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ABSTRACT

With the onset of industrialization, humanity has witnessed various ecological issues in
the society and disturbance of ecosystem. Heavy metals and methylene blue are very
toxic substances known to cause detrimental effects to human health when ingested
even at low concentrations. Several techniques are available for removal of heavy
metals, and dyes from the wastewater such as chemical precipitation, ion exchange,
adsorption, membrane among others. Among these technologies adsorption is
preferable for wastewater treatment due to its simplicity in design, high efficiency and
availability of materials involved. Geopolymers are inorganic polymers and have been
in use in construction industries as alternatives to ordinary portland cement but very
little information is available on their use in environmental pollution management. This
study aimed at synthesizing and functionalizing amorphous geopolymers from common
clay and rice husk ash for use as adsorbents in removal of heavy metal ions and
methylene blue from contaminated water. There is adequate literature indicating that
clay minerals contain both silicates and alumina while rice husk ash contains
substantial amounts of silica. This work therefore reports synthesis of geopolymers GP-
1, GP-2 and GP-3 using clays and rice husk ash that were functionalized using citric
acid and EDTA for use in adsorption of heavy metals and colour. Characterization of
the geopolymers was done using FT-IR, EDS, XRD and SEM. Batch experiments using
Pb (I1), Cd (11), Zn (I1) ions and methylene blue (MB) were done. FT-IR indicated
presence of AI-O and Si-O bonds which are the finger prints of geopolymers. XRD
analysis showed presence of amorphous phase between 18-36 (26) an indication that
geopolymerization occurred. SEM analysis revealed the formation of a heterogeneous
matrix which consists of a dense continuous gel with microcracks and voids on
geopolymer adsorbents. The mean percentage uptakes of 99.32 + 0.04, 99.74 + 0.01,
91.33 + 0.06 and 91.99 £ 0.57 of Pb (1I), Cd (II), Zn (1) and MB were achieved
respectively. Various equilibrium models were employed and from the correlation
coefficients (R? > 0.94), the data was found to fit best in Langmuir Freundlich model
(Sips). The highest adsorption capacities of Pb (I1), Cd (1), Zn (1I) and MB were 326.5,
175.5, 169.9 and 20.74 mg/g respectively, attained using GP-3E. Increased adsorption
of Pb (1), Cd (1), Zn (1) ions and MB was observed upon functionalization as well as
when Si/Al ratio increased. Kinetic studies showed that a pseudo- second order model
was more suitable than the first order in explaining the adsorption mechanism. This
indicated that the adsorption transient behaviour used valence forces or exchangeable
electrons and that chemisorption was more pronounced in the rate determining step.
Thermodynamic studies revealed that the adsorption process was endothermic and
physisorption since values of AH’ obtained were < 40 kJ/mol. From the adsorption data,
it’s evident that synthesized geopolymers are potential adsorbents for removal of heavy
metals and MB and may be employed in wastewater management.



CHAPTER ONE
INTRODUCTION

1.1 Background information

Water is an essential resource for life which greatly influences our public and
environmental health as well as provides the pedestal for most of our economic activities.
Unsustainable use of fresh water resources, population increase, and the trend in
industrial revolution have led to environmental degradation especially by the release of
partially treated or untreated wastewater into aquatic systems. Thus, the global freshwater
resource is at risk and majority of the problems that humanity faces in the twenty-first

century are related to water quantity and/or water quality issues (UNESCO, 2009).

The importance of water for sustenance of life cannot be overemphasized and its
depletion either through contamination, or careless use results in serious consequences
(Owa, 2013). About 70 % of the earth is covered with water, but hardly 2 % of it is
suitable for drinking (Mann et al., 2014). The relative importance of water quality versus
water quantity, sanitation and hygiene education interventions for cushioning the human
well-being has been the subject of substantial debate (Esrey et al., 1985; 1991).
Nevertheless, there is broad agreement that good water quality, free of pathogens, colour

and heavy metals is important to human health.

Water is regarded polluted if some components or condition exists in such a magnitude
that the water cannot be used for a particular purpose. Water pollution affects flora and
organisms dwelling in the water bodies. Water quality is affected by human activities and

is declining due to the rise of urbanization, population growth, industrial production,



climate change and other factors. The resulting water pollution is a serious threat to the
well-being of both the earth and its population (Halder and Islam, 2015). Moreover the
discharge of toxic heavy metals into water bodies is a serious pollution problem affecting
quality especially in wetlands and other masses due to their toxicity and bio accumulative

effect, creating a direct hazard to human health (Ogoyi et al., 2011).

A group of metals and metalloids with atomic density greater than 4 g/cm® are
collectively termed as heavy metals (Hutton and Symon, 1986; Nriagu and Pacyna,
1988). They enter into the ecosystem through natural and anthropogenic means such as
natural weathering of the earth’s crust, mining, soil erosion, industrial discharge, urban
runoff, sewage effluents, pest or disease control agents applied to plants, air pollution
and a number of other sources (Yu, 2005). Some heavy metals like Fe, Zn, Ca and Mg
have been reported to be of bio-importance to man and their daily medicinal and dietary
allowances have been recommended (Duruibe et al., 2007). However, some others like
As, Cd, Pb, and methylated forms of Hg have no known biological importance in human
physiology hence consumption even at very low concentrations can be toxic (Fosmire,

1990; European Commission, 2002).

Although heavy metal poisoning ought to be clinically diagnosed and medically treated,
the first remedy is to stop heavy metal pollution and the subsequent human poisoning
(Duruibe et al., 2007). Contamination of food by heavy metals is a serious hazard
depending on the relative level of the metals. Cd and Pb are some of these metals that
may injure the kidneys and cause symptoms of persistent toxicity, along with impaired
organ functions, poor reproductive capacity, hypertension, tumors and hepatic

dysfunction (Abou-Arab et al., 1996).



Dyes used in a lot of industries including textile, paper, plastics, leather-based, food and
cosmetics, represent a large group of chemicals that get jumbled together in wastewater
among many that contribute to water pollution (Bulut and Aydin, 2006). Recently, there
has been dramatic increase in the annual production of various artificial dyes representing
more than 10,000 dyes (Alzaydien, 2009). Many azo dyes and their intermediates have
poisonous consequences on the surroundings and human health because of their
carcinogenicity and visibility (Gong et al., 2005). According to literature, incomplete
degradation of dyes by microorganisms inside the sediment leads to manufacturing of

some carcinogenic and dangerous amines (Vandevivere et al., 1998).

Further, presence of colouration materials in water bodies can also decrease the light
transmission which decreases photosynthetic activities, leading to decreased growth of
microorganisms and subsequently lowering the biodegradation of impurities in water
(Santhi et al., 2009). Methylene blue (MB) dye is a fundamental dye that has drastically
been utilized in textiles and printing enterprises and it has been determined to be non-
biodegradable dye. Consequently, it is vital that wastewater contaminated with MB dye

be sufficiently treated before discharge (EImorsi et al., 2014).

Several techniques are available for treatment and removal of heavy metals, turbidity and
dyes from the wastewater such as chemical precipitation, ion exchange, adsorption,
membrane filtration, coagulation and flocculation, floatation and electrochemical
treatment (Fu and Wang, 2011). Chemical precipitation is not economical and produces
large amounts of sludge. lon exchange is costly, especially when treating a large amount
of wastewater containing heavy metals in low concentrations, so it cannot be used on a

large scale. The use of coagulation and flocculation of heavy metal wastewater treatment



technique involves chemical consumption and increased sludge volume generation.
Floatation and electrochemical heavy metal wastewater treatment techniques involve high
initial capital, maintenance and operation costs (Fu and Wang, 2011). Adsorption has a
proven efficiency in the removal of organic and mineral pollutants and therefore appears
to be the most plausible for future use in industrial wastewater treatment and for

economic considerations (Garg et al., 2003; Abdelghani et al., 2007).

In 1979, Davidovits coined the term geopolymer to represent an inorganic polymer
consisting of SiO4* and AlO,> as the structural units (Davidovits, 1989). These inorganic
polymers are formed by polycondensation reaction between an alkaline solution like
sodium hydroxide and sodium silicate with an aluminosilicate source such as metakaolin
(MK), fly ash, rice husk ash (RHA). Geopolymer chemistry is associated with that of
zeolites, since they have comparable chemical composition (Provis et al., 2005). Similar
to zeolite, geopolymer, an inorganic polymer, has a three-dimensional polymeric structure
and pores formed by the condensation of aluminosilicate mineral powder in addition to an
alkali solution at a temperature below 100 'C, which Davidovits developed in 1978

(Davidovits et al., 1990).

Several researchers used metakaolin as an ideal raw material for the manufacture of
geopolymers (Duxson et al., 2007; Goretta et al., 2007) because of its high reactivity and
purity compared to other clays (Yip et al., 2003; Kong et al., 2007; Cheng et al., 2012).
This work focuses on a new and green developing field that utilizes available and
plentiful raw materials such as common clay that has not been used and rice husk waste
for wastewater management. Therefore, wastewater treatment using a geopolymer as an

adsorbent should be more feasible, and thus merits further examination.



Common clay is made of layered sheets composed of polymeric sheets of SiO, tetrahedral
linked into (Al, Mg, Fe)(O,0H)¢ octahedral sheets belonging to the family of
phyllosilicate (Sposito, 2008). Presence of aluminosilicate in clay makes it useful for
synthesis of geopolymers. They are very important industrial minerals and have been
used as starting materials for many industrial applications due to their abundances and
low cost (Suryadi et al., 2015). Clays are utilized in agricultural, engineering,
construction, environmental remediation, geology, pharmaceuticals, food processing, and

many other industrial applications (Murray, 2006).

Rice husk is a derivative of the rice milling process. It is a unique crop residue with a
high content of ash. Rice husk ash (RHA) contains as high as 90-98 % silica (Adam et
al., 2006). This husk can be used as a fertilizer in agriculture or as an additive for cement
and concrete fabrication. In the preparation of elementary silicon and a range of silicon
compounds rice husk has become a source of silica (Della et al., 2002). In this study, rice

husk ash was used as a source of extra silica in the synthesis of geopolymers.

1.2 Statement of the problem

Increase in pollution of water bodies is directly or indirectly related to increasing
urbanization and indiscriminate disposal of agrochemical and industrial effluents into
aquatic systems (Dua and Gupta, 2005). Essential, non-essential heavy metals and
methylene blue are of important environmental and health concern. This is due to the
toxicity they exhibit at increased levels of bioavailability due to the excessive
accumulation and circulation in the biosphere (Nriagu and Pacyna, 1988). The most
widely used methods for their removal are chemical or electrochemical precipitation, both

of which pose a significant problem in terms of disposal of the precipitated wastes



(Ozdemir et al.,, 2005), and ion-exchange treatments, which do not appear to be

economical (Pehlivan and Altun, 2006).

Adsorption could be an alternative method to clean up industrial wastewaters containing
heavy metals. The adsorption process is a captivating alternative for the removal of heavy
metals ions from effluents since it is effective and easily attainable (Pamukoglu and
Kargi, 2008). Apparently not much is known on the use of geopolymers in wastewater
treatment despite their desirable properties and other advantages such as high strength,
acid/alkaline resistance, heat resistance, and effective solidification of toxic waste (Van
Jaarsveld et al., 1998; Duxson et al., 2007). The focus of this work was to develop a new
wastewater treatment method using geopolymers and functionalized geopolymers
synthesized from common clay and rice husk waste, which are available and abundant,
that would supplement the adsorption treatment method. The new process is technically

feasible, economically achievable and environmentally safe.

1.3 Justification and significance of the study

It has been observed that pollutants originating from anthropogenic activities dramatically
alter the quality of water. To eliminate impacts on water due to heavy metal pollution, it
IS necessary to have appropriate wastewater management strategies and efficient
treatment designs. However, the effectiveness of such strategies and treatment designs
will strongly depend on the cost of production. Many industries in Kenya are located in
urban centers. These include metal, textile, paper, dairy processing, pharmaceutical, soft
drinks, bakeries, and power. Each of these disposes high levels of different metals, which
on aggregate and in combination, pollutes the water bodies. Various conventional
treatment strategies such as chemical precipitation, ion exchange, filtration and

electrochemical treatment have been applied for removing these heavy metals, but most



of them are only suitable for large scale treatments and are costly to operate (Aeisyah et
al., 2014). All these techniques also lead to certain disadvantages like removal of heavy
metals to a lesser extent, high-energy requirements and production of toxic sludge

(Eccles, 1999).

There is a perceived necessity and growing interest in finding adsorbents that are more
cost-effective and produce fewer limitations. Therefore, finding suitable materials and
operating conditions are essential to addressing the concerns of heavy metal pollution.
Common clay is abundant; rice husk is an industrial waste, both of which are locally
available and rich in aluminosilicate and silica respectively which were used in the
synthesis of geopolymer adsorbents. Surface functionalization of the geopolymer material
enhanced selectivity and efficiency of the adsorbent. This study is of value to the
wastewater treatment plants and also acts as a source of baseline data for future

researchers who may want to engage in similar studies.

1.4 Hypotheses

I.  Common clay and ash from waste rice husk can be used as raw materials in the
synthesis of geopolymer adsorbents for removal of selected heavy metals and
methylene blue from contaminated waters.

ii.  Functionalizing the geopolymers enhances efficiency and capacity to remove

selected heavy metals and methylene blue from contaminated water.

1.5 General objective

To synthesize and functionalize amorphous geopolymers from common clay and rice
husk ash for use as adsorbents in removal of selected heavy metal ions and methylene

blue from contaminated water.



1.5.1 Specific objectives

Vi.

To determine the chemical composition of rice husk ash and common clay
minerals using energy dispersive spectrometry (EDS).

To synthesize and characterize geopolymer adsorbents derived from rice husk ash
and common clay using x-ray diffraction (XRD), fourier transform infra-red (FT-
IR), scanning electron microscope (SEM) and EDS.

To functionalize and characterize the geopolymer adsorbents using citric acid and
ethylene diamine tetra acetic acid (EDTA) for adsorption of Cd (1), Pb (lI), Zn
(1) ions and methylene blue respectively using XRD, FT-IR, SEM and EDS.

To determine the percentage removal of Cd (II), Pb (II), Zn (II) ions and
methylene blue at varying pH, contact time, shaking speed, temperature sorbent
dose, initial adsorbate concentration and Si/Al ratio in the geopolymers.

To determine the adsorption capacities and percentage regeneration of the
geopolymers after the adsorption/desorption process.

To determine the transient behaviour of adsorption of Pb (II), Zn (II), Cd (II) ions

and methylene blue using kinetic and thermodynamic models.

1.6 Scope and limitation

The study was restricted to clay from Kakamega, Kuresoi and Molo and not from
the whole country.

Only rice husk from Mwea was used

Clay and rice husk was used as a source of aluminosilicate and silica respectively.
This research focused on three heavy metal ions; Cd (1), Pb (1), Zn (I1) ions and

methylene blue. Other heavy metals and pollutants were not considered.



CHAPTER TWO
LITERATURE REVIEW

2.1 Heavy metals and their toxicities in human beings

The most common toxic heavy metals in wastewater include; lead (Pb), cadmium (Cd),
zinc (Zn), mercury (Hg), arsenic (As), silver (Ag) chromium (Cr), copper (Cu) iron (Fe),
and the platinum group elements (Duruibe et al., 2007). Serious health and environmental
problems and an upsurge in wastewater treatment costs may occur due to the release of
high amounts of heavy metals into water bodies (Akpor, 2014) . They also occur in small
amounts naturally and may enter into aquatic system through leaching from rocks,
airborne dust, forest fires and vegetation (Fernandez-Leborans and Herrero, 2000; Ogoyi

etal., 2011).

Copper, selenium and zinc are essential in maintaining the metabolism of the human body
(Fraga, 2005). However, their presence at high concentrations in the environment is of
major apprehension because of their toxicity, bioaccumulation, and threatens the
environment. According to Jarup (2003), prolonged exposure to heavy metals such as
cadmium, copper, lead, nickel and zinc can cause deleterious health effects in humans.
The primary sources of heavy metal pollution are industries and mining sites (Duruibe et
al., 2007). Lead and cadmium are among the most widely distributed in the environment
(Goyer et al., 1995). They have no important role in biochemical reactions and are
poisonous to cells in both low and high concentrations (Cols et al., 2001). Valls et al.
(2000) found out that unlike organic contaminants which can be converted into non-toxic

derivatives, metals are intrinsically persistent in nature.



10

Most of the industries which use raw materials containing heavy metals end up disposing
their waste in rivers thus polluting them (Chen and Burns, 2006). Such industries include
smelting industries, hides and skins processing industries, soaps, detergents and perfume
producing industries. Some health effects of heavy metals include diarrhea, stomatitis,
tremor, hemoglobinuria, rust— red colour to stool, paralysis, vomiting and convulsion,
depression, renal dysfunction, cancer and Alzheimer’s disease (Verma and Dwivedi,
2013). Table 2.1 shows a summary of toxicity and maximum contaminant levels of

common hazardous heavy metals established by USEPA.

Table 2.1: The MCL standards for the most hazardous heavy metals (USEPA)

Heavy metal Toxicity MCL
(mg/L)
Arsenic Skin manifestations, visceral cancers, vascular disease 0.05
Cadmium Kidney damage, renal disorder, human carcinogen 0.01
Chromium  Headache, diarrhea, nausea, vomiting, carcinogen 0.05
Copper Liver damage, Wilson disease, insomnia 0.25
Nickel Dermatitis, nausea, chronic asthma, coughing, human 0.2
carcinogen

Zinc Depression, lethargy, neurological signs and nervous system 0.8
Lead Damage to the fetal brain, diseases of the kidneys, circulatory 0.006

system and nervous system
Mercury Rheumatoid arthritis, and diseases of the kidneys, circulatory 0.00003

system and nervous system

MCL- Maximum Contaminant Limit
Source: (Babel and Kurniawan, 2003)

2.1.1 Occurrence and toxicity of lead

Lead is an ubiquitous environmental and industrial pollutant that has been detected in
every facet of environmental and biological systems (Juberg et al., 1997). Reproductive

dysfunction by lead (Pb) has distinct morphological and biochemical features such as
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disorganized epithelia, decreased sperm quality, altered sperm morphology, and low
androgen levels (Alexander et al., 1996; Hsu et al., 1997). It has a primary toxic effect on
the hypothalamic pituitary unit, a primary effect on the testes, and acts at all levels of the
human reproductive system (Sokol et al., 2002). It has a negative influence on the somatic
development and decreases the visual acuity and auditive thresholds (Simeonov et al.,
2011). Its acute exposure causes brain damage, neurological symptoms, brain damage and

could lead to death (Simeonov et al., 2011).

2.1.2 Occurrence and toxicity of cadmium

Cadmium (Cd), a pervasive heavy metal and an environmental pollutant, is found in soil,
water and air (Fahim et al., 2012). It is one of the components abundantly existing in
nickel cadmium (Ni-Cd) battery wastes, cigarette smoke, blue paint pigments, copper
smelters among others (Svoboda et al., 2000). Cadmium (Cd) is a carcinogenic metal to
which humans are exposed through contaminated foods, water or air. Chronic cadmium
poisoning can result in nephrotoxicity, osteoporosis, cardiovascular diseases, testicular
necrosis, prostatic and testicular cancers, renal failure and neurodegenerative conditions
(Yu et al., 2007). Moreover, it was reported that spermatogenesis is disturbed by free
radical toxicity (Aruldhas et al., 2005) . It depletes many essential metal antioxidants

including selenium in the body (Sato and Takizawa, 1982).

Apparently, its exposure results in decreased glutathione (GSH) levels, which causes an
increase in reactive oxygen species leading to increase in lipid peroxidation, change in
intercellular stability, damage to deoxyribonucleic acid (DNA) and cell membranes and
consequently inducing cell death (Stohs et al., 2000). The metal accumulates in the

human body affecting negatively several organs: liver, kidney, lungs, bones, placenta, and
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brain (Castro-Gonzélez and Meéndez-Armenta, 2008). Therefore, the maximum
concentration limit for cadmium (I1) ions in drinking water must be strictly regulated. The
World Health Organization (WHO), set a maximum guideline concentration of 0.003
mg/L for cadmium (1) in drinking water (WHO, 2008). Hence, there is great interest

regarding the removal of cadmium from wastewater streams.

2.1.3 Occurrence and toxicity of zinc

Zinc is considered relatively nontoxic, especially if taken orally. However, excess amount
can cause system dysfunctions that result in impairment of growth and reproduction
(Peter and Olalekan, 2014). The metal is an essential element for life and acts as a
micronutrient when present in trace amounts (Arias and Sen, 2009). However, clinical
signs of its toxicities include vomiting, diarrhea, bloody urine, liver failure, kidney failure
and anemia (Fosmire, 1990). Release of zinc into groundwater resources occurs largely
via anthropogenic activities such as mining or through industrial production. The main
sources in the environment are from manufacturing of brass, bronze alloys and
galvanization (Weng and Huang, 2004). Further, it is also utilized in paints, rubber,
plastics, cosmetics and pharmaceuticals (Weng and Huang, 2004). The main symptoms of
zinc poisoning are dehydration, electrolyte imbalance, stomachache, nausea, dizziness
and neuropathy (Sen and Khoo, 2013). WHO recommended maximum acceptable
concentration of zinc in drinking water as 5.0 mg/L (Mohan and Singh, 2002). Beyond

the permissible limits, Zn (I1) is toxic (Bhattacharya et al., 2006).

2.2 Methylene blue and its toxicity in human beings

Dyes are mixtures that have been utilized as a part of numerous ventures for various
purposes, for example, in nourishment preparation, materials, paper, cosmetics and other

enterprises. The effluents from these businesses are the principle wellsprings of
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ecological colour contamination (Sarioglu and Atay, 2006). Because of the wasteful
aspects of the modern colouring process, a portion of the utilized dyes are lost in the
effluents of textile units, rendering them exceedingly coloured (Maleki et al., 2010).
Direct release of these effluents causes an increase in dangerous materials in wastewater
which leads to their expansion in visual impacts (Dehghani et al., 2008). The structure of

methylene blue (Methylthioninium chloride) is as shown in figure 2.1.

N
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Methylthioninium chloride,
Figure 2.1: Structure of Methylene blue

Source: (Derakhshan and Baghapour, 2013)

Methylene blue (MB) is the most utilized material for dyeing cotton, wood, and silk with
MB hydrochlorine sub-atomic weight 373.9 with three water molecules. Methylene blue
induces hemolytic anemia in individuals with glucose-6-phosphate dehydrogenase (G-6-
PD) enzyme deficiency (Thienes and Haley, 1972). Methylene blue is a severe eye irritant
(Lenga, 1988). High concentrations of methylene blue have been found to induce corneal
and conjunctiva injury (Grant, 1986). In order to lessen the cost of wastewater treatment,
endeavors have been made to discover low cost alternative adsorbents. Various
approaches have been made to create less expensive and successful adsorbents to expel
dyes from an assortment of starting materials derived from waste (Annadurai et al., 2002;

Ozer et al., 2007).
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2.3 Existing wastewater treatment technologies for heavy metals and MB removal

Heavy metals are environmental priority pollutants and are becoming one of the most
serious environmental problems (Fu and Wang, 2011). Therefore toxic heavy metals
should be removed from the wastewater to protect the people and the environment. Many
methods are being used to remove heavy metal ions as mentioned earlier (Fu and Wang,
2011). Currently the common methods available for removal of metal ions from
wastewater are coagulation, chemical precipitation, ion-exchange, reverse 0smosis among
others (Hui et al., 2005). However, most of these methods suffer from some drawbacks,
such as high capital and operational costs or the disposal of the residual metal sludge

(Kobya et al., 2005).

2.3.1 Chemical precipitation

According to Parmar and Thakur (2013), this process is effective and most widely used in
industries since it is simple and inexpensive to operate. In the precipitation processes,
chemicals react with heavy metal ions to form insoluble precipitates. Treated water is
then decanted and appropriately discharged or reused. The conventional chemical
precipitation processes include hydroxide precipitation and sulfide precipitation (Ku and
Jung, 2001). The conceptual mechanism of heavy metal removal by chemical

precipitation is presented in equation 2.1 (Wang et al., 2004).

I\/IrH-(aq) +n (OH)_(aq) _— M(OH)n(s) ......................................................... 2.1

Where M™ and OH represent the dissolved metal ions and the precipitant respectively,

while M (OH) ,, is the insoluble metal hydroxide.
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These conventional chemical precipitation processes produces insoluble precipitates of
heavy metals as hydroxide, sulfide, carbonate or phosphate. Very high-quality debris is
generated in the precipitation process and chemical precipitants, coagulation, and
flocculation processes are used to grow its size and remove it as sludge (Ku and Jung,
2001; Fu and Wang, 2011). However, one of the drawbacks of this method is that it
requires large amounts of chemical to reduce metals to acceptable levels for discharge.
Other drawbacks are excessive sludge production that requires further treatment, slow
metal precipitation, poor settling, aggregation of metal precipitates, and long term

environmental impacts of sludge disposal (Aziz et al.,2008).

2.3.2 lon exchange

These processes have been used widely in the removal of heavy metals from wastewater
due to their many advantages, such as high treatment capacity, high removal efficiency
and fast kinetics (Kang et al., 2004). They, have specific abilities to exchange their
cations with the metals present in the wastewater (Moosavirad et al., 2015). Among the
materials used in ion-exchange processes, synthetic resins are commonly preferred as
they effectively remove the heavy metals from the solution (Alyiz and Veli, 2009). A
notable disadvantage is that corrosion is a significant limiting factor, where electrodes

must be frequently replaced (Kurniawan et al., 2006).

2.3.3 Physico-chemical methods

Physical separation techniques are primarily applicable to particulate forms of metals,
discrete particles or metal-bearing particles (Dermont et al., 2008). The methods consists
of mechanical screening, hydrodynamic classification, gravity concentration, flotation,
magnetic separation, electrostatic separation, and attrition scrubbing (Dermont et al.,

2008). Factors that may limit the applicability and effectiveness of the physical chemical
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processes are the high content of clay/silt, humus, calcite, Fe and Ca, heavy metals,

anions, or high buffering capacity (Fu and Wang, 2011).

2.3.4 Membrane filtration

This method has received considerable attention in treatment of inorganic effluents. The
technique is able to cast off suspended solids, organic compounds and inorganic
contaminants together with heavy metals (Gunatilake, 2015). Depending on the size of
the particle that can be retained, various types of membrane filtration such as
ultrafiltration, Nano filtration and reverse osmosis can be employed for heavy metal
removal from wastewater (Gunatilake, 2015). Ultrafiltration (UF) makes use of a
permeable membrane to split heavy metals, macromolecules and suspended solids from
inorganic solution on the premise of the pore size and molecular weight of the separating

compounds (Vigneswaran et al., 2004).

Ultra-filtration has the ability to achieve more than 90% uptake efficiency with a metal
ion concentration in the range of 10 to 112 mg/L at pH ranging from 5 to 9.5 depending
on the membrane traits (Barakat, 2011). UF performance due to membrane fouling has
hindered it from a wider application in wastewater treatment. Fouling has many adverse
effects on the membrane system such as flux decline, an increase in trans membrane
pressure (TMP) and the biodegradation of the membrane materials (Kurniawan et al.,
2006). These effects result in high operational costs for the membrane system (Barakat,

2011).

2.3.5 Electro dialysis

A process where ionized species in the solution are passed through an ion exchange

membrane by applying an electric current is known as electro dialysis (ED) (Gunatilake,
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2015). When a solution containing ionic species passes through the cell compartments,
the anions migrate towards the anode and the cations toward the cathode, crossing the
anion exchange and cation-exchange membranes (Chen, 2004). A notable disadvantage is
membrane replacement and the corrosion process (Kurniawan et al., 2006). Since ED is a
membrane process, it requires clean feed, careful operation and periodic maintenance to

prevent any stack damages making the technique expensive (Barakat, 2011).

2.3.6 Adsorption

Physical and/ or chemical interactions that occur when a substance is transferred from the
liquid phase to the solid surface, and becomes bound is termed as adsorption (Babel and
Kurniawan, 2003). In the recent past, a number of approaches have been investigated for
safe and economical treatment of heavy metal laden wastewater (Tripathi and Rawat
Ranjan, 2015). Adsorption has emerged to be a better alternative treatment out of all the
methods. It is said to be effective and economical because of its relatively low cost ( Shah
et al., 2009). The key benefits of the adsorption method for heavy metal removal are

lower operational costs, unproblematic design and easy operation (Acar and Eren, 2006).

Generally, the heavy metals are present in the wastewater at low concentrations and
adsorption becomes suitable where the ions are present at concentrations of as low as 1
mg/L. This makes adsorption an economical and favourable technology for their removal.
The adsorbent origin can be of mineral, organic or biological such as zeolites, commercial
byproducts, agricultural waste, biomass and polymeric material (Tripathi and Rawat
Ranjan, 2015). Activated carbon is one of the conventional adsorbent that has been used
extensively in many applications. Table 2.2 shows reported removal percentages of Pb

(11, Cd (1) and Zn (1) using activated carbon (Mona et al., 2014).
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Table 2.2: Removal efficiencies of Pb (I1), Cd (1) with 100 mg/L initial
concentrations using activated carbon

Heavy metal ions Initial conc"(C,) | Residual conc” Removal efficiency (%)
(mg/L) (mg/L)

Cd(ln) 100 30.20 70

Pb(1l) 100 27.00 73

Source: (Mona et al., 2014).

However, the high cost of the activation limits its usage in wastewater treatment
processes. In the approach to replace the conventional adsorbents, geopolymers similar to
zeolite materials are a new approach for removal of metal ions from wastewater (Xu and
van Deventer, 2000; Barbosa and MacKenzie, 2003; Buchwald et al., 2011). This study
aims at contributing in the search for cost effective or low cost adsorbents of natural
origin. It also aims at applicability of the adsorbents in recovery as well as removal of

heavy metals and colour from the industrial wastewater.

2.4 Clay as a source of alumina

Chemically, clays are aluminosilicate minerals (Grimshaw, 1971) which have many
industrial applications. Clays have become an important source of aluminium and its
compounds (Grim, 1981). Clay is available locally in millions of tonnes especially in the
rice-growing areas such as the Kano plains in Lake Victoria basin or Mwea in Kirinyaga
County (Muriithi et al., 2012). Clay minerals are determined by their chemical
composition, layered structure and size. They can be categorized into four subgroups;
kaolinite, smectite, mica, and chlorite (Shichi and Takagi, 2000; Nayak and Singh, 2007).
Kaolin is one of the most valuable, versatile, and widely used industrial minerals. It is

used extensively in ceramics, rubber, paint, plastics, and pharmaceutical industries
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(Murray, 1991; Bundy, 1993). Presence of aluminosilicate in clay makes it a good raw

material for the synthesis of geopolymers.

2.5 Rice husk as a source of silica

Presently, the world production of rice is approximately 500 million tonnes a year
containing 50-100 million tonnes of rice husks (Andreoli et al., 2000). Rice husk is a by-
result of the rice processing industry. The silica content in the rice husk ash (RHA) can be
as high as 90-98% (Adam et al., 2006). The percentage of rice husk in paddy rice varies
across different countries and this is influenced by various factors such as species,
cultivation area, soil fertility, weather, irrigation efficiency and farming practices
(Bhattacharya et al., 1999). However, 20 percent is generally considered as a fair average

for general rice husk (Beagle, 1978).

It is reported that approximately 0.23 tonnes of rice husk (rice hull) are formed from
every tone of rice produced (Jain et al., 1996). When RH is burnt in air, it leads to the
formation of silica ash, which varies from gray to black depending on the inorganic
impurities and unburnt carbon amounts (Krishnarao et al., 2001). Table 2.3 shows

properties of rice husk ash produced by different burning conditions.
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Table 2.3: Rice husk ash properties produced from different burning conditions

Burning Hold time  Furnace Properties of rice husk ash
temperature environment Silica form Surface area
(m°/g)

500-600 C 1 min Moderately Amorphous 122

30 min oxidizing 97

2 hrs 76
700-800 'C 15 min-1 hr 100

>1hr Highly Partially crystalline  6-10
>800 C >1hr oxidizing crystalline <5

Source: (Singh and Singh, 2015) Note: Moderately oxidizing = CO, environment

Highly oxidizing = O, environment

The husk, if burned at high temperatures in the presence of oxygen, yields ash with a high
content of silica (more than 90 percent by weight), which is seen as the most
advantageous property of rice husk ash compared to ash obtained from burning other
solid fuels (Muthadhi et al., 2007). However, the burning conditions of rice husk result in
different forms of rice husk ash, the crystalline and amorphous forms, and these different
forms benefit different applications. While amorphous silica had been proven to be useful
in the cement, construction, and rubber industries (Mehta and Pitt, 1976), crystalline silica
has been found to be useful for products such as steel, ceramics and refractory bricks.
Because of its high silicon content, rice husk has turned into a good source of basic
silicon and various silicon compounds particularly silica, silicon carbide and silicon
nitride (Della et al., 2002). Rice husk ash has been used in the geopolymer synthesis

(Lopez et al., 2014a).

