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Abstract

Many different parts of the world have been facing the problem of dyes
contamination of surface and ground water. Dyeing and printing industries are
the main source of water pollution, Excessive use of dyes is considered to be the

main reason for this contamination.

Therefore a simple, practical and economic process to reduce methyl
orange dye concentrations in aqueous solutions with high adsorption capacity
was the major objective of this research. To achieve this goal, adsorption
experiments were conducted using activated carbon as adsorbent. The research
method was used to minimize the cost of activated carbon production by
preparation of (Modified Seaweed/ Chitosan solution/ Anthracene) composite.
Modified Seaweed (MS) as starting material, was homogeneously mixed with
Anthracene (An) (solid/solid ratio of 4/1) and then dissolved in Chitosan (Cs)
solution, This minute quantity of (An) was selected to achieve the planned goal
with minimal costs. The calcinated mixture was gently grounded for further
application under the name of MS/Cs/An composite. The physicochemical
properties of Modified Seaweed (MS) and (MS/Cs/An) composite were
characterized via Fourier transform infrared spectroscopy FT-IR, X-ray
diffraction XRD, and thermogravimetric analysis (TGA, DSC), Surface
morphology and surface area were also examined using Scanning Electron

Microscopy (SEM), and (BET) respectively.

The adsorptive properties of MS/Cs/An composite were investigated in
terms of adsorbent dose, pH, temperature, contact time, and agitation speed.

Experimental tests were conducted in a batch process.

The equilibrium adsorption data were interpreted using Langmuir,
Freundlich, and Temkin isotherm models. The adsorption was found to follow

Langmuir isotherm model. The calculated dimensionless separation factor, R

Xl



indicated that the adsorption of methyl orange onto adsorbent was favourable by
the composite and the maximum monolayer adsorption capacity (Qmax) Was
(37.04) mg/g. The MO distribution coefficient Ky decreased from 70.7 to 1.3 L
g! with increasing initial MO concentrations from 20 to 80 mg L. In order to
Investigate the adsorption mechanisms, three simplified kinetic models, i.e.,
pseudo-first-order, pseudo-second-order and intra-particle diffusion were
applied to fit the Kinetic data obtained by using experimental data of different
initial concentrations. The rate constants for the three models were determined
and the correlation coefficients were calculated. The kinetic data supports
pseudo-second order model with an R? of 0.9999. The external (film) diffusion
followed by intra-particle diffusion was the major driving process during the
early stage of MO sorption. Various Thermodynamic parameters such as
standard free energy (AGO), standard enthalpy (AH®), and standard entropy
change (AS?) of the adsorption process were calculated, which indicated that the
present system was spontaneous, endothermic process in natural, and the

adsorption is physicosorption.

The electrostatic interaction between the oxygen- and nitrogen-bearing
functional groups on the MS/Cs/An surface and MO ions was the key
controlling mechanism for the MO sorption process, particularly at pH < pHpzc
of the composite. Meanwhile, valuable contributions from Yoshida and dipole—
dipole H bonding mechanismscan explain the MO sorption by the addressed

composite, especially at pH > pHpzc.

Therefore, the developed composite is regarded as a better adsorbent to

address industrial wastewater in Libya with low-cost and excellent efficiency.
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1.1 Environmental pollution

The most concerned environmental pollution is air pollution and
wastewater pollution. Air pollution usually comes from open burning especially
the forest and vehicles combustion while wastewater pollution comes from the

industrial effluent and from the domestic sewage.

Wastewater pollution gives bad effects on public water supplies, which can
cause health problem such as diarrhea, while air pollution can cause lung

diseases, burning eyes, cough, and chest tightness.

Additionally, it is also an esthetic concern coursed by odors and
discoloration, which interferes bathing facilities and recreation. It is also can
cause property damage such as the discharge of sewage affects industrial water
supplies by changing the character of the water. It is also affect real estate by
causing paints to discolor as well as damage to boat, while ashes, smokes and
dust can dirty and discolor structures and other property including clothes and
furniture. Acid aerosols can eat away stone used on buildings, statues and

monuments. Therefore, treatment of these pollutions is very important.
1.2 Wastewater pollution

One of the major environmental pollution is wastewater. \Wastewater is the
spent water after homes, commercial establishments, industries and public
Institutions, which used waters for various purposes. This polluted water comes
from the domestic and from the industries since the increasing of population and

industrial expansion especially from the developed countries.

These contaminants such as heavy metal, cyanide, toxic organics, nitrogen,
phosphorous, phenols, suspended solids, color and turbidity from the industries

and untreated sewage sludge from the domestics are become a great concern to



the environment and public health. Table 1.1 shows the physical characteristics

of wastewater and their sources O,

Table 1.1 Physical characteristic of wastewater and their sources

Physical characteristic Sources
Color Dome_stics and industrial wastes, natural decay of organic
materials
Odor Decomposing wastewater, industrial wastes
Solids Don_1esti<_: water s_upply, domestic and industrial wastes, soil
erosion, inflow-infiltration
Temperature Domestic and industrial wastes

Decolorization of wastewater has become one of the major issues in
wastewater pollution. This is because many industries used dyes to color their
products, such as textiles, rubber, paper, plastics, leather, cosmetics, food and
mineral processing industries at nearly 80% @. Dyeing and printing industries
are the main source of water pollution. It is reported that there are over 100,000
commercially available dyes with a production of over 7x10° metric tons per
year. Especially, the textile finishing industry has a specific water consumption
(approx. 1L/kg of product), part of which is due to dying and rinsing processes.
It has been estimated that about 9% (or 40,000 tons) of the total amount (450,
000 tons) of dyestuffs produced in the world are discharged in textiles
wastewaters . Removing color from wastes is often more important because
they have a synthetic origin and complex aromatic molecular structures, the
presence of small amounts of dyes (below 1 ppm) is clearly visible and

influences the water environment considerably ®.

In the present time, excessive released and production of wastewater as a
product of various industries and other human activities is one of the major
concern. This is due to the increasing demand of clean and potable water needed
for various activities, human needs, and industrial production that in return

produces a vast amount of wastewater.



Textile industry is a growing industry in the world, it accounts for the
largest consumption of dyestuffs, and considered as one of the biggest
consumers of water and complex chemicals during textile production. Different
types of dyes are present in the effluents from textile industries, which has high
molecular weight and complex structures that shows a low biodegradability ®.
The textile industry discharge millions of liters of effluents directly into public
drains which ultimately reaches fresh water. These effluents contains high
amounts of grease, dirt, nutrients from dye bath, dye additives, residual dyes

etc. 50% of textile effluent has residual azo dye .

The presence of dyes in wastewaters from industrial effluents and water
supplies and their removal has received much attention in recent years due to
the fact that many of them exhibit toxicity. Pollution by dyes is a serious threat
to the aquatic ecosystem, which affects the quality of life and human health as
well. Among the unwanted properties of dyes, resistance to natural degradation,
allergenicity, carcinogenicity, and mutagenicity are all significant. They can
also cause severe damage to human beings, such as dysfunction of kidneys,
reproductive system, liver, brain and central nervous system hyperactivity in
kids (ADHD), and deadly process of water eutrophication ©). The occupational
exposure of workers in the textile industry is linked to a higher bladder cancer
risk. Uses of hair coloring product and breast cancer have also been linked.
Even in very small quantities, dyes can be very toxic and lead to changes in
salinity and visible coloration of the water, reducing sunlight penetration and
thus hindering the process of photosynthesis ®. Very strict laws regarding
elimination of dyes from wastewaters before their discharge into water streams,
together with the variety and minuscule concentrations of dye molecules make
their satisfactory level of removing very difficult, requiring development of

various technologies for dye elimination @,



The discharge of dye effluents in water bodies poses direct and indirect
consequences to aquatic ecosystem. The direct effects includes depletion of
dissolved oxygen levels, decreased reoxygenation potential, leaching of dyestuff
from soil into groundwater, reduced light penetration into water which hinders
photosynthesis (which gives red signal to aquatic flora and fauna) and esthetic

issue of water downstream ®,

Due to toxicity and mutagenicity of azo dyes, their removal from effluents
has been an urgent challenge ©. Now days; research attention has been focused
on biological methods for the treatment of effluents. The process continues until
equilibrium is established between the amount of solid bound adsorbate species
and its portion remaining in the solution. The degree of adsorbent affinity for
the adsorbate determines its distribution between the solid and liquid phases.
Various sorbents have already been used like mango peel, banana peel, coconut
bunch waste, wheat husk, tree barks, tealeaf powder etc. “9. Much research
work is being employed in determining new novel biosorbents for removal of

azo dyes from effluent water

A dye may be defined as —A colored substance which when applied to the
fabrics imparts a permanent color and the color is not removed by washing with
water, soap or an exposure to sunlight 9. Many dyes have been used in various
dyeing process in textile industry and azo dye is one of them. The evolution of
the chemistry of dyes began in 1856 with the discovery and industrial
production of Mauve, by W.H. Parkin. Prehistoric man had already dyed furs,
textiles and other objects with natural substances, mainly of vegetable, but also
of animal origin. Further developments extending over many thousands of years
led to rather complicated dyeing processes and high-quality dyeing. Most
colored textiles and leather articles are treated with azo dyes and pigments 9,

The commonly used azo dyes are Methyl orange and Methyl red.



Methyl orange (MO) is a kind of the p-aminoazobenzene (p-AAB) dyes. It
Is easily utilized in the textile stain industry and chemical experiments as well
as an acid-base indicator in research laboratories and labs. However, the
aqueous solution of MO is toxic and irritating. Thus, removal of MO from

agueous solution is of great weight and accomplished via different techniques
(12, 13)

Improving an efficacious method for the administration and optimization
of the dyestuff industry has long been the main target for environmental
protection. In spite of the success of MO remediation at the laboratory scale
based on photo-catalysis, electrochemical oxidation, and ultrafiltration
techniques; at the industrial scale MO removal did not achieve the same success
due to some economical and technical reasons. On the other hand, sorption
techniques showed very good applicability in MO removal with high efficiency

and reasonable costs 14,

The present work explored the utilization of MS/Cs/An composite for MO
removal from aqueous medium under different physicochemical conditions to.
(1) evaluate its MO removal efficiency, (2) assess the impact of the applied
experimental parameters were conducted using a batch adsorption system; it
was enhanced by applying the influence of important affecting factors such as
(pH, amount of adsorbent, initial MO concentration, agitation speed, contact
time, and temperature), (3) elucidate the mechanism and the behavior of MO
sorption by fitting the experimental outputs to some well-known Kinetic and
iIsotherm models, and finally (4) assess the impact of the sorbed MO on the

morphological characteristics of the sorbent MS/Cs/An composite.

The composite was been characterized by different analytical techniques
such as (XRD), (SEM), (FTIR), (TGA, DSC) and BET analysis. In addition, the

adsorption Kkinetics, isotherm, and thermodynamics were also investigated.



1.3 Technologies for color removal

There are different methods for the removal of pollutants (dyes, toxic
elements etc.) from effluents (49,

Synthetic dyes in wastewater cannot be efficiently decolorized by
traditional methods. This is because of the high cost and disposal problems for
treating dye wastewater at large scale in the textile and paper industries 9

In order to remove dye contaminants from water and to reduce the
pollution effects of the dyes to environment, there are three kinds of treatment
techniques for removing of the dyes from wastewaters. These are chemical,
physical and biological treatment techniques ®”. Chemical treatment techniques
consist of two main divisions as advanced oxidation process (AOP) and
chemical reduction. Advance oxidation includes some treatment processes like
ozonation, fenton oxidation and photo catalytic oxidation. Chemical treatments
contain also chemical reduction reactions. They convert hazardous polluting to
nonhazardous or less toxic compounds. Second treatment technique is physical.
It contains adsorption, ion exchange, irradiation, membrane filtration,
electrolysis, coagulation/ flocculation and ultrasonic mineralization methods.
The last treatment technique is biological, which includes bacterial and fungal
biodegradation and biosorption in aerobic, anaerobic or combined treatment

processes 8),

Table 1.2 shows a several reported methods for the removal of pollutants

from effluents. All of them have advantages and drawbacks.

Table 1.2 Principal existing and emerging processes for dyes removal %

Technology Advantages Disadvantages

High sludge production,

Coagulant- Simple, ecc_JnomlcaIIy handling and disposal
. Flocculent feasible
Conventional problems
treatment Slow process, necessary to

Economically attractive,
Biodegradation publicly acceptable
treatment

process create an optimal favorable
environment, maintenance

and nutrition requirement




Adsorption on
activated carbon

The most effective
adsorbent, great,
capacity, produce a
high-quality treated

Ineffective against disperse
and vat dye, the
regeneration is expensive
and result in loss of the
adsorbent, non-destructive

effluent
process
Membrane Remove aII_dye types, _ngh pressure, expensive,
separation produce a high-quality | incapable of treating large
Establish treated effluent volumes
recovery lon-exchande No loss of sorbent on Economic constraints, not
process g regeneration, effective effective for disperse dye
Oxidation Rapid and efficient High energy cost, chemical
process required
Advanced I'N(I) sludge productlo_n, Economically unfeasible,
oxidation lttle or no consumption formation of by-products
of chemicals, efficiency g ) :
process ; technical constraints
for recalcitrant dyes
Economically attractive, . .
. . J Requires chemical
Emerging Selective regeneration is not .
. . modification, non-
removal bioadsorbents necessary, high .
7 destructive process
processes selectivity

Biomass

Low operating cost,
good efficiency and
selectivity, no toxic
effect on
microorganisms

Slow process, performance
depends on some external
factors (pH, salts)

Among the above-mentioned technologies, adsorption has been proven one
of the most efficient and reliable methods for removing dyes from aqueous
solution because of its flexibility, high efficiency, ease of operation, simplicity
of design, and insensitivity to toxic pollutants 4. A wide variety of low cost
and easily available materials, such as bentonite @9, fly ash @V, clay 2, active
carbon @, and agriculture wastes @¥, have been exploited for the removal of

dyes from aqueous solutions.

1.4 Problem Statement

Activated carbon has been the most popular and widely used adsorbent in
wastewater treatment applications throughout the world. This is due to its high
adsorption capacity, high surface area, microporous structure, and high degree
of surface reactivity. In spite of its prolific use, activated carbon remains an
expensive material since the higher the quality of activated carbon, the greater it

8



costs. Therefore, this situation makes it no longer attractive to be widely used in
small-scale industries because of cost inefficiency. Due to the problems
mentioned previously, research interest into the production of alternative
adsorbent to replace the costly activated carbon has intensified in recent years.

1.5 Strategic Objectives

In Libya, a dye contamination of wastewater comes from textile industries

Is becoming a major problem.

Therefore the overall goal of this research was to find practical and
economical way to reduce dyes concentrations in wastewater that can be used in

Libya and other Mediterranean countries.

1.6 Technical Objectives

This research was conducted to study the adsorption of azo dye, namely,
Methyl Orange (M.O) using the cross-linked modified seaweed (Posidonia
oceanica)/Chitosan/Anthracene composite in batch and continuous systems. The
objectives of the research are to:

(i) Synthesize and characterize a low cost carbon adsorbent as
alternative adsorbent materials from seagrass which can be used for
water purification from dyes.

(i) Study the adsorption azo dye (M.O) on cross-linked MS/Cs/An
composite in batch process under varying operating conditions such as
initial concentration, contaminant concentration, contact time, agitation
speed, pH of solution and temperature.

(iti) Study removal efficiency of azo dye (M.O) on cross-linked
MS/Cs/An composite from pre-contaminated aqueous solution.

(iv) Study the isotherm, kinetic and thermodynamic of azo dye
adsorption on cross-linked MS/Cs/An composite.



1.7 Organization of the thesis

The thesis has been organized into several chapters:

Chapter 1 introduces world’s environmental issue and major
environmental pollution is wastewater, technologies for color removal,

problem statement, and objective of this work.

Chapter 2 reviews the fundamentals and previous findings. Subdivided
into three sections, the first section introduces a general definition of dye
and the treatment technologies for dye removal. Meanwhile, an overview
of the adsorption process theory is presented in section two. Finally,

section three gives review on the isotherm, kinetics and thermodynamic.

Chapter 3 presents the experimental procedures and analysis required in
adsorption study. The first section describes the materials and chemicals
used in the experiments. The second section presents description of
equipment used for the batch experiment and the analysis system. The third
section explains the experimental procedures and lastly the fourth section
describes the analysis techniques performed for characterization of

adsorbents.

Chapter 4 presents the experimental results together with the discussion.
The detail explanations of the results have been divided into three main
sections. The first section gives the results of adsorbent characterization.
The second section presents the result and discussion for batch adsorption
study including the effect of initial concentration, contact time, pH of
solution and agitation speed. The second section discusses the
thermodynamic studies. Finally, section three discusses the thermodynamic

studies, adsorption isotherm and kinetic studies.

Finally, Chapter 5 gives the conclusions and recommendations of the
thesis.
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2.1 Color and the environment

Dyes and pigments are highly visible material. Thus, even minor release
into the environment may cause the appearance of color, for example in open
waters, which attracts the critical attention of public and local authorities. There
Is thus the requirement on industry to minimize environmental release of color,
even in cases where a small but visible release might be considered as
toxicologically rather innocuous. A major source of release of color into the
environment is associated with the incomplete exhaustion of dyes onto textile
fiber from an aqueous dyeing process and the need to reduce the amount of

residual dye in textile effluent has thus become a major concern in recent years.

An alternative approach to addressing the problem of color in textile dyeing
effluent has involved the development of effluent treatment methods to remove
color. These methods inevitably add to the cost of the overall process and some
present the complication associated with the possible toxicity of degradation

products.

2.2 Colorants

Man has used natural colorants since prehistoric times. However, in 1856
Perkin’s discovery of mauve which marked the start of the modern synthetic dye
industry ?®. Colorants are characterized by their ability to adsorb or emit light in
the visible range (400-700 nm). Therefore, it is the reason they appear to be
colored. In term of chemical structure, colorants can be divided into two groups,
which are organic and inorganic colorants. Each of these groups can be further

divided into natural and synthetic compounds.

Colorants include both dyes and pigments. Pigments are insoluble in the
materials that they are used to color, whereas most dyes are soluble in them. The
most important, difference between pigments and dyes is that pigments are used

as colorants in the physical form in which they manufactured ©®. Pigments
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particles have to be attached to substrates by additional compounds, such as by a
polymer in paint. Dyes, on the other hand, are applied to various substrate
(textile materials, leather, paper and hair) from liquid in which they completely,
or at least partly, soluble. In contrast to pigments, dye must possess a specific

affinity to the substrates for which they are used 29,

2.3 Dyes

Dyes are chemicals, which on binding with material will give color to the
material. Dyes are ionic, aromatic organic compounds with structures including
aryl rings which delocalized electron systems. The color of a dye is provided by
the presence of chromophore group. They are widely used to color the substrate
such as textile fiber, paper, leather, hair, fur, plastic material, wax, a cosmetic

base or a foodstuff.

