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INTRODUCTION

Problem

Water is one of the most important components of the environment, which is of great
importance to people's quality of life, health and development. Experience has shown that
water has caused numerous illnesses and deaths. Pollutants are released into the atmosphere
and eventually into precipitation, snow—melting, waste, industrial pollution, transport
pollutants, farm fertilization materials, and so on. The major water—polluting contaminants
are heavy metals, petroleum products, detergents, organic and natural compounds, acids and
radioactive isotopes. Heavy metals are predominant among the contaminants listed.

Many anthropogenic variables, manufacturing, transport, agriculture, urbanization,
have an effect on the biotic and abiotic environment. Technogenic pollution not only
adversely affects the atmosphere, the hydrosphere, the soil, but also destabilizes the natural
processes taking place there. Many of the harmful chemical compounds emitted into the
environment from sources of contamination settle in the bottom sediments of the water
body. Many of the biggest contaminants are heavy metals, which are a biggest
anthropogenic concern today. The fastest metal migration in nature is ensured by the water
medium, since most of these chemical compounds are soluble and have a high spread. The
high level of interest in heavy metals is due to the fact that, in nature, metals have the
capacity to accumulate by migrating from one natural system to another. These are the most
harmful pollutants that join the metabolic cycle in a number of ways, depending on the rate
and level of development in the biosphere, thus disrupting the physiological functions of
organisms.

Actuality

Environmental contamination of toxic metals has been prevalent and widely includes
significant volumes of wastewater. Due to the extent of the issue of heavy metal emissions,
work into new and cheaper metal removal methods has recently increased. First of all, heavy
metals have the potential to persevere in natural conditions for a longer period of time. In
addition, they have the ability to occur at successive stages of the biological chain,
contributing to acute and chronic diseases. It is established that chicken egg shells are
convenient green and economic absorbents due to their simple availability and lack of toxic
components. According to studies by the Lithuanian Department of Statistics, about 5895
tons of egg shell waste was generated in the country in 2018 and the quantity is increasing
every year.

The method of activated carbon adsorption is appealing to many scientists, as heavy
metal ions can be removed to scarcely detectable amounts. However, the procedure has not
been used widely for its high costs. The use of low—cost materials as an adsorbent for metal
removal from wastewater has therefore been emphasized. The amount of adsorption work
as a method for eliminating heavy metals from contaminated water using low— cost
adsorbents has increased exponentially in recent years, with scientists such as Ai Phing Lim
and Ahmad Zaharin Aris in Malaysia and Tabatabaee Azam, Dastgoshadeh Fereshteh and
Tabatabaee Akram in Iran making very useful contributions to research studies and
experiments.

Heavy metal emissions and growing volumes of biological waste are major
environmental problems in the world, so it is very important to develop the water treatment
system for heavy metals by using waste products as low—cost, renewable and high—purity
adsorbents.



Aim of the work

Perform complex research and evaluation using organic waste (egg shells) as
adsorbents to remove heavy metals from aqueous solutions.

Objectives

— Complete literature analysis for heavy metal sources, their effect to
environment, possible methods for removing HM;

— Determine the physical, chemical and adsorption properties of egg shell
adsorbent used for selected lead ion removal;

— Perform multicriteria decision analysis on the methods for removing lead
ions from contaminated water;

— Carry out experimental studies to evaluate the efficiency of egg shell
adsorption by removing lead (Pb) ions from aqueous solutions;

— To evaluate the influence of adsorbent and HM contaminated solutions on
adsorption properties by executing multicriteria analysis.

Novelty

The novelty of the study is complicated research involving experimental studies into
the adsorbent effect of egg shells on relatively small amounts of lead. Multicirterial decision
analysis on the methods of removal of lead from polluted water and analysis on adsorption
parameters concerning adsorption is also carried out, depending on the results of the
experimental evidence.

Practical value

The experimental studies conducted and the results obtained during these experiments
would demonstrate whether natural egg shell waste can be successfully used to remove
heavy metals from aqueous solutions. This work could be used to develop technologies for
the removal of lead ions from wastewater (sewage, landfill filtrate, etc.) with an egg shell
adsorbent load.



1. HEAVY METAL REMOVAL FROM WATER APPLYING EGG
SHELL ADSORBENTS

1.1 Main sources of heavy metals release into environment

Heavy metals (HM) are generally described as natural elements of the environment
with at least five times bigger density than water. The atomic weight of these elements is
relatively high compared to other elements existing in nature. Due to the wide commercial,
agricultural and technical usability of heavy metals, they have spread all over the world.
However, the prevalence of heavy metals raises questions about their prospective adverse
impacts on humans and the environment. The toxicity of the chemical compounds depends
on several factors, including chemical dose, type of exposure, age, genetics and dietary
patterns of the affected individuals. Due to its toxicity, arsenic, cadmium , chromium , lead
and mercury are some of the most impactful heavy metals in human health (Tchounwou et
al., 2012).

Heavy metal sources can be classified into two main parts — natural and
anthropogenic. The main natural factors from which heavy metals enter the environment
are shown in Fig. 1.1:

Naiural Factors

Fig. 1.1. The main natural factors

Volcanic eruptions have repeatedly been shown to have a catastrophic effect on the
atmosphere, the climate, the environment in general and human health. Not only is the
quality of the environment deteriorating due to the release of gases such as carbon dioxide,
but also various organic compounds and heavy metals such as mercury, lead and gold, which
contribute to environmental pollution. Mentioned heavy metals are known to greatly
degrade water quality in water bodies (Akpor et al., 2014).

Some volcanic rocks are responsible for the accumulation of metals in soil and water.
Due to the diffusion of acidic volcanic gases into permeable water rocks and the distribution
of the hydrological amount in volcanic layers, heavy metals enter the environment. Volcanic
activity is thought to lead to the spread of metals such as lead, magnesium, copper, arsenic,
mercury, aluminum, zinc and many other HMs in the environment (Tabatabaee et al., 2014).

Dispersion of heavy metals is an important consequence of volcanic eruptions. Along
with toxic SOz and H2S gases, the elements of aluminum, zinc, manganese, lead, nickel,
copper and mercury are also released during volcanic eruptions. These pollutants usually
have a negative effect on the fauna and flora at the source of pollution, but are often
distributed over longer distances (Akpor et al., 2014; Sauliute, 2013).

Soil rock formation is also one of the natural sources of heavy metal dispersion. The
soil layer is one of the most important natural sources of HM. Heavy metals are indeed
natural elements that exist in nature, and their background concentrations vary in different
parts of the world. The concentration of heavy metals depends on factors such as soil type
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and environmental factors that determine the severity of the erosion cycle. Scientific studies
have found that volcanic rocks have higher concentrations of heavy metals than sedimentary
rocks. Different forms of volcanic rocks contain different concentrations of heavy metals.
For example, metal concentrations in serpentine rocks will be higher than in basalt or granite
(Sauliute, 2013).

The emissions of airborne pollutants (mercury or cadmium) from natural forests and
steppe fires are another source of pollution. However, the amount of heavy metals entering
the atmosphere from natural sources does not usually cause major harmful impacts on plants
and other living organisms (Sauliute, 2013).

Erosion of soil is also a cause of heavy metal contamination in water. Wind and water
are two primary causes for soil erosion. Heavy metals accumulated in the sediment are
released into the soil during precipitation. Heavy metals can be accumulated with runoff and
spread to the atmosphere in the run—off due to erosion. During flooding, some HMs are
wash away into faulty drainage structures. And then eventually pollutants are released into
nearby rivers (Akpor et al., 2014).

HMs have the capability to remain in natural environments for a prolonged period of
time. These can also cause various diseases due to the ability to accumulate at successive
stages of the biological chain (Akpor and Muchie, 2010).

Some of the most polluting sources of anthropogenic heavy metals are electroplating,
metalworking, clothing, and industrial operations. Therefore, anthropogenic influences
include mainly those shown in Fig. 1.2. Electroplating and metal finishing include the
deposition of thin protective layers on metal surfaces prepared using electrochemical
processes. Toxic metals can be released into wastewater discharges during this process. This
can be done either by rinsing the liquid or by spilling and dumping the process baths (Akpor
et al., 2014).

Fig. 1.2. The main anthropogenic factors

Wastewater from many factories and companies is responsible for the release of heavy
metals into the natural environment. The removal of these metals is extremely important
from both an environmental and an economic point of view. Wastewater generated by the
activities of modern industries (refineries, non—ferrous metal plants, etc.) usually has a
complex composition that includes metals, suspended solids, and other elements. Under
ever—tightening environmental laws, these harmful by—products must be decontaminated
because of their risk to humans, animals and plants (Martin et al., 2005).

Emission levels of heavy metals of anthropogenic origin from agriculture (fertilizers,
pesticides), metalworking (metal mining and metal foundry), energy production and
combustion, electronics manufacturing and waste disposal are growing (Wuana and
Okieimen, 2011). Pollution sources of anthropogenic nature are shown in Fig. 1.3.
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Heavy metal pollution in the world is recognized as an important environmental
concern, which highlights the threat to life, health and genetics, holding one of the leading
positions among other ecological concerns such as pesticides, acid rain, oil spills, chemical
fertilizers, urban noise (Sauliuté, 2013).

URBAN o .

AGRICULTURAL

Storage in Stream Bad

Fig. 1.3. Emissions of heavy metals of anthropogenic origin (Meade, 1995)

Anthropogenic emissions of heavy metals are often released into the environment in
the form of gas. HM enters the environment in the form of waste during mining operations.
The processing of steel, iron and sawn wood contributes to the formation of chromium. The
combustion of fossil fuels (e.g. coal) and industrial waste, cement manufacturing and
phosphate mining are another significant source of anthropogenic heavy metals in the
atmosphere. The primary source of heavy metals in terrestrial and marine environments is
sewage sludge, fertilizer used in agriculture, pesticides, animal waste and wastewater
disposal (Sauliute, 2013).

The concept of heavy metal applies to a cluster of components with an atomic weight
of 63.5 to 200.6, such as lead, cadmium, chromium, nickel and copper. These metals are the
most poisonous substances in freshwater systems, killing all water life and accumulating
toxic substances for a long time. Most common HM manufacturing emissions are listed in
Table 1.1. (Zhao et al., 2016).

Cadmium enters the atmosphere mainly from radio, electrical engineering,
metalworking, batteries, fertilizer production and several other companies. Cadmium and
cadmium compounds are used in power plants, galvanized coatings, rubber, galvanic
batteries, plastics and many other products. Cadmium, like silver, is used as one of the main
indicators of environmental pollution (Vilniaus Aplinkos Informaciné... 2019).
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Table 1.1. Various sources of HM pollution (Minister of Environment... 2006)

Branch of industry Heavy metals

Pesticide factories copper, common chromium, chromium (VI), zinc, arsenic;

Glass industry . .
] lead, arsenic, antimony

companies

mercury, cadmium, copper, nickel, lead, common chromium,

Chemical industries chromium (VI]), zinc; tributyl tin

Surface metal coating cadmium, mercury, common chromium, chromium (VI),
(galvanic) companies zinc, tin, copper, lead, nickel, silver

Leather industry common chrome

companies
Textile industr .
Sy common chrome, chrome (VI), copper, zinc
companies
Fertilizer industry . .
. cadmium, mercury, zinc
factories

Cadmium is one of the heavy metals that poses a significant risk to the environment
and human health. It is usually found in the earth's crust at an average concentration of 0.1
mg/kg. The highest content of cadmium compounds in the environment is found in
sedimentary rocks. Approximately 15 mg of cadmium/kg is found in marine phosphates
(Tchounwou et al., 2012).

Although cadmium is known to be used in a variety of manufacturing applications,
the most important uses of cadmium in industry are in the production of alloys, pigments
and batteries. The use of cadmium in battery production has been growing significantly for
a long time, but its industrial use in developing countries has declined in line with
environmental requirements. The average US cadmium intake is about 0.4 pg/kg per day. This
is half the value of the US Environmental Protection Agency (EPA) oral reference dose.
Occurring decrease is due to the imposition of strict effluent volumes for coating works and
the more recent general restriction on the use of cadmium in some countries (Tchounwou
et al., 2012).

Lead is commonly used in cable printing, protective screens, pigment production,
alloys, the glass industry, glazing, enamels, lubricants, plastics, insecticides, explosives,
batteries, some paints, and finally, piezoelectrics (Vilniaus Aplinkos Informacing... 2019).

Lead is generated in welding, roofing, leaded sewage and PVC pipes (as an impurity)
and is also used as a fuel additive (although the production or use of such fuels is currently
significantly reduced or banned in the EU), ammunition, chimney liners, some countries
also use lead in fishing weights, yacht keel and other sources. Most of the lead is thought
to enter the sewage from the lead sewer pipes (Patil and Puttaiah, 2013).

Chromium enters a variety of environmental media — air, water and soil from many
natural and anthropogenic sources, but is mainly released from the manufacturing industry.
The industries with the highest chromium emissions are metal processing, chromium
product production, and pigment manufacture. Highest concentrations of chromium in the
environment are related to the release of chromium from air and wastewater. This pollutant
is mainly emitted from metallurgy, refractories and the chemical industry. Chromium exists
mainly in the hexavalent form (Cr (VI)) due to anthropogenic activities. Hexavalent
chromium is a hazardous industrial pollutant listed by various regulatory agencies as a
human carcinogen. The health risk of chromium depends on its oxidation level. Chromium
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has a variety of forms of exposure, ranging from low metal toxicity to high hexavalent
toxicity. All chromium—containing chemicals were previously considered man—made. In
environment and biological materials, it was thought to exist only in the trivalent form of
Cr (IIT). However, natural tetravalent chromium in soils and surface waters has recently
been found to exceed the World Health Organization (WHO) water limit of 50 pg
Hexavalent chromium per liter. It is extensively used in various manufacturing practices
and is therefore considered a pollutant in most of the environmental structures. Chromium
is often employed in chromium plating, dyeing and pigmentation, often used as an anti—
corrosion cooking additive and compound for boiler protection (Tchounwou et al., 2012).

Nickel and its compounds are mainly used in the manufacture of stainless steel or
nickel alloys under the influence of corrosion and high temperatures. Aforementioned alloys
are widely applied in the metall, chemistry and food handling industries, especially in the
production of catalysts and pigments. The most important nickel salts in production are:

— nickel chloride,

— sulfate, nitrate,

— carbonate, hydroxide,

— acetate,

— oxide (Zadeikyté, 2013).

Natural sources of nickel in the atmosphere are dust from decaying rocks and soil,
volcanic emissions and forest fires. Nickel enters the ambient air through the combustion
of coal, diesel, fuel oil, waste incineration and wastewater treatment (Zadeikyté, 2013).

Nickel is commonly used in the manufacture of alloys, catalysts, galvanic surfaces
and Ni—Cd batteries. Nickel occurs in the environment mainly due to corrosion of laundry
equipment, electroplating, jewelry, pigments and paints (Debabrata, 2013).

