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ABSTRACT

The wastewater generated from petroleum refinery wastewater contains a variety of
organic and inorganic pollutants that must be properly removed before being discharged
into the environment. This study evaluates the potential of ZnO, Fe304, SiO2, ZnO/Fe304,
ZnO/SiOz,  Fe304/Si0z,  Fe304/Si02/Zn0O  (1:1:1), Fe304/Si02/Zn0  (1:1:2),
Fe304/Si02/Zn0 (1:2:1), and Fez04/Si02/Zn0 (2:1:1) for the removal of selected heavy
metals and other quantity parameters from petroleum refinery wastewater. Fe3O4, SiO;
and ZnO, nanoparticles and their corresponding nanocomposites were synthesized via the
sol-gel chemical reduction method. X-ray diffraction (XRD), high-resolution scanning
electron microscopy (HRSEM), Energy dispersive X-ray spectroscopy (EDS), Fourier-
Transform Infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS) and
Brunauer-Emmett-Teller (BET) N. adsorption-desorption, were used to characterise
ZnO, Fe304, SiO2 nanoparticles and their corresponding nanocomposites. The HRSEM
and XRD analysis of the monometallic oxide nanoparticles indicates the formation of
faced-center cubic Fe3O4 nanoparticles with a spherical shape. The hexagonal a-quart
structure of SiO2 nanoparticles was synthesised from kaolin while the hexagonal wurtzite
phase of ZnO nanoparticles was synthesised at calcination temperature above 100°C. The
bimetallic oxide nanocomposites synthesised (ZnO/Fe304, ZnO/SiO2 and Fez04/SiO2)
showed the formation of rod-like structure as a major shape except for ZnO/Fe3O4
nanocomposites which show spherical shape structures. The HRSEM and XRD analysis
of Fe304/Si02/Zn0O (1:1:1), Fe304/SiO2/ZnO (1:1:2), Fe304/Si02/Zn0O (1:2:1), and
Fe304/Si02/Zn0O (2:1:1) show the formation of a mixture of spherical and rod-like
structure. The BET adsorption-desorption analysis showed that the surface area of the
monometallic oxides was 0.3, 7. and 8 m?/g for SiO2, FesOs and ZnO nanoparticles
respectively. The Fe304/SiO2/Zn0O (1:2:1) exhibited the highest surface area of 35.469
m?/g compared to 24.918, 30.685 and 5.751 m#g obtained for Fe3s04/Si02/Zn0O (1:1:1),
Fe304/Si02/Zn0 (1:1:2), and Fe304/Si02/Zn0O (2:1:1) nanocomposites. The effect of
contact time, adsorbent dosage and reaction temperature on the removal of selected heavy
pollutants based on batch adsorption was studied. The result indicates that the
Fe304/Si02/Zn0 (1:2:1) nanocomposites have higher adsorption removal efficiency of
percentage removal wth 99.03 %, 94.92 %, 90.33 %, 88.99 %, 99.99 %, 99.64 %, 92.50
%, 88.99 % and 90.86 % at time (15 min), adsorbent dosage (0.05g), reaction temperature
(35°C) and pH of 6.25 for Pb (I1) Cd (l1), Ni (11) Cr (\VI), Cu (1), total iron, BOD, COD
and TOC respectively from petroleum refinery wastewater. The thermodynamic analysis
showed a positive value of enthalpy (AH) for all the tested samples, indicating the
endothermic nature of the adsorption process. The kinetic adsorption data better fitted to
the pseudo-second-order kinetic model for all the pollutants, indicating that
chemisorption was the rate-determining step. The adsorption isotherm showed that
experimental data fitted best to the Langmuir isotherm compared with Freundlich,
Temkin, and Dubinin Radushkevich (D-R) isotherms, as demonstrated by higher
correlation coefficient values (R?. The desorption of the Fe304/SiO2/Zn0O
nanocomposites showed that the highest desorption efficiency was at 0.1 moldm=HNO3
solution, irrespective of the mixing ratio. The nanoadsorbent was stable after the
adsorption process and Fe304/SiO2/ZnO nanocomposites can be reused for up to a four-
cycles. These findings revealed that Fes04/SiO2/ZnO nanocomposites with a mixing ratio
of (1:2:1) was a better adsorbent compared with other mixing ratios. Fe304/SiO2/Zn0 is
not a good materials for antimicrobial and antioxidant matrial. The findings from this
study demonstrated that Fe3s04/SiO2/Zn0O (1:21) nanoadsorbent can effectively be used
for the treatment of petroleum wastewater.
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CHAPTER ONE
1.0 INTRODUCTION

1.1 Background to the Study

The growing human global population and demand supply chain for petroleum-related
products coupled with the expansion of petroleum refinery industries have led to the
increasing release of petroleum refinery wastewater into the environment (Rabhi et al., 2021).
The direct discharge of untreated petroleum refinery wastewater contributed to the
deterioration of surface and groundwater resources and consequently poses a significant risk
to human health and animal life (Mohammadi et al., 2020). Mohanakrishna et al. (2020),
reported that approximately 3500— 5000 litres of petroleum wastewater are generated per ton

of crude oil processed globally.

The petroleum refinery wastewater comprises several organic and inorganic constituents
such as toluene, phenols, benzene, ethylbenzene, xylene, vanadium, iron, cadmium, nickel,
selenium, chromium, copper, zinc, molybdenum and cyanide, sulfur dioxide, nitrogen oxides
and hydrogen sulfate (Briffa et al., 2020). Benzene and ethylbenzene exposure have been
linked to a higher risk of cancer and leukemia (Zhou et al., 2020), xylene and toluene have
harmful effects on the reproductive system, especially when exposed for long periods even

at low concentrations (Barbara et al., 2021).

Exposure to Pb has been linked to nausea, vomiting, abdominal pain, renal failure,
hallucinations, mental retardation, birth defects, dyslexia, psychosis, paralysis, muscle
weakness, weight loss, brain damage, kidney damage, and even death (Balali-Mood et al.,

2021 and Wilk et al., 2021). Additionally, cadmium is also known to cause stomach irritation,



vomiting, fragile bones, kidney and lung damage (Obasi and Akudinobi, 2020). These
pollutants are mobile, sometimes pseudo-persistent, non-biodegradable and highly
recalcitrant in the environment and as such difficult to remove by conventional wastewater
processes. Thus, the effective removal of these undesirable elements is very necessary for a

sustainable ecosystem.

Conventional techniqgues commonly employed for the treatment of wastewater, include
biological processes, flocculation, precipitation, co-precipitation, electrolysis, and membrane
processes (Palani et al., 2021), ion exchange, coagulation and adsorption (Qasem et al., 2021)
to mention but a few. The performances of these techniques are typically satisfactory, but
they have a few limitations. These limitations include maintenance and operation costs,
monitoring of pH, formation of intermediates products, use of toxic chemicals, oxidation for
complexed metals, large generation and management of sludge (Qasem et al., 2021).
Additionally, the biological method required maintenance of the microorganisms, inefficient

for non-degradable compounds and the slowness of the process (Musa et al., 2021).

Due to the above limitations, the adsorption technique is considered one of the most effective,
and economical methods for the removal of heavy metals and organic pollutants from
wastewater, due to its excellent advantages of low cost, availability, high efficiency, and easy
handling (Sadegh et al., 2017). Due to the aforementioned advantages, extensive research
has been done on the development of adsorbents such as activated carbons, polymer
materials, zeolites, biofuels and industrial by-products for the removal of heavy metals
(Younas et al., 2021). However, these adsorbents have significant drawbacks which include
limited loading capacities, low selectivity, low metal ion binding sites and economic

feasibility (Saleem et al., 2019).



In light of these setbacks, researchers have focused on the development of adsorbents from
nanomaterials for the removal of heavy metals from industrial wastewater. Efforts have
been made to produce nonoadsorbent of different sizes, morphologies and shapes, with high
compatibility and stability (Andrade et al., 2020a), via various synthesis methods including
hydrothermal, ball milling method, thermal decomposition, biological methods,
coprecipitation, sol-gel, and microemulsion methods (Aragaw et al., 2021). Among these
methods, the sol-gel method is a versatile and effective approach because of its simplicity
and versatility, low temperatures synthesis, cost-effectiveness, and production of a very fine
powder. Additionally, in comparison to other synthesis methods, it allows for more control

of crystallite size over other processes (Tan et al., 2021).

Different nanoadsorbents such as manganese oxides, ferric oxides, titanium oxides,
aluminum oxides, selenium oxides, zinc oxides and silicon oxides nanoparticles have been
developed for the removal of heavy metals from industrial wastewater (Shaba et al., 2021).
Metal oxides, such as ZnO have long been recognized as viable nano adsorbents, due to their
unique characteristics such as good transparency, high electron mobility and strong room-
temperature luminescence. ZnO nanoparticles have drawbacks of stability in the aqueous

matrix (Carofiglio et al., 2020).

Magnetite (FesOs) nanoparticles are another type of commonly utilized nanoadsorbents for
the treatment of wastewater, due to the advantages which include, ease of separation from
aqueous solutions, low-cost, readily available, and environmental friendliness (Zhang et al.,
2020b). Additionally, Silica (SiO2) nanoparticles are another metal oxide with several distinct

advantages such as a drug delivery vehicle, including great biocompatibility, high



hydrophobicity, thermal stability, high flexibility and pH change resistance, as well as a high

degree of multifunctionality (Selvarajan et al., 2020).

Recently, attention has been shifted to the synthesis of hybrid nanocomposites with improved
properties that the pure nanoparticles could not attain on their own (Sharma and
Bhattacharya, 2020). Various bimetallic oxides nanocomposites have been used for the
removal of heavy metals from wastewater. Nevertheless, many researchers have reported
disadvantages associated with the use of bimetallic oxides for the treatment of wastewater
including longer contact time to achieve higher adsorption, easily deactivated, a lower
surface area that limits the adsorption of pollutants and the presence of less functional groups
that reduces adsorption of the pollutants from the wastewater (Shaba et al., 2021). Nowadays
attention has been shifted to the synthesis of hybrid nanocomposites such as ternary nano
composites to solve some of the problems associated with monometallic oxides and
bimetallic oxides nanocomposites. However, no work has been performed that specifically
studied the adsorptive, antibacterial and antioxidant properties of the ternary hybrid iron
oxides/silicon oxides/zinc oxides (Fe3s04/SiO2/Zn0O) nanocomposites. This study focused on
the synthesis, characterisation and the adsorption potential of the Fesz04/SiO2 /ZnO
nanocomposites for the removal of selected heavy metals (Pb, Cd, Ni, Cr, Cu and Fe) as well
as chemical oxygen demand (COD), biochemical oxygen demand (BOD) and total organic
carbon (TOC) in petroleum refinery wastewater. The antibacterial and antioxidant properties

of the Fe304/Si02/ZnO nanocomposites were also investigated.

1.2 Statement of the Research Problem
High levels of aromatic compounds and heavy metals in petroleum refinery wastewater

constitute a major threat to humans and aquatic life. Environmental issues are caused by the



direct release of petroleum refinery wastewater into the environment. Exposure to petroleum
wastewater can cause eye and skin irritation, dizziness, headache, nausea, and cancer. Thus,
a need for proper treatment before the discharge into the environment. The available
treatment methods namely, biological, flocculation, precipitation, co-precipitation,
electrolysis and membrane, ion exchange and coagulation that have been used to remove
organic and inorganic pollutants from petroleum wastewater are time-consuming, costly, not
environmentally friendly and inefficient for complete removal of the pollutants from the
petroleum refinery wastewater. Thus, there is a need for an alternative method that can
effectively remove the pollutants generated by the petroleum industries in Nigeria. The use
of ZnO nanoparticles as adsorbents usually has some limitations which include aggregation
and instability in an aqueous system and poor separation after the adsorption process.
Magnetite (Fe3O4) nanoparticles are easily oxidized with oxygen and are corroded by acids

and bases because of the presence of Fe (1) in their structures.

The commercial source of silicon for the synthesis of silica is commonly found to be
tetraethylorthosilicate (TEOS), tetramethyl orthosilicate and sodium silicate. However, these
compounds can be harmful to one's health. As a result, new approaches to finding a cleaner,

cheaper and more environmentally friendly source of silica are needed.

1.3 Justification for the Study
The use of Fes04/Si02/ZnO nanocomposite as an adsorbent is expected to remove the
pollutants that are associated with petroleum refinery wastewater thereby reducing the

negative impact of the petroleum refinery wastewater on the environment.



An adsorption technique that is cost-effective and environmentally friendly is expected to
serve as a good alternative to solve most of the disadvantages (setbacks) found with the

currently used wastewater treatment methods.

The instability of ZnO nanoparticles is expected to be reduced by the incorporation of SiO>

and Fe; 0, nanoparticles to form Fez04/SiO2/Zn0O nanocomposite.

The oxidation of Magnetite (FesOa4) due to the presence of Fe (1) is expected to be reduced
by the incorporation of ZnO and SiO> nanoparticles to form Fe304/SiO2/ZnO nanocomposite.
Locally available Kaolin from Pati Shaba-kolo in Niger State, Nigeria was used for the
synthesis of SiO nanoparticles to replace the use of commercial silicon salts and other

chemicals as a precursor.

1.4 Aim and Objectives of the Study

141 Aim

The aim of this study is to prepare, characterise and investigate the adsorption potential of
ZnO/Fe;0,/SiO2 nanocomposite for the treatment of petroleum refinery wastewater:

1.4.2 Objectives

The aim was achieved through the following specific objectives:

I. Preparation of ZnO, FesOs and SiOz, ZnO/Fe30s, Fe304/SiO2 and
Fe304/Si02/Zn0 nanocomposites via sol-gel chemical reduction methods.
ii. Characterisation of ZnO, Fez04 and SiO», nanoparticles, ZnO/Fe304, Fe304/SiO>

and Fe304/Si02/Zn0 nanocomposites using different analytical tools.



Vi.

Characterisation of the petroleum refinery wastewater sample; before and after
the batch adsorption processes.

Establishment of the influence of contact time, adsorbents dosage and temperature
on the removal efficiency of the adsorbent via batch adsorption method.
Examination of the recyclability/repeated applications of the synthesized
Fe304/Si02/Zn0 nanocomposite

Evaluation of the antimicrobial and antioxidant activities of Fe304/SiO2/ZnO

nanocomposite



CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Nanoparticles

Nanomaterials are materials with particles size from 1-100 nm with unique properties
compared to bulk materials (Jeevanandam et al., 2018). These nanomaterials have been used
in various fields such as biotechnology, medicine, electronics, packaging, cosmetics, coatings
and water purification (Mohammad et al., 2022). Nanoparticles as advanced materials have
been developed for the effective treatment of wastewater through the adsorption process due

to their high surface area potential (Pandey et al., 2017).

2.1.1 Classification of nanomaterials

Classification of nanoparticles is based on the number of dimensions, which are not confined
to the nanoscale range (< 100 nm). The main types based on the dimensions and structures
are: zero-dimensional (0OD), one-dimensional (1D), two-dimensional (2D), and three-

dimensional (3D) nanomaterials (Zhang et al., 2018)

2.1.1.1 Zero dimensional nanoparticles (0D)

In zero-dimensional nanomaterials, all the dimensions (Length, breadth, and heights) are in
existence in the nanoscale (< 10 0 nm), 0D nanostructures are the simplest building blocks
that can be used to design and create 1D, 2D, and complex 3D nanostructures (Paras et al.

2023). Examples of 0D nanomaterials are nanoparticles and nano-Dots.



2.1.1.2 One dimensional nanoparticles (1D)
Two dimensions are in the nanoscale (1-100 nm) and the other one dimensions in the
macroscale. Two dimensions nanomaterials have needles shaped such as nanowires,

nanofibers, nanorods, nanocapsule, nanowalls and nanotubes (Ghassan et al., 2019).

2.1.1.3 Two dimensional nanoparticles (2D)
In two-dimensional nanomaterial (2D), the two dimensions are outside the nanoscale. The
2D nanomaterials exhibit plate-like shapes such as nanofilms, nanoplates nanolayers, and

nanocoatings (Stoller and Ochando-Pulido, 2020).

2.1.1.4 Three dimensional nanoparticles (3D)
In three-dimensional (3D), the three dimensions are not in nanoscale and all dimensions are

in macroscale. An example of 3D nanomaterials is hanocomposites (Shehzad et al., 2016).

2.2 Morphologies of Nanoparticles

Different morphologies of nanoparticles have been reported by researchers due to the
variation of various process parameters. These include nanorods (Ghannam et al., 2019),
nanowires (Li et al., 2020), nanospheres (Li et al., 2022), nanoflowers (Devlekar and Shende,
2022), nanotubes (Norizan et al., 2022), nanotetrapods (Aziz et al., 2020), nanoplate and
nanotripods (Azhar et al., 2017). The nanosphere nanoparticles are the simplest form of
nanoparticles with only one adjustable geometric parameter (radius) exhibiting resonant
responses under optical excitation (Ahmadivand et al., 2016). A nanotube is a tube-like
structure that belongs to a one-dimensional (1D) nanostructure group (Machin et al, 2022).
Nanotetrapods have been reported to be nanomaterial with four feet that belong to the

dimensional structure (Aziz et al., 2020). The advantage of nanotetrapods over other



nanocrystalline geometric shapes of nanomaterials includes alignment of themselves
spontaneously to the plane with one standard *arm’ (Shao et al., 2020). Nanotetrapod legs
are spatially distributed with an angle of 109.5° (Modi, 2015). A nanowire is a solid rod-like
structure having thickness or diameter constrained to tens of nanometers or less (1 nm = 10~
® m) that is similar to conventional wires (Li, et al., 2021). Nanowires are known as 1D
material due to the large difference between their diameter and length (Nasrollahzadeh et al.,
2019). Nanowires have been reported to have fewer structural defects than their bulk
counterpart (Machin et al., 2022). Nanoflowers are nanostructures similar to plant flowers in
a nanoscale range that is usually prepared in extreme conditions like 80-550°C (Shende et
al., 2018). Nanoflowers have also been reported to have a high volume-to-surface ratio which
improves surface adsorption that can speed up reaction kinetics (Shende et al., 2018).
Nanoplate is a nanomaterial that has a plate-like structure or has two dimensional
nanostructures (2D) (Li et al., 2022). Various metal oxides including ZnO, SiO, and FezO4

nanoparticles exist in different phases and crystal structures.

2.3 Zinc Oxide Nanoparticles

Zinc oxide nanoparticles constitute one of the important metal oxides materials that have
been widely applied in materials science due to their unique physical, chemical and biological
properties such as biocompatible, environmentally friendly, low cost and non-toxic nature
(Ruszkiewicz et al., 2017). In each phase, ZnO nanoparticles are a semiconductor material
with a direct wide bandgap of ~3.3 eV (Senol et al., 2020). The zincblende form can be
stabilised by growing ZnO on substrates with cubic lattice structures (Parihar et al., 2018).
Food and Drug Administration (FDA) include zinc oxide as one of the safest metal oxides

that can be used in food industries. Zinc oxide nanoparticles have been synthesised via
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different methods including chemical, physical and biological methods (Droepenu et al.

2022), using different zinc salts such as zinc acetate

dehydrate(Zn(C,H30,),. 2H,0), zinc nitrate hexahydrate(Zn(NO3),.6H,0) zinc sulphate

(Zn(S0,),.7H,0) and zinc chloride (ZnCl2) as a precursor (Sierra et al., 2018).

2.3.1 Crystal structure of zinc oxide nanoparticles

Zinc oxide (ZnO) is a water-insoluble white powder used as an additive in different products,
especially foods, paints, sunscreens, lubricants, sealants, and batteries (Perveena et al., 2020).
Although ZnO occurs naturally as the mineral zincite, most zinc oxides are chemically
produced under different conditions in the laboratory. Zinc oxide nanoparticles can exist in
three forms, namely hexagonal-wurtzite, cubic zinchlende, and cubic rocksalt
(Chandramohan et al., 2017) (see Figure 2.1). The shaded black and gray spheres represent
oxygen and zinc atoms. The wurtzite structure is most common and stable at ambient
conditions due to its ionicity that resides exactly at the borderline between the covalent and
the ionic materials (Chandramohan et al., 2017). The zinc blend ZnO structure can only be
stabilized by growing on cubic substrates and the rocksalt structure can be obtained at
relatively high pressures, 10 GPa (Shaba et al., 2021). As found with most group I1-VI
elements, the bonding in ZnO is largely ionic with 0.074 nm for zinc ions (Zn?*) and 0.140
nm for the oxygen ion (O as corresponding radii. This property is responsible for the
preferential formation of wurtzite rather than zinc blend structure (Phillips), as well as its

high piezoelectricity.
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Figure 2.1: Different Phases of ZnO Nanoparticles (a) Cubic Rocksalt, (b) Cubic
Zincblende (c) Hexagonal-Wurtzite

2.4 Iron Oxides Nanoparticles

Iron(11) oxide (FeO), Iron(I1l) oxide (Fe203) also known as ferric oxide and iron(ll, 1)
oxide (FezO4) are the three main types of iron oxide nanoparticles considered to be important
materials due to their, low-cost, environmentally friendly nature, biocompatibility, non-
toxicity and catalytic activity (Aragaw et al., 2021). Among the aforementioned, iron (I, 111)
oxides nanoparticle (FezOa4), is the most common iron ores. It is ferrimagnetic and one of the
iron oxides; attracted to magnets and can be magnetized to become a permanent magnet
(Abdel-Maksoud et al., 2020). FesO4 nanoparticles have the highest magnetism of all the
transition metal oxides (Ganapathe et al., 2020). At room temperature, FezO4 nanoparticles
are ferrimagnetic and have a Curie temperature of 850 K. As compared to other phases of
iron oxide, it has a moderately high Curie temperature (Samrot et al., 2020). It is a compound

of mixed valence.

