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Abstract

This thesis investigated the use of Iraqi clay Ca-bentonite and modified clay
(Ca-bentonite-chitosan) as cheap and environmentally friendly adsorbent surfaces
for removal of pb (I1) and Cr(lI11) ions from aqueous solutions. The influence of clay
amount, temperature, equilibrium time, and solution pH on adsorb of pb(Il) and Cr
(111) ions onto Ca-bentonite and Ca-bentonite-chitosan clays from their synthetic
solutions in mono-system were studied by batch method. The results showed that
the removal efficiency and the maximum capacity of adsorption of pb(ll), Cr (lI)
ions on the modified clay higher than natural clay. The contact times were 50 and 45
min. for adsorption pb(ll) ion on natural and modified clay respectively, but when
adsorption Cr(l1l), the contact times were 35 and 15 min. The optimum dosages of
natural and modified clay were 0.1 and 0.07 g for pb(ll) ion adsorption, but when
adsorption Cr(Ill) ion, the optimum dosages were 0.3 and 0.1g for natural and
modified clay respectively. pH had a major effect upon adsorption of pb(ll) and
Cr(111) ions in both systems, with the best adsorption of two ions occurred at pH = 5.

The experimental results for adsorption of pb(l1) and Cr (I11) ions onto natural
clay were achieved with Freundlich isotherms at three temperatures (298, 308 and
318) K. The adsorption process results of pb(ll) were agreed with the Langmuir and
Freundlich isotherm models on modified clay ,but the Cr (111) ion on modified clay,
which is fitted to the Langmuir isotherm model only. Thermodynamic functions, for
instance, (AG, AH, and AS) were calculated from Van't Hoff equations for
adsorption of pb (11) and Cr (I11) ions on natural and modified clays. The values of
(AG) of both ions adsorption on two surfaces were negative, suggesting a
spontaneous adsorption process. The enthalpy values (AH) of pb(Il) and Cr (111) ions
adsorption on natural and modified clays were positive, suggesting an endothermic
adsorption process. The entropy values (AS) of pb(ll) and Cr (I11) ions adsorption on

two surfaces were positive, suggesting an increase in randomness.
|
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Chapter One Introduction

1. General Introduction:

Nowadays, human is facing several types of environmental stresses and
ecological crisis among which environmental pollution which is one of the
major problem. Environmental pollution is the undesirable physical, chemical or
biological alterations in the physical, chemical and biological characteristics of
different environmental constituents namely air, water and land leading to
deterioration of environment and makes it harmful for humans, other living

organismsJ[1].

The substance that causes pollution is known as a pollutant. Pollutants can
exist as liquids, solids or gases. A substance becomes a pollutant when its
concentration exceeds its natural abundance, and this increase in concentration is
caused either by human activities or by natural phenomena[2]. Sometimes, certain
valuable materials may also pollute the environment due to overuse or misuse or
mismanagement e.g., fertilizers improve the soil fertility but pollute soil due to
overuse and pollute water due to misuse and mismanagement[3]. Therefore,
environmental pollution may also be defined as an addition of undesirable
materials or excessive addition of useful materials in the environment beyond the
threshold limits where the usefulness of that material is damaged and resulting in the

degradation of environmental quality thereby making it unfit for life[4].

The majority of pollution types are imperceptible to the naked eye and manifest
in various ways .There are essentially seven types of pollution: air pollution, water
pollution, soil pollution, noise pollution, thermal pollution, light pollution, and
radiation pollution[5]. Pollution is a problem that affects organisms, especially the
developing ones, such as embryos and children, in consideration of the vulnerability
of their status. Prolonged exposure to minimal quantities of pollutants can

progressively alter the functioning of cells, tissues, and organs, essentially interfering

[1]
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with deoxyribonucleic acid (DNA) expression. Unfortunately, the absolute limits of

toxicity and tolerability of many pollutants are not yet known.

The World Health Organization (WHO), indeed, has recognized that
environmental factors cause around 24% of diseases worldwide, and more than 33%

of diseases in children under the age of 5 years are due to environmental factors[6].

1.1 Water pollution

Water pollution is defined as the presence of substances in water bodies that
change their chemical, physical, or biological properties and can have adverse effects
on living organisms and their environment[7].It occurs when contaminants, such as
chemicals, microorganisms, or waste are introduced into water systems beyond a level
that is safe for consumption by humans and the health of any ecosystem .Water
pollution is caused by various contaminants, such as chemical pollutants (pesticides
and heavy metals), microbiological pollutants (bacteria and viruses), nutrient
pollutants (nitrogen and phosphorus) , thermal pollution and waste products (sewage
and industrial waste) [8]. The measurement of water pollution is typically expressed as
the concentration of the contaminant in milligrams per litre (mg/L) or parts per million
(ppm)[9]. Water pollution can have both natural and anthropogenic causes. Natural
causes include algae blooms and runoff from agricultural felds ,while anthropogenic
causes include discharge from factories and sewage treatment plants, as well as waste
products such as sewage and industrial waste [10]. These pollutants can harm aquatic

species, disrupt food webs, and cause harm to human health[11].
1.2 Wastewater Treatment Processes

When water is polluted and decontamination becomes necessary, the best
purification approach should be chosen to reach the decontamination objectives .A

purification process generally consists of five successive steps[13]:

(2]
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e preliminary treatment or pre-treatment (physical and mechanical): Pre-
treatment consists of eliminating the (floating) solid particles and all suspended
substances from the effluent. This pre-treatment stage, which can be carried out
using mechanical or physical means is indispensable[12].

e Primary (sedimentation) treatment: the first major stage of treatment, which
usually involves the uptake of settleable solids, which are separated as mud.

e Secondary (biological) treatment: the dissolved and colloidal organic
compounds are oxidized in the presence of microorganisms.

e Tertiary treatment: further treatment of a biologically treated effluent to remove
bacteria, suspended solids, specific toxic compounds or nutrients to enable
the final effluent to comply with a standard more stringent before
discharge.

¢ Sludge treatment: the dewatering, stabilization, and disposal of mud[13].
1.3 Heavy Metals

1.3.1 Definition of heavy metals

The term "heavy metals"”, have been generally used to describe metals with
atomic weight greater than iron (56). Also, the term "heavy metals”, have been used to
describe metals having density greater than 5 g cm™. The actual definition of heavy
metals is any metallic element that has a proportionally high density and is poisonous
at low concentrations such as, Pb, Cd, Hg and Cr [14]. Generally, heavy metals are
non-biodegradable in natural environment and are categorized in two groups. The first
group is toxic metals (i.e. Pb, Cd and As) which are undesirable, don't have biological
benefits for human health and toxic at any concentrations. The second group is
essential metals (i.e. Cu, Zn, Mn, Fe, Ni and Cr etc.) which are desirable and have
biological benefits for human health at low concentrations, but it become toxic at high

concentrations[15].

(3]
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Table 1-1 depicts the maximum concentration of some heavy metals that may be
absorbed in the human body and the associated health conditions and disorders[16].

Table 1-1: Adverse Health Impacts of some Heavy Metals.

No. Heavy WHO Allowed
Metals Adverse Effects on Human Health
Permissible Limits (mg/L)
1. Nickel (Ni) 0.07 Lung scarring, lung cancer, renal disease, and
cardiovascular illness disorders the lungs
2. Silver (Ag) 0.1 Argyriasis, liver and kidney dysfunction, and
blood cell abnormalities
3. Iron (Fe) 3.0 At high amounts, hemochromatosis and liver
cell destruction occur.
4. Cadmium Acute toxic effects include headaches, skin
(Cd) 0.003 ulcers, eczema, vomiting, diarrhea, and
malignancies.
5. Arsenic 0.05 All possible side effects are eczema, skin ulcers,
(As) reproductive infection, genotoxicity,
6. Chromium All possible side effects are eczema, skin ulcers,
(Cn 0.05 reproductive infection, genotoxicity,
embryotoxicity, and lung cancer
7. Cobalt 0.05 Allergic erythema, asthma, bronchitis, and
(Co) carcinoma
Alzheimer's syndrome, senile impairment,
8. Lead (Pb) 0.05 kidney dysfunction, cancer and
neurodegenerative disorders

1.3.2 Sources of Heavy Metals

The releasing sources of heavy metals to the different environmental media
such as soil, air and water are divided to the natural and anthropogenic
sources[17].The natural sources such as volcanic eruptions, sea-salt sprays, forest
fires, rock weathering, biogenic sources and wind-borne soil particles. The
anthropogenic sources such as industries processes, agriculture processes, discharge of
wastewater, mining processes, metallurgical processes, as well as emissions of
chimneys and motors. The main sources of metals are pesticides, paint productions,

printing of textiles, earth's crust, hair dyes and Polyvinyl chloride (PVC) pipes for lead

[4]
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(Pb); rechargeable batteries, tobacco, phosphate fertilizers, pigments, industrial wastes
and agrochemical wastes for cadmium (Cd); stainless steel, alloy production, wood
saving, textile dyes, leather tanning and electroplating for chromium (Cr); kitchen
utensils, machine parts, batteries, earth's crust, cigarette and stainless steel for nickel
(Ni); volcanic activities, pyrolysis of biomass, mining, paint of ships, wastewater
discharges and forest fires for mercury (Hg); volcanic activities, disposal of arsenical
chemicals, mining of gold and copper, arsenical pesticides, smelting and fertilizers for
arsenic (As)[14].

1.3.3 Heavy metals under the study

1.3.3.1 Lead

It is a heavy, transition metal element, with symbol pb and atomic number 82.
It is one of the elements in the carbon group of the periodic table. Lead (Pb) is a
naturally occurring metal and generally form lead compounds by combining with two
or more elements. Lead reacts with air and water to form lead sulfate, lead carbonates
or lead oxide. These compounds act as a protective barrier to prevent corrosion. Lead
can also interact with both acid as well as base. It has a low melting point and located

above hydrogen in the electromotive series[18].

Although the existence of lead is indicated in nature but human activities has
been found as the main reason for increasing lead content in the environment. Lead is
released in air from mining of lead, factories utilizing lead compounds, alloys, vehicle

exhaust and burning of fossil fuels[19].

The lead is removed from atmosphere by rain and transferred to soil or comes in
contact with surface water. Moreover, lead is used as pesticide during vegetable and
fruit cultivation. .Disposal of lead containing waste products, uptake of lead based
paints from bridges, buildings and damaged battery from industries further results into

the accumulation of lead in municipal landfills.

(5]
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Lead combines very strongly with the soil particles and present in the top layer
of soil. Lead enters water bodies or lakes when these soil particles are washed away
by rain water. Thus, lead is transferred to animals and plants from air, water, soil and

this cycle continues[20].
1.3.3.2 Chromium

Chromium (Cr) is classified as a Group 1, a transition element that is
carcinogenic to living organisms, is a great risk to the environment, and is ranked fifth
of the potentially worst toxic elements Chromium (Cr) exists in aqueous solution as
trivalent (Cr®") and hexavalent (Cr®") forms. Cr** is an essential trace element while
Cr® is a dangerous and carcinogenic element, which is of great concern globally due
to its extensive applications in various industrial processes such as textiles,
manufacturing of inks, dyes, paints, and pigments, electroplating, stainless steel,
leather, tanning, and wood preservation, among others[21]. Cr** in wastewater can be
transformed into Cr®" when it enters the environment. Therefore, the United States
Environmental Protection Agency (US EPA) has classified Cr as one of the 17
chemicals that pose a threat to human and research on Cr remediation from water has
attracted much attention recently[22] .Chromium is a silvery metal, hard, lustrous
metal, tasteless and odorless, malleable, and highly resistant to corrosion. Toxic effect
due to human contact with chromium compounds were known a few years right after
its isolation. The well-known toxic effects caused by chromium compounds, such as
perforation of the nasal septum, chrome holes in the skin, hepatotoxic and nephrotoxic

effects, and gastrointestinal bleeding[23].

1.4 Adsorption

Adsorption is basically a process of mass transfer in which solute or
removable species are transported from a liquid phase onto the surface of a solid phase.

By physiochemical interactions, adsorbed species are bounded to the solid surface. In

(6]
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this process, generally, adsorbate migration occurs in three sequential steps: (1)
migration of adsorbate to the border shell of the adsorbent, (2) intraparticle diffusion
into pores, and (3) adsorption and desorption of solute. The characteristics of
adsorbate, adsorbent, and matrix control the rate of all these steps[24]. Adsorption
uptake by the adsorbent is heavily influenced by its surface properties, such as surface
area and pore volume. Throughout the adsorption process, adsorbate molecules

encircle the active sites of porous adsorbents [25] .

Adsorption is among the most commonly used techniques in wastewater
treatment because of its major benefits, cheap cost, simple design, high efficiency, and
ease of maintenance[26] . The adsorbate is the solute that participates in the adsorption
process such as heavy metals, organic pollutants, radioactive elements and the
adsorbent is the material that provides the surface such as clay, activated carbon and

nanomaterials[27].

