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ABSTRACT

Heavy metals are inorganic pollutants of water that cause a health risk if taken at above-
recommended levels. The objective of this study was to use activated silica gel (SiO,),
modified activated silica gel with L-cysteine (SiO,-Cys), L-methionine (SiO,-Meth), and a
mixture of L-cysteine and L-methionine (SiO,-(L-Cys + L-Meth)) for adsorptions of lead
and nickel ions from aqueous solution. Activated silica gel and its modified forms were
prepared and characterized by Fourier transform infrared spectroscopy (FT-IR), X-ray
diffraction (XRD), Scanning electron microscopy (SEM), and Brunauer-emmett-teller
method (BET). It was observed that increasing in surface area form BET result of SiO,-(L-
Cys + L-Meth) (772.816 m2/g) and SiO,-meth (730.710 m?/g) than SiO2(629.425 m?/g) and
it was also supported by SEM result. Pb (11) and Ni (1) removal efficiency of SiO,, SiO,-
Cys, SiO,-Meth, and SiO,-(L-Cys + L-Meth), were investigated using a batch adsorption
technique. Experimental parameters such as pH of the solution, contact time, initial Pb
and Ni ions concentration in solutions, and adsorbent dosage were also studied carefully.
Those maximum removal efficiencies showed that 97.15 % observed at pH 6, 90 min
contact time, 0.8 g/L of adsorbent dose, and 2 mg/L initial concentration for lead ion
removal while 100% removal of 0.645 mg/L Pb*? from wastewater taken from Eastern
industry zone (EIZ). The highest removal efficiency of Ni (11), 99.35 % was observed at pH
5, 60 min contact time, 0.4 g/L of adsorbent dose, and 2 mg/L initial concentration using
SiO,-(L-Cys + L-Meth) adsorbent. Through this optimum condition, kinetic and isotherm
of the adsorption process were studied using different models. The result revealed that the
kinetics of the process fitted well with the Pseudo-second-order kinetic model for lead and
nickel ions. From the tested isotherm model, the Langmuir isotherm model was found to be
the best fit for Pb (I1), and the Freundlich model was found to be the best fit for Ni (I1).
From the results notably, the adsorbent SiO,-(L-Cys + L-Meth) can be regenerated
continuously without affecting its extraction percentage. The removal efficiency of SiO,-(L-
Cys + L-Meth) decreased as the cycles increased was observed. Removals of Pb (Il) and
Ni (I1) ions are improved using modified ASG with a mixture of L-cysteine and L-
methionine (SiO,-(L-Cys + L-Meth)).

Keywords: Activated Silica gel, Modification, Methionine, Cysteine, Lead (I1), Nickel
(11), Adsorption
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CHAPTER ONE

1. INTRODUCTION

1.1. Background of the study

Safe water is significant for all that have life because, without water, no life exists
(Issakhov et al., 2021). However, Water pollution is currently a threat to humans
(Mokarram et al., 2020). The growing number of different industries and the wastewater
released from these various industries have several pollutants that become the main reason
for pollution. The wastewater pollutants are categorized under organic, inorganic,
biological, and microscopic contaminants (Briffa et al., 2020; Masindi & Muedi, 2018).
Among these water contaminants, heavy metals are mentioned under inorganic
contaminants (P. Sharma et al., 2021). Most industries have been discharging wastes
irresponsibly to the natural environment without any treatments, or partial treatment that
has become a big concern for the community in developing countries like Ethiopia (Amare,
2019).

Even though there is confusion about the definition of heavy metals in most literature,
heavy metals are defined as metals and some metalloids with high atomic weight and
density compared to the density of water. In addition, the term heavy metals have been
used for toxic and carcinogenic metals and metalloids. But not all heavy metals are
poisonous and carcinogenic, and there are also essential heavy metals for a biological
system such as cobalt (Co), copper (Cu), chromium (Cr), iron (Fe), magnesium (Mg),
manganese (Mn), molybdenum (Mo), nickel (Ni), selenium (Se), and zinc (Zn). However
toxic heavy metals such as cadmium, mercury, lead, and arsenic are very poisonous and
carcinogenic chemicals even in small amounts, they are hazardous for humans and animals
(Briffa et al., 2020; Duffus, 2002; Ibrahim et al., 2020; Koller & Saleh, 2018; Tchounwou
et al., 2012). Therefore, toxic heavy metals need more attention than other pollutants, due
to their three characteristic features are environmental persistence, bioaccumulation nature,
and toxicity nature. So, heavy metals tend to accumulate in the environment for a long time
and affect humans (Ali, H., Khan, E., & llahi, 2019; Sheet et al., 2014). Heavy metals enter
the natural water system in dry and wet forms. The two main sources are the

anthropogenic sources (mining and smelting, industry combustion fossil fuel, phosphate
1



fertilizer, and Metallo-pesticide, etc). and natural sources (volcanic eruption and
weathering of metal contaminated rockers). Thus heavy metals after discharge from either
of the two sources accumulate upon cumulative exposure, and cannot be easily decayed,
and threatening human health by the entire food chain (Ali, H., Khan, E., & llahi, 2019;
Briffa et al., 2020; Rasheed et al., 2020). Therefore, it is significant to remove these toxic
heavy metals by treating industrial wastewater before released into the natural aquatic
environment. Several conventional techniques are available for the treatment of heavy
metals from wastewater. These are chemical precipitation, ion exchange, coagulation-
flocculation, membrane, and adsorption. However, adsorption is a preferred technique for
heavy metal treatment because of its low energy consumption, ease of operation, and high
removal efficiency than other techniques due to, some limitations such as low removal
efficiency, high working cost, and mud production. Due to these properties, the adsorption
process has been gaining a great deal of attention from researchers in the treatment of
industrial wastewater contaminated with heavy metal ions (Bolisetty et al., 2019;
Chakraborty et al., 2020; Rasheed et al., 2020).

There are different physicochemical parameters, i.e., temperature, pH, etc., that affect the
mechanism of the adsorption process. For adsorption purposes, there are many solid
materials have been used. Among the many types of solid materials used in adsorption
silica gel are the most common, due to its advantageous characteristics of low cost,
commonly available, no swelling, high surface area, uniform pore structure, high pore
volume, and extraordinarily wide possibilities for functionalization, thermal and
mechanical stability (Dakova et al., 2011; Svraka I., Memi¢ M., Sulejmanovi¢ J., 2014).
Many solid-phase extractions are based on silica gel modified with different chelating
agents, due to the high selectivity and binding affinity exhibited by N- and S- donor groups
towards heavy metals (Alghanmi, 2012; Svraka 1., Memi¢ M., Sulejmanovi¢ J., 2014).
Further, because the abundant hydroxyl groups on the silica gel surface tend to
agglomerate so, a modification to produce a hydrophobic surface is necessary to improve
the dispersion and compatibility of silica gel (SiO2) (Ismail, Khalili, & Abu Orabi, 2020).
The thiol and amine-functionalized adsorbents have been used for the removal of heavy
metals from aqueous solution (Alghanmi, 2012; Petrova et al., 2018). Recently, several
researchers targeted the sorption of amino acids by silica gel. The suggested mechanisms

for adsorption are electrostatic interactions, hydrogen bond formation, ion exchange, and



ligand exchange through carboxyl and amino groups on the amino acides and the hydroxyl
on the activated silica gel (Ismail, Khalili, & Abu Orabi, 2020; Petrova et al., 2017a).
Recently, Dakova et al. (Dakoval & , P. Vasileva 2, 2011) used cysteine functionalized
silica gel as an effective adsorbent for preconcentration of Cd (I1) and Pb (Il), Petrova et al.
(Petrova et al., 2017b) prepared and studied sorbent based on methionine and cystine
modified silica gel for solid-phase extraction of Au (I11). Mladenova et al. (Mladenova et
al., 2012) used cysteine modified silica gel as a sorbent for preconcentration and separation
of noble metals Au(lll), Pd(Il), Pt(ll), and Pt(IV). They were reported as fast and
quantitative retention of metal ions using amino acid modified silica gel. However, the
limitation of these studies is: uses of various organic and inorganic solvents, the adsorption
takes place in acidic media, and reported for very low concentration of metal ions. Further,
Ismail et al. (Ismail, Khalili, & Orabi, 2020) studied on modification of silica nanoparticles
with cysteine or methionine as effective removal of U(VI) from aqueous solution. This
method of removal even though achieved quantitative removal for U(VI) but, the silica gel
modification method took time for drying of the adsorbent at room temperature and also
the removal % reported for a higher concentration of U(V1).

The purpose of this study is to prepare activated silica gel adsorbent and physically
impregnate with amino acids, namely L-cysteine (SiO,-Cys) and L-methionine (SiO,-
Meth); which were already published by another researcher for removal of metal ions.
However, in this study, the method of modification of activated silica gel is changed using
a simple and time-saving method of modification, and no need for any organic and
inorganic solvents for silica gel modification except distilled water. Furthermore, the
preparation of a mixture of L-methionine and L-cysteine as modifiers for activated silica
gel and used as an efficient adsorbent for extraction of Pb and Ni ions from aqueous
solution and Pb ion from real sample are studied. In the previous workes adsorption of
metal ions on the silica gel modified with a mixture of L-methionine and L-cysteine have

not been reported.

1.2. Statement of the problem

Currently, in Ethiopia, there is establishing and spread out of industries, increasing of
population and urbanization as well as migration to urban area. Such trend has resulted in
rising market demand for urban agriculture to occur as a mechanism to reduce the level of
lack and deliver adequate and regular access to food like fruits and vegetable supplies

3



(Gashaye, 2020; Girmaye, 2014; Yeshiwas & Tadele, 2017), however the primary sources
of irrigation water in the city are heavily polluted and untreated wastewater that contains
different pollutants like heavy metals (Dickin et al., 2016; Gashaye, 2020). Studies (Bahiru
et al., 2019; Bekele Bahiru & Yegrem, 2021) showed that vegetables and other food crops
consumed in Ethiopia are polluted by heavy metals. These are associated with adverse
health issues such as cancer, which is currently serious in Ethiopia. Lead has no biological
function in the human body; a lower concentration of lead exposure is not considered safe.
The neurological and behavioral effects of lead exposure are irreversible. Complete control
and prevention over lead exposure are still far from being achieved. Similarly, exposure to
a higher level of nickel (11) can cause several adverse health effects on animals, plants, and
humans (Yadessa Chibssa, 2015). A study reported (Dagne, 2020) that the concentration
of Pb(Il) in wastewater sample taken from Eastern Industrial Zone (El1Z) located in
Dukem, Ethiopia, was beyond the permissible limit set by WHO and USEPA for irrigation.
And literature reported value of the concentration of nickel in wastewater sample taken
from Modjo Tannery Share Company exceed the WHO and USEPA, standard (Mengistie*,
2013). Therefore, heavy metals need superior attention because they are very persistent in
the environment (Debebe, D., Behulu, F., & Getaneh, 2020). It is an urgent need to
develop cost-effective and efficient heavy metals removal technology. So this study is
intended to use an environmentally friendly and simple preparation method of adsorbent
called modified activated silica gel with amino acid performed by understanding the above
interest and aim to achieve an effective and efficient method. The main advantage of the
silica gel over other solid inorganic supports is low cost (great abundance on earth),
relative activity, large adsorption capacity, thermal and mechanical stability, no swelling,
easy preparation of its different types with different pore sizes, and total surface area under
standard conditions. Chelating agents like amino acids (L-Cysteine & L- methionine)
containing N-and S- groups are highly efficient for the metals and could be used for
physical modification of silica gel (Dakoval & , P. Vasileva 2, 2011; Ismail, Khalili, &
Orabi, 2020; Petrova et al., 2017c, 2018).



1.3.  Objectives of the study

1.3.1. General objective
The general objective of this study is to prepare activated silica gel modified with sulfur-
containing amino acids L-cysteine and L-methionine for Lead(ll) and Nickel(ll) removal
from a polluted water sample.

1.3.2. Specific objectives

% To prepare activated silica gel

% To prepare L-cysteine and/or L-methionine modified activated silica gel.

% To investigate the activated silica gel and its modified forms using; Fourier
transforms infrared spectroscopy (FT-IR), X-ray diffraction (XRD), Scanning
electron microscopy (SEM), and Brunauer-emmett teller method (BET).

% To study effects of different variables, equilibrium adsorption isotherm, and
kinetics for adsorption of Pb(I1) and Ni(ll) on SiO-(L-Cys + L-Meth).

% To investigate and compare the adsorption efficiency of unmodified and modified
activated silica gel towards the removal of Pb(Il) and Ni(ll) ions from aqueous
solution.

% To investigate the Pb(ll) removal efficiency of SiO,-(L-Cys +L-Meth) on real

sample.

1.4.  Significance of the study
This study is expected to provide a method to remove non-biodegradable contaminants that
pose serious health and environmental hazard using a simple, cost-effective, and
environmentally friendly adsorption method. It can be applicable and useful in different
industries for heavy metals, especially for Pb (1) and Ni (I1), removal from wastewater
before discharge to the environment. For researchers, it is important to do further study by
expanding this investigation. It has also been significant for fruits and vegetable consumers

because of the market supply of heavy metal-free fruits and vegetables.

1.5.  Scope of the study
This thesis is limited to the preparation of modified activated silica gel with L-cysteine, L-
methionine, and a mixture of L-cysteine and L-methionine for removals of Pb(ll) and
Ni(Il) metal ions from aqueous solution by adsorption technique. And the characterization

techniques for this study were limited to XRD, FT-IR, SEM, BET, and FAAS techniques.
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CHAPTER TWO

2. LITERATURE REVIEW

2.1.  Waster pollution and wastewater
Industrialization, in any society, is the primary initiator of development and urbanization.
But, it has been identified as a higher risk to the environment because it discharges
different poisonous chemicals, gases, solid wastes as well as microbes of various kinds into
our immediate environment: land, air, and water (Inyinbor Adejumoke A., Adebesin
Babatunde O., Oluyori Abimbola P., Adelani-Akande Tabitha A., 2018). Water pollution
happens when harmful substances often, chemicals or microbes contaminate a stream,
river, lake, ocean, aquifer, or other body of water, degrading water quality and rendering it
poisonous to people or the environment. Wastewater (untreated, partially treated, or
diluted) is any polluted water and mixture of liquid wastes discharged by domestic
households, farms, institutions, and commercial and industrial formations finally mixed

with natural water bodies. Therefore, generally causes of water pollution are urbanization,
deforestation, industrial effluents, fertilizers and agricultural. It contains pathogens,

organic particles, inorganic particles, pesticides and other toxins ((FAO), 2 C.E.; Arega,
2020; Gashaye, 2020; Intizar Hussain, Liga Raschid, Munir A. Hanjra, 2020; Ungureanu et
al., 2020). The reuse of wastewater for irrigation has been a global issue. However, in
developed countries much of wastewater is treated before use for irrigation, but most
developing countries use partially treated or untreated wastewater for irrigation(Dickin et
al., 2016; Intizar Hussain, Liga Raschid, Munir A. Hanjra, 2020). The reuse of wastewater
has advantages for farmers by increasing the yield of crops; minimize the shortage of water
for irrigation, and lowering the necessity of fertilizer. However, the crops irrigated by
untreated wastewater cause for numerous health effects on humans because wastewater
contains pollutants that have a bioaccumulation nature like heavy metals (Dickin et al.,
2016; Keraita et al., 2008; Kesari et al., 2021; Narain-Ford et al., 2020). Generally, the
reuse of untreated wastewater has been a negative impact on humans and ecological

systems, which need to be recognized and assessed.



2.2.  Heavy metals contamination

Heavy metals are among the most examined environmental contaminants and are a quickly
growing problem in natural water bodies. In the modern age, heavy metal contamination
has occurred historically and worldwide with the industrial revolution (Briffa et al., 2020;
Masindi & Muedi, 2018; Oljira, 2016; Ozaki et al., 2019). Heavy metals are hazardous
substances due to their persistence, toxic and bioaccumulative nature (Figure 2.1).
Nowadays, heavy metal contamination is a major environmental worry that threatens plant,
animal and human health and the quality of the environment (Ali, H., Khan, E., & llahi,
2019; Briffa et al., 2020; Issakhov et al., 2021; Jaishankar et al., 2014; Srivastava et al.,
2017). The most common heavy metal contaminants and associated with environmental,
plant, animal, or human health problems are Cr, Mn, Ni, Cu, Zn, Cd, Pb Fe, Co, Hg, V, Ni,
Mo, Ag, Sn, As, and Se (Ali, H., Khan, E., & Ilahi, 2019; Masindi & Muedi, 2018; Oljira,
2016). However, any heavy metal and metalloid are potentially toxic to biota depending
upon the dose and duration of exposure (Ozaki et al., 2019; Rasheed et al., 2020;
Tchounwou et al., 2012). The primary source of heavy metals is anthropogenic activities
like metal mining, smelting, foundries, and other metal-based industries. The secondary
source of heavy metals includes pesticides, insecticides, fertilizers, and more in agricultural
sectors. Therefore, wastewater containing heavy metals released from the above sources by
any means ends up in one of the natural environmental systems like water bodies (Ali, H.,
Khan, E., & llahi, 2019; Briffa et al., 2020; Mahboob et al., 2014; Masindi & Muedi, 2018;
Oljira, 2016; Ozaki et al., 2019; Srivastava et al., 2017).
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Figure 2.1. Trophic transfer of heavy metals from freshwater fish to humans (Ali, H.,
Khan, E., & llahi, 2019).

2.3. Health effects of heavy metals

Heavy metals comprise essential and non-essential. Both have an environmental impact
when they exist in higher concentrations. However, non-essential heavy metals are toxic to
plants, animals, and humans even at very low concentrations (Masindi & Muedi,
2018),(Ali, H., Khan, E., & llahi, 2019; Zelalem KAl and Chandravanshi BS, 2015).
Heavy metal toxicity has numerous health effects which can either be acute or chronic after
long-term exposure and which can lead to many disorders in the functioning of organs such
as the brain, kidney, lungs, liver, and blood (Figure 2.2). The long time exposure of toxic
heavy metals leads to failure of muscular, physical, and neurological processes and some
heavy metals may cause cancer (Al-Lami et al., 2020; Ametepey et al., 2018; Engwa et al.,
2019; Jaishankar et al., 2014; Sankhla, 2019; Reena Singh et al., 2011).
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Figure 2.2. Human health hazards associated with exposure to toxic heavy metals
(Maharana et al., 2021).

2.4. Lead (Il) and Nickel (I1) heavy metals
Lead is a bluish-white metal that exists naturally in earth’s crust in small amount, and
anthropogenic activities such as fossil fuels burning, mining, and manufacturing also
contribute to the release of high concentrations. While lead has many applications in
different sectors like industrial, agricultural, and domestic, it can be toxic to humans and
animals, causing health effects (Duressa, n.d.; Jaishankar et al., 2014; Kaur et al., 2019;
Tchounwou et al., 2012). No level of lead exposure can be safe because lead, unlike other
heavy metals such as Cu, Zn, and Mn, has a biological role in the body (Duressa, n.d.;
Jaishankar et al., 2014; Obasi & Akudinobi, 2020). Lead poisoning occurs mainly through
inhalation of lead-contaminated dust particles or aerosols and ingestion of food, water, and
paints contaminated with lead. In the human body, lead affects several organs such as the
kidneys, liver, central nervous system, hematopoietic system, cardiovascular system,
endocrine system, and reproductive system (Assi et al., 2016; Tchounwou et al., 2012;
Wani et al., 2015). Children and fetuses are more subject toward lead poisoning; in
children, it can affect central nervous system disease. And it can be the reason for learning

and concentration difficulties (Angevine et al., 2006). Plants with a high level of lead



concentration cause lipid membrane damage because of the fast production of reactive
oxygen species (ROS) (Ali & Nas, 2018; Sytar et al., 2013).