Dyes are large and important groups of chemicals. Today, there are more
than 100,000 available commercially dyes, namely acid, reactive, disperse, vat,

metal complex, mordant, direct, basic and sulphur dyes @7,

2.4 Toxicity of dyes

As the concentration of textile dye increases in water bodies, it stop the
deoxygenating capacity of the receiving water and cut-off sunlight, thereby
upsetting biological activity in aquatic life ?®. Also, the photosynthesis process
of aquatic plants or stage is affected. It has been observed that the chemicals
used to produce dyes today are offered highly carcinogenic toxic and explosive
effects on our environment. In addition to being toxic, dye effluents also contain
chemicals that are carcinogenic, mutagenic or teratogenic to various organisms
29 This is especially serious because many chemicals can cause damage to
genetic material without being expressed immediately .Dyes may affect the
photosynthetic activity in aquatic life due to reduced light penetration and may

also be toxic to some aquatic life due to the presence of aromatics, metals, etc. in
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them. It is reported that the mutagenic activity of textile wastewater effluents,
using the salmonella/microsome assay and contributed the highest percentage

(67%) of mutagenic effluents 0,

2.5 Classification systems for dyes

Dyes exhibit considerable structural diversity, and can be classified
usefully in two separate ways, either accordance to their chemical structure or
according to the method of application to the fiber type (dyeing method). Dyes
must carry one or more functionalities giving the dye color, called
chromophores, as well as an electron withdrawing or donating substituents that
cause or intensify the color of the chromophores, called auxochrome. The
chromophore group can be a base for dye classification. The most important
chromophores are azo (-N=N-), carbonyl (-C=0), methine (-CH=), nitro (-
NO_) and quinoid groups. The most important auxochromes are amine (—-NHs),
carboxyl (-COOH), sulfonate (—-SO3zH) and hydroxyl (~OH) groups. In term of
chemical structure, dyes may either be inorganic or organic compounds. Both

groups can be further subdivided into natural and synthetic representatives.
2.5.1 Classification of dyes based on dyeing method

When classified according to dyeing method, one can be distinguish
between anionic, direct, or disperse dyes, depending on whether these
substances are used for dyeing protein, cellulose, or polysmide fibers.
Furthermore, certain chemically reactive dyes can be used for different
substrate, while for the same type of chemical structure are suitable for a single

substrate only.
2.5.2 Classification of dyes based on their solubility

Dyes may also be classified according to their solubility: soluble dyes like
acid, basic, metal complex, direct, mordant and reactive dyes or insoluble dyes

including sulfur, azoic, vat and disperse dyes.
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2.5.3

Classification of dyes based on their Chemical structure

According to the different groups dyes can be classified as follows @V,

2.5.4

a)
b)
c)
d)
e)
f)
9)

Anthraquinoune dye
Vat dyes

Indigoid
Polymethine dyes
Heterocyclic dyes
Aryl carboniumdyes
Phthalocyanin dyes

S h)
i)
)
K)
)

m)

n)

Sulphur dyes
Nitrosodyes

Diphenyla
Triphenylmethane dyes
Xanthenes dye

Azo Dyes

Nitro dyes

Classification of dyes based on commonly use

On the basis of their application mainly on fiber, commonly used dyes are

given below ©):

a) Acid Dyes
b) Basic Dyes

c) Direct or Subs

tantive Dyes

d) Mordant or Adjective Dyes

e) Vat Dyes
f) Sulphur Dyes

Table 2.1 summarized the application classes and their chemical types ¢

Table 2.1 The classification of dyes and chemical types

modified nylon,
polyester and inks

Class Principle Method of application Chemical types
substrate
Azo (including
. - premetallized),
Acid Nylon, wool, silk, | Usually from neutral to acidic anthraguinone,triphenylmet
paper and leather dyebaths ) .
hane, azine, xanthene, nitro
and nitroso
Cyanine, hemicyanine,
Paper, diazahemicynanine,
Basic polyyacrylonitrile, Applied from acidic dyebaths diphenylmethane,

trialrylmethane, azo, azine,
xanthene, acridine,
oxazine, and anthraquinone
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Applied from neutral or
Cotton, rayon, A . .
. slightly alkaline baths Azo, anthraquinone, styryl,
Direct | paper, leather and e - : .
containing additional nitro and benzodifuranone
nylon
electrolyte
Fine aqueous dispersions
Polyester, often applied by high _
. . temperature/pressure or lower | Azo, anthraquinone, styryl,
Disperse | polyamide, acetate, ; . ) .
. . temperature carried methods; | nitro and benzodifuranone
acrylic and plastics
dye may be padded on cloth
and baked on thermofixed
Reactive site on dye reacts
Cotton. wool. silk with functional group on fiber Azo, antraquinone,
Reactive ' '~ | to bind dye covalently under | phthalocyanine, formazan,
and nylon : : .
influence of heat and pH oxazine and basic
(alkaline)
V::?]Sig'ﬁ;’s glaasco II'E’S Azo, triphenylmethane,
Solvent ISNES, 1aCQUETS, | hyissolution in the substrate antraquinone, and
stains, inks, fats, hthacvanine
oils and waxes P y
Aromatic substrate vatted
Sulfur | Cotton and rayon W!th SOd"”T‘ sulfide and Indeterminate structures
reoxidized to insoluble sulfur
containing products on fiber
Water-insoluble dyes
solubilized by reducing with | Antraquinone (including
Cotton, rayon and . . . i
Vat sodium hydrogensulfite, then | polycyclic quinones) and
wool . O
exhausted on fiber and indigiods
reoxidized
2.6 Azo dyes

The name azo comes from azote, the French name for nitrogen. They are

compound bearing the functional group R-N=N-R' in which R and R' can be

either alkyl or aryl groups. As a consequence of delocalization, aryl azo

compounds have vivid colors specially red, orange and yellow so they are used

as dyes and are commonly called as azo dyes.

Azo dyes are the largest group of dyes with large industrial application.

Azo dyes stand for almost 70% of the textile dyestuffs produced by weight G2,

They are used in the coloring process of several textiles, leather products, paper

production, food industry, etc. and since they are known to transform to

carcinogenic aromatic amines in the environment, their incorrect disposal is a
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major environmental concern and can affect human and animal health G, As
removal of azo dyes is of a particular interest for this review, general structure

of azo dyes is represented in figure 2.1.

O
N

Fig 2.1: General structure of azo dyes

Azo dyes include at least one or more azo (N=N) double bond, with one or
more aromatic systems Azo dyes are classified into two subgroups according to
number of their double bond as mono-azo and poly azo types G%. Commonly

used azo dyes are Methyl red and Methyl orange ),

Methyl red Fig 2.2 is an azo dye prepared by diazotization of anthranilic

acid followed by reaction with dimethylaniline
H3C. H3C.
O AL
CHj N@ CHj N@S\O'Na"

COOH
Fig 2.2: Methyl red Fig 2.3: Methyl orange

Methyl red (2, (N-N dimethyl-4-aminophenyl) azo benzene carboxylic
acid), also called as C.1. Acid red 2. It is dark red crystalline powder and red in
pH under 4.4 and yellow in pH over 6.2. Its properties are summarized as in
Table 2.2

Table 2.2 Properties of Methyl red

Properties
Molecular formula Ci5H15N302
Molar mass 269.30 g mol™!
Density 0.791 g/cm?®
Melting point 179-182 °C,
pH pH<4.4 pH>6.2
red yellow
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Methyl orange is sodium 4-[(4-dimethylamino) phenyl diazenyl] benzene
sulfonate Fig 2.3. Reactive methyl orange is an anionic dye. It is also called C.1.
Acid orange 52. It changes from red to orange yellow at pH 3.1 to 4.4. It is
synthesized by reaction of sulfanilic acid, sodium nitrite. The diazonium salt so
produced is coupled by dimethylaniline (.1ts properties are summarized as in
Table 2.3.

Table 2.3 Properties of Methyl Orange

Properties
Molecular formula C14H14N3NaO3S
Molar mass 327.33 g mol?
Density 1.28 g/cm?®, solid
Melting point >300 °C (Not precisely defined.)
pH pH<3.1 pH>4.4
red orange

2.7 Methods to remove dyes

Most dyes are non-biodegradable in nature, which are stable to light and
oxidation. Therefore, the degradation of dyes in wastewater either traditional
chemical or biological process has not been very effective ),

Many conventional methods such as precipitation, ion exchange, solvent
extraction, biosorption, filtration, electrochemical treatment have been applied
for removal of contaminants from industrial wastewaters. These methods are
either expensive or could not cope with high concentration of contaminants. All
these methods have significant disadvantages such as incomplete ion removal,
requirements and production of toxic sludge or other waste products that require
further disposal. Therefore, these methods do not suit the needs of developing
countries.

Adsorption process has been a prominent method of treating aqueous
effluent in industrial processes for a variety of separation and purification
purposes. This technique is also found to be highly efficient for the removal of

color in terms of initial cost, simplicity of design, ease of operation and
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insensitivity to toxic substances ®. Therefore, adsorption using activated carbon
Is currently of great interest for removal of dyes and pigments.

The methods for dye removal can be divided into three categories:
biological, chemical and physical Fig 2.4.

Generally in physical method dyes removed by adsorption, in chemical
method chromophore has been modified through chemical reaction, biological

method occurs through sorption and enzymatic degradation

s

Physical method ‘ ‘ Chemical method | ‘ Biological method ‘
%fﬂ?ﬂ?g: } — Electrolysis ] —i Biosorption ]
—| Adsorption — Ozonation J — Biodegradation J
_' lon exchange —’ Fenton reagents J _' Enzymatic J
Alumina and | _r Photochemical ]
Silica gel L methods
- Irradiation

Figure 2.4: Techniques Involved in Removal of Textile Dyes

2.7.1 Physical methods

Different physical methods are also widely used, such as membrane—
filtration processes (nanofiltration, reverse osmosis, electrodialysis) and
adsorption techniques. The major disadvantages of the membrane processes are:
(1) a limited lifetime before membrane fouling occurs and (2) cost of periodic
replacement which need to be included in any analysis of their economic
viability.

In accordance with the very abundant literature data, liquid-phase

adsorption is one of the most popular methods for the removal of pollutants
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from wastewater since proper design of the adsorption process will produce a
high-quality treated effluent.

This process provides an attractive alternative for the treatment of
contaminated waters, especially if the sorbent is inexpensive and does not

require an additional pre-treatment step before its application.
2.7.1.1  Adsorption technology

Adsorption is an essential process in the physiochemical treatment of
wastewater, a treatment that can economically meet current effluent standards
and water reuse requirements. Adsorption is a mass transfer process involving
the accumulation of substances in a two phases interface, such as a liquid
interface, liquid-gas, gas-solid, or solid-liquid. The substance being adsorbed is
called adsorbate and the adsorbing material is described the adsorbent. The
driving force of adsorption is surface affinity. pH, surface area and Chemical
reactivity for adsorption per volume unit and reduction of surface tension are the
main parameter of adsorption ©”. Adsorption is a process in which the
molecules of any state (gas or liquid) concentrate on the surface conduction
without any interaction and it’s considered as the most effluent methods for
removing of dyes from industrial wastewater by treatment due to ease of
operation, low cost and efficiency ©®. It has been pointed that the adsorption is
an effective and attractive method because it can completely remove various
types of dyes without leaving any fragments in the effluent @9 Adsorption
depending on the nature of the adsorbate such as molecular structure, molecular
weight, molecular size, polarity and solution concentration. In addition it also
depends on the surface properties of the adsorbent material such as particle size,
surface area, surface charge, etc. The process of adsorption is a highly efficient
separation technique and is superior to other technologies available for
wastewater treatment in terms of initial cost, simplicity of design, ease of

operation and non-toxic materials. The efficiency of the adsorption process
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depends on the physical and chemical properties of the adsorbents and
adsorbate. Adsorbent’s selectivity depends on adsorption capacity, surface area,
availability, and total cost ©%. Commercial activated carbon is the most widely
used as an adsorbent material in the dyes removal @ 49 The selection of
adsorbents depends on several factors (concentration and type of microstructure,
efficiency/cost ratio, adsorption capacity, and high selectivity of a large amount
of water). Moreover, these adsorbents should be non-toxic, low-cost, renewable,
easily recoverable from alters, readily available, it should lead to zero waste
sludge “Y. An adsorbent material is a substance, usually porous in nature with a
high surface area that can adsorb material on its surface by the intermolecular
forces. Adsorbents are usually used in the form of spherical pellets, rods,
moldings, or monoliths with hydrodynamic diameters between 0.5 and 10 mm.
They must have high resistance to abrasion, high thermal stability and
small pore diameters, resulting in higher open surface area and therefore higher
surface adsorption capacity. Adsorbents should also contain a distinct pore
structure that allows the rapid transfer of gaseous vapors “?. The adsorbents are
mainly derived from sources such as zeolite, coal, clay, ores and other waste
resources. The adsorbents prepared from the waste resources used include
petroleum wastes, coconut shell tannin-rich materials, sawdust, fertilizer waste,
sugar industry wastes, blast furnace slag, chitosan and seafood residues,
seaweed, algae, scrap tires, fruit wastes and peat moss as well as other
adsorbents such as commercial activated carbon (CAC) “3. In addition to the
mentioned above many natural materials were used as natural adsorbents such
as orange peel as adsorbent for the removal of dyes from wastewater and to
establish it as a standard wastewater treatment process for composite knit
industry @9, rice husk “9, activated carbon @®, fly ash @9, papaya leaf “®,
natural zeolite 7, chitosan films ©® calotropisgingantea “®, novel
nonconventional activated carbon 9, peanut shell powder ®Y, cow dung ash ©2),

agricultural waste @9, sugar can stalks ©®, modified pumice stone ©4,

21



quartenised sugar cane bagasse ©, nano aluminum oxyhydroxide ©8 and ferric

oxide ¢7),
2.7.1.2  Coagulation and Flocculation technology

Coagulation-flocculation is a frequently used physicochemical treatment
method employed in textile wastewater treatment plants to decolorize textile
effluent and reduce the total load of suspensions and organic pollutants ©® All
waters, especially surface waters, contain both dissolved and suspended
particles. Coagulation and flocculation processes are used to separate the
suspended solids portion from the water. The suspended particles vary
considerably in source, composition charge, particle size, shape, and density.
Correct application of coagulation and flocculation processes and selection of
the coagulants depend upon understanding the interaction between these factors.
Coagulation and flocculation occur in successive steps intended to overcome the
forces stabilizing the suspended particles, allowing particle collision and growth
of floc 9,

Coagulation is a gelling or clumping of particle especially in a colloid ¢,
The first step in coagulation is to destabilizes the particle‘s charges. Coagulants
with charges opposite those of the suspended solids are added to the water to
neutralize the negative charges on dispersed non-settable solids such as clay and
color-producing organic substances.

Once the charge is neutralized, the small suspended particles are capable of
sticking together. The slightly larger particles formed through this process are
called microflocs and they are not visible to the naked eye. Following the first
step of coagulation, a second process called flocculation occurs. Flocculation, a
gentle mixing stage, increases the particle size from submicroscopic microfloc
to visible suspended particles. The microflocs are brought into contact with each
other through the process of slow mixing. Collisions of the microfloc particles

cause them to bond to produce larger, visible flocs called pinflocs. The floc size

22



continues to build through additional collisions and interaction with inorganic
polymers formed by the coagulant or with organic polymers added. Macroflocs
are formed and once the floc has reached it optimum size and strength, the water

is ready for the sedimentation process ©9,
2.7.1.3 Membrane technology

The increasing trend of industrialization around the world has led to the
generation of industrial effluents in large quantities, containing toxic organic
substances, as well as large quantities of suspended materials 9. Membranes
are widely used in different industries of separation processes because of their
ability to control materials passing through the membrane, thus achieving a high
degree of separation always, making these processes widely acceptable. The
membrane is a barrier that allows certain substances to pass through it
(permeate) while hindering others (retentate), in a rather specific manner ©b,
The significance of membrane technology in wastewater treatment is increasing.
Membranes can be used to separate fluids, solids dissolved, suspended or
dissolved in colloidal form. The main characteristics of the application of
membrane processes in the treatment of consumables are the possibility of
removing or recovering valuable or harmful components as well as the
possibility of closing water systems, which reduces the consumption of fresh
water. The use of membrane processes enables wastewater to be purified to a
degree that is difficult to achieve through using of traditional techniques. The
possibility of an application of pressure driven techniques such as ultrafiltration
(UF), nanofiltration (NF) and reverse osmosis (RO) for oily wastewater
treatment has been presented. Membrane technology offers a realistic solution to
meet increasingly discharge limits and to reuse textile wastewater by providing
treated water with good quality ®2. Membrane technology has been used in
treating secondary and tertiary municipal wastewater and oil field produced

water. Membranes play an importance role in any advanced dye wastewater
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treatment system. Prevention of membrane fouling in these advanced membrane
separation processes is considered as a critical challenge for ensuring their
economic viability ®®, Membrane technology display many applications at
different stages of textile processing. These applications are unique because they
provide a return on investment while abating the water pollution problem. The
main stages of textile processing where membrane technology can be helpful are
printing, scouring operations, dyes bath, latex recovery, sizing, and indigo
recovery. Many researcher had been studied the role of membrane technology in
wastewater treatment especially in textile industry. Nanofiltration is a
membrane water treatment technique that finds its applications in wastewater
and industrial water treatments such as in removal of colorants and organic
matters and water softening ®4. Cellulose acetate membrane in reverse osmosis
process removed around 90% of color. GO-TiO, polymer membrane could
make considerable improvement in the scope of water and wastewater treatment

and could have important effects on the filtration efficiency ©9).
2.7.1.4  lon Exchange technology

lon exchange is technique which involves an exchange of different ions
between two electrolytes or between an electrolytic solution and an ion. lon
exchange is a process in which mobile ions from an external solution are
exchanged for ions that are electrostatically bound to the functional groups
contained within a solid matrix .There are different types of ion exchangers.
Naturally Occurring lon Exchangers (Natural inorganic ion exchangers, Natural
organic ion exchangers), Synthetic lon Exchangers (produced by creating
chemical compounds with the desired physical and chemical properties and can
be inorganic or organic based eg. Polystyrene divinylbenzene) and composite
on exchangers (consist of one or more ion exchangers combined with another

material, which can be inorganic or organic and may itself be an ion exchanger)
(66)
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The management of waste from ion exchange membrane processes is
mostly concerned with the further treatment of the concentrated salt stream,
which can be treated by chemical methods or by evaporation or can be
iImmobilized directly.

lon exchange units are also sensitive to the presence of competing ions ©©)
lon exchange is a very powerful technology to remove impurities from water
and other solutions. Many industries depend on ion exchange for the production

of extremely pure water.
2.7.2  Biological methods

Biological treatment is the most economical methods compared to other
physical and chemical processes. Biodegradation methods such as fungal
decolorization, microbial degradation, adsorption by (living or dead) microbial
biomass and bioremediation systems are commonly applied to the treatment of
industrial effluents because many microorganisms such as bacteria, yeasts,
algaes and fungi are able to accumulate and degrade different pollutants ©7).
However, their application is often restricted because of technical constraint.

