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ABSTRACT

Nowadays, the removal of contaminants like dyes and antibiotics from wastewater has
become an urgent task. Enhancing the performance of adsorbents to facilitate the adsorption
process and projecting an easy method of separating adsorbent after removal of
contaminants is of great scientific and industrial interest. In this research, cobalt ferrite
composite with chitosan, biosilica, and kaolinite were synthesized and employed as
adsorbents for the removal of methylene blue, acid orange I, Congo red and doxycycline. The
obtained composites were characterized by powder X-ray diffraction (XRD), scanning electron
microscopy (SEM) transmission electron microscopy (TEM), Fourier-transform infrared

spectroscopy technique, a SQUID magnetometer, and N3 gas adsorption technique.

Pure CoFe204 nanoparticles were synthesized using a co-precipitation method. The resulting
precipitate was dried by employing the conventional method (oven) and spray drying process.
Cobalt ferrite samples obtained from the two drying processes were briefly applied to adsorb
methylene blue solution as a cationic dye model to know the effect of the drying process on
the adsorption of dye. The studies showed that all the spray-dried samples performed better

than other samples in adsorbing methylene blue (MB) solution.

Spray-dried cross-linked chitosan/ CoFe204 composite was also synthesized and applied as an
adsorbent for the removal of acid orange Il and methylene blue. The magnetic composite was
in the form of microspheres with cobalt ferrite encapsulated in chitosan. Adsorption studies
revealed that acid orange Il was more favorably adsorbed (542 mg g?) s on the composite
than methylene blue (173 mg g'). The adsorption process is spontaneous and exothermic.
Computational studies showed that the formation of hydrogen bond between acid orange Il
and the magnetic composite (at both acidic and alkaline pH) contributed to its better

adsorption than methylene blue.

The removal of doxycycline hydrochloride (DOX), a widely used antibiotic, from wastewater
by CoFe,0a/rice husk silica nanocomposite was studied. The adsorbent was synthesized
through co-precipitation of iron and cobalt salt mixed with a suspension of rice husk silica,
whose precipitate was dried and calcined at different temperatures. The as-prepared
nanocomposite has the highest specific surface area (283 m? g!). The mechanism of

adsorption entails electrostatic and n- m interaction. Adsorption data fitted well with

vii



Langmuir isotherm, having the monolayer adsorption capacity of 835 and 581 mg g for the
as-prepared and sample calcined at 700 °C, respectively. The removal of DOX is entropy-
driven, spontaneous in nature. CoFe;Oa/rice husk silica nanocomposite was also used to
adsorbed methylene blue. The adsorption capacity of the composite (253 mg g) was higher
than that of bio-silica (52 mg g '), and the process was exothermic and spontaneous. Langmuir
and Freundlich models were applied to explain the adsorption isotherm, while pseudo-
second-order is best applicable for the kinetics mechanism. The amount of removed
methylene blue increased with an increase in ionic strength due to the dimerization of MB.

Regeneration and reusability of the adsorbents showed that they are economically viable.

Lamellar kaolinite supported CoFe;04 nanoparticle was synthesized and employed to adsorb
doxycycline and Congo red (CR) from aqueous solution. Comparative adsorption mechanism
of the two targeted contaminants showed that adsorption of DOX was influenced by
hydrogen bond and n-rtinteraction, while that of CR was due to hydrophobic interaction and
hydrogen bond. However, the adsorption of the two contaminants was best fitted to the
Langmuir isotherm, with a monolayer maximum adsorption capacity of 400 mg g* at 333 K
for DOX, and 547 mg g at 298 K for CR. The removal of DOX from aqueous solution was
favored by an increase in temperature (endothermic), while that of CR was exothermic.
Thermodynamics studies confirmed that the adsorption of two contaminants is feasible and
spontaneous. Another study showed that the adsorption capacity of kaolinites for the
removal of methylene blue was improved by spray drying a clay dispersion and through
surface modification. The spray-dried kaolinites have the highest specific surface area of 102
m?2 g1 and better performance than the modified and raw kaolinites with an adsorption
capacity of 168 mg g (at 333 K). The calculated thermodynamics parameters revealed that
the adsorption process is spontaneous at all the studied temperatures for spray-dried

kaolinite.
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RESUMO

Hoje em dia, a remoc¢do de contaminantes como corantes e antibidticos de aguas residuais
tornou-se uma tarefa necessdria. Melhorar o desempenho dos adsorventes para facilitar o
processo de adsorg¢do e projetar métodos de separacdo destes adsorventes apds a remocao de
contaminantes é de grande interesse cientifico e industrial. Nesta pesquisa, compdsitos
formados por ferrita de cobalto com quitosana, biosilica e caulinita foram sintetizados e
empregados como adsorventes de azul de metileno, alaranjado Il, vermelho do congo e
doxiciclina. Os compdsitos obtidos foram caracterizados por difracdo de raios-X (DRX),
microscopia eletrénica de varredura (MEV) microscopia eletronica de transmissao (MET),

espectroscopia na regido do infravermelho, magnetometro SQUID e adsor¢do de gas Na.

Nanoparticulas puras de CoFe;0s4 foram sintetizadas por co-precipitacdo. O precipitado
resultante foi secado empregando-se o método convencional (forno), e o processo de secagem
por nebulizacdo. Amostras de cobalto de ferritas obtidas a partir dos dois processos de
secagem foram brevemente aplicadas a solucdo de azul de metileno, usado como um modelo
de corante catidnico para se conhecer o efeito do processo de secagem sobre a adsorg¢do de
corantes. Os estudos mostraram que todas as amostras secas por nebuliza¢do tiveram melhor

desempenho do que as outras na adsorcao de azul de metileno (AM).

Compdsitos interligados de quitosana/CoFe;0s obtidos por nebulizagdo também foram
sintetizados e utilizados como adsorventes para a remoc¢ao de alaranjado Il e azul de
metileno. O compdsito magnético foi obtido na forma de microesferas com ferrita de cobalto
encapsulada em quitosana. Os estudos da adsorcao revelaram que o alaranjado Il foi
adsorvido mais favoravelmente do que o azul do metileno. O processo de adsorcao é
espontaneo e exotérmico. Estudos computacionais mostraram que a formacao de ligagdes de
hidrogénio entre o alaranjado Il e o composto magnético (em pH acido e alcalino) contribuiu

para sua melhor adsorc¢do do que o azul metileno.

A remocdo de hidrocloridrato de doxiciclina (DOX), um antibiético amplamente utilizado, de
aguas residuais pelo nanocompésito formado por CoFe;0s/silica de casca de arroz foi
estudada. O adsorvente foi sintetizado pela co-precipitacdo de sais de ferro e cobalto
misturados com uma solugdo de silica de casca de arroz, cujo precipitado foi seco e calcificado em

varias temperaturas. O nanocompdsito recém preparado tem a area superficial especifica



mais elevada (283 m? g!). O mecanismo de adsorcdo envolve interacdes n-mt eletrostaticas.
Os dados de adsorcdo se ajustaram com a isoterma de Langmuir, tendo a capacidade de
adsorcdo de monocamada de 835 e 581 mg g' para a amostra recém preparada e a calcinada
a 700 °C, respectivamente. A remocao do DOX é entropicamente impulsionada e de natureza
espontanea. A capacidade de adsor¢do do compdsito (253 mg gt) foi maior do que a da
biosilica (52 mg g*), com processo exotérmico e espontdneo. Os modelos de Langmuir e
Freundlich foram aplicados para explicar a isoterma de adsor¢do, cuja pseudo segunda ordem
€ mais aplicdvel para a cinética do mecanismo. A quantidade de azul de metileno removido
aumentou com um aumento na forca i6nica devido a sua dimerizacdo. A regeneracgao e

reutilizacdo dos adsorventes mostraram que eles sdo economicamente viaveis.

Nanoparticulas de CoFe;0s4 suportada sobre caulinita lamelar foram sintetizadas e
empregadas na adsorc¢do de doxiciclina e vermelho do congo a partir de solu¢do aquosa. Os
mecanismos comparativos da adsorc¢ao dos dois contaminadores mostraram que a adsorcao
de DOX foi influenciada pela ligacdo do hidrogénio e pela interagdo n-m, enquanto a do
vermelho do congo foi devido a interacdo hidrofébica e a ligacdo do hidrogénio. No entanto,
a adsorg¢do dos dois contaminantes teve um ajuste melhor a isoterma de Langmuir, com uma
capacidade méxima de adsor¢c3o de 400 mg g a 333 K para DOX, e 547 mg g*em 298 K para
o vermelho do congo. A remog¢do do DOX da solugdo aquosa foi favorecida por um aumento
da temperatura (endotérmico), enquanto a do vermelho do congo foi exotérmica. Estudos
termodinamicos confirmaram que a adsor¢ao dos dois contaminantes é vidvel e espontanea.
A capacidade de adsorcdo das caulinitas foi melhorada pela secagem por nebuliza¢gdo de uma
dispersao de argila e através de sua modificacdo superficial. As caulinitas secas por nebulizacdo
tiveram a maior area superficial especifica, de 102 m?g?* e um melhor desempenho do que as
caulinitas modificadas superficialmente e as naturais, com capacidade de adsor¢dao de 168 mg
g?! (a 333 K). Os pardmetros termodindmicos revelaram que o processo de adsorcdo é

espontaneo em todas as temperaturas estudadas para as argila secas por nebulizacdo.
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CHAPTER ONE: GENERAL INTRODUCTION AND OBJECTIVES

1.0 Introduction

Technological advancement and industrialization though a driving force behind nation’s
economic, has led to the generation of huge amounts of effluent (especially among
industries that use a large volume of water) into the water body and this has brought
harmful consequences on the ecosystem [1]. Due to this, clean water that is regarded as an
essential commodity is scarcely available due to the depletion of groundwater and

contamination of surface water.

Recycling or recovery of fresh water from dirty, contaminated, polluted water is one of the
feasible solutions to curb the problems that are associated with water. Sadly enough, many
hazardous chemical compounds (dyes, pharmaceuticals, heavy metal ions) whose origin are
traced to industrial wastewater, are responsible for some chronic diseases in humans and
animals, also damage to the environment [2]. As a result of this, different techniques have
been developed for the purification of water, with a singular purpose of making water
available at a clean state [3]. Adsorption technique has been widely used for sequestration
of contaminants from wastewater due to its easy implementation, low energy consumption,

simple maintenance, affordability, and environmentally friendly application [4].

Different materials (non-magnetic) have been studied as adsorbents for the removal of
various contaminants [5]. However, pollutant-loaded adsorbents must be separated from
aqueous solution through filtration or centrifugation, these inconvenient separation
procedures prevent their large-scale applications in water treatment [6]. Filters that are
being used for the separation can be blocked, more so, with the advancement in the use of
nano adsorbents, it connotes that the removal of the adsorbents from aqueous solutions
after adsorption is difficult and leads to loss of materials [4]. It is stated that an ideal
adsorbent for commercial applications should not only have high performance, rapid
removal of contaminants, cost-effectiveness, environmentally friendly, it must also be easy

to separate from aqueous solution [4,7].

In view of this, focus has been on the development of magnetic adsorbents for wastewater

treatment. In recent years, magnetic separation using magnetic composites has been



studied as an effective method for the elimination of biological molecules, organic
pollutions, and heavy metal ions, having the advantage of being easily separated from
aqueous solutions [8]. Therefore, this research focuses on the synthesis and characterization
of magnetic composites for the adsorption of dyes and antibiotic. The adsorption
mechanism and characteristics of the composites (cobalt ferrite with chitosan, bio-silica, and
kaolinite) were studied for the removal of methylene blue, Congo red, acid orange Il and
doxycycline. A brief introduction about each material and the gap that this research is
aiming to bridge with respect to what is available in the literature can be found in chapter

four. This is to make the entire thesis interesting to the readers.



1.1 Aims and Objective
1.1.1 Aim of the Research

The study is aimed at synthesis and characterization of cobalt ferrite nanocomposites as

absorbents for the sequestration of dyes and antibiotic.
1.1.2 Specific Objectives
The aim of this research will be achieved through the following specific objectives:

i.  synthesis of cobalt ferrite and its composite with chitosan, silica extracted from rice
husk and kaolinite;

ii. characterization of the produced magnetic nanocomposites using XRD, TGA,
Brunauer Emmett Teller (BET), scanning electron microscopy with EDS, magnetic
analyser and TEM;

iii. evaluation of the efficiency and adsorption capacity of the synthesized magnetic
composites for sequestration of cationic dye, anionic dye and doxycycline;

iv.  theoretical studies of chitosan magnetic composite;

v. evaluate the kinetic, thermodynamic, isotherm parameters of the sorption process
and reusability of the synthesized magnetic composites.



CHAPTER TWO: LITERATURE REVIEW
2.0. Introduction

Water is acknowledged as a vital ingredient in all facets of life. While it is possible to survive
for a month without food, it is difficult to survive without water. It provides a number of
physical and chemical processes that are essential to humans, animals, and plants [9]. Water
is an indispensable resource in virtually all the economic sectors. The importance of water in
domestic, industrial and agriculture activities among others, cannot be overemphasized. The
sustenance of terrestrial and aquatic lives is pivoted on water. Rivers, lakes, oceans, and
streams provide an avenue for recreation such as swimming and fishing, this help to

generate income for driving an economic forward [10]

However, progression in industrial growth, though a boost to nations’ economy, has
resulted to depletion in human health due to contamination of water through the waste
from the various industries that use a large amount of water to carry out their day to day
activities [11]. Water is significantly polluted by various human and industrial activities that
encompass the dumping of untreated domestic sewage and industrial effluents into water
bodies [12]. In view of this, water becomes contaminated, unsafe to drink, results to the
death of humans and plants. This necessitates the need for clean and safe water for

domestic, agriculture and industrial activities.
2.1 Wastewater

Wastewater generally encompasses effluents from domestic, industrial, commercial and
agriculture activities. Wastewaters from these activities comprise of different
concentrations of both organic and inorganic matters. Specifically, industrial effluents
contain acids, material with high biological oxygen demand, color, antibiotics, and different
toxic materials [13,14] . Textile and pharmaceutical industries are among industries that

release toxic waste into water bodies.
2.1.1 Dyes based wastewaters

Dyes are colored and organic compounds that have their usefulness in industries such as;

textiles, printing, plastics, rubber, and leather for coloring of their finished products. Dyes



are classified based on their chemical structures, solubility in water and applications [15].
Structure wise, they are classified as anionic (acid and reactive dyes); cationic (basic dyes);
and nonionic (disperse dyes) [16]. They are also classified as natural dyes and synthetic dyes.
Natural dyes are obtained from animals and minerals. Meanwhile, the rapid growth among
industries that use dyes, makes it impossible for natural dyes to meet up with demands. In
view of this, synthetic dyes are developed and have gradually replaced natural dyes in
fabrics and textile industries [17]. Dyes attach themselves to the surface of materials and
fabrics, to impact color. They are stable and difficult to degrade biologically due to their
complex aromatic structures [18]. It has been estimated that more than 10 percent of the

dyes used in dyeing fabrics may be directly lost into waterways [19].

Textile industries consume a large volume of water for various processing such as washing,
bleaching, wetting of fibers, dissolving of dyes among others [20]. Textile effluents (highly
polluted and dangerous) happen to be one of the major contaminants that affect the water
body. This effluent contains a large volume of dyes and other chemicals that are used during
the dyeing process [21]. The aftermath of this leads to water pollution. Consequently, it
makes water to have poor quality. In addition, due to the organic substances that the
effluents carry along with it, there is an occurrence of biological and chemical changes

during which makes water to be depleted of oxygen [22].

The presence of dyes in water even in small quantities is highly visible and affects its
aesthetic values [23]. The complex aromatic structures that most dyes possess, makes it
resistant to light, biological activity and ozone thus making it difficult to be removed by the
ordinary waste treatment process [24]. It has been established that dyes have mutagenic,
carcinogenic and allergenic effects [25,26]. When effluents containing dyes are discharged
into the water body, it results in unpleasant odor, leading to hemorrhage, dermatitis,
irritation of skin among others [27]. The presence of dyes in water can significantly affect
photosynthetic activity in aquatic lives due to a reduction in light penetration and may also
be toxic to certain forms of aquatic lives [16,28]. Dye containing effluents are characterized

as having low pH, high color and organic content which leads to high BOD and COD [24].



2.1.2 Antibiotics based wastewaters

The production of different groups of pharmaceutical products is increasing daily due to the
geometric increase in population and the dwindling health status of the populace.
Antibiotics happen to be an important group of pharmaceuticals that are referred to as
substances with antibacterial, anti-fungal, or anti-parasitical activity [29]. They are divided
into different sub-groups such as R-lactams, quinolones, tetracyclines, macrolides,
sulphonamides and others [29]. They are often complex molecules which may possess
different functionalities within the same molecule, due to this, under different pH

conditions antibiotics can be neutral, cationic, anionic, or zwitterionic [29,30].

However, as good as antibiotics are in treating bacteria-related infections in humans and
animals, the incomplete metabolization of the active ingredients of this class of drug in the
body system has led to their release into the environment through excretion; thereby
increasing the pollutants load in the ecosystem [31]. In view of this, there is a great concern
over the detrimental effects that antibiotics, which has been estimated to be averagely
consumed more than 100 x 10° kg per year in the entire globe, could have on the
environment and various organisms if not treated before being discharged into the
environment [32]. Antibiotics are released into the ecosystem from different point sources
(such as households, hospitals, and pharmaceutical industries) and lead to the
contamination of clean water, rapid spread of bacteria resistant to antibiotics and death of

important bacteria in the ecosystem [33].

Doxycycline is among the group of antibiotics that are classified under tetracycline
(characterized as broad-spectrum antibiotics) [34]. It is a potent drug that has been tested
and confirmed to have satisfactory activity against a broad range of Gram-negative and
Gram-positive and for the treatment of sexually transmitted diseases, upper respiratory
tract infections and lots more [35,36]. Just like every antibiotic, the presence of doxycycline
in surface water, groundwater and sediments are hazardous to the environment hence the
need to remove them and make the environment pollutant-free [29]. The complex structure
and the antibacterial nature of this class of drugs make it technically impossible to be
degraded by a micro-organism, hence resulted in the antibiotics-contaminated environment

[37].



2.2 Techniques for wastewater treatment

In an effort to combat the problem of water pollution, rapid and significant progress in
wastewater treatment has been made, which are photocatalytic, chemical precipitation,
oxidation, adsorption, lime coagulation, membrane filtration, ion exchange, reverse osmosis
and bioremediation [38-43]. However, some of these techniques have associated
shortcomings. Biological techniques of treating textile effluents although attested to be a
feasible method, it is not commonly applied in real scale due to significant variation in
wastewater composition, including the presence of high salinity levels among others [44].
More so, this process takes a long time and cannot degrade complicated dyes. [45]. More
so, coagulation cannot remove all types of dyes. It has been affirmed that acid and basic
dyes do not respond favorably to this treatment, it leads to the generation of a huge
amount of toxic sludge which disposal becomes a major problem [46]. It has also been
stated that the addition of coagulants to wastewater that contains cationic dyes was not
fruitful; therefore, this method cannot remove cationic dyes. Membrane separation
techniques encompass nanofiltration (NF), microfiltration (MF), ultra-filtration (UF) and
reverse osmosis (RO) process. As promising as this technique is, it has shortcomings in the
area of the initial cost of investment, it generates other wastes that contain insoluble dyes
that will be required to be treated further, and has a possible tendency to foul [47].
Electrochemical treatment that involved a coupled coagulation and flotation process for the
removal of doxycycline has also been reported to lead to sludge generation [48]. The
application of advanced oxidation processes (AOPs) has been affirmed to be a viable and
effective attenuation option due to the oxidation of a wide range of trace organic chemicals
such as pharmaceuticals, consumer products, and industrial chemicals that are discharge to
surface water [49]. Meanwhile, this method (AOPs) of treating wastewater is capital

intensive [50].



2.3 Wastewater treatment through adsorption.

Adsorption is one of the viable methods that has been used to remove dyes, antibiotics and
other contaminants from wastewater. It has been able to meet the needs of wastewater
treatment because of its good performance, affordability, and friendliness to the

environment [4].

Desorption

Liquid phase O O OO O OT O O _— Adsorbate
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Fig. 2.1: Basic terms of adsorption [51]

Adsorption is change in concentration of a given substance at the interface as compared
with the neighbouring phases, while the material in the adsorbed state is defined as the
‘adsorbate’, but that in the bulk gas or vapour phase prior to being adsorbed is called the
‘adsorptive’ (Fig 2.1) [52]. The history of adsorbents has been traced down to the use of
activated carbon. The application of charcoal for medicinal purposes to adsorb odorous
vapors from putrefactive wounds and from the intestine was first recorded in 1550 BC [52].
Gradually there is an advancement in the adsorption studies with the use of different
adsorbents (natural, agricultural, industrial, etc.) for the removal of various contaminants
[5]. The adsorption of adsorbate on the surface of adsorbent could be physical or chemical;
homogeneous or heterogeneous adsorption. Among the factors that are considered before
choosing any material as adsorbent are; cost-effectiveness, chemical stability, availability,
environmental friendliness among others. However, the specific surface area, pore size,
surface charge, affinity for the adsorbate, and molecular structure are among the important

characteristics that make an adsorbent to perform effectively [32].

Adsorption of contaminants is influenced by many factors such as; solution pH. It (pH) may
influences the adsorption of contaminants by changing the surface charge of the adsorbent,
and the ionization of the adsorbate. Meanwhile, it is not in all cases that pH determines the

adsorption of contaminants because in some cases, adsorption is totally independent of
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solution pH. Another factor is contact time, this helps to know the optimum time when
equilibrium adsorption is reached. The information obtained from contact time could be
helpful in the wastewater treatment plant. Temperature is another factor that influences
the adsorption of contaminants. It helps to know the type of adsorption that took place with
respect to the increase or decrease of the adsorption capacity with temperature. Another
factor is adsorbent dosage, which helps to determine a minimum amount of adsorbent that
is economically viable in wastewater treatment processes. The effect of the adsorbent
properties such as porosity, specific surface area, and surface charge cannot be
overemphasized. It is well known that industrial wastewaters always have pollutants such as
inorganic salts, the availability of such salts in solution influences the adsorption process at
large [53], in view of this, ionic strength is a factor is an important parameter to investigate

this.

A wide range of adsorbents has been used to remove contaminants. Adsorption of
doxycycline hydrochloride (DOX) adsorption on copper nitrate modified biochar (Cu-BC) was
investigated by Liu et al.[54]. According to the authors, Cu-BC absorbent was synthesized
through the calcination of peanut shells biomass at 450 °C and then impregnated with
copper nitrate. The synthesized Cu-BC exhibited excellent sorption efficiency of about
93.22% of doxycycline hydrochloride from aqueous solution. The DOX removal by Cu-BC was
greatly pH-dependent and the optimal pH was 8.0. According to the authors, the kinetics
and isotherm data were well described by the pseudo-second-order kinetic model and
Langmuir model. Thermodynamic results indicated the sorption process was spontaneous
and endothermic. In their conclusion, they opined that the experimental results suggest that
the adsorption efficiency of DOX on the Cu-BC was dominated by the strong complexation

and electrostatic interactions between DOX molecules and the Cu-BC samples.

Zinc oxide functionalized with silica zeolitic particles (ZnO@Ze) that were synthesized via
precipitation method by Shubhangi et al., [55] showed excellent adsorption of Congo red
(CR) dye from polluted water. The morphology and structure of synthesized composite were
characterized by Scanning electron microscopy, Transmission electron microscopy, X-ray
diffraction, and Fourier transform infrared spectroscopy and its performance towards

adsorption and photodecomposition of CR was evaluated. The adsorption dynamics studied
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by time and concentration variation indicated that the adsorption data follows pseudo-
second-order kinetics and Langmuir isotherm model with a maximum adsorption capacity of
161.3 mg g, thus indicating homogeneous physiochemical adsorption of CR dye on the
adsorbent surface. They concluded that the synthesized composite is easily regenerable and
reusable and is capable of removing CR dye from the polluted water up to 90% (for 5
regeneration cycles) and hence proved to be a highly efficient and viable material for the

water purification industries.

In addition, Biochar that was generated from municipal sludge and tea waste through co-
pyrolysis, characterized by Scanning Electron Microscope (SEM) and Fourier Transform
Infrared Spectroscopy (FTIR), was used as an adsorbent for the removal of methylene blue
(MB) dye by Shisuo et al., [56]. The effect of dosage, contact time, pH, temperature on the
adsorption properties of methylene blue (MB) onto biochar were investigated. The
adsorption kinetics, isotherm, thermodynamic and mechanism also were also studied by the
authors. Their results showed that pseudo-second-order kinetics was the most suitable
model for describing the adsorption of MB onto biochar. Equilibrium data were well fitted
to the Langmuir isotherm model. A rise in operating temperature was found to enhance MB
adsorption on biochar. Adsorption thermodynamic of MB on biochar showed that the
adsorption was a spontaneous and endothermic process under higher temperature
conditions. The mechanism between MB and biochar involved electrostatic interaction, ion

exchange, surface complexation, physical function according to the authors.

Activated carbon (AC) that was prepared from sawdust through co-calcinations with
limestone was employed to remove acid orange from aqueous solution by Lingjun et al.,
[57]. Acid Orange Il (AOIl) was utilized as an anionic dye to study the potential of the
prepared AC. Their results revealed that the surface area and total pore volume were both
increased greatly. When the activated carbon was prepared in mass ratios of 1:2 and 1:1
(calcium carbonate to sawdust), the surface area increased to 611.4 and 706.9 m2/g,
respectively, and the adsorption capacities increased to 310.89 and 389 mg/g. They wrote
that the enhancements indicated efficient activation, resulting in energy-saving and

environmentally friendly activated carbon production.
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Even though the above adsorbents among others have proven to be effective in removing
contaminants from wastewater, it is difficult to separate them in a continuous system. In
view of this, studies are focusing on the use of magnetic adsorbents which could be easily
separated from wastewater by using a magnet. Magnetic adsorbents that have a high
surface area, efficiency and easy to separate after adsorption process, have been the
focused materials, due to this, spinel ferrites have been the number one choice for the

treatment of wastewater [4].

24 Magnetic adsorbents

Magnetic adsorbents are referred to a new class of adsorbents where a base adsorbent is
embedded with magnetic particles which are oxides of metals such as Fe, Co, Ni and Cu [58],
and on the application of an external magnetic field, they can be easily separated from
water [59]. The use of these classes of adsorbents to purify wastewater is a concept that is
attracting the attention of researchers from day to day [59]. Meanwhile, the challenges of
using Fes0O4 magnetic nanoparticles are; phase changes into other oxides (which significantly
influence the magnetic characteristics of the particles) and stability at low pH [4]. Due to
this, MFe,04 nanoparticles (spinel ferrite) have attracted attention because of their strong
magnetic features, higher chemical resistance to oxidation and stability in acidic medium

(they can be used throughout a broad pH range) [4].

Ferrites can be classified according to their crystalline structure: hexagonal (MFe12019),
garnet (MsFesQ012) and spinel (MFe204), where M represents one or more divalent transition
metals (Mn, Fe, Co, Ni, Cu, and Zn) [60]. Kebede et al., [8] stated that spinel ferrites are
homogeneous materials with a general chemical formula of AB;Os4, where A and B are
metallic cations positioned at two different crystallographic sites, tetrahedral (A sites) and
octahedral (B sites) and composed of Fe(lll) as one of the main constituents in their
structure (Fig 2.2). The cations of both positions are tetrahedrally and octahedrally
coordinated to oxygen atoms, respectively. Valenzuela et al., [61] commented that the
formula MFe;04, depending on the position of M(ll) and Fe(lll) site preference, three
possible spinel ferrite structures are known, namely normal, inverse and mixed. In a normal
spinel structure of ferrite, M(ll) located at tetrahedral sites while Fe (lll) at octahedral sites.

