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Abstract

Abstract

In this study, the ability of Leucaena leucocephala seeds pods to biosorp
Janus Green B dye (JGBD) and Crystal Violate dye (CVD) from wastewater
was tested as available in many sites of Iraq and low cost natural plant. A series
of laboratory experiments divided into two parts, the first was batch
experiments and the second was continuous flow experiments, which was used
to evaluate treatments and variables that may affect the sorption of two dyes in

agueous solutions.

Various techniques have been used for characterization the used adsorbent,
including Fourier Transform Infrared (FTIR), Scanning electron microscopy
(SEM) and Scanning probe microscope (SPM). In the batch study, factors
affecting the sorption of the two dyes were studied at room temperature. These
factors are, the pH of dye solution, contact time, sorbent dose and the initial dye
concentration. The optimum parameters were selected for sorption at pH 9 for
each dye, the dose of LLSP is 0.08 g/100 ml and 0.3 g/100ml for JGBD and
CVD, respectively. The contact time was 30 minute and 45 minute for JGBD

and CVD, respectively.

Experimental data were analyzed by two isothermal models, which were
Langmuir and Freundlich. Langmuir model agreed with the experimental data
to be the best model to simulate the maximum sorption of each dye, where the
Langmuir constant is related to the sorption capacity (Qmax) 0f 142.85 mg/g and
45.45 mg/g with determination coefficient (R?) of 0.9996 and 0.9906 for JGBD
and CVD, respectively. The pseudo-second order model was the best Kkinetic
model during Kinetic study, indicated the chemical sorption as well as the intra-
particle diffusion process. For continuous experiments, column parameters such

as flow rate, bed height



Abstract

and initial dye concentration were studied. The analyzed column data showed
that the breakthrough curves were greatly affected by these factors. The bed
depth service time model, Thomas and Yoon Nelson kinetic model were used to

analyze the experimental column data.

High values of determination coefficient (R?) were obtained for all kinetic
models used, and the deviation between the experimental values and the values
estimated by these models was very small. It was concluded that Leucaena
leucocephala seeds pods is an sorbent with a high ability to remove JGBD and

CVD from aqueous solutions.
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Chapter One

Introduction

1.1 Introduction

Industrialization and modernization have generated many pollutants that
have bad effects on the environment (Soylak et al., 2011; Jacob et al., 2018;
Bushra et al., 2021). Water pollution on the global scale has posed challenges to
environmental scientists because of continuous misuse of water from textile,
rubber, pharmaceutical, dye industries, pesticides industries, and municipal
wastewater.

Approximately 10,000 types of dyes are commercially available, and
annually, about 1.6 million tons of dyes are produced for industrial uses
(Kausar et al.,, 2007). Contamination of water resources with industrial dye,
which is generally used to modify the color characteristics of different
substrates is a severe threat to the ecosystem (Gupta et al., 2006; Gupta et al.,
2007) due to its recalcitrant nature that made reluctant to aerobic digestion,
heat, and light (Pearce et al., 2003; Ibrahim et al., 2010). This pollution is
caused by the use of dyes in the clothing, paper, dyeing, and plastics industries.
Because the dyes are very stable and solvable in water, failed dye treatment and
disposal of these wastes into receiving waters causes huge damages to the
environment, affecting photosynthetic activity (Regti et al., 2017), being toxic
to aquatic life (Abdolali et al., 2014), and inherent toxicity, mutagenicity, and
carcinogenicity (Asfaram et al., 2015).

In addition, overexposure to dyes has resulted in potentially life threatening
complications such as skin harms, respiratory problems, and the probability of
human carcinoma (Lellis et al., 2019). Due to toxicity of dyes, it is necessary to
remove them from wastewater before discharge them to the natural
environment. There are different treatment processes employed to complete

degradation of the toxic textile wastewater components depending on the water

1
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source and the application in the industry, physicochemical methods such as
chlorination, coagulation-flocculation, adsorption, and advanced oxidation
processes, such as ozonation, fenton treatments, electro-fenton methods, photo-
fenton oxidation processes, photocatalytic oxidation/degradation, and
membrane processes (Darwesh et al., 2021). This method is very dependent
upon the type of the adsorbent used (e.g., activated carbon (AC), biomass,
polymer, nanomaterial, etc.) (Moosavi et al., 2021). The cost of adsorbent
production is not the only factor involved in developing an excellent adsorbent.

The adsorption performance, regeneration ability, and adsorbent separation
are other important features of an effective adsorbent (Moosavi et al., 2020).
Among the large number of adsorbents, activated carbon (AC) exhibited
advantages over other adsorbents for their high surface area, microporous
character, chemical nature of their surface, and high adsorption capacity when
used on wastewater with different dye molecules, when activated carbon is
deemed too expensive and the regeneration is difficult. So, there have been
required for finding an alternative low-cost adsorbents (Moosavi et al., 2019).
Recently, agricultural wastes have received considerable attention due to their
abundant surface functional groups, porous structures, additional inorganic
minerals, and high surface area. Many researchers studies the dye adsorption on
various agro-waste materials such as oil cake (Ajmal et al., 2005), corn cobs
(Milenkovi¢ et al., 2013), tobacco residue white sugar (Ghaedi et al., 2014),
sawdust (Suganya et al., 2017), sugarcane bagasse (Fideles et al., 2018), rice
husk (Chen et al., 2019), gram husk (Gupta et al.,2019), pine cone (Pholosi et
al.,2020), Astragalus bisulcatus tree (Jain et al., 2020), tea residue (Jain et al.,
2020), vinasse (Li et al., 2021), groundnut shell (Alshabib et al., 2021).
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1.2 Statement of problem

Problem in several countries of the world are the industrial processes that
generate significant amounts of effluents containing heavy metals and dyes
that affect the quality of water one of the resources most used by organisms.
Water is a fundamental to the existence and maintenance of life and for this, it
must be present in the environment in appropriate quantity and quality (Silva
et al., 2019). When colorants are present in aquatic environments, color is
generally the first impact to be recognized in an effluent because very small
amounts of synthetic dyes in water interfere with the penetration of sunlight
into the aquatic environment and thus retard photosynthesis, inhibiting the
growth of aquatic biotics and interfere with the solubility of gases in bodies of
water, It also causes many diseases in humans (Souza, 2013).

For agricultural waste, it is noteworthy that these plants are undesirable and
most of the time they are extracted from nature and discarded or eliminated by
chemical processes, which is observed two problematic: one is to give a useful
end to vegetal species that in the majority of the times causes disorder to
different human activities like agricultural, forestry, animal husbandry,
ornamental, nautical, energy production between others (Silva et al., 2019).
The other is chemical contamination of water which is a worldwide concern,
in the case here specified by dyes. Compared with other methods, the removal
of dyes from aqueous solutions by the adsorption process proved to be an
excellent alternative for effluent treatment, as well as an economical technique
(Crini, 2006).
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1.3 The objectives of this Study

This work aims to investigate the removal of Janus green B dye (JGBD) and
Crystal violate dye (CVD) from polluted water by sorption technique and take
advantage of agricultural low-cost waste to remove organic dyes from aqueous

solution instead of high-cost materials.
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Chapter Two

Background and Literature Review
2.1 Introduction

Because of its critical role for the survival of many biota on our planet,
water is the greatest gift from nature (Mikosch et al., 2020). Because it is one of
the world's scarce natural resources, preserving its quality is a worldwide
requirement that is growing by the day. Unfortunately, many crises, conflicts,
and battles over limited water supplies have occurred in the new century.
Moreover, several water contaminants are linked to numerous human activities
that are discharged into water bodies at the same time, creating serious decline

in water requirements (Richa and Roy Choudhury, 2020).

Clean water reduced will affect the agricultural, commercial, household,
and industrial sectors. Water pollution is caused by a variety of sectors,
including machinery manufacture, printing, textile (Yao et al., 2020), chemicals,
electronics, and pharmaceutical industries (Ozdemir et al., 2019). They are
responsible for the seepage of several pollutants into the aquatic environment as
byproducts, including dyes (Tonato et al., 2019), heavy metals, phenols
(Mohammed et al., 2018), pesticides (Behloul et al., 2017), insecticides, and
medicines (de Lima et al., 2018). These impacts can have negative
consequences for human and animal health (neurotoxicity, carcinogenicity, and
reproductive capacities) (Fontana et al., 2018). It may also lead to
eutrophication and the suppression of photosynthesis (Nishikawa et al., 2018).
This was owing to its inability to degrade and/or its significant accumulative
effects (Novais et al., 2018).
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2.1.1 Toxic organic pollution

In the future decades, growing urbanization, climate change, and human-
caused demand on natural resources will provide new issues in preserving
water supplies. Organic dye contamination of water resources is a rising
problem.

organic pollutants such as dyes and phenolic compound are extensively
used in the textile, paper, cosmetic, pharmaceutical, paint, leather, food, plastic,
and etc. industries contributed to severe environmental contamination
especially water pollutions. Every year, more than 7 x 10°> metric tonnes of
synthetic dyes are generated, and above 100,000 of dyes commercially
available that have been reported. The textile wastewater discharge
approximately 15% from the whole world production of dyes, with consume
almost 97% of local dye wastewater are generated by the food, chemical, and
textile industries. Yet, the bulk left—over dyes produced during dyeing and
finishing process are released to the environment either with or without any
further remediation, that might reflect to serious issue arises as these
wastewater flow into natural waterbodies, due to the dyes are toxic, mutagenic,
and carcinogenic (Muhammad and Norzahir, 2020).

Dyes are also harm to human body for examples, dysfunction of kidney,
reproductive system, liver, brain and central nervous system. Other than that,
even little amount of dyes such as below 1 ppm can be seen clearly in receiving
waterbodies whereas can block sunlight from penetrate and prohibit the
photosynthesis process of aquatic plants. Adsorption for the removal of organic
micropollutants is still the method of choice in large-scale operations, such as
drinking water treatment, since it works effectively for a wide range of
chemicals (Westerhoff et al., 2012).

The global textile industry is estimated to be worth around $1 trillion USD

and its contribution towards total world exports is around 7%, employing 35
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million people worldwide (Desore and Narula, 2018). Thus, this industry has a
high impact on the environment and human health in general, due to the
pollution it causes. The most prominent and destructive form of pollution,
caused by the textile industry, is the water pollution due to manufacturing of
dyes. Textile effluents are both aesthetically polluted, and have high salinity,
chemical oxygen demand, and ecotoxicity (Liang et al., 2020), and due to their
increasing ubiquity in surface water, can lead to adverse effects to human and
wildlife health and to aquatic ecosystems in general. Most synthetic dyes are
highly toxic to humans and aquatic beings, and have acute and chronic effects.
For example, reactive dyes are notorious, causing health issues such as,
dermatitis, occupational asthma, rhinitis, and other allergic reactions for the
workers involved in these dyes manufacturing (Chavan, 2011). Dyes are also
mutagenic and carcinogenic in nature (Singh, 2018; Lellis et al., 2019), which
leads to chronic effects, such as kidney, urinary bladder, and liver cancer in dye

workers.

An xanthene dye called erythrosine is carcinogenic, neurotoxic and DNA-
damaging for humans and animals alike (Pal, 2017). Metal complexed dyes,
which are widely used for their resistance, have heavy metals, such as copper,
nickel, and chromium. When discharged to aquatic environments, these metals
can be taken up by fish gills and can be transferred to humans through the food
chain (Lellis et al., 2019). Current treatment methods are inadequate to treat dye
effluents effectively, because of their recalcitrant nature in aerobic
environments (Vikrant et al., 2018), and thus, these substances can linger in soil
and lead to bioaccumulation, leading to complications in organisms higher up
the food chain 20 (Xiang et al.,, 2016). Thus, current effluent treatment
techniques are inadequate for the dyeing industry and to prevent the further

insemination of surface water with such mutagenic and carcinogenic molecules.
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2.2Health and environmental effects of dyes

The textile industry is one of the important industries that generates a large
amount of industrial effluents. Color is the main attraction of any fabric.
Manufacture and use of organic dyes for fabric dyeing has therefore become a
massive industry. organic dyes have provided a wide range of colorfast, bright
hues. However, their toxic nature has become a cause of grave concern to
environmentalists. Use of organic dyes has an adverse effect on all forms of life.
. These organic materials react with many disinfectants, especially chlorine, and
form byproducts (DBPs) that are often carcinogenic and therefore undesirable.
This effluent, if allowed to flow in the fields, clogs the pores of the soil resulting
in loss of soil productivity (Manzoor and Sharma, 2020).

The industrial activities like textile industry has environmental problems,
being one of the oldest and most technologically complex of all industries. A
number of substances used in the textile industry can mean not only
environmental, but also health problems. Among the many chemicals whose
presence has been detected in textile wastewater, dyes are among the most
important pollutants (Brillas et al., 2015; Mohamed et al., 2016; Zare et al.,
2018). Worldwide environmental problems associated with the textile industry
are mainly associated with water pollution caused by the discharge of untreated
effluent, as well as those due to the use of potentially toxic substances, especially
during processing (Khan and Malik, 2014; Pattnaik et al., 2018).

The scientific literature regarding potential adverse health effects of chemical
substances in the textile industry is mainly related with human exposure during
textile production. In contrast, the information about exposure of consumers is
much more limited (KEM, 2014). There are numerous 3 activities involved in the
textile and clothing industry, going from the treatment of raw materials to
finishing activities such as bleaching, printing, dyeing, impregnating, coating,

plasticizing, etc. As result of these activities, the main chemical pollutants are
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dyes, which contain carcinogenic amines, metals, pentachlorophenol, chlorine
bleaching, halogen carriers, free formaldehyde, biocides, fire retardants, and
softeners (Brigden et al., 2012). Most research about health effects of chemicals
in textiles concern allergic skin reactions. Disperse dyes, used for staining
synthetic fibers have been reported to be the most common causes of textile
allergy, being contact allergy to disperse dyes a clinically relevant problem
(Ryberg et al., 2006, 2009; Malinauskiene et al., 2013; Coman et al., 2014).
However, contact allergy is not the only human health problem. It is well
known that humans are exposed to toxicants mainly through the diet (food and
drinking water) and breathing (air pollution). However, for some chemicals
dermal exposure should not be minimized. In relation to dermal exposure,
although most chemicals added during the processes of manufacturing clothes
are rinsed out, residual concentrations of some substances can remain and can be

released during the use by the consumers (Luongo et al., 2014).
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2.3 Techniques for removal toxic organic

Efficient techniques for the removal of highly toxic organic compounds from
water have drawn significant interest. A number of methods such as
coagulation, filtration with coagulation, precipitation, ozonation, ion exchange,
reverse osmosis and advanced oxidation processes have been used for the
removal of organic pollutants from polluted water and wastewater. These
methods have been found to be limited, since they often involve high capital

and operational costs.

On the other hand ion exchange and reverse osmosis are more attractive
processes because the pollutant values can be recovered along with their
removal from the effluents. Reverse osmosis, ion exchange and advanced
oxidation processes do not seem to be economically feasible because of their
relatively high investment and operational cost (Nageeb, 2013). Among the
possible techniques for water treatments, the adsorption process by solid
adsorbents shows potential as one of the most efficient methods for the removal

of organic contaminants in wastewater treatment.

Adsorption has advantages over the other methods because of simple
design and can involve low investment in term of both initial cost and land
required. The adsorption process is widely used for treatment of industrial
wastewater from organic and inorganic pollutants and meet the great attention
from the researchers. In recent years, the search for low-cost adsorbents that
have pollutant-binding capacities has intensified. Materials locally available
such as natural materials, agricultural wastes and industrial wastes can be
utilized as low-cost adsorbents. Activated carbon produced from these materials

can be used as adsorbent for water and wastewater treatment (Crini,. 2005).

10



Chapter Two

Background and Literature Review

Table (2.1): Various physical, chemical, and biological methods for the removal

of dye from wastewaters (Kumar, et al., 2012).

Method Advantages Disadvantages
Adsorption Good removal of wide variety | Nonselective to adsorbate
of dyes
Membrane filtration Remove all dye types Concentrated sludge
production
lon exchange Regeneration: no adsorbent Not effective for all dyes
loss
Irradiation Effective oxidation at lab scale | Requires a lot of dissolved
02
Electro kinetic Economically feasible High sludge production
coagulation
Coagulation- Good elimination of insoluble | Cost of sludge treatment
Physical flocculation dyes garbage dump
Adsorption on active Matter, organic matter, and Cost of actived carbon
carbon powder coupled | low influence on color Fast powder
with coagulation fouling of suspended matter
process
RO Retention of mineral salt and High pressure process,
hydrolyzed reactive dyes and Fouling with high
auxiliaries concentrations
Nanofiltration Separation of mineral salts, Treatment for complex
hydrolyzed reactive dyes and solution with a high
auxiliaries concentration of pollutant
Ultrafiltration / microfi Low pressure process Inadequate quality for
Itration reused the permeate
Adsorption Good removal of wide variety | Nonselective to adsorbate
of dyes
Fenton's reagent Effective decolorisation of Sludge generation
both soluble and insoluble
dyes
Chemical | Ozonation Good elimination of color No diminution of COD
values. Extra costs
Photochemical NaOClI No sludge production Initiates | Formation of by-product
and accelerates azo-bond release of aromatic amine
cleavage
Electrochemical Breakdown compounds are High cost of electricity
destruction
Biological Standard Biological Efficiency of oxidizable matter | Low biodegradability of

degradation

90%

dye, the salt concentration
stay constant

11
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2.4 Adsorption

Adsorption is used as top quality treatment procedures for the removal of
dissolved organic pollutants like dyes from industrial wastewater. Adsorption is
the adhesion of atoms, ions or molecules from a gas, liquid or dissolved solid to
a surface. This process creates a film of the adsorbate on the surface of the
adsorbent. Adsorption is a surface phenomenon which deals primarily with the
utilization of surface forces. When a solution having absorbable solute, also
called as adsorbate, comes into contact with a solid, called as adsorbent, with
highly porous surface structure liquid-solid intermolecular forces of attraction
causes the solute to be concentrated at the solid surface. Adsorption is one of
the unit operations in the chemical engineering processes used for the separation

of industrial wastewater pollutants (Vital, et al., 2016).

Adsorbents are mainly derived from sources such as zeolites, charcoal,
clays, ores, and other waste resources. Adsorbents prepared from waste
resources used include coconut shell, rice husk, petroleum wastes, tannin-rich
materials, sawdust, fertilizer wastes, fly ash, sugar industry wastes, blast furnace
slag, chitosan and seafood processing wastes, seaweed and algae, peat moss,

scrap tyres, fruit wastes, etc. (Cameselle et al., 2013).

12
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2.4.1 General aspects of adsorption process

Heinrich Kayser (Choudhary, 2017), a German scientist, coined the word
"adsorption” in 1881. Environmental adsorption research on the adsorptive
removal of contaminants from the aqueous phase have exploded in the last
decade. Because of its comparatively simple design, operation, cost
effectiveness, and energy efficiency, it is favoured over other techniques (Tan
and Hameed, 2017).

It is a mass transfer process in which a material (adsorbate) goes from a gas
or liquid phase to a solid or liquid condensed phase and forms a surface
monomolecular layer (substrate, the adsorbent). It frequently involves
molecules, atoms, or even ions from a dissolved gas, liquid, or solid adhered to
the surface. In practice, adsorption is carried out in a column filled with porous
sorbents as a batch or continuous operation (Abebe et al., 2018). The term
sorption is frequently used interchangeably with the phrase adsorption.
Absorption and adsorption differ in that molecules penetrate a three-
dimensional matrix in absorption, whereas molecules attach to a two-
dimensional matrix in adsorption (Qi, et al., 2017; Al-Ghouti and Da'ana,
2020).