2.6 Geopolymers

Geopolymers are inorganic polymeric materials formed when solid aluminosilicate is

reacted with concentrated alkali hydroxide solution (Davidovits, 1991). The chemical



21

composition of geopolymer is similar to natural zeolitic materials in terms of chemical
composition, but their microstructure is amorphous instead of crystalline (Palomo et al.,
1999; Xu and van Deventer, 2000). Reaction mechanisms have been proposed for this
geopolymerization involving the breakdown of the solid aluminosilicate into smaller
“monomers” where aluminium is already tetrahedrally coordinated. The second step is the
polycondensation of these monomers into the geopolymer (Duxson et al., 2007; Rahier et
al., 2007). As a result of these reactions, solid, hard, and stable materials with

hydroxysodalite, feldspathoid, or zeolite like structures are formed (Davidovits, 1998).

The volume of data available in the field of aluminosilicate dissolution and weathering
represents a whole field of scientific endeavor in itself (Blum and Lasaga, 1988; Oelkers,
2001). Dissolution of amorphous aluminosilicate is rapid at high pH, and this quickly
creates a supersaturated aluminosilicate solution. In concentrated solutions this results in
the formation of a gel, with the oligomers in the aqueous phase forming large networks by
condensation. This process releases water that was nominally consumed during

dissolution (Duxson et al., 2007).

As such, water plays the role of a reaction medium, but resides within pores in the gel.
This type of gel structure is commonly referred to as bi-phasic, with the aluminosilicate
binder and water forming the two phases (Duxson et al., 2007). The time for the
supersaturated aluminosilicate solution to form a continuous gel varies considerably with
raw material, processing conditions and solution composition and synthesis conditions
(Crea et al., 1991; Ivanova et al., 1994). These are typically dilute, and the concentration
of dissolved silicon and aluminum is observed to oscillate due to the slow response of the

system far from equilibrium (Faimon, 1996). After gel formation, the system continues to
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rearrange and reorganize, resulting in formation of the three-dimensional aluminosilicate

network. Figure 2.2 shows the structure of geopolymer.
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Figure 2.2: Structure of geopolymer

(Source: Davidovits, 1991)

Nucleation, or the dissolution of the aluminosilicate material and formation of polymeric
species, is highly dependent on thermodynamic and kinetic parameters and encompasses
the two first steps proposed by Glukhovsky (1959). Growth is the stage during which the
nuclei reach critical size and crystals begin to develop. These processes of structural
reorganization determine the microstructure and pore distribution of the material, which
are critical in determining many physical properties (Duxson et al., 2005; Duxson et al.,
2007). Geopolymers derived from different combinations of raw materials can easily be
synthesized containing multivalent cations (Alonso and Palomo, 2001; Granizo et al.,
2002; Lee and Van Deventer, 2002a; Yip and Van Deventer, 2003). Therefore during the

course of alkali-mediated reaction, Al (1) and Si (IV) are converted to tetrahedral sites
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with an associated alkali cation to maintain electro neutrality (Davidovits, 1991). The
speciation of aluminum in alkaline solutions is restricted to Al (OH) 4 @ in all but the
most concentrated aluminate solutions, where some dimerization is observed (Swaddle et
al., 1994). These geopolymers are expected to have unique properties such as zeolite
adsorbents. However, the details about geopolymer adsorbents still are not well known at
this time (Lopez et al., 2014a). If geopolymers can actually remove metal ions from waste
water via adsorption, the matrix could become new approach for several industries

(Lopez et al., 2014a).

2.6.1 Functionalization of geopolymers

Functionalization of the surface of geopolymers changes the material in ways determined
by the functional group (Ali et al., 2016). Properties that can be varied include surface
charge, hydrophobicity, molecular binding and reactivity. Methods used for
functionalization of silanol groups in silica based materials, such as mesoporous silica can
be readily adapted for geopolymers since they are zeolite analogues (Richer, 1998).
Aluminium is hexa, penta and tetra-coordinated in the precursor and after
geopolymerization tetra-coordinated aluminium provides negative charges to the surface
of the aluminosilicate framework. This extra negative charges are neutralized by cations
such as sodium and potassium (Van Jaarsveld et al., 1998). This shows that geopolymer
or clay has a potential to be functionalized at the surface (Yan et al., 2007). This
information forms the basis of one of our objectives of studying the surface

functionalization of geopolymer.
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2.6.2 Compositional and microstructural analyses of geopolymers and source
materials

The geopolymers like other molecular sieves are characterized using FT-IR, SEM, EDS,
XRD among other methods. Characterization using FT-IR spectroscopy is for
determination of molecular vibration of the geopolymers, X-ray diffractometer (XRD) for
crystal structure determination, X-ray fluorescence (XRF) or EDS to qualitatively and
quantitatively identify the chemical composition of principal components (Lopez et al.,

2014b).

2.7 Adsorption isotherms

The adsorption isotherm is the relationship between the amount of sorbate adsorbed by an
adsorbent (solid) and its equilibrium concentration at constant temperature (Theodore and
Ricci, 2010). An equilibrium is arrived at where a number of molecules arriving on the
surface of an adsorbent equals the number of molecules that are leaving (Thajeel, 2013).
Equilibrium data is analyzed using commonly known adsorption isotherms (Rahimi and
Vadi, 2014). The earliest and simplest known relationships describing the adsorption
process are the Freundlich and the Langmuir isotherms (Jalali et al., 2002). Modified
Langmuir Freundlich isotherm is a versatile isotherm expression that simulate both
Langmuir and Freundlich behaviors (Sips, 1948; Nahm et al., 1977). Both the Langmuir-
type and Freundlich-type adsorption behavior in linearized forms have been used for
modeling pH-dependent sorption effects of adsorption of arsenic ions (Jeppu and
Clement, 2012). Equations 2.2, 2.3, 2.4 and 2.5 represent Langmuir, Freundlich,

Langmuir Freundlich and Temkin isotherms respectively.
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(Langmuir, 1916)

Where c. is equilibrium concentration, g. is adsorption at equilibrium K. is Langmuir

constant and g, is adsorption capacity.

(Freundlich, 1906)

Where c. is equilibrium concentration, ge is adsorption at equilibrium Kg is Freundlich

constant and 1/n is heterogeneity index.

_ Qm (K Ce)"
e ™ (KaCeq)n + 1

(Turiel et al., 2003)

Where ceq is equilibrium concentration, de is adsorption at equilibrium K, is Langmuir

Freundlich constant, n is heterogeneity index and Qp, is adsorption capacity.

The Temkin isotherm assumes that the heat of adsorption of all the molecules in the layer
would reduce linearly with coverage due to the impact of indirect sorbent-sorbate
interactions (Temkin et al., 1940). This model also assumes that adsorption is
characterized by a uniform distribution of binding energies, up to some maximum binding

energy. Derivation of the Temkin isotherm is achieved using equation 2.5.

Je=B1lIn KT BalN G e e 2.5
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Where B; is the Temkin constant related to the heat of adsorption and kr is the
equilibrium binding constant (Lmg ™). A plot of ge versus In C. enables the determination

of the isotherm constants B, and kr from the slope and intercept of the straight line plot.

2.8 Kinetic studies

Information about the system dynamics, that is, the adsorption rate, residence time and
mass transfer parameters such as external mass transfer coefficients and intra-particle
diffusivity are supplied in kinetic studies (Zendelska et al., 2014). These parameters are
essential in the design and operation of any adsorption column in wastewater treatment
plants. Therefore, kinetic studies help to evaluate the suitability of any material as a
possible adsorbent in removing pollutants from aqueous solutions (Connors, 1990).
Laxmipriya et al. (2018) reported on understanding of the kinetics and mechanism of

heavy metal adsorption onto a pyrophyllite mine waste based geopolymer.

2.9 Desorption studies

For wastewater treatment, reusability of geopolymer adsorbent materials is of importance
in economic development, since it helps to protect the environment by recycling of the
adsorbate ions and adsorbent. The successful application of this technique also reduces
the dependence on thermal activation, incineration, and land disposal, which directly or

indirectly increases environmental pollution (Kumar, 2013).
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Research design and validation

These studies utilized an experimental design where experimental data obtained in the
research was used to measure and describe the relationship or association between
variables (Baker, 2017). The instruments used were validated by means of inter
laboratory comparison as a means of method validation. In this case similar analytical
instruments in different laboratories were subjected to same written protocols and
analysed the same samples (IUPAC, 2000). Reference material activated carbon (AC)
was used in studying the effect of initial concentration on adsorption process. All
instruments used were calibrated before use and adsorption studies used procedures

validated in literature.

3.2 Apparatus and instrumentations

The equipment used were FAAS (AA 6300 Shimadzu), XRD (D2 Phaser- Bruker),
centrifuge (Eppendorf 5810), Fisher brand test sieve aperture 250 microns (1ISO3310/
1.mill), XRD mccrone micronizing mill (Glen creston company), EDX spectrometer
(800HS), XRF (S1 titan), electric shaker (SHR-2D and D-3162), electric weighing
balance (ATY224 Shimadzu), muffle furnace (Eisklo LN 120), aspirator pump
(7049-05), water still (model WSB/4), grinding mill (Reutsch SR 200), FTIR (IRTracer-
100), fabricated ball mill, UV-VIS (Specord 200 plus), pH meter (Starter 2000) and

scanning electron microscope (SEM) (Zeiss Evo LS 15).

3.3 Chemicals

Chemicals used in this study were of analytical grade manufactured by Sigma Aldrich

Company. They included, Pb (NOs),, HNO3, Cd (NOg3), H,0, Zn (NOg3), 6H,0, Citric



28

acid, Disodium EDTA, KBr, Methylene blue (Ci6H1sCIN3S) and NaOH used in

adsorption experiments.

3.4 Collection and pretreatment of clay and rice husk materials

The clays used were obtained from Kakamega, Kuresoi and Molo areas of Kenya. They
were transported to Kenyatta University laboratory, washed with distilled water and then
air dried for two weeks. Calcination was done at 700 "C in a furnace (Eisklo LN 120) and
the clay later ground to a fine powder using a grinder (Reutsch SR 200). The calcined
clays were used as a source of Al,Os. Rice husk obtained from a rice processor at Mwea
in Kenya was washed with distilled water using a liquid/solid ratio of 15 L: 1kg. The
solids were allowed to settle, filtered and dried at 60 “C in an oven for 12 hours. Leaching
was then carried out with 3 % HCI solutions using reflux boiling apparatus, for 2 hours.
The solids were washed with distilled water to remove the acid retained, and then dried at
60 'C for 12 hours. Calcination was done at 600 ‘C for 2 hours using a muffle furnace to

obtain ash which was used as a source of silica (Nogueira and Margarido, 2012).

3.5 Elemental analysis of calcined clay and rice husk ash

The chemical composition of the calcined clay and rice husk ash were analysed using
energy dispersive X- ray spectrometry. Alumina, silica and other constituent components

in the ashes were analysed in situ using the method described by Kupper et al. (2000).

3.6 Synthesis of geopolymer samples

The procedure was adopted from Lépez et al. (2014a) but with slight modifications. 20 g
of rice husk ash (RHA) was weighed and placed in three different 250 mL Erlenmeyer
conical flasks. Alkaline activating solution of sodium hydroxide was prepared 24 hours

prior to mixing with calcined clays (Ferone et al., 2013). 100 mL of 8.0 M NaOH was
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added to each conical flask and the mixture stirred using a magnetic stirrer for 15
minutes. 50 g of calcined clays (CC) was weighed and added to each of the three
Erlenmeyer conical flasks labeled GP-1, GP-2 and GP-3 respectively. The mixtures were
then transferred to 250 mL plastic bottles and shaken in a ball mill for 5 hours (L6pez et
al., 2014a). The fluid matrix was then poured into ceramic crucibles and cured in an oven
at a temperature of 80 'C for 12 hours. The temperature conditions were then adjusted to
200 "C for another 12 hours to facilitate complete polycondensation (L6pez et al., 2014a).
The ultimate geopolymer materials obtained were washed with distilled water severally to
a pH of 7.0 £ 0.5. Filtration was then done using aspirator pump model 7049 and residues
dried in an oven at 100 "C for 12 hours to get rid of all water present. Grinding to fine
powder was done using a grinding mill (model SR 200). The geopolymer materials GP-1,
GP-2 and GP-3 were preserved for functionalization and characterization, and then

preserved for use as adsorbents.

3.7 Functionalization of geopolymers

The geopolymer samples were functionalized using the procedure adopted from Beyer
(2002) with modification to allow attachments of citric acid and EDTA through silanol
functional groups by condensation. 100 mL of 0.3 M citric acid and EDTA was added
separately to 50 g of the geopolymer samples GP-1, GP-2 and GP-3 in 250 mL
Erlenmeyer volumetric flasks respectively. The mixtures were then shaken in an electric
water bath shaker model D-3162 at 80 ‘C with a shaking speed of 160 rpm for 4 hours.
The samples were latter washed several times with distilled water to a pH of 7.0 £ 0.5 and

then dried at 100 °C in an oven for 12 hours (Xu et al., 2013).



30

3.8 Analysis and characterization of geopolymers
3.8.1 Analysis of the chemical composition of geopolymers using XRF

An automated Bruker model S1 Titan hand held XRF analyzer was used for chemical
characterization of the geopolymer samples. Energy calibration was carried out first to
ensure that peak energies were accurately tied to specific elements. The powdered
samples were loaded into the sample cups with care on a laminar flow clean bench with
no use of rubber gloves to prevent zinc contamination. A scan time of 60 seconds per

sample was performed and reports generated from computer coupled to the XRF.

3.8.2 XRD characterization of geopolymers

The geopolymers were analyzed using XRD with Cu Ka radiation at 40 kV and 40 mA
using a graphite monochromator (A=1.5418 A) at a scanning speed of 3" 26/min. 10 g of
each sample were dispersed in ethanol and milled for 12 minutes using an XRD Mccrone
micronizing mill after which the mixture was centrifuged at a rate of 400 rpm using a
centrifuge (Eppendorf 5810) for 10 minutes to allow separation. Hexane was then added
and vibrated to reduce preferred orientations. The treated samples were then heated in an
oven at 70 "C for six hours to dry. Sieving was performed using a sieve fisher brand of
aperture 250 um. Subsequently, each was placed in a sample disk and mounted on an
aluminum rod perpendicular to the bedding plane and parallel to the horizontal axis of a

goniometer (Ischia et al., 2005) in XRD for analysis.

Data integration and evaluation was done using EVA software. The intensity of the
diffraction of a sample under investigation was continuously recorded as the sample and
detector rotated through their respective angles. This was to ensure high peak / foundation
proportions, low sensitivity to sample density variations and decent counting insights.

The strongest peaks stayed within the linearity range of the counter and the beam stayed
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within preparation for the lowest 26 angle diffraction, from which the examination was
performed. Counting time was 450 seconds for each spot. The powder diffraction file
(PDF) database and international table for crystallography from the international center
for diffraction data (ICDD) present in coupled computer library were used in the phase’s
identification (Treacy and Higgins, 2001). The position and relative intensities of a series
of peaks were used to match experimental data from diffractograms to reference patterns

in the database (Treacy and Higgins, 2001).

3.8.3 FT-IR characterization of geopolymers

A spatula full of KBr was added into an agate mortar and ground into a fine powder until
crystallites were no longer present and it turned “pasty” and stuck to the mortar. A small
amount of powder sample was taken (about 0.1 g of the KBr, or just enough to cover the
tip of spatula) and mixed with the geopolymer powder. The powder mixture was added to
the 7 mm collar and then put into the hand press. The powder was pressed for
approximately 2 minutes to form a good thin and transparent KBr pellet. The die set and 7
mm collar were later disassembled and taken out and then put onto the sample holder for

FT-IR analysis (Cullum and Vo-dinh, 2014).

3.8.4 SEM characterization of geopolymers

Scanning electron microscopy (SEM) was used to record micrographs while energy
dispersive X-ray spectroscopy (EDX) was used as an additional tool for the semi-
quantitative analysis (Heath, 2015). The computer-assisted SEM analyses were conducted
on the geopolymer samples. Samples were thoroughly degreased, cleaned ultrasonically
using methanol and dried to eliminate any outgassing from organic contamination and
water. After cleaning the samples with methanol, they were blown with compressed gas

to get rid of the volatile solvent. 10.0 g of powdered samples (GP-1 to GP-3E) were
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securely mounted on a SEM stub using conductive carbon tape after which they were
coated (3 coats) with gold to enhance their conductivity. They were then loaded onto a
sample holder and the areas of interest scanned. The EDX analyses were also carried out

on the areas of interests. The carbon tapes used were vacuum compatible.

3.9 Preparation of solutions

Stock solutions were prepared using lead (1) nitrate, cadmium (1) nitrate, zinc (1) nitrate
and methylene blue which were all of analytical grade supplied by Sigma Aldrich
(Kenya). Lead (1) ions solution was prepared by dissolving an accurate quantity of 1.559
g of lead (1) nitrate in 700 mL of distilled water and diluting to 1000 mL. Exactly 2.74 g
of cadmium (1) nitrate and 4.55 g of zinc (Il) nitrate were prepared in the same way.
1.000 g of methylene blue (C16H1sCIN3S) was dissolved in distilled water to make 1000

mg/L. Working solutions obtained by serial dilution of the stock solution.

3.10 Optimization of pH

3.10.1 Optimization of pH for adsorption of Pb (1), Cd (II) and Zn (I1) ions onto
geopolymers

Experiments were conducted by varying pH from 2 to 6 while maintaining all other
experimental conditions constant for Pb (I1), Cd (1) and Zn (Il). The pH adjustments
were done using the procedure given by Moreno-pirajan and Giraldo (2012). 50 mL pH
adjusted solutions containing 100 mg/L of each one of the Pb (11), Cd (1) and Zn (1) ions
in monocomponent systems were placed in 100 mL stoppered plastic bottles. 0.10 g
(weight with analytical precision) of geopolymer materials was put into each of the
stoppered bottles. The bottles were placed in a thermostatic electric shaker (SHR-2D) at
120 rpm, maintained at 25 "C + 1 and shaken continuously for one hour. All experiments

were carried out in triplicates and mean average values were used for further calculations.
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The reagent bottles were successively withdrawn after shaking and the supernatant
solutions filtered using whatman no 41 filter papers. The residual metal ions was analyzed

by means of FAAS using the procedure adopted from Ryan et al. (2001).

3.10.2 Studies on point of zero charge (pH pzc)

The pH pzc for the adsorbent was determined according to the method of El-Sayed
(2011). 0.10 g of the polymer was placed in a 250 mL Erlenmeyer flask and 50 mL of
deionized water added. The initial pH values of the solution were roughly adjusted to 4.0—
12 by adding either 0.1 M HCI or 0.1 M NaOH. The mixtures were shaken in an electric
shaker (SHR 2D) and allowed to equilibrate for 12 hours with periodic shaking at a speed
of 120 rpm. The pH values of the supernatant liquids were noted and the relation between

the initial and final pH values was deduced and evaluated to obtain the pH pzc.

3.10.3 Optimization of pH of adsorption of MB onto geopolymers
The effect of pH on the methylene blue (MB) adsorption process was studied by varying

the initial pH of the solution from 4 to 12. The pH was adjusted using 0.1 M HCI and / or
0.1 M sodium hydroxide (NaOH), and measured using a pH meter (Model starter 2000).
The MB initial concentration was fixed at 25 mg/L with adsorbent dose of 0.1 g/25 mL at
298 K. The mixture was agitated at 120 rpm for a period of one hour to achieve
equilibrium and then filtered. The filtrate was analysed for residual MB concentration
using a UV-Vis spectrophotometer (Specord 200 plus). This procedure was adopted from

Mohd and Zainal (2011).

3.11 Optimization of contact time on adsorption of Pb (I1), Cd (I1), Zn (Il) and MB
The impacts of residence time were investigated by varying time from 20 to 100 minutes.

0.10 g of geopolymer material was added to 50 mL of 100 mg/L metal ion solutions and
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25 mL of 25 mg/L of MB in each of a series of adsorption bottles. The bottles were
placed in a thermostatic electric shaker at 120 rpm, maintained at 25°C + 1 at a pH of 4.0
for Pb (1) and 5.0 for both Cd (I1) and Zn (11). After 20 minutes of adsorption time was
completed, the adsorbents were removed from the solution by filtration and the
concentration of residual metal ion and MB in each solution determined using FAAS and
UV/Vis spectrophotometry respectively. Subsequently, the same procedure was repeated

by adjusting time to 40, 60, 80 and 100 minutes respectively.

3.12 Optimization of shaking speed on adsorption of Pb (I1), Cd (II), Zn (11) and MB
To determine the effect of shaking speed, 0.10 g of synthesized material was put in each
of the bottles containing 50 mL of metal ions and 25 mL of MB working solutions. The
bottles were placed in a thermostatic electric shaker at room temperature of 25°C # 1 and
were shaken continuously for one hour at shaking speed of 120 rpm and optimum pH of
Pb (11), Cd (1), Zn (1) and MB. Filtration was done and metal ions present analyzed. The

procedure was repeated with shaking speeds of 150, 180, 210 and 240 rpm.

3.13 Optimization of temperatures on adsorption of Pb (I1), Cd (1), Zn (I1) and MB

The temperature range of 293 K to 328 K was used for 100 mg/L monocomponent system
of Pb (I1), Cd (I1) and Zn (1I) ions adsorption to determine the equilibrium temperature.
For each experimental run, 50 mL aqueous solution of the known concentration at
optimum pH of adsorbate ions was put in a 100 mL stoppered plastic bottles containing
0.10 g of the adsorbent. The bottles were placed in a thermostatic electric shaker at a
constant shaking speed of 120 rpm at the specified temperature and withdrawn after
shaking for one hour. Filtration was done and residual metal ions present analyzed. For

MB, 25 mL of 25 mg/L of working solution was put in stoppered plastic bottles. 0.10 g of
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adsorbent was added to each of the bottles and shaken in an electric shaker at a constant
speed of 120 rpm in a temperature range of 298 — 328 K. After filtration, the filtrate was

analysed for residual MB concentration using UV-Vis spectrophotometry.

3.14 Optimization of adsorbent dose on adsorption of Pb (I1), Cd (I1), Zn (11) and
MB

Weighed amounts of geopolymer materials of mass (0.1 - 0.5 g) were introduced into
stoppered reagent bottles containing 50 mL of 100 mg/L metal ions solutions and 25 mL
of 25 mg/L of MB. The suspensions were shaken at room temperature (25 C + 1) using an
electric shaker for a prescribed time of one hour at 120 rpm. Agueous samples were taken
from the solution and analyzed. All samples were filtered prior to the analysis in order to
minimize the interference of the geopolymer fines with the analysis. The concentrations
of metal ions in the solutions after adsorption were determined using flame atomic
absorption spectrophotometry at a wavelength of 283.3 nm for lead, 228.8 nm for
cadmium and 213.8 nm for zinc while the MB concentration was determined using UV-

Vis spectrophotometry at a wavelength of 665nm.

3.15 Optimization of initial concentration on adsorption of Pb (II), Cd (II), Zn (1)
and MB

The adsorption of metal ions by the geopolymer adsorbents was investigated by varying
their initial concentrations from 20 to 200 mg/L and from 25 to 50 mg/L for MB, while
maintaining all other experimental conditions constant. 0.10 g of geopolymer material
was placed in each of the bottles. 50 mL of concentrations 20, 50, 100 and 200 mg/L of
metal ions and 25 mL of concentrations 25, 30, 40 and 50 mg/L of MB were put in plastic
bottles and placed in an electric shaker at 120 rpm for one hour. The reproducibility
during concentration measurements was ensured by repeating the experiments three times

under identical conditions.
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3.16 Column studies for Pb (I1), Cd (I1) and Zn (I1) ions using geopolymers

The column procedure was adopted from Biswas and Mishra (2015) with slight
adjustments. A glass column made of Pyrex tube with an internal diameter of 1 cm and
height of 60 cm was fitted with cotton wool and held firmly in a vertical position with the
aid of a retort stand. To assist in a uniform flow of the wastewater into the column, glass
beads were placed to attain 3 cm in height. 0.50 g of the prepared geopolymer was packed
in the column, and then cotton wool placed on top of the bed and firmly secured in place
by layer of glass beads in order to provide a uniform flow of the solution through the
column. Distilled water was poured to wet the column and ensure that all air between and
within the geopolymer particles was expelled before the experiment began. Adsorption
experiments were done for 50 mL of 100 mg/L of synthetic wastewater samples of Pb
(1), Cd (1) and Zn (I1) ions. Elusion was by gravity through the geopolymer materials.
The eluents were then analysed for residual metal ions concentration using FAAS

(Agbozu and Emoruwa, 2014).

3.17 Adsorption isotherms

Adsorption and desorption quantitative data of metal ions and MB obtained in section
3.14 was treated using Freundlich, Langmuir, modified Langmuir Freundlich (Sips
isotherms) and Temkin isotherms. The models were used to determine adsorption
capacities of the geopolymers synthesized using different clays and rice husk ash (RHA).
FAAS was used to determine both the initial metal ion concentration before adsorption
(Co) and the residual metal ion concentration (C¢) obtained after the adsorption process.

The amount of adsorption at equilibrium, ge (mg/g), was calculated by equation 3.1.
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Where; C, and C, (mg/L) are concentrations of the respective metal ions at initial and
equilibrium conditions respectively. V is the volume of the solution (L) and W is the mass
of dry adsorbent used (g) (Vijayakumar et al., 2012). For the Freundlich isotherm, the
plot of log ge against log C. will give a straight line with a slope of 1/n and intercept of
log Kg. For Langmuir isotherm, the plot of C¢/ge against C, gives a straight line with a

slope of 1/Qmax and intercepts 1/Qmax KL (Tan and Hameed, 2010).

The essential features of the Langmuir isotherm were expressed in terms of equilibrium
parameter Ry, which is a dimensionless constant referred to as separation factor or
equilibrium parameter (Weber and Chakravorti, 1974). For Temkin isotherm g, was
plotted against Log C and its parameters calculated using equation 2.5. For modified Sips
isotherm C. was plotted against g. and the model fitting was accomplished using the

generalized reduced gradient algorithm available in Microsoft Excel solver.

3.18 Thermodynamic studies of the adsorption process

Adsorption standard free energy changes (AG)), the standard enthalpy change (AH") and
the standard entropy change (AS’) were obtained using data obtained from experiments
described in section 3.12. Thermodynamic parameters were calculated at using equations

3.2and 3.3 (Yao et al., 2010).

AG = o RT IN Koo 3.2

LN Ko = AS TR = AH TR oo 3.3
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where R (8.3145 J mol™ K™) is the gas constant, k¢ (L g™) is the Langmuir constant and T

(K) is the absolute temperature (Yao et al., 2010).

3.19 Kinetic studies of the adsorption process

The experiment described under section 3.10 provided C; data. Equation (3.4) was used in

calculating of g;.

qt= (Co-Cy —?//V """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 34

Where V is the volume of adsorbate solution in (L), and W is the mass of the adsorbent in
(9). The data obtained was used to plot graphs of log (e - q;) against t for pseudo- first
order and t/g; against t for pseudo- second order and determine kinetic parameters as per

equations 3.5 and 3.6 respectively.

Kt
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L 36
% K2q2e t

Where g is amount adsorbed at equilibrium, g; is amount adsorbed at a given time, t is
residence time in minutes, Kk is the Lagergren rate constant and k; is the rate constant for
pseudo -second order (Lagergren, 1898). The data obtained was also used to plot the

intraparticle diffusion models. The intraparticle diffusion equation is presented in 3.7.
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R O (PO 3.7
The linearized form of the equation is given in 3.8
LOg R = L0Og Kijg+ @ L0g (L) wreereererremmmmmnmeiniini 3.8

Where R = percent of MB adsorbed, t = contact time (minutes), ‘a’ = gradient of linear

plot and ki is the rate constant (Weber and Morris, 1963).

3.20 Desorption studies
The desorption procedure was adopted from Edokpayi et al. (2015) with slight

adjustment. For the desorption studies, contact was made between 1.0 g of geopolymer
materials and 200 mL Pb (I1), Cd (I1) and Zn (I1) ions solutions for a residential time of
24 hours. After metal ion sorption, the geopolymers were filtered, washed three times
with distilled water to remove residual metal ions on the surface, and kept in contact with
the 200 mL of 0.1 M NaCl desorbent solution. The mixtures were shaken in an electric
shaker (model SHR-2D). One mL aliquots were sequentially removed using a 1.0 mL
dropper at predetermined times (15, 30, 60, 120, 240 and 600 minutes) and analyzed
using AAS to determine the concentration of metal ions after desorption (Moyo et al.,
2013). The percentage of metal ions desorbed was calculated by the following equation

3.9.

% Desorption=100 [CoVp] / QeM .....viniiiiii e 3.9

where Cp (mg/L) is the concentration of metal ions in the desorbed solution, Vp (L) is the

volume of desorbed solution, m (g) is the mass of adsorbent used for desorption studies
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and ge. (mg/g) is the adsorption capacity of the adsorbent for metal ions (Akpomie et al.,

2015). The desorption studies of MB was not done due to its decomposition with time.

3.21. Analysis of Pb (1), Cd (1), Zn (1) and MB

The standard solutions were aspirated into the atomic absorption spectrophotometer and
their respective concentrations recorded. The sample solutions were also aspirated into
the FAAS (AA 6300 Shimadzu) and their respective concentrations recorded as well. The

operating conditions used during analysis of the metal ions were as presented in table 3.1.

Table 3.1: Operating conditions used for the FAAS (AA6300 Shimadzu) instrument

Metal ions Wavelengths (nm) Slit width Atomization Lamp mode

(hm)
Pb (11) 283.3 0.7 Furnace BGC- D; (mA)
Cd (1) 228.85 1.0 Flame BGC- D, (mA)
Zn (I1) 213.8 0.7 Flame BGC- D, (mA)

Source: operating manual of AAS (AA6300 Shimadzu)

Concentrations of MB were analysed using UV-Vis spectrophotometry at wavelength of

665nm.

3.22 Statistical analysis

Sorption and desorption data were collected as an average of three replicates and the
standard deviation was calculated and used as error bars to discriminate differences
among isotherms. Variances among parameters treatment were analyzed by calculating P-
values associated with one-way ANOVA test with post hoc comparison (Tukey HSD
test). The results were considered statistically significant at P < 0.05 (Taylor et al., 2012).

The data was analyzed using software Minitab 17 statistical software package and excel.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Chemical composition of calcined clays and rice husk ash

Energy dispersive X-ray fluorescence spectrometer (EDX) was used to determine the
chemical compositions of raw materials. Table 4.1 shows that the main oxide components
of the raw materials from Kakamega clay (KK), Kuresoi (KR), Molo (ML) and ash from

rice husk (RHA) from Mwea were silica and alumina.

Table 4.1: Mean percentage chemical composition of calcined clays and rice husk

ash

Oxides (%) KK KR ML RHA
Meanz SD Meanz SD Meanz SD Mean+ SD
SiO, 40.94 + 0.36 36.16 + 0.37 37.17+£0.43 71.54 +£0.50
Al,O3 36.25+1.21 32.54 +1.34 30.03 + 1.50 11.53 £0.99
Fe,0O3 6.96 + 0.04 11.34 + 0.05 17.84 + 0.06 10.43 £ 0.04
CaO 0.76 £0.01 0.16 £ 0.03 0.52 +£0.01 1.32 +£0.01
MnO nd 0.08 +0.01 0.14+0.01 0.48 £0.01
K,0 13.86 = 0.10 18.23 +0.12 12.05+0.11 3.32 +£0.06
TiO, 0.92 +0.02 0.82 +0.02 1.50 £ 0.03 1.16 £0.02
SO3 0.05+0.00 0.06 £ 0.00 0.07 £0.00 0.09+0.01
ZrO; 0.18 +0.00 0.11+0.00 0.48 +0.00 0.07 £0.00
V,05 0.07£0.01 nd nd nd
SrO 0.05+0.00 0.05+0.00 nd 0.02 +0.00
NbO nd nd 0.11+£0.00 0.02+£0.00
Rb,O 0.03+0.00 0.03+0.00 0.03+0.00 nd

KK- Kakamega clay, KR- Kuresoi clay, ML- Molo clay, RHA- rice husk ash, nd- not
detected and SD- standard deviation

The percentage of SiO, was 40.94, 36.16, 37.17 and 71.54 %, Al,O3 was 36.25, 32.54,
30.03 and 11.53 %, Fe,O3 was 6.96, 11.34, 17.84 and 10.43, and K,O was 13.86, 18.23,
12.05 and 3.31 % for KK, KR, ML and RHA respectively. All the other oxides were
below 1 % in all parent materials with the exception of TiO, in ML and RHA which was
at 1.50 and 1.16 % respectively. These results are in tandem with data reported by Nmiri

et al. (2017) on oxide analysis of kaolinite clay.
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4.2 Chemical composition of geopolymers

Table 4.2 shows the X-ray fluorescence spectrometry data on elemental composition of

the geopolymers as obtained from XRF (Sl Titan).