In an inverse spinel structure of ferrite, Fe (lll) equally distributed at both sites while M(ll)
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occupies only at octahedral sites. In a mixed spinel structure of ferrite, both ions randomly
occupy the tetrahedral and octahedral sites. Spinel ferrite nanoparticles (SFNPs) have
received special attention among the crystalline structure of ferrites. This is mainly due to
their excellence magnetic properties, simple chemical composition, and wide applications in
several areas which include wastewater treatment, biomedical, catalyst and electronic

device [8].

Cobalt ferrite is a typical example of inverse spinel ferrite [62]; found to be an interesting
magnetic material that has magnetic properties that encompass large magnetic anisotropy
(1.8 — 3x10° J m3) and moderate magnetization saturation (80 emu g?) [63,64]. It is
chemically stable, with encouraging mechanical hardness [65]. These properties made
cobalt ferrite a useful material for different applications. Nanocrystalline cobalt ferrite is
regarded as an essential material due to its inherent thermal, magnetic, chemical and
electrical properties [66]. Various contaminants such as heavy metals and dyes among
others have been successfully removed from wastewater by cobalt ferrite [67,68]. It has also
been combined with adsorbents and photocatalytic materials in treating wastewater due to
its ability to be easily separated from solutions by external magnetic field after being used
to remove toxic pollutants [8]. A study carried out by Kooti and Afshari [69] showed that it
could act as an excellent catalyst for the conversion of alkenes to aldehydes or epoxides.
Furthermore, it has been proven to be an effective material for drug delivery systems. It is
an appropriate magnetic material for hyperthermia application, clinical practice and for
isolating and purifying genomic DNA [70,71]. Application of Co-ferrite in drug delivery
systems by using the hyperthermia method has brought a significant breakthrough and

provided a broader view on releasing a drug to a targeted location [72].
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Fig.2.2. The schematic representative of spinel ferrite structure [8].

2.4.1 Spinel ferrite composites

One of the problems that are associated with ferrites nanoparticles is that they tend to
agglomerates as a result of their high surface energy, van der Waals forces, and magnetic
dipolar interactions [73]. Furthermore, it has been observed that dissolution/leaching of
metal ions from pure spinel ferrites can occur. To combat these issues, spinel ferrites have
been combined with various matrix materials to fabricate magnetically responsive
composites. Reddy and Yun [4] stated that their hybrid combination yields various types of
spinel ferrite composites (SFCs), which may lead to a performance that could not be
attained by individual materials and exhibit fewer limitations. It was further stated that the
combination of spinel ferrites magnetic particles with materials such as polymers,
biomaterials, carbonaceous materials, and inorganic oxides, has led to composites with

improved performance.
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CHAPTER THREE

3. Materials and methods

3.1 Materials

Iron and cobalt sulfate (FeSO4.7H20 (assay: 99%) and CoS04.7H,0 (assay: 98.102%)) were
purchased from Dinamica Quimica Contemporanea Ltd., Brazil. Chitosan with the degree of
deacetylation (87.4 %), viscosity (176 cPs at 20 °C), pH (8.7) and an apparent density (0.25 g
mL?) was purchased from Polymar/Brazil, while methylene blue and acid orange Il were
purchased from Labsynth and Sigma Aldrich respectively. Congo red is a product of BDH
Chemicals, United Kingdom. The rice husk that we used was collected from a local rice mill in
Ajaokuta steel city, Kogi State, Nigeria. Doxycycline (DOX, assay: 98.3, yellow powder, 1.4 to
2.8% water) from TRB Pharma in Brazil. Kaolinite was obtained from Chapada do Norte,

Minas Gerais, Brazil.

3.2 Cobalt ferrite synthesis

CoFe;04 was prepared by chemical co-precipitation method [64]. In this case, FeS04.7H,0
and CoS04.7H,0 were mixed in ratio 2:1 and dissolved in distilled water by gently heating
the solution and stirred for one hour. An aqueous solution of NaOH (sodium hydroxide) was
added to the mixture and stirred continuously until the pH reached 12. Digestion was
carried out at 90 °C on a hot plate for 2 hours, after which the gelatinous precipitate formed
was washed with distilled water till pH 7 was attained. Part of the neutralized precipitate

was oven-dried at 100 °C, while the rest was spray dried.

3.3 Preparation of spray-dried cobalt ferrite

The neutralized cobalt ferrite solution was continuously stirred throughout the spray drying
period. Spray dryer with 1 mm nozzle was used for the drying process. The process was
performed by setting an inlet temperature at 120°C and airflow rate at 50 L min™! pressure.

The dried product was collected in a collection bottle.
3.4 Calcination process

The respective oven and spray-dried cobalt ferrite samples were further calcined at 500 and

700 °C for 2 h. The scheme of the synthesis is shown in Fig. 3.1.
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Fig. 3.1. Scheme of cobalt ferrite synthesis.

3.5 Preparation of CoFe,04/chitosan composite

Firstly, 4 g of chitosan was dissolved in 120 mL of 2% (v/v) acetic acid and stirred for 30
minutes. Then, 1 g of cobalt ferrite was added and the mixture was sonicated for another 30
minutes. Subsequently, 1 ml agueous solution of 25 wt.% glutaraldehyde was added to the
mixture and mechanically stirred for 1 hour. The resulted magnetic composite was spray-
dried, characterized and used as adsorbent. The inlet temperature of the spray drier was set

at 120 °C and airflow rate at 30 L mint. Fluxogram of the synthesis is shown in Fig. 3.2.

Crosslinking

Fig. 3.2. Scheme of the cobalt ferrite/chitosan composite synthesis.
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3.6 Production of rice husk silica

Silica was extracted from rice husk ash according to the method reported by Daramola et al
[74]. The husk was adequately washed using water and dried in the oven at 80 °C for 24 h.
Firstly, the husk was turned into ash in a muffle furnace programmed at 650 °C for 5 h.
Approximately 10 g of the ash was thoroughly mixed with 100 mL of 1 M sodium hydroxide
solution, boiled in shaking water bath at 100°C in a beaker for 1 h, cooled and filtered.
Concentrated tetraoxosulphate (VI) (H2SO4) acid (assay: 97%) was added to neutralize the
filtrate and the precipitate obtained was incubated for 48 h to facilitate the formation of
silica gel. Vacuum filtration was used to separate the silica from suspension, which was
dried at above 100 °C in an oven. The summary of the extraction process is shown in

equations 3.1 and 3.2 [75]

SiO2 5) + NaOH (aq) — NaySiOs3 (5 + H>0 ) 3.1

(ash)

NazSiOs3 (s) + H2S04 (1 —»  SiO2(5) + N2SO4 (aq) + H,0 () 3.2
(silica)

3.7 Synthesis of CoFe20a/rice husk silica

An approximately 1.0 g of rice husk silica was put into 250 mL beaker, containing 100 mL of
distilled water. The mixture was sonicated in a water bath for 30 min. FeS04.7H,0 (1.0 g)
and CoS04.7H,0 (0.5 g) were added to the dispersed rice husk silica suspension in the
beaker and placed on magnetic hot plate stirrer for 30 min, after which the pH was adjusted
to 11 using NHiOH (28% NHs, assay 99.99%) and digested for 2 h at 90 °C. NH4OH
(ammonium hydroxide) was used as precipitant due to the presence of impurities in the
cobalt ferrite that was precipitated with NaOH. The precipitate formed was filtered through
a vacuum filtration process, washed with distilled water until the pH reached 7. The product
formed (CoFe;0a4/rice husk silica nanocomposite) was dried in an oven at 100 °C and
calcined at 300, 500 and 700 °C for 2 h. Each sample was designated as cobalt ferrite/rice
husk silica as-prepared (CFS-100), cobalt ferrite/rice husk silica calcined at 300 °C (CFS-300),
cobalt ferrite/rice husk silica calcined at 500 °C (CFS-500), cobalt ferrite/rice husk silica
calcined at 700 °C (CFS-700). The scheme of the cobalt ferrite/rice husk silica

nanocomposite synthesis is shown in Fig. 3.3.
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Fig. 3.3. Scheme of the cobalt ferrite/rice husk silica nanocomposite synthesis.

3.8 Preparation of SDS- modified raw kaolinite

Sodium dodecyl sulfate (SDS) modified raw kaolinite was prepared accordingly, 1g of raw
clay was dispersed into 100 mL of 0.01M of SDS. The mixtures were stirred for 3h at 80 °C
and left overnight at room temperature. The modified raw clay was centrifuged and dried in

the oven at 100 °C.

3.9 Preparation of spray-dried kaolinite.

10g of raw kaolinite sample was dispersed in 1L of distilled water containing 0.1 g of
dispersant (Logosperse 4262). The mixture was continuously stirred during the spray drying
period. Spray Dryer MSD 0.5 with 0.7mm nozzle was used to dry the suspended clay. The
process was performed by setting an inlet temperature at 120°C and airflow rate at 50 L

min! pressure. The dried product (spray-dried kaolinite) was collected in a collection bottle.

3.10 Synthesis of CoFe;0as/kaolinite nanocomposite

Spray-dried kaolinite (2 g) was dispersed in 25 mL solution containing 2 g of Iron (lI) sulfate
heptahydrate and 1 g of cobalt (ll) sulfate heptahydrate. The mixture was stirred for 30
minutes and precipitated at pH 11 using ammonium hydroxide (28% NHs, assay 99.99%),
boiled at 90 °C for 2 hours, filtered and dried. Part of the dried nanocomposites was
calcined at 300, 500 and 700 °C for 2 h. Each sample was designated as kaolinite/CoFe;04
nanocomposite as-prepared (KCF-100), kaolinite/CoFe;04 nanocomposite calcined at 300 °C

(KCF-300), kaolinite/CoFe20s4 nanocomposite at 500 °C (KCF-500), kaolinite/CoFe;0a
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nanocomposite calcined at 700 °C (KCF-700). The scheme of the cobalt ferrite/kaolinite

nanocomposite synthesis is shown in Fig. 3.4.

NH4°H CoFe,0,/kaolinite
Kaolinite
Stlrrlng i Synthesis Thermal treatment :
R 100,300, 500 and
o adJustment 900 0(':’ 2 hr
pH 11
(90 °C, 2h)
FeS0,.7H,0: 2 g Characterization
Co0S0,.7H,0: 1 g
Kaolinite: 2g
Congo red Adsorption TEM, FTIR, BET,
and —— Magnetic

Doxycycline

Fig. 3.4. Scheme of the cobalt ferrite/kaolinite nanocomposite synthesis.

3.11 Characterization of the samples

X-ray diffraction (XRD) was performed in a X-ray diffractometer (Shimadzu, XRD 7000) using
CuKa radiation [\ = 1.5418 A, scanning step = 0.05°, scanning speed 2° min'l]. The powder
samples were prepared by packing them to a flat surface in a separate sample holder. The

data obtained were analyzed using Search-match software.

Morphology of the nanocomposite was assessed in a thermionic (W filament) scanning
electron microscope (SEM), FEI Quanta 200 FEG coupled with an EDX silicon drift detector

(Bruker). The powders were put on a stub, fixed with carbon tape.

The sample for transmission electron microscopy (TEM) analysis was prepared by dispersing
a small quantity of the powder inside isopropanol and sonicated for 10 minutes. A drop of
the suspension was pipetted and placed on the carbon-coated copper grid. The solvent
evaporates while the particles settled on a carbon film. The sample was inserted into the
sample holder and the image taken on FEI Tecnai G2-20 (200 kV) coupled with a Si (Li) EDAX

detector and a Quantum SE system with Gatan Energy Filter.

The textural characteristics of the samples were determined by nitrogen adsorption in a
Quantachrome Autsorb. Approximately, 50 — 60 mg of the nanocomposite was weighed
inside the sample cell and degassed at 200 °C to remove adsorbed gases and water. The
sample was cryogenically cooled with liquid nitrogen (77 K), while the adsorbate gas

(nitrogen) is dose into the system at the series of reduced pressures. The gas adsorbed and
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the system is allowed to equilibrate, after which time the resultant pressure over the
sample is measured. The amount of gas adsorbed by the sample at each reduced pressure
point is then used to construct an isotherm. The data obtained were analyzed using
multipoint points BET for the evaluation of the specific surface area. The pore size

distribution curves were obtained by BJH.

Fourier Transform Infrared (FTIR) spectroscopy was used to study the functional groups that
were present in the nanocomposites. The FTIR spectra were recorded via a Varian FTIR 660
spectrometer between 400 and 4000 cm™, 64 accumulations, and 4 cm™ resolution using
the standard KBr method. For this analysis, each sample and KBr powder was dried in an
oven at 200 C for 2 h to remove moisture. 200 mg of KBr was mixed with 2 mg of each
sample, crushed using a mortar and pestle and then pressed to form transparent pellets
that were used for the characterization. The pellet was placed in the FTIR sample holder and

analysis.

NETZSCH— STA 409EP (Netzsch Inc., Germany)-type thermogravimetric (TGA) was used to
detect mass loss with respect to the amount that was adsorbed on the magnetic
composites. Before carrying out the test, the samples were evenly distributed in an alumina
sample pan. The analysis was performed in synthetic air at 50 cm® min flow rate starting

from 40°C to 600°C + 10 °C with 10°C/min heating rate.

The study of magnetic measurements was performed on a magnetometer and
susceptometer equipped with SQUID (Superconducting Quantum Interference Device)
sensor. The Cryogenic S700X magnetometer was used in the Laboratory of Magnetism of
the Chemistry Department of UFMG. This equipment has field application capacity of up to
7 tesla, and continuous standard temperature control from 1.6 K to 300 K. All
measurements was performed on samples previously dried in powder form (2 to 6 mg). The
sample was placed inside a capsule used in a pharmacy handling, which in turn is placed and
inside a small plastic tube. The data were interpreted using the molar masses obtained from

the chemical analyzes
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3.12 Adsorption studies

3.12.1 pH studies

Optimum pH was determined by adding 10 mg of the respectively adsorbent to 15 mL of
100 mg L of each of the adsorbate solution (acid orange I, Methylene blue, Congo red and
Doxycycline) inside 50 mL beaker for 24 hours. The pH of the solution was adjusted to 2, 4,
6, 8 and 10 with dilute HCl and NaOH.

3.12.2 Kinetic studies

Kinetic studies were carried out for 24 hours, while the amount adsorbed was measured at
regular intervals to know the optimum time. In these studies, the pH of the solution was
fixed (optimum pH), 10 mg of the adsorbents was added to fixed volume (15 mL) of 100

mg/L the adsorbate solutions.

3.12.3 Dosage studies
The amount of each adsorbent added to 15 mL of 100 mg L of the adsorbate was varied

from 2, 4, 6, 8 and 10 mg). Optimum pH and time were used for this study.

3.12.4 Temperature and concentration studies

The temperature of the solution was varied from 298, 303, 313, 323 and 333 K by placing
the beakers containing a fixed volume of the respective concentration (50, 100,150, 200,
250, 300 350, 400, 450 and 500 mg L) of the respective adsorbate inside a temperature-
controlled water bath and allowed to stay for the optimum time that had been earlier
determined.

After each of the study listed above, reasonable quantity of the solution was withdrawn and
the final unabsorbed concentration of the adsorbate was measure by a UV-Vis
spectrophotometer (U-2010, Hitachi) at a wave-length of Amax 345 nm (Doxycycline), 664 nm
(Methylene blue), 500 nm (Congo red) and 485 nm (Acid orange Il). The amount adsorbed

(mg g!) was calculated using equation 3.3

— (Co_ Ce)V
m

q 3.3
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3.13 Adsorption kinetics

The importance of the kinetic study cannot be overemphasized as it helps to know the
equilibrium time and how fast the composites could attain the highest adsorption capacity
with respect to the initial concentration. The data obtained from contact time were further
subjected to a nonlinear form of pseudo-first-order, pseudo-second-order, and general

order kinetic models, shown in equations 3.4 and 3.5 respectively.
q: = qe[1 — exp(—kqt)] 3.4

_ _ de
9= e ™ T, o] 35

Where, q; and g, are amount of contaminant adsorbed at time ‘t" and at equilibrium time
respectively, k; and k, are the rate constant of pseudo-first-order and second-order kinetic

models respectively.

3.14 Adsorption isotherm

Adsorption isotherm is a graphical expression of the adsorbate concentration against its
residual concentration at a constant pH and temperature, it provides understanding about
the mechanism of adsorption. Therefore, the data obtained from temperature studies were
subjected to two commonly isotherms which are Langmuir and Freundlich. Langmuir
isotherm assumes monolayer adsorption on a homogeneous surface with a definite number
of adsorption sites, maximum adsorption capacity is determined through it. Freundlich
model is suitable for heterogeneous surfaces and can be applied to multilayer adsorption
and it helps to understand that the vacant sites on the adsorbent are having distinct energy
[5] . The non-linear equations of Langmuir and Freundlich ae shown in equations 3.6 and 3.7

respectively.

OmaxCek;

(1+KLce)

Je = 3.6

Qe = KpCM/™ 3.7
where C, is the equilibrium concentration in bulk solution (mg L?), g, is the amount of
contaminants that was adsorbed (Mg g2), ¢;qx IS the maximum adsorption capacity (mg g
1), K, is an equilibrium constant of Langmuir (L g!), Kr is the Freundlich constant (mg g*

(mg LY)¥"F), n is the dimensionless exponent of Freundlich.
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3.15 Adsorption thermodynamics
The values of thermodynamic parameters (changes in Gibbs-free energy (4G°), changes in

enthalpy (AH?) and changes in entropy (45°)) were calculated using equations 3.8 and 3.9

logKe= > — 22 3.8

2.303R 2.303RT

AG° = AH° —TAS°® 3.9
It is worthy to note that Ke is a dimensionless thermodynamic equilibrium constant, which
was obtained from Langmuir equilibrium constant (K ) as shown in equation (3.10), [76].
where the activity coefficient of adsorbate is the standard concentration of the adsorbate (1

mol L™2).

Ke = 1000+KL+molecular weight of the adsorbatexstandard concentration of the adsorbate 3.10

activity coefficient of adsorbate

3.16 Computational details for the adsorption of CoFe,0a4/chitosan

To have a better understanding of the adsorption mechanism, reactivity and the
interactions involving the dyes and chitosan magnetic composite, quantum chemical
calculations were carried out at the DFT level theory using the ORCA software [77,78].
Geometry optimizations of the dye molecules in which electronic properties were

investigated using the Fukui functions, including the solvation effects are shown in Fig 3.5.

Three chitosan models were built as pentameric structures as shown in Fig. 3.6. The
protonated model (charge +5), has the five amino groups in -NHs* form; the neutral model
keeps the hydroxyl and amino groups in neutral states and, the deprotonated model (charge
-2) has two OH groups deprotonated. These three models simulate the chitosan in acidic,
neutral or basic pH respectively. The interaction of the dyes with the chitosan models was
investigated through geometry optimization at the DFT/PBE-3c level of theory. Hydrogen
bond formation of the dyes in water solution was investigated using Monte Carlo (MC)
statistical mechanical simulation in an NPT ensemble at 298K using a classical pair potential
composed of Coulomb plus 12-6 Lennard Jones terms [79] in a box with 599 molecules of
water described by the TIP3P model[80]. All MC simulations were done using the
DICE(v3.0beta) software developed by Coutinho and Canuto [81].
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Fig. 3.5: Optimized structures of MB (top) and AO (bottom) with the respective numbering

of atoms.

Fig. 3.6. Protonated (top), non-protonated (middle) and deprotonated (bottom) models to
simulate the chitosan polymer. The yellow circles highlight the amino groups that are
protonated (-NHs*) in the top or non-protonated (-NH;) in the middle and bottom
structures, while the blue circles highlight the OH groups that are protonated (-OH) in top
and middle or deprotonated (-O°) in the bottom structure comprising the three chitosan

models.
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CHAPTER FOUR: RESULTS AND DISCUSSION
4.1 Effect of drying process and calcination on the structural and magnetic properties

of cobalt ferrite.

4.1.1 Brief introduction

It was gathered from the literature that the characteristics of magnetic nanoparticles
depend on the synthesis route and drying process [64]. Given this, several authors have
carried out various researches on cobalt ferrites and its synthesis route [82—-84]; this is to
provide a well viable and cost-effective means of synthesizing spinel ferrites. Mahboubeh et
al., [85], utilized combustion, co-precipitation and Stober (precipitation) methods to
synthesize cobalt ferrite, and discovered that co-precipitated cobalt ferrite has moderate
crystal size (49.5 nm) and saturation magnetization (55.8 emu g). Also, Ristic et al. [86],
used a co-precipitation method to synthesize cobalt ferrite and studied the influence of pH
and autoclaving time on the crystallite size and magnetic measurement of CoFe;0a.
According to their report, both the crystallite size and magnetic saturation increased with

the increase in precipitated pH.

In view of this, chemical co-precipitation method was used to prepare cobalt ferrite used in
this study. This process has been noted to be a suitable method for the synthesis of
nanoparticles; it is less time consuming and cost-effective [87]. However, the significant
effect that drying process could have on magnetic, textural, morphological and structural
properties of cobalt ferrite and its effectiveness in treating contaminants has not been
reported and this propelled our curiosity. Therefore, we employed spray drying and
conventional oven drying method to dry co-precipitated cobalt ferrite used for the study.
Agnese Stunda-Zujeva et al [88] wrote that spray drying method is one of the most
convenient and fast techniques that could be used to produce particles of high surface area.
The performance of the oven and spray dried cobalt ferrite on the adsorption of the

methylene blue was studied (in brief) before and after calcination process.
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4.1.2 X-ray diffraction analysis of the synthesized CoFe204

The diffractograms of the synthesized cobalt ferrite are shown in Fig. 4.1. The pattern
matched with card number 22-1086 of the Joint Committee on Powder Diffraction
Standards (JCPDS), which is a typical pattern of cubic spinel ferrite having space group of Fd-
3m (N2 227). The diffractograms of the as-received samples: OD-100 and SD-100 showed

the presence of two phases: CoFe;04 and Cog3;Fe,.,(O0OH) (card #14-558). Meanwhile,
Cog.33Feq¢,(O0H) phase disappeared after calcination. Phase transformation was observed

after the samples were calcined at 500°C, leading to the appearance of hematite phase.
Another observation was the slight shift of peak (311) in both OD-100 and SD-100
diffractograms after calcining at 500 °C. Dehydroxylation of the Cobalt-iron (oxy) hydroxide

(Cogs3Feqe,(O0H)) phase at this temperature could have been responsible for the shift.

Thermal decomposition of this phase could have initiated the movement of a certain
amount of Co?* ions from octahedral to the tetrahedral sites, and equivalent transfer of Fe3*
ions from tetrahedral to octahedral sites. Rao et al [89] as well reported a shift in peak due
to an increase in annealing temperature. The lattice parameters (a) are itemized in Table
1.The values obtained for both OD-700 and SD-700 are closed to the reported lattice

constant of pure cobalt ferrite in the literature (8.396 + 0.001 A) [90].

The impure phase, Fe;03 disappeared completely after the samples were calcined at 700 °C,
leading to the formation of single-phase cobalt ferrite. This shows that the presence of
hematite (an antiferromagnetic) in cobalt ferrite can be thermally decomposed giving rise to
pure cobalt ferrite. Calcination process has effect on the purification, crystal growth and
crystallization of the synthesized CoFe,04. This structural change resulted in change in the
magnetic properties of the samples. However, the drying process does not have a significant

effect on its structure.
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Fig. 4.1. XRD pattern of cobalt ferrite samples calcined at different temperatures.

Table 1. Crystallite size and Lattice constant for cobalt ferrite.

Cobalt ferrite

Crystallite size (nm)

Lattice parameter (A)

OD-100 8 8.47
OD-500 10 8.32
OD-700 14 8.40
SD-100 9 8.47
SD-500 10 8.36
SD-700 14 8.40

4.1.3 TEM and HRTEM analysis

Transmission electron microscopy (TEM) images of SD-100, SD-500, and SD-700, show
distinct agglomeration (Fig. 4.2). The reason for the agglomeration was due to the
interaction that exists among the particles. This feature was only observed in the spray-
dried images. Bright-field TEM images of all the samples are displayed in Fig. A1 (Appendix).

The images are plate-like structure of different orientation and morphology.
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Fig. 4.2. TEM images of spray-dried cobalt ferrite calcined at a different temperature,

showing agglomeration.

High resolution-transmission electron microscopy (HR-TEM) images of all the samples show
the degree of crystallinity through the appearance of clear lattice fringes of crystalline
planes in the particles (Fig. 4.3). The clear appearance of the fringes (observed at the Fast
Fourier Transform in each image) increases with the increase in the calcination

temperature. This is in accordance with the X-ray diffractogram results, which show an

increase in the crystallite size with respect to an increase in temperature.

Fig. 4.3. HRTEM images of various cobalt ferrite samples. The inset in each image shows the

Fast Fourier Transform (FFT).
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4.1.4 Scanning electron microscopy (SEM)

Scanning electron microscopy analysis of the spray-dried sample (Fig. 4.4) was performed to
assess the morphology of the agglomerate observed at TEM. Averagely, the image of SD-700
shows particles with a spherical shape and a high degree of agglomeration among the fine
particles (spray-dried powder). It is well documented that particles with the large surface

area to volume ratios tend to agglomerate so as to reduce their high surface energies [91].

Fe

Co

keV

0 5 10 15 %

Fig. 4.4. SEM images of SD-700 (SEM images of SD-100 and SD-500 not shown).

4.1.5 BET specific surface area analysis

Nitrogen adsorption and desorption isotherms are shown in Fig. 4.5, while the specific
surface areas (SSA) are itemized in Table 2. The specific surface areas of SD-100, SD-500,
and SD-700 are higher than the respective oven-dried samples. This signifies that spray
drying process can improve the SSA of cobalt ferrite and perhaps other powder samples.
More so, the cost of surfactant can as well be reasonably reduced or avoided by employing
spray drying process to produce powder of high surface area. The results also show that the
values of SSA reduce as the calcination temperature increases, which could be due to phase
transformation and dehydroxylation as observed in XRD diffractogram. This is expected
because calcination leads to lower surface area as decomposition of some compounds could

take place. The isotherm is typical of nonporous or macroporous material.
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Fig. 4.5. Nitrogen adsorption-desorption isotherm at 77K of the for various cobalt ferrite

Table 2. BET specific surface area

Cobalt ferrite Parameters

SSA (m?g?)  Cconstant

OD-100 92 27
OD-500 52 38
OD-700 47 28
SD-100 138 21
SD-500 86 14
SD-700 82 13

4.1.6 Magnetization versus Temperature
The magnetic profile of synthesized cobalt ferrite (OD-100, OD-500, OD-700, SD-100, SD-
500, and SD-700) was characterized by measuring the zero-field cooled (ZFC) and field

cooled (FC). The results of the measurement are shown in Fig. A2. The maximum point on
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the ZFC curve is the blocking temperature (Tg) [92]. As shown in the Fig., ZFC of both OD-
100 and SD-100 increases with temperature and attained maximum values (T) at 240 and
164 K respectively, after which it decreases with further increase in temperature. This type
of behavior is associated with the characteristic behavior of superparamagnetic materials
[93], meanwhile considering their coercivity values which are far greater than zero (Fig. 4.6),

they cannot be regarded as pure superparamagnetic.

The presence of cobalt-iron (oxy) hydroxide in the two samples would have influence weak
magnetic interaction within the particles hereby leading to the attainment of blocking
temperature. This infers that the presence of cobalt-iron (oxy) hydroxide hindered the
response of the magnetic moment to the magnetic field which leads to a low magnetic
anisotropy barrier (Table 3). It has been stated that anisotropy energy acts as an energy

barrier that prevents free rotation of the magnetic moments away from the easy axis [63].

The value of Ty corresponds to the particles size interaction; hence for SD-100 to have
attained lower Ty than OD-100, it means that the particles have higher interaction and this
could have propelled the agglomeration of the particles which was noticed in the TEM
images. It was stated that, above the blocking temperature, the interaction between
magnetic nanoparticles is very weak, while the interaction between the particles is strong
below Ty [94,95]. This implies that the lower the Ty, the higher the magnetic interaction
within the nanoparticles. Spray drying process enhanced the magnetic interaction (evidence
in the agglomeration) of the particles which resulted to lower Tj.