Nickel is a commonly used heavy metal with some essential roles in animals and humans,
and it is an essential micronutrient for higher plants. In addition, it has broad industrial
applications; for example, used in stainless steel through electroplating. However, nickel is
harmful to animals, humans, and plants when present in excess (Genchi et al., 2020).

Some effects of nickel on humans are lung fibrosis, kidney and cardiovascular diseases and
cancer of the respiratory tract, (Masindi & Muedi, 2018), (Genchi et al., 2020; Harasim &
Filipek, 2015). Literature reported that the effect of excess nickel concentration in plants,
for example adverse effects on fruit yield, interference with other essential metal, induction
of oxidative stress, quality reductions, altering the normal metabolism, and causing cellular
injuries in plant. Substantial levels of nickel have emerged into the environment via
volcanic and anthropogenic activities. Nickel is naturally available in all soil types,
sediments, and waters. Its toxicity comes from anthropogenic activities like burning of
fossil fuels, application of phosphatic fertilizers, smelting, sludge water, electroplating
industries, vehicle emissions, chemical industries, rubber and plastic industries, nickel-
cadmium battery industries, mining, refining, paints, and ink formulation units
(Chakraborty et al., 2020; Das et al., 2018; Harasim & Filipek, 2015; U.S Geological
Survey, 1997). The extensive use of nickel in various industries or its occupational
exposure is a matter of serious impact on human health. Heavy metals like nickel can
produce free radicals from the diatomic molecule. Once nickel is released into the
environment from human manufacturing waste, nickel, as Ni (1), can assume both soluble
and insoluble forms. In aquatic environments, particulate nickel remains close to the source
of contamination, but soluble nickel is mobile and easily entered into soils and sediments
at greater distances. The wastewater generated from nickel processing still contains a
substantial amount of nickel that should be treated before the final discharge to the
environment (Briffa et al., 2020; Chakraborty et al., 2020; Das et al., 2018; Kane et al.,
2016). In the environment, nickel is principally bound with oxygen or sulfur and forms
oxides or sulfides in the earth's crust. Industrial uses of nickel during its production,
recycling, and disposal have led to widespread environmental pollution. Nickel (Ni) is one

of 23 metal contaminants, and it is seriously threatening our ecosystem and human health
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(M. S. A. Ahmad & Ashraf, 2011). The U.S. EPA has set the permissible level of nickel
for drinking water as 0.015 mg/L (Chakraborty et al., 2020).

2.5. Wastewater treatment

Wastewater treatment is a process of removal of physical, chemical (like heavy metals),
and biological contaminants from water that has been used or polluted by anthropogenic
activity or nature (Aghalari et al., 2020; Crini & Lichtfouse, 2019; Edokpayi et al., 2017,
Englande et al., 2015). Mainly there are two purposes for wastewater treatment, the first to
protect human health and prevent environmental contamination by disposal of safe
domestic and industrial wastewater. The second is to gain energy, nutrients, water, and
other valuable resources from wastewater during purification steps. The recycling of
wastewater has been important for reuse in irrigation, thereby preserving water resources,
which is rare in dry and semiarid regions of the world (Englande et al., 2015; Ince &
Kaplan Ince, 2020; Jasim, 2020; Samer, 2015). Wastewater treatment methods are
classified into three-stages, which are pretreatment /primary treatment stage, Secondary
treatment stage, and Tertiary treatment stage (Crini & Lichtfouse, 2019; Englande et al.,
2015; Ince & Kaplan Ince, 2020; Oljira, 2016).

2.5.1. Pre-treatment/Primary water treatment method

The pre-treatment method is the stage to purify the wastewater suitable and compatible to
subsequent treatment processes. Typically processes include equalization, neutralization,
oil and grease separation by physical and mechanical operations (Crini & Lichtfouse,
2019; Englande et al., 2015; Ince & Kaplan Ince, 2020). Primary treatment is a preliminary
water purification process to remove about 25% of organic matter; and large suspended
solids from wastewater by physical and chemical operation often consist of screening and
microfiltration, centrifugation, sedimentation, chemical precipitation, coagulation, gravity,
and flocculation methods (Bolisetty et al., 2019; Crini & Lichtfouse, 2019; Englande et al.,
2015; Ince & Kaplan Ince, 2020; Jasim, 2020; Oljira, 2016; Samer, 2015).

2.5.2. Secondary water treatment method

Primary treatment has defined as the preparation for a biological treatment called
secondary treatment. This treatment stage helps to break down and eliminate organic
matter in the presence of microorganisms (bacteria), oxygen, and nutrients. Bacteria

consume organic matter as food and converting it to carbon dioxide, water, and energy for
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their growth. The secondary treatment stage has two main categories these are anaerobic
and aerobic treatments. This stage can remove about 85% of the suspended solids and
organic matter (Bolisetty et al., 2019; Crini & Lichtfouse, 2019; Ince & Kaplan Ince, 2020;
Jasim, 2020; Kesari et al., 2021; Oljira, 2016). There are many stages to design a way for
the biological wastewater treatment process, but the two most commonly used are the
activated sludge and the trickling filtration process (Englande et al., 2015; Jasim, 2020;
Naidoo & Olaniran, 2013). A secondary treatment stage does not remove pollutants like
heavy metals because they are non-degradable substances. Therefore tertiary treatment
method is important and should be applied to wastewater (Englande et al., 2015; Jasim,
2020; Kesari et al., 2021; Oljira, 2016).

2.5.3. Advanced (tertiary) water treatment method

Advanced wastewater treatment is employed when contaminants like toxic organics,
volatile organic compounds (VOCs), phosphorus, nitrogen, heavy metals, refractory
organics, and difficult-to-remove pathogens such as giardia lamblia have not significantly
removed after the secondary treatment processes. Tertiary treatment is including
techniques like ion exchange, nitrification, filtration, denitrification, membrane processes,
air stripping, adsorption, chemical oxidation, and chemical precipitation of phosphorus.
Usually, the tertiary treatment stage has used different disinfectants like chlorine,
ozonation, and ultraviolet radiation to treat wastewater, and also nearly 99% of all
impurities are removed from wastewater (Englande et al., 2015; Ince & Kaplan Ince, 2020;
Jasim, 2020; Kesari et al., 2021; Naidoo & Olaniran, 2013; Oljira, 2016).

2.6. Conventional methods of heavy metal removal from wastewater

It is significant to remove heavy metals from contaminated water through conventional
techniques. So far, various technologies have been available for heavy metals removal
from wastewater, such as ion exchange, chemical precipitation, coagulation, membrane
separation, electro-coagulation, reverse osmosis, and adsorption. These different
techniques consist of physical, chemical or biological methods and all have its individual
advantages and disadvantages (Ali, H., Khan, E., & llahi, 2019; Bazrafshan et al., 2015;
Chakraborty et al., 2020; Kanamarlapudi et al.,, 2018; Khulbe & Matsuura, 2018;
Lakherwal, 2014; Qasem et al., 2021; Tang et al., 2016) .

12



2.6.1. Chemical precipitation

Chemical precipitation is one of the physicochemical methods used for heavy metal
removal by the addition of chemicals such as alum, lime, iron salts, and other organic
polymers and are used for metals to precipitate out via the formation of metal hydroxides,
sulfides, carbonates, and phosphates. Generally, chemical precipitation is a two-step
process first, addition of coagulants chemicals like alum, lime, iron salts, and other organic
polymers. Next separation of precipitated solids is achieved from cleaned water
(Chakraborty et al., 2020; Ince & Kaplan Ince, 2020; Kanamarlapudi et al., 2018;
Lakherwal, 2014; Oljira, 2016). The main drawbacks of the chemical precipitation
technique are its requirement of an excess amount of chemical reagents and produced a
large amount of sludge containing toxic compounds (Chakraborty et al., 2020; Oljira,
2016).

2.6.2. lon-exchange

The ion exchange technique is a physicochemical and reversible process where ions
present in the solution; are exchanged with ions on the solid surface. There are two types
of ion exchangers, which are cation (Figure 2.3) and anion exchangers. Natural and
synthetic clays, zeolites, and synthetic resins are commonly used with high cation
exchange capacity for the uptake of heavy metals and release counter-ions of a similar
charge in a chemically equivalent amount from and to wastewater (Ince & Kaplan Ince,
2020; Jiang et al., 2015; Kanamarlapudi et al., 2018; Oljira, 2016). The drawback of this
technique is; it is affected by the pH of the solution. In addition, synthetic resins are
expensive, high labor, and it is limited in small concentrations of metals in the solution
(Chakraborty et al., 2020; Masindi & Muedi, 2018).
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Figure 2.3. Schematic diagram showing ion exchange method (Lalmi et al., 2018).

2.6.3. Coagulation—flocculation

Coagulation-flocculation is a commonly used technique for drinking water as well as
wastewater treatment. In this technique, the chemical reaction is occurred after the addition
of coagulants like ferric/alum salts to remove colloidal materials, some soluble
compounds, and very small solid suspensions initially present in the wastewater. The
purposes of the coagulants are to destabilize, neutralize, and combine the colloidal particle
into small aggregates called flocs. Flocculation is the process of gently mixing water to
help the flocs to produce and grow in size as well so the flocs can settle down simply and
leaving pure water behind (Borchate et al., 2014; Johnson et al., 2008; Kweinor Tetteh &
Rathilal, 2020; Lakherwal, 2014; Pang et al., 2009). The drawbacks of this method are the
requirement of high operational cost; and the high volume of toxic sludge generated
(Chakraborty et al., 2020; Naidoo & Olaniran, 2013; Oljira, 2016) (Figure 2.4).
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Figure 2.4. Coagulation, flocculation and sedimentation (Teh et al., 2016).
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2.6.4. Membrane filtration

More recently, membrane filtration has been known for seawater pretreatment and
treatment of industrial effluent. It is capable of eliminating suspended solids, organic
compounds, and inorganic contaminants such as heavy metals. Several techniques of
membrane filtration techniques are microfiltration, ultra-filtration, nanofiltration,
electrodialysis, and reverse osmosis. The drawback of these methods is high maintenance
and operational cost (Chakraborty et al., 2020; Jeong et al., 2017; Oljira, 2016). Reverse
osmosis is the opposite of the natural osmosis process of water. It is also called hyper-
filtration and pressure-driven membrane filtration process used for contaminants removal
like heavy metals from wastewater by using a semi-permeable membrane (Chakraborty et
al., 2020; Ince & Kaplan Ince, 2020; Kanamarlapudi et al., 2018; Lakherwal, 2014,
Mokarram et al., 2020) (Figure 2.5).
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Figure 2.5. Different kinds of membranes filitration (Lichtfouse, 2021).

(Microfiltration retains suspended solids, ultrafiltration retains macromolecules, and

nanofiltration retains multivalent ions and reverses osmosis monovalent ions)

2.6.5. Adsorption

Adsorption is the accumulation of particles (adsorbate) at a surface (adsorbent or
substrate). The reverse process is called desorption.Currently, adsorption becomes an
advisable technique because of its simplicity, efficiency, low cost, and flexibility to
concentrate and allow removal and recovery of the harmful contaminants from wastewater.
Adsorption is a process of accumulation of ions or atoms species of solid, liquid, or gas to

surface and bound by physical or chemical interactions. Thus this process creates a layer of
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the adsorbate (metal ion) on the surface of the adsorbent. The molecular species or
substance, which accumulates at the surface of the adsorbent is called adsorbate, and
adsorbent is the material at which adsorption takes place (Ariffin et al., 2017; Diana
Iruretagoyena Ferrer, 2016; Ince & Kaplan Ince, 2020; Khulbe & Matsuura, 2018;
Lakherwal, 2014, Patel, 2019) (Figure 2.6). Even though several heavy metal ions removal
methods exist; these methods have many disadvantages such as high cost, production of a
higher amount of toxic sludge and disposal problem, high energy consumption, and
requirement of an excess amount of chemicals. So it is significant to develop an
appropriate and environmentally friendly wastewater treatment method that is the
adsorption method. The adsorption method has many advantages, and one is generating
clean water that is free from heavy metals. The drawback of this method is the chemical
requirement for regeneration and the cost for adsorbent preparation (Chakraborty et al.,
2020; Gregorio Crini, Eric Lichtfouse, Lee Wilson, 2018; Khulbe & Matsuura, 2018;
Oljira, 2016).
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Figure 2.6. Schematic diagram of batch adsorption (Khalid Z. Elwakeel, Ahmed M.
Elgarahy, Ziya A. Khan, Muath S. Almughamisi, 2020).
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3.6.5.1. Type of adsorption

In the adsorption technique, the adsorbents and adsorbate interact physically
(Physisorption) or chemically (Chemisorption) that are different interaction mechanisms
(Figure 2.7). Physical adsorption is an important surface phenomenon caused by the
intermolecular force of attraction called van der Waals forces. It has a low enthalpy of
adsorption (20-40 kJ mol™) value than chemical adsorption and reversible reaction.
Therefore, no activation energy is required because the energy of interaction between the
adsorbate and adsorbent has the same order of magnitudes, and the interaction occurs at a
lower temperature. In addition, the adsorbate can form a multilayer in physical adsorption
mechanisms to provide high adsorption capacity. But, chemical adsorption is irreversible
and is referred to as activated adsorption. It is mainly involved in catalysis so, the energy
of chemical adsorption is considered similar to a chemical reaction, and the process may be
exothermic or endothermic. This adsorption process requires activation energy. In
chemical adsorption, the adsorbate is forming a monolayer adsorption process that
provides high adsorption capacity. Generally, chemical adsorption is more popular for
heavy metal removal because it has stronger interactions and higher adsorption capacity.
Chemical adsorption is occurring by ion exchange, complexation including coordination,
and chelation. It has high enthalpy of sorption (200 kJ mol™) than physical sorption
(Grégorio Crini, Eric Lichtfouse, Lee Wilson, 2018; Khulbe & Matsuura, 2018;
Knippenberg et al., 2006; Rudi et al., 2020).

Multilayer of adsorbate

\

Boundtothe Monolayer of adsorbate  goundtothe
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PHYSICAL ADSORPTION CHEMICAL ADSORPTION

Figure 2.7. Physically and chemically adsorption (Sarkar & Paul, 2016).
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2.6.5.1.  Adsorbents classification

There are numerous solid materials used for adsorption purposes. Adsorbents are materials
that can take a broad range of chemical arrangements and different geometrical surface
structures. Generally, adsorbents are classified as conventional and non-conventional used
for the removal of contaminants from wastewater. The conventional adsorbents include
commercial activated carbons (CAC), commercial ion-exchange resins (polymeric organic
resins), and inorganic materials such as commercial activated aluminas (CAA), silica gel,
zeolites, and molecular sieves. While non-conventional adsorbents encompasses activated
carbons (AC) obtained from agricultural solid waste and industrial by-products, natural
materials such as clays, industrial by-products such as red mud, biosorbents such as
chitosan, and various adsorbents such as alginates(Canosa et al., 2019; Gabelman, 2017;
Grégorio Crini, Eric Lichtfouse, Lee Wilson, 2018; Quintero-Jaramillo et al., 2021;
Tripathi & Rawat Ranjan, 2015) ( Figure 2.8).
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- Peat -silica gel -NOoN-porous resins
- Coconut shells - zeolites -porous cross linked polymer
- Coals -molecular sieves

Figure 2.8. Conventional and non—conventional adsorbents (Crini et al., 2018).
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2.6.5.2.  Common types of adsorbents

Currently, for wastewater treatment, various types of adsorbents have been used. Thus
researchers have used these various adsorbents to study their efficiencies to remove toxic
pollutants like heavy metals. Zeolites, activated carbon, activated alumina (Al;Os), silica
gel (SiO,), and polymeric adsorbents are the most commonly used adsorbents. Activated
carbon and some zeolites are manufactured from naturally existing materials, but the
remaining can be synthetically manufactured. Activated carbon can be applied to adsorb a
wide variety of compounds. Silica gel has an affinity for water adsorption and is often used
to control humidity. Zeolites have very uniform pores and can adsorb molecules based on
their size. Polymeric adsorbent covers a range of cross-linked resins that can be tailored for
specific applications (Canosa et al., 2019; Gabelman, 2017; Grégorio Crini, Eric
Lichtfouse, Lee Wilson, 2018; Quintero-Jaramillo et al., 2021; Renu et al., 2017).

2.6.5.2.1. Zeolites

The naturally occurring zeolites can be defined as crystalline aluminosilicates with a three-
dimensional structure formed by repeating units of silicon-oxygen (SiO4) and aluminum-
oxygen (AlO,) tetrahedral. They are also recognized as “molecular sieves” because of their
capability to accept and reject molecules based on their size (A. Ahmad & Azam, 2019;
Ghasemi et al., 2018; Shi et al., 2017; S. Singh et al., 2020). The natural zeolites have
uniform pore-sized, hydrated minerals and the pore is formed by a combination of different
tetrahedrons. Zeolites have ion exchanging capacities and defined porous size so, this
property leads to removing heavy metal from wastewater. The adsorption mechanism is by
the cations (alkaline and alkaline earth) inside the pore and the network of the negatively
charged aluminosilicate structure can be substituted by another cation. The disadvantages
of zeolite adsorbents are the adsorption properties depend on the different materials
because it has more than 60 natural species (Canosa et al., 2019; Grégorio Crini, Eric
Lichtfouse, Lee Wilson, 2018; Morante-Carballo et al., 2021; Shi et al., 2017; Tripathi &
Rawat Ranjan, 2015).

2.6.5.2.2. Activated Carbons

Activated carbons are one of the oldest and most commonly used adsorbents in gas
treatment and water purification. The materials which have high carbon contents like coals
material, industrial by-products, and lignocellulose biomass can be sources for producing
activated carbon adsorbents (A. Ahmad & Azam, 2019; Bamdad et al., 2018; Grégorio
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Crini, Eric Lichtfouse, Lee Wilson, 2018; Renu et al., 2017). Many Kinds of literature
(Abdulrazak et al., 2017; Herdyastuti et al., 2019; Karnib et al., 2014; Ullah et al., 2020)
reported that activated carbon has good potential for adsorbing heavy metals because of its
greater surface area, microporous, and chemical complexity of its external area. However,
the disadvantages of activated carbon are: dust can lead to blockages, component mixes
may lead to early malfunction, risk of spontaneous combustion in the bed, polymerization
risk for unsaturated hydrocarbons on the activated carbon, and expensive due to the
depletion of coal-based source and especially for producing high quality activated carbon.
The processes of removal of contaminants by activated carbon are often carried out in a
batch mode, by adding activated carbon to a vessel containing the contaminated solution,
or by feeding the solution continuously through a packed bed of carbon.