1.4.1 Adsorption types

Physical and chemical adsorption are the two types of adsorption[28]

1-Physical adsorption: is caused by the interaction of intermolecular forces
(van der Waals forces), such as adsorption of gas by activated carbon.Physical
adsorption is typically performed at a low temperature, low adsorption heat,
fast adsorption rate, and is nonselective. Because the effect of intermolecular
attractions are weak, changing the structure of adsorbate molecules is difficult,
separating adsorbed material is simple, and the energy of adsorption is

low(also called physisorption), as shown in Figure 1-1.

2-Chemical adsorption: this type of adsorption occurs on electronically
unsaturated active surfaces and known as active adsorption. The chemical
adsorption results from chemical forces (greater than Vander Waals

forces)[29], leads to the creation and destruction of chemical bonds. The

[7]
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adsorption heat of uptake or release is greater, as is the activation energy
required (also called chemisorption). Chemical adsorption and physical
adsorption are not separated and frequently occur together, as shown in Figure
1-1

Multilayer of adsorbate
Boundtothe \ Monolayer of adsorbate  goundtothe
surface by surface by
van der Waals chemical
force LA 4 4 4 4 4 bonding
Adsorbent surface
PHYSICAL ADSORPTION CHEMICAL ADSORPTION

Figure 1-1: Chemical and physical adsorption[30]
1.4.2 Factors affecting the adsorption process:

The amounts which are adsorbed from solution on solid is on the basis of some
aspects such as process used for system, allowed time duration, adsorbent’s porosity,
adsorbate’s concentration, system’s temperature, interfacial tensions between
adsorbent and solution, adsorbate and solvent, nature of adsorbent, pH solution,
existence of foreign material[31]. The major significant aspects are provided in the

following way:

1. Nature of adsorbent: Majorly, the adsorbent’s nature is depending on
adsorbent’s chemical composition, the surface that cause adsorption is
impacted because of the existence related to cracks edges, pores, and corners.
It has been indicated that the adsorbate was adsorbed on various solid surface
at same temperatures, the more the adsorbent’s surface area, the more

amounts of adsorbate will be adsorbed on it. Thus, the substances such as

(8]
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charcoal and silica are extremely efficient adsorbents since they were very
porous structures, thus the surface area is large[29].

2. Nature of adsorbate: The adsorption of soluble substance from its
solutions depends upon several factors such as its solubility in experimental
solvents, physical state in solution, chemical nature, the size, shape, presence
of polar groups, and concentration of the adsorbate material all affect the
reaction between adsorbent surface and the adsorbate molecules. The
adsorption process can be selective of one of the components with the
increase in molecular weight and solubility of polar group and charges the
interference between the surface adsorbent and adsorbate molecules and so
on[32].

3. Nature of solvent: The solvents have significant impact in the adsorption
study because adsorption is depending upon of interactions related to solvent
with solute existing in adsorbed layer. The solvent effect is indicated for
being significant in adsorption on the polar surfaces, majorly in the case
when solvent has been polar and/or containing aromatic ring. The solute’s
adsorption has been inversely relative to its solubility in the solvent. For
certain solvent, less or slightly soluble adsorbate is more adsorbed in
comparison to much soluble ones[33].

4, Temperature: The temperature is a factor of high importance in studying the
adsorption. Typically, low temperatures are needed to large adsorption,
common process of adsorption is exothermic. In certain conditions, the high
temperatures are enhancing the adsorption. Variations are depending on the
nature related to adsorbate-adsorbent interactions[29].

5. Influence of pH: pH of a solution is specified as a major factor impacting the
adsorbent’s capacity in wastewater treatment. The adsorption’s efficiency is

depending upon of pH solution, as the changes in pH result in changing the

[9]
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lonization degree related to adsorptive molecular as well as the adsorbent’s
surface characteristic. There is a requirement for adjusting the value of the
pH solution for evaluating the mechanism of adsorption. The existence
regarding certain functional group, like hydroxide (-OH), the cationic dye
adsorption happens at elevated pH value, while for the anionic dye
adsorption is required at low pH due to the fact that surface become
positively charged[34].
6. Contact time

The adsorption processes are influenced by contact time, where time
needed for adsorption systems to achieve equilibrium differs depending on
surface nature and unfilled adsorption sites[35]. It is the longest period of
time when adsorption process is finished and the equilibrium or change is
minor[36].
7. lonic Strength

The neutral molecules are adsorbed to a larger degree than more highly
ionized molecules[37]. Soluble electrolytes typically exhibit their action by
influencing adsorbate solubility or physical properties (surface potential and
surface charge). When electrolyte used to increase ionic strength is also more
soluble in solvent than adsorbate, ionic strength increases the extent of

adsorption.[38]
1.4.3. Adsorption isotherms

Adsorption isotherms are useful in describing the interaction between adsorbate
and adsorbent.They play important roles in determining the optimum adsorption
capacity of adsorbent and indicate how efficient an adsorbent can adsorb, and also
allows an estimation of the validity of adsorbent’s application. Isotherms also represent
the amount of adsorbate that binds on the surface of adsorbent depending on the
material available in the solution and are important requirements in designing a system

[10]
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for adsorption.[39]. The shape of an isotherm provides information on the stability of
the interactions between adsorbent and adsorbate and on the adsorption affinity of
molecules. Adsorption isotherms are described in many mathematical forms, some are
based on simplified physical description of adsorption, while others are empirical and

have to correlate experimental data[40]

Adsorption isotherm can be graphically represented by plotting the adsorbate
guantity on the solid surface (ge (mg/g)) against the concentration of adsorbate in
solution (Ce(mg/L)) at equilibrium [41].There is a wide range of adsorption isotherm
forms for chemisorption, with an primary sharply increasing curve that steadily
flattens. The initial increase is related to the greater trend of surface to bind the
adsorbed particles, and the adjustment off is related to the saturation of these forces.
On the other hand, physical adsorption is characterized by an adsorption isotherm that
appears to have a progressively positive slope with rising adsorbed concentration (for

adsorption from solute) and gas pressure (for gas adsorption)[42].
1.4.4 Adsorption Isotherms Models

Adsorption equilibrium results are typically defined by adsorption isotherms that
are critical for optimizing adsorption process design parameters. They are indeed
useful in providing enough physical and chemical data to know the adsorption
mechanism. These isotherms connect to the quantity of solute adsorbed at equilibrium
per mass of adsorbent, ge, to a concentration of adsorbate at equilibrium, Ce. To fit
experimental data in this study, two main isotherm models were chosen: Langmuir and
Freundlich[43].

1.4.4.1. Langmuir isotherm

Langmuir isotherm explains monolayer adsorption under the assumption that

all adsorption sites provide equal adsorbate affinities (the surface is homogeneous) so
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this adsorption at one site has no effect on adsorption at another[44]. In his model, he
assumed that[45]:

e There are fixed adsorption sites on the surface of each adsorbent and a fraction
of these sites could be occupied by adsorbates at a given temperature and
pressure

e Each adsorption site on the surface of adsorbent can accommodate one entry

e Heat of adsorption for each adsorption site is the same and independent of the
fraction of sites occupied by adsorbate.

e Interaction does not exist between adsorbates occupying different adsorption
sites. The equation for the Langmuir isotherm is as follows[46]:

C 1 C
Ce _ 4 G (1.1)
e KL 9max Amax

Where qe represents the quantity of adsorbed for unit weight of adsorbent (mg /
g), Ce represents equilibrium concentration of adsorbate (mg/L), Omax represents
adsorption capacity (mg /g), or monolayer capacity, and K represents the Langmuir

equilibrium constant related to energy of adsorption and binding site affinity (L /mg).

The slope and intercept of linear plot of experimental results of Ce/ge vs Ce,
equation (1.1), can be used to calculate the values of gmax and K. One of key traits of
Langmuir model could be described in term of the dimensionless constant known as

the equilibrium factor R, which is described as [47]:

1
T 1+K; C,

R, (1.2)

Where C, represents initial concentration in (mg /L). Value of R_ suggests
whether isotherm is unfavorable adsorption (R_ > 1), linear adsorption (RL=1),
favorable adsorption (0< R_ <1), or irreversible adsorption (RL =0)[48]. The linear

form to linearize experimental results by plotting Ce/ge against Ce. The slope =(1/qmax)
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and intercept =(1/K;q.,4,) Of the linear equation are used to calculate the Langmuir

constants K. and gmax [49],as shown in Figure 1-2

(A) (B.)

qe(mg/g) Ce/qe(g/L)
Slope = 1/qax

Intercept = 1/K, Qmax

Ce(ma/L) Ce(mg/L)

Figure 1-2 :(A.)The Langmuir isotherm (B.) The Langmuir isotherm in linear form[33]

1.4.4.2 Freunlich isotherm

Freundlich isotherm is a common relationship used to describe the sorption
equation. It is concerned with heterogeneous adsorption on surfaces and the interaction
of adsorbate molecules. The Freundlich equation predicts that the sorption energy
decreases exponentially as an adsorbent of the sorption centers is completed. It is used

to explain heterogeneous systems and is expressed by below equations [34].
logq. = logKp +%logCe (1.3)

Where Kg represents capacity factor or experimental Freundlich constant
(mg/qg), (1/n) represents heterogeneity factor. The intercept = log KF and the slope =
(1/n) have been calculated using the log ge vs log Ce plot, as shown in Figure 1-3. The
constants (KF and n) are linked to the strength and distribution of the adsorptive bond,
respectively[34]. Mathematically, it has been indicated that n can be classified as an
indicator of adsorption site heterogeneity. For example, as n approaches zero, surface

sites heterogeneity increases. When n is greater than one, bond energies raise with

[13]
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surface density, when n is less than one, bond energies reduce with surface density,

and when n equals one, all surface sites are equivalent[35].

Slope =1/n
OECe /
Intercept = log K

LogC.

Figure 1-3: The Freundlich isotherm in linear form(33).
1.5 The clays:

Clay is a mineral mixture of crystalline hydrated aluminum silicates with a
divers composition. The grain diameter of these fine components of sediments
resulting from the weathering of rocks, their transport, and deposition of weathering
products is less than 20 micrometers. Clays are classified according to their grain size
(particle size) in to coarse clays(20 to 2 micrometers) and fine clays(2 to 0.2
micrometers) and colloidal clays (< 0.2 micrometers)[50]. When clays are adequately
crushed and washed, hydrated alumina or iron oxide play a large role in colloidal or
near-colloidal particles, which leads to plasticity. Clays are distinguished from many

other soil particles by their plasticity [49].

1.6 Clay Minerals

Clay minerals are known as a complex silicate composed of different ions.

Based on arrangement of these ions, the crystal units are divided in to two types:

a. silicon — oxygen tetrahedron consists of silicon surrounding by four oxygen

atoms and unite to form the silica sheet.
[14]
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b. aluminum or magnesium octahedron consists of aluminum surrounding by six
hydroxyl units and combine to form gibbsite sheet (If aluminum is main dominating

atom) or brucite sheet (If magnesium is main dominating atom)[50].
1.7 Properties of mineral clays

These properties depend largely on proportion of their plates, their ability to

exchange ions and absorb. The most important of these properties are:

1. a layer structure with one dimension in the nanometer range; the thickness of
the 1:1 (TO) layer is about 0.7 nm, and that of the 2:1 (TOT) layer is about 1 nm,

2. The anisotropy of the layers or particles.

3. The existence of several types of surfaces: external basal (planar) and edge

surfaces as well as internal (interlayer) surfaces.

4. The ease with which the external, and often also the internal, surface can be

modified (by adsorption, ion exchange, or grafting).
5. Plasticity.
6. Hardening on drying or firing; this applies to most (but not all) clay minerals

Because of its characteristics, the clays carry a main role in many fields by
acting as a healthy scavenger of contaminants by absorbing anions and cations via ion

adsorption, exchange, or both [51].

As a result, clay usually contains substitutable cations and anions that are carried
onto the surface. Na*, Ca?*, Mg?*, NH,", H*, K*, PO, CI*, SO,? and NO; are the
most common cations and anions located on clay surfaces [51]

[15]



1.8 Bentonite clay

Bentonite is a clay formed of highly colloidal and plastic clays composed
mainly of montmorillonite, a clay mineral of the smectite group, and is produced
by in situ devitrification of volcanic ash. In addition to montmorillonite,
bentonite may contain feldspar, cristobalite, and crystalline quartz. The special
properties of bentonite are an ability to form thixotrophic gels with water, an
ability to absorb large quantities of water, and a high cation exchange capacity.
The properties of bentonite are derived from the crystal structure of the smectite
group, which is an octahedral alumina sheet between two tetrahedral silica sheets.
Variations in interstitial water and exchangeable cations in the interlayer space
affect the properties of bentonite and thus the commercial uses of the different
types of bentonite. By extension, the term bentonite is applied commercially to
any clay with similar properties[51].

