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ABSTRACT

As the world population grows, factories such as textile, paper, food colouring, and leather
industries are using large amounts of dyes. Small amounts of dyes can pollute large sources of
water used for domestic consumption and agricultural sectors. If the dyes are not treated before
being discharged, they can cause harm to the human body and the environment. Various
approaches such as chemical, physical, and biological techniques, have been studied in
connection with the removal of dyes from wastewater. The adsorption method has been favored
in the removal of dyes since it is eco-friendly, low-cost, has high efficiency, and is easy to
operate. In this research, geopolymers synthesized from fly ash (FA) from the Morupule
thermal power station were used in the adsorption of cationic and anionic dyes which are
pollutants found in wastewater. Fly ash is a fine waste product produced by burning coal and
its high in silica and alumina. The main aim of this study was to synthesize fly ash-based
geopolymers which were employed in the removal of cationic and anionic dyes which have
serious environmental consequences such as pollution of water and thus are a great health
hazard. Four geopolymers were synthesized using Na2SiOs and H202 which were then studied
for the adsorption of methylene blue (cationic dye) and Congo red dyes (anionic dye). Factors
that affect the adsorption capacity and removal efficiencies such as time, concentration, dosage,
and pH were investigated to find the most active geopolymers. The morphology,
crystallography, and identification of major chemical components of fly ash were performed by
scanning electron microscope (SEM), X-ray diffractometer (XRD), and X-ray fluorescence
spectrometer (XRF), respectively. The Uv-visible spectroscopy was used to monitor the
adsorption process while thermogravimetric analysis (TGA) techniques were used to study the
thermal degradation of fly ash. The Brunauer-Emmett Teller (BET) analysis was used to
calculate pore size distributions, pore volume, and surface area. Fourier transform infrared
(FTIR) spectra were obtained and showed the presence of OH, Si-O-Si and S-O-Al bands. Four
prepared geopolymers (12-M-Na2SiO3, 10-M-Na2SiO3, 12-M-H20, and 10-M-H20) and raw
fly ash at the mass of 3 g adsorbents and 0.3 L of dyes were studied to determine the adsorption
isotherms and adsorption kinetic models. The Langmuir isotherm, and pseudo-second-order
model were favoured as they show high correlation coefficient values, R?, and the calculated

Qm values are close to experimental values. The maximum adsorption capacity of methylene



blue (MB) using Na>SiOs-geopolymer was 17.7 mg/g which was nearly identical to the
experimental value (16.3 mg/g), while Congo red (CR) achieved 3.8 mg/g using Na,SiOz-
geopolymer compared to 4 mg/g experimental value. The highest removal efficiency of MB
using NazSiOs-geopolymer was 90 % and 84 % using H20>-geopolymer. The Q. of CR based
on both geopolymers displayed a low removal efficiency, but high removal efficiency using
raw FA (94 %).
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CHAPTER 1

1.0Introduction

1.1 Background of the study

With the advancement of technology all over the world, coal waste materials have
become an important source of economic growth, generating electricity (Tiwari et al.
2016). Coal is an organic rock enriched in carbon and with minor concentrations of
hydrogen, oxygen, sulphur, nitrogen, and water (Vassilev and Tascon 2003). Burning
coal produces hazardous solid wastes such as fly ash and gaseous wastes such as
NOx, COz2, and SO2 which are toxic to the environment (Means 2021). Coal is a non-
renewable source of energy. There are four major types of coal which are bituminous
(high-heating coal), sub-bituminous (low-heating coal), lignite (low-grade coal), and
anthracite (hard coal), (Rasheed et al. 2015). Coal-fired thermal plants are the world's
largest in power generation (Temuujin et al. 2011). Coal-fired power plants' by-
products' annual disposal estimate went high up to 600-750 million tons worldwide
(Ferrarini et al. 2016, Ahmaruzzaman 2010). Every year, tons of fly ash are produced
worldwide. Toward 2019, the world had reached 800 tons of fly ash produced (Das and
Rout 2021, Helong et al. 2020). It has been revealed that coal fly ash from coal-fired
power stations is the most important waste of electricity production (Harja et al. 2009).
Waste disposal can be environmentally unfriendly (Jha and Badhamagar 2012), and
pose a serious threat to people, land, and water resources (Sumathi et. al., 2010,
Khan., 2014).

Fly ash (FA) is a fine powdered waste product generated from thermal power stations
(TPS) burning coal, or biomass or co-combustion (Seslija et al., 2016, Stanislav and
Vassilev 2005). As a residue of TPS, fly ash is known as problematic solid waste all
over the world because it contains heavy metals and the current disposal methods of
the waste are not environmentally friendly. (Dwivedi, and Jain. 2014, Uzbas and Aydin
2019). Enormous quantities of fly ash are produced in many industries which use
pulverized coal as a fuel source (Tiwari et al., 2016, Liu et al. 2019). Fly Ash has an



excellent particle size, porosity, and specific surface area, making it suitable for use as
low-cost sorbent material (Ge et. al. 2018). Fly ash also contains siliceous materials
(Wattimena et al. 2017, Hower et al. 2017) and can form cement in the presence of
water. Fly ash is classified into two classes, which are class C fly ash and class F fly
ash (Zerfu and Ekaputri., 2015). Class F fly ash contains low calcium, and class C fly
ash contains high calcium content (Franus et.al. 2014, Widayanti et al. 2018). FA can
again be classified as wet fly ash or dry fly ash. Class F fly ash is produced mainly from
anthracite and bituminous coal types while class C fly ash is produced by burning

lignite or sub-bituminous coal types (Tiwari et al., 2016).

Previous research (Tiwari et al., 2016., Harja et al., 2009) stated the benefits of FA
utilization as opposed to disposal in ash dumps and pits. FA is mostly used at cement
industries as pozzolanic material (Siddique., 2004) for manufacturing Portland
Pozzolana Cement (PPC). It is also used in the ceramic industry, road base
stabilization, soil stabilization, concrete manufacturing, pavement, and wastewater
treatment (Rishi et al., 2012, Pandey., 2020). Doing this research, would aid in
recycling waste fly ash by removing cationic and anionic dyes from wastewater using

fly ash and fly ash based geopolymer.

The expansion of manufacturing industries has resulted in an increase in the
production and use of dyes. Dyes are among the most concerning pollutants in
wastewater pollution (Zalfika et al. 2017). If the dye wastewater is not treated
immediately, it may be harmful to human health and environment because it is a source
of water and air pollution (Taufi et al. 2018, Zhou. et al. 2020, Li. et al. 2019, Shaban
et al. 2018). Classification of dyes is based on chemical structures and charges such
as cationic, anionic, and non-ionic (Kandisa et al. 2016, Yagub et al. 2004). Dyes are
used to produce colour for products in industries such as printing, textiles, cosmetics,
foods, and paper industries (Mall. 2005). Manufacturing industries such as the printing
and textiles industries produce dyes with a high concentration that leads to toxic
wastewater and an unhealthy environment. Since dyes are water-soluble, it produces

intense colour in water which causes environmental problems (Li. et al. 2006). The



uses of dyes can be harmful to the environment because they decrease light
penetration, which in-turn affects photosynthesis process and has an adverse effect
on the entire ecosystem (Lellis et. al 2019). Dyes can make people sick as they
evaporate in the air since it can get absorbed through the skin or be breathed and
cause major respiratory issues (Kant 2021, Lellis et al. 2019). Methylene blue solution
is a cationic dye solution used in different industries such as textiles, paper, plastic

manufacturers, and leather (Alouani et al. 2019).

Our research involves the characterization of FA and the production and
characterization of geopolymers. The current study goal is to identify the potential uses
of the FA such as producing adsorbent materials, that reduce the amount of fly ash
that ends up the ash dump at Morupule thermal power station, which we will use to

remove cationic and anionic dyes from synthetic water.

1.2Problem statement

Fly ash disposal from coal combustion has become an area of greater concern as fly
ash is environmentally unfriendly and could be a major risk to land and water resources
(Temuujin et al., 2011, Yao et al., 2015). On the other hand, industries produce lots of
dyes which cause water contamination that pose danger to human health and the

environment. List below are research questions.

i.  What are the chemical and physical characteristics of fly ash?
ii. What are the effects of system parameters on the synthesis of
geopolymers?
iii. What are the adsorption properties of geopolymers synthesized via
different methods?

1.30bjective

The main objective of the research is to identify the potential uses of the FA materials

as opposed to the current disposal methods of ash dumps at Morupule power station,
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Botswana. The FA will be used to synthesize FA-based geopolymers which will be
employed to remove cationic and anionic dyes which have serious environmental
consequences such as water pollution and a great health hazard. The specific

objectives include to:

i.  Characterize fly ash

ii. Prepare geopolymers using fly ash

iii.  Characterize prepared geopolymers in terms of crystallinity using x-ray
diffraction (XRD), morphology using a scanning electron microscope
(SEM), chemical composition (XRF), and chemical properties such as

organic and inorganic groups (FTIR).

1.4 Justification of the study

As the world population increases, manufacturing factories' demands become high.
Manufacturing factories play a big part in the development of the economy and
employment worldwide. This has resulted in an increase in textile and paper-making
factories which produce and use a high number of dyes. When the dye wastes are not
disposed of properly that can endanger human health and the environment. On the
other hand, electricity demand is growing worldwide. As more coal is used, it produces
millions of tons of waste materials that are unfriendly to the environment. Although fly
ash is used in Portland Cement Concrete (PCC) and roads, large amounts remain
unutilized. As the amount of coal fly ash increases, some of the fly ash is dumped in
landfills (Jaturapitakkul 2004) causing diseases such as cancer. With more research
carried out, it was discovered that fly ash can be used as a low-cost materials for the
adsorption of dyes from wastewater and gases in the atmosphere (Ahmaruzzaman
2010), compared to the previous methods of disposal which is a risk to public health

and the environment (Lemly 2017).