2.4.1 Crystal structure of FesO4 nanoparticle

The crystal structure of magnetite is cubic inverse spinel with a space group of Fd®™, a unit

cell consisting of 32 oxygen ions in a face-centered cubic structure, cell parameter of
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0.839 nm and regular cubic close-packed along the [110] direction (Zia-ur-Rehman et al.,
2018). Generally, Fe3Os crystals are distributed with octahedral and mixed
octahedral/tetrahedral layers along the (111) direction (see Figure 2.2). At temperatures
above 120 K, Fe?" and half of the Fe®* occupy octahedral sites and the other half of the
Fe3* occupies tetrahedral sites. Fe?* occupies octahedral sites to acquire a higher crystal field
stabilization energy (CFSE); simultaneously, the trivalent iron atoms remain with a CFSE = 0

in both octahedral and tetrahedral sites.

Figure 2.2: Crystal Structure of FesOs, Green Atoms are Fe?* Brown Atoms are
Fe3*, Grey Atoms are Oxygen
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2.5 Silicon Oxides Nanoparticles (SiO2)

Silicon oxide (SiO»), also known as silica, is one of the most studied metal oxides second
only to water. There are twelve different silica crystal modifications known, the most
common being a-quartz (Eder et al., 2020). SiO> nanoparticles have gained growing interest
owing to their characteristics such as low toxicity, high stability in aqueous electrolytes
and organic solvents and not aggregate (Sabziparvar et al., 2018). Silica has been reported to
have unique geometric properties that can form improved hybrid nanomaterials without
altering or destroying their chemical properties (Gonzalez-Pech and Grassian, 2017). These
properties have made silica nanoparticles a unique and interesting metal oxide used for the

formation of nanocomposites.

2.5.1 Crystal structure of silicon nanoparticles

SiO2 nanoparticles exist in both crystalline (quartz) and amorphous (fused silica) (see Figure
2.3). Cristobalite, tridymite, and quartz are three polymorphic forms of the crystalline
SiO2NPs known (Nabata et al., 2020). Cristobalite has a cubic zinc-blend structure at high
temperatures but can crystallize and persist metastable at lower temperatures, monoclinic
tridymite is stable at intermediate temperatures, and quartz is hexagonal at low temperatures
(Henderson, 2021). These crystal forms' structural transformations are gradual, and they may

all exist at room temperature.
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Figure 2.3: Crystal Structure of Crystalline (a) and Amorphous Silica (b)

2.6  Synthesis of Nanoparticles
There are several techniques used to synthesise ZnO nanoparticles, SiO> nanoparticles and
Fe304 nanoparticles depending upon various factors which determine the shape, size, and
stability (Shaba et al., 2021). Nevertheless, the techniques are generally classified into
physical, chemical and biological.

2.6.1 Physical methods

The physical synthesis involved the use of a tube furnace at atmospheric pressure; it does not
involve the use of any chemical during the synthesis. The physical method has some
disadvantages such as the consumption of a high amount of energy, while raising the
environmental temperature around the source material, requires a lot of time to achieve
thermal stability and required a large space (Khan et al., 2019). Some of the important
physical approaches are summarised in Table 2.1 with some of the advantages and

disadvantages.
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Table 2.1: Physical Methods with their Advantages and Disadvantages

Methods

Advantages

Disadvantages

Tube furnace

Phase deposition

Ceramic heater

Laser ablation

Tube furnace

Laser ablation

Occurs at atmospheric pressure (Singh et al., 2017)

Synthesis of particles can be done in bulk quantities
along with easy execution

Use local heat source, prepared in high concentrations,
can be used for calibration for nanoparticle measuring
devices (Carvalho et al., 2021)

The absence of chemical reagents in solutions Gives
pure and uncontaminated nanoparticles (Galatage et al.,
2021).

Occurs at atmospheric pressure (Varghese et al., 2019)
The absence of chemical reagents in solutions gives

pure and uncontaminated nanoparticles (Wang et al.,
2022).

Requires large space and time for thermal stability,
and heats the environment (Raj et al., 2022)

Inability to maintain the size of the nanosize of
particles throughout the experiment (Samrot et al.,
2020)

Requires rapid cooling (Xiong et al. 2020)

Can be affected by various factors such as
wavelength, timing, and the influence of ablation for
perfect nanoparticle structure (Lazar et al., 2022).

Requires large space and time for thermal stability,
and heats the environment

Can be affected by various factors such as
wavelength, timing, and the influence of ablation for
perfect nanoparticle structure (Hong et al., 2019).
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2.6.2 Chemical/liquid phase techniques

Chemical or liquid phase techniques have been used for the preparation of ZnO,
Fe304 and SiO2 nanoparticles. Chemical methods include sol-gel, chemical precipitation/co
precipitation sonochemical, pyrolysis, hydrothermal/solvothermal, electrochemical method

s, and microemulsion techniques (Chen et al., 2019, Zaky et al., 2021). These methods have
been widely used, due to their simplicity, which includes the use of low temperatures, low
pressure, good control over size and morphology as well as size distribution and do not
require inert gas condensation (Jameel et al., 2020). Nevertheless, the purity of the
nanoparticles synthesised by the chemical method remains a major issue (Zahoor et al.,
2021). Hence, the nanoparticles produced from this method require further purification (Baig
et al., 2021). Further washing with distilled water, ethanol, or other solvents is required to
clean the impurities and to obtain high-purity nanoparticles (Shaba et al., 2022). The main
advantage of this method is that it allows the synthesis of a large number of nanoparticles.
Nevertheless, the control of particle size distribution is limited, because only kinetic factors
are controlling the growth of the crystal. In general, important components are used in the
chemical synthesis of nanoparticles in solution: (i) metal precursors, (ii) reducing agents, and
(iii) stabilizing/capping agents (Javed et al., 2020). The advantages and disadvantages of

chemical methods are summarized in Table 2.2.
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Table 2.2: Chemical Methods with their Advantages and Disadvantages

Methods
Reduction

Hydrothermal

Solvothermal

Sonochemical

Advantages
Used reducing agents are sodium citrate,
Dimethylformamide = (DMF), and  Sodium
borohydride (NaBH,) ~ poly  block  polymers

(Quintero et al., 2019)

Particle size and shapes are easily controllable
homogeneities. highly homogeneous crystalline
material. It favours a decrease in agglomeration
between particles, narrow distributions of particle
size, phase homogeneity, and regulated particle
morphology (Suvaci and Ozel, 2020).

DO not involve the use of organic solvent nor
required calcination after the synthesis which makes
it a simple and environmentally friendly method
(Parihar et al., 2018).

High crystallization of the produced products at a
low temperature (180 °C), the capacity to control
crystal development, the convenience of the handle
and its suitability for large-scale sample preparation.
A more uniform size distribution, a larger surface
area, a shorter reaction time, and better phase purity

Remarks
Requires stabilizing agents for long term stability
(Javed et al., 2020)

The reaction required both high temperature (100—
400 °C) and pressure (Jang et al., 2020)

Higher temperature is required and solvent
(Marinescu et al., 2022)

mechanism not still understood
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Sol-gel simple synthesis, low cost and low processing

temperature

Thermal Decomposition particle size and shapes are controllable

Chemical Precipitation Simple and effective

Method

Photoinduced reduction Polymeric compounds as microreactors can convert
nanoparticles into nanocrystals of 30- 120 nm in
length

Electrochemical synthetic Homogeneity and various sized nanoparticle can be
formed

Laser irradiation Perfect-sized and shaped nanoparticles formed

Requires few chemical reagents

Thermal treatment is required (Kamanina et al.,
2022).

time-consuming synthesis at high temperatures
(Hamidreza, 2017)

Not suitable for the preparation of high-purity
accurate stoichiometric phase

Requires stabilizing agents for long-term stability
(polymeric compounds, citrate)

Polymeric compounds must require for stabilizing
and it is difficult to reproduce (ljaz et al., 2020)
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2.6.3 Biological synthesis biological synthesis

The biological methods are similar to chemical methods but the only difference is that the

biological products/extracts are used as the reducing agents and the capping agents.

These are primarily green synthesis of the nanoparticle. It has some advantages like less
energy consumption and moderate technology without using toxic chemicals (Azmath et al.,
2016; Khan et al., 2017). Although these are more environment friendly, the particles
produced might be less stable, and non-uniform with less homogeneity and more
agglomeration, because of the above-stated reasons. Apart from plants and bacteria, proteins
such as ferritin from viruses have been shown to provide a platform for the synthesis of iron

oxide nanoparticles (Samrot et al., 2020).

2.7 Factors Influencing the Synthesis of Nanoparticles
The quality and quantity of synthesised nanoparticles, as well as their characterisation and
applications, are greatly influenced by several factors such as the pH of the reaction mixture,

temperature, calcination temperature, time, precursor concentration and different metal salts.

2.7.1 pH of the reaction mixture

The pH of the reaction mixture determines the types of nanoparticles formed (Aziz and Jassim,
2018). The crystallite size, morphology, phases, and surface areas of the nanoparticles depend
largely on the amount of positively and negatively charged ions present in the medium during
the preparation (Shaba et al., 2021). This is because solution pH alters the electrical charge of
molecules and such alteration will affect their reduction (Hasan et al., 2018). During the synthesis

of nanoparticles in an acidic medium (pH < 7), the amount of hydroxyl ions (OH") is usually low
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in the solution which hinders hydrolysis and condensation processes, leading to the smaller
aggregates at the end of the poly-condensation process (Tourné-Péteilh et al., 2018). The
decrease in the crystallite size of the nanoparticles in an acidic medium may be attributed to the
preferential corrosion of the crystal structure. At the pH of 7 (neutral), the hydrogen ion (H") and
the hydroxyl ion (OH") concentrations are equal, therefore, making the solution have little or no
influence at the interfaces of zinc oxide crystals (Mohammadi and Ghasemi, 2018). When the
pH of the reaction mixture is greater than 7, the number of OH™ ions is usually high causing a
strong attraction between the positively charged Zn™ and OH ion; subsequently, increasing the
rate of crystal formation of the nanoparticles. Under high concentration of the hydroxyl ions in a
solution, intermediate products such as zinc hydroxide (Zn (OH)2) (see Eq. 2.1) and salt-
containing tetrahydroxozincate ion ([Zn (OH)4]*) (see Eq. 1.2) are formed. The drying in the
oven and calcination of the products in the furnace as shown in Egs. (2.1) and (2.2) usually lead
to the formation of zinc oxide nanoparticles of large crystallite size (Buazar et al., 2016). The
reaction mechanism of growth of ZnO nanoparticles for variation of solution pH from acidic to

the basic region is shown in Equations 2.1- 2.6

Zn?** + 20H- < Zn (OH), (2.1)
Zn (OH), + 20H~ <> [Zn(OH),]*~ (2.2)
[Zn(OH),]?>~ < Zn0%~ + 2H,0 (2.3)
Zn0%~ + 2H,0 <> ZnO + 20H~ (2.4)
Zn0 + OH~ < Zn OOH~ (2.5)
ZnOH™ + Nat <> Zn OOH — Na (2.6a)
ZnO (OH)2 — ZnO + H20 (2.6b)
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The [Zn(OH)4]* formed in Eq. (2.2) can also exist in the form of Zn(OH)*, Zn(OH)., or
Zn(OH)*", depending on the process parameters, such as the concentration of the zinc ion
(Zn?*) and hydroxyl ion (OH") ion during the chemical reaction (Purwaningsih et al., 2016).
When the concentration of Zn?* and O H™ reaches the supersaturation degree, ZnO nuclei are
formed based on the reaction (2.4) (Osman and Mustafa, 2015). The previous findings
showed that the pH of the reaction mixture influenced the crystallite size and the morphology
of zinc oxide nanoparticles. Researchers such as Ogbomida et al., (2018) reported the
synthesis of ZnO nanoparticles via sol-gel method using Zn (CH3COO)2-2H>0 and NaOH as
starting materials. The mixture was stirred for 2 h and subsequently dried for 1h. ZnO
nanoparticles produced were characterised using XRD, SEM, and UV-visible/diffuse
reflectance spectroscopy and the calculated crystallite size of 49.98 nm, 48.31 nm, 38.32 nm,
and 36.65 nm ZnO nanoparticles prepared at the solution pH of 8, 9, 10 and 11 were obtained,
respectively. The authors found that the ZnO nanoparticles formed were mostly spherical
with an optimum solution pH of 9. On the contrary, Purwaningsih et al. (2016) employed Zn
(CH3COOH),-0.2H20 as a precursor, NH4sOH (precipitating agent) solutions to prepare ZnO

nanoparticles via sol-gel method.

The mixture was stirred at 85 °C for 6 h and dried at 100 °C for 5 h after which the precipitates
were washed and dried for 15 min at 80 °C and the size of the crystals formed was directly
proportional to the solution pH. The crystallite size increases from 10.94, 17.44, and 38.27
to 74.04 nm as pH increases in the solution pH from 7, 8, 10, and 12, respectively. More so,
the mineralogical phase of the prepared ZnO nanoparticles was examined using XRD and the
authors observed that as the solution pH increases from 7, 8, 10, and 12, the purity of ZnO

nanoparticles also increases and the percentage yield increased from 42.9%, 62.2%, 64.7%,
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to 100%, respectively. The differences in the crystallite size were linked to the reaction
conditions used during the synthesis of the ZnO nanoparticles. In addition, Goryacheva,
(2016) demonstrated the green synthesis of ZnO nanoparticles using an aqueous extract of
Citrus aurantifolia as a stabilizer and zinc nitrate as a zinc salt precursor. The synthesis was
carried out at 90 °C at pH 5, 7, and 9, respectively. The precipitates formed were washed,
dried and annealed in air at 300 °C yielding nanorods with a crystallite size of 100 nm. XRD
and SEM analysis confirmed the formation of pure hexagonal wurtzite ZnO nanostructure of
different shapes irrespective of solution pH. The authors reported the formation of ZnO of

spherical shape at pH 5 and nanorods at pH of 7 and 9, respectively.

The increase in particle size and change in the morphology of the ZnO nanoparticles
synthesised at the pH of 5, 7, and 9 further suggest that solution pH plays an important role
in the crystallite size and morphology of ZnO. Similar research conducted by Andrade et al.
(2020b) confirmed that FesO4 nanoparticles prepared within the pH values range 9.7 to 10.6
tend to have very pure magnetite with little or no other iron oxide. Other products, such as
maghemite and goethite tend to appear when the synthesis was performed in pH values below
8.5. In another research conducted by Faiyas et al. (2020), they reported that maintaining a
pH value of 6 and 9 in a solution containing iron salts (II) and (I11) ions produce Fe30s
nanoparticles. Whereas a pH value of 11 produces a magnetite (Fe304) phase. Similarly, the
effect of solution pH on the synthesis of FesO4 nanoparticles synthesised via direct co-
precipitation method at room temperature using a mixture of iron (I1) chloride (FeCl,).4H.0O
and 0.02 M iron (I11) chloride FeCls.6H20 have been studied and the result shows that particle
size increases from 10 nm to 13 nm as the solution pH increases from 8 to 12.5. This result

indicated that pH has a greater effect on the particle size of the Fez04 nanoparticles (Qin et
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al., 2022). Another researcher synthesised FesO4 nanoparticles at a solution pH of 11.33 to
12.15 via the co-precipitation method. The synthesised FesOs nanoparticles were
characterised using FESEM, FTIR and XRD. In their analysis, the smaller particle size of
Fe304 nanoparticles was produced when the pH was increased from 11.33 to 12.15. However,
a remarkably large size was formed at a pH greater than 12.15 suggesting that synthesis of
Fe304 nanoparticles may depend on pH (Yusoff et al., 2020). The research by Malyutin et
al. (2015) also confirmed that FesO4 nanoparticles at pH greater than 8, due to lower surface
tension of the particles, and at a higher pH, ionic strength would result in smaller particle size
and larger distribution size. The result of the analysis by Jamal et al., (2019), who synthesised
ZnO nanoparticles from zinc chloride via co-precipitation reported a decrease in the
crystallite size from 100, 92.5, 61.8 to 41.9 nm as the pH increases from 10, 11, 12, to 13

respectively.

The decrease in crystallite size as the pH increases were attributed to the fact that at higher
pH values, supersaturation during co-precipitation was higher, promoting nucleation
overgrowth, thus giving smaller particle sizes. The authors also reported that ZnO
nanoparticles had no definite shape for all the pH, except at pH of 13 which exhibited a
needle-shaped particle. Additionally, the effect of solution pH on the synthesis of silicon
oxides has also been reported by many researchers including (Badanayak and Vastrad,
(2021). Who studied the effect of solution pH on synthesis of silicon oxides and reported that
the crystallite size increases from 19 to 62 nm as the solution pH increases from 2 to 9. The
authors attributed the trend to the fast reaction due to the availability of the hydroxide ion in
the solution leading to the solubility of intermediate products formed during the process.

Tijani et al. (2019) have also studied the synthesis of SiO2 nanoparticles at different solution
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pH (5, 8 and 10). The authors reported that there was no discernible pattern in the crystallite
size. For example, the predicted crystallite size at pH 5 was 3.10 nm, which decreased to 2.39
nm at pH 8 and increased slightly to 4.25 nm at pH 10. However, Yee and Fatehah (2017)
have also studied the effect of pH on the crystallite size of SiO,. The authors observed that
the particle size increased when the pH was reduced, with the largest particle size being
around 5000 nm. Aggregation was proven to occur between pH 5.4 and pH 3.2. The particle

size remains below 500 nm when the pH is increased from 5.4 to 11.

2.7.2 Reaction temperature

The physical methods mostly employed to synthesise nanoparticles require a higher
temperature above 350°C, while the chemical route used for the synthesis of nanoparticles
can be carried out at room temperature (Shaba et al., 2021). The chemical method is the
easiest way to synthesise ZnO, FezO4 and SiO2 nanoparticles (Ul-Hag et al., 2017). It has
been reported that higher temperatures resulted in to increase in reaction rate causing rapid
consumption of metal ions and hence the formation of nanoparticles of a smaller size ( Saxena
etal., 2016). On the contrary, another researcher reported a smaller size of nanoparticles even
at a lower temperature (Pelicano et al., 2016). However, a study by Liu et al., (2020) observed
that reaction temperature played a critical role in the actual crystallite size of nanoparticles
so also the concentration of metal salt precursors. The authors found that a low concentration
of the precursors often leads to the formation of smaller crystalline sizes either at a lower or
higher temperature, due to the competition between nucleation and growth processes. It has
also been reported that the synthesis of nanoparticles carried out at lower temperatures can

also lead to the formation of smaller crystallite sizes while at higher temperatures nucleation
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was more favoured. Research by Khan et al., (2017) revealed that employing zinc acetate
dihydrate, NaOH and cetyltrimethylammonium bromide (CTAB) as precursors produced
flowers shaped like ZnO nanoparticle at different reaction temperatures (25 °C, 35 °C, 55 °C,
and 75 °C). The synthesised ZnO nanoparticles were examined using XRD, SEM, EDS, and
UV-visible spectrophotometer. The authors revealed average crystallite sizes to be 23.7 nm,
82.5 nm, 69.6 nm, and 88.8 nm for ZnO nanoparticles prepared at 25 °C, 35 °C, 55 °C, and
75 °C, respectively. The increase in the crystallite size of the ZnO nanoparticle in a solution
as the temperature increases was attributed to two phenomena, namely Oswald ripening and

oriented attachment as shown in Figure 2.4.
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Figure 2.4: Schematic of the Stage Wise-growth of Nanocrystals in Solution
Created Based on the Research by Shaba et al., (2021)

The SEM results showed the existence of two types of flower petal morphologies (slender
needle-like and wide-arrowlike). The slender needle-like petals were found in excess at lower
temperatures compared to the large arrow-like petals in the different flower bunches of the

ZnO colonies. These observations suggested that the temperature exerted a great influence
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on the crystallite size and morphology of the ZnO nanoparticles. The differences as reported
by the previous researchers (Pushpanathan et al., 2021) may be due to the difference in
synthesis methods and the nature of the capping agents used. However, Manzoor et al.,
(2015) reported the synthesis of ZnO nanoparticles via co-precipitation method using zinc
acetate with potassium hydroxide and ethanol as precursors. The mixture was stirred for 1.3
h at different synthesis temperatures from 65 °C, 70 °C to 75 °C. The final product was dried
in the oven aqgt 60 °C for 8 h and characterised using SEM, XRD, FTIR, and UV-visible
spectrophotometer. The average crystallite sizes of the ZnO nanoparticle obtained at the three
studied temperatures were 98 + 43, 135 £ 77, and 458 * 243 nm, respectively. The authors

established a direct relationship between the reaction temperature and crystallite sizes.

Furthermore, Pelicano et al., (2016) employed a precipitation method involving mixing zinc
acetate dihydrate as the precursor, with ethanol and dimethyl sulfoxide; tetramethyl,
ammonium hydroxide as a solvent and precipitating agent to produce ZnO nanoparticles. The
prepared ZnO nanoparticles were investigated by TEM, UV-visible spectrophotometer and
PL. The TEM result indicated an increase in crystallite size (4.72 nm, 5.24 nm, 6.70 and 7.61

nm) as the reaction temperature increases (26 °C, 40 °C, 60 °C and 80 °C).

Different researchers have also reported the synthesis of Fe3Os nanoparticles at different
temperatures including, Khalil (2019) who synthesised FesO4 nanoparticles with a particle
size of nanocrystals 7.84 nm and nanorods with an average particle size of 6.3 nm at room
temperature and 70 <:C respectively. Another qresearcher synthesised Fe3O4 nanoparticles at
200 °C and 260 °C and reported 16 and 21 nm as the particle sizes using a hydrothermal

process. Other researchers have also reported the synthesis of SiO2 nanoparticles at different
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synthesis times. For instance, Zainal et al. (2021) have reported that by increasing the
synthesis temperature (30 °C to 70 °C), the size of silica nanoparticles has been reported to

increase from 28.91 nm to 113.22 nm.

The authors attributed the increment in the crystallite size to the increase in the critical particle
radius and coalescence of the smaller particles to complement the growth into larger ones based
on Ostwald ripening (for more soluble materials) and oriented fixing (for less soluble crystals)
as earlier shown in Figure 2.4. From Figure 2.4, the first stage in the synthesis of nanoparticles
is the nucleation of a solid crystal (E1); this is made possible via rapid precipitation reaction of
the salt by the precipitating agents such as sodium hydroxide, (NH4).COz and NH4sOH. The
second stage involved the growth of the nucleus by diffusion of nanoparticles molecules from
solution onto the surface of the nucleated particle (E2), followed by collision and fusion (E3)
of two particles via the oriented attachment (OA) and E4 depicts the Ostwald ripening (OR)
which involved inter-particle growth via exchange (dissolution and diffusion) of molecules
between various particles. The report by Shaba et al., (2021) confirmed that the increase or
decrease in the crystallite sizes of nanoparticles did not only depend on the reaction temperature
but also the method of synthesis.