The decomposition of cobalt-iron (oxy) hydroxide as confirmed from the XRD results, leads
to a high magnetic anisotropy energy barrier after calcination and became difficult to be
overcome by thermal activation within the temperature range (10 - 300 K). The values of Ty
are well too high to be determined, this indicates that the materials (OD-500, OD-700, SD-

500 and SD-700) are still magnetically blocked at room temperature.
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4.1.7 Magnetization versus Field

The result of magnetization as a function of the applied field (Fig. 4.6) was carried out at 10
and 300 K. In the curves of hysteresis, the saturation magnetization (M) increased with an
increase in calcination temperature (due to the disappearance of a-Fe;Os; and
Coy.35Feq.67(O0H) phase) as listed in Table 4. The M; of OD-100, OD-500, SD-100 and SD-500
are lower than the bulk M; of cobalt ferrite (80 emu g*) [90], meanwhile, values obtained
for SD-700 and OD-700 are close to the bulk Mg of cobalt ferrite. The lower saturation
magnetization values reported for OD-100, OD-500, SD-100 and SD-500 are attributed to
the presence of alpha hematite and cobalt-iron (oxy) hydroxide impurities which reduced

the number of moments contributing to magnetic saturation.
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Fig. 4.6. Magnetization versus applied field at 10 and 300 K for cobalt ferrite samples.
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Increase in crystallite size (itemized in Table 1) could as well be responsible for higher My at
700 °C. Magnetic domain size is directly proportional to crystallite size. Whenever the
magnetic domain size increases, there will be a corresponding increase in the number of
atomic spins that align themselves in the direction of the applied magnetic field, thereby

enhancing the magnetic saturation of the material [96].

It was also observed from Table 4 that the magnetic saturation of all the samples is higher at
10 K (low temperature) than 300 K (room temperature) because of a reduction in thermal
vibration [92]. The high values of coercivity (H:) and a lower value of M, at 10K are
attributed to the increased in magnetic anisotropy of the particles which prevent magnet
moment from aligning in an applied field [96]. At low temperature, magnetic spin freezes
and reversal of magnetization becomes difficult, resulting to high anisotropy and coercivity
[97]. The coercivity of SD-100, SD-500 and SD-700 are less than their respective oven-dried
samples due to agglomeration which was caused by mutual interaction within particles. The
respective coercivity values of this synthesized cobalt ferrite, make its applications differ at
low (10 K) and room (300 K) temperature. The magnetic anisotropy (K) values shown in

Table 3 are calculated from equation 4.1 below [97].

MS X HC
0.96

K = 4.1
Squareness ratio (Rg) calculated from equation 4.2 below is a measure of how easy it is for
the direction of magnetization to re-orient to the closet easy axis after withdrawing of the
magnetic field [98].

My
Mg

RS = 4.2

Squareness ratio obtained at room temperature for all the samples is within 0.3 — 0.39
implying that at 300 K the magnetic properties of the synthesized cobalt are not direction-
dependent (isotropic). This is a typical example of a soft magnet with a characteristic of
single-domain nanoparticles. Meanwhile, at 10 K, Rs range from 0.55 — 0.78, which indicates
a hard magnet property, comprising of multi-domain nanoparticles with high anisotropy

behavior and high coercivity [96].
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Table 3. Magnetic anisotropy and squareness ratio at 10 and 300 K.

Cobalt ferrite

10k

K x 103 (erg cm3)

OD-100 °C 19.27
OD-500°C 14.21
OD-700°C 79.06
SD-100 °C 1.49
SD-500°C 1.73
SD-700°C 6.81

Rs
0.68
0.78
0.74

0.55
0.68
0.76

300K
K x 103 (erg cm3) Rs
2.11 0.34
2.22 0.39
6.22 0.35
1.45 0.3
3.53 0.35
4.38 0.37

Table 4. Saturation magnetization, coercivity and remanence values obtained at 10 and 300

K.
Cobalt ferrite 10k 300K
Hc (Oe) Mr Ms Hc (Oe) Mr Ms
(emug?) (emug?) (emug?) (emug?)

OD-100 °C 449 28.12 41.21 79.95 8.6 25.5
OD-500°C 465 22.87 29.35 82.36 10.35 25.8
OD-700°C 913 61.39 83.14 80.8 26.05 73.0
SD-100 °C 36.44 24.13 39.27 65.6 6.29 21.2
SD-500°C 38.75 29.25 42.86 89.5 13.42 37.8
SD-700°C 74.7 67.04 87.64 54.6 28.75 77.0

The difference in drying process did not have a significant effect on the squareness ratio. A

comparison of saturation magnetization obtained at room temperature reported by some

authors are listed in Table 5.
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Table 5. Comparison of saturation magnetization (at room temperature) reported by some

authors

Ms (emu g?) Reference
77 This work
73 This work

60.6 [99]

59.4 [69]

54 [72]

20 [96]

56.2 [100]

58.4 [101]

50 [102]

50 [103]

45 [104]

70.4 [105]

4.1.8 Adsorption analysis

The various cobalt ferrite samples were tested for the adsorption of methylene blue.
Displayed in Fig. 4.7 is the UV-Vis spectra of methylene blue before and after the adsorption
process. The absorbance intensity at Amax reduces gradually with an increase in the
calcination temperature of the samples. Considering the drying process, SD and OD-700
performed better than the rest samples. We could recall that it was at the diffractograms of
OD-700 and SD-700 that no trace of impurities (a-Fe>03 and Co.3;Fe, ., (OOH)) was noticed.
Given this, it could be inferred that the presence of a-Fe203 and Co.3;Fe,,(OOH) phase
were responsible for the lower adsorption performance in the samples in which they are
present. Another interesting observation again was that, although OD-700 and SD-700 have
the lower specific surface area, yet due to the absence of impurity, they adsorbed

methylene blue solution better than the other samples (related to the same drying process).
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Fig. 4.7: UV-Vis spectra of the original MB dye solution and the respective MB after

adsorption processes. (0.1 g of cobalt ferrite was added to 12 mL of MB solution (50 mg L
1).)

Now, comparing the two-drying process, it was also observed that SD-100, SD-500, and SD-
700 adsorbed MB better than OD-100, OD-500 and OD-700, respectively. This is due to their
higher specific surface areas. SD-700 adsorbed 93 % of the initial methylene blue solution
while OD-700 adsorbed 52%. This shows the significant effect that spray drying process has
over the texture of the material dried in the oven. The respective pictures of methylene blue

solutions before and after adsorption are shown in Fig. 4.8.

Fig. 4.8: Methylene blue solution before and after immersion
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4.1.9 EFTEM images of SD-700 after adsorption

The adsorption of methylene blue (MB) on the surface of SD-700 (having the highest
percentage adsorbed) was confirmed through energy-filtered TEM (EFTEM) images, which
was critically examined after the adsorption process. The EELS mapping of the Fe, Co, and C
were performed by using the three-window method, in which only the signal above the
background at each ionization edge contributed to the EFTEM images (Fig. 4.9). The C signal

outlining the nanoparticle was due to the C from methylene blue. This ascertained the

adsorption of MB on SD-700.
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Fig. 4.9: Bright-field TEM image of the cobalt ferrite with adsorbed methylene blue (a). The

EEL spectra (b) performed at the cobalt ferrite performed in a particle in (a) under vacuum.

The RBG color map (c) shows the distribution of each individual element (d-f).
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4.1.10. Conclusion

Cobalt ferrite nanoparticles were successfully synthesized by using a co-precipitation
method, followed by two different drying processes (oven and spray). Two phases of

impurities (o Fe203 and Co,.;5Fe ., (OOH)) were observed in the samples before they were

calcined at 700 °C. These phases drew back the potential of the synthesized cobalt ferrite to
adsorb methylene blue. The drying process seems not to have significant effects of the
diffractogram, but on the magnetic, specific surface area, the morphology of the samples
and their ability to adsorb higher percentage of methylene blue solution. Although the
calcined samples (oven and spray dried) at 700 °C has the lowest specific surface area, they
adsorbed methylene blue better than non-calcined and calcined at 500. This was due to the
absence of impurities which resulted to single/pure phase CoFe;0a4. This implies that the
crystallite growth of the samples did not have negative effects on their ability to adsorb
methylene blue solution. SD-700 has the overall best performance, implying that spray
drying method could be employed to produce powder of high surface area and adsorption

capacity.
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4.2 Experimental and theoretical studies for the adsorption of acid orange Il and

methylene blue using spray-dried crosslinked CoFe;0a4/chitosan composite

4.2.1. Brief introduction

Chitosan was first discovered and discussed by Rouget in 1859 as a deacetylated form of
natural polymer chitin [106]. It is a natural polycationic, polysaccharide derived from chitin,
which is found in the crustacean’s shells, insect’s cuticle and cell wall of fungi [107].
Structurally it is composed of (copolymer) N-acetyl-d-glucosamine and D-glucosamine units
with one amino (NH;) group and two hydroxyls (OH) groups in each repeating glycosidic
units [106]. At low pH, chitosan remains as a polycationic species, due to protonation of the
amino group with increased soluble property [106]. It is friendly to the environment, readily
available, does not have any toxic effect, biodegradable and cheap to obtain [108]. There is
continuous extensive research to improve chitosan characteristics for specific applications.
It finds its applications in wound dressings, drug delivery, antimicrobial agent and

adsorption.

It has been under consideration due to its high amount of amino and hydroxyl functional
groups with potential for the adsorption of dyes, metal ions and proteins [109]. In acid
solutions, the amino groups of chitosan are much easier to be protonated and they adsorb
the anionic dyes strongly by electrostatic attraction [110]. However, the use of chitosan as
an adsorbent has many flaws because of its low surface area, coagulation in water,
dissolution in acidic solutions. To increase its stability in acidic solutions and to impart
mechanical strength during adsorption, crosslinking of chitosan has proven to be very

helpful (Fig 4.10) [109].

In this study, the setback in separating crosslinked chitosan after adsorption was overcome
by synthesized crosslinked chitosan/cobalt ferrite magnetic composite. An innovative
approach (spray drying process) was used to dry the glutaraldehyde cross-linked chitosan-
cobalt ferrite composite used for this study. The obtained spray-dried magnetic composite
was used to adsorb acid orange Il (an azo and anionic dye) and methylene blue (cationic

dye) from simulated wastewater. Acid orange Il (AO) and methylene blue (MB) are chosen
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as our target organic dyes due to their usage in textile, cosmetic, paper and food industries
[111]. They are toxic, cause nausea, high blood pressure, and respiratory discomfort in

humans [112,113].

The use of magnetic chitosan is not a new approach in adsorption studies but, combining
experimental with theoretical studies for the proper understanding of the adsorption
mechanism has not been reported in the literature. In view of this, a computational
chemistry approach was utilized to complement experimental studies. This is to enable a
proper understanding of the mechanism of adsorption. The interaction between the dyes
molecules and glutaraldehyde cross-linked chitosan-cobalt ferrite composite in the terms of
the possibility of charge transferred was unraveled from the quantum chemical descriptors

and discussed with respect to the amount of each dye adsorbed.

Chitosan

H
1 1
CH cH AH Glutaraldehyde
| 1 | . .
(€M), (Exg), 1CHa), crosslinked chitosan
CH CH CI-H

Fig. 4.10. Crosslinked chitosan [114].

4.2.2 Characterization of CoFe;04/chitosan composite

The diffractogram of CoFe;04 and chitosan/CoFe;04 (magnetic composite) presented in Fig.
4.11 A reflects the pure cubic spinel crystal structure of CoFe;04. All the peaks in the pure
cobalt ferrite are present in the magnetic composite, this shows that the presence of
chitosan did not in any way change the structure of cobalt ferrite. The observed change

between 20 and 25 ° in the pattern of the composite is due to the presence of amorphous
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chitosan. The same observation was reported for amorphous silica with cobalt ferrite [115].
The scanning electron microscope image of the magnetic chitosan is shown in Fig. 4.11 B.
The particles are spherical and their size ranges from 2 to 5 um diameter. The secondary

electron image suggests that crosslinked chitosan probably formed a coat around cobalt

ferrite.
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Fig. 4.11. XRD pattern (A) and SEM image with EDS (B) of magnetic chitosan composite.

TEM analysis shows that the magnetic chitosan is aggregates of nanoparticles (Fig. 4.12-i).
The energy filtered TEM (EFTEM) images in Fig. 4.12 displays the elemental mapping of the
composite. Each EFTEM image was recorded by using the three-window method which
integrates only the core-loss signal above the background for each of the edges, C-K, Ca-L,
O-K, Fe-L, and Co-L, shown in the electron energy-loss (EEL) spectrum (Fig. 4.12-ii). It is
clearly seen that the C is homogeneously distributed within the composite along with O, Co,

and Fe, thus confirming the covering of crosslinked chitosan onto cobalt ferrite.
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Fig. 4.12. TEM bright-field image (i), EEL spectrum (ii), and EFTEM images of crosslinked
magnetic chitosan composite. The EEL spectrum was recorded in a region with no

overlapping between the cobalt ferrite and the C-support film.

TGA curves of chitosan and magnetic chitosan composite are shown in Fig. 4.13 A. The initial
mass loss in chitosan up to 100 °C was due to the removal of adsorbed water molecules.
After this, it was thermally stable up to 250 °C. More so, there was a significant mass loss
from 300 °C to 590 °C due to the complete decomposition of chitosan. However, in the case
of magnetic chitosan composite, there is a continuous mass loss up to 500 °C. This could be
because of loss of water, breaking of the bond between chitosan and glutaraldehyde and
decomposition of chitosan structure. The estimated amount of cobalt ferrite that was found
in the composite after complete decomposition of chitosan was 19.94 wt %, which is
approximately equal to the amount in grams of cobalt ferrite that was added to chitosan as

mentioned in the experimental section.
The result of magnetization as a function of an applied field carried out at 300 K is shown in

Fig. 4.13 B. The presence of chitosan on the surface of cobalt ferrite formed a magnetically

dead layer and thereby affecting the saturation magnetization. However, the saturation
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magnetization (10.79 emu g) is higher than Ms value of 7.6 emu g reported by Ai et al.,

[116] for cobalt ferrite/activated carbon composite.
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Fig. 4.13. TGA curves (A) Magnetization versus applied field at 300 K (B) of magnetic

chitosan composite

4.2.3 Effect of pH, surface charge and adsorbent dosage on adsorption of acid orange Il
(AO) and methylene blue (MB)

Fig. 4.14 shows the influence of pH on the adsorption capacity of the magnetic chitosan
composite. The result clearly shows that the efficiency of the composite depends on pH, this
is because the percentage adsorbed decreases with an increase in the pH of AO solution,
whereas it increases with an increase in the pH of MB solution. Considering the adsorption
of AO, 95 % of the initial 100 ppm was adsorbed at pH 2 and 3, while a lower value of 30 %
was adsorbed at pH 10. Whereas for MB a very negligible amount was adsorbed between
pH 2 to 10, while 68 % was adsorbed at pH 12. Linking this with the result obtained from
zeta potential measurement of the adsorbent, which is presented in Fig 4.15, insight into
the mechanism of the adsorption was obtained. The net charge on the surface of the
adsorbent is zero at pH 9, below this pH, zeta potential values are positive while they are
negative above it This implies that anionic dye should be favorably adsorbed at lower pH
while cationic dye at pH above 9, as shown in Fig 4.14. It can be affirmed that electrostatic
attraction/repulsion between the composite and the dye molecules contributed to the
mechanism of adsorption of the two dyes. At lower pH, there is an attraction between the

surface of the adsorbent and AO. This attraction decreases as the pH of AO solution
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increases leading to a decrease in amount adsorbed due to the net surface charge that
tends towards negative values and vice-versa for MB. The mechanism of adsorption, though
mainly due to electrostatic attraction/repulsion for the adsorption of MB, is not limited to
this for the adsorption of AO. This is because at pH 10 when the surface was positively
charged, approximately 30 % of AO was removed, which implies that other mechanisms
could possibly contribute to the adsorption process. This was further confirmed from the
results obtained from theoretical studies. The picture of AO and MB solutions that shows

the magnetic separation before and after adsorption is shown in Fig 4.16.
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Fig. 4.14. The effect of pH on the removal of 100 mg L'* AO and MB using 10 mg of magnetic

chitosan.
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Fig. 4.15. Zeta potential of cobalt ferrite/chitosan composite as a function of pH.
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Fig. 4.16. AO and MB solutions before and after immersion in magnetic chitosan composite.

The result of the effect of dosage on the amount of AO (100 ppm, pH 3) and MB (100 ppm,
pH 12) adsorbed are shown in Fig. 4.17. The amount adsorbed attained saturation at 8 mg
dosage for AO adsorption, meanwhile, MB did not attain an equilibrium within the dosage

range that was studied. This could be because of the better affinity that the composite has

for AO.
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Fig. 4.17. Variation of amount adsorbed with respect to dosage.

4.2.4. Kinetic study for the adsorption of AO and MB on CoFe;04/chitosan composite

The kinetic investigation was carried out with 100 mg L™ of the adsorbates, 10 mg of
adsorbent at 30 min interval for 240 min. The adsorption of AO attained equilibrium at 90
mins whereas, MB adsorption could not attain equilibrium until 210 mins. The analysis of
the kinetic data was done using pseudo-first order and pseudo-second order. Kinetic
parameters are itemized in Table 6, while the nonlinear fit curves of the two models for the
two dyes are shown in Fig. 4.18. It has been established that the model with the best fit
exhibits the lowest SD and highest R? agjusted that is close to unity [117]. The SD values

obtained from pseudo-second order for the two dyes are lower than the respective values
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obtained from pseudo-first order, in addition to this, R? agjusted for the pseudo-second-order
model is close to unity. The implication of this is that pseudo-second-order is more suitable
to explain the kinetic process for the adsorption of the two dyes and that the rate-limiting
step of the adsorption is chemisorption and adsorption rate decreases as the surface
coverage increases [118]. The lower the SD (obtained from the square root of Reduced Chi-

squared), the closer the theoretical g.to experimental g, [76].
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Fig. 4.18. Kinetics plots for AO and MB adsorption on magnetic chitosan.

Table 6. Parameters for kinetics models for the adsorption of AO and MB on magnetic

chitosan

Model parameters Acid orange Il Methylene blue

Pseudo-first order q. (mgg?) 139.27 94.47

k1 (min 1) 0.093 0.033

R djusted 0.9981 0.9624

SD (mggl) 2.001 6.058

Pseudo-second order q. (mgg?) 159.55 93.39

k2 (g mg™ min?) 0.3355 0.0564

R djusted 0.9994 0.9859

SD (mgg?) 1.041 3.701
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4.2.5 Adsorption isotherms for the adsorption of AO and MB on CoFe;04/chitosan
composite

Langmuir, Freundlich and Liu isotherms were employed for the understanding of the
adsorption mechanism of the two dyes. Langmuir and Liu isotherms help to establish the
maximum adsorption capacity of the magnetic chitosan, which is expressed in terms of the
amount of dye adsorbed per unit mass of the adsorbent. Fig. 4.19 — 4.21 show the
experimental data and nonlinear fitting of the isotherms for AO and MB respectively, while
their respective parameters are displayed in Table 7. Base on the values of SD and Rzadjusted
for the three isotherms, Liu was found to more fitted to explain the adsorption mechanism
which speculates that active sites of adsorbent possess different energy [119]. The decrease
in the values gp,qx, Kgand K;, (as shown in Table 2) with respect to temperature shows that
adsorption process is exothermic. The maximum adsorption capacity for AO are more than
the counterpart MB, this signifies that the magnetic chitosan composite has a better affinity
for AO than MB and coupled with the fact that mechanism of AO adsorption was not limited
to electrostatic attraction. Comparison of the maximum adsorption capacity (qmqx) Of
different adsorbents for the removal of AO and MB are listed in Table 8. The magnetic
chitosan used in this study performed better than other adsorbents reported in the

literature (Table 8).
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Fig. 4.19. Langmuir isotherm for the adsorption of AO and MB on magnetic chitosan.
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Fig. 4.21. Liu isotherm for the adsorption of AO and MB on magnetic chitosan.
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Table 7. Langmuir and Freundlich isotherms parameters for the adsorption of MB at 303 -

333 K.
Acid orange Il
303K 313K 323K 333K
Langmuir
Omax (Mg g?) 560 525 512 506
K; (Lmg?) 0.101 0.093 0.08 0.062
Rzadiusted 0.9957 0.9881 0.9826 0.9810
SD (mg g?) 12.08 18.86 22.09 22.41
Freundlich
Kg (mg gt (mg L) /nF 143.01 135.78 122.01 107.27
ng 3.588 3.766 3.599 3.407
R% djusted 0.9045 0.8769 0.8787 0.8822
SD (mg g?) 57.28 60.85 58.49 55.81
Liu
Omax (Mg g1) 543 492 468 458
Kg (L mg?) 0.1133 0.10416 0.0967 0.0740
np 1.111 1.328 1.472 1.502
Rzadiusted 0.9965 0.9958 0.9968 0.9966
SD (mg g?) 10.95 11.19 9.38 9.44
Methylene blue
Langmuir
Omax (Mg gY) 196.31 18 178 173
Ky (Lmg?) 0.022 0.0205 0.0101 0.0083
Rzadiusted 0.9708 0.9720 0.9914 0.9948
SD (mg g?) 9.92 9.01 4.33 3.16
Freundlich
Kg (mg gt (mg L) VnF 33.76 30.38 13.53 10.34
ng 3.507 3.448 2.494 2.305
Rzadiusted 0.8943 0.8991 0.9553 0.9732
SD (mg g?) 18.86 17.12 9.91 7.15
Liu
Qrax (Mg &2) 174 163 158 166
Kg (Lmg?) 0.0252 0.0238 0.0128 0.0092
ny, 1.664 1.632 1.292 1.075
Rzadiusted 0.9894 0.9887 0.9946 0.9944
SD (mg g?) 5.94 5.71 3.42 3.26
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Table 8. Comparison of the maximum monolayer adsorption (q,,4x) Of different adsorbents

for the removal of AO and MB at room temperature.

Dyes Adsorbents Qmax (Mg gl) References

Acid orange MnO2/MCM-41 218 [120]
CuFe;0a/activated carbon composite 392 [121]
ODTMA-palygorskite 99 [122]
Iron-benzenetricarboxylate (Fe(BTC)) 435 [123]
Carbon-modified TiO; 24 [124]
Calcium carbonate/sawdust (AC-1) 310 [57]
CsHgN treated S. marginatum 71 [125]
Magnetic graphene chitosan 42 [126]
CoFe;04/chitosan 542 This work

Methylene blue Magnetic cellulose/graphene oxide 70 [127]
composite
Surface-functionalized silica aerogels 68 [128]
EDTA-modified 160 [129]
bentonite
RMAC nodules 187 [130]
Activated biochar 33 [131]
Acid 73 [132]
washed black cumin seEDX
CMt nanocomposites 138 [133]
CO2—-biochar. 161 [134]
CoFe,04/chitosan 174 This work

4.2.6 Adsorption thermodynamic for the adsorption of AO and MB on CoFe;0s/chitosan

composite

The thermodynamic parameters are listed in Table 9. The values of enthalpy (4H) are

negative for the two dyes which confirms the exothermic nature of the adsorption process.

This agrees with the adsorption capacity listed in Table 7, which decreases with an increase

in temperature. It was also observed that entropy is positive for AO and negative for MB this

means that there is an increase and decrease in the disorder of the system at the interface

of the magnetic chitosan composite and the dye solution respectively [135]. Negative values

of AG show that the adsorption of the two dyes are feasible and spontaneous. It was
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obvious that the magnitude of AG obtained for AO tends to higher negative values than that
of MB. The implication is that the adsorption of AO on the surface of chitosan magnetic

composite is more spontaneous than that of MB.

Table 9. Thermodynamic parameters for the adsorption of AO and MB at 303 -333 K.

Adsorbents AH° (kJ molt) AS° (J Ktmol?) AG® (kJ mol?t)

303K 313K 323K 333K

AO -11.22 51.31 -26.77 -27.28 -27.80 -28.31
MB -30.57 -24.36 -23.19 -22.95 -22.71 -22.46
4.2.7 Computational studies
4.2.7.1 Geometry and electronic structure of the Dyes

Table 10 presents the values of common reactivity descriptors related to HOMO and LUMO
orbitals for the dye molecules. The data shows that AO and MB have similar HOMO and
LUMO energies, and consequentially a similar gap AEwnomo-umo. This results in very close
values of electron affinity, hardness, and softness, which in theory describe two molecules
with very similar reactivity for covalent interactions. However, the adsorption of AO is much
higher than that of MB and this can be explained not only by electrostatic attraction but also

by the molecular dipole moment.

Since chemical bonding usually happens by electronic density exchange between the LUMO
and HOMO orbitals of the involved species [136,137], to increase the interactions between
two bonding molecules, they usually approach in a way that maximizes the superposition of
LUMO and HOMO orbitals of each other. Analysis of Fig. 4.22, shows that the HOMO and
LUMO orbitals of AO and MB are very similar for both molecules, being distributed along the
molecule through the m system involving the aromatic rings. Therefore, to increase the
interactions, both dye molecules should approach parallel to the surface of the adsorbent
through the plane of the aromatic rings, maximizing the surface contact with the adsorbent.
As can be seen from Fig. 4.23 the yellow to red areas shows regions with more

electrophilicity (greater contribution from the f*(r) function) and the cyan to blue areas
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shows regions with more nucleophilicity (greater contribution from f~(r) function), while
blank regions show small reactivity. The picture shows that many sites with more
nucleophilic or electrophilic characters are placed in a non-uniform way in both molecules
and, adsorption interactions should not have a strong covalent character. Therefore, the
weaker inter-molecular interactions should be maximized along the plane of the aromatic

rings, increasing the surface contact with the adsorbent.

Methylene Blue

ok LA
.‘. ¢ % @ .
- N
O L o

0.- v
L2

Fig. 4.22. Frontier Kohn-Sham orbitals obtained with the solvent polarized electronic density

for MB and AO molecules.
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. electrophilicity

Fig. 4.23. Electron density plot map of the dual descriptor Fukui function, Af(r), for MB (top)

and AO (bottom)., obtained from the calculated SCF electronic densities.
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Table 10. Electronic structure descriptors for MB and AO.

Acid orange Il Methylene blue
Enomo (eV) -5.82 -5.68
ELumo (eV) -2.69 -3.30
AExomo-Lumo (eV) 3.13 2.39
X (eV) 4.26 4.49
n (eV) 1.56 1.19
o (ev?) 0.64 0.84
u (Debye) 32.24 3.46
ue®- (Debye?) N.A. 1.63/2.46/3.79

@ Experimental data obtained from absorption and fluorescence shifts in various media using
three different methods as explained in reference [138]. Each value corresponds to one of

the methods used.

4.2.7.2. Interaction of the Dyes and the magnetic chitosan models.

The optimized structures for the interaction of the dye molecules with the chitosan models
are shown in Figs 4.24 and 4.25. AO dye interacts with the non-protonated (structure A),
protonated (structure B) and deprotonated (structure C) chitosan models. However, MB dye
interacts only with the neutral (structure A) and deprotonated (structure B) chitosan
models. Interaction of MB with the protonated chitosan model is not favorable and, the
optimization leads to separate structures too far from each other. This result is in line with
the experimental results since, under experimental conditions, no significant amount of MB

is adsorbed in the pH range of 0 to 8, when the composite is positively charged.

Analyzing the structures shown in Fig. 4.24 it is possible to see that when the chitosan
model is very positive the interaction mode between it and the AO changed drastically. The
negative SO group is perpendicular to the polymer surface, being pointed directly towards
it to maximize the attractive electrostatic interactions, following the dipole moment vector
of the molecule. When the surface changed to neutral or negative the AO molecule interacts
with the chitosan along the plane of the aromatic rings, maximizing the weak interactions
like hydrogen bonding (hbond), and van der Waals (dispersion forces). However, as
expected, for the interaction of the MB dye with the negatively charged model of the
chitosan (Fig 4.25), the two molecules are close to each other due to the electrostatic

attraction resulted by the two opposite charges. However, this electrostatic attraction is
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distributed throughout the entire molecule due to its small dipole moment. This distance

can also be quantitatively viewed in Table 11.