This work involves the use of fly ash in the environmental remediation as opposed to
dumping in landfills and ash dumps. It also contributes to the knowledge of the

synthesis of highly porous geopolymers, formulation strategies for different foamed
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highly porous geopolymers and the effects of parameters on geopolymers synthesis.
With this research, the synthesis of highly porous polymeric materials from fly ash is
investigated and used in the process of adsorption of cation and anionic dyes,
contributing to a clean environment by the removal of dyes in wastewater. When trace
elements are high in fly ash, it poses a threat to the environment and human health
(Dai and Finkelman 2017).



CHAPTER 2
2.0Literature Review

2.1Dyes

A dye is a colour substance mainly used in different factories such as textiles, foods,
printing, and cosmetics (Kandisa et al. 2016, Mall. 2005). Dyes are useful in many
manufacturing industries as they produce colour. It is critical that the dye in wastewater
be treated before it can be disposed of because it will harm the environment. Not only
will it harm the environment when left untreated, but it can also cause harmful effects
on humans as it causes diseases such as cancer, difficulty in breathing and allergic
reactions (Rehman et al. 2018). With the advancement of technology such as textiles,
food processing, plastics, etc., it is estimated that more than 7x10° tons of dyes are
produced worldwide each year (Rehman et. al 2018). To date, over 100,000 different
types of dyes have been produced from various industries and classified as cationic
dyes, non-ionic dyes, reactive dyes, and anionic dyes (Taufig et al. 2018, Li et al.
2019). Dyes are also classified based on their uses, chemical structure, and application
(Gurses et al. 2016). Dyes have become a major source of water pollution. Table 1

shows examples of textile dyes that are commonly discharged in wastewater.



Table 1. Major types of dyes (Liu et al. 2019, Benkhaya et. al 2020)

Types of dye Background

Direct dye e Applied in celluloses, leather, nylon
e It's neutral

e Can be soluble in water

Reactive dye e Applied in silk, wool, printing, nylon

e Requires high temperature

Vat dye e More expensive
e Water-insoluble

e Used in hemp fabrics, cotton

Disperse dye e Low solubility in water

e Used in acetate, cotton, papers

Acid ¢ Neutral and good water-soluble

e Applied on paper, silk, wool, inks

Basic e Applied on polyester, paper, inks
e Dissolves in water

e |It's acheap dye

2.2 Wastewater

Industrial growth has become a major source of water contamination as industries
release many pollutants, including dyes into the environment. Water pollution has
become a significant threat to both humans and the environment. To protect humans
and the environment, wastewaters need treatment before disposal. There are various
major sources of pollutants in wastewater such as heavy metals, dyes, pesticides, and

surfactants (Al-husseiny and Ebrahim., 2021).

Removal of dyes from wastewater have been investigated using techniques such as

physical, biological, and chemical. Different methods such as aerobic/anaerobic
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treatment, membrane separation, ozonation, flocculation, chemical oxidation,
coagulation, and photocatalytic degradation, and adsorption have been investigated
for dye removal from wastewater (Azari et al., 2020, Mor et al., 2018, Ling et al., 2019,
Qu et al. 2021). The most promising method in wastewater remediation emerged as
adsorption because of its low cost, high efficiency, ease of use, low energy
requirements and environmental friendliness (Azari et al., 2020, Siyal et al., 2020).
Activated carbon (AC) is the most commonly used adsorbent for dye removal even
though it is expensive and difficult to use (Zhou et al., 2020). Low-cost adsorbents have
been investigated for the removal of dyes from wastewater. The most studied low-cost
absorbents for the removal of wastewater are fly ash, husk ash, and biomass-base
materials (Bulgarium et al. 2019, Daudi et al., 2021, Fitrian et al., 2020). Table 2.
presents various methods for wastewater treatment that make use of low-cost, readily

available adsorbents.



Table 2. Methods of treatment of dye-polluted water as reported in the literature.

Methods

Description

Physical methods

In comparison to other methods such as biological and
chemical methods, physical methods prove to be the least
expensive method for removing pollutants from wastewater.
Physical methods include adsorption, floatation, coagulation,
and flocculation (Ge et al. 2018).

Chemical methods

Chemical treatment methods are the most used common
methods in wastewater treatment. Chemical methods include
electrochemical treatment methods, chemical precipitation, and
ionic change (Salgot et al. 2018). Although removal of
pollutants from wastewater is highly efficient (Mushtag 2018),
there is a disadvantage as a larger amount of chemicals are
used in the process of treating wastewater leading to an
excessive amount of chemicals in the environment and it also

can be a high-cost method (Gembo et al. 2021).

Biological methods

Biological methods degrade wastewater through natural
cellular process that relies on bacteria and other small
organisms. Since biological methods involve the use of
bacteria, algae, fungi, and yeast, it makes it economically
feasible and environmentally friendly (Karthik et al. 2014,
Bhatia 2017). Although, biological methods are both
environmentally friendly and economically feasible, they have

low removal efficiency (Gembo et al. 2021).




2.2.1 Adsorption process

Adsorption can be a physical and chemical process (Qayoom et al. 2017), a typical
phase transfer process for removing substances from fluid phases. Adsorption is a
high-quality wastewater treatment method for removing dissolved organic pollutants
such as dyes. Adsorption is a popular technique because of its low cost, simplicity, and
efficiency and the use of materials from agricultural, natural sources and industrial
waste (Kandisa et al. 2016, Said et al. 2014, Shaban et al. 2018, Shi 2019). Factors
affecting adsorption are temperature, solution pH, adsorbate dose, contact time, initial
dye concentration, surface area, ratio, and particle size of adsorbate (Azari et al. 2020,
Yagub et al. 2014).

Adsorption equilibrium studies provide information about the adsorbent’s capacity.
Adsorption equilibrium isotherm models like Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich are investigated to study adsorption isotherms. The isotherm’s
shape is determined by the adsorption mechanism and associated sorption energy.
Linear regression is the most common method for determining the best-fit isotherm
model and calculating associated parameters (Emenike et al. 2016, Han et al. 2005,
Kandisa et al. 2016). Adsorption kinetic studies describe the process of determining
the rate of solute uptake. Several kinetic models such as pseudo-first order, pseudo-
second order, and intraparticle diffusion models are used for studying adsorption
kinetics (Yagub et al. 2014, Nandi et al. 2009). The effects of parameters were studied

by different authors and listed in Table 3 while Table 4 compares adsorption capacity.
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Table 3. Effect of parameter on adsorption study

Parameter

Finding

References

Time

Efficiency removal increase as time
increase then continue to rise slowly
until equilibrium is attained. Q:t

increases as time increases

Novais et al. 2019

pH

The increase in pH decreases
efficiency removal in adsorption of

anionic surfactants.

Siyal et al. 2019

Concentration

A decrease in concentration of
analytes leads to an increase in
removal efficiency. An increase in

concentration leads to an increase

in Qe.

Shaban et al. 2018

Kaewmee et al. 2020

Dosage

The dosage effect depends on the
concentration. Increase in dosage
led to decrease in efficiency removal

at high concentrations.

Buema et al. 2021

11



Table 4. Comparison of different reported literature on adsorption capacity.

Dye Adsorption capacity (Qe) | References

(mg/g)
Methylene blue 15 (Novais et al., 2018)
Methylene blue 154 (Novais et al., 2019)
Methylene blue 37 (Novais et al., 2018)
Methylene blue 43.5 (Alouani et al., 2018)
Methylene blue 79.9 (Alouani et al., 2018)
Methylene blue 36.9 (Shaban et. al., 2018)
Methylene blue 50.7 Liu et al., 2018
Congo red 14.5 Shaban et. al., 2018

2.3Geopolymers

Geopolymer is a three-dimensional material (Anggarini and Sukmana 2016) that is
composed of a polymeric Si-O-Al framework with SiO4 and AlO4 tetrahedral framework
(Alehyen et. al. 2017., Strydom 2002; Wattimena et al., 2017). The term “geopolymers”
was first introduced by Joseph Davidovits as the mineral polymer, resulting from
geosynthetic or geochemistry (Wattimena et al., 2017: Swanepoel and Strydom. 2002).
Geopolymers are materials with high-temperature resistance, are non-polluting to the
environment and have low gas emissions during processing (Sindhusha and Rao.,
2017, Hamidi et. al., 2016). Geopolymers that have good mechanical properties like
Portland cement have attracted many researchers as they are believed to be less
costly and environmentally friendly (Rovielo et. al., 2013). Geopolymers can be
synthesized using materials such as fly ash, red mud, biomass-based fly ash, Kaolin,
and metakaolin (Fitriani et. al 2020). The synthesis of geopolymers is done using

NaOH or any other alkaline activator at a low temperature.

Synthesis of geopolymers is affected by several parameters such as the mass-to-

volume ratio, the ratio of fly ash to sodium silicate, reaction time, temperature,

12



concentrations, pH, dosage, foaming agents and amount of sodium silicate, which
need to be monitored during synthesis (Anggarini and Sukmana 2006., Darmayanti et.
al. 2019; Jha and Budhamagar 2012). The potential applications of geopolymers
include as a replacement for Portland cement, for advanced high-tech composites and
as an immobilization system for heavy-metal containment (Jha and Budhamagar
2012).