The last heavy metal analyzed is Copper, which is mainly released due to plumbing
corrosion, copper chloride, pigments, wood preservatives, larvicides and paints. Copper is
used in the electronics industry, in the coating industry, in the paper, textile, rubber,
fungicide, printing, plastic, brass and other alloy industries. Copper can also be emitted into
the environment from a variety of small commercial activities, as well as from heating
systems in buildings (Patil and Puttaiah, 2013).

Table 1.2. Maximum permitted concentrations (MPC) of some priority hazardous and
other controlled substances (Minister of Environment... 2006)

 MPCintothe MFPC Limit Limit:
Heavy MPC into nto . concentration
natural concentration 1n .
metal the SCS . water into the natural
environment the SCS .
body environment
Cadmium 0.1 0.04 5 — —
Lead 0,5 0,1 0,005 0,1 0,02
Cromium 2 0,5 0,01 0,4 0,1
Nickel 0,5 0,2 0,01 0,1 0,04
Copper 2 0,5 0,01 0,4 0,1

Note: All values are in mg/L;
Limit Concentration limit means the maximum calculated, measured or planned concentration limit
of a substance below which it is not necessary to control that substance.

Maximum permitted concentrations of some heavy metals from Lithuanian
Wastewater Management Regulation are provided in Table 1.2.
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Sewage treatment regulations aim to reduce the exposure of humans and the
environment to hazardous chemicals. This includes the types and concentrations of heavy
metals that may be present in the effluent. However, it is very important to treat metal—
contaminated wastewater before releasing it into the environment (Gunatilake, 2015).

1.2 Heavy metals effects on human health and environment

Various harmful organic and inorganic substances are constantly spreading in the air,
water and soil, as technical human activities are constantly evolving and expanding. Various
toxic substances enter the human body in various ways. Possible routes of poisoning —
consumed with food, drinking water and even inhaled air. These organic and inorganic
compounds are harmful to the human body and cause various chronic diseases and, in high
doses, cause even life—threatening acute symptoms. Heavy metals are recognized as one of
the most dangerous pollutants. Heavy metals are still considered to be one of the most
persistent sources of water pollution. Unlike other contaminants, they are difficult to break
down and can persist throughout the food chain and pose a potential risk to human health
and the natural environment. At least 20 chemical elements in table metals are classified as
toxic. Half of them are released into the environment in concentrations that pose a
significant risk to human health (Foktas, 2014; Tabatabaee et al., 2014).

The more soluble HMs and their compounds are, the more toxic they are to the
environment. When the body accumulates higher, in excess of physiological concentrations
of heavy metals, toxicity occurs. Heavy metals can be classified as hazardous to most living
organisms as follows: copper, mercury, arsenic, titanium, chromium, cadmium, zinc,
manganese, iron, and lead. Heavy metals are characterized by mutagenic and carcinogenic
effects, which are said to occur not immediately but over time and depend on the
concentration of heavy metals in the body. Most HMs enter the body along with food. The
excretion and accumulation of heavy metals and their compounds can be very different, for
example, some are excreted through the digestive and urinary systems, others through
sweat, others from the body, bones, skin, hair or internal organs (Foktas, 2014).

Toxic metals in vegetables and corn products have been reported to accumulate in the
kidneys and cause dysfunction. Skeletal damage has been reported to be associated with
heavy metals such as high levels of selenium (Akpor et al., 2014).

Although individual metals have been reported to have specific signs of toxicity,
gastrointestinal disorders, diarrhea, tremors, and many other signs have been associated
with signs of cadmium, lead, zinc, copper, and aluminum poisoning. Heavy metal poisoning
is thought to cause depression and pneumonia upon inhalation of volatile vapors (Akpor et
al., 2014).

Although heavy metals are natural components of the earth, they cannot be broken
down, so they are toxic only if they are not metabolized in the body and are accumulated in
the soft tissues of the body. Lead, for example, is seen as a major threat to children’s health,
the effects of which can change their overall quality of life. Lead can affect a child's growth,
nervous system damage and development, learning disabilities. It is now also linked to child
crime and antisocial behavior (Akpor et al., 2014).

Lead has powerful neurotoxic, phytotoxic, bacterial, carcinogenic and mutagenic
properties. Pb may cause blood, heart, blood vessels, gastrointestinal, nervous system,
metabolic and endocrine disorders, many intoxications, including during pregnancy
(Vilniaus Aplinkos Informaciné... 2019).

There is no agreement on the exact lethal single dose of Pb. Some literature suggests
that it ranges from 155 mg/kg to 454 mg/kg body weight. Pb is a toxic metal used in many
fields. Pb poisoning and mortality depend on many characteristics of the body: a certain

18



dose of Pb can cause moderate poisoning in one person and can be fatal in another. Pb poses
a serious threat to vital functions and normal development of the body. It is especially
dangerous for children (Foktas, 2014).

Lead can enter the body by inhalation of its vapor, through the skin or simply by
ingestion. The possible side effects of Pb entering the body depend on the characteristics of
the person's diet and age. Therefore, although adults absorb an average of 10 to 15 % of the
total intake, this amount can increase up to 50 % if Pb poisoning occurs in an infant, young
child or pregnant woman. Intestinal absorption is further enhanced by low dietary intake of
iron, calcium, phosphorus or zinc. Absorbed Pb is circulating to other tissues and is found
mainly in soft tissues, blood, and bones. Approximately 99 % of Pb is found in erythrocytes
in the blood and the remainder is distributed in plasma and blood serum. lead levels in
plasma become higher than in blood when Pb is distributed to other organs such as brain,
lungs, spleen, kidney cortex, teeth, bones. The uptake of Pb from the blood into soft tissues
lasts about 4-6 weeks, with a half-life of about 35 days in the blood, about 40 days in the
soft tissues, and 20 to 30 years in the bones. The half—life of Pb in various tissues and organs
may depend on the age of the body: in children it is significantly longer (Foktas, 2014).

Lead—compound poisoning can cause severe pain and constipation. After poisoning,
gastric lavage or, in some cases, activated charcoal may be prescribed. Heavy metal
poisoning through the gastrointestinal tract is particularly dangerous. Heavy metal
compounds are ionized in a variety of pH environments: both acidic, such as scandal, and
alkaline, such as intestinal media. It is known that the most active heavy metal compounds
are ionized in the duodenum and in the small intestine — in the jejunum. Heavy metals,
complexed with plasma proteins, amino acids and fats, circulate throughout the human body
(Foktas, 2014).

Heavy metals accumulate in all organs of the body. Most heavy metals have been
found to accumulate in the kidneys and liver. This tendency to accumulate heavy metals is
due to the fact that it is the liver and kidney that contain the most proteins with a large
number of thiol groups, to which heavy metals bind particularly easily (Foktas, 2014).

Heavy metals and their compounds are excreted in a variety of ways and impair the
functional function of a particular organ, such as the kidneys, skin, and intestines. Heavy
metals enter cells and damage the envelopes of cellular structures and disrupt vital
biochemical processes. It is known that fat—soluble heavy metal compounds enter the body
much more easily through cell membranes. Other heavy metals enter by active transport,
which requires energy or diffuse by passive transport, which does not require additional
energy (Foktas, 2014).

Heavy metals also have irreversible effects on aquatic ecosystems. Several of them
are associated with the death of aquatic species, algal blooms, habitat destruction due to the
deposition of metals on the bottom of aquatic bodies, debris, increased water flow, and other
short—term and long—term toxicity.

The high content of heavy metals in the soil degrades the quality and quantity of food,
as it prevents plants from growing, absorbing nutrients, and interfering with physiological
and metabolic functions. Adverse effects in animals have been associated with reduced
development and growth, cancer, organ failure, nervous system damage and, in extreme
cases, death (Akpor et al., 2014).

For example, lead in plants inhibits the activity of many enzymes, causing an
imbalance of minerals (potassium, calcium, magnesium, iron, and other minerals). Lead
also affects the structure and permeability of plant cell membranes, reducing the intensity
of photosynthesis by disrupting the structure of chloroplasts and disrupting electron
transport. With low concentrations of lead, plant cells can breathe, but as the concentration
in plant cells increases, these processes proceed more slowly than normal. Visual changes
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in plants when exposed to lead occur through poor growth and a darkened root system
(Foktas, 2014).

Improperly treated wastewater has various effects on the environment when it is
discharged into the receiving environment. The number of living organisms in aquatic
ecosystems is strongly affected by heavy metal pollution. Heavy metals not only have a
serious negative impact on the development of aquatic organisms but can cause significant
disruptions to biological wastewater treatment plants. High concentrations of heavy metals
pose a significant threat to soil and plants, as animals and humans consume such plants due
to their entry into the food chain through bioaccumulation, leading to significant adverse
effects (Akpor et al., 2014).

1.3 Possible methods for removing heavy metals from contaminated water

Heavy metals are harmful to the environment and many different removal
technologies are used to remove them. Fig. 1.4 presents the most well-known heavy metal
removal technologies.

Numerous removal methods have been tested for the removal of lead ions from
contaminated water, such as chemical precipitation, coagulation, complexation, application
of activated carbon in the adsorption process, ion exchange, solvent extraction, foam
flotation, electrodisposition, and membrane operations (Gunatilake, 2015; Tabatabaee et al.,
2014).

Each technique has its advantages and disadvantages. Because of the need for efficient
and cost—effective methods for removing heavy metals from aqueous solutions, there is still
a search for a technology or method that can be useful in reducing the amount of heavy
metals in the environment. Sewage treatment requires a focus on high throughput while
keeping costs to a minimum (Gunatilake, 2015).
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Fig. 1.4. Methods of removal of heavy metals from wastewater (Bilal et al., 2013)

Because most conventional methods are neither efficient nor cost—effective, especially
when used to remove heavy metal ions to minimum concentrations, new separation methods
are needed to reduce heavy metal concentrations to environmentally acceptable standards
at an affordable price. Several new methods for developing cost—effective and efficient
heavy metal adsorption methods have been investigated (Gunatilake, 2015).

1.3.1 Chemical Precipitation

One of the most commonly used methods in industry for the removal of heavy metals
from inorganic wastewater is chemical precipitation. It is said to be the most common due
to its extremely simple use. This chemical precipitation method typically combines
insoluble heavy metals with compounds such as hydroxide, sulfide, carbonate, and
phosphate into a precipitate. Therefore, the action of this process is based on the formation
of insoluble metal deposits in solution or otherwise — the precipitation reaction of dissolved
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metals (Akpor and Muchie, 2010). Basic scheme of chemical precipitation is provided
below in Fig 1.5.

During chemical precipitation, even very fine particles are precipitated. Chemical
additives such as precipitants and coagulants are used to increase the particle size to make
it easier to remove as sludge. A flocculation process can also be used to combine the
particles into larger, more easily removed compounds. When contaminants such as metal
ions settle to the bottom of the tank and form solid, tangible materials, they can be easily
removed. In this way, contaminated water can be treated to a relatively low concentration
of metals (Akpor and Muchie, 2010).

By changing parameters such as temperature, pH, initial concentration, or ion loading,
the efficiency of metal ion removal in solution can be increased. In most cases, chemical
precipitation in practice precipitates metals using hydroxides. This method is popular for
its comparable simplicity and low sediment (lime) content, automatic pH control, cost and
simplicity. From pH 8.0 to 11.0, the solubility of various metal hydroxides is reduced to a
minimum (Gunatilake, 2015; Mashangwa, 2016).

: o O
Meta] « Hydroxide — —» O O

(from caustic)
Metal Precipitation

Fig. 1.5. Chemical metal precipitation (Gunatilake, 2015)

The efficiency of the method is determined by such factors as the minimum effort for
hydrolysis of metal ions, the state of oxidation, pH, the presence or absence of complex
ions, settling time, liquid mixing and other deposition and filtration properties. With the
chemical deposition method, metal ions are slowly or poorly deposited, metal deposits
accumulate and excess sludge (secondary pollution) is formed, which needs to be treated
further (Mashangwa, 2016). Chemical deposition requires large amounts of chemicals to
remove metals to the required standards. Some of the main disadvantages are high sludge
formation, slow fall of metals, poor deposition, accumulation of metal deposits and long—
term environmental impact of sludge removal. This turns the issue of water pollution into a
matter of solid waste disposal, and metals are not recovered (Aziz et al., 2008; Gunatilake,
2015).

1.3.2 Ion Exchange

The ion exchange method is also considered to be one of the most widely used
methods of removing heavy metals from wastewater. In a process based on this method,
ions that are electrostatically linked to functional groups in one medium are replaced by
other, mobile ions in solution (Mashangwa, 2016).

Ion exchange can draw soluble ions from liquid phase to solid one. Therefore it is
widely used in the water treatment sector. The ion exchange process, as a cost—effective
method, usually involves inexpensive materials and relatively easy maintenance. This
method has been shown to be particularly effective in removing heavy metals from
contaminated water. However, the best results are obtained by treating water with only low
concentrations of heavy metals (Gunatilake, 2015).
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The ion exchange method uses anions or cations to attract metal ions. lon exchangers are
used for easier removal of Me™ from the contaminated solution. Synthetic resins usually
applied as said ion exchanger. Unfortunately, ion exchange is most effective for small
concentrations of metal ions and is very dependent on the pH of the solution (Hubicki and
Koodynsk, 2012).

Ionic resins are usually water—impenetrable, solid elements that absorb positively or
negatively charged ions from an electrolyte solution. Ionic resins release an equal amount
of other ions of the same charge into the liquid. In solutions, ions such as H* and Na* are
replaced by ions as nickel (Ni**), copper (Cu**), and zinc (Zn>*). Similarly, negative ions,
including OH™ and CI, can be substituted by negative ions such as CrO*", SO4%, or others
(Gunatilake, 2015).

Frequently used ions are highly acidic (having a sulfonic acid group) or moderately
acidic (having a carboxylic acid group). The following equations explain these reactions
(Fu and Wang, 2011):

nR — SO;H + Me™ — (R-S03), Me™ +nH" (1.1)

nR — COOH + Me™—(R - COO"), Me™ +nH" (1.2)

where

nR—SO3H and nR—COOH — ion exchange resins;

Me™* — metal ions in solution;

(R-SOs5 )uMe"* and (R—-COO™ ), Me"™ — ionic and metal compound upon exchange reaction;
nH* — equivalent ions.

Minimal—cost natural zeolites are by far the most widely applied, but more recently,
synthetic ions are more expensive but more effective for ion exchange reactions (Fu and
Wang, 2011).

Nevertheless, the primary limiting factors of ion exchange application in practice for
inorganic effluent treatment are high cost and the need for suitable pretreatment methods.
The matrix gets quickly fouled in the wastewater by organics and other solids. This makes
concentrated metal solution difficult to treat. In addition, the exchange of ions is nonsolic
and extremely sensitive to the solution's pH. Ion exchange at high levels of competing Na
and Ca ions is an almost completely inefficient method of water purification (Mashangwa,
2016).

