;Si,Os (OH) 4].Ka, a layered silicate mineral, consists of
nanometer thick layers. The individual silicate layer is composed of one tetrahedral sheet of
silica (SiO4) and one octahedral sheet of alumina (AlOg). The silica and alumina sheets are
linked to each other covalently in layers. Adjacent layers are linked to one another with
hydrogen bonds, involving oxygen atoms situated in the silica sheet and hydroxyl groups in
the alumina sheet (Al-O-H....... O-Si) .

Page 8



CHAPTER | KAOLIN AND METAKAOLINS

There are two types of hydroxyl groups in the structure. Inner-surface hydroxyls
existed on the interlayer surfaces and inner hydroxyls located inside the layers, between the
two different sheets. The distance between two opposite layers, the interlayer spacing, is d=
0.71 nm. The individual layers are further linked by dipole— dipole interactions and van der
Waals forces [16, 17]. In addition, the cation exchange capacity of Ka is low ((3-15)
meq/100g) [18].

As above-mentioned characteristics of Ka, the Ka layers are strongly held together by
hydrogen bonding and by dipolar interaction. Therefore, intercalation, that is, the reversible
insertion of a molecule or ion into layered compounds, is difficult in the case of Ka.
Consequently, the Ka is not optimal nano-filler for nano-composites. To overcome these
limitations, the modification of Ka is necessary for increasing the interlayer distance. Further,
the intercalation of any compound is it organic or inorganic, between the layers of Ka causes
a breaking up the hydrogen bonding between the layers. Therefore, guest molecules acquire
the ability to arrive at the reactive aluminol groups. These groups could be reacted with

organic molecules; thus, the modified Ka is possible to be used in nano-composites [19].

- S§i0),tetrahedra

+———— 41,0, octahedra

Interstitial cations, /.0

Molecules and hydrogen
bonds joining layers

WO
|

oo

. Aluminum

O Hydrogen
. Silicon

] Oxygen

Fig 3: Mineralogical structure of kaolinite [20].
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CHAPTER I KAOLIN AND METAKAOLINS

1.4. Morphology:

The morphology of the crystals is generally quite regular. These are in the form of a
hexagonal plate (Fig 4 a), sometimes elongated or reduced to simple diamonds, delimited by
the basal faces (001) and the lateral faces (110), (110) and (020) (Fig 4 b). [21].

Fig 4: (a) Morphology of a very well crystallized kaolinite and (b) representation of a
kaolinite plate

Example of kaolin type:

DD3 extracted from a mountain of eastern Algeria (DjebelDebagh).

Tubule Tubule-sheet coiled

Quasi hexagonal Flat plate

Fig 5: SEM observation of DD3 kaolin [22].
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CHAPTER |

1.5. Chemical composition of kaolin:

The chemical composition of kaolin expressed as a percentage by mass (% by mass)

of oxides is given in (table 1)[22].

KAOLIN AND METAKAOLINS

SiO,

Al,O3

K.0O

Na,O

CaOoO

Fe,O3

TiO;

P2Os

Kaolin

50.5

315

0.07

0.1

0.66

0.9

1.87

2.26

0.08

Table 1: Chemical Composition (% by Mass) of Kaolin [22].

Kaolin is mainly composed of SiO, (50.5% by weight) and Al,O; (31.5% by weight).
In addition to alkali and alkaline earth metal oxides such as K,O, MgO, Na,O and CaO. There

Is also a small amount of coexisting transition metal oxides (Fe,O3 and TiOy) [22].
1.6. Granulometric composition of kaolins:

Kaolins are polydispersed rocks composed of three main fractions of particles:

1. The fraction of particles smaller than 2 microns is attributed to kaolinite.
2. The fraction of particles larger than 20 microns is attributed to quartz.

3. The intermediate fraction known as dust composed of particles of 2 to 20 microns.

1.8. Kaolin properties:

* Low hardness (2 on the Mohs scale);

* High degree of whiteness;

* High alumina content (Al,03) which makes it an excellent refractory;

* Very fine granularity and good opacity due to the lamellar form of kaolinite crystals.
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2.1. Metakaolin:

2.1. Definition:

Metakaolin is an ultrafine inorganic, pozzolanic or latent hydraulic material which can
be incorporated into concretes in order to improve certain properties or to obtain special

properties according to standard NF EN 206-1.

It is obtained by calcining kaolin or kaolin clays at temperatures between 650 and
900°C. Kaolin or kaolin clays undergo a destructuring of their initial crystalline structure
during calcination. This dehydration of the mineral leads to an amorphous nature of the

material.
ZSiOZ-A|203, ZHZO — 2Si02-A|203

Metakaolin meets standard NF P 18-513 — Pozzolanic addition for concrete —

Metakaolin — Definition, specifications and compliance criteria.

2. 2. Chemical and mineralogical compositions:

2. 2. 1. Chemical composition: Some of components:

Chemical composition Cement (%) Metakaolin (%)
Silica (SiO,) 34 54.3
Alumina Al,O3 55 38.3
Calcium oxide CaO 63 0.39
Ferric oxide calcium(Fe,03) 4.4 4.28
Magnesium oxide (MgO) 1.26 0.08
Potassium oxide (K;0) 0.48 0.50
Sodium oxide Na,O 1.92 0.22
Sulphiric anhydride 1.92 0.22

Table 2: Chemical compositions of metakaolin
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2. 2. 2. The mineralogical composition:

The mineralogical composition of metakaolin depends on the chemical composition of
the source rock of the material and its thermodynamic path: heat treatments (calcination,

deshydroxylation), chemical treatments, wet transport, etc.
The oxides are divided into the phases below [23]:

e Between 65 and 85% metakaolinite without residual hydroxyl.
e Between 5 and 25% of totally dehydroxylated muscovite.
e Between 7 and 13% quartz (SiO,).

2.3. Main industrial uses of kaolin:

Since ancient times, kaolin has been the basic raw material for fine ceramics, due to its
high melting temperature and its white color. However, over the years, the particular

properties of kaolin related to its whiteness and its fineness of grinding have led to new uses:

e raw material in the manufacture of fine ceramics and refractory products (bricks,
cements, mortar);

e mineral filler or additive in the manufacture of paper;

e inert filler in paints, plastics and rubber;

e source of alumina and silica in the manufacture of cement and fiberglass;

e preparation of pharmaceuticals;

e food additives and bleaching agents;

e manufacture of plaster, granules for roof coverings;

e Textile manufacturing.
2.3.1 Ceramic:

Clays are the most consumed and also the oldest materials in the ceramic industry.

A good knowledge of the relationship between the composition of clay (especially the
mineralogical composition) and its physico-chemical properties is essential. The technical
specifications sought for the manufacture of fine ceramics are as follows (technical sheet

“Clays for fine and refractory ceramics”):
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v Predominant kaolinite content; - undesired coloring elements (clays cooking white):
Fe,0,< 2%, TiO.< 2%.

v' The presence of quartz may be desirable, except for the refractory.

v Presence of feldspars, micas, illite and calcite at levels < 25%, desired for sandstone
products (sandstone clays).

v Presence of smectite (content < 5%), halloysite and desired organic matter (improved
plasticity).

v Presence of gypsum and soluble salts prohibited [ 24]..

Fig 6: Ceramics

2.3.2.Refractory:

Refractory materials are used in production processes that involve contact with
corrosive substances at high temperatures.

Refractory materials must be inert with the substances with which they are in contact,
they must be mechanically resistant and thermally stable (Tfusion> 1500°C).