2.3.1 Synthesis of porous geopolymers

Geopolymers are synthesized in three steps at room temperature. The first step in the
geopolymer process is the preparation of activation agents. Step 2: Mixing fly ash with
activation agents in a specific ratio to achieve good homogenization. Step 3 entails
moulding and curing prior to use (Novas et al. 2017, Feng et al. 2014, Kioupis et al.
2018 and das 2021). Placing samples in the oven is important because it allows the
sample to completely dry and sieves it into small particles, resulting in a larger pore
size (Siyal et al. 2019, Alouani et al. 2019). A high temperature was used in the
synthesis of geopolymer, which resulted in a large surface area and pore volume. Low
temperatures boost the strength of geopolymers (Das and Rout 2021). The
mineralogical composition of raw materials influences structure and properties of

geopolymers (Kioups et al. 2018).
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CHAPTER 3

3.0Materials and Methods

3.1Introduction

This study was conducted at Botswana International University of Science
&Technology (BIUST) while samples of fly ash (raw material) were obtained from
Morupule Power station, in Palapye, Botswana. FA was used as an aluminosilicate
source in the synthesis of geopolymers. Instruments used to analyze properties such
as the particle size, specific area and chemical and mineralogical composition of FA
samples includes XRD, XRF, FTIR, SEM, TGA, and Uv-Visible spectroscopy. This
chapter also discusses the materials and methods used in the experiment. The

synthesis of geopolymers is discussed in this chapter as well as the adsorption tests.

3.2Chemicals and Materials

The chemicals used in this experiment were analytical-grade reagents and are listed
below:

e Sigma Aldrich: Methylene blue (C16H18CIN3S, 98%), Sodium Hydroxide (NaOH,
98%), 0.45 um pore sized Whatman filter papers, Congo red
(C32H22NsNa206S2), Sodium silicate (Na2SiOs)

e Rochelle chemical : Sodium Nitrate (NaNO3s, 99.8%)

e ACE: hydrogen Chloride (HCI, 32%)

e SAAR: Hydrogen peroxide (H202 34.01%)

3.3Instruments used in characterization

X-Ray Diffraction (D8 advanced Bruker, Germany) was used to determine the
mineralogy composition in the Fly ash and geopolymers while Portable X-Ray
Fluorimeter (Olympus Delta) was used to determine the chemical composition present
in fly ash. A software named Match! was also used to determine the percentage of
chemical composition from XRD data. Fourier Transform Infrared Spectroscopy
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(Bruker Vertex 70V) was used in the research to understand the surface groups found
in fly ash and geopolymers. The FTIR spectra were collected at the wavelength
between 4000 cm-t and 400 cm?, resolution of 4 cm* with a sample scan at 64 scans.
A thermogravimetric analysis instrument was run to determine the thermal degradation
profile of fly ash. UV-Visible spectroscopy (UV201, Japan) was used to measure the
residual concentration of the dyes. Scanning Electronic Microscopy (Carl Zeiss
FEGSEM Gemini 500) helped with the analysis of the surface morphology of fly ash
and fly ash-based geopolymers. The Surface area, pore volume and pore size
distributions were measured using Brunauer-Emmett Teller (Micromeritics 3Flex 3500
Chem-TCD Loop).

3.4Leaching and characterization of fly ash

Leaching of fly ash was done using NaOH solution prepared from NaOH pellets.
Different concentrations of 8, 10 and 12 M of NaOH solution were prepared. The
leaching study was done to determine the amount of reactive aluminium (Al) and
Silicon (Si) that would be available for geopolymer synthesis. Quantification of leached
Al and Si indicates the amounts that are available for reaction. A given NaOH
concentration was mixed with a given mass of raw FA in a flask (250 mL). The mixture
was then stirred at a constant speed for 24 hrs at room temperature. The solution was
then filtered using 0.45 um filter paper to separate residues. The filtrate was heated in
an oven at a constant temperature of 40 °C for 2 hrs to allow it to dry up. After the
heating process, it was allowed to stand at room temperature to completely dry. Once
it had completely dried up, the white crystals formed were analyzed for the presence
of Si and Al. The analysis was done using XRD and XRF to determine mineralogy and

ICP-MS helped with the amount of Al and Si present in fly ash.
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3.5 Preparation of synthetic wastewater

3.5.1 Methylene Blue

A methylene blue dye (MW 319.85, CisHisCIN3S) was used in the adsorption
experiments. A 1 g sample of methylene blue powder was added to 1000 mL of
Deionized (DI) water in a volumetric flask to make a 1000 mg/L stock solution. From
the prepared 1000 mg/L solution, different concentrations were prepared by diluting
1000 mg/L and used in the experiment. Methylene blue dye appears brown as a solid
powder, but it is blue when dissolved in water with a wavelength of maximum

absorbance of 661 nm.

3.5.2 Congo Red

Congo Red (MW 696. 665 g/mol, C32H22NsNa206S2) is an azo dye. It's a red powder
that dissolves in water. To prepare a stock solution, 1 g powder was dissolved in 1000
mL DI water. The solution was then used to prepare different concentrations assigned

to the experiment. Congo red has a wavelength of maximum absorbance of 498 nm.

3.6Synthesis of Geopolymers

The geopolymers were synthesized using sodium hydroxide (NaOH) and sodium
silicate (NazSiOs). NaOH was used to prepare the alkaline activator (10 and 12 M
solution NaOH). Alkaline activator was prepared by mixing NaOH solution with
NazSiOs and foaming agent hydrogen peroxide (H202). The synthesis of porous
geopolymer was carried out at room temperature. The fly ash used in this project came
from the Morupule coal power station. To remove moisture, 90 g of raw fly ash was
dried in an oven at 105 °C for 2 hours. It was then allowed to cool for 24 hours at room
temperature. 20 g of heated fly ash was weighed and placed in a yoghurt container
(replacing mould plastic). The FA was then treated with 12.5 mL of DI water and 11.5
mL of 12 M NaOH solution and then stirred for 2 minutes to give a complete
homogenization. 11.5 mL of Na2SiOs solution was added to the mixture and continually
stirred for 1 minute (Na2SiOs-geopolymer). It was labelled 12-M-Na2SiOs. The same
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procedure was repeated using 10 M Naz2SiOs and labelled 10-M-Na2SiOs. The same
procedure was repeated by replacing Na2SiOs with 5 mL of 3% H202 (H202-
geopolymer) and the mixtures labelled 12-M-H202 and 10-M-Hz20:2 respectively. The
mixtures were then allowed to stand at ambient temperature and pressure for 24 hours
to allow them to cure. The samples were then placed in an oven at 55 °C for 24 hours
to allow them to dry. It was then cured at room temperature for 21 days before analysis

and the adsorption test.

3.7Adsorption Test

Adsorption tests were carried out to study the effect of dosage, contact time, initial
concentration, and pH. The adsorption of methylene blue and Congo red using FA-
based geopolymers and raw FA were done at room temperature using five clean 1000
mL beakers. A volume of 300 mL of 50 mg/L — 300 mg/L concentration of Methylene
blue dye was added to a flask with weighed geopolymers of 3 g each. The flasks were
labeled 12-M-Na2SiO3-MB, 10-M-Na2SiO3-MB, 12-M-H202-MB, 10-M-H202-MB, and
Raw FA-MB. A shaker (Stuart orbital shaker SSL1) was used for shaking the mixture
at a constant speed of 180 rpm for 90 minutes to attain equilibrium. A small portion of
the mixture (3 mL) was extracted at a given time from 5 minutes to 90 minutes and
centrifuged at 2500 rpm for 10 mins to separate the solid phase from the liquid phase.
Following centrifugation, the supernatant was withdrawn using a syringe and analyzed
on a Uv-visible spectrometer to determine the amount of dye adsorbed. The same
procedure was repeated using Congo red and samples labelled 12-M-Na2SiOsz-CR,
10-M-NazSiOs3-CR, 12-M-H202-CR, 10-M-H202-CR, and Raw FA-CR.
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CHAPTER 4

4 0Results and Discussion

4.1 X-Ray diffraction

An XRD powder D8 Advanced X-Ray Diffractometer was used to determine the
mineralogical composition for both raw FA and the synthesized geopolymers and the
results are shown in Fig. 1 and 2. The XRD was operated at a voltage of 40kV and
current of 40mA and Cu Ka (A = 1.54439). The main crystalline phase found in fly ash
were quartz (SiO2), mullite (3Al203.2Si02), Calcite (CaCOs) and Gypsum
(CaS04.2H20). A shift of the baseline from zero may be indicative of amorphous phase
Qiu et. al (2017). There is no significant difference in the XRD patterns of raw fly ash
and H202-geopolymers. Much of the quartz is the melting quartz residue left over from
the burning of coal, and its crystal structure is still in a low-temperature state. Mullite is
the product of in-situ disintegration and phase transition of clay minerals such as
kaolinite during the burning of coal. Strong quartz, calcite, and gypsum characteristic
peaks and a small amount of mullite characteristic peaks can be detected in the spectra
of the prepared materials. The appearance of the CaCOs characteristic peaks is
caused by the addition of limestone during the desulfurization process. Fig. 3 shows
the XRD pattern after leaching which indicate that leaching did not change the crystal
structure of the materials because the position of the diffraction peaks did not change,
but only reduction in intensity. It can be seen in 8M NaOH that the peaks increased
compared to 10M NaOH and 50 mL H20. This could be due to dissolution and
recrystallization which affects the crystallinity of the materials depending on the

leaching agent.