Microbial decoloration can occur via two principle mechanisms:
biosorption and enzymatic degradation or a combination of both. Both
reductases and oxidases are involved in the microbial degradation process. The
goal of microbial treatment is to decolorize and detoxify the dye-contaminated

effluents ©8),
2.7.2.1 Biosorption technology

Biosorption is a metabolically passive process, means it does not require
energy, and the amount of contaminants a sorbent can remove is dependent on
Kinetic equilibrium and the composition of the sorbents cellular surface.
Biosorption is a property of certain types of inactive, dead, microbial biomass to

bind and concentrate heavy metals from even very dilute aqueous solutions.
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Biomass from algae, yeast, filamentous fungi and bacteria has been used to
remove dyes by biosorption ©9. The biosorption capacity of a microorganism is
attributed to the heteropolysaccharide and lipid components of the cell wall,
which contain different functional groups, including amino, carboxyl, hydroxyl,
phosphate and other charged groups, causing strong attractive forces between
the azo dye and the cell wall. The effectiveness of biosorption depends on the
following conditions: pH, temperature, ionic strength, time of contact, adsorbent

and dye concentration, dye structure and type of microorganism (9,
2.7.2.2 Enzymatic degradation

Azo dyes are electron-deficient xenobiotic components because of their
azo linkage (-N=N-), and in many cases, they have sulphonic or other electron-
z-withdrawing groups, which generate an electron deficiency and make the dye
less susceptible to degradation by microorganisms. Under the appropriate
conditions, they can be degraded by reductases. The anaerobic mechanism of
microbial degradation of azo dyes to their corresponding amines is initiated by
the cleavage of the azo linkage with the aid of an anaerobic azo reductase 9,
Various enzymes that reduce azo linkages have been identified: FMN-

independent reductases and NADPH-dependent reductases (2,
2.7.3  Chemical methods

Chemical methods including coagulation or flocculation combined with
flotation and filtration, precipitation-flocculation with Fe(11)/Ca(OH),, electro-
flotation, electro-kinetic coagulation, conventional oxidation methods by
oxidizing agents (ozone), irradiation or electrochemical processes (™. These
chemical techniques are often expensive, and although the dyes are removed,
accumulation of concentrated sludge creates a disposal problem. There is also
the possibility that a secondary pollution problem will arise because of

excessive chemical use.
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Recently, other emerging techniques, known as advanced oxidation
processes, which are based on the generation of very powerful oxidizing agents
such as hydroxyl radicals, have been applied with success for the pollutant
degradation. Although these methods are efficient for the treatment of waters
contaminated with pollutants, they are very costly and commercially
unattractive. The high electrical energy demand and the consumption of

chemical reagents are common problems.
2.7.3.1 Advanced oxidation processes (AOPs)

Synthetic dye wastes discharged from several industrial processes pose a
major threat to the environment due to the risk of toxicity to aquatic organisms
in natural water resources and inhibition of photosynthetic activity. Many
researchers proposed advanced oxidation processes (Ozone, H2O;, TiO,, ZnO,
RuO;, SiO; and UV) as a reasonable option for efficient removal of color
pollutants from wastewater. Advanced oxidation processes including TiO,/UV
and H,O/UV were demonstrate for their potential use in dye removal from
textile wastewater (/Y. Advanced Oxidation Process (AOP) is a chemical
treatment method that grows in the wastewater management industry. It is
suggested way to remove organic matter. The basic principle of AOP includes
the production of hydroxyl radicals (OH"), which can be generated from
hydrogen peroxide (H2O_), ozone, photo-catalysis or oxidizing agents together
with the use of ultraviolet rays. The OH® is primarily responsible for the
decomposition of organic compounds (®. Advanced oxidation processes
(AOPs) have already been used to treat wastewater containing t organic matters
such as, surfactants, insecticides ,coloring matters, pharmaceuticals and
endocrine disrupting chemicals,. In addition, they have been successfully used
as pre-treatment methods to reduce concentrations of toxic organic compounds
that inhibit biological wastewater treatment ®. The most common advanced

oxidation processes (AOPs) of treatment is using of UV wavelengths (200-300) nm
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at 254 nm to disassociate H,O, progressively. The UV/H,0, systems generate
hydroxyl radicals (OH"), which are highly powerful oxidizing species. The main
advantages of advanced oxidation processes involve the lack of by-products that
may cause secondary pollution, elimination of the hazard of overdosing the

oxidizing agents, and high process rate and efficiency (/7.
2.7.3.2 Ozone (Os)

Ozone is one of the most powerful and commercially available oxidizing
substances and is commonly used for municipal water treatment and
wastewater. In addition to the oxidizing capabilities of ozone, it is considered as
an environmentally friendly method of treatment. Contaminants, colored
substances, odors and microorganisms are destroyed directly by oxidation,
without creating harmful chlorinated by-products or significant residues (/9.
Ozonation is particularly attractive for wastewater treatment because ozone, is
soluble in water and can decompose quickly to form several free radicals
including OH" (hydroxyl), HOs*, HO4" and Oy (superoxide). Such free radicals
are readily available to react instantly with any organic compounds present in
water, like the dyes. Therefore, the using combination of ozonation and
biological degradation process may provide more economical and effective

process in the treatment of highly colored wastewater (9,
2.7.3.3 Fenton Oxidation technology

Among several of AOPs, the Fenton reagent (H.O./Fe*?) is one of the most
effective ways to oxidize of organic pollutants. The Fenton reagent has been
found to be effective for treating of various industrial wastewater compounds,
including aromatic amines, a wide range of dyes, and different other substances,
e.g. pesticides and surfactants insecticides. Therefore, the Fenton reagent has
been applied for treating a variety of waste such as those associated with textile

and chemical industries ®%. Fenton process is based on OH production as a
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result of interaction between Fe*? and H,O, under acidic conditions. The process
was improved using different sources of iron such as iron powder. The reaction
of Fenton, in which Fe® is used mainly, can be implemented in two ways, the
one is oxidation of the pollutant as a result of H,O; reaction on the iron surface,
and the other one is oxidation of the contaminated H,O; reaction with Fe*?,
which is transferred to the liquid phase by dissolving on the iron surface. The
Fenton reagent was found to target water-soluble, nucleophilic and aromatic

contaminates @1,
2.7.3.4 Ultraviolet Lamp

Ultraviolet light is a part of the spectrum light. The process usually
includes using of low-pressure UV lamps with a principal wavelength of 254
nm. The maximum absorption of ozone molecules is at 253.7 nm, the light
source commonly used is a medium-pressure mercury lamp wrapped in a quartz
sleeve that can generate the UV light at wavelength of 200-280 nm .Application
of UV lamp for textile wastewater treatment with two different UV radiations;
150W, A= 254-578 nm and 15W, A= 254 nm, to the synthetic textile wastewater
for 1 to 3 showed significant reduction (47 to 30%) in microbial inhibitory

action for optimum radiation time of 1 hour ©2),
2.7.3.5 Peroxone (H202/03)

H.,O, acts as a catalyst and accelerates the decomposition of ozone to
hydroxyl radical when a mixture of hydrogen peroxide and ozone is used to treat
wastewater. At acidic pH, H,O, reacts very slowly with O3 whereas at high pH

the dissociation of H,O, into HO, ®3),
2.7.3.6  Electrochemical technology

In recent years electrochemical technologies have been attracted much

attention due to the distinctive features of environmental compatibility, safety
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and versatility. Electrochemical technology competes with other conventional
technologies including precipitation, evaporation, ion exchange and solvent
extraction to offer solutions to the needs of the different industries ©9.
Electrochemical technologies been used by researchers for the efficient
treatment of wastewater in textile industry ®%. Generally electrochemical
technologies are cleaner than physicochemical and membrane technologies
especially in color removal from wastewater because it’s using the electron as
unique reagent and do not produce solid residues ®®. The process is based on
the direct degradation of dye on the anode using chloride as electrolyte and on
the indirect oxidation of dyes using the generated species. Electrochemistry
offers promising methods to prevent pollution problems in the process industry.
The feasibility of electrochemical conversion/destruction of organic substrates
in wastewater has attracted much attention since pioneering studies to our times
@7, The efficiency of electrochemical method based on the nature of the selected
anode and stable anodes that are prepared by the precipitation of thin layer of
metal oxides on a base metal. Numerous researchers have investigated
electrochemical oxidation for degradation of azo dye through optimization of
operating parameters using various anodes including RuO,, SnO,, PbO; and
diamond electrode ©®. various advantages of Electrochemical technologies
involve high efficiency, easy in operation and handling, automation, simple
equipment, safety, operations under ambient temperature and pressure
conditions ®9. Electrochemical technologies no need of chemical requirements,
occupying a small area in plants and simple operation and not producing any
sludge. In addition to the mentioned above its utilization of a green reagent such
as the electron, extremely high removal of multiple contaminants, effective
disinfection, high flexibility and no necessity to transport or stock chemical

oxidants 9,
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2.8 Theory of adsorption
2.8.1 A Brief History of Adsorption

The ability of some solids to remove color from solutions containing dyes
has been known for over a century. Similarly, air contaminated with unpleasant
odors could be rendered odorless by passage of the air though a vessel
containing charcoal. Although such phenomena were not well understood prior
to the early twentieth century, they represent the dawning of adsorption
technology which has survived as a means of purifying and separating both
gases and liquids to the present day. Indeed, the subject is continually advancing
as new and improved applications occur in competition with other well-
established process technologies, such as distillation and absorption.

Attempts at understanding how solutions containing dyes could be
bleached, or how obnoxious smells could be removed from air streams, led to
quantitative measurements of the concentration of adsorbable components in
gases and liquids before and after treatment with the solid used for such
purposes. The classical experiments of several scientists including Brunauer,
Emmett and Teller, McBain and Bakr, Langmuir, and later by Barrer, all in the
early part of the twentieth century, shed light on the manner in which solids
removed contaminants from gases and liquids. As a result of these important
original studies, quantitative theories emerged which have withstood the test of
time. It became clear, for example, that the observed effects were best achieved
with porous solids and that adsorption is the result of interactive forces of
physical attraction between the surface of porous solids and component
molecules being removed from the bulk phase. Thus, adsorption is the
accumulation of concentration at a surface (as opposed to absorption which is
the accumulation of concentration within the bulk of a solid or liquid).

Industrial applications of adsorbents became common practice following
the widespread use of charcoal for decolorizing liquids and, in particular, its use
in gas masks during the 1914-18 World War for the protection of military

31



personnel from poisonous gases ®Y, Adsorbents for the drying of gases and
vapors included alumina, bauxite and silica gel; bone char and other carbons
were used for sugar refining and the refining of some oils, fats and waxes;
activated charcoal was employed for the recovery of solvents, the elimination of
odors and the purification of air and industrial gases; fuller’s earth and magnesia
were found to be active in adsorbing contaminants of petroleum fractions and
oils, fats and waxes; base exchanging silicates were used for water treatment
while some chars were capable of recovering precious metals. Finally, some
activated carbons were used in medical applications to eliminate bacteria and
other toxins ©2. Equipment for such tasks included both batch and continuous
flow configurations, the important consideration for the design of which was to
ensure adequate contact between adsorbent and fluid containing the component
to be removed (the adsorbate).

2.8.2 Definition

Adsorption is a surface phenomenon, which arises due to interactions
between the individual atoms, ions or molecules of an adsorbate and those
present in the adsorbent surface. Adsorption is a process that occurs when a gas
or liquid solute accumulates on the surface of a solid or a liquid (adsorbent),
forming a molecular or atomic film (the adsorbate). The process involves an
array of phenomena that can alter the distribution of the solute among the
constituent phases and in the interfaces . The process is accompanied by
separation of the solute from one phase to another following its accumulation at
the surface of the latter Fig 2.5.

O

Adsorption

OyO

Adsorbent —p

Adsorptive ——» ()

() Desorption

Fig 2.5 Adsorption process
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2.8.3 Types of Adsorption

Depending upon the nature of force existing between adsorbate molecule
and adsorbent, two types of adsorption can be distinguished:

a) Physical adsorption or Physisorption:
This type of adsorption results from the action of weak van der Waals
forces. These are comprised of London dispersion forces and classical
electrostatic forces that are related with interactions between the dipole
moments of adsorbate and adsorbent molecules. This type of adsorption is
non-specific, i.e. the adsorbent does not have preference for any particular
gas ©9,
b) Chemical adsorption or Chemisorption:
Chemical adsorption involves strong adsorbate-adsorbent interactions
resulting in a change in the chemical form of the adsorbate. Here, the gas
molecules or atoms are held to the solid surface by chemical bonds. The
resulting chemisorptive bond is generally stronger than that derived from the
physical van der Waals forces and is very similar in strength to a covalent
bond. It is highly specific and occurs only if there is some possibility of
chemical bonding between adsorbent and adsorbate. The bonds that form
between solute molecules and specific surface chemical groups have all the
properties of true chemical bonds and are characterized by relatively large
heats of adsorption (95).
The differences between the two types of adsorption can be summed up
using several criteria shown in the following table 2.4

Table 2.4 The differences between physical and chemical adsorption ©>

Properties Physical adsorption Chemical adsorption
. The forces operating in this case are The forces o_per_atlng are chemical
Bonding , bonds (ionic, covalent or
weak Vander wall's forces.
hydrogen bond).
Heat of The heat of adsorption is low about | The heat of absorption are high
adsorption 20-40 Kj rnol ™, about 40-400 Kj rnol™.
Nature of the | The process is reversible, desorption The process is irreversible.
Process can be occur by increasing ternp. or | Efforts to free the adsorbed gas
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decreasing pressure give different compounds

Activation It does not require any activation : R
energy energy. It requires activation energy.
Temperature It takes place at the low temperature This type of adsorption first
pera and decreases with increase in the increases with increase in
condition
temperature. temperature.
. e It is highly specific in nature
Specificity Itis not specific in nature all gases occurs only by the possibility of

adsorbs on all solids to same extent. formation of chemical bond.

It also increases with the
increases with the increase in
surface area of adsorbent.

It increases with the increase in

Surface area
surface area of the adsorbent.

Molecular layers It forms multi-molecular layer. It forms unimolecular layer.

2.8.4 Mechanism of Adsorption

Adsorption acts as a separation process which means an involuntary
process and an exothermic process that liberates energy. Thus, it is costly due to
the need of chemicals, energy and the separation agent or sorbent. The surface
of the adsorbent and the pore size of adsorbate molecule are playing the
important role in determining the effectiveness of the adsorption process.
Besides, a minimum amount of energy should be supplied to provide a good
contact between the liquid and the surface of adsorbent under certain conditions
to obtain the equilibrium state, thus encouraging or limiting the diffusion
limitations ©®,

The adsorption process consists of four steps as shown in Fig 2.6; the first
step will be the bulk solution transport. This step involves the movement of the
substance to be adsorbed through the bulk liquid to an extremely thin surface
layer of the adsorbent. This is followed by the second step, film diffusion
transport, where by the substance is diffused to the entrance of the pore of
adsorbent through the stagnant liquid film. In the third step, pore transport will
occur. In this step, the substance will be adsorbed through the pores and along
the surface of the adsorbent. Lastly, the forth step will be the adsorption in
which the adsorbate adheres to the surface of the adsorbent at an available

adsorption site ©7),
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Fig 2.6 Schematic diagram of adsorption mechanism

2.8.5 Factors influences the extent of adsorption

The process of adsorption is affected by several factors such as the internal
surface area of adsorbent, pH, the mass of adsorbent, the initial concentration of
adsorbate and temperature. Some of these are:

a) Characteristics of the adsorbent

The adsorbent must have good mechanical properties such as strength and
resistance to attrition and it must have good kinetic properties, that is, it must be
capable of transferring adsorbing molecules rapidly to the adsorption sites. An
adsorbent material must have a high internal volume, which is accessible to the
components being removed from the solvent. Surface area and the distribution
of area with respect to pore size are two very important factors in determining
extent of adsorption. The nature of the intra-particle surface area markedly
influences the types of adsorption process ¢,

b) Characteristics of the adsorbate

The extent of adsorption relates to certain properties of the adsorbate
relative to the solution phase, namely surface tension and solubility. The extent
of adsorption is influenced by the solvophobicity or lyophobicity of a

component in the solvent phase 8,
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¢) Characteristics of the solution

In the presence of aqueous phase, hydrogen ions and hydroxide ions often
interact with adsorbents used in the system. Thus the adsorption process may be
affected by solution pH. The pH causes the ionization of active sites, hence
affecting the removal performance. As the value of pH is below 3, there will be
a little sorption due to the carboxylic sites are mainly protonated, thus causing
less sites for the adsorption process. As pH increases, the efficiency of
adsorption increases due to the deprotonation, thus increasing the negative
charge density on the sorbent surface ¢,

The temperature can also remarkably influence adsorption process. The
rate of adsorption usually increases with temperature (for an endothermic
process) which is due primarily to the increased rate of diffusion of adsorbate
molecules through the solution to the adsorbent. Temperature effects solubility
which in turn affects the extent of adsorption. The presence of competing
adsorbate molecules often influences the extent of adsorption. Few adsorbents
demonstrate controllable selectivity for specific adsorbates and thus, all

adsorbable compounds present will compete for adsorption sites ©9),
2.8.6 Types of Adsorbents

Different types of conventional and non-conventional adsorbents have been
used in the laboratory as well as for industrial purposes. Some of these are:
I. Conventional Adsorbents

a) Activated carbon

b) Carbon molecular sieves (CMS)
¢) Carbonized polymers and Resins
d) Bone charcoal

e) Polymeric Adsorbents

f) Silica gel

g) Activated alumina

h) Clay minerals

1) Zeolites
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Il. Non-conventional adsorbents

a) Adsorbent from industrial wastes

b) Adsorbent from coal

c) Adsorbent from agricultural wastes and agricultural byproducts
d) Peat

e) Oxides and related materials as adsorbents

f) River sediments as adsorbent

g) Adsorbent from bio-resources

h) Adsorbent made from biopolymers such as chitosan

1) Adsorbents form various other materials

2.8.7 Selectivity of an Adsorbent

To be technically effective in a bulk separation or a purification, an
adsorbent material must possess some unique characters such as high internal
volume, high surface area, porosity, appropriate pore structure and suitable
adsorbing surfaces, etc. The selectivity of the adsorbent is defined in terms of its
ability to separate two components from each other in a mixture (00,

The separation factor, ag, IS given as:

A= (XI5 YD) e, 2.1)

Here, X; and Y; are the equilibrium mole fractions of component i and X]
and Yj are the equilibrium mole fractions of component j, in the adsorbed and
fluid phases, respectively. In a particular separation process, the selectivity of an
adsorbent becomes noticeable in one or more ways of the following:

[1] Equilibrium effect: Differences may exist in the thermodynamic
equilibria for each adsorbate-adsorbent interaction which is known as the
equilibrium effect.

[2] Kinetic effect: Differences may exist in the rates at which different
adsorbates travel into the internal structure of the adsorbent and is known as the

kinetic effect.
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[3] Molecular sieving effect: Sometimes pore openings of the adsorbent
may be too small to allow penetration by one or more of the adsorbates; this is
known as the molecular sieving effect. The molecular sieving effect is an
extreme case of the kinetic effect.

[4] Desorption effect: When there exists some differences in the rate at
which different adsorbates can be desorbed from the adsorbent, the desorption
effect takes place.

The equilibrium separation factor depends on:

e The nature of the adsorbent, that is, whether the surface is polar, non-
polar, hydrophilic, hydrophobic, etc.,

e The process conditions such as temperature, pressure and
concentration.

Kinetic separation is possible only with molecular sieve adsorbents such as
zeolites and carbon sieves and it is largely determined by the ratio of micro pore
diffusivities of the components being separated. For a useful separation to be
based on Kkinetics, the size of the adsorbent micro pores must be comparable
with the dimensions of the diffusing adsorbate molecules. Finally, Table 2.5 lists

typical applications of common types of adsorbent.

Table 2.5 Typical applications of commercial adsorbents

Type Typical applications

Drying of gases, refrigerants, organic solvents, transformer oils.

Silica Gel Desiccant in packings and double glazing. Dew point control of natural gas.
. Drying of gases, organic solvents, transformer oils.
g?alr\r/ﬁi\d Removal of HCI from hydrogen.

Removal of fluorine and boron-fluorine compounds in alkylation processes

Nitrogen from air. Hydrogen from syn-gas and hydrogenation processes.
Ethene from methane and hydrogen. Vinyl chloride monomer (VCM) from
air. Removal of odours from gases. Recovery of solvent vapours.

Carbons | Removal of SOy and NOy. Purification of helium. Clean-up of nuclear off-
gases. Decolourizing of syrups, sugars and molasses.

Water purification, including removal of phenol, halogenated compounds,
pesticides, caprolactam, chlorine

Oxygen from air. Drying of gases. Removing water from azeotropes.
Zeolites | Sweetening sour gases and liquids. Purification of hydrogen.
Separation of ammonia and hydrogen. Recovery of carbon dioxide.
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Separation of oxygen and argon. Separation of xylenes and ethyl benzene.
Separation of normal from branched paraffins. Purification of nuclear off-
gases. Recovery of carbon monoxide from methane and hydrogen.
Separation of olefins and aromatics from paraffins. Separation of cresols.
Removal of acetylene, propane and butane from air.