Table 4.2: Mean percentage of chemical composition of geopolymers

Oxides (%) GP-1 GP-2 GP-3

Mean £ SD Meanzx SD Mean+ SD
SiO, 66.84 + 0.44 66.21 + 0.49 73.99 +£0.45
Al,O3 16.05 £ 0.39 15.83£0.43 8.93+0.32
Fe 6.42 +0.03 5.65 + 0.03 9.05+0.04
CaO 1.88 £0.02 1.43 £0.02 0.92 £0.02
MgO nd 1.21+152 nd
Mn 0.11+0.01 0.09+0.01 0.07£0.01
K,0 443 +0.03 6.08 + 0.04 2.89+0.02
P,0s nd 0.64 £ 0.05 0.61 +£0.05
Ti 1.38+0.01 1.12+0.01 1.85+0.01
Cr 0.28 +0.01 0.19+0.00 0.12+0.00
Ni 0.13+0.00 0.08 £ 0.00 nd
S 0.89 +0.03 0.72+£0.03 0.92 £0.03
Cl 0.36 + 0.01 0.42 +0.02 0.21+0.01
Zr 0.07 £0.00 0.06 £ 0.00 0.17 £0.00
Sr 0.05+0.00 0.05+0.00 0.01+0.00
Mo 0.05+0.00 0.03+0.00 0.02 +£0.00
Rb 0.02 +0.00 0.03+0.00 0.02 +0.00
LOI 1.09 0.14 0.04

GP-1= geopolymer from Kakamega clay, GP- 2= geopolymer from Kuresoi clay, GP- 3=
_geo_p_olymer from Molo clay, SD = standard deviation, nd= not detected and LOI= loss on
ignition

The main components of the geopolymer materials GP-1, GP-2 and GP-3 were silica and
alumina. The percentage of SiO, was 66.84, 66.21 and 73.99 % and that of Al,O3; was
16.05, 15.83 and 8.93 % for GP-1, GP-2 and GP-3 respectively. Other elements and
oxides found included Fe at 6.42, 5.65 and 9.05 %, K,O at 4.43, 6.08 and 2.89 %, CaO at
1.88, 1.43 and 0.92 % and Ti at 1.38, 1.12 and 1.85 % for GP-1, GP-2 and GP-3
respectively. All the other elements were below 1 % in all geopolymers with the
exception of MgO in GP-2 which was at 1.21 %. The loss of ignition, LOI was 1.09, 0.14
and 0.04 for GP-1, GP-2 and GP-3 respectively. The powder sample of geopolymers GP-

1, GP-2 and GP-3 showed increase in the content of SiO,. This was due to the reaction
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between calcined clay and the alkaline activator (mixture of RHA and NaOH), which is
known as geopolymerization (Al bakri Abdullah et al., 2012). The results on composition
of geopolymers are in agreement with results obtained by Lopez et al. (2014a) showing

that the main components of geopolymer are silica and alumina.

4.3 Characterization of geopolymers by FT-IR

Spectroscopic analysis was carried out by using Fourier Transform Infra-Red Analysis
(FT-IR). FT-IR absorption spectra were recorded in the 4000-400 cm™* range using a
Nicolet system, IRTracer 100 model Shimadzu, equipped with a DLaTGS (deuterated, L-
alanine doped triglycine sulfate with potassium bromide windows) detector. The
spectrum of each sample represents an average of 32 scans. Figure 4.1 shows the spectra

obtained before adsorption process was carried out.
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Figure 4.1: FT-IR spectra for geopolymers before adsorption process
C- Citric acid functionalized geopolymer
E- EDTA functionalized geopolymer

In all geopolymeric materials, spectra bands were observed around~1600 cm ™ and~3450
cm* that were attributed to (H-O—H) and (—-OH, H-O-H) bending and stretching

vibrations respectively. Water was needed for the process of geopolymerization as it
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implicated the destruction of solid particles and hydrolysis of dissolved AI** and Si** ions
as reported by Mu et al. (2012). Another spectral band at around 1400 cm™ appeared in
all the geopolymer as shown in both figure 4.1 and 4.2. Figure 4.2 presents the spectra of

geopolymers after adsorption process.
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Figure 4.2: FT-IR Spectra of geopolymers after adsorption process

C- Citric acid functionalized geopolymer

E- EDTA functionalized geopolymer
This band is characteristic of the asymmetric O-C-O bonds of CO3> stretching mode,
indicating the presence of sodium bicarbonate that is suggested to occur due to the
atmospheric carbonation of a high alkaline NaOH aqueous phase, which is diffused on the
geopolymeric materials surface (Lee and Van Deventer, 2002b; Swanepoel and Strydom,
2002; Fernandez-Jiménez and Palomo, 2005). Excess sodium content can form sodium
carbonate by atmospheric carbonation and may disrupt the polymerization process
(Barbosa and MacKenzie, 2003). The strong peak at~1000 cm™ is associated with Al-O
and Si-O asymmetric stretching vibrations and is the fingerprint of the geopolymerization
according to Phair and Van Deventer (2002). In the region of 775 - 650 cm™, the bands

are due to symmetrical vibrations of tetrahedral groups (TO,). The peak at~460 cm™ is
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assigned to in-plane bending of Al-O and Si-O linkages (Phair and VVan Deventer, 2002)

and appears in all spectra’s of geopolymers shown in figures 4.1 and 4.2.

Functionalizing with citric acid and EDTA, the shoulder band at~1700 cm™ was observed
corresponding to the asymmetric stretching vibration of COOH group (Baranauskas et al.,
2002; Peleckis et al., 2002) and a respective symmetric vibration was also observed
at~1396 cm™. The peak observed at~1595 crn™ region, for all the citric acid and EDTA
functionalized geopolymers was due to the asymmetric stretching vibration of -COO-
groups (Rama et al., 1995; Hon et al., 2002). These vibration peaks are missing in
geopolymers that are not functionalized and therefore gives an inference that citric acid
and EDTA were tethered onto the geopolymers. Functionalization using EDTA and citric
acid led to an increase in absorbance at the wavenumber 3450 cm™. This represents an

increase in the amount of -OH functional group in the sample (Chiem et al., 2006).

The strong peak at~1000 cm™ for all geopolymer materials is associated with Al-O and
Si-O asymmetric stretching vibrations. After adsorption, Al-O and Si-O asymmetric
stretching vibrations which are the confirmation of the geopolymerization reduced as
displayed by the FTIR spectra. This could be attributed to the fact that the two groups

were used in adsorption process.

4.4 Microstructure analysis of geopolymers by scanning electron microscope

The particle morphology and the microstructure of the cured geopolymers were examined
using a scanning electron microscope (SEM) (Zeiss Evo LS 15) at an accelerating voltage
of 5 kV. Figure 4.3 and 4.4 shows the microstructure of the GP-1 and GP-1C

respectively.
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Figure 4.3: SEM image of GP-1 Figure 4.4: SEM image of GP-1C

A more porous microstructure with voids is clearly observed in these SEM micrographs.
All figures (Fig 4.3 to 4.9) reveal that the particles of geopolymer concrete were
irregularly shaped but very compact. In this geopolymer concrete, the continuity of the
mass of reaction product appears like a layer of viscous fluid, suddenly frozen indicating
complete polymerization process. Cracks present in the geopolymer gel were believed to
occur when the sample was placed in vacuum for SEM coating (Li et al., 2013). SEM
images in all figures disclosed that paste and mortar formed a relatively dense reacted

product.

There were few micro cracks recorded in the geopolymers. These microcracks may be
caused by the loading process during SEM analysis and also may be introduced by
shrinkage during geopolymer curing where water evaporated (He, 2012). A small group
of bright particles which are believed to be zeolites crystals were observed in all
geopolymers. SEM micrographs show that microstructures of geopolymers changed with
Si: Al ratio and this was in tandem with what was observed by Duxson et al. (2005).

Figure 4.5 and 4.6 shows the SEM micrographs of GP-1E and GP-2.
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'Figure 4.5: SEM image of GP-1E Figure 4.6: SEM image of GP-2

It has been recognized that the SiO,/Al,O; ratio has a very significant effect on
geopolymer characteristics, particularly the microstructural evolution and final
geopolymer pore structure (Duxson et al., 2005; Sindhunata et al., 2006). SEM
micrographs exhibited significant change in microstructure with functionalization as
shown in figures 4.4, 4.6 and 4.8. Cavities surroundings in figures 4.6 and 4.8 consist of
tubular vitreous network (Mu et al., 2012). The considerable number of unreacted
spheres, as well as the presence of pores (Fig. 4.6) in the geopolymer matrix indicates an

incomplete reaction.

Figures 4.3, 4.5, 4.7, 4.10 and 4.11 consisted of two parts, one showing patches of porous,
discrete, shaped particles, while the other presenting a dense and continuous gel-like
matrix without explicit particles or particle boundaries. Therefore, it is reasonable to
conclude that the continuous, gel-like area with no voids is made of geopolymer binder,
and the porous-like particles in the porous area are not geopolymer rather NaOH or
Na,CO3 microcrystals as was suggested by He (2012). Figure 4.7 and 4.8 shows the

micrographs of GP-2E and GP-2C.
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Figure 4.7: SEM image of GP-2E Figure 4.8: SEM image of GP-2C

EDXRF analysis of gel presented in appendix 9 shows that gel mostly consisted of the
phases containing Na-Si-Al in the bulk region suggesting the formation of silicate-
activated gel by polymerization throughout the inter particles volume (Silva et al., 2007;
Lloyd et al., 2009). This correlates with the published works of Lee and Van Deventer
(2002a). Some needle or lathe-shaped particles were formed in the pores or the fractured
surfaces (Fig 4.9). It appears that some of these needles were formed after the
compression during SEM analysis, as evidenced by the newly grown needles around

fractured particles (Fig. 4.9).
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Figure 4.9: SEM image of GP-3E

It is noteworthy that similar particles were observed in a fly ash-based geopolymer (Guo

et al. 2010). Bulky and dense, gel-like substances were also present (Fig. 4.11), which are
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most likely the geopolymer binder with inactive fillers. This is further supported by the
EDXRF analyses shown in the spectrum in appendix 9. The major elements (Na, Al, Si,
and O) make up geopolymers while, Ca, Mg and Fe are also present and influence the
geopolymerization process according to Duxson et al. (2007). These remnants (Fe, Ca, K,
Mg) obviously represent calcined clay and rice husk ash phases, which for various
reasons, did not dissolve during alkali activation (Mu et al., 2012). Lloyd et al. (2009)
suggested that during alkaline activation, these remnants may have been dispersed

throughout the gel. Figure 4.10 and 4.11 shows the images of GP-3 and GP-3C.
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7Figure 4.11: SEM image of GP-3C

4.5 XRD characterization of geopolymers

Figures 4.12 to 4.20 present the X-ray diffraction pattern of geopolymers. In the
diffraction patterns, the 20 angle is on abscissa and the intensity of mineral is plotted
along ordinate. The intensity is represented in counts. The X-ray diffraction (XRD)
analysis was conducted to determine the crystalline phases of the geopolymers. Figure

4.12 shows the powdered diffraction pattern of GP-1.
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Figure 4.12: Powder diffraction pattern of GP-1

Figures (4.12, 4.13 and 4.14) show the XRD data obtained for the three geopolymer
materials (GP-1, GP-2 and GP-3) with different SiO,: Al,O3 ratios respectively. Various
crystalline phases were identified which included quartz (SiO;), albite (NaAlSizOg),
vermiculite (Mg, Fe, Al) 3 (Al, Si)s010)(OH)2.4H,0), microcline (KAISi3Og), analcime
(NaAlISi;06-H,0) and natrite (Na;COs). The formation of carbonates was attributed to
improper sealing of the samples, which allowed atmospheric CO, to react with the
sodium-rich pore solutions (Hajimohammadi et al., 2011). Figure 4.13 represents

diffraction pattern of GP-2
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Figure 4.13: Powder diffraction pattern of GP-2
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The degree of crystallinity calculated as per procedures given by Murthy (2004) was
64.28 % wt. crystallinity and 35.72 % wt. amorphous for GP-1. Quartz, which was
recognizable in all samples and in large percentages after geopolymerization, was the
main crystalline phase present in calcined clay, and the rice husk ash. There was
formation of 1.8 % analcime in GP-2, which was absent in GP-1 and GP-3. Analcime is a
relatively high-silica crystalline phase, and the formation of higher amounts of this phase
indicates that there was most likely a high-silica environment in the regions of the gel in

which it was formed.

A similar report has been discussed previously for geopolymer-forming systems (Silva et
al., 2007) and for zeolite synthesis by hydrothermal transformation of gels and clays
(Barrer and Mainwaring, 1972). It is worth noting that, although the calcined clay
contained alumina (Al,O3) as indicated by the chemical composition analysis (Table 4.1),
no alumina peaks were identified in the XRD patterns of geopolymers. This suggests that
the alumina in the calcined clay was mainly present in amorphous form and hence could

not have been detected by XRD. Figure 4.14 shows the diffraction pattern of GP-3.
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Figure 4.14: Powder diffraction pattern of GP-3
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The fact that analcime was not observed in GP-1 and GP-3 may be due to the
heterogeneity of the geopolymers, leading to the growth of different phases in local areas,
or also it could be a sign of a higher degree of Si contribution to the final geopolymer
binder due to the favourable activating energy of the transformation of such regions

(compared to less Si-rich regions) to higher Si- crystallites (Hajimohammadi et al., 2011).

In the three types of geopolymers, there was a broad hump between 18 - 36 (26). The
amorphous hump conforms to Li and Liu (2007) and Guo et al. (2010) stipulation that the
hump is a characteristic reflection of amorphous geopolymers. Apparently, this broad
reflection was more pronounced in the GP-3, but not so elaborate for the GP-1 and GP-2,
suggesting a higher degree of geopolymerization and more pure geopolymer binder in the

GP-3 than in the GP-1 and GP-2 (He, 2012).

Hydrothermal treatments of the paste during geopolymerization lead to formation of 2.2
% vermiculite (Mg, Fe?*, Fe**) 5 [(Al, Si) 4 O10] (OH) »-4H,0) detected in GP-2 and was
absent in GP-1 and GP-3. This phenomenon could be attributed to the presence of MgO
detected in GP-2. 2.1 and 3.1 % of heulandite (Ca, Na) ,.3Als (Al, Si) , Si;3036-12H,0)
was identified in GP-1 and GP-3 respectively. This could have been caused by the
presence of high % of calcium oxide in both Kakamega and Molo clays as detected in
EDXRF analysis. 6 % of ilmenite (FeTiO3z) was found to be present in GP-3 but was
missing in GP-1 and GP-2. Presence of high % of iron and titanium in Molo clay than in
Kakamega and Kuresoi clay could have been the probable cause of the presence of
ilmenite in GP-3. High silicate due to high Si: Al ratio in GP-3 led to geopolymers gel in
the system that were thought to be predominantly amorphous (Rees et al., 2007).

Similarity experienced in diffraction patterns of GP-1 and GP-2 could have been
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attributed to closeness in their Si: Al ratio (4.16 and 4.18 respectively) and their

crystalline phases. Figure 4.15 shows the diffraction pattern of GP-1E.
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Figure 4.15: Powder diffraction pattern of GP-1E

The most noticeable difference between the samples GP-1 and GP-1E was the bigger
relative size of the crystalline peaks for the samples functionalized with EDTA, compared
to those of unfunctionalized samples. The degree of crystallinity increased slightly to
65.32 % wt. crystallinity and 34.68 % wt. amorphous when calculated using the
procedures adopted from Murthy (2004). This led to inferring that tethering the
geopolymer with EDTA could have caused a reaction between the amorphous phases of
geopolymer hence increasing its degree of crystallinity. The main sharp peaks were of

quartz and albite (NaAlSi3Og). Diffraction pattern of GP-1C is shown in figure 4.16.
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Figure 4.16: Powder diffraction pattern of geopolymer GP-1C

The main crystalline phases identified in diffraction pattern (Figure 4.16) were quartz
(SiO,) occurring at 20.6° (20), carnegiete (AINaSiO,) at 20.85" (26), columbite at 24.29
(20), and microcline (Alg93KOsSizg7) at 27.52°(26). An amorphous hump was observed
between 18 and 31" (26). The presence of quartz was an indication that calcined clay from
Kakamega and rice husk ash contained both amorphous and crystalline phases. The
amorphous form being reactive took part in geopolymerization while the crystalline form
was detected by XRD since it is unreactive form. These crystalline phases which are
zeolitic in nature were formed due to presence of sodium and potassium in the clay

minerals used. Figure 4.17 shows the diffraction pattern of GP-2C.
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Figure 4.17: Diffraction pattern of GP-2C

The figure displays the diffraction pattern of GP-2C showing that the degree of

crystallinity changed from 73.68 to 74.32 % wt. upon citric acid functionalization. A few

crystalline phases identified in the geopolymer were analcime, quartz and microcline but

their percentage phase composition dropped from 1.8, 30.3 and 49.5 % to 0.6, 25.3 and

41.2 % respectively after citric acid tethering. This could mean that some of these phases

in the geopolymer reacted with the citric acid used. However, for all geopolymers, a very

weak, broad hump between 18 - 36° (26) was observed (it becomes less clear due to the

large vertical axis scale), which is regarded as the characteristic peak of geopolymers

(Davidovits, 1991; Duxson et al., 2007). Figure 4.18 shows the diffraction pattern of GP-

2E.
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Figure 4.18: Powder diffraction pattern of GP-2E

Few crystalline phases were identified and were quartz (SiO,), albite (NaAlSizOg) and

microcline (KAISi3Og). The phases appeared in the geopolymer due to hydrothermal

reactions. The percentage composition of these phases changed from 30.3, 26.4 and 49.5

% before functionalization to 6.9, 11.0 and 37.5 % upon functionalization. Degree of

crystallinity also increased from 73.68 to 73.89 % wt. This may be as a result of the

reaction between EDTA and the metal impurities dispersed in the geopolymeric gel to

form M (EDTA)™ (Zhao et al., 2004) resulting in introduction of more crystalline phases.

Figure 4.19 and 4.20 represents diffraction patterns of GP-3C and GP-3E respectively.
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Figure 4.19: Powder diffraction pattern of GP-3C
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Figure 4.20: Powder diffraction pattern of GP-3E

Powdered x-ray diffraction analysis of these geopolymers showed they contained quartz
(Si0y), albite (NaAlSi3Og), dolomite (CaMg (COs),, microcline (KAISi3Og) and
muscovite (KAl, (AlSizOq) (F, OH) ,) as the main crystalline phases. A broad hump

between 18-36° 20 was observed in both geopolymers.

4.6 Adsorption experiments of heavy metals using geopolymers
4.6.1. Effect of pH on adsorption of Pb (I11), Cd (I1) and Zn (l1) ions

pH is one of the most important controlling parameters in all adsorption processes (Fatiha

and Belkacem, 2016). It affects both the surface charge of adsorbent and degree of
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ionization of the heavy metal ions in solution (Rao et al., 2010). The initial pH of a
solution may also affect the extent of dissociation of the functional groups on the
adsorbent (Nandi et al., 2009). pH influences the chemical structure of the metal ions in
aqueous solution, hence influencing its bioavailability (Ozacar and Sengil, 2005). To
study the pH effect on adsorption of metal ions using geopolymer, the pH was varied
from 2.0 to 6.0. Appendices 11, 12 and 13 show the calibration curves of Pb (1), Cd (II)

and Zn (I1) respectively.

4.6.1.1 Effect of initial pH on adsorption of Pb (1) ions
The adsorption of Pb (Il) ions was found to be strongly dependent on the pH of the

solution. Figure 4.21 shows the effect of varying pH on adsorption of Pb (1) ions.
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Figure.4.21: Effect of pH on Pb (II) ions removal onto geopolymer materials (Pb (1) ions
concentration = 100 mg/L, adsorbent dose = 0.1 g/50 mL, shaking speed = 120 rpm,
temperature =25 C £ 1 and error bars indicate the average deviation from the mean).

The figure demonstrates that the optimum pH for the adsorption of Pb (I1) ions was about
4.0 on both geopolymers and their functionalized counterparts which were rather acidic.

Adsorption of Pb (Il) ions on geopolymer material increased to optimum mean

percentages of 72.54+ 0.43, 79.65 = 0.27 and 90.23 £ 0.04 for GP-1, GP-2 and GP-3
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respectively at a pH of 4.0 as shown in appendices 1A, 1B and 1C. GP-3 gave higher
adsorption of Pb (I1) than GP-1 and GP-2 and this could be associated with the high SiO;:
Al,O5 ratio that led to increase in the silica content in the framework causing increased
negatively charged groups of O-Si-O- in the geopolymers (Aranberri and Bismarck,

2007).

Citric acid and EDTA functionalized geopolymers recorded an increase in mean
percentage adsorption from between 40 — 50 % at pH of 2 to 93.34 + 0.06, 98.90 + 0.06,
88.61 + 0.07, 99.32 + 0.04 and 92.53 % + 0.08 for GP-1C, GP-2C, GP-2E, GP-3C and
GP-3E at a pH of 4. This might be due to the stronger chelating properties of EDTA and
citric acid in functionalized geopolymers on the heavy metal ions. The low adsorption
percentage of Pb (I1) at lower pH values could be explained by the competition between
H* and Pb (1) ions on the available exchange sites of the adsorbents (Sari et al., 2007).
However, the experiments on adsorption of Pb (Il) ions could not be performed beyond
pH of 6.0 due to the low solubility of lead (I1) hydroxide, which could be formed as white
precipitate in water at that pH (Sen Gupta and Bhattacharyya, 2008). A similar trend of
effect of pH on adsorption of Pb (Il) ions was reported by Amer et al. (2010) on

adsorption of Pb (1), Zn (I1) and Cd (1) ions onto polyphosphate-modified kaolinite clay.

4.6.1.2 Effect of initial pH on adsorption of Cd (I1) ions
Figure.4.22 expresses the effect of initial pH of the solution on the adsorption of Cd (II)

ions onto geopolymers.
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Figure.4.22: Effect of pH on Cd (Il) ions removal onto geopolymer materials (Cd (1)
concentration:109 mg/L, adsorbent dose = 0.1 g/50 mL, shaking speed = 120 rpm,
temperature = 25 C £ 1 and error bars indicate the average deviation from the mean).

The mean percentage removal increased from 82.85 + 0.20, 82.93 + 0.13 and 85.41 +
0.11t086.16 £ 0.31, 86.71 £ 0.26 and 89.63 % = 0.18 when the pH was varied from pH 2
to 5, for geopolymer materials GP-1, GP-2 and GP-3 respectively. Functionalized
geopolymers GP-1C, GP-1E, GP-2C, GP-2E, GP-3C and GP-3E registered optimum

mean adsorption of 92.05 + 0.10, 88.55 + 0.19, 89.79 + 0.05, 89.78 + 0.07, 90.05 + 0.05

and 99.74 % + 0.01 at pH of 5 respectively as shown in appendices 2A, 2B and 2C.

Low adsorption was registered at low pH and this could have been caused by electrostatic
repulsion between the positively charged geopolymer surface and the metal ions
(Malferrari et al., 2007). The optimum adsorption pH was between 4 and 5 for
geopolymers (GP-1, GP-2 and GP- 3) and functionalized geopolymers (GP-1C and 1E,
GP-2C and 2E, GP-3C and 3E) as per figure 4.22. The working pH value for cadmium
removal onto geopolymer materials was then chosen as 5.0. Similar results on effect of

pH on adsorption of cadmium has been reported in literature (Kounou et al., 2015).
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4.6.1.3 Effect of initial pH on adsorption of Zn (I1) ions

Zn (1) ions uptake by geopolymer materials increased with increase in pH. Maximum
mean equilibrium uptake was 80.26 = 0.10, 93.56 + 0.07, 81.19 + 0.06, 79.29 + 0.13,
81.39 + 0.16, 81.16 + 0.08, 80.07 + 0.13, 91.33 + 0.06 and 81.83 % + 0.05 as shown in
appendices 3A, 3B and 3C using GP-1, 1C, 1E, 2, 2C, 2E, 3, 3C and 3E at pH of 5.0
respectively. At low pH, adsorption was low due to large quantities of protons competing
with Zn (1) ions for adsorption sites. The pH dependent adsorption onto geopolymer

materials is shown in figure 4.23.

o 100 ——GP-1
2 95 —=-GP-1C
= GP-1E
=~ 90
N == GP-2
S 85 ~#=GP-2C
é 80 GP-2E
@ GP-3
75
;é GP-3C
70 GP-3E
2 3 4 5 6 7
PH

Figure.4.23: Effect of pH on Zn (Il) ions removal onto geopolymer materials (Zn (1)
concentration = 100 mg/L, adsorbent dose = 0.1 g/50 mL, shaking speed = 120 rpm,
temperature = 25 C and error bars indicate the average deviation from the mean).

The mean percentage removal reached plateau at pH 5. It is known that Zn species are
present in deionized water in the forms of Zn?*, ZnOH*, ZnO and Zn (OH), (Reichle et
al., 1975). Within the pH range of 1.0 - 5.0, the solubility of the Zn (OH) , is high and
therefore, the Zn (Il) ions were the main species in the solution. Similar results were

reported by Abdelghani and Elchaghaby (2007) on adsorption of Cu (11), Zn (1), Cd (1)

and Pb (I1) using Nile rose plant.
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4.6.2 Effect of contact time on adsorption of Pb (I1), Cd (11) and Zn (11) ions

The importance of contact time comes from the need for characterization of the feasible
rapidness of binding and removal processes of the heavy metal ions by the new
geopolymers and obtaining the optimum time for complete removal of the target metal
ions (Arshadi et al., 2014). In an adsorption system, the contact time plays a vital role
irrespective of the other experimental parameters affecting the adsorption Kinetics
(Vaishnav et al., 2011). The adsorption experiments were carried out at different time

intervals (20 - 100 minutes).

4.6.2.1 Effect of contact time on adsorption of Pb (I1) ions

The relationship between contact time and the percentage removal of Pb (II) ions from

wastewater with geopolymer and functionalized geopolymers is shown in figure 4.24.
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Figure.4.24: Effect of contact time on Pb (II) ions removal onto geopolymer materials
(Pb (I) ions concentration = 100 mg/L, adsorbent dose = 0.1 g/50 mL, shaking speed =
120 rpm, pH = 4.0 temperature = 25 'C and error bars indicate the average deviation from
the mean).

The effect of contact time was studied at a room temperature of 25 'C + 1. The highest

percentage metal ions removal achieved were 83.18 £+ 0.08, 99.97 + 0.01, 93.54 £+ 0.12,
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97.88 + 0.07, 98.79 + 0.05, 91.88 £+ 0.10, 98.98 £ 0.07, 99.32 + 0.03 and 98.42 % + 0.21
for GP-1, 1C, 1E, 2, 2C, 2E 3, 3C and 3E respectively. Citric acid and EDTA
functionalized geopolymers recorded higher metal ion removal than their corresponding

geopolymer analogues as shown in appendices 1G, 1H and 11.

The results showed that adsorption efficiency increased with increase in contact time.
This may be due to the fact that the number of active adsorption sites on the surface of
adsorbent were more initially (Dubey and Shiwani, 2012). The fast adsorbate adsorption
at the initial stage was probably due to the initial concentration gradient between the
adsorbate in solution and the number of vacant sites available on the adsorbent surface.
Adsorption rate slowed down after 80 minutes and this could have been due to the
electrostatic hindrance caused by already sorbed positively charged adsorbate species and
the slow pore diffusion of the ions. The slow rate could also be due to lesser number of
available active sites and slow rate of conveying adsorbates from the outer surface to the
inner surface of the adsorbent (Dubey and Shiwani, 2012). Similar results have been

reported in literature (Al-Anber and Matoug, 2008; El-Ashtoukhy et al., 2008).

4.6.2.2 Effect of contact time on adsorption of Cd (1) ions

The effect of contact time between the Cd (Il) ions and the geopolymers is shown by

figure 4.25.



64

110
. ——GP-1
5105 T —8-GP-1C
=100 ., —#—GP-1E
8 =>=GP-2
« 95
S =#=GP-2C
g 90 (=== s ; ; -0-GP-2E
S E I GP-3
¥ 85
< GP-3C

80 GP-3E

20 30 40 50 60 70 80 90 100
Contact time (minutes)

Figure.4.25: Effect of contact time on Cd (Il) ions removal onto geopolymer materials
(Cd (1) concentration = 100 mgolL, adsorbent dose=0.1 g/50 mL, shaking speed = 120
rpm, pH = 5.0 temperature = 25 C and error bars indicate the average deviation from the
mean).

The removal efficiency increased with increasing contact time and then became constant
or dropped with most of the geopolymers. The optimum mean percentage uptake attained
were 90.46 + 0.48, 99.87 + 0.00, 99.20 + 0.01, 90.34 + 0.12, 97.89 + 0.07, 92.35 + 0.08,
90.85 + 0.06, 99.99 £ 0.00 and 99.98 % + 0.00 for GP-1, GP-1C, GP-1E, GP-2, GP-2C,
GP-2E, GP-3, GP-3C and GP-3E respectively as shown in appendices 2G, 2H and 2I.
Equilibrium was reached within 40 minutes for GP-1C and 80 minutes for all the other
geopolymers. The extent of sorption increased expeditiously during the initial stage and

then became slower at later stages till the equilibrium was attained (Krika et al.,2016).

Similar results were reported by Zhang et al. (2008).

4.6.2.3 Effect of contact time on adsorption of Zn (l1) ions

The results of the effect of contact time on removal efficiency for Zn (I1) using 0.10 g of

geopolymers at room temperature (25 'C + 1) are illustrated in figure 4.26.
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Figure.4.26: Effect of contact time on Zn (Il) ions removal onto geopolymer materials
(Zn (1) concentration = 100 mg/oL, adsorbent dose = 0.1 g/50 mL, shaking speed = 120
rpm, pH = 5.0, temperature = 25 C and error bars indicate the average deviation from the
mean).

The mean percentage uptake obtained was 86.67 + 0.11, 86.85 £+ 0.07, 86.85 + 0.08, 84.64
+0.12,86.63 £ 0.12, 86.47 £ 0.03, 89.44 + 0.12, 91.64 + 0.01 and 89.67 % + 0.05 for GP-
1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E respectively as also
shown in appendices 3G, 3H and 3. The adsorption rate was observed as rapid in the first
20 minutes, followed by a gradual increase with time until equilibrium adsorption was
recorded at 40 minutes for GP-1, 1C, 1E, 2, 2C, 2E and 80 minutes for GP-3 and 3E. The
attainment of equilibrium adsorption might have been due to reduction in the available
active sites on the adsorbent with time resulting in limited mass transfer of the adsorbate
molecules from the bulk liquid to the external surface of adsorbent. A similar trend on

effect of time on adsorption has been reported by other researchers (li et al., 2011,

Mehdizadeh et al., 2014).

4.6.3 Effect of initial concentration of metal ions on the adsorption process

Initial concentration of metal ions is an important factor for practical application

(Sobhanardakani et al., 2016). In order to determine maximum capacity of Pb (I1), Cd (I1)
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and Zn (I1) ions adsorbed by geopolymers, it is necessary that adsorption equilibrium data
be studied at different concentrations of ions (Malakootian et al., 2016). The effect of
concentration on the sorption by the geopolymers was investigated by varying it from 20
to 200 mg/L at a pH of 4.0 for Pb (Il) and Cd (lI) and 5.0 for Zn (II) for 60 minutes

equilibration time.

4.6.3.1 Effect of initial concentration of Pb (I1) ions on adsorption

Results of the study on the influence of initial Pb (Il) ions concentration on the removal
efficiency of the geopolymers are depicted in figure 4.27 and the results obtained
indicated that the adsorption efficiency decreased with increase in initial Pb (lII) ions

concentration.
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Figure.4.27: Effect of metal ion concentration on Pb (II) ions removal onto geopolymer
materials (Contact time = 60 minutes, adsorbent dose = 0.1 g/50 mL, shaking speed = 120
rpm, pH = 4.0, temperature = 25 ‘C, RM (AC) = reference material activated carbon and
error bars indicate the average deviation from the mean).
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The results trend obtained are in agreement with the results of reference material (AC).
However the removal efficiency of the geopolymers at low concentration were higher
than those of reference an indication the adsorbent are better than activated carbon for

low concentration of Pb (I1) ions.

Mean percentage removal decreased from 89.33 + 1.12, 90.79 + 0.03, 91.81 + 0.24, 95.82
+ 0.05, 98.72 + 0.09, 91.26 + 0.61, 88.15 = 2.44, 92.64 + 0.32 and 91.35 % + 0.92 to
69.31 £ 0.04, 74.87 £ 0.10, 71.87 + 0.29, 65.77 + 0.04, 69.10 = 0.08, 73.14 £+ 0.03, 66.02
+ 0.04, 62.79 £ 0.11 and 64.30 % + 0.00 when concentration was varied from 20 — 200
mg/L for GP-1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E
respectively as shown in appendices 1N, 10 and 1P. Adsorption decreased with increase
of initial concentration and any increase of metal ion led to increase of the residual ion in
solution. It is probable that along with increase of surface load (adsorbed substances) on
the adsorbent, upper surface adsorption sites are saturated and the efficiency of removal

decreases rapidly (Banat et al., 2000).