2.6.5.2.3. Activated alumina

Activated alumina (Al,O3) is a crystalline polar filter media made by treating aluminum
ore. It is porous and highly adsorptive. It can also be described as a granulated form of
aluminum oxide and used to remove impurities in wastewater. Activated alumina is much
less likely to be used in water purification than activated carbons; however, it is used to
remove inorganic contaminants such as fluorides, arsenic, selenium, and silicates. Among
possible techniques, adsorption on activated alumina is extensively applied, as it is most
effective for removing organic compounds such as surfactants, pesticides, dyes, aromatic
molecules, and even heavy metals. There is much research on heavy metals adsorption
using activated alumina. The economic viability of processes using adsorption is thus
directly related to their efficiency in regenerating and recycling the activated alumina.
Activated alumina has been used as an effective adsorbent, especially for point-of-use
applications. The main disadvantage of activated alumina is that the highest adsorption
efficiency is obtained only at low pH. In addition, the use of other treatment methods
would be necessary to reduce levels of other contaminants of health concern (Canosa et al.,
2019; Ghaedi & Mosallanejad, 2013; Rabia et al., 2018; Szatytlowicz & Skoczko, 2017).

2.6.5.2.4. Polymer-based adsorbents

Polymeric adsorbents are spherical synthetic polymers with defined pore structures and are
highly tailorable materials that can be produced with a range of properties. They are
typically composed of polar or nonpolar and can be hydrophobic or hydrophilic depending

on the synthesis process groups in a rigid, cross-linked polymer network. This network
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provides the materials with the high surface area needed to perform well as adsorbents.
They are frequently used for gas chromatography columns, water treatment, and volatile
organic compounds (VOCs) collection. Polymeric adsorbent includes nano-magnetic
polymers (NMPs), polysaccharides, extracellular polymeric substances (EPS), and
covalent organic polymers (COPs), which are established low-cost and readily available.
NMPs can quickly and accurately determine trace environmental pollutants like phenols
and heavy metal ions. The advantages of polymeric adsorbents are high flexibility in
design, physical stability, porosity, uniform pore size distribution, high surface area, and
chemical stability towards acids and bases, feasible regeneration, and thermal durability.
But, polymeric adsorbents have limitations this is because they are often very specific
adsorbents (Alaba et al., 2018; Rahman et al., 2020; Separation, 2017; Shabkhizan &
Mousazadeh, 2011).

2.6.5.2.5. Silica gel

Silica gel is a chemically inert inorganic porous form of silicon dioxide (silica), SiO,. The
chemical formula of silica gel is SiO, x H,O. It is a solid, amorphous form of hydrous
silicon dioxide distinguished by its microporosity and hydroxylated surface (Canosa et al.,
2019; Ganokar et al., 2018; Khanvilkar, 2019; Natu et al., 1984; Series & Science, 2019).
The structure of silica gel is sphere-shaped particles of colloidal silica. It is a continuous
three-dimensional rigid network called micelles that can take on several properties or pore
structures depending on the production process. In the structure of silica gel, both siloxane
(-Si-O-Si-) and silanol (-Si-OH) bonds are present. The silica gel properties are a result of
the silica, their state of aggregation, and the chemistry of the micelle surface. The
hydrophilic characteristics of silica gel are due to the presence of silanol (Si-OH)
functional groups in the silica gel. It is commonly used as a desiccant. It exhibits high
surface area per unit mass, fully porous structure, high mechanical stability, a high
tendency to adsorb inorganic impurities, and it is non-toxic and dimensionally stable. The
surface area of silica gel range from 200 to 1000 m?/g and 2—10 nm in diameter. Silica gels
have been used commercially as an adsorbent since World War | (Acker et al., 1967;
Bamdad et al., 2018; Briffa et al., 2020; Ganokar et al., 2018; Khanvilkar, 2019; Natu et
al., 1984). As a result of its structural characteristics, the possibility of functionalization
and modification with an impregnation medium or reagent, silica gel has been widely

known and used polar adsorbent for gases, liquids, and metals. In addition, it is particularly
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used in its deactivated form in chromatography and solid phase applications. Solid-phase
extraction technique using a different kind of solid adsorbents ensures high enrichment
factor, rapid phase separation, and the ability to combine with different detection
techniques (Masindi & Muedi, 2018). Silica gel has characteristics of the controlled
structure, composition, and morphology. The main advantage of the silica gel over other
solid inorganic supports is low cost (great abundance on earth), relative activity, large
adsorption capacity, easy preparation of its different types with different pore sizes, and
total surface area under standard conditions. Because it is a polar material and so has an
affinity for attracting water molecules. Many zeolites must be heated to temperatures
exceeding 350 °C to remove water, while silica gel only requires heating to 150 °C
(Canosa et al., 2019; Ismail, Khalili, & Orabi, 2020; S. Singh et al., 2020). There are
various methods to synthesize silica gels. The most common one is by sol-gel method from
suitable alkoxides like tetra-methoxy silane (TMOS) and tetraethyl orthosilicate (TEOS)
which are the most common raw materials for silica gel production. In addition, silica gel
are synthesized by acidifying an aqueous solution of sodium silicate which is a
conventional method that has many benefits, such as a slow growth rate, low cost,
possibility of particle surface modification, etc. (Acker et al., 1967; Baccile et al., 2017,
Iman, n.d.; Kierys et al., 2015). However, silica gel can be also obtained from agricultural
waste like rice husks ash. This kind of wastes is an inexpensive and high abundant source
of adsorbent (Purwanto & Putri, 2017; Yu et al., 2016), Figure 2.9 shows the structure of

silica gel.
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Figure 2.9. Structure of silica gel (Tigabu, 2017).
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2.6.6. Silica gel functionalization for heavy metals removal

It is important stating that the key to the application of SPE is dependent on the properties
of the adsorbents, including high capacity, selectivity, and resistibility. In the SPE the
properties and structure of adsorbents are significant for effective retention of metals.
Therefore SPE technique typical performance significantly can be improved by efficient
selection of a suitable adsorbent (Jung et al., 2019),(Veronica B. Cashina, Daniel S.
Eldridgea, 2017). There are various solid phase adsorbents available for preconcentration
of heavy metals, specifically classified as modified silica gel, resins, nanomaterial, natural
organisms, ion-imprinted polymers, etc., and these confirm high enrichment factor, rapid
phase separation and the ability of combination with different detection techniques. Silica
gel (SG) is considered to be one of the most appreciated solid supports, for its outstanding
performance. Through physical and chemical modification with different chemical
reagents or biosorbents the extraction efficiency and selectivity of silica gel has been
improved. Usually introducing many ligands or fine particles onto the surface of SG are
used for the preconcentration of heavy metal in environmental samples. The introduction
of foreign functional groups to a silica gel surface is called functionalization and it can be
categorized under two main strategies. The first of these strategies is the post-synthetic
surface modification approach, in which silica materials are initially manufactured or
obtained before a modifying agent with a particular functional group is attached to the
surface. This attachment can be achieved by simple physical adsorption or chemical
bonding via a chemical reaction. The process usually involves dissolution along with
heating and stirring, however may also extend to advanced methods including spray-
coating, molecular imprinting, or other surface deposition techniques. The outcome of this
approach is an intact adsorbent featuring anew introduced surface moieties, possessing
functional groups that can form stable links to the previously existing surface features of
the adsorbent. Often, such post-synthetic functionalization is preceded by processes like
activation, to improve the affinity of the modifying agent for the adsorbent surface. The
second strategy for surface functionalization contains any bottom-up method that involves
tailoring of the adsorbent synthesis, by incorporation of some precursor in the synthesis
reaction(s). In this approach, a silane precursor is suspended in a polar solvent containing
a mesostructure template, which when mixed and heated (such as refluxed), enables the
recombination of hydrolyzed reactants to form the final product, which can then either be
dried to a powder or left suspended in solution. Modifications to this approach often
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involve the inclusion of an alternate structure-directing agent, a different silica source, or
the addition of some other reagent to influence the final surface chemistry of the as-
synthesized adsorbent (Veronica B. Cashina, Daniel S. Eldridgea, 2017). The modified SG
is generally divided into ion-imprinted materials-modified SG, nanomaterials-modified
SG, and organic-groups-functionalized SG. Thus to improve the removal efficiency of
heavy metal from wastewater suitable functional groups have been chemically or
physically bonded to the reactive sites on the silica surface (Petrova et al., 2018;
Shabkhizan & Mousazadeh, 2011; Veronica B. Cashina, Daniel S. Eldridgea, 2017). Due
to the abundance of hydroxyl groups on the SG surface, chemical modification of silica gel
is the most commonly used strategy. The silanizing or chlorinating agents are commonly
used as a bridge between organic substances and SG. Also, donor atoms such as O, N, and
S atoms with chelating ability are attached to the surface of SG to form a functionalized
silica gel (Zhan et al., 2019). So through introducing organic chelating molecules which
have some active donor atoms or groups onto the skeleton of silica gel, the solid silica gel
would possess many extraordinary adsorption properties for heavy metal treatments such
as fast kinetics, solvent independent, easy to use, mechanically stable, thermally stable,
controlled loading, easily scalable and flexible formats (Veronica B. Cashina, Daniel S.
Eldridgea, 2017). Even though there exists many types of solid adsorbent used in SPE,
silica gel functionalization by numerous organic chemicals that’s used for a metal chelating
agent to remove, extract, separate and preconcentrate heavy metal ions from different
media like wastewater show high thermal, chemical and mechanical stability and is less
susceptible to swelling, shrinking, and microbial and radiation decay. Thus selection of the
modified silica gel mostly depends on the structure of the immobilized organic compound
and generally it depends on the nature of the combined donor atoms (O, N, P and S), the
positioning of the functional groups along the surface of the silica, and the steric
requirements of the complex formed after uptake of the desired metal ion (Alghanmi,
2012; Petrova et al., 2018). Nowadays a silica gel surface has been modifying by variety of
chelating ligands such as hydroxyl, carboxyl, thiol and amine groups containing chelating
compounds are preferable for removal of most of heavy meals (Table 2.1). So
functionalization of the surface of silica gel is done using an appropriate molecule
designated as the precursor silylating agent. The silica gel surface and the silylating agent
are bonded by covalent bond which yields a new modified silica surface with fixed

functionality. It is then possible to immobilize new molecules with a variety of organic
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functions, including chelating agents (Alghanmi, 2012). Inorganic solids surface-
functionalized with various organic chelating groups are suitable for adsorption and
preconcentration of metal ions. Silica functionalization with various organic compound or
functionalizing agent is known as silica based inorganic—organic hybrid materials (Samiey et
al., 2014). Silica gel generally contain high amount of internal siloxane groups (Si—-O-Si)
and silanol groups (Si—-OH) that its active hydrogen atom is suitable for reaction with
organosilyl containing groups to give some organic nature to the precursor inorganic
support (Ghaedi et al., 2012; Jung et al., 2019). Therefore, it is valuable to construct a
chelating matrix by introduction of multifunctional organic molecules onto the silica gel.
Amino, thiol, and carboxyl functional groups could be simultaneously introduced onto
silica gel by reacting with amino acids L-cysteine or L-methionine (Yu et al., 2016).

Table 2.1. Hydroxyl, carboxyl, amine and thiol functionalized silica adsorbents for
pollutants.

Functionalizing agent Functional Inorganic Efficiency References

roup(s
group(s) pollutant(s)

adsorbed

Amino  penta-carboxylic O=C-OH Cu”, Zn"*, 2.40, 1.62, 0.85 (Radi et al.,

acid Cd**and Pb**  and 0.3 mmol/lg 2018)
O - CHjs :
respectively.

Ethylenediaminetetraacetic O=C—-OH Co**, Ni*', 94.5, 80.6, 99.4, (Repo et al.,
acid modified silica and NH cd and PbZ* and 90.7 % 2017)
- 2 an
diethylenetriamine-
) 99.4, 94.5, 84.6,
Pentaacetic
and 91.0%,

respectively.

Diethylenetriaminepentaac O =C—-OH Co**, Ni*', 0.26,0.29,0.06,  (Repo et al.,
etic acid ot o o 0.23,0.16 and 1.8 2013)
—NH Cu*, Zn"",
mmol/g,
—NR; cd*, pb* respectively.
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p-dimethylamino-
benzaldehyde

Aminothioamido-

anthraquinone

2-(benzo[d]thiazol-2-yl)-
3,3-dimercapto

acrylonitrile

5-amino-1,3,4-thiadiazole-
2-thiol

L-Cysteine

_SH-

— NH;

_NH-

-HS

-CN

SH

-NH;

-HS

-COO

Cr,cu®*

Ni?*,  Pb*"and
zn’t
Pb**, Cu?*,
Ni?*,  Co®"and
Cd?*

Hg** and Pb**

Cd*, Co*,
Cu?* Fe* Hg*
Ni**, Pb**and

v*™.cr, cu®,
As™ Cd ?, and
Ph 2

Pb #

89,51,31,77, and
245 nglg,
respectively.

80, 85, 100, 98
and 97%,

respectively.

264-175 mg/g,

respectively.

0.35, 0.10, 0.15,
0.20, 0.46, 0.16,
0.13 and 0.15
mmol/g,

respectively.

123, 100, 86,
106, 97, and
94%,.

respectively.

234 mg [/ g,

respectively.

(Cui
2007)

et al.,

(Ngeontae et
al., 2007)

(Pranudta et
al., 2021)

(De
Magalhaes
Padilha et al.,
1999)

(Liu et al,
2014)

(Ma et al,
2005)
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L-Cysteine -COOH

2.6.7. Classification of selective adsorption for heavy metals

The selective adsorption of heavy metals in solution requires the preparation of specific
adsorbents according to the nature of the separated materials or the creation of a specific
adsorption environment. On the basis of literature about the selective adsorption of heavy
metals, selective adsorption for heavy metals can be classified into three types. The first
type: selective adsorption is based on the specific functional groups of adsorbent. When the
adsorbents were modified with amine (-NH>), carboxyl (COOH), and thiol (SH) functional
groups, it can give priority to some heavy metals. Generally, this adsorption is achieved by
complexation or chelation between metal ions and functional groups in a certain solution
condition (Petrova et al., 2018; Renu et al., 2017; Veronica B. Cashina, Daniel S.
Eldridgea, 2017). The second type: selective adsorption of heavy metals by adsorbents is
based on ion-imprinting technique. The ion-imprinting polymers have a binding site
similar to that of enzymes or receptors and they exhibit specific selectivity and recognition
capability for imprinted heavy metal ions (Yasinzai et al., 2018). The third type: selective
removal of heavy metals based on the ion-exchange principle as it is reported by Monica
Pica (Pica, 2021) the affinity of zirconium phosphate-based materials for heavy metals lead

and copper is generally significantly higher than for alkaline and alkaline earth metals.

2.6.8. Introduction of hydroxyl, carboxyl, amine and thiol groups on the silica

Most literature (Alghanmi, 2012; Veronica B. Cashina, Daniel S. Eldridgea, 2017) reported
that the presence of hydroxyl, carboxyl, amine, and thiol group on the adsorbent surface
related well with increases in adsorption capacity. The commercial silica gel possesses a
low concentration of suitable surface silanol. Activation of silica gel is necessary for
further modification by increasing the content of —OH groups at the surface of silica gel. It
is often a one-step procedure in which a material is refluxed with an acid or a base. The
introduction of oxygen-containing groups to a surface can provide additional sites for the
successful adsorption of pollutants. The carboxylic functionality is also highly effective, as
the two terminal oxygen atoms can present a highly electron-rich site for electrostatic
attraction of pollutants (Alghanmi, 2012; Mokarram et al., 2020; Veronica B. Cashina,
Daniel S. Eldridgea, 2017). The carboxylic functionality is also highly effective, as the two
terminal oxygen atoms can present a highly electron-rich site for electrostatic attraction of
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pollutants (Feinle et al., 2017; Veronica B. Cashina, Daniel S. Eldridgea, 2017). The
functionalization of nitrogen atoms to the surface of silica gel most commonly occurs as
amine groups. The capacity of amine groups at adsorbent surfaces has been efficient. Due
to the lone pair of electrons and their affinity to undergo bond formation with cationic
species; to examine the introduction of various amine groups to the surface of mesoporous
and other types of silica has been reported by many studies (Aguado et al., 2009; Najafi et
al., 2012; Veronica B. Cashina, Daniel S. Eldridgea, 2017). The thiol group that contains
sulfur functionalization of silica has also attracted interest for adsorption applications
similar to its periodic neighbor’s nitrogen and oxygen. A substantial quantity of research
has gone into the efficiency of thiol groups for the adsorption of heavy metals from the
solution. Table 1 presents an insight into the hydroxyl, carboxyl, amine, and thiol groups
on the functionalization of silica substrates. During the post-grafting functionalization
process, the organic functional groups consisting of amine (—NHy), carboxyl (—-COOH),
and thiol (—SH) could be covalently bonded to the silanol group (Si-OH) on the external or
internal pore surface (Zaharudin et al., 2020).

2.6.9. Characterization of adsorbents

Fourier-transform infrared spectroscopy (FT-IR), x-ray diffraction (XRD), scanning
electron microscope (SEM), and Brauer-Emmett teller (BET) are some of the analytical
techniques used for the characterization of an adsorbent, and more generally available in

adsorption research.

2.6.9.1.  Fourier-transform infrared spectroscopy (FTIR)

FT-IR was used to show the spectra of organic functional groups in the adsorbent. Further
FTIR analysis is important in order to establish the changes in the functional groups of
adsorbents. Different peaks in the IR spectrum are interpreted for different functional
groups in the formulations. The main information obtained from FT-IR is surface
composition and ligand binding (Grégorio Crini, Eric Lichtfouse, Lee Wilson, 2018),
(Bayu et al., 2019), (Mayssara A. Abo Hassanin Supervised, 2014).

2.6.9.2.  X-ray diffraction (XRD)
The XRD is used to investigate the crystalline or amorphous nature of the adsorbent. The
main information obtained from XRD is crystal structure and crystalline grain size

(Grégorio Crini, Eric Lichtfouse, Lee Wilson, 2018).
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2.6.9.3.  Scanning electron microscope (SEM)

SEM is one of the most widely used surface identification methods. The main information
obtained from SEM is the morphology and surface structure of adsorbent (Grégorio Crini,
Eric Lichtfouse, Lee Wilson, 2018).

2.6.9.4. Brunauer-Emmett-Teller (BET)

The BET gas adsorption method has become the most widely used characterization method
for the determination of the surface area of finely-divided and porous materials. Because
adsorption is a surface phenomenon and as such the degree of adsorption is proportional to
the specific surface area. So the amount of adsorption accomplished per unit weight of
solid adsorbent is greater if the solid is more finely divided and more porous. Substances
like silica gel are excellent adsorbents because they have a highly porous structure and
hence have a large surface area, Pore volume, and pore diameter of adsorbents have been
investigated using Brunauer-Emmett-Teller (Grégorio Crini, Eric Lichtfouse, Lee Wilson,
2018; K. Sing, 2001), (K. S. W. Sing, 1982).