Bentonite is an impure form of aluminum phyllosilicate clay consisting
98% of montmorillonite and the chemical composition of the unit cell has been
represented as  [(Sis.o0)(Alz.02M0o.50Ca0.06F€0.18 Th0.02Na 22)O20(OH),]. It is a
versatile mineral due to its platelet structure. The platelet consisting of a
tetrahedral silicon oxide layer in which some silicon replaced by trivalent cations
sandwiched between two octahedral aluminum oxide layers in which aluminum
replaced by divalent cations. The hydroxide group is present on the edge of each
platelet results in thixotropic nature[50] . The different types of bentonite are
found based on their respective dominant element, such as potassium (K), sodium
(Na), calcium (Ca), and aluminum (Al). For industrial purposes, three main

classes of bentonite exist: sodium, calcium and potassium bentonite[52].
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O 0(0H)
AI(I1T), Fe(11, 111), Mg(11)

Figure 1-4: Layer structure of bentonite clay[53]

1.8.1 Calcium bentonite

Majority bentonite occurring worldwide is of the calcium type. Calcium-
bentonite or non-activated bentonite is type that is predominantly occupied by
Ca”" or Mg ions in the intermediate layers. This Ca-bentonite has lower swelling

when

compared to that of Na-bentonite. It is used as an adsorbent in cooking oil

industries, and lubricant oil recycling, as a catalyst, adsorber, filler, etc.[54].
1.9 Chitosan

Chitosan is a natural polysaccharide obtained from partial or full
deacetylation of chitin[55]. Chitin, the source material for chitosan, is the most
naturally abundant polysaccharide after cellulose[56]. Chitin is an important
component of the cell wall of fungi, the exoskeleton of crustaceans, and insects.
Chitosan is the N-deacetylated derivative of chitin, a linear and semicrystalline
polysaccharide composed of glucosamine and N-acetyl glucosamine units linked
by B-(1—4) glycosidic bonds [57]. When the fraction of glucosamine units is
greater than 50%, the Polymer is commonly called chitosan and the number of
glucosamine units is termed degree of deacetylation (DDA). Chitosan is the only

polycation in nature and its charge density depends on the degree of acetylation

[17]



and pH of the media. The solubility of the polymer depends on the acetylation
degree and molecular weight[58]. Chitosan oligomers are soluble over a wide pH
range, from acidic to basic ones (i.e., physiological pH 7.4). On the contrary,
chitosan samples with higher Mw are only soluble in acidic aqueous media even
at high deacetylation degrees. This lack of solubility at neutral and basic pH has
hindered the use of chitosan in some applications under neutral physiological
conditions (i.e., pH 7.4). This is the reason why a great number of chitosan

derivatives with enhanced solubility have been synthetized[59].

1.9.1 Technological Chitosan Properties
a) Solubility

Chitosan is produced by deacetylation of chitin; in this process, some N-
acetyl glucosamine moieties are converted into glucosamine units. The presence
of large amounts of protonated -NH, groups on the chitosan structure accounts
for its solubility in acid aqueous media since its pKa value is approximately 6.5.
When around 50% of all amino groups are protonated, chitosan becomes soluble.
Chitosan solubility depends on different factors such as polymer molecular
weight, degree of acetylation, pH, temperature, and polymer crystallinity[60].
b) Viscosity

The viscosity of polymers is a parametre of great interest from the
technological point of view since highly viscous solutions are difficult to
manage. Moreover, viscometry is a powerful tool for determining chitosan’s
molecular weight, as it is a simple and rapid method even though it is not an
absolute method. Chitosan viscosity depends on the molecular weight of the
polymer and deacetylation degree and decreases as the molecular weight of
chitosan is reduced. In fact, viscosity can be used to determine the stability of the
polymer in solution, as a reduction is observed during polymer storage due to

polymer degradation[61].
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1.9.2 Chemistry of Chitosan

As seen in Figure 1-5, the reactive groups found in chitosan are a primary
amino group (C2) and primary and secondary hydroxyl groups (C6, C3).
Glycosidic bonds and the acetamide group can also be considered functional
groups. These functional groups allow for a great number of modifications,

producing polymers with new properties and behaviours[62].

Chitosan is insoluble in aqueous solution above pH 7, in its crystalline
form. However, in dilute acids (pH < 6), the protonated free amino groups on
glucosamine facilitate solubility of the polymeric molecule[61]. A polyelectrolyte
Is a polymer carrying either positively or negatively charged ionizable groups.
Solubilization occurs by protonation of the —-NH; group on the C-2 position of the

d-glucosamine repeat unit.

-

Esterification (sulfation, sulfonation) Metal coordination
Carboxymethylation, alkylation Chemical coupling

Chemical crosslinking
Graft copolymerization

OH OH

2 /%
HO
HO NH NH OH
R/
R =H, COMe Glycosidic bond
cleavage degradation

]

Chemical coupling
Chemical crosslinking
Graft copolymerization

[ Sulfonylation

Metal coordination
alkanoylation ]

Acylation
Schiff base

Alkylation J

Figure 1-5: Functional groups in chitosan’s structure[61]
Chitosan is a white to light red solid powder depending on processing
conditions and levels of residual pigments. Its physiological functions include
decreasing cholesterol, decreasing high blood pressure, inhibition of fat

absorption, and improvement of intestinal microflora/environment. It has long
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been included in food and food additives due to its safety in humans, animals,

and microbes[63].

Chitosan has several key properties that make it one of the most promising

natural substances for application in medical and pharmaceutical fields.
1.10Atomic spectroscopy

Spectroscopy is the study of interactions between matter and different
forms of electromagnetic radiation; when practiced to quantitative analysis, the

term spectrometry is used.

Atomic spectroscopy includes a number of analytical techniques used to
determine the elemental composition of a sample (it can be gas, liquid, or solid)
by observing its electromagnetic spectrum or its mass spectrum. Element
concentrations of a millionth (ppm) or one billionth part (ppb) of the sample can
be detected[64].

Atomic spectroscopy includes the techniques of atomic absorption
spectroscopy (AAS), atomic emission spectroscopy (AES), atomic fluorescence
spectroscopy (AFS), X-ray fluorescence (XRF), and inorganic mass spectroscopy
(MS). AAS, AES, and AFS exploit interactions between UV-visible light and the
valence electrons of free gaseous atoms. Formation of the atomic vapor i.e.
atomization is the major principle of emission, absorption, and fluorescence
techniques. The most critical component of instruments used in atomic
spectroscopy is the atomization sources and sample introduction devices with an
associated spectrometer for wavelength selection and detection of light.
Atomization involves the several key (the basic) steps: solvent removal,
separation from anion and other elements of the matrix, and reduction of ions to

the ground state atom[65].

Analytical methods of atomic spectroscopy have been used for elemental

analysis identification, and quantitation in varieties of samples. Recently, most all
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of the spectroscopic techniques available are used in the analysis of metals and

trace elements in samples of industrial and environmental origin[66].
1.10.1 Atomic Absorption Spectrometry (AAS)

Atomic Absorption Spectrometry (AAS) is a technique for measuring
quantities of chemical elements present in environmental samples by measuring
the absorbed radiation by the chemical element of interest. This is done by
reading the spectra produced when the sample is excited by radiation. The atoms
absorb ultraviolet or visible light and make transitions to higher energy levels.
Atomic absorption methods measure the amount of energy in the form of photons
of light that are absorbed by the sample. A detector measures the wavelengths of
light transmitted by the sample, and compares them to the wavelengths which
originally passed through the sample[67]. A signal processor then integrates the
changes in wavelength absorbed, which appear in the readout as peaks of energy
absorption at discrete wavelengths. The energy required for an electron to leave
an atom is known as ionization energy and is specific to each chemical element.
When an electron moves from one energy level to another within the atom, a
photon is emitted with energy E. Atoms of an element emit a characteristic
spectral line. Every atom has its own distinct pattern of wavelengths at which it
will absorb energy, due to the unique configuration of electrons in its outer shell.
This enables the qualitative analysis of a sample[68]. The concentration is
calculated based on the Beer-Lambert law. Absorbance is directly proportional to
the concentration of the analyte absorbed for the existing set of conditions. The
concentration is usually determined from a calibration curve, obtained using
standards of known concentration. However, applying the Beer-Lambert law
directly in AAS is difficult due to: variations in atomization efficiency from the
sample matrix, non-uniformity of concentration and path length of analyte atoms

(in graphite furnace AA).

The chemical methods used are based on matter interactions, i.e. chemical

reactions. For a long period of time these methods were essentially empirical,
[21]



involving, in most cases, great experimental skills. In analytical chemistry, AAS
Is a technique used mostly for determining the concentration of a particular metal
element within a sample. AAS can be used to analyze the concentration of over
62 different metals in a solution. Typically, the technique makes use of a flame to
atomize the sample, but other atomizers, such as a graphite furnace, are also used.

Three steps are involved in turning a liquid sample into an atomic gas:

1. Desolvation — the liquid solvent is evaporated, and the dry sample remains.
2. Vaporization — the solid sample vaporizes to a gas.
3. Volatilization — the compounds that compose the sample are broken into

free atoms[67].

To measure how much of a given element is present in a sample, one must
first establish a basis for comparison using known quantities of that element to
produce a calibration curve. To generate this curve, a specific wavelength is
selected, and the detector is set to measure only the energy transmitted at that
wavelength. As the concentration of the target atom in the sample increases, the
absorption will also increase proportionally. A series of samples containing
known concentrations of the compound of interest are analyzed, and the
corresponding absorbance, which is the inverse percentage of light transmitted, is
recorded. The measured absorption at each concentration is then plotted, so that a
straight line can then be drawn between the resulting points. From this line, the
concentration of the substance under investigation is extrapolated from the
substance’s absorbance. The use of special light sources and the selection of
specific wavelengths allow for the quantitative determination of individual

components in a multielement mixture. [69].
1.10.2Basic instrumentation

Every atomic absorption spectrometer presents the same Dbasic
components; however, each manufacturer differentiates the configuration due to

the analytical demand and according to technological advance. Figure 1-6 shows
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the main components of an atomic absorption spectrometer, typical atomic

absorption spectrometer consists of four main components:

Source Chopper Sample Monochromator | Detector Computer

= )

a
-

Figure 1-6: main components in atomic absorption spectroscopy

instrumentation[69]
1. The light source :

An atom absorbs light at discrete wavelengths. In order to measure this narrow
light absorption with maximum sensitivity, it is necessary to use a line source,
which emits the specific wavelengths which can be absorbed by the atom.
Narrow line sources not only provide high sensitivity, but also make atomic
absorption a very specific analytical technique with few spectral interferences.
The two most common line sources used in atomic absorption are the ‘‘hollow

cathode lamp’’ and the ‘electrodeless discharge lamp[70].
2. The atomization system

AA spectroscopy requires that the analyte atoms be in the gas phase. lons
or atoms in a sample must undergo desolvation and vaporization in a high-
temperature source such as a flame or graphite furnace. The following
atomization methods are known: a) Flame atomization, b) Graphite furnace
atomization and c¢ ) Mercury hydride atomization[71]. Figure 1-7 shows several
steps that occur during the atomization process of any element M, initially in
solution of ionic M*. The nebulizer and the chamber of nebulizer are responsible

for transferring part of a flask solution to the burner, in continuous flow of very
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small droplets. When getting to the flame, the solvent dries fast and a solid MA

compound is formed where A is an anion present in the solution.

The heat is enough to liquefy, vaporize and break the bond of compound
MA, releasing gaseous atomic specie M° in the ground state. This species absorbs
a specific wavelength radiation emitted by the lamp. If the temperature were high

enough, M° could be excited to M* or lose an electron and passed to M.

The temperature is the variable that most influences the atomization
process. The best way to control this variable is through a critical choice of fuel
and oxidants gases, and varying the percentage to a fine adjustment among them.
As examples of fuel gases, we can cite propane, hydrogen and acetylene. As

examples of oxidant gases, we can cite are air, oxygen and nitrous oxide[72].

7- Ionization M* + e (gas)

f’é-j | { . —aa-#%  6- Excitation M* (gas)

5- Atomization M° + AY(gas)

f' 4- Vaporization MA (gas)
3- Liquefaction MA (liquid)
2- Desolvation MA (solid)

1 1- Nebulization M* + A" (aerosol)

Figure 1-7: Scheme of atomization mechanism[72].

3. The monochromator : The monochromator is responsible for selecting
the appropriate wavelength for analysis. It is a hermetical closed box

with entrance and exit slits of 0.2 to 2nm, lenses and mirrors to focus the
[24]



radiation and a dispersed element that can be a prism or a diffraction
grating or a combination of them. It is filled up with inert gas to avoid
ultraviolet radiation absorption by the air and normally has the walls

painted in matte black to avoid reflection and scattered radiation.