At lower concentrations, the number of moles of Pb (Il) ions are small relative to the
available adsorption sites on the adsorbent hence high rate of adsorption (Jnr and Spiff,
2005). However, at higher concentrations, most of the adsorption sites are occupied by Pb
(1) ions and the available sites of adsorption become fewer (Berhe et al., 2015). Rezaei
(2016) reported that with increase of metal ion concentration, adsorption decreases. This
behaviour is connected with the competitive diffusion process of the metal ions through
the micro channel and pores in geopolymers (Al-Anber and Al-Anber, 2008). This
competition locks the inlet channel on the surface and prevents the metal ions from

passing deep inside the geopolymer, hence adsorption occurs on the surface only (Al-
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Anber and Al-Anber, 2008). A similar trend of decrease in adsorption of Pb (II) ions with

increase in metal ion concentration was reported by Senthil Kumar and Gayathri (2009).

4.6.3.2 Effect of initial concentration on adsorption of Cd (I1) ions

The experimental results for the adsorption of Cd (1) ions on the geopolymers at various

concentrations with contact time of one hour are portrayed in figure 4.28.

110
% 105 ——GP-1
2100 | | -8-GP-1C
= % J GP-1E
3o oIt —GP-2
58 53 ?\ —%-GP-2C
T 80 % = <, ]
g 75 $ '_é GP-2E
& 70 I ) GP-3
S e GP-3C

60 GP-3E

0 50 100 150 200 250
RM(AC)

Initial concentration (mg/L)

Figure.4.28: Effect of metal ion concentration on Cd (11) ions removal onto geopolymer
materials (Contact time = 60 minuotes, adsorbent dose = 0.1 g/50 mL, shaking speed = 120
rpm, pH = 5.0, temperature = 25 C, RM (AC) = reference material activated carbon and
error bars indicate the average deviation from the mean).

The removal efficiency of the reference material (AC) used decreased significantly as
compared to the geopolymers at low concentrations but maintained the experimental
trend. The mean percent adsorption decreased with increase in initial metal ion
concentration. Mean percentage uptake dropped from 88.01 + 0.82, 94.42 £ 0.31, 91.44 +
0.81, 81.80 + 2.64, 96.49 £ 0.09, 89.49 + 0.15, 88.26 + 2.25, 98.00 £ 0.03 and 92.77 % *
0.55 to 82.14 + 0.21, 81.30 £ 0.01, 78.19 + 0.04, 78.59 + 0.06, 84.32 + 0.05, 779.29 +

0.05, 77.66 £ 0.41, 79.85 + 0.07 and 79.11 % + 0.06 when the concentration was varied
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from 20 - 200 mg/L, for GP-1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and

GP-3E respectively as shown in appendices 2M, 2N and 20.

The trend shows clearly that the adsorption is highly dependent on the initial
concentration of cadmium ions. This could be attributed to the fact that at lower
concentration, the ratio of the initial number of metal ions to the available surface area is
low; subsequently the fractional adsorption becomes independent of initial concentration
(Vijayakumaran et al., 2009). Percentage removal of metal ions is dependent upon its
initial concentration since at high concentrations, the available sites for adsorption

becomes fewer as illustrated by Balakrishnan et al. (2010).

4.6.3.3 Effect of initial concentration on adsorption of Zn (I1) ions

The effect of initial concentration on percentage removal of Zn (1) ions (range 20 — 200

mg/L) is shown in figure.4.29.
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Figure.4.29: Effect of metal ion concentration on Zn (1l) ions removal onto geopolymer
materials (Contact time = 60 minutes, adsorbent dose = 0.1 g/50 mL, shaking speed = 120
rpm, pH = 5.0, temperature = 25 'C, RM (AC) = reference material activated carbon and
error bars indicate the average deviation from the mean).
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The adsorption of Zn (11) ions by reference material (AC) recorded similar trend to the
geopolymers. Contrary to what was observed for Pb (ll) and Cd (ll), the percentage
adsorption increased with increase in initial concentration up to a certain amount, and
then it leveled. Mean percentage removal increased from 47.43 + 0.41, 84.99 + 0.18,
75.44 + 0.68, 68.01 + 0.63, 94.88 + 0.08, 88.05 + 0.09, 73.17 + 0.39, 93.03 + 0.13 and
94.30 % + 0.49 to 92.03 + 0.01, 93.87 + 0.10, 95.66 + 0.02, 95.66 + 0.03, 96.99 + 0.01,
97.14 £ 0.31, 96.53 = 0.07, 97.59 + 0.09 and 98.28 % + 0.04 for GP-1, GP-1C, GP-1E,
GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E respectively as shown by appendices 3M,

3N and 30.

At low initial concentration the ratio of number of metal ions to the number of available
adsorption sites was small and consequently the adsorption was independent of initial ion
concentration, but as the concentration of metal ion increased, the situation changed and
the competition for adsorption sites became less (Freundlich, 1906). This may also be as a
result of increase in collisions between the reactants, leading to the observed increase in
reaction rate and capacity according to the Collision Theory (Zendelska et al., 2014). A
higher initial concentration provides an important driving force to overcome all mass
transfer resistances of the pollutant between the aqueous and solid phases, thus increases

the uptake (Senthil Kumar et al., 2010).

4.6.4 Effect of shaking speed on adsorption process

The shaking speed is also a significant parameter, which is required to elucidate the exact
mechanism of metal ion sorption on the surface of adsorbent (Mishra et al., 2012).
Increase in agitation rate increases the chances of interaction between metal ions and

adsorbents.
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4.6.4.1 Effect of shaking speed on adsorption of Pb (1) ions
The effect of shaking speed on adsorption of Pb (I1) illustrated in figure 4.30, shows that

the adsorption efficiency of geopolymers increased from 76.65 + 0.26, 83.08 + 0.68,
65.22 = 0.04, 82.26 + 0.42, 72.96 = 0.26, 88.59 + 0.03, 76.51 + 0.26, 93.29 + 0.11 and
92.39 % + 0.27 to 98.72 + 0.02, 99.78 + 0.01, 89.58 + 0.02, 85.99 + 0.33, 99.50 + 0.07,
94.11 £ 0.07, 86.36 = 0.25, 99.78 + 0.02 and 96.06 % + 0.09 for GP-1, GP-1C, GP-1E,
GP-2, GP-2C, GP-2E, GP-3, GP-3Cand GP-3E respectively when the shaking rate

increased from 120 to 240 rpm as shown in appendices 1K, 1L and 1M.
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Figure.4.30: Effect of shaking speed on Pb (II) ions removal onto geopolymer materials
(antact time = 60 minutes, adsorbent dose = 0.1 g/50 mL, pH = 4.0 and temperature =
25 C).

Increase in shaking speed increases the convective mass transfer of solute from the bulk
solution, and it also decreases the thickness of the boundary film close to adsorbent
surfaces (Murithi et al., 2014). According to the research carried out by Nomanbhay and
Palanisamy (2005), increase in shaking rate improved the diffusion of metal ions towards
the adsorbent surface and the same outcome was observed in this study. Therefore, the

constant value of the Pb (Il) ions adsorbed by geopolymer GP-2E and GP-3C after 150

rpm and GP- 1E, GP-2C, GP-3, and GP-3E, after 180 rpm was as a result of too vigorous
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shaking rate, which caused attainment of equilibrium. Similar results have been reported
by Bernard et al. (2013) on adsorption of heavy metals from industrial wastewater by

activated carbon prepared from coconut shell.

4.6.4.2 Effect of shaking speed on adsorption of Cd (I1) ions

The effect of batch shaking speed on Cd (1) ions adsorption onto geopolymers is depicted

in figure 4.31.
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Figure 4.31: Effect of shaking speed on Cd (ll) ions removal onto geopolymer materiq)ls
(Contact time = 60 minutes, adsorbent dose = 0.1 g/50 mL, pH = 5.0, temperature =25 C
and error bars indicate the average deviation from the mean).

The amount of the metal ions adsorbed increased with increasing agitation speed, and
maximum adsorption occurred at 175 rpm. Mean percentage uptake increased from 89.46
+0.50, 86.68 + 0.02, 89.04 + 0.04, 86.08 + 0.15, 89.80 + 0.05, 89.57 + 0.10, 86.59 + 0.14,
90.01 + 0.03 and 92.02 % + 0.04 to 99.26 + 0.00, 99.98 + 0.02, 99.39 + 0.00, 91.82 +
0.01, 98.73 £ 0.07, 93.98 + 0.02, 92.30 + 0.06, 99.98 + 0.02 and 99.98 % + 0.01 for GP-1,
GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E respectively as is

expounded in appendices 2J, 2K and 2L.
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At slow speed, the sorbent settles down and buries many active sites under its top layers.
So, only the top layer takes part in adsorption process because the layers buried under do
not have contact with metal ions (Raza et al., 2015). The external film mass transfer and
the sorption rate increased with shaking. Under conditions of optimized agitation, surface

reactions or intraparticle diffusion would be rate-limiting (McKay, 1982).

4.6.4.3 Effect of shaking speed on adsorption of Zn (I1) ions

The effect of varying shaking speed on the percentage removal of Zn (ll) ions is

presented in the graph shown in figure 4.32.
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Figure.4.32: Effect of shaking speed on Zn (I1) ions removal onto geopolymer materials
(Contact time = 60 minutes, adsorbent dose = 0.1 g/50 mL, pH = 5.0, temperature =25 C
and error bars indicate the average deviation from the mean).

The percentage removal increased from 81.03 + 0.05, 85.56 £ 0.12, 84.32 + 0.04, 79.60 +
0.01, 81.59 + 0.08, 82.40 £ 0.29, 80.73 + 0.23, 85.77 £ 0.06 and 84.32 % £ 0.04 to 87.91
+0.10, 93.48 £ 0.70, 91.16 £ 0.10, 90.77 £ 0.12, 93.03 £ 0.07, 94.26 + 0.10, 91.16 £ 0.10,
94.37 £ 0.37 and 92.81 % £ 0.17 as construed in appendices 3J, 3K and 3L when shaking

speed was varied from 120 to 210 rpm and then dropped to 87.31, 87.81, 90.14, 92.89,

92.59, 90.14, 92.92 and 91.59 % with further increase in shaking speed to 240 rpm for
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adsorbents GP-1, GP-1C GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E
respectively. Shaking speed increases the sorption process because it raises the chances of

interaction between ions and geopolymers (Raza et al., 2015).

Decrease in adsorption after shaking speed of 210 rpm was observed for all geopolymers.
This was due to increase in random collisions between particles (adsorbate- adsorbate,
adsorbent-adsorbate, and adsorbent-adsorbent) hence enough time was not provided for
heavy metal ions to bind with the surface of the adsorbent. The results follow a similar
trend reported by Anwar et al. (2010) who observed that low speed accumulates the
adsorbent at the bottom, instead of spreading it in the solution, which results in burial of
various active sites under the layers of adsorbent. Since adsorption is a surface
phenomenon, layers buried under do not play their role in metal uptake (Opeolu and

Fatoki, 2016).

4.6.5 Effect of adsorbent dose on the adsorption process

Adsorbent dosage is another important parameter in adsorption processes because it
determines the capacity of an adsorbent for a given initial concentration of the adsorbate
under a given set of operating conditions (Ghassabzadeh et al., 2010). To achieve this, a
series of batch experiments were conducted with the adsorbent dose of 0.1, 0.2, 0.3, 0.4,

and 0.5 g per 50 mL of test solution.

4.6.5.1 Effect of adsorbent dose on adsorption of Pb (I1) ions

The percentage removal and uptake level of Pb (I1) ions from solutions by geopolymer

adsorbents are shown in figure 4.33.
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Figure.4.33: Effect of adsorbent dose on Pb (I1) ions removal onto geopolymer materials
(Contact time = 60 minutes, shaking speed of 120 rpm, pH = 4.0 and temperature = 25
C).
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It was observed that with a general increase in the adsorbent dose from 0.1 g - 0.5 g, there
was a corresponding increase in uptake level. There was a slight increase in the mean
percent removal from 60.05 + 0.45, 97.15 £ 0.05, 65.75 + 0.06, 66.28 + 0.25, 71.56 +
0.56, 54.69 + 1.02, 68.50 + 0.88, 80.19 + 0.26 and 76.01 % + 0.32 to 63.68 + 1.07, 99.61
+0.40, 73.56 + 0.31, 83.70 + 0.26, 86.81 + 0.17, 98.35 + 0.07, 80.03 + 0.39, 99.24 + 0.01
and 84.91 % + 0.16 for GP-1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and
GP-3E respectively. This was due to increase in the available binding sites in the
adsorbent. The trend could be explained in terms of progressive increase in the
electrostatic interaction between the adsorbent and metal ions (Rotimi and Okeoghene,
2014). Moreover, more adsorption sites were being covered as the dose of the adsorbent

increased (Igwe and Abia, 2007).

Increasing adsorbent dosage provided greater surface area available for adsorption due to
increased active sites on the geopolymers as demonstrated in appendices 1D, 1E and 1F.
Similarly, increasing adsorption with adsorbent weight can be attributed to increased

number of unsaturated active sites as well as high accessibility of metals to the binding
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sites (Opeolu and Fatoki, 2016). Similar results have been reported in literature (Addour

et al., 1999; Amir et al., 2005).

4.6.5.2 Effect of adsorbent dose on adsorption of Cd (Il) ions

Figure 4.34 shows the effect of adsorbent dosage on the adsorption of Cd (Il) ions.
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Figure.4.34: Effect of adsorbent dose on Cd (Il) ions removal onto geopolymer materials
g((::)()ntact time = 60 minutes, shaking speed of 120 rpm, pH = 5.0 and temperature = 25
The mean adsorption percentage increased with increasing sorbent dose from 86.14 +
0.13, 88.23 + 0.01, 89.73 + 0.03, 89.83 + 0.47, 91.49 + 0.08, 90.54 + 0.07, 97.51 + 0.07
and 95.57 % = 0.05 to an optimum uptake of 86.65 + 0.09, 92.18 + 0.03, 91.34 + 0.07,
99.99 + 0.06, 99.98 + 0.01, 92.40 + 0.06, 99.80 + 0.00 and 99.98 % + 0.01 for

geopolymers 1, 1E, 2, 2C, 2E, 3, 3C and 3E respectively. The uptake then decreased as

presented in the appendices 2D, 2E and 2F.

The increase in the adsorption percentage with increase in adsorbent dose was due to an
increase in active sites on the adsorbent, thus facilitating the penetration of metal ions to

the sorption sites. It is plausible that with higher dosage of adsorbent there would be
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greater availability of exchangeable sites for metal ions (Babel and Kurniawan, 2004).
According to Garg et al. (2003), decrease in percent removal after adsorption equilibrium
could be attributed by the overlapping of the adsorption sites as a result of overcrowding
of adsorbent particles. Moreover, the high adsorbent dosage could impose a screening
effect of the dense outer layer of the cells, thereby shielding the binding sites from metal

ions (Pons and Fusté, 1993). This trend is similar to one observed by Sari et al. (2007).

4.6.5.3 Effect of adsorbent dose on adsorption of Zn (1) ions

The effect of varying adsorbent dose on the percentage removal of Zn (ll) ions is

presented in figure 4.35.
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Figure.4.35: Effect of adsorbent dose on Zn (I1) ions removal onto geopolymer materials
g((::)()ntact time = 60 minutes, shaking speed of 120 rpm, pH = 5.0 and temperature = 25
The mean percentage removal increased from 80.63 £ 0.18, 79.52 £ 0.04, 80.98 + 0.04,
79.13 + 0.07, 82.10 + 0.05 and 81.37 % + 0.15 to 88.63 £ 0.14, 86.69 £+ 0.01, 92.16 +
0.16, 86.95 + 0.05, 90.75 + 0.05 and 89.30 % + 0.06 as adsorbent dose was varied from
0.1 to 0.5 g for adsorbents GP-1, GP-2, GP-2C, GP-3, GP-3C and GP-3E respectively as

shown in the appendices 3D, 3E and 3F. The increase in adsorption may be due to more

surfaces and functional groups being available on the adsorbent. In adsorption using GP-
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1C, GP-1E and GP-2E, the percentage removal increased from 86.62 + 0.12, 81.08 + 0.03
and 80.89 + 0.16 to 93.09 + 0.52, 89.38 + 0.12 and 88.94 % + 0.06 on varying adsorbent
dose from 0.1 to 0.4 g then dropped slightly to 92.40 + 0.62, 89.37 = 0.15 and 88.29 % *

0.06 when the dose was increased to 0.5 g respectively.

These results show that optimal removal was attained at adsorbent dose of 0.4 g and
thereafter the metal uptake decreased. This may be attributed to the overlapping of the
adsorption sites as a result of overcrowding adsorbent particles (Rajesh et al., 2010).
Another consequence may be the reduction of active sites at the surface of the adsorbents
and also the rate of transfer of Zn (I1) at the surface of the adsorbents, meaning that the
quantity adsorbed per unit mass of adsorbent has its limit with the adsorbent dosage

(Murithi et al., 2014).

4.6.6 Effect of temperature on the adsorption process

Temperature is a crucial parameter in adsorption reactions. Higher temperature increases
adsorbate motion allowing the uptake of metal ions into the pores, causing adsorption to
increase. Temperature also affects the adsorption rate by altering the molecular
interaction and the solubility of the adsorbate (Singh et al., 2001). Adsorption studies
were carried out at varying temperatures (293 to 328 K) and the results presented as %

removal of the metal ions versus temperature as illustrated in figures 4.36, 4.37 and 4.38.

4.6.6.1 Effect of temperature on adsorption of Pb (I1) ions

Figure 4.36 shows the effect of percentage removal of Pb (I1) against temperature.
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Figure.4.36: Effect of temperature on Pb (II) ions removal onto geopolymer materials
(Contact time = 60 minutes, shaking speed of 120 rpm, pH = 4.0 and adsorbent dose =
0.1g/50mL).

The percentage removal increased from 87.65 + 0.30, 91.57 £ 0.19 and 94.49 % % 0.09 to
90.15+0.11, 94.81 £ 0.21 and 97.46 % £ 0.10 when the temperature was varied from 293
to 328 K for adsorbents GP-1, GP-1C and GP-3E respectively. The mean percentage
removal increased from 96.76 + 0.24, 89.77 + 0.11, 90.68 + 0.06, 94.14 + 0.20, 92.55 *
0.08 and 96.84 % + 0.11 t0 99.49 + 0.02, 91.5 + 0.02, 93.61 + 0.02, 98.09 + 0.02, 93.94 +
0.05 and 98.49 % £ 0.01 when the temperature was adjusted from 293 to 318 K and then
dropped to 99.29, 91.35, 93.59, 97.94, 93.72 and 98.28 % for adsorbents GP-1E GP-2,
GP-2C, GP-2E, GP-3 and GP-3C respectively as shown in appendices 1Q, 1R and 1S.
According to Nassar and Magdy (1997), increase in adsorption at equilibrium with
increase in temperature is due to the acceleration of some originally slow adsorption steps
or to the creation of some active sites on the adsorbent surface. Adsorption with ion
exchange is an endothermic reaction, whereas adsorption with nonionic exchange is an

exothermic reaction (Cheng et al., 2012).

Therefore, increasing temperature increased the sorption rate suggesting that Pb (1) ions

and Na ions underwent an ionic exchange to achieve heavy metal removal by the
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geopolymer. At temperature above 318 K, the thickness of the boundary layer decreased
due to the increased tendency of the metal ions to escape from most of the geopolymers
surface to the bulk of solution. This leads to decrease in adsorption as temperature
increases (Aksu and Kutsal, 1991). Al-Zboon et al. (2011) studied the effects of
temperature on the adsorption of Pb (Il) ions from aqueous solution by fly ash-based

geopolymer, which showed a similar pattern.

4.6.6.2 Effect of temperature on the adsorption of Cd (I1) ions

Figure 4.37 represents the change in extent of adsorption of Cd (Il) ions with respect to

temperature.
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Figure.4.37: Effect of temperature on Cd (Il) ions removal onto geopolymer materials
(Contact time = 60 minutes, shaking speed of 120 rpm, pH = 5.0 and adsorbent dose =
0.19/50mL).

The mean percent removal increased from 89.22 + 0.19, 94.54 + 0.14, 97.54 + 0.08, and
92.03 % + 0.06 to 91.52 + 0.48, 98.10 £ 0.03, 99.03 + 0.04, and 97.43 % + 0.11 when
temperature was adjusted from 293 to 328 K for adsorbents GP-2, GP-1C, GP-2C, and

GP-3C respectively. The retention of metal ions increased with increasing temperature,

which may be attributed to the activation of geopolymer at increased temperatures
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(Vengris et al., 2001). This suggests monolayer coverage of the surface of geopolymers
by the metal ions which may be followed by r extra layers of molecules which may be

physically adsorbed (Martins et al., 2010).

For adsorbents GP-1, GP-1E, GP-2E, GP-3 and GP-3E, the metal uptake rate increased
from 86.83 £ 0.11, 97.94 + 0.14 , 95.78 £ 0.15, 90.49 £ 0.03 and 93.81 % + 0.18 to 90.61
+ 0.07, 99.40 £ 0.03, 97.62 £ 0.04, 95.04 = 0.02and 96.54 % = 0.08 when temperature
was varied from 293 to 318 K and then decreased to 89.60, 99.21, 97.55, 94.52, and 96.32
% as construed in appendices 2P, 2Q and 2R, when temperature was raised to 328 K
respectively. Similar trends were also observed by other researchers for aqueous phase

adsorption (Bhattacharya et al., 2008; Mahmoud et al., 2013).

4.6.6.3 Effect of temperature on the adsorption of Zn (11) ions

The effect of varying temperature on the percentage removal of Zn (l1) ions is presented

in a graph as shown in figure 4.38 and statistical data is presented in appendices 3P, 3Q

and 3R.
., 100 ——GP-1
S - —8-GP-1C
= %8 GP-1E
< 9 =>=GP-2
N
N —¥=GP-2C
7‘3 94 GP-2E
2 GP-3
5 92 GP-3E
¥ 90 GP-3C

280 290 300 310 320 330 340
Temperature (K)

Figure.4.38: Effect of temperature on Zn (lI1) ions removal onto geopolymer materials
(Contact time = 60 minutes, shaking speed of 120 rpm, pH = 5.0 and adsorbent dose =
0.1g/50mL).
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The percentage removal increased from 92.56 + 0.09, 93.64 + 0.06 and 95.46 % + 0.10 to
95.76 + 0.13, 96.43 = 0.20 and 97.62 % + 0.03 when the temperature was varied from 293
to 328 K for geopolymers GP-1E, GP-2 and GP-3 respectively. For geopolymer adsorbent
GP-1, GP-1C, GP-2C, GP-2E, GP-3C and GP-3E, the metal uptake increased from 91.61
+ 0.02, 96.60 £ 0.10, 94.60 + 0.03, 94.57 + 0.22, 97.84 = 0.23 and 97.90 % £ 0.05 to
93.58 + 0.10, 98.19 + 0.02, 98.49 + 0.01, 97.02 + 0.06, 99.04 + 0.07 and 99.15 % + 0.06
when the temperature was changed from 293 to 318 K and then reduced to 93.50 + 0.06,
98.12 + 0.02, 98.32 £ 0.01, 96.13 + 0.11, 98.90 + 0.04 and 99.03 % + 0.04 when the

temperature was adjusted to 328 K respectively.

The increase in the adsorption uptake of metal ions with temperature may be attributed to
either change in pore size of the adsorbent, improving intraparticle diffusion within the
pores or enhancement in the chemical affinity of Zn (II) ions on the surface of the
adsorbent. The decrease in percentage of adsorption at temperatures higher than 318 K
may be due to desorption caused by an increase of the thermal energy that may induce

higher mobility of the adsorbate causing desorption (Baral et al.,2006).

4.7 Column adsorption studies of Pb (I1), Cd (II) and Zn (II) ions

In order to improve the adsorption processes with conditions closer to a real life water
treatment system, continuous processes are adopted. A packed column bed is considered
as an effective process for continuous wastewater treatment for a number of reasons; it
makes the best use of the concentration difference known to be a driving force for heavy
metal adsorption; it allows more effective utilization of adsorption capacity, and results in

better quality of effluent (Thilagan et al., 2015).
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4.7.1 Column adsorption studies of Pb (1) onto geopolymers

From figure 4.39 percentage Pb (I1) ion uptake increased on functionalization from 80.54

+ 0.94 t0 85.02 + 0.76 and 84.26 % * 0.34 for GP-1C and GP-1E respectively.
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Figure.4.39: Effect of gravitational column adsorption of Pb (Il) ions onto geopolymer
materials (Volume of effluent = 50 mL, pH = 4.0 and adsorbent dose = 0.50g).

For GP-2, the mean percentage removal increased from 82.87 + 0.26 to 87.24 + 0.30 and
89.68 % = 0.95 upon functionalization using citric acid and EDTA respectively. The
mean uptake increased from 84.31 £ 0.74 to 90.67 £ 0.41 and 89.75 % * 0.13 when GP-3
was tethered with citric acid and EDTA respectively. There was no significant difference
in metal ion removal for citric acid and EDTA functionalized geopolymers of GP-1 and
GP-3 but there was significant difference in Pb (II) ions removal between GP-2C and GP-
2E as demonstrated by statistical data presented in appendix 6A. Improved Pb (11) uptake
upon functionalization of the geopolymers could be attributed to the fact that new
functional groups such as -OH were anchored on the surface of geopolymers. Percentage
removal of Pb (Il) increased with change of adsorbent from GP-1 to GP-3. Increase in
SiO,/AlL,O; ratio from GP-1 to GP-3 increased electrostatic attraction between the

positively charged sorbate ions and the adsorbent.



84

4.7.2 Column adsorption of Cd (11) onto geopolymers

Figure 4.40 presents the results of gravitational column adsorption of Cd (I1).
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Figure.4.40: Effect of gravitational column adsorption of Cd (lI) ions onto geopolymer
materials (Volume of effluent=50 mL, pH = 5.0 and adsorbent dose = 0.50g).

Percentage Cd (1) ions uptake increased from 70.14 + 0.49 to 74.35 + 0.25and 73.22 % +
0.38 upon functionalization of GP-1 with citric acid and EDTA respectively. Percentage
removal changed from 74.28 + 0.60 to 79.19 + 0.60 and 76.47 % £ 0.11 for GP-2 to GP-
2C and GP-2E respectively. With the use of GP-3, the mean percentage removal
increased from 79.00 = 0.64 to 82.35 + 0.24 and 80.93 % = 0.13 upon functionalization
using citric acid and EDTA respectively. There was a significant difference in Cd (Il) ion
removal using all citric acid and EDTA functionalized geopolymers as shown by the
statistical data presented in appendix 6B. Improved Cd (lI) ion removal upon
functionalization of the geopolymers could be attributed to the fact that new active sites
such as -OH and —COQ" are tethered on the surface of geopolymers. Percentage removal
of Cd (I1) ions increased with increase in Si: Al ratio from GP-1 to GP-3 due to similar

reasons as explained in adsorption of Pb (1) ions.
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4.7.3 Column adsorption of Zn (I1) onto geopolymers

Figure 4.41 shows the percentage removal of Zn (ll) ions from synthetic wastewaters

using geopolymer adsorbents.
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Figure.4.41: Effect of gravitational column adsorption of Zn (Il) ions onto geopolymer
materials (Volume of effluent= 50 mL, pH = 5.0 and adsorbent dose = 0.50g).

The uptake increased from 77.50 + 0.16 to 81.58 % + 0.14 when GP-1 was anchored with
citric acid and 80.69 % * 0.27 with EDTA respectively. There was significant difference
in metal ion uptake upon functionalization as indicated in appendix 6C. The mean
percentage removal of Zn (Il) using GP-2 and GP-3 increased from 79.18 + 0.78 and
82.97 + 0.26 to 84.09 £ 0.28 and 89.03 % =+ 0.56 when tethered with citric acid and to
85.30 + 0.38 and 89.84 % + 0.38 when functionalized with EDTA as shown in appendix
6C. The column studies registered lower metal ion uptake in comparison with the batch
mode. This difference could be explained by the fact that equilibrium between the
solution phase metals and adsorbed phase metals had not been reached in the column
study (Sounthararajah et al., 2015). However, the column study is closer to the real full-
scale treatment system and consequently the results from this study are more applicable to

real practical conditions (Sounthararajah et al., 2015).
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4.8 Equilibrium studies using adsorption isotherms

This study employed Langmuir, Freundlich and Langmuir Freundlich and Temkin
isotherms in fitting of experimental data obtained when initial metal ion concentrations
were varied from 20 - 500 mg/L. The Langmuir isotherm (Langmuir, 1916) assumes a
monolayer adsorption in which adsorbates are adsorbed to a finite number of definite
localized sites that are identical and equivalent with no lateral interaction (Foo and
Hameed, 2010). The Freundlich model applies multilayer adsorption over the
heterogeneous surface (Foo and Hameed, 2010). The Langmuir Freundlich isotherm, also
known as Sip's model, is a versatile isotherm expression that simulate both Langmuir and
Freundlich behaviors (Sips, 1948; Nahm et al., 1977). Equilibrium constants obtained
from this study on adsorption of Pb (I1), Cd (1) and Zn (1) are as shown in tables 4.3, 4.4

and 4.5 respectively.

4.8.1 Adsorption isotherms of Pb (11) ions

The adsorption data for Pb (II) ions on the adsorbents were fitted onto Langmuir,
Freundlich, and Sips isotherms and their equilibrium constants are presented in tables 4.3.
The adsorption data for all the adsorbents best fitted into the modified Langmuir

Freundlich isotherm.
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Table 4.3: Isotherm model constants and correlation coefficients for adsorption of
Pb (I1) ions on geopolymers

Freundlich Langmuir Langmuir Freundlich
Ke KL Qmax Qmax

Sorbent |1/n  (mglg) R? L/mg (mglg) R? (mg/g) Kie 1/n  R?

GP-1 133 076 0.995|-1.00 0.006 0.423 |27.0 1.0x10" 0.72 0.996
GP-1C |1.48 033 0992 |-335 0.005 0.764 |50.61 1.0x10° 0.64 0.995
GP-1E |154 0.07 0967 |-446 0.007 0512 |60.71 1.3x10° 0.61 0.997
GP-2 1.33 0.75 0983|-0.99 0.007 0522 [57.96 15x10* 0.68 0.999
GP-2C [230 0.08 0.839|-748 0.008 0.605 |58.97 1.0x10" 0.44 0.920
GP-2E 155 0.06 0.978|-3.94 0.006 0.654 | 79.58 1.7x10° 0.62 0.997
GP-3 144 041 0962 |-2.68 0.006 0.610 |209.9 5.85 0.62 0.982
GP-3C [169 027 0915|-3.15 0.007 0.682 |221.1 1.1x10° 0.50 0.964
GP-3E |[1.67 0.05 0.983|-355 0.007 0.745 | 3265 2.3x10° 0.58 0.985

C and E- Geopolymer functionalized with citric acid and EDTA respectively, 1/n =
heterogeneity index, Ke =Freundlich constant, R?*= correlation coefficient, Qma=
adsorption capacity, K. = Langmuir constant and K = Modified Langmuir —Freundlich
constant.

The variables estimation was done using the Microsoft excel solver with a non-negativity
constraint restriction for K¢ values. Isotherm fitting’s R? values of 0.996, 0.995, 0.997
0.999, 0.920, 0.997, 0.982, 0.964 and 0.985 for GP-1, GP- 1C, GP-1E, GP-2, GP-2C, GP-
2E, GP-3, GP-3C and GP-3E were obtained respectively. These results show that the
modified Langmuir Freundlich isotherm was best suited to describe metal ion dependent
adsorption effects. Consequently, it implies that cooperative adsorption occurred between
the heterogeneous surface and homogenous surface of the adsorbent. The index of

heterogeneity, 1/n were 0.72, 0.64, 0.61, 0.68, 0.44, 0.62, 0.62, 0.50 and 0.58 for GP-1,

GP- 1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E respectively.

These values decreased with functionalization and we can infer that the process increases

the favourability of adsorption of Pb (Il) ions. According to Rushton et al. (2005),
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approach of heterogeneity index to unity indicates change of adsorbent surface to
homogenous and when the index decreases approaching zero, it indicates change of
surface to heterogeneous. The values obtained in this study show functionalization of
geopolymers favoured change of surface to heterogeneous. Increase in Si/Al ratio caused
by use of different clays increased the isomorphous replacement of Si** by AI** hence
producing more negative charges in the geopolymer lattice (Shaheen et al., 2012). The
negative charges are balanced by Na® which is exchangeable with heavy metal ions
increasing adsorption capacities (Erdem et al., 2004). Adsorption capacities obtained
using Sips isotherms are recorded in table 4.3. Giinay et al. (2007) also stated that three-

parameter isotherm models resulted in better performance than two-parameter models.

4.8.2 Adsorption isotherms of Cd (I1) ions

Equilibrium constants obtained are presented in table 4.4.