2.7.3 Calcination temperature

Calcination involves heat-treating a material at a controlled temperature and in a controlled

environment (Hammood et al., 2019).

During the calcination process, the particles fuse and enlarge their primary crystallite size
(Ruys 2019). This process is called particle coarsening, a phenomenon in solid (or liquid)

solutions often used for the growth of larger crystals from those of smaller size and leads to
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a reduction in the number of smaller particles while larger particles continue to grow (see

Figure 2.5).
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Figure 2.5: Scheme of Nanoparticle Growth Controlled by: (A) Ostwald Ripening
Mechanism; (B) Oriented Attachment Mechanism

The particle coarsening phenomenon occurs due to the fact that the smaller nanoparticles are
less energetic and unstable compared to the well-packed nanoparticle with a large crystallite
size. This process can also take place at room temperature and however can be accelerated
during the heating process. Different researchers have studied the effect of calcination
temperature on the properties of ZnO nanoparticles and FesO4 nanoparticles these are
reviewed as follows: Ashaf et al., (2015) studied the effect of calcination temperature on the
properties of ZnO nanoparticles prepared by sol-gel using zinc acetate as a precursor. The
XRD results indicated the formation of pure phase hexagonal wurtzite ZnO; however, the
crystallite size decreases from 24 to 17 nm as the calcination temperature increased to 300
°C. Further increase in calcination temperature to 500 °C resulted in to increase in the

crystallite size to 19 nm. Moreover, a similar trend was reported by Mallika et al., (2015) that
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employed the sol-gel method to prepare zinc oxide nanoparticles using zinc nitric and

polyvinyl alcohol (PVA) as a precursor and stabilizing agent respectively.

The authors varied the calcination temperature from 400 °C, 500 °C, and 600 °C to 700 °C
at a holding time of 1 h. The synthesised ZnO nanoparticles were characterised using XRD,
SEM, EDS, FTIR, and UV-visible Spectrophotometer and the average crystallite sizes were
7,23, 35, and 35 nm. The authors found that as annealing temperatures increase, grain growth
also increases in size. A similar trend was observed when citric acid (CA) was used as a
reducing agent under the same calcination temperatures and holding time. They reported an
increase in the crystallite size from 13, 23, 30, and 40 nm. ZnO nanoparticles have been
synthesised by a sol-gel technique using zinc acetate dihydrate and diethanolamine as the
precursor materials. The effects of calcination temperatures 300 °C, 500 °C, 650 °C, 700 °C,
and 750 °C were studied. The properties of the ZnO nanoparticles were examined by SEM,

XRD, FTIR, and UV-visible Spectrophotometer.

The XRD result according to the Scherer equation indicated that the crystallite size increased
with increasing calcination temperature (Kayani et al., 2015). Similarly, Worawong et al.
(2016) investigated the effect of calcination temperature on FesO4 nanoparticles at 400°C,
450°C and 500°C. The XRD result shows the formation of nanoparticles at a calcination
temperature of 400°C. Pure FesOs nanoparticles without any impurity. While as the
calcination temperature increases to 450°C, the result indicates the presence of another phase

of iron namely y-Fe>Os while at 500°C Fe,O3, y-Fe>03, Fe3O4 nanoparticles.

The average particle size of the Fe3Os nanoparticles synthesised was reported to be 13 nm,

24 nm and 45 nm for Fe3O4 nanoparticles calcined at 400°C, 450°C and 500°C, respectively.
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Another researcher studied theq effect of temperature on the synthesis of SiO> nanoparticles and
reported that the SiO> synthesised at calcination temperatures of 600 and 1000°C shows more
quartz silica peaks and that calcination increases the crystallinity of the SiO» produced
(Norhasyimi et al., 2016). Synthesis of SiO> nanoparticles has also been reported from natural
clay at different temperatures (room temperature and 900°C. The authors reported the synthesised
nanoparticles to be amorphous with a crystallite size of 72.85 nm at room temperature. It was
reported that the phase shift from amorphous to polycrystalline occurred at 900 °C calcination
temperature for 10 hours, with cristobalite tridymite, quartz, and crystal structure dominating. The
authors concluded that the temperature treatment had a significant impact on the transition from
amorphous to crystallized SiO> nanoparticles, resulting in larger particle grain sizes and the
disappearance of the particle grain boundary (Munasir et al., 2018). Generally, from the review
above it can be concluded that as the calcination temperature increases, the crystallite sizes of
the nanoparticles increase which can also affect their purity and morphology. Furthermore,
the growth of nanoparticles usually occurs via two mechanisms, namely oriented attachment
(OA) and Ostwald repining (OR). Oriented attachment is a physical process that is important
during the crystallization process and involved direct self-organization of the primary
nanoparticles and subsequent conversion by interface fusion to single crystals through

sharing a common crystallographic, as illustrated in Figure 2.5.

Ostwald ripening (Figure 2.5a) involved the diffusive transfer of the dispersed phase from
the smaller to the larger droplets. The Ostwald Ripening occurs because larger particles are
thermodynamically stronger than smaller particles. High temperature influences Ostwald
ripening due to its effect on interfacial energy, coefficients of growth rate, and solubility

(Westen and Groot, 2018). Oriented attachment happens (Figure 1.5b) because the
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aggregation decreases the system’s interphase boundary and total surface energy (Dalod et

al., 2017).

2.7.4 Effect of different salts precursor

The synthesis of ZnO nanoparticles using different zinc salts precursors such as zinc acetate
(Zn (CH3COO)z, zinc nitrate (Zn (NO3)2, zinc sulfate (ZnSO4) and zinc chloride (ZnCly) has
been widely investigated (Manisalidis et al., 2020). Magnetite nanoparticles are usually
synthesised from different salts of different iron salt combinations such as FeCl,, FeCls,
FeSO4 and Fe(NOs)3 (Rashid et al., 2019 and Kobylinska et al. 2021). Additionally, SiO- is
synthesised from metal alkoxides, such as Tetraethyl orthosilicate (TEOS), or inorganic salts
like sodium silicate (Ismail et al., 2021). The use of different zinc salt precursors also
influenced the morphological, textural and optical properties of ZnO nanoparticles (Mayekar
et al., 2015). For instance, Yu and Dong (2016) used different zinc salts (Zinc nitrate
hexahydrate, zinc acetate dihydrate and zinc sulfate heptahydrate) as precursors to synthesise
ZnO nanoparticles. The mixture of zinc salts and potassium hydroxide was autoclaved at 120
°C for 3 h and later the precipitate was washed severally and dried at 70 °C for a few h. The
synthesised nanoparticles were characterised using XRD, SEM, TEM, PL. It was noticed that
the average crystallite size of ZnO nanorods obtained were 100, 200 nm, 50 nm and 200 nm
using zinc nitrate hexahydrate, zinc acetate dihydrate, and zinc sulfate heptahydrate
respectively. The SEM result shows the formation of nanoflowers, nanoflakes, nanoprisms
for zinc nitrate hexahydrate, zinc acetate dihydrate and zinc sulfate heptahydrate precursors
respectively. Also, Gopal and Kamila (2017) utilised zinc nitrate hexahydrate, zinc nitrate

hexahydrate, zinc sulfate heptahydrate and sodium hydroxide to prepare ZnO nanoparticles
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via the precipitation method. The mixture was maintained at 70 °C for 1 h, and the precipitate
was later dried at 65 °C for several h. The properties of ZnO nanoparticles were identified
using XRD, SEM and UV-visible spectrophotometer, and it was found that the crystallite
size was 23.04 nm, 19 nm and 37 nm for zinc nitrate hexahydrate, zinc nitrate hexahydrate

and zinc sulfate heptahydrate respectively.

ZnO nanoparticles synthesised from sulfate precursors were distinct with organized rods and
flowers-like morphology before calcination but the morphology changed after calcination at
400°C to only flakes type. However, the morphology did not change even
after calcination for the nanoparticles synthesised from other two precursors such as zinc ac
etate and zinc nitrate. Moreover, Perillo et al., (2018) employed a precipitation method to s

ynthesise ZnO nanoparticles using zinc acetate dihydrate, zinc chloride, zinc nitrate hexahy
drate hexamethylenetetramine sodium hydroxide as precipitating agent. The reaction was
stirred at 87 °C for 6 h, and later oven-dried at 80 °C for 7 h. The ZnO nanoparticles produced
were characterised by XRD, SEM, EDX and BET. All ZnO samples showed a rod-like shape
network with different sizes. When zinc acetate dihydrate was used as a precursor short rods
were formed and longer nanorods were obtained using zinc chloride. The results showed the
successful synthesis of ZnO nanorods with crystallite sizes of 46 nm, 41.3nm and 40.6 nm
for zinc acetate dihydrate, zinc chloride and zinc nitrate hexahydrate respectively. This
further confirmed that the source of precursor (Zn) from different zinc salts did not have any

significant effect on the crystallite size of the ZnO nanoparticles produced.

In another research, Suppiah and Johan, (2018) synthesised FezOs nanoparticles at pH 10

using different iron salts such as iron chloride (FeCly) and sulfate (FeSOa4). The result
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revealed that the use of CI™ anion, (the slower hydrolysis process-induced) requires more
hydroxyl ions to reach pH equilibrium leading to larger maghemite nanoparticles (50—-60 nm)
and the iron sulfate (FeSO4) shows a smaller average crystalline size (35-45 nm). The
synthesised Fe3O4 nanoparticles were characterised using FTIR, XRD and BET. Their
analysis shows that the use of different iron salt affects particle size. Zinc acetate and zinc
nitrate hexahydrate has been used to synthesised ZnO nanoparticles via the green method and
the result shows spherical and flower shape of ZnO nanoparticles with an average crystallite
size of 21.49 nm and 25.26 nm were produced using Zinc acetate and Zinc nitrate precursors
respectively. Different Zinc precursors exerted a slight effect on the crystallite size of the
ZnO nanoparticles but do not guarantee the purity of the nanoparticle produced.
Vanichvattanadecha et al. (2020), have reported the synthesis of silicon oxide from different
sources such as tetraethyl orthosilicate (TEOS) and rice husk (RH). The authors found that
the highly organized mesoporous structures, narrow pore size distributions, and large surface
areas were synthesized from tetraethyl orthosilicate. The disordered properties were observed
in the SiO2 nanoparticles synthesized from rice husk that had been pre-treated with enzyme
solutions for 7 days (7D-RH).

2.7.5 Concentration of precursors, precipitating and capping agents

The morphology and crystallite size of nanoparticles often depends on the concentration of
metal salt precursors precipitating and capping agents used (Phan & Nguyen, 2020). Thus,
these factors play an important role in the synthesis of nanoparticles and other nanostructured
materials and are thus very frequently used to avoid the overgrowth of nanomaterial. The
capping agent is responsible for the control of growth rate, particle size, and prevention of

particle aggregation (Bakshi, 2015). Moreover, it has been reported by Kyomuhimbo and
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Brink, (2023) that the nanoparticles can be stabilized by immobilization on a support such as

an organic ligand shell, polymers, dendrimers, cyclodextrins, and polysaccharides (See
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Figure 2.6: Selected Capping Agents Used in Synthesis of NPs, Possible Mechanism of
Formation of ZnO Nanoparticles Using Plant Extract

The capping agents must be stable enough and withstand enough heat to prevent aggregation
of the nanoparticles at temperatures suitable for synthesis. Many researchers including Alami
et al., (2015) have reported the synthesis of ZnO nanoparticles using different concentrations
of Zn (NOs)2, 6H20 (0.08, 0.1, and 0.08 M). The reaction was carried out at solution spray
rates of 2 ml/min onto a preheated glass substrate at 500°C for 10 min. The crystallite sizes
obtained were 9.95, 27.40, and 32.35 nm for 0.08, 0.1, and 0.08 M concentrations of the Zn
salt which confirms the earlier analysis that the concentration of zinc salt greatly affects the
crystallite size of the ZnO nanoparticles. The effect of the concentration of potassium
hydroxides (0.5 M, 1 M, 1.5 M, and 5 M) on the synthesis of magnetite has been reported.

the result indicates there was a shape transformation from cube to octahedron as the

35



concentration of potassium hydroxides increased from 0.5 M to 5 M (Fatima et al., 2018).
Synthesis of polyvinyl pyrrolidone (PVP)-coated FesO4 nanoparticles by chemical co-
precipitation method has been reported by Pandey et al. (2018) and the result shows that the
crystallite size decreases from 35, 32 to 30 nm as the amount of PVVP increases from1g, 2 g
and 3 g respectively. This indicates that the higher the concentration of the PVP, the smaller
the particles size. Additionally, the Ex-Situ Synthesis of Polyvinyl alcohol (PVA)-coated
Fez04 Nanoparticles by Coprecipitation-Ultrasonication Method has been reported by Riva’i
et al. (2018). The result indicates that the longer ultrasonication time results in smaller
crystallite size and larger lattice parameters. The formation of mesoporous SiO> materials
using different concentration of NaOH have been reported by Gosiamemang and Heng,
(2023). The authors reported that if anions and cations are carefully balanced, the formation

of SiOz is determined by the number of ions in the solution.

2.7.6 Reaction time

Reaction time is the time required for the completion of all steps during the synthesis of
nanoparticles including the reduction and formation of nanoparticles (Shaba et al., 2021)
Reports have shown that the formation of nanoparticles starts within minutes after the
addition of the metal salt precursors and increases as the reaction time increases (Manzoor et
al., 2015). For instance, Manzoor et al., (2015) prepared ZnO nanoparticles via the green
route using zinc acetate with Pichia kudriavze Yeast Strain as precursors. The final product
was dried in the oven at 60°C for 8 h and characterised using XRD, TEM, PL, FTIR and UV-

Visible spectrophotometer. They found the crystallite size of the ZnO nanoparticles to be
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11.25 nm, 38.48 nm and 54.27 nm for nucleation times of 12, 24 and 36 h. The authors found

the ZnO nanoparticles have a nearly spherical shape.

The effect of reaction time on the synthesis of FezO4 nanoparticles has also been reported by
various researchers, for example, Karade et al. (2018) studied the effect of reaction time via
the modified green synthesis method. The authors reported an increase in the crystallite size
from 7.5, 9.8, 9.9 11.1 to 12 nm as the reaction time increases from 2, 4, 6, 8, and 10 min
respectively. Attentionally, Kao et al. (2019) have reported the effect of reaction time on the
structural properties of the SiO> via the sol-gel method. The authors reported that as the
reaction time increases from 30 min to 6h the crystallite particle increases from 58 and 684
nm. Additionally, the Synthesis of SiO. has been reported at different synthesis times. The
authors reported that as the time increases from 80 s, 300 s, to 360 s, the average crystallite
sizes increase from 3 nm, 25 nm to 65 nm. The authors also discovered that as the reaction
time increased, so did the size and degree of aggregation of the obtained silica nanoparticles

(Nikolic et al., 2015).

In another research by Engku et al. (2017) synthesised SiO2 nanoparticles and confirms the
amorphous form of SiO. nanoparticles, with an average particle size of less than 100 nm
irrespective of the time (30 to 180 min). The sample with a reaction time of 90 min was reported
to have the highest specific surface area and average pore volume, indicating fine porous
characteristics. This result may be attributed to the availability of pores as the synthesis time
increases. From the result above, it can be deduced that the reaction time is proportional to
the crystallite size of nanoparticles. The step-by-step involved in the variation of reaction

time during the synthesis of nanoparticles is shown in Figure 2.7.
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Figure 2.7: Schematic Illustration for Effect of Reaction Time on The Synthesis of
Nanoparticles

The first step 1(T1) in Figure 2.7 depicts the nucleation process (the process whereby nuclei
(seeds) act as templates for crystal growth) which is the first step in the formation of metal
oxide nanoparticles. This process takes place within a few seconds of the reaction. Step 2
involves the growth of the nanoparticles up to an average crystallite size of 5.2 nm as the
time increases from T to Ts. However, it has been reported by Smolkova et al., (2017) that
the diffusion mechanism controlled the growth of nanoparticles during the synthesis which
only occurs over a few seconds. The fourth stage is a rapid consumption of the metal salt left

in the solution where the particle size increases rapidly from 5.2 to 7.7 nm.

2.7.7 Synthesis of SiO2 nanoparticles from natural sources

It has been observed that SiO. nanoparticles made from chemical sources have fewer
properties than those made from natural sources, such as sugarcane bagasse, corn cob, wheat
husk, rice husk, and kaolin (Meena et al. 2020; Mahajan et al. 2021). Among these sources,
kaolin calcined at a higher temperature (metakaolin) has been recognized as a very good

source of silicon for the synthesis of SiO2 nanoparticles (Tchanang et al., 2021).
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In recent years scientists have focused on the synthesis of SiO> nanoparticles from natural
sources which include the synthesis of SiO, nanoparticles from Kankara kaolin by
Salahudeen, (2018). Velmurugan et al. (2015) have reported the synthesis of nanosilica from
corn cob ash via alkaline extraction and acid precipitation method. The synthesised SiO>
nanoparticles were characterised using XRF, XRD, FTIR and SEM. In another research by
Ajayi and Owoeye (2015), the authors obtained a soluble sodium silicate solution from corn
cob and used it as a source of silicon for the synthesis of nanosilica. The authors reported
sheet-like morphology having irregular structural shapes. Zulfigar et al., (2016) synthesise
silicon oxide nanoparticles from bentonite clay at different concentrations (5 M, 10 M and
15 M) of nitric acid in the presence of ethanol as solvent. The result shows that the particle
size decreases (95 nm, 86 nm 69 nm) as the concentration of the acid increases. The SEM
result indicates the formation of a spherical shape. Nandiyanto et al., 2016 reported
synthesised silica from rice straw waste and found crystallite size to be 200 nm. Another
analysis by Fidai et al. (2021) and Athinarayanan et al. (2017), both studied the influence of
calcination temperature and alkali concentration on the structure of silica. Silica nano-fillers
from kaolinite were successfully synthesised by sonochemical and modified sol-gel methods
by Goad and Hamad (2017). The crystallite size was confirmed to be 50 nm by XRD results.
The authors also found that the optimum conditions for the synthesis of silica from bentonite

via a sol-gel method be calcination at 30°C and a stirring time of 2.5 h.

Cassava Periderm calcined at 700°C has been used as a source of silicon for the synthesis of
silicon oxide nanoparticles based on the modified sol-gel method. The produced silica
nanoparticles were characterised using FT-IR, TEM, Raman, SEM, XRD, EDX, and PSA

and the result indicates that the crystallite size ranges from 3.12 to 50.75 nm (Adebisi, et al.,
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2018). Additionally, Flower-like a-quartz microstructures from kaolin have been reported
using the hydrothermal method. The produced quartz was characterised using SEM, XRD
and FTIR. In another research by Tijani et al. (2019), the authors synthesised SiO- at different
synthesis conditions such as solution pH (5, 8 and 10) and concentration of NaOH (0.5 M, 1
M and 2 M), calcination temperatures (600°C, 700°C and 800°C) respectively. The prepared
SiO2 nanoparticles were characterised by XRD, HRSEM, and EDS respectively. Akhayere
et al., (2019) synthesised nanosilica nanoparticles from barley grass waste at 400, 500, 600,
and 700°C. The produced nano-silica was investigated using SEM, TEM, BET and FTIR.
The average crystallite size of around 150 nm and the surface area of 323 m?/g were reported
for the synthesised nanosilica. Ruey et al., (2020) reported that the silica nanoparticles can
be prepared from natural sources. From the review above it can be concluded that the silicon
oxides nanoparticles can be synthesised from locally available materials instead of using

available chemical compounds for the synthesis of silicon oxides.

2.8 Synthesis of Nanocomposites

Nanostructured materials and hybrid nanocomposites have recently attracted significant
attention owing to their exceptional properties and multiple functionalities, which cannot be
achieved by single-component materials or just oxide materials. This has encouraged various
researchers to prepare different nanocomposites such as SiO2/Fe304. Various polymer/Zinc
oxide composites have been studied by various researchers; polystyrene/Zinc oxide
nanocomposites (Alam et al., 2021). Polyvinyl alcohol (PVA) doped with different
concentrations (0, 0.15, 0.5, 1, 2, 2.5, and 3 wt %) of Zinc oxide nanoparticles using the
solution casting method had also been reported (Mansour et al., 2015). Similarly, composite

compresses of silver (Ag) and Zinc oxide have been reported; Ag-Zinc oxide with a spherical
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shape was prepared and their morphological sizes and shapes were characterised by SEM
(Ghosh et al., 2015). Ag/Zinc oxide nanocomposite synthesised at 400°C has been reported
by Hosseini et al. (2015). Zinc oxide nanoparticles with different amounts of silver ions have
been used to prepare Zinc oxide/Ag nanocomposite calcinated at 600°C for 8 h (Mosquera et
al., 2015). Zelepukin et al. (2017) reported the synthesis of Fe304/SiO. nanocomposites with
an average crystallite size of 25 nm via the sol-gel method. Zinc oxide/Ag nanowires
composite was prepared by electrochemical deposition. The nanocomposite of Zinc
oxide/starch with particle size ranging from 40-60 nm as shown by the XRD and confirmed
by SEM and TEM results (Ma et al., 2016). Nanocomposites of Zinc oxide and some selected
polymers such as polyethylene glycol, polyvinylpyrrolidone, and polyacrylonitrile, were

synthesised by a chemical method (Quadri et al., 2017).