Because the process is frequently reversible (the opposite is termed
desorption), sorption is responsible for both the extraction and release of
chemicals. Adsorption can be caused by physical forces or chemical bonds,
although it is most commonly caused by surface energy. Surface particles that
are partially exposed tend to draw additional particles into place. There are
numerous classifications for adsorption, and Figure (2.1) shows on the type of
bond (physical or chemical) created between the adsorbent and the pollutant, as
well as its features (Noble, et al., 2004).

13
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Primary bonds Secondary bonds

* Specific, chemical adsorption, chemisorption, * Physical adsorption, physisorption, van der

. Waals interactions are long-range but weak,
* electron transfer, covalent bonding,

. * no chemical bonding or Coulomb interaction,
* single layer, slow,

* multilayered, fast
® can act at short distances, yeetelach
® occurring on almost any solid surface,
* changes the structure of the molecule, reversibl§ process ¥

{3

* irreversible. =

the bond energy generated depends on the
polarizability.

Figure (2.1): Types of adsorption bonds and »Hature of adsorption (Rapo, and
Tonk, 2021).

Because adsorption occurs in a variety of natural, biological, physical, and
chemical systems, humans often use it in industrial operations to reap the
advantages. Due to its cheap cost and ease of operation, it is increasingly
utilized for purification or separation purposes; it is also a wastewater treatment
technology for the removal of a wide variety of substances from industrial
wastewater (Guo and Wang, 2019; Al-Ghouti and Da'ana, 2020).

Adsorption is often used to remove low levels of non-degradable organic
chemicals from groundwater, drinking water production, process water, or as a
tertiary treatment, such as after biological water purification (Rap6 and Tonk,
2021)

Adsorption, also known as surface enrichment, is the process of atoms,
ions, and molecules binding to the active centers of a solid surface (surface

binding). In most circumstances, the process does not need excessive energy

14
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input; the removal rate is frequently dictated by the kinetic equilibrium, which
Is governed by the adsorbent's surface properties and composition. Adsorption
progress is substantially determined by the adsorbent’s affinity, capacity to react
with the pollutant, and adsorption process between the sorbent and the
pollutant's functional groups (Zhao, et al., 2020; Szende,et al., 2020). The
concentration value at which equilibrium stability between the solid and liquid
phase volumes is achieved is termed the end point of the adsorption process
(Szende et al., 2020).

2.4.2 Types of adsorption
Physical adsorption and chemical adsorption are characterized by the nature
of the forces responsible for the creation of the interfacial layer, and each has its

own set of features (Brandani, 2021).

2.4.2.1 Physical adsorption

Physisorption or physical adsorption is a process characterized by
relatively small force (Van Der Waals force) between the solid matrix and the
material. The physical adsorption can be easily reversed because these forces

are not strong (Parvathi et al., 2007).

The reversible physical adsorption is depending on the attractive forces
strength between adsorbent and adsorbate. Therefore, when these forces are
weak, desorption can be readily affected. In physical adsorption the adsorbed
molecule is not fixed to a specific site on the surface, but it is rather free to

undergo translational movement within the interface (Hameed, 2016).

Physical adsorption occurs rapidly and may be a mono-molecular
(unimolecular) layer, or may be two, three or more layers thick (multi-
molecular). If unimolecular, it is reversible; if multi-molecular, such that

capillary pores are filled, hysteresis may occur. As physical adsorption happens,
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it starts as a monolayer, progresses toward becoming multilayered, and
afterward, if the molecules are close to the pore size, capillary condensation

occurs, and the pores load up with pollutant (Seader and Henley, 1998).

2.4.2.2 Chemical adsorption

Chemical adsorption or chemisorption results from the formation of bonds
between the adsorbent and the substrate. Compared to physical adsorption, it
involves higher adsorption energies and the reaction may be irreversible. The
heat of adsorption is significantly greater than for physical adsorption, ranging
from 40 to 400 kJ/mol. The adsorbate frequently undergoes chemical change as

a result of the reaction (Hameed, 2016).

Chemical adsorption usually contains only monolayer coverage and it is a
site specific reaction and happening at the locations of specific functional group.
Functional groups are usually have special arrangements of atoms in organic
compounds that give the compounds their specific chemical and physical
properties (Uddin et al., 2009). The most important characteristics of physical

and chemical adsorption as listed in Table (2.2).
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Table (2.2): Difference between physical and chemical adsorption (Lee and Lin,

2000).
Physisorption Chemisorption
Van der Waals force between adsorbate and | Include formation of chemical bonds
adsorbent between
adsorbate and adsorbent
Low enthalpy of adsorption (20-40 kJ/mole) | High enthalpy of adsorption (40-400
kJ/mole)
Multi-molecular layer may formed Monolayer is formed
Reversible process Irreversible process
Occurs in many solid/fluid system A highly specific process
Perturbation of the electronic states Changes in the electronic states may be
of adsorbent and adsorbate is minimal detectable by suitable physical means
Equilibrium can be quickly achieved May take a longer time to achieve
equilibrium

2.4.3 Factors affecting the adsorption process
There are many factors affecting the adsorption process, including pH,
absorbent dose, contact time, etc., these factors have positive or negative

effects, these factors will be identified in details.

2.4.3.1 Effect of solution pH

The pH of the dye solution is the most important factor in practically all
adsorption methods. This component influences the adsorbent capacity as well
as the process efficiency. The activity of functional groups in the adsorbent,
competition with coexisting ions in the solution, and the surface charge of the
adsorbent are all affected by pH. The characteristics of the adsorbent, the
adsorption process, and dye molecule dissociation can all be influenced by the
pH of the aqueous medium.

The pH of the solution can affect not just the adsorbent but also the

chemical structure of the dye. The pH affects the adsorbed ion surface charge

17
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and degree of ionization (Rapo et al., 2018; Brito et al., 2018; Khasri et al.,
2021). Anionic dyes bind more efficiently to the adsorbent surface in acidic
fluids, whereas cationic dyes bind more effectively in basic media.

The surface of the adsorbent in the solution is protonated when acidic solution
Is added to it, allowing the anionic dye to bind more efficiently on its surface
due to electrostatic attraction. But, the addition of basic solution, deprotonates
the biomass surface in basic media, resulting in a repulsive interaction
between the anionic dye and the biomass. Cationic dyes, on the other hand,

exhibit the opposite behavior.

2.4.3.2 Effect of contact time

The impact adsorbate / adsorbent contact time can help in determining the
potential prompting of binding and the optimum time for the removal of
contaminants. Also, the contact time is an essential factor which governs the
Kinetics of the adsorption process and oversees the inspiring use of an adsorbent
for practical application and influences the economic efficiency of the
adsorption (Das and Das, 2013). In general, removal efficiency rises quickly at
first due to the availability of a large number of empty surface-active adsorbing
sites but, as time passes, the adsorption process slows as the number of surface-
active adsorbing sites decreases, forcing the molecule to go further and deeper
through the pores, and the adsorption process eventually reaches an equilibrium
(Mashkoor and Nasar, 2019).
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2.4.3.3 Effect of biosorbent dose

Through the quantitative ratio of adsorbate / adsorbent, the amount of
adsorbent is an essential parameter that controls the adsorption process. The dose
of the adsorbent is an essential parameter since it impacts the adsorbent capacity
for a particular initial concentration (senturk and Alzein, 2020). According to
Kroeker rule, the specific adsorbed volume decreases with increasing adsorbent
mass for a fixed initial concentration (Pernyeszi et al., 2019). As a result,
increasing the adsorbent dosage has a positive correlation with dye removal
efficiency and performance. At constant contaminant concentrations, increasing
adsorbent dose provides increased active surface area for adsorption and more
active adsorption sites (Ma et al., 2020).

The effectiveness of pollutant removal improves as the concentration the
quantity of adsorbent increases, but there is no direct correlation between the
amount of adsorbent and the amount of pollutant eliminated. The quantity
adsorbed per species decreases as the concentration of biosorbent increases. This
is due to the fact that when the concentration of biosorbent increases, the shape
of the sorption isotherm changes. In higher concentrated suspensions, portions of
the surface or surface groups may not be saturated, resulting in a reduction in the
specific adsorbed quantity (Neag et al., 2019; Dehghani et al., 2021).

The capacity of the dye removal process may be reduced for two reasons (Popa
etal., 2021):
 adsorption sites remain unsaturated while the number of sites available
for adsorption increases; or
» adsorbent particle aggregation or agglomeration occurs, reducing the
available surface area and lengthening the diffusion path. In recent years,
scientific investigations have looked into the removal of various dyes

using various concentrations of broad-spectrum adsorbent.
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2.4.3.4 Effect of initial contaminant concentration

The adsorbate uptake mechanism is particularly dependent on the initial
concentration (Bouras et al.,, 2017). At low concentrations, contaminants are
adsorbed by specific active sites, while at higher concentrations lower
adsorption yield is due to the saturation of adsorption sites (El-Sayed et al.,
2010). Initial concentrations increased the number of collisions between
adsorbate and biosorbent, which could improve the sorption process (Ahmad et
al., 2018). Hence, the removal of solute is strongly dependent upon the initial
solute concentration. It is always necessary to identify the maximum saturation
potential of a adsorbent, for which experiments should be conducted at the

highest possible initial solute concentration (Vijayaraghavan and Yun, 2008).

2.4.3.5 Effect of particle size

Particle size can be an essential element in heterogeneous chemical
reactions and adsorption (Stjepanovi¢ et al., 2021), despite the fact that it is
rarely addressed in sorption investigations. Because of the tiny particle sizes,
the specific surface area is increased. The total surface area of a solid substance
per unit of mass, or specific surface area, is an important property for adsorption
processes. The size of the particles, as well as the structure and porosity of the
material, influence specific surface area (Sljivié-Ivanovi¢ and Smigiklas, 2020).
The most frequent measuring unit is the m*/g.

Two factors determine the link between adsorption capacity and particle size
(Igbal et al., 2011; Aljeboree et al., 2017):

» The chemical structure of the dye molecule (ionic charge) and chemistry
(ability to generate hydrolyzed species); and

* The inherent property of the adsorbent (its crystallinity, porosity and
rigidity of the polymeric chains).
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Smaller particle sizes result in increased adsorption capacity and efficiency
in static batch adsorption because there are more active sites for binding (Rapé
and Tonk, 2021).

2.4.3.6 Effect of temperature

The uptake capacity of each contaminant differs from one to another
species of adsorbent with different response to the temperature (Zeraatkar et al.,
2016). Some available studies suggested that increasing the temperature of
adsorbent culture could possibly increase the removal efficiency of contaminant
known as endothermic, due to increase the active sites tendency to adsorb
pollutants, change of complex formation constant with temperature, increased
number of functional groups involved in contaminant uptake, mass transfer
resistance is reduced in the diffusion layer by reduction the thickness of the
diffusion boundary layer around the adsorbent groups, more diffusion of
adsorbate molecules across the external boundary layer and internal pores of the
adsorbent particle (Mehta and Gaur, 2005; Meena et al., 2005; Bayes et al.,
2012; Bouras et al., 2017). Zaheer Aslam et al (2010) showed that the texture of
biomass was changed, at higher temperature. Nevertheless, other studies submit
that the uptake of contaminant by adsorbent biomass is exothermic and the
removal efficiency increases with decreasing temperature (Cruz et al., 2004; El-
Sayed et al., 2010). This is happened because of the weakness of sorption forces
between the sorbents active sites and the sorbate species and also between the
sorbed phase adjacent molecules, increasing in the relative escaping tendency of
adsorbate from the solid phase to the bulk phase, and deactivating the
biosorbent surface or destructing some active sites on the biosorbent surface due
to bond ruptures (Meena et al., 2005; Sari and Tuzen, 2008). There is also an
opinion that shows temperature has no important effect on the uptake of

contaminant by adsorbent biomass (Tran et al., 2016).
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2.4.4 Adsorbent materials for removal of pollutants from wastewater

Separation is defined in an adsorption-oriented process as a system
that converts a mixture of components into two or more distinct products.
The procedure is difficult to execute since it is the polar opposite of
mixing, and advocated by thermocontinuous' second law. For many
separation procedures, the separation occurs due to the action of a mass
separating agent, a solid substance, or an adsorbent (Pirbazari and
Saberikhah, 2014) . As a result, the quality of any adsorptive separation
or purification procedure directly affects its performance. Thus, the first
critical step toward developing an efficient adsorption process is
identifying a solid material with high capacity, selectivity, and adsorption
rate. Adsorption is a surface phenomenon, and so any porous substance
with a large surface area can act as an adsorbent. Additional
characteristics to consider when selecting a material include the
following: low cost and availability, adequate mechanical qualities, high
physical strength (not disintegrating) in solution, a long life, and the
ability to be regenerated if necessary. According to the literature, the
control of a solid material's adsorption performance in liquid-phase
adsorption is dependent on the following factors (Park, et al., 2010; Crini
etal., 2019) :

(1) The solid's origin and nature, including its physical structure, such
as particle size, specific surface area, and porosity, as well as its
chemical nature and functional groups, such as surface charge and
pH at the interface, the charge zero point and mechanical
properties of the raw solid.

(2) The activation conditions of the raw solid, such as physical

treatment or chemical modification.
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(3) The effect of process variables used in the contacting system such
as contact time, initial pollutant concentration, solid dosage, and
stirring rate;

(4) The chemistry of the pollutants, such as the pKa, polarity, size, and
functional groups of a dye molecule; and finally.

(5) The solution conditions, such as pH, ionic strength, temperature,
the presence of multiple pollutants or impurities, and their

fluctuation.

2.4.5 Classification of adsorbent

Among several wastewater treatment process, adsorption have the
potential in reducing water pollutants and dyes from textile industries.
Adsorption is effective to be used in lowering dye concentration in the effluents.
Figure (2.1) shows various type of adsorbent being studied in order to treat
wastewater containing dye, pigments and other pollutants. Today, the most
commonly adsorbent used for treatment is activated carbon and applied for
various water pollutant removal such as dye and heavy metal. Activated carbon
also known as solid sponge is a carbon form by using either physical or
chemical treatment . Activated carbon have extended surface area, high capacity
of adsorption, higher surface reactivity degree and also micro-pore structure
which is suitable in eliminating dye from wastewater. However, treating
wastewater by using conventional activated carbon that is available in the
market are expensive and its regeneration are even costly. Therefore, various
raw material have been examined to produce activated carbon and each presents
different properties as some previous research of adsorbent (Mohammad Razi,
etal., 2017).
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2.4.6 Low cost adsorbents for the removal of organic pollutants from
wastewater

As low cost adsorbents, many waste materials used include fruit wastes,
coconut shell, scrap tires, bark and other tannin-rich materials, sawdust and
other wood type materials, rice husk, petroleum wastes, fertilizer wastes, fly
ash, sugar industry wastes blast furnace slag, chitosan and seafood processing
wastes, seaweed and algae, peat moss, clays, red mud, zeolites, sediment and
soil, ore minerals etc. These adsorbents have been found to remove various
organic pollutants ranging from 80 to 99.9%. The present work describes the
conversion of waste products into effective adsorbents and their application
for water treatment, The diagram shows the types of organic pollutants in
water (Ali et al., 2012).

The categorization and sorting of adsorbents has grown increasingly
important as the number of adsorbents employed grows. Adsorbents can be
categorised in a variety of ways; however, the most prevalent ones are

mentioned below (Crini, et al., 2019):

natural materials: sawdust, wood, fuller’s earth or bauxite;

« natural materials treated to develop their structures and properties:
activated carbons, activated alumina or silica gel;

» manufactured materials: polymeric resins, zeolites or alumino-silicates;

 agricultural solid wastes and industrial by-products: date pits, fly ash or

red mud,

* biosorbents: chitosan, fungi or bacterial biomass.
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2.5 Mechanisms of dye adsorption

The adsorption of dye from contaminated water on the surface of an
adsorbent is achieved via various adsorption mechanisms, as schematically
shown in Figure (2.2). It should be noted that the adsorption of water pollutants
on adsorbents is mainly guided by electrostatic attraction, 7—m interactions, van
der Waals forces, hydrogen bonding, acid-base reactions, and hydrophobic
interaction (Lu and Astruc et al., 2020). Shen and Gondal reported that
electrostatic and intermolecular interactions govern the adsorption of
Rhodamine dye on the surface of the adsorbent (Kai and Gondal, 2017).
According to Zheng et al., the adsorption of anionic dyes, such as CR and MO
on GO-NiFe-LDH, is achieved by electrostatic attraction and ion exchange

phenomena (Zheng et al., 2019).
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Fig. (2.2): Adsorption processes and mechanisms for dye removal from bulk
liquid (Lu and Astruc et al., 2020).
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Furthermore, the ion exchange mechanism involves the exchange of ions
between a liquid (dye solution) and solid phase (adsorbent). Ebrahimian
Pirbazari et al. suggested that two principal mechanisms are involved in
removing the MB dye on NaOH-treated wheat straw impregnated with Fe;O,,
namely the formation of a surface complex and ion exchange between the dye
molecule and adsorption surfaces (Ebrahimian et al., 2014).

The formation of a surface complex is a mechanism associated with the
adsorption process, which is described by the binding of ions to various surface
functional groups available onto the surface of the adsorbent and electrostatic
interaction between the adsorbent—adsorbate surfaces. Cojocaru et al. proposed
that the formation of hydrogen bonds between Acid Orange 7 dye and
adsorbents accounts for the adsorption process (Cojocaru et al., 2019).

According to Siddiqui et al., H-bonds between MB and MnQO,/BC arise due
to the interaction between the —OH groups present in MnO,/BC and the acceptor
present in MB molecules (Siddiqui et al., 2019). Similarly, n—n bonding/n-
effects/n-interactions (non-covalent) involve 7m systems, where similar to
electrostatic interactions, positively charged molecules interact with negatively
charged surfaces. Further, the adsorption process can follow more than one
mechanism simultaneously.

For example, the adsorption of Coomassie Brilliant Blue R 250 dye on the
surface of adsorbents is governed by electrostatic interactions, 7—m interactions,
and intermolecular H-bonding (Thamer et al., 2019). The probable adsorption
mechanisms involved in dye removal are shown in Figure (2.3), together with

the various adsorption processes.
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2.6 Equilibrium isotherms

Adsorption is usually described by isotherm. It is important for
understanding the adsorption mechanism (Bouras et al., 2017). At a given
temperature, equilibrium isotherm is the equilibrium relationship between the
adsorbate concentration in the adsorbent particles and the adsorbate

concentration in the fluid phase.

It is a plot of the contaminant concentration that remaining in solution at
equilibrium against the amount of adsorbate per unit weight of adsorbent. An
adsorption isotherm is described by specific constants, for example, values that
express the properties and affinity of the surface and the adsorbents,

respectively.

These isotherms can also be used to compare the adsorption capacity of
adsorbents for various contaminants (Tran et al., 2016). Figure (2.3) shows
some typical shapes of isotherm. Isotherm that is concave upward is a relatively
low solid loading and it leads to quite long mass transfer zone in the bed,

therefore, it is named unfavorable.