This method has advantages such as high efficiency, selective removal, no generation
of sludge, and disadvantages as — not broadly accepted, increased costs (Bolisetty et al.,
2019).

1.3.3 Membrane Filtration

Membrane filtration has been recognized as one of the inorganic wastewater treatment
methods. This method removes suspended solids, synthetic and inorganic pollutants (like
heavy metals). Depending on the particle size of the contaminants that can be maintained,
various forms of membrane filtration, such as ultrafiltration, nanofiltration, and reverse
osmosis, can be used to remove inorganic elements from wastewater. (Gunatilake, 2015;
Mashangwa, 2016). The principle of membrane filtration is shown in Fig. 1.6.

An impermeable membrane used to separate the solution from HM, macromolecules
and suspended solids is used for ultrafiltration. Ultrafiltration reach more than 90 % removal
efficiency, depending on membrane properties such as metal concentration (10 to 112
mg/L), pH (5 to 9.5) and pressure (2 to 5 bar). The advantages of ultrafiltration are low
driving force and lower volume due to high packing density (Gunatilake, 2015; Roy, 2014).
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Reverse osmosis is one way to separate contaminants from contaminated water. This
process is based on pushing the solution through a membrane, which traps the solution on
one side of the membrane and the contaminants on the other side (as shown in Fig. 1.7)
(Gunatilake, 2015).

contaminated water [

o
®*ole O
o®l e

> Water molecules ::::u = D
® Target pollutants

e

Specific Membrane
adsorpﬁnn ‘D (-
group G =

Effluent

Fig. 1.6. The principle of membrane adsorbent (Khulbe and Matsuura, 2018)

The membrane is semi—permeable, which means that it allows solvent to pass through,
while heavy metals do not. In their matrix, the membranes used during RO have a thick
barrier layer in which most of the contaminant separation takes place. With the help of
reverse osmosis, many types of molecules and ions, such as bacteria, can be extracted from
solutions. Due to its advantages, this method can be used in industrial processes. Reverse
osmosis requires a diffusion process, which means that the separation efficiency depends
on the soluble substance concentration, pressure, and water flow rate (Gunatilake, 2015).
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Fig. 1.7. The reverse osmosis process (Reliance Home Comfort, 2019)

Reverse osmosis is, in fact, one of the ways in which many dissolved organisms can
be separated from water. This method represents more than 20 % of the planet’s desalination
power. The research results revealed that the reverse osmosis cycle successfully separated
copper and nickel ions from contaminated water, and the removal efficiency of the two ions
was as high as 99.5 % (Roy, 2014).
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The advantages of reverse osmosis include high removal efficiencies, no chemical or
thermal additives, no phase change, no secondary emissions, ease of production and
operation, and relatively little space required by the technology. Disadvantages of RO
include — metal selectivity, permeability, high energy consumption due to the innate process
caused by pressure (Bolisetty et al., 2019).

1.3.4 Flotation

Flotation is a method of removing heavy metals using bubbles formed in a liquid to
separate heavy metals from water. The main flotation processes used in practice are
dissolved air bubble flotation, ion compound flotation and sediment flotation. Air bubbles
formed in water combine with suspended solids to form agglomerates with a relatively low
density. For this reason, the formations rise to the surface of the solution and accrue as
sludge. When pollutants are at the surface of solution. they can be easily extracted
(Mashangwa, 2016; Roy, 2014).

The second way to extract HM ions from contaminated water is using flotation. This
cycle involves the conversion of metal ions to hydrophobic compounds using surfactants in
wastewater. After removing these compounds with the help of air bubbles (Mashangwa,
2016; Roy, 2014).

The researchers investigated the possibility of ion flotation to remove cadmium, lead
and copper from an aqueous solution. Saponin, a plant—derived bioactive agent, was used
for this study. The average removal efficiencies for cadmium (Cd), copper (Cu), and lead
(Pb) were 71.17 %, 81.13 %, and 89.95 %, respectively (Yuan et al., 2008).

Sediment accumulation is alternative choice of flotation. This method is based on the
development of sediments and later their removal by lifting the sediments with air bubbles.
Sedimentation of contaminants depending on the concentration of the metal solution may
occur upon release of the metal hydroxide or salts with a specific anion (Bilal et al., 2013;
Mashangwa, 2016).

1.3.5 Electrochemical Treatments

A completely different technique applied to remove HM from contaminated water
streams is electrolytic regeneration. Aforementioned method needs electricity power current
that passes between a HM contaminated solution containing cathode and anode plates.
When moving from anode to cathode, electrons generate electricity. The electrochemical
treatment of heavy metal wastewater is the precipitation of HM in the form of hydroxides
in a weakly acidic or neutralized catholyte (Gunatilake, 2015).

Electrolytic deposition, electrocoagulation, electric flotation and electro—oxidation
are among the methods of electrochemical treatment for wastewater treatment. Application
of electrolytic oxidation and destabilizing contaminants in the formation of coagulants is
the formation of folks (Mollah et al., 2001; Shim et al., 2014). During this process, charged
ionized metals that react with the anion are removed from the effluent. This process is
beneficial due to the following properties: reduced sludge production, no use of chemicals
and easy management (Aziz et al., 2008; Gunatilake, 2015).

This method is most often applied to specifically eliminate HM ions from wastewater.
Unfortunately, the use of this technology requires high investment and operating costs due
to high electricity consumption, so this method is not widely used or recommended (Bilal
et al., 2013).

Electrodialysis is a separation method which uses membrane. In electrodyalisis
ionized metals migrate through an ion exchange membrane in solution to spread electrical
potential. Membranes are made of thin layers of plastic. These layers have anionic or
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cationic properties accordingly. As the solution with ion elements moves between cell
sections, anions move toward the anode and the cathodes to cathode, thus passing through
the anionic and cationic exchange membranes. The most important negative features of this
method are the removal of membranes as well as corrosion cycle (Bilal et al., 2013;
Gunatilake, 2015).

The effects of different concentrations, flow rates, temperature, and voltage were
investigated by lead removal. By applying two different commercial membranes and an
electrodialysis cell. Experiments revealed that as the voltage and temperature was
amplified, cell output efficiency improved and the removal decreased with increasing flow.
This is very useful for cleaning very high concentrations of heavy metals (Gunatilake,
2015).

1.3.6 Coagulation and Flocculation

Coagulation can be also used to remove HM from wastewater. This method is based
on destabilizing colloids by neutralizing bonds that hold them. Among the most used
coagulants in traditional wastewater treatment systems are Al, FeSO4 and FeCl
(Mashangwa, 2016).

The coagulation—flocculation process is also used to remove metal ions. It is based on
the zeta potential parameter as a criterion for determining the electrostatic relationship
between contaminants and coagulants — flocculants. The coagulation process (shown in Fig.
1.8) reduces the surface load of colloidal elements to stabilize the electrostatic repulsion
(Gunatilake, 2015).
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Fig. 1.8. Coagulation process (Aquarden Technologies, 2019)

During coagulation, chemicals are added to create positive charges that neutralize
negative particle charges. The particles can then bond to form compounds that are easier to
remove. The coagulation process also involves the addition of chemicals and mixing of the
solution to dissolve the contaminant and distribute it evenly throughout the water
(Gunatilake, 2015).

Research has identified several factors influencing the removal of HM by coagulation.
These include the type of coagulant used, the pH, the dosage of the coagulant, and the
concentration of metal ions. As a fairly common coagulant in the industry, aluminum
sulfate, polyaluminum chloride, ferric chloride, or hydrated lime are often used to purify
contaminated water. The presence of several different metal ions in the solution can affect
the removal of certain metal ions and adversely affect the efficacy of metal ion removal in
this process (Bolisetty et al., 2019).

Coagulation is amongst the most relevant methods of wastewater treatment. It
destabilizes particles suspended in contaminated streams by adding coagulants or
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flocculants, causing the elements to settle. Both iron and aluminum salts are often used as
coagulants or flocculants. Improved sludge deposition process and removal of biological
contaminants are advantages of this technology, and their disadvantages are high costs of
chemical consumption and sludge removal (Bolisetty et al., 2019).

However, the flocculation process (shown in Fig. 1.9) is based on the continuous
incorporation of particles into larger derivatives, with the additional use of organic
polymers to form inorganic polymers (Gunatilake, 2015).
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Fig. 1.9. Flocculation process (Aquarden Technologies, 2019)

When individual elements are flocculated into bigger compounds, they can be easily
separated from solutions by ether filtration or flotation. Some of the main disadvantages of
this process include formation of sludge, application of chemicals, the transfer of toxic
compounds to the solid phase (Gunatilake, 2015).

Polyethylene sulfate and polyacrylamide are among the most widely applied
flocculants used in sewage treatment. But macromolecular heavy metal flocculants should
be used to remove heavy metals (Mashangwa, 2016).

1.3.7 Adsorption

One of the most efficient and high—potential methods for wastewater, groundwater
and industrial wastewater treatment is known to be adsorption. This treatment method is
one of the most economically attractive and aims at relatively high efficiency of
contaminated water treatment. However, the engineering of the adsorption process involves
many factors that need to be investigated and optimized in order to develop economically
and technically sound wastewater treatment systems. The complex nature of multiphase
systems in current life poses challenges in controlling water pollution through adsorption
processes. Therefore, in order to control aquatic environment pollution which is initiated
by anthropogenic and natural sources, it is essential to improve the adsorption (Bonilla-
Petriciolet et al., 2017).

Adsorption has received much attention for its high efficiency, cost—effectiveness,
adaptability, and ease of maintenance. Unlike some other contaminant removal methods,
adsorption leaves no toxic by—products (Mittal et al., 2016).

As global environmental standards continue to tighten, technical adaptability and
financial viability have become key factors in assessing the proper cleaning process.
Traditional physical and chemical treatment methods can also involve relatively efficient
decontamination, but also high energy requirements and expensive additives and reagents
that increase treatment costs, reduce overall process efficiency, and generate other
hazardous wastes. Therefore, adsorption has been adopted as the most appropriate
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technology—method, which is widely accepted by environmentalists around the world for
elimination of toxic inorganic or organic pollutants in various wastewaters (Mittal et al.,
2016).

The economic and technical plausibility of adsorption systems is based on various
features such as the adsorbent form, solution properties and contaminant removal. As well
as operational requirements, recovery and disposal of the waste. Both partial and continuous
technologies may be used for sewage treatment. Both alternatives offer different adsorption
skills and abilities. Partial adsorption reactors are useful when the adsorption rate, high
adsorption capacity, and convenient detection of thermodynamic processes are important,
including adsorbent—adsorbate interaction analysis. Meanwhile, adsorbent—loaded columns
are suitable for large amounts of water when the process period is a relatively short time
(Bonilla-Petriciolet et al., 2017).

Adsorption experiments in columns are considered necessary to calculate the
breakthrough and saturation times, the adsorption potential of the charge and to establish
the mass transfer criteria. This adaptation of the process also makes it possible to define the
biggest efficiency of the method. Determining dynamic conditions is important because it
indicates whether the adsorption residence time is less than the equilibrium time. It is also
important that in this process, mass transfer resistance plays a key role in removing
contaminants. Nevertheless, it is worth remembering that the efficiency of a continuous
adsorption system is generally lower than that achieved with column systems (Bonilla-
Petriciolet et al., 2017).

Activated carbon is the most commonly used for wastewater treatment. Nonetheless
it is costly, so it is of great importance to find cheap alternatives to this material. The range
of low — cost adsorbents already studied consists of clay, zeolites, silicon — based materials,
coffee — based activated carbon, reduced coffee beans, seaweed, and other materials. These
adsorbents are already considered to be commonly applied to remove toxic contaminants
from wastewater (Borhade and Kale, 2017). Although adsorption is not a novel method in
the water treatment industry, it is clear that there are still areas where the efficiency of this
method could be improved. (Bonilla-Petriciolet et al., 2017).

Adsorption can be used for removing contaminants such as lead ions from wastewater.
Adsorption by various constituents such as agricultural waste and minerals, among others,
has been studied by removing Pb (II) ions. These studies have shown positive results in
determining the choice of this process. When selecting an adsorbent material, it is desirable
that it be general in nature, available in large quantities, economical and easily renewable
in its source, and that it be capable of being used in multiple adsorption operations (Zhao et
al., 2016).

Heavy metal adsorbents targeted at specific metal ions can also include agricultural
by—products. In addition to traditional methods, adsorption using natural adsorbents is an
inexpensive and reasonable way to remove HM. Advantages of adsorption — in addition to
its low cost, it has a wide range of pH, great metal binding forces and simple operational
conditions. However, the adsorption materials have the greatest influence on the adsorption
efficiency (Babel and Kurniawan, 2003; Crini et al., 2018; Zhao et al., 2016).

The main advantages of adsorption:

— High heavy metal removal efficiency,
— Regeneration potential of the adsorbent,
— Versatility of technological design and actual application (Bolisetty et al.,
2019).
The main disadvantages of the method:
— Disposal of used adsorbents,
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— Wastewater generated during regeneration,
— Difficult cleaning the adsorption column,

— Adsorption quality decrease with each regeneration cycle (Bolisetty et al.,
2019).

1.4 Adsorption Isotherm Modelling

The need to develop inexpensive adsorbents for industrial wastewater treatment has
been an important goal for many environmental researchers. Therefore, modeling of
adsorption processes is a very efficient and important way to predict the mechanisms of
different adsorption systems (Ayawei et al., 2017).

The entry of contaminants into the aqueous medium and the development of
containment measures have contributed to the use of adsorption instead of other methods.
Adequate analysis of the adsorption process can be done using adsorption equilibrium data.
Careful understanding and analysis of adsorption isotherms is essential for the overall
development of adsorption process pathways and the successful design of an adsorption
plant (Ayawei et al., 2017).

Linear regression analysis has long been one of the most commonly used methods for
determining the most appropriate adsorption models because it quantifies the distribution
of adsorbates, evaluates the adsorption mechanism, and verifies the correctness of the
theoretical assumptions of the adsorption isothermal model. Due to the inherent discrepancy
caused by linearization, several error functions were used to correct this shortcoming. At
present, non—linear isothermal modeling, which solves linearization problems, has been
widely used since the improvement of computer technology (Ayawei et al., 2017).

1.4.1 Equilibrium Modeling

The evaluation of the system's adsorption rate is a key factor in the development of
the adsorption system. If the adsorbent and the contaminated water stream have been in
contact for a sufficient period of time, a balance should be struck between the adsorbed
contaminant and the amount remaining in the solution (Carvalho et al., 2011).

Adsorption equilibrium is usually described by isotherms, which are plotted as a
diagram of the equilibrium absorption and the corresponding concentration of an aqueous
solution at a given temperature (Volesky, 2003).

Isothermal adsorption models were used to evaluate the ability of the adsorbent to
remove the contaminant up to a certain regulated value. Adsorption isotherms are the ratio
of the weight of a solid adsorbent unit adsorbed to the volume adsorbed in the equilibrium
solution (Carvalho et al., 2011).