Drying of refrigerants and organic liquids. Separation of solvent systems.
Purification of silanes. Recovery of fructose from corn syrup.

Pollution control, including removal of Hg, NOx and SOy from gases.

Water purification, including removal of phenol, chlorophenols, ketones,
alcohols, aromatics, aniline, indene, polynuclear aromatics, nitro- and chlor-
aromatics, PCBs, pesticides, antibiotics, detergents, emulsifiers, wetting
agents, kraftmill effluents, dyestuffs. Separation of aromatics from aliphatics.
Polymers | Separation of fatty acids from water and toluene.

and resins | Separation of hydroquinone from monomers. Recovery and purification of
proteins, enzymes, steroids, amino acids and polypeptides.

Removal of colors from syrups. Removal of organics from hydrogen peroxide
Treatment of edible oils. Removal of organic pigments. Refining of mineral
oils. Removal of polychlorinated biphenyls (PCBSs).

Clays (acid | Treatment of edible oils, Removal of organic pigments.
treated and | Refining of mineral oils.
pillared) | Removal of polychlorinated biphenyls (PCBSs)

2.9 Adsorption Isotherms

Adsorption is also described via isotherms. The relation between the
quantity of adsorbate on the adsorbent and the concentration is known as the
adsorption isotherm which can be described by the following equation. There
are two conditions to be met: (i) the various reaction equilibrium of retention is
reached, and (ii) all the physic-chemical parameters are constant. The word
“isotherm” is related to the effect of the temperature on the sorption reaction
where the temperature remains constant.

In the previous work by Limousin and his co-researchers 90 it states that
when the retention of a solute on solid particles is investigated, the remaining
solute concentration of the compound C(mol/L or kg/L) can be compared with
the concentration of this compound retained on solid particles Q(mol/kg or
kg/kg). In Fig 2.7, the concentration of the compound retained on solid particles
Q is calculated by the difference between the initial solute concentration (C,, or
Cho) and the final solute concentration C only if the initial solid concentration

(Qao Or Qno) is negligible or previously measured.
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unequilibrated initial state 1 unequilibrated initial state 2

reactive compound

liquid phase + + liquid phase
initial concentration: Ca, + + initial concentration: Cby

-+

+ solid phase solid phase
+ + initial concentration: Qa, initial concentration: Qbg
retention release
(adsorption) (desorption)
liquid phase + +
final concentration: C solid phase:
+ + final concentration: Q

final state at equilibrium

Fig 2.7 Schematic views of the adsorption and desorption phenomena (2

In the retention stage, the solid concentration at equilibrium Q(mol/kg) is
defined in Eq.(2.2),where V is volume of solution (L), m is solid mass (@), Cao IS
initial solute concentration (mol/L),C is final solute concentration (mol/L)and

Qa0 is concentration of the compound initially retained on the solid (mol/kg).

Q=V/M (Cu=C)H+Qu reerrnneeiiiieeeiiie e (2.2)

For the case of a release stage of a compound which is initially retained on
the solid phase, the quantity of this initially retained compound Qp, must be
measured in advance. Then, the solid concentration at equilibrium can be

calculated using equation (1), replacing Cao by Cho and Qao by Qpo 9.

Adsorption isotherm is important in explaining how solutes interact with
adsorbents, thus optimizing the use of adsorbents. In the current development,
various types of isotherm models have been developed to describe the process of
adsorption. Langmuir and Freundlich isotherms are the two common adsorption

isotherms used to explain the equilibrium characteristics of adsorption 02),
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2.9.1 The Langmuir isotherm

The Langmuir model (Langmuir, 1918) is the most straightforward non-
linear isotherm model, which is based on a few assumptions: (i) the maximum
adsorption occurs when there is a saturated monolayer of solute molecules exist
on the surface of the adsorbent, (ii) the energy of adsorption on the surface is
uniform, and (iii) there is no transfer of adsorbate molecules in the surface plane
(103).

The adsorption takes place on localized sites with no lateral adsorbate-
adsorbate interactions. Langmuir model can be derived variously by mass
action, Kinetic, or statistical thermodynamic approaches. The rate at which
adsorbate molecules strike a surface of an adsorbent is proportional to the
product of the concentration of the solute (C) and the fraction (1-6) of the
surface remaining uncovered by adsorbate and therefore available as adsorption
sites. The rate of desorption from the surface is directly proportional to the
fractional surface coverage, 0, and the rates of adsorption and desorption are

equal at equilibrium. Thus,
k,.C@Q-6) = k,.0 (2.3)

Where k, and kq are the rate coefficients for adsorption and desorption

respectively. The fractional surface coverage 6, is then,
0=0,/0,=bC,/(1+bC,) ... 2.4)

Where b is kia/kq and qm is the quantity of adsorbate required to form a
single monolayer on unit mass of the solid and ge is the amount adsorbed on unit
mass of the solid when the equilibrium concentration is Ce.

The simple derivation assumes that a single molecule occupies a single
surface site and that there are no interactions between adjacent adsorbed
molecules. Application of the kinetic theory of gases reveals that the constant b
can be identified as

Equation (2.4) can be rearranged to the form:
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Q= (G0 C)/(A+DC) (2.5)
or in the linear form as:
C./q,= (1/qu) + (1/qm) G, (2.6)

The linear Langmuir plots are obtained by plotting C¢/qge vs. Ce. The slope
and the intercept of this plot give the values of g, and b. The Langmuir equation
Is also used to obtain R, a dimensionless equilibrium parameter or the
separation factor, from the expression:

R = 1/ (1+bC,)

where C. is any equilibrium liquid phase concentration of the solute at
which adsorption is carried out. The nature of the isotherms is indicated by the

R value as follows:

Ry value Type of isotherm
O0<RL<1 Favorable

RL>1 Unfavorable
RL=1 Linear

R =0 Irreversible

2.9.2 The Freundlich isotherm

There is abundant evidence to show that, for many systems, the heat of
adsorption decreases in magnitude with increasing extent of adsorption. If the
decline in heat of adsorption is logarithmic, it implies that adsorption sites are
distributed exponentially with respect to an adsorption energy which differs
between groups of adsorption sites. This is precisely the assumption made by
Zeldowitch as early as 1935 in his derivation of a now classic isotherm
reflecting the variation in heat of adsorption with coverage. The equation
obtained by Zeldowitch is synonymous with the well-known Freundlich

isotherm, previously considered to be an empirical isotherm.
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The Freundlich isotherm model is an empirical equation for describing the
physical adsorption of solutes from liquid to solid surface. There is a multilayer
adsorption and there is no limit to the amount adsorbed. In the case of
heterogeneous surface energies, Freundlich isotherm is better for adsorption

isotherm which is defined as:

where C. and g. are the equilibrium concentrations of the solute in the
liquid phase and in the solid phase respectively, K and 1/n being Freundlich
coefficients, representing adsorption capacity and adsorption intensity
respectively. When the value is approaching 1, the isotherm is linear and the
system has a constant free energy at all adsorbate concentrations. As for a value
below 1, it indicates a normal Freundlich isotherm whereby the cooperative
adsorption occurs if the value of 1/n is more than 1 194,

The logarithmic form of the equation (2.8) is more useful for fitting data

from batch equilibrium studies, and is given by

log g, = log K, + (1/n)log C, .. ... 2.9)

The values of K and n are obtained from intercept and slope of the plots of
log ge vs. log Ce, respectively.

2.9.3 Utility of an adsorption isotherm

The adsorption isotherm provides a number of valuable information (09,
Some of them are:
e The absorbability of an adsorbent,
e The amount adsorbed per unit mass or the concentration of the
adsorbate on the adsorbent,
e The equilibrium adsorbate concentration indicates the maximum
amount that can be removed from solution. This quantity remains

unchanged with increasing adsorbent amounts,
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e The relative steepness of the isotherm can be equated to the
sensitivity of the adsorbent to changes in adsorbate concentration.
On the other hand, the adsorption isotherm has some limitations as
given below:
e [sotherms are strictly applicable to equilibrium conditions without
any time restriction, and hence if true equilibrium is difficult to
ascertain, the applicability of the isotherm will be very much
hampered,
e Long-term chemical and biological effects are not accounted for by
the isotherm.

2.10 Adsorption Kinetics

The adsorption kinetics normally includes two phases: a rapid removal
stage followed by a much slower stage before the equilibrium is established (9),

To arrive at an unambiguous rate law, it is necessary that (i) all the
molecular details of the reaction, including the energetics and stereo chemistry,
should be known and (ii) the mechanism of the reaction including all the
elementary steps should be fairly understood.

The rates at which metal ions are taken up by the adsorbent determine the
adsorption Kkinetics and it directly controls the efficiency of the adsorption
process. The transfer of metal ions from the liquid phase to the solid phase can
be considered as a reversible reaction with an equilibrium being established
between the two phases. A batch adsorption kinetic model was used to analyze
the batch adsorption data in order to obtain estimates for the rate constants. The
simple way to describe the metal removal by adsorbent is:

4 ;1 B’
k2

The rate equation for the above reaction is expressed as:
dCy/ dt = — dC,/ dt = Kk (Cyo— CaoXa) — K, (Cgo+ CpoXpn) .o (2.10)
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where Ca and Cg are the concentrations of the metal ions in solution and on
adsorbent, respectively, at any time; Cao and Cgo are the initial concentrations of
metal ions in solution and in adsorbent, respectively (at t=0); Xa is the fraction
of metal adsorbed onto the adsorbent; k; and k, are the first-order adsorption and

desorption rate coefficients, respectively. At equilibrium:
dC,/ dt = —dC,/ dt = 0

and,

Xpe= [k = (Cao/ Cao) [/(14K) oo, 2.12)

where Xae is the fraction of the metal ions adsorbed at equilibrium, and k.
is the equilibrium constant.
The equilibrium constant, K¢ is represented as:

K. =K, /K, =(Cap+CroXpe )/ (Cpo —CaoXe ) eoeeervvvvmnaeennnn. (2.13)

The equation (2.10) can be written as:

X /At = (K 4Ky ) (Xpe = Xa) eeeonreeeeiieeeiee e, (2.14)
Substituting (ki/K) for kz, the integrated form of the equation (2.14) can be
written as:
—In(1= X,/ X )= (K +k /K)o 2.15)
or
AIN(1= X,/ X ) ==Kt (2.16)

where, k™ is the overall rate coefficient and is given by,
K=k +k K K+Ky 2.17)

In most cases, however, the adsorption kinetics can be best described by
adopting well known simple models and by trying to fit the experimental data

into them. A few established models for adsorption kinetics are:
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2.10.1 Lagergren pseudo first order kinetics.
The Lagergren equation %) has been one of the most used equations

particularly for pseudo first order Kinetics:

where ki(min?) is the pseudo first order adsorption rate coefficient. The
integrated form of the equation (2.18) for the boundary conditions oft=0,q;=0
andt=t,g:=q, IS

IN(G =G )=IN0, =Kt oo (2.19)

where d. and g are the values of the amount adsorbed per unit mass at
equilibrium and at any time t. The values of k; can be obtained from the slope of
the linear plot of In (ge-qt) vs. t.

An important test for the validity of the pseudo-first order kinetics is to
compare ge obtained from the intercept (In g¢) of the plots of In (ge-q:) vs. t with
the value obtained experimentally when the adsorption reaches equilibrium. In
most cases, the Lagergren equation does not fit well in the whole range of

interaction time and then, another suitable model will have to be looked for.

2.10.2 Pseudo-second order equation.

When the applicability of the first order kinetics becomes untenable (for
example, if ge obtained on the basis of equation (2.19) is not the same as the one
obtained experimentally), the adsorption may follow second order kinetics on

the basis of the equation (07 109);

A0, /At =K,y (G = 0)" oeeeeeene e e et (2.20)

where Kz is the second order rate coefficient. The integrated form of the
equation (2.20) under the boundary conditions of gt =0att=0and gt =q:att =
tis given by,

A =t/ | (1/1,0,2)+ /0, | oo, 2.21)
The linear form of this equation
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/0 =1/ (K07 )+ (170 ) oo (2.22)

makes it possible to obtain ge and k2 (g mg*min) from the plots of t/g; vs. t.

2.10.3 Elovich equation.

The Elovich equation assumes that the actual solid surfaces are
energetically heterogeneous. Such assumption seems obvious because neither
desorption nor interactions between the adsorbed molecules could substantially
affect the Kkinetics of adsorption at low surface coverage. The crucial effect of
the surface energetic heterogeneity on the equilibria of adsorption in the
gas/solid systems has been demonstrated by Rudzinski and Everett (1992). The

Elovich Equation %) has been used in the form:

do /dt=cexp(=B ) ..o (2.23)

Assuming afit >>1, and q: = 0 att =0 and g: =q; at t = t, the linear form of
the equation (2.23) is given (110);
g, =1/41In (a,B) +1/ B INt . (2.24)
Where o and B, known as the Elovich coefficients, represent the initial
adsorption rate (g mg*min?) and the desorption coefficient (mg gmin™)
respectively. The Elovich coefficients could be computed from the plots of g; vs.
Int.

2.10.4 Intra particle diffusion.

For porous adsorbents, the diffusion of the adsorbate molecules or ions into
the pores has also to be taken into account in finding a suitable kinetic model for
the process. In many cases, the intra particle diffusion may control the rate of

uptake of an adsorbate, which is represented by the following expression:

Xol Xpe=1-(6/7%)  (1/n) exp (-n*2°Dyt/r*) ... (2.25)
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where Xa is the amount of the adsorbate (A) adsorbed at any time and Xae
the amount adsorbed at equilibrium, their ratio giving the fractional approach to
equilibrium, D= intra-crystalline diffusivity, r= particle radius, t= reaction time,
and the summation is carried out from n=1 to n=a.

The equation (2.25) can be rewritten in the following simplified form:

1= X/ X =(6/ %) exp (~2°D, /P?) t ... (2.26)
or, In (1= X,/ X,)=(-2*D,/r?) t +In (6/7%) ... (2.27)
Therefore, the plot of In (1- X,/ X,,) versus t should be linear with a

slope of(—nch/rz), which is known as the reaction rate constant or diffusion

time constant. The slope can be expressed as:

where K is the overall rate constant, inversely proportional to the square of
the particle radius.
Weber and Morris (1963) ! introduced a simpler expression to obtain the

diffusion rate coefficient, kj:

ki (mg gt mint’2)) is a measure of diffusion coefficient. C; = intraparticle
diffusion constant i.e. intercept of the line (mg g?). It is directly proportional to

the boundary layer thickness.

The significant feature of this expression is that the linear plots of g vs. t%°
should pass through the origin (zero intercept). Thus the intra-particle diffusion
model can be easily tested through the above plots provided they have zero
intercept, which indicates a controlling influence for the diffusion process on the
kinetics. The rate coefficient, ki (mg g™ min®) could be obtained from the slope

of the plots.
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2.10.5 Liquid film diffusion.

When the flow of the reactant from the bulk liquid to the surface of the
adsorbent is the slowest process determining kinetics of the rate processes, the
liquid film diffusion model ¥ given by the simple relation

IN (1= F ) ==Kt oo (2.30)

could be the appropriate way to characterize the kinetics. F is the fractional

attainment of equilibrium (=q,/q,) and k; (min?) is the adsorption rate

coefficient. A linear plot of —In (1-F) vs. t with zero intercept suggests that the

kinetics of the adsorption process is controlled by diffusion through the liquid

film surrounding the solid adsorbent.

2.11 Thermodynamics of adsorption

The phenomenon of adsorption is essentially an attraction of adsorbate
molecules to an adsorbent surface. It is important to estimate the strength of
binding of species to a surface. When an isolated species approaches the surface
of a solid, several interactions come into play, each of which contributes to the
heat or energy of physical adsorption %, Physical adsorption has always been
found to be an exothermic process accompanied by release of heat as the
adsorbate molecules accumulate on the adsorbent surface due to weak binding
forces such as van der Waals forces. The exothermic nature of the process is
supported by the facts that (i) physical adsorption is a spontaneous process
accompanied by a decrease in Gibbs energy (AG < 0), and (ii) since the
adsorbate molecule lose at least one degree of freedom, the process is also
accompanied by a decrease in entropy (AS < 0). Therefore, it follows from the
basic thermodynamic relation, AG = AH — TAS, that with both AG, AS < 0, the
enthalpy change, AH also decreases, i.e. AH < 0. The Gibbs free energy,
enthalpy and entropy (AG, AH, AS), for the adsorption process are obtained

from the experiments carried out at different temperatures.
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In physical adsorption, weak forces are involved. These may be van der
Waals type, dipole-dipole interactions, hydrogen bonding, etc. With
chemisorption, the forces involved are strong and chemical in nature leading to
formation of surface compounds and the mechanism of adsorption will be vastly
different from that of physical adsorption. While the heat measured for physical
adsorption corresponds to the normal crystallization enthalpies, the
chemisorption heat is at least an order of magnitude higher. It is also possible
that both physical and chemical adsorption take place simultaneously and in
such cases, the actual mechanism will be a combination of both the processes.
The thermodynamics of an adsorbate-adsorbent system therefore depends on
various factors, viz., (i) chemical nature of the adsorbate and (ii) the adsorbent,
the environmental conditions such as pH in case of adsorption from solution,
and (iii) the type of forces interacting. Physical adsorption is normally
characterized by enthalpy change of 10 to 40 kJ mol™.

The thermodynamic parameters for the adsorption process, AH (kJ mol?),
AS (J K** molt) and AG (kJ mol™), are evaluated using the equations (2.31) and
(2.32) (100);

AG=—RT INK, ..., (2.31)

InK, =—AG/RT =AS/R-AH/RT ...l (2.32)

where, Ky = the distribution coefficient of the adsorbate, (= ge/C. in L g?),
T = the temperature (K),

R = universal gas constant (8.314 x 107 kJ K* mol?).

The plot of In Kq vs. 1/T should be linear with the slope (-AH/R) and the

intercept (—AS/R) giving the values of AH and AS. The Gibbs energy change,

AG, is the fundamental criterion of spontaneity. Processes occur spontaneously
at a given temperature if AG is a negative quantity. All these relations are valid
when the enthalpy change remains constant in the range of temperatures

considered.
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2.12 Desorption and Regeneration of the Adsorbent

In certain applications it may be economic to discard the adsorbent after
use in which case it may be necessary to describe it as a waste. Disposal would
be favored when the adsorbent is of low cost, is very difficult to regenerate (due
to chemical forces) and the non-adsorbed products of the adsorptive separation
are of very high value.

However, the disposal of the adsorbent as a waste is not considered as an
economic option, and regeneration should be considered as an option. For this,
desorption and regeneration is to be carried out with one or more of the
following:

(i) Increase in temperature;

(i) Reduction in partial pressure;

(il)  Reduction in concentration;

(iv)  Removal with an inert fluid;

(v) Displacement with a more strongly adsorbing species;

(vi)  Change of chemical condition such as pH.
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3.1. Apparatus

e Different glasses and flasks

e Filter papers

e Hot plate

e Laboratory oven

e Laboratory photometer (Clin Check Plus)
e Laboratory Centrifuge

e Burning furnace

e Electronic balance

e Pounder and different size of sieves
e Orbital compact shaker

e PH-meter Instrument

e Sieve 75 um

3.2. Materials
Methyl orange dye (MO), (4-[[(4-Dimethylamino) phenyl] azo] benzene
sulfonic acid sodium salt, C.I. 13025, MW=327.34 g/mole, dye content 85%)

was obtained from chemical laboratory.

H,SO, and NaOH (for initial pH adjustment), were obtained from chemical

laboratory.