Table 11: Distances (in A) between the center-of-mass (CMaye) of the dyes molecules and
the center-of-mass of the chitosan (CMchito) models, interaction energies (AEscr) and
dispersion corrections for the dye-chitosan systems at the optimized geometries. All the
energies were calculated using the C-PCM continuum solvation model as detailed in the SI.

System r(CMdye'CMchito) AESCF* Edisp. AEdif.**
(A) (kcal molt)  (kcal mol?)  (kcal mol?)

AO + magnetic chitosan (0) 3.59 -23.86 -12.71 -11.16
AO + magnetic chitosan (+) 9.44 -17.84 -4.30 -13.55
AO + magnetic chitosan (-) 491 14.22 -12.06 26.28
MB + magnetic chitosan (0) 4.76 -4.10 -9.96 5.86
MB + magnetic chitosan (+) - ceem e e
MB + magnetic chitosan (-) 3.96 -32.84 -12.26 -20.59

* The interaction energies were obtained from the expression AEscr = Etotal — (Edye + Echitosan),
in which Erotal is the dye-chitosan cluster total SCF energy, Eqye is the SCF energy of the dye in
the cluster geometry and Echitosan is the SCF energy of the chitosan model in the cluster
geometry.** AEgir = AEscr — Edisp

Table 11 shows some energy values for the interacting systems. We would emphasize that
these come only from the DFT/PBE-3c SCF energies and, thus, have limited quantitative
value. Analysis of the data on Table 11 shows that the dispersion energy is similar for all the
systems in which the interaction between the dye and the chitosan happens when the two
molecules are aligned with each other. This is expected, although we should take into
account that the distances between the two molecules are very different from each other
considering dispersion forces that are proportional to r®. So, for the AO with negative
chitosan, even though the interaction energy is similar, the much larger distance implies
bigger dispersion forces than the MB with negative chitosan, as an example. The AO with
the protonated chitosan system has much smaller dispersion energy. This is also expected
when we look at the interaction mode, that has low surface contact areas, as was previously
discussed. Therefore, most of the interaction in this system should come from the
electrostatic energy term, which is roughly covered by the values in the last column of Table
11, that shows the difference between the total interaction energy and the dispersion
energy (AEqi) if one considers that there is no significant amount of covalent bonding

between the two molecules. In fact, support for this is the observation that AEgs is
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stabilizing for AO with positive chitosan and for MB with negative chitosan, which are
molecules with opposite charges, and it is destabilizing for AO with negative chitosan and

MB with positive chitosan, which are molecules with same charges.

Another observation is that the r(CM-CM) distance is much smaller for the interaction of AO
and the neutral model than for the interaction with the negative model, due to the
electrostatic repulsion between the molecules in the latter case. However, there are still
strong dispersion forces between the AO molecule and the negative chitosan model
illustrated by the dispersion energies and the optimized structure, which explains why AO

adsorbs on the composite surface even when they have the same charge signal.

The same cannot be said about the interaction of MB with the positive chitosan model since
the interaction is not favorable and the system dissociates. Comparing the MB with AO, the
CM-CM distances for the interaction with the chitosan models, in the former are larger than
in the latter, showing that MB is not able to interact as efficiently as AO with the magnetic
chitosan composite. The optimized structures clearly show that there should be no
hydrogen bond interactions between MB and the chitosan model as we will discuss. As
expected, the r(CMagye-CMchitosan) is smaller for the interaction of MB with the negative
model of chitosan than for the interaction with the neutral model, when one should expect
stronger and attractive Coulomb interactions due to the opposite charges, confirmed by the
larger value of AE4¢ If we qualitatively use the recommendation from IUPAC for the
definition of hydrogen bond [139], and the geometric criteria established in the
computational details section, the AO molecule can act as a hydrogen bond acceptor
through all its oxygens from the SO group or the C=0 group, with hydrogen bond distances
between 1.8 to 3.0 A, and also as a hydrogen bond donor through its N-H group, with
hydrogen bond distances around 2.3 A. These observations were further analyzed via Monte
Carlo simulations of the isolated dyes in aqueous solution. The hydrogen bond analysis from
the MC simulations revealed that while indeed the MB molecule is not capable to form
hydrogen bonds in solution, the AO dye is capable of accepting multiple hydrogen bonds
through its S-O and C=0 groups. In all MC simulation configurations, the AO dye formed an
average of 6 h-bonds per molecule with an average energy of -36.54 kJ mol™. This reinforces
the capability of the AO molecule to make stronger and more numerous intermolecular

interactions through hydrogen bonding, opposite to MB which is not capable to form these

56



interactions. Furthermore, the larger amount of intermolecular interactions is what should
make AO adsorbs more in most of the situations, especially considering the strong hydrogen
bonds that it is able to make with chitosan. The scheme of the overall mechanism of the
adsorption process is presented in Fig 4.26. Mechanism of adsorption had been proposed
to be through electrostatic attraction, hydrogen bond among others [140,141]. FTIR of the
composite before and after adsorption of the two dyes (Appendix Fig. A3). IR spectra after
adsorption of AO revealed new peaks at 1512, 823, and 723 cm™ which correspond to the

presence of azo chromophore and fingerprint of AO.
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Fig. 4.24. Optimized structures for the interaction between (A) acid orange Il + non-
protonated chitosan model, (B) acid orange Il + protonated chitosan model and (C) acid

orange Il + deprotonated chitosan model.

Fig. 4.25: Optimized structures for the interaction between (A) methylene blue + non-

protonated chitosan model and (B) methylene blue + deprotonated chitosan model.
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Fig. 4.26: Proposed mechanism pathway for interactions between magnetic chitosan and

the two dyes molecules.

4.2.8 Conclusion

Chitosan/cobalt ferrite composite was synthesized and employed as an adsorbent for the
removal of both acid orange Il and methylene blue. The ease of separating the magnetic
composite after adsorption was demonstrated by using an external magnet. The results
obtained from the characterization of the composite showed that chitosan was well
distributed around the surface of cobalt ferrite. Adsorption studies showed that the pH of
the solution plays a significant role in the removal of the two dyes. Methylene blue
adsorption was found to be limited to the surface charge of the composite; this was not the
case for the adsorption of acid orange Il. The adsorption of the two dyes was spontaneous
and exothermic in nature. The theoretical observations of the phenomena are in good
agreement with the experimental data. The results from the computational studies showed
that the two dyes have similar reactive sites, however, the huge molecule dipole moment
and strong dispersion forces of acid orange Il enhanced its interaction with the magnetic
chitosan. The theoretical results presented here provide a descriptive molecular view of

these systems and insight into the mechanism of adsorption.
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4.3 Synthesis of CoFe20a4/bio silica composite for the adsorption of doxycycline

4.3.1 Brief introduction

Silica particles have found its usefulness in numerous industrial applications which
encompasses using as filler material in composites, raw material for the synthesis of shear
thickening fluid, electronic devices, catalysts, drug delivery systems, thermal insulators,
energy storage, chemical, and biological separations and the engineering fields of rubber
and ceramics [142,143], and also as adsorbent (either as composite with other materials,
raw or functionalized form) for the removal of contaminant from water [144-146]. Owning
to the increasing importance of silica for various applications, different methods have been
adopted to produce silica, which includes flame synthesis, hydrothermal process, sol-gel
synthesis route, microwave reactor process, microemulsion methods, combustion method
[147]. Meanwhile, sol-gel is the most common method of synthesizing silica. This technique
involves the use of silica precursors, alkoxides (tetramethyl orthosilicate (TMQOS), tetraethyl
orthosilicate (TEOS) or sodium silicate solution (SSS). However, TEOS is the most studied
precursor in the sol-gel process presumably due to its low reactivity towards hydrolysis

making it possible to follow and control the reaction more easily[148] .

Sad enough, the chemical route of synthesizing silica is supposedly expensive,
environmentally hazardous and demands rigorous synthesis conditions [149]. It has been
documented that silicon is the second most abundant element (approximately 32% of the
total weight of soil) in Earth's crust [150]. Aqueous silicic acid (Si(OH)4) in the soil is
transported to plants, with the increasing concentration of silicic acid and as a result of
polymerization, silicon is deposited in the plant tissues[150]. In view of this, bio-silica from
agricultural waste like rice husk has been another source of silica production for different

industrial uses [151].

Rice is the second-largest cereal crop in the world and its grain consists of about 20 wt% of
rice husks [152]. Rice husks are costless and a widely available agricultural waste which is
produced from the processing and refining of rice, it was estimated by The Food and
Agriculture Organization of the United Nations (FAO) that about 89,000 tons of rice husk

was burnt in 2012 [145]. Since most of the rice husk usually ends up either being dumped or
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burned in open spaces, which causes damage to the land and environmental pollution,
efforts have been made to use it as raw material for manufacture of industrial chemicals
based on silica and silicon compounds, hence is excellent and the most efficient source of
high-grade amorphous silica [145,153]. This does not only reduce environmental pollution

but also of a great economic benefit.

Nano adsorbents like nano bio-silica with small sizes could be difficult to sort out after
attaining their optimum adsorption capacity [4]. Therefore, incorporating magnetic particles
into the biosilica matrix could ease the stress of separation after the adsorption process.
More so, silica coating enhances the coulomb repulsion of the magnetic nanoparticles
thereby improves its stability, prevents the aggregation of magnetic nanoparticles in
solution and promotes the binding of various biological ligands to the surface of the
nanoparticles [154]. In view of this, in this research, CoFe,04/bio silica was synthesized for

the first time and applied for the adsorption of doxycycline and methylene blue.

4.3.2 XRD of CoFe;04/rice husk silica

The diffractogram of rice husk silica (BSIL), as prepared CoFe;0a/rice husk silica composite
(CFS-100) and those calcined at 300 (CFS-300), 500 (CFS-500) and 700 °C (CFS-700) are
shown in Fig 4.27. The high-intensity peak of BSIL was between 15° and 32° centered at 22°
this confirms the amorphous nature of BSIL. The absence of no other sharp peak on the
diffractogram of BSIL implies that the extracted silica is pure. Considering the diffractogram
of the composites, calcination of the composite up to 700 °C leads to an increase in the
intensity of peaks of the CoFe;04 phase and the appearance of some peaks which are
recessive in the diffractogram below this calcined temperature (700 °C). The diffractogram
of CFS-100, CFS-300, and CFS-500 are similar and exhibit the nature of nanocrystalline
materials. This implies that calcination temperature (below 700 °C) could not promote
noticeable movement of atoms within the composite, which could lead to the
transformation of cobalt ferrite with the appearance of designated peaks. The obtained
diffractogram of CFS-700 corresponds with card number 22-1086 of the Joint Committee on
Powder Diffraction Standards (JCPDS) which is a typical pattern of cubic spinel ferrite having

space group of Fd-3m (N2 227) and devoid of impurities. Crystallite size of CFS-100 and CFS-
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700 at peak 311 calculated using Scherrer’s equation is 2 nm and 5 nm. The hump between

17 and 23 (26) is due to the presence of amorphous rice husk silica.

311

Intensity (a.u)

10 20 30 40 50 60 70
2 0 (degree)

Fig. 4.27: Diffractograms of cobalt ferrite/rice husk silica: as prepared, CFS-300, CFS-500,
and CFS-700.

4.3.3 Scanning electron microscopy (SEM) of CoFe.0a4/rice husk silica composite and rice

husk silica.
SEM images of CFS-100 (A) CFS-300 (B), CFS-500 (C), CFS-700 °C (D) and rice husk silica (D)
are shown in Fig. 4.28. There is no significant difference in the morphology of the images

(CoFe;04/rice husk silica), meaning that calcination did not have any negative effect on the

samples’ morphology.
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Fig. 4.28: SEM images of cobalt ferrite/rice husk silica composite: CFS- 100 (A), CFS-300 (B),
CFS-500 (C) and CFS-700 °C (D), rice husk silica (D).

4.3.4 Transmission electron microscopy (TEM) of CoFe;0a/rice husk silica composite and
rice husk silica.

Transmission electron microscopy (TEM) images of CoFeQa/rice husk silica composite and
rice husk silica are shown in Fig 4.29. Since the XRD and SEM results of the composite
calcined at CFS-300 and CFS-500 did not show any significant difference, TEM analysis was
conducted on CFS-100, CFS-700 and bio silica. The image of rice husk silica (BSIL) showed a
well dispersed nanoparticles of both spherical and longitudinal morphology, while those of
CFS 100 and 700 shown typical agglomerates of sponge-like structure. Electron diffraction
(ED) image of silica (b) shows that the extracted silica is amorphous which agrees with XRD

result. There is a remarkable difference in the ED of CFS 100 and 700. The crystal growth of

63



the composite was prompted by calcination temperature. The diffraction pattern of CFS 700
shows distinct d-spacings which are characteristic of cobalt ferrite while fewer d-
spacings are seen on CFS 100, which means that at this temperature cobalt ferrite has not
been fully formed within the composite. More so, the spots on the diffraction pattern of CFS
700 shows that that sample is more crystalline than SCOF 100 whose diffactin pattern shows

evenly intensity diffracted rings.

Fig. 4.29: TEM images (a, c, e) with the electron diffraction (b, d, f) of BSIL, CFS-100 and 700
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4.3.5 Magnetization versus Field of CoFe20a/rice husk silica composite

The result of magnetic saturation (My) values of CFS -100 and 700 with respect to applied
field are displayed in Fig 4.30. There is a sharp and noticeable increase in the M, of the
composite after calcined at 700 °C, which could be due to the magnitude of thermal
vibrations of atoms that increases with the increase in temperature [155]. It is stated that
migration of Fe3* ions to octahedral sites due to increase in the calcination temperature
could induces increase in magnetic saturation in addition, the overall magnetic moment of
Fe3* ions due to migration is greater that of Co?* ions [156]. In addition to this, the sharp
increase in Mg could be due to increase in crystallite size with calcination, as seen in the XRD
results. Magnetic domain is differently proportion to crystallite size, which results to
increase in magnetic saturation Both coercivity and magnetic remanence increases with

increase in calcination temperature. Magnetic parameters are listed in Table 12.
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Fig. 4.30: Magnetization versus applied field at 300 K for CoFe204/rice husk silica

composite.

Table 12. Saturation magnetization, coercivity and remanence values obtained at 300 K

Hc (Oe) Mr Ms

(emug?) (emu g?)

CFS-100 10.2 0.27 4.38
CFS-700 34.65 3.01 20.33
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4.3.6 BET specific surface area

The N adsorption and desorption of the CoFe;0a4/rice husk silica composite and rice husk
silica and their respective pore size distribution curves are shown in Fig 4.31. The isotherms
of the composite are type llb, which is a characteristic of a mesoporous material with pore
diameter > 2 nm. Isotherms with type H3 hysteresis are affirmed not to exhibit any limiting
adsorption at high P/Po (P is the pressure of the adsorbate gas (N2) while Po saturation
pressure), the behavior which have been associated with the existence of agglomerates of
particles forming slit pores with non-uniform shape [157,158]. Regardless of the same
isotherm and hysteresis shown by all the samples (CFS-100, CFS-300, CFS-500 and CFS-700),
the volume of N2 adsorbed differs significantly. Table 13 contains the specific surface area
(SSA) of the composites and rice husk silica. The values of SSA of the composites decrease
with increase in calcination temperature, close to 50 % of the SSA was reduced when
calcined at 700 °C. More so, as the calcination temperature increases, there is a shrinkage
and collapsed of pores which as well leads to decrease in pore volumes as shown in Table 1.
Positive value of C constant infers interaction between the N2 molecules and the
nanocomposite [159]. The various SSA values obtained for the composites are higher than

that of rice husk silica (55 m? g1).
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Fig. 4.31: N, adsorption and desorption of the composite (A) and their pore size distribution

curves (B).
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Table 13. BET specific surface area

CoFe204/ Parameters
rice husk silica
SSA (m?  *Total pore volume C
gl (cm3g?) constant

BSIL 55 0.032 -210
CFS-100°C 283 0.33 511
CFS-300°C 270 0.31 379
CFS-500°C 229 0.26 389
CFS-700°C 148 0.2 116

* Single point pore volume was calculated at P/Po of 0.95.

4.3.7 FTIR spectra of CoFe20a4/rice husk silica composite and rice husk silica.

The IR spectra of the composite is presented in Fig. 4.32. The broad band at 3490 cm™ (1)
correspond to OH group, which could be due to the presence of absorbed water. However,
the intensity of the band decreases with increase in the calcination temperature (CFS-700),
because of loss of water (dehydration) during the calcination process. The same observation
occurred at peak 1637 cm™ (2) assigned to OH group for CFS-700 as well. The peak at 1023
cm (3) is for vibrational band of Si-O-Si [147,152]. The peak at 585 cm™ (4) is attributed to
stretching vibration in metal-oxide (CoFe204) which becomes more distinct in intensity due
to increase in temperature. This correlate with the XRD results in Fig. 1, which shows
appearance of new peaks and increase in intensity of peaks with respect to temperature.
The peak at 490 cm™ (5) present in all the spectra is assigned to Si-O vibrational bond. The
1086 cm™ band with the shoulder at 1160 cm™ (of the sample CFS-700) is due to the
asymmetric stretching bonds Si-O-Si of the SiO4 tetrahedron associated with the motion of
oxygen in the Si-O-Si anti-symmetrical stretching which could be promoted by cobalt ferrite

[160].
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Fig.4.32: FTIR spectra of CoFe,0a4/rice husk silica composite and rice husk silica.

4.3.8 Influence of pH on the adsorption of doxycycline

The results obtained from the effect of pH on the adsorption capacity of cobalt ferrite/rice
husk silica nanocomposite calcined at various temperature, rice husk silica only, cobalt
ferrite only and zeta potential values are shown in Fig. 4.33. The trend of the amount of
DOX that was adsorbed (with initial concentration of 100 ppm) on the composite is not
consistent with variation in the pH of aqueous doxycycline hydrochloride. It increases from
pH 2 to 4, maintains equilibrium up till pH 8 and slightly decline at pH 10. The amphoteric
nature of DOX molecules (Fig. 4.34.) with different ionizable functional groups such as
phenol, alcohol and amino groups, that exist as cations, anions and zwitterion at different
pH has made its electrostatic attraction and repulsion between its molecules and the
adsorbent to be complex [161]. The surface of the adsorbent is dominated by negative
charge (Fig 4.33 B). At pH < 3, DOX is protonated which makes it to exists in cationic form
(DOX*) [162], and adsorbed on the negative charge surface of the nanocomposites through
electrostatic attraction. Meanwhile between pH 4 — 9 its exits as zwitterions [30] which
implies that electrostatic interaction is not the mechanism of adsorption within the range of
these pHs. The slight and insignificant decrease in amount adsorbed at pH 10 could be
attributed to the repulsion between the negatively charge surface of the adsorbent and the

anionic site of some functional groups on DOX. However, electrostatic interaction between
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the adsorbents and DOX molecules is not enough to explain the mechanism of adsorption of
DOX on the synthesized cobalt ferrite/rice husk silica. More so, the reduction in SSA
(itemized in Table 1) with respect to calcination temperature did not show a significant
effect on the amount of DOX that was adsorbed. The amount of DOX adsorbed by CFS-100,
CFS-300 and CFS-500 are almost the same despite the difference in specific surface area
(SSA). In addition to this, the SSA of CFS-700 is almost half of CFS-100, ordinarily one would
expect the amount adsorbed to follow suit, but this is not the case. It could be stated that
the adsorption capacity of the various calcined samples was not completely influence by
their SSA. One of the factors that has been documented to favor the adsorption of
antibiotics (large molecular size) is the presence of mesopores in the entire bulk of the
adsorbent [163]. This could have promoted the adsorption capacity notwithstanding the
variation in calcination temperature. Considering the adsorption behavior of cobalt ferrite
(COF) and rice husk silica (BSIL), the amount adsorbed are much lower than those of the
composite. Among the reasons for the low values, are non-porosity of COF, micro porosity
of SIL and low surface area of both samples. In view of these low values, further studies
were focused on the nanocomposite (CFS-100, CFS-300, CFS-500 and CFS-700).
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Fig. 4.33: (A) Effect of pH on the adsorption capacity of CFS-100, CFS-300, CFS-500 and CFS-
700; (B) Zeta potential of CFS-100 (a representative of CFS-300, CFS-500 and CFS-700).
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HCl1

Fig. 4.34. The structure of doxycycline hydrochloride.

4.3.9 Effect of contact time, and kinetic studies of adsorption of DOX on CoFe204/rice
husk silica

The contact time studies were carried for 10 h as can be seen in Fig. 4.35, the adsorption of
DOX was rapid within 1 h contact time. More than 80 mg g was adsorbed by all the
samples except CFS-700 which adsorbed approximately 50 mg g™. The availabiity of active
sites at the initial stage of the adsorption process, facilite rapid adsorption of the antibiotic.
Meanwhile, as the time proceeds, less active sites are availbale for the unoccupied

adsorbate, which led to lower rate of adsorption.

The data obtained from contact time were further subjected to nonlinear form of pseudo-

first order and pseudo-second order

The plots of these models are shown in Fig. 4.35 while the respective kinetics parameters
are listed in Table 14. Pseudo second order kinetic model is best appropriate for the
adsorption process. The Rzadjusted of this model for all the samples are higher than the
respective values obtained for pseudo first order and general order. More so, the values of
standard deviation (SD) obtain from this model, is lower than that of the other two models.
This implies that it is more reliable to relate g, calculated from pseudo second order to the
experimental g,. The values of g, obtained from CFS-100, CFS-300 and CFS-500 are within
the same range except for CFS-700. This shows that calcination temperature up to 500 °C
did not have any significant effect on the amount (mg g') of DOX that was removed from

the bulk solution. In view of this, further study was carried out on CFS 100 and CFS 700 only.
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Fig. 4.35: Kinetic plots of the adsorption of DOX on CoFe;04/rice husk silica

Table 14. Parameters for kinetics models.

Model Parameters CFS-100  CFS-300 CFS-500 CFS-700
Pseudo-first order q. (mggl) 116.09 118.57 120.74 80.49
ki (min 1) 1.017 1.203 1.233 0.568
Rzadjusted 0.9906 0.9881 0.9924 0.9256
SD (mgg?) 3.414 3.906 3.156 6.763
Pseudo-second q. (mg gl) 127.16 127.84 129.76 93.72
order k2 (g mg™ min?) 0.013 0.016 0.017 0.007
RZ djusted 0.9977  0.9989  0.9993  0.9654
SD (mgg?) 1.687 1.191 0.991 4.613
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4.3.10 Adsorption isotherm for the adsorption of DOX on CoFe20a/rice husk silica

The curve fits of the Langmuir and Freundlich isotherms for adsorption of DOX on CFS 100 and
CFS 700 are shown in Fig. 4.36 and 4.37 respectively, while the various isotherms
parameters are itemized in Table 15. The monolayer adsorption capacity obtained from
Langmuir isotherm increases with increase in temperature, which is similar to the findings of
Brigante and Avena, 2016 [144]. Adsorption of DOX on the adsorbent is favored with
increase in temperature which is a typical endothermic adsorption process. Rather than
DOX molecule to be desorbed at higher temperature, it was kinetically favored. Its migration
and binding to the surface of the adsorbent occurred more faster than desorption which do
occur in many adsorption studies. Considering the values of SD and Rzadjusted the
experimental data fitted well with Langmuir than Freundlich isotherm. This implies there is
monolayer adsorption of DOX on the surface of the nanocomposite without any interaction
between the adsorbed species. The adsorption capacities obtained were further normalized
by the surface area of each material (CFS 100 and 700) [164], and the values obtained are
2.95 and 3.93 mg m? for CFS 100 and CFS 700 respectively. Based on this normalization
result one could opine that the adsorption of DOX on these two nanocomposites was not
directly influenced by specific surface. Itemized in Table 15 is the comparison of the

adsorption capacity with other adsorbents in the literature for the adsorption of DOX.
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Fig. 4.36. Langmuir and Freundlich isotherms for the adsorption of DOX on CFS 100.
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Fig. 4.37. Langmuir and Freundlich isotherms for the adsorption of DOX on CFS 700.

Table 15. Langmuir and Freundlich isotherms parameters for the adsorption of DOX at 298 -
333K

CFS 100
298 K 303K 313K 323K 333K
Langmuir
Omax (Mg g?) 672.97 689.72 752.31 794.96 835.47
K. (L mg?) 0.024 0.026 0.035 0.038 0.044
2
R djusted 0.9921 0.9933 0.9851 0.9925 0.9888
SD (mg gt) 17.81 17.34 28.18 21.12 27.26
Freundlich
Kg (mgg? (mg L) nF 96.63 101.43 133.13 141.29 160.83
ng 3.11 3.11 3.36 3.36 341
2
Rdjusted 0.9321 0.9461 0.8987 0.9111 0.8921
SD (mg gt) 52.02 47.92 73.44 72.87 84.93
CFS-700
Langmuir
Qmax (Mg g?1) 216.22 222.98 355.27 507.76 581.44
K (Lmg?) 0.012 0.013 0.014 0.018 0.028
2
R.djusted 0.9754 0.9764 0.9806 0.9929 0.9863
SD (mg g?) 8.89 9.05 13.47 12.22 20.61
Freundlich
Kg (mg gt (mg L) VnF 27.48 29.41 44.33 68.32 105.09
ng 3.22 3.26 3.13 3.15 3.55
2
R djusted 0.9672 0.9748 0.9739 0.9356 0.9272
SD (mg gt) 10.27 9.37 15.64 36.83 47.46
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Table 16. Comparison of the maximum monolayer adsorption (gmqx) of different

adsorbents for the removal DOX.

Adsorbents Qmax (Mg g?) References
Cu(ll) impregnated biochar 93 [54]
MFO-0.5-700 308.51 [161]
Lignin xanthate resin—bentonite clay  438.75 [165]
Electro-generated adsorbents 31.35 [166]
MIL- 53(Fe)/Fes0a4 477 [167]
Graphene-MoS2. 555.56 [30]

NaY zeolite 252.12 [168]
Rice straw biochars 170.36 [169]
Fes04 magnetic nanoparticles 61.35 [162]
graphene nanosheet 110 [170]
CFS-100 835.47 This work
CFS-700 581.44 This work

4.3.11 Thermodynamic of adsorption

Thermodynamic parameters are listed in Table 17. The values of AH® being positive implies
that DOX adsorption on the nanocomposite is endothermic process. This depicts that by
increasing the temperature of the system, the forces of adsorption that exist between DOX
molecules and the adsorbents (CFS-100 and CFS-700) become higher. This is in accordance
with the adsorption capacity obtained from Langmuir isotherm which is directly
proportional to increase in temperature. Negative values of AG® confirms that the process is
spontaneous. The values of AG® are more negative with increase in the temperature, this
implies that spontaneity of adsorption of DOX is stronger [171]. The positive values of AS°
signifies that the adsorption process of the antibiotic is entropy-driven [172]. In addition,

the value of AS° for CSF-100 being higher than CFS-700 shows increasing randomness.
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Table 17. Thermodynamics parameters for the adsorption of DOX at 298 - 333 K.

Adsorbents  AH° (k) mol?!)  AS° (J K1mol?) AG® (kJ mol?)

298K 303K 313K 323K 333K
CFS-100 15.76 127.31 -22.17 -22.81 -24.08 -25.36 -26.63

CFS-700 12.21 109.50 -20.41 -20.96 -22.05 -23.15 -24.24

4.3.12 Mechanism of adsorption

FTIR analysis in one of the techniques that helps to understand the mechanism of
adsorption through the interaction between the adsorbent and adsorbate. Fig. 4.38 (A) is
the FTIR spectra of Doxycycline (DOX), CFS-700 before adsorption and after adsorption (CFS-
700 + DOX). Analyzing the major peaks on the DOX, the broad peak at 3418 cm™ is assigned
to the phenolic -OH stretching, while 2920 cm™ is attributed to -CH asymmetric stretching.
The band at 1610 cm™ is due to the presence of C=0, while the peak at 1445 cm™ is
attributed to C-C. More so, the band at 1079 cm™ is assigned to C-O. The peaks at the CFS-
700 before adsorption, had been discussed under section 3.5. The increase in intensity of
C=0 after adsorption shows that there is interaction between oxygens on the surface of the
nanocomposites and the aromatic rings of DOX which results to n- it interaction [173].