Although a myriad of different isothermal models have been analyzed in the literature,
the Langmuir and Freundlich models are most commonly used because of their simplicity
(Maurya and Mittal, 2006). Both isothermal models have been shown to be valuable in
explaining momentary single-component adsorption of toxic ions by specific adsorbents
(Carvalho et al., 2011).

1.4.2 Langmuir Isotherm

Langmuir adsorption was originally designed to characterize adsorption between gas
and solid phase. But now it is often used to measure and characterize the adsorption
potential of a number of adsorbents. According to a literature review, the Langmuir isotherm
reflects the surface coating, balancing the relative rates of adsorption and desorption. The
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adsorption is proportional to the surface area of the adsorbent and the desorption is
proportional to the surface of the adsorbate—coated adsorbent (Ayawei et al., 2017).
The following equation will define the Langmuir Isotherm (Bonilla-Petriciolet et al.,
2017):
_ bXmCeq

9eq = Troc, (1.3)

where

geq — accumulated metal content per gram on adsorbent material, mg/g;

b — Langmuir constant, L/mg;

C.q — initial concentration of the pollutant in the solution, mg/L;

X» — maximum specific absorption, mg/g.
Langmuir's theory is based on a single—molecular layer of adsorbed material, so it is

best suited when the surface of the adsorbent is solid and smooth (Ayawei et al., 2017).
Graphically, Langmuir’s isothermal curve can be illustrated as follows (Fig. 1.10):

(e

Ce
Fig. 1.10. Langmuir isotherm (Bonilla-Petriciolet et al., 2017)

Although the Langmuir isotherm model does not explain the mechanism of the
adsorption process, it provides a rationale for some equilibrium adsorption behavior.
Because this empirical model is simple and easy to apply, it is commonly used to explain
how much adsorbent will be needed to remove a particular contaminant (Ladshaw et al.,
2015).

Langmuir isotherms are usually applied in the soluble adsorption of contaminated
water. Preliminary form of the equilibrium curve corresponds to the main assumption of
this model — when the concentration of pollutant is high, adsorption capacity rises too. There
is competition between soluble molecules for the adsorbent sites used (Bonilla-Petriciolet
et al., 2017).

Research has shown that when adsorption occurs according to the Langmuir model,
the molecules are adsorbed on a flat surface. Also in such a process, the molecules have a
particularly strong intermolecular attraction. The Langmuir isotherm type indicates when
adsorption occurs due to very weak forces (Bonilla-Petriciolet et al., 2017).

The simplicity of isotherm is based on the following 4 presumptions:

— Adsorption cannot take place outside the homogeneous layer;
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— There may be only one molecule of adsorbate in each adsorbent pore (site);

— Adsorbent surface is homogeneous and adsorbent gaps (pores) are actively
equivalent;

— The deposition of the adsorbed molecule at a particular site of the adsorbent is

independent of the behavior of the other molecules (Bonilla-Petriciolet et al.,
2017).

1.4.3 Freundlich isotherm

According to Freundlich's isothermal analysis, adsorption is assumed to occur on a
heterogeneous surface. The increase in concentration significantly increases the amount of
adsorption (Bonilla-Petriciolet et al., 2017). This isotherm explains the heterolyticity of the
adsorption surface, which defines the accelerating distribution of active sites and their
energy (Ayawei et al., 2015). The Freundlich isotherm is mathematically expressed as
(Bonilla-Petriciolet et al., 2017):

Goq = k-CI" (1.4)

where

geq — the sorption uptake;

k and //n — Freundlich constants;

C.q — the equilibrium concentration of sorbate remaining in the solution.
Graphically, Freundlich isothermal curve can be illustrated as follows in Fig. 1.11.
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Fig. 1.11. Freundlich isotherm (Ecetoc, 2020)

The Freundlich isotherm is more valued as an empirical model. Freundlich isotherm
is most commonly used to describe the equilibrium consumption of adsorption processes
(Volesky, 2003). Langmuir's model is more theoretical, and Freundlich's isotherm is, as
already mentioned, empirical. The main difference between these models is that Langmuir
covers the surface so that only the surface of the material can be used for adsorption
(Ayawei et al., 2017).
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The Freundlich empirical model can be applied to multilayer adsorption by unequally
distributing the heat and bonds of adsorption in a heterogeneous layer. This model has
historically been developed for the adsorption of carbon dioxide of animal origin. Studies
have shown that the weight ratio of adsorbate to adsorbent obtained in the soluble material
was not constant at different solution concentrations. Therefore, the amount adsorbed is the
total amount of adsorption at all sites (adsorbent pores). First, of course, stronger binding
sites are occupied until, finally, the adsorption energy decreases exponentially with the
implementation of the adsorption process (Foo and Hameed, 2010).

Nowadays, the Freundlich isotherm is often used in heterogeneous systems, especially
in organic compounds or highly interacting organisms, on activated carbon and molecular
sieves.

The slope of the isothermal curve from O to 1 is a rate of surface adsorption efficiency
or heterogeneity. Surface becomes more heterogeneous when the value is close to zero. A
value less than 1, meanwhile, indicates a chemosorption cycle, where 1 / n above one
indicates addressing for cooperating adsorption (Foo and Hameed, 2010).

1.4.4 Henry’s Isotherm

This isotherma explains the suitability of adsorption at relatively low concentrations
to separate all adsorbing molecules from the nearest neighbors (Ayawei et al., 2017).

When the correlation between the equilibrium concentration of the liquid phase and
the adsorbed phase is linear, the proportionality constant is equivalent to the adsorption
balance constant. This constant in literature is usually called Henrys’ constant (Ku). And
linear correlation of the isotherm is simply called Henry's law. Henry constant (Ku) can be
simply defined by the terms of concentration (Ayawei et al., 2017):

q, = KnCe (1.5)

where

g. — amount of the adsorbate at equilibrium (mg/g),

Kue — Henry’s adsorption constant,

C. — equilibrium concentration of the adsorbate.

In the case of physical adsorption, the molecular status of adsorption does not change.
In other words, during adsorption on a homogeneous surface and at relatively inferior
concentrations, molecules are separated from the nearest neighboring molecules (Ayawei
et al., 2017).

In this case bond between the concentration of the solute and the adsorbed phase
should be linear. Therefore relationship with the surface concentration (ns) can be described
in Eq.1.6.

ns=%(:e (1.6)

where a is specific surface area per /volume of the pollutant (Bonilla-Petriciolet et al.,
2017).

There are also many other adsorption models in the literature. Some of them are
presented in Table 1.3.
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Table 1.3. Adsorption isotherm models (Ayawei et al., 2017)

Isothermal model name Model equation/ Linear expression of the Equation
model no.
RT RT
quTln KT + Tll’l Ce
. or
Temkin Isotherm (1.7)

q,=BInK;+BInC,

RT
where B = -

Redlich —Peterson Ce\ _
Isotherm In (i> =BfInC, — InA (1.8)
Ce b
Jossens Isotherm In q— = —In H+ Fqg (1.9)
e
) e de
Elovich Isotherm In — =InKeqy —— (1.10)
Ce dm
Harkin—Jura Isoth 1—B 1l C (1.11D)
arkin—Jura Isotherm P =172 og Ce .

The presented adsorption isothermal models are classified into:
— One—Parameter Isotherm (Henry’s Isotherms);
— Two—Parameter Isotherm (Langmuir Isotherm, Freundlich Isotherm, Temkin
Isotherm, Harkin—Jura Isotherm, Elovich Isotherm);
— Three—Parameter Isotherms (Redlich—Peterson Isotherm, Langmuir—Freundlich
Isotherm, Jossens Isotherm);
There are also models with more parameters, such as:
— Four—Parameter Isotherms (Fritz—Schlunder Isotherm, Baudu Isotherm, Weber—Van
Vliet Isotherm, Marczewski—Jaroniec Isotherm);
— Five—Parameter Isotherms;

— Multilayer physical sorption isotherms (Brunauer—-Emmett—Teller) (Ayawei et al.,
2017).

1.5 Use of organic waste for adsorption

The use of organic waste for sorption of HM has been increasing rapidly recently.
Consequently, many scientists used natural waste products to treat Pb (II) from aqueous
solutions (M. Ahmad et al., 2012; Babel and Kurniawan, 2003; Park et al., 2007). The
process may involve the use of organic fractions from agricultural, manufacturing and
service companies in the region. Preparing adsorbents for metal removal does not require
high costs, as waste is usually only washed and dried, but in some cases it is further crushed
to the required particle size. Therefore, the most important advantage of these adsorbents is
the low price.

But few considerations should be in mind when deciding on the adsorbent. First of all,
due to unreadily available types of adsorbents, some pre—treatments are needed to improve
adsorption capability. Second, the selectivity of such adsorbents continues to be studied and
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discussed. Eventually, the rejuvenation of adsorbents for future use should be taken into
account (Zhao et al., 2016).
Table 1.4 shows the sorption capacity of sorbents of natural origin for the removal of

Pb.
Table 1.4. Comparison of adsorbent capacities for Pb (II)
Adsorbent Pb (II) adsorption capacities References
(mg/g)

Iron—ore sludge 1.31 (Nguyen et al., 2019)
Pistachio hull 142.00 (Hamidpour et al., 2018)
Banana peels 2.18 (Anwar et al., 2010)

Banana 20.90
(Mahmood-ul-Hassan et al.,
Corn cob 29.17 2015)
Sunflower 22.64
Pine cone shell 25.40 (Martin-Lara et al., 2016)
Cork waste 13.57 (Lopez-Mesas et al., 2011)

From the data in the table it can be determined that various organic waste can be used
for the treatment of water from lead ions, and their adsorption capacity ranges from 1.31 to
142.00 mg/g.

Although organic waste used for HM removal has high cleaning efficiency, more and
more research is done using chemically treated (modified) organic waste adsorbents. The
adsorbents are treated with various acids, alkalis or salts to increase the adsorption capacity
of the metals and thus extend the life of the adsorbent. Table 1.5 shows the adsorption
capacity of modified organic waste for Pb removal.

Researchers Mahmood-ul-Hassan et al., (2015) conducted studies on the adsorption
capacity of corn cobs. Respectively, in the first case, an untreated adsorbent was used, in
the second case, corn cobs soaked in sodium hydroxide (NaOH), nitric acid (HNO3) and
sulfuric acid (H2SO4) were used. The Pb (II) adsorption capacity of untreated corn cobs was
found to be 29.17 mg/g. After treatment of corn cobs, the adsorption capacity of NaOH
increased 1.94 times (to 56.67 mg/g), HNO3; — 1.77 times (to 51.75 mg/g), and H2SO4 - 1.14
times (only to 33.39 mg/g).

The data in the Tables 1.4 and 1.5 show that various solutions (Sodium hydroxide,
sulfuric acid, nitric acid, etc.) are commonly used to treat adsorbents.

Lithuania also generates organic agricultural and industrial waste, such as husks of
various grains (rye, wheat, buckwheat, etc.), rapeseed, sugar cane or apple pulp, etc., which
can be used as adsorbents for the adsorption of HM. Chicken egg shells have been found to
be beneficial ecological and economical absorbents due to their simple availability and lack
of toxic elements (Ikram et al., 2016; Kalyani et al., 2010).
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Table 1.5. The sorption capacity of modified organic waste used to remove Pb

Material used for  Pb (II) adsorption

Adsorbent modification capacities (mg/g) References
Pineapple peel Succinic
fibre anhydride 70.29 (Hu et al., 2011)
NaOH 59.39
Banana HNO3 3991
H2SOq4 36.45
NaOH 56.67
(Mahmood-ul-Hassan et
Corn cob HNO3 51.75 al., 2015)
H>SO4 33.39
NaOH 39.23
Sunflower HNOs3 27.87
H>SO4 23.60
Grafted
Orange peel copolymerization 476.10 (Feng et al., 2011)

According to the research of the Lithuanian Statistics Department, in 2018, about
5,895 tons of eggshell waste was generated in Lithuania (OSP, 2020). Despite the
advantages of modified agricultural and bio—waste as potential adsorbents, it also provides
more opportunities for better waste management.

1.5.1 Description of egg shell adsorbent

Chicken eggs are widely consumed worldwide, resulting in large amounts of waste,
mainly eggshells and shell membrane waste. Removal of eggshells remains one of the most
important problems for food, bakeries and poultry businesses. Attempts have been made in
recent years to use eggshells in the manufacture of biodiesel and collagen, but the outcome
have shown that this use of shell waste is not financially viable (Mittal et al., 2016).

Eggshells can be adapted to the adsorption process as a non—toxic, durable and
effective adsorbent for the removal of hazardous chemicals. Over the last 10 years, there
has been an increase in research into eggshells as an adsorbent for the removal of a number
of organic and inorganic hazardous chemicals, especially wastewater. A review of the
literature shows that both natural and chemically or physically modified eggshells have
given excellent results for the removal of various types of dyes, pharmaceuticals,
surfactants, heavy or precious metals (Mittal et al., 2016).

Physically, the eggshell looks like crystalline calcium carbonate, which is partly
derived from chicken bones. Consumption of eggs is essential for humans and the food
industry as one of the most abundant sources of protein in life. However, this is precisely
why a large amount of eggshells are generated on a daily basis as waste and these amounts
are unlikely to decrease. This is why eggshell is one of the most relevant useful adsorbents
for removing heavy metals from aqueous solution for wastewater treatment (Badrealam et
al., 2018).

35



Research has shown that there are between 7,000 and 17,000 pairs in each egg shell.
On average, a chicken egg shell weighs 5 to 6 g. The structure of the egg shell is a very
important indicator in controlling the water and gas exchange in the egg (Carvalho et al., 2011).

Typically, a chicken eggshell contains about 6 grams of minerals. The mineralized
shell consists of 96 % calcium carbonate. The remaining components consist of an organic
matrix (2 %) as well as traces of magnesium, phosphorus and various other trace elements
(Hincke et al., 2012). Full chemical composition of hen egg shell is provided in Table 1.6.

Table 1.6. Chemical composition of egg shell (Arunlertaree et al., 2007)

Element Weight %
Natural hen egg shell
CaCOs 96.48
S 2.31
Mg 0.40
P 0.50
Sr 0.07

The thickness of the shell is a major factor contributing to the mechanical properties
of the egg shell. Although the structural basis of the egg shell has the greatest influence on
its mechanical properties (Hincke et al., 2012).

Egg shells are rich in calcium carbonate, therefore recycling of them can decrease
environmental pollution as well as acting as a low cost adsorbent to decontaminate toxic
substances (Bhaumik et al., 2012). Both the ultra—structural view and chemical structure of
egg shell is shown in Fig. 1.12.