18



2500

g

intensity (a.u)
g

5

o S

Calcite

® gypsum

® Quartz

Calcite

40 50 60 70 80

(29) degree

Figure 1. XRD patterns of raw fly ash

i TIPSRV

MJAIM, e 12
| ’ ._‘:":A;.A—A-A Py

10 M NaOH Na,SO,

PP PURPGP o

Intensity (a.u)

_WA

P *l Mo 12 M NaOH H,0,

12 M NaOH Na, SO,
Aot et

Raw Fly Ash

Ao hrtanad st i

10 20 30 40

50 60 70 80

2 0 (Degrees)

Figure 2. XRD patterns of raw fly ash and fly ash based geopolymers

19




i \\‘-~l‘“~‘hJ~“*AM“*kJ*~J&A—~duJML Raw
- | h L 50 mL H.0
AR A.l o | WP
i | 10M NaOH

\'\——‘L-MJ AR A e oA A

INENSsIty (d.u)

8M NaOH

10 20 30 40 50 60 70 80 90
2 theta (degrees)

Figure 3. XRD patterns of leached fly ash

4.2 X-Ray Fluorimetry (XRF)

The chemical composition of fly ash and geopolymers were analyzed using X-Ray
Fluorimeter (XRF). Some of major components presented in fly ash are silica (SiO2),
alumina (Al203), Sodium Oxide (Na20) and Calcium Oxide (CaO). Some of the minor
elements found in fly ash and geopolymers are Al, Si, S, Fe, and Ca. XRD was also
used to confirm the presence of silica and alumina which showed crystalline phases
such as mullite, quartz, and calcite. The loss on ignition (LOI) values were high in 10-
M-Na2SiOs compared to 12-M-Na2SiOs and higher in 10-M-H202 compared to 12-M-
H202 and the fly ash raw show low LOI compared to geopolymers. Table 5 shows
chemical composition of fly ash and fly ash based geopolymers while trace elements

of fly ash and fly ash based geopolymers are presented in Table 6.
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Table 5. Chemical composition of raw fly ash and geopolymers

Samples (%)
Major Raw FA 12-M- 10-M- 12-M-H202 | 10-M-H20:2
elements Naz2SiOs Naz2SiOs
SiO2 33.500 28.5 27.2 24.6 16.8
Na20 0.440 13.7 155 15.5 9.36
Al203 20.5 9.560 9.33 15.1 10.7
CaO 10.780 5.42 5.0 8.36 5.48
Fe20s3 6.394 3.161 3.039 4.965 3.273
SOs 6.010 2.87 3.090 4.92 3.130
MgO 1.560 0.783 0.778 1.21 0.835
TiO2 1.310 0.586 0.558 0.975 0.633
K20 0.277 0.215 0.147 0.297 0.157
MnO 0.114 0.046 0.05 0.090 0.051
Cl 0.043 0.043 0.046 0.058 0.035
SrO 0.055 0.027 0.023 0.041 0.026
ZrO2 0.043 0.028 0.05 0.059 0.056
Sb20s3 - - 0.014 0.026 0.017
LOI (%) 19.23 35.080 35.137 23.786 49.455
Table 6: Trace and minor elements present in fly ash and geopolymers
samples
Metal Raw FA 10-M- 12-M- 10-M-H202 | 12-M-H20:2
present (%) Na2SiO3 Na2SiOs
Al 3.27 1.55 1.35 1.87 1.81
Si 5.9 5.6 3.38 3.97 3.42
S 1.5451 0.7131 0.8236 0.7973 0.5428
K 0.1193 0.074 0.0621 0.088 0.0728
Ca 9.21 4.54 4.16 4.58 4.54
Cr - 0.017 0.011 0.025 0.035
Mn 0.0637 0.056 0.037 0.77 0.075
Fe 4.1433 2.43 2.0 2.39 2.1
Zn 0.0027 0.0031 0.0031 0.0021 -
Rb 0.0016 0.0009 0.001 0.0008 0.0008
Sr 0.0485 0.0252 0.0246 0.0256 0.0199
Y 0.0044 0.0023 0.0022 0.0022 0.0017
Zr 0.0328 0.0191 0.017 0.0157 0.0128
Nb 0.002 0.0012 0.0011 0.0009 0.0008
Ba 0.073 0.0317 0.0356 0.0236 0.0167
Ta 0.0051 0.0037 0.003 0.0032 -
Pb 0.0058 0.0032 0.0023 0.0024 0.0016
Th 0.0027 0.0016 0.0014 0.0014 0.001

21




4.3Thermogravimetric analysis (TGA)

TGA is a thermal technology that helps with determining the mass change of samples
over time and temperature. It can be described by chemical phenomena and physical
phenomena. Fig. 4 shows the TGA analysis results of mass loss and loss on ignition
(LOI). The curve line shows that the weight loss has three steps of mass loss. The first
step takes place between 0 — 160 °C where dehydration takes place due to removal of
water from fly ash while the second step takes place between 160 — 700 °C and it is
where the burning of organic matter takes place as the crystallization water takes place
breakage of polymeric structure groups. The last step that took place from 700 — 800
°C is where the decomposition of the sample happened as the weight loss of materials

reached equilibrium due to the carbonation structure as polymer chain break down.
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Figure 4. TGA analysis of fly ash and geopolymers
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4.4Fourier transform infrared spectroscopy

Figures 5 a and b show the FTIR spectra of fly ash leached in 10 M NaOH and distilled
water respectively. The spectra were collected from 500 cm™ to 4000 cm to identify
functional groups in fly ash. There were differences in bands between samples leached
in NaOH and leached in water, in water leaching new bands were formed at 948 cm™
(Si-O) from 1114 cm™ (Si-O-Si). The presence of bending vibration Si-O-Al was
evidenced by the peaks around 750 cm™ and 1050 cm for the sample in 10 M NaOH
leaching while leached in water showed the presence of Si-O-Al at peaks of 620 cm™*
and 1260 cm* due to increased active ion leaching from low-calcium fly ash occurs as
a result of NaOH activation compared to H20. A broad band was observed around
3500 cm in fly ash leached in 10 M NaOH and a weak peak from leaching in water
due to the stretching vibrations of hydrogen-bonded OH group in fly ash, this may be

due to adsorbed water in FA leached in NaOH.

Figure 6 shows the FTIR spectra of raw fly ash and geopolymers. The spectra were
collected between 4000 cm and 400 cm. The peaks of fly ash and geopolymers had
bands at the same positions. The presence of OH was shown by a little peak of 3500
cm? (Liu et al. 2019). The bands appearing between 950 cm™ and 1050 cm! indicated
the symmetric bend on Si-O-Si and S-O-Al bands. The band of fly ash appeared at
1037 cm indicates bending vibration of Si-O and new bands formed at 950 cm
indicates stretching vibration group Al-O which confirms the formation of a new product
during geopolymers, similar finding by Qiu et al. (2017) and Petrus et al. (2019) in their
research. The vibrational bands above indicate bending vibrations of O-Si-O and Si-
O-Si confirming the presence of quartz, mullite, Calcite and Gypsum (Fauzi et al. 2016,

Alaouani et al. 2018) which agrees with XRD results.
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4.5Scanning Electron Microscopy

Scanning Electron Microscope (SEM) is a primary testing tool for in-depth micro area
investigation. Its advantages include high resolution, wide depth of field, high
magnification, and powerful stereoscopic vision. SEM photos are obtained at higher
magnifications (5X - 1000000X) and with more clarity than those taken with optical
microscopy (10X — 100X) (Wen et al., 2021). The SEM technique has been widely
used in variety of fields. It is a useful method in the analysis of organic and inorganic
materials on a nanometre to micrometre (um) scale. SEM operates at a high
magnifications of up to 300,000x and even 1000000 producing extremely precise
images of a wide range of materials (Mohammed & Abdullah, 2018). In this study,

SEM was used to examine the morphology of FA and FA-based geopolymers and

25



the results are displayed in Fig. 7. Fig. 7a shows that fly ash has irregular flakes
shaped like broken glass and smooth rods microstructure which represent the
crystalline phase. The micrograph shows some scattered pores on the surface of raw
FA. After geopolymerisation the samples dimensions did not have homogeneous

distribution with no certain shape as shown in Fig. 7b and c. Fig. 7d show low

porosity due to a high reactive silica in geopolymers and H202 which is similar to
findings by Oz et al. (2021).

Figure 7. SEM images of raw fly ash (a), 10-M-Na2SiOs (b), 12-M-NazSiOz (c), and 12-
M-H202 (d).
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4.6Brunauer-Emmett-Teller (BET)

The BET surface area (Sser) and the pores sizes of the synthesized FA-based
geopolymer materials were determined by Micrometrics 3Flex 3500 Chem-TCD Loop
instrument. The linearized form of the BET as shown in equation 1 was applied to

determine the surface area (Naderi, 2015, Zhou et al., 2019):

p/p° 1 Cggr—1 P
P. — * 50
Vads(1=35) Vm1-CBer ~ Vm1-Cer P°

where P/P°, Vags, Vm1, and Cger are relative pressure, quantity adsorbed, adsorbed
monolayer volume and constant, respectively. Fig. 8 displays corresponding N2

isotherms for the synthesized materials.
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The performance of the sorbents is widely influenced by the pore structure and surface
area. There are three classifications of pores in solids. Micropores are smaller than 2
nm, mesopores are between 2 — 50 nm and macropores are larger 50 nm (Buema et.
al. 2021). The isotherms shown in Fig. 8a-c are of type-IV based on Brunauer, Deming,
Deming, and Teller (BDDT) IUPAC classification. The materials display type H3
hysteresis loops at P/P° of 0.5 to 1.0 showing the presence of mesopores. The shape
of the loops is linked with the pores slit-shaped within the material microstructures
(Sing et al., 1985).

The BET surface area, pore volume, micropore area, and pore size of the prepared
samples are shown in Table 7. Observing pore size and pore volumes, raw FA shows
that low pore sizes have high pore volume. NaOH improves the porosity of materials
hence increase in surface area. The BET surface area of 12-M-H20:2 is high and
supported by the higher micropore volume and smaller pore size. After the fly ash was
treated with Na2SiOs and H20:2, it appears from SEM images that some freshly
generated pits have formed on the surface of the material. This suggests that the
Na2SiOs and H202 have opened micropores on the surface, increasing micropore area
and BET surface area.

Table 7. The BET surface area, pore volume, micropore area, and pore size of the
prepared samples.