Table 4.4: Isotherm model constants and correlation coefficients on adsorption of
Cd (I1) ions on geopolymers

Freundlich Langmuir Langmuir Freundlich
Ke KL

GP-1 125 014 0982 |-3.80 0.003 0927 |6.04 0.63 0.79 0.984
GP-1C | 159 0.03 0976 |-597 0.005 0.828 | 242 0.009 0.69 0.993
GP-1E 132 0.13 0967 [-411 0006 0368 |51.4 25x10° 0.64 0.998
GP-2 115 034 0.728 |-22.02 0.017 0.108 [452 0.111 0.67 0.939
GP-2C [2.36 0.001 0919 [-6.91 0.005 0.841 [91.5 45x10* 0.57 0.991
GP-2E [1.31 013 0994 [-337 0.004 0662 [160.5 1.1x10* 0.72 0.997
GP-3 1.29 014 0939 |-352 0.004 0.776 | 136.2 2.1x10° 0.96 0.989
GP-3C | 255 0.004 0.890 [-8.09 0.006 0.731 |162.6 4.6x10° 0.46 0.971
GP-3E |1.44 0.063 0.930 [-472 0.004 0.781 [1755 1.7x10° 0.69 0.987

C and E- Geopolymer functionalized with citric acid and EDTA respectively, 1/n =
heterogeneity index, Kr =Freundlich constant, R?*= correlation coefficient, Qmac=
adsorption capacity, K, = Langmuir constant and K, = Modified Langmuir —Freundlich
constant.
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The R? show that the data fitted best in modified Langmuir Freundlich isotherm (Sips) for
all adsorbents. The R? values were 0.984, 0.993, 0.998, 0.939, 0.991, 0.997, 0.989, 0.971
and 0.987 for adsorbents GP-1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and
GP-3E respectively showing a good data fit. These adsorption capacities obtained were,
6.04, 24.2,51.4, 45.2,91.5, 160.5, 136.2, 162.6 and 175.5 mg/g for GP-1, GP-1C, GP-1E,
GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E respectively. The adsorption capacities
increased with functionalization. Since the value of 1/n obtained in Freundlich isotherm
was greater than 1, then the adsorption coefficient increased with increasing concentration
of the solution leading to an increase in hydrophobic surface characteristics after

monolapisan (Ghazi et al., 2013).

4.8.3 Adsorption isotherms of Zn (11) ions

Table 4.5 shows the equilibrium constants for adsorption of Zn (1) ions.

Table 4.5: Isotherm model constants and correlation coefficients on adsorption of Zn
(11) ions on geopolymers

Freundlich Langmuir Langmuir Freundlich

Kr KL

GP-1 134 778 0917 |0.18 0.35 0.497 [10.1  7.6x10% 0.16 0.970
GP-1C 149 167 0823 [-1.75 -0.04 0789 |148 1.9x10° 0.42 0.824
GP-1E |5.15 276 0.887 [-0.80 -0.15 0525 |21.1 1.1x10" 5.15 0.938
GP-2 7.22 514 0695 |-0.36 -0.30 0.724 | 647 6.0x10° 0.12 0.936
GP-2C |1.24 032 0915 [-6.67 -0.01 0775 | 621 4.6x10° 0.64 0.935
GP-2E 337 093 0973 [-292 -045 0636 |175.3 1.8x10" 0.40 0.980
GP-3 7.70 433 0309 |-045 -0.25 0.730 | 724 1.4x10" 0.13 0.823
GP-3C | 192 045 0979 |-0.613 -0.02 0.820 | 130 3.3x10° 0.52 0.983
GP-3E [1.90 040 0948 [-6.77 -0.02 0658 |169.9 1.5x10% 051 0.964

C and E- Geopolymer functionalized with citric acid and EDTA respectively, 1/n =
heterogeneity index, Kr =Freundlich constant, R?*= correlation coefficient, Qmac=
adsorption capacity, K, = Langmuir constant and K, = Modified Langmuir —Freundlich
constant.
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From these data, it is evident that the experimental data fitted best in modified Langmuir
Freundlich isotherm (Sips) for most of the adsorbents. The R? values for GP-1, GP-1C,
GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E were 0.970, 0.824, 0.938, 0.936,
0.935, 0.980, 0.823, 0.983 and 0.964 respectively and their adsorption capacities 10.1,
14.8, 21.1, 64.7, 62.1, 175.5, 72.4, 130, and 169.9 mg/g respectively. Increase in
adsorption capacities was observed to increase with Si/Al ratio and subsequent

functionalization.

4.8.4 Equilibrium studies of Zn (II), Pb (Il) and Cd (Il) using Temkin adsorption
isotherm

The Temkin adsorption isotherm model was chosen to evaluate the adsorption potentials
of the adsorbent for adsorbate (Shahmohammadi-Kalalagh and Babazadeh, 2014). The

isotherm parameters are given in table 4.6.

Table 4.6: Temkin adsorption isotherm constants of Pb (I1), Cd (1) and Zn (I1) onto
geopolymers

Pb (1) Cd (11) Zn (11

Geopolymer Bt Ar R Br Ar  R? Br Ar R?

GP-1 3324 991 0.773 [2311 330 0.889 (289 11.08 0.900
GP-1C 30.13 3.03 0.789 |30.02 169 0.809 [10.00 3.77  0.445
GP-1E 3297 268 0714 |27.06 321 0715 |429 486  0.759
GP-2 3872 885 0.764 |2352 546 0.703 |285 691 0811
GP-2C 5544 1.93 0.619 |52.41 485 0618 [11.57 1.49 0.638
GP-2E 3267 265 0.761 | 2556 3.43 0786 [6.20 2.64 0.853
GP-3 3179 399 0.751 |24.61 348 0.834 |265 572 0.634
GP-3C 39.90 262 0729 |60.03 807 0561 [814 175 0.803
GP-3E 3732 263 0783 |2754 238 0.809 [819 151  0.802

C and E- geopolymer functionalized with citric acid and EDTA respectively, At =
Temkin equilibrium binding constant (L/g), Br= Temkin constant related to heat of
adsorption (J/mole) and R?= correlation coefficient.
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The Bt values obtained for adsorption of Zn (11), Pb (1) and Cd (11) ions with the heat of
sorption indicating a physical adsorption process (Dada et al., 2012), did not show a
specific trend with increase in Si/Al ratio and also upon functionalization. This is an
indication that increases in Si/Al ratio and functionalization did not have verifiable effects
on heat of adsorption. Bt values calculated were 33.24, 38.72 and 31.79 J/mole when
using GP-1, GP-2 and GP-3 for adsorption of Pb (Il). The increasing values indicated a

strong interaction between the adsorbate and the adsorbent (Abechi et al., 2013).

Temkin values for cadmium sorption showed an increase in Bt values. These values are
23.11, 23.52 and 24.61 for GP-1, GP-2 and GP-3 representing an increase in Si/Al ratio
(Table 4.6). The heat of adsorption of Cd (I1) ions was directly related to coverage of the
ions onto geopolymers due to adsorbent-adsorbate interaction (Erhayem et al., 2015). For
adsorption of Zn (1I) the values decreased with increase in Si/Al ratio in geopolymers.
GP-1 recorded Bt value of 2.89; GP-2 gave a value of 2.85 while GP-3 obtained 2.65
J/imole. According to Erhayem et al. (2015), decreased heat of adsorption of Cd (1I) ions
onto the surface of geopolymers implies the sorption process was exothermic. The
correlation coefficients of Temkin obtained were lower than those of Langmuir,
Freundlich and Langmuir Freundlich. By comparing the correlation coefficients (R?)
obtained from the four isotherms plots (Table 4.3, 4.4, 4.5 and 4.6), it can be concluded
that Sips (Langmuir Freundlich) model can be applied successfully to Cd (11) and Zn (1)

and Pb (1) ions.

4.9 Thermodynamic studies of Zn (1), Pb (I1) and Cd (lI) ions

In an environment, the concept of energy and entropy must be calculated for the

occurrence of spontaneity of an adsorption reaction (Chand and Pakade, 2013). Analysis
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of thermodynamics of equilibrium adsorption data can give more important information

on the adsorption process (Ghomri et al., 2013). The thermodynamic parameters standard

free energy (AG), enthalpy change (AH), and entropy change (AS’) were estimated to

evaluate the feasibility and exothermic nature of the adsorption process. Thermodynamic

studies of Pb (I1), Cd (11) and Zn (I1) were done when varying the adsorption temperatures

from 293 — 328 K. Tables 4.7, 4.8 and 4.9 present thermodynamic parameters AG, AH’

and AS’ for the adsorption processes.

4.9.1 Thermodynamic studies of Pb (I1) ions onto geopolymers

The AH", AG and AS’ values obtained by plotting In K. versus 1/T are presented in table

4.7.

Table 4.7: Thermodynamic parameters on adsorption of Pb (Il) ions computed from

the linearized plot of In K. versus 1/T and n=3.

AG°(kJ/mol)

AH AS 293K 298K 308K 318K
GP  kJ/mol) (J/mol/K)  MeantSD Mean=SD Mean=SD Mean=SD
1 249 15.51 478 £0.07° -493+0.02° -5.17+0.02° -5.62+0.01°
1C  5.63 27.76 -5.81+0.06° -6.13+0.01° -6.48+0.03° -7.65+0.01
1E  18.67 75.75 -8.28+0.16° -8.82+0.04° -10.00 +0.08° -13.95+0.11°
2 208 14.99 -5.29+0.03° -5.46+0.02° -588+0.15° -6.282+0.01°
2C  4.24 22.81 -5.54+0.02° -5.90+0.00° -6.47+0.031° -7.10+0.01°
2E 1157 49.70 -6.77£0.09° -7.63+0.00° -8.32+0.17° -10.42 +0.03
3 1.99 15.99 -6.14+0.03"° -6.40+0.04° -6.85+0.03° -7.25+0.02
3C 7.6 37.75 -8.34+0.09° -8.66+0.10° -9.31+0.01° -11.05+0.02
3E  8.02 37.78 -6.92+0.04° -7.34+0.01° -8.78+0.05" -9.11+0.06"

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-
way ANOVA, SD= standard deviation, GP= geopolymer, AH = standard enthalpy
change, AS™ = standard entropy change, n= no of replicates and AG'= standard free

energy change.
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From the table 4.7, decrease in the value of AG™ with increase in temperature shows that
the reaction was more spontaneous, which indicates that adsorption was favoured by
increase in temperature (Mustafa et al., 2008). All AG’ values calculated were between 0
and -20 kJ/mole corresponding to spontaneous physisorption (Mahmoud et al., 2013).
The positive values of AH™ obtained indicated the endothermic nature of adsorption and
governs the possibility of physical adsorption (Ghosh and Bhattacharyya, 2002). The low
AH’ values also depict that the metal ion was physisorbed onto the adsorbent (Gong et al.,
2005; Bueno et al., 2008). The negative values of AG (Table 4.7) stipulate that the

adsorption was highly favourable for Pb (1) ions.

Additionally, the positive values of AS  confirmed the increased randomness at the solid-
solute interface during the adsorption process, which shows the solution system tends
towards stability when the adsorption of Pb (Il) ions on the surface of adsorbent occurs
according to the second law of thermodynamics (Liu et al., 2012). The result on AH
shows that functionalization increased the endothermic nature of adsorption. More heat
was required to bind the metal ions on the surface of adsorbent. This indicated that

adsorption increased with increase in temperature after functionalization.

4.9.2 Thermodynamic studies of Cd (I1) onto geopolymers

Table 4.8 shows the thermodynamic parameters of Cd (Il) adsorption on the geopolymers
at different temperatures. The AG  obtained was negative for all temperatures studied.
This indicates spontaneity of process according to Andrabi (2011) and the values became
significantly more negative as temperatures rose due to increase in spontaneity of the
adsorption with increase in temperatures (Deosarkar, 2012). Entropy change was positive
demonstrating structural changes at active sites of the geopolymers during adsorption

process. The values of AG decreased with increased temperature, showing that the



94

reaction was spontaneous and more favourable at higher temperature (Ghomri et al.,
2013). For the metal ions to be adsorbed, they have to lose part of their hydration sheath.
This energy of dehydration supersedes the exothermicity of the ions getting attached to

the surface (Naseem and Tahir, 2001).

Table 4.8: Thermodynamic parameters of adsorption of Cd (I1) ions computed from
the linearized plot of In K. versus 1/T and n=3

AG°®(kJ/mol)

AH AS 293K 298K 308K 318K
GP kJ/mol)  (J/mol/K) MeanzSD MeanzSD MeanzSD MeanzSD
1 5.37 36.04 -4.60+0.02° -473+0.01° -524+0.05° -6.00+0.02°
1C 27.42 116.49  -6.95+0.07 -7.25+0.03° -7.85+0.06° -10.06 +0.03%
1E 26.84 123.70  -9.41+0.17" -9.98+0.08° -10.84+0.06° -13.52 +0.15°
2 7.96 42.87 -5.49+0.01° -5.80+0.01° -6.21+0.08" -7.81+0.01°
2C 15.12 77.03 -8.97 £0.08° -9.54+0.05° -10.25+0.10° -11.23 +0.03?
2E 20.31 99.78 -7.61+0.09° -7.81+0.05° -8.14+0.04° -9.82+0.04
3 16.07 73.43 -5.15+0.05° -5.45+0.01"° 5.73+0.09%- -6.06+0.37
3C 27.25 113.04  -5.96+0.02° -6.46+0.02° -7.35+0.04° -8.72+0.04°
3E 15.13 73.84 -6.62+0.08° -6.78+0.02° -7.33+0.04° -8.80+0.06°

Means in a row with the same letter are not significantly different from each other
(Tukey—Kramer test, P>0.05), SD= standard deviation, GP= geopolymer, AH" = standard
enthalpy change, AS = standard entropy change, n= no of replicates and AG = standard
free energy change.

4.9.3 Thermodynamic studies of Zn (I1) onto geopolymers

The negative value of AG’ obtained in adsorption of Zn (I1) ions signals the feasibility
and spontaneous nature of the adsorption process and the more negative it is indicates the
adsorption process becoming more spontaneous with rise in temperature, which favours
the adsorption process (Kumar and Gayathri, 2009; Sharma et al., 2010). The AG’ values
obtained in this study for the Zn (Il) ions were < 20 kJ/mole, indicating physical
adsorption was the predominant mechanism in the sorption process. This is similar to the
results obtained by Abdel Ghani and Elchaghaby (2007). The positive value of AS

reflected the affinity of the adsorbent for particular heavy metal ions and confirms the
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increased randomness at the solid—solution interface during adsorption (Hameed et al,
2009; Kumar and Gayathri, 2009). These results also support the suggestion that the
adsorption capacity of adsorbent increases with increasing temperature (Thajeel, 2013).

Table 4.9: Thermodynamic parameters on adsorption of Zn (I1) ions computed from
the linearized plot of In K. versus 1/T and n=3

AG (k/mol)

AH AS 293K 298K 308K 318K
GP  kJ/mol)  (J/mol/K) MeantSD MeanzSD MeanzSD MeanzSD
1 683 43.45 -5.82+0.01° -6.08+0.05° -6.70+0.01° -7.09+0.04%
1C 1551 81.23 -8.16 £0.07° -854+0.04° -9.93+0.02° -10.56 +0.04%
1E  13.20 66.67 -6.14+0.03° -6.42+0.02° -7.31+0.10° -7.69+0.08°
2 3285 135.02  -6.98+0.02° -7.26+0.03° -7.97+0.12° -11.05+0.03
2C  13.47 68.77 -6.55+0.02° -7.05+0.01° -7.93+0.02° -8.38+0.03
2E  10.95 61.53 -6.96 +0.10° -7.31+0.03° -8.06+0.06° -9.21 +0.06
3  15.83 79.02 -7.42+0.05° -7.79+0.09° -8.10+0.17° -9.47+0.03°
3Cc 1731 91.41 -9.30+0.27° -10.01+0.07° -10.82+0.02° -12.27 +0.19)®
3E  20.13 100.60  -9.37 £0.06° -10.04+0.10° -10.17 +0.02° -12.59 +0.18

Mean percentages with same letters in the same row are not significantly different at 95 %
confidence level SD= standard deviation, GP= geopolymer, AH = standard enthalpy
change, AS = standard entropy change, n=no of replicates and AG = standard free energy
change.

4.10 Adsorption kinetic modeling

Adsorption kinetics, which indicates the adsorption rate, is an important characteristic of
adsorbents (Wu et al., 2016). The transient behavior of the Pb (I1), Cd (I1) and Zn (II)
ions adsorption process was analyzed using three adsorption kinetic models; pseudo- first
and pseudo-second order rate models and intraparticle diffusion models. The rate constant
of adsorption was determined from the pseudo-first order rate model and pseudo-second
order model (Sen and Sarzali, 2008) based on equilibrium adsorption. Tables 4.10, 4.11
and 4.12 represent the descriptive kinetic data for Pb (Il), Cd (II) and Zn (Il) ions

obtained from this study respectively.
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4.10.1 Kinetic modeling on adsorption of Pb (I1) ions

The slopes and intercepts of plots of log (ge —0:) versus t were used to determine the first
order rate constant k; and equilibrium adsorption density g.. However, the experimental
data deviated considerably from the calculated data as shown in table 4.10. A comparison

of the results with the correlation coefficients is shown in table 4.10.

Table 4.10: Descriptive data on rate constants of Pb (Il) adsorption on geopolymers
as estimated from pseudo-first and second order Kinetic models

Pseudo-first order Pseudo-second order

GP qge(exp) SD Qe(cal) SD kg R® Qe(cal) SD  ky R®

1 3634 0.05 1591  1.34 0.034 0.93939.95 0.09 25x10° 0.996
1C 46.67 0.16 56.43 269 0.044 0.779 [62.37 023 5.2x10™ 0.957
1E 4051 0.11 58.20  13.36 0.053 0.898 | 48.70  0.36 1.0x10° 0.981
2 3982 0.04 21.82 065 0.033 0887|4354 011 2.0x10° 0.991
2C 49.25 0.00 9259 397 0.054 0978|6849 0.00 4.07x10* 0.987
2E  41.30 0.00 28.32 0.04 0.030 0.733[46.95 0.00 1.31x10° 0.959
3 4512 0.01 62.78 051 0.054 0.773 |57.47 0.00 7.05x10* 0.968
3C 4966 0.01 116.09 2.11 0.073 0.908 | 6494 0.00 5.86x10”" 0.975
3E 4227 0.03 28.84 0.33 0.029 0584|5395 0.17 1.07x10° 0.970

GP= geopolymer adsorbents, C = citric acid functionalized, E = EDTA functionalized,
SD = standard deviation, ge (exp) (mg/g) = q. obtained from adsorption experiment, Qe
(cal) (mg/g) = g calculated from the pseudo graphs, ki(min™) = rate constant for pseudo
—first order reaction, ky(g/mg.min) = rate constant for pseudo —second order reaction, h =
is the initial sorption rate (mg/ g min) and R? = correlation coefficients, initial metal ion
concentration = 100mg/L and residence time varied (20 - 100 minutes).

The correlation coefficients for the pseudo- first order kinetic obtained at the studied
concentration were low compared to those of pseudo- second order Kkinetic. Also the
theoretical g values found from the pseudo-first order kinetic did not give values closer
to the experimental values. This suggests that the adsorption system of Pb (II) ions was

not a first order reaction. The correlation coefficients for the second order kinetic

obtained were greater than 0.95.
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The equilibrium adsorption capacities obtained with pseudo-second order model were
slightly more reasonable than those of the pseudo-first order when comparing predicted
results with experimental data. Moreover, the values of R® also indicated that this model
produced better results. These indicate that the adsorption system studied belongs to the
Pseudo-second order kinetic model that presupposes that Pb (Il) ions adsorption on
geopolymer adsorbents may occur through a chemical process involving the valence
forces or exchanged electrons (Al-Ghouti et al., 2005). Similar phenomena were also
observed in adsorption of Cu (Il) ions and Pb (I1) ions on tea waste (Amarasinghe and

Williams, 2007).

4.10.2 Kinetic modeling on adsorption of Cd (I1) ions

Different kinetic parameters calculated by linear regression for Cd (Il) are summarized in
table 4.11. The correlation coefficients (R?) obtained from the plots of pseudo- second
order kinetics were larger (R? > 0.997) than those of the pseudo-first order model. It is
deduced that, the initial adsorption rates (h-) obtained were 42.37 to 54.07 and 72.37 mg
/g min as the SiO,/Al,O3 ratio of geopolymer increased from 4.16 to 8.28 (Table 4.2) for
adsorbents GP-1, GP-2 and GP-3 respectively. This may have attributed the increased

driving force between the liquid and solid phase (Liu et al., 2012).
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Table 4.11: Descriptive data on rate constants of Cd (IlI) adsorption onto
geopolymers as estimated from pseudo- first and second order kinetic models

Pseudo-first order Pseudo-second order

GP qe(exp) SD qe(cal) SD ks R? ge(cal) SD h, R’

1 4323  0.07 2.46 053 0.013 0.729 |43.48 020 4237 1.0
1C 46.17 0.04 8.64 0.35 0.040 0.828 |47.17 0.00 20.33 0.999
1E 4491 0.13 5.80 0.74  0.021 0.931 | 45.52 0.24 18.05 0.999
2 43.14  0.05 1.79 0.27  0.025 0.509 | 43.23 011 5407 1.0
2C 4516 0.05 3.25 1.02 0.021 0.917 | 45.66 0.36 2331 0.999
2E 4480 0.12 4.75 0.18 0.016 0.834 |44.91 0.12 1996 0.998
3 4473  0.04 4.65 0.14 0.019 0.991 |45.18 012 7237 0.999
3C 4497 0.09 9.27 140 0.034 0.840 | 47.02 013 1946 1.0
3E 4985 0.01 2396 025 0.046 0.944 |52.63 0.00 961 0.997

GP= geopolymer adsorbents, C = citric acid functionalized, E = EDTA functionalized SD
= standard deviation, g. (exp) (mg/g) = g obtained from adsorption experiment, . (cal)
(mg/g) = . calculated from the pseudo graphs, ki(min™) = rate constant for pseudo —first
order reaction, h,= is the initial sorption rate (mg/ g min) and R?= correlation coefficients,
initial metal ion concentration = 100mg/L and residence time varied (20 - 100 minutes).

4.10.3 Kinetic modeling on adsorption of Zn (I1) ions

The pseudo-first order kinetic predicted much different values of the equilibrium
adsorption capacities than the experimental values and hence gave inapplicability of this
model. The pseudo-second order kinetic model fitted very well with high regression
coefficients (R? > 0.996) shown in table 4.12. Higher correlation coefficients (R?) with
respect to the fitted pseudo-second order model suggested that adsorption of metal ions

on geopolymers followed this order.



99

Table 4.12: Descriptive data on rate constants of Zn (Il1) ions adsorption onto
geopolymers as estimated by pseudo-first and second order Kinetic models

Pseudo-first order Pseudo-second order

cp U(Exp) SD gecal) SD ki R® Qe(cal) SD  ky R®

1 40.30 0.04 1.47 0.15 0.015 0.222 |40.53 0.08 3.0x10% 1.0

1C 46.78 0.03 5.27 0.84 0.027 0.257 |47.47 0.13 1.4x10% 1.0

1E 41.79 0.03 14.71 395 0.042 0.782 |43.04 0.10 6.80x10° 0.999
2 41.78 0.06 6.69 0.43 0.030 0.858 |42.49 0.10 1.0x10% 0.999
2C 43.77 0.08 9.37 0.06 0.027 0.848 |44.64 0.00 6.81x10° 0.998
2E 42.70 0.16 25.17 10.61 0.044 0.732 | 44.18 0.23 5.16x10° 0.996
3 41.53 0.07 3.17 0.17 0.012 0.839 |41.90 0.10 8.83x10° 0.998
3C 45.20 0.11 24.82 8.70 0.044 0.888 |47.39 0.23 4.22x10°  0.999
3E 4277 0.13 221 0.32 0.007 0.086 |41.55 0.36 8.5x107 0.996

GP= geopolymer adsorbents, C = citric acid functionalized, E = EDTA functionalized SD
= standard deviation, g. (exp) (mg/g) = g obtained from adsorption experiment, g, (cal)
(mg/g) = ge calculated from the pseudo graphs, K (min™)= rate constant for Pseudo —first
order reaction, k,(g/mg.min) = rate constant for pseudo —second order reaction and R? =
correlation coefficients, initial metal ion concentration = 100mg/L and residence time
varied (20 - 100 minutes).

The low values of rate constant (kz) shown in table 4.12, suggested that the adsorption
rate decreased with the increase of the phase contact time and the adsorption rate was
proportional to the number of unoccupied sites (Krukowska et al., 2017). Ding et al.

(2014) obtained similar results studying the adsorption of Pb (II) ions on the bagasse

biochar.

4.10.4 Intra-particle diffusion models

The time dependent data from this study was further used to investigate whether intra-
particle diffusion also played significant roles in the adsorption of Pb (1), Cd (1I) and Zn
(1) ions from their aqueous solutions. Their intra-particle diffusion kinetic plots of q;

1/2

against t~° were taken and presented in figures 4.42, 4.43 and 4.44 respectively.

According to this model, a plot of q; versus t>° should be linear if intra-particle diffusion
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is involved in the adsorption process and if the plot passes through the origin then

intraparticle diffusion is the sole rate-limiting step. It has also been suggested that in

172

instances when gt versus t~“ is multilinear, two or more steps govern the adsorption

process (Wu et al., 2005; Unuabonah et al., 2007).

4.10.4.1 Intra-particle diffusion models of Pb (11), Cd (I1) and Zn (l1) ions uptake
onto geopolymers

Intra-particle diffusion plots for adsorption of Pb (1) ions is shown in figure 4.42.
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S 35 . —¥#=GP-2C
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Figure 4.42: Intra-particle diffusion plot for the adsorption process of Pb (Il) ions
(geopolymer dosage = 2g/L, time 20-100 minutes, [Pb (1I)] = 100mg/L, T = 298 K, pH
4.0,V =0.050 L and error bars indicate the average deviation from the mean).

From the intra-particle diffusion plots shown in figure 4.42, it was evident that the
adsorption processes followed two steps. The first linear portion followed the boundary
layer diffusion followed by another linear portion, which represented the intra-particle
diffusion (Nethaji et al.,2013). The adsorption processes were not only by intra-particle
diffusion, but film diffusion also played a role in the observed processes (Kumar et al.,
2005). As the plot did not pass through the origin, intraparticle diffusion was not the only

rate-limiting step (Nethaji et al., 2013). Given the multilinearity of this plot for adsorption
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of Pb (I1) on geopolymer particles, it is proposed that adsorption occurred in two phases
(Fig 4.42). The initial steeper section represented surface or film diffusion, the second
linear section a gradual adsorption stage where intra-particle or pore diffusion was rate-

limiting. Figure 4.43 shows the intraparticle plots of Cd (1) ions.
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Figure 4.43: Intra-particle diffusion plot for the adsorption process of Cd (lI) ions
(geopolymer dosage = 2g/L, time 20-100 minutes, [Cd (I1)] = 100mg/L, T = 298 K, pH
5.0, V =0.050 L and error bars indicate the average deviation from the mean).

The data obtained exhibits multi linear plots revealing that the adsorption process was
governed by two or more steps. The first linear part conceivably attributed to immediate
utilization of most readily available sorbing sites on the sorbent surface. The second
portion may be attributed to very slow diffusion of Cd (11) from the geopolymer surface

site into the inner pores (Mahmoud et al., 2013). Figure 4.44 shows the intra-particle plots

of Zn (1) ions.
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Figure 4.44: Intra-particle diffusion plot for the adsorption process of Zn (Il) ions
(geopolymer dosage = 2g/L, time 20-100 minutes, [Zn (1I)] = 100mg/L, T = 298 K, pH

5.0and VvV =0.050 L).

The figure shows deviation from linearity thus other surface phenomena are involved in
adsorption mechanism (Nwagbara et al., 2010). The adsorption mechanism of metal ions

onto the adsorbent followed film diffusion, pore diffusion and intra-particle transport

(Singh and Pant, 2004) visible from the three evident phases in figure 4.43 and 4.44.

4.10.4.2 Deduction of kid in terms of % sorption of Pb (I1), Cd (I1) and Zn (I1) ions

Figure 4.45, presents plots of log R vs. log t of adsorption of Pb (I1).
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Figure 4.45: Analysis for intra-particle diffusion study (based on % adsorbed per unit

time) of Pb (11) uptake onto geopolymer adsorbent.
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The kiq values obtained from this plots are tabulated in appendix 7A. These values are
11.74, 27.11, 20.49, 12.15, 32.26, 17.21, 15.61, 16.58 and 18.34 for GP-1, GP-1C, GP-
1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E respectively. The ‘a’ values which
according to Mahmoud et al. (2013) delineate the adsorption mechanism were 0.223,
0.470, 0.302, 0.196, 0.470, 0.351, 0.382, 0.422 and 0.365 for GP-1, GP-1C, GP-1E, GP-2,
GP-2C, GP-2E, GP-3, GP-3C and GP-3E respectively. Increased values of “a” with
functionalization insinuates increase in adsorption mechanism due to increased number of
active sites upon functionalization. Figure 4.46 presents the plots for intra particle

diffusion of Cd (11) ions.
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Figure 4.46: Analysis of intra-particle diffusion study (based on % adsorbed per unit
time) of Cd (I1) ions uptake onto geopolymer adsorbent.

The kiq values obtained for intra-particle diffusion studies of Cd (Il) as presented in
appendix 7B are 69.79, 72.31, 75.53, 72.61, 79.09, 76.67, 60.97, 74.59 and 73.13 for GP-
1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E respectively. Notably
there was increased value of kiy with functionalization of geopolymers. The values ‘a’
obtained from the isotherms were 0.029, 0.054, 0.054, 0.019, 0.034, 0.042, 0.042, 0.045

and 0.109 for GP-1 to GP-3E.
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Figure 4.47 shows the intra-particle diffusion plots of adsorption of Zn (l1) ions.
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Figure 4.47: Analysis of intra-particle diffusion study (based on % adsorbed per unit
time) of Zn (I1) ions uptake onto geopolymer adsorbent.

The kiq values obtained for intra-particle diffusion studies of Zn (11) ions as presented in
appendix 7C are 64.60, 79.34, 70.60, 61.70, 66.42, 64.28, 60.10, 69.44 and 74.05 for GP-
1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E respectively. There
was notable increase in the value of kiq with functionalization of geopolymers. The values
‘a’ obtained from the isotherms were 0.03, 0.037, 0.055, 0.05, 0.076, 0.059, 0.033, 0.089
and 0.027 for GP-1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E

respectively.

Increase in values of kij; with functionalization observed for the three metal ions
illustrated an enhancement in the rate of adsorption, whereas larger kiq values illustrate a
better adsorption mechanism, which is related to an improved bonding between pollutant

and the geopolymer particles (Itodo et al., 2010).
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4.11 Desorption studies

Desorption studies help to describe the behavior of adsorption, the recovery of metal ions
from aqueous solutions, the recycling of the adsorbent and practical applications of the
treatment of industrial effluents (Moheb, 2015). Desorption of analyte ions adsorbed onto

geopolymers was studied using HNO3 at a concentration of 0.1 M.

4.11.1 Desorption studies of Pb (11) ions

The plot of the mean percentage of Pb (Il) ions desorbed against the sorption time

employed is shown in figure 4.48.
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Figure.4.48: Effect of contact time on desorption of Pb (Il) ions from geopolymer
!naterials (Adsorbent dose=1.0 g/200 mL, shaking speed = 120 rpm, and temperature = 25
C).

The figure reveals that the amounts of metal ions desorbed increased with increase in the
sorption time. The mean desorption efficiency as shown in appendices 4A, 4B and 4C
increased from 1.67 + 0.02, 1.75 £ 0.01, 3.49 + 0.01, 1.56 + 0.01, 5.02 + 0.02, 1.50 % +
0.02 to 34.50 £ 0.02, 26.03 £ 0.00, 60.11 £ 0.02, 29.00 £ 0.06, 56.99 £ 0.01, 30.46 % *

0.01, when contact time was varied from 15 to 600 minutes with adsorbent dose of 0.1

9/50 mL for geopolymers GP-1C, GP-1E, GP-2, GP-2E, GP-3 and GP-3E respectively.
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For GP-1, GP-2C and GP-3C, the mean desorption percentage increased from 9.72 *
0.02, 1.38 + 0.01 and 6.67 + 0.03 to 64.07 + 0.07, 32.00 + 0.03 and 32.93 % + 0.00 when
contact time was varied from 15 to 240 minutes and then dropped to 63.37 + 0.12, 31.27
+ 0.03 and 31.97 % + 0.02 respectively. This perhaps was due to the fact that in the
process of desorption, after the acid was added, numerous hydrogen ions were

immediately introduced.

As the concentration of hydrogen ions became drastically higher than that of the heavy
metal ions, the surface groups of the adsorbent were occupied by hydrogen ions or
hydroxonium ions and accordingly desorption of the Pb (Il) ions occurred (Hu et al.,
2016). Desorption efficiencies of the unfunctionalized geopolymers were higher than
those of functionalized as shown in appendices 4A, 4B and 4C. This could be attributed
to the fact that adsorption of metal ions by functionalized geopolymers could have had

chelation effect that shielded the metal ions from acid protons during desorption process.