2.6.10. Factors influencing adsorption process

2.6.10.1. Effect of pH

pH of the solution is another determinant factor in adsorption process. It exerts influence
on the adsorptive uptake of adsorbate molecules, presumably due to its influence on the
surface properties of the adsorbent and ionization/dissociation of the adsorbate molecule
(Abbasi & Noorizadeh, 2017; Farrukh, Akram, Ghaffar, Oluz, et al., 2014). The acidity of
a solution has two effects on metal adsorption. First, protons in an acidic solution can
protonate the binding sites of the chelating molecules. Secondly, the hydroxide in a basic
solution may form complex and precipitate with many metals. Therefore, the pH of a
solution is the first parameter to be optimized (Alghanmi, 2012). The
protonation/deprotonation of N- and S- containing functional groups is related to their
pKa, which strongly depends on the pH of the solution. Consequently, the degree of metal
sorption on amino acid modified silica gel sorbent should be strongly influenced by pH
value of the sample solution; hence sorption experiments for optimization of the pH value
should be performed (Petrova et al., 2018). (Dakoval & , P. Vasileva 2, 2011; Liu et al.,
2014; Moyo et al., 2013; Rimmy Singh & Bhateria, 2020).
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2.6.10.2. Effect of contact time

In adsorption process contact time is one of the important factors to be optimized. The
determination of the optimal contact time in adsorption process can be successfully used to
determine the volume of solutions in adsorption processes, to design them, and also to
effectively minimize the costs of the process (Tomasz Kalak 1,*, 2021). Each wastewater
treatment alternatives should be effective economically and this parameter is important for
the effective use of adsorbents in industry. In addition to this optimization of contact time
is used to see the rate (kinetics) and the equilibrium of the adsorption process (i.e. the time
of contact between the adsorbate and adsorbent) (Moyo et al., 2013; Tangjuank et al.,
2009). So, studying the effect of contact time on adsorption experiment is very important
for its practical applications.

2.6.10.3. Effect of initial metal ion concentration

The initial metal ions concentration is an important factor in adsorption to overcome all the
mass transfer resistance between the solution and solid phases. A given mass of adsorbent
material can only adsorb a fixed amount of metal ions. Several studies have shown that
removal efficiency of heavy metal is concentration dependent and removal capacity of
adsorbent will decrease with increase in initial metal ion concentration. This is because for
a given mass of adsorbent material; the amount of ions that can be adsorbed is fixed there
exist decreasing trend if further increase in initial concentration (Bilgi¢c, 2019;
Kanamarlapudi et al., 2018; Rudi et al., 2020),(Ariffin et al., 2017).

2.6.10.4. Effect of dosage of adsorbent

Adsorbent dosage is an important parameter because adsorbents provide the binding sites
for metal adsorption. Therefore, adsorbent dosages determine the capacity of an adsorbent
for a given initial concentration, separation cost and consequently the overall water
treatment cost (Kanamarlapudi et al., 2018),(Ariffin et al., 2017; Ouazene & Sahmoune,
2010),. Generally, increase in the adsorbent dose at a given initial metal concentration
increases the adsorption of metal ions due to greater surface area which in turn increases
the number of available binding sites. High adsorbent dosage provides more active
exchangeable adsorption sites. At lower concentrations of adsorbent, the amount of metal
adsorbed per unit weight of the adsorbent is high. On the other hand, at high concentration
of the adsorbent, the quantity of metal ion adsorbed per unit weight decreases. This is

because of lower adsorbate to binding site ratio due to the insufficient amount of solute
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present for complete distribution onto the available binding sites and possible interaction
between binding sites (Iftekhar et al., 2018; Rudi et al., 2020).

2.6.11. Adsorption mechanism

From all of the remediation techniques, the adsorption-supported technique is a very
simple and commercial approach to adopt for the removal of heavy metal from wastewater.
Adsorption mechanisms studies of various water polluters allow the assessment of their
operational efficiency, which is critical to and useful for optimization of conditions of the
removal process. So far, many studies have focused on evaluating the possible interaction
mechanism of different water polluters on as-used biosorbents. High adsorption efficiency
plays a vital role in characterizing a biosorbent for the removal of different water polluters
effectively. Generally, the process of adsorption realizes the physicochemical features of
the biosorbent, i.e., molecular size, solubility, chemical composition, surface charge,
reactivity, and hydrophobicity. The structural components variable characters attributed to
the existence of several functional groups, with varying degrees, on its surface, i.e., amino,
hydroxyl, carboxyl, thiol, phosphate, etc., which facilities water polluters sorption onto the
biosorbent via various sorption mechanisms. There are several interactions between
contaminants and  biosorbent  surfaces, commonly, may occur through
complexation/chelation, electrostatic interaction, ion exchange, oxidation, and
reduction(Figure 2.10). The silica gel is one of the adsorbent solid surfaces therefore, any
biosorbents containing several functional groups such as amide, hydroxide, phosphate,
carboxylate, and thiols, which can form chemical bonds with the silanol(Si-OH) surface
of the silica either by physical or chemical adsorption mechanisms as well as metal ions
(Khalid Z. Elwakeel, Ahmed M. Elgarahy, Ziya A. Khan, Muath S. Almughamisi, 2020;
Veronica B. Cashina, Daniel S. Eldridgea, 2017).
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Figure 2.10. Various mechanisms occurring in the adsorption process (Khalid Z.
Elwakeel, Ahmed M. Elgarahy, Ziya A. Khan, Muath S. Almughamisi, 2020).

2.6.12. Adsorption isotherms

The most suitable way to evaluate the adsorption process is called the adsorption isotherm.
It is important to understand the interrelation between the amounts of adsorbate on the
adsorbent surface to its concentration (Bilgic, 2019; Farrukh, Akram, Ghaffar, Tuncel, et
al., 2014). The adsorption isotherm models are used to describe the phenomenon governing
the retention (or release) or agility of a substance from the aqueous porous media or
aquatic environments to a solid phase at a constant temperature and pH (Aynekugnem,
2015). Langmuir and Freundlich isotherm models are most often employed for assessing

the adsorption behavior of the adsorbents.

2.6.12.1. Langmuir adsorption isotherm
The Langmuir adsorption isotherm shows the equilibrium distribution of the metal ions
between the solid and liquid phases. This model has been successfully applied to many real

adsorption processes. It is based on the following assumptions:

%+ The adsorbate forms a monolayer on the adsorbent surface.

%+ The energy of adsorption is constant.
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¢

The active sites are the same.

o
A5

¢

The presence of interactions between the molecules that are being adsorbed.

o
A5

¢

The adsorbent has a limited adsorption capacity (qmax)-

o
A5

*

% There is no migration of adsorbate molecules in the surface plane (Aynekugnem,
2015; Bilgig, 2019; Natu et al., 1984). The equation for Langmuir Adsorption

Isotherm can be described as:-Type equation here.

= (X ) . 1)

qe ce  KiQmax Jmax

Where, Ce = the equilibrium concentration of metal in the solution (mg/L), ge = the
amount of metal adsorbed per gram of the adsorbent at equilibrium (mg/g), Qmax =
maximum monolayer coverage capacity (mg/g), and K. = langmuir isotherm constant
(L/mg).

2.6.12.2.  Freundlich adsorption isotherm

It is one of the oldest models which is extensively used, it was developed by Freundlich in
1932. The Freundlich adsorption isotherm model is an empirical model expressed by
Equations 2.2 and 2.3 and usually interprets the non-ideal and multilayer adsorption. It is
an empirical equation employed to describe heterogeneous systems. In this model, it is
described that during the adsorption process different sites of the adsorbent are involved

with several adsorption energy (Aynekugnem, 2015; Bilgic, 2019; Natu et al., 1984).

Where ge is the amount of adsorbate per unit weight of adsorbent in equilibrium with a
solution concentration Ce in mg/L., Kf and 1/n are Freundlich constants and the

characteristics of the system.
logq, =logks +%log ettt et e e e e (2.3)

2.6.13. Adsorption Kkinetics

To estimate the operational efficiency of adsorbents understanding the rate of adsorption is
significant. Adsorption Kinetics facilitates in analyzing the rate of adsorption, adsorption
mechanism, and rate-limiting steps (Farrukh, Akram, Ghaffar, Tuncel, et al., 2014). To

determine the rate-limiting step during the adsorption process different kinetic models have
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been used to analyze the experimental data. These models include first-order and pseudo-
second-order (Uddin et al., 2016).

2.6.13.1. Pseudo first order model

The first-order model is believed to be the earliest model and it was developed by
Lagragren in 1898 (Qiu et al., 2009). To describe the Kinetic process of liquid-solid phase
adsorption he presented the first-order model as:-

d
T = Kp1(de = Q) vvvovvreemseemesses e (2. 4)

Where ge and gt (mg/g) are the adsorption capacities at equilibrium and time t (min),
respectively, Ky (min™) is the pseudo first order rate constant for the kinetic model.
Integrating, Equation 2. 4 with the boundary conditions of qt=0 at t=0 and gt = qt at t=t,

gives, In (L) = Rt ettt (2.5)

de—qt

That can be rearranged to:-

k
log(q, — q;) = log q, — 2.:013 b e, (2. 6)
2.6.13.2. Pseudo-second-order mode
Currently, the pseudo-second-order (PSO) rate equation, popularized by Ho and McKay
(Aurich et al., 2017), is probably the most widely used model for adsorption Kinetics
(Bullen et al., 2021; Ho, 2006). Most of the time this equation is used when the first-order

model fails and the equation for this model is written as:-

d
di: = Ko (Go = G1)% oo, R (2.7)

Integrating the equation for the boundary conditionst =0tot =t and g;= 0 to g; = q, gives:

1 1
(qe—qt) - E + Kzt ..................................................................... (2. 8)

Qe is the amount of ions sorbed at equilibrium, mg/ g ; k is the equilibrium rate constant of

pseudo-second order sorption, g /mg min.




Where, h is the initial sorption rate, mg/g min.

2.7.  Amino acids and sulfur containg amino acids

Amino acids form stable chelates with various metal ions through the amine, carboxylate,
and thiol functional groups (Boles et al., 2021; Shimazaki et al., 2009). Moreover, the
twenty common amino acids have characteristic side chains, which vary in size, shape,
charge, hydrogen-bonding capacity, and chemical reactivity. This side chain is also an
additional metal-binding site and thus can form metal complexes with a variety of
structures. Indeed, the metal-binding groups on the side chain, such as imidazole group of
histidine, carboxylate group of aspartate and glutamate, phenyl ring of tyrosine, and thiol
group of cysteine, serve as metal-binding sites in proteins (Shimazaki et al., 2009; Ulrich
& Jakob, 2019; Vandenbossche et al., 2015; Yamauchi et al., 2002). Amino acids can be
classified according to their reactive side chain. Amino acids may exist either as uncharged
molecules (H,N-CHR-COOH) or as zwitterions ("HsN-CHR-COQ") depending on the pH
of the solution and the isoelectric point (Ismail, Khalili, & Orabi, 2020). Some amino acids
have a chemical group that can interact with heavy metals. Sulfur amino acids (SAAS) are
a kind of amino acids which contain sulfhydryl, and they play a crucial role in protein
structure, metabolism, immunity, and oxidation. Among the SAAs, methionine, and
cysteine are considered the primary SAAs. Methionine is an essential amino acid in
mammals as it cannot be synthesized in amounts sufficient to maintain the normal growth
of mammals. However, cysteine is a semi-essential amino acid in mammals, because
cysteine can be produced through the transsulfuration pathway from methionine
degradation (Khalil et al., 2001). Therefore, the content of methionine and cysteine is
considered to represent the requirement of SAAs in the diet of mammals (Bin et al., 2017).
In living organisms, cysteine plays important roles such as protein folding or antioxidant
activity depending on the sulfur moiety it contains (Alcock et al., 2018; Guevara-Flores et
al., 2017).

2.7.1. L-cysteine (L-Cys)

L-Cysteines are unique among naturally occurring amino acids because of their thiol-

containing side chain, which leads to undergoing a variety of different nucleophilic

reactions. Because cysteine contains a thiol functional group, it is best to coordinate with

cations like heavy metal ions (Ulrich & Jakob, 2019) (Poole, 2015). L-cysteine has a

chemical formula of [HO,CCH (NH;) CH,SH] and has three functional groups (-SH, -
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NH2, -COOH) (Figure 2.11). L-cysteine is a hydrophilic amino acid due to the presence of
the thiol group whereas, methionine has a hydrophobic and nonpolar aliphatic side chain
(Ismail, Khalili, & Orabi, 2020). The Sulfur in the -SH is divalent and gives L-Cys an
additional function, acting as an antioxidant. The presence of NH; and -COOH functional
groups in the structure of L-cysteine provides silica gel a good bio-compatibility and
solubility. In addition, the functional groups -NH, and -COOH present in modified silica
gel contribute well to the removal of heavy metals such as Pb (I1) and Cd (1I) by forming
various complexes (Makkuni et al., 2005; Yablokov et al., 2009) in the wastewater
treatment. In the arrangements typically metal-thiolate groups in metallothioneins, the
metal ions are coordinated through mercaptide bonds. Thus, cysteine can interact with
metals thanks to carboxylic acid, amine, and thiol groups. So cysteine is an important
molecule in heavy metals complexation, but surprisingly there are few studies on this
amino acid in remediation processes despite its high capacity to chelate heavy metals
(Vandenbossche et al., 2015). It is immobilized on the activated silica gel support results
from the attachment of the amino group of the cysteine to the hydroxyl group on the silica
gel silica support. Some studies concerning remediation processes were applied using L-
cysteine (Dakoval & , P. Vasileva 2, 2011; Ma et al., 2005). Vandenbossche et al
(Vandenbossche et al., 2015) reported removal of Hg®*, Cd**, Pb?*, Ni**, and Cu* using
Poly-L-cysteine which was prepared from L-cysteine. However, homopolymers are
prohibitively expensive and difficult to produce on a large scale. To overcome these
problems, some scientists used monomeric amino acids and polypeptides covalently
attached to a substrate. Because of their carboxylic and amine groups, amino acids are
considered as bidentate chelating agents. L-cysteine is good for metals adsorption because
of its mercapto, amino, and carboxyl group (Dakoval & , P. Vasileva 2, 2011),
(Vandenbossche et al., 2015).

HS OH
NH,

Figure 2.11. Structure of the amino acid L-cysteine
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2.7.2. L-methionine (L-Meth)

The second sulfur-containing amino acid is methionine, which is one of the nine essential
amino acids in  humans. The chemical formula of L-methionine is
[CH3.S.CH,.CH2.CH.NH,.COOH] and has an amine functional group (NH;), carboxyl
group (COOH), and thiolether (SCH3) (Lenz & Martell, 1964; Ramachandran & Natarajan,
2006) (Figure 2.12). L-methionine is a principal supplier of sulfur, prevents disorders of
the hair, skin, and nails. L-methionine helps to lower cholesterol levels, thus reducing liver
fat and protecting the kidneys. In addition, methionine serves as a natural chelating agent
for heavy metals and regulates the formation of ammonia, and creates ammonia-free urine,
which reduces bladder irritation (Ramachandran & Natarajan, 2006). L-methionine is not
highly nucleophilic, although it will react with some electrophilic centers. However, the
thiol (or “sulthydryl”) group of cysteine is ionizable and highly nucleophilic (Poole, 2015).
It is generally not a participant in the covalent chemistry that occurs in the active centers of
enzymes. Methionine chelates heavy metals, such as lead and mercury aiding their
excretion (Lenz & Martell, 1964).

/S\/\_)LO’H
N
H H

Figure 2.12. Structure of the amino acid L-methionine.
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CHAPTR THREE

3. MATERIALS AND METHODS

3.1. Apparatus and equipment

The apparatus and equipment used during this research work were Fourier transform
infrared spectrometer(model FT/IR6600, JAPAN), X-ray diffractometer(Shimadzu, XRD-
7000S South Korea,), Scanning electron microscope (JCM-6000PLUS Bench Top SEM,
JEOL, Japan), Brunauer-emmett and teller (BET) (model nova 4000e, USA). Flame atomic
absorption spectrometer(FAAS-210 VGP, USA), Digital electronic balance (FA2104,
made in China), Reflux apparatus, Water bath, pH/conductivity meter/TDS(model Mettler-
Toledo GmbH), Oven, Crucible, Petri dish, Magnetic stirrers, and Hotplate (JHMS-6293),
Magnetic stirrer bar, Filter paper (what man 125mm), Pipettes, Spatulas, Photometer(DR
3900) for phosphate, Heater (model Thermo reactor AL125), Photometer (AL450) for
COD & TSS, Erlenmeyer flask, Volumetric flask, Different types of beakers, and Sample
collection materials, and Centrifuge (model-LC-O4C).

3.2.  Chemicals and reagents

All chemicals and reagents used in this study were analytical grades. Silica gel for column
chromatography < 0.063 mm, 200 - 400 meshes(Mumbai.India), amino acids L-cysteine
extra pure CHR for biochemistry(Maharashtra.India), L-methionine extra pure CHR for
biochemistry(Maharashtra.India), hydrochloric acid (HCI 37%), sodium hydroxide
(NaOH) for pH adjustment, nitric acid (HNO3 (68%)), salt of lead nitrate (Pb (NO3), for
stock solution preparation), 1000 mg/L of nickel nitrate (Ni (NO3),) standard solution for
working solution preparation, and distilled water. In addition, sulfuric acid, acetone,

ethanol, and detergents were used for equipment cleaning.
3.3.  Sample collection and preparation

3.3.1. Description of the sample collection area

The wastewater samples were collected from the Eastern Industrial Zone (E1Z) in Dukem,
Ethiopia. The EI1Z of Ethiopia is located, 35 km southeast of Addis Ababa, 10 km to North
West of Bishoftu Town, and 63 Km Northwest of Adama Town. EIZ is the first and
largest-scale industrial park for Ethiopia. The Ethiopia Ministry of industry needs the EI1Z
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to focus on Chinese companies in the area of textile, apparel, building materials (including
east steel, cement factory), mechanical manufacturing, and agricultural processing. The
literatures (Bahiru et al., 2019; Dagne, 2020) reported that 26 Chinese companies are
working and manufacturing different products for export markets having an agreement
with EIZ in all targeted areas. In addition, to the present 26 manufacturing industries, more
than 20 other manufacturing industries are about to join the Eastern Industrial Zone. This
suggests that more wastewater from the various industry of EIZ is discharged to the
surrounding through one wastewater channel; this wastewater is used as a source of

irrigation water by the farmers around this industry's area.

3.3.2. Wastewater sample collection and preparation

Bottles used for collecting wastewater samples were previously washed carefully with
detergent and 1M HNO3 and rinsed with water samples at the point of collection. Care was
taken not to introduce errors during sampling and storage where contamination resulted
from improperly cleaned sampling devices and sample containers. Loss of metals or
precipitation in sample containers was avoided by acidifying the sample properly using 1.5
mL of HNO; to pH < 2.

The wastewater samples were collected from discharging points of EIZ. A total sample
volume of 2 L using plastic bottles was collected during the month of July 2021. The bottle
was immediately acidified with 1.5 mL nitric acid after being collected, for later analysis
of metal concentrations. The purpose of the acid was to keep the metals in solution and to

avoid adsorption to the container walls (Dagne, 2020).
3.3.3. Physico chemical analysis of wastewater sample

3331 pH

The intensity of acidic and basic character of a solution is indicated by pH or hydrogen ion,
at a given temperature. The pH of the wastewater sample was measured using the pH meter
(Mettler toledo). The pH meter was calibrated by using two standard buffer solutions of pH
(4 and 7). Then the pH electrode was immersed into the wastewater sample and waited up

to some minutes for a stable reading. Finally, the value was recorded.
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3.3.3.2.  Conductivity and total dissolved solid (TDS)

Both conductivity and total dissolved solids were measured using a Mettler toledo
conductivity meter. First, the conductivity meter was calibrated using conductivity
standard 4000 (uS/cm). Then electrode was immersed into a wastewater sample, and the
mode of the instrument was set for each measurement. The conductivity and TDS value
were reported as micro siemens per centimeter (uS/cm) and milligram per litter (mg/L),
respectively.