Zinc oxide nanoparticle/N-doped reduced graphene oxide nanocomposite with surface areas
of 200.55 m?/g have been prepared by Yang, et al. (2017). Restrepo et al. (2018), prepare
polyvinyl alcohol-stabilized polylactic acid/Zinc oxide nanocomposites via melt processing
in a Brabender mixer at 60 rpm for 8 min at 190°C. Iron Oxide/Silica by gel method
(Tavassoli et al., 2017), Zinc oxide/Polystyrene (Al-Karam, 2017). Zinc oxide/SiO;
nanocomposite with particle sizes ranging from 8 +5 nm to 40 +5 nm has been reported
(Bharati and Suresh, 2017). Similar findings from Indramahalakshmi, (2017) revealed that
Opuntia ficus indica fruit can be used to synthesis Zinc oxide with an average particle size
of 21.75. Pachl et al. (2018) prepared Ag: FesO4 (1:100) with average particle size ranging
between 16-17 and 20 nm as revealed by XRD and SEM results respectively. Another
analysis by Arévalo-Cid et al., (2018) confirmed the synthesis of amino-functionalized

Fe304/Si02 and CoFe204/SiO2 nanocomposites with a core-shell structure has been prepared
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by co-precipitation and hydrothermal synthesis for removal of Cu?* cations removal in
aqueous media. Fe304/SiO2 (10.1 nm, 13.7, and 14.2 nm) nanocomposites have been
synthesised by Nikmah et al. (2019) and the authors found reported that the higher the
composition of the silicon the larger the particle size of the composites. In another research
Du et al. (2019). Synthesised Fe304/SiO2 nanofluids. The average crystallite size of
Fe304/SiO2 nanocomposites ranging from 20-23 nm has been reported by Nadi et al. (2019).
Additionally, Nikmah et al. (2019) reported the synthesis of Fe304/SiO> nanocomposites at
different dosages of Fe3O4 and SiO.. They found average crystallite size to increase as the
amount of the SiO; increases (10.1 nm, 13.7, and 14.2 nm). Synthesis of magnetite/silica
nanocomposites from natural sand has been reported and the authors found that the particle

size increases from 8.2 to 13.2 nm with increasing silica content (Taufiq et al., 2020).

2.9 Characterisation Techniques

Understanding the properties and applications of nanoparticles and nanocomposites
generally requires their characterisation. Different characterisation tools such as X-ray
diffraction (XRD), high-resolution scanning electron microscopy (HRSEM), Energy
Dispersive X-ray analysis (EDS), Brunauer-Emmett-Teller (BET), X-ray photoelectron
spectroscopy (XPS), and Fourier transform infrared spectroscopy (FTIR) have been used for

characterisation of nanoparticles and their composites.

2.9.1 X-ray diffraction (XRD)

XRD is the most popular and efficient method for determining whether a material is
amorphous or crystalline, as well as the average crystallite size of any material (Bunaciu et
al., 2015; Rajeswari et al., 2020). The interplanar distance ‘d' values obtained from XRD
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data are usually compared with the fundamental data in Joint Committee on Powder
Diffraction Standards (JCPBS). The constructive interference of monochromatic X-rays from
a crystalline sample is the basis for X-ray diffraction. The X-rays from a cathode ray tube are
filtered to create monochromatic radiation, which is collimated and aimed at the sample. X-
rays mainly interact with electrons in atoms, colliding and deflecting several photons from
the incident beam away from their original location (Civan, 2016). The X-rays collide in a
diffraction pattern on the detector, which is both constructive and destructive. If the
reflections from the different planes interact constructively, the incident X-ray radiation
creates a Bragg peak (see Figure 2.8). When the phase shift is a multiple of 2 A, the

interference is constructive; this condition is expressed by Bragg's law (see equation 2.7)

2 dsinb=n\ (2.7)

Where:

d = inter-plane distance of (ions, atoms, molecules)

6 = is the angle between the incident ray and the scattering planes

n = integer representing the order of the diffraction peak

A = wavelength of the x-ray.

The nanoparticle crystallite sizes are calculated using Scherrer's equation (See equation 2.8)

can be used to estimate the average crystallite size

kA
- LcosO

(2.8)
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where D is the crystallite size
k=0.9,
a correction factor to account for particle shape

B = is the full width at half maximum (FWHM) of the most intense diffraction plane
= is the wavelength of Cu target = 1.54 A

0 = is the Bragg angle.
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Figure 2.8: Schematic Diagram of X-ray Diffraction

2.9.2 High-resolution scanning electron microscopy (HRSEM)
The High-resolution scanning electron microscope (HRSEM) is an imaging technique
that uses an electron beam to obtain high-magnification images of specimens. The
signals produced by electron sample interactions reveal information about the sample,

such as its surface morphology or texture. Figure 2.9 shows the image of HRSEM.
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Figure 2.9: Schematic Diagram of a High-resolution Scanning Electron Microscopy
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2.9.3 Fourier transform infrared spectroscopy (FTIR)

FTIR is a characterisation technique for identifying compounds by comparing the spectrum
of an unknown compound to a reference spectrum, as well as for identifying functional
groups in the sample. The FTIR Spectrum, also known as the sample's fingerprint, is a
characteristic of each specimen. The IR area of the electromagnetic spectrum is thought to
cover a range of approximately 50 to 12,500 cm™ (Whatley et al., 2023). Figure 2.10:

Schematic Representation of FTIR spectrometer.
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Figure 2.10: Schematic Representation of FTIR Spectrometer
2.9.4 Energy-dispersive X-ray spectroscopy (EDX, EDS, or XEDS)
Energy-dispersive X-ray spectroscopy (EDS) is a surface analytical technique that uses an
electron beam to excite an electron in an inner shell, allowing it to eject and form an electron
hole in the element's electronic structure (Mallakpour and Azimi, 2020). Its characterisation
abilities are primarily due to the basic concept that each element has a unique atomic

structure, resulting in a unique collection of peaks on the X-ray spectrum. A high-energy
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beam of charged particles such as electrons or protons, or a beam of X-rays, is directed into
the sample being examined to induce the emission of characteristic X-rays from it. At rest,
an atom in the sample contains ground state (or unexcited) electrons bound to the nucleus in
distinct energy levels or electron shells. The incident beam can excite an electron in an inner
shell, causing it to be ejected from the shell and leaving an electron hole in its place
(Hodoroaba, 2020). The hole is then filled with an electron from an outer, higher-energy
shell, and the energy difference between the higher-energy shell and the lower-energy shell
may be emitted as an X-ray. An energy-dispersive spectrometer can determine the amount
and energy of X-rays emitted by a specimen. Since the energy of the X-rays is related to the
difference in energy between the two shells as well as the atomic structure of the material
from which they were released, the elemental composition of the specimen can be determined
(Shirley and Jarochowska, 2022). The following are some of the drawbacks of the EDS. The
sample must be solid and must fit into the microscope chamber. The maximum size in
horizontal dimensions is normally about 10 cm, vertical dimensions are much smaller,
seldom exceeding 40 mm. Most techniques involve samples being stable in a vacuum at 10-

5 to 10-6 torr. The representation of EDX is shown in Figure 2.11
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Figure 2.11: Schematic Representation EDX Equipment

2.9.5 Brunauer—emmett-teller (BET)

The surface of a nanomaterial contains a considerable proportion of atoms, and it is these
atoms that often determine the particle's qualities (Wu et al., 2020). As a result, understanding
the behaviour of a nanomaterial generally requires a measurement of the specific surface area
(SSA) or the total surface area per unit of mass. A surface area measurement is usually taken
of the accessible surface and calculated using gas adsorption techniques (Skripkina et al.,
2020). The Brunauer-Emmett-Teller (BET) method is usually used to determine the specific
surface area of nanoparticles and the composites. The Brunauer, Emmett, and Teller (BET)
method are based on the principle of physical adsorption of a gas on a solid surface, and it
was named after the researchers' surnames, Brunauer, Emmett, and Teller (Sinha et al., 2019).
It is extensively used to determine the surface area of nanostructures since it is a generally

accurate, quick, and simple method. Figure 2.12 shows a simple BET method.
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Figure 2.12: Schematic Representation BET Equipment

The following are some characteristics of BET isotherms according to the IUPAC (Ambroz

et al., 2018):

I. Type I Isotherm

There are two patterns in the reversible type | isotherm, which is common in microporous
materials. Type 1(a) refers to materials with micropore widths of less than 1 nm, whereas type

I(b) refers to solids with both broader micropores and narrow mesopores.

ii. Type Il Isotherm

Nonporous or macroporous materials correspond to the reversible type Il isotherm. The
monolayer coverage is connected to point B on the isotherm. The curvature change is sharp
if the monolayer coverage is finished, as opposed to a more gradual curvature that marks the

start of multilayer adsorption (monolayer coverage overlaps).
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iii. Type I Isotherm

When the interactions between the adsorbent and the adsorbate are weak, the Type IlI
isotherm is formed. As a result, information on monolayer coverage and formation is

unavailable.

Iv. Type IV Isotherm

Type IV isotherm has two patterns, both of which are connected to pore width. A Type 1V (a)
is obtained when the width is greater than the critical width, which is determined by the
material's adsorption properties and temperature. A type 1V (b) isotherm, on the other hand,
is observed in materials with smaller mesopore widths and is frequent in mesoporous

materials.

V. Type V Isotherm

A type V isotherm has a form that is comparable to that of a type 11l isotherm over low P/P0
ranges. The poor adsorbent—adsorbate interactions are responsible for these phenomena.
Hysteresis, as in the case of type 1V(a), can be seen at higher relative pressures. The filling

of holes occurs after molecular clustering.

Vi. Type VI Isotherm

The Type VI isotherm is indicative of multilayer adsorption on nonporous surfaces with a
high degree of uniformity. The isotherm has the form of a stepwise curve that is affected by

the material, gas, and temperature.
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A linear BET range on the plot with a high regression coefficient must be used to determine
the BET specific surface area from a BET plot (P P//00) n P 1 /P as a function of P/P0).
Typically, a pressure range of 0.08-0.30 is used. Different types of Isotherms is presented in

Figure 2.13
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Figure 2.13: IUPAC Classification of BET Isotherms

2.9.6 X-Ray photoelectron spectroscopy (XPS)

XPS is a surface chemical analysis technique that can be used to investigate the surface
chemistry of a substance. It is used to estimate the elemental composition or empirical
formula, electronic state, and chemical state of the elements on the surface up to 10 nm of a
nanomaterial (Yahia and Mireles, 2017). It also detects pollution in the surface of the sample,
if any occurs. XPS is also known as electron spectroscopy of chemical analysis (ESCA).
When a sample is irradiated with X-rays in an ultra-high vacuum (UHV), electrons are

released from the core orbitals of the top 10 nm of the surface elements of the material being
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studied. The XPS spectra are generated by measuring the kinetic energy (KE) and the number

of electrons escaping from the material's surface.

The oxidation state of the particular surface elements is expressed in the electron binding
energy. The proportion of unique elements on the surface is reflected in the number of
electrons. The electron binding energy (BE) of each of the released electrons can be estimated

using equation 2.3. The XPS equipment is represented in Figure 2.14

Ebinding = Ephoton - Exinetic — © (2.9)

Where:

Ebinding 1S the energy of the electron emitted from one electron configuration within the atom.

Epnoton = the energy of the X-ray photons being used.

Exinetic = the Kinetic energy of the emitted electron as measured by the instrument

® = the work function of the spectrometer (not the material).
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Figure 2.14: Schematic Representation of XPS

2.10 Water Pollution

Water pollution occurs when unwanted materials enter into water bodies, change their

quality, and later become harmful to the environment and human health (Shaba et al., 2022).

Water is an important natural resource that needs to be protected against foreign toxic

materials (Subramanian, 2018). Water pollution is the leading worldwide cause of death and

diseases (Ladu et al., 2018). The discharge of untreated wastewater into the water bodies has

been attributed to the growing number of several diseases such as cholera and typhoid fever

among others (Singh et al., 2018). It has been estimated that the world generates more than

5-10 billion tons of industrial waste, much of which is pumped untreated into rivers, oceans,

and other waterways.
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2.10.1 Petroleum refinery and associated pollutants in the environment

Petroleum products are used widely in a range of industrial applications. The largest
quantities find use as fuels for a range of purposes, including gasoline, diesel oil, and aviation
fuel and heating oil. There has been an increase in the demand for these products over the
years due to a high increase in population growth, which has led to an increase in the
discharge of wastewater from petroleum refineries. This wastewater contains hazardous
pollutants of hydrocarbons and other organic compounds that pose serious risks to humans,

animals and the environment (Honda and Suzuki, 2023).

2.10.2 Organic pollutants

Water pollution due to the presence of active organic pollutants has been reported to be one
of the most serious types of environmental pollution attracting increasing attention and
leading research studies in recent years, due to their impacts on aquatic organisms (Patel et
al., 2019). A lot of active organic compounds such as phenols, toluene, benzene,
ethylbenzene and xylene have been reported in many water bodies worldwide by various
researchers (Bashir et al., 2020). This has made surface and groundwater resources more
polluted with petroleum refinery products and consequently poses a significant risk to human
health as well as animal well-being. Benzene, Toluene, Ethylbenzene, and Xylenes (BTEX)
are important industrial waste pollutants and are classified as hazardous substances
contaminating groundwater resources (Wongbunmak et al., 2020). A considerable amount
of these pollutants enter the environment through leakage from underground storage tanks,
accidental spills, and improper wastewater disposal (Bashir et al., 2020). The BTEX

compounds, though present in low percentages in petroleum refinery wastewater is of high
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interest as they have been classified as priority pollutants regulated by the Environmental

Protection Agency (lvan et al., 2021).

When organic pollutants like phenols and BTEX are released into the environment, the
function and structure of the microbial communities are generally affected. The International
Agency for Research on Cancer classified benzene as carcinogenic to humans (Muda et al.,
2023). It has been reported that chronic exposure to benzene can reduce the production of
both red and white blood cells from bone marrow in humans, resulting in aplastic anemia (He
et al., 2020). In a similar view, Justyna and Eugenia, (2018) have also reported that xylene
can metabolise in the liver via oxidation of methyl groups, which high concentration can lead
to liver damage. The potential hazard of toluene in both humans and animals for short-term
and long-term exposure often resulted in the distortion of the central nervous system, causes
irritation of the upper respiratory tract and eyes, sore throat, dizziness, headache and
sometimes it can affect the kidneys and liver (Davidson et al. 2021). Phenol and phenolic
compounds are also commonly occurring pollutants in petroleum refinery industries. Phenol
is toxic to human beings and the environment; meanwhile, it is difficult to remove from
wastewater due to its non-biodegradable nature (Panigrahy et al., 2022). Phenol is reported
to be highly irritating to the skin, eyes and mucous membranes in humans after acute (short-
term) inhalation or dermal exposures as shown (Villegas et al., 2016). Exposure to a low or
high concentration of phenols can lead to anorexia, progressive weight loss, diarrhea, vertigo,

salivation and dark colouration of the urine (Satish et al., 2018).
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2.10.3 Pollution by heavy metals

Petroleum refinery wastewater is associated with several pollutants such as heavy metals which
include lead (Pb), zinc (Zn), nickel (Ni), arsenic (As), copper (Cu), chromium (Cr), iron (Fe),
selenium (Se), vanadium (V), cobalt (Co), cadmium (Cd), and mercury (Hg) (Alalwan et al.,
2020). These heavy metals are recognised as a major toxic hazardous material to humans and the
aquatic system (Honda and Suzuki, 2023). Globally, heavy metals pollution in water has caused
serious health effects on humans and the ecosystem since they are non-biodegradable and highly
toxic (Ogbomida et al., 2018). These heavy metals are distributed in the environment through
natural and anthropogenic activities (Liu et al., 2022). Exposure to metals such Pb, Zn, Ni, As,
Cu, Cr, Fe, Se, V, Co, Cd, and Hg can affect growth and development causing mental disorders,
cancer, damage to the liver, kidneys, lungs, and in extreme cases, death depending on the
exposure dose and time (Balali-Mood et al., 2021). The specific effects of some of the heavy
metals have been summarized (see Table 2.3). The possible removal of these pollutants from the
wastewater before the discharge to the environment has recently become the focus of many

researchers owing to its negative effect on the environment.

Table 2.3: The MCL standards for the most hazardous heavy metals

Heavy Toxicities MCL
metal (mg/L)
Arsenic Skin manifestations, visceral cancers, vascular disease 0.08
Cadmium  Kidney damage, renal disorder, human carcinogen 0.01
Chromium  Headache, diarrhea, nausea, vomiting, carcinogenic 0.08
Copper Liver damage, Wilson disease, insomnia 0.15
Nickel Dermatitis, nausea, chronic asthma, coughing, human 0.2
carcinogen
Lead Damage the fetal brain, diseases of the kidneys, circulatory 0.006

system, and nervous system
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2.11 Toxicity of heavy metals

2.11.1 Lead (Pb)

Lead (Pb) is a heavy metal with an atomic number 82 and a silvery bluish look that fades to
a dull gray colour when exposed to air (Balali-Mood et al., 2021). Lead pollution comes from
a variety of sources, including fertilizers, battery waste, vehicle pigment, pesticides, finishing
processes, metal plating, ore smelting, exhaust, fuel additives and petroleum wastewater.
Because of its extensive use, this heavy poisonous metal is becoming a global environmental
and health problem. The Environmental Protection Agency has declared lead (Pb) to be a
carcinogenic element (EPA). The word "lead poisoning" refers to the toxicity of lead, which
can be chronic or acute. Various health problems such as kidney damage, brain damage,
mortality, mental retardation, dyslexia, and birth defects are some of the problems associated

with lead poisoning (Obasi and Akudinobi, 2020).

2.11.2 Cadmium (Cd)

Cadmium is a bluish-white soft metal with an atomic number of 48 and chemical properties
similar to group 12. The toxicity of Cd has been reported in electroplating, pigments, the
nuclear industry, alloys, batteries, cigarettes and plasticizers (Genchi et al., 2020). Cadmium
is prevalent in the environment at low levels in most cases; nevertheless, industrial wastes
have considerably raised those amounts. Cadmium poisoning can harm the kidneys,
respiratory systems, and bones, as well as be carcinogenic to humans (Sharma and
Bhattacharya, 2020). The Agency for Dangerous Substances and Disease Registry ranks
cadmium as the eighth-most toxic element (Rahi et al.,, 2022). Divalent, tetravalent,

pentavalent, and hexavalent states of chromium exist; however, trivalent and hexavalent
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states are the most stable (Chen et al., 2021). Humans and animals both require chromium
(1) as a dietary supplement and the chromium (V1) form, on the other hand, is extremely
hazardous and carcinogenic (Sharma et al., 2022). Chromium is discharged into the
environment matrix (air, water, and soil) via a variety of sources, including wastewater and
air mostly from metallurgical and chemical industries. Hexavalent chromium Cr (V1) is an

industrial contaminant that has been proven to cause cancer in humans (Wise et al., 2022).

2.11.3 Copper (Cu)

Copper is a very common metal that occurs naturally in the environment and spreads across
it due to natural processes. Cu(l) and Cu (1) are the two kinds of copper that are available
(An et al., 2022). Copper has become one of the most extensively utilized metals as
technology has progressed (Tavares-Dias, 2021). Metal finishing industries, circuit boards,
chemical production industries, and mining drainage are the principal sources of copper
waste discharged from industries (Malhotra et al., 2020). Excess amounts of copper in the
body can inhibit the enzyme dihydrophil hydratase, an enzyme involved in hemopoiesis.
Wilson's illness is an inherited ailment in which the body retains copper because it is not
eliminated by the liver into the bile. If this disease is not addressed, it might cause brain and
liver damage. Copper in excess in the water has also been reported to harm marine life (Yap
and Al-Mutairi, 2022). Copper poisoning has been documented in fish and other animals,

causing damage to the gills, liver, kidneys, and central nervous system (Borobia et al., 2022).

2.11.4 Nickel (Ni)

Nickel is widely distributed in the environment and is the twenty-fourth most abundant

element in the earth’s crust. Nickel usually has two valence electrons, but oxidation states of

58



+1, +3, or +4 may also exist. Leaching from metals in contact with drinking water, such as
pipes and fittings, is the principal source of nickel in drinking water. Nickel, on the other
hand, may be present in some groundwaters due to dissolution from nickel ore-bearing rocks
(Ullah et al., 2022). The various effect such as nausea, vomiting, stomach discomfort, and
diarrhea, headache, giddiness, coughing, and shortness of breath, are all common signs of
acute nickel toxicity. Nickel salts affect humans' lungs and digestive tracts. If the dose of

soluble nickel compounds is too high, it can cause respiratory tract cancer (Rahi et al., 2022).

2.11.5 Chromium (Cr)

Chromium is found in petroleum and coal, as well as chromium steel, pigment oxidants,
fertilizers, catalyst, oil well drilling, and tanneries for metal plating. Chromium is widely
utilized in a variety of industries, including wood preservation, electroplating, metallurgy,
paint and pigment manufacturing, chemical manufacturing, tanning, and pulp and paper
manufacturing. These businesses contribute significantly to chromium pollution, which
harms biological and ecological species (Prasad et al., 2021). Industrial and agricultural
practices contribute to chromium pollution in the environment. In recent years, chromium

pollution has primarily been caused by hexavalent chromium (Georgaki et al., 2023).

2.12 Pollution Indicators

Analytical tools used to determine the pollution degree of wastewater are lab-based tools that
measure the oxygen demand required to oxidize contaminants (Aniyikaiye et al., 2019).
Biological Oxygen Demand (BOD), Chemical Oxygen Demand (COD) and Total organic
carbons (TOC) are the analytical parameters often utilized to determine the pollution of
wastewater. BOD and COD measure the oxygen-depleting effects of waste contaminants.

59


https://sciprofiles.com/profile/2269056

The exception to this standard is the measurement of Total Organic Carbon (TOC), which
directly measures inorganic and organic carbon. Below is a summary of each parameter, what

they measure, and general strengths and weaknesses.

2.12.1 Biological oxygen demand (BOD)

BOD is an indicator of the fraction of organic matter that can be degraded by microorganisms,
typically expressed as the amount (mg/L) of oxygen consumed over five days at 20°C
(Hughes et al., 2020). BOD includes readily biodegradable organic carbon (carbonaceous or
cBOD) and occasionally ammonia (nitrogenous or nBOD). BOD is the primary driver of
BOD and includes soluble, particulate, and colloidal organic carbon compounds (Choi, et al.,

2017).