4.11.2 Desorption studies of Cd (Il) ions
Results contained in appendices 4D, 4E and 4F generated the figure 4.49 showing the

effects of varying contact time on the percentage desorption of Cd (Il) ions.
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Figure.4.49: Effect of contact time on desorption Cd (II) ions from geopolymer Omaterials
(Adsorbent dose=1.0 g/200 mL, shaking speed = 120 rpm, and temperature = 25 C).

The mean percentage desorption increased from 4.29 + 0.05, 6.94 £ 0.03, 4.02 £ 0.02,
2.91 +£0.01, 5.54 £ 0.01 and 7.60 % £ 0.01 to 26.50 + 0.01, 56.97 + 0.02, 29.64 + 0.01,
60.08 + 0.01, 38.56 + 0.01 and 31.98 % + 0.01 when contact time was varied from 15 to
600 minutes for geopolymers GP-1E, GP-2, GP-2C, GP-3, GP-3C and GP-3E
respectively. For geopolymer adsorbents GP-1, GP-1C and GP-2E the metal desorption
increased from 4.52 £ 0.02, 2.27 £ 0.02 and 4.04 % £ 0.01 to 52.73 + 0.023, 34.98 £ 0.00
and 29.45 % = 0.03 when the contact time was changed from 15 to 240 minutes and then
reduced to 46.26 + 0.07, 33.57 + 0.01 and 29.12 % % 0.02 when residential time was

adjusted to 600 minutes respectively.

The results (Fig 4.49) showed that as the contact time attributed to the reutilization of the
geopolymer was enhanced, the amount of Cd (I1) ions desorbed increased. The resultant
desorption phenomenon observed in HNO3; might be attributed to ion exchange type

interaction rather than chemical sorption (Venkata et al., 2002).
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4.11.3 Desorption studies of Zn (I1) ions

The results on effects of varying contact time on the mean percentage desorption of Zn
(11) 1ons are presented in a graph shown in figure 4.50. The figure was generated from the

results raw data contained in appendices 4G, 4H and 4l.
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Figure.4.50: Effect of contact time on Zn (Il) desorption from geopolymer omaterials
(Adsorbent dose=1.0 g/200 mL, shaking speed = 120 rpm, and temperature = 25 C).

As shown, the percentage desorption increased from 3.42 £ 0.01, 2.29 + 0.02, 3.77 £ 0.01
and 3.98 % + 0.01 to 34.47 + 0.01, 27.60 £ 0.01, 64.68 = 0.01 and 30.30 % + 0.01 when
contact time was varied from 15 to 600 minutes for GP-1C, GP-1E, GP-2 and GP-2E
respectively. For GP-1, GP-2C, GP-3, GP-3C and GP-3E regeneration rate increased
from 5.25 £ 0.01, 3.50 £ 0.01, 2.55 £ 0.02, 1.87 + 0.01 and 3.36 % = 0.01 to 61.96 + 0.01,
34.12 + 0.02, 59.05 + 0.06, 39.87 + 0.01 and 26.93 % + 0.05 when residence time was
adjusted from 15 to 240 minutes then dropped to 51.90 + 0.02, 31.90 £ 0.03, 57.98 +
0.02, 39.66 + 0.02 and 26.45 % + 0.04 as construed in appendices 4G, 4H and 4l, when

time was increased to 600 minutes respectively.
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The results show similar trend to that of desorption Pb (11) and Cd (I1). The desorption of
metal ion by mineral acids medium indicates that the Zn (II) ions were adsorbed onto the
geopolymers through physisorption mechanism (Balakrishnan et al., 2010). Geopolymers
functionalized with citric acid and EDTA recorded low rates of percentage regeneration.
This could be as a result of strong complexing abilities of EDTA and citric acid

functional groups with metal ions (Saleem and Bhatti, 2011).

4.12 Adsorption studies of methylene blue
4.12.1 Point of zero charge (pHpzc) studies and the effect of pH on MB adsorption

The point of zero charge (pHpzc) is an important factor that determines the linear range
of pH sensitivity and then indicates the type of surface active centers and the adsorption
ability of the surface (Poghossian, 1997). Cationic dye adsorption is favoured at pH >
pHpzc where the surface becomes negatively charged (Yagub et al., 2014). The graph of

pH final vs. pH initial was plotted as shown in figure.4.51.
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Figure 4.51: A graph of pH final of geopolymer adsorbent against pH initial (Adsorbent
dose = 0.10 g, volume of distilled water= 100 m/L, room temperature 25 + 2 C and
shaking speed of 120 rpm).
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The intersections of the curves with the straight line are known as the end points of the
pHpzc, and these values were 8.7, 9.4, 9.4, 10.2, 9.7, 9.5, 9.7, 9.7 and 9.3 for
geopolymers GP-1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E
respectively. At higher solution pH (pH > pHpzc), the geopolymers became negatively
charged and enhanced adsorption of the positively charged dye cations through

electrostatic forces of attraction (Ebrahimian Pirbazari et al., 2014).

The calibration curve of MB is shown in appendix 5A. The pH of aqueous solutions is a
key factor in the adsorption process which is a function of hydrogen and hydroxyl ions
concentrations (Hassan, 2013). The effects of solution pH on MB adsorption onto
geopolymer were investigated and the results are illustrated in figure 4.52, which shows

that the elevations of pH lead to increasing percentage uptake of MB onto geopolymer.

——GP-1
--GP-1C
——GP-1E
GP-2
=#=GP-2C
-0-GP-2E
GP-3
GP-3C
GP-3E

Percentage removal of MB

pH

Figure 4.52: Effect of pH on adsorption of MB onto geopolymer (Contact time=60
minutes, shaking speed of 120 rpm, pH = 10.0, adsorbent dose = 0.1 g/25 mL and initial
concentration of MB= 25 mg/L).

When the pH of the agueous solution increased from 4 to 12, percentage uptake increased

from 54.34 + 0.11, 60.21 + 0.41, 91.06 + 0.36 and 88.40 % + 0.17 to 74.77 + 0.10, 78.48

+ 0.23, 95.26 £ 0.10 and 90.04 % £ 0.15 when the pH was increased from 4 to 10 and
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then dropped when pH was adjusted to 12 for GP-1, GP-1C, GP-3C and GP-3E
respectively. For GP-1E, GP-2 and GP-2C, the removal of MB increased from 61.25 +
0.17, 58.02 £ 0.26 and 64.94 % + 0.23 to 78.45 = 0.37' 75.75 + 0.29 and 85.21 % + 0.20
respectively. Similarly, higher removal percentages of MB from solution were observed
(88.03 + 0.12 and 89.74 % + 0.12) at pH (8) and then dropped for GP-2E and GP-3
respectively. Statistical data to this effect can be obtained from appendices 5B, 5C and
5D. Lower adsorption of MB at acidic pH (pH < pHpzc) was due to the presence of
excess H' ions competing with the cation groups on the dye for adsorption sites

(Ebrahimian Pirbazari et al., 2014).

The functionalized geopolymers contained carboxylic functional groups which were
electrons rich and therefore increased the attraction of the electrophilic sites in the ionized
dye. According to Said et al. (2014) methylene blue is adsorbed in basic conditions.
Literature reports indicate that increased pH should result in increase in adsorption for
cationic dyes due to increase in number of negatively charged surface sites on the
adsorbent resulting in electrostatic attraction (Senthil Kumar et al., 2010). Similar results
were reported in literature on adsorption of dyes (Kavitha and Namasivayam, 2007;

Demirbas, 2009).

4.12.2 Effect of contact time on adsorption of MB

Figure 4.53 shows the graph of percentage removal of MB against contact time.
Experimental data contained in appendices 5H, 51 and 5J was used in plotting figure 4.53.
The mean percentage removal increased from 58.51 + 0.37, 63.41 + 0.47, 89.35 + 0.01
and 89.43 % + 0.00.to 85.03 + 0.31, 86.41 + 0.11, 99.60 + 0.01 and 99.58 % + 0.01 for

adsorbents GP-1, GP-1C, GP-3 and GP-3C respectively when contact time was varied
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from 20 to 60 minutes and thereafter dropped slightly on increase of contact time to 80
minutes. For adsorbents GP-1E, GP-2, GP-2C, GP-2E and GP-3E, the MB uptake
increased from 69.17 £+ 0.35, 62.27 + 0.30, 79.68 + 0.40, 73.67 £ 0.32 and 89.33 % £ 0.01
to 87.95 + 0.12, 86.49 + 0.29, 88.36 + 0.06, 89.44 + 0.27 and 99.64 % + 0.01 respectively

for contact time between 20 and 80 minutes.
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Figure 4.53: Effect of residence time on adsorption of MB onto geopolymer (shaking
speed of 120 rpm, pH = 10.0 and concentration of MB = 25 mg/L).

The results suggest that, adsorption took place rapidly at the initial stage on the external
surface of the adsorbent followed by a slower internal diffusion process, which may be
the rate determining step (Koumanova and Allen, 2005; Gialamouidis et al., 2010). In
addition, the fast adsorption at the initial stage may be due to the fact that a large number
of surface sites are available for adsorption, but after a lapse of time, the remaining
surface sites are difficult to be occupied (Idris et al., 2011). This agrees with the report of
other investigators in literature (Kannan and Meenakshisundaram, 2002; Garg et al.,

2003).
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4.12.3 Effect of adsorbent dose on adsorption of MB

The effect of varying adsorbent dose on the percentage removal of MB studied at room
temperature (25 C + 2) by varying the adsorbent amounts from 0.1 to 0.5 g is presented

in the graph shown in figure 4.54. The raw experimental data is presented in appendices

5K, 5L and 5M.
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Figure 4.54: Effect of adsorbent dose on adsorption of MB onto geopolymer (Contact
time = 60 minutes, shaking speed of 120 rpm, pH = 10.0 and concentration of MB = 25
mg/L).

The mean percentage removal increased from 55.42 + 0.15, 65.38 + 0.19, 79.30 + 0.08,
84.58 + 0.31 and 80.86 % + 0.43 to 80.37 £ 0.35, 86.44 + 0.08, 88.47 £ 0.21, 90.41 + 0.13
and 90.16 % = 0.25 as adsorbent dose was varied from 0.1 to 0.3 g for adsorbents GP-1,
GP-1C, GP-2E, GP-3 and GP-3C respectively and then dropped on further increase in
adsorbent dose. The percentage removal increased for adsorbent GP-1E, GP-2, GP-2C
and GP-3E from 62.36 + 0.22, 60.45 + 0.45, 70.57 £+ 0.55 and 80.50 % + 0.32 to 88.08 +

0.11, 78.69 = 0.16, 86.36 £ 0.19 and 99.68 % £ 0.29 as dose was varied from 0.1t0 0.5 g

respectively.

At constant initial dye concentration, increasing the geopolymer dosage provides a greater

surface area and larger number of active sites which enhances of dye uptake (Bello and
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Ahmad, 2011). More adsorption sites remained unsaturated during the adsorption process
since increasing the adsorbent dose lead to an increase in the number of sites available for
adsorption (Khattri and Singh, 2009). A similar trend on effect of adsorbent dose on

adsorption of MB was reported by (Amuda et al., 2014).

4.12.4 Effect of temperature on adsorption of MB

The effect of temperature on the adsorption rate of MB on geopolymers was investigated
at four different temperatures (298, 308, 318 and 328 K) using initial concentration of 25

mg/L. Figure 4.55 shows the effect of temperature on adsorption of MB.
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Figure 4.55: Effect of temperature on adsorption of MB onto geopolymer (Contact time
= 60 minutes, shaking speed of 120 rpm, pH = 10.0, adsorbent dose = 0.1 g/25 mL and
initial concentration of MB= 25 mg/L).

From figure 4.55, the mean percentage removal as presented in appendices 5N, 50 and
5P, increased from 77.64 + 0.48, 76.15 + 0.31, 83.75 + 0.28 and 86.72 % + 0.09 to 83.44
+ 0.14, 84.02 £ 0.41, 86.40 £ 0.28 and 89.76 % + 0.39 with increased temperature from
298 to 328 K for GP-1C, GP-2, GP-2C and GP-3 respectively. For GP-1, GP-1E, GP-2E,

GP-3C and GP-3E, the percentage removal increased from 73.75 + 0.14, 76.82 £ 0.12,

85.25 + 0.13, 90.75 + 0.27 and 88.58 % + 0.09 to 80.29 + 0.15, 82.07 + 0.25, 88.26 +
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0.21, 95.95 £ 0.19 and 89.79 % =+ 0.07 respectively when temperature was adjusted from

298 to 318 K and then dropped on further increase in temperature.

Increase in temperature increased the rate of diffusion of the MB molecules within the
internal pores of the adsorbent and the external boundary layer and, due to decrease in the
viscosity of the solution (Ghasemi and Asadpour, 2007). This may also be due to the
mobility of molecules, which increases generally with a rise in temperature, thereby
facilitating the formation of surface monolayers (Dogan, 2003). The drop recorded after
maximum adsorption with increase in temperature could be attributed to the fact that
higher temperatures induce higher mobility of the adsorbate causing desorption (Pandey

etal., 2010).

4.12.5 Effect of initial dye concentration on adsorption of MB

The effect of the initial dye concentration on adsorption of MB depends on the immediate
relation between the dye concentration and the available active sites on an adsorbent

lattice (Salleh et al., 2011). Figure 4.56 shows the effect of initial dye concentration.
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Figure 4.56: Effect of initial concentration on adsorption of MB onto geopolymer
(Contact time = 60 minutes, shaking speed of 150 rpm, pH = 10.0 and adsorbent dose =
0.1 9/25 mL).
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The percentage of uptake of MB as indicated in appendices 5E, 5F and 5G, decreased
from 73.68 + 0.73, 77.35 + 0.24, 75.75 + 0.55, 80.31 + 0.11, 85.15 + 0.15, 80.77 £ 0.12,
88.19 + 0.15, 90.47 + 0.25 and 89.29 % + 0.25 to 50.49 £+ 0.77, 52.07 £ 0.24, 52.39 +
0.21, 61.79 £ 0.24, 69.95 £+ 0.31, 66.17 + 0.32, 65.49 + 0.40, 69.09 = 0.16 and 66.18 % *
0.71 when concentration of MB was varied from 25 to 50mg/L for GP-1,GP-1C, GP-

1E,GP-2,GP-2C,GP-2E,GP-3,GP-3C and GP-3E respectively.

The percentage of dye removal decreased with an increase in initial dye concentration,
which may be due to the saturation of adsorption sites on the adsorbent surface (Eren and
Acar, 2006). There will be unoccupied active sites on the adsorbent surface at low
concentration. When the initial dye concentration is increased, the active sites required for
adsorption of the dye molecules will disappear (Kannan and Sundaram, 2001). However,
there will be an increase in the loading capacity of the adsorbent caused by increase in the
initial MB concentration and this may be due to the high mass driving force (Bulut and
Aydin, 2006). A similar trend on effect of initial dye concentration on adsorption of MB

has been reported by Amuda et al. (2014).

4.12.6 The effect of shaking speed on MB uptake onto geopolymers
The effect of stirring speed was evaluated by varying the speed of agitation that is; (150-

240 rpm) at an initial dye concentration of 25 mg/L and contact time of 60 minutes. As
shown in figure 4.57, the sorption of MB on geopolymers increased with increase of

stirring speeds.
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Figure 4.57: Effect of shaking speed (rpm) on adsorption of MB onto geopolymer
(Contact time = 60 minutes, pH = 10.0, initial MB concentration = 25 mg/L and
adsorbent dose = 0.1 g/25 mL)

The mean MB uptake using the adsorbents is tabulated in appendices 5Q, 5R and 5P
increased from 58.58 + 1.78, 61.18 £+ 1.01 and 83.78 % + 0.54 to 82.07 + 0.95, 85.27 +
0.45 and 89.57 % £ 1.63 for GP-1, GP-1C and GP-3 respectively when shaking speed
was adjusted from 150 to 210rpm. Then uptake decreased to 81.59 + 1.01, 84.66 + 1.27
and 86.97 % + 0.11. This may be explained by the fact that when the stirring speed
increases, all particles are kept in suspension, the contact surface solid/liquid increases,
and the transfer of dye molecules to the surface of adsorbent will be favourable (Amrhar
et al., 2015). The drop recorded could be attributed to the fact that high shaking speed
provided sufficient additional energy to break newly formed bonds between the MB and

the adsorbent surface (Bernard et al., 2013).

For GP-1E, GP-2, GP-2C, GP-2E, GP-3C and GP-3E, the uptake increased on increasing
shaking speed from 150 to 240 rpm from 65.54 + 0.83, 62.62 £+ 0.44, 80.01 + 0.14, 72.89
+ 0.41, 85.71 + 1.06 and 83.64 + 1.17 % to 87.96 = 0.93, 86.63 + 0.02, 88.77 £ 0.40,
89.85 + 2.01, 89.19 £ 1.50 and 91.42 + 1.16 % respectively. This effect can probably be
attributed to the decrease in boundary layer thickness around the adsorbent particles that

results from increasing the degree of mixing (Wood et al., 2014). Shaking the mixture
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conveyed the adsorbent to move hastily in the solution, and this increased the

concentration of MB near the surface of the geopolymers (Bernard et al., 2013).

4.12.7 Adsorption isotherms

For solid-liquid adsorption system, the adsorption isotherm is an important model in the
description of adsorption behavior. Upon the adsorption reaction reaching the equilibrium
state, the adsorption isotherm can be used to provide the distribution of dye molecules
between the solid phase and the liquid phase (Tan et al., 2008). It is significant to
understand the adsorption behavior and identify the most appropriate adsorption isotherm
model. In this study, Langmuir, Freundlich, Temkin and Sips isotherm were employed to
investigate the adsorption behaviour. Adsorption isotherms were studied at four different

concentrations of 25, 30, 40 and 50 g.

4.12.7.1 Freundlich isotherm of adsorption of methylene blue

The Freundlich model yielded a good fit with a correlation coefficient value of 0.96. The
values of 1/n, which are a function of the strength of adsorption in the adsorption process

obtained in adsorption of methylene blue, are presented in table 4.13.
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Table 4.13: Equilibrium parameters of adsorption of MB using various studied
adsorption models

Sorbents GP-1 GP-1C GP-1E GP-2 GP-2C GP-2E GP-3 GP-3C GP-3E
1/n 161 182 1.76 2.54  3.47 2.85 3.52 4.14 3.7
Freundlich Kg 297 521 4.44 40.85 618.59 10247 672.98 42278 1134
R® 0.979 0.976 0978 0994 0.992 0.996 0976 0969 0.976
Langmuir K. 0.62 0.79 0.74 1.62 3.02 2.04 3.15 431 3.51
R. 0.057 0.046 0.049 0.024 0.013 0.019 0.012 0.009 0.011
Q 011 01 0.1 0.08 0.07 0.07 0.07 0.07 0.07
R® 097 0.991 0991 0998 0.996 0.995 0.997 0.997 0.997
Sips Q 1595 16.83 16.54 1789 19.14 18.49 20.22 20.74  20.45
Ks 10.95 13.57 2117 1595 574 27.22 29.67 317 27.12
ns 035 0.29 0.3 033 0.28 0.31 0.30 0.29 0.295
R® 0.999 0.998 0999 0998 1 0.998 0999 1 0.999
Temkin Br 1157 126.09 122.66 154.8 19555 167.52 203.75 232.42 211.9
Ky 196.0 225.68 216.07 358.6 728.42 449.67 794 1351.5 915.3
R® 0.991 0.989 0.99 0.997 0.995 0.998 0.984 0978 0.983

C and E- geopolymer functionalized with citric acid and EDTA respectively, 1/n =
heterogeneity index, Kr =Freundlich constant, R*= correlation coefficient, Qmax (Mg/g) =
adsorption capacity, K_ = Langmuir constant and ns= Sips constant, Ar = Temkin
adsorption potential, Bt = Temkin constant related to heat of adsorption (J/Mole).

The heterogeneity index of the geopolymers ranges from 1.61 to 4.14 as shown in table

4.13. These values are greater than one suggesting cooperative adsorption (Mohan and

Karthikeyan, 1997). Generally, 1<1/n<10 is characteristic of cooperative adsorption and

indicative of a favourable adsorption process as reported in literature (Hameed et al.,

2007; Shabudeen et al., 2007). In cooperative adsorption, the formation of a second layer

is ruled out as there is no obvious phase change (Kippling, 1965).

4.12.7.2 Langmuir isotherm of adsorption of methylene blue

The Langmuir isotherm parameters are presented in table 4.13. The essential features of

the Langmuir isotherm expressed in terms of equilibrium parameter R, which is a
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dimensionless constant referred to as separation factor or equilibrium parameter, for
geopolymers GP-1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E are
0.057, 0.046, 0.049, 0.024, 0.013, 0.019, 0.012, 0.009 and 0.011 respectively indicating
that the equilibrium sorption was favourable (R, < 1) and the R? value was > 0.97 proving
that the sorption data fitted well to this model. The values of K for GP-1, GP-1C, GP-1E,
GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E were 0.62, 0.79, 0.74, 1.62, 3.02, 2.04,
3.15, 4.31 and 3.51 respectively. These values were found to increase upon increase in
Si/Al ratios of the geopolymers and also on functionalization. The increase in K, values
with increase in Si/Al ratio and functionalization indicates that adsorption was

accompanied by higher heat of adsorption (Zhang et al., 2010).

4.12.7.3 Temkin isotherm on adsorption of methylene blue

The Temkin isotherm model assumes that the heat of adsorption of all the molecules in
the layer decreases linearly with coverage due to sorbent-sorbate interactions. The
adsorption is therefore, characterized by uniform distribution of the binding energy
(Hameed et al., 2008). The Temkin isotherm parameters for the adsorption of MB from
aqueous solution onto the geopolymers are shown in table 4.13. The high correlation
coefficient (> 0.98), characterized by the plots obtained indicates a good fit into the
model. The high values indicated strong interaction between the adsorbate and the

adsorbent.

The Temkin isotherm constant (Table 4.13) shows that the value of B, which is related to
heat of adsorption were 115.67, 126.09, 122.09, 154.76, 195.55, 167.52, 203.75, 232.42
and 211.94 kJ/mole for GP-1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and

GP-3E respectively. These values are indicative of physiosorption (Dada et al., 2012).
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Increase in By value suggests increase in heat of sorption for the methylene ion onto
geopolymers and this agrees well with what was obtained in Langmuir model. The
Temkin adsorption potentials, Ky of the adsorbent were 196.03, 225.68, 216.07, 358.55,

728.42, 449.67, 794, 1351.5 and 915.3 (dm*/g).

4.12.7.4 Sips isotherm on adsorption of methylene blue

The Sips isotherm is a combination of the Langmuir and Freundlich isotherms and can be
derived using either equilibrium or thermodynamic approach (Repo et al., 2011). The ns
values as shown in table 4.13 obtained are 0.35, 0.29, 0.30, 0.33, 0.28, 0.31, 0.30, 0.29
and 0.295 for GP-1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E

respectively.

There was a slight decrease in value of ng from GP-1 to GP-3. This implies that increase
in SiOy/Al,O3 ratio in geopolymers increased deviation of adsorption from homogeneous
to heterogeneous (Nethaji et al., 2013). The Sips isotherm gave the highest correlation
coefficients compared to the other models as shown in table 4.13 implying it has the best
fit for the experimental data. The adsorption capacities obtained were 15.95, 16.83, 16.54,
17.89, 19.14, 18.49, 20.22, 20.74 and 20.45 mg/g for GP-1, GP-1C, GP-1E, GP-2, GP-
2C, GP-2E, GP-3, GP-3C and GP-3E respectively. Increase in adsorption capacities was
noted on increase in Si/Al ratio and also upon functionalization. This could be attributed
to increase in the number of active sites. Table 4.14 shows some of the reported

adsorption capacities of MB using different adsorbents.
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Table 4.14: Comparison of adsorption capacities, Q, of MB by various adsorbents

Adsorbent Adsorption capacities  References

(mg/g)
Banana peel 20.8 Annadurai et al. (2002)
Walnut bark 15.10 Bushra et al. (2010)
Rice husk 40.6 Vadivelan andVasanth Kumar (2005)
Sugarcane bagasse 34.20 Consolin et al.(2007)
Lantana camera 19.84 Amuda et al.(2014)
stem
GP-3 20.22
GP-3C 20.74
GP-3E 20.45

4.12.8 Adsorption kinetics

It is important to be able to predict the rate at which contaminants are removed from
aqueous solutions in order to design an adsorption treatment plant (Elass et al., 2010). In
order to investigate the mechanism of adsorption and potential rate controlling steps such
as mass transfer and chemical reaction, the kinetics of MB sorption onto geopolymers
was investigated using different models (Amuda et al., 2014). Figure 4.58 shows the
pseudo- second order kinetic model plots for adsorption of MB at various contact time at
room temperature. From the relationship kyq and q. were determined from the intercept

and slope of the plot.
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Figure 4.58: Pseudo - second order kinetic model for adsorption of MB by geopolymers

The R? values obtained for the pseudo-first order kinetic model were lower than that of

the second order kinetic model and the experimental g, values did not agree with the

calculated values obtained from the linear plots as shown in table 4.15.

Table 4.15: Descriptive data on parameters of kinetic models for the adsorption of
MB onto geopolymers at 298K

Pseudo-first order

Pseudo-second order

sorbents Qe(ex) SD Qe(cal) SD Ky  R? Qe(cal) SD  1/h R’

GP-1 5.30 0.02 8.64 1.18 0.08 0.851 | 6.64 005 299 0.947
GP-1C 5.39 0.01 4.66 033 005 0717 |6.25 0.02 2.13 0.979
GP-1E 5.48 0.01 6.91 1.06 0.07 0.103 |6.41 0.03 2.17  0.958
GP-2 5.39 0.02 36.1 30.5 0.08 0.107 | 6.60 0.03 258 0.966
GP-2C 551 0.00 1.10 0.07 0.008 0.041 |5.69 0.01 0.507 0.999
GP-2E  5.58 0.02 2.34 0.14 0.002 0.004 |5.98 0.04 0.913 0.999
GP-3 5.64 0.01 2.24 0.19 0.001 0.002 |5.52 0.04 0.145 0.997
GP-3C 5.61 0.01 2.08 0.26 0.02 0.131 |5.67 0.02 0.199 0.999
GP-3E 5.71 0.02 1.17 0.07 0.005 0.020 |5.94 0.02 0.623 0.999

GP= geopolymer adsorbents, ge (exp) (mg/g) = ge obtained from adsorption experiment,
Qe (cal) = ge calculated from the pseudo graphs, SD= standard deviation, K,4= rate
constant for pseudo —first order reaction, 1/h=is the initial sorption rate (mg/ g min) and

R2= correlation coefficients.
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This suggests that the adsorption of MB onto geopolymers did not follow Pseudo-first
order kinetics. Similar results were reported for the adsorption of MB ions on various
adsorbents by several authors (Bulut and Aydin, 2006; Postai et al., 2016). Pseudo-
second order rate constants k; (calculated from the intercept and slope) as well as linear
regression correlation coefficients R? are summarized in table 4.15. These result shows
that correlation coefficients R? for the pseudo- second order kinetics are greater than
those for pseudo- first order, indicating good agreement with the experimental data. It can
be inferred that the pseudo- second order equation fits the adsorption data better than the

pseudo- first order model.

4.12.8.1 Deduction from the shape of the intra-particle diffusion plot

A non-regression coefficient plot by fitting experimental data to equation 4.1

gt = Kig t(llz) G e 4.1

gave the 3 phased plot of type in figure 4.59.
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4.5 —=#=GP-2C
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35 GP-3
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3 4 5 6 7 8 9 10 GP-3E

t1/2

Figure 4.59: Intra-particle diffusion plot for the adsorption process (Geopolymer dosage
=4 g/L, Time 20 - 80 minutes, [MB] =25 mg/L, T =298 K, pH 10 and V =0.025 L).
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Explanation of these phases was based on reports earlier presented by Ji et al. (2009). The
plot in this study revealed a linear step, corresponding to fast uptake of sorbate. The line
in the initial stage does not pass through the origin. The MB removal was dominated by
film diffusion more than it does for the intra-particle diffusion process. Sorbate
adsorption speeds up in the second stage reflecting nonconsecutive diffusion of molecules
into the micro pores with wider pore width within the sorbent (Ji et al., 2009). Diffusion
remained fairly constant in the third phase when the pore volume was exhausted.
Generally, adsorption controlled by means of the intra-particle model is due to the

preferential adsorption of sorbate into the micro pores (Ji et al., 2009).

4.12.8.2. Deduction of kiq in terms of percentage sorption

The intra-particle diffusion parameters obtained are tabulated in table 4.16.

Table 4.16: Intra-particle diffusion parameters for the sorption of MB onto
geopolymers

Geopolymer Kig a R

GP-1 23.6 0.293 0.813
GP-1C 30.63 0.237 0.867
GP-1E 36.37 0.197 0.658
GP-2 27.25 0.265 0.845
GP-2C 64.61 0.072 0.943
GP-2E 49.46 0.139 0.908
GP-3 76.3 0.033 0.413
GP-3C 78.45 0.031 0.906
GP-3E 67.53 0.067 0.854

Kig= 1s diffusion rate constant, ‘a’= diffusion mechanism

The values of ‘a’ depict the adsorption mechanism. K 4 is the intra-particle rate constant
(time™). It is taken as rate factor i.e. percent of sorbate adsorbed per unit time (mgg™*min’
1. The Kjq values obtained were 23.6, 30.63, 36.37, 27.25, 64.61, 49.46, 76.3, 78.45 and

67.53 mgg'min™ for GP-1, GP-1C, GP-1E, GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-
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3E respectively. The K4 values increased with increase in Si/Al ratio and upon
functionalization as observed in table 4.16. Larger kiq values expound higher adsorption
which is related to improved bonding among sorbate and sorbent particles (Demirbas et
al., 2004). Also higher value of kiq illustrate an enhanced rate of adsorption (Itodo et al.,

2010).

4.12.8.3 Intra-particulate diffusivities of sorbate on sorbents

The fractional attainment at equilibrium is the ratio of the amounts of sorbate removed
from solution after a certain time to that removed when sorption equilibrium is attained
(Itodo et al., 2010). It would definitely be expected that factors such as the number of
reactive sites on the substrate and the bulkiness of the substrate would affect the rate of
sorption of MB. However, a great deal of information is obtained from the fractional
attainment of equilibrium. The rate of attainment of equilibrium may be either film
diffusion controlled or particle-diffusion controlled, even though this two different
mechanisms cannot be sharply demarcated (Okieimen and Okundia, 1991). The fractional

attainment at equilibrium a was calculated from the relationship in equation 4.2.

ae = qt /qe ..................................................................................... 4.2

Where q; is the amount of sorbate at any time t and g, is the amount at infinity (That is.

equilibrium) with units in mg/g. The plot of o, against time is shown in figure 4.60.
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Figure 4.60: Fractional attainment at equilibrium(a) against time for MB uptake by
geopolymer sorbents (Temp= 25 + 2 °C, pH=10, shaking speed of 120 rpm and MB
concentration =25 mg/L).

It is observed that the value of a. with change in time increased from about 0.695, 0.734,
0.931 and 0.957 to 1.00 at 60 min for GP-1, GP-1C, GP-3 and GP-3C respectively while
for GP-1E, GP-2, GP-2C, and GP-2E and GP-3E, the ae value changed from 0.786,
0.720, 0.902, 0.824 and 0.914 and converge to one at 80 min respectively. These values
of 0, at 60 and 80 minutes showed that MB was adsorbed most, followed by 40 minutes

and least at 20 minutes. This means that the rate of adsorption at 60 and 80 minutes was

faster (Itodo et al., 2010).

Equation 4.3 shows the relationship for particle-diffusion controlled sorption processes as

a driving force developed using linear regression (Okieimen and Okundia, 1991).

In (l'ae) = 'kpt .................................................................................... 43

ae IS the fractional attainment of equilibrium, it thus implies that equilibrium time for this
analysis was 60 minutes for GP-1, GP-1C, GP-3 and GP-3C while that of GP-1E, GP-2,
GP-2C, and GP-2E and GP-3E was 80 minutes. Kk, is the rate coefficient for particle

diffusion controlled process corresponding to particle size of the sorbent. k, values were
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estimated as the rate of diffusion “t” was time and In (1- a¢) was a measure of the
intraparticulate diffusivity with negative values as shown in appendix 8. In this analysis,
linear plots with correlation coefficient values of R?=0.910, 0.945, 0.710, 0.777, 0.893,
0.929, 0.975, 1 and 0.816 were obtained (Figure 4.61). It thus follows that the sorption

process is particle- diffusion controlled (Itodo et al., 2010).

0 ®GP-1
0 100 mGP-1C
-2
GP-1E
T 4 X GP-2
\u)
c X GP-2C
- -6
GP-2E
8 GP-3
-10 . _ GP-3C
Time(minutes)
GP-3E

Figure 4.61: Particltoa diffusion controlled sorption for MB uptake by geopolymer
sorbents (Temp =25 C * 2, pH=10, shaking speed of 150 rpm and MB concentration =
25 mg/L).