Raw anthracite (An) and Chitosan (Cs) were brought from the Holding

Company for water and wastewater.
3.3. Experimental methods
3.3.1 Preparation of Modified Seaweed (MS)

Marine seaweed (S) was collected from the coastal area of Zliten, Libya.
The seagrass was identified as (Posidonia oceanica). It was repeatedly washed
several times with tap water followed by distilled and dried at room

temperature, then was cut with a scissors into irregular shaped particles between
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5 and 10 mm in size, filtered and finally dried in oven at 105°C for 2hr. The dry
sample activated by a solution of 10% sulpheric acid H;SO, for 24h
(solid/liquid ratio of 1/6), Every 10 g of dry powdered sample was immersed
with 60 mL of sulpheric acid to increase the adsorption capacity of the sorbent

material, and stirred on hot plate at 90°C for 24hr.

The samples were then washed with distilled water several times until the
pH of washing water becomes neutral (7), dried in oven at 105°C for 3hr, then

burned in burning furnace at 650°C for 2hr.

The residue was crushed, powdered, ground to small particles in an agate
mortar, and sieved by using a 75 p mesh standard sieve to obtain fine powder,
finally the resulting material was stored in a glass bottle used for adsorption

experiment pretreatment.
3.3.2  Preparation of Chitosan (Cs) solution

0.5 g of chitosan was dissolved in 100 ml of acetic acid 2%, stirred on

magnetic stirrer at 80°C for 2hr; we obtained a high viscosity solution.
3.3.3  Preparation of MS/Cs/An composite

2 g of the MS was homogeneously mixed with 0.5 g of An (solid/solid
ratio of 4/1). Then dissolved in 10 ml of Cs solution, stirred, and heated at 70°C
for 24hr. This minute quantity of An was selected to achieve the planned goal
with minimal costs. The calcinated mixture was gently ground and stored for

further application under the name of MS/Cs/An composite.
3.3.4  Preparation of dye solution (Adsorbate solution)

Methyl Orange dye MO (C14H14N3SOsNa) with a purity of 90%, average
molecular weight was 927.02. A 2000 ppm solution of methyl orange dye was

prepared by weighing accurately 1 gram of dye was dissolved in 500 mi
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standard flask, it was made up to the mark with deionized water of distilled

water, to prepare a stock solution of the dye.

The stock solution was diluted with deionized water to obtain different dye
concentrations (30, 40, 50, 60, and 70 ppm).

3.3.5  Preparation of chemical regents

Grade reagents were used in this study of analytical grade; reagent grade
diluted H,SO4, NaOH and pH buffer solutions were used to adjusted pH values

of samples. In all experimental work, double distilled water was used.
3.3.6  Materials characterization

MS and MS/Cs/An composite were characterized using different analytical
techniques such as; X—ray diffraction model Philips APD-3720 diffracto meter
and FTIR; Whereas, the morphological features were investigated by a
Scanning electron microscopy (SEM, JSM-6700 F, JEOL, Japan); DSC (TA
Instruments Q2000 DSC); TGA (Q500 equipment thermo gravimetric
analyzer); as well as Sger using N2 adsorption/desorption at 77 K which was
conducted using a gas sorption analyzer (Quantachrome, NOVA, version 11.04,
USA), the total pore volume (Vi) Was estimated from the amount of the
adsorbed N gas at P/P,.

The surface area, pore volume and pore size of both raw MS and the
MS/Cs/An composite were determined by a surface area analyzer (Tristar Il
analyzer) degassing at 200 °C for 1 hr. The Brunauer-Emmet-Tellerl7 and
Barrett-Joyner—Halendal8 equations were used to estimate the BET surface

area (Sger), pore volume and pore size of both Ms and MS/Cs/An, respectively.
3.3.7  Batch adsorption experimental analysis

The adsorption of MO dye on the composite was studied by batch

technique, Variation weights of were weighed and mixed into 25 mL of definite
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concentration of MO solution (50 ppm). The best weight at high adsorption
capacity was 35 mg. A certain weight (35 mg) of MS/Cs/An composite and
initial dye concentration 30—70 ppm at different agitation rates 50-250 rpm for
5-150 min using an orbital compact shaker (Edmund Buhler, Germany) was
studied. The MO solution was separated from the adsorbent by centrifugation at
4,000 rpm using a centrifuge, (Hamilton, Germany), for 10 min. The MO
concentrations in the supernatant were estimated using photometer (Clin Check
Plus, Italy) at wavelength 468 nm according to ®®. The affecting factors can be
summarized in Table 3.1. Each sample was examined in triplicate at ambient

temperature and the average result was listed.

The effects of some parameters, such as pH, temperatures, concentrations,
contact time and dose on the adsorption was studied. The pH of the adsorptive
solutions was adjusted using hydrochloric acid, sodium hydroxide and buffer
solutions when required. The results of these studies were used to obtain the

optimum conditions for maximum dye removal from aqueous solution.

Egs. (3.1) and (3.2) were applied to estimate the removal percentage and
the uptake capacity (mg/g), respectively, where Co (mg/L) is the initial
concentration of MO and C. (mg/L) is the equilibrium concentration of MO in

solution, V is the volume in L and M is the adsorbent mass (g).

Removal % = % X100 o (3.1)
(0]
(C,C )V
T e 3.2
v (32)
Table 3.1 Affecting factors of M.O onto MS/Cs/An composite.
Investigated Conditions The other parameters
parameter
50 ppm of MO initial
a conc., 35 mg dose, 200
PH 2 3 4 > ! 9 rpm/2hr (agitation
speed/time)
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pH (3.0), 50 ppm of MO
a initial conc., 200 rpm,
Dose (mg) 5 10 | 20 30 [ 35° [ 40 50 ohr (agitation
speed/time)
o pH (3.0), 50 ppm of MO
tf‘rg'et"z‘rt;?:) 5 [ 10| 15| 30 | 60| 90 | 120° | 150 | initial conc., 35mg dose,
200 rpm agitation speed
L pH (3.0), 35 mg dose,
Cm(? '?'t'?r']) 20 |30 |40 | 50° |60 | 70 | 80 200 rpm, 2hr (agitation
- (PP speed/time)
o pH (3.0), 50 ppm of MO
S Aéggaztr'og) 50 | 100 | 150 | 200* | 250 initial conc., 35 mg
P P dose, 2hr of agitation
pH (3.0), 50 ppm of MO
0 a initial conc., 35 mg
Temp (K°) 293 | 303 | 313 | 323 | 333 dose, 200 rpm, 2hr
(agitation speed/time)

& Optimum conditions

3.3.8

composite

Isothermal and kinetic investigation of MO onto MS/Cs/An

Langmuir, Temkin, and Freundlich isotherms were applied to evaluate the
MO adsorption mechanism onto MS/Cs/An composite adsorbent Table 3.2. As
well as kinetic sorption models, Lagergren’s pseudo-first-order model %),

pseudo-second-order model, and Intra-particle diffusion Table 3.3.

Table 3.2 Adsorption isotherm models for MO uptake by MS/Cs/An composite

Is:l]t(l;];;?] Linear form Parameters Refs.
Ce 1 Ce ey - .
— = 5 + C. (mg/L): equilibrium concentration
Qe Gmax Qmax of the resting MO in the solution
_ de (mg/g): removed amount of
Ru=1/(1+bCo) (MO) at equilibrium. (Langmuir
Qmax (M@/Q): maximum adsorption '
R.> 1 (unfavorable ; 1916)
Langmuir adsorption) capacity. _
Ru=1 (linear b (L/mg): Langmuir constant Equation
adsorption) Omax= 1/slope (3.3)
(0 <RL <1 (favorable b= slo_p ?/ intercept .
adsorption) Co: Initial MO concentration.
R =0 (irrF:eversibIe RL: Equilibrium parameter of
L_adsorption) Langmuir equation.
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Ce (mg/L): equilibrium concentration
of the resting MO in the solution

order

kit

k1 (g/mg min): rate constant of the
first-order adsorption

Kz: -slope

qe(calc.): EXP(intercept)

1 qe (Mg/g): removed amount of MO [ (Freundlich
Ereundlich 08 de " at equilibrium. , 1906)
= logKy + —logC, Kg (mg/g): MO adsorption capacity. Equation
n n: heterogeneity factor. (3.4)
kr = 1Ointercept
1/n= slope
A (L/g): Temkin isotherm constant
(the equilibrium binding constant
corresponding to the maximum (Temkin
_ binding energy)
ge=BinA+BInCe B (J/mol): Temkin constant related to and
Temkin B=RT/b heat of sorption. Pilgzzg;/ ’
- b: Temkin isotherm constant Equation
R: The gas constant (8.314 J/mol K) q(3 5)
T : the absolute temperature at 298 K '
A= EXP(intercept/slope)
B= slope
Table 3.3 Sorption kinetics models for MO uptake by MS/Cs/An composite
Kinetic Model Linear form Parameters Refs.
q: (mg/g): removed amount of
MO at time t
qe (mg/g): equilibrium adsorption | (Langergren,
Pseudo- first | In(ge —qe) = In qe— | Uptake 1898)

Equation (3.6)

Pseudo-
second order

Qt_

1 t
ky-q%  q.

gt (mg/g): removed amount of MO
at time t

ge (Mg/q): equilibrium adsorption
uptake

k2 (g/mg min): rate constant of the
second-order adsorption

%)= 1/slope

k2 = (slope)?/intercept

(Ho and

McKay, 1999)

Equation (3.7)

Intra-particle
diffusion

Qe =k, tY* +C

gt (mg/g): removed amount of MO
at time t.

K, (mg/g min®®): intra-particle
diffusion rate constant.

C (mg/g): intercept of the line
which reflects the thickness of the
boundary layer.

kp=slope

C= intercept

(Weber and
Morris, 1963)

Equation (3.8)
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3.3.9  Estimation of thermodynamic parameters

Thermodynamic parameters such as Gibb’s free energy (AG), enthalpy
(AH), and entropy (AS) changes can be determined by the Egs. (3.9) — (3.10) as
shown in Table 3.4 ©7;

Table 3.4 Sorption thermodynamic models for MO uptake by MS/Cs/An composite

Kinetic Model Linear form Parameters Refs.

(AH) j.mol :enthalpy change
(AS) j.mol: entropy change

AH AS et | (Van’t Hoff’s

In de _ n R gas con.stant_8_.31_4J K™*-mol equation 1887)
cec RT R ge (Mg/g): equilibrium -

: Equation (3.9)

adsorption uptake

C. (mg/): concentration of MO

Adsorption _
thermodynamic k is the rate constant

T is the absolute temperature in

Kelvin
Ea . . Arrhenius(1898)
In(Kexp) = In(4) —— | A'is the frequency of collisions Equation (10)

RT | in the correct orientation,
E. is the activation energy ( KJ)
R gas constant 8.314 J-K *-mol™*
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4.1 Characterization of MS/Cs/An composite
4.1.1 Identification of MS and MS/Cs/An composite

The X-ray diffraction paradigm of the raw (MS) confirmed that graphite is
the main crystalline phase at 20 25°, 32°, and 46°, Figure (4.1 A). The strong
peak at 24.2° is related to the reflection of silicon dioxide . The strong
diffraction at 25° may be attributed to the crystalline carbon in MS samples.

3000 -
800
2500
L — MSCSAn
2000 —
400
1500 |
= = %0+
1000 - ]
500 4 100 -
o] i MMM
M+ W77
0 10 20 30 4 5 60 70 8 90 0 10 2 30 & 5 ® 0 8 90
2theta 2 theta

Fig 4.1 XRD pattern of MS (A) and MS/Cs/An composite (B).

Figure (4.1 B) The X-ray diffraction data of the MS/Cs/An also confirmed
the same diffraction peak, but it is slightly shifted to the right with stronger
Intensity than MS, these results are compatible with the reported conclusions of
(116)  The presence of the amorphous graphite structure of (MS/Cs/An) was
indicated by a sharp peak at 6 26.1°. On the other hand, another one appeared at
0 23.2°, whereas, graphite peak appeared at 6 31.8° as a weak peak (17118

taking into consideration the random layer lattice structure of anthracite (119120,

4.1.2 Thermal characterization

The thermal stabilities of the nanocomposite were evaluated by TGA (TA
Instruments Q500 equipment thermogravimetric analyzer). Samples were
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heated at nitrogen purge flow 50 mL/min at 25°C—900°C at a heating rate of
10°C/min. The glass transition of the polymer was further studied by differential
scanning calorimetry (TA Instruments Q2000 DSC). The thermal history of the
samples was erased by heating from 25°C—-350°C at a heating rate of 10°C/min
and a nitrogen purge flow of 50 mL/min.

Figure (4.2) was presented the TGA Thermogram of the MS and
MS/Cs/An composite samples displaying two stages of weight loss at different
temperature range, the first stage of weight loss was 0.5 and 0.2 mg
respectively, at 100 and 120°C, respectively, may be due to the release of
volatile gases such as CO, CO,, and SO;. Generally, the weight loss below
100°C attributed for hygroscopic water (1?1122, The 2" stage of weight loss of 4
and 1.5 mg was detected at 500°C and 570°C, respectively. The decrease of
weight loss with rising the temperature is attributed to the decomposition of
chitosan removal of volatile organic materials. At 100°C the weight loss was 0.5
and 0.2 mg for MS and MS/Cs/An, respectively. On the other hand, the weight
loss was 4 and 1.5 mg at 550°C for MS and MS/Cs/An, respectively, this due to
evaporation of gases from MS and MS/Cs/An.

= B =

444
4.0 - 424

45

— MSICSAn

35 40

38+
3.0
354

2.5

TGA (mg)
TGA (mg)

344
2.0 3.2 1
3.0+

1.5
284

1.0 1 25

= 1. %L * 0. % 1. = _1_ % ] ¢ | LS FJOUTLCoO U RN VU IO AN AR N
0 100 200 300 400 500 600 0 100 200 0 400 500 500
Temp(C) Temp (C)

Fig 4.2 TGA Thermogram of MS (A) and MS/Cs/An (B) composite.
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Figure (4.3) illustrates the DSC Thermogram of MS and MS/Cs/An
composite which indicates that the volatile gases and volatile materials were lost
around 80°C, while a small amount of these gases were lost at 50°C. Because of
the release of the organic materials and the volatile gases from (MS) and
(MS/Cs/An composite), DSC Thermogram showed an endothermic behavior in

the case of MS and endothermic/exothermic in the case of MS/Cs/An composite.

204

DSC (mi)
DSC (mir)
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004
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0 100 200 300 400 0 100 20 300 400
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Fig 4.3 DSC Thermogram of MS (A) and MS/Cs/An (B) composite.

4.1.3  Fourier transform infrared spectroscopy characterization

The FTIR spectrum of MS and MS/Cs/An composite (Fig 4.4 A and B)
showed the characteristic broad band’s at C=C stretching, Si—O-Si, Al-O-Si
and C-O bending, located at 1660, 1081, 877 and 718 cm™, respectively
(1231124125 'neak at 576 cm* which ,corresponding to Fe-O ®?% in addition to the
peaks of amide group of chitosan at 1565 cm™ as a weak band 28127 cross
linking agent of C=N stretching, this observed peak confirms the strong binding

of chitosan 1?8129 The peak at~ 870 cm™ related to C-H wagging of the
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saccharide structure of chitosan @39, The bands at 3,479 and 3,410 cm™ are

assigned to the coupled OH stretching mode
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Fig 4.4 FTIR Pattern of MS and MS/Cs/An composite.

4.1.4  Surface Morphology and elemental analysis

The SEM photographs confirmed the porous and flaky nature of (MAnN)
with a conspicuous variance in its grain sizes and shapes, Figure 4.5. Also the

appearance of the hexagonal crystals of graphite complies with the XRD results.

The elemental analysis was carried out using the SEM micrograph in MS
and MS/Cs/An shown in Figure 4.5 (A-B), respectively. Inhomogeneous
topography of minerals trapped in a carbon matrix was identified by surface

morphology. On the other hand, the incorporation of MS/An into Cs polymer
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showed bright and opaque features in MS/Cs/An composite. In MS and
MS/Cs/An composites, SiO, and Al,O3; have been identified as large particles
measuring 10 um in size. Increasing in oxygen content and decreasing in carbon
content of the MS/Cs/An composite sample may be attributed to the addition of
anthracite and chitosan of the composite MS/Cs/An, there are small particles
mixed on the surface of the MS, fine lines and ultimately seen in porous form

due to binding with anthracite and chitosan.

Increasing in MS/Cs/An composite holes contributes to an increase in the
surface area (245 to 314 m?/g), which occurred after mixing with anthracite and
chitosan at temperatures of 70 and 90°C during the preparation and treatment of

MS/Cs/An composites. At these temperatures, volatile gases containing CO,

CO,, and H; gases are evaporated, leaving these voids 3V,

Fig 4.5 SEM micrograph of MS (A) and MS/Cs/An (B) composite.
4.1.5 Nz Adsorption analysis

N adsorption / desorption isotherms obtained at 77 K and BJH pore size
distributions of MS/An/CS composite distributions are shown in Fig 4.6 (A, B).
The results of the MS/An/CS composite based on BET analysis show the
adsorption-desorption isotherms are compatible of Type I curves according to

the IUPAC classification, which is an indicator of the presence of a narrow
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mesopore micro-porosity structure and a wider structure of micropores. The
specific surface area (SSA) of the composite MS/An/CS increased significantly
from 245.1 m?/g to 314.5 m?/g, due to impregnation of anthracite which has a
high specific surface area, suggesting a high concentration of micropores in the
composite MS/An/CS 132 with micropores gradually rising from 0.800998 to
0.928484 (cm®/g). Subsequently, during the preparation and curing of the
MS/An/CS composite, low-density volatile gases were escaped after the heat
treatment of the MS/An/CS composite, suggesting a tidy formation, resulting in
a shrinking hole between the layers. The pore curing will therefore extend the
pore volumes and develop the SSA and the highly microporous structure of the

composite MS/An/CS dramatically.

In addition, the pore size distributions measured by the BJH of the
composite MS/An/CS are shown in Fig 4.6 B. As shown in the figure, the small
pore diameter distribution of the composite MS/An/CS is 1.5-5 nm with large

pores varying from 5 nm to more than 50 nm.

The results show that the degree of microcrystalline MS structure shifts
significantly and increases the degree of graphitization due to high temperature
and increased degree of carbonization, which may result in good sorptive
material 33, However, average pore size, surface area and total pore volume
obtained from MS/An/CS composite derived from MS are 5.09314 nm, 314.5
m?/g and 0.800998 cm®/g, respectively (Table 4.1).

Table 4.1: Textural parameters of MS and MS/An/CS composite.

Specimen SeeT Pore Size (Vt) The Mean Pore width
(m?/g) (cm®/g) (nm)
MS 245.1 0.928484 7.57641
MS/An/CS 314.5 0.800998 5.09314
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Fig 4.6 N2 adsorption/desorption isotherms curves of MS and MS/An/CS composite
obtained from the nitrogen gas.

4.2 Factors affecting the adsorption process:
4.2.1 Effect of pH
The adsorption of MO by MS/Cs/An composite is a pH-dependent process.
The results indicated that the removal percent (R %) of MO was very high at
low pH values as demonstrated in Table 4.2 and Fig. 4.7a, and the maximum
removal efficiency (98%) was achieved at pH 3.0. Therefore, the pH=3 was
selected as the optimum pH and applied for all the adsorption studies to verify

equilibrium accomplishment.

The slight decrease in its geometrical parameters could be related to its
higher degree of graphitization. Beyond pH 4.0, MO sorption was noticeably
declined, especially under basic conditions. This coincides with the point of

zero charge (pHepzc) determined according to the reported protocol.

The higher degree of ionization of MO (pKa=3.46) and the protonation of
the MS/Cs/An composite surfaces at pH 3.0, promoted the electrostatic

interactions between the binding sites of the studied sorbents (protonated
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hydroxyl groups) and the negative sulfonate group (-SOs) of MO ions in
solution. In the protonation process of the MS/Cs/An composite surfaces,
hydrogen ions act as bridging ligands between the MO anions and the surface of

the studied sorbents.