3.3.3.3.  Chemical oxygen demand (COD) determination
Chemical oxygen demand (COD) is used to measure the capacity of water to consume
oxygen during the decomposition of organic matter and the oxidation of inorganic

chemicals.

The COD was measured using the Photometer AL450 instrument. First, 0.2 mL
wastewater sample and blank sample (disteled water) were added into COD reagent vials
separately, and then added filled COD vials were to a reactor at 150 °C for two hours this
would digest the sample and cause a color change. Finally, once cooled, the photometer
became zero at 610 nm using a blank sample. The vial was tested in a photometer to given
reading and the COD reported in mg/L (Lovibond, 2017).

3.3.3.4. Phosphate determination

The phosphate value was measured by using DR 3900 photometer in the potassium
persulfate digestion method. First, 5 mL of wastewater sample was added into total
phosphorous test vial, and then added one potassium persulfate powder into the vial. After
that the samples were heated by a heater (model Thermoreacter AL125) at 100 °C for a
half-hour, the samples were cooled at room temperature, and 2 mL of 1.54 N Sodium
hydroxide was added into the vial. The photometer instrument was set and become zero at

880 nm. Finally, the sample was measured and the value was recorded (Company, 2014).

3.3.3.5.  Total suspended solid (TSS) determination

The TSS was measured using the Photometer AL450 instrument in the direct reading
method. Firstly, 10 mL of distilled water was added to a 24 mm cleaned vial. The
instrument became zero using a blank sample. The TSS value was measured at 660 nm in

mg/L and the value was recorded (Lovibond, 2017).
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3.3.4. Preparation of standard stock solutions and working solutions

By dissolving 1.59845 g of Pb (NOs), salt, in 1000 mL of distilled water, a stock solution
of 1000 mg/L Pb (Il) was prepared. The progressive dilution procedure of the stock
solution was employed in the preparation of working solutions. The working solutions of
nickel ion were prepared from a commercially available 1000 mg/L standard solution.
Standards Ni (II) samples at a required concentration were prepared using an appropriate
dilution of the stock solution. The pH of the working solutions were adjusted to the
required values with 0.1 M NaOH or 0.1 M HCI.

3.3.5. Preparation of silica gel (activation of silica gel)

Activation of commercially available silica gel was carried out by refluxing 50 g of silica
gel with 187 mL (6 M) of concentrated hydrochloric acid (37% HCI) for 24 h (a
temperature ranging 70-80 °C) with stirring on the water bath twice. Then the silica gel
was filtered, washed with, disteled water several times until it was free of acid, and dried in
an oven with a temperature ranging between 150-160 °C for 8h (Alghanmi, 2012; Kirkan
& Aycik, 2016; Svraka et al., 2014).

3.4. Modification of activated silica gel

Each 4.5 g of L-cysteine, L-methionine, and mixture of L-cysteine and L-methionine were
added in 300 mL disteled water separately and stirred until the solution was formed, then
25.5 g of activated silica gel was added to each solution (in 1.5 to 8.5 ratio) and mixed for
120 min, and filtered while heating at a temperature of 180 °C in an oven for 5 min. The
filitered amples were rinsed with deionized water (300 mL x 3, disteled water for each) and
centrifuged to remove unreacted L-cys and L-meth, finally dried in an oven at 100 °C for
30 min (Xu et al., 2017; Zhou, Cai, Xu, Zhang, & Fu, 2018) The method of taking an 8.5 :
1.5 ratio of activated silica gel and amino acids were performed by modifying the

procedure proposed by Petrova et al., (Petrova et al., 2017b) (Appendix, Figure VI-1,).

3.5.  Characterization

In this thesis the activated silica gel and its modified forms; activated silica gel with L-
cysteine (SiO,-Cys), activated silica gel with L-methionine (SiO,-Meth), and activated
silica gel with mixture of L-cysteine and L-methionine (SiO,-(L-Meth + L-Cys)) were
characterized by Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),

Scanning electron microscope (SEM), and Brunauer -Emmett- Teller (BET) methods.
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3.5.1. Fourier-transform infrared spectroscopy (FTIR) characterization

The FTIR spectra of SiO;, SiO,-(L-Cys + L-Meth), SiO,-Cys, SiO,-Meth, L-Cys, and L-
Meth were recorded by FT/IR-6600typeA FTIR spectrometer in the range of 400 — 4000
cm™ using the KBr disc method. For FTIR characterization, 1mg of the sample and 100 mg
of potassium bromide were mixed with mortar and pestle. Then a small amount of powder
from the mixture was pelletized using a mechanical presser and finally, the pellet was

analyzed using a Fourier transform infrared spectrometer.

3.5.2. X-ray diffraction (XRD) characterization

The XRD was performed to investigate the crystalline or amorphous nature of the activated
silica gel (SiO,) and modified activated silica gel ((SiO,-Cys, SiO,-Meth, SiO,-(L-Cys +
L-Meth)) (Rius, 2015). The XRD of the adsorbents SiO,, SiO,-Cys, SiO,-Meth & SiO,-(L-
Cys + L-Meth)) were tested at ASTU research laboratory of Material Science and
Engineering Department using an X-ray diffractometer. The mass of approximately 1.5 g
of the adsorbent samples was measured for each adsorbent from already prepared samples
for XRD characterization and filled in a sample holder. Then the sample was analyzed by
using an X-ray diffractometer with Cu-Ka radiation source at A= 1.5418 A and operating at
40 kV and 30 mA. X-ray diffractograms of ASG and its modified form powders were
obtained for the 26 angles scan range from 5° to 85° with scans step 0.02°. All the
experiments were done at room temperature, with a scans speed of 3°/ min, and a counting

time of 0.40 sec.

3.5.3. Scanning electron microscope (SEM) characterization

The SiO,, SiO,-Cys, SiO,-Meth, and SiO,-(L-Cys + L-Meth) were characterized by a
scanning electron microscope using a high-energy electron, and the outcoming electrons
are analyzed (by applying a 10 kV electron acceleration voltage). These coming electrons
give information about morphology, composition, the orientation of grains, and
crystallography information of material. It provides information about the surface features
and texture, shape, size, and arrangement of the particles on the sample’s surface (Grégorio
Crini, Eric Lichtfouse, Lee Wilson, 2018)(S. K. Sharma et al., 2018). For SEM, 30 mg
sample of ASG and its modified form were measured from the previously prepared sample

and characterized by using scanning electron microscope.
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3.5.4. Brunauer-Emmett -Teller (BET) characterization

Adsorption is a surface phenomenon and the degree of adsorption is proportional to the
specific surface area. The adsorption capacity of adsorbents becomes higher if the solid is
more finely-divided and more porous. The BET method can be used for the
characterization of various types of microporous materials (Ambroz et al., 2018). The
SiO,, SiO,-Cys, SiO,-Meth, and SiO,-(L-Cys + L-Meth) were characterized by the
Brunauer-Emmett-teller instrument. For BET characterization the empty samples cell were
weighed using an electronic balance and 0.1 g of the samples were placed in the empty
samples cell for each adsorbents. Then the samples were degassed at temperature 300 °C
for 9 h to remove impurity in the degas station of pore size and surface area analyzer
according to the international union of pure and applied chemistry (IUPAC). After
degassing, 0.05 g of the sample was placed in the analysis station in the range of 0.1 to
0.99 relative pressures and 10 psi of nitrogen gas using Brunauer-Emmett-teller (BET).

3.6. Optimization and modification method selection

3.6.1. Modification of activated silica gel using two alternative methods
Method 1

Each 1.5 g of L-cysteine, L-methionine, and a mixture of L-cysteine and L-methionine
were added in 100 mL, disteled water separately and stirred for a 60 min until a solution
was formed. Then 8.5 g of activated silica gel was added to each solution and mixed for 45
min, filtered and dried in an oven for 5 min at 180 °C and washed with disteled water to
remove unreacted L-Cye and L-Meth and finally, dried in an oven at 100 °C for 30 min
(Zhou, Cai, Xu, Zhang, Fu, et al., 2018) (Petrova et al., 2017b) (Figure 3.1).
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Figure 3.1. Modification of activated silica gel by L-Cys using method one.
Method 2

Each 1.5 g of L-cysteine, L-methionine, and a mixture of L-cysteine and L-methionine
were added in 100 mL, disteled water separately and stirred until the solutions were
formed. Then 8.5 g of activated silica gel were added to each solution and mixed for 48 h,
centrifuged, washed several times with disteled water to remove unreacted L-cysteine and
L-methionine, and finally dried at room temperature to a constant weight (Ismail, Khalili,
& Orabi, 2020) (Figure 3.2).
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Figure 3.2. Modification of activated silica gel using method two.

The samples prepared using both methods were sent for FT-IR characterization to select
one of the best methods. Both methods are expected to shows high modification resulte.
Because, on the previouse literatures (Ismail, Khalili, & Orabi, 2020; Xu et al., 2017,
Zhou, Cai, Xu, Zhang, & Fu, 2018) they were reported as better modification methods.

3.7. Batch adsorption experiments

All adsorption experiments were carried out in batch mode because of their simplicity and
reliability for small-scale investigations (S. K. Sharma et al., 2018). Adsorption
experiments were conducted for lead and nickel ions by varying at pH (5, 6, 7, 8, and 9),
keeping other parameters constant (contact time 60 min, dose 0.2 g per 0.05 L of metal
solution, agitation speed 160 rpm. The pH range [5-9] was selected because, most literature
reported that the maximum Pb and Ni ions removal efficiency was obtained on this pH
range (Dakoval &, P. Vasileva 2, 2011). Further, the pH value depends on the pKa values
of various functional groups such as carboxylic acid groups attached to the amino acid (L-
cysteine and L-methionine) range from 3.5 to 5.5 and also the Si-OH group in the silica gel
surface exist as deprotonated form at a pH (>2). There for, this indicates that these groups
deprotonate in this specific pH working range, ranging pH [5-9] have advantages for
adsorbent surface possess negatively charged adsorption sites and it is important for the
adsorption process (Ismail, Khalili, & Abu Orabi, 2020) (Khalid Z. Elwakeell, 2, Ahmed
M. Elgarahy 3, Ziya A. Khanl, Muath S. Almughamisil & 1, 2020). In most of the
literature (Bilgi¢, 2019; Kushwaha et al., 2012) agitation speed for adsorption based on
silica gel adsorbents were used at 200 rpm. However, for this study, it was 160 rpm.

Because, using above 160 rpm agitation speed was not possible for the shaker present in
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ASTU, Applied biology department laboratory. The adsorption was carried out at room
temperature (Xu et al., 2017; Zhou, Cai, Xu, Zhang, & Fu, 2018) and initial concentration
10 and 3.5 for Pb(I1 ) and Ni(lIl) respectively. Contact time (30, 60, 90, 120, and 150 min)
(Mengistie*, 2013), initial concentration of metal ion (0.5, 2, 4, 6, 8, and 10 mg/L) and
(0.5, 2, 3.5, 5, and 6.5 mg/L) for Pb (I1) and Ni (I1) respectively, the initial concentrations
range were selected based on the literature reported that for the concentration Pb and Ni
ions present in wastewater sample taken from EIZ and Modjo tannery share company
respectively, were in this range. The adsorbent dose (0.2, 0.4, 0.6, 0.8, and 1g) was
selected and studied based on the literatures (Ismail, Khalili, & Orabi, 2020; Mengistie*,
2013). In these optimization procedures, one parameter was varied while the others were
kept constant. The pH of each solution was adjusted to the desired value by adding 0.1 M
HCIl and 0.1 M NaOH. The agitation of the samples was carried out in shakers using 250
mL Erlenmeyer flasks and the total volume of the reaction mixture was kept at 50 mL
(Alghanmi, 2012; Dakova et al., 2011; Kushwaha et al., 2012). The mixtures were filtered
through Whatman No. 125 mm filter paper. The filtrates were analyzed by flame atomic
absorption spectrometry. The concentration of lead and nickel ions were measured at 283.2
nm and 341.5 nm wavelength, 0.7 and 0.2 nm slit width, 2.0 and 7.0 mA lamp current,
2.874 and 2.624 eV energy, and detection limit of 0.040 and 0.020 mg/L for lead and
nickel ions respectively. The FAAS was adjusted to measure each sample. The percent
adsorption efficiency and the milligram of Pb (Il) and Ni (Il) adsorbed per gram of

adsorbent were calculated using Equations 3.1 and 3.2 respectively.

C
%R = ( = f) D2 (11 O ORSIRPRI ¢ 3 B

(o]

Where %R is percent removal C, is initial concentration and C: concentration after

adsorption.
C, — Ce)v
= %xmo PRSI ¢ 1)

Where q is metal removal in mg/g (Pb (1) or Ni (II)), C, is initial concentration, Cs
concentration after adsorption, m is adsorbent mass in gram and v is volume of polluted

water used during the experiment (Petrova et al., 2017b).
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3.8. Determination of the concentration of Pb and Ni ions in real sample

The determination of the concentrations of Pb(I1) and Ni(ll) in a real sample was carried
out by analyzing the wastewater sample that was obtained from the discharge point of EIZ.
The sample was analyzed for the determination of the concentration of lead(ll) and
nickel(l1) using FAAS before the adsorption experiment (Dagne, 2020). Before being
analyzed by FAAS, a 100 mL sample of EI1Z wastewater was first filtered into a 100 mL
borosilicate glass beaker using filter paper and digested by adding 3 mL concentrated nitric
acid (HNO3). Then the mixture was boiled gently on a hot plate at a tamperture range 70 to
85 for 1-2 h until a clear solution was obtained. Later, 1.5 mL of HNO3; was added
followed by further heating until total digestion(Dagne, 2020; Uddin et al., 2016). And
finally, 20 mL of digested sample was diluted to 100 mL volumetric flask using disteled
water and the concentrations of Pb(Il) and Ni(ll) were determined using FAAS. To
investigate the removal efficacy of Pb(Il) by the adsorbent SiO-(L-Cys + L-Meth) from
real EIZ wastewater sample. After obtaining the result of the amount of lead(ll) and
nickel(I) from analysis of EIZ wastewater sample. Then added 50 mL of wastewater
sample in Erlenmeyer flask to study the adsorption efficiency of SiO,-(L-Cys + L-Meth )
powder was evaluated; under constant pH (6), contact time (90 min), and dose (0.8 g) of
adsorbent. With the optimum condition set, SiO,- (L-Cys + L-Meth) powder was subjected
to 0.645 mg/L initial concentrations of lead (I1). Adsorption efficiency in percent and
milligram of Pb(Il) adsorbed per gram of adsorbent was calculated using Equations 3.1

and 3.2, respectively.

3.9. Determination of adsorption models

After identifying the optimum conditions of adsorption parameters, Kinetic and isotherm
studies were carried out to differentiate the adsorption mechanism that occurred through
the adsorption process. The adsorption kinetic studies were carried out by varying contact
time (60-150 min) and keeping the other parameters constant. The experimental contact
time variation data were carried out for lead and nickel ions at 10 and 3.5 mg/L initial
concentration, pH 6 and 5 for lead and nickel ions respectively, and 0.2 g of SiO,-(L-Cys +
L-Meth), 160 rpm agitation speed, and at temperature room temperature for both ions. The
adsorption isotherm studies were carried out by varying the adsorbate Pb(ll) and Ni(ll)
concentration around the optimum condition obtained in the optimization procedure. The

experimental adsorbate lead and nickel ions concentration variations were carried out (2-10
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mg/L, with 2 interval) and (0.5-6.5, with 1.5 interval), at pH 6 and 5, contact time 90 and
60 min for Pb(I1) and Ni(ll) respectively, and 0.2 g of SiO,-(L-Cys + L-Meth), agitation
speed 160 rpm, and 25 °C temperature for both ions.

The adsorption isotherms were analyzed using the Langmuir and Freundlich isotherm
models. The kinetics was also studied by pseudo-first-order and pseudo-second-order
models. Satisfactory conformity between experimental data and the model-predicted values
was expressed by the correlation coefficient (R?).

3.10. Comparison of different adsorbents on the removal of Pb and Ni ions
In this study, the efficiency of adsorbents ASG(SiO,) and its modified forms: SiO,-(L-Cys
+ L-Meth), SiO,-Cys, and SiO,-Meth were compared. The experiment was carried out
using pH 6 and 5, dose 0.8 and 0.4 g per 0.05 L metal solution, Contact time 90 and 60 min
for Pb(11) and Ni(ll) respectively, and initial concentration 2 mg/L, agitation speed 160
rpm, and room temperature for both Pb(11) and Ni(Il).

3.11. Regeneration and desorption studies

The Pb and Ni ions removal efficiency of SiO,-(L-Cys + L-Meth) for three consecutive
adsorption—desorption cycles were investigated. The desorption and regeneration studies
were carried out using optimized condtions, with 0.8 g of adsorbent SiO,-(L-Cys + L-
Meth) for Pb(ll) and 0.4 g for Ni(ll) was introduced into Erlenmeyer flasks containing 50
mL of 2 mg/L of each metal ion solution [Pb(Il) and Ni(Il)] separately, at pH 6 and 5 and
contact time 90 and 60 min for Pb(Il) and Ni(Il) respectively. The exhausted SiO,-(L-Cys
+ L-Meth) was regenerated with 0.1 M HCI. Then SiO,-(L-Cys + L-Meth) was shaken
with 2 mg/L Pb*/Ni*? using optimized parameters under room temperature and 160 rpm
agitation speed. Then equilibrium concentration was measured using FAAS. The adsorbent
was recovered by filtration. The Residual metal ions [Pb(Il) and Ni(I1)] on the SiO,-(L-Cys
+ L-Meth) adsorbent surface were detached (desorbed) through washing several times
using distilled water and 0.1 M HCI, then dried in an oven at 50-70 °C to constant mass.
The recovery of the adsorbent using disteled water and HCI was done three times and
investigated the degree of adsorption (Bayuo et al., 2020; Radi et al., 2018). To investigate
the degree of adsorption of the recycled adsorbent after adsorption. The filtrate was

analyzed by FAAS and recorded the result. The percent adsorption efficiency and the
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milligram of Pb(ll) and Ni(ll) adsorbed per gram of adsorbent were calculated using
Equations 3.1 and 3.2, respectively.
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CHAPTER FOUR

4. RESULTS AND DISCUSSION

4.1. Characterization of unmodified and modified silica gel adsorbents
In this thesis, the activated silica gel (ASG) and its modified forms:- ASG modified with
L-cysteine (SiO,-Cys), L-methionine (SiO,-Meth), and a mixture of L-cysteine and L-
methionine (SiO,-(L-Cys + L-Meth)) were characterized by Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), Scanning electron microscopy (SEM), and

Brunauer-emmett-teller (BET) method.

4.1.1. Fourier-transform infrared spectroscopy (FTIR) analysis results

The infrared spectra is a fingerprint for identification by the comparison of the spectra
from an ‘‘unknown’’ with previously recorded reference spectra. The vibrational spectra of
a molecule is considered to be an important physical property. It is a unique characteristic
of the molecule (Aynekugnem, 2015), (Coates, 2004).
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The results FTIR spectra of ASG (SiO3), SiO2-(L-Cys + L-Meth), SiO,-Cys, and L-Cys are
shown in Figure 4.1 while the FTIR spectra of ASG (SiO2), SiO,-(L-Cys + L-Meth), SiO,-
Meth and L-methionine are shown in Figure 4.2. All of the characteristic bands are listed
in Table 4.1. The immobilization onto the activated silica gel surface can be confirmed
through Fourier transform infrared (FTIR) spectra for the silica. The FTIR spectra of SiO,,
SiO,-(L-Cys + L-Meth), SiO,-Cys, and L-cysteine were compared. As shown in Figure
4.1, ASG has broadband between 3650-3000 cm™ because of the presence of hydroxyl
functional group of silanol (—Si-OH) part of ASG. However, FTIR spectra, SiO,-(L-Cys +
L-Meth) and SiO,-Cys showed that a narrow peak compared with that of the spectra of
activated silica gel because for modified activated silica gel with L-Cys and mixture of L-
Cys and L-Meth have showed ammonium group attached to the silanol (-Si-OH).These
results demonstrated that the ASG was successfully modified with a mixture of L-Cys and
L-Meth, and L-cysteine.