2.12.2 Chemical oxygen demand (COD)

COD is the amount of oxygen required for the chemical oxidation of compounds in water.
This demand is determined using a strong oxidant, with most standard methods using
dichromate and to a lesser extent permanganate (Han et al., 2022). Because the chemical
can always oxidize more oxygen equivalents than microorganisms, the COD test typically

returns greater oxygen-equivalent results than the usual BOD5 test (Syukor et al., 2021).

2.12.3 Total organic carbon (TOC)

Organic Carbon in Total (TOC) The TOC test is another indicator parameter for determining
the amount of organic matter in water, and it is particularly useful for evaluating low levels
of organic matter (Lee et al., 2020). The TOC is the amount of carbon bonded in organic

molecules in wastewater (total organic carbon). Except for a few carbon species that are
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considered inorganic, nearly all carbon compounds are classified as organic (carbon dioxide,
hydrogen carbonate, carbonate, cyanide and some further examples which are not commonly
found in wastewaters). To detect organic carbon in aqueous samples, the entire sample is

oxidized at 900°C with CO»-free air in the presence of a catalyst.

2.13 Adsorption Technology

Adsorption is a mass transfer process that involves the accumulation of substances at the
interface of two phases, such as liquid-solid, liquid-liquid, liquid-gas and solid-gas interface
and becomes bound by physical or chemical interaction (Jiang et al., 2022). Adsorption is
an effective and inexpensive process used for the treatment of wastewater (Lata et al., 2019).
These processes remove pollutants when an adsorbate in a solution comes into contact with
the adsorbent, it concentrates or accumulates on another surface as shown in VI Adsorption
process is often reversible, since the adsorbents can be regenerated by the desorption process
(Cai et al., 2019). Adsorption can be classified into physical adsorption (physisorption) and
chemical adsorption. Adsorption depends on the properties of both the adsorbate and the
adsorbent (Ziotkowska et al, 2017). An adsorbent material must have certain important
properties, such as high surface area, the distribution of pores and the existence of the pores
that have a significant influence on the form of the adsorption process, high internal volume
accessible to the various target components (Wang et al., 2023). If the forces of attraction
that exist between adsorbate and adsorbent have a physical nature, the process is called
physisorption. This process is characterised by the formation of weak intermolecular forces
such as van der Waals forces, reversible process, and formation of multilayer of adsorbate on
the adsorbent, decreases with an increase in temperature and has a low enthalpy of adsorption

while if the interaction between the adsorbent and adsorbate has a chemical nature, the
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process is known as chemisorption. This results in the formation of a strong chemical bond
(Moussa et al., 2023), chemisorption process is characterised by the formation of a
monolayer of adsorbate on the adsorbent, has a high enthalpy of adsorption can take place at

all temperatures and in most cases not reversible (see Figure 2.15).
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Figure 2.15: Adsorption Process and Adsorption Types

2.14 Mechanisms of Adsorption Techniques

The mechanism of adsorption involves the sorption of adsorbate molecules on the surface of
the sorbents through molecular interactions, and the diffusion of adsorbate molecules from
the surface into the interior of the sorbent materials, either by monolayer or multilayer (Zhao
et al., 2022). The adsorption process involves the binding of metal ions by physical (van der
Waals forces) or chemical (ion exchange, chelation, precipitation, binding, complexation,
and reduction). Various factors such as the nature of adsorbent, temperature, dosage,
adsorption time, and reaction temperature and the surface area played an important role in
the removal of heavy metals by ZnO nanoparticles (Iftekhar et al., 2018). The adsorption of
heavy metals from wastewater using ZnO nanoparticle could be complex depending on the

nature of capping agents used during the synthesis of ZnO nanoparticles, because the capping
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agent may contain different functional groups that may greatly influence the removal of the
heavy metals through metal ion exchange, chelation, precipitation, binding, complexation,

and reduction (see Figure 2.15).

2.14.1 Physical adsorption

Physical adsorption (physisorption) is the simplest immobilization method, it occurs when
the attractive forces present between adsorbate and adsorbent are weak such as van der Waals
forces, hydrophobic interactions and hydrogen bonding (Shaba et al., 2022). This
process occurs readily at low temperatures and decreases with increasing temperatures.
Physical adsorption has been reported to have a low enthalpy of adsorption with a multilayer

adsorbate on adsorbent (Mathew et al., 2016).

2.14.2 Chemical adsorption
Chemical Adsorption is the type of adsorption which involves a chemical reaction between
the adsorbent and adsorbate. This process occurs only if there is a chemical bond formation

between the adsorbent and adsorbate and have a higher enthalpy of adsorption of about 80 -

240 KJ/mol.
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Figure 2.16: Adsorption Mechanisms
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2.15 Nanoadsorbent

A variety of nanoadsorbents have been developed, modified, and used for the treatment of
wastewater. Large surface area, active sites, and reusability of the nanoadsorbents are the
most significant properties of an effective adsorbent (Ramos-Guivar et al., 2021). ZnQO, SiO;
and FesO4 nanoparticles and their composite, which are nanoadsorbents made up of two or
more types of nanoparticles, such as ZnO, SiO2 and FesO4 nanoparticles that have been
combined to optimize their morphological properties, specific surface area, and adsorption
capacity. Different nanoadsorbent has been studied for the removal of different pollutants in

wastewaters as discussed below.

2.15.1 Zinc oxide nanoparticles as nanoadsorbent

Mahdavi et al. (2012) investigate the removal of Cd (I1), Cu (1), Ni (1), and Pb (I1) from
aqueous solutions using ZnO nanoparticles as an adsorbent. The XRD result the ZnO
nanoparticles revealed a crystallite size of 16.70 nm while SEM analysis confirmed the
formation of rod-like shape with a crystallite size of 25 nm. The BET analysis of the ZnO
nanoparticles revealed specific surface area, total pore volume and pore size of 31.20 m?/g,
12.09 and 15.81 nm respectively. The authors found that the adsorption of the metal ions
increases as the pH of the solution increases from acidic to alkaline. It was noticed that the
pH of the solution played an important role in the adsorption of heavy metals by
nanoadsorbent. This is expected, because at lower pH (acidity conditions), the hydrogen ions

could strongly compete with heavy metal ions in the solution (Ouyang et al., 2019).

In addition, Salmani, et al. (2023) reported a removal efficiency of 89.6% for Cd (Il)ion
using ZnO nanoparticles. The authors reported that the Cd?*ion removal followed pseudo-
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second order and Langmuir isotherms model and the efficiency was highly sensitive to the
change in pH and ionic strength. They also confirmed that removal efficiency increases as
the pH of the solution become higher from 4 to 7, their result showed that the removal of Cd
(1) ion low contact times was high and decreases with further increase in the contact time.
This shows that the solution pH, contact time, concentration of metal and temperature affect
the removal of metal ions using ZnO nanoparticles as an adsorbent. Moreover, the authors
also observed that an increase in the absorbent dose (0.5 to 5 g L) increased the removal
efficiency of Cd (11), Cu (I1), Ni (1) and Pb (1) with Pb (1), having the highest percentage
removal of 81.5 % at a dosage of 5mg/g and were attributed to the increase in the number of
binding sites as the nanoabsorbent increases (Xie et al., 2018). The maximum removal
efficiency was achieved for all four ions after 180 min and there was no significant increase
in the removal efficiency of the metal ions after 180 min to 24 h. The maximum uptake of

the metal ions was reported to be 114.5 mgg™.

Moreover, Angelin et al., (2015) have also reported the use of spherical ZnO nanoparticles
(8 nm) synthesised via the sol-gel method as an adsorbent for possible removal of Pb?*, Hg?",
Cd?* Bi®* under the reaction condition of time (60 min), dosage (0.250 g), temperature
(30°C), and metal ions concentration of 0.01M. Authors reported the percentage removal of
97.1, 86.8, 80.9, 61.2 for Pb (1), Hg (ii), Cd (I1), Bi (1) respectively. It was also noted by
the authors that the removal of Pb?* ions shows a maximum adsorption capacity of 8.768
mg/g with the highest removal of 97.1%. Ma et al. (2016) in another research synthesized
Pinecone-like ZnO nanoparticles by thermal method and reported an average crystallite size
of 30 nm. The ZnO nanoparticles were used as an adsorbent for the removal of Cr (VI)under

the condition of solution pH (5.6) and temperature of 298 K, their result shows the maximum
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adsorbed amounts of Cr (V1) adsorbed at 298 K with a high maximum adsorbed amounts of

Cr (VI), being 14256 mg g *.

The removal of As (I11) has been reported using ZnO nanoparticles nanocubes synthesized
by the Green route under reaction conditions of 2 g adsorbent dosage a pH (6) contact time
(60 min) and an agitation speed of 300 rpm. The authors reported that the percentage removal
of As (I11) was very significant at 0.03 ppm with a removal efficiency of 79.47 to 96.19%
(Yuvaraja et al. (2019). Table 2.4 shows the summary of ZnO nanoparticles and the

percentage removal of some selected heavy metals.
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Table 2.4: Summary of ZnO Nanoparticles as an adsorbent for removal of heavy metals

Crystal
Method ?Efgﬁ?;ﬁgssauon Shape Islitzee(n Pollutant z/ir)noval 8;:3: tions adsorption Research Findings References
m)
Cu (), 100 Stirred at 120 rpm at _ - _
Precipitation FTIR, SEM, FTIR Spherical 73 Pb (“)’ 77 4’7 3Q°C for 150 Optimal c_ondl_tlons were observed at solut_lon_pH 8. Anusa et al.
and TGA ' or min, adsorbent dosage The reaction fit to Pseudo-second order kinetic (2017)
Cd (1) 97.85
(0.19)
Regular The maximum removal efficiencies were 93% at
Green XRD TEM, and hexagonal 10.01 Pb (I1) 93.00 pH of 5, temperature of pH 5. The good efficiency of the as-synthesized Azizi et al.
UV-vis surface 2.6 ' 70°C. ZnO nanoparticles makes it suitable for the removal  (2017)
shape of heavy metals from aqueous system
Dosage (120 mg),
\Slgllﬁtr::)en (18fml) agﬂegj)s The maximum_re_zr_noval was achi_eved at solutiqns
Precipitation XRD, TEM and Spherical 11 cd(in) 98.71 Contact time (’20 minj pH of 5 and an initial hea\_/y metal ion c_onc_ent_ratlon Nalwa et al.,
DLS ' L of 300 mg/l. Adsorption isotherm studies indicated (2017)
and initial heavy metal . S
ion concentration (300 that the data fitted well to the Freundlich isotherm
model.
mg/l)
The results revealed that the pseudo-second-order
XRD FT-IR kine@ic model provided the_best descri_bed data. The _
Precipitation. spect}oscopy Nanorods As(lll) 96 pH (_7), dosage (_0.4 cont  maximum As(Ill) sorption capacity of ZnO Yuvaraja et
SEM and TéA E— act time (105 min), nanorods was found to be 52.63 mg/g at pH 7, al., (2019)
' temperature (323 K). adsorbent dose 0.4 g, contact time 105 min, and
temperature 323 K.
The amount of chomium adsorption increases with
Nanorods an increase in adsorbent dosage, whereas the
Precipitation XRD, SEM and arranged Cr(viy 98 40 min with optimum adsorption was maximum in the first 40 min with Kamath et al.
EDX like value of pH 3 optimum pH of 3. The morphology of ZnO nano (2019)
flower rods changes into nano sheets after the adsorption

process.
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2.15.2 Magnetite (FesOs) nanoadsorbent

Owing to their low cost, ease of use, easy availability, and environmental friendliness, Fe3O4

nanoparticles are another type of commonly utilized nanoadsorbent (You et al., 2021).

Fes04 nanoadsorbents are proving to be highly effective functional materials with excellent
absorption efficiency (Abdel-Maksoud et al. 2020). FesO4 nanoadsorbents are associated
with a high specific surface area, large pore volumes, and intensively interconnected porous

networks (Masunga et al., 2019 and Pan et a.l, 2021).

Various researchers have reported the use of FesOs nanoparticles for the treatment of
wastewater (Sun et al., 2021). For instance, Shirsath and Shirivastava (2019), have
synthesised FesO4 nanoparticles via co-precipitation with an average crystallite size of 13 nm
as revealed by the XRD. The authors studied the adsorptive capacity of FesO4 nanoparticles
at pH (5.5), temperature (25°C), adsorbent dosage (2 g) and contact time (1.5 h),
concentration (10 m/L) respectively. They found that FezOs nanoadsorbents have the
potential of removing 95% of Zn (1) ions from wastewater. Another researcher has reported
the use of FesO4 nanoparticles for the removal of Pb (11), Cd (1) and Cr(lll) ions from
wastewater and reported the percentage adsorption removal to be 98.8, 89.4, 99.9% for
Pb(I1), Cd(I1) and Cr(l1I) at pH (7), temperature (55°C), adsorbent dosage (5 g) and contact
time (20 min), concentration (10 mg/L) respectively. The authors found that for the three

metal ions studied, the adsorption efficiency increases with temperature (Ali et al., 2018).

Other studies on the use of Fe3O4 nanoparticles for the treatment of wastewater by various
researchers have been summarised in Table 2.4. Despite the high adsorptive capacity of

Fe3O4 nanoparticles for the treatment of wastewater, there exist some drawbacks including
68



rapid oxidation and corrosion of FezO4 nanoparticles due to the presence of Fe (I1) ion. As a
result, magnetite particles are frequently changed on the surface and easily agglomerated in
an aqueous system (Tamjidi et al., 2019). It has been reported that the incorporation of Fe3O4
into other materials can improve their adsorption stability and efficiency for the treatment of

wastewater (Liu et al. 2021).
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Table 2.5: Summary of FesO4 Nanoparticles as an Adsorbent for Removal of Heavy Metals

Characterisa Size(n Remov
Method tion m) Pollutant al (mg/ Other adsorption Conditions Research Findings References
Techniques g) %)
4,021 pH (4.5), at room temperature (25°C), The authors are found that the removal Kalpaklt
Co-precipitation XRD,SEM Cu (11 (mg g- adsorbent dosage (2.5 g), contact time (40 efficiency of Cu (Il) strongly depended (2055) '
1) min) concentration (10 mg/L) on pH.
XRD, SEM, As 99.2% The authors reported that as the
Co-precipitation EDS, TEM, 12.30 (VI)Cu 69.46 Adsorbent dosage (0.08 g), contacts time crystallite size increases from 12 nm to Iconaru et al.
precip FEG and 0 ' (30 min), 300 nm the adsorption efficiency (2016)
r(1n) %
DLS decreases.
Chemical vapor o . Monarrez-
deposition QSJEEADX a(rﬁ\js\lll)l 87%, ;e;nm)perature (60°C), conctact time (15 The authors observed that the As Corderoa et al.
' 20n 98% ions were via a chemical process. (2016)
nraninitat SEM, XRD, 0 pH (4), at room temperature, adsorbent The authors reported that FesOs Hossainetal.,
Co-precipitation FTIR 2768 Cr(Vl) 80% dosage (25 mg/L), contact time (250 min)  nanoparticles could remove 80%. 2018
The results showed that the removal of
pH (3.5), temperature (60°C), adsorbent Cr (V1) is strongly dependent on the
Electrochemical TEM 12 Cr (VI) 100 %  dosage (2 g), conctact time (2h) .
: heating mode, when compared to room
concentration (25 mg/L) - - .
temperature, the removal efficiency is  Riveraetal.
about doubled. (2019)
. 97.88 pH (7), at room temperature (25°C) . .
Coprecipitation TEM, FT- 9.22n  Ni (1), and adsorbe7ntdosa e (0.4 g), concentration (16 The adsorption method was discovered
precip TIR,XRD, m Co (1) 95.01 0 mg/L) ge(L29), to be pH-dependent El-Shamy et
%, 9 al. (2019)
88.83 o The removal rates for Cr (V1) and Cu(ll)
Commercial 20 Cr (VI), % and gg'sa (2)’ (Zt%mpsrat;%rﬁtaéf‘%ﬂgé ?g(s)or:]?g; were higher when pH was 4.0 and that Zhang et al.
nanoadsorbent Cu(In 96.10 9 A temperature had no discernible effect on (2020a)
concentration (1 mg/L) ;
% the adsorption process
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2.15.3 Silica oxides nanoadsorbent

Silicon oxide nanoparticles are another type of nanoadsorbentss that are commonly utilized
for the treatment of wastewater ions due to their hydrophilic surface, non-toxicity, low cost
and higher surface area. Different researchers have reported the use of SiO2 nanoparticles
for the treatment of wastewater. For example, Najafifi et al., (2012) studied the adsorptive
potential of SiO> nanoparticles for the removal of Cd (I1), Ni (1), and Pb (I1). The authors
reported that for all of the adsorbents, the adsorption capacity decreased in the order of Pb
(1) > Cd (I1) > Ni (I1), which the authors linked to the electronegativity of the metal ions,
which led to stronger interactions with the negatively charged adsorbent surface. Other

research by different others has been summarized in Table 2.6
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Table 2.6: Summary of SiO> Nanoparticles as an adsorbent for removal of heavy metal

Method  Characterisation Size(nm)  Pollutant Removal (mg/g Other adsorption Research Findings References
Techniques and %) Conditions
So- gel TEM and EDX 50 Fe(ll) 9mg pH (4.5), temperature The authors found that the adsorption Nguyen et al.
(25°C), adsorbent dosage efficiency can be enhanced by the (2019)
(0.1 g), contact time (20 modification of SiO, with functional
min) concentration (1 groups.
mg/L)
Sol-gel FTIR, XRD, TEM, 56 Pb (1), 341.4, 289.8, pH (5), at room The authors reported that the contact Kotsyuda et al.
XPS Cu (1D, 162.9, and 146.7 temperature, adsorbent time played an important role in the (2017)
Hg (11), mg/g dosage (1 g), contact time  adsorption process
and (30 min)
Cd(ln)
Commer FTIR,and SEM 39 Pb (1), 140.23, 100.75 pH (5), temperature, The authors reported high adsorption of Huang et al.
cial Cu(ln and 48.03 mg/g adsorbent (25 °C) the metal’s ions at pH of 5 and stability ~ (2020)
and Cd of the adsorbent after 6 recycle period
(1)
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2.15.4 Nanocomposites as adsorbents

Researchers have shifted attention from the use of individual nanoparticles as an adsorbent
for the removal of different pollutants from wastewater (Younas et al., 2021). Researchers
have recently focused on the formation of nanocomposites based on ZnO, SiO, and Fe3O4
with other materials (Elshypany et al., 2021). These nanocomposites have been reported to
have a better adsorption performance compared with individual nanoplatelets (Hajjaoui et

al., 2021).

The use of nanocomposites as an adsorbent has been reported by many researchers for the
removal of different pollutants, for example, Najafpoor et al., (2020) have studied the
elimination of chemical oxygen demand (COD) from wastewater using FesO4 nanoparticles
and FesOa/silver. Nanocomposites. The authors reported that FesO4 nanoparticle adsorption
efficiency increased from 36.56 % compared with the 43 % recorded for the Fe3Oua/silver
nanocomposites. This result indicates the formation of the composites leads to an increase in
the adsorption efficiency of the nanocomposites. Additionally, another researcher has
studied the potential of Coz04@SiO- coated with nylon 6 polymer at 298°C. The authors
reported maximum adsorption of 666.67 mg/g for Pb (Il) from wastewater (Mohammadi et
al., 2020). The efficacy of ZnO/ Polyaniline (PANI) nanocomposites was studied for the
removal of Cr (VI). The authors reported that within 120 minutes, the maximum capacity
was 139.47 mg/g for pH of 2 at 50°C. Other research by different others has been summarized

in Table 2.7
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Table 2.7: Summary of Different Nanocomposites used as an adsorbent for removal of heavy metal

Method Nanocomposites Characterisation Pollutant Removal Other adsorption Research Findings References
Techniques (mg/g or Conditions
%)
Co-precipitation DNPH/SDS/Fe; EM-EDXS, FTIR Cr (V) 99.50% pH (4.5), temperature The Fe304 Sobhanard
O4 (25°0), adsorbent-dosage nanocomposites bef(?re akani and
(0:08 0), contacF time (90 and after the adsor_onn Zandipak.
min) concentration (50 process can be easily
mg/L) separated from the (2017)
aqueous solution by the
external magnetic field.
Co-precipitation Fe;04/Si02 SEM, FTIR, XRD Cd (I1) and 81.627 pH (6), temperature (25°C),  The adsorption Ghafoor and
Ni (1) and adsorbent dosage (40 mg) capacities of Fe304 Ata (2017)
63.995m  and contact time (30 min)), nanocomposites were
geg—1, concentration (50 m/L) enhanced upon the
surface modification
with malic acid which
provides numerous
surface carboxyl and
hydroxyl groups
Green Hull (Prunus VSM, SEM Pb(11) 91.34% pH (9), room temperature, The removal efficiency Nasseh et
amygdalus- adsorbent dosage (5 g/L) is enhanced by al., (2017)