Sample ID BET Micropore Pore size Porevolume (cm?3(g)
surface area (m?/g)  (nm)
area (m?/g)
10-M-Naz2SiOs  17.5553 2.3719 25.5216 0.001062
12-M-Naz2SiOs  24.8808 3.0700 19.2165 0.001341
12-M-H20:2 25.1804 3.2378 13.3701 0.001273
Raw FA 6.43639 - 4.7366 0.007621

4.7Adsorption Efficiency and adsorption capacity
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The adsorption efficiency of dyes (methylene blue and Congo red) was done using four
fly ash based geopolymer samples (12-M-H202, 10-M-H202, 12-M-Na2SiO3 and 10-M-
Na2SiOs) and raw FA. This was done in order to find the optimized time, pH, and
dosage for the best active geopolymers by testing different parameters (time, dosage,
concentration and pH). Concentration ranged from 50 mg/L to 300 mg/L for the
adsorption of Congo red and 50 mg/L to 500 mg/L for the adsorption of MB with a time
ranging from 30 minutes to 27 hrs. A dosage of raw fly ash and fly ash based
geopolymers that ranged between 0.1 g and 4 g was investigated at pH 4 for methylene
blue and pH 3 for Congo red. From the investigated results, the optimised dosage
ranged from 0.5 g to 1.0 g for both dyes within a time of 5 Hrs. Fig. 9 shows the %
efficiency for adsorption of CR using fly ash based geopolymers. It shows that H202-
geopolymers perform better at adsorbing Congo red compared to Na2SiOs-
geopolymers which have higher efficiency in the adsorption of MB. H202 generates
pores in geopolymers hence the H202 geopolymer is characterized as having low sizes
and a high surface area considering the BET results, which show that reduced pore
sizes boost the adsorption capacity. The minimum % efficiency removal of MB using
Na2SiOs-geopolymers was 70% and the maximum was 90% with 10-M-NazSiOs as the
highest one. The H202-geopolymers attained low % removal efficiency with a minimum
of 14% and a maximum of 42%. Adsorption of Congo red using raw fly ash produced
a high % removal efficiency as the minimum was 92 % while the maximum was 94%.
This could be due to a more positive charge density on the FA surface as observed
from point of zero charge analysis resulting in more attraction of anionic dyes. Anionic
dyes and more activity in H202-geopolymers while cationic dyes are more active in
Na2SiOs-geopolymers. In light of the BET results in cation dyes, which demonstrate
that larger pores increase adsorption capacity compared to the anion dye. The Na2SiOs
geopolymer is described as having high pore size and low surface area. High dye
concentrations displayed low % efficiency but a high adsorption capacity (Qe). Figures
10 shows the % efficiency for different concentrations for adsorption of MB using fly
ash based geopolymers. The results show low concentration having high % efficiency
removal than high concentration at the same contact time and same amount of dose

add. At high concentrations there are more dye particles than the active sites for
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adsorption and only small fractions of the dye are adsorbed onto the surface. A table
of calculated value for adsorption capacity and equilibrium dye concentration is found

at the appendix. The removal efficiency of the dyes was calculated using equation 2.

% removal = % x 100 (2)

o

Where Co is the initial dye concentration in (mg/L) and Ce is the remaining equilibrium

dye concentration (mg/L).

The adsorption capacity was obtained using equation (3)

Co—Ce
Qezng (3)

w

Where Qe is the amount of dye adsorbed by geopolymer (mg/g), w is the mass of the

given geopolymer (g) and V is the given volume of dye (L).
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4.7.1 Optimization of time

The effect of contact time on the removal of dyes using geopolymers was investigated
at room temperature using different masses of fly ash and geopolymers with dye
concentrations of methylene blue and Congo red ranging from 50 mg/L - 300 mg/L.
The experiment was carried out over time range from 5 minutes up to 90 minutes in
order to determine the equilibrium concentration. The adsorption of methylene blue in
four fly ash based geopolymers increases as time increases. Fig. 11 — Fig. 14 show
removal % for different fly ash based geopolymers and concentrations of both dyes.
The maximum % removal of methylene blue reached 98% in 10-M-Na2SiOs
geopolymer and 96% for Congo red in 12-M-H20:2. Fig. 11 show that with the same
mass and contact time, low concentration gives high % efficiency removal compared
to high concentration as concentration increase, % efficiency decrease. Fig. 12 show
unexpected rises for 300 g/mL at 45 minutes then lowered down as time increase. The
trending was fluctuation for both concentrations with low % efficiency removal. Fig. 13-
14 show % removal increase as time increase. The 90 mins was not enough to reach
equilibrium stages. The unexpected fluctuation was caused by the reaction which

mean at 90 mins the reaction was still taking places.
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4.7.2 Optimization of dosage

To obtain optimum mass, a 40 mL solution of different concentration ranging between
20 mg/L and 300 mg/L (Methylene blue and Congo red) was used in the experiment
as both dyes has shown interesting % removal in low concentration, 20 mg/L was used
as lowest concentration with fly ash based geopolymers mass range of 0.1 g — 1.0 g.
Prepared fly ash based geopolymers (12-M-NazSiOs, 10-M-NazSiO3 and 12-M-H202)
and raw fly ash were used in the study to look into the effects of dosage on the
adsorption of dyes on geopolymers. Fig. 15 shows the adsorption capacity (Qe) of dyes
obtained for different dosages of fly ash based geopolymers. Qe range from 0 to 24
mg/g was used to determine the optimum mass ranging between 0.1 and 1 g which
was then used for the kinetic study. Mor et al. (2018) stated that the formation of
monolayer results in a decrease in Qe as mass increases. This is because as mass is
added, more adsorption sites are created while the amount of adsorbate remains

constant. 0.1 g was the optimum dosage for all concentration.
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Figure 15. The effect of dosage and concentration on the adsorption capacity of dye
on geopolymers
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4.7.3 Points of zero charge

Points of zero charge (PZC) values were determined in 0.1 M NaNOs solution at room
temperature. The procedure and methods used in this article were adapted from
Gembo et al (2021). The pH of the solution was adjusted to initial pH values of 2 - 11
using 0.1 M NaOH or 0.1 M HCI. The pH was measured using Orion star pH meter
model A111. 10, 0.2 g geopolymer samples were weighed and added to 40 mL of 0.1
M NaNOs solutions in different flasks and at different pH values. Each flask was placed
on a shaker (Stuart orbital shaker SSL1) at a constant speed of 180 rpm for 24 hrs. A
final pH was measured after 24hrs and recorded. The difference between final and
initial pH was calculated as ApH and a graph of ApH vs initial pH was plotted and the

pHpzc was taken where ApH is zero.

Fig 16. shows results for zero points of charge for raw fly ash, 12-M-Na2SiOs, 10-M-
Na2SiOs3 12-M-H202 and 10-M-H202. The results obtained Fig. 16 show that pH at
points of zero charges (PZC) values of geopolymers were found between 7.4 and 8.5.
PZC means the fly ash and geopolymers have no net surface charge at those pH
values. When the solution pH value is below pHrzc, the material carries a net positive
charge and repels cations. When the pH of solution exceeds pHpzc the surface
becomes negatively charged and attracts cations (Alaouani et al. 2018, Herman et al.
2021). This allows the determination of solution pH for adsorption of cations or anions.
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Figure 16. Points of zero charge of raw fly ash and fly ash based geopolymers

4.7.4 Optimization of pH

The influence of pH on the adsorption of methylene blue and Congo red was studied
at room temperature with constant mass and stirring for 24 hr. The initial concentration
was 100 mg/L of the given dye with 0.2 g of each fly ash based geopolymer sample.
Fig. 17 shows the percentage removal of MB dye while Fig. 18 shows the efficiency
removal of Congo red using fly ash based geopolymers. The pH ranged from 2 to 12.
The optimum pH of methylene blue adsorption was 4 and Congo red pH was 3. The
removal efficiency is more favourable in acidic than basic for both dyes. The percent
reduces as the pH increases and all fly ash based geopolymers had the same
percentage at pH 4 (99.5%) for MB. Figs. 17 and 18 show that the adsorption efficiency
increases from 33% to 97% before it decreases. The maximum adsorption efficiency
occurred at pH 3 for Congo red before its gradual decrease. At high pH, the surface

charge of the adsorbent is negatively charged which leads to weak electrostatic
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repulsion between both dyes and geopolymers and results in low removal efficiency
(Rahman et al. 2018, Qu et al. 2021).
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——10M Na.. »— 12M Na.. 12M H202

Figure 17. Effect of pH on the removal efficiency of Methylene Blue
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Figure 18. Effect of pH on the removal efficiency of Congo red using Based
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4.7.5 Effects of dye concentrations

The effects of initial dye concentration on the adsorption of methylene blue and Congo
red were studied at the same time as the effects of time. In the study, both MB and CR
concentrations ranging from 5 to 500 mg/L were investigated in dosage ranges from
0.1 g to 1.0 g. This study was done to determine the isotherms and hence the
mechanism of adsorption. The analysis of initial dye concentration demonstrates the
significance of dosage to concentration is important in the adsorption process because
the low dosage cannot adsorb dyes at high concentrations. Also, concentration was
investigated with all four geopolymers and they displayed different effects. The
concentrations ranging from 50 to 300 mg/L was studied for the adsorption test and it
showed high removal efficiency with 50 - 200 mg/L as suitable for all the four
geopolymers. The maximum % removal reached 98% for 10-M-Na2SiOs in methylene

blue and 96% for 12-M-H202 in Congo red. As the concentration of dyes increase,
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adsorption capacity increases while % removal decreases. Fig. 19 show the adsorption

capacity obtained from different concentration in the adsorption of CR using 12-M-

H202. The finding shows that the increase of concentration leads to increase of

adsorption capacity. At the same contact time (90 mins), concentration of 300 mg/L

was 5 mg/g while 50 mg/L was 1.8 mg/L. Fig. 20 displays the Qe of MB using 12-M-

H202. The increase of concentration lead to increase of adsorption capacity.