An isotherm that is convex upward is called favorable, because a relatively
high solid loading can be obtained at low concentration in the fluid. The linear
iIsotherm must go through the origin, and the amount adsorbed is clearly
proportional to the concentration in the fluid. From these curves it will be noted
that adsorption is a specific property depending upon the nature of the

adsorbate-adsorbent system (Warren and Harriot, 1993).
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Fig.(2.3): The equilibrium isotherm relations (Warren and Harriot, 1993)

2.6.1 Langmuir isotherm

Equation (2.4) illustrates the Langmuir isotherm model of the nonlinear
equation (Ayawei et al., 2017):
go = % ....................... 2.1)
Where g, is the Langmuir constant related to the maximum capacity of
adsorption (mg.g™), and b is the constant that denotes the adsorption energy
(L.mg™). To estimate the adsorption capacity concerning a specific range of
adsorbate concentration, the equation mentioned above [Eqg. (2.1)] can be

written as a linear form:

Ce _ 1 1
e = — x(C,+—— 2.2
de adm e bxqm @2)

The two constants (gm, b) can be determined from the eq. (2.2) with a
linearized type from the slope [ 1 /gm ] and the intercept [ 1/ b g, ] of the linear
plot of C./q. versus C.. A dimensionless constant, regularly known as a
separation factor or an equilibrium parameter (R.) ¢ (Weber and Chakravorti,
1974), can be stated as:
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— 1
L 1+b*Co ...........................

C,: Is the adsorbate initial concentration (mg/l). The value of R, indicates how

favorable the isotherm is, as shown in Table (2.1).

Table (2.3): R_ value and isotherm kind.

Estimation of R Kind of Isotherm
R. =1 Linear

R.>1 Unfavorable
0<R_ <1 Favorable

R. =0 Irreversible

2.6.2 Freundlich isotherm

The Freundlich isotherm is expressed as (freundlich, 1926):

Qe =KpxC¥™ (2.3)

The level of nonlinearity between solution concentration and
adsorption demonstrates the n value. The circumstance of n > 1 is most
expected. It might be because of the organization of surface sites or any
factor, which diminishes the adsorbent adsorbate interaction with
expanding surface density. The estimations of n inside the range of 1-10
demonstrate favourable adsorption (Al-Ghouti and Da’ana, 2020).

Eq. (2.3) can be rearranged into the linear form:

logq, = logKp + (%) logC, (2.4)

Where: (Kg, I/n): Freundlich constants related to adsorption capacity
and adsorption intensity, respectively of the sorbent, and obtained from the
linear plot of (experimental data) log (ge) versus log (Ce) (Al-ghouti and Da,
2020).
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2.7Kinetic Adsorption

The sorts of adsorption techniques in a particular system must be
understood in order to understand how the adsorption capacity develops
over time according to the theory of adsorption kinetics. The following
models are being used to describe the adsorption's kinetics trend (Patel,
2021).
2.7.1 Pseudo-first order model

Pseudo-first-order kinetics is used for determining the adsorption capacity

in liquid- and solid-phase system (Singh, et al., 2021). To conduct linear fitting,
the relationship between the adsorption capacity at a given adsorption time (qy)
and a given adsorption time (t) is plotted first. In a solid-liquid system, if the
adsorption process follows the pseudo-first order model, it is primarily
controlled by physical diffusion (Zhao et al., 2020). To choose the optimal
model, the correlation coefficient (R?) and standard error are employed. It's also
crucial that the actual and theoretical values of the sorbate's adsorption
capabilities (ge) match (Fred-Ahmadu et al., 2020). The equation of pseudo first

order:

In(q, — q;) =Inq, — 0.434k,t ... (2.5)

Where :
Je . the concentration of metal ion adsorbed after equilibrium (mg/g).
g: . the concentration of metal ion adsorbed in time t (mg/g).
Ki(min™) : is the Pseudo 1st order rate constant.

Values of g and K; can be obtained from the slope and intercept of the plot

In(Qe-qy) Vversus t.
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2.7.2 Pseudo-second-order kinetic model

The pseudo-second-order equation predicts the performance over the
complete range of the adsorption process and seems to be controlled by the
chemical sorption mechanism in the role of rate controlling step (Ahmad et al.,
2018). In comparison with the initial rate of adsorption, the rate of adsorption is
almost insignificant. The kinetic rate equation is given below (Ho and Mckay,
1999):

1 1
=—+kt 2.
(qe—at) qe+_k2t 26)

Where : k, (g/mg. min) is the rate constant of pseudo second-order, ¢ is the
amount of contaminant sorbed at equilibrium, (mg/g), q: is amount of
contaminant on the surface of the sorbent at any time t, (mg/g). Equation (2.6)

can be rearranged to obtain:

t 1 t
= +— . 2.7
¢ k295  de @7

K and g, are computed from the intercept and the slope of plotting (t/q;) versus
t.

2.7.3 Model of the intra-particle diffusion

The rate-limiting stage prediction is the best way to understand the
mechanism of solid-liquid adsorption. The external mass transfer and the intra-
particle diffusion or external or both are in charge of the mass transfer of solute.
Mass transfer mechanisms include the adsorption on the particle diffusion, the
porous adsorbent, and the film. Through batch adsorption, the adsorbate particle
transfer into the pores of the adsorbent is the rate governing stage. The kinetic
data of pollutant adsorption onto adsorbent subjected to intra-particle diffusion
model given by Weber and Morris (1963) and is represented as shown in

equation (2.8):
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q: = Kip * t0> + C; (2.8)

Where:

g:: is the amount of pollutant adsorbed at the time “t” (mg/g).

Kip: Is the rate constant for intraparticle diffusion (mg/g.min0.5).

Ci: is the intraparticle diffusion constant i.e. intercept of the line (mg/g).
directly proportional to the boundary layer thickness.

The values of Morris—Weber constants (Kijy and C;) were calculated from the

plot of g; versus t°° which are equal to slope and constant, respectively.

Relying on such model, solute adsorbed plot versus the contact time square
root must give a straight line passing through the origin (Weber and Morris,
1963). If the plot doesn’t pass throughout the origin, it will yield a sign of a
certain degree of the control of film diffusion, and the intra-particle diffusion
isn’t merely the stage of rate-limiting (Yadav, et al., 2015; Salahshoor and
Shahbazi, 2016).

2.7.4 Elovich model for adsorption

The Elovich equation is a sort of model utilized in adsorption Kinetics, and
the equilibrium parameter of the Elovich equation (RE) was used to characterize
the adsorption Kkinetics characteristic curves (Wu et al.,2009). where g; (mg/g)
represents the quantity of dye adsorbed at time t (min), a and b are constants,
with being the initial sorption rate (mg/g min) and b being the extent of surface
covering and chemisorption activation energy (g/mg) (Marcu et al.,2020). These
constants' chemical relevance has yet to be determined (Wang et al., 2009).
When graphing adsorption data using g; vs In t, every adsorption process that
follows the Elovich kinetic model produces a straight line. The value of b is

determined by the graph's slope, and the value of a may be estimated using the
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value of b and the graph's intercept (Ray et al., 2020). The Elovich equation
generally used is expressed as (Wang et al., 2009):

g = %ln(ab) + %ln t (2.9)

where g; (mg/g) is the amount of dye adsorbed at time t (min) and a and b
are the constants. The chemical significance of these constants has not been
clearly resolved (Wang et al., 2009). shows the plot g; versus In t having slope
1/b and intercept [(1/b) In(ab)].

2.8 Continuous data analysis

The breakthrough appearance time and the curve shape are too significant
to determine the process and the sorption column dynamic response.
Breakthrough curves displayed the matter loading behavior for removing of
dyes from the solution in a constant bed column, and they are frequently stated
as adsorbed concentration (described as the ratio of the effluent concentration to
the inlet (C./C,) concentration as a function of time or the effluent volume for a
certain height of bed (Singh et al., 2014). The area underneath the breakthrough
curve determined via the integration of the adsorbed concentration (mg.I™)
versus time (min) plot can be employed to find the total adsorbed quantity (the
column maximum capacity) (mg) for which a certain feed concentration and a
flow rate (Q) (ml/min) are calculated via Eq. (2.10) (Juela, 2020):

Co t=t total o
Qtotal = (Q * 1000) Joo ( — —e) At i (2.10)

Co
Where: Q is the flow rate (ml/min) that can be calculated by dividing the

effluent volume (Ve, ml) by the total time (t a1, Min.).

Vefrf
Q (ttotal) ( )
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And, the whole quantity of adsorbate that went throughout the column
(mg) is computed by Eq. (2.12); likewise, the percent efficiency (%) of the total
elimination is computed by Eqg. (2.12):

_ Co*te*Q
M, = To00 e (2.12)
%R = % «100 2.13)

t

Equilibrium uptake (geq) (or maximum column capacity) in the column is
described via Eg. (2.14) as the total quantity of the sorbed (q wta) per (g) of

sorbent (m) at the whole flow time end.

e = % .................................... (2.14)

2.8.1 Continuous mode of sorption operation

Figure (2.4) schematically illustrated a typical fixed-bed sorption process
operated in continuous flow mode, in which the input and output stream is
continuously allowed to flow during the progress of the solute removal. In the
fixed-bed column investigation, a definite amount of biosorbents are packed as
a solid matrix in a column of defined length. The strainers are placed at the
bottom of the column to prevent the run-off of the biosorbent along with the
liquid phase. The biosorbent loaded column is kept in a thermostat to maintain
the temperature uniformity and has been connected with a positive displacement

pump with a flow regulator such as a peristaltic pump.

The solute (contaminants) rich liquid phase is allowed to pass through the
fixed-bed column with the predefined flow rate. During this wetting of the solid
bed, the solute from the liquid phase gets translocated and binds on the surface

of the stationary matrix due to its relative affinity. This translocation and
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surface binding of solute molecules continues till the pores or the functional
moieties of the biosorbents attain equilibrium. After this point of saturation, the
solute transfer process ceases at the solid-liquid interface and further adsorption
Is not practically feasible. Also, the transfer of solute across the phase boundary
Is facing a series of diffusional resistances offered by the surrounding film and
Intraparticle, sufficient time must be provided for the biosorbate molecules to

reside inside the column.

The residence or retention time is a function of the volumetric flow rate of
the liquid samples and hence it is one of the vital parameters in the optimal
design of the continuous sorption process (Gan et al., 2012; Thirunavukkaras et
al., 2018). In addition to this, other operational variables such as the bed length,
temperature, contact time, packing volume and density etc. are also significantly
affecting the solute removal process (Li et al., 2014; Chen et al., 2014; Calero et
al., 2018). The prime advantage of dynamic sorption is to scale up the process
using the data obtained from the continuous operation with the high degree of
reliability. With the use of dimensional similarity approaches, either geometric
or kinematic similitude, the scaling up of the sorption process can be effectively

accomplished for the treatment of industrial effluents.

Unlike the batch mode of operation, the performance of the sorption process
can be assessed with the aid of breakthrough curves which can be obtained from
the plot of the ratio of the concentration of biosorbate at a time, t over the initial
concentration Cy, (Co/Cp) and time (t) (Fernandez et al., 2012; Abdolali et al.,
2017). The breakthrough curves will provide vital information on the onset of
the breakthrough point (breakthrough concentration) and saturation point
(exhaust) of the process. Also, this curve can be used to predict the length of
used and unused portion of the bed by determining the area under the curve
regions. Mass Transfer Zone (MTZ) is a defined zone in the sorption column in

which the solute transfer across the phase boundary is expected to occur. At the
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solid-liquid interface, either physical or chemical or the combination of both

interactions resulted in the surface binding of biosorbate molecules.

At the start of the process, the active binding sites in the biosorbent bed are
completely free to access with the biosorbate and hence the solute transfer is
rapidly attained. As the process proceeds, the available binding sites are pre-
filled and hence the sorbate molecules need to move or diffuse along the length
of the column to facilitate further binding. In other words, after the saturation of
binding regions, MTZ moves down the length of the column Figure (2.5). The
layer of the sorption bed which is above this MTZ can be considered as the
saturated zone. As the complete sorption is expected at the start of the process,
the concentration of the pollutant at the outlet stream was found to be zero. The
longitudinal movement of MTZ, enlargement of saturation zone, diffusive
resistances offered by the film and intraparticle, and non-ideal behavior of the
solute molecules etc. are greatly affecting the sportive capability resulted in the
increase in the value of C/Cy against time (Fernandez et al., 2012; Abdolali et
al., 2017).

The time at which this ratio attains a certain value, usually fixed by the
researchers or threshold value of the pollutant specified by EPA is called
breakthrough point (t,) and the corresponding concentration is called
breakthrough concentration. After the breakthrough point, the intensity of the
diffusional resistances and the non-ideality of the solute molecules increases
which results in a sharp rise in the concentration ratio values over time. The
time at which the effluent concentration reaches the initial concentration, ie, the
ratio, C/Co becomes one is called the exhaust time (t). Or otherwise, at the
exhaust point, the sorption bed is completely saturated and further sorption is
not feasible. Hence, the plot of C./Cy vs t will form an ‘S’ shaped curve called

breakthrough curve as illustrated in Figure (2.5) and the degree of steepness,
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onset of tbh and te will vary for the different fixed-bed column studies
(Chowdhury and Saha, 2013; Hasanzadeh et al., 2016; Abdolali et al., 2017).

If an investigation is assuming the length of the MTZ in a column is uniform,
the time required for (a) establishment of MTZ, (b) exchange of biosorbate at
the interface and (c) rate of migration of MTZ along the bed length are the vital
parameters affecting the design of a sorption process (Gupta and Ali, 2012).
Besides, the significance of the operational factors includes the initial
biosorbate concentration, solution pH, volumetric flow rate of the biosorbate,
bed height, particle size distribution of the solid biosorbent and the operating
temperature can also be studied with the help of breakthrough curves. Each of
these variables can affect the efficacy of the sorption process significantly. For
example, an increased amount of biosorbate molecules might result in the early
onset of t, and t. due to the greater concentration difference that existed at the
interface. The further increase would result in a decreased removal percentage
as the available sites are saturated with the sorbate molecules (Moyo et al.,
2017).

Likewise, an increase in the volumetric flow rate would result in the early
onset of t, and t. as the retention time may not be adequate to make sorbate-
sorbent interaction at the interface and hence it is obvious to operate the column
with minimal flow rate to achieve the maximum efficiency (Rafiqueet al., 2009;
Lopez-Cervantes et al., 2018; Sheng et al., 2018). Conversely, an increase in
bed height might favor the sorption efficacy as it can provide greater surface
area for the biosorbate molecules to bind with them more efficiently (EImholt et
al., 2008; Fat’hi et al., 2014). The average particle size of the biosorbents should
be minimal to offer improved surface area which in turn increases the

efficiency.
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Fig.(2.4) Schematic illustration of a continuous flow sorption process

(Thirunavukkarasu et al., 2021)
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Fig. (2.5) Breakthrough curve from the plot of C/Cyvs time and their correlation

with the movement of MTZ along the length of the column (Thirunavukkarasu

et al., 2021).
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2.8.1.1 Bed depth service time model

BDST is another simple model which proposed there exists a linear
relationship between the column bed height and service time in terms of the
biosorbate concentration and sorption parameters. This model was initially
derived from the Bohart-Adams model which was later modified by Hutchins
(Hutchins, 1973). This model assumes that the resistances offered by the solid
particle (intraparticle) and liquid phase (external diffusion) are negligible and
the sorption kinetics is predominantly controlled by the chemisorption of
sorbate and sorbent at the interface (Baral et al., 2009). This model can also be
used to quantify and assess the sorption capacity of the different biosorbents.

The mathematical linear form of the BDST model is given as:

_98Z _ 1 G
=2 —pohl() =1 (2.15)

Where, kg is the BDST rate constant (I mg™ min™), gg is the maximum
sorption capacity per unit volume of the sorption column (mg | ~%), Z is the bed
height or depth (cm) and Us is the linear velocity of the biosorbate solution (cm.
min~ %). A plot can be drawn by taking time and bed height as their axis to

determine the values of gg and kg.
2.8.1.2 Thomas model

The most fully studied Thomas model is intended to determine the sorptive
capacity and to analyze the breakthrough curves by assuming the adsorptive
equilibrium follows the Langmuir model and rate Kinetics is governed by the
reversible second-order equation (Ghasemi et al., 2011; Ghasemi et al., 2011;
Vickers, 2017). Also, this model assumed that there will be no axial dispersion
during the transit of solute molecules across the solid-liquid interface. This
model can be used to estimate the sorption process where the externally driven

and internal diffusive resistances are minimal (Konstantinos et al., 2004). As
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this model is primarily considering the sorption process is being dominated by
the mass transport phenomena at the interface, chemical-mediated sorption
process could not be explained with a high degree of accuracy. The linear form

of the Thomas model is given as:

In [(g) — 1] = LTHATHT e ot 2.16)

e v

Where, m is the amount of weight of the biosorbent loaded in the column
(), kry is the Thomas rate constant (ml min~* mg™ %), Co and Ct are the initial
and effluent concentration of the biosorbate (mg | ~*), Q is the volumetric flow
rate (ml min~ %), g is the sorptive capacity at equilibrium (mg g ~*). A plot can
be drawn by taking In [(Co/C; ) — 1 ] on y — axis and time on X — axis to

determine the slope (grn) and intercept values (k).
2.8.1.3 Yoon-Nelson model

It is the simplest model as it does not concern with the physicochemical
characteristics of biosorbate, type of sorbent and properties of the sorption
column (Yoon and Nelson, 1984; Yagub et al., 2014). This model assumes that
the declining sorption rate is directly proportional to the amount of sorbate
adsorption and the probability of sorbate breakthrough on the surface of the
sorbent (Yoon and Nelson, 1984). The linear expression of the Yoon-Nelson

model can be described as:

ln( Ce ) — KYNt - TKYN ............... (217)
Co—Cp

Where, kyy is the rate constant derived from the Yoon-Nelson model (min- 1),
t is the time (min) and z is the time required to achieve half (50%) breakthrough
point (min). A plot can be constructed by taking In( C./C, — C.) on x-axis and
time on x-axis to obtain a straight line and the slope (kyn) and intercept (z) can

be determined.
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2.9 Previous studies of sorption of dyes using agricultural solid waste by
batch and fixed-bed column study
Various biosorbents and sorbates were studied in batch and fixed-bed

column study cited in the following review part:

Akar et al. (2009) studied a low-cost waste biomass derived from canned
food plant, was tested for its ability to remove reactive textile dye from aqueous
solutions. The batch sorption experiments were carried out at various pH,
biosorbent dosage, contact time and temperature. Optimum decolorization was
observed at pH 2.0 and 1.6 g dm™* of biomass dosage within 20 min. The first-
order and the pseudo-second-order Kkinetics were investigated for the sorption
system. The applicability of the Langmuir and Freundlich isotherm models was
examined. The thermodynamic parameters for the sorption were also calculated.
The experimental results in this study indicated that this low-cost biomaterial
was an attractive candidate for the removal of textile dye Reactive Red 198

(RR198) from aqueous solutions.

Reddy et al. (2012) studied the feasibility of using Indian Jujuba Seeds
(1JS) (Zizyphus maruritiana), abundantly available in and around the Nallamalla
forest in Andhra Pradesh, for the anionic dye (Congo red, CR) adsorption from
aqueous solution, has been investigated as low cost and eco-friendly adsorbent.
Adsorption studies were conducted on a batch process, to study the effects of
contact time, initial concentration of CR, pH and temperature. Maximum colour
removal was observed at pH 2. The equilibrium data was analyzed by the
Langmuir, the Freundlich and the General isotherms. The data fitted well with
the Langmuir model, with a maximum adsorption capacity of 55.56 mg g . The
pseudo-second-order kinetics was the best for the adsorption of CR, by 1JS (Z.
maruritiana) with good correlation. Thermodynamic parameters, such as
standard free energy change (AG®), standard enthalpy change (AH°) and
standard entropy change (AS°), were analyzed. The results suggest that 1JS (Z.
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maruritiana) is a potential low-cost adsorbent for the CR dye removal from

synthetic dye wastewater.