FT-IR spectra of SiO, showed a band at 1099 cm™ because of asymmetric stretching of Si—
O-Si and symmetric stretching were observed at 804 cm™ (Bilgic, 2019) . The Si-O-Si
bending mode was positioned at 551 cm™ (Ismail, Khalili, & Orabi, 2020). The
characteristic peaks of the Si—-O—H groups of the ASG (SiO,) were observed at 979 cm™
and also abroad and a strong band at around 3477 cm™ is due to the stretching vibration of
the H-bonded silanol group (-Si-OH) along with H-OH vibration of the water molecules
(—OH) adsorbed on the activated silica gel surface. Further, the peak observed at 1640 cm™
validates the presence of physically adsorbed water molecules in the ASG (SiOy)
samples,(Kirkan & Aycik, 2016).

As shown in Figure 4.1 the broad peak at 3409 and 3435 cm™* for SiO,-(L-Cys + L-Meth)
and SiO,-Cys respectively, correspond to the ammonium (-NH3") asymmetric stretching
band (Ismail, Khalili, & Orabi, 2020). Also, the peaks were appearing at 1634 and 1628
cm* are the COO™ asymmetric stretching of SiO,-(L-Cys + L-Meth) and SiO,-Cys
respectively, N-H bending peaks appearing were at 1582 and 1589 cm™* for SiO,-(L-Cys
and L-Meth) and SiO,-Cys, respectively and also COO" symmetric stretching peaks
appearing were at 1486 and 1490 cm™* for SiO,-(L-Cys + L-Meth) and SiO,-Cys
respectively. The existence of ammonium and carboxylate peaks show that L-cysteine
molecules exist in zwitterion form for both SiO,-(L-Cys + L-Meth) and SiO,-Cys. In
addition, a weak band of thiol (S-H) group present on the surface of SiO,-(L-Cys + L-
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Meth) at 2590 cm* and 2596 cm ™ for SiO,-Cys is attributed to the S-H stretching in L-
cysteine, so the presence of this band indicated that sulfur atom is not bound to silanol
groups.

Generally from the spectral analysis present in Figure 4.1 modification of ASG with a
mixture of L-Cys and L-Meth and L-Cys successfully achieved (Ismail, Khalili, & Orabi,
2020)(Chen et al., 2013). FTIR spectrum for the SiO,-Meth in (Figure 4.2) showed a broad
peak at 3446 cm ' corresponding to the ammonium asymmetric stretching band.
Additional peaks appearing at 1634 and 1643 cm * were related to COO™ asymmetric
stretching, N-H bending stretching was appearing at 1582 and 1509 cm ', and S-C
stretching band was appearing at 1335 and 1386 cm™* for SiO,-(L-Cys + L-Meth) and
SiO,-Meth, respectively. The differences in the spectra for activated silica gel and
modified ASG (SiO;) with a mixture of L-cysteine and L-methionine, L-cysteine or L-
methionine indicated that the amino acids were successfully attached to silanol group or
silica surface through the ammonium or carboxyl group. In general, the FTIR result
obtained in this study is more similar to the previously reported literature for U(VI)
removal from aqueous solution using modified silica nanoparticles with cysteine or
methionine (Ismail, Khalili, & Abu Orabi, 2020). Further, the result is similar to the
previous study for a different application that’s for excellent binding effect of L-
methionine for immobilizing silver nanoparticles onto cotton fabrics to improve the
antibacterial durability against washing (Zhou, Cai, Xu, Zhang, Fu, et al., 2018), and
antibacterial cotton fabric with enhanced durability prepared using L-cysteine and silver
nanoparticles (Xu et al., 2017). For the former literature, the interaction(modification)
mechanism between silica and amino acid were reported by electrostatic attraction between
the amino(*NHs) group of the amino acids and the hydroxyl group(-OH) of the silica
nanoparticles because amino acids may exist either as uncharged molecule (H,N-CHR-
COOH) or as zwitterions ("HzN-CHR-COO ") depending on the pH of the solution and the
isoelectric point. The expected functional groups were reported by analyzing with FTIR.
The FTIR spectrum for the modified silica nanoparticles with cysteine and methionine are
obtained comparable results with this study. On the other hand, the latter two studies
reported that the interaction between the cotton fabrics and the amino acids were through
an esterification reaction between hydroxyl groups of cotton fabric and the carboxyl group

of the amino acid.
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This thesis used silica gel in place of cotton fabrics because both contain hydroxyl
functional groups, the FTIR result obtained in this study also similar with the two but, they
showed that the cysteine and methionine modified cotton exhibit new peaks at 1725 and
1742 cm™ respectively, after the modification process. The peak is attributable to the C=0
(ester group) (Xu et al., 2017) or to the asymmetric stretching of COOH groups and COOR
groups (Zhou, Cai, Xu, Zhang, & Fu, 2018), implying that the esterification reactions
occurred between the L-methionine/L-cysteine and the hydroxyl groups of cellulose on the
cotton surface. Similarly, in this study, the presence of the C=0 group was expected due to
the reaction conditions (such as heating at 180 °C for more than 2 min) for esterification
with the hydroxyl groups of cotton fabric (silica gel) have been well recognized (Zhou,
Cai, Xu, Zhang, & Fu, 2018). But as shown in Figures 4.1 and 4.2 there is no spectrum
ranging between 1715-1750 cm™(ester group). This may be result of the lower number of
scans or there may exist peak overlapping and it may have existed around 1900-1700 cm™.
Whatever the interaction between silica gel and amino acid through electrostatic
interaction or esterification reaction process, it is significant to have a free S-H(thiol) group
for silica gel modified with L-cysteine and thioether (-S-CHs) for silica gel modified by L-
methionine for the metal ion binding. From the FTIR result, these groups are existed as
shown in Figures 4.1 and 4.2, and confirm the modification of silica gel with the amino

acids.

In this thesis, for silica gel modification method selection based on the FT-IR results
acquired activated silica gel modified with amino acids using method one was
selected(Figure 4.3, 4.4 & 4.5). Because there was no significant difference between the
two methods of FT-IR results obtained in the functional group present on the adsorbents.
Therefore modification of activated silica gel using method one was preferable because of
its simplicity and time-saving. So modified activated silica gel using method one was

selected for the adsorption experiment .
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Table 4.1. Characteristic FTIR bands for ASG and its modified forms.

Assignment SiO; SiO2-(Cys + Meth) SiO,-Cys  L-Cys SiO,-Meth  L-Meth
Band Band Band Band Band Band
(cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
Si-O-Siasymmetric 1099 1099 1113 - 1103 -
Si-O-Si symmetric 804 799 781 - 803 -
Si-O-Si bending 551 471 454 - 466 -
Si-OH stretching 979 987 985 - 964 -
—NH3" asymmetric - 3409 3435 - 3446 -
—CH, asymmetric - 2921 2915 2891 w.b* 2917
—N-H bending — 1582 1589 1590 1509 1509
—COO asymmetric — 1634 1628 1625 1643 1579
—COO symmetric — 1486 1490 1487 w.b* 1445
—S—H stretching - 2590 2596 2585 - -
—S—CHgsstretching - 1335 - - 1386 1277

*w.b = weak band
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4.1.2. X-ray diffraction (XRD) analysis results

Figure 4.6 corresponds to the x-ray diffraction pattern of the SiO; and its modified forms;
SiO,-(L-Cys + L-Meth), SiO,-Cys, and SiO,-Meth. From the XRD results, broad
diffraction rise centered at 26 angle of about 22.54° in both modified and unmodified ASG
(SiOy) is a known typical characteristic peak for amorphous silica gel in all cases (Dakova
et al., 2011; Ismail, Khalili, & Orabi, 2020). As shown in Figure 4.6, the absence of any
ordered crystalline structure confirms the amorphous nature of the activated silica gel.
Other studies also reported similar results with the present thesis (Jafari & Allahverdi,
2014; M & Munoz, 2011). The modified ASG with L-cysteine (SiO,-Cys) pattern showed
the presence of two sharp peaks at 20 =18.91 and 20 =33.11" related to monoclinic
crystalline L-cysteine (Ismail, Khalili, & Orabi, 2020). On the other hand, the modified
ASG with L-methionine (SiO,-Meth) pattern showed the presence of one weak peaks at 26
= 23.69" related to monoclinic crystalline L-methionine. In addition to this peak literature
(Ismail, Khalili, & Orabi, 2020) was also reported that the preasence of peak at around 26
= 5.16". However, for this thesis the peak was not clearly observed because of the 20
angles scan range from 5° to 85° while, on the literature it was ranging from 0° to 85°. The
modified ASG with a mixture of L-cysteine and L-methionine (SiO,-(L-Cys + L-Meth))
pattern showed the presence of two peaks at 20 =18.91 and 26 =33.00" related to
monoclinic crystalline L-cysteine and at 24.10" and 5.12" related to monoclinic crystalline
L-methionine. The presence of sharp peaks (26 =18.91 and 26 =33.11" and at 24.10") in the
X-ray diffraction pattern of the modified activated silica gel ensures the existence of
crystalline amino acids with activated silica gel. The previous literature (Ismail, Khalili, &
Orabi, 2020) reported XRD results for silica nanoparticles modified with Cysteine or
Methionine for U(VI) removal from aqueous solution is comparable with the XRD results
obtained in the present study for ASG, SiO,-Cys, SiO,-Meth, and SiO,-(L-Cys + L-Meth).
But, the XRD result of activated silica gel modified with L-methionine particularly, for a
peak appearing at 5.16° (Ismail, Khalili, & Orabi, 2020), is not clearly observed as
presented in Figure 4.6 this may be because the scan range used for XRD analysis was on
the rang from 5° to 85° but, they reported on the scan range starting from 0°. In addition,
the ratio of the silica gel and the amino acid used in this study is not similar to the ratio

they took will be another reason.
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Figure 4.6 XRD pattern of SiO,, SiO,-(L-Cys + L-Meth), SiO,-Cys, and SiO,-Meth.

4.1.3. Scanning electron microscope (SEM) analysis results

The images of the adsorbent surface were examined using scanning electron microscopy
(SEM) to investigate the shape, size, and porosity of the materials before and after
modification. SEM image is one of the most widely used surface identification methods.
Therefore SEM micrographs were acquired to observe the surface morphologies of the
SiO; and its modified form with L-Cys, L-Meth, and a mixture of L-Cys and L-Meth. As
shown in the Figure 4.7. it was observed that some little change after ASG (SiO,) modified
by L-Cys, L-Meth, and a mixture of L-Cys and L-Meth. The little change the modified
form of silic gel showed that the dissimilarities in adsorption capacity happened to depend
on functional groups present on its surface and not only a result of the morphology of
adsorbents. The SEM images for all adsorbents before and after immobilization of the L-
Cys, L-Meth, and mixture of L-Cys and L-Meth have exhibited an agglomerate, various
sizes, and irregular morphology as shown in Figure 4.7. But the ASG before modification
is showed relatively smooth surface particles and nonporous texture. After immobilization,
it is irregular rough-surface structure, increasing pore size and pore volume has shown,
indicates that the materials exist good characteristics to be employed, as an adsorbent for
metal ion uptake. The SEM result of ASG and its modified form with L-Cys, L-Meth, and
a mixture of L-Cys and L-Meth are agreed with the previously reported literature of the
SEM results (Ismail, Khalili, & Abu Orabi, 2020) for silica nanoparticles (SiO,-NPS) and
its modified forms with L-cysteine or L-methionine, (Kushwaha et al., 2012) for activated
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silica gel and its modified forms with 2-thiophenecarbonyl, 2-furoyl and L-proline, and

(Bilgig, 2019) for silica gel and its modified form with 4-acetyl-3-hydroxyaniline.

Figure 4.7 SEM micrographs for SiO,, SiO,-(L-Cys + L-Meth), SiO,-Cys, & SiO,-Meth.
(a(Si0y), b(Si0,-Cys), ¢(Si02-Meth) & d(SiO2-(L-Cys + L-Meth))).

4.1.4. Brunauer-emmett-teller (BET) analysis results

The degree of adsorption increases with the increase of the surface area of the adsorbent.
Hence finely powdered activated silica gel and porous substances having large surface
areas perform well as adsorbents. The Brunauer-emmett-teller (BET) characterization
method was used to determine the specific surface area (m?/g) and the average pore
volume (cc/g), and pore size (A) for activated silica gel (SiO,) and its modified forms;
SiO,-(L-Cys + L-Meth), SiO,-Cys and SiO,-Meth. Table 4.8 summarizes the nitrogen
sorption/desorption BET results. Modified ASG with L-Cys (SiO,-Cys) has the lowest
surface area (588.968 m#/g) than SiO,-(L-Cys + L-Meth) (772.816 m#/g), SiO,-L-meth
(730.710 m2/g), and Si0O,(629.425 m2/g). The literature (Ismail, Khalili, & Abu Orabi,

60



2020) also observed the decrease in surface area of L-cysteine modified silica particles.
The characteriztion result of SEM and BET, shown in Figure 4.7 and Table 4.2
respectively, the surface area of modified activated silica gel with a mixture of L-Cys and
L-Meth and with L-methionine was obtained a better result than unmodified activated
silica gel. The modification of ASG resulted in an increased average pore volume and pore
size except, L-methionine modified silica gel shown lowere pore size. So, these are
referred to the coverage of activated silica gel surface with amino acids (L-cysteine and L-
methionine), which increase the available surface area of activated silica gel.

Table 4.1. Main BET characteristics of activated silica gel and its modified forms

Adsorbentes
Data types SiO; SiO,-Cys SiO,-Meth SiO-(L-Cys + L-meth)
Surface Area 629.425 588.968 730.710 772.816
(m?/g)
Pore Volume 0.7944 0.7948 1.005 1.002
(cc/g)
Pore Size (pore 22.71 22.71 16.58 22.71
Radius) (A)

4.2. Adsorption studies
4.2.1. Optimization for removal of lead and nickel ions from aqueous solution

4.2.1.1. Effect of pH

In adsorption, pH is one of the significant parameters affecting the adsorption efficacy. The
pH of the solution is mainly affecting the functional group on the adsorbent, which is
responsible for the binding of metal ions in the adsorbent surface. Further, it affects the
ionization or dissociation capacity of the adsorbate ions. The protonation or deprotonation

of N- and S- containing functional groups strongly depends on the pH of the solution
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because, it is related to their pKa value (Bilgi¢, 2019; Dakova et al., 2011; Petrova et al.,
2018). The pH influence on the degree of adsorption of Pb(ll) with 10 mg/L and Ni(ll)
with 3.5 mg/L initial concentrations on SiO,-(L-Cys + L-Meth) was investigated in the pH
range 5-9 by batch equilibrium procedure. Other parameters were kept constant at an
adsorbent dose of 0.2 g per 0.05 L volume of adsorbate ion solution, contact time of 60
min, agitation speed 160 rpm, and at room temperature. The trend observed is an increased
removal capacity for investigated cations with increasing pH of the solution. As shown in
Figure 4.8 the adsorption capacity of SiO,-(L-Cys + L-Meth) for Pb(I1) was increased
from pH 5 to 6. The increase in percent removal of Pb(ll) might be on a decrease in
competition between protons (H") and positively charged lead ions at the surface sites. And
decreasing positive charge near the surface results in a lower repulsion of the adsorbing
metal ion, and more negative groups for the complexation of metal cations are provided.
The Ni(ll) adsorption capacity of SiO,-(L-Cys + L-Meth) decreases as the pH of the
solution increase because of the presence of a higher concentration of hydroxide ion (OH")
as it can form metal hydroxide precipitate so, the percent removal of Ni(ll) also decreased.
The maximum percent removal for Pb (I1) and Ni(ll) is 84.4 % at pH 6 and 96.77 % at pH
5, by SiO,-(L-Cys + L- Meth) adsorbent respectively. The literature (Alghanmi, 2012)
reported that the optimum pH obtained for heavy metal ions removal including Pb and Ni

ions using modified silica gel was similar to the optimum pH obtained in this study.
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Figure 4.8 Effects of pH on Pb and Ni ions adsorption onto SiO,-(L-Cys + L-Meth).
A.Removal efficiency (%), B. Adsorbent capacity (mg/g).

4.2.1.2. Effect of contact time

The effect of contact time between the adsorbate ions and SiO,-(L-Cys + L-Meth) on the
adsorption efficiency of Pb(I1l) and Ni(ll) on SiO,-(L-Cys + L-Meth) were investigated by
experimenting with 30, 60, 90, 120, and 150 min of contact time at 160 rpm agitation
speed and room temperature. Other parameters were kept constant at pH 6 and 5 and initial
concentrations 10 and 3.5 mg/L for Pb(Il) and Ni(ll), respectively, dose 0.2 g per 0.05 L
volume of metal ion solution. From the results presented in Figure 4.9, the rate of percent
removal is higher at the beginning because of the large number of vacant surface sites
available for adsorption. The maximum adsorption of lead (85.2%) and nickel (94%) on
SiO,-(L-Cys + L-Meth) was obtained at contact times of 90 and 60 min, respectively. After
this equilibrium contact time, a decrease in the amount of adsorbed was observed. The
metal ion competes for the adsorption sites on the adsorbent in the mixture of adsorbent
and metal ions. The competition of metal ions to the active sites could affect the adsorption
capacity of the metal ions and the diffusion properties of the metal ions (Fay et al., 1967).
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In the literature (Petrova et al., 2017a) , the effect of contact time for solid-phase extraction
of Au(l1) by amino acid modified silica gel sorbents was studied on the range 10-60 min
with 10 min interval. The study shows that quantitative adsorption exists within 30 min
and it is dissimilar from this study and this implies the time taken for this thesis is more
than the time taken in the literature reported for Au(lll) extraction. The reason is may be
the presence of HCI in a solution containing 10 mg/L Au ions. They reported that the high
degree of Au(lll) adsorption on amino acid modified silica gel in the presence of HCI
might be with the fact that Au(l11) forms anionic chlorocomplexes [AuCl,]". Therefore, the
Au(lll) adsorption is due to the strong electrostatic attraction between the positively
charged adsorbent and the negatively charged chloride complex. The literature (Ismail,
Khalili, & Abu Orabi, 2020) reported that the maximum removal efficiency was observed
at 1400 min for study the effect of contact time on the range 200 to 1600 min with an
interval of 200 min. So, the contact time needed for the adsorption is less than the literature
reported for U(VI) removal. Further, another literature (Mengistie*, 2013) reported for
optimal contact time for removal of Ni(ll), agreed with this study.
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Figure 4.9 Effects of contact time on Pb and Ni ions adsorption onto SiO,-(L-Cys + L-
Meth) A. Removal efficiency (%), B. Adsorbent capacity (mg/g).
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4.2.1.3.  Effect of initial concentration

The effect of the initial concentration of Pb and Ni ions in the solution towards adsorption
efficiency was studied. Initial concentration Pb(Il) and Ni(ll) were studied by varying the
Pb and Ni ions concentration and keeping other variables constant. In this study the initial
concentration of 0.5, 2, 4, 6, 8, and 10 mg/L for Pb(Il) at pH 6 and 0.5, 2, 3.5, 5, and 6.5
mg/L at pH 5 for Ni were used. And other parameters such as adsorbent dose of 0.2 g per
0.05 L of solution, contact time 90 and 60 min for Pb(Il) and Ni(ll) respectively, agitation
speed 160 rpm, and at room temperature. As shown in Figure 4.10, the percentage removal
decreases with increasing initial concentration; this is because that the adsorbent has a
fixed capacity and can adsorb only a maximum specified amount. Thus additional
adsorbate concentrations do not get adsorbed. Hence, the percentage removal decreases
starting from the saturation point. From Figure 4.10 A, it can be seen that adsorption
efficiency initially observed high removl percent and an optimum maximum value reached
at concentrations of 2 mg/L for both metal ions with percent removal of 96.7% and 99.25%
for Pb(I1) and Ni(ll), respectively. And it becomes decreasing with an increase in initial
concentration; this is due to the lack of active sites of an adsorbent SiO,-(L-Cys + L-Meth)
(Fay et al., 1967), (Ismail, Khalili, & Orabi, 2020). Removal capacity SiO,-(L-Cys + L-
Meth) in mg/g showed different trends than percent adsorption (Figure 4.10 B). The
increase in the initial concentration up to a certain point shows an increasing removal of
lead and nickel ions as much as available active sites. However, an additional increase in
the adsorbate ions results in the reduction of removal efficiency. Because all the active
sites on the adsorbent surface sites have already been occupied by the metal ions. In the
literature (Ismail, Khalili, & Orabi, 2020), the effect of initial concentration for removal
U(VI) by SiO,-NPs and its modified forms were studied, with varying initial U(VI)
concentrations (10, 20, 30, 40, and 50 mg/L). The increasing concentration of U(V1) in the
solution led to a ge increase and % removal of U(VI) decrease. The maximum U(VI)
removal efficiency they reported that less than 80% for 10 mg/L. However, the % removal
for Pb and Ni ions in the present study has gained a better result than the % removal for
u(ln).
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Figure 4.10 Effects of initial concentration on Pb and Ni ions adsorption onto SiO,-(L-
Cys + L-Meth) A. Removal efficiency (%), B. Adsorbent capacity (mg/g).