Concentration of 50 mg/L gave 3.8 mg/L adsorption capacity compared to 21.7 mg/g

adsorption for 300 mg/L.
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Figure 19. The adsorption capacity of CR on 12-M-H202
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Figure 20. The adsorption capacity of MB using 12-M-H20:2

4.7.6 The effects of the syringe

This experiment was carried out to determine the effects of the syringe on the
adsorption of dyes using geopolymers. Two experiments were run in parallel, with the
first experiment running using an injection syringe for filtering while the second one ran
without an injection syringe for a filter. The centrifuge was used in both samples to
separate fly ash from the solution. Once done with a centrifuge, an injection syringe
was used in experiment 1 before running Uv-Vis while experiment 2 was analyzed with
Uv-Vis without using an injection syringe. An injection syringe has shown a high
percentage of removal compared to a non-injection syringe. With the injection syringe,
there was some challenge as the lambda max for MB changed from 661 nm to 514
nm. The lambda max of methylene blue was 661 nm which remained the same for
experiment 2 without an injection syringe. With the injection syringe, the dye that was
left from the adsorption of dye was also left in the filter making it hard to know how
much concentration of dye was adsorbed and the adsorption capacity. This led to the
injection syringe being ruled out in the adsorption studies of geopolymers. Fig. 21a-b

show % removal of 12-M-Na2SiOs3 using an injection syringe and non-injection syringe
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using 50 mg/L as constant concentration for dye with different dose of geopolymer. As
dose increase, the % removal decrease on time. Syringe displayed a high % removal
comparing to non-syringe experiment. This explains that the adsorption didn’t take
place as the dyes adsorbed left in syringe before it could be analyzed with Uv-Vis. Fig.
22a-b show results for 10-Na2SiO3s obtained using an injection syringe and non-
injection syringe. Both displayed high % removal as dose decrease with time but with
injection syringe the % removal was higher than non-syringe. Using syringe led to

removal of some of the dye that was left after adsorption.
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Figure 21. The effects of injection syringe on adsorption of methylene Blue.
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4.8Adsorption isotherms

4.8.1 Langmuir isotherm

The Langmuir isotherm model was used to describe the equilibrium of the adsorbent
and adsorbate phases. It defines monolayer coverage in the sample and the
subsequent monolayer adsorption capacity. For the dye adsorption by fly ash and fly
ash-based geopolymers, data fitted to the Langmuir isotherm are shown in Figs. 23a—
i. Na2SiOs-geopolymers adsorption of MB and CR is shown in Figs. 23a through 23c.
The R? value ranges between 0.7186 to 0.9958 for Na2SiOs-geopolymers in MB and
CR. H202-geopolymer MB and CR dyes is shown in Figs. 23d—g. In contrast to 12-M-
H202-CR, 10-M-H202-MB, and 10-M-H202-CR, 12-M-H202-MB had the greatest R?,
which was 0.9922. R? for unprocessed fly ash in MB and CR is depicted in Figs. 23h—
|. R? of 0.6474 for raw FA-MB versus 0.8 for raw FA-CR. While H202-geopolymers give
high R? in 12-M-H202-MB, Na2SiOs-geopolymers give high R? in 12-M-Na2SiOz3-CR
overall. The highest maximum monolayer adsorption capacity obtained was 85.47
mg/g for MB in 12-H202-MB and 34.36 for CR in 10-M-H202-CR. Table 8 shows
Langmuir isotherm parameters for the adsorption of dyes using fly ash based
geopolymer. Dimensionless separate factor (R.) determines the favorability of the
Langmuir isotherms where R.=1 indicate that isotherm is linear, 0 < RL < 1 indicates
favourable, RL > 1 is unfavourable, while RL = O is irreversible. The convenience of the
Langmuir isotherm is determined by comparing the R2 values with those of the other

isotherms. A Langmuir isotherm can be given by the following equations 4 and 5.
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Linear equation:

1 1 1

K1.Qmax Ce Qmax
Nonlinear equation:

Q - QmaxKLCe
1+KCe

(4)

(5)

Where Qe is the amount of dye adsorbed on the adsorbents at equilibrium (mg/g). Ce

is the solute equilibrium concentration (mg/L); Qmax is the maximum monolayer

capacity of dye adsorption onto the adsorbents (mg/g); while K. is the Langmuir

constant of adsorption (mg/L).
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Figure 23. Linear regression langmuir isotherm for adsorption of dyes; (a). 12-M-
Na2SiOs-MB, (b) 12-M-NazSiO3-CR, (c) 10-M-Na2SiOs-MB, (d) 12-M-H202-MB, (e) 12-
M-H202-CR, (f) 10-M-H202-MB, (g) 10-M-H20.-CR, (h) Raw FA-MB, (I) Raw FA-CR.
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Table 8: Langmuir isotherm parameter for adsorption of dyes; (a). 12-M-Na2SiOs-MB,
(b) 12-M-Na2SiO3-CR, (c) 10-M-Na2SiOs-MB, (d) 12-M-H202-MB, (e) 12-M-H202-CR,
(f) 10-M-H202-MB, (g) 10-M-H202-CR, (h) Raw FA-MB, (I) Raw FA-CR.

Linear
Adsorbent Dye Qmax KL(L/mg) RL R2

(mg/g)
12-M-NazSiOs MB -9.44 -0.016 -0.461 0.7186
12-M-NazSiO3 CR 26.04 0.0009 0.957 0.9954
10-M-NazSiO3 MB -12.48 -0.018 -0.0004 0.8881
10-M-NazSiOs CR - - - -
12-M-H202 MB 85.47 0.003 0.875 0.9922
12-M-H202 CR 18.87 0.053 0.003 0.9552
10-M-H202 MB 4.85 0.197 0.082 0.8449
10-M-H202 CR 34.36 0.005 0.807 0.9873
Raw FA MB 4.69 0.606 0.032 0.6474
Raw FA CR 12.39 0.073 0.214 0.8

4.8.2 Freundlich isotherm
Freundlich isotherm model is used to explain multilayer adsorption on adsorbents. The
results fitted to the Freundlich isotherm for the dye adsorption by fly ash and fly ash-
based geopolymers are displayed in Figs. 24a—i. Figs. 24h-i show R? for raw fly ash in
MB and CR adsorption. Table 9 shows the Freundlich isotherm parameter for the
adsorption of dyes onto fly ash and fly ash-based geopolymers. Freundlich was

expressed using the equations 6 and 7:
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Linear equation:

LogQ, = LogKr + %LogCe

Nonlinear equation:

1

Qe = KpCq

(6)

()

Where Qe is the amount of dye adsorbed on the adsorbents at equilibrium (mg/g); Ce

is the solute equilibrium concentration (mg/L); Kr is the adsorption capacity while 1/n

value represents adsorption intensity.
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Figure 24. Linear regression Freundlich isotherm for adsorption of dyes; (a). 12-M-
Na2SiOs-MB, (b) 12-M-NazSiO3-CR, (c) 10-M-Na2SiOs-MB, (d) 12-M-H202-MB, (e) 12-
M-H202-CR, (f) 10-M-H202-MB, (g) 10-M-H20.-CR, (h) Raw FA-MB, (I) Raw FA-CR.
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Table 9: Freundlich isotherm parameter for adsorption of dyes; (a). 12-M-Na2SiOs-MB,
(b) 12-M-Na2SiO3-CR, (c) 10-M-Na2SiO3-MB, (d) 12-M-H202-MB, (e) 12-M-H202-CR,
(f) 10-M-H202-MB, (g) 10-M-H202-CR, (h) Raw FA-MB, (I) Raw FA-CR.

Linear

Adsorbent Dyes Kr (mg/g) 1/n R?
12-M-NazSiOs3 MB 0.028 1.7242 0.8708
12-M-Na2SiOs3 CR 0.030 0.922 0.9875
10-M-NazSiOs MB 0.096 1.4624 0.9055
10-M-Na2SiOs3 CR - - -
12-M-H202 MB 0.303 0.9078 0.9694
12-M-H202 CR 0.169 0.603 0.9161
10-M-H202 MB 0.639 0.8227 0.9759
10-M-H202 CR 0.689 0.3403 0.8949
Raw FA MB 0.3657 0.4854 0.7818
Raw FA CR 0.5461 0.8098

4.8.3 Temkin Isotherm
The Temkin isotherm model predicts that rather than decreasing logarithmically with
coverage, the rate of adsorption of all molecules decreases gradually (Mor et. al. 2018,
Quayoom et al. 2017). Figs. 25a-i show the results for dye adsorption by fly ash and
fly ash-based geopolymers that were fitted to the Temkin isotherm. Figs. 24a—c show
Na2SiOs—geopolymers in MB and CR. R? values for raw fly ash in MB and CR
adsorption are shown in Figs. 24h-i. Table 10 presents Temkin isotherm model
parameters for the adsorption of the dyes. The model can be given by the following

equations 8 and 9.
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Linear equation:
Qe = BTLnAT + BTLnCe

Non Linear equation:

0, = RT
€ " BLn(ArCe)

Whereas At is the Temkin isotherm energy constant (L/g); Br is the constant related

(8)

©)

to heat of sorption (J/mol); T is temperature (K); R is molar gas constant (J-moltK-1);
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Figure 25. Linear regression Temkin isotherm for adsorption of dyes; (a). 12-M-
Na2SiOs-MB, (b) 12-M-NazSiO3-CR, (c) 10-M-Na2SiOs-MB, (d) 12-M-H202-MB, (e) 12-
M-H202-CR, (f) 10-M-H202-MB, (g) 10-M-H202-CR, (h) Raw FA-MB, (I) Raw FA-CR.