The main uses of fireclay relate to the manufacture of refractory bricks, chamottes
(fired clay used as a "degreaser™ in ceramic products) and various accessory utensils, such as

crucibles, boats, retorts, and glassware pot , used in metallurgical industries [25,26]. Quartz,
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ignition loss, iron compounds and alkali are minerals that play negative roles on the properties

of refractory products.

Fig 7: Refractories

2 .3.3.Construction materials:

Kaolin is used in the construction industry or in the manufacture of cement [27].
Kaolins calcined at low temperature, or metakaolins, have very high pozzolanic
characteristics, which make them excellent additives for mortars and concretes based on
Portland cement. Kaolin, as a source of alumina, replacing common clays, rich in iron, makes
it possible to avoid the presence of iron for the production of white cement. Metakaolins are
of particular interest to users of white cements, as well as manufacturers of mortars and

technical concretes.

2.3.4. Paper:

The largest user of kaolin is the paper industry where it is used as filler material and in
the sheet and as a coating on its surface. Properties that are important for paper coating are
dispersion, rheology, gloss, whiteness, refractive index, softness, tackiness, film break
strength, receptivity to ink, which condition the print quality. Only a few kaolins in the world

can be used for paper coating due to stringent viscosity and whiteness requirements [28].
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2.3.5. Medical and cosmetic applications:

Kaolin has a long tradition of use in medical and cosmetic applications. These
markets require the highest levels of purity and product specifications which, of course, come

at quite a considerable cost [29].
Applications in medicine and pharmaceuticals:

Kaolin is used as a diluent and supplement in medicines and poultices, for example
when mixed with morphine. The absorbent properties of kaolin can reduce the rate at which a
drug is released into the body and even the actual amount absorbed by the body. The amount
of kaolin varies considerably depending on the application, between 7.5% and 55% kaolin in

absorbent applications, around 25% in dusting powders, and up to 55% for poultices.
Applications in cosmetics:

The main use for kaolin in beauty products is foundation. Foundations are a mixture of
tinted and scented powders used to improve the appearance of the skin. The amount of kaolin

in a foundation can vary from 3% in a loose powder to 10% in a heavy formulation powder.

Kaolin competes with precipitated calcium carbonate (PCC) as a filler in cosmetics,
but kaolin is still considered far superior for this application. Kaolin is used in the formulation
of lipsticks.
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1.1. What is it?

Geopolymers  (GPs) are aluminosilicate inorganic polymers, cured at ambient
temperatures from a liquid precursor. The strained nature of the 5-coordination aluminum
cation polyhedral is identified as the reason why metakaolin-based geopolymer ceramics are
made from solution, rather than with high temperature diffusion. The microstructure of alkali
based geopolymers is nano-porous and nano-particulate. This enables carbothermal reduction
and carbothermal nitridation under flowing argon or nitrogen, in the presence of excess
carbon to produce nano-particles of silicon carbide (SiC), silicon nitride (SizN4) or SIAION
from geopolymers. Crystallized geopolymer composites have been developed having tailor
able thermal expansion coefficients. Intrinsic mechanical properties as well as those of
geopolymer composites are summarized for composites containing ceramic, polymeric as
well as biological reinforcements. Amorphous glass frit-containing geopolymer composites
undergo amorphous self-healing upon heating above the melting point of the glass.
Amorphous self-healed geopolymer (ASH-G) refers to composites below ~950°C where the
geopolymer is still amorphous, while ASH-C denotes amorphous self-healed ceramic where
the geopolymer matrix has crystallized. [1]

1.2. A History of Geopolymers:

Geopolymers recently emerged as a new class of inorganic aluminosilicate polymeric
materials. These materials were synthesized for the first time in 1940 by A. O. Purdon [2] and
again in the late 1950‘s by Glukhovsky [3]. The term geopolymer was introduced by
Davidovits [4] in the early 70°s to denote their inorganic nature (—geo) and structural
similarity to organic polymers (—polymers), and is commonly used nowadays [5, 6].

These inorganic polymers are processed by polycondensation of aluminum and silicon
monomeric or oligomeric species in metal alkali-activated solutions [4]. The GP precursors
can be obtained from different aluminosilicate sources such as clays, Metakaolin, and
industrial waste (fly-ash or furnace slug). Alkali hydroxide solutions are added to the
aluminosilicate source to activate the dissolution and polymerization process. The activating
solutions are based on aqueous solutions of alkali hydroxides and the most commonly used
metal alkaline activators are Na and K [6]. However, other metals from group | and Il of the

periodic table as well as NH,", and Hz0™ may also be utilized for synthesis [7, 8].

The silicon content of the final product can be manipulated by the addition of SiO2 to
the alkaline aqueous solution. After mixing, K-silicate and Na-silicate solutions with

aluminosilicate sources, the material is placed in molds and cured usually at temperatures
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below 100 °C for various periods of time [9]. According to Davidovits, the resulting GP
structure can be characterized as a 3-D matrix of tetrahedrally coordinated Si and Al species.
The negatively charged aluminum anions are balance by the positively charged metal cations

in the 3-D network structure of geopolymers [4].
1.3. The mechanism to form a geopolymer:

The Geopolymerization mechanism is not fully understood and varies depending on
the precursors and activation solution. However, the general reaction can be separated into

three different steps with overlapping phases [10].

1. Deconstruction, dissolution of the solid state.
2. Polymerization.
3. Stahilization.

Deconstruction:

In an alkaline environment, aluminum oxide and silicium oxide are dissolved from the
solid precursor and form aluminate (Al(OH)4") and silicate ([SiOx(OH),],"). The major silicate
species are [SiIO(OH)3] and [SiO,(OH),]," , with the concentration ratio of [SiO,(OH),]," to
[SiIO(OH)3] increasing with pH [11].

o 0
0 S04 O S0% 0~ |
O=a N il it AI(OH), ] +n[SIO(OH
! — 1 “+n[Si ;
& od T4 Lol g m©mImisoOm;
H Al
\N{ CAl | |
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Fig 8: Reaction of deconstruction

Polymerization:

After dissolution of the solid species, aluminates and silicates are formed. The
following condensation reaction between aluminate and silicate is a nucleophilic substitution

reaction. An example of this reaction between [Al(OH)4] and [SiO(OH)]" is shown below.
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Fig 9: The reaction [AI(OH),]" and [SiIO(OH)3]
The monomers in a nucleophilic substitution react to form an aluminatesilicate

oligomeric; from which an amorphous polymer is produced. This polymer forms a gel which

subsequently hardens [12].
Stabilization:

The oligomers undergo a further condensation reaction and release the water which
was consumed during the hydrolysis. With this gelation, the system starts to rearrange and
reorganize, resulting in a three-dimensional aluminosilicate network that is relatively resistant

to dissolution in water [13].

2. Synthesis and Properties of Geopolymers:

2.1. Geopolymers Synthesis:

GP materials are usually synthesized using an aluminosilicate raw material and an
activating solution which is mainly composed of alkalis of sodium or potassium and water-
glass [14]. A GP contains a variety of semi-crystalline or amorphous phases and it is a three-
dimensional aluminosilicate mineral polymer, furthermore, the network structure of GP
consists of Si(OH)4and Al(OH), linked alternately by sharing oxygen [15,16].