Fascionello)/Fes
04

and contact time (80 min),
concentration (10 m/L)

increasing contact time.
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Method Nanocomposites Characterisation Pollutant Removal Other adsorption Research Findings References
Techniques (mg/g or Conditions
%)
Precipitation Dowex (Mag- BET, XRD, TEM FITR  Cr (VI), 97.5%, pH (10), at temperature The adsorption attained Lasheen et
Dow) Ni(ll) 97%, (80°C), adsorbent dosage equilibrium at 30 min al., 2017
Cu (1), Cd 98%, (0.6 g/L) and contact time using a volume of 0.5
(1), Pb (1) 97 % (30 min)), concentration (20  g/L. The composite
, 96% mg/L) adsorbs metals in order
Cu (I>Cr (VI)>Cd (11)>
Ni (111)> Pb2+. All
metals were poorly
adsorbed at pH <4
Precipitation Clinoptilolite/ XRD, SEM, Pb 124.955  pH (5.49), temperature The authors reported that  Javanbakht
Fes04 mg/g. (60°C), adsorbent dosage chemical adsorption and
(0.48 g), concentration controls the adsorption Ghoreishi
(89.08 mg/L) process (2017)
Chemical NiFeO.@Salen SEM, XRD, FT-IR, and Ni(I) w 95% pH (9), temperature (24°C),  The contact time played Babadi et al.
precipitation Si VSM contact time (45 min), an important role in the (2018)
concentration (10 mg/L) adsorption process
Thermal TEM, SEM , EDX Pb (11) 285.3mg pH (6), temperature (25°C),  In the acid leaching Jiaetal.
Fe304/SiOL/PEI gt adsorbent dosage (0.5 g) treatment with2 M HCI  (2019)
-NTDA and contact time (3h), solution for 144 hours,
concentration (200 mg/L) the magnetic adsorbents
demonstrated high
stability with a weight
loss of less than 0.65%.
Precipitation ultrafine BET, XRD. TEM Pb (1), Cd 98, 87, pH (6), temperature (25°C),  The authors reported that  Fato et a.l
Mesoporous (1), Cu (11, 90, and adsorbent dosage (2.5 g), FesO4 was reusable and (2019)
Fes04 and Ni(ll), 78%, contact time (90 min) can be used several times

concentration (1 mg/L)

even after five
succeeding cycles.
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Method Nanocomposites Characterisation Pollutant Removal Other adsorption Research Findings References
Techniques (mg/g or Conditions
%)
Coprecipitation FesOgqAlginate  TEM, FTIR, XRD, Ni (11),Co 97.88 pH (7), at room temperature ~ The adsorption method El-Shamy
() and 95.0  (25°C), adsorbent dosage was discovered to be pH- etal., 2019
(0.4 g), concentration (100  dependent
mg/L)
thermal Fes04/SIO2/PEI  TEM, SEM, EDX Pb (1) 285.3mg pH (6), temperature (25°C),  In the acid leaching Jiaetal.,
-NTDA gl adsorbent dosage (0.5 g) treatment with2 M HCI 2019
and contact time (3h), solution for 144 hours,
concentration (200 mg/L) the magnetic adsorbents
demonstrated high
stability with a weight
loss of less than 0.65%.
Co-precipitation FesOulethoxylat  FTIR), (XRD) TEM, Cd (I, Pb 859595 pH (6.7), at room Adsorption efficiencies Fawzia et
ed para- (1), Zn (11) temperature, adsorbent improved steadily from al., 2020

phenylenediami
ne

dosage (0.6 g/L) and contact

time (30 min)),
concentration (20 mg/L)

pH of 2 and reached the
maximum efficiency of
adsorption at pH of 6 for
Pb2*and Zn?*, while pH
of 7 for Cd?*.reaches
equilibrium within four
hours and is greatly
influenced by the
solution's pH and the
dosage of the
adsorbent.0.6 g
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Method Nanocomposites Characterisation Pollutant Removal Other adsorption Research Findings References
Techniques (mg/g or Conditions
%)
co-precipitation FesO4/AlO3/Zr BET, XRD, SEM, EDX  Cd(ll), 96.65%, pH (6), at room temperature  The sorption property of  Tsegaye et
02 FITR Cr(VI1) and 96.55% (80°C), adsorbent dosage the mixed oxide al.,2020
Pb(1) and (0.1 g) and contact time (24  adsorbent has also been
97.2% h), concentration (30 mg/L)  treated with respect to
for thermodynamic
parameters and the
sorption process was
found to be spontaneous
and endothermic. Cd(ll),
Cr(VI) and Pb(ll) ions
adsorption were
observed to increase
with increasing pH
indicating relatively
favorable conditions for
recycling of the sorbent
at higher pH values.
co-precipitation starch-coated FTIR (XRD), SEM CR(VI) 98 pH (4), temperature (25°C), It was observed thatthe ~ Simsek et
magnetic adsorbent dosage (5 g), removal of Cr (VI) at al., 2020

nanoparticles
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contact time (20 min),
concentration (1 0 mg/L)

high pH values
decreased in comparison
with low pH values, and
the optimum removal
was obtained at pH 4.0. .
the optimum removal
was obtained at pH 4.0.
Similarly, optimum
process conditions such
as adsorbent



Method

Nanocomposites Characterisation

Techniques

Pollutant Removal Other adsorption
(mg/g or Conditions
%)

Research Findings

References

One-Pot

Co-precipitation

Zn0,/GO

Amino Propyl-
Functionalized
Silica

SEM, TEM, XRD

Pb (11) 6.81% Dosage (0.16 g/L), pH (5),
Temperature (30°C) Time
(30 min)

Pb (II), Cu 95% pH of 9, Temperature
) (30°C)
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concentration, initial Cr
(VI) concentration and
contact time were
determined as 2.0 g/L,
10 mg/L and 60 min

The authors reported that
the carboxylic moiety
included in the
functional group was
found to alter the
adsorption effectiveness
of Pb and Cu. The
removal efficiency of Pb
and Cu ions rose by two
folds as the number of
carboxylic moieties
increased.

The research revealed
that carboxylic moiety
included in the
functional group was
found to be responsible
for the adsorption
effectiveness of Pb and
Cu. The removal
efficiency of Pb and Cu
ions rose by two folds as

Ahmad et al.
(2020)

Alswieleh et
al. (2021)



Method Nanocomposites Characterisation Pollutant Removal Other adsorption Research Findings References
Techniques (mg/g or Conditions
%)
the number of carboxylic
moieties increased.
Co-precipitation Ash/GO/Fe30s  FESEM, TEM, EDX Pb(ll), Cd 99.67% pH (6), concentration (10 The authors found that Pelalak et
mapping, BET/BJH, ) and mg/L), dosage (1 g), stirring  the high surface areaand al. (2021)
XRD, FTIR, and VSM 98.68%  speed (600 rpm), the small crystallite size

Temperature (25 °C) and
contact time (150 min)

of the produced hybrid
nanocomposites were
responsible for the high
absorption properties of
the nanoparticles
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2.16 Desorption and Recyclability of the Nanocomposites

Desorption experiments are conducted on adsorbent that has been exhausted for the removal
of various pollutants. Desorption is one of the most cost-efficient regeneration processes, it
provides a better understanding of the type of adsorption, such as physical or chemical and

the feasibility in practical applications (Siddeeg et al., 2020).

Desorption is done to determine the performance of the adsorbent for subsequent usage, to
lower the cost of the adsorption process. Desorption can be divided into two types: (1)
Thermal desorption (solvent-free), in which heat is used to carry out the desorption process.
This method is quick and efficient, but have limitations due to the need for pretreatment, the
release of hazardous contaminants, cost, degrade the pores of adsorbent, time-consuming,
pollution of air and public perception issue (2) Solvents desorption method: This method of
desorption is environmentally friendly, inexpensive, quick, promising, and has a lot of

potentials (Patel, 2021).

Table 2.8 give a summary of the advantages and disadvantages of various adsorbent
regeneration methods. Several researchers have done experiments to determine the
nanoparticles' reusability. In a reusability investigation with 0.5 M H3PO4 and 1.0 M HNO
by Martin et al. (2018), ion-selective polyacrylonitrile nanofibers were utilized to remove
divalent ions of zinc, lead, and copper with up to four cycles of good efficiency of more than
90%. For the removal of zinc and lead using these nano adsorbents, stable adsorption results
were reported, showing the ease of reusability and recyclability, but adsorption results for

copper ions decreased with reusability. FesO4 used to remove divalent lead ions was also
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cleaned with 0.1 M HPO4 and H»O to see if it could be reused. During the reusability cycles,

the adsorption capacity of this nanosorbent was somewhat reduced.

The adsorption capacity was still greater than 85% after 5 cycles. Even after 5 rounds of lead
removal, the findings showed great reusability. Due to the competition between Pb ions and
protons for active sites on the nanoadsorbent. The summary of different methods used for the

regeneration of adsorbents is given in Table 2.8.

Table 2.8: Advantages and disadvantages of different adsorbent regeneration methods

Methods Advantages Disadvantages
Thermal desorption Efficient Extremely costly Degrade the
method adsorbent's  pores, It's time-
consuming and courses  air
pollution
Biological method Eco-friendly and Block the pores of adsorbent, Very
Efficient slow, Only applicable for

biodegradable pollutants
Microwave regeneration Efficient, Less time- Highly expensive, Degrade the
consuming, Eco-friendly pores of adsorbent, Required
further treatment
Ultrasound regeneration  Efficient, Less time- Highly expensive, Degrade the pores
consuming, Eco-friendly

Supercritical fluid Efficient and consume Degradation of adsorbent pores,

extraction method less time and highly expensive

Advance oxidative Efficient Highly expensive, Degrade the

method pores of adsorbent, Time-
consuming

Ozonation Efficient Highly expensive, Degrade the

pores of adsorbent, Formation of
acidic surface, Required before
treatment
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2.17 Research Gaps

Most of the research that has been reported in the literature used simulated
wastewater for the removal of heavy metals and organic pollutants. This research
uses real industrial petroleum refinery wastewater for the adsorption process.
The use of ZnO/Fe30,4/SiO> nanocomposites for the removal of inorganic and
organic pollutants from petroleum refinery wastewater via the the adsorption
process is new, there is little or no information on any published research on the
use of ZnO/Fe30,/SiO2 nanocomposite as an adsorbent for the treatment of
petroleum refinery wastewater in Nigeria or any other country via adsorption
method.

As compared to other conventional wastewater treatment techniques, adsorption
technology for the treatment of petroleum refinery wastewater is an
environmentally friendly cost-effective and simple method. The technology can
be used by the refineries in Nigeria and other developing countries in need of
environmentally friendly, efficient, low-cost wastewater treatment methods.
SiO2 nanoparticles have been synthesised from different natural sources to reduce
the usage of available toxic chemicals but no research has been conducted that
specifically uses kaolin from Pati Shaba-kolo for the synthesis of SiO>

nanoparticles.

In summary, the effects of different synthesis parameters on the textural, optical and

microstructural properties of the nanoparticles have been provided. The adsorptive behaviour

of the different nanoparticles for the treatment wastewater especially at different solution pH

has also been summarized. Based on the review, the following conclusions were drawn. The
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acidic medium favoured the formation of the smaller size of the nanoparticles compared to
the alkaline medium. Several reports indicated a decrease in the crystallite size of the

nanoparticles as the pH increased from 7 to 12.

Reaction time, reaction temperature and calcination temperatures influenced the crystallite
size of the nanoparticles. Different metal salts have little effect on the crystallite size but exert
a greater influence on the morphology of the nanoparticle produced. The concentration of the
metal precursor shows increases in the crystallite size at a higher concentration of the metal
in the solution. These findings indicated that these factors strongly affect the crystallite size

and the morphology of the nanoparticles.

The crystallite sizes concerning each parameter also depend on the methods of synthesis of
the nanoparticles. There are still divergent views as reported by the researchers on the
increase and decrease in the particle size of the nanoparticle. The mechanisms of the increase
or decrease in the crystallite size concerning the variations of solution pH, synthesis
temperature, different salt precursors, and synthesis time are not clearly understood and still
require further investigation. It is indicated that heat treatment played an important role in
the purity of the nanoparticles since many of the synthesis methods lead to the formation of
metal hydroxides which need to undergo heat treatment to remove the water molecules. These
nanoparticles have a lot of potential as an adsorbent for the treatment of wastewater.
However, various bottlenecks must be solved before these nanomaterials can be used more
effectively in water treatment. To begin with, most nanomaterials are unstable and tend to
aggregate, limiting their ability to be removed. Additionally, due to their nanoscale size, it is

frequently difficult to quickly and efficiently remove nanomaterials from aqueous solutions.
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The use of hybrid nanocomposites appears to be a viable solution to all these issues.
Nevertheless, more research into the synthesis process, long-term performance adsorptive,
and other concerns linked to nanocomposites is required. Secondly, synthesis of the
nanoparticles from natural sources is required to reduce the synthesis of nanomaterials from

commercial chemical sources to reduce cost and toxicity.

The use of nanomaterials as adsorbents has given new alternatives to conventional adsorbents
used for the treatment of wastewater. However, much of the work studied uses stimulated
water with relatively basic components for the adsorption process. Regeneration of the
composites should be performed to evaluate the cost-effectiveness of the nanoparticles as an
adsorbent. Future research should focus on the immobilization of all the nanoparticles on

suitable supports for easy separation after usage.
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 Materials
The list of chemicals/reagents and equipment used in the study are given in Table 3.1 and 3.2

respectively; and all chemicals/reagents were used without further purifications.

Table 3.1: List of Chemicals/Reagents

S/No. Item Manufacturer EE:T,[G;ES/%;
1 Ammonium iron (1) sulphate Sigma Aldrich 98
2 Ferrous ammonium sulfate Sigma Aldrich 99
3 Hydrogen tetraoxosulphate (V1) acid BDH Chemicals 96
4 Iron (111) chloride tetrahydrate Sigma Aldrich 98
Potassium dichromate )

5 BDH Chemicals

98
6 Manganese (11) tetraoxosulphate Sigma Aldrich 97
7 Nitric acid Merck 98
8 Polyvinylpyrrolidone BDH Chemicals 99
9 Potassium iodide Merck 98
10 Sodium borohydride BDH Chemicals 97
11 Sodium thiosulphate Sigma Aldrich 95
12 Sodium hydroxide BDH Chemicals 95
13 Zinc nitrate hexahydrate Merck 98
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Table 3.2: List of Apparatus/Equipment

S/No. Apparatus/Equipments Model Manufacturer

1 Mortar and Pestle Porcelain SEDI, Minna

2 Electric Weighing Pro SP 202 Ohaus Corp., Pine

4 Magnetic Stirrer model 400 Gallenkamp, England

5 Muffle furnace Size 1 (1000°C) Gallenkamp, England

6 Sieve (75um) PHD-4 Rex, Shanghai, China

7 pH Meter PHB-4 Rex, Shanghai, China

11 Crucibles Porcelain SEDI, Minna

12 HRSEM/EDS Zeiss Auriga SCO teen, Germany
Shimadzu Scientific

13 XRD XRD-60000 instrument

14 FT-IR Frontier FTI-R Perkin Elmer, UK
Quantachrome  instruments,

15 BET NOVA 4200e UK

17 Desiccator Pyrex England

18 Filter paper Whatman England

19 Funnel Ok plast Nigeria

20 XPS XPSHI 5400 England

21 AAS PG -90 England

3.2 Methods

3.2.1 Sample collection and preparation

3.2.1.1 Collection of kaolin

The raw kaolin sample was collected from Patishaba-kolo in Lavun local Government area,

Niger State. Niger State is located in the North Central region of Nigeria between latitudes

8°20'N and 11° 20'N and longitude 3° 30" E and 7° 20" E. The map of the sampling location

is shown in Plate Il
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Plate I: Map Showing the Location of Patishaba-Kolo, Niger State

3.2.1.2 Collection of petroleum refinery wastewater

The Petroleum refinery wastewater was collected from Kaduna refinery January 8" 2018.
The Kaduna refinery has a refining capacity of 110,000 barrels per day and is located in
Kaduna, Kaduna State, Nigeria. The refinery is located in the southern part of Kaduna

metropolis between latitude 10° North and longitude 7° East.
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3.2.1.3 Kaolin pre-treatment

With the help of a mortar and pestle, the kaolin collected from Pati Shaba-kolo was
disaggregated. A 75-um mesh sieve was used to sieve the crushed kaolin. To make a slurry,
400 g of crushed kaolin was soaked in 1000 cm® of distilled water for a week. The supernatant
was decanted until distilled water became colourless and the slurry was dried overnight at
100°C (Ibrahim et al 2023).

3.2.1.4 Meta kaolinisation

In this case, 20 g Meatakaolinization of the Pati Shabakolo kaolin was carried out by
calcination of 20 g of the treated kaolin (800°C) in a Muffle furnace for 2 h Ibrahim et al

2023).

3.2.2 Synthesis of selected metal oxides nanoparticles

3.2.2.1 Sol-gel synthesis of FesO4 nanoparticles

The FesOs4 nanoparticles were synthesised using Sodium borohydride and
Polyvinylpyrrolidone (PVP) as reducing and stabilizing agents respectively. 0.1 moldm-3 of
Iron (111) chloride tetrahydrate was prepared and 25 cm?® was measured into a 250 cm? beaker
and stirred for 15 min. Then 30 cm® of 0.3 moldm-3 sodium borohydride was added into the
iron chloride solution and stirred continuously at constant temperature (30°C) for 15 mins.
10 cm? of the 5 % PVP was added to the mixture and accompanied by the formation of a sol-
gel-like solution. The brownish gel-like solution was later dried at 100 °C in the oven
overnight. The dried samples were calcined at different temperatures (300-700°C) for 2 h to

give Fez0O4 nanoparticles (Farahmandjou and Soflaee, 2015).
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3.2.2.2 Sol-gel synthesis of ZnO nanoparticles

0. 1 M of 60 cm?3 zinc nitrate hexahydrate was introduced into a 250 cm?® beaker and placed
on a magnetic stirrer. 25 cm® of 1.0 moldm-3 sodium hydroxide solution was added to the
solution of zinc nitrate solution. After which, 10 cm®of 5 % w/v Polyvinylpyrrolidone (PVP)
solution was added to the same mixture leading to the formation of a white gel. The gel-like
solution mixture was dried at 100°C for 2 h and later calcined at different temperatures (300-

700°C) for 2 h (Al-Harbi and EIl Ghoul, 2021).

3.2.2.3 Sol-gel synthesis of silicon oxide nanoparticles

The Silicon oxide Nanoparticles were synthesised by measuring 100 cm? of 2 moldm-> NaOH
into 250 cm? conical flasks followed by the addition of 1.5 g of metakaolin. Subsequently,
10 cm? of 5 % w/v of polyvinyl pyrrolidone was added to the solution containing metakaolin.
The mixture was stirred on a magnetic stirrer at 2000 rpm for 2 h to get a homogenous
solution, and allowed to age overnight. The hydrothermal process was carried out at 150°C
by weighing 3 g into the Teflon at different ageing times (3, 6, 9, 12 h) using an autoclave
reactor (Teflon bottle). After the crystallization, the SiO> nanoparticles produced were

washed with distilled water to a neutral pH of 7 (Patel et al., 2022).

3.2.3 Preparation of nanocomposite

3.2.3.1 Preparation of bimetallic oxides nanocomposites

Firstly, ZnO nanoparticles were prepared by measuring 60 cm?® of a known concentration of
zinc nitrate (0. 1 M) into a 250 cm® beaker and placed on a magnetic stirrer. 25 cm? of 1.0
moldm-3 sodium hydroxide (NaOH) solution was slowly added. After which, 10 cm®of 5 %

w/v Polyvinylpyrrolidone (PVP) solution was added to the same mixture. This was
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accompanied by the formation of a gel-like solution. The gel solution was aged overnight
before being dried in an oven (100°C) for 2 h and then calcined (450°C) for 2 h. Secondly,
SiO, nanoparticles were prepared by measuring 100 cm? of 2 moldm-2 NaOH into 250 cm?®
conical flasks followed by the addition of 1.5 g of metakaolin. To achieve a homogeneous
solution, the solution was vigorously agitated for 2 h at 2000 rpm on a magnetic stirrer (model
400) and then left to age overnight. The sample was washed thoroughly using distilled water
to get a neutral pH after crystallization (7). The obtained sample was calcined at 200°C
overnight. Furthermore, the sol-gel method was followed to synthesize the ZnO/SiO>
nanocomposites by measuring 0. 1 moldm-3 of zinc nitrate into a 250 cm?® beaker and placing
on a magnetic stirrer followed by the addition of 1.5 g of metakaolin. To get a homogenous
solution, the solution was vigorously stirred at 2000 rpm on a magnetic stirrer for 2 h. The
resulting solution was vigorously stirred for 30 min under a mechanical shaker and allowed
to age for 24 h. ZnO/SiO2 nanocomposites were calcined (450°C) for 2 h (Kumaresan and
Ramamurthi, 2020). Other binary composites were synyhesized following the same methods
as described in section 3.3.1 using different precursors for ZnO/Fe304, Fe304/SiO>. Altogether

13 runs of varying ratios of Fez04, ZnO, and SiO, were prepared as indicated in Table 3.3.
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Table 3.3: Experimental Runs for the Synthesis of the Bimetallic Nanocomposites

Ratio of blending

S/No ZnO FesO4 SiO2
1 1 1 -
2 1 2 -
3 2 1 -
4 1 - 1
5 2 - 1
6 1 - 2
7 - 1 1
8 - 2 1
9 - 1 2

3.2.3.2 Preparation of ternary Fe304/Si02/ZnO nanocomposites

The ternary hybrid Fe304/SiO2/ZnO metal oxides nanocomposites were synthesised
following the procedure reported in 3.3.4.1 with different mixing ratios as shown in Table

3.4.

Table 3.4: Experimental runs for Ternary hybrid ZnO/FesOa/ SiO2 Metal Oxides
Nanocomposites

S/No Zn0O FesO4 SiO2
1 1 1 1
2 2 1 1
3 1 2 1
4 1 1 2
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3.2.4 Characterisation of the various nanoparticles and nanocomposites produced

Characterisation of The ZnO, Fe3Os and SiO. nanoparticles, ZnO/SiO2 ZnO/Fe30s4,
Fe304/SiO2 and Fe304/SiO2/ZnO nanocomposites was carried out to determine their
mineralogical phases, morphology, elemental compositions, functional groups, chemical
states and surface area using High-Resolution Scanning Electron Microscopy (HRSEM)
(MEL-300000), X-ray diffraction (XRD) (XRD-60000), Energy Dispersive Spectroscopy,
X-ray photoelectron spectroscopy (XPS) (XPSHI 5400), Brunauer, Emmett. and teller
(BET) N2 adsorption-desorption method and Fourier-transform infrared (FTIR) spectroscopy

(Frontier FTI-R).