53



Table 10: Temkin isotherm parameter for adsorption of dyes; (a). 12-M-Na2SiO3-MB,
(b) 12-M-Na2SiO3-CR, (c) 10-M-NazSiO3-MB, (d) 12-M-H202-MB, (e) 12-M-H20:-CR,
(f) 10-M-H202-MB, (g) 10-M-H202-CR, (h) Raw FA-MB, (I) Raw FA-CR.

Linear

Adsorbent Dyes AT (L/g) Bt R?
12-M-Na2SiOs3 MB 0.066 19.098 0.9817
12-M-Na2SiOs3 CR 0.032 2.1657 0.9079
10-M-NazSiOs3 MB 0.091 16.91 0.9846
10-M-Na2SiOs3 CR - - -
12-M-H202 MB 0.088 8.4287 0.8597
12-M-H202 CR 0.058 1.722 0.8111
10-M-H202 MB 0.143 8.682 0.9796
10-M-H202 CR 0.204 1.147 0.8392
Raw FA MB 0.312 1.0474 0.8775
Raw FA CR 0.265 4.7586 0.6278

4.8.4 Dubinin-radushkevich (D-R) isotherm

Dubinin-Radushkevich isotherm model describes the nature of adsorption in both
heterogenous and homogenous. It is also similar to the Langmuir isotherm model
(Quayoom et al. 2017) and it is usually applied to express the types of adsorption such
as chemical and physical. Figs. 26 (a — i) show linear of D-R isotherms for the
adsorption of dyes. Table 11 represents the D-R isotherm parameter for the adsorption
of dyes. D-R isotherm can be expressed by equations 10-12
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LnQ, = Ln(Qmax) — Ke? (10)

Where K is the constant sorption of the energy (mol?/kJ?); € is the polanyi potential
which is given by the equation:

e = RTLn(1 + =) (11)

Where R is the universal gas constant (8.314 J.mol! K1); T is the temperature (K); Ce
is the equilibrium concentration of dye (mg/L), and Qmax is the maximum adsorption

capacity.

The value means of energy of sorption, E (kJ/mol) can be calculated from the equation
below:

The value of E provides useful information about the adsorption mechanism. Physical
adsorption occurs when E is less than 8 kJ/mol; chemisorption occurs when E is
between 8 and 16 kJ/mol. Particle diffusion is in charge of regulating adsorption if E

is more than 16 kJ/mol.
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Figure 26. Linear regression D-R isotherm for adsorption of dyes; (a). 12-M-Na2SiOs-
MB, (b) 12-M-Na2SiOs3-CR, (c) 10-M-NazSiOs-MB, (d) 12-M-H202-MB, (e) 12-M-H20:-
CR, (f) 10-M-H202-MB, (g) 10-M-H202-CR, (h) Raw FA-MB, (I) Raw FA-CR.
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Table 11: D-R isotherm parameter for adsorption of dyes; (a). 12-M-Na2SiO3-MB, (b)
12-M-Na2SiO3-CR, (¢) 10-M-Na2SiO3-MB, (d) 12-M-H202-MB, (e) 12-M-H202-CR, (f)
10-M-H202-MB, (g) 10-M-H202-CR, (h) Raw FA-MB, () Raw FA-CR.

Linear

Adsorbent Dyes Qmax (Mg/qg) E (Kj/mol) R?
12-M-Na2SiOs3 MB 31.56 70.71 0.9297
12-M-NazSiOs CR 3.697 35.355 0.8548
10-M-NazSiOs MB 28.85 84.515 0.9943
10-M-NazSiOs CR - - -
12-M-H202 MB 14.95 91.287 0.8352
12-M-Hz202 CR 3.83 50 0.7651
10-M-H202 MB 16.92 129.01 0.8588
10-M-H202 CR 3.80 84.51 0.5317
Raw FA MB 4.09 79.06 0.3984
Raw FA CR 10.92 267.3 0.5384

In this research, 4 isotherm models namely Langmuir, Freundlich, Temkin and the
Dubinin-Radushkevich were investigated in order to fit the experimental data. The
comparison of parameters and the value of the correlation coefficients (R?) were
investigated to identify the best-fit isotherm model for the adsorption process. This
investigation was done on raw FA and 4 prepared fly ash based geopolymers (12-M-
Na2Si03,10-M-NazSiOs, 12-M-H202, 10-M-H202) for adsorption of different dyes (MB
and CR). Linear regression method was applied to determine correlation coefficients.
Novas et al. (2019) stated that Langmuir was applicable in high concentrations while
Freundlich fit well in low concentrations. Mor et. al (2018) showed that adsorbents
favoured Langmuir at a temperature of 40 °C which explains that temperature affects
adsorption isotherm. The obtained results show that the maximum value of R? obtained
from Langmuir isotherm linear equation (0.9954 for 12-M-NazSiO3-MB), Freundlich
isotherm linear equation (0.9875 for 12-M-Na2SiOs3-CR), Temkin isotherm linear
equation (0.9846 for 10-M-Na2SiO3-MB), Dubinin-Radushkevich isotherm linear
equation (0.9943 for 10-M-Na2SiO3-MB). The results show that the Langmuir isotherm
fit best for the adsorption of MB and CR using 12-M-Na2SiOs and 12-M-H202 while
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Temkin fit in both 10-M-Na2SiOs and 10-M-H202. The adsorption on CR using raw fly
ash showed a high R? (0.9996) using linear regression methods compared to the
adsorption of MB using raw FA which gave R? (0.9604). The maximum adsorption
capacity for the adsorption of MB was 17.7 mg/g calculated value of 16.3 mg/g
experimental value while CR was 3.4 mg/g compared to 4 mg/g. The separation factor
RL confirms that the adsorption of MB and CR on fly ash based geopolymers is
favourable as RL value ranged between 0.002 and 0.957. The RL value obtained,
showed that two geopolymers (12-M-NazSiO3-MB and 10-M-NazSiO3-MB) did not fit

the Langmuir model as they had negative adsorption constant (KL).

4.9Adsorption kinetic studies

Adsorption kinetic models are employed to analyze the adsorbent's performance and
investigate the mechanisms of adsorption kinetics. The physical meanings of the
kinetic models and the methods for solving them are not well understood (\Wang and
Guo, 2020). The adsorption kinetic model determines the rate of adsorption, which
determines how long it takes for the adsorption process to reach equilibrium (Sahoo
and Prelot, 2020). Pseudo-first order, pseudo-second order and Weber and Morris
intraparticle diffusion models were used to assess the kinetic data of the study. In this
process, 10-M-H202 geopolymer was not used as it was shown to have no

adsorption activity, the test was repeated twice.

49.1 Pseudo-first order model

The pseudo-first order model was first introduced by Lagergren (1898). The pseudo-
first-order model is used to determine whether the reaction mechanism is a physical
adsorption process or not. The pseudo-first-order kinetic model is expressed by
equation 13. A plot of In(Qe-Qt) vs t was plotted in Figs. 27a-h. In Figs 27a-h it can be
seen that the R? was poor as it was low and with the aid of table 12, none of the Qe
calculated value was close to Qexp value. This mean the adsorption cannot be
described by pseudo-first order model. Table 12 shows the summary of the pseudo-

first-order parameter.
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Ln(Qe - Qt) = LnQ, — klt (13)

Where Qe is the adsorption capacity at equilibrium (mg/g); Qt is the adsorption capacity
at time t (mg/qg); t is the time (minutes); ki1 is the pseudo-first-order rate constant
(1/min).
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Figure 27. Linear regression of pseudo-first-order kinetic model for adsorption of dye;
(@). 12-M-NazSiO3-MB, (b) 12-M-Na2SiOs-CR, (¢) 10-M-NazSiO3-MB, (d) 12-M-H20:-
MB, (e) 12-M-H202-CR, (f) 10-M-H202-MB, (g) 10-M-H202-CR, (h) Raw FA-MB,
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Table 12: Pseudo-first-order kinetic model parameter for adsorption of dye; (a). 12-M-
Na2SiO3-MB, (b) 12-M-NazSiOs3-CR, (c) 10-M-Na2SiO3-MB, (d) 12-M-H202-MB, (e) 12-

M-H202-CR, (f) 10-M-H202-MB, (g) 10-M-H202-CR, (h) Raw FA-MB,

Adsorbent
12-M-Na2SiO3
12-M-Na2SiO3
10-M-Na2SiO3
10-M-Na2SiO3
12-M-H202
12-M-H20:2
10-M-H202
10-M-H202

Raw FA
Raw FA

Dyes
MB
CR
MB
CR

MB
CR
MB
CR
MB
CR

Linear
Qexp
3.1
1.3

3.6

3.5
1.4

2.3
2.4
3.8

Qe (Mg/g)

2.3

0.73

0.88

0.589
0.680
0.84
0.68
0.72

4.9.2 Pseudo-second order model

-0.002

0.0007

-0.002

-0.002
-0.0003
-0.007
-0.0001
-0.002

RZ
0.6225
0.5598

0.4204

0.6185
0.2138
0.7735
0.6711
0.6988

The pseudo-second order kinetic model assumes that chemical sorption or

chemisorption is the rate-limiting phase and predicts behavior across the whole

range of adsorption. (Sahoo and Prelot, 2020). Figs. 28a-i show plots of t/Qt vs t. The

R? ranges between 0.9604 to 0.9995 with good agreement between Qe calculated

value and Qexp experimental value. Table 13 shows summary of the pseudo second-

order parameters. The pseudo-second order kinetic model is expressed by equation

14.

62



1

_ 1
Qt  kQe?

1

Qe

(14)

Where Qe is the amount of dye adsorbed (mg/g); t is time (mins); kz is the pseudo

second-order rate constant (g.mg*min1).
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Figure 28. Linear regression of pseudo-second-order kinetic model for adsorption of
dyes; (a). 12-M-NazSiO3-MB, (b) 12-M-Na2SiOs-CR, (c) 10-M-Na2SiO3-MB, (d) 12-M-
H202-MB, (e) 12-M-H202-CR, (f) 10-M-H202-MB, (g) 10-M-H202-CR, (h) Raw FA-MB,

(I) Raw FA-CR.