Conversely, the prevalence of the competitive OH" ions in the solution
beyond the pHpzc of the sorbents resulted in deprotonation of their surfaces and
triggered repulsive forces against MO anions, leading to a reduction in MO
uptake by both sorbents. So, pH 3.0 was considered for conducting the

experiments of the succeeding parameters.

Electrostatic interaction cannot be regarded as the only driving force for
MO sorption by MS/Cs/An composite and considerable contributions from
other hydrophobic forces (hydrogen bonding) may be counted (Fig. 4.7b),
especially at pH>pHpzc. Such forces can be correlated to the hydrophobicity of
graphite and organic matter constituents of the addressed sorbents. The
hydrogen bonding interaction can be categorized into two styles: (1) Yoshida H-
bonding and (2) dipole—dipole H-bonding. The former interaction style occurs
between the aromatic rings of the MO and the hydroxyl groups upon addressed
sorbents surfaces. Whereas, the latter interaction links the nitrogen and oxygen
atoms of the MO (H-acceptor) with the accessible hydrogen atoms of the

MS/Cs/An hydroxyl and carboxyl groups (H-donor).

Table 4.2 Changes in residual MO concentration, amount of MO sorbed, removal rate (%) as
a function of pH [Dose; 35 mg, 25 ml of MO; 50 ppm, pH (2-9), RPM; 200, time; 120
minutes, temp; 20C°]

o Initial MO conc. | Residual MO conc. Removal MO sorbed
p
(Co ppm) (Ce ppm) rate R % (ge mg g
2 50 1.2 97.6 34.86
3 50 1 98.0 35.00
4 50 15 97.0 34.64
5 50 2 96.0 34.29
7 50 2.1 95.8 34.21
9 50 3 94.0 33.57
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Fig. 4.7 Effect of pH on MO removal by MS/Cs/An composite (a), schematic diagram
showing the mechanisms of MO sorption by MS/Cs/An composite (b).

4.2.2 Effect of contact time

The adsorption outline of MO by MS/Cs/An composite at several selected
times (5-150 min) is demonstrated in Table 4.3 and Fig. 4.8. The results
revealed that adsorption was very rapid at the beginning 5 to 30 min (from
68.8% to 89.6%), this behavior is because of the electrostatic interactions which
facilitate the diffusion of extra dye molecules to the interior free sites.
Moreover, during the initial stage, a large number of vacant surface localities
were available, while at mixing times > 30 min and <120 min was (from 89.6%
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to 98.4%), this behavior is because of the remaining vacant surface sites after a
lapse of time were difficulty packed attributable to the repellence forces
amongst the dye molecules on the solid and bulk phases. With increasing
contact time beyond 120 min, there is no further perceptible increase in the MO
adsorption by the sorbent (R=98.6% at 150 min). The diffusion becomes more
difficult as the vacant volume within the adsorbent decreases. Thus, the affinity
of sorbent towards MO molecules decreased. This indicates that equilibrium
was attained at 120 min; therefore, 120 min was deployed as an equilibrium
time for the other experiments

Table 4.3 Changes in residual MO concentration, amount of MO sorbed, removal rate (%) as

a function of contact time [Dose; 35 mg, 25 ml of MO; 50 ppm, pH (3), RPM; 200, time; (5-
150) minutes, temp; 20C°]

Time Initial MO Residual MO Removal rate | MO sorbed
(minutes) conc. (Co ppm) conc. (Ce ppm) R % (e mg g?)
5 50 15.6 68.8 24.57
10 50 12.3 75.4 26.93
15 50 8.4 83.2 29.71
30 50 5.2 89.6 32.00
60 50 2.5 95.0 33.93
90 50 2.1 95.8 34.21
120 50 0.8 98.4 35.14
150 50 0.7 98.6 35.21

Effect of contact time
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Fig 4.8 Effect of contact time on MO removal by MS/Cs/An composite.
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4.2.3 Effect of initial concentration

The adsorption of MO was conducted at different dye concentrations as
shown in Fig. 4.9. The results showed that increasing MO concentration from
20 to 80 ppm, cause a decrease in the removal percent R% from 99% to 64.6%.
However, the amount of MO sorbed (ge, mg g*) increased with raising the
initial concentrations. The progressive collision of MO ions with the active sites
of the composite with increasing the initial concentration was the key factor in
such enhancement. Also, the enhancement of MO sorption was derived by the
increase in the mass gradient that acted as a driving force for transferring the
MO ions onto the MS/Cs/An composite surface. The overall reduction in R% at
high initial concentrations was associated with the deficiency in the vacant sites
that could accommaodate the MO ions from solution. Unlike removal efficiency
and sorption capacity that are controlled by the operating conditions,
distribution coefficient Ky can be used as a true metric to merit the adsorbent
true performance. Ky is a representative ratio for the analytic concentration
among both solid and liquid phases at equilibrium. In the current study, the MO
distribution coefficient Ky revealed a marked decrease from 70.7 to 1.3 L g*
with increasing initial MO concentrations from 20 to 80 mg L™ Table 4.4.
Therefore, aqueous dye solution with initial MO concentration 50 mg/L was
appropriated for all the adsorption studies to verify equilibrium
accomplishment.
Table 4.4 Changes in residual MO concentration, amount of MO sorbed, removal rate (%) as

a function of initial MO concentrations [Dose; 35 mg, 25 ml of MO; 20-80 ppm, pH (3),
RPM; 200, time; 120 minutes, temp.; 20C°]

Initial MO Residual MO MO sorbed Removal rate Kd (L g
v
conc. (Co ppm) | conc. (Ce ppm) (9e mg g?) R %
20 0.2 14.14 99.00 70.71
30 0.4 21.14 08.7 52.86
40 0.6 28.14 98.50 46.90
50 1 35.00 98.00 35.00
60 8.5 36.79 85.8 4.33
70 19.3 36.21 72.4 1.88
80 28.3 36.93 64.6 1.30
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Fig 4.9 Effect of initial concentration on MO removal and Kd by MS/Cs/An composite.

4.2.4 Effect of adsorbent mass
Increasing the composite mass from 5 to 35 g was accompanied by an
increase in MO removal from 43.4% to 98% (Table 4.5 & Fig. 4.10). This
justifiable increase in MO removal was interrelated to the surface area of the
adsorbent and hence the accessible sites for MO sorption. Beyond 35 mg of
composite mass, no appreciable increase in MO uptake was observed (<99.6%

for 40 and 50 mg). This indicates that the equilibrium state was achieved.

Therefore the dose (35 mg) was the optimum dose and appropriated for all
the adsorption studies to verify equilibrium accomplishment. As the quantity of
adsorbent raises, the number of active sides obtainable for adsorption also
increases thus the removal percentage also increases. But owing to the
overlapping between the active sides themselves, not all the obtainable active
sides are available during adsorption thus, the amount adsorbed mg/g of

adsorbent may be decreased.
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Table 4.5 Changes in residual MO concentration, amount of MO sorbed, removal rate (%) as
a function of absorbent mass [Dose; 5-50 mg, 25 ml of MO ;50ppm , pH (3), RPM;200, time
; 120 minutes, temp. ;20C°]

Dose Initial MO conc. Residual MO conc. | Removal rate | MO sorbed
(mg) (Co ppm) (Ce ppm) R % (Ge mg )
5 50 28.3 43.4 108.50
10 50 25.2 49.6 62.00

20 50 20.8 58.4 36.50
30 50 8.1 83.8 34.92

35 50 1 98 35
40 50 0.2 99.6 31.13
50 50 0.1 99.8 24.95
Effect of absorbent mass
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Fig 4.10 Effect of absorbent mass on MO removal by MS/Cs/An composite.

4.2.5 Effect of agitation speed
The sorption of MO under different mixing speeds (50 to 250 rpm) was
carefully examined. At the speed from 50-150 rpm, the R% rapidly increased
from 84% to 93.6% Table 4.6 & Fig 4.11. The obtained results demonstrate that
increasing the shaking rate up to 150 rpm has a positive result on the adsorption
of MO onto the MS/Cs/An composite. These results could be ascribed to the

enhancement in dye dispersion and increase the exposed adsorbent surface area
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to the dye molecules. Additionally, raising the agitation rate improves the

diffusion of dye towards the adsorbent surface. In contrast, a further rise in the

agitation velocity up to 200 rpm creates a decline in the adsorption affinity. This

declining could be as a result of a further speedup in the agitation rate beyond

200 rpm could diminish the attraction forces between the adsorbent and MO and

promote the occurrence of dye desorption process. Thus agitation speed of 200

rpm selected as the optimum speed and appropriated for all the adsorption

studies to verify equilibrium accomplishment.

Table 4.6 Changes in residual MO concentration, amount of MO sorbed, removal rate (%) as
a function of agitation speed [Dose; 35 mg, 25 ml of MO; 50 ppm, pH (3), RPM; (50-250),
time; 120 minutes, temp; 20C°]

Agitation speed | Initial MO conc. | Residual MO conc. | Removal MO sorbed
(RPM) (Co ppm) (Ce ppm) rate R % (9e mg gY)
50 50 8 84 30.00
100 50 3.8 92.4 33.00
150 50 3.2 93.6 33.43
200 50 1 98 35.00
250 50 1.1 97.8 34.93

Effect of agitation speed
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Fig 4.11 Effect of agitation speed on MO removal by MS/Cs/An composite.
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4.3 Thermodynamic constants

The temperature has important effects on the adsorption process. The
influence of temperature (K° on the removal percentage of the M.O by
MS/Cs/An composite was plotted at 288, 293, 298, 308, 318, and 328 K° as
shown in Fig.4.12.a.

The results displayed in Fig. 4.12.b, shown that the uptake capacity raised
from 34.6 to 35.4 mg/g with raising the temperature from 288 to 328 K°. Higher
temperature leads to an increase in the kinetic energy of M.O ions and
MS/Cs/An particles which, causes an increase in the chances of attraction
between adsorbate and adsorbent materials. Hence, the adsorption process of
M.O onto MS/Cs/An is endothermic in nature. Also, it is well known that the
increase in the adsorbed amount of M.O with increasing the temperature is may
be due to the enhancing of the sorptive forces of the MS/Cs/An active sites
towards M.O species. Furthermore, increasing the sorptive forces among the
contiguous for the adsorption of M.O onto MS/Cs/An as shown in Table 4.7.
The negative value of AG ranged from -7.55 to -12.14 kJ.mol? affirm the
probability of the operation as a spontaneous adsorption reaction. AH and AS
were found to be 25.54 kJ.mol* and 115 J.mol*.K?, respectively; the positive
value of the enthalpy implying that the process is endothermic and low
temperature makes the adsorption easier. The enthalpy value 25.54 kJ.mol* is
also confirmed that the adsorption is physicosorption as it is lower than that for
chemisorption. Therefore, the adsorption of the MO under examination onto
MS/Cs/An is probably due to physicosorption. This conclusion showed the
fundamental reaction between the MO and the MS/Cs/An to beat most
electrostatic interactions. Besides, the lower positive value of AS 115 J.molt.K™*
suggests random less at the liquid/solid mediator during the MO adsorption onto

MS/Cs/An in the aqueous solution.
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Table 4.7 Changes in residual MO concentration, amount of MO sorbed, as a function of
temperature [Dose; 35 mg, 25 ml of MO; 50 ppm, pH (3), RPM; 200, time; 120 minutes,
temp.; 15-55C°]

Temp 5 v | Enaicy @k AG/KJ- | AH/KJI- | AS/J-mol
, n
(K9 St e e mol™ | mol* | -1k?

288 | 15 | 34.64 | 23.1 3140 | 0.00347 | e
203 | 12 | 34.86 | 29.05 | 3.369 | 0.00341 | g1,
298 | 1 | 3500 | 3500 | 3555 | 0.00336 | g0

25.54 115
308 | 0.8 | 35.14 | 4393 | 3.783 | 0.00325 | ggs
318 | 06 | 3529 | 58.81 | 4.074 | 0.00314 | 1100
328 04 | 3543 88.57 4.484 0.00305 12.14
(a) Endothermic Reaction
14 -
12 -
__10 -
o y =-3071.9x + 13.819
s R2=0.9834
(=3
s
6 .
4 - \ ‘ N
2 T T T T 1
0.003 0.0031 0.0032 0.0033 0.0034 0.0035
(1/T KO)
(b) Effect of Temperature
bo 35.5
‘é" 35.4
5935'3
=352
S 35.1
(1]
g o
O 349
©
9348
5 34.7
8 34.6
S 280 290 300 310 320 330
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Figure 4.12 Plot of In (qe/Ce) versus 1/T for the estimation of thermodynamic parameters
(a), effect of temperature on MO removal by MS/Cs/An composite (b).
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4.4 Adsorption isotherms

The linear equations of the most three customarily applied isotherm models
"Langmuir, Freundlich, and Temkin models™ were applied in the current study
to clarify and interpret the mode of fundamental interaction between M.O ions
in the solution and the active sites on the MS/Cs/An composite’s surface. The
parameters of these linear equations were computed in Table 4.8, and the linear
plots of these equations are shown in Figure 4.13a-c. Sorption isotherm
techniques are critical helpful tools for understanding the interaction mechanism
between M.O and MS/Cs/An composite. In order to investigate the suitable
model, the theoretical amounts of M.O sorption (mg/g) were evaluated from the
model’s equations, equilibrium concentration of the adsorbate ions (mg/L),
which can be calculated from the plot between Ce/ge versus Ce. Qmax and b are
Langmuir constants related to maximum sorption capacity (monolayer capacity)
(mg/g) and energy of sorption (L/mg). Likewise, Ke and n are Freundlich
constants related to sorption capacity and sorption intensity, respectively, which
can be calculated from the plot of log (qe) versus log (Ce). The value of constant
n showed the degree of non-linearity between the solution concentration and
adsorption, if n=1 the adsorption is linear, n<l the adsorption is a chemical
process, n>1 the adsorption is a physical process, n value (6.73) greater than 1
and this indicate the adsorption is physical process. The Temkin isotherm has
generally been applied. Therefore, plotting g versus In C., enables the
determination of the constants A and B. While, B=RT/b is the Temkin constant
related to the heat of sorption (J/mol), A is the Temkin isotherm constant (L/g),
R the gas constant (8.314 J.mol.K), b is Temkin isotherm constant and T is
the absolute temperature (K). In the recent study, Langmuir showed an excellent
fitting to the experimental data for the three sorbents with a high correlation
coefficient (0.9998), Fig. 4.13a. This assumed that the MO uptake by the
studied composite was homogeneous (monolayer) in nature through iso-
energetic binding sites on the MS/Cs/An composite's surface. Langmuir
constant was 4.737 L/mg. Furthermore, the Ry (Langmuir equilibrium
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parameter) values (0.0042) that was calculated using “R = 1/(1+bCy)” equation,

confirmed a favourable sorption of MO ions (favourable, 0<R.<1) by the

composite and the maximum monolayer adsorption capacity (gmax) of M.O via

MS/Cs/An composite by Langmuir model was (37.04) mg/g. The heat of

adsorption has been studied by Temkin since it provides a good fitting to

describe the M.O sorption process in the recent work. Temkin model evaluates a

gradual increase in the heat of adsorption for the increase of surface area using

MS/Cs/An.
Table 4.8 Isotherm parameters of the MO adsorption by (MS/Cs/An) composite
Langmuir Freundlich Temkin
max b K B (J/ A
| R RL ] n R? ( b R?
(mg/g) | (L/mg) (mg/g) mol) | (L/g)
37.04 4,737 0.99 | 0.0042 | 25.22 | 6.73 | 0.6532 | 3.826 [ 1096.6 | 647.6 | 0.716
(a) .
Langmuir
1
0.8 y =0.027x + 0.0057
30
Ce
(b) :
Freundlich

Log qe
o
-]

y = 0.1486x + 1.4018

R*=0.6532

0.5

Log Ce
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y = 3.8259x + 26.808
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Fig 4.13 Isotherms constants (Langmuir isotherm a, Freundlich isotherm b, Temkin isotherm
c) of MO adsorption onto MS/Cs/An composite by linear curves.

4.5 Sorption kinetics

The Kinetic data of MO removal by MS/Cs/An composite was studied
based on the linear form of the most commonly used models pseudo-1% order
“PFO”, pseudo-2" order “PSO”, and inter-particle diffusion models. The
equations that express the linear formula of these models and the values of their

related constants were compiled in Tables 4.9.

The fitted results using the PSO equation is better than that using the PFO
one (Fig. 4.14a, and b), as expressed by the high determination coefficient
(R?=0.9999) of the PSO equation compared to that PFO with an experimental
(qe™®) and theoretical (qe®) values of 35.14 and 35.84 mg g™, respectively. The
PSO rate constant is 0.0087 g mg™* min™,

On the other hand, the graphical presentation of the intra-particle diffusion
model (gt vs. t%%) for MO sorption by MS/Cs/An composite yielded a multi-
linear plot deviating out of the origin Fig. 14c. This behavior affirmed that intra-

particle diffusion was not the only rate-principal step in MO adsorption process.
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The sorption of Methyl orange from aqueous media by the synthesized
MS/Cs/An composite can be described by three consecutive steps: (i) the
transport of sorbate from the bulk solution to the outer surface of the sorbent by
molecular diffusion, known as external diffusion, (ii) internal diffusion that is,
the transport of sorbate from the particle surface into interior sites, and (iii) the
sorption of the solute particles from the active sites into the interior surfaces of
the pores. The overall rate of the sorption process will be controlled by the
slowest step; that is, the rate-limiting step. The nature of the rate-limiting step in
the batch system can be determined from the properties of the solute and
sorbent. Rates of sorption are usually measured by determining the change in

the concentration of sorbate with sorbent as a function of time.

The sorption rates for the intra-particle diffusion, K, were calculated from
the slopes of the linear portions of the respective plots with units of mg/g/min®®
(not the true reaction rate, but relative rates which are useful for comparative
purposes). The two plots have the same general features, initial curved portion
followed by linear portion and plateau. The initial curve portions are attributed
to the boundary layer diffusion effects. While the linear portions are a result of
the intra-particle diffusion effects and the plateau is attributed to the
equilibrium. An extrapolation of the linear portion of the plots back to the
time®® axis provides intercepts that are proportional to the extent of boundary

layer thickness. The larger the intercept, the greater is the boundary layer effect.

Table 4.9 Adsorption Kinetic parameters for MO removal using (MS/Cs/An) composite

Pseudo- 1st rate Pseudo- 2nd rate Diffusion rate
K1 ges R? Ko ge® R? Kp(mgg! | C(mg R?
(min) | (mgg?) (min) | (mgg™) min%°) g?)

0.0211 12.58 0.93 | 0.0087 35.84 0.99 0.9842 24.67 0.855
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Fig. 4.14 Plot of pseudo first-order kinetic model (a), pseudo second-order kinetic model (b),
intra-particle diffusion model (c) for MO uptake by MS/Cs/An composite
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5.1 Conclusions

Within the outcomes of the present study, the following conclusions are
derived: (MS/Cs/An) composite is represented as an efficient adsorbent material
for the removal of Methyl orange from aqueous solution. Several parameters
(time, agitation speed, adsorbent mass, pH, and initial dye concentration) were
examined. The isotherms, kinetics and thermodynamics of adsorption were also
studied.