3.2.4.1 Fourier transform infrared (FTIR) spectrometer

The FT-IR instrument was used to analyse the functional groups on ZnO, Fe3O4 and SiO>
nanoparticles, ZnO/SiO2, ZnO/Fe304, Fe304/SiO2 and Fe304/SiO2/ ZnO nanocomposites.
The FTIR pellets were made by mixing equal masses of KBr salt and the samples and the
mixture was admitted to a pressure of several tones in a die, to produce a highly transparent
plate or disc which can be inserted into the spectrophotometer. 15 mg of each sample was
placed on the Attenuated Total Reflectance (ATR) sample holder of a Perkin Elmer spectrum
100 FT-IR spectrometers. The Infrared spectrum was measured in the range of 400-4000 cm’

1 with a resolution of 4 cm™ and averaging over 32 scans.

3.2.4.2 High-resolution scanning electronic microscope (HRSEM)

The ZnO, Fe304 and SiO2 nanoparticles, ZnO/SiO, ZnO/Fe304, Fe304/Si02 and FezO4/ ZnO
/Si02 nanocomposites samples were analyzed with HRSEM to visualize the micro structures

present in each sample. A carbon adhesive tape was placed onto an aluminum stub. A small
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amount of each sample was applied to the carbon adhesive tape. ZnO, FezO4 and SiO>
nanoparticles, ZnO/SiO2 ZnO/Fe304, Fe304/SiO2 and FezO4/ ZnO /SiO2 nanocomposites
were coated with carbon to prevent charging diving imaging. The analysis was done with a
Zeiss Auriga High-Resolution Scanning Electron Micro-analyser equipped with a CDU-lead

detector at 25 kV and a tungsten filament.

3.2.4.3 X-Ray diffraction (XRD)

The mineralogical phases of the ZnO, Fe3O4 and SiO nanoparticles, ZnO/SiO2, ZnO/Fe30s4,
Fe304/Si0O2 and Fe304/ ZnO /SiO2 nanocomposites were assessed using XRD. Each sample
was analyzed using a Bruker AXS D8 advanced diffract meter, coupled with Cu-Ka radiation
at 40 kV and anode current of 40 mA with a PSD Lynx-Eye, Si-strip detector. The sample
was placed into the instrument sample holder and the diffraction patterns were collected with
the measured range of 20 angles between 10° and 80°. The mineral identification was done
by comparison with available d-spacing data and major peaks from the International Centre
for Diffraction Data and EVA software from Bruker. The crystallite size was calculated using

equation (2.8).

3.2.4.4 Brunauer emmett teller (BET) N2 adsorption-desorption analysis

The surface area, pore volume, and pore size (textural properties) of nanoparticles FesOa/
ZnO /SiO2 nanocomposites are assessed using BET. 400 mg of the respective sample was
outgassed under vacuum in a suitable measurement burette at 250 °C for 4 h. Then the N2

adsorption/desorption isotherm was obtained at the equilibrium time of 3 min.
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3.2.4.5 XPS analysis

The oxidation state of the ZnO, FesOs and SiO> nanoparticles and FesO4/ ZnO /SiO>
nanocomposites were studied using X-ray photoelectron spectroscopy (XPS). The XPS
measurements were carried out with a spectrometer using Al Ka. radiation (hv = 1486.7 eV).
The instrument vacuum exceeded 5x10 Torr during the experiments. The spectrometer was
calibrated with the photoemission lines of Ag 3d5/2, Au 4f7/2 and Cu 2p3/2. The spectra
were recorded in constant analyzer energy mode at pass energy of 143.05 eV for survey
spectra and 35.75 eV for high-resolution spectra. The survey spectra were summed over 3
scans, and high-resolution spectra were summed over 15 cycles. All spectra were energy
calibrated using the hydrocarbon peak at the binding energy of 285.0 eV. The data was
evaluated using the XPS software, and the background subtraction applied to the high-
resolution scans followed the method according to Shirley and Jarochowska, (2022). The
experimental curves were fit using Gaussian-Lorentzian product functions; 70% Gaussian

and 30% Lorentzian.

3.2.5 Determination of heavy metal concentrations of the petroleum refinery
wastewater

The chemical wet digestion method was used to digest the petroleum wastewater. About 50

cm? of refinery wastewater was digested with 10 cm® concentrated HNO;3 at 80°C until the

volume reached 20 cm?, then cooled and filtered. The clear solution was diluted to a mark of

100 cm?®, and blank digestion was performed for HNOs at 80°Cin the same manner.

Triplicates of each sample were digested and a flame Atomic Absorption spectrophotometer
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was then used to analyse the Pb (11) Cd (11), Ni (1), Cr(\V1), Cu (1) and total iron metal ions

(Igbagara and Ntekim, 2021).

3.2.6 Determination of dissolved oxygen (DO)

Winkler's method was used to determine the level of dissolved oxygen (DO) in refinery
Petroleum wastewater. Refinery petroleum wastewater was collected in BOD bottles, which
were then treated with 2.0 cm® manganese (11) tetraoxosulphate (V1) (MnSO4) and 2.0 cm®
potassium iodide (KI). They were then filled with refinery petroleum wastewater to a capacity
of 250 cm?® to the mark. This was corked and thoroughly mixed for a while to precipitate,
after which the precipitate was allowed to settle. Then, 2.0 cm?® of concentrated hydrogen
tetraoxosulphate (V1) acid (H2SO4) was added and well stirred until the precipitate was
completely dissolved. 203 cm?® of wastewater was measured into a conical flask and titrated
against 0.025 M sodium thiosulphate starch was used as an indicator. The colour change was
observed from blue to colourless (Carvalho et al., 2021). The level of DO in refinery

petroleum wastewater was calculated using equation 3.1

__0.08x1000x (0.025M x Vol.of odium thiosulphate

mg
DO (%) 203

dm3

3.1)

3.2.7 Determination of biological oxygen demand
About 50 cm? of petroleum wastewater was analyzed for the first day of dissolved oxygen (DO)
and then incubated at 20 °C for 5 days and the 5" day DO was recorded (APHA, 2017). A blank

was made in the same way, and the level of BOD was calculated using equation 3.2.

_ (Dl—Dz ) - (Bl—Bz ) x100
o % dilution

BOD (;Ti) (3.2)
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where D1 is the DO of the sample immediately after preparation (mg/dm?3), D is the DO of
the sample after incubation (mg/dm?3), B; is the DO of blank (seeded dilution water) before
incubation (mg/dm?), and B; is the DO of blank (seeded dilution water) after incubation
(mg/dm?d).

3.2.8 Determination of chemical oxygen demand (COD)

The COD level of the petroleum wastewater was determined using the dichromate method
developed by the American Public Health Association (APHA, 2017). 25 cm? of the
wastewater was measured into a 250 cm? beaker followed by the addition of two drops of
ferrous sulfate indicator. The mixture was then titrated against ferrous ammonium sulfate
(FAS). During the titration, the titrant (Fe®") reacted instantly with hexavalent chromium
(Cr®") in the wastewater forming trivalent chromium (Cr3*) and ferric ion (Fe**) as shown
in equation (3.1):

3Fe (II) + Cr(VI) — 3Fe (II) + Cr(III) (3.3)

The final hexavalent chromium level was then subtracted from the initial value before
titration to determine the amount of hexavalent chromium that was reduced during the

digestion. This difference was then used to calculate the COD by the following equation

COD (mg/L) = (A —B) x N x 8000 (3.4)

volume of sample

where A is the volume in cm?® of FAS required for the titration of the blank,
B is the volume in cm? of FAS required for the titration of the waste wastewater sample,

N is the normality of FAS (APHA, 2017).
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3.2.9 Determination of organic carbon content

25 cm? of petroleum wastewater and 10.0 cm?® of 0.5 M K>Cr.Oy solution were introduced
into 250 cm?® conical flask. After which 20.0 cm? of conc. H.SO4 was added to the mixture,
shaken vigorously and allowed to settle and cool down for 30 min. 100 cm? of distilled water
was added to the cold mixture and drops of ferroin indicator were added before titrating with
ammonium iron (I1) sulfate solution until the colour changed to maroon. The percentage of

organic carbon level was obtained using Equation 3.2.

(B-S) X0.4N X 0.003 X 100X F
Mass of the sample

% Organic Carbon = (3.5)

Where B (28.1) is a constant called blank, S is the titration value, N is the normality of the

solution, F is the correction factor (1.33).

3.2.10 Batch adsorption experiment

3.2.10.1 Effect of contact time

The adsorption of Pb (1I), Cd (1), Ni (1I), Cr (VI1), Cu (1I) and total iron ions, COD, BOD,
TOC from the refinery wastewater using the nanoparticles and the corresponding
nanocomposites as an adsorbent were studied by measuring 50 cm® of the petroleum
wastewater into separate conical flasks. The conical flasks were corked and the solution was
stirred continuously at 250 rpm at various contact times (1, 5, 10, 15, 20 and 25 min) at 30°C
and adsorbent dosage (0.08 g) and pH of 6.25 for ZnO, Fe30s and SiO> nanoparticles,
Zn0O/SiO2 ZnO/Fe304, Fe304/SiO2 and Fes04/ ZnO /SiO2 nanocomposites. The liquid phases
were filtered out of the solution at the end of each mixing interval using Whatman filter paper

no 4 and the residual concentrations of Pb (11), Cd (1), Ni (I1), Cr (V1), Cu (I1) and total iron
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ions, COD, BOD and TOC were determined using AAS and standard methods for the
determination of BOD, COD and TOC as described in section 3.7-3.9 (Sobhanardakani and

Zandipak, 2017).

3.2.10.2 Effect of adsorbent dosage

The adsorption of Pb (I1), Cd (I1), Ni (I1) Cr(VI), Cu (Il) and total iron ions, COD, BOD,
TOC from the refinery wastewater was studied at different adsorbent dosages ranging from
0.02, 0.04, 0.06, 0.08, 0.1to 0.12 g/50 cm? into separate conical flasks. The conical flasks
were corked and the mixture was stirred continuously on a magnetic stirrer at 250 rpm. All
other parameters such as solution pH and constant time were kept constant at 6.25 and 15
min respectively. The liquid phases were separated from the solution by filtration with
Whatman filter paper at the end of each mixing period, and the residual concentrations of Pb
(1) Cd (1), Ni (1) Cr(\V1), Cu (I1) and total iron ions, COD, BOD and TOC were determined
using AAS and standard methods for the determination of BOD, COD and TOC as described

in section 3.7-3.9 (Sobhanardakani and Zandipak, 2017).

3.2.10.3 Effect of reaction temperature

The adsorption of Pb (1), Cd (1), Ni (II), Cr(VI), Cu (II) and total iron ions, COD, BOD and
TOC from the refinery wastewater was studied at different temperatures (30, 40, 50, 60, 70 and
80°C) regulated by a thermostat attached to a shaker. A known volume of the refinery wastewater
(50 cm®) was measured into separate conical flasks. The conical flasks were corked and the
mixture was stirred continuously on a magnetic stirrer at 250 rpm. All other parameters such as
time, dosage, solution pH and constant time were kept constant at 15 min, 0.08 g and 6.25

respectively. The liquid phases were separated from the solution by filtration with Whatman filter
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paper no 4 at the end of each mixing period, and the equilibrium concentrations of Pb (11), Cd
(1), Ni (1), Cr (V1), Cu (II) and total iron ions, COD, BOD and TOC were determined using
AAS and standard methods for the determination of BOD, COD and TOC as described in section

3.7-3.9 (Sobhanardakani and Zandipak, 2017).

3.2.11 Data analysis

The data obtained in this analysis were subjected to different kinetic models and adsorption
isotherms to understand the adsorption efficiency and mechanism of the adsorption process
between Pb (11), Cd (1), Ni (I1), Cr (VI), Cu (1) and total iron ions, COD, BOD and TOC.
Equations (3.6) and (3.7) were used to compute the equilibrium adsorption capacity and

percent (%) removal of Pb (I1) Cd (I1), Ni (I1) Cr (V1), Cu (I) and total iron ions, COD, BOD

and TOC
Ci— CH XV
% Adsorption = % x 100 (3.7)

1

Where ge represents the amount of heavy metal adsorbed at equilibrium (mg/L), Ci and Cs
represent the initial and final heavy metal concentrations in the petroleum refinery
wastewater, V represents the volume of solution (L), and m represents the mass of the

adsorbent (g).

3.2.11.1 Pseudo first-order model

The data were subjected to the pseudo-first-order kinetic model which assumes that the rate

of adsorption on the available site is proportional to the number of vacant sites and that
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adsorption takes place exclusively on isolated sites, and the adsorbed ions did not interact.

The equation for the pseudo-first-order kinetic model is as follows: (3.6).

log(qe — q¢) = log(qe) — —2—x ¢ (3.6)

2.303

Where ge (mg/g) is the mass of metal adsorbed at any time (t) and k1 (min-1) is the pseudo-
first-order adsorption equilibrium rate constant. The values of K1 and ge are determined by

the slope and intercept of the plot of log (qe - qt) Vs t, respectively.

3.2.11.2 Pseudo second-order model

The pseudo-second-order model for the kinetic process of metal ion adsorption on adsorbent
has been described by Revellame et al. (2020). The pseudo-second-order model predicts
behaviour over the whole range of adsorption by assuming that chemical sorption or
chemisorption is the rate-limiting step (Hubbe et al., 2019). In this case, the adsorption rate
was determined by the adsorption capacity rather than the adsorbate concentration. The

pseudo-second-order equation is written as equation 3.7.

t 1 t
L + = 3.7
A k292 qe (3.7)

3.2.11.3 Intraparticle diffusion model

Weber and Morris developed and suggested the intraparticle diffusion model, which
considers pore diffusion. Intraparticle diffusion is assumed to be the slowest stage during the
adsorption process, resulting in the rate-controlling step, with instantaneous adsorption in the
internal diffusion model (Pholosi et al., 2020). The equation for the adsorption system is

given by Weber and Morris in equation 3.8.
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qe = kit®> +C (3.8)

The pseudo-second-order rate constant (g/mg/min) is denoted by k.. The slope of the plot of
t/qt vs t determines the value of ge.

3.2.11.4 Elovich model

Elovich model is used to predict the nature of adsorption in wastewater processes. The model
implies that the rate of adsorption reduces exponentially as the amount of adsorbed solute

increases. Equation 3.9 is the Elovich equation:

qt = %m ap —%ln(t) (3.9)

Where a is the initial adsorption rate (mg g™ min™), B is the desorption constant (g mg™).

The value of the reciprocal of B reflects the number of sites available for adsorption, whereas

the value of adsorbed gquantity when In t is equal to zero is given by %ln ap.

3.2.12 Adsorption isotherms

Adsorption Isotherms give basic physiochemical data for determining the adsorption process
applicability as a unit operation (Benjelloun et al., 2021). The Freundlich model deals with
heterogeneous adsorption, while the Langmuir model assumes monolayer adsorption. The
Temkin isotherm model predicts that the heat of adsorption of the molecules present in the
adsorbed layer decreases linearly rather than in a logarithmic pattern with the coverage of the
molecules. Dubinin-Radushkevish is another isotherm that assumed adsorption to be
homogeneous and heterogeneous (Ahmad et al., 2020). The Langmuir, Freundlich, Temkin,

and Dubinin-Radushkevish equations are shown in Table 3.5.
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Table 3.5: Equation of Adsorption for Langmuir, Freundlich, Temkin and Dubinin-
Radushkevish (R-D) Isotherms

Isotherm Equation
Langmuir Ce_ 1 , Ce

Je dmax KL + Omax (310)
Freundlich isotherm logq = logK; + —~logC (3.11)
Temkin de = =~ InKr +~~InC, (3.12)
R-D Inqg, = Ing,, — KD_Rgz (3.13)

Where ge(mg/g) is the equilibrium adsorption capacity, gmax (Mg/g) is the maximum
adsorption capacity, K. (L/mg) is the Langmuir constant describing adsorption affinity for
the adsorbent, Kk, is the Freundlich constant, 1/n is the Freundlich constant related to the
multilayer adsorption capacity, and n is the heterogeneity factor, which represents the extent
to which the adsorption depends on the equilibrium concentration. b (g J mol) is the Temkin
constant, R is the universal gas constant (8.314 J K™1), T is the temperature in K Ce (mg/L)
is the equilibrium adsorbate concentration Co (mg/L): initial concentration, kp-r is a constant
related to the adsorption energy, and ¢ is Polanyi potential which is related to the equilibrium
concentration, RL Separation factor. The essential feature of the Langmuir equation can be
expressed in terms of a separation factor, R (dimensionless), which is defined by the

following equation.

3.2.13 Thermodynamics evaluation of adsorption process

The removal of Pb (1), Cd (1), Ni (I), Cr (V1), Cu (1), total iron, BOD, COD and TOC from
petroleum refinery wastewater using ZnO, Fe30s, SiO2 nanoparticles, ZnO/Fe30a,
Zn0O/Si0,, Fe304/Si02 and Fe304/Si02/ZnO nanocomposites nanorods was studied from
a thermodynamic perspective to predict the adsorption mechanism.

Standard Gibb's free energy change(AG®), Standard enthalpy change (AH®), and the standa
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rd entropy change AS°were used to determine the values of thermodynamic parameters. The
slope and intercept of the linear plot of InK4 versus% was used to calculate (AH®) and (AS®

respectively (see equation 3.14). Standard Gibb's free energy change (AG®) was determined

using equation 3.16 and the result is presented in equations 3.14 to 3.16.

AG® = —RTInKy4 (3.14)
AH° AS°

|I1Kd = T— RT (315)

AG® = AH° — TAS® (3.16)

Where AG° is the standard Gibb’s free energy change for the adsorption (J/mol), R is the
universal gas constant, T is the temperature (K), Kq is the distribution coefficient of the
adsorbate, is the R=8.3149x10%(AHV)is the s the standard enthalpy change (AS°) is the

standard entropy change.

3.2.14 Desorption experiment

Desorption studies were performed using 0.025, 0.08 and 0.1 moldm® HNO3 solutions
respectively. The nanocomposites previously exposed to the petroleum refinery wastewater
was pulled up from the solution and mixed with 20 cm® of HNO3 solutions. The agitation
was performed on the orbiter shaker for 15 min. The concentration of the heavy metals was
measured. Desorption efficiency was calculated using the following formula in equation

3.17:

Concentration of metal desorbed

Desorption efficiency (%) = x 100 (3.17)

Concentration of metal adsorbed
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3.2.15 Reusability

To determine the reusability of Fe304/SiO2/ZnO nanocomposites adsorption-desorption
cycle was repeated four times on the same sample. Desorption studies were performed using
0.1 moldm™ HNOs solutions. The Fe304/SiO2/ZnO nanocomposites previously exposed to
the refinery wastewater were desorbed from the solution and mixed with 20 cm?® of HNO3
solutions. The agitation was performed on the orbiter shaker for 15 min. The desorbed
Fe304/Si02/Zn0O nanocomposites were used for the removal of the heavy metals from the
refinery wastewater by measuring 0.05g of the desorbed nanocomposites into the conical
flasks containing 50 cm?® of petroleum wastewater. The conical flasks were corked and the
mixture was stirred continuously on a magnetic stirrer at 250 rpm at 15 min, 30°C, adsorbent
and pH of 6.25. The liquid phases were separated from the solution by filtration with
Whatman filter paper no 4 at the end of each mixing period, and the equilibrium
concentrations of Pb (11) Cd (11), Ni (1) Cr(V1), Cu (Il) and total iron ions, were determined

using AAS (Singh et al., 2016).

3.2.16 Characterisation of the Fe304/SiO2/ZnO nanocomposites after the desorption
The Fe304/Si02/Zn0O Nanocomposites prepared at different mixing ratios were characterlised
after desorption of the heavy metals using the same procedures as described in sections 3.4.2

and 3.4.3.

3.2.17 Antibacterial activity of the Fe3s04/SiO2/ZnO nanocomposites

3.2.17.1 Bacterial cultures used

The bacterial cultures used in this study are E. coli, Salmonella typhi and Klebsiella
pneumoniae. All the bacteria were collected from General Hospital Minna, Niger state.

105



3.2.17.2 Preparation of nutrient agar

Seven grams (7g) of agar powder was weighed and dissolved into a 250 cm? volumetric flask
with distilled water. The mixture was roughly stirred with a rod to fully dissolve all
components, the autoclaved for 30 minutes at 120°C. This was allowed to cool under room
temperature but not solidify. The agar was poured into each petri dish and left on the sterile

surface until the agar solidified.

3.2.17.3 Antimicrobial susceptibility test

The antimicrobial activity of the ternary Fes04/SiO2/Zn0O (1:1:1), Fes04/Si02/Zn0 (1:1:2),
Fe304/Si02/Zn0 (1:2:1) and Fe304/SiO2/ZnO (2:1:1) nanocomposites on the E.coli,
Salmonella typhi and Klebsiella pneumoniae were determined at different concentrations of
the nanocomposites using Agar diffusion method. Each of the microorganisms (E. coli,
Salmonella typhi and Klebsiella pneumoniae) (Mohamed et al., 2020). In this method
nutrient, agar medium was prepared and poured into Petri dishes and allowed to solidify and
labeled properly. A sterile cork borer (4mm) was used; five holes were bored on the surface
of the agar medium equidistant from one another. Various concentrations of the
nanocomposites (20 mg/ml, 40 mg/ml, 60 mg/ml, 80 mg/ml and 100mg/ml) were introduced
into the holes and allowed to fully diffuse at room temperature, after which were inoculated
with E. coli, Salmonella typhi and Klebsiella pneumoniae respectively. The plates were
incubated at 37°C for 24 h. The nanocomposites of the radial growth were then observed
after incubation. The resulting zones of inhibition were measured with a millimeter ruler for
each bacterial strain. The experiment was repeated three times and average values were

reported.
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3.2.18 Antioxidants activity of the ternary Fez04/SiO2/ZnO nanocomposites

2,2-diphenyl-1-picrylhydrazyl (DPPH) method was used to determine the free radical
scavenging activity ternary Fes04/SiO/Zn0O (Cao et al., 2020). An equal volume (1 cm?3) of
each of the nanocomposites of various concentrations (6.25 — 500 pg/mL) and 0.4 mM
methanolic solution of DPPH were mixed in a test tube. The mixture was left in the dark for
30 mins and the absorbance was recorded at 516 nm. The percentage inhibition of DPPH
radical was subsequently calculated for the reference (which contains all the reagents without

the test sample) using the equation 3.18:

A0—-A1
A0

Inhibition (%) = X 100 (3.18)

Where Ao is the absorbance of the control (without sample) and A1 is the absorbance of the

sample and DPPH solution.
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSION

4.1 Characterisation of Nanoparticles and Nanocomposites

Characterisation of Fe304, SiO2, ZnO nanoparticles, ZnO/Fe304, ZnO/SiO2, Fes304 /SiO2 and
Fe304/Si02/Zn0O nanocomposites were carried out to determine their mineralogical phases,
morphology, elemental compositions, chemical states and surface areas using X-ray
diffraction (XRD), High-Resolution Scanning Electron Microscopy (HRSEM) coupled with
Energy Dispersive Spectroscopy respectively, and X-ray Photoelectron Spectroscopy (XPS),
Brunauer, Emmett., and Teller — N2 adsorption-desorption method (BET). The results of

each analysis are presented and discussed in the subsequent section.