Sorption of dyes on shelled Moringa oleifera seed powder (SMOS) was
investigated for the removal of methylene blue and Congo red from aqueous
solution by Raj et al. (2013). Sorption studies led to the standardization of the
optimum conditions: dye concentration (25 mg/l), contact time (40 min),
particle size (105 puM), and volume (200 ml) at pH 6.5 and 2.5 for the removal
of methylene blue (90.27 %) and Congo red (98.52 %). A single layer artificial
neural network (ANN) model was developed to simulate the process and predict
the removal efficiency of SMOS for the removal of dyes. Different ANN
architectures were tested by varying network topology, resulting into an
excellent agreement between the experimental data and the predicted values.
The Levenberg—Marquardt algorithm was found best of BP algorithms with a
minimum mean squared error for training and cross validation as 1.89E—09 and

0.145, respectively.

The removal of Novacron Golden Yellow (NGY) dye from aqueous
solutions using peanut hulls was done by Nawaz et al. (2014). The experiments
were performed with native, pretreated and immobilised forms of peanut hulls.
The effect of various operational parameters (pH, biosorbent dose, initial dye
concentration and temperature etc.) was explored during batch study. NGY
showed maximum removal at low pH and low biosorbent dose. High initial dye
concentration facilitated the sorption process. Maximum dye removal with
native, pretreated and immobilised biomass was found to be 35.7, 36.4 and
15.02 mg/g, respectively. The experimental data were subjected to different
kinetic and equilibrium models. The Kinetic data confirmed the fitness of
pseudo-second-order rate law for NGY biosorption. The equilibrium modelling
was carried out by Freundlich, Langmuir and Temkin models. The isothermal

data of NGY removal were best described by Freundlich adsorption isotherm.
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Negative values of free energy change (A Gp) for NGY with native and

pretreated biomass depicted the spontaneous nature of sorption process.

The removal of Congo red dye (CR) from agqueous solutions using a novel
low-cost biological adsorbent, Stipa tonassicima fibers, was investigated by
Chebli et al. (2015). Batch experiments were conducted to examine the effect of
the main parameters, such as the initial CR concentration, the pH, and the
temperature on the sorption of the dye. Maximum adsorption removal was
observed at pH 4 and sorption capacity of S. tenassicima was enhanced by
increasing the temperature. Rate constants of pseudo-first order, pseudo-second
order, and intraparticle diffusion coefficient were calculated to analyze the
dynamic of the sorption process; they showed that sorption kinetics followed an
intraparticle diffusion model, while the two straight lines describing
experimental data indicated that intraparticle diffusion was the limiting step for
biosorption. Among the tested isotherm models, the Sips isotherm was found to
be the most relevant to describe CR sorption onto S. tenassicima fibers.
Thermodynamic parameters, such as changes in standard free energy, enthalpy,
and entropy, were also evaluated and the results suggested that the sorption
reaction was spontaneous and endothermic in nature. The potential of S.
tenassicima fibers, an easily available and low-cost material, to be used as an
alternative biosorbent material for the removal of a dye, CR, from aqueous

solutions was therefore confirmed.

Temesgen et al. (2018) investigated the removing of reactive red dye
(RRD) from textile industry wastewater by activated orange and banana peel.
The textural characterization shows 336.224 m%g and 21.456 m?/g (specific
surface area) for orange and banana peels respectively. The experiment
conducted in batch mode to optimize the maximum operating condition. The
result shows maximum removal efficiency of 89.41% and 70.25% at pH of 4,

initial dye concentration of 25mg/l, adsorbent dosage 1g/100ml, and

43



Chapter Two Background and Literature Review

temperature of 30 °C on the activate surface of orange and banana peels. The
obtained results were well fitted with Langmuir and Freundlich isotherm model
and adsorption process follows the pseudo second order model for both
adsorbent. Overall both peels have good potential to reduce the dye from

wastewater.

Residual chia-seed-oil-extraction biomass was studied as a biosorbent for
removal of Reactive Yellow B2R textile dye from aqueous solutions in batch
system by da Silva et al. (2019), to suggest an appropriate and eco-friendly
application, other than incineration or landfill. This residue does not require
previous treatment, sorption process responded very well at temperature of 303
K and time up to 60 min, characterizing a highly practical application in textile
wastewater treatments. Sorption process was concluded effective by kinetic,
thermodynamic and equilibrium studies. Efficiency was maximum at pH 2 and
150 rpm of agitation speed. Kinetic studies presented equilibrium time of and
approximately 92% of dye removal from aqueous solution, and pseudo-second
order was the best fit. To the adsorption isotherm indicated the maximum
sorption capacity of 70.95 mg g™ and the heterogeneity parameter of 1.2785,
both suggesting good pollutant removal ability by biosorbent and a slight degree
of heterogeneity of biosorbent surface, respectively, indicated also by the
evaluation of the SEM images of the unloaded and dye-loaded biosorbent
surface. Sorption process occurs favorably, spontaneously and possibly through
physical adsorption, indicating possible dye recovery and reuse of the

biosorbent, as concluded by thermodynamic studies.

Cellulose substrate waste was demonstrated great potential as a
biosorbent of pollutants from contaminated water which was studied by Al-
Ghamdi et al. (2020). In this study, Neriumoleander fruit, an agricultural waste
biomaterial, was used for the sorption of methylene blue from synthetic

solution. Fourier-transform infrared (FTIR) spectroscopy indicated the presence
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of the main absorption peak characteristics of cellulose, hemicellulose, and
lignin compositions. X-ray diffraction (XRD) pattern exhibited peaks at 20 =
14.9° and 20 = 22°, which are characteristics of cellulose I. Scanning electron
microscopy (SEM) showed a rough and heterogeneous surface intercepted by
some cavities. Thermogravimetric analysis (TGA) showed more than a thermal
decomposition point, suggesting that Nerium fruit is composed of cellulose and
noncellulosic matters. The pHp, value of Nerium surface was experimentally
determined to be 6.2. Nerium dosage, pH, contact time, dye concentration, and
temperature significantly affected the adsorption capacity. The adsorption
capacity reached 259 mg/g at 19 °C. The mean free energy ranged from 74.53 to
84.52 KJ mol™?, suggesting a chemisorption process. Thermodynamic
parameters define a chemical, exothermic, and nonspontaneous mechanism. The
above data suggest that Nerium fruit can be used as an excellent biomaterial for
practical purification of water without the need to impart chemical

functionalization on its surface..

Darwesh et al. (2021) tested four agricultural wastes, i.e., sugarcane
bagasse, rice straw, cotton stalk, and corn stalk were experienced as low-cost
lignocellulosic materials for their ability to adsorb reactive red dye from its
contaminated solutions. Batch adsorption technology was carried out in order to
analyze sorption behavior of dye-adsorbent systems at different wastes, initial
dye concentration, and solution pH value. The acid pH treatment was detected
to significantly enhance the adsorption efficiency of used lignocellulosic wastes
to maximum removal efficiency (96%). Bioreactor technology was applied as
up-scaling experiments using sugarcane bagasse (SCB) waste (the best
adsorbent under batch experiments) with different adsorbent dosage and flow
rates. The maximum removal efficiency (89.65%) was recorded by 448 g of
SCB waste, hydraulic retention time of 24 h and 12.6 I/h flow rate. The SEM

characterization illustrated accumulation of dye molecules onto lignocellulosic
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structure. Also, elemental analyses by EDAX instrument confirmed absorption
technology. Thus, the sugarcane bagasse wastes can be applied as low-cost and
environmental safe absorbent for RR dye removal from its contaminated

wastewater and introducing non-traditional water resource.

Costa et al. (2021) tested the sorption of the Reactive Blue 5 G dye (RB5G)
in batch flow systems was investigated using brewery spent grains (BSG) as a
biosorbent. The biosorbent was characterized by the point of zero charge,
scanning electron microscopy, Fourier transforms infrared, and N,
adsorption/desorption. A rotational central composite design was used in the
batch sorption studies. This design generated a model with a determination
coefficient of 0.98. The design results showed that the removal of the dye was
favored by the increase in temperature and the pH and mean particle diameter
reduction. Equilibrium was reached after 24 h, achieving a dye removal of
approximately 94.5%. Batch sorption data fitted better to the pseudo-second-
order Kinetics and Langmuir isothermal model, indicating the prevalence of
chemical biosorption. The maximum sorption capacity achieved was 83.42 mg

-1

g

Grabi et al. (2021) investigated a potential biosorbent is prepared from
agricultural waste material (ash seed) without any treatment. This biomaterial
could be successfully used as a low-cost adsorbent for the removal of an anionic
dye named Cibacron Blue (CB), under optimal conditions. The prepared
adsorbent was characterized by scanning electron microscope (SEM) coupled
with EDX, Fourier transforms infrared spectrometer (FTIR), thermogravimetric
analysis (TGA), and point of zero charge (pHpzc). The adsorption experiments
were carried out in batch mode at room temperature. Results show that the rate
of CB dye removal exceeds 95 % using a dose of 2 g/l ash seed at C, - 25 mg/I
and pH=2.2. The kinetic data were analyzed using the pseudo-first-order,

pseudo-second-order, Elovich’s, Bangham, intraparticle diffusion, and Boyd
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Kinetic. Results show that the pseudo-second-order model fits better the
experimental data. The isotherm data of the CB dye adsorption were analyzed
with several theoretical models (Langmuir, Freundlich, and monolayer model
coupled to real gaz (MMRG)). It was found that the adsorption process of the
CB dye is well described by monolayer model coupled to real gaz (MMRG)
compared to other models. The negative enthalpy (AH°) and free enthalpy
(AG®) indicate the physical and spontaneous nature of CB adsorption.
Therefore, the prepared material can serve as a potential adsorbent for removal

of CB dye from industrial effluents.

Jainet al. (2022) focuses on the feasibility of elimination of Methylene
Blue dye from the textile wastewater with the use of economical organic
biosorbents like Sugarcane Bagasse (SCB), Peanut Hull (PHB) and Orange peel
(OPB). Batch adsorption tests were performed based on pH, temperature,
contact time, initial adsorbate concentration, and dose of biosorbents as
independent variables by employing a central composite design (CCD)
approach of response surface methodology (RSM). After 90 min of contact
time, the dye adsorption equilibrium was reached. It was explained with the
help of Langmuir and Freundlich adsorption isotherms for the full concentration
ranges of 20-100 mg/l. RSM combined with CCD is used to optimize the
experiments for achieving the optimum conditions for the removal of dye. The
adsorption data are used for the kinetic modeling from the pseudo-first- and
pseudo-second-order Kinetic equations. Thermodynamic parameters such as
changes in entropy (AS), enthalpy (AH), and free energy (AG) were
investigated, also showed that the adsorption was natural and endothermic by
removing the randomness of color at the solid and liquid interface. Biosorbent
characterization was additionally performed by Fourier-transform infrared
spectroscopy (FTIR) to study the adsorption of Methylene Blue before and after

the tests. The dimensionless separation factor (R.) and expected results
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illustrated that SCB, PHB, and OCB could be used to substitute commercially
available biosorbents for aqueous solutions and eliminate Methylene Blue dye

from textile wastewater.

De Sa et al. (2022) studied a solid phase for fluorescein removal from
water. The non-pretreated solid phase did not display any sorption properties for
the chosen dye. However, interesting sorption properties were observed
following a chemical derivative treatment with nitric acid. The study was
carried out using both batch and column approaches. Regarding the batch study,
all parameters that influence sorption capacity, such, as pH, adsorbent mass,
lonic strength, temperature and contact time, were evaluated. A sorptive
capacity of 36.80 mg g ' was obtained in the optimized condition. Four different
models, Langmuir, Freundlich, Temkin and Redlich-Patterson, were employed.
The Akaike information criterion (AIC) was employed to rank the best
equilibrium model, which was determined as the Freundlich isotherm. The
method was applied to a real sample and the same removal rate was obtained,
thus indicating its suitability to wastewater treatment.

Powdered pergularia tomentosa fruit used by Belmabrouk et al. (2022),
as a locally available biomaterial, was characterized and used for the sorption of
methylene blue in batch mode. FT—IR spectroscopy revealed that the hydroxyls
(—OH) were the main groups responsible for the sorption of methylene blue.
SEM depicted a rough and heterogeneous surface with the presence of some
cavities. The thermal decompositions of pergularia fruit were observed at 233
°C and 393 °C which were ascribed to the decomposition of cellulose and non-
cellulose constituents, and to the depolymerization process. The effect of the
operational conditions such as pH, time, dye concentration, adsorbent dose,
temperature, and ionic strength on the sorption performance was carried out.
Several classical and statistical models were used to fit the experimental data.

The monolayer model with two energies was the most appropriate. This
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statistical model revealed that two functional groups of the pergularia tomentosa
fruit surface contributed to the adsorption of methylene blue. Each group is
characterized by a particular energy and a stoichiometric number. The
pergularia tomentosa fruit could be anchored by one or more dye molecules per
site. The adsorption energy is lesser than 20 kJ/mol. The results confirmed a
physio-sorption process. The maximum sorption was 152 mg/g. The ionic
strength disfavored the sorption system. The results demonstrated that
pergularia tomentosa fruit is an attractive candidate for removing cationic dyes

from contaminated water.

Various biosorbents and sorbates were studied in fixed-bed column are cited

in the following review part:

Charola et al. (2018) studied the adsorption potential of empty cotton
flower agro-residue based activated carbon (CFAC) to adsorb Reactive Orange
84 (RO84) dye from aqueous solution was studied using packed-bed adsorption
column. The breakthrough curve characteristics were highly influenced by
process variables like influent flowrate, inlet RO84 dye concentration and
CFAC bed height. The findings indicated that higher value of dye concentration
and bed height were favorable but high influent flowrates was unfavorable for
adsorptive removal of RO84 dye. The maximum adsorption capacity of column
was found to be about 720 mg of RO84 per 4.67 g of CFAC adsorbent for initial
concentration, flowrate and bed height of 200 mg I}, 15 mL min™* and 5 cm,
respectively. Thomas, Yoon—Nelson and Bed Depth Service Time (BDST)
models were applied to calculate kinetic parameters of the laboratory fixed-bed
adsorption column. Based on error analyses, Thomas model and BDST model
fitted well than Yoon—Nelson model. The study concluded that CFAC is an
effective adsorbent for adsorption of RO84 dye using fixed-bed adsorption

column. A continuous adsorption study in a continuous by Kumari and Dey,
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2019 using coco-peat (CP) as an adsorbent was carried out for the removal of
toxic malachite green (MG) from contaminated water. Continuous studies were
carried out to check field application viability. Various parameters like particle
size, pH, concentration, dose and interference were exercised to optimize dye
removal. Data obtained from breakthrough column studies were evaluated using
Thomas and BDST model. Thomas rate constants Kt (0.22 ml min™* mg™) and
adsorption capacity g, (181.04 mg g ) were estimated and found to favor
efficiency of CP. Thomas model was tested with several parameters like flow
rate, concentration, and bed depth. Upon increase in input dye concentration,
flow rate and bed height, adsorption coefficients increased. According to BDST
model, maximum dye uptake of 468.26 mg/l was obtained with an input dye
concentration of 5 mg/l. HYBRID and MPSD error functions were tested and
found that Thomas model fits best. Dilute hydrochloric acid was found best for
desorption. Real wastewater from textile industry was analyzed and confirmed
the prospect of large-scale industrial application. In conclusion, coco-peat can
be used as a promising bio-sorbent in column bed for scavenging of MG from

contaminated water.

Abed et al. (2019) focused on the recovery of two agro-food waste
available in our country with significant quantities olive pomace and date pits
for the removal of a synthetic dye which is methylene blue. Both materials were
used in their native forms separated and mixed to improve their adsorptive
capacity. A range of physico-chemical analysis was performed to characterize
adsorbents used, among them: the FTIR spectroscopy and the scanning electron
microscopy. The ability of adsorbents prepared to adsorbe methylene blue (MB)
from the aqueous solution was investigated in a continuous. The effects of
several important parameters were studied, such as initial concentration of MB,
flow rate and bed height. The corresponding breakthrough curves were

calculated.
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Thuong et al. (2019) investigated the elimination of methylene blue (MB)
and crystal violet (VL) from wastewater using a fixed-bed column of pre-treated
durian peel. Examined variables in the process are bed depths (2-6 cm), flow
rate (5-20 ml/min), and influent dye concentrations (200600 mg/l). The
highest adsorption amount of pre-treated DP was 235.80 mg/g and 527.64 mg/qg,
respectively, on a 600 mg/l of methylene blue and crystal violet achieved within
a bed height of 4 cm and a flow rate of 10 ml/min. Accordingly, the
breakthrough curves were constructed and modeled using the relevant
theoretical models under the effects of different experimental conditions. Pre-
treated durian peel was found to exhibit high adsorption capacity for cationic
dye in an initial concentration of 200-600 mg/l with complete removal being

obtained.

The agricultural biomass from the Moroccan Sahara (ABMS) was
investigated as an ecofriendly and low-cost biosorbent of textile dye by Abrouki
et al. (2021). The effect of independent variables affecting the process fixed-bed
adsorption such as inlet textile dye concentration (40, 80, and 120 mg %), flow
rate (2, 4, and 6 ml min*) and bed height (5, 10, and 15 mm), were modeled
and evaluated by response surface methodology based on the Box—Behnken
design. The kinetic models, Thomas and Yoon and Nelson model were applied
to experimental data to predict the breakthrough curves using linear regression
and to determine the characteristic parameters of the packed bed column. The
data were in good agreement for both models with R > 0.95. The maximum
Methylene blue dye removal capacity was found to be 30.15 mg g . These
findings suggested that ABMS biosorbent without any activation in the column

structure presents great potential in the removal of dyes from textile wastewater.

The adsorption of Congo red (CR), an azo dye, from aqueous solution

using free and immobilized agricultural waste biomass of Nelumbo nucifera
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(lotus) were studied separately in a continuous fixed-bed column operation by

Parimelazhagan et al. (2021)

The N. nucifera leaf powder adsorbent was immobilized in various
polymeric matrices and the maximum decolorization efficiency (83.64%) of CR
occurred using the polymeric matrix sodium silicate. The maximum efficacy
(72.87%) of CR dye desorption was obtained using the solvent methanol.
Reusability studies of free and immobilized adsorbents for the decolorization of
CR dye were carried out separately in three runs in continuous mode. The %
color removal and equilibrium dye uptake of the regenerated free and
immobilized adsorbents decreased significantly after the first cycle. The
decolorization efficiencies of CR dye adsorption were 53.66% and 43.33%);
equilibrium dye uptakes were 1.179 mg g * and 0.783 mg g " in the third run of
operation with free and immobilized adsorbent, respectively. The column
experimental data fit very well to the Thomas and Yoon—Nelson models for the
free and immobilized adsorbent with coefficients of correlation R? > 0.976 in
various runs. The study concludes that free and immobilized N. nucifera can be
efficiently used for the removal of CR from synthetic and industrial wastewater
in a continuous flow mode. It makes a substantial contribution to the
development of new biomass materials for monitoring and remediation of toxic

dye-contaminated water resources.