In recent years, researchers have done a lot of research on the GP material synthesis
for further improving its performance. J.J.Trochez used a spent fluid catalytic cracking
catalyst as precursor to prepare GPs, and the study found that increased SiO2/Al203was
beneficial to the formation of GPs, but the mechanical strength was reduced [17].In addition,
there are many researches on the preparation process of GPs. Jean Noél Yankwa Djobo
studied the effects of different preparation process conditions on the reactivity of volcanic ash
[18].

Results showed that the reactivity of volcanic ash in alkaline solution is lower than
that of other aluminosilicate, but the reaction activity increases slightly with the increase of

concentration and curing temperature. Prinya Chindaprasirt has found that the use of outdoor
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heat exposure (OHE) for curing polypropylene (PP) fiber-reinforced GP composite can
achieve the purpose of saving energy [19]. Solar energy is sustainable and renewable energy
for OHE-curing of GP composites leading to strong bridging properties between the PP fiber

and the matrix, and strong composites.

Aluminosilicate Source
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Fig 10: Conceptual model for nano structural evolution of geopolymers by duxon et al

2.2. The Properties of Geopolymers:

2.2.1. Environmental friendliness:
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GPs, an environmental protective silicon aluminates inorganic material, whose
products can significantly reduce the carbon footprint in their preparation and application
process; and in the nature world, various containing silicon and aluminum oxide can be used
to synthesize GP. For instance, GP concrete is a building material with high application
potential. It can reduce the amount of CO,emissionsto a large extent, and the maximum can
be 86% lower than that of Standard Ordinary Portland cement [21].

2.2.2. Rapid hardening and high strength:

GP has the characteristics of high early strength and fast setting time .In recent years;
researchers have done a lot of research on GP owing to its high mechanical strength. Du
revealed that using SiC can obviously enhance the compressive strength of GP composites.
When the content of SiC is 10wt%, the compressive strength of GP composites can reach
155MPa, which is equivalent to increasing 100% on the basis of unfilled GP [10].

2.2.3. High temperature resistance and heat insulation:

The oxidation reaction and decomposition reaction of the GP products between 1000-
1200 °C are not possible, and they are stable under high temperature. The linear shrinkage at
400°C and 800°C are0.2% to 1% and 0.2% to 2%, respectively, and the original strength
above 60% can be maintained [22]. This shows better mechanical strength at elevated

temperature.
2.2.4. Good corrosion resistance and durability:

GPs show good stability in acidic solutions and in various organic solvents. In 5wt. %
hydrochloric acid and sulfuric acid solution, the decomposition rate of GP were only 1/13
and1/12 of it of Portland cement, respectively. GP can form compact structure with high

strength and excellent impermeability.
2.2.5. Strong interfacial bonding ability:

At the interface between the traditional Portland cement and the aggregate, the
transition zone of calcium hydroxide enrichment and preferred orientation is easy to occur,
resulting in weak interfacial bonding force. And for GP, the transition zone does not appear
due to the reason that the hydration reaction of calcium silicate does not exist, and the final

product is a three-dimensional network of gel, which combined with the aggregate interface.
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2.2.6. Immobilizing toxic metal ions:
Mallows and others believe that metal ions are also involved in the formation of GP

structures, so that metal ions in the system can be more effectively fixed.

3. The Application of GPs:

The excellent properties of GPs determine their broad application and development
prospects, and the main applications are as follows.

3.1. Innovative GP Binder and Sustainable Repair Material:

Utilization of GP binder has been extensively investigated for its low shrinkage, high
early strength, sulfate attack and corrosion, high resistance to thawing and freezing. Used in
civil engineering, it can greatly shorten the stripping time, speed up the template operation
cycle, and improve the construction speed. One-part GP mixtures is a new type of
geopolymeric binders, which can be used to simplify the process of activating GPs in silicate
solution. At the temperature of 950°C, Peng has performed thermal treatment of low-quality
kaolin, and the strength of the corresponding binders is up to 47MP, which could reach
comparable strength with two-part mix systems [23]. Nasvi revealed that GP cement is
suitable for storage wells under deep down-hole stress conditions and carbon capture owing to
its good acid resistance, high mechanical strength, durability and low permeability [24].

GP cement is regarded as potential replacement of Portland cement. This is mainly
based on the properties and sustainability criteria.

3.2. GP-Type Coatings:

The GP can be connected into the network structure of film material through the
aluminum tetrahedral and silicon tetrahedral, so as a kind of inorganic coating, with non-toxic
environmental protection, low cost, fireproof and waterproof etc. Various proportions of -
SiC were used to prepare the GP-type paints by A. Khosravanihaghighi, and the results show
that, by increasing the proportion of nano-SiC, the porosity is reduced, and the corrosion
resistance and wear resistance are improved [25].In addition, reflective heat insulation GP
coating was synthesized from metakaolin and sodium silicate solutions as main initial raw
material, and talcum powder, hollow glass microspheres and sericite powder are added as
fillers [26].

The properties of two hybrid type GP concrete composed of alkaline-activated
metakaolin and fly ash has been studied by Ana Maria Aguirre-Guerrero, and it was treated as

protective coatings against chloride-induced corrosion in its application [27].
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3.3. Novel Ceramic Materials:

Compared with the hydrothermal and the sol-gel methods, GP technology provides a
new method for the direct synthesis of final structural ceramics. GPs can form a structure
comparable to those of high temperature sintered ceramics, and the low temperature GP
ceramic is convenient for forming products of various complex shapes and has good overall
performance.

3.4. Sealing Materials for Industrial Toxic Waste Residue:

Harmful heavy metals can be produced from modern industry, agriculture, disposal of
waste and others.GP technology can transform industrial solid waste containing
aluminosilicates into useful products thanks to the flexibility and capability to immobilize and
stabilize the wastes inside the GP network. Metals such as Co, Cu, Pb, Cd, Ni, Zn, Pd, As, Ra
and U can be incorporated in the 3 dimensional GP network decreasing the mobility of the
heavy ions through metal hydroxide precipitation, ion substitution or physical encapsulation
[28].

3.5. GP Based Self-Cleaning Concrete Materials:

Severe air pollution is mainly caused by industrial production, natural disasters,
engineering construction and automobile exhaust, etc. Thus building facilities will become
dirty when exposed to the pollute air. This problem has forced the industries to develop
alternative materials for supporting the sustainable development. GP based self-cleaning
concrete material is green alternative for solving the problem owing to their unique
properties; And the self-cleaning performance of GP based concrete are studied by
introduction of photo-catalytic materials such as ZnO and TiO; [29].

3.6. GP Biological Materials:

GP composite has the advantages of non-toxic, biocompatibility, good drug carrying
capacity and sufficient mechanical strength, etc., which can be used as oral drug delivery
carrier. Metakaolin-based Na GP has been reported as an appropriate carrier for the powerful
synthetic the sedative drug zolpidem and opioid analgesic drug fentanyl [30].

Further more, the ion exchange property of GP has been developed into germicidal
material with potential application prospect of water purification, and it has a great
application prospect in water-scarce countries.

3.7. Anti-corrosive coating for marine concrete:

Zhang et al. [31] reported the potential of geopolymer as anti-corrosive coating for

marine concrete. These authors studied the bonding strength, the durability in concentrated

seawater, the permeability and the volume stability under the ambient conditions, also
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performed trial coating on concrete surface at Hangzhou Bay (Shanghai) and examined the

hardening behavior of geopolymer coating layer.