The polychromatic radiation enters through the entrance slit, it is
separated and only the chosen wavelength of radiation reaches the exit slit

and goes on to the detector[73].
4. The detection system

The detector is placed in front of the exit slit and receives the
determined photons by the monochromator. It transforms lightning energy
in an electrical signal, that is amplified and measured. Detectors mostly
used in old equipments are photo-multiplier valves. With modern
equipments, they are being substituted by a system based on solid-state
detectors type CCD (charge coupled device). They are similar to digital
cameras sensors with a set of sensitive pixels to electromagnetic radiation in
the UV regions and visible that transforms the energy of photons coming

from the monochromator into a digital signal[67].
1.10.3 Advantages of Atomic Absorption Spectroscopy (AAS)

e High Sensitivity: AAS can detect elements at very low concentrations,
often down to parts per billion (ppb)[74]

e Accuracy: Provides precise measurements with minimal deviation from
true values, typically within a 0.5-5% range[67].

e Elemental Specificity: Capable of analyzing over 70 different elements
without interference from other components in the sample.

e Low Sample Volume: Requires only a small amount of sample for
analysis

e Rapid Analysis: Offers quick detection and quantification of

elements[70]
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1.11 Literature Studies

Several studies (Table 1-2) have investigated the adsorption behavior of heavy
metal ions such as Pb(Il) and Cr(Ill) ions on natural and modified bentonite
surfaces. These studies provide insights into the thermodynamic aspects of the
adsorption process, highlighting changes in Gibbs free energy, enthalpy, and
entropy. The comparison between natural calcium bentonite and chitosan
modified bentonite reveals significant improvements in adsorption performance

due to surface modification.

The Table 1-2: key findings from selected recent publications:

Sno. Adsorbents Heavy Maximum Isotherm models Reference
metal adsorption
1 Montmorillonite Pb(Il) 91.08 Langmuir [75]
2 Acidified Pb(1l) 15.3846 Langmuir [76]
Bentonite

3 activated bentonite Pb(1l) 13+0.04 Langmuir [77]

4 bentonite-chitosan Pb(ll) 325mg/g | Langmuir, [78]
Freundlich

5 bentonite-chitosan Pb(ll) 177 Freundlich [79]

6 Bentonite Cr(111) 6.44 Langmuir, [80]
Freundlich

7 Ilitic-Kaolinite Cr(111) 14.27 Freundlich [81]

8 modified bentonite | Cr(l1I) 3.72 Langmuir [82]

9 bentonite-chitosan Cr(111) 23.5 Langmuir [83]

10 SDS-chitosan Cr(111) 3.42 Langmuir [84]

[26]




1.12 Aims of Study

The study has the following aims:

1- Modification natural calcium bentonite with chitosan to enhance its adsorption
properties.

2 - Compare the adsorption efficiency of natural and modified bentonite for
Pb(11) and Cr(1I1) ions.

3- Investigation of the effect of contact time, adsorbent dosage, PH, and

temperature on adsorption behavior.
4- Determination of the thermodynamic parameters (AG°, AH®°, AS°) of the

adsorption process.
5- Identification of the most suitable isotherm model describing the adsorption

mechanism.
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Chapter Two
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2.1 Instruments Analysis

Table (2-1): The instruments and their manufactures which are used in this study.

No. Instruments Company, Source Places
1 Atomic Absorption Sens AA Dual,GBC Scientific | Marine Science Center,
Spectrophotometer (AAS) Equipment- Malaysia Basrah university
Fourier Transform Infrared 8400s ,Shimadzu- Japan University of Kerbala,
2 (FTIR) Science college
Field-emission Scanning EMG620 Eco ,KYKY-China Buali Sina Scientific and
3 Electron Microscopy Cultural Foundation,
(FESEM-EDX) Hamadan - Iran
4 X-Ray Diffraction Lab X- XRD 6000,Shimadzu- | College of Engineering,
Japan University of Kufa.
5 Thermo stated shaker BS-11,230 VAC -50 Hz , Lab | Marine Science Center,
tech- Korea Basrah university
6 Electric Balance BL 210S ,Germany Marine Science Center,
Basrah university
7 Oven Memort LDO- 080+N , Marine Science Center,
Labtech- Korea Basrah university
8 pH Meter AD101, Romania Marine Science Center,
Basrah university
9 Magnetic Hot Plate Stirrer GmbH, MS-H280-pro , Marine Science Center,
Germany Basrah university
10 Centrifuge Z200a Hermie, 6000 Marine Science Center,
rpm, Universal I1-  Germany Basrah university
11 sieve (75um),(no0.200, Germany University of Kerbala,

Science college
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2.2. Chemical Materials

The study used specific chemicals which are shown with their suppliers in Table

(2-2).
Table (2-2): Materials and their suppliers.
No. Chemicals Formula Purity (%) Molecular Company
mass(g/mol)
1 Acetic acid CH3;COOH 99% 60.050 BDH
2 Chromium nitrate Cr(NO3)3 97% 238.011 Merk
Non hydrate

3 Lead Nitrate Pb(NO3);, 99.9%. 331.230 BDH

4 Sodium hydroxide NaOH 99% 40.000 SDFCL

5 Hydrochloric acid HCI 37% 36.640 BDH

6 Chitosan [CsH11NOq4]n Density: Particle size: Rongsheng

Biotechnology
0.03g/ml <80

2.3. Adsorbent surface

Calcium bentonite clay rock (Figure 2-1), used in this project was provided by the

General Company for Geological Survey and Mining (GSMGC), Baghdad, Iraqg.

Table 2-3 presents the chemical composition of this clay.

[29]
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Figure 2-1: Ca- bentonite clay[85]

Table (2-3): The chemical composition of Ca-bentonite [85]

L.O.I

K20

Na,O

MgO

CaO

Fe,O3

A|203

SiO,

9.5%

0.6%

1.1%

3.4%

4.5%

5.1%

15.7%

56.7%

2.3.1. Preparation of clay powder

The natural clay was grind and then soaked in deionized water and allowed to dry

at 343K for 7 hours. At room temperature (298 K), the natural clay was left to cool.

The clay has been crushed and sieved using a sieve of size (n0.200) (75 um) and

kept in a closed container[86].

Figure2-2: The natural clay powder

[30]
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2.3.2 Preparation of Ca-Bentonite Chitosan Composite

The modified clay was prepared using a procedure reported in literature[86] with
modification. The composite Ca-bentonite-chitosan was prepared by the following

steps:-

1. 1g of chitosan dissolved in a 2% (v:v) acetic acid: water solution at
313 K for 1 hour.

2. 9g of natural clay was dispersed and stirring in 100ml deionized
water for 1hour at 298k.

3. The clay suspension added slowly to chitosan solution and stirring at
298k for 4 hours.

4. After ensuring that the clay suspension is mixed with the chitosan

solution, the pH is measured.

5. (IM) NaOH solution was added dropwise in to mixture under
continuous stirring at 180 rpm. The pH of mixture measured and
recorded after each addition of NaOH solution until its neutralization

(pH 7-7.8), and the polymer precipitated from solution.

6. The composites Ca-Bt-CS were separated from aqueous phase by

simple filtration and allowed to dry at 328 K.

7. The composites were manually ground to pass through 75um mesh

Sieves.

[31]
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Chitosan

Chitosan - Bentonite
Solution

Adding

Stirring 1h

100 mL

Ca - Bentonite Ca - Bentonite
Suspension

Brown Precipitate

Washing

Drying
Grinding ,~ 7o ™~
/

Pe

Ca - Bentonite - chitosan
Composites

-Bt-CS) composites.

Figure 2-3: Schematic diagram of Preparation of (Ca
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Figure2-4: The modified clay
2.4.Characterization of adsorbents

2.4.1. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared spectra for Iraqi natural and modified clay were
recorded as (KBr) discs by using Shimadzu (FT-IR) spectrophotometer in the
range (400-4000) cm™. The representation of the functional groups on the surfaces
can be known through the FT-IR spectrum.

2.4.2. Field Emission Scanning Electron Microscopy (FE-SEM)
Analysis

The surface morphology of the natural and modified clay were studies by using

Field emission scanning electron microscopy (FE-SEM) technique type EM620

Eco.

2.4.3. Energy Dispersive X-ray Analysis (EDX-Elemental)

This technique is used to gives information about the composition of element .As a

result of passing electrons beam through the atoms of sample an image of each

[33]
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element obtained .This technique correlates with scanning electron
microscope[87].

2.4.4. X-Ray Diffraction Spectroscopy (XRD)
X-ray diffraction (XRD) data were analyzed by Lab X, XRD 6000 instrument
equipped. This instrument was employing CuKo las a target source (wave

length1.54060 A°, at 30 mA and 40 KV) 26 range from 16 to 80°.
2.5.Preparation of solutions used in adsorption process

2.5.1 Standard stock solution of Pb (I1) ions (1000mg/L)

The standard stock solution is made by dissolving 1.590gm of (Pb (NOj3), in 1L of
deionized water, a standard stock solution of Pb (II) (1000 mg/L) ions was
prepared. The solutions (5.000-80.000 mg/L) were prepared by diluting the stock

solution with deionized water.

2.5.2 Standard stock solution of Cr (I11) ions (1000mg/L)
The standard stock solution is made by dissolving 4.570gm of Cr(NOs)s in 1 L of
deionized water, a standard stock solution of Cr (III) (1000 mg/L) ions was

prepared. The solutions (5.000-80.000 mg/L) were prepared by diluting the stock

solution with deionized water.

Figure2-5: The Standard stock solutions of Cr(l11) and Pb(lI)

[34]
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2.6 Batch adsorption process optimization (single system)

The natural bentonite’s capacity to adsorb pb(ll) and Cr(lll) from aqueous
solution was studied under number of optimized pH, adsorbent dosage, and contact
time circumstances. The adsorption process was examined separately. The
concentration of Pb (II) and Cr (lIl) ions solutions was analyzed using atomic
absorption spectrophotometer (AAS). The absorbance of the solutions was

determined at (Amax = 217.0) nm for lead and (Amax = 357.9) nm for Chromium.

SonsAA L

Figure 2-6: Atomic absorption spectroscopy instrument used in this study

2.6.1. Effect of contact time

The period that is adequate for adsorption system to reach equilibriumwas
done according to the procedures in which a volume of (25mL) of an initial
concentration (50.0000 mg/L) of each Pb (1) and Cr (I11), solutions were shaken
with (0.1000 g) of adsorbents surface at a temperature (298K), shaking speed was
(180) rpm. For Pb (I1) adsorption on to natural and modified clay, the time ranged
from (10 to 90min). To adsorp Cr (111) ions on to natural clay and modified clay, the

time ranged from (5 to 60min).

[35]
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2.6.2. Effect of clay mass

At a specific temperature (298 K), 25 mL of a constant concentration (50.0000
mg/L) of each Pb (I1) and Cr (lIl) ions solutions with varying weights of Ca-
bentonite and modified clay a (0.0500- 0.9000 g) were used in this project to
examine the effect of clay dosage change on adsorption. The shaking speed was
(180) rpm and the contact time of pb (11), Cr (l111) on Ca-bentonite were (50, 35)
minutes. The contact time of pb (1) and Cr (111) on the modified clay was (45, 15)

minutes.

2.6.3. Effect of pH:

The effect of changing the acidity function on the percentage of removal and the
adsorption process was studied by using concentrations of 50.0000 mg/L of each
pb(I11) and Cr(l11), tested in various pH medium. NaOH (0.1 N) and HCI (0.1 N)
were used to adjust the pH within the range of (2-7), and then the identical steps as
in (2.6.1) were carried out. Using a pH-meter, the pH of the two systems at the
adsorption concentration was determined, where the pH of the Pb(Il) solution

before adsorption was 5, while that of the Cr(l11) solution was 3.

2.6.4 Temperature

To determine the fundamental thermodynamic functions, adsorption experiments
were conducted at temperatures (298, 308, and 318 K) in the same way as

described in Section 2.6.1.

2.7 Adsorption isotherms study

In order to demonstrate adsorption isotherms for Pb (I1) and Cr (llI) ions
solutions on natural and modified clay, volumetric flasks containing (0.1000,
0.3000) g of natural clay and (0.0700, 0.1000) g of modified clay were used with

25 mL of metal ion solutions. Initial concentrations (5-80) mg/L. At three different

[36]



Chapter Two Experimental Work

temperatures (298, 308 and 318). The pH = 5for natural and modified clay
respectively. The flasks were agitated by a thermostatically controlled stirrer at
(180) rpm for the required equilibrium time. The quantity of Pb (Il) and Cr (Il1)
lons adsorbed was measured from the initial and final concentrations andvolume of

the solution, according to the following equation[88].

e = Lo=C)V (2.1)

m

Where:
ge. represents adsorbed amount of adsorbate per weight of adsorbent (mg/g)
Co: Initial concentration (mg/L).
Ce: solute concentration at equilibrium (mg/L),
V: volume of solution (L)
m: weight of clay (g).

The percentage removal of the adsorbate (%R) was computed using the formula
follow [81].

CO—Ce

%R = x 100 (2.2)

0

[37]
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3. Characterization of Adsorbents

3.1Fourier Transform Infrared Spectroscopy (FT-IR) analysis

For further characterization of natural clay and modified clay, the important
peaks observed in the FTIR spectrum and the structural units inferred with the help
of available literature such as[89]. are recorded in Figures 3-1, 3-2, 3-3 and Table
(3-1).