Effect of ionic strength on the adsorption capacity was furthered investigated for better
understanding of adsorption mechanism. This was carried out by adding 0.2 to 1.0 mol L?
NaCl to 100 ppm of DOX. The result obtained is presented in Fig. 4.38 (B) and shows that the
amount (mg g') adsorbed decreases slightly with increase in amount (mol L) of NaCl that
was added to DOX solution. This confirms that electrostatic interaction also plays a role in

the mechanism of adsorption.
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Fig. 4.38: FTIR spectra of Doxycycline (DOX), CFS-700 before adsorption and after

adsorption(A) and effect of ionic strength (B).

The XRD pattern of CFS-700 before and after adsorption presented in Fig. 4.39 (A) are
similar. The adsorption of DOX is mainly on the surface of the composite, no ion exchange
was involved. The result was similar to what was obtained by [174] in their study on the
adsorption of rhodamine 6G on kaolinite and palygorskite clay minerals. The result obtained
from the effects of phosphate on the adsorption of DOX is displayed in Fig. 4.39 (B).
Phosphate can be chemically adsorbed on the iron sites through complexation via exchange
of ligands and hinder the complexation of other organic ligands on the iron sites [175,176].
The result from this study shows that the presence of phosphate does not have significant
effect on the adsorption of DOX despite remarkable concentration of phosphate that was
added to fixed concentration (100 mg L) DOX solution. This infers that the adsorption of

DOX is not through the exchange of ligands on the iron sites as confirm from the XRD.
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Fig. 4.39: XRD before and after adsorption (A) and effect of phosphate (B).

4.3.13 Recovery of the adsorbent through thermal treatment.

Thermal recovery of the adsorbent (CFS-700) was carried by thermally treating the
composite at 500 °C for 2 h after each process of adsorption with initial concentration of
500 ppm of DOX. The recovery of the adsorbent (CFS-700) using thermal treatment up to 5
cycles show the reusability of the composites without remarkable reduction in the amount
adsorbed in each subsequent cycle (Fig. 4.40). Economically, the composite is viable to use
in industrial scale. The cost of procuring new material will be greatly reduced as the
thermally treated composite could be used repeatedly use for the adsorption of the
antibiotic. More so, desorbing DOX from DOX-loaded adsorbent by thermal degradation

could as well prevent the antibiotic from finding its way into the environment.
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Fig. 4.40. Reusability of cobalt ferrite/rice husk silica composite
4.3.14 Characterization of CFS-700 after adsorption

Thermogravimetry analysis (TGA) was carried on CFS-700 to confirm the adsorption of DOX.
Fig. 4.41 below shows that there is no weight loss in the nanocomposite before adsorption
this is expected, since it has been earlier calcined at 700. However, after adsorption there is
an appreciable mass loss which is due to the presence of adsorbed DOX. Approximately 40%
of mass loss was recorded. This analysis confirmed adsorption of DOX and that, the
adsorbent can be thermally treated and reuse. The initial stage of mass loss up to 200 °C is
associated with the presence of adsorbed and bound water, while the mass loss from 200

until 450 °C is due to the thermal degradation of DOX molecules.
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Fig. 4.41. TGA of CFS-700 before and after adsorption.
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The presence of DOX in the nanocomposite after adsorption was established through
energy-filtered-TEM (EFTEM). Elemental mapping of the images is presented in Fig. 4.42.

The Carbon (C) signal is due to the presence of DOX which was adsorbed on the surface of

the nanocomposite.

Fig. 4.42. The RBG color map showing the distribution of each individual element

4.15 Conclusion

We have successfully synthesized a novel cobalt ferrite/bio silica nanocomposite for the first
time, with high adsorption capacity and investigated its adsorption capacity for the removal
of doxycycline hydrochloride, a hazardous contaminant through batch process. The
synthesized nanocomposite was calcined at 300, 500 and 700 °C. The as-prepared
nanocomposite has the highest surface area (283 m? g!) while the nanocomposite calcined
at 700 °C has the lowest (148 m? g!). Optimum pH for the adsorption was found to be 6,
while equilibrium time was 10 h. Adsorption process was complexed and affected by

temperature which made maximum adsorption capacity of 835.47and 581.44mg g to be
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attained by as-received and CFS-700 respectively, at 333 K. Addition of phosphate up to 500
mg L did not have any significant effects on the adsorption of DOX, which implies that the
mechanism of adsorption is not through complexation with iron specifies of the
nanocomposite. DOX-loaded nanocomposite was desorbed at 500 °C, while the DOX-
desorbed nanocomposite was reused until 5 cycles. Thermal degradation of the adsorbed
DOX was interesting since it could prevent the antibiotic from finding its way to the
environment and save cost of procuring new adsorbent. Increased in temperature favored
the adsorption process and was spontaneous. Langmuir isotherm was best applicable to
explain the adsorption process among the two isotherms used. TGA and EFTEM analysis

clearly ascertain the adsorption of DOX on the nanocomposite.
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4.4 Synergistic effect of CoFe;04 on the adsorption capacity of nano bio-silica for the

removal of methylene blue

4.4.1 Influence of pH on amount adsorbed by CoFe;0s/rice husk silica and rice husk silica
Solution pH plays an indispensable role in adsorption process by influencing the adsorbent
surface charge and ionization of the adsorbate [177,178]. pH study was carried out by
varying the pH of the solution from 2 — 10, and the results obtained are shown in Fig. 4.43
A. Meanwhile, prior to this, the of zeta potential BSIL and CFS-700 were investigated
(representative of the composite) and found the values to be negative Fig. 4.43 A. It was on
this premise that methylene blue (MB), a model cationic dye was used as an adsorbate. The
result shows an increase in the amount of MB that was adsorbed on the surface of the
adsorbents with respect to pH, which is as a result of electrostatic attraction between MB
and the adsorbents. There is an increase in the amount adsorbed by CFS-100 and 700
compared to BSIL despite the same negative surface charge that both exhibit. In addition to
this, the amount adsorbed by both COF (cobalt ferrite) and BSIL are almost the same, it then
implies that the alarming increase in the amount adsorbed by the composite is not due to
only COF, but due to their synergistic effect and difference in specific surface area (SSA). The
results obtained with respect to SSA of the adsorbents show that SSA plays an important
role in the adsorption on MB. SSA of CFS-100 is 5 times more than that of BSIL which is
equivalent to 5 times the amount adsorbed by BSIL. Worthy of note, is that cobalt ferrite
aside offering a magnetic separation to the composite, enhanced the adsorption capacity.

Further study was carried out on BSIL, CFS-100 and CSF 700 only.
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Fig. 4.43. The effect of pH (A) on the adsorption of MB on BSIL, COF, CFS-100, and SCF-700,

with zeta potential (B).
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All silicas have different types of silanol groups (isolated, geminal, and vicinal) on their
surfaces [179]. Deprotonation of this group occurs in water with increasing pH which, leads
to negative charge (SiO) [180,181] and becomes an active site for the adsorption of MB
through electrostatic attraction (Fig 4.44). Meanwhile, due to the large specific surface area
and negative charge on the surface of the composite, the adsorption of MB was

synergistically enhanced.
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Fig. 4.44: Electrostatic attraction between MB and the adsorbents.

4.4.2 Effect of adsorbent dosage on adsorption of MB by BSIL, CFS-100, and CFS-700

The amount of MB (initial concentration of 100 mg L! and pH 9) that was adsorbed
increases with the dosage of the adsorbents as shown in Fig. 4.45. The dosage of CFS-100
and 700 was varied from 2 — 10 mg; while that of BSIL was varied from 10 — 100 mg. The
amount (%) of MB adsorbed by 2 mg of CFS-100 was equivalent to that of 10 mg of BSIL. As
the dosage of CFS-100 and 700 increases, the amount adsorbed follow suit, which is due to
the availability of more active sites for the adsorption of the dye. CFS-100 almost attain
saturation at 8 mg, while CFS-700 could not. More so, BSIL attained equilibrium at 60 mg of

the adsorbent. In the overall, both CFS-100 and 700 offer a better adsorption capacity than
BSIL.
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Fig. 4.45: Amount of MB adsorbed with respect to the dosage of the adsorbents (CFS 100
and 700 (A) and BSIL (B)).
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4.4.3 Kinetic study for adsorption of MB on BSIL, CFS-100 and CFS-700

As shown in Fig. 4.46, approximately 133 and 103 mg g of MB was adsorbed by CFS-100
and 700 respectively, while for BSIL, 19 mg g* was adsorbed after initial 30 mins contact
time. After this, the adsorption was slow due to the covering of the active sites of the
adsorbents by MB molecules. It is economical and time-saving in the wastewater treatment
for adsorbents to adsorb the targeted contaminants within a short period of contact time
[182]. The optimum time for CFSF 100 and 700 was found to be 120 mins., that of BSIL was
more than this.

Pseudo-first order and pseudo-second-order models were employed for the proper

understanding of adsorption kinetic. The parameters of the models are itemized in Table 18.
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Fig. 4.46: Kinetic plots of the adsorption of MB on BSIL (A), CSF 100 (B) and CFS 700 (C).
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Table 18. Parameters of kinetics models for the adsorption of MB on BSIL, CFS-100 and CFS-
700

Model Parameters BSIL CFS-100 CFS-700
Pseudo-first order q. (mgg?) 23.75 143.26 118.76
ki (min 1) 0.0439 0.0868 0.0641
Rzadjusted 0.9068 0.9981 0.9880

SD (mgg?) 2.46 2.06 4.30
Pseudo-second q. (mgg?) 23.32 164.54 130.92
order k2 (g mg™ min™) 0.0716 0.2810 0.1365
Rzadjusted 0.9386 0.9997 0.9960

SD (mgg?) 1.99 0.82 2.47

4.4.4 Adsorption isotherm for the adsorption of MB on BSIL, CFS 100 and 700

The behavior of how BSil, CFS 100 and 700 interact with different concentration of MB in
the solution at a constant temperature, were examined by employing two commonly use
isotherms (Langmuir and Freundlich). Fig. 4.47, 4.48 and 4.49 depict the curve fits of the
two isotherms, while their parameters are listed in Table 19. The trend of the adsorption
capacity which decreases with an increase in temperature signifies exothermic adsorption of
MB on BSIL and the composites. The adsorption capacity of the composites is higher than
BSIL reason for this is the higher values of the specific surface area of the composites, which
implies the availability of more active sites for adsorption. In addition, Langmuir isotherm is
more appropriate to explain the mechanism of adsorption of MB on the composites.
Comparison of the maximum monolayer adsorption (q,,4,) Of different adsorbents for the

removal of MB are listed in Table 20.
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Fig. 4.46. Langmuir and Freundlich isotherms for the adsorption of MB on BSIL.
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Table 19. Langmuir and Freundlich isotherms parameters for the adsorption of MB at 303 -

333 K.
BSIL
303K 313K 323K 333K
Langmuir
Omax (Mg g1) 52 50 47 44
K; (Lmg?) 0.016 0.012 0.011 0.01
Rzadiusted 0.9152 0.9433 0.9320 0.9499
SD (mg g) 4.33 3.16 3.24 2.55
Freundlich
Kg (mg gt (mg L) VnF 7.14 5.29 4.82 4.14
ng 3.11 2.86 2.83 2.75
R% djusted 0.9825 0.9779 0.9726 0.9762
SD (mg g?) 1.96 1.97 2.06 1.76
CFS-100
Langmuir
Omax (Mg g2) 253 250 239 236
K, (L mg?) 0.187 0.14 0.11 0.089
Rzadiusted 0.894 0.9373 0.9596 0.9527
SD (mg g?) 28.53 21.32 15.99 16.95
Freundlich
Kg (mgg? (mg L) /nF 96.30 90.50 79.20 74.39
nNg 5.47 5.307 4.982 4.81
RZaldiusted 0.9302 0.9333 0.9470 0.9370
SD (mg gt) 23.23 21.99 18.32 19.57
CFS-700
Langmuir
Omax (Mg g?) 160 152 144 141
K, (L mg?) 0.099 0.076 0.088 0.074
R2adiusteﬂl 0.9487 0.9625 0.9731 0.9898
SD (mg g?) 11.66 9.29 7.40 4.39
Freundlich
Kg (mg gt (mg L) /nF 55.12 51.08 51.75 49.98
ng 5.258 5.234 5.56 5.567
R2adiusteﬂl 0.9873 0.9743 0.9878 0.9803
SD (mg g?) 5.80 7.70 4.97 6.101
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Table 20. Comparison of the maximum monolayer adsorption (q,,4,) Of different adsorbents

for the removal of MB.

Adsorbents Qmax (Mg g?') References
nFMBO 72.32 [183]
Magnetic cellulose/GO composite 70.03 [127]
Surface-functionalized silica aerogels 68.15 [128]

HSC 297.6 [184]

CNT 64.7 [185]
MGS 140.57 [186]
Activated biochar 33.33 [131]
Poly-amide modified vermiculite 111.95 [187]
Biochar 33 [188]

Lava 10.32 [189]

BSIL 52 This study
CFS-100 253 This study
CFS -700 160 This study

4.4.5 Effect of temperature and thermodynamic of adsorption of MB on BSIL, CFS 100 and
700

The results of the effects of temperature on the adsorption capacity are shown in Fig. 4.50. The
adsorption capacity of the three adsorbents decreased with an increase in temperature. The
amount adsorbed by BSIL, CFS 100 and CFS 700 at 303 K are 52.6, 253.6 and 160.48 mg g
respectively, meanwhile, when the temperature was raised to 333 K it decreased to 44.07,
236.84 and 141.78 g g for BSIL, CFS 100 and CFS 700 respectively. The reason could be
summarized as follow: there is increasing tendency of MB molecules to escape from the solid
phase (adsorbent) to bulk phase (solution) due to increase in temperature, more so, with
increase in temperature, MB molecules that are physically adsorbed on the surface of the
adsorbent could gain kinetic energy which made them overcome the electrostatic force of
attraction between them and the adsorbents, due to this they get desorbed at higher
temperature [172]. This is an example of an exothermic adsorption process in which an increase

in temperature results in to decrease in adsorption capacity.
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Fig.4.50. Effect of temperature on adsorption capacity of BSil, CFS 100 and 700 for the
adsorption of MB.

The effect of temperature on the adsorption of the MB was further examined by calculating the
thermodynamic parameters. Premise on the values of AH® for BSIL, CFS-100 and CFS-700 that
are negative (Table 21), it implies that the adsorption of MB on three adsorbents is enthalpy
driven. This supports the adsorption capacity obtained from Langmuir isotherm that decreases
with an increase in temperature. More so, the values of AG® that is negative shows that
adsorption of MB is spontaneous and feasible. Meanwhile, the positive values of 45° imply an
increase in randomness of the system due to the high affinity that MB molecules have for the

adsorbents.

Table 21. Thermodynamic parameters for the adsorption of at 303 -333 K.

Adsorbents AH° (k) molt) AS° (J K1mol?) AG° (kJ mol?)

303K 313K 323K 333K

BSIL -12.65 28.81 -27.68  -27.91 -28.14 -28.36
CFS-100 -20.74 22.91 -28.27  -29.83 -31.39 -32.95
CFS-700 -6.35 64.802 -25.99  -26.63 -27.28 -27.93
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4.4.6 Effect of ionic strength on the adsorption of MB on BSIL and 700

The effect of ionic strength on the adsorption capacity of an adsorbate may affect electrostatic
and hydrophobic interactions [190]. The results show a slight increase (9 mg g!) in the amount
of MB adsorbed on CSF-700 when the concentration of NaCl was varied from 0.2 to 1 mol L
(Fig. 4.51 A). Meanwhile, there is a notable and consistent increase in the adsorption of MB on
BSIL with an increase in ionic strength. An increase in ionic strength modifies adsorption
capacity either by diminishing it (in case of electrostatic attraction) or enhancing it (in case of
electrostatic reduction) [191]. However, our results did not follow this assertion. Despite the
existence of an electrostatic attraction between MB molecules and the adsorbents, the
presence of NaCl did not bring about a reduction in the adsorption capacity but rather increases
it. The presence of salt in dye solution increases the intermolecular, van der waals’ forces
between dyes’ molecules which could lead to the formation of dimers and consequently
aggregation of the molecules [192]. The aggregated molecules were adsorbed on the surface of
BSIL and CFS-700, thereby leading to an increase in adsorption capacity. Monomer and dimers
molecules of MB are shown in Fig 4.51 B and C respectively. The good thing about this result is
that both adsorbents can perform effectively in a salty dye solution without any reduction in

their adsorption capacity.
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Fig. 4.51. Effect of ionic strength on the adsorption of MB on SIL and CFS-700 (A), Monomer (B)

and dimers molecules (C) of MB.
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4.4.7 Regeneration and reusability of BSIL and CFS-700

One of the economic benefits that adsorbents could offer is their ability to be regenerated and
reused after successive adsorption process without losing much of their active sites and
adsorption capacities. The adsorbed MB molecules were desorbed through calcination at 500
°C for 2 h after each adsorption process, while the adsorbents (BSIL and CFS-700) were reused.
The amount adsorbed remains virtually constant after each successive cycle and till the 5t cycle
(Fig 4.52 A). In this regard, using the adsorbents for adsorption of cationic dyes is economically
viable. It has been documented that silanol groups on the surface of silica are the active
adsorption sites, which were not inactive after subjected to calcination following each
adsorption test. [145]. This made BSIL and CFS-700 retain their adsorption capacity after
calcination. Images of BSIL before adsorption, after adsorption and calcination are shown in Fig
4.52 B that of CFS-700 was not shown due to its original color (dark brown) before adsorption
that makes it impossible for the color of MB to be appreciably noticed after adsorption, unlike

BSIL that is white.
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Fig. 4.52: Reusability of BSIL and CFS-700 (A) and Images of BSIL before adsorption, after

adsorption and calcination (B).

4.4.8 Characterization of BSIL and CFS-700 after adsorption

BSIL and CFS-700 were characterized after adsorption. CFS-700 was chosen instead of CFS-100
because of its high value of magnetic saturation and presence of distinct d-spacings that are
characteristics features of cobalt ferrite. These two adsorbents (BSIL and CFS-700) were

characterized using FTIR and EFTEM techniques. Fig. 4.53 shows their FTIR spectra of before
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and after adsorption including that of MB. The small peak (A) located at 3791 cm™ is acclaimed
to be presence of hydrogen bond which was explained to be as result of interaction between it
and silanol groups (Si-OH) [193], while the peaks labeled B and C appearing at 3465 1nd 1637
cm? are assigned OH (of adsorbed water molecule) stretching and bending vibration
respectively [194]. The band at 1101 cm™ labeled D is attributed to the symmetric stretching
vibration of Si-O-Si from SiO4 [147,152]. Furthermore, the peaks marked E and F at 798 and 498
cm are attributed to symmetric Si-O bending [195]. Another obvious peak is at X with
wavenumber 635 cm™ typical fingerprint of cobalt ferrite [196] . The small peak tags Y at 950
cm™ on BSIL’s spectra is due to Si-OH, related to the presence of a high amount of silanol
groups [193] This peak could not be found on CFS-700 spectra, which may affirm interaction
between cobalt ferrite and silica. There is no noticeable peak at the spectra of BSIL after
adsorption (probably due to weak interaction between it and MB), on the other hand, peaks
labeled as 1 and 2 on CFS-700 after adsorption could be related to the MB. In addition, there is
a small increase in the band 1637 cm™ on the spectrum of CFS-700 after adsorption suggesting
that hydrogen bonding could be involved in the adsorption process.

There are several peaks on the spectrum of MB in the region 1600 — 610 cm™. The bands in
between 1035 — 610 cm™ correspond to axial-deformation of C-H vibration in polynuclear
aromatic rings, while the peaks in the region between 1600 and 1136 cm™ were associated with

axial deformation C-N vibration in both aromatic and aliphatic ring of MB molecules [197].

~" BSIL+ MB ;
) : i 5
s |A B c £ s
8 : DI " F 8
g ' g
% BSIL 100 : g CES 700
c ) . . c
© : . : 8
= . . : ]
—_ e W
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm'l) Wave number (cm'l)

Fig. 4.53: FTIR spectra before and after adsorption. BSIL (A) and CFS-700 (B)
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Further confirmation of the adsorption of MB on the adsorbents was carried out on CFS-700
through energy-filtered-TEM, by mapping elements that are present after adsorption. Fig 4.54
shows images of the elemental mapping of Fe, Co, Si, O and C. The presence of carbon was due

to the adsorption of methylene blue (MB).

Cobalt

Silicon Carbon

Fig. 4.54: Elemental mapping of CFS 700 after adsorption.

4.4.8 Conclusion

This novel study showed that adsorption capacity of amorphous nano bio-silica extracted from
rice husk for the removal of methylene blue can be synergistically enhanced by compositing it
with cobalt ferrite, which also induced magnetic properties on the composite for easy
separation after adsorption process. Both surface charge and the specific surface area of the
adsorbents have direct influence on their adsorption capacity. The optimum pH and equilibrium

time were 9 and 120 min respectively. Adsorption data are well fitted to isotherms that were
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proposed by Langmuir and Freundlich, while pseudo-second-order and Elovich are best
applicable to explain the adsorption kinetics. CFS 100 has the highest adsorption capacity of
253.6 mg g'. Increment in ionic strength led to favorable adsorption which was due to the
dimerization of methylene blue. Adsorption of methylene blue on the bio-silica and the
composite, which was confirmed by FTIR and TEM, spontaneous and exothermic in nature.

Both BSIL and the composite could be effectively reused and regenerated up to 5 cycles.
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4.5 Comparative adsorption mechanism of doxycycline and Congo red using synthesized

kaolinite/CoFe;,04 composites
4.5.1. Brief introduction

Clays are hydrous aluminosilicates broadly defined as those minerals that make up the colloid
fraction of soils, sediments, rocks and water and may be composed of mixtures of fine-grained
clay minerals and clay-sized crystals of other minerals such as quartz, carbonate and metal
oxides [198]. The prominent ions found on the clay surface are Ca%*, Mg?*, H*, K*, NH4*, Na*,
S04%, CI PO4*, and NO>. The listed ions can be exchanged with other ions, yet the structure of
clay mineral would not be affected [199]. Basically, clay materials fall under three important
groups which are Smectite, kaolin, and mica [198]. They as well contain organic compounds,
soluble salts, quartz particles, pyrite, calcite, other non-clay minerals and amorphous

components [200].

Kaolinite is one of the most common clay minerals, structurally it consists of two layers,
tetrahedral Si layer and octahedral Al layer which are interlinked (Fig 4.55), this structure is
highly organized and well balanced, with little or no ionic substitution and thus low cation
exchange capacity (3 to 15 meq/100 g) [200]. It has negatively charge surface and it is white.
However, kaolinite has low adsorption capacity, which is as a result of the small number of

exchange sites and its relatively small specific surface area [174,201].

Alumina Sheet

Silica Sheet

Hydrogen Bonding

Alumina Sheet

Silica Sheet

Fig. 4.56. Structure of kaolinites.

This has limited the use of kaolinites (in raw form) in comparison with montmorillonites as an

adsorbent for the removal of different contaminants [202]. In view of these different
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approaches have been applied to improve the adsorption capacity of kaolinites for the removal

of contaminants.

Huang et al., [201], improved the efficiency of kaolinite for the adsorption of methylene by
modified its surface with poly (sodium p-styrene sulfonate hydrate) (PSPSH), using a facile
method combined with dopamine self-polymerization and Michael addition reaction. The
results obtained by the authors showed that modification of kaolinite could effectively increase
its adsorption capacity when compared with the raw kaolinite. More so, Zhang et al.,[203]
prepared a modified kaolinite nanolayer from two-dimensional (2D) raw kaolin through a
combination of calcination, acid leaching, and ultrasonic dispersion. The obtained nanolayers
were subjected to effective modification with amino functional groups through grafting with (3-
aminopropyl) triethoxysilane (APTES). Their results revealed that the chemically modified
materials exhibited increased specific surface area and pore structures, and the organic
modified kaolinite exhibited excellent adsorption performance for Congo red and efficient
regeneration. The separation of kaolinites from solution after adsorption is another main

challenge.

Therefore, introducing inorganic particles like spinel ferrites into the matrix of kaolinites could
improve its adsorption capacity and enhance the ease of separation (after removal of
contaminants) from aqueous solution by external magnet [204]. This process does not only
reinforce the physical and chemical properties of kaolinites, it also prevents the agglomeration
of inorganic nanoparticles leading the nanocomposite to have a high adsorption capacity [204].
Coprecipitation of inorganic nanoparticles in the presence of supporting materials like
kaolinites helps to prevent agglomeration which could result from nanoparticles interaction
[205]. Therefore, we studied the adsorption mechanism of Congo red (CR) and Doxycycline
(DOX) using novel kaolinite supported cobalt ferrite calcined at 300, 500 and 700 °C. The study
examined the effects of pH, ionic strength, contact time and temperature among other things

on the adsorption of the CR and DOX.
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4.5.2. Characterization of the synthesized nanocomposites.

FTIR spectra of KCF nanocomposites calcined at different temperatures are shown in Fig.4.56 A.
Peaks labeled A (3700 cm™) and B (3605 cm™) which gradually decreased with increase in
calcination temperature due to dehydroxylation are assigned to OH stretching of kaolinite
[206]. The two peaks at 1124 and 1013 cm™ (C and D respectively) were attributed to Si-O
stretching. Interestingly these two peaks together with the peak at 915 cm™ became broaden
with an increase in temperature. The reason for broadened peaks was as a result of
progressive disordering of metakaolin and the increase of the mean bond angle in the Si-O-Si
network [207]. Peak 915 cm (E), which is attributed to inner surface Al-OH deformation [208],
disappeared gradually and completely (on KCF 700), which could due to dehydroxylation at a
higher temperature. The bands at 698, 541 and 476 cm™ (F, G, H respectively) are characteristic
of kaolinites, which are assigned to bending vibration of Al-O, Si-O-Al and Si-O, respectively.
These peaks decreased with an increase in calcination temperature, whose reason has been
ascribed to dehydroxylation that was accompanied by the destruction of Al-O-Si linkages of

kaolinite [207]. Cobalt ferrite peak is at 594 cm™.

XRD patterns of the nanocomposite are shown in Fig. 4.56 B. The pattern of KCF-100 is
predominant of several peaks of kaolinite mineral, which matched with card JCPDS 80-885, with
few peaks of alpha-quartz. Meanwhile, the pattern of KCF-700 is dominated by peaks CoFe;04
of card number JCPDS 22-1086. An increase in calcination temperature resulted in to decrease
in intensity of peaks 001, 110 and 002 related to kaolinites up till 500 °C. The observation is
stated to be as result of a decrease in crystal order of the mineral [207]. The peak 011 related
to a-quartz was not affected by calcination. Noteworthy again is the disappearance of kaolinite
peaks at the diffractogram of KCF-700. This behavior is ascribed to structural damage of
kaolinite (Al203-2Si02:2H,0) through dehydroxylation which resulted to the octahedral layer of
kaolinite to reorganize to meta kaolinite (Al,03:2Si03) [209]. This confirmed the results of FTIR
that has been earlier discussed. While temperature brought structural damage to kaolinite, it
leads to the appearance of CoFe,0s peaks. Calcination has a positive effect on the crystal

growth of cobalt ferrite. The itemized d-spacing of the major peaks are shown in Table 22.
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There is a decrease in doo2 of kaolinite due to the reorganization of the octahedra layer, while
dio1 of a-quartz remains unchanged. The d311 of sample KCF-100 related to cobalt ferrite is
lower than calcined samples, which could be as a result of a certain movement of Co?* ions
from octahedral to the tetrahedral sites, and equivalent transfer of Fe3* ions from tetrahedral

to octahedral sites, which was initiated by thermal treatment.
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Fig.4.56. FTIR spectra (A) and XRD patterns (B) of KCF nanocomposites calcined at different

temperatures.