De Sa et al. (2021) studied the influence of particle size, flow rate and
initial concentration of the dye in the fixed column bed and evaluated through
breakthrough curves and a sorptive capacity of 4.35 mg g was obtained.
Thermodynamic studies revealed that the adsorption is exothermic and
spontaneous. Four different models, Langmuir, Freundlich, Temkin and
Redlich-Patterson, were employed. The Akaike information criterion (AIC) was
employed to rank the best equilibrium model, which was determined as the

Freundlich isotherm. The method was applied to a real sample and the same
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removal rate was obtained, thus indicating its suitability to wastewater

treatment.

Ghosh et al. (2022) studied the implement the continuous method to
eliminate methylene blue (MB) by H3;PO, treated eucalyptus leaves.
Characterization were used in study are SEM, FTIR, solid-state NMR, and
BET surface areas. Initially, the batch experiments revealed that the maximum
percentage removal of MB is obtained at pH 8. The column experiments are
performed at pH 8 and 25 °C with a varying bed height (5-9 cm), rate of flow
(1020 ml min?), and MB concentration (10-50 mg I™). The column
experimentation shows that the breakthrough and exhaustion times rise with the
bed's height but decrease with the increasing rate of flow and MB concentration.
Different well-known kinetic models are tested with the experimental results,
which display that the Thomas model (R?= 0.9969, x* = 0.0005) fits better than
others, so it is appropriate for the scale-up design. The Langmuir isotherm
model (R* = 0.9949) is superior to the Freundlich model (R* = 0.9516). The
Langmuir maximum adsorption capacity is 52.18 mg g, which suggests
monolayer adsorption. Desorption of MB from used adsorbents with CH;COOH
solution (0.4 N) suggests 55.10% regeneration efficiency. The used adsorbents
are safely disposable after incineration at 800 °C. This innovative study
suggests that the inexpensive H3PO, treated eucalyptus leaves feasible to use
effectively for MB removal from the wastewater. The modeling using multiple
linear regressions shows a statistically good result. The applicability of GA-

ANN modeling is also tested.
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3.1 Introduction

This chapter describes the preparation and characterization of the biosorbent,
LLSP. In a series of laboratory batch and continuous flow studies, the efficiency
of LLSP in removing of Janus Green B dye (JGBD) and Crystal Violet dye
(CVD) from colored industrial effluent was examined. Batch experiments for
each dye at room temperature are based on study of the impacts of dye solution
pH, contact time, biosorbent dosage, and initial dye concentration. Continuous
flow tests have been conducted for each dye to determine the effect of dye
solution flow rate, biosorbent bed depth, and initial dye concentration on dye

removal efficiency.

3.2 Materials and methods
3.2.1 Adsorbate

3.2.1.1 Janus Green B dye

Janus Green B dye (JGBD), a basic dye and important stain in Several
disciplines, including antimalarial agents, tissue culture monolayers, nucleic
acids, staining chromosomes, yeast cells, and mitochondria, (Medjdoubi, et
al., 2019). In this work, this dye was supplied from Iraqi markets.

The physical and chemical properties are listed in Table (3.1). Using a
Shimadzu UV-VIS Spectrophotometer - 6800, the maximum wavelength was
measured as Amax OF 611nm. Figure (3.1) shows the JGBD structural formula.
By dissolving an adequate amount of dye powder in distilled water, a stock
solution of dye with a concentration of 10° mg/I was prepared. To create
different concentration of each dye solutions, the dilution method was

utilized. The pH of each dye solutions was changed as needed using 0.1 M

54



Chapter Three Materials and Methods

HCI or NaOH.
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Fig. (3.1): JGBD structural formula (Bagher et al., 2010).

Table (3.1): Physiochemical characteristics of Janus Green B dye
(Medjdoubi, et al., 2019).

Parameter Value

3-(Diethylamino)-7 [{4-dimethylamino) phenyl} azo ] -5-

Chemical name Phenylphenazinium Chloride

Synonym (s) Diazin Green 5, Union Green B
Chemical formula C3oH31CINg

Molecular weight 511.07 g/mole

Absorption maxima (Amax.) 611 nm

Nature Cationic dye

3.2.1.2 Crystal Violet dye

A water-soluble, poisonous, recalcitrant organic, and cationic dye known
as Crystal Violet dye (CVD) is responsible for serious health issues as well as
environmental degradation. It is widely used in commercial textile operations,

biological staining, and as a dermatological agent despite being known to be
carcinogenic and mutagenic (Sarma, 2016). Figure (3.2) shows the CVD

structural formula. The maximum wavelength was measured as A max 0f 591 nm
and chemical formula is C,sH3N3sCl. Some of their physical and chemical
properties are shown in Table (3.2). In distilled water, an amount of dye powder

was dissolved, yielding a solution with a concentration of 10° mg/l. To get
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varying dye concentrations, the dilution technique was applied. 0.1 M HCI and

NaOH were used to adjust the pH of the dye solutions as needed.

H,C . ;I,CH3
) o
=%
H,C | CH,
SN N
I |
CH, CH,

Fig. (3.2): chemical structure of the CVD (Safarik et al., 2016).

Table (3.2): The physical and chemical characteristics of
CVD(Sarma, 2016).

Parameter Value

4-{Bis[4-(dimethylamino)phenyl]methylidene}-N,N-

Chemical name (IUPAC name) dimethylcyclohexa-2,5-dien-1-iminium chloride

Gentian violet; Basic violet 3; Pyoktanin blue; s no 785;Violet

Synonym(s) 7b; Brilliant violet; Calcozine violet 6bn; Gram stain no 1;
Gram stain.

C.1.No. 42555

Chemical formula Ca5H30N3Cl

Molecular weight 407.98 g/mole

Absorption maxima (Amax.) 590 nm

Nature Cationic dye
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3.2.2 Biosorbent preparation

Leucaena leucocephala was selected as the biosorbent since it may be
found locally in many locations around Iraq. The pods of the plant were
collected and opened to get rid of the seeds and washed well in distilled water.
They were then oven-dried for three days at 70 'C (Cima - Mukul et al., 2020).
Using a pestle and mortar, the pods were broken up into tiny pieces. Then, it
was ground using a mechanical grinder. The created particle was sieved to get
the appropriate particle size of 0.150 mm. In order to employ the generated
biosorbent in the tests, it was stored in airtight containers. Leucaena

leucocephala seeds pods powder sample, also known as LLSP, was collected.

The stages of preparing of LLSP are shown in Figure (3.3 a, b, c).

(@) (b) ()
Fig. (3.3): (@) Leucaena leucocephala, éb) Leucaena leucocephala speed pods (c)
prepeared adsorpent.
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3.3 Characterization techniques of LLSP

3.3.1 Characterization of particular surface of LLSP

Based on the idea of adsorption - desorption isotherms observed of N,
above the relative pressure (p/p°) range from 0.01 to 0.991, the parameters of
LLSP texture, including BET surface a and pore size distribution, were
discovered utilizing a Micrometrics instrument firm, USA, ASAP2020. The
BET method (Brunauer, Emmet, Teller) was used to compute the specific
surface area, and the BJH techniques (Barrett, Joyner, Halenda) were utilized to

define the pore diameter, size distribution of pore and total pore volume.

3.3.2 FTIR spectra

The surface functional groups on the LLSP sample were measured before
and after the sorption of JGBD, using Fourier Transform Infrared (FTIR)
spectroscopy (SHIMADZU, IRPRESTIGE 21, Japan) in the 4000-400 cm™
range with KBr tablets type electron microscopy (SEM; TESCAN, Mira3,
France).

These measurements were based on the surface morphology, crystalline
structure, and direction of the LLSP sample. Thus, FTIR spectroscopy is a
useful tool for identifying the distinctive functional groups that may bind dye
jons. LLSP was subjected to FTIR spectroscopy before and after JGBD and
CVD sorption in order to identify the locations of these active sites and how

those locations changed as a result of JGBD and CVD biosorption.
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3.3.3 Scanning electron microscopy (SEM)

Along with energy dispersive spectroscopy (EDS). SEM with various
magnifications is used to test the surface texture, morphological, and to explain
surface biosorbent before and after the sorption of JGBD and CVD using a

high-resolution scanning electron microscope (SEM; TESCAN, Mira3, France).

3.3.4 Atomic force microscope (AFM)

The CSPM with AFM test (SPM AA300 Angstrom Advanced Inc., USA
with AFM contact mode) was carried out to characterize and analyze the

topography of LLSP surface before and after JGBD and CVD biosorption.
3.4 Experimental methods

In this study, the experimental procedure, batch and continuous
experiments were used in this study. The continuous system of the sorption

technique was carried out using fixed-bed columns.

3.4.1 Batch study

Conical flasks with a capacity of 250 ml were full with 100 ml of a dye
solution with a predetermined concentration in order to create the right
conditions for LLSP to remove JGBD and CVD. Each flask received a mass of
LLSP, which was then added before the flasks were continuously stirred at an
accelerating speed using an orbital shaker to provide LLSP enough time to
reach equilibrium at room temperature (25+2 °C). Finally, the samples were
taken out and filtered. Using a double beam UV-VIS spectrophotometer
(UV/VIS-6800 JENWAY) with a maximum wavelength, for each dye to find
the remaining concentrate of JGBD and CVD. The maximum wavelength of
JGBD was determined to be 611 nm, whereas for CVD was 591 nm. An

established calibration curve was used to determine the remaining dye
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concentration throughout experimental procedure. Table (3.2) provide a list of

the major various factors studied in batch investigations.

Table (3.3): The main different parameters used in batch experiments for JGBD

and CVD.
Factor Range Purpose
pH solution 3-11 To identify the best pH
Determining the optimal
Contact time, min 5-90 contact time for the
removal of each dye
Dose, g/ 100 ml dye 0.05-08 To determine the optimum
solution ' ' bisorbent quantity
Initial dye concentration, 10 - 100 For isotherm analysis and
mg/I 30, 75, 150, 200 study of kinetics.

The following equations were used to determine the removal efficiency

and sorption capacity:

R% = <=°¢ x 100 e e e (B

d _ (co-ce)v DR ¢ )
e= 0

Where:

R % = Percentage removal

C, = Initial concentration of dye (mg/l)

C. = Concentration of dye at equilibrium time (mg/l)
V= Volume of dye solution (I)

g = Sorption capacity at equilibirum time (mg/qg)

m = Sorbent mass (Q).
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3.4.1.1 Point zero charge ( pHp. ) of LLSP determination

An important characteristic that helps to determine which ionic species
may be biosorbed utilizing LLSP at desired pH value at which the LLSP surface
charge is neutral and named the pH,,c, which is the pH value where the ending
and beginning pH are equal. The earlier method is used to calculate the pH,,. of
LLSP (Mohseni et al., 2016). This approach has been explained as follows: 50
ml of 0.1 M NaCl with varied starting pH values (2-10) and ambient
temperature (252 °C) were added to 0.5 g of LLSP. The suspensions were
stirred for 24 hours before being emptied, then, the point of pH of each residual
solution was measured. The point of intersection between the curve and zero
that was created by plotting the initial pH against the ApH value yielded the
value of pHp,. for the LLSP.

3.4.2 Experimental and procedure setup for continous biosorption

Continuous experiments were conducted to study very important properties
that are required to determine the dynamic and operational response of the
sorption column. The time and shape of the appearance of the breakthrough
curves were studied and determined in response to different operating

parameters, where by the breakthrough curves were created by drawing C/C,.

The Pyrex glass tube long is 750 mm that makes up the continuous system
has an inner diameter of 20 mm. To make sure even distribution of the dye
throughout the surface area, a layer of glass wool and glass beads measuring 5
mm in size was positioned close to the entry to the column. Glass wool was also
added at the lowest of the column to prevent the a leak of the LLSP from the
column and its loss. The system contains many parts that were drawn
graphically and photographically as shown in Figure (3.2) and (3.3),
respectively. A certain amount of LLSP was added to the fixed base column

with different heights, which are 10 cm, 15 cm and 25 cm. Using a peristaltic

61



Chapter Three

Materials and Methods

pump (model ISMATEC, IDEX, Corporation, Germany) the JGBD and CVD
solutions were pushed down the column at a different flow rate of 8, 16, 25
ml/min.. Before starting the experiment, the LLSP is washed to remove the air
between the particles of the substance and also to get rid of the original color of
the substance. Experiments were carried out at room temperature (25+2 °C).
Samples were drawn every 15 minutes in all experiments until the sorption

capacity of both dyes reached equilibrium and saturation. Table (3.4) lists the

variables that were considered in achieving sorption of LLSP in continuous

Table (3.4): The main factors used in continuous experiments.

Factor Range Purpose

. To assess the impact of

JGBD and CVD solution 8 16. 25 various dye solution flow
flow rate, mi/min de rates on breakthrough

curves

To investigate the effects

. of various biosorbent
LLSP bed height, cm 10, 15, 25 bed heights on

breakthrough curves

Initial dye concentration of To Investigate the impact
of various initial dye
each dye, mg/I 25, 50, 75 y

concentrations on
breakthrough curves
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Stand

Peristaltic pump Teflon tube

Inlet of the colomn

CVD solution Feed JGBD solution
Feed CVD solution —
/~ I.D. 20 mm
JGBD solution —/
750 mm
Glass wood S| ( )
Glass beads —— | I i
Biosorbent (LLSP) —
\h
Glass wood Valve
— Treated effluent JGBD
Treated effluent CVD

Fig. (3.4): The diagram of the fixed-bed column construction utilized in the
investigation of dynamic sorption of JGBD and CVD.

Fig. (3.5): A fixed-bed column construction is set up in a lab for LLSP sorption
tests.
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Results and Discussion

4.1 Introduction

The efficiency of LLSP as sorbent for removing JGBD and CVD from
agueous solutions was tested using sorption technique in the batch and
continuous test. The objective of the properties analysis is to show the
importance of sorption properties such as surface area, topography, and active
sites change before and after JGBD and CVD removal. Batch and continous
systems are used to investigate LLSP sorption ability for JGBD and CVD
removal. In batch test at room temperature (25 + 2-C), the influence of dye
solution pH, contact time, LLSP dosage, and dye concentration on sorption
capacity is examined. To understand the sorption isotherm of each dye and the
nature of LLSP interaction, the equilibrim data were modeled using Langmuir
and Freundlich isotherm models. To determine sorption kinetics and mechanism,
batch experimental data was analyzed using pseudo first order, pseudo second
order, intraparticle diffusion and Elovich models. The information is analyzed in
a continuous flow system to examine the influence of operational factors on

breakthrough curves.
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4.2 Characterization of natural LLSP
4.2.1 Characterization of particular surface of LLSP

Table (4.1) shows the values of physicochemical parameters of natural LLSP
biosorbent. The Brunauer-Emmett-Teller (BET) technique was used to find the
Sget Of sorbent, which was based on the linear component of the N, adsorption-
desorption isotherm.

Table (4.1): Physiochemical LLSP properties.

Property Value
Moisture-content % 0.4
Bulk-density (g/ml) 0.342
Point-zero-charge (pHpzc) 4.2

In comparison to other absorbent, the LLSP sample has a significantly high
percentage of carbon concentration. As a result, It may be found that the sample
is dominated by carbon, indicating that it is carbonaceous and appropriate for
sorption. The existence of a modest number of contaminants was suggested by

the extremely low level of S. Table (4.2) lists the rest of LLSP elemental

analysis.
Table (4.2): Elemental-analysis (%W/W) of LLSP.
Biosorbent C O N H S Mg Si
LLSP 62.54 | 22.34 | 4.13 6.24 0.34 2.25 2.16
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4.2.2 Characterization of porous properties

Figure (4.1) shows the isotherm of N, adsorption and desorption isotherms
measured on LLSP which was used to get its characteristic structures when the
hysteresis loops are related with the capillary condensation in mesopores. The
expanding final parts of the isotherms display the formation of macropores in
the pore structures of the considered sample. Table (4.3) summarizes the
structural parameters of LLSP. The calculated micropore volume Vo Of the
investigated sample shown that the participation of small pores to the total
volume of pore is not important.

From Figure (4.1), it can be seen that a large uptake is observed near
saturation pressure. As stated in the definition by the International-Union of
Pure and Applied Chemistry (IUPAC), it can be noticed that LLSP sample is
mesoporous adsorbent pores with an average diameter in a range of 2-50 nm
(Kuila and Prasad, 2013). The biosorbent pore diameter (Dp) of LLSP was
4.364 nm.

Table (4.3): Parameters of LLSP structure.

Characteristic Value
Specific surface area (Sger)[m” g7'] 36.57
External surface area of pores (S;) [m°g™] 27.13
Total pore volume(V,) [cm® g*] 0.16496
Volume of micropores 0.004
(Vmicro) [Cm3 g_l]%
VVolume of mesopores + macropores 0.16096
(Vimeso + Vimac ) [cm® g7]%
BJH Adsorption cumulative volume of 0.312

pores between 1.7000nm and 300.000nm
width (cm® g%
BJH Adsorption cumulative surface area 24.286
of pores between 1.7000nm and
300.000nm width (cm® g*)

BJH Adsorption average pore 4.364
diameter(nm) — D,
BJH Adsorption average pore width (nm) 5.219
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Fig. (4.1): Isotherm linear plot of LLSP.

4.2.3 FTIR analysis

In order to evaluate the mechanism of the sorption of JGBD and CVD also
identify the functional groups current on the superficial of LLSP, which are able
to biosorb dyes ions, the FTIR analysis was performed. The analysis of LLSP
before and after sorption of each dye are shown in Figure (4.2a, b, ¢ ) and Table
(4.4 and 4.5). The biosorbent material was lignocellulosic. It shows the
characteristic broad and strong peaks at 3851.20 cm™ and 3401.23 cm™ which
are ascribed to the presence of carboxylic acids group (-COOH), which
overlapped with O-H stretching vibration of the hydrogen-bonded hydroxyl
groups in the cellulose molecule and —NH groups (Kong et al., 2013). The band
of 2922.77 cm™ was corresponded to C-H asymmetric stretching vibrations in

aromatic methoxyl groups, in the methyl and methylene groups of the side
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chains (Alvarez et al., 2014; Kostic et al., 2014). The bands at 2356.51 cm™ and
2326.94 cm are assigned to the C=C stretching vibrations in alkyne group.

The peak observed at 2028.96 cm™ was assigned to the C=O stretching
vibrations. At 1732.86 cm™ appears C=0 stretching vibrations of carboxylic
groups (-COOH, COOCHpg) which can be ascribed to esters or carboxylic acids
(Li et al., 2007; Patil and Shrivastava, 2012). The peaks at 1652.11 cm™ and
1557.78 cm™ are attributed to the stretching of C=0 or C=C of aromatic bond
and —COOQO" groups (Hanafilah et al., 2015; Mansur et al., 2020).

The peak experiential at 1538.54 cm™ is assigned to the (N-H) bending of
secondary amines (Hanafiah et al., 2015). The bands at 1505.26 cm™, 1489.31
cm™ and 1463.69 cm™ can be attributed to the presence of olefin v(C=C)
vibrations. Whereas that shown at 1436.21 cm™ and 1423.41 cm™ are assigned

to presence of the O-H bending (lactonic, ether, phenol, etc.).

The peaks at 1403.78, 1319.42 and 1292.07 cm™ were associated with the C-
H, rocking vibration were these peaks are referred to cellulose form of the
carbohydrate (llyas et al., 2017). The stretching vibrations of the C-O (ether)
group around 1090.29-1196.90 cm™ among others. Whereas that shown at
1046.34 cm™ is assigned to the stretching vibrations of the C-OH bond (Cima-
Mukul et al., 2019). The appearance of bands at 667.96, 603.09, 588.01 and
568.35 cm™ are attributed to presence of the phosphate and sulfur functional

groups (Munagapat et al., 2010).