4.2.1.4. Effect of adsorbent dose

Optimization of the adsorbent dosage is very significant to determine the capacity of an
adsorbent for a given initial concentration, separation cost, and consequently, the whole
water treatment cost. The effect of dosage of adsorbent SiO,-(L-Cys + L-Meth) on
adsorption of Pb(I1) and Ni(ll) was studied by varying SiO,-(L-Cys + L-Meth) dose from
0.2 - 1.0 g with 0.2 intervals per 0.05 L volume of solution and by keeping other variables
constant, at pH 6 and 5 and contact time 90 and 60 min for Pb(I1) and Ni(ll) respectively, 2
mg/L initial concentration, agitation speed 160 rpm and at room temperature. The results in
Figure 4.11 A shows an increase in the percentage uptake of Pb(Il) and Ni(ll) with
increasing SiO,-(L-Cys + L-Meth) dose and reaches a maximum at 0.8 and 0.4 g doses
with a removal percent of 97.15% and 99.35% for lead and nickel, respectively. This
increase in percent removal with an increase in adsorbent SiO,-(L-Cys + L- Meth) dose
may be due to the availability of more active sites in the adsorbent surface (Ismail, Khalili,
& Orabi, 2020). As shown in Figure 4.11 B, the adsorption capacity of the adsorbent was

found to decrease with the increasing adsorbent dosage because the number of adsorption
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sites per unit mass decreases. And this might be due to the presence of excess adsorbent
SiO,-(L-Cys + L-Meth) in the solution than the Pb and Ni ions in the solution. Generally,
from the optimization results obtained in this thesis for Pb and Ni ions removal, the %
removal value is greater than the value reported by literature (Ismail, Khalili, & Abu Orabi,
2020) for U(VI) removal by modification of silica nanoparticles with cysteine or
methionine from aqueous solution. In addition in the literature (Petrova et al., 2017b)
reported that for solid-phase extraction of Au(lll) by silica gel modified with Cystine (Sig-
Cys-S-S-Cys) was exhibited a lower degree of Au(l11) sorption (43 %) than the % removal
achieved in this work for Pb(ll) and Ni(ll) removal, while, silica gel modified with N-
Benzyloxycarbonyl-L -Methionine was showed comparable results (degree of Au(lll)
adsorption 80-98%) with this work.
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Figure 4.11 Effects of adsorbent dose on Pb and Ni ions adsorption onto SiO,-(L-Cys + L-
Meth) A. Removal efficiency (%) B. Adsorbent capacity (mg/g).

4.2.2. Kinetics study
Kinetics studies help to select optimum operating conditions for the full-scale batch
process, which have been applicable to investigate the mechanism of adsorption and

potential rate-controlling steps. The kinetic parameters, which are significant for the
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prediction of adsorption rate, and give useful information for designing and modeling the
adsorption processes (Batool et al., 2018). Therefore, the kinetics of lead and nickel ions
adsorption onto SiO,-(L-Cys + L-Meth) was analyzed using pseudo-first-order and pseudo-
second-order kinetic models. The kinetics study were done using pH 6 and 5 for Pb(l1) and
Ni(ll), respectively, initial concentration of 10 mg/L for Pb(Il) and 3.5 mg/L for Ni(ll), the
adsorbent dosage of 0.2 g per 0.05 mL of solution, agitation speed 160 rpm, and at room
temperature for both ions. By using the correlation coefficient significance, the conformity
between experimental data and the model-predicted values was expressed. The relative
greater is the more applicable model to the kinetic study.

4.2.2.1.  Pseudo-first order kinetics

To determine whether the adsorption process fits with the pseudo-first-order model or not.
The experimental data using contact time ranging from 60 - 150 min and pH 6 and 5 for
Pb(11) and Ni(Il) respectively, initial concentration of 10 mg/L for Pb(ll) and 3.5 mg/L for
Ni(l1), the adsorbent dosage of 0.2 g per 0.05 mL of solution and at room temperature, and
160 rpm agitation speed for both were introduced to Equation 2.6 (Figure 4.12).
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Figure 4.12 Pseudo-first order kinetic plots for the adsorption of lead and nickel ions onto
SiO,-(L-Cys + L-Meth) A. For lead ion B. For nickel ion.

The linearized form of the pseudo-first-order equation is already expressed in Equation 2.6.
The straight-line plot of Ln (ge—qt) against time (Figure 4.12) gives a linear relationship
from which the pseudo-first-order rate constant (K;) and equilibrium adsorption capacity
(ge) were calculated from the slope and intercept, respectively, as shown in Table 4.3. The
adsorption kinetics of Pb and Ni ions removal using SiO,-(L-Cys + L-Meth) (Figure 4.12)

was not predicted by the pseudo-first-order kinetics model since the correlation factor was
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very low for Pb(I1). In addition the correlation factor for Ni(ll) showed relatively lesser
value for pseudo-first-order kinetics model than the result pseudo-second-order model.

As presented in the Figure 4.12 the R? value of first order kinetic model was relatively
lower than the R? value of second-order kinetics. The calculated and experimental values
of Pb and Ni ions removal were not close to each other, as can be seen in Table 4.3. The
rate constant and qge (cal) were calculated from the slope and intercepts of the graph Ln
(ge-qt) against time (Adane et al., 2015).

Table 4.3. Results of line fit model of pseudo-first order Kkinetics.

Contaminant Ci Intercept  ge(exp) ge(cal) Slope K1 R’
(mg/L) (mg/g)  (mg/g)

Lead(ll) 10 1.05895 2.13 2.88334189 -0.02882 0.000192133 0.29306

Nickel(Il) 3.5 -5.21062  0.8225 0.00545828 0.0035 2.33333E-05 0.99449

4.2.2.2.  Pseudo-second order kinetic model

In addition to the first-order kinetics model the linearized form of the Kinetic rate
expression for a pseudo-second-order model was applied to the experimental data.
Calculated equilibrium adsorption capacity ge(cal), pseudo-second-order rate constant
(K2), and the initial adsorption rate (h) were obtained from the model using Equation 2.9.
The linear plots of t/gt against time are shown in Figure 4.10 for Pb and Ni ions adsorbed
on SiO,-(L-Cys + L-Meth). Figure 4.10 and Table 4.4 showed the values of R? on pseudo-
second-order for Pb and Ni ions are relatively higher than on first-order Kinetics. The
calculated adsorption capacity ge(cal) was closer to the experimental adsorption capacity
ge (exp), indicating that the pseudo-second-order Kinetic model describes the adsorption
process of Pb( 11) and Ni(ll) by SiO,-(L-Cys + L-Meth) perfectly. Also, the chemisorption
process is the rate-controlling step for adsorption of Pb (I1) and Ni (I1) by SiO,-(L-Cys +
L-Meth). A similar fit to this model has also been reported for U(IV) adsorption on silica

nanoparticles modified by L-cysteine and L-methionine (Ismail, Khalili, & Orabi, 2020).
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Figure 4.13 Pseudo-second order kinetic plots for the adsorption of lead and nickel ions
onto SiO,-(L-Cys + L-Meth). A. For lead ion B. For nickel ion.

Table 4.4. Results of line fit model of pseudo — second order kinetics.

Metals Ci Intercept  Slope ge(exp) qe(cal) q: Ko R’
(mo't (mgfg)  (mg/g)

Lead (II) 10 17.21635 0.34968 2.13 2.859757 8.178212 0.007102  0.80445

Nickel (1) 3.5 -1.2031 1.23812 0.8225 0.807676 0.652340 -1.27416 0.99999

4.2.3. Adsorption isotherm results

The adsorption equilibrium provides important physicochemical data for evaluating the
applicability of the adsorption process as a unit operation. In this study, the equilibrium
data were analyzed using Langmuir and Freundlich isotherm models. These are generally
related to the type of coverage, the possibility of interaction between the adsorbent and
adsorbate species, the heterogeneity and homogeneity of the adsorbent. Isotherms models
relate adsorbate per unit weight of adsorbent (ge) to the equilibrium adsorbate
concentration in the bulk fluid phase Ce. This helps to optimize the design of an adsorption
system for removal of contaminants and the selection of the appropriate adsorbent.
Additionally, the isotherm plays a significant role in the predictive modeling procedures
for analysis (Adane et al., 2015) (P. Senthil Kumar*, C. Vincent, K. Kirthika, 2010).
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4.2.3.1. Langmuir adsorption isotherm model result

From all isotherms commonly used for describing adsorption, the Langmuir adsorption
isotherm model is the best known, and it has been successfully applied to various
adsorption processes. The Langmuir isotherm is effective for adsorption of a solute from a
liquid solution as monolayer adsorption on a surface containing a fixed number of identical
sites (Adane et al., 2015). The experimental data were analyzed according to the linear
form of the Langmuir isotherm as described in Equation 2.1. The linear plots of 1/qe
versus 1/Ce suggest that Langmuir isotherms for the removal of Pb (11) by SiO,-(L-Cys +
L-Meth) is applicable, while for Ni(ll), it is not applicable.  Figure 4.11 showed that the
experimental results obtained from the Langmuir isotherm experiment. And the
experimental conditions of pH 6 and 5, contact time 90 and 60 min for Pb(lI) and Ni(ll)
respectively, dose 0.2 g per 0.05 L volume, agitation speed 160 rpm, and at room
temperature for both being kept constant with various initial concentration ranging from 2
to 10 mg/L with 2 mg/L intervals for Pb(ll) and initial concentration ranging from 0.5 to
6.5 mg/L with 1.5 mg/L intervals for Ni(ll). The values of gmix and K. of linear expression
of Langmuir adsorption isotherm were calculated from the slopes and intercept of the

linear plot of 1/ge versus 1/Ce shown in Figure 4.11.
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Figure 4.14 Langmuir adsorption isotherm model.

A . For lead ion and B. For nickel ion.

As presented in Table 4.5, the calculated values of isotherm parameters and the adsorption
of Pb(I1) and Ni(ll) on SiO,-(L-Cys + L-Meth) shows high correlation coefficients for both

the Langmuir and Freundlich isotherm model. The possible reason is that both the
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monolayer and multilayer adsorption existed in the adsorption process of Pb (1) and Ni(ll)
and the presence of homogenous and heterogeneous sites on SiO,-(L-Cys + L-Meth)
surface. However, Langmuir's adsorption isotherm model shows a greater R? value than
Freundlich adsorption isotherm for lead(ll) and Freundlich adsorption isotherm for
nickel(l1). The value of the separation factor (R.) called equilibrium parameter can be
estimated by Langmuir isotherm. The obtained R, values were greater than 0 but less than
1 as shown in Table 4.5, indicating that the adsorption processes of Pb(ll) and Ni(ll) on
SiO2-(L-Cys + L-Meth) was favorable. Furthermore, the value of R, of Pb(lI) and Ni(ll)
on SiO,-(L-Cys + L-Meth) lean towards zero (the completely ideal irreversible case) rather
than unity (which represents a completely reversible case). For Pb(ll), the adsorption
isotherm was better fitted by the Langmuir model (Ismail, Khalili, & Orabi, 2020).

Table 4.5. Summary table for the line fit graph of langmuir isotherm model.

Contaminant  Ci ge Intercept  Slope  Qmax KL RL R’
(mg/L)  (mg/g) (mg/g)

Lead (1) 2 0.48375 0.8597 0.0791 1.1631694 10.8564 0.04402 0.9219

Nickel (I1) 2 0.4962  0.9002 0.0168 1.1108642 53.5833 0.00924 0.77758

4.2.3.2.  Freundlich adsorption isotherm model

The Freundlich isotherm model is the second model used to describe the adsorption data of
Pb(11) and Ni(ll), the Freundlich constant K¢ (mg.g™'), and n is characteristic constants
related to the relative adsorption capacity of the adsorbent and the intensity of adsorption,
respectively. The values of n were larger than one (Table 4.6), which indicates that the
adsorption of Ni(Il) onto SiO,-(L-Cys + L-Meth) was favorable (Ismail, Khalili, & Orabi,
2020), (Adane et al., 2015). The Freundlich equation is purely experimental based on
adsorption on the heterogeneous surface and is commonly given by a non-linear equation
on Equation 2.2. The K¢ and 1/n can be obtained from the intercept and slope of the linear

plot of log ge versus log Ce.
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The applicability of the Freundlich adsorption isotherm was also analyzed, using the same
set of experimental data as for the Langmuir model. The Freundlich plots between log ge
versus log Ce for the adsorption of Pb(Il) and Ni(ll) are shown in Figure 4.12. The K¢ and
1/n were 1.058766 and -0.21109 for lead(ll), and 1.352882 and 0.24961 for nickel(ll),
respectively. The slope ranges between 0 and 1 and it is a measure of adsorption intensity
or surface heterogeneity, becoming more heterogeneous as its value gets closer to zero.
Whereas a value below 1 implies the chemisorptions process whereas, 1/n above 1 is
indicative of cooperative adsorption. It was found that, Freundlich isotherm provides a
good model of the Ni(I1) adsorption system with correlation coefficient values R? is higher
than the correlation coefficient values obtained from the Langmuir isotherm model.
Therefore, Freundlich's adsorption isotherm is applicable for the adsorption of Ni(ll) with
an R? value of 0.78181. This suggests that the Langmuir isotherm provides, comparatively,
a good model for Pb (I1), and the Freundlich isotherm model is a good model for Ni (1)

adsorption system.
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Figure 4.15 Freundlich adsorption isotherm model.

A. For lead ion, B. For nickel.
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Table 4.6. Result of the line fit graph of freundlich isotherm model.

Contaminant  Ci qe Intercept  Slope 1/n K R’

(mg/L)  (mg/g)

Lead(ll) 2 0.48375  0.0248 -0.21109 -0.21109 1.058766 0.76838

Nickel(lT) 2 0.4962 0.13126  0.24961 0.24961 1.352882 0.78181

4.3. Comparison results of differents adsorbents for Pb and Ni ions removal
In this study, as shown in Figure 4.13, the efficiency of adsorbents SiO, and its modified
forms, SiO,-(L-Cys + L-Meth), SiO,-Cys, and SiO,-Meth were compared for Pb(I1) and
Ni(Il) removals. The experiments were carried out using optimized parameters at pH 6 and
5, contact time 90 and 60, and adsorbent dose of 0.8 and 0.4 g for Pb(ll) and Ni(ll),
respectively, and initial concentration of adsorbate 2 mg/L, volume 0.05 L, agitation speed

160 rpm, and at room temperature for Pb and Ni ions removals were used.

The Pb(Il) removal efficiency of the adsorbent were in the order of SiO,-(L-Cys + L-
Meth) (97.15%) > SiO,-Meth (93.65%) > SiO, (92.6%) > SiO,-Cys (55%) for Pb(Il)
removal. The highest removal efficiency of Pb(Il) (97.15%) was obtained using SiO,-(L-
Cys + L-Meth) as showen (Figure 4.13 A).

Nickel removal experiment results showed that the removal efficiency of adsorbents was
99.35%, 62.75%, 65%, and 65.95% for SiO,-(L-Cys + L-Meth), SiO,-Meth, SiO,-Cys, and
SiO,, respectively. The highest removal efficiency of nickel ion (99.35%) was obtained
using SiO,-(L-Cys + L-Meth) ( Figure 4.13 B). For both contaminants, the adsorption
process by SiO,-(L-Cys + L-Meth) was high removal capacity than others. This indicates
that the mixture of L-cysteine and L-methionine can improve the removal efficiency ASG.
The literature (Petrova et al., 2017a) for solid-phase extraction of Au (I11) using silica gel
modified with cystine(Sig-Cys-S-S-Cys) and N-benzyloxycarbonyl-L-methionine (Sig-Z-
Met-OH), the % extraction of Au(lll) by Sig-Z-Met-OH is greater than silica gel modified
by cystine. Due to the presence of two amino groups and two S atoms in the cystine

molecule (J[HOOC(NH,)CHCH,S-],) in comparison with Sig-Z-Met-OH (Z-NH-
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CH(CH,CH,SCHj3)-COOH), with one amino group and one S atom per mol amino acid, a
more considerable adsorption capacity is expected. However, it is reported that Sig-Cys-S-
S-Cys does not ensure satisfactory extraction (less than 44 % studied) of Au (111), while the
adsorption on Sig-Z-Met-OH is higher. This is due to the low adsorption activity or slow
kinetics of the adsorption process on the surface of Sig-Cys-S-S-Cys. On the other hand in
literature (Ismail, Khalili, & Abu Orabi, 2020) reported that modified silica nanoparticles with
cysteine (% removal 33) and methionine (% removal 30). The higher in % removal for
silica nanoparticles with cysteine (SiO,-Cys) is may be related to the percentage loading of
cysteine on silica nanoparticles surface, which is more than the percentage loading of
methionine (Ismail, Khalili, & Orabi, 2020).
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Figure 4.16 Removal efficiency of ASG and its modified forms
A. For Pb (1) B. For Ni (II).