Fig 11: The use of geopolymer as anti-corrosive coating for marine

3.8. The Applications of Other Fields:

GPs have a wide variety of applications in other field sowing to its excellent
properties. For example, there are some of the following:
e Thermal shock refractories;

eFire-resistant materials, thermal insulation, foams;
eEnvironmentally friendly adhesive for wood based panels and modern biotechnology;
eHigh-tech carbon fiber materials used inside and outside of aircraft;

eDielectric materials for electronic packaging and molecular sieve catalysts material.
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Introduction:

Industrial developments in recent years have left their impression on the
environmental society. Many industries like the textile industry used dyes to color their
products and thus produce wastewater containing organics with a strong color, where in the
dyeing processes the percentage of dye lost wastewater is 50% of the dye because of the low
levels of dye-fiber fixation [1]. Discharge of these dyes in to effluents affects the people who
may use these effluents for living purposes such as washing, bathing and drinking
[2].Therefore it is very important to verify the water quality, especially when even just 1.0
mg/L of dye concentration in drinking water could impart a significant color, making it unfit
for human consumption [3]. Furthermore dyes can affect aquatic plants because they reduce
sunlight transmission through water. Also dyes may impart toxicity to aquatic life and may be
mutagenic, carcinogenic and may cause severe damage to human beings, such as dysfunction

of the kidneys, reproductive system, liver, brain and central nervous system [4-5].

The removal of color from waste effluents becomes environmentally important
because even a small quantity of dye in water can be toxic and highly visible [6]. Since the
removal of dyes from waste water is considered an environmental challenge and government
legislation requires textile wastewater to be treated, therefore there is a constant need to have

an effective process that can efficiently remove these dyes [7].

In spite of the availability of many techniques to remove these pollutants from
wastewaters as legal requirements, such as coagulation, chemical oxidation, membrane
separation process, electrochemical and aerobic and anaerobic microbial degradation, these
methods are not very successfully due to suffering from many restrictions [8]. Among all of
these methods adsorption has been preferred due to its cheapness and the high-quality of the
treated effluents especially for well-designed sorption processes [9].Adsorption by activated
carbon is an important way to clean up effluents and wastewater [10], where it used to polish
the influent before it is discharged into the environment [11].

However adsorption by activated carbon has some restrictions such as the cost of the
activated carbon, the need for regeneration after exhausting and the loss of adsorption
efficiency after regeneration [12].Therefore adsorption by agricultural by-products used
recently as an economical and realistic method for removal of different pollutants has proved
to be an efficient at removing many types of pollutants such as heavy metals [13,14], COD
[15,16], phenol [17,18], gasses [19] and dyes [20-21,22].
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In order to increase the adsorption capacity of the adsorbent, researchers have
followed different activation methods and they usually used the Langmuir isotherm to
indicate the effectiveness of the activation process. Activation methods involve physical
activation such as carbonization of material and chemical activation such as using chemical
activating agents. Real textile wastewater is a mixture of dyes, organic compounds, heavy
metals, total dissolved solids, surfactants, salts, chlorinated compounds, chemical oxygen
demand and biological oxygen demand [23, 24].

Therefore some studies tested the agricultural wastes as adsorbents for these
pollutants. Ahmad and Hameed [16] studied the reduction of color and COD using bamboo
activated carbon, and they found that the maximum reduction of color and COD were 91.84%
and 75.21%, respectively. Anionic and cationic surfactants may effect on the dye adsorption
depending on the dye type. The adsorption of the basic dyes can be enhanced in the presence
of anionic surfactant, on other hand the adsorption of anionic dyes can be enhanced in the
presence of cationic surfactant. The negative ion of surfactant may be adsorbed on the
adsorbent by van der waals interaction and then the anionic dye can be adsorbed by anionic
exchange. Although high concentrations of surfactants may cause aggregation or dye

solubilization thus decreases the dye adsorption [25, 26].
1. Adsorption:

The term adsorption refers to the accumulation of a substance at the interface between
two phases (liquid-solid interface or gas-solid interface). The substance that accumulates at
the interface is called adsorbate and the solid on which adsorption occurs is adsorbent [27].
Adsorption can be classified into two types; chemical sorption and physical sorption.
Chemical adsorption or chemisorption is illustrated by the formation of strong chemical
associations between molecules or ions of adsorbate to adsorbent surface, which is generally
due to the exchange of electrons [28] and thus chemical sorption generally is irreversible.
Physical adsorption or physisorption is characterized by weak Van der Waals intra particle
bonds between adsorbate and adsorbent and thus reversible in most cases [28]. Adsorption on
most of the adsorbent including agricultural by-products is controlled by physical forces with
some exception of chemisorption. The main physical forces controlling adsorption are Van
der Waals forces, hydrogen bonds, polarity, dipole-dipole []-]] interaction, etc. [29].

This Process provides an attractive alternative for the treatment of polluted waters,

especially if the sorbent is inexpensive and does not require an additional pre-treatment step
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before its application [27].As for environmental remediation purpose, adsorption techniques
are widely used to remove certain classes of chemical contaminants from waters, especially
those that are practically unaffected by conventional biological wastewater treatments [27,
28]. Adsorption has been found to be superior to other techniques in terms of flexibility and
simplicity of design, initial cost, insensitivity to toxic pollutants and ease of operation.
Adsorption also does not produce the harmful substances [30].Factors that influence the
adsorption efficiency include adsorbate adsorbent interaction, adsorbent surface area,
adsorbent to adsorbate ratio, adsorbent particle size, temperature, pH and contact time [30,28]

etc.
1.2. Factors Affecting Adsorption of Dye:

There are many factors affecting dye adsorption such as solution pH, temperature,
initial dye concentration, etc. Thus, the effects of these parameters are to be taken into
account. Optimization of such conditions will greatly help in the development of industrial-
scale dye removal treatment process. In this section, some of the factors affecting adsorption

of dyes are discussed below:

+ Effect of initial dye concentration :

The amount of adsorption for dye removal is highly dependent on the initial dye
concentration. The effect of initial dye concentration depends on the immediate relation
between the concentration of the dye and the available sites on an adsorbent surface. In
General, the percentage of dye removal decreases with an increase in the initial dye
concentration, which may be due to the saturation of adsorption sites on the adsorbent surface.
On the other hand the increase in initial dye concentration will cause an increase in the
capacity of the adsorbent and this may be due to the high driving force for mass transfer at a
high initial dye concentration [31]. Zhang et al. [32] studied the adsorption of Methyl Orange
by Chitosan/Alumina interface and it was found that when the Methyl Orange concentration
increased from 20 mg/L to 400 mg/L, the percentage of dye removal decreased from 99.53%
to 83.55% with the same MB concentration range. Yagub et al. [33] studied the effect of
initial dye concentration on the adsorption of methylene blue (MB) by pine leaves and they
noticed that as the initial dye concentration increase from 10 to 90 mg/L, the percentage

removal of dye decreased from 96.5 to 40.9% on increasing the initial dye concentration from
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10 to 90 mg/L after 240 minutes. Fig 2 showed that the amount of CR dye adsorption

increased with increase initial dye concentration.
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Fig 12: Effect of Initial MB Dye Concentration on the adsorption of CR onto raw pine
cone [34].

+ Effect of Temperature :

Effect of temperature is another significant physio-chemical process parameter
because temperature will change the adsorption capacity of the adsorbent [35]. If the amount
of adsorption increases with increasing temperature then the adsorption is an endothermic
process. This may be due to increasing mobility of the dye molecules and an increase in the
number of active sites for the adsorption with increasing temperature. Whereas the decrease
of adsorption capacity with increasing temperature indicates that the adsorption is an
exothermic process. This may be due to increasing temperature decrease the adsorptive forces
between the dye species and the active sites on the adsorbent surface as a result of decreasing
the amount of adsorption [36].