Fig. 1.12. Chemical egg shell structure (Carvalho et al., 2011)

One of the methods used to clean contaminated water from contaminants like heavy
metals is adsorption. Metal removal has already been studied by foreign scientists by
adsorbing various materials. Activated carbon, agricultural waste, moss peat, minerals are
some of the many potential adsorbents already investigated. It is very important that the
adsorbent is available in large quantities, easily recovered and cost—effective. Therefore,
the application of eggshell to adsorption seems to be a very promising way to obtain a cheap
material for the adsorption process but also to manage the amount of food waste. The
adsorption of eggshells is mainly due to the exchange reaction and it should be possible to
use it as a new biological metal ion adsorbent (Tabatabaee et al., 2014).
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The by—product of the ES consists of CaCO3; and the membrane of the eggshell. Egg
has two membranes around it: thick external membrane, and thin inside membrane, as
shown in Fig. 1.13. These egg shell layers are made of protein fibers. Bonded in this way
membranes form a partially permeable layer. This property is the reason why the shell and
the membrane have many applications, such as adsorption and support medium for
immobilization of enzymes (Carvalho et al., 2011).

Studies show that the natural egg shell has some capacity to remove heavy metals
from polluted water:

— 42 % removal for iron (Fe) ions,

— 37 % removal for copper (Cu) ions,

— 48 % for lead (Pb) ions,

— 24 % for cadmium (Cd) ions,

— and 30 % for chromium (Cr) ions (Choi and Lee, 2015).

Nevertheless, it is believed that a calcined egg is better adsorbent because it is a good
medium that not only raises the pH of acidic effluents but also at the same time absorbs
toxic heavy metal ions well (Choi and Lee, 2015).

Calcined (heat—treated above 100 °C) eggshell is a non—toxic, non—corrosive and safe
material. Therefore, heat—treated eggshell can be widely used in contaminated water
treatment technologies. This material is biocompatible and has favorable adsorption and
polyelectrolytic properties. Also, calcined shell can be regenerated for many cleaning
processes. The high cationic load density of eggshells allows strong adsorption of negative
areas by other particles (Choi and Lee, 2015).
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Fig. 1.13. Schematic view of the egg shell (Hincke et al., 2012)

According to M. Ahmad et al., (2012) the study of egg shell adsorption data was fitted
to the linear shape of the Langmuir equation and was plotted in Fig. 1.14. These results
showed that the formation of metal ions on the homogeneous surface of the adsorbents
explains the adsorption of metal ions. The highest adsorption gained from the Langmuir
equation may be useful in estimating the potential absorption capacity of the adsorbing
eggshell for heavy metals (M. Ahmad et al., 2012).
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Fig. 1.14. Langmuir sorption isotherm of Pb (II) onto egg shell (M. Ahmad et al., 2012)

Given the graphically represented isothermal form of the adsorption process, the
eggshell has a relatively high adsorption capacity (M. Ahmad et al., 2012). After these
adsorption experiments, a clear change in surface structure was observed in the eggshells
(Fig. 1.15).
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Fig. 1.15. Scanning electron microscopy of egg shells before and after Pb (II) ion
adsorption (M. Ahmad et al., 2012)

Research has shown that metal ions adsorb on the surface of the eggshell, most likely
due to the ion exchange reaction (M. Ahmad et al., 2012).

The absorption of metal ions in ES powder depends heavily on both the number of
free pores and the amount of adsorbent functional groups. Poor adsorption of some metals
may be directly related to the saturation of the adsorbent junctions or related to different
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types of metals, some have a stronger attraction to the eggshell adsorbent and others a lower
one (Mashangwa et al., 2017).

The selectivity of the eggshell for different metal cations is related to the ability of the
metals to form strong complexes between themselves and the eggshell. During the adsorption
process, some metals displace other metals that have already been bound to the surface of
the eggshell through ion exchange reactions or other interactions. Studies of the ion
exchange mechanism have shown this dependence (Mashangwa et al., 2017):

Ca(surface) + Me"*(aq) = Me(surface) + Ca"*(aq) (1.12)

The results obtained by the researchers showed that when the eggshell was combined
with an contaminated solution, calcite began to dissolve in the eggshell, which also
increased the alkalinity of the solution, as shown in the equations below (Mashangwa et al.,
2017):

CaCOs (S) + H,0 — Ca?* + CO%~ (1.13)

CO%~ + H,0 —» HCO3; + OH- (1.14)

As already analyzed above, metal uptake is relatively reliant on the pH. Therefore,
tendency of the eggshell to alkalinity of the solution may have resulted in a decreased
percentage of adsorption efficiency for some metals. Due to the said dissolution of calcite
according to Eq. (1.13) and the increased pH of the experimental solution, some metals are
likely to be removed from the aqueous solution in the state of precipitated hydroxides,
carbonates, heterogeneous or homogeneous metal compounds. (Mashangwa et al., 2017).

It is essential that the mechanisms of removal of separate metals may differ and may
result from a complex combination of mechanisms, which may include precipitation,
adsorption, sediment, or solid solution diffusion. The removal of metals could also be
stopped by the fact that the effluent almost never contains only heavy metals, there are
always organic and other inorganic substances (Mashangwa et al., 2017).

1.6 Regeneration of adsorbent material

No matter how advanced the adsorption process is, it can also waste resources and
cause secondary pollution of heavy metals. Therefore, when adsorbing heavy metals from
contaminated water, it is necessary to find cheap (or free) and effective adsorbents. It is also
very important to investigate the methods of HM desorption and adsorbent recovery. Due
to the small initial costs, high efficiency and biodegradability of adsorbents, adsorption has
recently received a lot of attention in the removal of HM. Finally, it would still be useful to
check whether the eggshell adsorbent can be regenerated. (Wang and Chen, 2009).

Most adsorbents can be reused several times after their regeneration. When
regenerating the adsorbent, the absorbed materials must first be desorbed. Based on the
experience of other scientists (Banerjee et al., 2010), acetic acid can be used in experimental
studies on the regeneration of eggshell adsorbents. In the said regeneration study, the
adsorbent was applied to the column and packed with a solution of acetic acid (very low
concentration to prevent dissolution of the coating). The adsorbent was then immersed in
9.7 M acetic acid. After 24 hours, acetic acid was discharged through a valve at the bottom
of the column. The second stage of regeneration was solvent desorption. The adsorbent was
washed with a mixture of ethanol and deionized water to clean any residual matter. Then
rinsed adsorbent was dried to constant weight. Adsorption capacity of the heavy metal was
then determined and compared with the adsorption of the new adsorbent previously
determined (Banerjee et al., 2010).
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The recycling of spent adsorbents is an important step in assessing the economic
viability of adsorption as a form of water treatment. Efficiency of the adsorbent gradually
decreases due to the gradual accumulation of adsorbates on the surface of the adsorbent,
which ultimately depletes it. The strength of the contact between the adsorbent and the
purified pollutant is of great importance in the adsorbent renewal procedure. To remove
adsorbates collected on the surface of adsorbent the adsorbent regeneration is used. It is
important that the capacity of adsorbents decreases with each revival rotation. Recovery
methods can be categorized into chemical, thermal, vacuum, and microbiological recovery
(Bonilla-Petriciolet et al., 2017).

The mechanisms for the regeneration of adsorbents include heating, pH change,
change of adsorbent medium, chemical reactions, and decomposition of contaminants.
Many different reagents can be used in these recovery methods. Some of them include
organic and inorganic chemicals, methods based on electricity power, physical processing,
and microorganisms (Bonilla-Petriciolet et al., 2017).

The conditions of regeneration should be developed to increase the service life of the
adsorbent. As well as to give priority to its use in multiple process cycles and to decrease
the vulnerability of the adsorbent construction while evading substantial losses of mass and
dynamic sites. New methods of adsorbent recycling have recently been suggested. Biggest
potential is expected from the use of microwave or ultrasound. Electromagnetic and
mechanical waves are used in aforementioned processes. Though application of these
technologies in practice obliges additional research to evaluate their shortcomings (Bonilla-
Petriciolet et al., 2017).

To sum up, cheap and not harmful for environment adsorbent regeneration methods
are needed to improve the cost-effectiveness of water treatment adsorption developments.
Lastly, renewal of adsorbents at the end of their service life is also a key aspect of reducing
the environmental impact of solid waste generation (Bonilla-Petriciolet et al., 2017).
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Conclusions of the first chapter

Pollution of the environment with heavy metals has a negative impact on human and
animal and plant organisms, which manifests itself in oncological diseases,
developmental disorders of biological organisms, impaired immune system and other
severe effects. The main anthropogenic sources of heavy metals in the aquatic
environment are factory effluents, industrial and domestic waste and transport.

The amount and variety of heavy metals in industrial wastewater depends on the
company's production. Lead is mainly used in the manufacture of cables, pigments, the
glass industry, explosives, batteries, some paints and the manufacture of PVC pipes (as
an impurity). Lead has also long been used as a fuel additive in the ammunition
industry, with some countries also using lead in fishing weights and other sources. It is
estimated that most of the lead enters wastewater from lead sewer pipes.

Heavy metals are hazardous to the environment, so many different methods of removal
from aqueous solutions are used (chemical precipitation, membrane filtration, sorption,
and many other methods). The use of natural food waste for the adsorption of heavy
metals is rapidly gaining popularity. Organic waste from agricultural, manufacturing
and service plants, such as cereal waste, rapeseed, sugar beet pulp, etc., can be used for
the adsorption process.

Eggshells collected from households, bakeries and other food establishments could
also be used as adsorbents. According to the Lithuanian Department of Statistics, the
amount of this waste is growing rapidly every year and in 2018 reached almost 6,000
tons.

Many different models have been developed to model adsorption processes, but it is
very important to pay attention to the amount of parameters. One of the most important
requirements is that the model must well reflect the process of metal adsorption from
the solution. Langmuir and Freundlich isotherm models are most commonly used in
practice to achieve this goal.
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2. MULTIPLE-CRITERIA DECISION ANALYSIS FOR LEAD ION
REMOVAL METHOD

Hwang and Yoon (1981) were first to propose method of The Technique for Order
Preferences by Similarity to an Ideal Solution (TOPSIS) as an alternative for multi—criteria
analysis. This method came from the idea of choosing the best alternative closest to the
positive ideal solution and the alternative furthest from the negative ideal solution. Then
choose the best arranging method, which will be the best choice (Tzeng and Huang, 2011).

MCDA approaches are designed to improve the quality of solutions by including a
number of criteria to make choices clearer, more streamlined, and more effective. The goal
of this approach is to create a structured process for setting goals, developing alternatives,
and comparing them to different perspectives. MCDA processes are diverse and can
therefore cover a large part of environmental processes: environmental planning, fisheries
management, water management, forestry, nuclear accident management, climate policy,
life cycle analysis, and more (Tzeng and Huang, 2011).

Numerous features of possible results are often considered in terms of possible profits.
In order to substantiate the choices of certain decision makers, multiple criteria decision
analysis (MCDA) is used to select the best solution taking into account several aspects.
There are many multi—criteria solution analysis methods such as ELECTRE, AHP, VIKOR,
PROMETHEE or TOPSIS (in order of preference for similarity to the ideal solution).
However, the TOPSIS method was chosen in this thesis (Latuszynska, 2014).

Proper design of a set of criteria is the first and one of the most difficult parts of
designing decision models. This part of the multi-criteria decision has a significant impact
on the choice made. The literature provides the two most desirable features of such criteria:

— First, the analysis needs as few variables as possible to make the decision-
making process as easy and short as possible and for the decision-maker to
understand the impact of all the criteria on the decision;

— Secondly, there should still be sufficient criteria to provide all the relevant
information that fully describes the problem raised (Latuszynska, 2014).

Multicriteria analysis is performed according to the following steps:

1) Establish system evaluation criteria related to system capabilities;

2) Generating alternatives using mathematical or physical models or performing
experiments;

3) Evaluation of alternatives according to criteria (determination of the values of
alternative criteria);

4) Determination of criteria weights;

5) Adoption of one “optimal” (preferred) alternative;

6) If the resulting analysis decision is not satisfactory to the decision maker,
additional information describing the supplementary criteria is collected or
other multi-criteria optimization is repeated (Latuszynska, 2014).

The alternative chosen in the TOPSIS method should be the smallest geometric
distance from the positive decision and the furthest from the undesired—worst decision. The
ideal solution consists of all the best criteria values. Accordingly, the worst case solutions
are the values of all the worst case criteria. The main advantage of this method over other
methods of multicriteria analysis is that it limits the subjectivity of decisions. Additional
advantages of the TOPSIS analysis consist of:

— Coherent reason of decision maker selection of alternative,

— Calculation procedure is simple to transfer to computer systems,

— the results obtained can be quite easily visualized in various forms, such as
using graphs (Latuszynska, 2014).
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The pros listed above are the main reason why TOPSIS is one of the most favorable
multi—criteria solution analysis methods. Nevertheless, this process also have some
drawbacks. The main disadvantage of TOPSIS is the weighting of criteria and the need to
check the reliability of decision—makers (Latuszynska, 2014).

2.1.1 Normalization

It is not necessary to always normalize the attribute values, but some methods, such
as maximization, simple weighting of additives, ELECTRE, and others, may need to
alleviate computational problems because of the occurrence of different units in the decision
matrix. The goal of normalization is to obtain comparable rating scales. There are many
different ways to normalize the values of attributes (Hwang and Yoon, 1981).

Vector Normalization: This procedure works by dividing each vector of the solution
matrix row by its norm. Each normalized value rj; of the normalized decision matrix could
be determined as follows:

Xij

where xij — is value of specific criteria.

The advantage of this method of standardization is that all criteria are measured in
dimensionless units, thus facilitating comparisons between them. However, the
disadvantage of this method is that this standardization procedure does not produce
measurement scales of the same length. The minimum and maximum scale values are not
equal for each criterion, so it is still difficult to compare them (due to the nonlinear scale
transformation). This procedure is usually used using the TOPSIS method (Hwang and
Yoon, 1981).

2.1.2 Determination of criteria importance

Based on the MADM problem solving, an analytical hierarchy process (AHP) was
proposed to estimate relative weights according to the appropriate hierarchical system. The
AHP approach has been proposed for modeling subjective decision—making processes using
a large number of attributes in a hierarchical system (Balioti et al., 2018).

Table 2.1. Ratio scale in the AHP (Balioti et al., 2018)

Intensity Description Explanation
1 Equal Equal importance
3 Moderate Moderate importance
5 Strong Strong importance
7 Demonstrated Very strong importance
9 Extreme Extreme importance
2,4,6,8 Intermediate values -

AHP is often used to compare the relative weight between the attributes of solution
elements and to form a return matrix. In this way, individual subjective expert judgment is
summarized and relative weight is estimated. To determine the best alternatives, the relative
weights of the elements are combined (Tzeng and Huang, 2011).

Table 2.1. represents the ratio scale that is employed to compare the importance
weight between criteria according to the linguistic meaning from 1 to 9 to denote equal
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importance to extreme importance. Then matrix of elements is constructed (as shown in Eq.

(2.2)).