4.12.9 Thermodynamic parameters

Thermodynamic parameters were investigated to determine whether the adsorption
phenomenon was favourable or not. AG, AH', and AS’ were obtained from the
experimental studies at different temperatures of 298, 308, 318 and 328 K by applying
equations 3.4 and 3.5 in the previous chapter and plots are shown in appendix 10.

Thermodynamic parameters obtained are shown in table 4.17
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Table 4.17: Thermodynamic parameters for the adsorption of MB onto geopolymers

AG (kd/mol)

AH’ AS’ 298K 308K 318K 328K
GP (kd/mol)  (J/mol/K) MeanzSD MeanzSD Mean=SD MeanzSD
1 4.4 18.59 -256+0.02° -3.05+0.04° -3.71+0.02° -3.75+0.10°
1C 4.73 20.34 -3.09+0.07° -3.45+0.06° -4.14+0.04° -4.41+0.03°
1E 3.15 14.94 -297+0.02%° 321+0.08° -4.02+004% -3.83+0.02°
2 5.85 23.93 -2.88+0.04* -3.61+0.05° -4.13+0.03° -4.53+0.08°
2C 2.34 13.70 -4.06 £0.05° -4.31+0.08° -457+0.08° -5.04+0.07°
2E 2.66 15.50 -435+0.03° -506+003" -533c+0.05° -5.39+0.04°
3 3.61 19.01 -4.65+0.02% -527+0.05° -573+005° -5.92+0.12°
3C 10.30 42.77 -5.66 +0.08® -6.17+0.08° -8.37+0.13° -8.16 +0.10°
3E 0.85 10.47 -5.07 £0.02%® -5.68+0.04° -575+0.02° -5.82+0.02°

Means in a row with the same letter are not significantly different from each other
(Tukey—Kramer test, P>0.05), SD= standard deviation, GP= geopolymer, AH = standard
enthalpy change, AS = standard entropy change and AG = standard free energy change).

The AG’ values changed from -2.56 + 0.02, -3.09 + 0.07, -2.97 + 0.02, -2.88 + 0.04, -4.06
+ 0.05, -4.35 £ 0.03, -4.65 + 0.02, -5.66 £ 0.08 and -5.07 + 0.02 to -3.75 £ 0.10, -4.41 +
0.03, -3.83 £ 0.02, -4.53 £ 0.08, -5.04 £ 0.07, -5.39 + 0.04, -5.92 £ 0.12, -8.16 £ 0.10 and
-5.82 £ 0.02 while the temperatures varied from 298 to 328 K for GP-1, GP-1C, GP-1E,
GP-2, GP-2C, GP-2E, GP-3, GP-3C and GP-3E respectively. These negative values
indicate that dye adsorption reaction was spontaneous in nature at all the studied
temperatures. The decrease in AG’ values with increasing temperature was an indication

that MB adsorption on geopolymer was more favourable (Selguk, 2017).

It was evident from table 4.17, that the adsorption of methylene blue was endothermic
since the values of AH™ were positive. Similar results for endothermic adsorption were
observed on bentonite, activated carbon prepared from deoiled soya (Onal et al.,2006),

activated carbon prepared from Tuncbilek lignite and hen feathers. Also noted was that
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increase in Si/Al ratio and functionalization decreased AG  values an indication of
increased favourability of adsorption process. The values of AG” were between 0 and 20
kJ/mole which is consistent with electrostatic interaction between adsorption sites and the
adsorbing ions (physical adsorption) (Al-Othman et al., 2013). The positive value of AS
showed the increased randomness of the adsorbate molecules on the solid surfaces than in

the solution for methylene blue dye.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This study was carried out to investigate suitability for use of common clay in

geopolymer synthesis for adsorption application and whether tethering them with EDTA

and citric acid functional groups would enhance their adsorption efficiencies. The results

have shown that:

Common clays from Molo, Kuresoi and Kakamega contained silica and alumina
as their main chemical components, with all the three types containing over 65 %
weight (SiO; + Al,O3) as shown by the EDX analysis results. Rice husk ash was

found to contain a high percentage of silica.

Calcined common clays from Molo, Kuresoi and Kakamega were a potential
source of aluminosilicate and when blended with rice husk ash became potential
raw materials for geopolymer synthesis. This was shown by XRD analysis which
indicated presence of an amorphous hump between 18 — 36 (26) as reported by
other researchers (Guo et al., 2010). The FTIR indicated presence of stretching
vibrations of bonds of AI-O and Si-O, which are finger prints of
geopolymerization. SEM  coupled with EDS analysis confirmed
geopolymerization occurred with the former images showing presence of dense
concrete shaped structures and the later indicating presence of phases containing
Na- Si- Al in bulk regions suggesting presence of silicate - activated gel by

polymerization (Silva et al., 2007).
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Functionalization of geopolymers with EDTA and citric acid was achieved. This
was proven by presence of —COO- functional groups identified by FTIR and
which were missing in the original geopolymers. SEM images also showed

change in the microstructures upon functionalization.

Percentage uptake of Pb (1), Cd (II), Zn (1I) and MB was found to be dependent
on pH, contact time, shaking speed, temperature, sorbent dose, initial pollutant
concentrations and Si/Al ratio in geopolymers. GP-3 gave higher mean percentage
removals of the pollutants. Functionalization increased the pollutants uptake.
Geopolymers with higher SiO,/Al,O3 ratios are better adsorbents since they
contains higher negative environment that boosts adsorption of positively charged
pollutants. Functionalization increased the uptakes and therefore GP-3C and GP-

3E were the best adsorbents of the four water pollutants studied.

Experimental data was fitted in various equilibrium models. Based on their
correlation coefficients (R?), the data was found to fit best in Sips model and
hence the model was used to predict the adsorption capacities of the geopolymer
adsorbents. From the adsorption capacities obtained of the four pollutants, it is
apparent that citric acid functionalized geopolymer synthesized from Molo clay

was the best adsorbent of the Pb (1), Cd (11), Zn (1) ions and cationic MB.

Regeneration of the used adsorbents showed that the adsorbent materials
synthesized can easily be recovered hence reducing the effects of secondary
pollution that may emanate from their uses. Over 60 % recovery was attained on

unfunctionalized geopolymers. Although functionalized geopolymers have very
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high pollutant removal efficiencies, they have more negative environmental

impact due to their low levels of regeneration compared to unfunctionalized ones.

Transient behaviour of adsorption of Pb (II), Zn (II), Cd (II) and methylene blue
was done using pseudo-first order, pseudo-second order and intra-particle
diffusion models. Based on correlation coefficients, the data was found to follow
pseudo- second order kinetics and the adsorption process of the four studied
pollutants utilized valence forces and exchangeable electrons between the
adsorbents and adsorbate. Chemisorption was more pronounced in the rate
determining step hence drawing a conclusion that the process was mainly

physiosorption.

5.2 Recommendations

5.2.1 Recommendations from this study

The use of common clays as a source of aluminosilicate and rice husk ash as a
source of silica be enhanced in the synthesis of geopolymers for adsorption
applications that will go a long way in solving the problem of presence of heavy
metals and dyes in our water systems.

Tethering of geopolymers using citric acid is encouraged to enhance adsorption
efficiency.

Industries that use heavy metals as raw materials or produce products of heavy
metals and dyes be encouraged to embrace geopolymer filters before allowing

their industrial effluents to the water systems.
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5.2.2 Recommendation for further studies

Vi.

Clays from other areas should be studied on their effectiveness as raw materials
for geopolymer synthesis.

Geopolymer synthesis parameters such as temperature, concentration of stabilizers
among others to be studied on their effect on adsorption efficiencies of
geopolymers.

Functionalization using other agents with different functional groups be studied to
check their effectiveness.

Further research need to be done on synergistic effects of other components
contained in the raw materials on adsorption properties of geopolymers.
Adsorption studies of the geopolymers using industrial wastewaters and effects of
interfering ions are carried out studied.

Adsorption of anionic pollutants using geopolymers be studied.
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APPENDICES
Appendix 1A
Effect of pH on Pb (I1) ions uptake using GP-1, GP-1C and GP-1E adsorbent
GP-1 GP-1C GP-1E

PH Mean £ SD Mean = SD Mean £ SD

2 58.62 + 0.39" 44.48 + 0.67° 49.99 + 0.60°
3 66.34 + 0.40° 70.39 + 0.44¢ 81.02 +£ 0.42°
4 69.82 + 0.54° 93.34 + 0.06° 70.91 + 0.22°
5 72.54 + 0.43° 72.16 +0.18° 65.27 + 0.05°
6 72.25 + 0.25° 74.74 +0.20° 66.34 + 0.57°

SD stands for standard deviation

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-

way ANOVA

Appendix 1B

Effect of pH on Pb (1) ions uptake using GP-2, GP-2C and GP-2E adsorbent

GP-2 GP-2C GP-2E

PH Mean + SD Mean + SD Mean + SD

2 50.31+ 0.44° 47.01 £ 0.56° 45.84 +0.03°

3 65.90 + 0.44° 70.25 + 0.20° 65.88 + 0.45"

4 79.65 + 0.27° 89.77 £ 0.17° 88.61 + 0.07°

5 77.68 +0.35" 98.90 + 0.06 75.85 + 0.97°

6 71.32 £ 0.05° 97.24 +0.03° 82.45 + 0.02°

Mean in a row with a common superscript letter differ (P < 0.05), as analyzed by one-way

ANOVA

Appendix 1C

Effect of pH on Pb (1) ions uptake using GP-3, GP-3C and GP-3E adsorbent
GP-3 GP-3C GP-3E

PH Mean + SD Mean = SD Mean + SD

2 51.24 + 0.14° 52.07 + 4.60° 49.62 + 0.46"

3 64.79 + 0.20° 77.06 + 0.51° 78.86 + 0.65°

4 90.23 + 0.04° 99.32 + 0.04° 92.53 +0.08

5 80.68 + 1.04 99.09 + 0.01° 88.80 + 0.36"

6 81.90 + 0.65" 98.99 + 0.03 88.20 + 0.05"

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-

way ANOVA
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Appendix 1D
Effect of adsorbent dose on Pb (Il) ions uptake using GP-1, GP-1C and GP-1E

adsorbent

GP-1 GP-1C GP-1E
Dose(Q) Mean + SD Mean + SD Mean + SD
0.1 60.05 + 0.45° 97.15 + 0.05° 65.75 + 0.60°
0.2 62.33 + 0.35% 96.71 + 0.10° 67.06 + 0.06°
0.3 61.31 + 0.01°° 97.13 + 0.07° 69.44 + 1.18°
0.4 61.45 + 0.42"° 98.00 + 0.03° 68.83 + 0.09°
0.5 63.68 + 1.07° 99.61 + 0.04% 73.56 + 0.31°

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-
way ANOVA

Appendix 1E
Effect of dose on Pb (I1) ions uptake using GP-2, GP-2C and GP-2E adsorbent
GP-2 GP-2C GP-2E

Dose(9) Mean + SD Mean + SD Mean = SD
0.1 66.28 + 0.25° 71.56 + 0.56° 54.69 + 1.02°
0.2 69.68 + 0.33¢ 72 + 0.06% 55.41 + 0,52
0.3 73.03 £ 0.07° 73.79 + 0.22¢ 56.65 + 0.86°
0.4 78.48 + 0.58° 76.36 + 0.09° 58.54 + 0.46°
0.5 83.70 + 0.26° 86.81+0.17° 98.35 + 0.072

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-
way ANOVA

Appendix 1F
Effect of dose on Pb (I1) ions uptake using GP-3, GP-3C and GP-3E adsorbent
GP-3 GP-3C GP-3E

Dose(g) Mean + SD Mean + SD Mean + SD
0.1 68.50 + 0.88° 80.19 + 0.26° 76.01 + 0.32°
0.2 69.04 + 0.08% 86.14 + 0.09° 78.97 + 0.08°
0.3 70.37 + 0.61° 96.67 + 0.06° 79.59 + 0.46°
0.4 71.97 +0.07° 99.06 + 0.02° 81.33 + 0.38°
0.5 80.03 + 0.39% 99.24 + 0.01% 84.91 + 0.16°

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-

way ANOVA
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Appendix 1G
Effect of time on Pb (I1) ions uptake using GP-1, GP-1C and GP-1E adsorbent
GP-1 GP-1C GP-1E

Time(min) Mean + SD Mean + SD Mean + SD
20 72.99 + 0.90° 99.72 + 0.01° 67.43 + 1.01°
40 74.75 £ 0.24° 99.65 + 0.01° 73.83£0.19°
60 79.50 + 0.45° 99.41 +0.01° 78.25 + 0.34°
80 82.11 + 0.05° 99.86 + 0.00" 93.54 +0.12°
100 83.18 + 0.08* 99.97 + 0.01° 90.43 + 0.53°

Mean in a row with a different superscript letter differ (P < 0.05), as analyzed by one-way

ANOVA

Appendix 1H

Effect of time on Pb (I1) ions uptake using GP-2, GP-2C and GP-2E adsorbent

GP-2 GP-2C GP-2E

Time(min) Mean + SD Mean + SD Mean + SD
20 72.33 +0.24° 65.37 + 0.36° 88.60 + 0.05°
40 78.76 + 0.26" 69.49 + 0.76" 90.42 +0.23°
60 81.28 + 0.08° 98.79 + 0.05 91.39 + 0.06"
80 93.42 +0.03" 98.61 + 0.53 91.88 +0.08°
100 97.88 + 0.07° 98.34 + 0.31° 91.96 + 0.10°

Mean in a row with a different superscript letter differ (P < 0.05), as analyzed by one-way

ANOVA

Appendix 11

Effect of time on Pb (I1) ions uptake using GP-3, GP-3C and GP-3E adsorbent

GP-3 GP-3C GP-3E

Time(min) Mean + SD Mean + SD Mean + SD
20 67.43 £ 0.51° 90.21 + 0.02 90.86 + 0.11°
40 69.22 +0.17° 98.32 + 0.05" 92.45 + 0.06"
60 99.32 +0.03" 98.42 + 0.05° 92.28 + 0.23"
80 99.23 + 0.06° 98.98 + 0.07° 98.12 + 0.05°
100 99.25 + 0.05° 98.60 + 0.03" 98.42 +0.21°

Mean in a row with a different superscript letter differ (P < 0.05), as analyzed by one-way

ANOVA
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Appendix IK
Effect of shaking speed on Pb (Il) ions uptake using GP-1, GP-1C and GP-1E
adsorbent

GP-1 GP-1C GP-1E
Shaking(rpm) Mean + SD Mean + SD Mean = SD

120 65.22 + 0.04° 83.08 + 0.68° 79.65 + 0.26°
150 66.67 + 0.30° 84.56 + 0.06° 93.50 + 0.34°
180 67.91 + 0.08° 86.43 + 0.10° 98.60 + 0.00?
210 84.56 + 0.06" 87.30 + 0.06° 98.62 + 0.01°
240 89.58 + 0.02° 99.78 + 0.01% 98.72 + 0.02°

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-
way ANOVA

Appendix IL
Effect of shaking speed on Pb (Il) ions uptake using GP-2, GP-2C and GP-2E
adsorbent

GP-2 GP-2C GP-2E
Shaking(rpm) Mean + SD Mean + SD Mean + SD

120 82.26 + 0.42° 72.96 + 0.26° 88.59 + 0.03°
150 82.41 + 0.28° 85.79 + 0.17° 91.50 + 0.06°
180 82.48 + 0.08° 96.58 + 0.49° 92.12 +0.63¢
210 85.86 + 0.21° 98.12 + 0.04° 93.05 + 0.08°
240 85.99 + 0.33? 99.50 + 0.072 94.11 + 0.072

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-
way ANOVA

Appendix 1M
Effect of shaking speed on Pb (Il) ions uptake using GP-3, GP-3C and GP-3E
adsorbent

GP-3 GP-3C GP-3E
Shaking(rpm) Mean + SD Mean + SD Mean + SD
120 76.51 + 0.26° 93.29 + 0.11¢ 92.39 + 0.27°
150 77.60 +0.17° 99.43 + 0.06° 93.55 + 0.10°
180 82.32 +0.28° 99.49 + 0.01° 94.92 +0.14°
210 83.53 + 0.26° 99.78 + 0.02° 96.06 + 0.09°
240 86.36 + 0.25° 98.32 + 0.09° 94.96 + 0.05°

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-

way ANOVA



Appendix 1IN

Effect of initial concentration of Pb (Il) ions on uptake using GP-1, GP-1C and GP-

1E adsorbent

GP-1 GP-1C GP-1E

Metal ions (mg/L) Mean + SD Mean + SD Mean + SD

20 89.33 +1.12° 90.79 + 0.03 91.81 +0.24°

50 82.72 +0.85° 84.80 +0.34" 86.94 + 0.97"

100 71.27 £ 0.61° 79.79 £ 0.03° 72.79 £ 0.06¢

200 69.31 + 0.04° 74.42 £ 0.10° 71.87 +0.29%
Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-
way ANOVA
Appendix 10

Effect of initial concentration of Pb (Il) ions on uptake using GP-2, GP-2C and GP-

2E adsorbent

GP-2 GP-2C GP-2E
Metal ions (mg/L) Mean + SD Mean + SD Mean + SD

20 95.82 + 0.51° 98.72 + 0.09° 91.26 + 0.61°
50 76.96 + 0.93° 92.64 + 0.07° 88.63 + 0.10°
100 70.44 + 0.60° 72.44 +0.14° 75.26 + 0.05°
200 65.77 + 0.04¢ 69.10 + 0.08¢ 73.14 + 0.03¢

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-

way ANOVA

Appendix 1P

Effect of initial concentration of Pb (Il) ions on uptake using GP-3, GP-3C and GP-

3E adsorbent

RM (AC)
GP-3 GP-3C GP-3E (Mona et al., 2014)

Metal ions Mean = SD Mean = SD Mean + SD Mean
(mg/L)

20 88.15+2.44* 9264+0.32° 91.35+0.92*° 83.00
50 7749+1.14° 7764+0.33" 84.25+0.12° 74.00
100 76.15+0.40° 78.07+0.20° 81.31+0.56° 73.00
200 66.02 +0.04° 62.79+0.11°  64.30+0.00° 69.00

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-
way ANOVA, RM(AC)= refference material activated carbon.
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Appendix 1Q
Effect of temperature on Pb (Il) ions on uptake using GP-1, GP-1C and GP-1E
adsorbent
GP-1 GP-1C GP-1E
Temperature (K) Mean + SD Mean + SD Mean + SD
293 87.65 + 0.30° 91.57 +0.19° 96.76 + 0.21°
208 87.99 + 0.07% 92.22 +0.04° 97.23 + 0.04°
308 88.29 + 0.06° 92.63 +0.07° 98.03 + 0.06°
318 89.34 + 0.03" 94.74 +0.01° 99.49 + 0.02°
328 90.15+0.11° 94.81 +0.21° 99.29 + 0.02°
Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-
way ANOVA
Appendix 1R
Effect of temperature on Pb (Il) ions on uptake using GP-2, GP-2C and GP-2E
adsorbent
GP-2 GP-2C GP-2E
Temperature (K) Mean £ SD Mean + SD Mean £ SD
293 89.77 +0.11° 90.68 + 0.06° 94.14 + 0.20°
298 90.06 + 0.08° 91.55 +0.02° 95.61 + 0.01°
308 90.84 + 0.47° 92.60 + 0.08" 96.26 + 0.23°
318 91.50 + 0.02%° 93.61 + 0.02° 98.09 + 0.02°
328 91.35+0.12° 93.59 +0.10° 97.94 + 0.07°
Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-
way ANOVA
Appendix 1S
Effect of temperature on Pb (Il) ions on uptake using GP-3, GP-3C and GP-3E
adsorbent
GP-3 GP-3C GP-3E
Temperature (K) Mean + SD Mean + SD Mean + SD
203 92.55 + 0.08° 96.84+0.11°  94.49 +0.09°
208 92.97 +0.11° 97.05 +0.12¢ 95.08 + 0.02°
308 93.54 +0.08" 97.43+0.08°  96.86+0.06
318 93.94 +0.05% 98.49+0.01°  96.91+0.07°
328 93.72 +0.10° 98.28 + 0.03° 97.46 + 0.10°

Mean in a row without a common superscript letter differ (P < 0.05), as analyzed by one-

way ANOVA



167

Appendix 2A
Effect of pH on Cd (1) ions uptake using GP-1, GP-1C and GP-1E adsorbent
GP-1 GP-1C GP-1E

pH Mean + SD Mean + SD Mean + SD
2 82.85 + 0.20¢ 83.69 + 0.32¢ 82.35 + 0.35"
3 84.48 +0.23" 86.31 + 0.14° 83.66 + 0.09°
4 85.78 + 0.15° 87.12 +0.27° 87.34 +0.10°
5 86.16 + 0.31° 92.05 + 0.10° 88.55 + 0.19°
6 84.35 + 0.15° 91.77 + 0.09° 87.63 + 0.06"

Mean percentages with the same letters in the same row are not significantly different at

95% confidence level

Appendix 2B
Effect of pH on Cd (1) ions uptake using GP-2, GP-2C and GP-2E adsorbent
GP-2 GP-2C GP-2E

PH Mean = SD Mean = SD Mean = SD
2 82.93 +0.13" 84.71 +0.13° 81.66 + 0.09°
3 84.58 + 0.04¢ 85.75 + 0.13¢ 83.67 + 0.08"
4 86.34 + 0.26° 87.61 + 0.04° 84.46 + 0.09°
5 86.71 + 0.11% 89.79 + 0.05° 89.78 + 0.07°
6 85.56 + 0.12° 88.14 + 0.11° 86.35 + 0.27"

Mean percentages with the same letters in the same row are not significantly different at

95% confidence level

Appendix 2C
Effect of pH on Cd (I1) ions uptake using GP-3, GP-3C and GP-3E adsorbent
GP-3 GP-3C GP-3E

PH Mean + SD Mean + SD Mean + SD
2 85.41 + 0.11° 85.84 + 0.20° 85.20 + 0.05°
3 85.82 + 0.24° 86.47 +0.23° 86.57 +0.30°
4 87.36 + 0.07° 88.32 + 0.05" 98.99 + 0.07°
5 89.63 + 0.18° 90.05 + 0.10° 99.74 +0.01°
6 84.84 +0.07° 85.71 +0.07° 99.17 + 0.01°

Mean percentages with the same letters in the same row are not significantly different at

95% confidence level
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Effect of adsorbent dose on Cd (Il) ions uptake using GP-1, GP-1C and GP-1E

adsorbent
GP-1 GP-1C GP-1E
Dose(g) Mean + SD Mean + SD Mean + SD
0.1 86.14 +0.13¢ 99.47 + 0.00° 88.23 + 0.01°
0.2 86.41 + 0.04% 99.33 + 0.02 92.18 + 0.032
0.3 86.65 + 0.09° 99.01 + 0.04° 87.65 +0.11°
0.4 86.37 + 0.12" 97.99 + 0.02° 86.12 + 0.26°
0.5 82.93 + 0.08° 95.59 + 0.13° 86.15 + 0.07¢

Mean percentages with the same letters in the same row are not significantly different at
95% confidence level

Appendix 2E
Effect of adsorbent dose on Cd (Il) ions on uptake using GP-2, GP-2C and GP-2E
adsorbent
GP-2 GP-2C GP-2E

Dose(g) Mean + SD Mean £+ SD Mean £+ SD

0.1 89.73 +0.27° 89.83 + 0.47° 91.49 +0.08"

0.2 89.79 + 0.02° 97.71+0.13" 99.98 + 0.01°

0.3 89.86 + 0.04° 99.54 + 0.01° 91.23 +0.03"

0.4 91.34 + 0.07° 99.86 + 0.01° 88.79 + 0.22°

0.5 89.53 + 0.05" 99.99 + 0.06° 88.07 + 0.10¢

Mean percentages with the same letters in the same row are not significantly different at
95% confidence level

Appendix 2F
Effect of adsorbent dose on Cd (Il) ions on uptake using GP-3, GP-3C and GP-3E

adsorbent

GP-3 GP-3C GP-3E
Dose(g) Mean + SD Mean + SD Mean £+ SD
0.1 90.54 + 0.07° 97.51 + 0.07° 95.57 + 0.05°
0.2 92.40 + 0.06° 98.90 + 0.06° 97.04 +0.05°
0.3 90.86 + 0.01° 99.80 + 0.00% 99.98 + 0.01%
0.4 90.87 + 0.03° 98.00 + 0.06° 99.94 + 0.01%
0.5 90.68 + 0.05° 97.85 + 0.09° 99.16 + 0.09°

Mean percentages with the same letters in the same row are not significantly different at
95% confidence level



169

Appendix 2G
Effect of time on Cd (I1) ions on uptake using GP-1, GP-1C and GP-1E adsorbent
GP-1 GP-1C GP-1E

Time(min) Mean + SD Mean + SD Mean + SD
20 89.13 + 0.01° 98.20 + 0.01° 91.94 +0.13°
40 89.35 + 0.25" 99.61 + 0.01° 92.45 + 0.10
60 89.49 + 0.01° 99.58 + 0.01° 93.58 + 0.10°
80 89.64 + 0.12" 99.68 + 0.05 98.48 + 0.02°
100 90.46 + 0.48° 99.87 + 0.00° 99.20 + 0.01°

Mean percentages with the same letters in the same row are not significantly different at
95% confidence level

Appendix 2H
Effect of time on Cd (1) ions uptake using GP-2, GP-2C and GP-2E adsorbent
GP-2 GP-2C GP-2E

Time(min) Mean + SD Mean + SD Mean + SD
20 89.69 + 0.03° 92.28 + 0.05" 90.97 + 0.30°
40 89.79 + 0.04™ 93.54 + 0.05° 89.56 + 0.43°
60 89.95 + 0.11° 93.57 £ 0.15° 90.86 + 0.09"
80 90.34 +0.12° 94.50 + 0.08" 92.35 + 0.08
100 88.97 + 0.03° 97.89 + 0.07° 91.50 + 0.02"

Mean percentages with same letters in the same row are not significantly different at 95%
confidence level

Appendix 21
Effect of time on Cd (1) ions uptake using GP-3, GP-3C and GP-3E adsorbent
GP-3 GP-3C GP-3E

Time(min) Mean% * SD Mean% * SD Mean% * SD
20 90.27 + 0.10° 91.63 +0.11¢ 99.63 + 0.05°
40 90.25 + 0.05° 92.39 + 0.03° 99.78 + 0.01°
60 90.39 + 0.14° 97.69 + 0.02° 99.82 + 0.05°
80 90.85 + 0.06° 99.99 + 0.00° 99.94 + 0.05
100 89.95 + 0.12° 99.98 + 0.01° 99.98 + 0.00°

Mean percentages with same letters in the same row are not significantly different at 95%
confidence level

Appendix 2J
Effect of shaking speed on Cd (Il) ions uptake using GP-1, GP-1C and GP-1E
adsorbent

GP-1 GP-1C GP-1E
Shaking (rpm) Mean + SD Mean + SD Mean + SD
120 89.46 + 0.50 86.68 + 0.02° 89.04 + 0.04°
150 92.00 + 0.01° 99.63+0.56®  99.39 + 0.00°
180 91.72 + 0.00° 98.97 + 0.02° 98.18 + 0.04°
210 99.26 + 0.00° 99.98 + 0.02° 95.79 + 0.17°
240 93.68 + 0.08" 99.77 + 0.01° 92.37 +0.08¢
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Appendix 2K

Effect of shaking speed on Cd (Il) ions uptake using GP-2, GP-2C and GP-2E

adsorbent

GP-2 GP-2C GP-2E

Shaking (rpm) Mean £ SD Mean = SD Mean £ SD
120 86.08 + 0.15° 89.80 + 0.05° 89.57 + 0.10°
150 88.97 + 0.25° 98.73 + 0.07° 93.98 + 0.02°
180 90.49 + 0.45° 98.55 + 0.04° 92.36 + 0.11°
210 91.33 +0.15° 97.89 + 0.07° 92.59 + 0.09°
240 91.82 +0.01° 96.44 + 0.09° 91.45+0.13°

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level

Appendix 2L

Effect of shaking speed on Cd (Il) ions uptake using GP-3, GP-3C and GP-3E

adsorbent

GP-3 GP-3C GP-3E

Shaking (rpm) Mean + SD Mean + SD Mean £+ SD
120 86.59 + 0.14° 90.01 + 0.03¢ 92.02 + 0.04°
150 89.44 + 0.04° 98.02 + 0.06" 99.72 + 0.03°
180 91.37+0.21° 99.98 + 0.02° 99.98 + 0.01°
210 91.94 +0.08" 99.86 + 0.01° 99.98 + 0.01°
240 92.30 + 0.06° 96.95 + 0.14° 99.89 + 0.02°

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level

Appendix 2M
Effect of concentration of Cd (Il) ions uptake using GP-1, GP-1C and GP-1lE
adsorbent
GP-1 GP-1C GP-1E
Metal ions(mg/L) Mean + SD Mean + SD Mean + SD
20 88.01 + 0.82% 94.42 +0.31° 91.44 +0.81°
50 87.12 +0.21° 92.92+0.17°  80.75+0.13"
100 88.57 + 0.04° 86.36 + 0.15° 78.36 +0.15°
200 82.14 +0.21° 81.30+0.01°  78.19 +0.04“

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level
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Appendix 2N
Effect of concentration of Cd (Il) ions uptake using GP-2, GP-2C and GP-2E
adsorbent
GP-2 GP-2C GP-2E
Metal ions(mg/L) Mean + SD Mean + SD Mean £+ SD
20 81.80 + 2.64% 96.49 +0.09*  89.49 +0.15°
50 82.92 + 0.79° 93.22+0.02°  85.11+0.28"
100 79.02 + 0.41™ 86.58 + 0.18° 79.81 +0.00°
200 78.59 + 0.06" 84.32+0.05°  79.23 +0.05"

Mean percentages with same letters in the same row are not significantly different at 95%
confidence level