After the dyes-loaded LLSP, most absorption peaks are shifted, others are
absent, and new peaks are appeared. These changes may be attributed to change
In counter associated with groups suggesting that the each dye removal is

controlled by hydroxyl, carboxyl and carbonyl and other active groups.
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The JGBD and CVD sorption onto LLSP may be attributed to (i) chemical
interaction between JGBD molecules and surface functional groups (ii)
electrostatic interaction between the electron-rich sites on the biosorbent surface
and dye molecules, and (iii) weak physical forces, hydrogen bonding and van
der Waals interactions between the biosorbent and dye molecules. Therefore,
the sorption of each dye onto LLSP surface occurs by the interaction between
negatively groups of biosorbent and the positively charged of the each dye
molecule. This means that a complicated pattern of both physical and chemical

sorption are involved in two dyes biosorption.
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Fig.(4.2): FTIR test for: (a) LLSP (b) JGBD loaded LLSP
(C) CVD loaded LLSP, initial dye concentration = 50 mg/I, at pH 9, 250 rpm
using LLSP for 30 min. (b) for CVD using initial dye concentration = 50 mg/I,
at pH 9, 250 for 45 min.
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Table (4.4): FTIR analysis for LLSP before and after JGBD sorption.

Functional group

Wavenumber (cm™)

Differences
LLSP JGBD-loaded
LLSP
Carboxylic acids group (-COOH), which 3851.19 3808 -43.19
overlapped with O-H stretching vibration of
the hydrogen-bonded hydroxyl groups in the 3790.25
cellulose molecule and —NH groups 3727.75
3401.23 3426.25 25.02
C-H asymmetric stretching vibrations in aromatic
methoxyl groups, in the methyl and methylene | 2922.77 2936 13.23
groups of the side chains
2356.51 2331 -25.51
C=C stretching vibrations in alkyne group
2326.94
2070
o ) 2028.96 2022.5 6.46-
C=0 stretching vibrations of carboxylic groups (-
COOH, COOCHp3) which can be ascribed to esters | 1958.87 1963 4.13
or carboxylic acids
1908.25 | ------
1732.86
Stretching of C=0 or C=C of aromatic bond and — 1652.11 1658.75 6.64
COO- groups 1557.78 1561 3.22
N-H bending of secondary amines 1538.54
Olefin v(C=C) vibrations 1505.26
1489.31
1463.69
O-H bending (lactonic, ether, phenol, etc.) 1436.21 1445.75 9.54
1423.41 1420.25 -3.16

71




Chapter Four Results and Discussion

1403.78
C-H; rocking vibration 1319.42

1292.07 1288.75 -3.32

1196.90
The stretching vibrations of the C-O (ether) group

1090.29
Stretching vibrations of the C-OH bond side 1046.34 1050 3.66
groups

667.96

603.09 617.25 14.16
Phosphate and sulfur functional groups

588.01 586.25 -1.76

568.35
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Table (4.5): FTIR analysis for LLSP before and after CVD sorption.

Wavenumber (cm™) Differences
Functional group LLSP CVD-loaded LLSP
Carboxylic acids group (-COOH), which | 3851.19 3899.71 48.52
overlapped with O-H stretching vibration 3852.20
of the hydrogen-bonded hydroxyl groups 3815.09
in the cellulose molecule and —NH 3800.40
groups 3743.57
3734.76
3687.27
3674.31
3647.42
3627.89
3401.23 3420.24 19.01
C-H asymmetric stretching vibrations in
aromatic methoxyl groups, in the methyl and | 599 77 2928 27 55
methylene groups of the side chains
2356.51
2326.94
C=C stretching vibrations in alkyne group 2028.96 2024.94 402
1958.87 1955.87 -3
1732.86
Stretching of C=0 or C=C of aromatic bond | 1652.11 1656.88 4.77
and —COO- groups 1557.78
N-H bending of secondary amines 1538.54 1511.42 2712
Olefin v(C=C) vibrations 1505.26
1489.31
1463.69
O-H bending (lactonic, ether, phenol, etc.) 1436.21
1423.41
S 1403.78 1410.98 7.2
C-H; rocking vibration 1319.42
1292.07
The stretching vibrations of the C-O (ether) | 1196.90 1198.58 1.68
group 1090.29 1094.94 4.65
1046.34 1048.39 2.05

Stretching vibrations of the C-OH bond side_|




Chapter Four

Results and Discussion

groups

Phosphate and sulfur functional groups

667.96

603.09 606.62 3.53
588.01 584.02 -3.99
568.35 569.58 1.23

4.2.4 Scanning electron microscopy (SEM) of LLSP

SEM images at various magnifications for LLSP before sorption process

are shown in Figure (4.3a), but Figure (4.3b, c) shows the sorption state of

JGBD and CVD, respectively, to investigate the surface morphology and form
of the biosorbent surface. The produced LLSP has an indeterminate structure

with holes of various sizes on its rough surface, as shown in Figure (4.3 a),

which favors the sorption of both dyes. However, dye sorption caused some

major alterations in sorbent structure Figure(4.3 b, c). Furthermore, the bserved

pores on the surface of new LLSP are plugged, resulting in a buildup of

occupied sorbent particles, a flat surface with white spots that shine. This

statement is in agreement with Mohammed and Samaka; 2018 and Yusuff;

2019.
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Fig. (4.3): The SEM micrograph pictures of LLSP were taken at various magnifications:
(a) before the sorption procedure (b) when JGBD sorption
(c) when CVD sorption.
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4.2.5 Scanning probe microscope (SPM)

For identifying and investigation of topography of LLSP surface before and
after the sorption process for each dye, the technique of SPM is used. Figure
(4.4a) shows the LLSP before sorption process, while Figure (4.4b, c¢) shows the
sorption of JGBD and CVD, respectively. Through Figure (4.4a), it is clear that
LLSP has an irregular and distorted surface and the pores are rough and not
homogeneous, suggesting the possibility of high sorption of the positive dye
molcules.

After sorption of each dye, the LLSP surface has less roughness and surface
area, and this is due to the difference in the number and shape of the dots
according to the amount of JGBD or CVD dye ions deposited on the surface of
the LLSP, which leads to a reduction in the surface roughness and porous
structures (Jawad et al., 2018; Badr and Samaka, 2021). Table (4.6) lists the

most findings of this test.

Table(4.6): LLSP characteristics before and after sorption of JGBD and CVD
by SPM technique.

Character Before After loaded with | After loaded with
biosorption JGBD CVvD
Sa (roughness average) (nm) 11.78 3.477 4.399
Ssk (surface skewness) 1.336 2.735 1.888
Sz Ten point height (nm) 117 63.04 39.94
Sdr (surface area ratio) 99.29 16.91 26.53
Sk (core roughness depth) (nm) 26.13 9.614 9.861

78



Chapter Four Results and Discussion

10.0 nm 100 nm
100nm L
0.0 nm 90
9.0
8.0
8.0
100 nm 2 70
00m 60 £ %
3
50 3 50
o
40 = 40
30 30
20
20
10
10
00
x: 0.39 um 00
47.0 nm
:;g & - 47nm 450
0 nm
%0 40.0
47mm 350 350
00 300
0nm
50 £ 250
oA
° 200
200 B
50 -150
100 14
50 50
T T
0.0
00 x: 0.39 um

79



Chapter Four Results and Discussion

- 10.0nm 104w

L 0.0 nm —00
-8.0
7.0
6.0

50

y: 0.39 pm

4.0

30

Fig.(4.4): Scanning probe microscope for LLSP: (a) before dyes sorption (b)
after JGBD sorption (c) after CVD sorption, initial dye concentration = 50
mg/l, at pH 9, 250 rpm using LLSP for 30 min. (b) for CVD using initial dye
concentration = 50 mg/l, at pH 9, 250 for 45 min.
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4.3  The effects of experimental factors
4.3.1 Effect of solution pH

The pH of the dye solution is the most important parameter determining
the adsorption process when compared to all other elements. The removal
efficiency of LLSP as a function of JGBD and CVD solution pH is shown in
Figure (4.5). The dye removal rises with increasing solution pH and reaches a
maximum value at pH=9 for both dyes (98.75 % for JGBD and 97.25% for
CVD), and the dye solution of pH was set in the following studies, but the fact
that the water is mostly neutral at 7 pH, and since the change in the removal
efficiency ratio is small, it can be considered that the neutral medium is
preferred, to prevent the addition of any chemical compounds in the water to

raise the pH value, because these compounds will affect the water quality.

This is due to the LLSP surface has more negatively charged sites, which
promotes electrostatic interaction between the LLSP and the positively charged
dye. Protons are present on the LLSP surface examined, causing electrostatic
repulsion between the adsorbed H* and the cationic JGBD or CVD, which
accounts for the limited removal at low pH. These findings are agreement with
what has been found in the literature (Phuong et al., 2019; Sebeia et al., 2020).
Figure (4.6) demonstrates that the point of zero charge of LLSP is 4.2,
indicating that the LLSP surface is positively charged at pH lower than pHpe.
When pH exceeds pH,z, the LLSP surface becomes negatively charged, which
aids cationic JGBD or CVD sorption (Franca et al., 2009).
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Fig. (4.5): Effect of the pH of the original dye solution on the effectiveness of JGBD and
CVD removal from LLSP (LLSP dose = 0.08 gm for JGBD and 0.3 gm for CVD, initial dye
concentration for each dye= 50 mg/l, and 250 rpm for 60 min.

Because the superficial area of LLSP is positive charge at pH < pH,,. for

two dyes, excess H* on the biosorbent surface repels cationic JGBD or CVD,

resulting in poor dye sorption. The negatively charged surface of LLSP works

as a cation attractor when the pH of the solution exceeds pHpzc (pH > 4.2) for

JGBD and CVD, generating high attraction between the biosorbent surface and

the cationic JGBD or CVD, resulting in rapid dye sorption (Belhouchat et al.,

2017).

A pH

pHi

Fig. (4.6): Identification of point zero charge (pH p,c) of LLSP.
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4.3.2 The influence of contact time

The contact time factor, which is critical in the sorption process, used to
determine the sorption equilibrium. Figure (4.7a) explains JGBD sorption was
fast for the first 5 minutes and Figure (4.7b) shows sorption was fast for the
period 5 minutes for CVD, because there are more potential sorption sites for
JGBD or CVD molecules in the early phases of sorption, the adsorption rate for

JGBD or CVD molecules is very high.

The sorption capacity at equilibrium was 61.3 mg/g and 16.1 mg/g for
JGBD and CVD, respectively for C,=50 mg/l, and the sorption rate gradually
decreased and reached equilibrium in around 30 min for JGBD and 45 min for
CVD. The period of 30 min. was designed in the next studies for JGBD and
45min. for CVD, when there was no significant increase uptake after this time.
As a result, the JGBD or CVD aggregate at the LLSP surface, these sites

gradually fill up, and sorption slows.
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Fig. (4.7): Effect of contact time on sorption capacity (mg/g) of LLSP: (a)
JGBD, (dose of LLSP =0.08 gm, initial JGBD concentration = 50 mg/I,
pH =9, 250 rpm for 30 min.). (b) CVD, (dose of LLSP = 0.3 gm, pH =9, 250

rpm for 45 min,
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4.3.3 The biosorbent dose influence

The dose of biosorbent is an important parameter in the sorption process,
as is determining the system adsorbent-adsorbate equilibrium (Deveci, 2013).
To evaluate the effect of LLSP dosage on JGBD or CVD sorbed quantity and
removal percentage, the amount of LLSP was changed between 0.05 and 0.8
g9/100 ml of dye solution while keeping all other variables constant. Figure
(4.8a, b) shows the effect of LLSP dosage on elimination percentage on JGBD
and CVD, respectively. It is clear that as the LLSP dosage was increased, the
removal efficiency of each dye increased and remained around 98% and 97%
for JGBD and CVD, respectively at dose of LLSP of 0.08 g for JGBD and 0.3 ¢
for CVD , but the dye amount biosorbed did not perform similarly to the
sorption percentage, when the dye amount biosorbed decreased from 93.5 to
6.15 mg/g and 91.67 to 5.9 mg/g for JGBD and CVD, respectively.

As a result, 0.08 gm of LLSP was selected as the optimal dose for JGBD
and 0.3 gm of LLSP for CVD. With an increase in the LLSP dosage in the range
of 0.05-0.8 g/100 ml, the sorption capacity of JGBD or CVD dropped while the
sorption percentage increased. Previous research revealed a similar pattern
(Dawood et al., 2016; Yang et al., 2016). When the LLSP dosage is increased,
the number of accessible sorption sites rises, resulting in an increase in JGBD
and CVD elimination efficiency. However, increasing the LLSP dose can lead
to particle interactions and sorption site aggregation (Chen et al., 2015), which
could lead to a decrease in total LLSP surface area available to the JGBD or
CVD and an increase in diffusion path length (Dotto et al., 2015).
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4.3.4 Effect of initial JGBD and CVD concentration

The effects of initial JGBD and CVVD concentration, fluctuating from 10 to
100 mg/l, were studied and are shown in Figure (4.9a, b) , respectively. The
quantity of each dye sorbed increases from 12.40 to 119.71 mg per gram of
LLSP and from 3.33 to 31.8 mg per gram of LLSP for JGBD and CVD,
respectively, when the dye concentration is increased. This finding is explained
by the fact that the contact between JGBD or CVD and LLSP rises when the
concentration gradient between the aqueous solution and the solid phase
increases (El maguana et al., 2018; Haddad et al., 2014). When JGBD or CVD
concentration was raised from 10 - 100 mg/l, the quantity of LLSP remained
constant, the dye removal efficiency was lowered, because the sorption sites
available in LLSP got saturated more quickly, leaving no more sites to biosorp
JGBD or CVD onto LLPS, lowering the removal efficiency (Geetha et al.
2015).
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4.4  Modeling and equilibrium sorption isotherms

Table (4.7) and Table (4.8) summarize the computed sorption isotherm
constants and validation indices for two models of JGBD and CVD sorption
onto LLSP. By comparing the R? and S.E. values, the validity of the isotherm
model was established. As a result, the R? of the Langmuir model was closer to
unity than the Freundlich model, and it accurately characterized the sorption
iIsotherm with qn, of 142.85 mg/g for JGBD and 45.45mg/g for CVD. The
values of R_ were ranged between O and 1, showing that JGBD and CVD
sorption was respectable. The Freundlich constant may be used to evaluate the
favorability of JGBD and CVD sorption using LLSP, since it has been
discovered that n = 1.78 for JGBD, n = 2.94 for CVD suggesting advantageous

sorption as n sits between 1 and 10 (Aljeboree et al., 2017).

As shown in Table (4.9) and Table (4.10), the sorption capacity of LLSP
into JGBD and CVD were compared to that of other adsorbents, and they were
discovered that the value of maximum capacity (gm) of LLSP is greater,
indicating that LLSP may be used as a sorbent to sequestrate JGBD and CVD
from aqueous solutions. Figure (4.10 a, b) and (4.11 a, b) show linearized
Langmuir and Freundlich isotherm model for sorption of JGBD and CVD,

respectively using LLSP,

The sorption isotherms obtained by Langmuir isotherm and Freundlich
iIsotherm models along with experimental data of JGBD and CVD are shown in
Figure (4.12). It can be shown that the sorption capacity increased with an
increase in the equilibrium concentration and it is shown that experimental data
of sorption for JGBD & CVD onto sorbents could be well fitted by the
iIsotherms. Clearly, the Langmuir equation provided better simulating in terms

of and S.E. values from the Freundlich equation.
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Table (4.7): Coefficients of sorption isotherm for JGBD using of LLSP.

Langmuir Freundlich

(95% Confidence level) (95% Confidence level)
am (Mg/g) 142.85 | Ke (mg/g)(I/mg)™" 66.86
b (I/mg) 1.14 1/n 0.56
RMSE 5.68 mg/g | RMSE 130.53mg/g
MAE 2.18 mg/g MAE 8.21 mg/g
R 0.9996 R 0.9584
S.E. 0.000207 S.E. 0.04522
R (0.1716 - 0.9178)
Equation  ge=162.85 C./ (1+1.14C.) | Equation Qe = 66.86 C*°

Table (4.8): Coefficients of sorption isotherm for CVD using of LLSP.

Langmuir Freundlich

(95% Confidence level) (95% Confidence level)
am (Mg/g) 45.45 K (mg/g)(I/mg)™™ 16.83
b (I/mg) 0.35 1/n 0.34
RMSE 1.18 mg/g RMSE 7.08 mg/g
MAE 0.94 mg/g MAE 2.15 mg/g
R 0.9906 R 0.9581
S.E. 0.00309 S.E. 0.06792
R (0.4240 - 0.9982)
Equation  Qe= 15.9 Co / (1+0.35C.) Equation Qe = 16.83 C¢>%
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Fig. (4.10): (a) Linearized Langmuir isotherm model for sorption of JGBD
using LLSP. (b) Linearized Freundlich isotherm model for sorption of JGBD
using LLSP.
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Fig. (4.11): (a), Linearized Langmuir isotherm model for sorption of CVD
using LLSP. (b) Linearized Fruendlich isotherm model for sorption of CVD
using LLSP.
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Table (4.9): Assessment of the Langmuir uptake (qm, mg.g™) for JGBD using
LLSP with those of other adsorbents.

Adsorbent am(mg g7 Reference
Farhood et al., 2021
Walnut Kernel Shell 6.3051
51.00
Tendu leaf waste Nagda and Ghole, 2011
Oil palm frond 67 mg/g Chew and Husni, 2019
Leucaena Leucocephala Seed Pods 142.85 The present study

Table (4.10): Assessment of the Langmuir uptake (qm, mg.g™) for CVD using
LLSP with those of other adsorbents.

Adsorbent Om (Mg g™ Reference
Almond shell-based 12.2 Loulidi et al., 2020
Palm Kernel Shell-Derived Biochar 24.45 Kyi et al., 2020
Terminalia arjuna sawdust waste 45.99 Shakoorzgrig Nasar,
Leucaena Leucocephala Seed Pods 45.45 The present study
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4.5 Kinetics of sorption study

45.1 Pseudo-first-order model

The pseudo first order kinetic model respected to varied concentrations of
JGBD and CVD dye is shown in Figure (4.14). The experimental and
anticipated ge, as well as the observed rate constants and corresponding
correlation coefficient values, are shown in Table (4.11) for JGBD and Table
(4.12) for CVD. There is a function of the process conditions called K, reduces
as the dye concentration increases (Hu, et al., 2021; Fu et al., 2021; Singh, et al.,
2021). The diffusion rate decreases due to the resistance of the boundary layers
to LLSP, which increases with decreasing K1. It can be viewed in the following
way: The time it takes for the process to achieve equilibrium is 1/k;, and if the

initial concentration (Cy) is higher, it takes longer, therefore K is lower.

The improvement in the concentration of the two dye solutions will lead to a
linear rise in the continuous flow rate if the kinetics of sorption follow the PFO
model (Hu, et al., 2021). The occupancy rate of sorption sites is proportional to
the functional group, according to the pseudo first order model (Wang and
Wang, 2018). Different adsorption models for diverse solutes have been
established, but the applicability and consistency of their linear and non-linear
forms must be verified (Kajjumba et al., 2018). The first-order equation does
not always fit the entire range of reaction time and is only useful in the early

stages of the adsorption process (Kassimi et al., 2021).