C11 C12 €13
C21 C22 C23 2.2)
C31 C3o C33

Then total amount of the values in each column of the matrix should be calculated
according Eq. (2.3):
Cj= XL 1 Cij (2.3)
Then each element in the AHP matrix is divided by its column total to generate a
normalized matrix Eq. (2.4):
Cij

n ..
i=1C5

Finally, priority vector is calculated. The total of the normalized column of matrix is
divided by the number of criteria used (n) to generate priority vector (criteria weight):
_ i X
Wij—’T (2.5)
After this, weighted normalized decision matrix is constructed by multiplying the
normalized scores ria by their corresponding weights wj :

Vai=Wi Ty (2.6)

where

vai — weighted value;

wi — criteria weight;

Iai — normalized criteria value.

2.1.3 Determination of beast and worst criteria distances

Finally, the weighting results obtained are used to compare the ideal and anti—ideal
solution. Each indicator is compared with the maximum and minimum values that meet the
relevant criterion. To determine the total distance of the alternative to the ideal solution, the
sum of the squares of the difference of the criteria of each alternative from the maximum
value is used.

+

d= [T, — v 2.7)
d, = ’ ?:1("{ —V4i)? (2.8)

where

da * distance for each action to the ideal solution;

da ~ distance for each action to the anti—ideal solution;

v; — best or worst weighted value of criteria.

Then relative closeness coefficient of each alternative is calculated using Eq. (2.9):

_d

d; +d;

C,= (2.9)

where C, relative closeness to the ideal solution0 <Ca<1,i=1,2,...,m.
The closeness coefficient is always between 0 and 1, where 1 is preferred action.
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2.2 Describing problem

There are many ways to remove HM from contaminated water. However, the latest
global trend is the ever—tightening of environmental standards. In today’s world,
technological application and affordability are critical factors in the choice of adsorbents
for the treatment of contaminated wastewater. Heavy metal contamination has recently led
to an increase in research into new and cheaper ways to remove metals. (Tabatabaee et al.,
2014).

Although chemical precipitation, coagulation, ion exchange, filtration, membranes,
and other methods have been extensively studied for this purpose, most methods have some
drawbacks. For example, requiring reprocessing, some of them are less efficient or require
high capital costs. As a result, many scientists have begun new research using organic waste
to remove Pb (II) ions from aqueous solutions (M. Ahmad et al., 2012; Babel and
Kurniawan, 2003; Park et al., 2007).

Nevertheless, sustainable, environmentally sound water treatment technology should
have the following key features:

— keep the cost of water treatment as low as possible;

— not to require large investments;

— use low energy and do not require high operating pressures;

— to allow the recovery of most of the treated water and

— to keep the impact on the environment to a minimum, ie to use as many
renewable, recyclable and environmentally friendly materials as possible
(Bolisetty et al., 2019).

2.3 Describing lead removal alternatives

Application of TOPSIS method was used to solve the water treatment method
selection problem. Alternatives chosen for this MCDA are provided in Table 2.2.

Table 2.2. Alternatives of water treatment methods

Alternative Alternative definition
aj Reverse Osmosis
) Nanofiltration
as Adsorption
a4 Ion exchange
as Electrochemical treatment (Electrodyalisis)

2.4 Describing methodology criteria

The main criteria were established on the basis of the detailed results of experiments
and studies already carried out and the opinion of experts. Using the experience of the staff
of Vilnius Gediminas Technical University, special recommendations on specific criteria
were received. Finally, six criteria have been chosen and provided in Table 2.3.
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Table 2.3. Criteria for lead removal from contaminated water methods

Criteria Criteria definition Desired properties Units
Lower is better EUR/Imln. L of treated
Ci Total costs
water
c2 Removal efficiency Higher is better %
c3 Operating flux Higher is better m?
C4 Operating cost Lower is better EUR/m?
Cs Required power Lower is better kW h /m?
Cé Water recovery efficiency Higher is better %

According to the first step of the TOPSIS procedure, the decision matrix was created
(Table 2.4). The data was collected from studies of Bolisetty et al., (2019) and Nemati et
al., (2017). Collected data was optimized — average values provided in studies were used in
MCDA matrix.

Goal — choose most suitable method to remove lead ions from contaminated water.

Table 2.4. Multicriteria decision analysis matrix

Alternatives
Criteria

aj az as a4 as
Ci 197.4 174.0 84.0 105.0 174.0
C2 98.0 99.8 99.9 99.7 99.9
C3 28450 3700 3050 3050 1270
C4 0.4 0.2 3.00E® 4.00E%* 0.8
Cs 3.6 0.5 0.1 0.4 0.5
Co 50 65 100 98 85

After this, the normalization of the decision matrix was performed and a normalized
matrix was created (Table 2.5).
Distributive normalization of criteria data requires that the values would be divided

by the square root of the sum of the squares of each value in the column.

Table 2.5. Normalized matrix

Alternatives/
Criteria al a a3 A a
Ci 0.58 0.51 0.24 0.31 0.51
c2 0.44 0.45 0.45 0.45 0.45
C3 0.98 0.13 0.11 0.11 0.04
Ca 0.48 0.17 3.00E% 4.00E%4 0.86
Cs 0.97 0.14 0.02 0.11 0.14
Cé 0.27 0.35 0.55 0.54 0.46

2.5 Describing gained criteria weights

Determining the weights (importance) of criteria is a biased assessment because it is
individual to each person who is influenced by personal feelings, experiences, and opinions.
An expert survey was conducted to obtain more objective information. The data obtained
were statistically processed and the means of the values were used to determine the weights
of the criteria (shown in Table 2.6).
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Table 2.6. AHP comparison matrix

Criteria C1 C2 C3 C4 Cs Cé
C1 1.00 2.00 8.00 5.00 8.00 3.00
C2 0.50 1.00 5.00 0.50 6.00 3.00
C3 0.13 0.20 1.00 0.50 3.00 0.14
C4 0.20 2.00 2.00 1.00 8.00 2.00
Cs 0.13 0.17 0.33 0.13 1.00 0.17
Co 0.33 0.33 7.00 0.50 6.00 0.25
Z Ci 2.28 5.70 23.33 7.63 32.00 8.56

The survey data were processed and the weighting of the criteria was determined on
the basis of the survey results. Each element in the matrix was divided by its column total
to generate a normalized pairwise matrix. Also, the sum of the normalized column of matrix
was divided by the number of criteria used to generate priority vectors (priority vectors are

used as criteria weights in the TOPSIS method). Obtained results are given in Table 2.7.

Table 2.7. Normalized criteria weight matrix

Criteria C C2 c3 C4 Cs Co Priority vector
Ci 0.44 0.35 0.34 0.66 0.25 0.35 0.40
C2 0.22 0.18 0.21 0.07 0.19 0.35 0.20
C3 0.05 0.04 0.04 0.07 0.09 0.02 0.05
C4 0.09 0.35 0.09 0.13 0.25 0.23 0.19
Cs 0.05 0.03 0.01 0.02 0.03 0.02 0.03
Co 0.15 0.06 0.30 0.07 0.19 0.03 0.13

The selected weights for each criterion are shown in Fig. 2.1.

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

0.40

0.20 019

0.05
0.03

Total Removal Operating Operating Required Water
costs efficiency flux cost power recovery
efficiency

Fig. 2.1. Criteria weights

After processing the data, it is clear that two criteria have become priorities: total costs
(40 %) and removal efficiency (20 %).
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Then, weighted normalized matrix was obtained, and the best and worst alternatives
were found (Table 2.8).

Table 2.8 Weighted normalized decision matrix

Ideal 20—

a a as aq as ) ideal
solution )

solution

C1 0.23 0.20 0.10 0.12 0.20 0.10 0.23

() 0.08 0.08 0.08 0.08 0.08 0.08 0.08
C3 0.04 0.01 4,593 4,593 1.91E® 0.04 0

ca 0.11 0.04 1.00E™® 1.00E% 0.19 0 0.19

Cs 0.03 3.84E® 6.10E%4 2.88E% 3.80E® 0 0.03

Cé 0.03 0.04 0.07 0.07 0.06 0.07 0.03

2.6 Ideal and anti—-ideal option and calculation of relative closeness

The distance between alternatives and the positive ideal solution and the distance
between alternatives and the negative ideal solution were calculated (Table 2.9) and
determination of relative closeness coefficient was conducted (Table 2.10).

Table 2.9. Separation measures

. Criteria
Alternatives
C1 C2 C3 C4 Cs C6
Distance  ai 0.02 0 0 0.01 1.00E  1.00E3
foreach 3, 0,01 0 1.00E®  1.00E® 0 1.00E
altf:iite”e a 0 0 1.00E-%3 0 0 0
ideal as 1.00E® 0 1.00E® 0 0 0
solution as 0.01 0 2.00E3 0.04 0 0
Distance  a; 0 0 2.00E3 0.01 0 0
lftOT eatc_h a»  1.00E® 0 0 0.02 0 0
a fg‘ii;ve a3 0.02 0 0 0.04 1.00E®  1.00E®
antivideal @ 0.01 0 0 0.04 1.00E  1.00E3
solution as 1.00E® 0 0 0 0 1.00E-®3

The relative closeness coefficient is always between 0 and 1, where 1 is preferred
action.

Table 2.10. Determination of relative closeness coefficient

Alternatives: ai a as a4 as
Distance for each alternative to the ideal solution 0.031 0.014 0.001 0.002 0.050
Distance for each alterngtlve to the anti—ideal 0009 0.026 0057 0051 0.002
solution
Relative closeness coefficient 0.230 0.640 0.970 0.960 0.030

From the Fig. 2.2 it is visible, that the best method for lead removal according MCDA
is adsorption (0.96), second would be lon exchange method (0.94), third — Nanofiltration,
forth — Reverse osmosis and lastly — Electrochemical method.
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Fig. 2.2. Relative distances to choice of the ideal solution

The distance to the best solution of nanofiltration, reverse osmosis and electrodyalisis
are significantly low compared with the remaining two alternatives and it is because of high
total costs of the methods.

The multicriteria analysis showed that there is no big gap between the first and second
place in preference order, and this shows the sensitivity of results — even a small change in
total costs or removal efficiency could influence the rearrange in results.
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Conclusions of the second chapter

The main criteria for this multicriteria analysis were: total costs, removal efficiency,
operating flux, operating cost, required power and water recovery efficiency. The AHP
revealed, that total costs and removal efficiency are the key criteria in this TOPSIS
analysis.

MCDA has shown that the adsorption method is the most favorable method for the
treatment of water contaminated with lead ions compared to reverse osmosis,
nanofiltration, ion—exchange and electrodyalisis methods.

Multicriteria analysis showed that there is no significant difference between first and
second place in order of priority, and this indicates the sensitivity of the results — even
a small change in the overall cost or lead ion removal efficiency can affect the
conversion of the results.

50



3. METHODOLOGY FOR EXPERIMENTAL INVESTIGATION OF
SORPTION PROCESSES USING EGG SHELL WASTE

The objective of the experiments on adsorption parameters is to determine the
capability of the ES to adsorb lead ions from contaminated aqueous solution. Evaluation of
adsorption capacity effectiveness is performed by assessing the value of pH of the solutions,
initial Pb (II) ion concentration in the experimental solution and the duration of adsorption
contact time. Batch experiments are performed according to a standard operating procedure
(Mashangwa et al., 2017).

The porosity of the eggshell makes it an important substance as a potential adsorbent
(Koumanova et al., 2002). The structure of the eggshell is usually made of ceramic material.
The shell consists of three main layers - the membrane in the outer layer, the sponge
structure layer and the inner membrane layer. The eggshell is an effective adsorbent due to
its structure, the eggshell layers are formed so that there are many pores for adsorbate
absorption (Mashangwa et al., 2017).

Numerous calcium supplements and other nutritional sources derived from eggshell
albumin, membranes, and matrices that have been processed by crushing and grinding to
produce fine particles began as early as the 1970s. Thus, attempts have been made to use
eggshell waste at that time, and these studies are expected to lead to a more useful and
unprofitable method of managing this waste stream (Mashangwa, 2016).

3.1 Adsorbent collection and preparation

Before experimental studies on lead adsorption, an egg shell waste analysis and a
heavy metal — Pb (II) content analysis must be carried out. All solutions included in this
study have been diluted in deionized water as required. Chicken egg shells are collected
from household use. After thorough cleaning with tap water, ES are partially separated from
egg shell membrane (ESM). After drying in room temperature ES are washed several times
with deionized water to remove any residual dirt particles.

Fig. 3.1 Drying cabinet ,,SNOL 3,5 (I'omenbckuii 3aBoJ1 U3MEpUTENbHBIX. .. 2020)

Following methodology of (R. Ahmad et al., 2012) egg shells are dried to constant
weight in an oven (shown in Fig. 3.1) at 100 °C and after, allowed to cool to 22 °C (ambient
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temperature). Then dried egg shells are grounded into small particles using a grinder and
sieved well in fraction of 300 — 900 um mesh size particles (Fig. 3.2). After sieving the
grounded ES, the adsorbent is placed in closed, sterilized containers for use as a test
adsorbent material in further steps.

Fig. 3.2 Grounded and sieved egg shell adsorbent

For further experiments samples of 0.5 g, 1.0 and 2.0 g of adsorbent is weighed and
stored in closed individual containers. Each container is labelled. This is done to prevent
adsorbent from adsorbing ambient humidity and for optimizing time to prepare for
experiments (Badrealam et al., 2018).

3.2 Adsorbate solution preparation

Standard solution of Pb (II) is prepared by dissolving lead standard solution (Pb
(NOs)2 in HNOs, 1000 mg/L Pb) in deionized water. Deionized water is artificially
contaminated with Pb (II); initial concentration of lead — 1 mg/L. This concentration was
chosen according to the maximum permitted concentrations (MPC) in the sewage collection
system, which is 0,5 mg/L.

The reference value was chosen from the Lithuania wastewater management
regulation as it was the nearest official standard that specifies the permissible concentrations
of pollution that are appropriate for this experiment. The chemicals used in these
experiments, including the NaOH and HCI used in the pH adjustment process, are of
analytical reagent quality and are used in assays without further purification (Mashangwa,
2016).

3.3 Determining the Adsorption Capacity of Egg Shell Adsorbent

The effectiveness of the sorption process is influenced by the main 4 parameters:
1. Effect of pH on Pb (II)adsorption
2. Effect of contact time on Pb (II)adsorption
3. Effect of adsorbent dose on Pb (II) adsorption
4. Effect of initial metal concentration on Pb (II) adsorption
The initial influence of metal concentration and adsorbent content on the sample is
determined using different concentrations of metals (for Pb: 500, 1000, 1500, 2500 and

52



5000 pg/l) and 3 different masses (0.5 g, 1.0 g, 2 g) of adsorbent. Blank samples are
analyzed for analytical parameters to control the quality of deionized water and eliminate
the influence of impurities in deionized water and chemical reagents. In order to increase
the reliability of the experimental results obtained, samples shall be taken twice and each
sample measured 3 times and the statistical parameters (mean, standard deviation,
confidence interval) calculated. Further methodology is provided below (Dambudzo
Mashangwa, 2016).