Appendix 20
Effect of concentration of Cd (Il) ions uptake using GP-3, GP-3C and GP-3E

adsorbent

RM (AC)
GP-3 GP-3C GP-3E (Mona et al., 2014)
Metal ions Mean + SD Mean + SD Mean = SD Mean
(mg/L)
20 88.26 +2.25*  98.00 + 0.03? 92.77 +0.55* 86.00
50 85.02 +0.27° 92.80+0.07°  86.86+0.44° 84.00
100 86.45 + 0.42%°  86.62 + 0.10° 88.45+0.16° 70.00
200 77.66 £0.41° 79.85+0.07  79.11+0.06° 66.10
Appendix 2P
Effect of temperature onCd (Il) ions uptake using GP-1, GP-1C and GP-1lE
adsorbent
GP-1 GP-1C GP-1E
Temperature (K) Mean + SD Mean + SD Mean £ SD
203 86.83 + 0.11° 94.54 + 0.14° 97.94 + 0.14°
298 87.10 + 0.03¢ 94.92 +0.05"  98.25 + 0.06°
308 88.56 + 0.21° 95.54 +0.10° 98.57 + 0.04°
318 90.61 + 0.07° 97.82+0.02°  99.40 +0.03°
328 89.60 + 0.06° 98.10 + 0.03° 99.21 + 0.05°
Appendix 2Q
Effect of temperature onCd (Il) ions uptake using GP-2, GP-2C and GP-2E
adsorbent
GP-2 GP-2C GP-2E
Temperature (K) Mean + SD Mean + SD Mean £ SD
203 89.22 + 0.19° 97.54 + 0.08° 95.78 + 0.15°
208 90.02 + 0.04% 97.92 + 0.04° 95.90 + 0.07°
308 90.34 + 0.31%° 98.20 + 0.07°  96.00 + 0.05"
318 90.77 +1.13% 98.59 + 0.02° 97.62 + 0.04°
328 91.52 + 0.48° 99.03 + 0.04° 97.55 + 0.09°
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Appendix 2R
Effect of temperature onCd (Il) ions uptake using GP-3, GP-3C and GP-3E
adsorbent
GP-3 GP-3C GP-3E
Temperature (K) Mean + SD Mean + SD Mean + SD
293 90.49 + 0.03° 92.03 + 0.06° 93.81+0.18°
298 91.21 + 0.04° 93.13+0.06°  93.92 +0.04°
308 91.87 + 0.24° 94.63+0.09°  94.59 +0.08"
318 95.04 + 0.02° 96.43+0.05°  96.54 + 0.08
328 94.52 +0.14° 97.43+0.11*  96.32+0.11°
Appendix 3A
Effect of pH on Zn (1) ions uptake using GP-1, GP-1C and GP-1E adsorbent
GP-1 GP-1C GP-1E
PH Mean + SD Mean + SD Mean + SD
2 78.04 + 0.56" 89.22+0.38%  78.06 + 0.07°
3 78.74 + 0.09 91.23+0.35°  78.36 + 0.09"
4 80.19 + 0.07° 92.36 + 0.21° 79.54 + 0.24°
5 80.26 + 0.10° 93.56 +0.07*  81.19 + 0.06
6 79.97 + 0.06° 93.18 +0.05*  80.41+0.15°
Appendix 3B
Effect of pH on Zn (11) ions uptake using GP-2, GP-2C and GP-2E adsorbent
GP-2 GP-2C GP-2E
PH Mean = SD Mean + SD Mean + SD
2 77.23+0.14  7758+0.04°  78.03+0.10
3 77.78 £ 0.07° 79.47 +0.19°  78.44 +0.08°
4 78.51+0.06°  79.69+0.30° 78.94+0.10°
5 79.29 +0.13° 81.39 +0.16*  81.16 + 0.08?
6 79.04 +0.06°  80.47 £0.07°  79.19+0.19°
Appendix 3C
Effect of pH on Zn (11) ions uptake using GP-3, GP-3C and GP-3E adsorbent
GP-3 GP-3C GP-3E
PH Mean = SD Mean = SD Mean + SD
2 77.67 + 0.06° 78.21 +0.45°  79.94 + 0.10°
3 78.32 £0.21° 82.90+0.16%  80.25 +0.12%
4 78.69 + 0.25° 85.90+0.09° 80.61+0.19°
5 79.36 + 0.06° 91.33+0.06° 81.83+0.05°
6 80.07 + 0.13° 88.45+0.11° 81.06+0.16"
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Appendix 3D
Effect of dose on Zn (11) ions uptake using GP-1, GP-1C and GP-1E adsorbent
GP-1 GP-1C GP-1E
Dose(q) Mean + SD Mean + SD Mean + SD
0.1 80.63 + 0.18" 86.62+0.12°  81.08 +0.03"
0.2 84.22 +0.16° 88.45 + 0.08° 87.67 +0.07°
0.3 86.38 £ 0.12° 89.74 £ 0.08°  88.46 0.10"
0.4 88.39 + 0.09° 93.09 + 0.52° 89.38 +0.12°
0.5 88.63 + 0.14° 92.40 + 0.62° 89.37 +0.15°
Appendix 3E
Effect of dose on Zn (11) ions uptake using GP-2, GP-2C and GP-2E adsorbent
GP-2 GP-2C GP-2E
Dose(g) Mean + SD Mean £+ SD Mean £+ SD
0.1 79.52£0.04°  80.98+0.04°  80.89%0.16°
0.2 86.47 +0.12° 87.94 +0.07° 84.75 + 0.08"
0.3 86.46 + 0.18° 88.26 + 0.21° 86.84 + 0.02°
0.4 86.52 + 0.11° 90.46 + 0.12° 88.94 + 0.06°
0.5 86.69 + 0.01° 92.16 + 0.16° 88.29 + 0.06"
Appendix 3F
Effect of dose on Zn (11) ions uptake using GP-3, GP-3C and GP-3E adsorbent
GP-3 GP-3C GP-3E
Dose(g) Mean + SD Mean + SD Mean £+ SD
0.1 79.13 +0.07° 82.10+0.05%  81.37 +0.15°
0.2 84.15+0.11° 86.01 + 0.02° 85.94 + 0.09°
0.3 86.05 + 0.10" 90.40 £ 0.16°  86.51+0.06"
0.4 86.80 + 0.06 90.41 + 0.06" 89.25 + 0.07°
0.5 86.95 + 0.05% 90.75 + 0.05° 89.30 + 0.06°
Appendix 3G
Effect of time on Zn (11) ions uptake using GP-1, GP-1C and GP-1E adsorbent
GP-1 GP-1C GP-1E
Time(min) Mean + SD Mean + SD Mean + SD
20 80.22 +0.12° 82.62 + 0.08° 81.30 + 0.25"
40 86.14 % 0.06" 86.42+0.04°  86.58 +0.11°
60 86.45 + 0.08° 86.72 +0.10° 86.68 + 0.15°
80 86.61 + 0.10° 86.85 + 0.07° 86.77 + 0.03
100 86.67 +0.11° 86.85 + 0.10° 86.85 + 0.08°
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Appendix 3H
Effect of time on Zn (11) ions uptake using GP-2, GP-2C and GP-2E adsorbent
GP-2 GP-2C GP-2E
Time(min) Mean + SD Mean + SD Mean + SD
20 79.28 £ 0.10° 81.22+0.14"  81.21+0.10°
40 84.39 + 0.03" 86.37 +0.16*  86.14 +0.08"
60 84.47 +0.11%® 86.46 +0.10*  86.27 +0.14%®
80 84.56 + 0.08% 86.62+0.18%  86.37 +0.09®
100 84.64 +0.12° 86.63+0.12*°  86.47 +0.03°
Appendix 3l
Effect of time on Zn (11) ions uptake using GP-3, GP-3C and GP-3E adsorbent
GP-3 GP-3C GP-3E
Time(min) Mean + SD Mean + SD Mean + SD
20 80.40 + 0.10° 86.22+0.07°  81.30%0.25°
40 84.68 + 0.25° 87.48 + 0.35" 86.44 £ 0.10°
60 88.16 + 0.12° 91.32 +0.23 88.23 + 0.20°
80 89.44 +0.12° 91.62 + 0.04° 89.35 + 0.01°
100 88.34 +0.11° 91.64 + 0.01° 89.67 + 0.05%
Appendix 3J
Effect of shaking speed on Zn (Il) ions uptake using GP-1, GP-1C and GP-1E
adsorbent
GP-1 GP-1C GP-1E
Shaking (rpm) Mean + SD Mean + SD Mean + SD
120 81.03 + 0.05° 85.56 + 0.12° 84.32 + 0.04°
150 84.72 +0.31° 87.63 £ 0.07° 86.91 + 0.09"
180 86.86 + 0.11° 89.47 +0.11° 87.83 +0.08°
210 87.91 + 0.10° 93.48 +0.70° 91.16 + 0.10°
240 87.31+0.08" 87.81 + 0.04° 90.14 + 0.13"
Appendix 3K
Effect of shaking speed on Zn (Il) ions uptake using GP-2, GP-2C and GP-2E
adsorbent
GP-2 GP-2C GP-2E
Shaking (rpm) Mean + SD Mean + SD Mean + SD
120 79.60 + 0.01° 81.59 + 0.08" 82.40 + 0.29°
150 84.71 +0.16° 87.44 +0.25° 85.56 + 0.14¢
180 86.55 + 0.07" 88.77 £ 0.17" 86.91 + 0.09°
210 90.75 + 0.16° 93.03 + 0.07° 94.26 + 0.10°
240 90.77 +0.12° 92.89 + 0.01° 92.59 +0.01°
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Appendix 3L
Effect of shaking speed on Zn (Il) ions uptake using GP-3, GP-3C and GP-3E
adsorbent
GP-3 GP-3C GP-3E
Shaking (rpm) Mean + SD Mean + SD Mean + SD
120 80.73 £ 0.23° 85.77 = 0.06° 84.32 + 0.04°
150 82.68 + 0.13" 86.91+0.09°  85.93+0.12°
180 84.60 + 0.07¢ 87.63 + 0.08° 86.83 + 0.08°
210 91.16 + 0.10° 94.37 +0.37° 92.81+0.17°
240 90.14 + 0.13" 92.92+0.07°  91.59+0.07°
Appendix 3M
Effect of concentration of Zn (1) ions uptake using GP-1, GP-1C and GP-1E
adsorbent
GP-1 GP-1C GP-1E
Metal ion (mg/L) Mean + SD Mean + SD Mean + SD
20 47.43 +0.41° 84.99 +0.18° 75.44 + 0.68°
50 75.97 + 1.69¢ 84.53+0.14°  90.46 + 0.41°
100 87.46 + 0.25° 90.51 +0.15° 93.05 +0.02°
200 92.03 +0.01° 93.87+0.10°  95.66 +0.02°
Appendix 3N
Effect of concentration of Zn (1) ions uptake using GP-2, GP-2C and GP-2E
adsorbent
GP-2 GP-2C GP-2E
Metal ions (mg/L) Mean + SD Mean + SD Mean + SD
20 68.01 + 0.63° 94.88 + 0.08¢ 88.05 + 0.09°
50 84.09 + 0.20¢ 93.82 + 0.09° 94.19 + 0.37¢
100 92.10 + 0.05° 95.90 + 0.08° 95.66 + 0.12°
200 95.66 + 0.03" 96.99 + 0.01° 97.14 +0.31°
Appendix 30
Effect of concentration of Zn (1) ions uptake using GP-3, GP-3C and GP-3E
adsorbent
GP-3 GP-3C GP-3E RM (AC)
Mona et al., 2014
Metal ions Mean + SD Mean + SD Mean + SD f\/lean :
(mg/L)
20 73.17 £ 0.39° 93.03 + 0.13° 94.30 + 0.49° 74.9
50 86.82 +0.43° 9524 +0.15¢ 95.07 £0.20¢ 77.2
100 92.17 £0.01° 96.62 + 0.06° 97.06 £ 0.01° 81.2
200 96.53+0.07° 97.59+0.09°  98.28 +0.04* 83.6
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Appendix 3P
Effect temperature on Zn (1) ions uptake using GP-1, GP-1C and GP-1E adsorbent
GP-1 GP-1C GP-1E
Temperature (K) Mean + SD Mean + SD Mean + SD
293 91.61 + 0.02° 96.60 + 0.10° 92.56 + 0.09°
208 92.09 + 0.14° 96.91 + 0.05° 93.02 + 0.04°
308 93.20 + 0.03" 97.97 +0.01° 94.55 + 0.20°
318 93.58 + 0.10° 98.19 + 0.02° 94.82 + 0.14°
328 93.50 + 0.06° 98.12 + 0.02° 95.76 + 0.13?
Appendix 3Q
Effect temperature on Zn (I1) ions uptake using GP-2, GP-2C and GP-2E adsorbent
GP-2 GP-2C GP-2E
Temperature (K) Mean + SD Mean + SD Mean + SD
203 93.64 + 0.06° 94.60 + 0.03° 94,57 +0.22°
208 94.50 + 0.02° 94.92 + 0.06° 95.03 + 0.05°
308 95.68 + 0.03° 95.74 +0.19" 95.88 + 0.09"
318 95.96 + 0.04° 98.49 +0.01° 97.02 + 0.06°
328 96.43 + 0.20° 98.32 +0.01° 96.13 +0.11°
Appendix 3R
Effect temperature on Zn (I1) ions uptake using GP-3, GP-3C and GP-3E adsorbent
GP-3 GP-3C GP-3E
Temperature (K) Mean + SD Mean + SD Mean + SD
293 95.46 + 0.10° 97.84 +0.23° 97.90 + 0.05°
298 95.87 +0.15" 98.27 + 0.05° 98.29 + 0.07°
308 95.93 +0.27° 98.56 + 0.01° 98.15 + 0.02°
318 97.29 + 0.03* 99.04 + 0.07° 99.15 + 0.06°
328 97.62 + 0.03° 98.90 + 0.04° 99.03 + 0.04°
Appendix 4A
Mean percentage desorption of Pb (Il) ions from GP-1, GP-1C and GP-1lE
adsorbent
GP-1 GP-1C GP-1E
Time (minutes) Mean + SD Mean + SD Mean + SD
15 9.72 +0.02f 1.67 +0.02° 1.75+0.01"
30 15.16 + 0.03° 2.62 +0.01° 3.42 +0.03°
60 23.59 + 0.03° 18.04+0.01°  10.17 +0.15°
120 49.44 +0.07° 22.43+0.01° 20.06 + 0.02°
240 64.07 + 0.07° 3431+0.02°  25.16+0.01
600 63.37 +0.12° 34.50 + 0.02° 26.03 + 0.00°

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level
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Appendix 4B

Mean percentage desorption of Pb (Il) ions from GP-2, GP-2C and GP-2E

adsorbent

GP-2 GP-2C GP-2E

Time (minutes) Mean + SD Mean + SD Mean £+ SD
15 3.49 +0.01" 1.38 +0.01f 1.56 + 0.01f
30 6.64 + 0.03° 2.61+0.01° 2.73+0.01°
60 17.09 + 0.04¢ 10.54 + 0.01¢ 7.35 +0.01¢
120 38.17 + 0.01° 21.88 +0.02° 12.22 +0.00°
240 58.53 + 0.03" 32.00 + 0.03° 28.88 + 0.03"
600 60.11 + 0.02° 31.27 +0.03 29.00 + 0.06

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level

Appendix 4C
Mean percentage desorption of Pb (Il) ions from GP-3, GP-3C and GP-3E
adsorbent
GP-3 GP-3C GP-3E
Time (minutes) Mean + SD Mean + SD Mean £+ SD
15 5.02 + 0.02f 6.67 + 0.03" 1.50 + 0.02°
30 9.60 + 0.04° 7.26 +0.01° 1.92 +0.01°
60 12.95 + 0.02¢ 20.26 + 0.05° 6.88 + 0.01¢
120 35.00 +0.03° 23.19 + 0.00° 19.64 + 0.02°
240 54.25 + 0.01° 32.93 +0.00° 30.36 + 0.01°
600 56.99 + 0.01° 31.97 +0.02° 30.46 + 0.01°
Appendix 4D
Mean percentage desorption of Cd (IlI) ions from GP-1, GP-1C and GP-1lE
adsorbent
GP-1 GP-1C GP-1E
Time (minutes) Mean + SD Mean + SD Mean + SD
15 452 +0.04" 2.27 £0.02 4.29 +0.05"
30 12.70 + 0.01° 6.31 +0.02° 8.47 +0.03°
60 35.59 + 0.05" 9.51 + 0.04¢ 10.82 + 0.02¢
120 45.44 +0.08° 24.97 +0.07° 13.82+0.02°
240 52.73 +0.02? 34.98 + 0.00° 22.83 +0.04°
600 46.26 + 0.07b 33.57 +0.01° 26.50 + 0.01°

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level
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Appendix 4E

Mean percentage desorption of Cd (IlI) ions from GP-2, GP-2C and GP-2E

adsorbent

GP-2 GP-2C GP-2E

Time (minutes) Mean + SD Mean + SD Mean £+ SD
15 6.94 + 0.03 4.02 +0.02 4.04 +0.01
30 16.07 + 0.01° 7.15 +0.01° 13.16 + 0.01°
60 33.58 + 0.09" 12.66 + 0.01¢ 14.69 + 0.04¢
120 42.06 + 0.02° 15.56 + 0.03° 22.14 +0.01°
240 51.76 + 0.02° 27.75 + 0.02° 29.45 + 0.03°
600 56.97 + 0.02° 29.64 + 0.01° 29.12 +0.02°

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level

Appendix 4F
Mean percentage desorption of Cd (Il) ions from GP-3, GP-3C and GP-3E
adsorbent
GP-3 GP-3C GP-3E
Time (minutes) Mean + SD Mean + SD Mean + SD
15 2.91 +0.01f 5.54 + 0.01f 7.60 +0.01f
30 11.39 + 0.02° 12.19 + 0.02° 12.54 + 0.02°
60 28.64 + 0.04¢ 19.83 + 0.00¢ 19.95 + 0.02¢
120 46.60 + 0.01° 24.42 + 0.05° 24.75 + 0.03°
240 54.55 + 0.06° 37.95 +0.01° 30.87 + 0.02°
600 60.08 + 0.01° 38.56 + 0.01° 31.98 + 0.01°
Appendix 4G
Mean percentage desorption of Zn (Il) ions from GP-1, GP-1C and GP-1E
adsorbent
GP-1 GP-1C GP-1E
Time (minutes) Mean + SD Mean + SD Mean + SD
15 5.25 + 0.01' 3.42 +0.01 2.29+0.02
30 12.74 +0.01° 8.78 + 0.01° 4.98 + 0.06°
60 22.83 +0.02¢ 16.20 + 0.03¢ 7.59 + 0.00¢
120 46.77 + 0.02° 24.63 + 0.03° 17.04 +0.01°
240 61.96 + 0.01° 33.23 +0.03° 23.98 + 0.01°
600 51.90 + 0.02° 34.47 +0.01° 27.60 + 0.01°

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level



179

Appendix 4H

Mean percentage desorption of Zn (Il) ions from GP-2, GP-2C and GP-2E

adsorbent

GP-2 GP-2C GP-2E

Time (minutes) Mean + SD Mean + SD Mean + SD
15 3.77+£0.01' 3.50 +0.01' 3.98 +0.01'
30 9.54 + 0.02° 6.37 £ 0.01° 4.87 +0.00°
60 21.72 +0.02° 7.05 +0.03¢ 11.86 + 0.02
120 38.46 + 0.01° 12.19 +0.01° 14.29 + 0.02°
240 60.02 £ 0.01b 34.12 + 0.02° 27.10 + 0.02°
600 64.68 + 0.01° 31.90 + 0.03" 30.30 + 0.01°

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level

Appendix 41
Mean percentage desorption of Zn (Il) ions from GP-3, GP-3C and GP-3E
adsorbent
GP-3 GP-3C GP-3E
Time (minutes) Mean + SD Mean + SD Mean + SD
15 2.55 + 0.02f 1.87 +0.01f 3.36 +0.01f
30 9.65 + 0.01° 7.21 +0.00° 5.47 £ 0.01°
60 23.71 +0.02¢ 11.36 + 0.05¢ 7.66 + 0.03¢
120 35.64 + 0.02° 23.94 +0.01°¢ 12.25 + 0.02°
240 59.05 + 0.06° 39.87 + 0.01° 26.93 + 0.05°
600 57.98 + 0.02° 39.66 + 0.02° 26.45 + 0.04°
Appendix 5A
Calibration curve of MB
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Appendix 5B
Effect of pH on adsorption of MB using GP-1, GP-1C and GP-1E adsorbent
GP-1 GP-1C GP-1E

pH Mean + SD Mean + SD Mean + SD
4 54.34 +0.11° 60.21 + 0.41° 61.25 + 0.17°
6 66.28 + 0.14° 68.65 + 0.44° 69.40 + 0.66°
8 70.00 £ 0.49° 75.46 + 0.15" 72.54 £ 0.30°
10 74.77 £ 0.10°% 78.48 +0.23 77.80 £ 0.27°
12 74.23 +0.07° 78.01 + 0.34° 78.45 + 0.37°

Mean percentages with same letters in the same row are not significantly different at 95%
confidence level

Appendix 5C
Effect of pH on adsorption of MB using GP-2, GP-2C and GP-2E adsorbent
GP-2 GP-2C GP-2E

pH Mean + SD Mean + SD Mean + SD
4 58.02 + 0.26" 64.94+0.23° 8548+ 0.29°
6 65.59 + 0.22° 70.05 + 0.20° 87.75 + 0.35°
8 71.39 £ 0.14 75.00 £0.13°  88.03+0.12°
10 75.44 + 0.61° 84.75 + 0.33 85.52 + 4.52°
12 75.75 + 0.29° 85.21 + 0.20° 85.21 + 0.06°

Mean percentages with same letters in the same row are not significantly different at 95%
confidence level

Appendix 5D
Effect of pH on adsorption of MB using GP-3, GP-3C and GP-3E adsorbent
GP-3 GP-3C GP-3E

pH Mean + SD Mean = SD Mean + SD
4 86.74 + 0.07° 91.06 + 0.36° 88.40 +0.17¢
6 88.58 + 0.07° 91.99 + 0.57° 89.64 + 0.15"
8 89.74 + 0.12° 90.33 + 4.99° 89.19 + 0.17°
10 89.52 +0.12° 95.26 + 0.10° 90.04 + 0.15°
12 85.11 + 0.12° 90.31 + 0.39° 87.24 + 0.09°

Mean percentages with same letters in the same row are not significantly different at 95%
confidence level

Appendix 5E
Effect of concentration on adsorption of MB using GP-1, GP-1C and GP-1E

adsorbent

GP-1 GP-1C GP-1E
Concentration (mg/L) Mean + SD Mean + SD Mean + SD
25 73.68 £ 0.73° 77.35 + 0.24° 75.75 + 0.55°
30 67.87 + 0.24° 72.78 £ 0.15° 70.53 £ 0.53°
40 64.38 + 1.86° 67.09 + 0.13° 65.89 + 0.36°
50 50.49 + 0.77° 52.07 + 0.24¢ 52.39 + 0.21¢
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Appendix 5F
Effect of concentration on adsorption of MB using GP-2, GP-2C and GP-2E
adsorbent
GP-2 GP-2C GP-2E
Concentration (mg/L) Mean + SD Mean + SD Mean + SD
25 80.31 +0.11° 85.15 + 0.15° 80.77 £ 0.12°
30 77.95 +0.22° 80.50 + 0.32" 79.55 + 0.19"
40 66.01 + 0.20° 70.38 £ 0.37° 69.54 + 0.55°
50 61.79 + 0.24° 69.95 + 0.31° 66.17 + 0.32°
Appendix 5G
Effect of concentration on adsorption of MB using GP-3, GP-3C and GP-3E
adsorbent
GP-3 GP-3C GP-3E
Concentration (mg/L) Mean + SD Mean + SD Mean £+ SD
25 88.19 + 0.15° 90.47 + 0.25° 89.29 + 0.25°
30 87.87 +0.18° 88.46 + 0.11° 88.29 + 0.54"
40 82.01 + 0.68" 83.71 £ 0.21° 83.65 + 0.56°
50 65.49 + 0.40° 69.09 + 0.16" 66.18 + 0.71°

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level

Appendix 5H
Effect of contact time on adsorption of MB using GP-1, GP-1C and GP-1E
adsorbent
GP-1 GP-1C GP-1E
Time (minutes) Mean + SD Mean + SD Mean + SD
20 58.51 + 0.37° 63.41 + 0.47° 69.17 + 0.35°
40 62.06 + 0.19" 68.87 + 0.08° 66.45 + 0.38"
60 85.03 + 0.31° 86.41 +0.11° 86.45 + 0.31°
80 84.38 + 0.42° 84.66 + 0.21° 87.95 + 0.12°
Appendix 51
Effect of contact time on adsorption of MB using GP-2, GP-2C and GP-2E
adsorbent
GP-2 GP-2C GP-2E
Time (minute) Mean + SD Mean + SD Mean + SD
20 62.27 + 0.30° 79.68 + 0.40° 73.67 +0.32¢
40 66.11 + 0.38" 85.70 + 0.16" 85.89 + 0.19°
60 86.30 + 0.09° 86.38 + 0.30° 87.35 + 0.20°
80 86.49 + 0.29° 88.36 + 0.06 89.44 + 0.27°
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Appendix 5J
Effect of contact time on adsorption of MB using GP-3, GP-3C and GP-3E
adsorbent
GP-3 GP-3C GP-3E

Time (minutes) Mean + SD Mean + SD Mean £+ SD

20 89.35+0.01°  89.430.00° 89.33 £ 0.01°

40 94.40 +0.01° 96.50 + 0.01° 98.36 + 0.01°

60 99.60 +£0.01°  99.58 +0.01° 99.56 + 0.01°

80 99.44 +0.02°  99.56 + 0.01° 99.64 + 0.01°
Appendix 5K
Effect of adsorbent dose on adsorption of MB using GP-1, GP-1C and GP-1E
adsorbent

GP-1 GP-1C GP-1E

Dose (9) Mean + SD Mean + SD Mean £+ SD

0.1 55.42 +0.15  65.38 +0.19" 62.36 + 0.22°

0.2 65.08 + 0.08° 75.95 + 0.24° 74.21 +0.22°

0.3 80.37 + 0.35° 86.44 + 0.08 84.06 + 0.28"

0.5 70.00 £0.46°  84.57+0.19° 88.08 + 0.11°

Mean percentages with same letters in the same row are not significantly different at 95%
confidence level

Appendix 5L
Effect of adsorbent dose on adsorption of MB using GP-2, GP-2C and GP-2E

adsorbent

GP-2 GP-2C GP-2E
Dose (9) Mean + SD Mean + SD Mean + SD
0.1 60.45 + 0.45¢ 70.57 +0.55°  79.30 + 0.08°
0.2 67.44 + 0.25° 85.05 + 0.34°  86.54 + 0.09"
0.3 73.56 + 0.25° 85.98 + 0.18%  88.47 + 0.21°
0.5 78.69 + 0.16° 86.36 + 0.19  88.27 +0.31°
Appendix 5M
Effect of adsorbent dose on adsorption of MB using GP-3, GP-3C and GP-3E
adsorbent
GP-3 GP-3C GP-3E
Dose (g) Mean + SD Mean + SD Mean + SD
0.1 84.58 + 0.31° 80.86 + 0.43¢ 80.50 + 0.32¢
0.2 85.00 + 0.12° 87.92 + 0.08° 84.62 + 0.23°
0.3 90.41 +0.13° 90.16 + 0.25° 88.89 + 0.28°
0.5 86.47 + 0.52° 88.74 + 0.16° 99.68 + 0.29°
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Appendix 5N
Effect of temperature on adsorption of MB using GP-1, GP-1C and GP-1E
adsorbent
GP-1 GP-1C GP-1E
Temperature (K) Mean + SD Mean + SD Mean £+ SD
298 73.75 £ 0.14° 77.64 +0.48° 76.82 +0.12°
308 76.67 +0.31° 79.35 + 0.36" 77.81 +0.52°
318 80.29 + 0.15° 82.74 £ 0.24° 82.07 + 0.25°
328 79.79 + 0.61° 83.44 + 0.14° 80.28 + 0.12"
Appendix 50
Effect of temperature on adsorption of MB using GP-2, GP-2C and GP-2E
adsorbent
GP-2 GP-2C GP-2E
Temperature (K) Mean + SD Mean + SD Mean £+ SD
298 76.15 +0.31° 83.75 + 0.28° 85.25 +0.13°
308 80.39 + 0.30° 84.31+0.42°  87.82+0.12°
318 82.64 +0.17 84.92 + 0.40° 88.26 + 0.21°
328 84.02 + 0.41° 86.40 + 0.28° 87.81+0.17"

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level

Appendix 5P

Effect of temperature on adsorption of MB using GP-3, GP-3C and GP-3E

adsorbent

GP-3 GP-3C GP-3E

Temperature (K) Mean + SD Mean + SD Mean £+ SD
298 86.72 + 0.09° 90.75 + 0.27° 88.58 + 0.09"
308 88.67 £ 0.19° 91.74 + 0.23° 90.18 + 0.12
318 89.72 +0.17° 95.95 + 0.19° 89.79 + 0.07°
328 89.76 + 0.39% 95.21 + 0.17" 89.42 + 0.06°

Mean percentages with same letters in the same row are not significantly different at 95%

confidence level

Appendix 5Q

Effect of shaking speed on adsorption of MB using GP-1, GP-1C and GP-1E

adsorbent

GP-1 GP-1C GP-1E

Shaking speed(rpm) Mean + SD Mean + SD Mean + SD
150 58.58 + 1.78° 61.18 + 1.01° 65.54 + 0.83"
180 64.07 £ 0.93" 70.00 + 0.86" 66.42 + 0.08"
210 82.07 + 0.95% 85.27 + 0.45°% 87.77 + 1.05°
240 81.59 + 1.01° 84.66 + 1.27° 87.96 + 0.93

Mean percentages with same letters in the same column are not significantly different at

95% confidence level
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Appendix 5R

Effect of shaking speed on adsorption of MB using GP-2, GP-2C and GP-2E

adsorbent

GP-2 GP-2C GP-2E

Shaking speed(rpm) Mean + SD Mean + SD Mean £+ SD
150 62.62 + 0.44° 80.01 + 0.14° 72.89 +0.41°
180 66.88 + 1.05" 85.52 + 0.86" 86.26 + 0.60"
210 85.95 + 0.06 86.05 + 1.75" 87.80 + 0.92%°
240 86.63 + 0.02° 88.77 + 0.40° 89.85 + 2.01°

Mean percentages with same letters in the same column are not significantly different at

95% confidence level

Appendix 5S

Effect of shaking speed on adsorption of MB using GP-3, GP-3C and GP-3E

adsorbent

GP-3 GP-3C GP-3E

Shaking speed(rpm) Mean + SD Mean + SD Mean £+ SD
150 83.78 £ 0.54° 85.71 + 1.06 83.64 £ 1.17°
180 85.16 + 0.64" 87.96 + 9.56 84.54 +0.10°
210 89.57 + 1.63" 89.18 + 0.81° 89.73 + 1.02°
240 86.97 + 0.11° 89.19 + 1.50° 91.42 +1.16

Mean percentages with same letters in the same column are not significantly different at
95% confidence level

Appendix 6A: Column adsorption of Pb(ll) ions onto geopolymers

Geopolymer Mean +SD Geopolymer Mean = SD Geopolymer Mean + SD

GP-1 80.54 +0.94° | gp-2 82.87 +0.26° | Gp-3 84.31+0.74°
GP-1C 85.02 +0.76* | gp-2C 87.24+0.30° | gp-3C 90.67 + 0.41°
GP-1E 84.26 + 0.34° | Gp-2E 89.68 + 0.95% | Gp-3E 89.75 +0.13

C- Citric acid functionalized geopolymers, E- EDTA functionalized and SD- Standard
deviation, Mean in a column without a common superscript letter differ (P < 0.05), as
analyzed by one-way ANOVA

Appendix 6B: Column adsorption of Cd(l1) ions onto geopolymers

Geopolymer Mean+SD  Geopolymer Mean + SD Geopolymer Mean + SD

GP-1 70.14 +0.49° Gp-2 7428 +0.60° Gp-3 79.00 + 0.64°
GP-1C 74.35+0.25° Gp-2C 79.19+0.60° Gp-3C 82.35 + 0.24°
GP-1E 73.22+0.38° Gp-2E 76.47+0.11° Gp-3E 80.93 +0.13"

C- citric acid functionalized geopolymers, E- EDTA functionalized and SD- standard
deviation, Mean in a column without a common superscript letter differ (P < 0.05), as
analyzed by one-way ANOVA



Appendix 6C: Column adsor
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tion of Zn(11) ions onto geopolymers

Geopolymer | Mean+ SD | Geopolymer | Mean + SD Geopolymer | Mean + SD

GP-1 7750 + 0.16° | gp-2 79.18 +0.78" | gp-3 82.97 + 0.26"
GP-1C 81.58 £0.14* | gp-2C 84.09 +0.28* | gp-3C 89.03 + 0.56°
GP-1E 80.69 + 0.27° | Gp-2E 85.30 +0.38% | gp-3E 89.84 + 0.38°

Appendix 7A: Intraparticle diffusion experimental data of Pb?* uptake onto
geopolymers and functionalized geopolymers

Geopolymer Kig a R’

GP-1 11.74 0.223 0.876
GP-1C 27.11 0.470 0.889
GP-1E 20.49 0.302 0.942
GP-2 12.15 0.196 0.925
GP-2C 32.26 0.470 0.962
GP-2E 17.21 0.351 0.822
GP-3 15.61 0.382 0.901
GP-3C 16.58 0.422 0.907
GP-3E 18.34 0.365 0.811

Appendix 7B: Intraparticle diffusion experimental data of Cd®" uptake onto
geopolymers and functionalized geopolymers

Geopolymer Kid a R’
GP-1 69.79 0.029 0.817
GP-1C 72.31 0.054 0.852
GP-1E 75.53 0.054 0.872
GP-2 72.61 0.019 0.764
GP-2C 79.09 0.034 0.788
GP-2E 76.67 0.042 0.704
GP-3 60.97 0.042 0.884
GP-3C 74.59 0.045 0.944
GP-3E 73.13 0.109 0.828
K iq is the intraparticle diffusion rate constant (mgg~ min %)), a’ depicts the adsorption

mechanism
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Appendix 7C: Intraparticle diffusion experimental data of Zn®* uptake onto
geopolymers and functionalized geopolymers

Geopolymer Kig a R

GP-1 64.60 0.03 0.763
GP-1C 79.34 0.037 0.867
GP-1E 70.60 0.055 0.841
GP-2 61.70 0.05 0.731
GP-2C 66.42 0.076 0.784
GP-2E 64.28 0.059 0.648
GP-3 60.10 0.033 0.630
GP-3C 69.44 0.089 0.951
GP-3E 74.05 0.027 0.303

K iq is the intraparticle diffusion rate constant (mgg ™ min *%'?)), <a’ depicts the adsorption
mechan

Appendix 8: Intraparticle diffusivities In(a-1) constants for adsorption of MB onto
geopolymers

Time(min) GP-1  GP-1C GP-1E GP-2 GP-2C GP-2E GP-3 GP-3C GP-3E

20 -1.189 -1.324 -1544 -1273 -2321 -1.736 -2.673 -3.146 -2.448
40 -1.309 -1.594 -1409 -1.445 -3504 -3.228 -2.883 -3.840 -2.565
60 - - -4069 -6.141 -3.800 -3.756 - - -3.765
80 -4.874 -3.898 - - - - -3.118 -5.204 -
Appendix 9

SEM- EDX spectrum of geopolymers

Spectrum 1

ull Scale 4576 cts Cursaor: 0.000 ke
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Appendix 10: Plots of thermodynamic studies of geopolymers
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Appendix 11: Calibration curve of Pb (I1) ions
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Appendix 12: Calibration curve of Cd (11) and Zn (I1) ions
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