The results demonstrated that the optimum conditions are (time 120 min,
agitation speed 200 rpm, adsorbent mass 35 mg; pH 3, and initial MO
concentration is 50 mg/L. Adsorption isotherms indicate that the maximum
monolayer coverage is 37.04 mg/g. The adsorption isotherm data fitted well to
the Langmuir isotherm (R?=0.9998) while the experimental data fitted very well
to the pseudo-second-order kinetic model (R?=0.9999). This study suggests that
(MS/Cs/An) composite adsorbent can be used effectively for the adsorption of
MO from aqueous solution. Thermodynamic parameters for the adsorption
shown that the negative value of AG ranged from —7.55 to —12.14 kJ.mol?
confirm the feasibility of the process and spontaneous nature of adsorption. The
values of AH and AS are found to be 25.54 kJ.mol? and 115 J.molt.K?,
respectively and the adsorption is an endothermic reaction, the enthalpy value
25.54 kJ.mol? is also confirmed that the adsorption is physicosorption as it is

lower than that for chemisorption

Through the current study, the following deductions could be formulated:

e  The MO isotherm and Kkinetic data were described well by the Langmuir
and PSO models, respectively.

e  The homogenous MO sorption by the (MS/Cs/An) composite was a pH-
dependent process and the maximum monolayer coverage (qmax=35 mg

g?) was attained at pH 3.0 and ambient temperature.

83



e  The multi-linearity of intra-particle diffusion fitting unquestionably
affirmed that the external (film) (0<T<15 min) and intra-particle
diffusions (15<T<60 min) were the main driving steps for MO sorption
by (MS/Cs/An) composite.

o  Electrostatic interaction was the principal driving mechanism for MO
sorption by (MS/Cs/An) at pH < pHPZC, via the protonation process of
its oxygen-holding groups. While Yoshida and dipole—dipole H bonding
mechanisms can explain the MO sorption by the addressed composite,
especially at pH > pHPZC.

e Finally, the (MS/Cs/An) composite is an eco-friendly, reliable and
affordable sorbent for the remediation of MO contaminated water.

5.2 Some recommendations and future prospects:

e  Using this composite in the process of adsorbing other dyes and ions.

e Improving the properties of seaweed composite by studying the change
of its physicochemical properties by activating it using chemicals, which
increases its specific surface and thus increases the adsorption yield.

e Attempting to stimulate this composite using other inorganic solutions
(phosphoric acid, nitric) or organic (acids, sterone, oxalic and lactic).

e Exploitation of this composite in the treatment of heavy metal salts from
their aqueous solutions and organic colorants Or some basic materials
for pesticides, while studying the properties of the thermodynamic
adsorption process and kinetics.

e  Study other types of seaweed that have the ability to remove organic and
inorganic pollutants from water sewage.

e  Study the efficiency of pollutant removal using seaweed composite for

urban  wastewater, industrial and hospital for example.

84






[1].

[2].

[3].

[4].

[5].

[6].

[7]1.

[8].

[9].

[10].

[11].

[12].

[13].

Cheremisinoff PN (1995) Handbook of water and wastewatertreatment technology.
Marcel Dekker Inc, New YorkCruz CCV, Da Costa ACA, Henriques CA, Luna AS
(2004) Kineticmodeling and equilibrium studies during cadmium biosorptionby
deadSargassumsp. Biomass Bioresour Tech 91(3):249-257.

Garg, U.K., A.K. Pal, G.J. Jha and S.B. Jadhao, (2004). Pathophysiological effects of
chronic toxicity with synthetic pyrethroid, organophosphate and chlorinated pesticides
on bone health of broiler chicks. Toxicol. Pathol, 32: 364-369.

Park, D., Yun, Y., Jo, J. H., & Park, J. M. (2006). Biosorption Process for Treatment
of Electroplating Wastewater Containing Cr (VI): Laboratory-Scale Feasibility Test.
Industrial & Engineering Chemistry Research, 45(14), 5059-5065.

Hassaan, M.A., Nemr A.E. (2017). Health and Environmental Impacts of Dyes: Mini
Review. American Journal of Environmental Science and Engineering.1 (3), 64-67.

Kobylewski S, Jacobson MF. Toxicology of food dyes. International Journal of
Occupational and Environmental Health. 2012; 18:220-246.

Mahmoud D.K., Salleh M.A.M., Karim W.AW.A., Idris A., Abidin Z.Z., Batch
adsorption of basic dye using acid treated kenaf fibre char: Equilibrium, kinetic and
ther-modynamic studies, Chem. Eng. J. 181-182 (2012) 449-457.

Asgher M., Bhatti H.N., Evaluation of thermodynamics and effect of chemical
treatments on sorption potential of Citrus waste biomass for removal of anionic dyes
from aqueous solutions, Ecol. Eng. 38 (2012) 79-85.

De Oliveira GAR, Leme DM, de Lapuente J, Brito LB, Porredén C, de Rodrigues LB,
et al. A test battery for assessing the ecotoxic effects of textile dyes. Chemico-
Biological Interactions. 2018; 291:171-179.

Erkurt H.A, Biodegradation of azo dyes, Environmental chemistry (Springer, 9, 2010).

Nevine K.A, Removal of reactive dye from aqueous solutions by adsorption onto
activated carbon prepared from sugarcane bagasse pith, Desalination, 223(1-3), 2008,
152-161.

Rachakornkij. M, Rungchuay. S, and Teachakulwiroj. S, Journal.Science, Technol., 26
(13), 2004.

Bensalah. J, Habsaoui. A, Abbou. B, Kadiri. L, Lebkiri. I, Lebkiri. A, Rifi. E,
Adsorption of the anionic dye Methyl orange on used artificial zeolites: kinetic study

and modeling of experimental data, Mediterr. J. Chem., 9 (2019) 311-316.

Mobarak. M, Mohamed. E.A, Selim. A.Q, Mohamed. F.M, Sellaoui. L, Bonilla-
Petriciolet. A, Seliem. M.K, Statistical physics modeling and interpretation of Methyl

orange adsorption on high—order mesoporous composite of MCM-48 silica with
treated rice husk, J. Mol. Liq., 285 (2019) 678-687.

86



[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

Wang. L, Zhang. J, Zhao. R, C. Li, Y. Li, and Zhang. C, “Adsorption of basic dyes on
activated carbon prepared from Polygonum orientale Linn: equilibrium, Kinetic and
thermodynamic studies,” Desalination, vol. 254, no. 1-3, pp. 68-74, 2010.

Monika Kharub, Use of Various Technologies, Methods and Adsorbents for the
Removal, Journal of Environmental Research and Development, 6(3), 2012,879.

Ghoreishi, S. and Haghighi, R. (2003) Chemical Catalytic Reaction and Biological
Oxidation for Treatment of Non-Biodegradable Textile Effluent. Chemical
Engineering Journal, 95, 163-1609.

Robinson T, McMullan G, Marchant R, Nigam P.Remediation of dyes in textile
effluent: a critical review oncurrent treatment technologies with a proposed alter-
native. Bioresource Technology 2001; 77:247-55.

Chang J-S, Lin Y-C (2000) Fed-batch bioreactor strategies for microbial
decolorization of azo dye using a Pseudomonas luteola strain. Biotechnol. Progr. 16:
979-985.

Crini, G. (2006) Non-Conventional Low-Cost Adsorbents for Dye Removal: A
Review. Bioresource Technology, 97, 1061-1085.

Q. H.Hu, S. Z.Qiao, F.Haghseresht, M. A.Wilson, and G.Q. Lu, “Adsorption study for
removal of basic red dye using bentonite,” Industrial & Engineering Chemistry
Research, vol. 45, no. 2, pp. 733-738, 2006.

Sun. D, X. Zhang, Y. Wu, and X. Liu, “Adsorption of anionic dyes from aqueous
solution on fly ash,” Journal of Hazardous Materials, vol. 181, no. 1-3, pp. 335-342,
2010.

Sarma. G. K, SenGupta. S, and Bhattacharyya. K. G, “Methylene blue adsorption on
natural and modified clays,” Separation Science and Technology, vol. 46, no. 10, pp.
1602-1614, 2011.

Kanawade, S. M. and Gaikwad, R.W. Removal of Methylene Blue from Effluent by
Using Activated Carbon and Water Hyacinth as Adsorbent.International Journal of
Chemical Engineering and Applications, Vol. 2, No. 5, pp.317-318.2011

Abbas, F. S. Dyes Removal from Wastewater Using Agricultural Waste. Advances in
Environmental Biology, Vol.7, No.6, pp. 1019-1026. 2013.

Hunger. K, “Industrial Dyes: Chemistry, Properties, Applications,” Wiley-VCH,
Weinheim, Cambridge, 2003, pp. 14-35.

Zollinger, H. (1987). Colour Chemistry-Synthesis, Properties of Organic Dyes and
Pigments. VCH Publishers, New York, 92-100.

Aksu and Kosedag, 2006. Transparency and disclosure scores and their determinants

in the Istanbul Stock Exchange, Corporate Governance: an International Review, V14,
No. 4, p. 277-296.

87



[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

Zollinger. H, Azo dyes and Pigments- color chemistry synthesis, properties and
application of organic dyes and pigments, Wiley VCH, New York, 1987.

Hameed. B.H, Mahmoud. D.K and A.L. Ahmed A, Equilibrium modeling and Kinetic
studies on the adsorption of basic dye by a low cost adsorbents: coconut bunch waste,
Journal of Hazardous Materials, 158, 2008, 65-72.

Mathur Nupur, Bhatnagar Pradeep, Sharma Prathibha, Review of the Mutagenicity of
Textile Dye Products. Universal Journal of Environmental Research and Technology,
Open Access Review Article, 2(2), 2012, 1-18.

Tyagi. O.D and Yadav. M, Classification of Dyes, A text book of synthetic dyes
(Anmol publication pvt.limited., ISBN -81-7041-349-4,PP66-77,2001).

Knackmuss, H.J; 1996, Basic knowledge and perspectives of biolimination of
xenobiotic compounds. Biotechnology 51: 287-295.

Forgacs. E, Cserhati. Oros. T, G, Removal of synthetic dyes from wastewaters: a
review, Environ. Int. 30 (2004) 953-971.

Wong, P.K and Yuen, P.Y (1998). Decolorisation and Biodegradation of N, N-
dimethlyp-phenylenediamine by Klebisiella pneumoniae RS-13 and Acetobactobar
liguefaciens. S-1. Applied Microbiology 85: 99-87.

Pankaj, T. Bhawna,G goyal,P.K. prem , A Comparative study of Sonosorption of
Reactive Red 141 Dye on TiO2 ,Banana Peel, Orange Peel and Hardwood Saw Dust,
Journal of Applicable Chemistry, 14(1),2012,505-511.

Metivier-Pignon, H., C. Faur-Brasquet and P.L. Cloirec, 2003. Adsorption of dyes
onto activated carbon cloths: Approach of adsorption mechanisms and coupling of
ACC with ultrafiltration to treat coloured wastewaters. Sep. Purif. Technol., 31: 3-11.

Mehta, M.J. and Chorawala, K. K. Adsorptive Removal Of Dye From Industrial Dye
Effluents Using Low-Cost Adsorbents: A Review.Journal of Engineering Research
and Applications, Vol. 4, No.12, pp.40-44.2014

Rahman, F. The Treatment of Industrial Effluents for the Discharge of Textile Dyes
Using by Techniques and Adsorbents.Journal of Textile Science & Engineering, Vol.
6, No. 1,pp.1-9. 2016

Dawood, S. and K Sen, T. Review on Dye Removal from Its Aqueous Solution into
Alternative Cost Effective and Non-Conventional Adsorbents. Journal of Chemical
and Process Engineering, Vol. 1, pp.1-4. 2014

Alam, M. S. ;Khanom, R. and Rahman, M. A. Removal of Congo Red Dye from

Industrial Wastewater by Untreated Sawdust.American Journal of Environmental
Protection Vol. 4, No .5, pp.207-213.2015

88



[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

Momina, Shahadat M, and Isamil, S. Regeneration performance of clay-based
adsorbents for the removal of industrial dyes: a review. RSC Adv., Vol. 8, pp. 24571—
24587.2018

Chincholi, M.; Sagwekar, P.; Kulkarni, C. and Dhokpande, S. Removal of dye by
adsorption on various adsorbents: A review. International Journal of Science,
Engineering and Technology Research (IJSETR), Vol. 3, No.4, pp.835-840. 2014.

Ouslimani, N. and Boureghda, M. Z. M. Removal of Directs Dyes from Wastewater
by Cotton Fiber Waste.International Journal of Waste Resources, Vol. 8, No. 2, pp.2-
8.2018

Abdurrahman, F. B.; Akter, M. and ZainalAbedin M. Dyes Removal From Textile
Wastewater Using Orange Peels. International Journal of Scientific & Technology
Research, Vol.2, pp.9, pp.47-50. 2013

Sivakumar, V. M.; Thirumarimurugan, M.; Xavier, A. M.; Sivalingam, A. and
Kannadasan, T. Colour Removal of Direct Red Dye Effluent by Adsorption Process
Using Rice Husk. International Journal of Bioscience, Biochemistry and
Bioinformatics, VVol. 2, No. 6, pp.377-380.2012

Mukhlishl, M.Z.B.; Khan, M.M.R.; Islam, A.R.; and Akanda, A.N.M.S. Removal of
reactive dye from aqueous solution using coagulation—flocculation coupled with
adsorption on papaya leaf. Journal of Mechanical Engineering and Sciences, Vol.10,
No.1, pp. 1884-1894.2016.

Amin, G.; Pordevi¢, D.; Konstantinovi¢, S. and Jordanov, I. The Removal of the
Textile Basic Dye from the Water Solution by Using Natural Zeolite. Vol.6 No.2, pp.
67-71.2017.

Dotto, G.L.; Moura, J.M.; Cadaval, T.R.S.; Pinto, L.A.A. Application of chitosan
films for the removal of food dyes from aqueous solutions by adsorption. Chemical
Engineering Journal, Vol. 214, pp.8-16.2013.

Balaji, P.; Vignesh, B.; Sowmiya, M.; Meena, M. and Lokesh, L Removal of Colour
from Textile Effluent using Natural Adsorbent (CalotropisGingantea). International
Journal of Innovations in Engineering and Technology, Vol. 5, No.4, pp.265-272.
2015.

Agalya,A.; Palanisamy,N. and Sivakumar, P. Studies on adsorptive removal of
cationic dyes using a novel nonconventional activated carbon.Advances in Applied
Science Research, Vol. 3 ,No.3, pp.1220-1230.2012.

Nadi, H.; Alizadeh, M.; Ahmadabadi, M.; Yari, A.R. and Hashemi, S. Removal of

Reactive Dyes (Green, Orange, and Yellow) from Aqueous Solutions by Peanut Shell
Powder as a Natural Adsorbent. Arch HygSci, Vol. 2, No.2, pp. 41-47.2012.

Rattan,V. K. ; Purai, A. ; Singh,H. and Manoochehri, M. Adsorption of Dyes from
Aqueous Solution by Cow Dung Ash. Vol. 9, No. 1 pp. 1-7. 2008.

89



[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].

[64].

El-Sayed, G. O.; Mohammed,T. Y. and El-Sayed, O. E. Removal of Basic Dyes from
Aqueous Solutions by Sugar Can Stalks.Advances in Applied Science Research, Vol.
2 No.4 pp.283-290.2011.

Derakhshan, Z.; Baghapour, M. A.; Ranjbar, M.; Faramarzian, M. Adsorption of
Methylene Blue Dye from Aqueous Solutions by Modified Pumice Stone: Kinetics
and Equilibrium Studies. Health Scope. VVol.2, No.3, pp. 136-144. 2013.

Wong, S.Y.; Tan,Y.P.; Abdullah, A.H. and Ong,S.T. The Removal of Basic and
Reactive Dyes Using Quartenised Sugar Cane Bagasse. Journal of Physical Science,
Vol. 20, No.1, pp.59-74. 20009.

Kerebo, A. ;Desta,A. and Duraisamy, R. Removal of Methyl Violet from Synthetic
Wastewater Using Nano  AluminiumOxyhydroxide.International  Journal of
Engineering Research and Development, Vol. 12, No. 8 ,PP.22-28. 2016.

Gonawala, K. H. and Mehta, M. J. Removal of Color from Different Dye Wastewater
by Using Ferric Oxide as an Adsorbent.Vol. 4, No.5, pp.102-109. 2014.

L. Liberti, lon exchange advanced treatment to remove nutrients from sewage.In:
Physicochemical Methods for Water and Wastewater Treatments. Ed. By
L.Pawlowski, Elsevier, 1982, 225-238.

S.Venkat,P.V. Mane, Vijay Babu, Evaluation of performance of
Coagulation/Flocculation method for the removal of dyes from aqueous solutions,
International conference on current trends in technology, Ahmedabad,2011 ,08-10.

Abid, M. F.; Zablouk, M. A. and Abid-Alameer, A. M. Experimental study of dye
removal from industrial wastewater by membrane technologies of reverse osmosis and
nanofiltration. Iranian Journal of Environmental Health Science & Engineering Vol. 9,
pp.1-9.2012.

Chollom, M. N. Treatment and reuse of reactive dye effluent from textile industry
using membrane technology. Msc Thesis submitted to Durban University of
Technology Faculty of Engineering and the Built Environment, Department of
Chemical Engineering,pp.1-60.2014.

ERGUL, M. Investigation Of Textile Industry Wastewater Treatment Using
Laboratory And Pilot Scale Submerged Membrane Bioreactors (MBR). Msc Thesis
submitted to the Istanbul Technical University, Graduate School of Science
Engineering And Technology, pp.1-86, 2014.

Thamaraiselvan, C. and Noel, M. Membrane Processes for Dye Wastewater
Treatment: Recent Progress in Fouling Control. Critical Reviews in Environmental
Science and Technology, Vol.45, pp.1007-1040. 2015.

Gawaad, R. S.; Sharma, S. K. And Sambi, S. S. Comparative Study of Nano and Ro

Membrane for Sodium Sulphate Recovery from Industrial Waste Water. ARPN
Journal of Engineering and Applied Sciences, Vol. 6, No. 11, pp.1-6.2011.

90



[65].

[66].

[67].

[68].

[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].

Dadvar, E. ; Kalantary,R. R.; Panahi,H. A.; and Peyravi,M. Efficiency of Polymeric
Membrane Graphene Oxide-TiO2 for Removal of Azo Dye.Hindawi Journal of
Chemistry, pp.1-14. 2017.

Dyer. A, Hudson. H.J, Williams. P.A, lon Exchange Processes: Advances and
Applications, Royal Society of Chemistry, Cambridge, 1993.

McMullan G., Meehan C., Conneely A., Kirby N., Robinson T., Nigam P., Banat .M.,
Marchant R., Smyth W.F., (2001). Microbial decolourisation and degradation of
textile dyes. Appl. Microbiol. Biotechnol. 56, 81-87.

Phugare. S, Patil. P, Govindwar. S, Jadhav. J, Exploitation of yeast biomass generated
as a waste product of distillery industry for remediation of textile industry,
International Biodeterioration and Biodegradation, 64, 2010, 716—26.

Bhatnagar. A, Sillanpaa. M, Utilization of agro-industrial and municipal waste
materials as potential adsorbents for water treatment: a review, Chemical Engineering
Journal, 157, 2010, 277-96.

Ambrosio. S.T, Vilar Junior. J.C, Da Silva. C.A.A, Okada. K, Nascimento. A.E,
Longo. R.L, A biosorption isotherm model for the removal of reactive azo dyes by
inactivated mycelia of Cunninghamella elegans UCP542. Molecules, 17, 2012, 452—
62.

Burger. S, Stolz. A, Characterization of the flavin-free oxygen-tolerant azoreductase
from Xenophilus azovorans KF46F in comparison to flavin-containing azoreductases.
Applied Microbiolial Biotechnology, 87, 2010, 2067—76.

G.Liu, J. Zhou, H. Lv, X. Xiang, J. Wang, M. Zhou et al. Azoreductase from
Rhodobacter sphaeroides AS1.1737 is a flavodoxin that also functions as
nitroreductase and flavin mononucleotide reductase. Applied Microbiolial
Biotechnology 76, 2007, 1271 -9.