3.1.1 FT-IR analysis for Ca-bentonite clay

The FT-IR spectrum of Ca — bentonite clay recorded in the range 400 to 4000 cm™
Is shown in Figure 3-1
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Figure 3-1: FT-IR Spectrum of Ca-bentonite clay
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A sharp band observed at 3626.29 cm™ represents the stretching vibration of
(Al-Al-OH) in the mineral. At 918.15 cm™ the band which less intense shows
bending vibration of (AlI-AI-OH)[90]. The water’s stretching and bending
vibrations at 3410.26, 1641.48 cm™, respectively. FTIR spectrum of Ca — bentonite
shows the peaks (strong band at 1039.67, 542.66, 470.65 cm™), the first related to
the stretching vibration of Si—O groups but another beaks indicated to bending

mode.

The bands observed at 833.28, 796.63 cm™ corresponding to bending vibrations
of Al-Fe-OH and AI-Mg —OH respectively. Low intensity of these bands shows
low content of Fe and Mg in clay[91].

3.1.2 FT-IR for Chitosan

The FT-IR test was used to assess the functional groups present in the chitosan.
In Figure 3-2, we can observe the infrared spectrum of chitosan. A strong band in
the region 3383.26 cm™* corresponds to N-H and O-H stretching, as well as the
intramolecular hydrogen bonds.

The absorption bands at around 2875.96 cm™* can be attributed to C-H stretching.
This band is characteristics typical of polysaccharide and are found in other
polysaccharide spectra, such as xylan[92].

The presence of residual N-acetyl groups was confirmed by the bands at around
1654.98 cm™* (C=0 stretching of amide) and 1319.35 cm™ (C-N stretching of
amine), respectively. The band at 1599.04 cm * corresponds to the N-H bending of
the primary amine[93].

The CH, bending and CH; symmetrical deformations were confirmed by the
presence of bands at around 1421.58 and 1379.15 cm™', respectively. The

absorption band at 1157 cm* can be attributed to asymmetric stretching of the C-

[39]
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O-C bridge. The bands at 1599.04 (N-H) bending and 1078.24 cm™ correspond to

C-O stretching[94].
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Figure 3-2: FT-IR Spectrum of Chitosan

3.1.3 FT-IR for Ca-bentonite-chitosan composite

Figure 3-3 present the FT-IR spectrum of Ca — bentonite — chitosan. From the

spectrum, a sharp band at 3618.58 cm™ was observed. It shows the present of

hydroxyl group which is coordinated with octahedral cations like AI. The

absorption bands of O-H groups which appeared at 3423.76 cm™ overlapped with

N-H amine because O-H and N-H stretching vibration at similar frequencies. The

peak of amine also appeared at 1548.89 cm™. The peak at 2929.97 cm™ is

attributed to C-H of the polymer and clarified the existence of bending vibration at
1425.44 cm™ [95]. The bands at 1016.52 , 430.14 cm™ were represented the Si-O

[40]
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stretching and bending vibration which confirmed the presence of
montmorillonite. Typical montmorillonite also observed at peak 920.08 cm™ which
indicate to the bending vibration of Al-O-Al.

Other peaks at 840.99 and 798.56 cm™ correspond to vibrations of octahedral
Al-O. From the FT-IR spectrum, it show the appearance of peak 2929.97 cm™ , the
peak at 1016.52 cm™ becomes broader and a gradual decrease in the intensity of the
hydroxyl groups is observed. According to the results, the chitosan was
successfully loaded on clay without changing the basic structure of the clay and

this agreement with[96] .
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Figure 3-3: FT-IR Spectrum of Ca-bentonite-chitosan composite
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Table (3-1): Characteristic of FT-IR absorption band (cm™) of the natural and

modified clays

Ca-bentonite Ca-bentonite-chitosan
No. | Wave numbercm™ | Wave number cm™ Assignment
1. 3626.29 3618.58 Stretching vibration of (Al-Al-OH)
2. 3410.26 - water’s stretching vibration
3. 3423.76 O-H groups overlapped with N-H amine
4. - 2929.97 C-H of the polymer stretching vibration
5. 1641.48 1637.62 water’s bending vibrations
6. - 1548.89 Amine bending
7. - 1425.44 C-H of the polymer bending vibration
8. 1039.67 1016.52 Stretching vibration of Si—O groups
9. 918.15 920.08 Bending vibration of (Al-AI-OH)
10. 833.28 840.99 Bending vibrations of Al-Fe-OH
11 796.63 798.56 Bending vibrations of Al-Mg-OH
1. 542.66 532.37 Si—O groups bending vibration
13 470.65 430.14 Si—O groups bending vibration

3.2 Field Emission Scanning Electron Microscopy FE-SEM Analysis

for adsorbents

The FE-SEM

images of the Ca-bentonite and Ca-bentonite—chitosan

composite are presented in Figure 3-4(A, B).The FESEM image Figure 3-4A of

natural clay reveals a combination of acicular and plate structure, which are

[42]
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characteristic of natural bentonite. Some of regions of sample are displayed
elongated, rod-like structures. The majority of mineral consists of thin closely
packed layers, which align with the typical layered silicate structure of
bentonite[97].

The dense staking of layers and needle — like structure limits surface
accessibility and reduces a available adsorption sites and low surface area in its raw
form. The FESEM image Figure 3-4.B of modified clay exposes significant
structural changes compared to raw bentonite, suggesting that chitosan has
successfully intercalated between layers, increasing the available surface area for

adsorption[98].

SEM HV: 20.0 kV ! WED: 6.57 mmum l L1 | L1 I MIRAD TE SCAN

View held: 1.98 pm [ Deaet: InBeam 500 nm
SEM MAG: 70.0 kx ;Dnlﬁ(mldly): 01025

[43]
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Figure 3-4: FE-SEM images (A) Ca-bentonite clay, (B) Ca-bentonite-chitosan composite

3.3 Energy-Dispersive X-ray Spectroscopy EDX analysis for
adsorbents

Energy-dispersive X-ray spectroscopy (EDX) provides critical insights into the
elemental composition of raw Ca-bentonite and its modified composite. When an
electron beam strikes the sample, it generates characteristic X-rays, which are
analyzed to identify and quantify the present elements[99].Qualitative analysis
pinpoints the positions of elemental peaks (e.g., Si, Al, and Ca for Ca-bentonite;
additional C and N for the composite), while quantitative analysis measures their
relative abundances based on peak intensities[100][1]. As illustrated in Figure 3-
5(A, B, C) and Table (3-2), EDX results confirmed the successful functionalization
of Ca-bentonite with chitosan, demonstrated by the emergence of carbon and

nitrogen signals

[44]
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Figure 3-5: EDX images (A) Ca-bentonite clay (B) Ca-bentonite-chitosan composite (C)
magnified EDX image of Ca-bentonite-chitosan composite
The EDX analysis reveals distinct differences between natural and modified
bentonite. The presence of carbon (25.91 wt. %) and nitrogen (2.78 wt. %) in the
modified sample confirms the successful modification and incorporation of
chitosan onto the clay surface. The increase in oxygen content (from 50.40% to

53.95%) further supports surface modification.

Meanwhile, the relatively stable levels of key structural elements such as silicon
and calcium suggest that the clay’s fundamental structure remained intact after
modification. These compositional changes reflect improvements in surface
chemistry that may enhance the adsorption efficiency. Decreased Na (0.63—0.32
wt%) and Ca (2.16—2.00 wt%) suggest ion exchange between metal cations and
protonated amino groups (-NHs") of chitosan. Reduced Al (9.86—8.13 wt%) and
Fe (5.26—4.86 wt%) percentages indicate possible surface masking by chitosan
layers[101].
[46]
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Table (3-2): Result of EDX elemental identification of natural clay and modified

clay

N r— Natural Natural Natural Modified Modified Modified

clay Int | clay(%ow) | clay(% A) clay Int clay (% w) clay(%A)

1 C - - - 136.1 25.91 59.98
2 N - - - 10.8 2.78 5.51
3 @] 724.6 50.40 65.43 779.4 53.95 68.62
4 Na 26.1 0.63 0.57 12.5 0.32 0.28
5 Ca 90.0 2.16 1.12 101.7 2.00 1.68
6 Mg 132.8 2.25 1.92 113.3 2.52 1.28
7 Al 670.8 9.86 7.59 532.6 8.13 6.13
8 Si 1781.3 26.13 19.32 1770.4 26.55 19.24
9 Fe 82.9 5.26 1.96 74.0 4.86 1.77
10 S 150.9 2.82 1.83 S57.7 1.11 0.71

%W: The mass of each element relative to the total mass of the sample.

%A: The ratio of atoms of a given element to the total number of atoms in the sample

Int: Signal intensity

3.4 X-Ray Diffraction Spectroscopy (XRD)

The X-ray diffraction (XRD) patterns was used to investigate the mineral

composition of Ca-bentonite before and after modification with chitosan (figures 3-

6, 3-7 and Table 3-3). The key mineral phases were identified:

[47]
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1-

3-

The peak at 20 =20.920° (d = 4.434 A°) indicate the presence of the
montmorillonite mineral in natural clay[102]. After modification, the XRD
pattern of modified clay shows the characteristic crystalline peak at 20 =
19.874°( d = 4.464A°). This shift of reflection of natural clay to lower angle
indicating a slight expansion (Ad=+0.031A°), due to chitosan intercalation
[95].

Slight variations in quartz peaks where the peaks changed from 26.77°(d =
3.32A°), 39.53°(d = 2.27A°) for natural clay to 26.59°(d = 3.34A°) and
39.41°(d = 2.28A°) for modified clay, indicating that quartz crystals are not
affected by the process[103].

The XRD difractogram of natural clay shows peak at 29.48° (d =3.02A°)
corresponding calcite. The low intensity and slight decreasing of this peak to
28.27° (d = 3.15A°), which may indicate a slight interaction between chitosan

and carbonates in the modified clay[98], and with surface Ca*? ions[104].

Table 3-3: Comparative XRD analysis of Ca-Bentonite clay and Ca-Bentonite-

Chitosan composite

Ca- Bentonite clay Ca- Bentonite- Chitosan composite

2-0

d Height | 1% | FWHM | 2-Theta d Height | 1% | FWHM

20.92 4.433 65 32.7 0.414 19.874 | 4.464 100 32.9 0.227

26.77 3.327 199 100 0.356 26.599 | 3.348 419 100 0.238

39.53 2.277 65 32.7 0.381 39.416 | 2.284 69 16.5 0.286

29.489 | 3.026 104 52.3 0.377 28.272 | 3.154 128 23.2 0.224

[48]
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Figure 3-7: XRD spectra of Ca-bentonite-chitosan composite
3.5 Study of factors affecting on adsorption process

3.5.1 Contact time effect

The effect of contact time on adsorption of pb (Il), Cr (Ill) ions from their
agueous solutions in mono-system onto Calcium bentonite and calcium bentonite

Chitosan clays at 298K were studied using a fixed initial concentration (Co = 50

[49]
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mg/L), fixed weight (0.1) g, agitation speed 180 rpm, and tested at various periods

(10 - 90) min. for Pb (I1) adsorption on to natural and modified clays.

To adsorb Cr (1) ions on to natural and modified clays, the time ranged from (5
to 60min). The investigations were carried out in accordance with the procedures
described in (section 2.6.1). Table (3-4) indicates the experimental data for the
natural and modified clay. The plots of R% vs time are shown in Figures 3-8, 3-9,
3-10 and 3-11. The time required for pb (I1), Cr (I11) ions on Calcium bentonite and
calcium bentonite Chitosan to achieve equilibrium was (50, 35) minutes and (45,
15) minutes respectively. The results showed that adsorption removals for pb (1),
Cr (111) ions on natural and modified clay were rapidly increased for the first 10

minutes and continued gradually to increase to a certain time and then stabilized.

The initial quick adsorption was most likely caused by initial concentration
slope between amount of vacant sites available and adsorbate in solution on the
natural surface. The steady increase in adsorption and, as a result, the achievement
of equilibrium adsorption can be explained by the transfer of mass of adsorbate
particles from bulk liquid to outer surfaces of natural clay[105] .The adsorption of
two ions on modified clay, the dramatically increase of Pb(ll) and Cr(l1l) removal
rate in the first 10 mins is due to the higher concentration of metal ions in solution,
providing a strong driving force for Pb(ll) and Cr(ll1) ions to interact with the
adsorbent. In addition, there were relatively higher free adsorption vacancies on the
surface of modified clay, where a strong adsorption affinity to Pb(Il) and Cr(lll)
was generated. As time went on, the Pb(ll) ions gradually occupied the adsorption
sites from modified clay until the equilibrium was finally reached between

adsorption and desorption[106] .