When the R? value for the PFO model was compared to the R? value for the
second model, it was discovered that the bio-uptake of JGBD and CVD onto
LLSP did not match this model. As a result, the bioabsorption of JGBD and
CVD does not represent a regulated diffusion process since it does not follow

pseudo first orde equation (Kajjumba et al., 2018).
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Fig. (4.14): Pseudo -first-order kinetic plots for sorption of dyes onto LLSP at
different initial dye concentrations: (a) for JGBD (b) for CVD at pH 9, 250 rpm
using LLSP for 30 min. and 45 min. for JGBD and CVD, respectively.
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45.2 Pseudo second order model

The experimental results were tailored to a PSO adsorption model to better
understand the process for adsorption kinetics ( Ho and McKay, 1998 ). Figure
(4.15a, b) shows the plots of the pseudo second order kinetic model at different
dye concentrations of JGBD and CVD, respectively. The determination
coefficient, R? of second-order kinetics is equivalent to 0.992 for JGBD and
0.998 for CVD. It implies that a second-order rate equation governs biosorption.
Where g is the instantaneous adsorption capacity and k; is the pseudo-second-
order rate constant. Sorption ability rises with increasing initial dye
concentration, but k, for LLSP decreases with increasing initial dye
concentration of JGBD and CVD, as shown in Tables (4.11 and 4.12).

This phenomenon can be explained by the fact that there is less competition
for sorption sites at lower concentrations. At larger concentrations, competition
for surface active sites would be strong, resulting in decreased sorption rates
(Kassimi et al., 2021). If this model is correct, the electrostatic interaction and
chemisorption process, which involves electron sharing and exchange between
the adsorbate and biosorbent, is the rate-controlling phase (Sun et al., 2011), The
PSO considers chemisorption to be in the lead and regulates adsorption as the

rate-limiting step. (Eloussaief et al., 2011).

An increase in the initial adsorption rates (h) was observed with the increase
of the dye concentration and this is due to the increase in the driving force for
mass transfer, which allows more dye molecules to enter the surface of the
adsorbent material in the shortest time (Hamza et al., 2018). The values of gey
and R? in the pseudo second order model were more close to the experimental
values than the PFO model, this indicates that the PSO model is more
compatible with the practical experiments and this is listed in Table (4.11) and
Table (4.12).
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Straight lines generated from PSO kinetic plots in compared to PFO kinetic
model, indicate that the PSO kinetic model will fit the experimental data across
all phases of the sorption period (Hossain et al., 2021). As shown by a high
association coefficient suggesting a chemisorption mechanism (Hamza et al.,
2015; Asfaram et al., 2018) and a type of adsorption that may be the result of
electron transfers or sharing between the functional groups and the JGBD, CVD
dyes, it can be determined that the PSO model is more reliable for determining
the instruction of kinetics of JGBD and CVD removal by LLSP. Electrostatic
contact and the chemisorption process may be the phase that controls the rate.
Similar results were observed by the other researchers that investigated the
elimination of organic substances using adsorption kinetics. (Milenkovic et al.,
2013; Roosta et al., 2014; Saad et al., 2017).
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Fig. (4.15): Pseudo second-order Kinetic plots for sorption of dyes onto LLSP at
different initial dye concentrations: (a) for JGBD (b) for CVD at pH 9, 250 rpm
using LLSP for 30 min. and 45 min. for JGBD and CVD, respectively.
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4.5.3 The intraparticle diffusion model

The intraparticle diffusion model was investigated to represent the liquid-
solid adsorption diffusion mechanism (Nesic et al. 2012). The data is typically
graphically analyzed to visually identify the straight line segments as this model
is commonly multilinear. (Malash and ElKhaiary, 2010). Where t“?is the square
root of time and Kip (mg g * min "% is the intraparticle diffusion rate constant.
The thickness of the boundary layer is represented by the constant Cj, (g gl a
larger value of Cj, denotes a greater effect on the rate regulation of surface

adsorption (Alkan et al. 2007; Li et al. 2012).

The slope and intercept of the graph of t*

vs ge were utilized to determine
the proper parameters. Figure (4.16a, b) explains linear intraparticle diffusion
kinetic model of JGBD and CVD onto LLSP biosorbent at different dye
concentrations. The conforming model fitting parameters for each dye are
itemized in Table (4.11) and (4.12) for JGBD and CVD, respectively. High ki,
values indicate a greater intra-particle diffusion rate, this is advantageous and
increases with time for the biosorption, suggesting that the thickness of the
boundary layer increases and has an impact on the pace at which JGBD and
CVD dyes are absorbed. (Siddiqui et al., 2019). With increased concentrations

at all levels, the k;, values for JGBD and CVD improved.

The Cj, values increased when dye concentration was raised, which may be
related to the impact of the boundary layer. Similar results were obtained by the
studies of ultrafine nickel/carbon nanoparticles for organic dye removal (Kim et
al., 2018), Methylene Violet dye adsorption using onion skins (Naser et al.,
2021), natural safiot clay to remove industrial dyes from aqueous media
(Kassimi et al., 2021), kinetic studies of dyes on pure and structurally modified

poly (methyl methacrylate) electrospun nanofibers (Philip et al , 2021).
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Fig. (4.16): Linear intraparticle diffusion kinetic model of dyes using LLSP at
different initial dye concentrations : (a) for JGBD (b) for CVD pH 9, 250 rpm
using LLSP for 30 min. and 45 min. for JGBD and CVD, respectively.
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4.5.4 Elovich model for adsorption

The Elovich equation is satisfied in chemical adsorption processes and is
suitable for systems with heterogeneous adsorbing surfaces, thus describing
many dyes adsorption systems (Wu et al., 2009). Herein, the Elovich model
fitted in good agreement for JGBD and CVD Kkinetic adsorption onto LLSP. In
the linear model at pH 9, initial adsorption rate (o) presented erratic behavior
with some very high values through increasing JGBD and CVD concentrations.
Nonetheless, the linear model resulted as good to predict adsorption at
equilibrium. The desorption constant () was observed to decrease with increase
dyes concentration, as the tendency of LLSP to be desorbed is higher in the
systems with lower concentrations (Pintor et al., 2018). The parameter [ is also
related to the extent of surface coverage and chemisorption activation energy,
thus assuming a heterogeneous distribution of sites whose activation energies
vary with surface coverage (Asadi et al., 2018). As a general trend, active sites
values demonstrated better fit at pH 9 for linear models, the initial adsorption
rate, desorption constant and predicted equilibrium adsorption capacity being
almost identical. Thus, it seems that better Elovich fit was achieved with low
JGBD and CVD concentrations.

Tables (4.11) and (4.12) show the R? a and b values for JGBD and CVD,
respectively. The Elovich equation is useful to represent adsorption behavior
that is compatible with the nature of adsorption, as demonstrated in figures
(4.17). In engineering practice, determining an effective operating period of
adsorption for adsorption systems represented appropriately by the Elovich
equation is critical (Marcu, et al.,2020). Over the whole range, the experimental
findings on JGBD and CVD conformed to a straight line, suggesting that the
Elovich kinetic model accurately predicts the sorption of the two dyes on the
LLSP surface.
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Table(4.11): Kinetic parameters of various models fitted to JGBD sorption

experimental data using LLSP.

Kinetic models JGBD concentration(mg/l)

30 75 150 200
Pseudo- first- order
Oe, €Xp (MQ/Q) 61.92 92.50 171.96  216.62
Qe, calc.( mg/g) 59.69 92.76 160.04  209.30
Ky (min™) 0.0386 0.0413 0.0111  0.0246
R? 0.9864 0.9639 0.9596 0.9463
Pseudo —second- order
Qe, Ccalc. ( mg/g) 62.50 93.45 169.49 217.39
K, (g mg™ min™) 0.0191 0.0114 0.0059 0.0038
h (mg g'min™) 74.61 99.55 169.48  181.82
R’ 0.9999 0.9999 0.9993  0.9990
Intraparticle diffusion
Kip (mg g™ min®?) 0.1953 0.8861 0.9577 1.3539
C (mg/g) 60.295 85.288 158.42 202.58
R? 0.9932 0.9703 0.9797 0.9520
Elovich model
a (mg/g min) 60.313 85.672 158.4 200.87
b (g/mg) 1/0.2232 1/0.9754  1/1.3746  1/1.9925
R’ 0.8808 0.8664 0.8789  0.9006

Table(4.12): Kinetic parameters of various models fitted to CVD sorption

experimental data using LLSP.

Kinetic models CVD concentration(mg/l)

30 75 150 200
Pseudo- first- order
e, €Xp (Mg/g) 16.32 24.16 47.60 62.26
e, calc.( mg/g) 15.89 22.60 47.81 60.90
Ky (min™) 0.019 0.0402 0.0357 0.0613
R 0.9886 0.9863 0.9690 0.9679
Pseudo —second- order
Qe, calc. ( mg/g) 16.39 24.40 48.07 62.89
Kz (g mg™ min™) 0.0376 0.0552 0.0178 0.0141
h (mg g*min?) 10.1 32.86 41.13 55.76
R 0.9999 0.9998 0.9998 0.9980
Intraparticle diffusion
Ki, (mg g min®?) 0.0418 0.332 0.6775 0.9242
Cip (Mg/Q) 15.876 21.606 41.683 53.986
R? 0.9944 0.9721 0.9666 0.9864
Elovich model
a (mg/g min) 15.904 22.154 42.395 54.956
b (g/mg) 1/0.0497 1/0.2844 1/0.7328 1/1.0002
R? 0.9753 0.9546 0.9043 0.9611
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4.6  Mechanism study

The sorption kinetic of JGBD and CVD dye sorption was examined using
the intraparticle diffusion model. Figure (4.18a, b) for JGBD and CVD,
respectively, shows the plots of the intraparticle diffusion model with multi-
linear profiles at varied starting dye concentrations. The initial linear sharp
distance on the plots might be caused by boundary layer solute molecule
diffusion or dye sorption on the adsorbent's external surface. It could be due to
the dye intense electrostatic attraction to the biosorbent. Intraparticle diffusion
was the rate-limiting process in the second phase, it called the progressive
adsorption phase. Due to the strong affinity of the adsorbate that has been
deposited on the biosorbent surface, the third was chosen to represent the

ultimate equilibrium stage, at which the adsorption process starts to slow down.

The fact that there are non-zero intercepts in each of the three phases
demonstrates that intraparticle diffusion is not the sole stage in the sorption
process that is rate-limiting. It was confirmed from previous studies that the
third part is static (Nal et al., 2006). The k;, values for each dye increased as
concentration increased. Because of the boundary layer effect, the value of
intercept, Cj, increased when the initial dye concentration of each dye was

increased as shown in Table (4.13).

The entire adsorption mechanism was described by surface adsorption and
intraparticle diffusion. The LLSP samples surfaces are negatively charged at a
functional pH 9 due to the deprotonated acidic groups. Oxygen atoms have a
strong attraction to positively charged molecules and cations because of strong
electrostatic interactions. Because JGBD and CVD are cationic dyes,
electrostatic interactions are certain to play a role in their sorption on LLSP.

JGBD and CVD, on the other hand, have numerous aromatic rings and cationic
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atoms in their chemical structure, making them excellent for sorption on the

surface of LLSP via ionic contact (Liu et al., 2019).

Cations can help anionic species sorption in some cases by increasing the
binding of negatively charged anions. In some circumstances, cation loading of
biomass might promote sorption of another cation due to pH buffering effects
(Cheriti et al., 2011).

As a result, (1) chemical interaction between JGBD and CVD molecules
and surface functional groups be involved in JGBD and CVD sorption onto
LLSP. (2) weak physical forces and van der Waals contacts between the
biosorbent and JGBD and CVD molecules, and (3) electrostatic interaction
between the electron-rich spots on the biosorbent surface and JGBD and CVD
molecules. Thus, both physical and chemical sorption were involved in JGBD
and CVD sorption on the LLSP surface.
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Fig. (4.18): Multi- linearity graph ot intraparticle diffusion model of dyes : (a)
for JGBD onto sorbent at different dye concentrations (0.08 g, pH 9 and 250
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250 rpm.
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Table (4.13): Multi-linearity parameters of intraparticle model based sorption
mechanism study of JGBD and CVD onto LLSP.

G Kip1 C R, Kip2 G R,

Dye | (mg/l) | (mgg’min®) | (mg/g) (mgg™* min®%) | (mg/g)
25 0.0306 2.81 | 0.9985 0.0255 2.84 | 0.9979
50 0.2662 407 | 0.9836 0.1942 441 | 0.9823
1GBD 0 0.9593 7.88 | 0.9927 0.1184 10.96 | 0.9738
200 1.7145 11.71 | 0.9997 1.0868 13.36 | 0.9928
25 0.0306 281 | 0.9985 0.0255 2.84 | 0.9979
50 0.2662 407 | 0.9836 0.1942 441 | 0.9823
B0 0.9593 7.88 | 0.9927 0.1184 10.96 | 0.9738
200 1.7145 11.71 | 0.9997 1.0868 13.36 | 0.9928

4.7  Continuous sorption system for LLSP

The study of continuous sorption is an essential step to understand the
behavior, mechanism of sorption, its prediction and to know the capabilities of
the adsorbents and the time of dye to reach the breakthrough curve, so it was
necessary to understand the continuous of sorption. Among all the column
configurations, the packed bed column has been shown to be the most efficient,

economical and most suitable for sorption processes (Basu and Juha, 2022).

In this study, the nature of the break through curves was calculated and the
break time at which the concentration of JGBD and CVD reached the limit
values for the different operating parameters. These parameters are the flow
rate of inlet dye solution, the bed height of biosorbet and the initial dye
concentration. The effluent amount of JGBD and CVD was examined using a

spectrophotometer determined with a specified wavelength of each dye, C/C, is
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set to 0.05, which means that 5% of initial dye concentration is applied as the

time needed to reach the breakpoint.
4.7.1 Effect of inlet flow rate of JGBD and CVD on breakthrough curves

As shown in Figure (4.20 a, b) and Table (4.14), the impact of flow rate
(Q) on the breakthrough curves of continuous sorption was investigated at flow
rates of 8, 16, and 25 ml/min at a fixed bed height of 10 cm and an initial
concentration of each dye of 25 mg/l. The breakthrough time in a
continuouswith constant bed height rises as the flow rate is decreased. This
phenomenon may be explained by the fact that at greater flow rates. JGBD or
CVD molecules have less time to diffuse into the LLSP pores (Ahmad and
Hameed, 2010). In other words, because the residence time of the adsorbate in
the column was insufficient to achieve adsorption equilibrium at the designated
flow rate, the dye molecules left the column before they had a chance to reach

the active sites of adsorbent particles.

Additionally, it is likely that high flow rates will desorb some dye
molecules that have been adsorbed but have reversible or loose bonds to the
adsorbent surface (Marzbali and Esmaieli, 2017). As a result, the concentration
of JGBD or CVD in the effluent grew quickly, which led to an early
breakthrough time (Chen et al., 2012). The low flow rate was helpful for dyes
adsorption in the fixed bed utilizing LLSP because of its greater adsorption
capacity. These outcomes matched those that were seen in other investigations
(Han et al., 2009; Lignin et al., 2012; Marzbali and Esmaieli, 2017).

Higher flow rates lead the LLSP column to swiftly approach its maximum
capacity as more dye ions exchange with functional group sites more quickly
(Yunnen, et al., 2017; Patel, 2020). The breakthrough sorption capacity for
JGBD and CVD, respectively, drops from 16.03 to 14.97 mg/g and from 14.94

to 11.51 mg/g when the flow rate is increased from 8 to 25 ml/min, as shown in
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Table (4.14). As a result, the mass transfer zone (MTZ) moves deeper into the
bed until it reaches the dye-saturated LLSP top layer (Topare and Bokil, 2021).

The pollutant concentration curve becomes S-shaped with time and starts to
rapidly grow near the point of breakthrough (Vinodhini and Das, 2010; Vickers,
2017; Das , 2021). Effect of flow rate causing removal efficiency to decline
from 83.08 to 71.18% for JGBD and from 81.93 to 70.82% for CVD, as the
flow rate rises to 25 ml/min from 8 ml/min. Additionally, Figure 4.20
demonstrates that at higher flow rates, breakthrough curves have a steeper
contour, indicating a stronger intra-particle diffusion effect and a narrower mass
transfer zone. Lower flow rates are linked to flatter breakthrough curves, which
suggest that film transfer resistance has a stronger impact, there is a larger mass
transfer zone, and the column will last longer at longer contact durations
(Aranda-Garcia and Cristiani-Urbina, 2020).
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Fig. (4.19): Breakthrough curves for dyes sorption at different flow rates: (a)

for JGBD, (b) for CVD, where the initial concentration for two dyes = 25 mg/I,
the LLSP bed height = 10 cm, the dye solution pH 9.
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Table (4.14 ): breakthrough curve parameters of JGBD and CVD, onto LLSP
in a fixed-bed column mode at different operating conditions and breakthrough
point of C/C, was 0.05.

Operation
pera Breakthrough parameter
conditions
Dyes
CO Qv . H tl_) tg Myotal qexp qtotal Vb Veff r(;rn?g?,'lal
(mg/l) | (ml/min) | (cm) | (min) | (min) | (mg) | (mg/g) [ (mg) | (ml) | (ml) (R%)
25 8 10 585 | 1110 222 16.03 | 184.45 | 4680 | 8880 | 83.08
25 16 10 285 525 210 15.76 | 154.55 | 4560 | 8400 | 73.59
25 25 10 180 330 | 206.25 | 14.97 | 146.81 | 4500 | 8250 | 71.18
25 8 15 690 | 1295 259 17.01 | 223.25 | 5520 | 10360 | 86.19
JGBD 25 8 25 765 | 1695 339 18.04 | 299.15 | 6120 | 13560 | 88.24
50 8 10 360 810 324 2452 | 240.47 | 2880 | 6480 | 74.21
75 8 10 255 600 360 25.32 | 248.31 | 2040 | 4800 | 68.97
25 8 10 510 885 177 14.94 | 145.02 | 4080 | 7080 | 81.93
25 16 10 240 | 420 168 12.47 | 122.29 | 3840 | 6720 | 72.79
25 25 10 135 255 | 159.37 | 11.51 | 112.87 | 3375 | 6375 | 70.82
25 8 15 585 | 1185 237 15.24 | 200.02 | 4680 | 9480 | 84.39
25 8 25 675 | 1540 308 16.05 | 266.15 | 5400 | 12320 | 86.41
CVvD 50 8 10 300 570 228 16.52 | 162.01 | 2400 | 4560 | 71.05
75 8 10 195 | 480 288 18.83 | 184.66 | 1560 | 3840 | 64.12
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4.7.2 Effect of LLSP bed height on breakthrough curves

The height of the bed, which is straight related to the amount of LLSP
sorption in the adsorption column, determines how much of a dye is absorbed in
the fixed bed sorption column. At constant flow rates of 8 ml/min, 10, 15, and
25 cm, the sorption was examined with an intake dye concentration of 25 mg/I
for each dye. Table (4.12) lists the continuous parameters for JGBD or CVD
sorption using LLSP.