Table 22. d-spacing of the composite major peaks at different temperatures.

Samples doo1 (A) d110(A) dooz (A) dio1 (A) ds11 (A)
KCF-100 7.253 6.057 7.181 4.748 8.344
KCF-300 7.260 6.080 7.183 4.748 8.392
KCF-500 7.263 6.087 7.104 4.747 8.395
KCF-700 4.749 8.394

Scanning electron microscopy (SEM) images and Energy-dispersive X-ray spectroscopy (EDS)
spectra of the synthesized KCF nanocomposites are shown in Fig. 4.57. Comparing the images
of all the samples, there is no distinct difference in their morphology, likewise in their EDS
spectra. Elements present are from kaolinite and cobalt ferrite, devoid of any impurities. More

information was obtained from TEM images shown in Fig. 4.58.
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Fig.4.57. SEM images and EDS spectra of KCF nanocomposites.

Transmission electron microscopy images of KCF-100 and 700 are presented in Fig. 4.57. The
images showed a lamellar structure of kaolinite that supported cobalt ferrite. The presence of
kaolinite increases the dispersion of cobalt ferrite within the matrix. KCF-700 showed distinct
particles of cobalt ferrite due to crystal growth. This is in accordance with the XRD
diffractogram shown in Fig. 4.56 B. The images also show that the presence of kaolinite
prevents agglomeration of cobalt ferrite nanoparticles, leading to smaller sizes in comparison

with the cobalt ferrite that synthesized without kaolinite.
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Fig.4.57. TEM images of KCF-100 and 700.

The result of magnetization versus applied field at 300 K and N, adsorption and desorption of
the KCF-100 and 700 are shown in Fig. 4.58 A and B respectively. The magnetic saturation of
KCF-700 is more than KCF-100 due increase in crystallite size. Amount (cm3 g?) of nitrogen gas
that was adsorbed by KCOF-100 is more than that of the corresponding KCOF-100. This is
expected due to shrinkage of pores due to calcination. BET specific surface area of KCOF-100
and 700 are 24 and 11 m? g respectively. Although relatively low, but highly effective for the

removal of both studied dye and the antibiotic.
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Fig.4.58: Magnetization versus applied field at 300 K (A) and N adsorption and desorption (B)
of the KCF-100 and 700.
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4.5.3. Effect of pH and ionic strength on the removal of Congo red and doxycycline

One of the variables that could affect the interaction between adsorbate and adsorbent is the
solution pH. It influences the surface charge of the adsorbent and the ionization of the
adsorbate. However, adsorption could as well be influenced by hydrophobic interaction, m-nt
interaction, n-mt interaction, hydrogen bond among others [190]. In view of this, we investigated
the influence of pH on the adsorption capacity of the synthesized nanocomposites (KCF-100
and KCF-700) for the removal of CR and DOX. The results of this study are presented in Fig. 4.59
Likewise, the surface charge of KCF-100 was studied at the adjusted pH of 2 to 10 (Fig. 4.60).
Surface charge of the nanocomposite at pH 2 is positive while from pH 4 — 10, it exhibits a
negative charge. The adsorption of both CR and DOX is not consistent with an increase in
solution pH. Agglomeration of Congo red was observed at pH 2 before adsorption and due to
this, the result at this pH could not be reported. This is in accordance with the report of

Mozumder and Islam [210] that Congo red agglomerated at low pH and then settle down.

The amount (mg g?) of CR that was adsorbed at pH 6 and 8 were higher than 4 and 10. The
mechanism of adsorption does not seem to be influenced by electrostatic interaction. Congo
red being a dipolar molecule will exist in the form of positive charge (cationic) in acidic pH <5.5
and negative charge (anionic) in alkaline pH > 5.5 [211]. Electrostatic attraction between the
cationic form of the dye and negative charge surface of the nanocomposites could be
responsible for the adsorption at pH at 3 and 4, meanwhile at 6 and 8 that one should expect
electrostatic repulsion between the anionic form of the dye and negative charge surface of the
adsorbent, this did not occur, occurring at pH 10 and 12. This implies that the adsorption of CR
on the nanocomposites at pH 6 and 8 is not influenced by the electrostatic interaction. This
then led us to further investigation on the adsorption behavior of CR in the presence of ionic
strength to ascertain the contribution of hydrophobic interaction to the adsorption process.
When adsorption is a result of electrostatic attraction, an increase in ionic strength can diminish
the attraction, while it can increase the attraction in the case of electrostatic repulsion [191].
The result (effect of ionic strength on the adsorption of CR) as presented in Fig. 4.61 A, shows
that the addition of NaCl (increase in ionic strength) leads to an increase in the adsorption of

the dye. This phenomenon has been credited to an increase in hydrophobic interaction
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(attraction between the non-polar groups of the dye with a non-polar group of KCF
nanocomposite) in which shielding of intermolecular repulsion between the dye and the
nanocomposite occurs [212,213]. This result is very advantageous during adsorption process in
textile industries where their wastewater contains a high amount of salt which is used during
pre and post-treatment of fabrics [213].

Considering the influence of pH on the adsorption of DOX, the result was not consistent with
pH as well. DOX being an amphoteric molecule has different functional groups that ionize into
cations, anions and zwitterion at different pH [161]. This makes the electrostatic interaction
between its molecule and the nanocomposites to be complex and not consistent with pH. The
lower amount of DOX (mg g*!) that was adsorbed at pH 2 shows that there is a strong
electrostatic repulsion between the positively charge KCF nanocomposites and cationic form of
DOX. It is documented that at pH < 3, DOX is protonated, which makes it to exists in a cationic
form (DOX*) [162]. Meanwhile between pH 4 — 9 it exists as zwitterions which implies that
electrostatic interaction is not the mechanism of adsorption within the range of these pHs.
However, at pH 10, some of the functional groups ionized to anionic form, which resulted to
slight electrostatic repulsion. The result gotten from the effect of ionic strength shows that the
adsorption of DOX is not influenced by electrostatic interaction and that hydrophobic
interaction may not be directly involved in the adsorption process. The alarming sharp
difference between the amount adsorbed on KCF-100 and KCF-700 implies that the specific
surface area of the nanocomposite plays a role in the adsorption of DOX. The case was not the
same for the adsorption of CR. Further studies were done at pH 6 for both contaminants. The

structures of Congo red and doxycycline are shown in Fig. A4
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Fig. 4.61: Effect of ionic strength on the adsorption of CR and DOX.

102



4.5.4. Effect of adsorbent dose on the adsorption of CR and DOX on KCF nanocomposites

One of the importance of the study on adsorbent dosage is to avoid wastage of material after
equilibrium has been reached with respect to the amount of the adsorbent that would be used.
The results obtained from the effect of dosage for both CR and DOX are presented in Fig. 4.62.
Examining the impact of dosage variation on the amount of CR that was adsorbed from the
initial 100 ppm concentration of CR, an insignificant amount was adsorbed at 2 and 4 mg of the
nanocomposite. There is a sharp increase in the amount adsorbed from 6 to 8 mg dosage,
whereas there is no significant difference in the amount adsorbed within the range of 8 and 10
mg dosage. In the case of DOX, the amount increased from 25 to 50% when the dosage (KCF-
100) was increased from 2 to 6 mg. It further increased gradually until it reached equilibrium at
15 mg of the nanocomposite, meanwhile, KCF-700 for the absorption of DOX did not attain an
equilibrium within the dosage variation. 86% was adsorbed from 100 ppm CR solution when 10
mg of the nanocomposite was used, while 68% was adsorbed from 100 ppm of DOX when 20
mg of the adsorbent was used at room temperature. The implication is that the adsorption of
CR was more favorable at the room temperature than DOX and that the nanocomposite has a
better affinity for CR than DOX. Generally, an increase in adsorbent dosage, which implies the
availability of more active sites for the interaction between the contaminants (DOX and CR) and
KCF nanocomposite leads to an increase in percentage removed from the initial concentration

of the dye and antibiotic.
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Fig. 4.62: Effect of adsorbent dosage on the adsorption CR and DOX.
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4.5.5. Contact time and adsorption kinetic of CR and DOX on KCF nanocomposites

The results obtained from the effect of contact time on the adsorption of CR and DOX on KCF
nanocomposites are shown in Fig. 4.63. This study is important for the purpose of knowing the
equilibrium time for the adsorption process. Firstly, for the adsorption of CR, the amount
adsorbed within the first 1 h of contact time was almost half of the total amount adsorbed
during the entire duration (12 h). This is due to the collision of CR molecules in the solution
which results to their rapid migration to the surface of the nanocomposite hereby leading to
high adsorption. After 1 h, the adsorption of CR increases steadily and slowly until equilibrium
was attained at 12 h. Since reasonable quantity was adsorbed within the first 1 h, the collision
of CR molecules would have reduced, more so, less active sites are available for the unabsorbed
molecules. This then could result in to slow adsorption rate. The adsorption of DOX within the
first 1 h was not as rapid as that of CR. However, the adsorption of DOX attained equilibrium at
12 h. There is a sharp difference in the amount of DOX that was adsorbed by KCF-100
comparing to KCF-700. This is due to the influence of specific surface area; this was not the case

for CR.
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Fig. 4.63: Effect of contact time on the adsorption of CR and DOX on KCF nanocomposites.

For a better understanding of the adsorption kinetics, data from the effect of contact time were

used to plot nonlinear form of pseudo-first-order and pseudo-second-order kinetic models.
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Presented in Fig. 4.64 and 4.65 are the plots of the kinetic models. The best model has been
described as the one whose values of Rzad]-usted is near unity and has the lowest standard
deviation (SD). Looking at the parameters of the two models listed in Table 23, it is obvious that
pseudo-second-order is the best to describe the adsorption kinetic. In view of this, is it more
reliable to relate g, calculated from pseudo-second-order to the experimental g.. Although is it
well reported in the literature to ascribe chemisorption as adsorption that fits to pseudo-
second-order model, this should not be affirmed without confirmation from other techniques,

such as FTIR. Due to this, FTIR analysis was onducted after adsorption.
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Fig. 4.64: Kinetic plots of the adsorption of CR on KCF nanocomposites.

60

16
- DOX
KCF-100 KCF-700 DOX .
50
12 1
40
< a
o
2 304 o 84
3 £
& 20+ &
4
104 - -
= Experimental data = Experimental data
Pseudo-first order Pseudo-first order
01 —— Pseudo-second order 04 — Pseudo-second order
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (h) Time (h)

Fig. 4.65: Kinetic plots of the adsorption of DOX on KCF nanocomposites.
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Table 23. Parameters for kinetics models of the adsorption of CR and DOX on KCF composites.

Model Parameters KCF-100  KCF-700
Congo red
Pseudo-first order q. (mggl) 106.11 96.19
ki (min 1) 0.5939 0.4067
R% djusted 0.9648  0.9862
SD (mgg?) 5.76 3.32
Pseudo-second order q. (mggl) 120.74 114.39
k2 (g mg™ min™) 0.0068 0.0041
R% djusted 0.9914  0.9935
SD (mg g?) 2.84 2.27
Doxycycline
Pseudo-first order q. (mggl) 54.80 16.74
ki (min 1) 0.329 0.194
R% djusted 0.9949  0.9863
SD (mg g?) 1.18 0.588
Pseudo-second order q. (mggl) 69.16 24.04
k2 (g mg™ min™) 0.0047 0.0061
R% djusted 0.9974  0.9801
SD (mg g?) 0.839 0.695

4.5.6 Adsorption isotherm of CR and DOX on KCF nanocomposites

The study of adsorption isotherm helps to know the adsorption capacity of the adsorbents (KCF
100 and 700) at various concentrations of the adsorbates (CR and DOX) at a fixed temperature
of the system. In addition, the ratio of the quantity adsorbed and the amount remaining in the
solution at equilibrium is also known. The nearness of R? to unity informs whether the
experimental data obtained conforms to Langmuir model or not

The curve fit of Langmuir and Freundlich isotherms for the two targeted contaminants (CR and
DOX) are presented in Fig. 4.66 — 4.69.

The parameters of both isotherms are listed in Table 24 and 26. As shown in these tables, the

adsorption capacity of CR decreases with the increase in temperature, with maximum
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adsorption of 547.12 and 391.61 mg g obtained for KCF 100 and 700 respectively at 298 K.
This is a typical exothermic adsorption process in which increase in temperature do not favors
the adsorption of the adsorbate on the adsorbent. This occurred because as temperature
increases, the adsorbed CR molecules gain kinetic energy which made them to overcome forces
of adsorption, due to this, desorption of the adsorbed molecule occurred leading to decrease in
adsorption capacity [172].

In the case of DOX, the adsorption capacity increases with an increase in the temperature of
the system, with maximum adsorption capacity recorded as 399.74 and 220.47 mg g for KCF-
100 and 700, respectively at 333 K. This is opposite to the result obtained for CR. Now, for the
adsorption capacity of DOX to have increased as temperature increases, means that the
favorable intermolecular forces between DOX and KCF nanocomposites become stronger than
those between DOX and water, leading to favorable adsorption with an increase in
temperature. More so, it could result from the increase in the mobility of DOX, acquiring
enough energy to undergo an interaction with KCF nanocomposites [214] In the industrial
application of KCF nanocomposites for the adsorption of CR, cost of energy could be eliminated
since it does not involve an increase in temperature. However, this would not be the scenario
for DOX. Meanwhile, this is not a limitation for the application of KCF nanocomposites for the
adsorption of DOX. The majority of adsorption studies on DOX reported that it was favorably
adsorbed at a higher temperature.

Based on the values of adjusted R% and standard deviation (SD), the experimental data for the
adsorption of the two contaminants is appropriately described by the model prescribed by
Langmuir, which implies that the coverage of CR and DOX on the homogeneous surface of the
synthesized KCF nanocomposite is monolayer and each adsorbate does not interact with the
neighboring one. The adsorption capacity of our materials for the adsorption of CR and DOX are
compared (Table 26) with other adsorbents that were reported in the literature. The
synthesized KCF nanocomposite performed better than some of the materials reported in the

literature
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Fig.4.66: Langmuir and Freundlich plots for the adsorption of CR on KCF-100.
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Fig.4.67: Langmuir and Freundlich plots for the adsorption of CR on KCF-700.
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Fig.4.68: Langmuir and Freundlich plots for the adsorption of DOX on KCF-100.
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Fig.4.69: Langmuir and Freundlich plots for the adsorption of DOX on KCF-700.Table 24.

Langmuir and Freundlich isotherms parameters for the adsorption of CR.

CR KCF-100
298 K 303K 313K 323K 333K
Langmuir
Qmax (Mg gY) 547 543 541 520 497
K, (L mg?) 0.038 0.037 0.033 0.031 0.026
R% djusted 0.9711 0.9711 0.9796 0.9771 0.9888
SD (mg g?) 3229 27.75 2294 2349  15.38
Freundlich
Kp (mg gt (mg L1)V/nF 81.47 78.70  72.07 68.16 57.06
Ng 2.84 2.81 2.71 2.7 2.59
Rzadiusted 0.8848 0.8954 0.9098 0.9084 0.9480
SD (mg g?) 56.14 52.80 48.24 46.91 33.26
CR KCF-700
Langmuir
Omax (Mg g?) 391 389 375 339 300
K, (Lmg?) 0.032 0.03 0.028 0.026 0.025
Rzadiusted 0.9613 0.9612 0.9246 0.9785 0.9873
SD (mgg?) 23.82 23.62 31.95 15.04 10.20
Freundlich
Kp (mgg? (mg L) nF 63.86 62.62 58.3 48.13 45.33
ng 3.16 3.15 3.12 2.99 3.12
R gjusted 0.8866 0.8825 0.8557 0.9297 0.9383
SD (mg g?) 40.78 4115 4421 2721  22.53

109



Table 25. Langmuir and Freundlich isotherms parameters for the adsorption of DOX.

DOX KCF-100
298 K 303K 313K 323K 333K
Langmuir
Omax (Mg g?) 240 246 388 395 400
K (L mg?) 0.013 0.015 0.034 0.059 0.075
Rzadiusted 09919 0.9922  0.9538 0.9222 0.8854
SD (mgg?) 6.12 6.029 25.92 36.18 45.16
Freundlich
Kp (mgg? (mg L) nF 21.24 24.3 69.34 97.57 113.61
ng 2.57 2.67 3.35 3.97 4.38
RZEldiusted 0.9638 0.9618 0.8503 0.8221 0.7808
SD (mgg?) 12.54 13.54 46.70 54.67 62.49
DOX KCF-700
Langmuir
Omax (Mg g?) 36 37 112 179 220
K, (L mg?) 0.012 0.013 0.014 0.015 0.026
Rzadiusted 0.9914 0.9727 0.9665 0.9829  0.9753
SD (mgg?) 0.87 1.63 5.53 6.48 10.34
Freundlich
Kp (mg gt (mg L) V/nF 4.42 4.75 12.84 20.56 37.86
ng 3.09 3.13 2.93 2.89 3.43
Rzadiusted 0.9948 0.9966  0.9937 0.9751 0.9471
SD (mg g) 0.68 0.57 2.39 7.82 15.14
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Table 26: Comparison of the maximum monolayer adsorption (q,,qx) Of different adsorbents

for the removal of R and DOX.

Contaminants Adsorbents Qmax (Mg g?) References
GM III-5 211.1 [215]
Congo red Activated carbon 6.72 [216]
Water nut modified carbon 38.8 [217]
Reagent NiO nanoparticles 39.7 [218]
Magnetic core—manganese oxide 43 [219]
shell
FSP 39.28 [220]
ZnO@Ze Composite 161.3 [55]
NMFO-10 129.06 [221]
Ni(OH)2 384.6 [222]
KCF-100 547 This work
KCF-700 391 This work
Doxycycline Iron loaded sludge biochar 128.98 [223]
Cu(ll) impregnated biochar 93 [54]
MFO-0.5-700 308.51 [161]
Lignin xanthate resin—bentonite clay 438.75 [165]
Electro-generated adsorbents 31.35 [166]
MIL- 53(Fe)/Fes0s 477 [167]
NaY zeolite 252.12 [168]
Rice straw biochars 170.36 [169]
KCF-100 400 This work
KCF-700 220 This work

4.5.7. Thermodynamic of adsorption of CR and DOX on KCF nanocomposites

In other to further establish the response of the adsorption of CR and DOX to changes in
temperature, thermodynamic parameters such as changes in Gibbs-free energy (4G°), changes
in enthalpy (AH?) and changes in entropy (45°) were calculated and itemized in Table 27 and
28.

The values of AH® is negative for the adsorption of CR and positive for DOX, showing
exothermic and endothermic adsorption processes, respectively. This is in accordance with the

adsorption capacity from Langmuir isotherm, which is inversely and directly proportional to

111



increment in temperature for CR and DOX, respectively. While the forces of adsorption of CR on
the surface of KCF nanocomposites becomes weaker, not being favored by temperature, it
became stronger for the adsorption of DOX. Despite different adsorption behavior of CR and
DOX to changes in temperature, negative values of AG® obtained from their adsorption studies
confirms that the adsorption process of CR and DOX is feasible and spontaneous. Positive AS®
for the adsorption of the contaminants implies that there is an increase in the randomness at

the solid/solution interface during the process of adsorption [224].

Table 27: Thermodynamic parameters for CR

Adsorbents AH° AS° AG° (k) mol?)
(k) mol)  (J Ktmol?)

298K 303K 313K 323K 333K

KCF-100 -8.61 61.66 -26.99 -27.29 -27.91 -28.53 -29.14

KCF-700 -5.76 57.27 -22.84  -23.12 -23.70 -24.27 -24.84

Table 28: Thermodynamic parameters for DOX.

Adsorbents AH° AS° AG° (k) mol?)
(k) moll)  (J Ktmol?)

298K 303K 313K 323K 333K

KCF-100 44.77 222.11 -21.41  -22.52 -24.75 -26.97 -29.19

KCF-700 122.97 15.53 -21.11  -21.72 -22.95 -24.18 -25.41
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4.5.8 FTIR after adsorption and mechanism of adsorption of CR and DOX on KCF

nanocomposites

FTIR spectra of CR, DOX and KCF-100 after adsorption are presented in Fig. 4.70. Starting with
CR, the peak at 3428 cm™ is due to the N-H stretching of primary amine, while the peaks at
1587 cmt is for N=N stretching vibration of azo group, 1372 cmis for C-N bending, the peak at
1186 and 1036 cm™ is due to asymmetric vibration of S-O (SOs3-H) group [225,226]. The shaded
portion A shows alteration from broad peak to almost sharp peak at 3463 cm™ which could
possibly due to hydrogen bond between Os from KCF nanocomposite and Hs from NH; group of
CR. Likewise, also the shaded portion B on the spectrum of KCF-100 + CR after adsorption
shows the presence of new peaks, more so the two peaks at 1124 and 1013 cm™ at KCF-100
became one sharp peak after adsorption. This implies that there is a strong interaction between

CR and the nanocomposite, possibly a chemical interaction.

Analyzing the major peaks on the DOX, the broad peak at 3475 and 3315 cm™ are assigned to
the phenolic -OH stretching and amino group, respectively, while 2920 cmis attributed to -CH
asymmetric stretching. The band at 1675 cm™ is due to the presence of C=0, while the peak at
1462 cmis attributed to C-C [161]. The shaded portion could also infer interaction between
oxygens from the nanocomposite and hydrogens from the phenolic and amino group of DOX
resulting to hydrogen bond. In addition, there is presence of a sharp peak at 1636 cm™ that
corresponds to C=0, implying there is an interaction between oxygens on the surface of the

nanocomposites and the aromatic rings of DOX which lead to n- mtinteraction [173].
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Fig. 4.70: FTIR spectra of before and after adsorption of CR and DOX.

Based on the result obtained from the pH studies, ionic strength and FTIR, the mechanism of
adsorption of Congo red on KCF nanocomposites is mainly due to hydrogen bond and
hydrophobic interaction, while that of doxycycline is due to n- 1t interaction and hydrogen. This

is summarized in Fig 4.71.
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Fig. 4.71: Adsorption mechanism of CR and DOX on KCF nanocomposites
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4.5.10 Conclusion

Comparative adsorption mechanism of doxycycline (DOX) and Congo red (CR) using synthesized
kaolinite supported CoFe;0s (KCF) nanoparticles have been successfully carried out. KCF
nanocomposites despite having low specific surface areas (KCF-100: 24 mg g, KCF-700: 11 mg
g1), showed better adsorption capacity for DOX and CR when compared with other adsorbents
in the literature. KCF-100 performed better than KCF-700 for the removal of the two
contaminants. Basically, the adsorption of the two contaminants was not influenced by
electrostatic interaction, but rather by hydrogen bond and n-mt interaction for DOX, while that
of CR was as a result of hydrophobic interaction and hydrogen bond. Calcination temperature
up to 700 °C resulted to structural damage of kaolinite (Al03-2S5i0;-2H,0) leading to the
formation of meta kaolinite (Al,03:2Si0;), meanwhile, it was favorable for the formation of
CoFe;04 with the appearance of distinct peaks. Monolayer maximum adsorption capacity of
KCF-100 (as prepared) nanocomposites for CR, 547.12 mg g at 298 K was more than that of
DOX, 399.98 mg g* at 333 K. Adsorption isotherm conformed with Langmuir, while the kinetic
followed pseudo-second-order. Thermodynamics studies confirmed that the adsorption
contaminants are feasible and spontaneous. The adsorption of CR is exothermic while that of

DOX is endothermic.

115



4.6 Enhancement of adsorption capacity of kaolinite through spray drying and surface

modification process for adsorption of methylene blue

4.6.1 characterization of raw, modified and spray dried kaolinite

The XRD patterns of raw kaolinite (RK), surface modified kaolinite (SMK) and spray dried
kaolinite (SDK) are shown in Fig A5. The main mineral components of the studied clay are the
kaolinite (Al,Si0s(OH)4) and alpha-quartz (SiO2). The peaks at 26 = 12.3° and 24.7° correspond
to the (001) and (002) planes of kaolinite (Joint Committee on Powder Diffraction Standards (JCPDS)
card number 80-885), The SDK diffractogram presents peaks related to alpha-quartz less intense
due to the decrease of these particles. The intensity of the peaks 001 and 002 related to
kaolinite did not change, showing that the size of the kaolinite plates does not decrease.

Surface modification did not affect the diffractogram as well.

FTIR of the materials is presented in Fig A6. The peaks related to kaolinite has been earlier
discussed. There is no notable difference in the spectra of RK and SDK. However, there are
some new peaks on the spectrum of SMK. The sharp peak at 1045 cm™ on the modified clay is
assigned to Si—-O—C stretching. The bands due to 2924 and 2841 cm™ exhibited by the surface

modified clay are due to CHz asymmetric stretching and CH, symmetric stretching.

Fig. 3.72 A shows the nitrogen adsorption-desorption isotherm of RK, SMK and SDK, whose
curves are characteristic of macroporous materials. The formed mesoporous are due to the
interstices of the agglomerated material. The specific surface area of the materials using BET
theory is as follows 14, 35 and 102 m? g! respectively. As the raw clay is formed by agglomerate
particles, the spray drying process separates part of these agglomerates producing a particulate
material with a higher specific surface area. The surfactant used to modify the raw kaolinite
also increased the interaction between its surface and nitrogen gas hence leading to the
increased in specific surface area in comparison with the raw kaolinite. These two processes
(spray drying and surface modification) have successfully resulted to increase in specific surface

area. These results are confirmed by the apparent densities of RK, SMK and SDK of 0.824 +
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0.018, 0.815 + 0.015 and 0.282 + 0.007 g cm?, respectively, whose volumes measured are
shown in Fig. 4.72 B.

A B
100 — y .

Eux

Eum L L
B so{E " 1 :
e Zas ¥_ E_
e
o gu‘.vs = 4 L
'E So.g‘l_‘l 9 19 20 n 40 20 = i g" g"
2 Pore diameter {nm) s _; E}
0 - -
s 404 T X ‘:
g / ¥ |
t
3 20 E
£
<

0 4

0.0 0.2 04 0.6 0.8 1.0
Relative pressure (P/Po)

Fig. 4.72: Nitrogen adsorption-desorption isotherm at 77K (A) and volume of equal mass (B) of

RK, SMK and SDK

The respective SEM images with EDS spectra and TEM of the adsorbents are displayed in Fig A7
and 6A respectively. The images confirm that the RK and SMK are compacted materials, formed
by an agglomerate of lamellar (kaolinite) and small particles (alpha-quartz). Meanwhile, SDK
consists of exfoliated lamellar kaolinite and smaller particles TEM (Fig. A8).

The elemental constituents like Al, Si and O showed on the EDS spectra of all samples agree
with XRD results, which show that clay is formed by kaolinite and alpha-quartz minerals,
without other contaminants. The presence of Na and S on the EDS spectrum of SMK is an
indication of the modification of clay using sodium dodecyl sulfate, in accordance with FTIR

results.