+ Effect of Amount of Adsorbent :

Adsorbent dosage is an important process parameter to determine the capacity of an
adsorbent for a given amount of the adsorbent at the operating conditions. Generally the

percentage of dye removal increases with increasing adsorbent dosage, where the quantity of
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sorption sites at the surface of adsorbent will increase by increasing the amount of the
adsorbent. The effect of adsorbent dosage gives an idea for ability of a dye adsorption to be
adsorbed with a smallest amount of adsorbent, so as to recognize the capability of a dye from

an economical point of view [36].

2. Adsorption Principles:

Adsorption is a process that occurs when a gas or liquid solute accumulates on the
surface of a solid or a liquid, forming a molecular or atomic film. In other words, adsorption
is the adhesion of atoms, ions, bimolecular or molecules of gas, liquid, or dissolved solids to a
surface and this process creates a film of the adsorbate (the molecules or atoms being
accumulated) on the surface of the adsorbent. It is a surface phenomenon and a consequence
of surface energy. The atoms on the surface of the adsorbent are not wholly surrounded by the
other atoms and thus, can attract adsorbates. The exact nature of the bonding depends on the

details of the species involved, but the adsorption process is generally classified as follows:

> Physisorption: It is a type of adsorption in which the adsorbate adheres to the
surface through Van der Walls (weak intermolecular) interactions.

> Chemisorption: It is a type of adsorption whereby a molecule adheres to a surface

through the formation of a chemical bond.

Adsorption takes place primarily on the walls of the pores or at specific sites inside the
particle. As the pores are generally small, the internal surface area is greater than the external
area. Separation occurs because differences in molecular weight, shape or polarity cause some
molecules to be held more strongly on the surface than others. In many cases, the adsorbate is

held strongly enough to allow complete removal of that component from the fluid [37].
3. Dye adsorption:

3.1. Classification of dyes:

In the dye molecules there are two important components: chromophores which are
responsible for producing the color and auxochromes which enhance the affinity of the dye
toward the fibers [38]. Generally, the dyes used in the textile industry are basic dyes, acid
dyes, reactive dyes, direct dyes, azo dyes, mordant dyes, vat dyes, disperse dyes and sulfur
dyes [39], where azo derivatives are the major class of dyes that are used in the industry today

[40]. Table 1 shows the typical dyes used in textile dyeing operations. Dyes can be classified
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into cationic, anionic and nonionic dyes. Cationic dyes are basic dyes while the anionic dyes

include direct, acid and reactive dyes [41]. Recently, numerous studies have been reported

Dye class Description
Acid Water-soluble anionic compounds
Basic Water-soluble, applied in weakly acidic dye baths ; very bright
dyes
Direct Water-soluble, anionic compoﬁnds ; can be applied directly to
celluloses without mordants (or metals like chromium and
copper)
Disperse Not Water-soluble
Reactive Water-soluble, anionic compounds ; largest due class
Sulfur Organic compounds containing sulfur or sodium sulfide
Vat Water-insoluble ;Water-insoluble; oldest dyes; more chemically

complex

Table 3: Typical dyes used in textile dyeing operations [39].

+ Acid dyes :

It is a sodium salt of a sulfonic, carboxylic or phenol organic acid. It is soluble in

water and possesses affinity for amphoteric fibers. It is used for nylon, wool, paper, leather,

food, cosmetics etc.

+ Basic dyes :

They vyield colored cations in solution and this is the reason for calling them cationic

dyes. This type of dye finds uses in paper, modified nylons and polyesters, medicine etc.

+ Direct dyes :

These are water soluble anionic dyes. These are used for dyeing of cotton and rayon,

paper, leather etc.

+ Disperse dyes :

These are substantially insoluble nonionic dyes. These are used mainly on polyester

and also applied on nylon, cellulose, acrylic fibers etc.

% Sulfur dyes :

These types of dyes have intermediate structures. They form a relatively small group

of dyes, but the low cost and good wash fastness properties make it very important from the

economic point of view. Its main uses are for cotton and rayon.
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+ Reactive dyes :

They have a chromophore attached to a substituent that is capable of directly reacting
with the fiber substrate. The prime reason to make them classified among the most permanent
of dyes is the covalent bond that attaches reactive dyes to natural fibers. They find their uses

for cotton, wool and nylon.

+ Solvent dyes :

These type of dyes are generally non-polar or little polar and thus, are water insoluble.

They are used for plastics, gasoline, lubricants, oils etc.

+ Vat dyes :

This type of dye is water insoluble and incapable of dyeing fibers directly. But,
reduction in alkaline liquor produce the water soluble alkali metal salt of the dye, which, in
this leucoform, has an affinity for the textile fiber. These are used mainly for cotton, wool and

nylon.
3.1.1. Cationic dyes:

Cationic dyes are widely used in acrylic, wool, nylon and silk dyeing. These dyes
include different chemical structures based on substituted aromatic groups [42]. This group of
dyes is considered as toxic colorants and can cause harmful effects such as allergic dermatitis,
skin irritation, mutations and cancer [43]. These dyes are also called basic dyes and depend on
a positive ion, which are generally hydrochloride or zinc chloride complexes [44]. Cationic
dyes carry a positive charge in their molecule, further more it is water soluble and yield
colored cations in solution. Cationic functionality is found in various types of dyes, mainly in
cationic azo dyes and methane dyes, also in anthraquinone, di- and tri-arylcarbenium,
phthalocyanine dyes, various polycarbocyclic and solvent dyes. The anthraquinone dyes are
expensive and weak while the azo dyes have good properties, strength us reducing cost [45].
Basic dyes are highly visible and have high brilliance and intensity of colors [41]. Cationic
dyes were used intensely as a model in dye adsorption studies such as Crystal violet [46],
Methylene blue [47,48], Basic blue 41 [49] and Basic red 46 [50]. Methylene blue is an
important basic dye and widely used in the textile industry. Acute exposure to Methylene blue
may cause increased heart rate, shock, vomiting, cyanosis, jaundice, quadriplegia, heinz body
formation and tissue necrosis in humans [51]. Many researchers have studied the adsorption

of Methylene blue dye using agricultural solid wastes such as peanut hull [52], castor seed
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shell [53], coconut shell [54], guava leaf [55], neem leaf [56] and gulmohar plant [57], where
the dye adsorption capacities were 123.5, 158, 277.9, 295, 351, 186.22 mg/g respectively. All

these wastes showed good adsorption capacities for Methylene blue dye adsorption.