Figure (4.20a, b) shows that as bed depth was raised, both breakthrough
time and effluent volume rose as well. In a continuous sorption experiment,
there is a concept known as "exhaust time,"” When this happens, the influent
solution leaves the experimental column with little to no treatment since the
adsorbent is no longer able to remove solute molecules. The total sorption
capacities of the LLSP were 184.45, 223.25, and 299.15 mg for JGBD and
145.02, 200.02, and 266.15 mg/g for CVD, as shown in Figure (4.20a,b). The
exhaust time of 10, 15 and 25 c¢cm bed depth was 1110, 1295, and 1695 min,
respectively, for JGBD and was 885, 1185, and 1540 min, respectively, for
CVD. This is because there are more LLSP particles, or more active sites for
biosorption, at the deeper bed depth. Because the sorption molecules have more
time to infiltrate into the pores of the particles, the number of dye molecules
that are biosorbed by LLSP increases as bed depth increases (Marzbali and
Esmaieli, 2017).

Because of the higher bed depth, increasing exhaust time results in an
increase in effluent volume. These findings are consistent with research from
earlier years. (Goel et al., 2005; Taty et al., 2005; Chowdhury and Saha, 2010;
Vickers, 2017; Aranda-Garcia and Cristiani-Urbina, 2020; Das, 2021).
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Fig. (4.20): Breakthrough curves for two dyes sorption: (a) for JGBD (b) for

CVD, at different column bed heights, where the initial concentration of two
dyes = 25 mg/l, the flow rate = 8§ ml/min, the dye solution pH 9.
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4.7.3 Influence of initial JGBD and CVD concentration on breakthrough
curves

Figure (4.21 a, b) shows the impact of various influent JGBD and CVD
concentrations between 25 and 75 mg/l at a constant LLSP bed height of 10 cm
and solution flow rate of 8 ml/min .When increasing the influent concentration,
the volume of effluent treated decreases from 8880 ml to 4800 ml for JGBD and
from 7080 ml to 3840ml for CVD as shown in Table (4.12).

The numbers of solute molecules compete for the active sites of LLSP
Increases on increasing the influent concentration, which results in quicker
exhaustion of the column. The concentration gradient solid liquid interface is
more at higher concentration that drives the solute molecules to enter into the
sorption sites. The amount of bioadsorbed dye increased when the concentration
of the dye concentration increased, while the removal efficiency R% decreased,
because all the active sites were occupied with the dye in a short time. The
sorption process achieved saturation more quickly at higher influent
concentrations, as expected, and the breakthrough times for JGBD and CVD
were observed to drop from 585 to 255 min and 510 to 195 min, respectively, as
shown in Table (4.12).

This shows that the saturation rate and breakthrough curve are impacted by
the change in concentration. This may be because the mass transfer of dye
molecules is accelerated by the stronger driving force produced by the bigger
concentration gradient, covering the sorption sites more quickly (Liao et al.,
2013). These results are concur with earlier research on a class of pigments that
have the same behavior as these pigments (Marzbali and Esmaieli, 2017;

Thillainayagam, et al., 2021)
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Fig. (4.21): Breakthrough curves for two dyes biosorption: (a) for JGBD (b) for
CVD at different initial concentrations when LLSP bed height = 10 cm, the flow
rate = 8§ ml/min, the dye solution pH 9.
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4.8 fixed-bed sorption column dynamic modeling for LLSP

A fixed-bed column performance and successful design are explained using
the breakthrough curve. Two essential characteristics that govern the
functioning and dynamic responsiveness of a fixed-bed sorption column are the
breakthrough time and the shape of the breakthrough curve. To predict the
breakthrough curves seen under various experimental settings, three models are
included in this study, Bed Depth Service Time (BDST), Thomas models, and

Yoon-Nelson models.

4.8.1 The BDST (Bed Depth Service Time) model application

The BDST model was applied to the experimental data concerning column
bed depth. The linearized form of the BDST model was plotted according to
Equation (2.24). The BDST plot (C; /C, = 0.05, 0.1, 0.20, 0.40, 0.60 and 0.80)
for sorption of JGBD and CVD onto LLSP at various bed depth with a flow rate
of 8 ml/min. and initial concentration of each dye 25 mg/l was presented in
Figure (4.22).

BDST model validity on the basis of the current system was proved by a
linear plot, R’= 0.9912, 0.9812 for JGBD and CVD, respectively drawn
between service time and bed height at 8 ml/min flow rate as shown in Figure
(4.22). The sorption capacity of the bed per unit bed volume, qg, was
determined from the slope of the BDST plot, with assuming initial
concentration Cy, and linear velocity Uy, as constant at the time of operating the
column. Kz, the rate constant, was determined from the intercept of the BDST
plot and it corresponds to the solute transfer rate from the fluid phase to the
solid phase.

The constants computed qg and Kg were found to be from 2.51 to 4.31
mg/g, 0.000236 to -0.000065 I/mg. min for JGBD, respectively, and 2.28 to 3.92
mg/g, from 0.00027 to -0.000074 1/mg. min for CVD, respectively. BDST

model parameters help increase the process and test it for other rates of flow and
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there is no need for more experimental runs. The qg and Kg parameters can be
obtained from the linear plot and the values are listed in Table (4.15).

From Table (4.15), it was observed that the sorption capacity (qg) increased
with an increase in the breakthrough point (C. /Cy) from 0.05-0.80 for both
dyes. The increase in adsorption capacity may be due to the column's saturation
with the each dye and less active sites for further biosorption. The Kg represents
the transfer rate of the binary dye mixture from the liquid phase to the column
bed solid phase.

The value of Kg was found to be either positive or negative for both the
dyes. Also, it was clear that the value of Kg decreased with an increased
breakthrough point (Jayalakshmi and Jeyanthi, 2021). As a result of each dye
continuing sorption onto the sorption surface. Because certain active sites of
the LLSP are still unoccupied by JGBD and CVD at lower breakthrough values,
the biosorbent remains unsaturated (Kumar and Chakraborty, 2009). According
to the assumptions, the BDST model performance is found to be good and
provides better equations to model any system parameter changes (Ko et al.,
2000; Thillainayagam et al., 2021).

Since the BDST model is used to forecast the relationship between service
time (t) and bed height (Z), it also serves as a well accomplished model for dye
sorption in systems involving fixed beds (Walker et al., 2000; Thillainayagam et
al., 2021). It also revealed that short critical bed depth is required for a lower
flow rate, whereas the longer bed is higher (Singh et al., 2017). This showed a
positive correlation between the Kg and C. /Cy and the column's inclining
capacity to further remove the JGBD and CVD. The time it takes for all of an
biosorbent active binding sites to become fully filled by adsorbate molecules
until regeneration is required is known as column service time. Table (4.16)
shows the low deviation between the experimental and calculated time using

this model.
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Table (4.15 ): Estimated BDST model parameters at different bed depth height

with Q = 8 ml/min and C, =25 mg/1 for JGBD sorption onto LLSP column.

BDST model parameters for JGBD sorption onto LLSP

Parameters gs (mg/l) gs (Mg/g) Kg(I/mg.min) | Us (cm/min) Z. (cm) R®
C./C, =0.05 785.81 3.7 0.000236 2.54 40.32 0.9912
CJ/Co=0.1 893.02 3.89 0.00016 2.54 42.38 0.9909
C./Cy=0.2 897.69 4.5 0.000097 2.54 40.43 0.9908
C/C,=0.4 1047.75 496 0.000024 2.54 40.95 0.9911
C./Cy=0.6 1199 26 567 -0.000021 2.54 40.89 0.9926
C./C,=0.8 1348.04 6.38 -0.000065 2.54 40.18 0.9918

BDST model parameters for CVD sorption onto LLSP
C./C, =0.05 714.37 3.38 0.00027 2.54 38.77 0.9812
C/Co=0.1 748.34 354 0.00019 2.54 39.25 0.981
C./Cy=0.2 816.229 386 0.00011 2.54 39.21 0.9808
Ce/Co=0.4 056,11 45 0.000028 2.54 38.46 0.9862
C./Cy=0.6 1089 47 5.15 -0.000024 2.54 39.38 0.9823
C./C,=0.8 1995.42 5 80 -0.000074 2.54 38.83 0.9821
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Table (4.16 ): Comparison between te, & teyp, for JGBD and CVD sorption onto
LLSP at different breakthrough point (C/C,) using estimated BDST model
parameters at different bed depth height with Q =8 ml/min and C,= 25 mg/1 for

column.
Parameters Initial MBD . .
BeI({i Eiciﬁ;:h’ (l;lo(vlvnll}?rtlfr,l concentration, tear(min.) texp(min.)
v C, (mg/l)
Comparison between t.,. and t.,,. for JGBD
10 8 25 622.80 585
C/Co=0.05 15 8 25 684.68 690
25 8 25 808.43 765
10 8 25 678.91 643.5
C/C=0.1 15 8 25 743.72 726.2
25 8 25 873.32 841.5
10 8 25 713.03 702
C/Co=0.2 15 8 25 783.72 792.38
25 8 25 925.08 918
10 8 25 840.77 819
C/Co=0.4 15 8 25 923.27 924.02
25 8 25 1088.27 1071
10 8 25 961.17 936
C/C=0.6 15 8 25 1055.60 1054
25 8 25 1244.46 1224
10 8 25 1065.39 1053
C/Co=0.8 15 8 25 1171.53 1187
25 8 25 1383.82 1377

Comparison between t,. and t.,. for CVD

10 8 25 548.71 510
C/C=0.05 15 8 25 604.96 585
25 8 25 717.46 675
10 8 25 580.42 561
C/C=0.1 15 8 25 639.34 643.57
25 8 25 757.19 742.5
10 8 25 632.64 612
C/C=0.2 15 8 25 696.91 702.23
25 8 25 825.45 810
10 8 25 729.80 714
C/Ce=0.4 15 8 25 805.08 815
25 8 25 955.65 945
10 8 25 847.34 816
C/Co=0.6 15 8 25 933.13 935
25 8 25 1104.70 1080
10 8 25 942.32 918
C/Co=0.8 15 8 25 1038.81 1052.13
25 8 25 1231.79 1215
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4.8.2 Thomas model

Thomas model is a popular model used in a packed bed column. In this
model, an assumption is made, i.e., Langmuir adsorption-desorption Kinetics
and no axial dispersion whereas the rate driving force is found to be following

the second order reversible reaction kinetics.

In the Thomas model, it is deemed that the separation factor remains to be
constant and seems to remain valid for favorable and unfavorable isotherms
(Aksu and GOnen, 2004). This model determines the adsorption rate constant
and the solid-phase dye concentration on the adsorbent. It is that analyses using
the Thomas model were conducted for a wide range of flow rates at diffrent bed

heights.

In Table (4.17), there is a summary of the Thomas model parameters that
were attained at a wide range of flow rates. Figure (4.23) and (4.24) shows the
fitted linear plot of In [(Co/Ce) - 1)] versus time (t) for various bed heights and
flow rates for JGBD and CVD, respectively. In the results shown, the Thomas
model constant ky,, was increased when increased flow rate from 8 ml/min to 25

ml/min, when change the bed heights from 10 to 25 cm, K+, was decreased.

When the flow rate was increased for each dye, the adsorption capacity was
decreased. The obtained results showed that Thomas model best described the
experimental data. The calculated qr, and Ky, are given in Table(4.17). For all
the bed heights, high correlation coefficients were observed (R? ~ 0.98 to 0.99)
for each dye. Therefore, it can be concluded that (i) Thomas constant decreased
with height and increased with flow rate while (ii) the calculated adsorption
capacity substantial decreased with flow rate and increased with height to fit
the experimental adsorption results. This proved that Thomas model fitted the

experimental data from the current column-based adsorption on LLSP (Khalfa
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et al., 2021). Adsorbed amounts (g) calculated from the model were very close

to the experimental values (geeyp), further confirming the best fit.

Furthermore, high coefficients of determination indicated an adequate
model. However, the model cannot strictly follow the sorption in the column,
nor determine the minimum height of the sorption front and thus allows a better
knowledge of the performance. Such an outcome reveals the existence of a

good fit of the Thomas model (Thillainayagam et al., 2021).

Based on the findings displayed in the figures, it is evident that both the
Thomas model and the BDST model are found to be fit for column sorption
data. The LLSP is easily available, cheap, and ecofriendly which makes it the

best suitable alternative for dye bearing wastewater treatment.
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Fig. (4.23): Thomas kinetic plots for sorption of JGBD and CVD under various
effect flow rate (Co=25 mg/l, H=15 cm, pH 9).
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4.8.3 Yoon and Nelson model

It is the simplest model as it does not concern with the physicochemical
characteristics of LLSP, type of sorbent and properties of the sorption column
(Yagub et al.,, 2014).The application of Yoon and Nelson model to the
experimental data resulted in Kyy and tso values that adequately described the
fixed bed adsorption of each dye onto the LLSP layer Table (4.17).

Figure (4.25) and Figure (4.26) show graphs of In (C./C,-C.) against time
for various bed heights and inlet flow rates derived from equation (2.26) and
shows the fit of this model for JGBD and CVD adsorption using LLSP at 8, 16
and 25 ml/min. tsy decreased with the flow rate because of the faster column
saturation. Previous studies have successfully used the Yoon and Nelson model
for the description of pollutants adsorption in a fixed-bed design (Calero et al.,
2009; Liu et al., 2011).

The effect of bed depth on the breakthrough curve for different flow rates is
evaluated using the Yoon Nelson model. (min) and Kyy (min™) values are
summarized in Table (4.17). Table (4.17) shows the value of correlation
coefficients (R%) demonstrated the model applicability (R* > 0.98 for each dye)
to the experimental data under various conditions for the removal of JGBD and
CVD using LLSP (Jayalakshmi and Jeyanthi , 2021). For all the ranges of bed
depth and flow rates, the gecs and geex, were very close, which validates the
fitness of Yoon Nelson. The time required for 50% adsorbent breakthrough (7)
Increases on increasing the bed depth.

Correspondingly, the quantity of treated effluent increased. The increase in
bed depth provides more number of adsorption sites, which increased the t
value (Gopal et al., 2016). The decreased t value due to increase in flow rate
was attributed to the rapid saturation of bed depth. The values of Kyy decreased
with an increased bed depth and increased with an increased flow rate for each

dye. The time taken for dye molecules to travel through the bed have increased
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as the bed depth increases, which resulted in a increased of the adsorption rate,
decreased the adsorption rate due to increased flow rate (Vieira et al., 2018). All
these established findings ensured the Yoon-Nelson model's better fitness for
the removal of each dye using LLSP (Sivakumar and Palanisamy, 2009;
Javanbakht and Shafiei, 2020).
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Fig. (4.25): Yoon-Nelson kinetics plots for the sorption of JGBD and CVD on
JGBD under different effect of flow rate (C, =25 mg/l, H=10cm, pH 9).
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Fig. (4.26): Yoon-Nelson kinetics plots for the sorption of JGBD and CVD on
JGBD under different effect of bed depth (C, =25 mg/l, Q =8 ml/min, pH 9).
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Table (4.17): Kinetic models parameters for sorption of JGBD and CVD onto

LLSP continuous at different feed flow rate and bed height.

Experimental conditions

Flow rate, Q,(ml/min) 8 16 25 8 8 8
Bed depth (cm) 10 10 10 10 15 25
Initial concentration (mg/l) 25 25 25 25 25 25
JGBD 16.03 15.76 14.97 16.03 17.01 18.04
ge exp (MY/Q)
CVvD 14.94 12.47 11.51 14.94 15.24 16.05
Thomas Model Parameters
Kt (/mg.min) 0.000308 | 0.00066 | 0.001068 | 0.000308 | 0.00026 | 0.000164
grn(mg/g) 16.46 16.02 15.56 16.46 17.39 17.89
JGBD )
R 0.985 0.9804 0.9909 0.985 0.9834 | 0.9917
K (fmg.min) | 4 60042 | 0.00105 | 0.00122 | 0.00042 | 0.00032 | 0.00025
CVD grn(mg/g) 14.04 11.10 13.55 14.04 15.37 16.69
R2 0.9837 0.9884 | 0.9915 0.9837 0.9805 | 0.9921
Yoon-Nelson Model Parameters
Kyn(min™) | 0.0092 0.0244 0.0311 | 0.0092 0.0071 | 0.0057
Texp(MIN) 877.5 427.5 270 877.5 1035 1147.5
Tea(MIN) 839.45 | 396.37 249.41 839.45 | 1114.6 | 1417.75
JGBD
avn(Ma/g) 16.46 15.48 15.28 16.46 17.67 18.78
R? 0.9887 0.9907 | 0.9814 0.9887 0.9822 0.9873
Kyn(min™) 0.0078 0.017 0.0286 0.0078 0.0058 | 0.0037
Texp(MIN) 765 360 202.5 765 877.5 1012.5
Tear(MIN) 705.28 | 285.52 209.31 705.28 | 856.87 | 1067.33
CVD
avn(Mg/g) 13.83 11.20 12.82 13.83 17.67 18.78
R® 0.993 0.9889 0.9887 0.993 0.9897 | 0.9859
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Chapter Five

Conclusions and Recommendations
5.1 Conclusions
On the basis of the data, the findings are as follows:

1. It was concluded that LLSP prepared from natural plant is an effective
biosorbent and alternative for removing JGBD and CVD from aqueous
solutions.

2. Several operational factors have been studied on dye solution, like pH,
contact time, dose of LLSP and initial concentration, where the
percentage of removal efficiency increased with the increase of first three
factors, while decreased with the increase of fourth factor.

3. The sorption of each dye was reached to equilibrium time at 30 min. and
45 min. for JGBD and CVD, respectively.

4. Each dye had a uniform monolayer covering on the LLSP surface
confirm that the Langmuir isotherm model is good match to the
equilibrium sorption of each dye by using MAE and MSAE. For JGBD
and CVD, the maximal sorption potential was reported to be 142.85
mg/g and 45.45 mg/g, respectively. The beneficial sorption process is
also shown by the dimensionless separation factor (Ry).

5. The study of kinetic showed that the sorption mechanism of each dye
followed a pseudo-second-order model, where R* value 99.95% and
99.93% was for JGBD and CVD, respectively indicating the occurrence
of chemical sorption on the surface of LLSP.

6. The multi-linearity of the intraparticle diffusion Kkinetic model
demonstrated that JGBD and CVD sorption are controlled by two or
more processes, including intraparticle diffusion.

7. The produced LLSP was found to be feasible media for using as a

column bed for removal of JGBD and CVD from colored water.
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8. The breakthrough curves were projected under various situations using
the kinetic model of BDST, Thomas, and Yoon Nelson, and the
parameters of column kinetic were discovered by the Kinetic
investigation. The obtained findings demonstrated that all three models
had excellent R* to represent a breakthrough curve completely.
According to the results, LLSP may be utilized as a biosorbent in the
form of a continuous to successfully remove JGBD and CVD
continuously from aqueous solutions.

9. The proposed place to place this treatment for the wastewater treatment

plant is in the stage of advanced treatments.
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5.2 Recommendations for future study
Future studies should consider the following recommendations:

1. The production of biomass-based biosorbent using other locally
accessible biomass solid wastes, such as Willow Leaves (Salix alba),
Ziziphus spina-christi Seeds, Acacia Bark Leaves and Palma Seeds and
so on, might be studied similarly under comparable working
circumstances.

2. This research may be expanded to examine the competitive sorption in
batch and continuous flow modes in the presence of additional dye or
heavy metal ions.

3. Wastewater samples can be used as biosorbates to evaluate the
efficiency of biosorbents since real industrial effluents simultaneously
produce a wide range of organic pollutants.

4. Both batch and continuous flow methods of heavy metal removal can

be investigated using the natural plants.
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