4.6.2 Effect of pH of the adsorption of MB on RK, SMK and SDK

The pH of methylene blue (MB) solutions was varied from 2 - 10, while the amount of
absorbent used was kept constant, 0.l g/50 mL of 100 mg L dye solutions and studied for 4 h
The graphical representation of the results is presented in Fig. 4.73 A. The adsorption of MB

was more favorable at pH > 4 and the percentage that was removed increases with an increase
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in pH. The variation of the zeta potential of the kaolin solutions depends highly on the pH of
the suspension as displayed in Fig. 4.73 B. RK showed an isoelectric point at pH below 4, while
SMK and the SDK samples showed an isoelectric point at pH below 2. As the pH increases, the
surface charge of the particles becomes more negative. This explains why the adsorption of MB
molecules was better at higher pH, and the SDK performed better than others (RK and SMK)
because it exhibits higher negative zeta potential and specific surface area values. All the
samples have the most negative value of surface charge at pH 10; this implies that adsorption
process is basically due to the coulombic attraction between the negatively charged surface and
the positive charge of the MB molecules

The study carried out by Yan et al., [227] revealed that the surface of kaolin is rich in silica with
a small percentage of alumina. In view of this, its surface charge will likely be Si-OH*; and Si-O"
in acidic and alkaline medium respectively. The adsorption of MB being a cationic dye was
favorable at higher pH due to the electrostatic attraction that exists between the MB molecules and
the negatively charged clay surface. Spray-dried clay (SDK) performed better than raw clay (RK)
and surface-modified clay (SMK) with the highest MB removal of 72%. This result is due to the
increase in the specific surface area related to the disaggregation of the lamellas produced by
the spray drying process, thereby exposing more of the active surface of the SDK to the MB

solution.
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4.6.3 Effect of dosage

Fig. A9 represents the influence of adsorbent mass on the removal of MB. The mass of the
adsorbent was varied from 0.05 — 0.25 g per 50 mL of the dye solution and maintained for 2 h.
The percentage removal of MB increases as the amount of the RK and SMK and SDK added to
the fixed concentration of the dye solution increases. SDK takes the lead. The linear behavior of
the adsorption process indicates that the active sites of the adsorbent can still accommodate
the dye molecules on its surface. More so, 0.25 g/50 mL of SDK effectively remove 96% of the

dye solution and performed almost more twice than RK.

4.6.4 Effect of contact time and adsorption kinetics

Fig. 4.74 illustrates the amount of MB absorbed at the time range of 30 - 240 mins, initial
concentration of 100 mg g* of MB, 0.1 g of the absorbents and at pH 10. This was to ascertain
the adsorption equilibrium time for the removal of MB from the solution. Effective adsorbent
must not only have a high capacity but, also rapid in removing contaminants. The adsorption
process increased rapidly during the first 30 minutes for SDK. However, all the adsorbents
attained equilibrium at 120 minutes, after which there is no significant uptake in the
percentage of MB that was removed.

The rapid initial stage of the adsorption process shows that a large amount of active vacant
sites are available and that the concentration gradient between the adsorbate in solution and
adsorbate on the adsorbent is high [228]. The concentration gradient becomes almost constant
after the attainment of the equilibrium time. This observation has been affirmed to be as a
result of limitation in the mass transfer of MB molecules to the surface of the adsorbent and

reduction in the intra-particle diffusion.
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Fig.4.74: Effect of contact time on the adsorption of MB on RK, SMK and SDK

The data obtained were fitted into pseudo-first-order and second-order, and intraparticle
diffusion kinetic models. This enabled a proper understanding of the control mechanism of the
process of the adsorption.

The linear form of pseudo-first-order is given by equation 4.3 below

kit
2.303

log(q. — q¢) = logq, — 4.3

Where q., q;, k; and t are adsorption capacity at equilibrium (mg/g), amount of MB removed
at time t, rate constant and contact time (min) respectively. The plot of log(q, — q;) versus t
(not shown) is not linear, signifying that the experimental results are not consistent with this
model. More so, the large deviation in experimental and calculated gq,, also the values of the
correlation coefficient showed in Table 30 imply that the model is not applicable for the
mechanism. The values of g, and k; are extrapolated from the intercept and the slope
respectively.

Pseudo-second order is expressed by the equation 4.4 below

t 1 t

— = + — 4.4
qc  k24q2 de

This model proposes an adsorption mechanism in which the interaction between the adsorbate

molecules on the site on the adsorbent is mainly due to the physio-chemical interaction [229].

The plot of qi against t is linear (Fig. 4.75 A). The respective values of k, (pseudo-second-order
t
rate constant) and g, are obtained from the intercept and slope of the Figure. The calculated
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values of g, are considerably close to the experimental values. The correlation coefficient of the
plot is close to unity. Therefore, the experimental data is properly fitted into this model.

The last kinetic model that was used is the intra-particle diffusion, which describes that the
adsorption rate mechanism hinges on how quick the adsorbate diffuses towards adsorbent
[230]. The model is described by equation 4.5

qr =kqt'? + ¢ 4.5
The linear plot of g, versus t1/2 is represented in Fig. 4.75 B. The linearity of the plot indicates
that the process is diffusion controlled. The value of k; (rate constant of intra-particle
diffusion) for each adsorbent are listed in Table 29.

It is affirmed that if the plot of g, versus t1/2 is multi-linear plots, it implies that two or more
steps are involved in the adsorption process [231] The intraparticle diffusion plot of this study
having two linear plots (Fig. 4.75 B) reflects that the adsorption process was accompanied by
two phases. This means that the mechanism of MB adsorption on the surface of the adsorbents

entails surface adsorption and intra-particle diffusion.

25

= RK A
e SMK 35 B t—t—t—A
20| 4 SDK /
304 x RK
e SMK
154
. 254 4 SDK
o
10 7 204
15 *——o—=o—o—0
> /
ﬁ*
104
./..
0 T T T T T 5 T T T T T T
0 50 100 150 200 250 4 6 8 10 12 14 16

Contact time (mins)

Fig. 4.75: pseudo-second-order kinetic plot (A) and intraparticle diffusion (B) of MB adsorption
on RK, SMK and SDK.
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Table 29: Parameters for kinetics models of adsorption of MB on RK, SMK, and SDK.

Model Parameters RK SMK SDK
ge exp (mg/g) 11.27 15.29 35.9
Pseudo-first-order ge cal (mg/g) 32.78 18.38 10.89
k1 0.0353 0.0278 0.0244
R 0.8954 0.9280 0.9248
X2 14.1147 0.5194 57.4380

Pseudo-second-order  qe cal (mg/g) 13.36 17.08 36.85

k2 0.0165 0.0051 0.0001
R 0.9938 0.9964 0.9998
x? 0.3269 0.1875 0.0244
Intra-particle kq 0.5399 0.5461 0.4876
diffusion R 0.9464 0.9407 0.9186

4.6.5 Adsorption isotherm for the adsorption of MB on RK, SMK and SDK
The suitability of Langmuir and Freundlich adsorption Isotherms was examined by fitting the
data obtained at different temperatures to the linear form of both isotherm models. Langmuir

and Freundlich isotherms are represented by equation 4.6 and 4.7 respectively

Ce L 4 Ce 4.6
de Amaxb dmax
logq, = logKr + % logC, 4.7

Where C, is the equilibrium concentration in solution (mg/L), g, is the amount of MB adsorbed

per unit mass of the adsorbent (mg g?), ¢max is the maximum adsorption capacity (mg/g) and b
is Langmuir equilibrium constant (L mg?). where Ky is the Freundlich constant and % is the
heterogeneity factor.

The plot of Z—Zagainst C, at 303 - 333 K is presented in Fig. A 10.

The linear plot of log q. versus log C, at different temperatures is shown in Fig. A 11. The
values of K and % were obtained from the intercept and the slope respectively

The isotherms parameters are listed in Table 30. The applicability of the isotherms based on the
values of the correlation coefficient (R?) shows that Freundlich is more applicable than
Langmuir because kaolin has a heterogeneous charge distribution on its surface [232,233]. The
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Langmuir constant b is not consistent with increase in temperature for RK and SMK, however it
increases steadily with temperature for SDK. More so, SDK having the highest surface area,
resulted to high g,,4x, adsorption capacity at all temperature. The values of adsorption capacity
obtained increases with temperature, signifying the endothermic nature of the adsorption

process.
1 . . L L
The values of - heterogeneity factor in Freundlich isotherm less than 1, is evidence that the

adsorption of MB on the adsorbents is greatly favorable. Zhao et al., [234] affirmed that

molecules of an adsorbate can favorably adsorb on the surface on an adsorbent when the value
of % falls within range of 0.1 to 0.5, but value of % greater than 2 connotes difficulty in

adsorption. Comparison of the maximum monolayer adsorption (q,,q4x) Of different adsorbents

for the removal of Methylene blue at room temperature is listed in Table 31.

Table 30: Langmuir and Freundlich isotherms parameters for the adsorption of MB at 303 -333
K.

Langmuir Freundlich
Adsorbent Temp.  Qmar b (mg R Ky 1 R
(K)  (mgg?) LY (mgl?) n
RK 303 23 0.0561 0.995 6.132 0.229 0.965
313 51 0.0164 0.963 4.804 0.378 0.992
323 92 0.0165 0.987 4601 0.518 0.998
333 147 0.0200 0.986 6.294 0.583 0.998
SMK 303 30 0.0476 0.996 7.309 0.245 0.990
313 55 0.0222 0.970 6.400 0.353 0.994
323 96 0.0248 0.989 6.776 0.473 0.997
333 144 0.0289 0.987 8.541 0.539 0.996
SDK 303 140 0.0210 0.893 9.352 0.469 0.986
313 140 0.0282 0.938 10.626 0.468 0.995
323 143 0.0335 0.953 11.709 0.464 0.997
333 168 0.0399 0.935 16.290 0.433 0.987
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Table 31: Comparison of the maximum monolayer adsorption (g,,4x) of different adsorbents

for the removal of Methylene blue at room temperature.

Adsorbents Qmax (Mg/8) References
Montmorillonite/CoFe;04 97.75 [235]
Palm kernel fiber 95.4 [236]
Graphene/magnetite 43.82 [237]
DNPH-y-alumina) 32.8 [238]
Kaolin-PDA-PSPSH 96.79 [201]
Modified bamboo 606 [239]
Spray-dried kaolinite (SDK) 140 This work
Surface modified kaolinite (SMK) 30 This work
Raw kaolinite (RK) 23 This work

4.6.6 Adsorption thermodynamic
Thermodynamic parameters like enthalpy, 4H, (kJ/mol) and entropy, A4S, (kJ/mol K) were

evaluated from Van’t Hoff plot by using equation 4.8 below.

q A8 AH
log= = — 4.8
Ce 2303R  2303RT

While the Gibbs free energy, AG (kJ/mol) was evaluated based on equation 4.9
AG = AH —TAS 4.9

e

Where R is the gas constant (8.314 J/mol K), T is the temperature. The plot of log Z— against Ti
e

is shown in Fig. A12. The values of A4H and AS are extrapolated from the slope and the

intercept respectively.

The enthalpy of adsorption, 4AH, as shown in Table 4 is positive, affirming that the adsorption
process is endothermic in nature.

The values of AS being positive connotes that the randomness of the MB molecules during the
adsorption process increased at the interface of adsorbent/adsorbate solution. The values of

Gibbs free energy, 4G, as listed in Table 32, decrease with an increase in temperature,
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meaning that the adsorption process will become more favorable and spontaneous when the
temperature of the system is raised, according to results reported by [240]. Whenever the
Gibbs free energy is positive at a specific temperature, it implies that the adsorption process is
non-spontaneous and the adsorption capacity will become lower, however increasing the
temperature will lead to a spontaneous process [241,242]. The negative value of AG obtained
for SDK at all temperatures reveal a spontaneous adsorption process of MB.

Table 32: Thermodynamic parameters for the adsorption of MB at 303 -333 K.

Adsorbents AH AS AG (kJ/mol)
(kJ/mol) (kJ/mol K)

303K 313K 323K 333K

RK 60.28 0.1854 4,104 2.249 0.396 -1.458
SMK 58.98 0.1839 3.258 1.419 -0.418 -2.258
SDK 22.66 0.0774 -0.792 -1.566 -2.340 -3.114

4.6.7 Conclusion

This research has been able to establish that adsorption capacity can be enhanced through the
spray drying dispersed clay solutions and surface modification of raw clay, although the
performance of SDK is better than that of SMK. The higher specific surface area coupled with
high negative surface charge values exhibited by SDK enhanced its performance over the raw
and modified clay. The additional functional group on the surface-modified clay was
responsible for its better adsorption capacity than raw clay. The removal of methylene blue
was sensitive to the pH of the solution. Among the three kinetics models that the experimental
data were fitted to, the pseudo-second model was best applicable. Adsorption isotherm model
proposed by Freundlich was best fitted for the adsorption mechanism. The thermodynamic
analysis revealed that adsorption of MB is endothermic and spontaneous at higher
temperatures. Among the three adsorbents, spray-dried clay is highly efficient in removing
methylene blue. This strategy could be employed to produce high surface area adsorbents for

the removal of contaminants.
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CHAPTER FIVE: GENERAL CONCLUSION

5.0 Conclusion and Recommendation

In this research, cobalt ferrite and its composite with chitosan, rice husk silica and cobalt
kaolinite were successfully synthesized, characterized and applied to adsorb methylene blue,
Congo red, acid orange Il and doxycycline. Result obtained from each magnetic composite are
unique. It was gathered from the study that spraying drying process could be used to obtain
cobalt ferrite with high specific surface area and good efficiency in removing methylene blue.
Result obtained from cobalt ferrite/chitosan show that combining experimental with
theoretical could provide better and in-depth understanding on the mechanism of adsorption
of methylene blue and acid orange IlI. Specific surface area of cobalt ferrite/rice husk silica was
found not directly proportional to the it adsorption capacity for the removal of doxycycline,
more so, the result of this composite (cobalt ferrite/rice husk) showed that adsorption capacity
of cobalt ferrite and rice husk silica can be synergistically enhance by the composite of the two
materials for the removal of methylene blue. Comparative study of the adsorption mechanism
of Congo red and doxycycline using cobalt ferrite/kaolinite showed that the mechanism of
adsorption of the two contaminants differs. The two contaminants were effectively removed by
cobalt ferrite/kaolinite composite. Adsorption capacity of kaolinite for the removal of

methylene blue was also enhanced by spray drying process.

The optimum pH for the adsorption of methylene blue and acid orange Il using cobalt
ferrite/chitosan were 4 and 12 respectively, while for the removal of doxycycline and
methylene blue using cobalt ferrite/rice husk silica it was 6 and 9 respectively, meanwhile for
the adsorption of Congo red and doxycycline on cobalt ferrite/kaolinite, it was pH 6. The
adsorption kinetics studies for the removal of each contaminant by the respective composite ae
best fitted into pseudo second order model. Langmuir isotherm was best applicable to explain
the adsorption mechanism for the removal of all the contaminants. Adsorption process of all
the dyes on all the magnetic composites was exothermic, while that of doxycycline is

endothermic. However, the adsorption of all the contaminants are spontaneous and feasible.
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Cobalt ferrite/rice husk silica performed better in adsorbing doxycycline with adsorption
capacity of 835 mg g at 333 K, and in adsorbing methylene blue 253 mg g* at 303 K. Although
the adsorption of acid orange Il and Congo red could not be compared among the composite,
the amount these dyes that were removed from the aqueous solution were better than some

adsorbent that were reported in the literature.
5.1 Recommendation

e |t is recommended that adsorption should be performed in continuous-flow reactor
systems with magnetic separation.

e Comparative studies could be carried out on other types of spinel ferrites

e More focus should be directed towards the use of magnetic composite from agricultural
and industrial wastes as adsorbents for the removal of contaminants.

e Competitive adsorption of different contaminants should be studied.
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Fig. A7: SEM of RK, SMK and SDK.
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ARTICLE INFO ABSTRACT

Synthesis of CoFe,O, nanoparticles was carried out using a co-precipitation method. The resulting precipitate
was dried by using conventional method (oven), and spray drying process. The products obtained from the two
drying processes were calcined at 500 and 700 °C; and characterized by powder X-ray diffraction (XRD),
scanning electron microscopy (SEM) transmission electron microscopy (TEM), and N, gas adsorption technique.
Magnetic measurements were performed on a SQUID magnetometer. The magnetic saturation value (76 emu
g~ 1) of the spray dried cobalt ferrite calcined at 700 °C (SD-700) was higher than its corresponding oven-dried
sample. The as-received spray dried CoFe,O4 nanoplates (SD-100) has the highest BET specific surface area
(138 m? g~ 1), while the oven-dried sample calcined at 700 °C (OD-700) has the lowest area (47 m? g~ ). Cobalt
ferrite samples obtained from the two drying processes were briefly applied to adsorb methylene blue solution as
a cationic dye model to know the effect of drying process on the adsorption of dye. The studies showed that all
the spray dried samples performed better in adsorbing methylene blue (MB) solution. Energy-filtered TEM

Keywords:

Spray drying process

Specific surface area

Methylene blue adsorption and magnetic
properties

(EFTEM) analysis that was carried out on SD-700 ascertained the adsorption of MB on its surface.

1. Introduction

The unique crystal structure of spinel ferrite and its various che-
mical compositions have made it stand out among other ferrites,
thereby attracting the profound interest of the researchers [1-3]. Cobalt
ferrite is a typical example of inverse spinel ferrite [4]; found to be an
interesting magnetic material that has magnetic properties which en-
compass large magnetic anisotropy (1.8-3 x 10°J m ™) and moderate
magnetization saturation (80 emu g_l) [5-8]. It is chemically stable,
with encouraging mechanical hardness [9,10]. These properties made
cobalt ferrite a useful material for different applications.

Nanocrystalline cobalt ferrite is regarded as an essential material
due to its inherent thermal, magnetic, chemical and electrical proper-
ties [11]. Various contaminants such as heavy metals and dyes among
others have been successfully removed from wastewater by cobalt fer-
rite [12-14]. It has also been combined with adsorbents and photo-
catalytic materials in treating wastewater due to its ability to be easily
separated from solutions by external magnetic field after being used to
remove toxic pollutants [15-18]. A study carried out by Kooti and

Afshari [19] showed that it could act as an excellent catalyst for the
conversion of alkenes to aldehydes or epoxides.

Furthermore, it has been proven to be an effective material for drug
delivery systems. It is an appropriate magnetic material for hy-
perthermia application, clinical practice and for isolating and purifying
genomic DNA [20-22]. Application of Co-ferrite in drug delivery sys-
tems by using hyperthermia method has brought a significant break-
through and provided a broader view on releasing of drug to a targeted
location [23]. Yahya et al. [24], concluded from their research that
cobalt ferrite successfully absorbed electromagnetic waves, which re-
sulted to reduction in the oil viscosity and increment in oil recovery.

It was gathered from the literature that characteristics of magnetic
nanoparticles depend on the synthesis route and drying process [6].
Given this, several authors have carried out various researches on co-
balt ferrite and its synthesis route [25-27]; to provide a well viable and
cost-effective means of synthesizing spinel ferrites. Mahboubeh et al.
[28], utilized combustion, co-precipitation and Stober (precipitation)
methods to synthesized cobalt ferrite with crystal size (49.5nm) and
saturation magnetization (55.8 emu gfl). Also, Ristic et al. [29], used
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co-precipitation method to synthesized cobalt ferrite and studied the
influence of pH and autoclaving time on the crystallite size and mag-
netic measurement of CoFe,O,4. According to their report, both the
crystallite size and magnetic saturation increased with the increase in
pH.

In view of this, chemical co-precipitation method was used to pre-
pared cobalt ferrite used in this study. This process has been noted to be
a suitable method for the synthesis of nanoparticles; it is less time
consuming and cost-effective [30]. However, the significant effect of
drying process on magnetic, textural, morphological and structural
properties of cobalt ferrite and its effectiveness in treating contaminant
propelled our curiosity. Therefore, we employed spray drying and
conventional oven drying method to dry co-precipitated cobalt ferrite
used for the study. Agnese Stunda-Zujeva et al., and Olusegun et al.
[31,32], wrote that spray drying method is one of the most amazing,
convenient and fast techniques that could be used to produce particles
of high surface area. The performance of the oven and spray dried co-
balt ferrite on the adsorption of the methylene blue was studied (in
brief) before and after calcination process.

2. Experimental details
2.1. Materials

Iron and cobalt sulfate (FeSO47H,0 and CoSO47H>0) were pur-
chased from Dinamica Quimica Contemporanea Ltd., Brazil, while
methylene blue (MB) was from Labsynth.

2.2. Cobalt ferrite synthesis

For this study, CoFe,O4 was prepared by chemical co-precipitation
method. In this case, FeSO47H,0 and CoSO47H,0 were mixed in ratio
2:1 and dissolved in distilled water by gently heating the solution and
stirred for one hour. An aqueous solution of NaOH was added to the
mixture and stirred continuously until the pH reached 12. Digestion
was carried out at 90 °C on a hot plate for 2 h, after which the gelatinous
precipitate formed was washed with distilled water till pH 7 was at-
tained. Part of the neutralized precipitate was oven dried at 100 °C,
while the rest was spray dried.

2.3. Preparation of spray-dried cobalt ferrite

The neutralized cobalt ferrite solution was continuously stirred
throughout spray drying period. Spray dryer MSD 0.5 with 1 mm nozzle
was used for the drying process. The process was performed by setting
an inlet temperature at 120 °C and air flow rate at 50 L min~ ! pressure.
The dried product was collected in a collection bottle.

2.4. Calcination process

The respective oven and spray-dried cobalt ferrite samples were
further calcined at 500 and 700 °C for two hours. The scheme of the
synthesis is shown in Fig. 1.

2.5. Characterization of the samples

X-ray diffraction (XRD) was performed in an X-ray diffractometer
(Shimadzu, XRD 7000) using CuKa radiation. High spatial resolution
morphology, composition, and crystallography were achieved by
transmission electron microscopy (TEM), electron energy-loss spectro-
scopy (EELS), and selected area electron diffraction (SAD) in a non-
corrected spherical aberration (Cs = 2 mm) microscope Tecnai G2-20
SuperTWIN (FEI) with a LaBg thermoionic gun and an acceleration
voltage of 200kV, coupled with a Gatan Image Filter (GIF) Quantum
System SE (Gatan). The specific surface area was determined by
Nitrogen adsorption in a Quantachrome Autsorb, using the Brunauer-
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Emmett-Teller (BET) method. The magnetic property was determined
by using S700X SQUID magnetometer.

2.6. Adsorption tests

A mass of 0.1 g of cobalt ferrite was added to 12 mL of methylene
blue solution (50 mg L~ 1). The solution was left for 30 min, after which
cobalt ferrite was magnetically separated from the solution. The ab-
sorbance of the methylene blue in the remaining solution was de-
termined by UV-vis adsorption spectra. The values obtained were
plotted against wavelength within the range of 500-700 nm and com-
pared with the original solution (50 mgL~") of methylene blue.

3. Result and discussion
3.1. X-ray diffraction analysis

The diffractograms of all samples are shown in Fig. 2. The pattern
matched with card number 22-1086 of Joint Committee on Powder
Diffraction Standards (JCPDS), which is a typical pattern of cubic spinel
ferrite having space group of Fd-3m (N° 227). The diffractograms of the
as-received samples: OD-100 and SD-100 showed the presence of two
phases: CoFe;O4 and Cog.33Feq67(O0H) (card #14-558). Meanwhile,
Cog33Feg.67,(O0H) phase disappeared after calcination. Phase transfor-
mation was observed after the samples were calcined at 500 °C, leading
to the appearance of hematite phase.

Another observation was the slight shift of peak (311) in both OD-
100 and SD-100 diffractograms after calcining at 500 °C. The dehy-
droxylation of Cobalt—iron (oxy) hydroxide (Cog.33Feq.¢7(OOH)) phase
at this temperature could have been responsible for the shift. Thermal
decomposition of this phase could have initiated the movement of
certain amount of Co?" ions from octahedral to the tetrahedral sites,
and equivalent transfer of Fe>* ions from tetrahedral to octahedral
sites. Rao et al. [33] as well reported a shift in peak due to increase in
annealing temperature.

The lattice parameters (a) are itemized in Table 1. The values ob-
tained for both OD-700 and SD-700 are closed to the reported lattice
constant of pure cobalt ferrite in the literature (8.396 + 0.001 f\) [34].

The impure phase, Fe,O3 disappeared completely after the samples
were calcined at 700 °C, leading to the formation of single-phase cobalt
ferrite. This shows that the presence of hematite (an antiferromagnetic)
in cobalt ferrite can be thermally decomposed giving rise to pure cobalt
ferrite. Calcination process has effect on the purification, crystal growth
and crystallization of the synthesized CoFe;O,4. This structural change
resulted in change in the magnetic properties of the samples. However,
the drying process does not have a significant effect on its structure.

3.2. TEM and HRTEM analysis

Transmission electron microscopy (TEM) images of SD-100, SD-500,
and SD-700, show distinct agglomeration (Fig. 3). The reason for the
agglomeration was due to interaction that exist among the particles.
This feature was only observed in the spray dried images.

Bright field TEM images of all the dispersed samples are displayed in
Fig. 4. The images are plate-like structure of different orientation and
morphology. Some of the plates were lying flat while others were
standing.

High resolution-transmission electron microscopy (HR-TEM) images
of all the samples show the degree of crystallinity through the ap-
pearance of clear lattice fringes of crystalline planes in the particles
(Fig. 5). The clear appearance of the fringes (observed at the Fast
Fourier Transform in each image) increases with the increase in the
calcination temperature. This is in accordance with the X-ray dif-
fractogram results, which show increase in the crystallite size with re-
spect to increase in temperature.
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Fig. 2. XRD pattern of cobalt ferrite samples heated at three temperatures.

Table 1
Crystallite size and Lattice constant for cobalt ferrite.
Cobalt ferrite Crystallite size (nm) Lattice parameter (A)
OD-100 8 8.47
OD-100 10 8.32
OD-700 14 8.40
SD-100 9 8.47
SD-500 10 8.36
SD-700 14 8.40
SD-100 SD—590
L - N

1 Ut

3.3. EELS analysis

Electron energy-loss (EELS) spectra (Fig. 6) showed complementary
results of XRD. The spectra of OD-700 and SD-700 are typical of pure
cobalt ferrite. The O K-edge at about 532 eV shown in the EEL spectra
for OD-700 and SD-700 samples is a fingerprint of cobalt ferrite and
accompanying with some features in the energy-loss near edge structure
(ELNES) spectrum (e.g., few hundreds above the onset of O K-edge).
The pre-peak 1 is due to the O-Fe bond only, followed by a broader peak
2. The 3rd peak (lower) is characteristic for cobalt ferrite as well as the
peaks 4 (sharper) and 5, followed by the peak 6 [35]. The cobalt ferrite

,Ov s‘”‘u i

» L TR &y "‘

#—

o o i
' ' Bl e .-

Fig. 3. TEM images of spray-dried cobalt ferrite calcined at different temperature, showing agglomeration.
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Fig. 4. Bright field TEM images of all the dispersed samples.

phase was also confirmed by XRD and selected area electron diffraction.
The peaks 3 and 5 are not present in spectra of OD-100, SD-100, and
SD-500 samples as the O K-edge found for particles at OD-500 and SD-
500 sample resembles the coordination environment of O atom for a-
Fe,0s. It is possible that this phase is a Co-substituted hematite. This is
also supported by the XRD data which shows a shift of the peak towards
lower d-spaces.

3.4. Scanning electron microscopy (SEM)

Scanning electron microscopy analysis of spray dried samples was

performed to assess the morphology of the agglomerate observed at
TEM. Averagely, the image of SD-700 (Fig. 7) shows particles with a
spherical shape and a high degree of agglomeration among the fine
particles (spray dried powder). It is well documented that particles with
the large surface area to volume ratios tend to agglomerate so as to
reduce their high surface energies [36].

3.5. BET specific surface area analysis

Nitrogen adsorption and desorption isotherms are shown in Fig. 8,
while the specific surface areas (SSA) are itemized in Table 2. The

Fig. 5. HRTEM images of various cobalt ferrite samples. The inset in each image shows the Fast Fourier Transform (FFT).
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Fig. 6. EEL spectra for various cobalt ferrite samples, showing the ionization edges of O K, Fe L, 3 and Co Ly 5. The numbers 1 to 6 mark the characteristics features at

the O K edge for cobalt ferrite.
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Fig. 7. SEM images of SD-700 (SEM images of SD-100 and SD-500 not shown).

specific surface areas of SD-100, SD-500, and SD-700 are higher than
the respective oven-dried samples. This signifies that spray drying can
improve the SSA of cobalt ferrite and perhaps other powder samples.
More so, the cost of surfactant can as well be reasonably reduced or
avoided by employing spray drying process to produce powder of high
surface area. The results also show that the values of SSA reduce as the
calcination temperature increases, which could be due to phase
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transformation as observed in XRD diffractogram. This is expected be-
cause calcination leads to lower surface area as decomposition of some
compounds could take place. The isotherm is typical of nonporous or
macroporous material.
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Fig. 8. Nitrogen adsorption-desorption isotherm at 77 K of the for various cobalt ferrite.
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Table 2
BET specific surfacee area.