4.4.  Regeneration and reusability result of the SiO,-(L-Cys + L-Meth)
The desorption processes are significant for the regeneration of adsorbents for reuse in

other adsorption processes. Figure 4.14 and Table 4.7 showed that the removal efficiency
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of cycles for SiO,-(L-Cys + L-Meth) using 0.1 M HCI by cation exchange mechanism.
Several adsorption-desorption cycles were conducted for Pb(I1) and Ni(ll) to determine the
adsorption-desorption potential of SiO,-(L-Cys + L-Meth). The reusability of the used
adsorbent SiO,-(L-Cys + L-Meth) was investigated by performing three successive
adsorption-desorption cycles of Pb and Ni ions on the adsorbent SiO,-(L-Cys + L-Meth)
using 0.1 M HCI as desorption eluent. There was a gradual decrease in Pb(Il) and Ni(ll)
removal efficiencies with an increasing number of cycles as shown in Figures 4.14 A & B,
respectively. It was observed that cycles 1 and 2 showed good removal efficiency for both
metal ions accumulated on the adsorbent surface. For Pb(ll), the removal efficiencies of
cycles 1, 2, and 3 were found to be 97.15%, 65.5%, and 55.5%, respectively, as presented
in Figure 4.14 A. While in Figure 4.14 B, the removal efficiencies of Ni(ll) for cycles 1, 2,
and 3 were found to be 99.35%, 65.4%, and 45%, respectively. Hence, after the sequence
of two cycles, the Pb(I1) and Ni(ll) uptake capacity on the adsorbent SiO,-(L-Cys + L-
Meth) was reduced from 97.17% to 65.5%, 65.5% to 55.5%, and 99.35% to 65.4%, 65.4%
to 45%, respectively. The regeneration experiments presented in Figures 4.14 A & B
showed that the SiO,-(L-Cys + L-Meth) recyclability for adsorption and removal of Pb

and Ni ions the % removal reduce as the number of cycle increased.

Table 4.7. Recyclability for SiO,-(L-Cys + L-Meth) for lead and nickel ions removal.

Cycle %Removal (Pb(11))  %Removal (Ni(Il)) Desorption eluent used

1 97.15 99.35 Distilled water and 0.1 M HCI
2 65.5 65.4 Distilled water and 0.1 M HCI
3 55.5 45 Distilled water and 0.1 M HCI
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Figure 4.17 Recyclability of SiO,-(L-Cys + L-Meth).

A. For lead ion removal. B. For nickel ion removal.

4.5. Application of the adsorption method in real wastewater sample
Assessment of the wastewater sample is significant to apply the method on industrial
wastewater samples. Therefore, the levels of some physicochemical properties of industrial
wastewater samples were studied. The wastewater samples were collected from the
discharge point of EIZ in Dukem, Ethiopia. The samples were first assessed for their
Physico-chemical properties that are used to identify and quantify toxicants and to provide
data that for regulatory purposes, could be compared to allowable limits for specific water
recipients (Dagne, 2020), (Mengistie*, 2013). The results of the Physico-chemical
parameters of the wastewater samples studied in this thesis are presented in Table 4.8. The
contaminated water samples were first determined for their initial concentration by
digesting with concentrated nitric acid. The concentration of Pb(Il) and Ni(ll) in

wastewater samples from EIZ has been determined using FAAS. As shown in Table 4.8,
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the results obtained revealed that the concentration of heavy metal lead ions was found
above permissible level, which could pose an enormous threat to human health and the
natural environment. However, nickel ion was below the detection limit. Previous studies
(Dagne, 2020) also found that the level of lead ion in a sample taken from EIZ was above
the permissible limit set by WHO and US EPA, for irrigation. The samples were treated
under optimized experimental parameters at pH 6, contact time 90 min, adsorbent dose 0.8
g per 50 mL of volume, and at room temperature with an initial concentration of lead ion
0.645 mg/L. The filtrate obtained after treatment was analyzed by FAAS. The adsorbent
SiO,-(L-Cys + L-Meth) effectively removed the Pb ion contaminants from real wastewater
samples with 100% adsorption efficiency, as can be seen in Table 4.9 the 100% removal
effeciencey was achieved because of the presence of lower lead ions concentration in real
sample than synthetic.
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Table 4.8. Some physicochemical characteristics of E1Z industrial wastewater sample.

Parameters Values Tolerance limit value

color Light gray and bricksred -

Turbidity high turbidity -

pH 8.4 6.0-8.5 (BOI, 2011)

Total dissolved solids 244.2 mg/L 1200 pg/L (Angiro et al., 2020)
(TDS)

Conductivity 469.3 uS/cm 400 pS/cm (Angiro et al., 2020)
Total suspended solids 35 mg/L 50 mg/L (BOI, 2011)

(TSS)

Chemical oxygen 80 mg/L 250 mg/L (BOI, 2011)

demand (COD)
PO,* 4.4 mg/L 5 mg/L (BOI, 2011)

Pb(1I) 0.645 mg/L 0.05 mg/L WHO and 0.015 mg/L
USEPA (Dagne, 2020)

Ni(ll) Below Detection Limit 3.0 mg/L (BOI, 2011)
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Table 4.9. Adsorption studies on removal of Pb (I1) from real wastewater.

Wastewater Conc. before Dose of adsorbent pH Contact Conc. after % Removal
sample adsorption ) time adsorption
SiO2-(L-Cys + L Meth) _
. (min) (mg/L)
contaminants  (mg/L) (g/L)
Lead(ll) 0.645 0.8 6 90 BDL 100
Nickel(11) BDL - - - - -

BDL = Below Detection Limit
Conc. = Concentration

4.6. Possible reaction mechanism

The amino acid L-Cys and L-Meth were chosen to introduce thiol and S-methyl thioether
groups on the silica gel surface; since they contain both carboxylic acid and amino groups
play a role to react with the silanol(Si-OH) group through esterification reaction and
electrostatic interaction respectively, allowing the covalent immobilization of the thiol and
S-methyl thioether groups onto silica gel surface (Ismail, Khalili, & Orabi, 2020; Petrova
et al., 2018; Xu et al., 2017; Zhou, Cai, Xu, Zhang, Fu, et al., 2018). Scheme 4.1, 4.2, and
4.3 show the modification process on a silica gel. First, the carboxylic groups of the L-Cys,
L-Meth, and mixture of L-Cys and L-Meth react with the hydroxyl groups of the silica gel
at 180 °C. The linked L-Cys and L-Meth then act as a binder to adsorb the Pb**/Ni*? by the

coordination bonds between the thiol and S-methyl thioether groups, respectively.
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L-cysteine and attaching Pb(I1)/Ni(1l) (Xu et al., 2017; Zhou, Cai, Xu, Zhang, Fu, et al.,
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5. CONCLUSION AND RECOMMENDATION
5.1. Conclusion

Heavy metals like lead are very toxic and carcinogenic chemicals even in small amounts,
and they are hazardous for humans and animals. Similarly, exposure to a higher level of
nickel(I) can cause several adverse health effects on animals, plants, and humans.
Therefore toxic heavy metals need more attention than other pollutants due to cumulative
exposure and non-biodegradable.

This study examined the removal of lead and nickel ions from aqueous solution using low
cost(great abundance on earth), environmentally friendly and available adsorbent, silica
gel. To improve the adsorption capacity and increase the —OH group of silanol (-Si-OH) on
raw silica gel, it was activated using concentrated hydrochloric acid, followed by
modification by amino acids(L-cysteine and L-methionine). Activated Silica gel and its
modified forms with L-cysteine or L-methionine and a mixture of L-cysteine and L-
methionine amino acids can be used as efficient adsorbents for removal-separation of Pb
and Ni ions from aqueous solution. In this study, to confirm the modification of activated
silica gel and adsorbent selection for optimization using a batch technique, FTIR, XRD,
SEM & BET characterization were used, and from the characterization results, the
activated silica gel modified with a mixture of amino acids is obtained as a better adsorbent
than others for optimization methods. Batch adsorption studies were used to evaluate the
effects of pH, contact time, initial concentration of adsorbate, and adsorbent dose. The
adsorption removal efficiency of adsorbent SiO,-(L-Cys + L-Meth) was found to be highly
affected by these factors. It was found that percent removal increases with an increase pH
from 5 to 6 for Pb(Il), contact time (30 — 150 min), and dose ((0.2 g—1 g)/50 mL) for both,
the degree of increase was 84.4, 85.2 and 94, 97.15 and 99.35 for Pb (Il) and Ni (II)
respectively. There is also decreasing trend with an increased pH (5-9) for Ni (I1) and
initial concentration of Pb(Il) and Ni(ll) in the solution at fixed adsorbent dosage. In this
work, 97.15 and 99.35 % for Pb(ll) and Ni(Il) removal were obtained at pH 6 and 5, 90
and 60 min, and 0.8 and 0.4 g per 50 mL of adsorbent dose for Pb(ll) and Ni(ll)
respectively, and initial concentration 2 mg/L for both. The data from kinetic experiments
was found to fit well with the pseudo-second-order kinetic model with a high R? value of
0.80445 and 0.99999 for Pb(l1) and Ni(ll), respectively, then pseudo-first-order Kinetic
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model. So the pseudo-second-order kinetic model is observed more applicable for both
ions and this indicates the presence of chemisorption. The adsorption process of this
thesis is well described by the Langmuir model for Pb(I1) and Freundlich model for Ni(ll).
It is found that the uptake of Pb(I1) and Ni(ll) ions improved by using modified ASG with
a mixture of L-cysteine and L-methionine (SiO,-(L-Cys + L-Meth)) and L-Meth than
unmodified activated silica gel. In addition to the results obtained for SiO,-(L-Cys + L-
Meth) powder can be used for the removal of Pb(Il) from EIZ wastewater. Further SiO,-
(L-Cys + L-Meth) could be reused repeatedly in adsorption and removal of Pb and Ni ions
without significantly losing their adsorption properties.

5.2. Recommendations

The ASG and its modified forms can also be used as a possible alternative for the removal
of heavy metals due to its multi-functionality. From different kinds of literature reports,
silica gel modified by L-Cys (SiO,-Cys) or L-meth(SiO, —Meth) has shown a high affinity
for meals. Therefore, other researches should be conducted to assess the applicability of
modified ASG with mixture of L-Cys and L-Meth (SiO,-(L-Cys + L-Meth)) for different
cations adsorption from industrial wastewater. In addition, the silica gel modification
method is preferable for lead and nickel ions and also for other metals removal. Because of
its time saving, simplicity, low cost, and green, so it is better for researcher further studies
on this adsorbent. It is also possible to study the thermodynamics of the system as well as
desorption using different eluent to get a full picture of the removal capacity of the SiO,-

(L-Cys + L-Meth) for heavy metal removal from different types of wastewater.

Further, we recommended that for a researcher it is better to assess by expanding this study
using agricultural waste like rice husk as the cheapest source for silica gel preparation and
modifying with a mixture of L-cysteine and L-methionine. Finally, it is recommended for
EIZ to use these adsorbents for the removal of Pb(ll) and also for other heavy metals
because they have been discharging Pb(ll) contaminated wastewater to the environment.
This wastewater is directly released to the land used for farming as irrigation water.
Therefore, it is risky for people living around this factory because, heavy metals have
bioaccumulative nature so, they have the responsibility to treat more and more before
discharging to the environment. Similarly, it is also recommended for Modjo tannery share

company to use these adsorbents for Ni(ll) removal.
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Appendix

Appendix I. Results for BET analysis

a. BET results for adsorbents characterization.

Adsorbents

Parameters SiO; SiO,-Cys SiO,-Meth SiO,-(L-Cys + L-Meth)
Surface area data 6.294e+02  5.890e+02  7.307e+02 7.728e+02

o m?2/g m2/g m2/g
(MultiPoint BET m2/g
method)
NLDFT method 7.944e-01 7.948e-01  1.005e+00 1.002e+00
cumulative pore cclg cclg

cclg cclg

volume
NLDFT pore radius 2.271e+01  2.271e+01  1.658e+01 2.271e+01
size) (Mode
(s1z¢) (Mode) A A A A

b. BET relativepressure & volume @ STP data for SiO,.

Relativepressure ( P/Po) Volume @ STP (cc/g) 1/[W((Po/P)-1)]

9.68280e-02 86.5494 9.9110e-01
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3.24603e-01 205.9027 1.8676e+00

5.44294e-01 347.6638 2.7488e+00

7.65348e-01 567.3843 4.5995e+00

c. BET relativepressure & volume @ STP data for SiO,-Cys.

Relativepressure ( P/Po) Volume @ STP  (cc/g) 1/[W((Po/P)-1)]

1.11105e-01 111.9695 8.9317e-01
3.19966e-01 212.0016 1.7758e+00
5.41098e-01 346.8215 2.7202e+00
7.76507e-01 563.7307 4.9313e+00

d. BET relativepressure & volume @ STP data for SiO,-Meth.

Relativepressure ( P/Po) Volume @ STP  (cc/g) 1/[W((Po/P)-1)]

1.17441e-01 151.0836 7.0471e-01
3.30997e-01 270.6542 1.4626e+00
5.41409e-01 443.2268 2.1312e+00
7.80929%¢-01 713.0833 3.9998e+00

e. BET relativepressure & volume @ STP data for SiO,-(L-Cys + L-Meth).

Relativepressure ( P/Po) Volume @ STP  (cc/g) 1/[W((Po/P)-1)]

9.91820e-02 116.4784 7.5631e-01
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3.17038e-01 251.5715 1.4764e+00

5.41027e-01 427.8917 2.2042e+00
7.67665e-01 708.8706 3.7294e+00
800
—a—S$i05-(L-Cys +L-Meth)
7001 —+—Si05-Meth
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=11 .
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Figure I-1 Nitrogen sorption/desorption isotherm for SiO,, SiO,-(L-Cys + L-Meth), SiO,-
Cys, and SiO,-Meth.

Appendix Il. Results of analysis for the optimum condition
a. The result of the effect pH for Pb(Il) adsorption.

Effect of pH on Pb(ll) removal

pH  Ci(mg/L) Cf(mg/L) Ci-Cf(mg/L) qe(mg/g) % Removal of Pb(ll)

5 10 244 7.56 1.89 75.6
6 10 1.56 8.44 2.11 84.4
7 10 1.66 8.34 2.085 83.4
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8 10 2.932 7.068 1.767 70.68
9 10 4.235 5.765 1.44125 57.65
b. The result of the effect of pH for Ni(ll) adsorption.
Effect of pH on Ni(Il) removal
pH Ci(mg/L) Cf(mg/L) Ci-Cf(mg/L) ge(mg/g) % Removal of Ni(ll)
) 3.5 0.113 3.387 0.84675  96.77143
6 3.5 0.228 3.272 0.818 93.48571
7 3.5. 0.315 3.185 0.79625 91
8 3.5 0.344 3.156 0.789 90.17143
9 3.5 0.304 3.196 0.799 91.31429
c. The result of the effect of contact time for Pb(ll) adsorption.
Effect of contact time on Pb(Il) removal
Time Ci(mg/L) Cf(mg/L) Ci-Cf(mg/L) qge(mg/g) % Removal of Pb(ll)
(min)
30 10 8.6 1.4 0.35 14
60 10 4.44 5.56 1.39 55.6
90 10 1.48 8.52 2.13 85.2
120 10 1.6 8.4 2.1 84
150 10 1.8 8.2 2.05 82
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d. The result of the effect of contact time for Ni(ll) adsorption.

Effect of contact time on Ni(ll) removal

Time(min)

30
60
90
120

150

Ci(mg/L) Cf(mg/L) Ci-Cf(mg/L)

3.5

3.5

3.5.

3.5

3.5

0.321

0.21

0.24

0.243

0.247

3.179

3.29

3.26

3.257

3.253

ge(mg/g) % Removal of Ni(ll)

0.79475  90.82857
0.8225 94

0.815 93.14286
0.81425 93.05714

0.81325  92.94286

e. The result of the effect of initial concentration for Pb(I1) adsorption.

Effect of initial concentration on Pb(l11) removal

Ci(mg/L) Cf(mg/L) Ci-Cf(mg/L)

0.5

10

0.00

0.065

0.609

0.998

3.72

4.89

0.5

1.935

3.391

5.002

4.28

5.11

qe(mg/q)

0.125

0.48375

0.8477

1.2505

1.07

1.2775

% Removal of Pb(II)
100
96.75

84.775

83.3667
53.5

51.1
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f. The result of the effect of initial concentration for Ni(ll) adsorption

Effect of initial concentration on Ni(ll) removal

Ci(mg/L) Cf(mg/L) Ci-Cf(mg/L) qe(mg/g) % Removal of Ni(ll)

0.5 0.003 0.497 0.12425 994

2 0.015 1.985 0.49625 99.25

3.5 0.316 3.184 0.796 90.97142857
5 0.469 4531 1.13275 90.62

6.5 0.649 5.851 1.46275  90.01538462

g. The result of the effect of dose for Pb(I1) adsorption

Effect of dose of adsorbent on Pb(Il) removal

Dose(g/0.05L) Ci(mg/L) Cf(mg/L) Ci-Cf(mg/L) qe(mg/g) % Removal of Pb(ll)

0.2 2 0.09 1.91 0.4775 95.5
0.4 2 0.06 1.94 0.2425 97
0.6 2 0.059 1.941 0.16175 97.05
0.8 2 0.057 1.943 0.07772 97.15
1 2 0.073 1.927 0.09635 96.35
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h. The result of the effect of dose for Ni(ll) adsorption

Effect of dose of adsorbent on Ni(ll) removal

Dose(g/0.05L) Ci(mg/L) Cf(mg/L) Ci-Cf(mg/L)

0.2

0.4

0.6

0.8

2 0.024
2 0.013
2 0.014
2 0.029
2 0.037

1.976

1.987

1.986

1.971

1.963

ge(mg/g) % Removal of Ni(Il)

0.494

98.8

0.248375 99.35

0.1655

99.3

0.123188 98.55

0.09815 98.15

Appendix I11. Operating condition of FAAS

For analysis of lead and nickel using flame atomic absorption spectrophotometry the

following conditions were used.Calibration of FAAS (Figure 111-1 ).

Absorbance

-0.002

0.018

0.016
0.014
0.0124
0.0104
0.008 4
0.0064
0.004 4
0.0024
0.0004

= PbhdDh
——— Linear fit of Pb(II)

0.0 05 10 15

Concentration (mg/L)

Absorbance

0.030

0.0234

0.020

= =1
= =}
—_ —
= [

0.005 4

0.000 4

" Ni(ID

Lineai

r it of Ni(ID)

04 06 08 10

Concentration(mg/L)

Figure 111-1 Calibration curve of FAAS
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A. For lead and B. For nickel.

Table I11-1 Summery of table of Figure I11-1

Metal Equation y =a+ b*x Standard Error
Pb(1I) Intercept -3.3301E-4 3.0901E-4
Slope 0.00811 2.69703E-4

Adj.R-Square 0.99669

Ni(11) Intercept 1.14668E-4 2.03648E-4
Slope 0.02737 3.62488E-4

Adj.R-Square 0.99947
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Appendix VI. Experimental pictures
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Figure VI-1. Silica gel modification method
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AppendixV. Some instruments used and wastewater sample

Photometer for (phosphate Conductivity and COD sk

measurement) TDS measurement

Figure V-1. Some instruments used during laboratory work.

a[dwes pamseaw fd ‘

Freezed wastewater sample wastewater sample for analysis —

Figure V-2. Wastewater samples

Figure V-3. Picture during lead ions standared solution preparation.
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