3.1.2. Anionic dye:

Anionic dyes depend on a negative ion [44]. Anionic dyes includes many compounds
from the most varied classes of dyes, which exhibit characteristic differences in structure (e.g.
azoic, anthraquinone, triphenylmethane and nitro dyes) but possess as a common feature,
water solubilizing, ionic substituents. The anionic dyes also include direct dyes, and from the
chemicals and point the group of anionic azo dyes includes a large proportion of the reactive
dyes [45]. Most of the reactive dyes including a reactive group and interact with cotton, wool,
etc to form covalent bonds. There lease of reactive dyes into the environment is undesirable,
because they have a low degree of fixation due to the hydrolysis of reactive groups in the
water phase [58]. Acid dyes are used with silk, wool, polyamide, modified acrylic and
polypropylene fibers. Acid dyes have good water solubility; on the other hand they have a
harmful effect on human beings since they are organic sulphonic acids [59]. Many researchers
have studied the adsorption of anionic dyes using different adsorbents such as the removal of
Acid scarlet, Acid turquoise blue and Indigo carmine by organo-bentonite [5], Reactive
brilliant red, Acid fuchsine, Orange IV and Methyl orange by ammonium-functionalized
MCM-41(member of the mesoporous molecular sieves M41S family) [60], Reactive Yellow 4
(RY4) by apatitic tricalcium phosphate and apatitic octocalcium phosphate [61], Red reactive
141 by wood-shaving bottom ash [22], Brilliant yellow using sepiolite [62], Acid black 26,
Acid green 25 and Acid blue 7 by pine cone [63] and Acid blue 80 by bagasse ash [64]. In the
last few years agricultural solid wastes have been used intensely as low-cost, available
adsorbents for the adsorption of anionic dyes such as mango seed [65], soy meal [66],
bag7asse [67,66] and bamboo [68].

4. Dye bromothymol blue (BTB)

Triphenylmethane dye bromothymol blue (BTB), which belongs to the family of
anionic dyes. BTB is a chemical compound often used as a colored indicator of pH, and it has
halochromic properties. The acid form is yellow (pH<7) and the basic form is blue (pH>7). It

is widely used in biomedical, biological, and chemical engineering applications.
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Fig 13: Different colors of bromothymol blue at marked pH conditions

The degradation of this dye has been studied by many researchers. H. Ayoub et al [69]
carried out photo degradation of the dye (BTB) using TiO; as a catalyst. In their work, L. Cao
et al [70] and M. S. E. Farida et al [71] studied the adsorption of BTB on QCF (quaternized
cellulose fibers) and on bentonite carbon composite, respectively. M. Ghaedi et al [72] and H.
Tavakkoli et al [73] used gold nanoparticles loaded activated carbon (Au-NP-AC) and
nanoparticles of perovskite type for the elimination of BTB. Y. Zheng et al [74] studied the
photo catalytic performance of MgO in the degradation of BTB. A. Ameri et al [75] carried

out a photo -catalytic bleaching of BTB using biogenic selenium nanoparticles.
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CHAPTER IV GEOPOLYMERS SYNTHESIS AND PROPRITIES

1. Materials and Methods:

1.1. Materials used:

Laboratory oven: Laboratory ovens are standard equipment found in most clinical,
forensic, electronics, material processing, and, research laboratories. Laboratory ovens
provide uniform temperature and precise temperature control for heating, baking, evaporating,
sterilizing and other industrial laboratory functions.

Oven temperature ranges from ambient to above 300°C[1]. (Memmert)

Fig 14: Laboratory Oven (Memmert)

Analytical balance: Analytical balances are highly sensitive lab instruments designed
to accurately measure mass. Their readability has a range between 0.1mg - 0.01mg. Analytical
balances have a draft shield or weighing chamber to prevent the very small samples from
being affected by air currents. They're meant to detect very fine increments, so the slightest
vibrations or breeze can impact the results. As such, analytical balances should be used in a
dedicated room with as few disturbances as possible. Analytical balances need to be
monitored carefully and calibrated frequently. Most analytical balances have both automatic

internal motorized calibration and calibration with external weights.[2] (Nahita)
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Fig 15: Analytical balance (Nahita)

Hotplate Stirrer: The hotplate stirrer (or hot plate stirrer or hot plate magnetic stirrer)
is used for mixing and heating aqueous solutions for a great variety of chemical reactions such
as synthesis.[3] (Heidolph)

MR 3001 K
1

Fig 16: Hotplate stirrer (Heidolph)
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1.2. Reactives used:
-Potassium hydroxide (KOH) (Biochemchemopharma,Mw =56.11g/mol)
-Hydrochloric acid (HCI) (Honeywell Fulka, MW =36.46g/mol)
-Silicon dioxide (SiOy)(Riedel-deHaen)
-Water glass (prepared in the laboratory)
-Bromothymol blue
1.3. Raw Material Used

The commercial Metakaolin MK (Metastar 501) was obtained from IMERYS(SiO;:
50.44%, Al,03: 43.92%, TiO,: 1.00%, Fe,03: 0.46%, MgO: 0.09%, NaO: 0.15%, SOs: 0.19,
Cl: 0.01%)

Metakaolin was characterized by X-ray diffraction (XRD) using a Brucker D8 T2T
advance diffract meter equipped with a Cu-K,source, with a scan step of 2° min™, from 3 to
75° 20 values.

Intensity (a, u)

10 20 30 40 50 60 70
26/°
Fig 17: XRD of commercial metakaolin

XRD pattern of metakaolin sample is completely amorphous owing to the presence of

broad hump structure.
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2. Metakaolin pretreatment:
» Oven drying:

This step is used to reduce the moisture content in the solid samples and powders of

Metakaolin powder to facilitate grinding and sieving.
» Grinding:

Grinding reduces the grain size of the material. A porcelain mortar was used for this

used for this operation.

Fig 18: Grinding of metakaolin
» Sieving:
This operation allows to eliminate the agglomerates and to obtain a well determined

granulometry determined granulometry. The clay obtained by grinding was sieved through a
0.355 mm mesh sieve. (ANAYSENESIEB,Retsch)

Fig 19: Sieve(ANAYSENESIEB, Retsch0.355mm)
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3. Synthesis of geopolymers samples:

3.1. Preparation of the activation solution “water glass”:

The first step in the synthesis of geopolymers is the preparation of the activation

solution "water glass".

water glass is an aqueous solution of strongly basic caustic potash (the solution of
potassium hydroxide was obtained by dissolving in distilled water, soda pellets having purity
of 99% until saturation with pH=14) with silica solution (SiO) /// the ratio SiO,/KOH = 1.05
(95.45¢g SiO,) / (90.90g KOH)

The mixture was left under magnetic stirring for 24 hours to allow cooling and

equilibration of the species.

After mixing
for 24 h

Fig 20 ,Fig 21: Preparation of the activation solution “water glass”

3.2. Formulation of geopolymers:
Geopolymers was synthesized following these steps:

Firstly, 60 g of dry metakaolin powder was added to 69.6 ml the alkaline solution

(water glass) in a mass ratio (alkaline solution/metakaolin) = 1.16.

Then, the mixture was mixed for 10 minutes to ensure dissolution between the powder
and solution, resulting the formation of geopolymer precursor paste.

Finally, the mixture obtained is placed in cylindrical polystyrene bottles which are

kept closed in an oven at 70 °C for 24 hours.
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Dissolution of
potassium hydroxide

in silicate
i Magnetic stirring E_ _________________________ R
_________ fmmmmmm e
i 20min
1
i ( Addition of
commercial
metakaolin
_________________ Closed mold (70C, 24h) / Geopo|ymers \
| Mechanical stirring >

Fig 22: Diagram of the synthesis protocol of geopolymeric materials

4. Geopolymers properties
4.1. Chemical resistance:

4.1.1. Preparation of acidic solution and alkaline solution:

A. Acidic solutions (HCI):
To perform experiments, a stock solution of HCI was prepared with volume V= 20mL
and concentration Cs =10"'mol/L:
CoxVo= CixVs

_ puxdxt _ 1000x1.19 xX36.46

Co= = = 11.9 mol/iL
M 100x%36.46

. CfxVf . 0.02x0.1

— -4y —
Vo= —; 1o =1.68x10"L=0.168mL

Co: The initial concentration of HCI

Ct: The concentration selected to perform the experiment
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Vo: The initial volume of HCI

V+. The final volume of HCI

u: water density =1 kg/L

d: commercial HCI density =1.19

T: mass percentage of commercial HCI= 36.46%
M: molar mass =36.46g/mol

So, we put 0.168 ml of HCI and complete the volume to 20 ml with distilled water to
obtain the stock solution with 1mol/L.