[50]
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Table (3-4): Contact time effect on adsorption removal of pb(ll),and Cr(l1l) ions

onto Ca-bentonite and Ca- bentonite-chitosan composite

Clays
Metal Ca- bentonite Ca-bentonite-chitosan composite
fons Time (min) C‘;,(Q?I’)L ) Cli([;r(‘ﬂ/)l‘) R% C(:?r;aect Time(min) Cg(t;?ﬂ/)u R% C;)i?;za
10 50.0000 | 30.5172 | 38.9654 10 29.7532 | 40.4936
20 50.0000 | 25.1875 | 49.6250 20 12.5415 | 74.9170
30 50.0000 | 19.2845 | 61.4308 30 5.2431 89.5138
45 50.0000 | 10.6143 | 78.7712 45 0.8370 98.3260
50 45
Pb(Il) 50 50.0000 | 3.5172 | 92.9654 60 0.7837 98.4326
60 50.0000 | 3.5072 | 92.9854 75 0.7459 98.5082
75 50.0000 | 3.6284 | 92.7431 90 0.7513 98.4974
90 50.0000 | 3.7362 | 92.5276
rime i) | AT | CED [ on | Contct | mime iy | YTOL) | Celra) | Contc
5 50.0000 | 21.3200 | 57.3600 5 17.751 64.498
10 50.0000 | 20.5430 | 58.9140 10 10.5767 78.8466
15 50.0000 | 18.4000 | 63.200 15 2.3750 95.2500
cr(ii) 25 50.0000 | 15.5040 | 68.9920 35 25 2.7660 94.4680 15
35 50.0000 | 9.8080 | 80.3840 35 2.7600 94.4800
45 50.0000 | 9.9100 | 80.8100 45 2.7000 94.6000
60 50.0000 | 9.7100 | 80.5800 60 2.7000 94.6000
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Figure 3-8: Contact time effect on adsorption percentage of pb (I1) ions on Ca-bentonite
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Figure 3- 9: Contact time effect on adsorption percentage of pb (11) ions on of Ca-

bentonite-chitosan composite
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Figure 3-10: Contact time effect on adsorption percentage of Cr (111) on Ca-bentonite

clay
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Figure 3-11: Contact time effect on adsorption percentage of Cr (I111) on Ca-bentonite-

chitosan composite
3.5.2 Adsorbent mass effect

The effect of the adsorbent mass that was used to adsorb pb(ll) and Cr(l11) ions
from their aqueous solutions in a single system was studied at 298 K, with a
solution volume of 25mL and a fixed initial concentration of 50 mg/L for both ions.
Different masses of the two surfaces were tested according to the procedures
mentioned in section (2.6.2). The results of the study on the effect of adsorbent
mass for pb (I1) and Cr(11l) ions are shown in Tables(3-5) and Figures 3-12, 3-13,
3-14,and 3-15. Through the results of the experiment, it was noted that the ideal
mass of the adsorbents were 0.1, 0.3 g for natural clay when adsorbed pb(ll) and
Cr(I11) ions respectively, while for modified clay it were 0.07 and 0.1 g for adsorbe

both ions.

The experimental results indicated that as the amount of adsorbent increased, the
removal of adsorption increased until the optimum mass for the adsorbent was
reached, where the removal percentage remained stable without significant change

regardless of the amount of adsorbent used.

[53]



Chapter Three

Results and Discussion

Table (3-5): Adsorbent mass effect on adsorption removal of pb(ll), and Cr(ll1)

ions onto Ca- bentonite caly and Ca- bentonite-chitosan composite

Clays
Ca- bentonite Ca-bentonite-chitosan composite
Metal
ions Mass(g) | Co(mg/L) | Ce(mg/L) RO Optimum | Mass(g) | Ce(mg/L) RO Optimum
adsorbent | Pb(Il) Pb(ll) 0 mass adsorbent |  Pb(II) 0 mass
0.0500 50.0000 7.6580 84.6840 0.0500 1.8820 | 96.2362
0.0700 50.0000 4.4930 91.0140 0.0700 0.6570 | 98.6869
0.1000 50.0000 3.6181 92.1637 0.1000 0.7580 | 98.4835
0.3000 50.0000 3.5270 92.9460 | 0.1000g 0.3000 0.7890 | 98.4216 | 0.0700¢g
pb(ll)
0.5000 50.0000 3.5440 92.9120 0.5000 0.7850 | 98.4303
0.7000 50.0000 3.5980 92.8040 0.7000 0.7870 | 98.4260
0.9000 50.0000 3.5880 92.8240 0.9000 0.7910 | 98.4180
Mass(g) Co(mg/L) | Ce(mg/L) R %% Optimum | Mass(g) Ce(mg/L) R % Optimum
adsorbent | Cr(l1I) Cr(ll) 0 mass adsorbent | Cr(l11) 0 mass
0.0500 50.0000 23.214 53.57 0.0500 1.757 96.48
0.0700 50.0000 13.428 73.14 0.0700 1.042 97.91
0.1000 50.0000 9.7485 80.5030 0.1000 0.9 98.2
Cr(111) | 0.3000 50.0000 7.5714 84.8571 0.3000 0.3000 0.758 98.48 0.1000
0.5000 50.0000 7.5421 84.9158 0.5000 0.614 98.77
0.7000 50.0000 7.5410 84.9180 0.7000 0.543 98.91
0.9000 50.0000 7.6380 84.7240 0.9000 0.5712 98.85
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Figure 3-13: Adsorbent mass effect on adsorption percentage of pb (I1) ions on Ca-

bentonite-chitosan composite
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Figure 3-14: Adsorbent mass effect on adsorption percentage of Cr(l11) ions on Ca-
bentonite clay
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Figure 3-15: Adsorbent mass effect on adsorption percentage of Cr(111) ions on Ca-
bentonite-chitosan composite

These results can be explained based on the following reasons:

1. At the beginning of the adsorption process (the first stage), more active
adsorption sites become available as the adsorbent dose increases, increasing the

chances of collisions between ions and the adsorption sites[107].

2. The stabilization stage (the removal percentage remains stable without
significant change) is due to the aggregation of adsorbent molecules, which reduces

the effective surface area[108].

3. The active sites become saturated, so increasing the amount of adsorbent does

not make a significant difference[105].

4. The concentration of residual ions in the solution required for adsorption
decreases[109]. The role of modifying bentonite with chitosan, increasing
functional density: The addition of chitosan adds functional groups (-NH:, -OH)

that increase the surface affinity for ions, improving removal even at low doses[95]

[56]
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3.5.3 pH effect

The pH of the aqueous solution is an important variable governing metal
adsorption. Hence, it is obvious that this is partly due to the fact that the
competition between hydrogen ions and the solution of pH affect the chemical
composition as well as the ionization of the functional groups onto the adsorbent
surface .Different PH values (2-7) of the two surfaces were tested according to the
procedures mentioned in section (2.6.3), where the pH of the Pb(ll) solution before

adsorption was 5, while that of the Cr(111) solution was 3.

The results of the study on the effect of pH for pb (1) and Cr(I1) ions are shown
in Tables(3-6) and Figures 3-16, 3-17, 3-18,and 3-19. Through the results of the
experiment, it was noted that the ideal pH of the adsorption of two ions on natural
and modified clays was 5. The experimental results indicated that at low pH (high
acidity conditions), hydronium ions compete with metal ions on the surface of
natural clay, hindering the access of metal ions due to charge repulsion on the
surface active sites. As pH increases, [H3O"] concentration decreases, allowing
metal ions to reach the clay surface and increasing the removal percentage[110],
where for pb(Il) 93.44% and Cr(l11) 98.34%at pH = 5.

From Figures 3-14 and 3-17, due to the high pH value, the removal percentage
of both metal ions increases when they are adsorbed onto the modified clay at pH =
5. The main reason for this phenomenon is that the —NH, group in chitosan binds
to  [H'] in the solution, forming a —NH3", which binds to the negatively charged

bentonite surface[95].

When pH decreases (hydronium ions increase), they compete with chitosan to

bind to the clay surface, thus decreasing the removal percentage at low pH.
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The removal efficiency increases when the PH is higher than 6 because metals

ions precipitate from the solution as hydroxides[111].

Table (3-6): pH effect on adsorption removal of pb(ll), and Cr(lll) ions onto

Calcium bentonite clay and calcium bentonite Chitosan composite

Metal Clays
lons Ca- bentonite Ca-bentonite-chitosan composite
o[ [Cora | oo [ 0P | o [ Sl | oo [ 0P
2 50.0000 | 25.3200 | 49.3600 2 27.4200 | 45.1600
3 50.0000 | 24.4700 | 51.0600 3 14.7220 | 70.5560
5 50.0000 3.2780 93.4440 5 5 0.9831 | 98.0338 5
L 6.5 50.0000 3.0720 93.8560 6.5 0.9599 | 98.0801
7 50.0000 - - 7 - -
o | [ e[ mos o [ e | oo
2 50.0000 13.4320 | 73.1360 2 14.3714 | 71.2571
3 50.0000 10.8760 | 78.2480 3 5.3285 | 89.3428
5 50.0000 0.8285 98.3429 5 0.47145 | 99.0571
Cr(l1) 5 5
6 50.0000 0.4714 99.0571 6 0.4285 | 99.1428
6.5 50.0000 0.4714 99.0571 6.5 0.4714 | 99.0571
7 50.0000 - - 7 - -

(58]
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Figure 3-17: Effect of pH for adsorption percentage of pb(Il1) onto Ca-bentonite-chitosan
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Figure 3-18: Effect of pH for adsorption percentage of Cr(l111) onto Ca-bentonite clay
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Figure 3-19: Effect of pH for adsorption percentage of Cr(I11) onto Ca-bentonite-

chitosan composite

3.5.4 Temperature effect

In order to understand the possible adsorption mechanism involved in the
removal process, thermodynamic functions for the system, including changes in
Gibbs free energy (AG), change in enthalpy of adsorption(AH) and changes in
entropy of adsorption(AS), were calculated using the following equations[112]
Adsorption thermodynamic procedure yields great insights about bond strength
magnitude, spontaneity, and randomness in the adsorption process The assessment
of heat effects associated with adsorption is among the most important jobs of

adsorption thermodynamics[113].

eM
Keq = ‘éev (3-1)

Keq = Each temperature's equilibrium constant for the adsorption process.

ge (mg/g) = amount of metal ions adsorbed at equilibrium (adsorption capacity),

Ce( mg/L)= the concentration of metal ions e at quilibrium.
V = the volume of the solution (L).

M = the adsorbent mass (gm.).

[60]
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AG = —RTInKq (3-2)
AG = Gibbs energy change (kJ/mol)
R = the ideal gas constant (8.314 J/mol. K)

T = the absolute temperature (K)

Inq = 25— 2

eq ? - RT (3'3)

AH-AG
T

AS =

(3-4)
AH = Enthalpy (KJ mol™) , AS = Entropy (J/ mol. K).

The relationship (Van’t Hoff plots), InK¢q vs. 1/T result in a straight line with slope
= ( AH/ R-) and intercept=AS/R respectively, as seen in Table (3-7) and Figures 3-
20, 3-21, 3-22 and 3-23.
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Table (3-7): Thermodynamic functions for adsorption of pb (I1) and Cr (111) ions

on Ca-bentonite clay and Ca-bentonite-chitosan composite

Temp. AG AH AS
Clays Metals (K) Ut Keg INKeq | KJI/mol | KJ/mol | J/mol.K
298 0.0033 | 7.6653 2.0367 | -5.0461
2
c
5 308 0.0032 | 96414 2.2660 | -5.8027 0187 | 84578
D
}?3 318 0.0031 12.8063 2.5499 | -6.7416
@)
| Pb%* 298 0.0033 | 125221 25274 | -6.2620
3 @
c 3= 308 0.0032 | 21.7169 3.0780 | -7.8821
c 34 ‘ ‘ ‘ ‘ 46.218 | 175.957
c =
85 £ 318 0.0031 | 40.5260 3.7019 | -9.7873
(IU (&)
@)
298 0.0033 | 138638 | 26292 | -6.5142
2
5 308 00032 | 175672 | 2.8660 | -7.3390
< 16.282 76.563
D
-(96 318 0.0031 | 20.9495 | 3.0421 | -8.0429
@)
Cr3+
v 298 0.0033 | 6.1505 1.8165 | -4.5006
= cg
o O
28¢g 308 0.0032 | 14.5759 2.6793 | -6.8610
S = E ' ' ' ' 60.470 | 218217
Q5o
S 318 0.0031 | 2855040 | 3.3500 | -8.8570

For natural and modified clays, the fixed concentration of Pb (I1) and Cr(l1l) at 50

mg/L, all values the enthalpy changes in adsorption were positive, which indicates

that adsorption is an endothermic process. Although not very high, these values of

[62]
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AH°can be interpreted on the basis of considerably strong interaction between metal
jons and natural clay surface. This result also supports the suggestion that the
adsorption capacity of adsorbent for Pb (I11) and Cr(l1l) increase with increasing

temperature[114].

The AH values significantly increased in the modified clay (46.218 kJ/mol for
Pb(Il) and 60.470 kJ/mol for Cr(l11)) compared to the natural clay (20.187 kJ/mol
for Pb(ll) and 16.282 kJ/mol for Cr(lll)), confirming enhanced endothermic
adsorption efficiency due to strengthened surface interactions such as

chemisorption or ion exchange.