3.3.1 Effect of pH on Pb (II) adsorption

The effect of pH on the adsorption of Pb (II) ions on the eggshell is investigated using
constant 1,0 g of adsorbent with 100 mL of a 1 mg/L solution of individual Pb (II) ions
adsorbate at different pH values from 2 to 3.5, 5, 6.5 and 8 at 22°C (room) temperature.

The variable pH is adjusted with 0.1 M NaOH and 0.1 M HCI and measured with a
pH meter. The pH of the solutions is measured with a pH—meter “Mettler Toledo” with a
glass electrode (Fig. 3.3).

Fig. 3.3. “Mettler Toledo” pH meter

Before each measurement, the pH-meter glass electrode is washed with distilled
water, dried and immersed in the prepared suspension.

After preparing different pH solutions, the mixtures are then put into rotating drum
shaker “Labos Shake—Gerhardt” for 90 minutes (Fig. 3.4).

The solutions are then filtered through Whatman filter (“Frisenette” Grade 202,
medium filtration speed, diameter 150 mm, retention 5—8 um) then the filtrate is studied for
remaining metal concentration.
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Fig. 3.4. Rotating drum shaker “Labos Shake—Gerhardt”

Using ,,Buck Scientific 210 VGP* Atomic Absorption Spectrometer (AAS) final
concentration of Pb (II) is measured. Nitric acid is added after adsorption to stop the process,
otherwise lead precipitation may occur.

3.3.2 Effect of adsorbent dose on Pb (II) adsorption

The effect of the adsorbent dose on the adsorption of Pb (II) ions is investigated using
3 different eggshell adsorbent masses from 0.5 to 2.0 g. The eggshell dose is mixed with
100 ml of a 1 mg/L Pb concentration of each adsorbate solution at room temperature and
with the optimum pH of the lead ion solution (Mashangwa, 2016). The individual ion
mixtures are then taken to rotating drum shaker “Labos Shake—Gerhardt” for 90 min. The
solutions are then filtered through “Frisenette” paper filters and analyzed with AAS.

3.3.3 Effect of initial metal concentration on Pb (II) adsorption

The effect of initial Pb (II) ions concentration on adsorption is studied by mixing 0.5,
1.0 and 2.0 grams of adsorbent with 100 mL of the individual adsorbate solution in varied
concentrations of Pb (II): 500, 1000, 1500, 2500 and 5000 pg/L at ambient temperature and
optimal pH.

Fig. 3.5 Adsorbent filtering process

The solutions are then shaken in rotating drum shaker for 90 minutes and then filtered
through paper filters (process of filtering is shown in Fig. 3.5) and analyzed with AAS.
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3.3.4 Effect of contact time on Pb (II) adsorption

The effect of contact time on the adsorption of Pb (II) ions is investigated for three
different quantities of the adsorbent 0.5 g (and 1.0 g, 2.0 g) and 100 mL of each 1 mg/L
individual adsorbate solution. Six different contact times are studied, ranging between 5,
10, 15, 30, 60, 90 minutes at room temperature and optimal pH. The solutions are then
filtered through filter paper and the remaining concentration of Pb (II) in the filtrate is
measured with ,,Buck Scientific 210 VGP* Atomic Absorption Spectrometer (Mashangwa
et al., 2017).

3.3.5 Equilibrium studies

The effect of the adsorption time was determined by placing three different masses
(0.5 g, 1.0 g and 2.0 g) of egg shell adsorbent in 100 mL of initial 1 mg/L concentration
lead Pb (II) solution for 90 min at ambient temperature 24 °C and initial Pb (II) solution
pH 4.

3.3.6 Metal concentration determination

Atomic Absorption Spectrometer (AAS) Buck Scientific 210 VGP with a graphite
furnace was used to investigate the concentration of metals in different samples prepared
by varying various adsorption parameters (Fig. 3.6).

Fig. 3.6. Atomic absorption spectrometer (AAS) ,,Buck Scientific 210 VGP*

Atomic absorption graphite furnace spectrometry (GFAAS) is a type of spectrometry
in which an aqueous sample of a solution is evaporated using a graphite—coated furnace (in
this case a graphite cell). This technique is explained by the fact that free atoms absorb light
at frequencies or wavelengths specific to the element under study (in this case lead). Within
certain limits, the amount of light absorbed can be directly related to the concentration of
the analyte being tested. Concentrations of free atoms in many elements can be obtained
from samples using high temperatures. GFAAS samples are injected with a syringe into a
small graphite or pyrolytic carbon—coated graphite tube, which is then heated to evaporate
and decompose the analytes (Borges and Holcombe, 2017; Buck Scientific, 2019).

A blank and a set of standards of Pb: 0.02; 0.05; and 0.1 mg/L of metal solutions are
prepared in standard graduated flasks (25 mL) using standard metal solutions and distilled
water. Three different standard solutions of lead ions are introduced into the graphite
cuvette by syringe in ascending order of concentration. After generating the data, the
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absorbance of each solution and plot a standard calibration curve is determined using
analytical software. The lead ion adsorption sample solution is then taken with a syringe
and introduced into a graphite cuvette and the absorbence reading of the solution is then
monitored. Using the analytical program, the amount of metal in each sample is calculated
using a standard calibration curve. (Buck Scientific, 2019).

The quantity of metal adsorbed onto one gram of adsorbent is calculated according to
a mass balance on the Pb (II) concentration using Eq. (3.1):

C - Cp-V
q — ( 1 WF) (3.1)
where
C — Initial lead concentration, (mg/L);
Cr — Final lead concentration after adsorption, (mg/L);
V —is the volume of lead ion solution, (L);
w — 1s the mass of egg shell adsorbent added to the solution, (g).
The adsorption efficiency (E) is calculated as:
E= . 100% (3.2)
1

The quality of the results is assured by using blank sample, each test is repeated 3

times, arithmetic mean of the results, dispersion and other quality parameters are calculated
(He et al., 2019).

3.4 Statistical processing of results

After the experiments and numerical values of the results, they need to be
mathematically processed. The main statistical indicators are calculated as follows
(American Public... 1999):

1. Arithmetic mean x:
x= _Ei:nl X (3.3)

where
x; — the result of a separate measurement;
n —number of results.
2. Dispersion s*:
2 = I -0’
n-1

(3.4)

where x; — x — deviation of the individual result from the arithmetic mean.

3. Average square deviation s:
S: 2?: 1 (Xi - §)2 (3 5)
\j n-1 ’

4. Coincidental error of measurement result A:

=tpy = (3.6)
where tp , — Student coefficient at n—1 degree of freedom (in our case n is the number of
measurements) and P at confidence level (in engineering its usually P = 0,95). Therefore
tp,n is equal to 2.353.

5. Confidence interval Ig:
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IP=(§—A; §+A) (3.7)

Confidence interval defines the accuracy of the results. The smaller the confidence
interval, the better.
6. Relative random error dass:,

- 100 % 3.8)

Oyts =

> | >

When relative error §;, smaller or equal to 5 % the results obtained are considered to
be sufficiently accurate, when &, is equal to 5 to 10 % — the accuracy of the results is
satisfactory; when o, >10 % — accuracy is not satisfactory.

Statistical data (average, confidence interval, standard deviation and ect.) is calculated
with Microsof Office Excel 2016 program.
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Conclusions of the third chapter

. Batch experiments were performed according to a standard operating procedure. To
evaluate the process of lead ion adsorption, parameters affecting adsorption, in this case
pH, primary contaminant concentration, adsorbent dose, and time, were investigated in
these experiments.

. Influence of pH on the adsorption of Pb (II) elements in the eggshell is studied by way
of mixing each individual adsorbate solution with 5 different pH values from 2 to 8
(every 1.5 pH).

. The effect of the initial concentration of lead ions in the sample is determined using
five different concentrations of the solutions (Pb: 500, 1000, 1500, 2500 and 5000 pg/1).
. The effect of the adsorbent dose on the adsorption of the analyzed lead ions is
investigated by way of combining different quantities of eggshell adsorbent alternating
from 0.5 to 2.0 g at an ambient temperature of 22 °C and an optimal pH.

. The effect of contact time on the adsorption of Pb (II) ions is investigated by mixing
three different masses of adsorbent (0.5 — 2.0 g) with a solution contaminated with 1
mg/L lead ions with different contact times of 5, 10, 15, 30, 60 and 90 minutes.

. The final concentration of Pb (II) ions is measured using a Buck Scientific 210 VGP
atomic absorption spectrometer.

. The quality of the results is ensured by using a blank sample, repeating each test 3 times
and performing statistical processing of the results.
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4. ANALYSIS OF ADSORPTION EXPERIMENTS RESULTS

The experimental research on the removal of the lead from the aqueous solutions was
carried out in the scientific laboratory of the Department of Environmental Protection of
the Vilnius Gediminas Technical University.

4.1 Calibration curve of lead

Calibration curve which shows optical density dependence on initial lead
concentration was composed based on three times measuring of different concentration
solutions. Every time the AAS is used calibration curve with standard lead concentrations
(blank, 0.02 mg/L, 0.05 mg/L and 0.1 mg/L) must be made, to ensure accuracy of
measurements made with this device. It is recommended to check the middle concentration
value of standard Pb solution to check if spectrometer calibration curve has not changed if
experiments take longer time. In Fig. 4.1 one of the curves used in experiments is presented.

0.9
0.8
0.7
3 0.6
§ 0.5
204
<03
0.2
0.1

0
0 0.01 002 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Lead concentration, (mg/L)

y = 8.357x + 0.0089
R2 = 0.9898

Fig. 4.1. Lead concentration calibration curve

It is good practice to store this data, because if the curve is changing drastically it
could indicate that the graphite cuvette has worn out and must be changed.

4.2 Evaluation of the influence of pH on Lead adsorption

Three samples are prepared for each case (corresponding lead ion concentration and
corresponding adsorbent content). 100 mL of the appropriate concentration of the Pb (II)
solution was added to the screw—top vessels, then 1 g of adsorbent was added. The dishes
are tightly screwed and placed in a Labos Shake—Gerhardt rotary drum shaker. After a fixed
contact time, the contents of the vessels are filtered through 5-8 um paper filters to stop
adsorption. The effect of pH on adsorption efficiency was investigated at ambient
temperature (22 °C). The effectiveness of Pb (II) ion removal from water—based solutions
was estimated by residual lead (II) ion concentration, where the concentrations of lead prior
to contact with the adsorbent in the test solutions were 1 mg/L.

The pH of the test solution has a strong effect on the adsorption capacity of metal
ions, as it can affect several process criteria. The pH of the test solution may affect the
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release of metal ions in solution, the chemical state of the reactive adsorbent, and affect the
adsorption of target metal ions. In order for adsorbents to remove heavy metal ions from a
contaminated solution, it is necessary to know the pH at which the metals are removed most
efficiently. Also, in order to avoid the formation of Pb (II) ion hydroxide deposits, the initial
pH of the solution should be in the range of 2.0—6, otherwise it would be difficult to assess
which processes actually cause the removal of metals (Zhan et al., 2018). After all, pH 8
value is also in the experiments, and the process of precipitation of Pb (II) is observed. In
Table 4.1 it is visible that when pH was increased from 6.5 residual concentration of lead
started to drop significantly (0.38 mg/L), but this was because adsorption process was
affected by chemical precipitation process, too. Therefore with pH 8 value is not appropriate
to assess ES adsorption further.

Table 4.1. Experimental results of pH influence on concentration and adsorption uptake

Residual Pb (II) ion concentration, Egg shell adsorption,
(mg/L) (mg/g)
2 0.89 +0.05 0.01
3.5 0.34 £0.05 0.07
Experimental 4 0.31 £0.05 0.07
pH values 4.5 0.37 £0.05 0.06
5 0.70 £ 0.05 0.03
6.5 0.54 +0.05 0.05
8 0.38 £0.05 0.06

In the Fig. 4.2 the affiliation between primary solution pH and contaminants exclusion
is showed. The results suggest that solution pH affected the performance of ES adsorbent,
with acidic pH 2 resulting in significant reduction in the lead removal (about 10 %). As the
pH of the solution is gradually increased (especially above 3.5), it is observed that the
adsorption efficiency begins to increase sharply (above 66 %) and then tends to stabilize.
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Fig. 4.2. Pb (II) ion adsorption efficiency relation with solution initial pH

The experimental results obtained can be explained by the specific structure of the
eggshell adsorbent. The properties of the acids and alkalis of the reactive groups are affected
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by their chemical environment in solution. This means that at pH < than 3.5, most
carboxylate groups are less responsive to metal ion binding, and at pH > 3.5, carboxylate
groups are more conducive to metal ion bond formation (Zhan et al., 2018).

After determining initial five pH values (2; 3.5; 5; 6.5 and 8) two further intermediate
values between 3.5 and 5 were tested. In Fig. 4.2 it is visible, that efficiency of adsorption
is nearly stabile in pH range of 3.5—4.5 and after that efficiency starts to decrease again.

Experimental studies have shown that the optimal pH of lead ion adsorption is in the
range of 3.5—4.5. It is assumed that all other adsorption experiments were performed at the
initial pH of the solution at level 4, which is the optimal pH value of the experiments in this
final work.

4.3 [Evaluation of the influence of lead concentration on adsorption

In subsequent experiments, pH is the primary condition for the assay (the optimum
pH for the first assay is 4). Variable conditions include lead concentrations ranging from
0.5-5 mg/L and adsorbent doses ranging from 0.5—-2.0 g (Note: The error of the analytical
weights is £0.05). Change in Pb (II) ion concentration after adsorption is depicted in Fig.
4.3.
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Fig. 4.3. Residual Pb (II) ion concentration dependence on different initial concentration
Pb (II) solutions

The adsorption uptake of the adsorbent increased significantly with the growth of
initial concentration even though there is decrease in the adsorption efficiency.

Decrease of adsorption efficiency and the change in adsorption uptake is depicted in
Fig. 4.4 and 4.5 respectively.
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Fig. 4.4. Pb (II) ion adsorption efficiency relation with solution initial concentration

The increase of adsorption can be due to growth of concentration gradient, which
causes an increase in the number of lead Pb (II) ions coming in contact with the adsorbent.
On the other hand, the number of existing adsorption sites in the adsorbent is the same for
all initial concentrations. Therefore, as the initial concentration increases, more ions has to
compete for the same adsorption site. This may cause many lead ions to be left without
being adsorbed, thus decreasing the efficiency of the removal upon increasing the
concentration of Pb (II) ions (Khan et al., 2015).

At low concentrations of lead ions, the solution contains less lead ions compared to
the number of available adsorption sites in the adsorbent. However, at higher ion
concentrations, the potential number of adsorption sites decreases. Therefore, it is observed
that the removal of lead ions depends on the initial concentration and the adsorbent sites
(the more porous the adsorbent, or the larger the surface area of the adsorbent, the more
potential adsorption sites are available) (Jeyakumar and Chandrasekaran, 2014).
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Fig. 4.5. Initial lead ion concentration effect on adsorption
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The maximum adsorption uptake (about 0.5 mg/g) of Pb (II) is achieved at 5 mg/L of
lead solution, but from Fig. 4.5 it is visible, that adsorption uptake is only increasing, which
means, that egg shell adsorbent could be used in higher concentration lead solutions.