Then we prepare 3 new solutions from the mother solutionC,, C3 C,4 by taking 1 ml of
the stock solution (C=1mol/L) and complete the volume to 10 ml with distilled water to

obtain 3 diluted solutions.
* C;=C<=1mol/L
* C,=C,/10=10"mol/L
* C3=C,/10=10*mol/L
* C,=C;/10=10"mol/L

B. Alkaline solution (KOH):

To prepare potassium hydroxide solution at concentration of 10™mol/L, we follow the

following steps:

» n=CxV and n==
M
m
> > C=—— m=CxVxM
MXxV
» m=10"x20x10"x40 = 0.08g
Dissolve 0.08 g of (KOH) in 20 ml of distilled water to obtain the stock solution.

Then we prepare 3 new diluted solutions C,, C3 C4from the bulk solution by

takinglml of stock solution and complete the volume to 10 ml with distilled water.

* C;=C=101mol/L

Page 56



CHAPTER IV GEOPOLYMERS SYNTHESIS AND PROPRITIES

*  C,=C4/10=10"mol/L
*  C3=C, /10=10°mol/L
*  C4=Cz/10=10"*mol/L

4.1.2. Acidic and alkaline resistance:

Geopolymers were floated at acidic and alkaline at different concentration for 24 h.
The weight was measured before and after living them in solutions. These experiments were
done as claimed by Singh et al[4].

The deterioration of geopolymers was identified in terms of mass loss, with the
increase in exposure period loss in mass was observed with a higher percentage in the case of

acidic medium comparing with alkaline solution.

Fig 23: Geopolymers in different alkaline and acidic solutions

Geopolymer after | C(mol/l) | Weight before(W,) Weight after(W,) Dissolved
acidic attack (9) (9) Quantity(g)=W,-Wj
c.=1 1.487 1.240 -0.247
c,=10" 2.801 2.381 -0.42
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Cs=10"

1.357

1.152

-0.205

C4:10-3

1.551

1.289

-0.262

Table 4: Results of geopolymers samples in different concentrations of acidic medium

At different concentrations of acidic environments mass loss over time is average 0.2

for almost concentrations: (Table 4)

White layers were deposed on the surface of geopolymer specimen, may due to

gypsum crystal formation [4].

Geopolymer after

alkaline attack

o000

C (mol/l) | Weight before (g) | Weight after (g) Dissolved
Quantity(g)=Wy-W,
c,=10" 1.461 1.311 -0.1551
C,=102 1.064 0.881 -0.183
C,=103 1.542 1.411 -0.131
c,=10* 1.431 1.347 -0.084

Table 5: Results of geopolymers samples in different concentrations of alkaline medium

We notice that in an alkaline medium the resistance is stronger than in an acid medium

environment, less corrosion of the geopolymer is observed than in acid environment.
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In alkaline medium white spots which appeared to be calcium hydroxide Ca(OH);

developed on the attacked end of the specimen. NaOH salts were deposited on the surface [5]

4.2. Water uptake:

We studied the resistance of GP samples in an aqueous ambient temperature 22 and at
pH 7 and we obtained the results shown in the following table:

The percent of water absorption for these samples were determined by Eq. (1).

. Wetweig ht—Dryweig h
% WaterAbsorption = etwe;‘)gry;eigrz‘:elg t><100[4]. (1)

Results and discussions:

Table 6 shows the results of water absorption in (%) for geopolymer sample after 1
hour, 2 hours, and 24 hours.

From table 6,it was observed that the (%) of water uptake reduced after 1 hour until 24
hours where the average absorption were 1.93%,0.63 % and 0.45% respectively. the sample
for water absorption decreased after 1 hour until 24 hours indicate that constant exposure to
water allows the concrete to continuously hydrate; this causes further expansion of the
geopolymers. As the paste expands, the void ratio decreases while causes permeability and

absorptivity to decrease [4]

Geopolymer Weight before (g) Weight after (g) | Percentage (%)
GP1n 7.646 7.794 1.93
GPan 5.796 5.833 0.63
GPasp 8.652 8.691 0.45

Table 6: Results of water absorption (%) of a geopolymer sample
4.2. Porosity:

The porosity tests were conducted according to ASTM D7063/D7063M-11 [6]. The
percent of porosity for these samples were determined by Eq. (2).

Wu—-Wk
Wu—Wa

% Porosity = x100 (2)
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Where:

Wu = mass of specimen in air.
Wk = mass of dry specimen

Wa = mass of specimen under water

Results and discussions:

Table 7 shows the results of porosity in (%) for geopolymer sample after 1 hour, 2
hours, and 24 hours in water.

From table 7, the percent of porosity also showed a reduction for the sample tested
after first hour until hour 24from 15.54%, 13.51%, and 10.25%.

Geopolymer W,(0) Wk(0) Wy(9) Porosity (%)
GPin 7.646 7.623 7.794 86.54
GP,p, 5.796 5.791 5. 833 88.09
GP2sn 8.652 8.648 8. 691 90.69

Table 7: Results of porosity (%) of a geopolymer sample

The geopolymer paste samples at 24h showed the highest percentage of water
absorption and porosity while the geopolymer paste samples at 1h showed the lowest water
absorption. This is due to the structure of samples becomes denser, harder and improved
crystallinity from 24h until 1h. The pore size decreases and the structure became denser. The

porosity and permeability also decreased hence the durability potentially be improved. [5]
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CHAPTER V BROMOTHYMOL BLUE ADSORPTION

1. Bromothymol structure:

>
>
>

YV V V V

Type: Anionic dye

Nature: Acid

IUPAC name:2-bromo-4-[3-(3-bromo-4-hydroxy-2-methyl-5-propan-2-
ylphenyl)-1,1-dioxo-2,1lambda6-benzoxathiol-3-yl]-3-methyl-6-propan-2-
ylphenol

Chemical formula :C,7H2sBr,0s

molecular weight:624.38 g/mol

Amax : 620 nm

Structure:

Fig 24: Bromothymol blue structure created by ChemDraw

2. Bulk solution preparation:

To realize different sorption experiments, 4 dye stock solutions were prepared.

m=CxMxV

M (Molar mass)= 624.38 g/mol

V :volume L

C : Concentration mol/L

Page 63



CHAPTER V BROMOTHYMOL BLUE ADSORPTION

e V;=0.5 L has a concentration C;=10*mol/L
m;= C1xMxV;
m;=0.03g

e V,=0.5 L has a concentration C,=3 .10™mol/L
my= CoxMxV,
m,= 0.09g

e V3=0.2 L has a concentration C3=3 .10mol/L
m3= C3xMxV3
ms= 0.39¢

e V,=0.2 L has a concentration C,= 10 mol/L
M= C4xMxV,
my=1.249

The obtained mixture was homogenized by stirring.

A UV-Visible scan of the solutions allowed us to determine the maximum wavelength and the
maximum absorbance.

The method consists in using two preparations:

The first one which is introduced in the reference cell contains; distilled water to draw the
baseline.