Table 3
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Magnetic anisotropy and squareness ratio at 10 and 300 K.

Cobalt ferrite with different drying process Parameters Cobalt ferrite 10k 300K

SSA (m? g_l) C constant K x 10° (erg cm™3) Rs K x 10° (erg cm ™) Rs
OD-100 92 27 OD-100°C 19.27 0.68 2.11 0.34
OD-500 52 38 OD-500 °C 14.21 0.78 2.22 0.39
OD-700 47 28 OD-700 °C 79.06 0.74 6.22 0.35
SD-100 138 21 SD-100°C 1.49 0.55 1.45 0.3
SD-500 86 14 SD-500 °C 1.73 0.68 3.53 0.35
SD-700 82 13 SD-700 °C 6.81 0.76 4.38 0.37

3.6. Magnetization versus temperature

The magnetic profile of synthesized cobalt ferrite (OD-100, OD-500,
OD-700, SD-100, SD-500 and SD-700) was characterized by measuring
the zero-field cooled (ZFC) and field cooled (FC). The results of the
measurement are shown in Fig. 9. The maximum point on the ZFC curve
is the blocking temperature (T3) [37]. As shown in the Fig., ZFC of both
OD-100 and SD-100 increases with temperature and attained maximum
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values (Tp) at 240 and 164 K respectively, after which it decreases with
further increase in temperature. This type of behavior is associated with
the characteristic behavior of superparamagnetic materials [38],
meanwhile considering their coercivity values which are far greater
than zero (Fig. 9), they cannot be regarded as pure superparamagnetic.

The presence of cobalt—iron (oxy) hydroxide in the two samples
would have influence weak magnetic interaction within the particles
hereby leading to attainment of blocking temperature. We infer that the
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Fig. 9. ZFC and FC magnetic curves of cobalt ferrite under an applied magnetic field of 50 Oe.
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presence of cobalt—iron (oxy) hydroxide hindered the response of the
magnetic moment to magnetic field which leads to low magnetic ani-
sotropy barrier (Table 3). It has been stated that anisotropy energy acts
as an energy barrier that prevents free rotation of the magnetic mo-
ments away from the easy axis [39].

The value of T corresponds to the particles size interaction; hence
for SD-100 to have attained lower Tz than OD-100, it means that the
particles have higher interraction and this could have propelled the
agglomeration of the particles which was noticed in the electron mi-
croscopy images. It was stated that, above the blocking temperature,
the interaction between magnetic nanoparticles is very weak, while the
interaction between the particles is strong below Tz [40,41]. This im-
plies that the lower the T, the higher the magnetic interaction within
the nanoparticles. Spray drying process enhanced the magnetic inter-
action (evidence in the agglomeration) of the particles which resulted
to lower Tg.

The decomposition of cobalt—iron (oxy) hydroxide as confirmed
from the XRD results, leads to high magnetic anisotropy energy barrier
after calcination and became difficult to be overcome by thermal acti-
vation within the temperature range (10-300 K). The values of T are as
well too high to be determined, this indicates that the materials (OD-
500, OD-700, SD-500 and SD-700) are still magnetically blocked at
room temperature.

3.7. Magnetization versus field

The result of magnetization as a function of applied field (Fig. 10)
was carried out at 10 and 300K. In the curves of hysteresis, the sa-
turation magnetization (M) increased with increase in calcination
temperature (due to the disappearance of a-Fe,O; and
Cog.33Fep.67,(O0OH) phase) as listed in Table 4. The M; of OD-100, OD-
500, SD-100 and SD-500 are lower than the bulk M of cobalt ferrite (80
emu g_l) [34], meanwhile, values obtained for the SD-700 and OD-700
are closed to the bulk M; of cobalt ferrite. The lower saturation mag-
netization values reported for OD-100, OD-500, SD-100 and SD-500 are
attributed to the presence of alpha hematite and cobalt—iron (oxy)
hydroxide impurities which reduced the number of moments con-
tributing to magnetic saturation.

Increase in crystallite size (itemized in Table 1) could as well be
responsible for higher M; at 700 °C. Magnetic domain size is directly
proportional to crystallite size. Whenever the magnetic domain size
increases, there will be corresponding increase in the number of atomic
spins that align themselves in the direction of the applied magnetic
field, thereby enhancing the magnetic saturation of the material [42].

It was also observed from Table 4 that the magnetic saturation of all
the samples are higher at 10K (low temperature) than 300K (room
temperature) because of reduction in thermal vibration [37]. The high
values of coercivity (Hc)and a lower value of M, at 10K are attributed
to the increased in magnetic anisotropy of the particles which prevent
magnet moment from aligning in an applied field [43]. At low tem-
perature, magnetic spin freezes and reversal of magnetization becomes
difficult, resulting to high anisotropy and coercivity [44]. Coercivity of
SD-100, SD-500 and SD-700 are less than their respective oven dried
samples due to agglomeration which was caused by mutual interaction
within particles. The respective coercivity values of this synthesized
cobalt ferrite, make its applications differ at low (10K) and room
(300K) temperature. The magnetic anisotropy (K) values shown in
Table 3 are calculated from equation (1) below [44].

_ M;xHc

T 096 @

The squareness ratio (Rg) calculated from equation (2) below is a
measure of how easy it is for the direction of magnetization to re-orient
to the closet easy axis after withdrawer of the magnetic field [45].
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Squareness ratio obtained at room temperature for all the samples is
within 0.3-0.39 implying that at 300 K the magnetic properties of the
synthesized cobalt are not direction-dependent (isotropic). This is a
typical example of a soft magnet with characteristic of single domain
nanoparticles. Meanwhile, at 10 K, Rs range from 0.55 to 0.78, which
indicates a hard magnet property, comprising of multi domain nano-
particles with high anisotropy behavior and high coercivity [43].

The difference in drying process did not have a significant effect on
the squareness ratio. Comparison of saturation magnetization obtained
at room temperature reported by some authors are listed in Table 5.

3.8. Adsorption analysis

The various cobalt ferrite samples were tested for the adsorption of
methylene blue. Displayed in Fig. 11 is the UV-Vis spectra of methylene
before and after the adsorption process. The absorbance intensity at
Amax reduces gradually with increase in calcination temperature of the
samples. Considering the drying process, SD and OD-700 performed
better than the rest samples. We would recall that it was at the dif-
fractograms of OD-700 and SD-700 that no trace of impurities (a-Fe,03
and Cog33Feg¢; (OOH)) was noticed. Given this, it could be inferred
that the presence of a-Fe,O; and Cog33Feps7,(OOH) phase were re-
sponsible for the lower adsorption performance in the samples in which
they are present. Another interesting observation again was that, al-
though OD-700 and SD-700 have the lower specific surface area, yet
due to the absence of impurity, they adsorbed methylene blue solution
better than the other samples (related to the same drying process).

Now, comparing the two-drying process, it was also observed that
SD-100, SD-500, and SD-700 adsorbed MB better than OD-100, OD-500
and OD-700, respectively. This is due to their higher specific surface
areas and the inter-particles pores due to agglomeration of the particles
as seen in SEM images. SD-700 adsorbed 93% of the initial methylene
blue solution while OD-700 adsorbed 52%. This shows the significant
effect that spray drying process has over the texture of the material
dried in the oven. The respective pictures of methylene blue solutions
before and after adsorption are shown in Fig. 12.

3.9. EFTEM images of SD-700 after adsorption

The adsorption of methylene blue (MB) on the surface of SD-700
(having the highest percentage adsorbed) was confirmed through en-
ergy-filtered TEM (EFTEM) images, which was critically examined after
the adsorption process. The EELS mapping of the Fe, Co, and C were
performed by using the three-window method, in which only the signal
above the background at each ionization edge contributed to the
EFTEM images (Fig. 13). The C signal outlining the nanoparticle was
due to the C from methylene blue. The respective EFTEM images for C,
Co and Fe are shown in Fig. 13. This ascertained the adsorption of MB
on SD-700.

4. Conclusion

Cobalt ferrite nanoparticles were successfully synthesized by using a
co-precipitation method, followed by two different drying processes
(oven and spray). Two phases of impurities (a Fe;O3 and Cog.33Feq 67
(OOH)) were observed in the samples before they were calcined at
700 °C. These phases drew back the potential of the synthesized cobalt
ferrite to adsorb methylene blue. The drying process seems not to have
significant effects of the diffractogram, but on the magnetic, specific
surface area, morphology of the samples and their ability to adsorb
higher percentage of methylene blue solution. Although the calcined
samples (oven and spray dried) at 700 °C has the lowest specific surface
area, they adsorbed methylene blue better than non-calcined and
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Fig. 10. Magnetization versus applied field at 10 and 300K for cobalt ferrite samples.
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Table 4 Table 5
Saturation magnetization, coercivity and remanence values obtained at 10 and Comparison of saturation magnetization (at room
300K. temperature) reported by some authors.
Cobalt ferrite 10k 300K Ms (emu g~ 1) Reference
Hc (Oe) Mr(emu Ms(emu Hc(Oe) Mr(emu Ms (emu 77 This work
g h ) g h g 73 This work
60.6 [5]
OD-100°C 449 28.12 41.21 79.95 8.6 25.5 59.4 [19]
OD-500 °C 465 22.87 29.35 82.36 10.35 25.8 54 [23]
OD-700°C 913 61.39 83.14 80.8 26.05 73.0 20 [43]
SD-100°C 36.44 24.13 39.27 65.6 6.29 21.2 ggi Ej?}
SD-500 °C 38.75 29.25 42.86 89.5 13.42 37.8 50' 148]
SD-700°C 74.7 67.04 87.64 54.6 28.75 77.0
50 [49]
45 [50]
) 70.4 [51]
calcined at 500. This was due to the absence of impurities which re-
sulted to single/pure phase CoFe,O,4. This implies that the crystallite
growth of the samples did not have negative effects on their ability to Acknowledgments

adsorb methylene blue solution. It was also observed that calcination
changed the magnetic property from super paramagnetic to ferrimag-
netic material. SD-700 has the overall best performance, implying that
spray drying method could be employed to produce powder of high
surface area and adsorption capacity.
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Fig. 11. UV-Vis spectra of the original MB dye solution and the respective MB after adsorption processes.

Fig. 12. Methylene blue solution before and after immersion.

Fig. 13. Brigh field TEM image of the cobalt
ferrite with adsorbed methylene blue (a). The
EEL spectra (b) performed at the cobalt ferrite
performed in a particle in (a) under vacuum. The
RBG color map (c) show the distribution of each
individual element (d-f). (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this ar-
ticle.)
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1. Introduction

The aftermath of rapid growth among industries that use massive
volume of water to carry out their day to day activities has led to in-
discrimate discharge of wastewater into the environment (Madala et al.,
2013). This has resulted to contamination of clean water that is highly
demanded by human societies (Zhu et al., 2008; Rodrigues, 2017; Bode-
Aluko et al., 2017), and consequently affected the health status of the
entire ecosystem. Industrial effluents that contain dyes are among the
major sources of water pollutions that has called for immediate concern
and attention. Dyes pose great danger to the environment due to their
stability and difficulty to degrade biologically (Srinivasan and
Viraraghavan, 2010).

Therefore, their removal from wastewater has necessitated prompt
action. In view of this, environmentalists have legislated rules that
mandate industries that generate hazardous effluents to treat their
wastewater before being discharge to waterway, as this will prevent the
available clean water from being polluted, and sustain the health con-
dition of the populace (Ali et al., 2011; Naidoo and Olaniran, 2013).
Several techniques such as oxidation and ozone treatment (Chen et al.,
2009; Osugi et al., 2009; Jana et al., 2011; Gounden et al., 2018),
biological (Giimiisdere et al., 2011; Gomez-herrero et al., 2019), ion-
exchange (Liu et al., 2007; Xu et al., 2019), coagulation/flocculation
(Szyguta et al., 2009; Gaydardzhiev et al., 2006), membrane filtration
(Doke and Yadav, 2014; Lin et al., 2014; Jamshidifard et al., 2019) and
electron-Fenton (Panizza and Cerisola, 2009; Ozcan and Gencten, 2016)
have been employed to treat industrial effluents. These techniques have
their associated limitation and shortcomings. Due to this, adsorption
process has been considered as better/alternative means for the re-
moval of water contaminants. This process is easy to operate, con-
venient and cost effective (Chen et al., 2017), and it has been widely
used to remove different contaminants from industrial effluents
(Barakat, 2011).

Among the fundamental characteristics of a good adsorbent is the;
presence/availability of adsorption sites, fast adsorption process,
should be easily separated from solution and chemically stable among
others. Chitosan, a derivative from N-deacetylation of chitin is one of
the most abundant biopolymers in nature. It is friendly to the en-
vironment, readily available, does not have any toxic effect, biode-
gradable and cheap to obtain (Huang et al., 2017). These unique fea-
tures have made it to be an indisputable raw material in the industrial
sector.

The usefulness of chitosan in treating wastewater cannot be over-
emphasized. However, its solubility in acid solutions is of great concern
and this limits its usage in lower pH (Huang et al., 2017). To overcome
this challenge, cross linking chitosan with various cross-linking agents
has been the way out (Nagireddi et al., 2017). This process improves its
mechanical properties, modifies its surface and increases its stability in
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acid solution (Zahir et al., 2017). Another challenge with adsorbents is
the difficulty of separating them after treatment process. To solve this
set-back, magnetic separation has become an alternative technique
(Sivashankar et al., 2014), which is achieved by using magnetic com-
posites.

An innovative approach (spray drying process) was used to dry the
glutaraldehyde cross-linked chitosan-cobalt ferrite composite used for
this study. The obtained spray dried magnetic composite was used to
adsorb acid orange II (an azo and anionic dye) and methylene blue
(cationic dye) from simulated wastewater. Acid orange II (AO) and
methylene blue (MB) are chosen as our target organic dyes due to their
usage in textile, cosmetic, paper and food industries (Salima et al.,
2012). They are toxic, cause nausea, high blood pressure, and re-
spiratory discomfort in human (Gupta et al., 2006; Zhou et al., 2015).
Futhermore, computational chemistry approach was utilized to com-
plement the experimental studies. This is to enable proper under-
standing of the mechanism of adsorption. The interaction between the
dyes molecules and glutaraldehyde cross-linked chitosan-cobalt ferrite
composite in the terms of the possibility of charge transferred was
unraveled from the quantum chemical descriptors and discussed with
respect to the amount of each dye adsorbed.

2. Experimental details
2.1. Materials

Both FeSO,4.7H50 and C0SO,4.7H,0 were purchased from Dinamica
Quimica Contemporanea Ltd., Brazil, chitosan with degree of deacety-
lation (87.4%), viscosity (176 cPs at 20 °C), pH (8.7) and apparent
density (0.25g mL~1) was purchased from Polymar/Brazil, while me-
thylene blue and acid orange II were purchased from Labsynth and
Sigma Aldrich respectively.

2.2. Preparation of cobalt ferrite/chitosan composite

Firstly, 4 g of chitosan was dissolved in 120 mL of 2% (v/v) acetic
acid and sonicated for 30 min. Then, 1g of cobalt ferrite (prepared
according to the method reported by Olusegun et al. (2019) was added
and the mixture was sonicated for another 30 min. Subsequently, 1 ml
aqueous solution of 25 wt.% glutaraldehyde was added to the mixture
and mechanically stirred for 1 h. The resulted magnetic composite was
spray dried, characterized and used as adsorbent. The inlet temperature
of the spray drier was set at 120 °C and air flow rate at 30 L. min ™~ .
Fluxogram of the synthesis is shown in Fig. 1.

2.3. Characterization of the magnetic chitosan composite

X-ray diffraction (XRD) was performed in a X-ray diffractometer

Cross-linked cobalt

Mixture of cobaltferrite Crosslinking &
v iammefdl_inm
. solution CoOmposites
Adsorption studies — Characterization | e process

Fig. 1. Scheme of the synthesis.
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(Shimadzu, XRD 7000) using CuKa radiation. Thermogravimetric
analysis was carried out on Mettler Toledo - TGA/DSC1 - STAR.
Morphologies and composition were assessed in a thermionic (W fila-
ment) scanning electron microscope (SEM), JEOL JSM 6360LV cou-
pled with EDX silicon drift detector (Bruker), and in transmission
electron microscope (TEM) FEI Tecnai G2-20 (200 kV). S700X SQUID
magnetometer was used to determine the magnetic property.

2.4. Adsorption studies

Adsorption studies were performed in duplicate. The pH of the so-
lutions was adjusted using HCl and NaOH. Afterwards, 10 mg of the
adsorbent was added to 15 mL of 100 ppm dye solution. Other varying
parameters, adsorbent mass, initial concentration of the dyes, contact
time and temperature were investigated. After each study, the ad-
sorbent was magnetically separated by an external magnet. Unadsorbed
dye concentration in the solution was determined at A,x 664 nm and
485 nm for MB and AO respectively, using UV/Vis Spectrophotometer
(U-2010, Hitachi).

2.5. Computational details

To have better understanding of the adsorption mechanism, re-
activity and the interactions involving the dyes and chitosan magnetic
composite, quantum chemical calculations were carried out at the DFT
level theory using the ORCA software (Neese, 2017; Parr and Yang,
1989). Geometry optimizations of the dye molecules which electronic
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properties were investigated using the Fukui functions, including the
solvation effects are shown in Fig. 2.

Three chitosan models were built as pentameric structures as shown
in Fig. 3. The protonated model (charge +5), has the five amino groups
in -NH3* form; the neutral model keeps the hydroxyl and amino groups
in neutral states and, the deprotonated model (charge -2) has two OH
groups deprotonated. These three models simulate the chitosan in
acidic, neutral or basic pH respectively. The interaction of the dyes with
the chitosan models were investigated through geometry optimization
at the DFT/PBE-3c level of theory. Cobalt ferrite in the composite was
ignored in the DFT calculations because amount of AO and MB ad-
sorbed by it, is insignificant, however, it has moderate magnetic sa-
turation and is chemically stable (Olusegun et al., 2019).

Hydrogen bond formation of the dyes in water solution was in-
vestigated using Monte Carlo (MC) statistical mechanical simulation in
an NPT ensemble at 298 K using a classical pair potential composed of
Coulomb plus 12-6 Lennard Jones terms (Allen and Tildesley, 1987) in
a box with 599 molecules of water described by the TIP3P model
(Jorgensen et al., 1983). All MC simulations were done using the DICE
(v3.0beta) software developed by Coutinho and Canuto (Cezar et al.,
2018).

3. Result and discussion
3.1. Characterization of the magnetic composite

The diffractogram of CoFe,O, and chitosan/CoFe,O, (magnetic

Fig. 2. Optimized structures of MB (top) and AO (bottom) with respective numbering of atoms.
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Fig. 3. Protonated (top), non-protonated (middle) and deprotonated (bottom) models to simulate the chitosan polymer. The yellow circles highlight the amino
groups that are protonated (-NH; ") in the top or non-protonated (— NHy) in the middle and bottom structures, while the blue circles highlight the OH groups that are
protonated (— OH) in top and middle or deprotonated (—O ™) in the bottom structure comprising the three chitosan models. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

composite) presented in Fig. 4 reflects pure cubic spinel crystal struc-
ture of CoFe;04. All the peaks in the pure cobalt ferrite are present in
the magnetic composite, this shows that the presence of chitosan did
not in any way change the structure of cobalt ferrite. The observed
change between 20 and 25° in the pattern of the composite is due to the
presence amorphous chitosan. The same observation was reported for
amorphous silica with cobalt ferrite (Rohilla et al., 2011).

Scanning electron microscope image of the microspheres magnetic
chitosan is shown in Fig. 5. The particles are spherical and their size

ranges from 2 to 5 pm diameter. The secondary electron image suggests
that crosslinked chitosan probably formed a coat around cobalt ferrite.

TEM analysis shows that the microspheres of magnetic chitosan are
aggregates of nanoparticles (Fig. 6-i). The energy filtered TEM (EFTEM)
images in Fig. 6 display the elemental mapping of the composite. Each
EFTEM image was recorded by using the three-window method which
integrates only the core-loss signal above the background for each of
the edges, C-K, Ca-L, O-K, Fe-L and Co-L, shown in the electron energy-
loss (EEL) spectrum (Fig. 6-ii). It is clearly seen that the C is
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Fig. 5. Secondary electron image and EDX of crosslinked magnetic chitosan
composite.

homogeneously distributed within the composite along with O, Co and
Fe, thus confirming the covering of crosslinked chitosan onto cobalt
ferrite.

The TGA curves of chitosan and magnetic chitosan composite are
shown in Fig. 7. The initial mass loss in chitosan up to 100 °C was due to
the removal of adsorbed water molecules. After this, it was thermally
stable up to 250 °C. More so, there was a significant mass loss from
300°C to 590°C due to the complete decomposition of chitosan.
However, in the case of magnetic chitosan composite there is a con-
tinuous mass loss up to 500 °C. This could be because of loss of water,
breaking of bond between chitosan and glutaraldehyde and decom-
position of chitosan structure. The estimated amount of cobalt ferrite
that was found in the composite after complete decomposition of
chitosan was 19.94 wt %, which is approximately equal to the amount
in grams of cobalt ferrite that was added to chitosan as mentioned in
the experimental section.

The result of magnetization as a function of applied field, carried
out at 300 K is shown in Fig. 8. The presence of chitosan on the surface
of cobalt ferrite formed a magnetically dead layer and thereby affecting
the saturation magnetization. However, the saturation magnetization
(10.79 emu g~ 1) is higher than Ms value of 7.6 emu g~ * reported by Ai
et al. (2010) for cobalt ferrite/activated carbon composite.
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3.2. Adsorption studies

3.2.1. Effect of pH, surface charge and adsorbent dosage on adsorption of
acid orange II (AO) and methylene blue (MB)

Fig. 9 shows the influence of pH on the adsorption capacity of the
magnetic composite. The result clearly shows that the efficiency of the
composite depends on pH, this is because the percentage adsorbed
decreases with an increase in the pH of AO solution, whereas it in-
creases with increase in the pH of MB solution. Considering the ad-
sorption of AO, 95% of the initial 100 ppm was adsorbed at pH 2 and 3,
while lower value of 30% was adsorbed at pH 10. Whereas for MB a
very negligible amount was adsorbed between pH 2 to 10, while 68%
was adsorbed at pH 12. Linking this with the result obtained from zeta
potential measurement of the adsorbent, which is presented in Fig. 10,
insight into the mechanism of the adsorption was obtained. The net
charge on the surface of the adsorbent is zero at pH 9, below this pH,
zeta potential values are positive while they are negative above it This
implies that anionic dye should be favourably adsorbed at lower pH
while cationic dye at pH above 9, as shown in Fig. 9. It can be affirmed
that electrostatic attraction/repulsion between the composite and the
dye molecules contributed to the mechanism of adsorption of the two
dyes. At lower pH there is an attraction between the surface of the
adsorbent and AO. This attraction decreases as the pH of AO solution
increases leading to decrease in amount adsorbed due to the net surface
charge that tends towards negative values and vice-versa for MB. The
mechanism of adsorption, though mainly due to electrostatic attrac-
tion/repulsion for the adsorption of MB, is not limited to this for the
adsorption of AO. This is because at pH 10 when the surface was po-
sitively charged, approximately 30% of AO was removed, which implies
that other mechanism could possibly contribute to the adsorption
process. This was further confirmed from the results obtained from
theoretical studies. The picture of AO and MB solutions that shows the
magnetic separation before and after adsorption is shown in Fig. 11.
The result of the effect of dosage on the amount of AO (100 ppm, pH 3)
and MB (100 ppm, pH 12) adsorbed are shown in Fig. 12. Amount
adsorbed attained equilibrium at 8 mg dosage for AO adsorption,
meanwhile MB did not attain equilibrium within the dosage range that
was studied. This could be because of better affinity that the composite
has for AO. The composite was desorbed and reused for four (4) cycles
(Supplementary material).

3.2.2. Adsorption kinetic study

Kinetic investigation was carried out with 100mgL~" of the ad-
sorbates, 10 mg of adsorbent at 30 min interval for 240 min. The ad-
sorption of AO attained equilibrium at 90 min. whereas, MB adsorption
could not attain equilibrium until 210 min. The analysis of the kinetic
data was done using pseudo-first order, pseudo-second order and the
Elovich kinetic models (Supplementary material). Kinetic parameters
are itemized in Table 1, while the nonlinear fit curves of the three
models for the two dyes are shown in Fig. 13. It has been established
that model with best fit exhibits lowest SD and highest R? adjusted that is
close to unity (Leite et al., 2017). The SD values obtained from pseudo-
second order and Elovich for the two dyes are lower than the respective
values obtained from pseudo-first order, in addition to this, R? adjusted
for two models are close to unity. The implication of this is that pseudo-
second-order and Elovich model are more suitable to explain the kinetic
process for the adsorption of the two dyes, and that the rate limiting
step of the adsorption is chemisorption, and adsorption rate decreases
as the surface coverage increases (Pathania et al., 2017). The lower the
SD (obtained from the square root of Reduced Chi-squared), the closer
the theoretical g, to experimental g, (Kasperiski et al., 2018). See sup-
plementary material for intraparticle diffusion.

3.2.3. Adsorption isotherms
Langmuir, Freundlich and Liu isotherms were employed for the
understanding of the adsorption mechanism of the two dyes. Langmuir
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Fig. 6. TEM bright field image (i), EEL spectrum (ii), and EFTEM images of crosslinked magnetic chitosan composite. The EEL spectrum was recorded in a region with

no overlapping between the cobalt ferrite and the C-support film.
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Fig. 7. TGA curves of chitosan and magnetic chitosan composite.

and Liu isotherms help to establish the maximum adsorption capacity of
the magnetic chitosan, which is expressed in terms of amount of dye
adsorbed per unit mass of the adsorbent. Equilibrium data were ana-
lyzed using Langmuir, Freundlich and Liu isotherms (Supplementary
material). Figs. 14 and 15 show the experimental data and nonlinear
fitting of the isotherms for AO and MB respectively, while their para-
meters are displayed in Table 2. Base on the values of SD and Rzadjusted
for the three isotherms, Liu was found to more fitted to explain the
adsorption mechanism which speculate that active sites of adsorbent
possess different energy (Lima et al., 2015). The decrease in the values
Gy Kg and Kp (as shown in Table 2) with respect to temperature
shows that adsorption process is exothermic. The maximum adsorption
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Fig. 8. Magnetization versus applied field at 300 K.

capacity for AO are more than the counterpart MB, this signifies that
the magnetic composite has better affinity for AO than MB and coupled
with the fact that mechanism of AO adsorption was not limited to
electrostatic attraction. Comparison of the maximum adsorption capa-
city (g,,q) of different adsorbents for the removal of AO and MB are
listed in Table 3. The magnetic chitosan used in this study performed
better than other adsorbents reported in the literature. The nature of
adsorption was determined by linear plot of Dubinin—Radushkevich
(D-R) isotherm (Supplementary material). The values of E (mean en-
ergy of adsorption) being less than 8 kJ mol ™! (Supplementary Table
S1) implies that the two dyes were physically adsorbed on the magnetic
composite (Darvishi Cheshmeh Soltani et al., 2015).
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Fig. 9. The effect of pH on the removal of 100 mgL~' AO and MB using 10 mg of magnetic chitosan.
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Fig. 10. Zeta potential of cobalt ferrite/chitosan composite as a function of pH.

3.2.4. Adsorption thermodynamics

The values of thermodynamic parameters (free energy (4G), en-
thalpy (4H) and entropy (4S)) listed in Table 4 were calculated using
Egs. 1 and 3.

AS AH

logke = —— — ——
€ 2.303R  2.303RT @
It is worthy to note that Ke is a dimensionless thermodynamic
equilibrium constant, which was obtained from Liu equilibrium con-
stant (Kg) as shown in Eq. (2) (Kasperiski et al., 2018).

1000*Kg*molecular weight of the adsorbate*standard concentrat

Ke= lonoftheadsorbate
activity coefficient of adsorbate

(2)
A