64



Table 13: pseudo-second-order kinetic model parameter for adsorption of dyes; (a).
12-M-Na2SiO3-MB, (b) 12-M-NazSiOs3-CR, (c) 10-M-NazSiOs-MB, (d) 12-M-H202-MB,
(e) 12-M-H202-CR, (f) 10-M-H202-MB, (g) 10-M-H202-CR, (h) Raw FA-MB, (I) Raw FA-
CR.

Linear
Adsorbent Dyes Qexp Qe (Mg/g) K2 (g mint R?
mg)

12-M-Na2SiOs3 MB 16.3 17.8 0.0265 0.9976
12-M-Na2SiOs3 CR 1.3 0.92 22.77 0.9649
10-M-Na2SiOs3 MB 17.2 17.9 0.059 0.9993
10-M-Na2SiOs3 CR - - - -
12-M-H202 MB 3.5 3.7 0.1570 0.9958
12-M-H202 CR 14 1.6 0.3346 0.9688
10-M-H202 MB 4 4.1 0.2452 0.9994
10-M-H202 CR 2.3 2.2 0.1762 0.9832
Raw FA MB 2.4 2.4 0.1662 0.9604
Raw FA CR 3.8 4 0.2709 0.9996

4.9.3 Intraparticle diffusion model

Weber and Morris Interaparticle diffusion model was developed and proposed by
Weber and Morris (1963). The intraparticle diffusion is used to evaluate diffusion as
the adsorption rate-controlling step. Intra-particle diffusion model is the rate controlling

step if the Weber-Morris plot the most linear. Figs. 29a-c show plots graph of Qt vs t2.
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Table 14 shows summary of intraparticle diffusion parameters. The intraparticle

diffusion kinetic model is expressed by the equation 15

Qi=kit¥?2+C

(15)

Where tis the time (mins); Qtis the adsorption capacity at time (mg/g); ka is intraparticle

diffusion rate constant (mg/(gmin®/2)); C represents the intercept (mg/g).
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Figure 29. Linear regression of Intraparticle diffusion model for adsorption of dyes; (a).

12-M-Na2SiOs-MB, (b) 12-M-Na2SiOs-CR, (c) 10-M-Naz2SiOs-MB, (d) 12-M-H202-MB,

(€) 12-M-H202-CR, (f) 10-M-H202-MB, (g) 10-M-H20,-CR, (h) Raw FA-MB, (I) Raw FA-

CR.
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Table 14: Intraparticle diffusion model parameter for adsorption of dyes; (a). 12-M-
Na2SiO3-MB, (b) 12-M-NazSiOs3-CR, (c) 10-M-Na2SiO3-MB, (d) 12-M-H202-MB, (e) 12-

M-H202-CR, (f) 10-M-H202-MB, (g) 10-M-H202-CR, (h) Raw FA-MB, () Raw FA-CR.

Linear

Adsorbent Dyes C (mg/g) Kid (mg/gmins??2 R?
12-M-NazSiO3 MB 13.4 0.4411 0.9635
12-M-NazSiOs CR 1.01 -0.01 0.0212
10-M-NazSiO3 MB 15.9 0.219 0.7294
10-M-NazSiOs CR - - -
12-M-H202 MB 3.306 0.033 0.1735
12-M-H202 CR 1.18 0.05 0.2661
10-M-H202 MB 3.67 0.0469 0.4313
10-M-H202 CR 1.57 0.0596 0.4868
Raw FA MB 0.99 0.052 0.2478
Raw FA CR 3.71 0.052 0.4347

In this study, three different kinetic models were applied to describe the adsorption
process in the adsorption of dyes (MB and CR) using geopolymers (12-M-
NazSiO3,10-M-NazSiOs, 12-M-H202, 10-M-H202) and raw FA. The models applied
were pseudo-first order, pseudo-second order and Intraparticle diffusion (Weber and
Morris 1963). From obtained results, the maximum linear regression correlation
coefficients (R?) of pseudo-first order is 0.7735 (10-M-H202-MB), pseudo-second-
order is 0.9994 (10-M-H202-MB) and intraparticle diffusion is 0.9734 (12-M-Na2SiOs-
MB). Based on the R? obtained for all geopolymers, the pseudo-second order rate
(0.9994) fit best on the adsorption of MB using 10-M-Na2SiO3 and 10-M-H202. The
maximum R? for pseudo-second order displayed Qexp (4 mg/g) close to Qe (4.1 mg/g)
which explains that when compared to the pseudo-first order and intraparticle
diffusion models, the pseudo-second-order model accurately describes the
adsorption process. Pseudo-second order also fit best in the CR adsorption using
raw FA as it gave R? (0.9996) and calculated adsorption capacity of (3.8 mg/g)

compared to the experimental value (4 mg/g). Pseudo-second order model indicated
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that the chemisorption process controls the adsorption process. The similar result
was obtained in the previous research by Alaouani et al. (2018a, 2019b). Pseudo-first
order could not describe the adsorption behaviour as it has a low R? (0.7735 as
maximum) and there was a big different value between the calculated adsorption
capacity (0.73 mg/g) and experimental value (1.3 mg/g). A similar theory was
mentioned by different researchers such as Gao et al. (2016) Attari et al. (2017), and
Qiu et al. (2017). Zhou et.al (2021) and Siyal et al. (2020) also stated that if the
kinetic model has a low R? value it means that the kinetic model did not fit the
adsorption data. All this research agreed with pseudo-second-order which also
applies to our research finding as the R? ranged between 0.9604 — 0.9996 for all
geopolymers and raw fly ash. Also, all the calculated Qe were close to or the same as
the experimental value as it confirmed that the process followed adsorption reaction

kinetic model of pseudo second order.

69



CHAPTER 5

5.1Conclusion

The results show that the geopolymers are excellent adsorbents for anionic and
cationic contaminants in wastewater. Several factors such as pH, contact time, dose,
and concentration were investigated at room temperature throughout the
investigation to assist in the discovery of the active geopolymers. Morphology,
chemical composition, and crystallinity were studied using a variety of techniques
such as XRD, XRF, FTIR, TGA, and SEM. Adsorption isotherm models such as
Langmuir, Freundlich, Temkin, and D-R are frequently used to assess the adsorption
capacity of the different adsorbents. The Langmuir isotherm model emerged as the
best isotherm for estimating equilibrium parameters as it showed a value of Qmax
calculated value close to Qe of experimental data. The pseudo-second-order model
was used to describe adsorption kinetics instead of the pseudo-first-order model and
intraparticle diffusion with the R? values for the pseudo second order model ranging
from 0.9604 to 0.9994. The outcomes of the experimental results showed the
maximum adsorption capacity of methylene blue was 16.3 mg/g using NazSiOs-
geopolymers, while the maximum adsorption capacity of Congo Red was 3.8 mg/g
using Na2SiOs-geopolymers. The removal efficiency reached 90% for 10-M-Na2SiO3
and 82% for 10-M- H202. Adsorption for methylene blue and Congo red dyes was
high at low pH, which was 3 and 4 respectively. As the dye concentration increased,
the removal percentage decreased while the adsorption capacity increased. In
conclusion, Na2SiOs-geopolymers had high activity at low dosages of geopolymer
while H202 had high activity at high dosages. The percentage removal of Congo red
using Na2SiOs-geopolymer was very low compared to H202-geopolymers. It shows
that Congo red has more activity in H202 geopolymers while methylene blue has
more activity in NazSiOs-based geopolymers. Raw fly ash has also shown a high
removal efficiency and adsorption capacity for Congo red, which was higher than
most geopolymers. The maximum removal efficiency of Congo red using raw FA was
94% compared to all fly ash based geopolymers which maybe due to the high

surface charge of raw fly ash since Congo red is anionic.

70



5.2Recommendation

In this study, parameters were investigated at a constant temperature of 25 °C.
Parameters such as concentration, time, and dosages were tested. The results
obtained have shown that parameters play important roles in the adsorption of
geopolymers. Therefore, we recommend that temperature effect be investigated to
enable investigation of adsorption thermodynamics. In this study, the adsorption of
Congo red using raw fly ash had greater removal efficiency, therefore we recommend
that raw fly ash be investigated with different dyes, especially anionic dyes. The
geopolymers showed a lot of fluctuations in adsorption studies, optimization of
synthesis process need to be investigated for cleaner materials that allows further
studies of temperature effects allowing for determination of thermodynamic parameters

and adoption for dye removal in industrial waste waters.
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A standard calbiration curve
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Figure B. Standard calibration curve of Congo red dye

Appendix Il

Adsorption Isotherm
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Figure C. Raw fly ash: (a) efficiency removal in MB (b) efficiency removal in CR
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Figure D. Raw fly ash: (a) adsorption capacity in MB (b) adsorption capacity in CR
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Figure E: SEM images of raw fly ash (a)

M-H202 (d).
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Figure F. N2 adsorption/desorption isotherms of the samples

Appendix I

Adsorption capacity and equilibrium concentration

Table A: Ce and Qe value

Adsorbent Dyes Ci (mg/L) Ce (mg/g) Qe (mg/g)
12-M-Na2SiO3 | MB 200 37 16.3
12-M-Na2SiOs | CR 50 35 1.3
10-M-Na2Si0s3 | MB 200 28 17.2
10-M-NazSiOs | CR - - -
12-M-H202 MB 50 15 3.5
12-M-H202 CR 50 34 14
10-M-H202 MB 50 10 4
10-M-H202 CR 50 27 2.3
Raw FA MB 50 26 2.4
Raw FA CR 50 6 3.9
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