Once the maximum wavelength is determined, we measured the absorbance of
different concentrations C1, C,, C3, C4 prepared of the stock solution at a given concentration
in order to establish a calibration curve.

When establishing the calibration lines, we sought to have A< 1. Thus, we ensure that
the concentration of the analyzed samples remains sufficiently low to correctly apply the
Beer-Lambert law.

These solutions are analyzed with the UV-Visible spectrophotometer type
PhotolabSpektral Fig 25 below.

Then we establish the calibration line representing the absorbance "A™ at a given

wavelength as a function of the concentration "C" using origin8 software.
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Fig 25 : UV-Visible spectrophotometer type PhotolabSpektral

3. Calculation of adsorption percentage:

The percentage of dye adsorbed is given by the following isotherm formula:
P (%) = (Co - Cy) * 100/ Co

Where:
Coand C¢: Initial and instantaneous concentrations of metal (mg/L), respectively,

P: Percentage of metal fixation.

4. The Beer-Lambert law:

Can be expressed as:
A=C. L.e=Ck

—> C¢&=

~| >

With:
C: Concentration (mol.L™)
L: Adsorption optical path length (cm)
M: Molar mass (g.mol™)
&: Specific molar absorbance coefficient (L.cm™.mol™)
k: Slope (L.mol™)
Concentration (mol/L) 3x107 10
Absorbance 0.5 1.7

Table 8: Absorbance of bromothymol blue in differents concentration
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5. Batch adsorption:

The study of dye adsorption on Geopolymer allows us to examine the influence of
contact time on their retention and to determine the percentages of adsorbate (the dye)

brought into contact.

A specimen of geopolymer is put in contact with 10ml of solution of initial
concentration of the dye Co = 10”mol/L. at room temperature and free pH. Aliquots of 1ml of
the solution were taken at appropriate time intervals and immediately assayed by a UV-
Visible spectrophotometer (PhotolabSpektral WTW) at a wavelength A maximum 620 nm of

the dye.

BROMOTHYMOL BLUE ADSORPTION

6. Adsorption capacity (percentage):

Adsorption capacities (%) are constructed by measuring the concentration of

adsorbate (dye) in the medium before and after adsorption. For this, data are performed using

107 initial concentration solution under normal conditions.

> C=10"mol/l
Time (min) 30 50 120 480 1440
Absorbance 1.610 1.558 1.459 1.206 1.192
Residual dye | 9.39x10° |9.08x107 | 8.49x107 | 7.02x10™° | 6.95x107
Concentration
Ct(mol/L)
Adsorption % | 6.1 9.2 15 29.8 30.5

Table 9: The evolution of the adsorption percentage as a function of time
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m — adsorption|

27 -

18

adsorption (%)

v T v T v 1
0 200 400 600
Time (min)

Fig 26: Adsorption percentage as function of time

The figure Fig 26 represents the evolution of the adsorption percentage of dye
bromothymol blue at increasing time for concentration 107.it is clear from the graph that
the percentage increased with increasing time showing a peak at about 480min and then it
reaches equilibrium for the remainder of the run time . This phenomenon can be interpreted

that when time increases, adsorption of the dye in the sites of geopolymer increases until it
reaches saturation.

7. Contact time effect:

The figure Fig 27 presents the evolution of the adsorbed quantity and the percentage
of adsorption as a function of time. The absorbance was examined by varying the time
ranging from 5 min to 24h at initial dye concentration 3.10*, 3.10°, 10, 1072,

Time(min) 5 15 30 50 80 120 240 1440

Absorbance | 0.587 | 0.591 | 0.682 | 0.585 | 2.832 | 0.678 | 1.754 | 0.615
(C=3.10"mol/L)

Absorbance 0.958 | 1.843 | 1.096 | 0.92 | 1.013 | 0.884 | 1.010 | 0.673
(C=3.10°mol/L)

Absorbance 2435 | 0.866 | 0.912 | 1.414 | 2.487 | 2.786 | 1.035 | 0.902
(C=10"mol/L)
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Absorbance 1.416 | 2.155 | 1.610 | 1.558 | 1.619 | 1.459 | 1.710 | 1.192
(C=10?mol/L)

Table 10: Absorbance in different contact times

—=—-310°
— e 10°
3,0 - 10"
—v—3,10"
2,5 T
o 2,04
O
C
o
2
o -
§ 1,5 {'
1,0 4 rf
i .
0,5 1
T T T T T T T

T — T T — T T — T 1
-200 0 200 400 600 800 1000 1200 1400 1600
Time (min)

Fig 27: Effect of contact time on the absorbance of bromothymol blue dye

We notice that the kinetics of adsorption of dye on the synthetic geopolymer present
the same trends characterized by a strong adsorption from the first minutes of contact dye-

geopolymer, followed by a slow increase until reaching an equilibrium time.

This indicates that the adsorbents active sites/surfaces were vacant/unoccupied with
enough concentration of dyes in the solution [1]. However, after 200min contact time
(optimal), the removal efficiently almost remains constant up to24h suggested that the lack of
availability of active sites on the absorbent surface in that the adsorbate tends to desorb into
the liquid phase [2]. Thus, it can be conduded that the optimal contact time for the prepared

dye solutions onto the prepared adsorbent is 200min at given experimental conditions.

8. Effect of initial dye concentration:

The figure Fig 28 represents the effect of initials dye concentrations on the absorption.
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Absorbance 0.587 | 0.591 | 0.682 | 0.585 | 2.832 0.678 1.754 0.615
(C=3.10"*mol/L)

Absorbance 0.958 | 1.843 | 1.096 | 0.92 | 1.013 | 0.884 | 1.010 | 0.673
(C=3.10°mol/L)

Absorbance 2435 | 0.866 | 0.912 | 1.414 | 2.487 2.786 1.035 0.902
(C=10"mol/L)

Absorbance 1.416 | 2.155 | 1.610 | 1.558 | 1.619 | 1.459 | 1.710 | 1.192
(C=10?mol/L)

Table 11: Effect of initials concentrations of dye BTB
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0,000 0,002 0,004 0,006 0,008 0,010
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Fig 28: Effect of bromothymol blue initials concentrations on absorption

In the case of: 3. 10°,3.10*and 10?mol/L as the concentration of dye ions increases ,
the adsorption of dye ions increases.id due to the limited number of active sites in an
adsorbent . Adsorbents have sufficient the active sites are significantly diminished as
compared to dye ions. But in the case of 10“mol/L concentration we note that the adsorption

is reduced to the smallest value, and then it rises to the highest value at the end.
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CONCLUSION

Conclusion:

The present work shows:

Synthesis of geopolymers from commercial metakaolin, where the resulting material
has chemical resistance ether in acidic or alkaline environments. The deterioration of
geopolymers was identified in terms of mass loss, with the increase in exposure period
loss in mass was observed with a higher percentage in the case of acidic medium
comparing with alkaline solution. We notice that in an alkaline medium the resistance
is stronger than in an acid medium environment, less corrosion of the geopolymer is

observed than in acid environment.

A limited color removal from dye solutions using geopolymers was investigated. The
obtained results showed that geopolymers exhibits effective adsorption in agqueous
solution, elimination of bromothymol blue dye was done in different initial
concentrations at room temperature and free pH, where the adsorption percentage
increased with increasing dye concentration. Thus, it can be concluded that the
optimal contact time for bromothymol blue dye adsorption in the synthesized

geopolymer is 280 min at given experimental conditions.
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