Table 3-7 also shows that the AS value was positive. This occurs as a result of
redistribution of energy between the adsorbate and the adsorbent. Before adsorption
occurs, the heavy metal ions near the surface of the adsorbent will be more ordered
than in the subsequent adsorbed state and the ratio of free heavy metal ions to ions
interacting with the adsorbent will be higher than in the adsorbed state. As a result,
the distribution of rotational and translational energy among a small number of
molecules will increase with increasing adsorption by producing a positive value of
AS and randomness will increase at the solid—solution interface during the process
of adsorption[115].

Adsorption is thus likely to occur spontaneously at normal and high temperatures
because AH > 0, and AS > 0. The Gibbs free energy is negative values indicating
that the adsorption reaction is a spontaneous process and that the degree of
spontaneity of the reaction increases with increasing temperature[116]. A
temperature increase can activate adsorption sites on the surface of bentonite, thus
increasing the number of adsorption sites while decreasing the activation energy of
the reaction. These conditions are beneficial to the formation of chemical bonds and

chemical adsorption[117].
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Figure 3-20: Plot In Keq Versus 1/T of pb(Il) ions on the adsorption Surface for Ca-
bentonite.
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Figure 3-21: Plot In Keq Versus 1/T of pb(ll) ions on the adsorption Surface for Ca-

bentonite-chitosan composite.
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Figure 3-22: Plot In Keq Versus 1/T of Cr (111) ions on the adsorption Surface for Ca-
bentonite.
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Figure 3-23: Plot In Keq Versus 1/T of Cr(l11) ions on the adsorption Surface for Ca-

bentonite-chitosan composite.

3.6 Adsorption Isotherms

Equilibrium adsorption is generally defined by an isotherm equation which the
surface properties and attraction of the adsorbent expressed by its parameters. The
experimental results of the adsorption isotherm curves were obtained by plotting
the weight of the metal adsorbed per unit weight of the adsorbent against the
equilibrium concentration of the solute (metal). The adsorption isotherm

experiments for pb(Il) and Cr(l1l) ions were conducted as described in Section (2-
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7). They were carried out at three temperatures: 298, 308, and 318 K. The shaking
time was 50, 35 minutes for natural clay and 45, 15 minutes for modified clay. The
shaking speed was 180 rpm, and the adsorbent masses for pb(ll) and Cr(l1l) ions
adsorption were (0. 1 and 0.3) g for natural clay and (0.07 and 0. 1) g for modified
clay. The volume used for the adsorption isotherm experiments was 25 ml, and the

range concentrations were 5- 80 mg/L.

The results are listed in Table (3-8), (3-9), (3-10) and (3-11), and Figures 3-24,
2-25, 3-26 and 3-27. The isotherms obtained from experiments were identical to S
— curve in form at Gile’s discretion when using the natural clay as adsorbent,
indicating that the adsorbent is possibly mesoporous. This type is also represents

the adsorption process when the solid has a high affinity for the solvent[118].

The isotherms identical to L — curve in form at Gile’s discretion if the adsorbent
was modified clay. In this type of isotherm, the initial part provides information
about the availability of the active sites to the adsorbate and the plateau indicate

the monolayer formation.

The initial curvature indicates that a large amount of metal ions is adsorbed at a
lower concentration as more active sites of adsorbent are available. As the
concentration increases, it becomes difficult for a adsorbates molecules to find
unoccupied sites, and so monolayer formation occurs[119] .Adsorption data
explain the performance of adsorbent and adsorption isotherms and the equilibrium
distribution of a solute between adsorbent and solution, will provide the ability to
estimate the adsorbent efficiency and costs. Two most common isotherm equations

namely, Langmuir and Freundlich isotherms were tested in this work.
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Table (3-8): Values of Ce and ge for the adsorption of pb(Il) ions on natural clay
at 298k, 308k, and318k.

Ca- Bentonite clay
Metal ions
Co(mg/L)
Pb(11) 298 k 308 k 318 k
Ce (mg/L) Ce (mg/L) Ce (mg/L)
5.0000 1.3628 0.9092 1.2180 0.9454 0.8691 1.0327
10.0000 | 1.3067 | 21733 12057 | 2.1760 1.1223 2.2154
20.0000 6.7245 3.3188 3.8187 4.0453 2.9852 4.2536
30.0000 10.5727 4.8568 9.6783 5.0804 8.5991 5.3502
Ph(I1) 40.0000 11.1518 7.2120 9.4521 7.6369 8.7932 7.8016
50.0000 12.5400 9.3649 11.7857 9.5535 9.0215 10.2446
60.0000 13.2236 11.6940 12.5124 11.8718 11.5907 12.1023
70.0000 25.8101 11.0474 17.3811 13.1547 11.7890 14.5527
80.0000 29.4092 12.6476 25.5458 13.6135 19.6543 15.0864
298k
f— ---308k
- 318k
15
/ /
g 10
s
5
0
0 5 10 15 20 25 30
Ce (mg/L)

Figure 3-24: Isotherm adsorption for pb(ll) ions from aqueous solution using Ca-bentonite

clay.
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Table (3-9): Values of Ce and ge for the adsorption of pb(Il) ions on modified
clay at 298k,308k,and 318k

Metal Ca- Bentonite — chitosan composite
10NS | co(mg/L) 298 k 308 k 318 k
Ce (mg/L) qe.(mg/g) | Ce(mg/L) | q.(mg/g) | Ce(mg/L) |  ge(mg/g)
5.0000 0.5390 1.5931 0.5080 1.6042 0.1292 1.7395
10.0000 0.9863 3.2191 1.1061 3.1763 0.1236 3.5272
20.0000 2.5489 6.2325 2.1940 6.3592 0.3080 7.0328
30.0000 4.9430 8.9489 3.9050 9.3196 0.5345 10.5233
40.0000 7.4388 11.6289 5.5098 12.3179 0.8565 13.9798
Pb(ll
an 50.0000 10.0687 14.2611 7.2083 15.2827 1.2040 17.4271
60.0000 13.3012 16.6781 9.4840 18.0414 1.6160 20.8514
70.0000 16.9101 18.9606 12.2278 20.6329 3.6835 23.6844
80.0000 22.0840 20.6842 15.0685 23.1897 6.5670 26.2261
—— 298 K
30 — —e— 308 K
] ——318K
25 - -
o] y ) _
= / yd —
> 15 - 1 . —
E s
@ ] l /. -
T 10 [‘ //./
5 | o)
|/
0+
(I) I5 1IO 1|5 2|0 2|5
Ce (mg/L)

Figure 3-25: Isotherm adsorption for pb(l1) ions from aqueous solution using Ca-
bentonite-chitosan composite
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Table (3.10): Values of Ce and ge for the adsorption of Cr(l1l) ions on natural
clay at 298k, 308k, and318k

Metal Ca- Bentonite clay
ons | ¢ (img/L) 298 k 308 k 318 k
Ce (mg/L) | qe(mg/g) | Ce(mg/L) | qe(mg/g) | Ce(mg/L) | q.(mg/g)

50000 | 19527 0.2539 06921 | 03589 | 0.4454 0.3795
10.0000 | 2.7165 0.6069 24566 | 06286 | 15204 0.7066
20.0000 | 4.4015 1.2998 53779 | 12185 | 4.2653 1.3112
30.0000 | 9.3228 17231 | 100630 | 16614 | 45929 2.1172
40.0000 | 183178 | 18068 | 16.6142 | 1.9488 | 4.8592 2.9283
O " 00000 | 220330 | 22555 | 176920 | 26922 | 52779 3.7268
60.0000 | 28.8504 | 25958 | 18.0157 | 3.4986 | 5.6929 45255
70.0000 | 358504 | 2.8458 | 20.0079 | 4.1660 | 7.1544 5.2371
80.0000 | 39.8453 | 33462 | 26.6929 | 4.4422 | 147141 | 5.4404

G- —— 298K

308k

——318K

qe(mg/g)

0 ] 10 1% 200 25 30 ah 40 45
Ce(mg/L)

Figure 3-26: Isotherm adsorption for Cr(l1l) ions from aqueous solution using Ca-
bentonite clay
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Table (3-11): Values of Ce and ge for the adsorption of Cr(l1l) ions on modified

clay at 298k, 308k, and318k

Ca- Bentonite — Chitosan composite

Metal
10NS 1 Cco(mg/L) 298 k 308 k 318 k
Ce(mg/L) | q.(mg/g) | Ce(mg/L) | q.(mg/g) | Ce(mg/L) | q.(mg/g)
50000 | 0.9157 1.0210 0.6779 1.0805 0.7454 1.0636
10.0000 | 0.9921 22519 1.1854 2.2036 0.9204 2.2698
20.0000 | 1.7155 45711 2.2629 4.4342 2.6753 43311
30.0000 | 3.1141 6.7214 3.8566 6.5358 3.8929 6.5267
Cr(l) | 400000 | 6.2204 8.4448 6.2157 8.4460 6.8792 8.2801
50.0000 | 12.6705 9.3323 10.0079 9.9980 95779 | 10.1055
60.0000 | 23.0155 9.2461 142292 | 114427 | 123929 | 11.9017
70.0000 | 31.8504 9.5370 100866 | 127283 | 17.3544 | 13.1613
80.0000 | 39.3779 | 10.1555 254567 | 13.6358 | 27.6141 | 13.0964
f—a—208 K
B =28 K
g 318K
5_
4 4
%
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23,
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Figure 3-27: Isotherm adsorption for Cr(l1l) ions from aqueous solution using Ca-

bentonite-chitosan composite
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3.6.1 Adsorption Isotherm Models

The adsorption isotherm models are significantly important because they can
help to investigate the way an adsorbate interacts with a sorbent. The most
commonly used models are Langmuir (section 1.4.4.1) and Freundlich (section
1.4.4.2). These two models are presented in this study. The linearized forms (1.1)

and (1.3) are used for Langmuir, Freundlich respectively.

The plots for Langmuir, Freundlich equations for adsorption of pb (Il) and Cr
(111) ions on Ca- bentonite and Ca- bentonite-chitosan clays are shown in Tables
(3-12) , (3-13), (3-14) and (3-15) and Figures from 3-28 to 3-35 respectively. The
values of K_ and gmax (Langmuir model), K¢ and n (Freundlich model) for
adsorption were calculated from intercept and slope of each linear plot. Table (3-
18) lists values for all systems. According to the values of the correlation
coefficient (R?), seen in Table (3-18), for Pb(ll) on modified clay, both the
Langmuir and Freundlich models show good fit (R2 > 0.90), indicating a hybrid
adsorption process . In contrast, Cr(I11) on modified clay exclusively follows the
Langmuir model. Freundlich isotherm seems to be a better fit (R2 > 0.95) for all
systems on natural clay. The magnitude of the exponent (n) gives an indication of
the favourability and Kf the capacity of the adsorbent/adsorbate. The values of 1/n,
less than unity represent favourable adsorption and values of 1/n>1 indicate
unfavourable adsorption. The results for metal ions adsorption systems of this

study are favourable[120].
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Table (3-12): The calculations for pb (1) adsorption onto Ca-bentonite clay using

the Langmuir and Freundlich models after applying experimental data.