Crini, G. (2006) Non-Conventional Low-Cost Adsorbents for Dye Removal: A
Review. Bioresource Technology, 97, 1061-1085.

Deilami, M. and Fallah, N. Dye Removing from Industrial Wastewater by Advanced
Oxidation Process. Biological Forum — An International Journal, Vol. 7, No.1 pp.
1490-1498.2015.

Krishnan, S. ; Rawindran , H. ; Sinnathambi,C. M. ; Lim, J W .Comparison of various
advanced oxidation processes used in remediation of industrial wastewater laden with
recalcitrant pollutants. Proceeding of 29th Symposium of Malaysian Chemical
Engineers IOP Conf. Series: Materials Science and Engineering 206, 2017, pp.1-11.

Guo, W.; Yang, Z.; Zhou, X. and Wu, Q.Degradation and mineralization of dyes with

advanced oxidationprocesses (AOPs): A brief review. International Forum on Energy,
Environment Science and Materials (IFEESM 2015), pp.341-344.

91



[77].

[78].

[79].

[80].

[81].

[82].

[83].

[84].

[85].

[86].

[87].

[88].

Muhammad, A.; Shafeeq, A.; Butt, M. A.; Rizvi, Z. H.; Chughtai, M. A. and Rehman,
S. Decolorization And Removal Of Cod And Bod From Raw And Biotreated Textile
Dye Bath Effluent ThroughAdvanced Oxidation Processes (Aops). Brazilian Journal
of Chemical Engineering, Vol. 25, No. 3, pp. 453 — 459. 2008.

Mustapha, A.Colour Removal Technology Using Ozone in Textile Industrial
Wastewater Effluent: An Overview. International Journal of Innovative Scientific &
Engineering Technologies Research, Vol. 3, No.2, pp.45-51. 2015.

Suryawan, I. W. K.; Helmy, Q. and Notodarmojo S. Textile wastewater treatment:
colour and COD removal of reactive black-5 by ozonation. Proceeding of 4th
International Seminar on Sustainable Urban Development, Earth and Environmental
Sciencel06, 2018, pp.1-6.

Barbusinski, K. The Modified Fenton Process for Decolorization of Dye Wastewater
.Polish Journal of Environmental Studies Vol. 14, No. 3, pp.281-285. 2005.

Jogani, R.; Bhervia, H.; Kapoor, S. and Singh, A. Optimization of Different Variables
Used in Fenton Reagent Process for Removal of Direct Red 80 Dye. Int'l Journal of
Advances in Agricultural & Environmental Engg. (IJAAEE), Vol. 4, No. 1, pp.230-
234. 2017.

Al-Kdasi A.; Idris, A.; Saed, K. and Guan, C. T. Treatment of Textile Wastewater by
Advanced Oxidation Processes — A Review. Vol 6, No 3, pp. 222-230. 2004.

Kalra, S.S.; Mohan, S.; Sinha, A. and Singh, G. Advanced Oxidation Processes for
Treatment of Textile and Dye Wastewater: A Review. Proceeding of 2nd International
Conference on Environmental Science and Development IPCBEE vol.4, 2011, pp.271-
275.

Vijayakumar, V.; Saravanathamizhan, R. and Balasubramanian, N. Modeling of
Tubular Electrochemical Reactor for Dye Removal. Journal of Engineering Science
and Technology, Vol. 12, No. 6, pp. 1506 — 1513. 2017.

Najafpoor, A. A.; Davoudi,M. and Salmani,E. R. Decolorization of synthetic textile
wastewater using electrochemical cell divided by cellulosic separator. Journal of
Environmental Health Science & Engineering, VVol.15, No.11, pp.1-11.2017.

Khosravi,R; Hossini,H.; Heidari, M. ; Fazlzadeh,M. ; Biglari,H. ; Taghizadeh, A
Barikbin,B. Electrochemical Decolorization of Reactive Dye from Synthetic
Wastewater by Mono-Polar Aluminum Electrodes System . Int. J. Electrochem. Sci.,
Vol.12, pp. 4745 — 4755.2017.

Buscio, V.; Garcia-Jiménez, M.;Vilaseca, M.; Lopez-Grimau, V. ; Crespi,M. and
Gutiérrez-Bouzan,C. Reuse of Textile Dyeing Effluents Treated with Coupled
Nanofiltration and Electrochemical Processes.Vol., 9,pp.1-12. 2016.

Rathinakumaran, K. And Meyyappan, R. M. Electrochemical Degradation Of Dye
Effluents Using Mixed Oxide Coated Dsa Electrode-A Kinetic Study. Int. J. Chem.
Sci.Vol. 13, No. 3, pp. 1401-1409.2015.

92



[89].

[90].

[91].

[92].

[93].

[94].

[95].

[96].

[97].

[98].

[99].

[100].

[101].

[102].

[103].

Korbahti, B. K. and Turan, K. M. Electrochemical Decolorization of Reactive Violet 5
Textile Dye using Pt/IrElectrodes.Vol. 3, No.3, pp. 229-246. 2016.

Scialdone,O. ; Angelo, A. D.; Pastorella,G. and Sabatino, S. Galia, A. Electrochemical
Processes and Apparatuses for the Abatement of Acid Orange 7 in Water.Vol. 41, pp.
31-36.2014.

Samuel A.M, Land Jeron. B, Fundamental of physical chemistry, 1st edition, London,
1974, p 753.

Shreve. R.N, Brink. J.A and B Jr, Chemical Process Industries, 4th edition, New York,
1976, pp 163-166.

Nandi. S.P, Walker. P.L and Jr, Adsorption of dyes from aqueous solution by coals,
chars, and active carbons, Fuel, 1971, p 50, 4, 345-366.

Djabbar. M, Argil de Maghnia: Purification et adsorption des Polluants, these de
Doctorat, Université d'Oran —Algérie, 2014.

Atkins, P.and De Paula, J. (2011).Physical chemistry for the life sciences. Oxford
University Press,

Yang, R.T. (2003).Adsorbents: Fundamentals and applications.Hoboken: John Wiley
andSons.

Eddy, M., Tchobanoglou, G.and Burton, F.L. (1991).Wastewater engineering:
Treatment, disposal, and reuse.New York: McGraw-Hill.

Sayed, S., Saleh, S. and Hasan, E. (2005). Removal of some polluting metals from
industrial water using chicken feathers. Desalination, 181,243-255.

Bamba. D, et al, Etudes comparées des méthodes de préparation du charbon actif,
suivies d'un test de dépollution d'une eau contaminée au diuron, J, soc. Ouest-Afr,
Chim 028, 2009, p 41 —52.

Thomas, W. J., and Crittenden, B., (1998), Adsorption Technology and Design, Reed
Education and Professional Publishing Ltd., UK.

Limousin, G., Gaudet, J.P., Charlet, L., Szenknect, S., Barthes, V.and Krimissa, M.
(2007).Sorption isotherms: Areview on physical bases, modeling and measurement.
Applied Geochemistry, 22,249-275.

Mall, 1.D., Srivastava, V.C., Agarwal, N.K.and Mishra, .M. (2005).Removal of congo
red from agqueous solution by bagasse fly ash and activated carbon: kinetic study and
equilibrium isotherm analyses. Chemosphere, 61,492-501.

Agyei, N., Strydom, C.and Potgieter, J. (2000).An investigation of phosphate ion

adsorption from aqueous solution by fly ash and slag. Cement and Concrete Research,
30,823-826.

93



[104].

[105].

[106].

[107].

[108].

[109].

[110].

[111].

[112].

[113].

[114].

[115].

[116].

[117].

Muherei, M.A.and Junin, R. (2009). Equilibrium adsorption isotherms of anionic,
nonionic surfactants and their mixtures to shale and sandstone. Modern Applied
Science, 3, 158-167.

Bernardin, F.E., 1985. Experimental design and testing of adsorption and adsorbates.
In: Slejko, F.L., (Ed.), Adsorption Technology: A Step-By-Step Approach to Process
Evaluation and Application. Marcel Dekker Inc., New York, pp. 37-90.

Ho, Y.S., McKay, G., 1999a. Comparative sorption kinetic studies of dye and aromatic
compoundsonto fly ash. Journal of Environmental Science and Health Part A—
Toxic/HazardousSubs tances & Environmental Engineering 34 (5), 1179-1204.

Ho, Y.S., McKay, G., 1999a. Pseudo-second order model for sorption processes.
Process Biochemistry 34 (5), 451-465.

Gosset. T, Trancart. J.-L, Thevenot. D. R, Batch metal removal by peat. Kineticsand
thermodynamics, Water Res. 20 (1986) 21-26.

Gupta SS, Bhattacharyya KG. Adsorption of Ni (II) on clays. J Colloid Interface
Sci2006; 295:21-32.

Chien, S.H. and Clayton, W.R. (1980) Application of Elovich Equation to the Kinetics
of Phosphate Release and Sorption in Soils. Soil Science Society of America Journal,
44, 265-268.

Ruthven, D.M. (1984) Principle of Adsorption and Adsorption Processes. Chap. 2-3,
John Wiley & Sons, New York.

Weber, W. and Morris, J. (1963). Kinetics ofadsorption on carbon from
solutions.Journalof Sanitary Engineering Divisi on 89, 31-60.

Boyd, G.E., Adamson, A.W. and Myers, L.S. (1947).The exchange adsorption of ions
from aqueoussolutions by organic zeolites.ll. Kinetics.Journal of the American
Chemical Society 69, 2836-2848.

Thomas, J. M. and Thomas, W. J. (1997) Principles and Practice of Heterogeneous
Catalysis, Chapter 4, VCH.

Griffith, J.M., Burgess Clifford, C.E., Rudnick, L.R., Schobert, H.H., 2009. Solvent
extraction of bituminous coals using light cycle oil: characterization of diaromatic
products in liquids. Energy & fuels 23(9), 4553-456.

Xu, X., Wu, Y., Sun, B., Huang, Q., Cheng, J., Steel, D., Bracker, A., Gammon, D.,
Emary, C., Sham, L., 2007. Fast spin state initialization in a singly charged InAs-GaAs
quantum dot by optical cooling. Physical review letters 99(9), 097401.

Manoj, B., 2016. A comprehensive analysis of various structural parameters of Indian

coals with the aid of advanced analytical tools. International Journal of Coal Science
& Technology 3(2), 123-132.

94



[118].

[119].

[120].

[121].

[122].

[123].

[124].

[125].

[126].

[127].

[128].

[129].

[130].

Ramya, K., John, J., Manoj, B., 2013. Raman spectroscopy investigation of camphor
soot: Spectral analysis and structural information. Int. J. Electrochem. Sci 8, 9421-
9428.

Manoj, B., Elcey, C., 2013. Demineralization of sub-bituminous coal by fungal
leaching: a structural characterization by X-ray and FTIR analysis. Research Journal
of chemistry and environment 17(8), 11-15.

Boral, P., Varma, A.K., Maity, S., 2015. X-ray diffraction studies of some structurally
modified Indian coals and their correlation with petrographic parameters. Current
Science, 384-394.

El-Aassar, M., Fakhry, H., Elzain, A.A., Farouk, H., Hafez, E.E., 2018. Rhizofiltration
system consists of chitosan and natural Arundo donax L. for removal of basic red dye.
International journal of biological macromolecules 120, 1508-1514.

El-Aassar, M., Shibraen, M.H., Abdel-Fattah, Y.R., Elzain, A.A., 2019c.
Functionalization of Electrospun Poly (Acrylonitrile-co-Styrene/Pyrrole) Copolymer
Nanofibers for Using as a High-performance Carrier for Laccase Immobilization.
Fibers and Polymers 20(11), 2268-2279.

Abo-El-Enein, S., Eissa, M., Diafullah, A., Rizk, M., Mohamed, F., 2011. Utilization
of a low cost agro-residue for production of coagulant aids and their applications.
Journal of hazardous materials 186(2-3), 1200-1205.

Amar, M.B., Walha, K., Salvadd.V. 2020. Evaluation of Olive Stones for Cd(ll),
Cu(Il), Pb(ll) and Cr(VI) Biosorption from Aqueous Solution: Equilibrium and
Kinetics. International Journal of Environmental Research.

Mohamed, F.M., and Alfalous, K.A. 2020. The effectiveness of activated silica
derived from rice husk in coagulation process compared with inorganic coagulants for
wastewater treatment. Egyptian Journal of Aquatic Research.

Paluszkiewicz, C., Stodolak, E., Hasik, M., Blazewicz, M., 2011. FT-IR study of
montmorillonite—chitosan nanocomposite materials.SpectrochimicaActa Part A 79:
784-788.

Marchessault, R.H.; Ravenelle, F.; Zhu, X.X., 2006. Polysaccharides for drug delivery
and pharmaceutical applications, American Chemical Society.

Devi, B.M., Sathyamoorthy S, L., Umamaheshwari, D., Vijayalakshmi,K., Thandapani
Gomathi, T., Sudha,. P.N., 2014. Synthesis and characterization of chitosan/sodium
alginate/carboxymethyl cellulose beads, Der Pharmacia Lettre, 6 (6):389-395.

Lawrie,G.,Keen, 1., Drew,B.,Chandler-Temple, A., Rintoul, L., Fredericks.P.,
Grgndahl, L., 2007. Interactions between Alginate and Chitosan Biopolymers
Characterized Using FTIR and XPS, Biomacromolecules, 8: 8, 2533-2541.

Yuan, Q.; Shah, J.; Hein, S.; Misra, R.D.K., 2010. Controlled and extended drug

release behavior of chitosan-based nanoparticle carrier. ActaBiomaterialia. 6: 1140—
1148.

95


https://www.sciencedirect.com/science/article/pii/S1687428520300327
https://www.sciencedirect.com/science/article/pii/S1687428520300327
https://www.sciencedirect.com/science/article/pii/S1687428520300327
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Gwen++Lawrie
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Imelda++Keen
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Barry++Drew
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Adrienne++Chandler-Temple
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Llewellyn++Rintoul
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Peter++Fredericks
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Lisbeth++Gr%C3%B8ndahl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Lisbeth++Gr%C3%B8ndahl

[131].

[132].

[133].

Toprak,A., 2019. The effect of pore and surface characteristics ofactivated carbon
produced by coal through N2 and H20 vapor/H3PO4 activation on a single step for
CH4 adsorption in the low pressure. Journal of Energy Sources, Part A: Recovery,
Utilization, and Environmental Effects.

Cychosz, K.A., Thommes M., 2018. Progress in the physisorption characterization of
nanoporous gas storage materials, Engineering, 4: 559-566.

Zhao, Y.T., Liu, L., Cui, T.T.,Jin, C.,Tong, G.X.,Qian, Y., Wu,W.H., 2017. Enhanced

photocatalytic properties of ZnO/reduced graphene oxide sheets (rGO) composites
with controllable morphology and composition Appl. Surf. Sci., 412: 58-68.

96



o G,
3) ; SR
(alad) Cal) g anlail) 3 ) 5 g 436,“ G(’K\Eof
i3 L
LSy Ay yac) Aaalal B

sLiaisl) and a glal) 4,18

W2, 1005 __iSS
My, 7#!!;-‘6“““ :
AU :

Ol sin 2 Lol 5 (pinualo) Lubell 5 L Y1 dn o JLaSiisY paia = ke
aladiady oY) Elual (e 130 A& ) iaY) BeliS A 4
4o 30 cliliall ¢ @il Jadiall andl)

Study Of Adsorption Efficiency To Remove Some Of Azo Dyes

Using Activated Carbon Derived From Agr-Residues.

;‘.JU:S\ ..\\49!
o sldl) it
s ) Caal
& La Ui ydia
5005 Ayl Jlisa

(2022) (el plad)



Laaldl

i i flaall A sall g Andasdl slaall Cgli S0 aal g8 ddlidall alladl 3halie (pe 3yl
Cundl 2 Eluadl Lo jiall aladiuY) ey bl Ciglil i)l ) dellally flual) dclia
sl 3]

@ G dfal) draa Gl 38 ] dpabail g e dalee dlag) ) Gl 1 Gaagg
coldll e el el Caagdl s Gdatly | galaia) Ao ddlad) 5 eal cld dnld) Jadlal)
43y yha alasiuly oLall W gla 1aa Uiy 4 Jadisall ) o SH aladiialy &5l il ) el e 4y i)
/ O saSU Jslae / Aamall 4y paill Olie Y1) S ja juaad Guoh e il (s SI L) 4315 Jll
(AN) Ol Y ae Guilaie IS5 dAgilanl 50leS (MS) Aaral) 4 pall Clie V) Lk & (Gl 1Y)
Cro AR LpaS) o3n Jial o ¢(C) 01N Jslae (8 daslaall (585 o (bea/iln 1/4 s
S el i3 38 GaSid) Ladal) cade b Sl il 4l Labad) el st (An)
Uaeal) 4y al) Cliie S Ailall 5 40 3l Gailiadl) (el o WaY 4slaiiuY (MS/Cs/An)
AniY) 2sn s FT-IR o) yendl cins 4a33 il Jdaill A e (MS/CS/AN) S e s (MS)
Aaluey JSG (alily pand &5 G (DSC  TGA) sl ulall dilaill s XRD Ayl
sl e (BET) ks (SEM) (s STY (5 el Gandll aladinly wlaud)

da s ol saldl de ja Cua e (MS/CS/AN) &S et 43 jieY) paibadl) asi o
iy e Ay jadll @l HLaaY) el | (i aill Aoy el G g5 6 ) jall Aa 3 g s gaal)

Cun ey Gl s st g3lat A I 5ReY) e i sl alasiuly o) Y1 by s o
salall e & diaal) ) el of () R sl dalae pdy pead¥ o550 qiha 51 55eY) o 2a
Jolrs (idd) an/pne (37.04) lS (Qmax) Adal) Lkl 1 5ie] dmas ol 05 LDl (1S 5 Siaal
80 Y 20 (e (L Jiall @l 38 558305 e Faan S 1.3 (N 70.7 e Ky (M) diall 353
Tl ana

V) Aol A a sy Alae 48 ja el A0 Gadai 25 Ol JeY) Ul (e Gl Jal e
Jsemnl) b il Al i) o) o) Jals G L) 23 pai 5 43S A0 5 SN
zilall Jelitl Aoy e ul 5 ynd 5 Adlie A5 @ S 8 L et UL Aasiul Lgle
Qe ol 335 am A3 080 A 1 3 s S el i) e i B Y1 Db laem 55 2330
Tl s Clameal) Jal3 JLEEYL 1B site o al) (Aldll) LY oS QI 0.9999= R2 LY
Ml el ) 3] (g 8 Saall Al all J3IA s 1) 2ol



((AGP) Feldl) 5 jal) Z8LLY) Jhe 3 3iaY) Alaad Al jal) A€aliall o Maladll o uanll oo o
Aail) of A ad g5 ((AS?) (bl i) (A Ll s ((AHO) (il (ol all (5 sinall
e Ol el s ) e s ¢ daplall 33 ) alldale dulee (& ) Y] dlae 5 (LG IS Nl

Slo omsially oS Aldall Lilagll Gle genall (o Siliug el Qi s
dald o ) Jinal) Galiaiel e & Al oSaill 41 58 MO <l s MS/Cs/AN gebass
Aol gy (Al Jisall aliaiia) dlee cdnss 2B ) By S all pH < pHpzc A sasl) da 0 2ie
« dipole—dipole H s Yoshida da jill <l (e Al ilaalisally Lo juasi (Say gellaall S all
PH > pHpzc ia saall da o sic duals

Al L A eluall Gijeall slie dadledd 3 Jiaal) o sall JuzadlS ) ghaall (S yall ey el

_BJV B;\.éSj“ Ve