4.4 [Evaluation of the influence of time on adsorption

The influence of adsorption contact time on the amount of lead ions adsorbed by
eggshell (ES) adsorbent was investigated with 6 different time values (range 5 to 90 min).
Tests were performed using 100 mL of 1 mg/L Pb (II) containing 0.5 to 2.0 g of EU
adsorbent at pH 4 at room temperature. The outcomes are shown in Fig.4.6. It is evident
that ES was found to absorb approximately ~ 0.140 mg/g of total absorbable lead solution
within the first 15 minutes with an adsorbent content of 0.5 g, and the maximum absorbance
of lead (0.161 mg/g) in this study was reached after 90 minutes. Additionally, it is visible
from the Fig.4.6 that adsorption starts so settle down within 30 min, when the adsorbent
dose is 2.0 g. Also, with this dose of ES adsorbent at 90 min. efficiency of 98 % of Pb (II)
removal was reached (see Fig. 4.7).
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Fig. 4.6. Impact of time on adsorption of egg shell adsorbent

With 0.5 and 1.0 g doses it is speculated, that the equilibrium was reached within 90
min, but further studies should be held to confirm this.
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Fig. 4.7. Impact of time on Pb (II) ion removal efficiency of egg shell adsorbent

These results indicate that from the outset, adsorption occurs at a rapid rate on the
outer surface of the adsorbent. This is followed by a slower internal diffusion process, which
may be a determinant of the overall adsorption rate. This trend of lead adsorption ions
suggests that the bond between the adsorbent and lead ions depends on the interaction with
functional groups on the ES surface. Based on the obtained results, it is confirmed that the
maximum contact time is required for the most efficient absorption of metal ions by the ES
adsorbent. (Khan et al., 2015).

4.5 Adsorption isotherm studies

Adsorption isotherms provide information on how adsorption system proceeds and
indicate how efficiently adsorbent interacts with the adsorbate (Bayuo et al., 2018). The
ability of hen ES to adsorb Pb (II) ions from aqueous solution is analyzed and evaluated
from the shape of the adsorption isotherm plots. In this study, equilibrium isotherm data
were applied to one one—parameter (Henry) and two two—parameter (Langmuir, Freundlich)
adsorption models. The regression results of the linear isotherm model were used to find
the best model. The linear form of the various isotherm models are presented in Eq. (4.1) to
(4.3) while, their correlation coefficients (R?) and constants are presented in Table 4.3.

Henry’s isotherm (Bayuo et al., 2018):

q.= Kue - Ce 4.1)

where

g. — Amount of metal ions adsorbed at equilibrium, (mg/g);

K;— Constants characteristic of the system, where indexes — HE, L and F are for each
Henry, Langmuir and Freundlich isotherms accordingly;

C. — Concentration of metal ions at equilibrium (mg/L)

Model linear expression of Langmuir isotherm (Nagy, 2019):

SIS .

9e 4y 9m KL

4.2)

where ¢,» — maximum adsorption capacity of metal ion uptake (mg/g).
And linear form of Freundlich isotherm is expressed in Eq. (4.3) (Boparai et al., 2011):
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1
Log q, =log K¢ + (;) log Ceq (4.3)

where n — Freundlich constant which indicates the intensity of the adsorption process.

The final concentrations (C.) of lead, are plotted as ge versus Ce for the Henry model,
Ce/qe versus Ce for the Langmuir model, and log qe versus log C. for the Freundlich model,
and values of the constants for each type of ES are determined after linearizing the equations
through linear regression analysis (Arunlertaree et al., 2007).

Data for adsorption isotherm plotting is provided in Table 4.2.

Table 4.2. Adsorption isotherm data matrix

Dose of Final Solute Adsorption
egg shell, Conc. Adsorbed capacity Ce/Qe Log Ce Log Qe
(2 (mg/L) Ce  (mg) (mg/g) Qe

0.5 0.109 0.089 0.178 0.612 -0.963 -0.749
1.0 0.038 0.096 0.096 0.395 -1.420 -1.017
2.0 0.018 0.098 0.049 0.367 -1.745 -1.309

In Fig. 4.8, it is found that the equilibrium results fitted the one—parameter isotherm
model (Henry) with correlation coefficient (R?) of 0.842. The value of Kug (1.756 L/g) is
relatively high which confirmed the fitness of the Henry adsorption isotherm model.
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Fig. 4.8. Henry adsorption isotherm

Analysis of two—parameter adsorption models revealed that the Langmuir isothermal
model characterized the adsorption of Pb (II) ions by ES from aqueous solution as indicated
by a high correlation coefficient (R?) of 0.989 (as shown in Fig. 4.9).

The Langmuir parameters are also used to predict the affinity of the adsorbent surfaces
towards the metal ions by using dimensionless constant called equilibrium parameter Ry,
which is expressed according to the literature (Jeyakumar and Chandrasekaran, 2014) in Eq.
4.4).

Ry = TR C. 4.4)

65



where C, is the initial amount of adsorbate, in this case 1.0 (mg/L).
The shape of isotherm is described in terms of equilibrium parameter Ry.:
— When Rr > 1 — adsorption process is unfavorable;
— When equilibrium parameter is equal to 1, adsorption is linear;
— When equilibrium parameter is 0<Rp<1, the adsorption process is favorable;
— When Ry is equal to zero — adsorption is irreversible (Khan et al., 2015).

In this study Ry value is between 0 and 1 (0.098), which indicates the favorability of
the adsorption process under the considered conditions.

The value of Kr (9.158 L/mg) is relatively high implying high surface energy in the
process and consequently high bonding between metal ions and the ES. It was found that
the Langmuir adsorption capacity (qm) rate was equal to 0.359 mg/g, meaning high
adsorption capacity effectiveness of the ES adsorbent.
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Fig. 4.9. Langmuir adsorption isotherm

From the linear isotherm shown in Fig. 4.10, it was found that the Freundlich isotherm
model is also consistent with the experimental data.
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Fig. 4.10. Freundlich adsorption isotherm

The Freundlich isotherm correlation coefficient of 0.985 also confirms the high
validity of the model. The Kr value found is 0.887 mg/g, which means that lead ions are
poorly absorbed on the adsorbent surface. The value of 1/n is found to be 1.414. 1/n values
of > 1 are typical of S—type isotherms. These situations are relatively rare but are often
observed at low concentration ranges for compounds. Studies by other researchers has
shown that, at low concentrations, such compounds are in competition with water for
adsorption sites (Ecetoc, 2020).

After analysis of all three isothermal models, it was observed that the equilibrium data
fit well with all three models. But in this study results of ES adsorption tended to be
described by the Langmuir model, because the correlation coefficient (highest R? value)
obtained from linear Langmuir curve fitted the best.

Table 4.3. Analyzed isotherm correlation coefficients (R?) and constants

Henry KHE R?
(L/g)
1.756 0.842
Langmuir Ky, qms, Rr R?
(L/mg) (mg/g)
9.158 0.359 0.098 0.989
Freundlich Kk, n 1/n R?
(mg/g)
0.887 0.707 1.414 0.985

The results suggest that the adsorption of Pb (II) ions can be assessed by considering
the formation of a solid layer of lead ions on the surface of the adsorbents. The highest
adsorption, which is derived from the Langmuir equation, may be useful in evaluating
potential adsorption capacity for ES adsorbent. Based on the Langmuir isotherm, ES has
relatively high sorption affinity. These findings indicate that the adsorption of Pb (II) onto
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the surface of ES is likely due to the complexation — ion exchange reaction (M. Ahmad et
al., 2012).

4.6 MCDA regarding adsorption efficiency

The list of alternatives and criteria was created according to the different adsorption
efficiencies and adsorption factors affecting it (shown in Table 4.4).

The main goal of this multicriteria analysis is to determine the impact of pH, initial
lead concentration in solution, adsorbent dose and adsorption time influence on efficiency
of ES adsorption. Data for decision matrix have been obtained in accordance with the
important properties of adsorption which have been experimentally investigated in this

paper.

Table 4.4. Decision making matrix

Initial Lead = g ot doses,

Efficiency, % pH concrf;ngt/rlzitlon, o Time, min
C C Cs Cy
10 2.0 8.0 0 0
30 5.0 6.0 0.5 5.0
50 6.5 5.0 0.5 10
70 3.5 4.0 1.0 30
90 4.0 0.5 2.0 90

Impact factor was calculated using method derived from experiment where efficiency
index was calculated using 3 main steps.
1)Data normalization. Data normalization is used to scale data set, so it becomes
comparable. In this case, instead of indicators there are adsorption conditions Cx, that are
expressed with different values of measurement and resulting adsorption efficiency.
Each of the conditions that affects the reaction has different values of measurement.
In order to assess the impact of each condition on the results and compare them, data needs
to be converted to unified scale. Min—Max Feature scaling is a well-known data
normalization method from statistics field and was adopted for this step.
I X = Xmin
X' = X (4.5)
where:
X' —normalized value;
X— original value;
Xmin — minimal value for the condition C; (where i=1,...,4);
Xmax — maximal value for the condition C; (where i=1,...,4).
2)Data adjustment in accordance with weight factors. Weight factors are added to
adjust the preference for desired outcome (higher efficiency).
Source data contains information of reaction conditions and the resulting efficiency.
It is adjusted to account for the preference for higher efficiency using Eq. 4.6:

X, =X"-w (4.6)

where
Xw — normalised weighted value;
w — weight factor.
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Identifying weights is a non—objective measurement as it is subjective for each person
affected by personal emotion, experience and opinion. A survey of experts was therefore
formed in order to obtain more reliable knowledge. The survey data were processed and the
weighting of the criteria was determined on the basis of the survey results. For each criteria,
the selected weights are shown in Table 4.5:

Table 4.5. Criteria weights

Efficiency, % Weight
10 0.05
30 0.10
50 0.15
70 0.30
90 0.40

3)Calculation of impact factor. Normalized weighted values are summed for each
adsorption condition to see, which has higher overall impact.
Impact factor for each condition was calculating as a sum of its normalised weighted
values:

L= 2 Xy 4.7)

where
I; — impact factor for each condition Cj;
Xw,ci— normalised weighted values of condition C;.

Impact factors
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Fig. 4.11. Impact factors of adsorption properties affecting efficiency

Depending on the impact factors, adsorbent doses tend to have the greatest impact on
adsorption efficiency (with indicator factor equal to 0.61) as shown in Fig. 4.11. Time and
pH are the following at having the biggest impact to lead removal efficiency.
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Conclusions of the forth chapter

. It has been established that the ES has an acceptable adsorption uptake toward the Pb
(IT) ions. It has been observed that the adsorption capacity to adsorb lead ions is
significantly affected by the concentration and pH of the solution. The optimal initial
pH of the solution for adsorption of lead ions is between 3.5 and 4.5 pH. After accepting
this range, the optimal starting pH of 4 for the solution was chosen for further
experiments.

. The maximum adsorption uptake (about 0.5 mg/g) of Pb (II) is achieved at 5 mg/L of
lead solution, but from obtained results it is clear that adsorption uptake is only
increasing, which means, that egg shell adsorbent could be used in higher concentration
lead solutions

. Egg shell contact time of 90 minutes showed that the eggs shell could remove about 98
% of Pb (II) ions from the aqueous solution, when initial lead concentration was 1 mg/L.
. In adsorption isotherm studies it was concluded from correlation coefficients that the
applicability of models distributed as follows: Langmuir (0.989)> Freundlich (0.985)>
Henry (0.842). These findings indicate that the sorption of Pb (II) can be considered by
a monolayer formation of the lead ion on the surface of the adsorbents. Also, adsorption
of Pb (II) onto the surface of egg shell is likely due to the ion exchange/complexation
reaction.

. Multi—criteria decision—analysis was used to solve the problem of the decision on which
adsorption parameter impacts the removal efficiency most. The results of the analysis
showed that the adsorbent dose has the greatest impact on adsorption efficiency.
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CONCLUSIONS

. The main sources of heavy metals in the environment of anthropogenic origin are
industrial wastewater, agri—culture, energy and electronics production and waste sector.
HM are hazardous to the environment, therefore many different techniques for
removing heavy metals from wastewaters are used (chemical precipitation, membrane
filtration, sorption, etc.).

. Egg shell waste was considered as possible adsorbent material for this research due to
its availability — according to the data of the Department of Statistics of Lithuania, egg
shell wastes amounted to about 5895 tons in 2018 alone.

. Total costs, removal efficiency, operating flux, operating cost, required power and
water recovery efficiency were chosen as the main criteria for this multicriteria
analysis. The AHP revealed, that total costs and removal efficiency are the key criteria
in this TOPSIS analysis. MCDA has shown that the adsorption method is the most
favorable method for the treatment of water contaminated with lead ions compared to
reverse osmosis, nanofiltration, ion—exchange and electrodyalisis methods.

. Eggshell was found to adequately absorb lead (II) ions. Experimental studies have
shown that the concentration and pH of the solution have a significant effect on the
efficiency of the adsorption capacity. The most favorable pH value for the adsorption
of the target metal ions was found to be between pH 3.5 and 4.5, so the optimal initial
pH of 4 for the solution was chosen for further experiments.

. Egg shell adsorption contact time of 90 minutes and the smallest dosage of adsorbent
material (0.5 g) showed that the eggs shell could remove about 98 % of Pb (II) ions
from the aqueous solution, when initial lead concentration was 1 mg/L.

. The analysis of adsorption isotherms showed the following correspondence of
adsorption isotherm models: Langmuir (0.989)> Freundlich (0.985)> Henry (0.842).
These findings indicate that the sorption of Pb (II) can be considered by a monolayer
formation of the lead ion on the surface of the adsorbents and that the adsorption of Pb
(IT) onto the surface of egg shell is likely due to the ion exchange reaction.

. Multi—criteria decision—analysis used for the the problem of the decision on which
adsorption parameter impacts the removal efficiency most. The results of the analysis
showed that the adsorbent dose has the greatest impact on adsorption efficiency.
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RECOMMENDATIONS

. Further experiments on evaluation of the influence of contact time on Pb (II) ion
adsorption and initial Pb (II) ion concentrations should be conducted to conclude at
which point adsorption equilibrium is reached.

. Experiments on effects of modified eggshell Pb (II) ion adsorption from polluted water
should be conducted to confirm if modification of adsorbent could increase efficiency
of heavy metal ion removal efficiency.

. Regeneration of eggshell adsorbent should be studied, to increase cost—effectiveness of
eggshell adsorbent and to prevent the process from secondary pollution.

. To determine the functional groups of the adsorbent, to confirm on chemical level, what
functional groups could affect the Pb (II) ion adsorption process.

. To adapt obtained results for possible lead ion removal technologies in real life
situations, such as additional water treatment section in industries with small lead ion
concentration effluents.
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