Pb(I1)
Clay Temp.(K) Co(mg/L) | Ce(mg/L) | ge(mg/g) CelQe logC. logqe

5 1.3628 0.9092 1.4988 0.1344 -0.0413

10 1.3067 2.1733 0.6012 0.1161 0.3371

20 6.7245 3.3188 2.0261 0.8276 0.5209

30 10.5727 4.8568 2.1769 1.0241 0.6863

40 11.1518 7.2120 1.5462 1.0473 0.8580

50 12.5400 9.3649 1.3390 1.0983 0.9715

298 60 13.2236 11.6940 1.1307 1.1213 1.0679

70 25.8101 11.0474 2.3362 1.4117 1.0432

80 29.4092 12.6476 2.3252 1.4684 1.1020

5 1.2180 0.9454 1.2882 0.0856 -0.0243

L 10 1.2957 2.1760 0.5954 0.1125 0.3376
c 20 3.8187 4.0453 0.9440 0.5819 0.6069
= 30 9.6783 5.0804 1.9050 0.9858 0.7058
GCJ 40 9.4521 7.6369 1.2376 0.9755 0.8829
‘IJ 308 50 11.7857 9.5535 1.2336 1.0713 0.9801
fao] 60 12.5124 11.8718 1.0539 1.0973 1.0745
O 70 17.3811 13.1547 1.3212 1.2400 1.1190
80 25.5458 13.6135 1.8765 1.4073 1.1339

5 0.8691 1.0327 0.8416 -0.0608 0.01397

10 1.1223 2.2194 0.5057 0.05013 0.34623

20 2.9852 4.2536 0.7018 0.47498 0.62876

30 8.5991 5.3502 1.6072 0.9344 0.72837

40 8.7932 7.8016 1.1270 0.9441 0.89218

50 9.0215 10.2446 0.8806 0.9552 1.0104

318 60 11.5907 12.1023 0.9577 1.0641 1.0828

70 11.7890 14.5527 0.8100 1.0714 1.1629

80 19.6543 15.0864 1.3027 1.2934 1.1785
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Table (3-13): The calculations for pb (Il) adsorption onto Ca-bentonite- chitosan

composite using the Langmuir and Freundlich models after applying experimental

data.
Pb(11)
clay | TEMPLKI L cymgi) | c.(moi) | ae(male) | Colaeo) logCe | logge
5 0.539043 1.593199 0.33834 -0.26838 0.20227
10 0.98634 3.219164 0.3063969 -0.00597 0.507743
20 2.548945 6.23252 0.408975 0.40636 0.794664
30 4.943038 8.948915 0.552362 0.693994 0.95177
40 7.438819 11.62899 0.639679 0.871504 1.065542
50 10.06878 14.26115 0.706028 1.002977 1.154155
o 298 60 13.30127 16.67812 0.797528 1.123893 1.222147
s 70 16.91013 18.96067 0.891853 1.228147 1.277854
é 80 22.08401 20.68428 1.067671 1.344078 1.31564
=
8 5 0.508017 1.60428 0.316664 -0.29412 0.20528
cC 10 1.10617 3.176368 0.34825 0.043822 0.501931
g 20 2.194093 6.359253 0.345024 0.341255 0.803406
g 30 3.905021 9.319635 0.41901 0.591623 0.969399
E 40 5.509831 12.31792 0.447302 0.741138 1.090537
| 50 7.2083101 15.28275 0.471663 0.857833 1.184201
g 308 60 9.484 18.04143 0.525679 0.976992 1.256271
g 70 12.22785 20.63291 0.592638 1.08735 1.314561
'E 80 15.06859 23.18979 0.649794 1.178073 1.365297
3
| 5 0.129241 1.739557 0.074295 -0.8886 0.240439
8 10 0.123628 3.527276 0.035049 -0.90788 0.547439
20 0.308017 7.032851 0.043797 -0.51143 0.847131
30 0.534599 10.52336 0.050801 -0.27197 1.022154
40 0.85654 13.97981 0.06127 -0.06725 1.145501
50 1.204063 17.42712 0.069091 0.080649 1.241226
318 60 1.616034 20.85142 0.077502 0.20845 1.319136
70 3.683544 23.68445 0.155526 0.566266 1.374463
80 40671 27.11889 0.149973 0.609285 1.433272
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Figure 3-28: Linear forms of Langmuir isotherms for adsorption of pb (11) ions on Ca-

bentonite clay

) --298 K
1.
--308 K
--318 K
1.0
-
= |os
(@)
N
)
S Jos
8 y=0.03427x+ 0.33415
R?=0.9798
0.4
y=0.02256x + 0.3139
R?=0.9913
0.2 /‘ y=0.02796x + 0.0408
R%=0.9147
0.0
0 5 10 15 2 25
Ce (mg/L)

Figure 3-29: Linear forms of Langmuir isotherms for adsorption of pb (II) ions on Ca-
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using the Langmuir and Freundlich models after applying experimental data

Table (3-14) : The calculations for Cr (l11) adsorption onto Ca-bentonite clay

Cr(111)
Clay Temp.(K) Co(mg/L) | Ce (mg/L) | ge(mg/g) CelQe logCe logQe
5 1.952756 0.253937 | 7.689922 0.290648 -0.59527
10 2.716535 0.606955 | 4.475676 0.434015 -0.21684
20 4.401575 1.2998689 | 3.386169 0.643608 0.1139
30 9.322835 1.723097 5.41051 0.969548 0.23631
40 18.31778 1.80685 10.13797 1.262873 0.256922
50 22.93386 2.255512 10.16792 1.360477 0.353245
298 60 28.85039 2.595801 | 11.11426 1.460152 |0.414271
70 35.85039 2.845801 12.59765 1.554494 0.454204
80 39.8453 3.346225 | 11.90754 1.600377 0.524555
5 0.692126 0.35899 1.927984 -0.15981 -0.44492
L 10 2.456693 0.628609 | 3.908142 0.390351 -0.20162
' 20 5.377953 1.218504 4.41357 0.730617 0.085827
..9 30 10.06299 1.661417 | 6.056872 1.002727 0.220479
(]CJ 40 16.61417 1.948819 | 8.525253 1.220479 0.289771
‘IJ 308 50 17.69291 2.692257 6.571777 1.247799 0.430117
o 60 18.01575 3.498688 | 5.149287 1.255652 0.543905
O 70 20.00787 4.16601 4.802646 1.301201 0.61972
80 26.69291 4.442257 6.008863 1.426396 0.647604
5 0.445433 0.3795 11.1735 -0.351217 |-0.420734
10 1.520472 0.7066 2.1517 0.546601 -0.150809
20 4.265354 1.31122 3.252965 0.629955 0.117676
30 4592913 2.117257 2.169275 0.662088 0.325774
40 4.859213 2.928399 1.659341 0.686566 0.46663
50 5.277953 3.726837 1.416202 0.722465 0.57134
318 60 5.692913 4.525591 1.257938 0.755335 0.655675
70 7.154488 5.237126 1.36611 0.854579 0.719093
80 14.71417 5.4404 2.7045 1.13717 0.73563
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Table (3-15): The calculations for Cr (I1ll) adsorption onto Ca-bentonite-

chitosan composite using the Langmuir and Freundlich models after applying

experimental data.

Cr(l11)
Clay Temp.(K) Co(mg/L) | Ce (mg/L) | de(mg/g) CelQe logCe logqe

5 0.91575 1.0210 0.89686 -0.0382230 | 0.00905

10 0.992126 2.2519 0.44055 -0.0034331 | 0.35256

20 1.7155 45711 0.37529 0.2343907 | 0.66002

30 3.114173 6.7214 0.46331 0.4933427 | 0.82746

40 6.220472 8.4448 0.73659 0.793823 0.92659

50 12.67047 9.3323 1.35768 1.102792 0.96999

o 298 60 23.01557 9.2461 2.48921 1.3620 0.96595

= 70 31.85039 9.5370 3.33952 1.5031 0.97943

é 80 39.37795 10.1555 3.87749 1.5952 1.00670

=
8 5 0.677953 | 1.08051181 0.62743 -0.16880057 | 0.033629
cC 10 1.18544 2.20364 0.537946 0.073879577 | 0.343140
9) 20 2.262913 | 4.43427165| 0.510323 0.354667931 | 0.646822
8 30 3.856693 | 6.53582677 | 0.590084 0.58621506 | 0.815300
% 40 6.215748 | 8.44606299 | 0.735934 0.793493401 | 0.926654
| 50 10.00787 | 9.99803149| 1.000984 1.00034183 | 0.999914
g 308 60 14.22921 | 11.4426968 | 1.243519 1.153180868 | 1.058528
g 70 19.08661 | 12.7283464 | 1.499536 1.280728895 | 1.104771
E 80 25.45669 | 13.6358267 | 1.866897 1.405801984 | 1.134681
3

| 5 0.745433 | 1.06364173 | 0.700830 -0.127591344 | 0.026795
8 10 0.920472 | 2.26988189 | 0.405515 -0.03598921 | 0.356003
20 2.675354 | 4.33116141 | 0.617699 0.427381309 | 0.636604
30 3.892913 | 6.52677165| 0.596453 0.590274741 | 0.814698
40 6.879213 | 8.28019685| 0.830803 0.837538731 | 0.918040
50 9.577953 | 10.1055118 | 0.947794 0.981272691 | 1.004558
318 60 12.39291 | 11.9017716| 1.041266 1.093173414 | 1.075611
70 17.35449 | 13.1613779| 1.3185920 1.23941181 | 1.119301
80 27.61417 | 13.0964566 | 2.1085224 1.441132045 | 1.117153
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Figure 3-34: Linear forms of Freundlich isotherms for adsorption of Cr (l11) ions on Ca-
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Table (3-16): Langmuir and Freundlich isotherms factors for adsorption of pb

(1) and Cr (111) ions on Ca-bentonite and Ca-bentonite-chitosan clays

Langmauir Freundlich

Clays

Metals | Temp. | Omax KL Ke

K mg/g | Limg | RL R? n L/g R?
> 298 25 | 0.0475 | 0.2959 | 0.3914 | 1.3458 | 1.1124 | 0.8658
c
2
S 308 |26.7379] 0.0339 | 0.3707 | 0.3691 | 1.2588 | 1.2311 | 0.9111
O
@
O Pb(l1)] 318 |31.6455] 0.0224 | 0.4716 | 0.3270 | 1.2554 | 1.5395 | 0.9209
298 | 29.154 | 0.1026 | 0.1630 | 0.9798 | 1.490 | 2.9281 | 0.9861

&
c
BC% 308 | 44.247 0.07199 | 0.2173 | 0.9913 | 1.262 |3.01508 | 0.9925
S 39
228
S<g 318 | 35714 | 0.6862 | 0.0283 | 0.9147 | 1.4662 | 12.841 | 0.901
® 298 | 4.7505 | 0.0447 ]| 0.3088 | 0.8025 | 1.4755 | 0.2819 | 0.8717
—
c
o
= 308 | 7.4682 | 0.0381 | 0.3441 | 0.4088 | 1.4365 | 0.931 | 0.9436
-
S +3

Cr 318 |17.7304 | 0.0352 | 0.3622 | 0.1014 | 1.1405 |0.65811] 0.8715
& 298 | 11.025 | 0.2633 | 0.0706 | 0.9773 | 2.1682 | 2.4171 | 0.7255
= [«b]
S . e —————————————————
S 3'g
c S g 308 |18.2149 ) 0.1218 | 0.1410 | 0.9824 | 1.5019 | 2.0206 | 0.9347
s © O
O 318 | 17.761] 0.1282 | 0.1349 | 0.955 | 15010 | 2.033 | 0.9241
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3.6.2 Comparison of maximum sorption capacity for Pb(Il) and Cr(l1l) of

different adsorbents

The maximum sorption capacities of various adsorbents for lead (Il)and Cr(ll1)
are listed in Table (3-17).Compared with other adsorbents, the maximum
adsorption capacities of both Pb(ll) and Cr(lll) obtained in this study are
considered reasonable. The results indicate that the modified clay is very efficient

in removing lead (I1) from solutions.

Table (3-17): Comparison of the maximum adsorption capacity of Pb(Il) and

Cr(111) ions on some natural and synthetic adsorbents from aqueous solution

Heavy | Maximum

Sno. Adsorbents - Reference
metal | adsorption
1 Montmorillonite Pb(ll) 49.54 [121][2]
2 Castor plant-chitosan- Fe;O4 Pb(ll) 48.64 [122]
3 activated bentonite Pb(ll) 22.76 [123]
4 Ca-bentonite Pb(ll) 16.4203 Present work

Ca-bentonite-chitosan

5 . Pb(ll) 44.247 Present work
composite

6 organobentonite Cr(111) 10.020 [124]

7 Algerian kaolinite Cr(111) 8.422 [125]

8 modified bentonite Cr(111) 3.72 [126]

9 Ca-bentonite Cr(111) 7.4682 Present work

10 Ca-bentonite-chitosan Cr(lll) | 182149 | Presentwork

composite
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3.7

5-

Conclusions

The study has concluded the following:

Characterization techniques such as Fourier-transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), scanning electron microscopy (FE-SEM),
and energy-dispersive X-ray spectroscopy (EDX) confirmed the successful

modification of calcium bentonite with 10% (w/w) chitosan.

The chitosan modification enhanced the adsorption capacity of calcium
bentonite for both Pb(I1) and Cr(l1l) ions. The adsorption removal percentage

of modified clay greater than that of natural clay.

The study identified distinct optimum adsorption conditions for Pb(ll) and
Cr(l11) ions, which varied between the natural and modified bentonite
surfaces. These conditions were influenced by factors such as contact time,

adsorbent dosage, and solution pH, with pH 5 found to be ideal for both ions

The isotherm analysis revealed that Pb(l1) adsorption onto natural bentonite
fits the Freundlich model, indicating a heterogeneous surface. In contrast, the
modified bentonite fits both Langmuir and Freundlich models, suggesting a
more complex adsorption mechanism. For Cr(lll), the adsorption on natural
bentonite follows the Freundlich model, while the modified surface fits the
Langmuir model, reflecting a shift toward monolayer adsorption behavior

due to surface modification.

For Cr(l11), natural bentonite follows Freundlich, whereas modified bentonite

follows Langmuir, suggesting monolayer adsorption after modification.".

[82]



Chapter Three Results and Discussion

3.8 Recommendations

1- A study can be conducted to investigate the effect of higher chitosan loading

on bentonite surface modification and adsorption efficiency.

N
1

Evaluate the modified clay’s performance in multi-metal systems.

¢

Testing the adsorbent efficiency on real industrial wastewater.

&

Incorporate nanomaterials with modified clay to enhance adsorption

performance can be done.

'

Expanding the study to include other heavy metals such as cadmium or zinc.
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