4.2  Analysis of FesO4 Nanoparticles

4.2.1 HRSEM analysis of FesO4 nanoparticles

The surface morphologies of the FesO4 nanoparticles synthesised were studied by HRSEM

and the results are shown in Plate I11.
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Plate Il HRSEM Images of FesO4 Nanoparticles Calcined at (a) 100 °C (b) 300°C and
(c) 500 °C. (d) 700°C

Plate 111 (a) reveals the formation of widely scattered spherical-shaped particles. The HRSEM
in Plate 1111 (b) shows the formation of distinct spherical shapes of FesO4nanoparticles. From
the result, it could be noted that clearer spherical shape of Fe3O4 nanoparticles was formed
compared with the image in Plate I111 (a). This result agrees with the analysis of the XRD of

Fe3O4 nanoparticles, where the crystallite size decreases from 16.712 nm (see Figure 4.1 (a))
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to 14.170 nm (see Figure 4.1 (b)). This may be due to the increased coalescence or fusion
effect of the nanoparticles leading to the reduction of the size of the Fe3O4 nanoparticles. The
HRSEM in Plate 111 (c) revealed a more agglomerated spherical shape with a bigger particle
size. At700°C (Plate 111 (d)) the agglomerated larger spherical shape was observed compared
with the Fe304 calcined at 100 °C 300 °C, 500 °C. This may be due to the effect of high
calcination temperature which favoured particle size growth (Akbarzadeh et al., 2018). In
addition, agglomeration also occurs at high temperatures because of the sintering effect in
which the particles move together during the dehydration process (Toledo et al., 2023). The
observation in this study indicates that the temperature rise can induce a change in particle
morphology with a more regular crystal shape. The observed trend may also be linked to
recrystallization and aggregation of the particles during calcination, in which the small
thermodynamically stable FesO4 nanoparticles fused to form larger nanoparticles (Berent et
al.,, 2019). This analysis shows that temperature rise promoted a change in the particle

morphology

4.2.2 XRD analysis of FesO4 nanoparticles

The mineralogical phases of the FesOs4 nanoparticles prepared via the sol-gel reduction
method and calcined at different temperatures were investigated using XRD and the results

are shown in Figure 4.1
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Figure 4.1: XRD Patterns of Pure Fe3O4 Nanoparticles Calcined at (a) 100 °C,
(b) 300 °C (c) 500 °C and 700 °C

Figure 4.1 reveals the presence of sharp intense and medium diffraction peaks at 20 values
of 27.43°, 31.65°, 35.42°, 45.51°, 54.01°, 56.44°, 62.66 ° and 75.28°, which correspond to
the following crystal planes of (220), (311), (222), (400), (422), (511), (440), and (533). The
analysed diffraction peaks matched well with the standard magnetite of face-cantered cubic
structure with unit cell length of a =8.396 (JCP2-190629) irrespective of the calcination
temperature, which conformed to the crystallographic system of the cubic structure of FezO4
nanoparticles phase. The crystallite size was estimated using the Debye Scherrer equation

and the value ranges from 14.170 — 26.3464 nm as the calcination temperature increases from
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300°C to 700°C. This is evidence of increased crystallinity and purity of the synthesised
Fes04 nanoparticles as the calcination temperature increases. Chomchoey et al., (2018),
found that as the calcination temperatures increase from 80° C, 350° C to 700°C, the
crystallite size also increases from 12.7 nm, 18.5 nm, to 27.6 nm respectively. The result
also corroborated the work of Hossain et al. (2018) who also found that the crystallite size
increases from 18.46 nm to 27.68 nm as calcination temperature increased from 250°C to
300°C respectively. This implies that crystallite size is greatly influenced by calcination
temperature and most cases directly proportional. In addition, Ruiz-Baltazar et al. (2015)
studied the effect of PVP on the synthesis of Fe nanoparticles via chemical reduction using
NaBHj as a reducing agent and PVP as a capping agent. The authors reported the existence
of Fe, Fe203z, and Fez04. The existence of Fe, and Fe,Os in their analysis may be due to no
thermal treatment during the process of the synthesis of the nanoparticles. The method
employed in this work may be an alternative way to synthesise pure FesO4 nanoparticles
without the presence of other forms of iron nanoparticles. The possible reaction mechanisms
for the synthesis of Fe3O4 using NaBH4 and PVVP were proposed (see equation 4.1-4.10). In
conclusion, pure FesOs cannot be synthesised by sol-gel reduction alone using NaBH4

without thermal treatment.

FeCls + 6NaBH4 +18H20 «> Fe?*+ 6NaCl + 6B (OH)s + 21H, (4.1)
Fe + 2H,0 — Fe?" + Hy+ 20H™ (Slow) (4.4)
Fe? + Oy + 2Hz0 + 4e7 — 2Fe?* + 40H" (fast) (4.5)
4Fe?* +30,.8¢ — > 2Fe;03 (4.6)
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3Fe + 4H,0 === Fes04 + 4H; 4.7)

4Fe;03+ Fe — > 3Fe30q (4.8)
3 Fe203 + H» 2Fe304 + HO (4.9
3Fe203+ CO —> 2Fe304 + CO2 (4.10)

Equation 4.3 is the reaction between the iron (I11) chloride (FeCl;) and sodium borohydride
NaBH, in water (H,0) to form Fe?*. The Fe?* reacts with (H,0) and oxygen (O) to form
iron (11) oxide (Fe?*) in solution (see equations 4.4 and 4.5). This reaction is faster in the
presence of water. The Fe?* oxide further reacts with O, and formed of Fe2Os (see equation
4.6). The Fe**in the solution that did not completely reduce by the NaBH, further, react with
H20 to form magnetite under hydrothermal conditions (see equation 4.7). The Fe>O3 form
could also react with iron metal (Fe) through the hydrothermal process to form FezOs under

thermal conditions.

4.2.3 EDS analysis of FesO4 nanoparticles

The Energy-dispersive X-ray spectroscopy (EDS) was used to analyse the chemical

composition of the FesO4 nanoparticles and the result is shown in Figure 4.2,
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Figure 4.2: X-ray Energy Dispersive Spectrometry Spectra of Pure FesOs
Nanoparticles Calcined at (a) 100°C (b) 300°C and (c) 500 °C and 700°C

The EDS spectra revealed the presence of Fe, O, Na and Cl elements in all the samples except

sample (d) due to the increases in the calcination temperature. The Fe ions concentration

(wt. %) was found to be 25.35 %, 23.61 % and 41.03 %, 54.76 % for samples calcined at 100

°C, 300 °C, 500 °C and 700 °C respectively. This implies that calcination temperature plays

an important role in the purification and removal of unwanted materials in the

nanoparticles. The EDS spectrum indicates that the synthesised nanoparticles contain Fe, Zn,

and O as the major elements with Na and CI detected in minute quantities. The peak of O

appears at 0.54 keV, Fe signal appears at 0.72 keV, 6.43 keV, and 7.10 keV while the

appearance of Na and Cl at 1.06 keV and 2.62 keV indicate the presence of some

contaminants. The results show the removal of chloride ions at a very high temperature in
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the sample. This promoted the co-precipitation of Fe (OH). and a-FeOOH, resulting in the
rapid formation of a single Fe3O4 nanoparticle phase. The Fe and O contents increase as
temperature increases, due to the reduction of other impurities such as sodium, carbon and

chlorine that might have formed a complex or precipitated with the Fe?* or Fe® in the

solution.

4.2.4 Fourier transform infrared spectroscopy (FTIR) analysis of FesO4 nanoparticles

FTIR analysis of FesOs nanoparticles was investigated to confirm the presence of the

functional groups in FesO4 nanoparticles and the result is given in Figure 4.3
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Figure 4.3: FTIR Spectra of FesOs Nanoparticles

The absorption bands at 692.12 and 771.96 cm™ in Figure 4.3 correspond to the stretching
vibrations and vibration of Fe—O, respectively. The vibration bond at 1119 cm™ can be
linked to the C—O bond, a similar bond has been reported by Abdolmohammad-Zadeh et al.

(2020). Another adsorption bond appears at a wavelength of 1163 cm™ corresponding to the
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C-O-C bond. Additionally, the adsorption bond at 1035 cm ™ is due to the N-H stretching and
bending vibration of the amine NH> group in the PVVP used as the structure-directing agent
(Aboelwafa et al., 2021). The formation of different bonds from the FTIR result is due to
bonds resulting from the formation of FesO4 nanoparticles with other compounds used during

the synthesis of FesO4 nanoparticles

4.25 Brunauer-Emmett—Teller (BET) analysis of FesO4 nanoparticles

The Brunauer—Emmett—Teller (BET) N> adsorption-desorption method was used to
investigate the surface area, pore diameter and pore volume of the Fe3O4 nanoparticles and

the result is presented in Figure 4.4.
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Diameter Distributions for FesO4 Nanoparticles
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Figure 4.4 (a) shows a monolayer of nitrogen gas was adsorbed on the surface of the FezO4
nanoparticles at low relative pressure at the knee of the isotherm curve. When the pressure
was raised to a modest level (0.50 p/p®), a multilayer of adsorbed gas formed, which then
condensed at high pressures within pore structures (0.90 p/p®). The surface area was found
to be 7.864 m?/g. The pore volume of FesO4 nanoparticles was determined to be 4.2 cm?/g.
The inserted pores diameter in Figure 4.4 (b) is 18.245 nm which is less than 50 nm,
suggesting that the prepared material is mesoporous. According to the IUPAC classification,
the hysteresis loop indicates a type IV adsorption isotherm. The 7.864 m? g2 surface area
recorded in this analysis is higher than the 6.8 m2 g reported for Fe3O4 nanoparticles (80
nm) synthesised via the co-precipitation method and lower than the 1006.8 m2 g™* recorded
for FesO4 nanoparticles with a smaller crystallite size (10 nm) as reported by Iconaru et al.
(2016). This is an indication that the crystallite size of FesO4 nanoparticles plays an important
role in the surface area of the nanoparticles. However, another researcher has also reported
the surface area of FesO4 nanoparticles to be 82.490 m2 g1, 110.94 m2 g%, 88.142 m2 g* for
Fe304 nanoparticles with crystallite sizes of 35, 32 and 30 nm 82.490 nm (Pandey et al.,
2018). These values are higher than the surface area recorded in this analysis. This difference

may be linked to the method used for the synthesis of the FesO4 nanoparticles.
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4.2.6 XPS analysis of FesO4 nanoparticles

The XPS analysis of the FesO4 nanoparticles was studied to determine the oxidation states
and the chemical bonding of the elements in FesO4 nanoparticles and the results of the general

XPS survey is presented in figure 4.5
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Figure 4.5: General XPS Survey Spectrum of FesOs Nanoparticles

The General XPS survey spectra of the FesO4 nanoparticle presented in Figure 4.5 shows
peaks at the binding energies of 288.6 eV, 533.06 eV, 713.5 eV and 727.0 eV belonging to
C (1s), O (1s) and double splitting of Fe (2p) in FesO4 nanoparticles. The Fe (2p) core levels
were divided into 2p1/2 and 2p3/2 components with significant split spin-orbit components
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(Ametal) of 14 eV attributed to the existence of Fe in the + 2 and +3 oxidation state. Xie et
al. (2018) and Huang et al. (2019) independently reported similar results with 14.16 eV
significant split spin-orbit components. Similar results have also been reported for Fe (2p3/2)
and Fe (2p1/2) with 710.4 and 723.2 eV by Shimoshige et al. (2017). However, Kac et
al. (2021) reported peaks at around 710.9 and 724.6 eV for the Fe2pl/2 and 2p3/2. The
difference in the reported binding energies may be due to the method of synthesis, precursor,
iron salt, reaction and the calcination temperature employed by the authors (Shaba et al.,

2021).

The presence of (1s) peak suggests a considerable concentration of carbonaceous material
which may be from the PVP used as a capping agent during the synthesis of FezOa
nanoparticles. The presence of Cu at 934.56 eV may be from the Cu holder used during the
XPS analysis. Xie et al. (2019); have reported similar observations from their analysis. They
attributed the various peaks exhibited at a binding energy of 286.35 eV, 533.02 eV, and
712.01 eV to the presence of C 1s, O 1s, and Fe 2p for the magnetite respectively. In another
analysis by Momose et al., (2020), the presence of the Fe 2p3/2 peak at a binding energy of
711.1 eV was attributed to both Fe?* and Fe®* signals in FesOa. The deconvoluted XPS

analysis of Fe was further carried out and the result is shown in the next section.
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4.2.7 XPS analysis of the FesO4 Fe (2p3/2) orbital in nanoparticles

The XPS analysis of the Fe3O4 nanoparticles was studied to determine the deconvolution in

Fe 2p3/2 peaks and the results are presented in figure 4.6
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Figure 4.6: High-Resolution XPS Spectrum Fe 2p3/2 Peak

As shown in Figure 4.6, two main peaks and two satellite peaks belonging to Fe 2p1/2 and
Fe 2p3/2 orbitals were observed. The binding energy of 710.96 eV is a characteristic of Fe?*
ions, with a corresponding satellite at 719.30 eV and 714.30 eV and the octahedral Fe** was

found at 711.88 eV binding energy (Momose et al., 2020). Similar results have been reported
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by Momose et at., (2020). The authors ascribed the binding energies (eV) for Fe 2p3/2 for
iron metal and iron oxides: to be 708.3 eV of Fez04
4.2.8 Oxygen 1s peaks of FesO4 nanoparticles

To understand the nature of the oxygen bonds in FesO4 nanoparticles synthesised XPS was

used and the result is presented in Figure 4.7
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Figure 4.7: The Oxygen 1s Peaks of FesO4 Nanoparticles
The O (1s) spectrum shown in Figure 4.7 indicates the presence of three peaks at binding

energies of 531.6 eV, 532.6 eV, and 530.3 eV, which correspond to carbon double bond to

oxygen (C=0), single bond to carbon (C-O) and, lattice oxygen in Fe3sO4 (Hui et al., (2018).
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The C=0 and C-O bond originated from the polymer (PVP) used during the synthesis of the
Fes04 nanoparticles. Similarly, the analysis by Hui et al. (2018) also confirmed the presence
of carbon bonds and oxygen lattice in FesO4 at binding energies of 530.5 and 531.7 eV
respectively. Furthermore, Hu et al. (2019) also observed the binding energies in 529.7, 531.9
and 533.3 eV in O (1s) spectral, which correspond lattice oxygen in Fe304, C-O bond and C-
H and O-H bonds respectively. Bandara et al. (2020) have reported a similar observation and
attributed it to the presence of C—C, O—C-O, C—O—C, C—OH and C—O in the poly (acrylic

acid) and oil used for the synthesis.

4.2.9 XPS analysis of the C (1s) orbital in FesOas

XPS was used to study the nature of the adventitious carbon bonds in Fe3O4 nanoparticles

synthesised, and the result is presented in Figure 4.8
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Figure 4.8: XPS Scan for the C (1s) Envelope for Fe304 Nanoparticles
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Figure 4.8 shows the deconvoluted C 1s spectrum at the binding energies of 284.8 eV, 286.4
eV, and 288.5 eV corresponding to the following carbon frameworks C-C, C-O-C and O-
C=0 respectively. These three peaks originated from the PVP used as the capping agent.
Guo et al. (2018) reported similar peaks from FesOs-graphene composites. Additionally,
Abazari et al. (2021) also noted the presence of sp? (C=C, 284.8 eV), epoxy/hydroxyls (C—
0O, 286.2 eV), Carbonyl (C=0, 287.8 eV) and carboxylates (O-C=0, 289 eV) in the
synthesised of FesO4 nanoparticles embedded in 3D carbonaceous nanocomposites. The
presence of single or double bonds as shown in Figure 4.8 may be due to sp? and/or sp®
hybridizations and sp? and/or sp® carbon bonded to oxygen groups like hydroxyl (C—OH),

carbonyl (C=0), and carboxyl (C-OOH) (Lesiak et al., 2018)

4.4 Analysis of SiO2 Nanoparticles

4.3.1 HRSEM analysis of SiO2 nanoparticles

The surface morphologies of the SiO. nanoparticles prepared from metakaolin at different

aging times were studied using HRSEM and the results are shown in Plate IV.
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Plate IV: HRSEM Images of SiO2 Nanoparticles Obtained from Metakaolin at Aging
Times of (a) 3h (b) 6 hand (c)9hand (d) 12 h

The HRSEM results show that the morphology of the SiO2 synthesised changes from the
agglomerated spherical shape in Plate IV (a) to a mixture of spherical and pyramid-like
shapes in Plate 1V (b). Also, irregular structural shape and uniform layered component in

Plate 1V (c) as well as the fused pyramid-like shape shown in Plate IV (d). The structural
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transformation could be due to the increase in the aging time from 3 h to 12 h as shown in
Plate IV. A longer aging time increases the condensation of silicon materials, creating more
crystalline solids and a change of structure. The observation may also be attributed to the fact
that longer aging time increases the collision rate between Si particles leading to the
formation of a more homogeneously shaped network of SiO, structures (Boles et al.,
2016). The trend observed in phase changes result is an indication that aging time influenced
the size and morphology of the SiO nanoparticles from natural Kaolin (metakaolin). The
morphologies of the SiO, nanoparticles obtained in the present study are different from the
findings of Slatni et al. (2020). They reported platy particle shape using the difference
method. The difference in the morphologies observed could be due to the different methods

of synthesis employed.

4.3.2 XRD analysis of SiO2 nanoparticles prepared at the different aging time
The mineralogical phase of the SiO2 nanoparticles prepared from metakaolin at the different

aging times was investigated using XRD and the results are shown in Figure 4.9
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Figure 4.9: XRD pattern of the SiO2 Nanoparticles Prepared at (a) 3 h (b) 6 h and
(c)9hand(d)12h
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Figure 4.9 indicates the presence of diffraction peaks at 20 values of 20.81°, 26.51°, 36.49°,
39.39°, 40.22°, 42.39°, 45.71°, 50.04°, 54.77°, 55.21°, 59.86°, 63.90°, 67.62°, 68.19°, and
73.29° which correspond to crystal planes of (100), (101), (110), (012), (111), (200), (021),
(112), (202), (103), (211), (113), (212), (301) and (014) respectively. The diffraction peaks
correspond to various SiO2 nanoparticles with JCP2-83-0539 (Fneich et al., 2021). The
variation of the aging time between 3 h to 9 h led to the formation of hexagonal structure -
quart phase of SiO> nanoparticles with a unit cell of a =4.92100, ¢ = 5.41630 Z = 3. It was
noticed that beyond 9 h tetragonal structure cristobalite phase of SiO. nanoparticles was
observed with a unit cell of a=4.97320c =6.92360 and Z =4 (JCP2-391425). The
differences in the unit cell further support the change in phase from quartz to cristobalite.
This implies that an increase in aging time at a particular temperature could lead to a change

in the phase and crystal size of SiO2 nanoparticles.

It could be noted in Figure 4.9. that the intensity of the diffraction peak at 20 value of 20.28
° increases with increasing aging time from 3 h to 12 h, suggesting an increase in crystallinity
of the SiO2 nanoparticles as the aging time increases. The longer the aging time the better the
material characteristics in terms of its purity, rigidity and strength (Ubaid et al., 2017);
because longer aging results in a greater concentration of primary material, and faster

crystallization rates (Phelps et al. 2020).

During the aging process, more silicon species were formed which further react with sodium
hydroxide to form sodium silicate and at a longer aging duration, the dissolution of the
sodium silicate was accelerated, prompting the conversion of quartz phase nanoparticles to

the cristobalite phase (Munasir et al., 2018). Previous studies have shown that the conversion
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of quartz into other forms of silica such as cristobalite and tridymite is time and temperature-
dependent with the formation of cristobalite at a low temperature (250 to 260°C) and
tridymite at a temperature above 260°C. On the other hand, Perera et al., (2019) established
the formation of cristobalite as temperature increased from 650°C, to 750°C, to 850°C.
Ratnawulan et al. (2018) reported the formation of cristobalite from silica sand at 800 °C,
900 °C, 950 °C, 1000 °C, and 1100 °C for 2 h. This temperature is relatively higher than 100
°C used in this research, the change in the phase from a- quartz to cristobalite may be due to
the synthesis at a longer aging time of 12 h. The result showed that aging time and not only
temperature influenced the phase types. The crystallite size was calculated using Debye—
Scherrer equation (see equation 3.1). It was observed that the average crystallite size
increases from 23.00 nm, 23.59 nm, and 28.60 nm, 62.25 nm as aging time increases from 3,
6, 9 - 12 h respectively. The observed increase in the crystallite size could be because the
longer ageing time increases the collision rate between Si particles and results in the

formation of larger crystallite sizes (Shaba et al., 2021).

4.3.3 EDS analysis of SiO2 nanopatrticles

The elemental contents of synthesised SiO> nanoparticles at different ageing times from
metakaolin were analysed using Energy-dispersive X-ray spectroscopy (EDS) and the result

is presented in Figure 4.10
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Figure 4.10: EDS of the SiO2 Nanoparticlesat (a) 3h (b) 6 h (c) 9hand (d) 12 h

The EDS spectrum of SiO; synthesised at 3 h, 6 h, 9 h and 12 h respectively are shown in
Figure 4.10. The peaks indicate the weight percentage of major elements present in the
samples. Si and O are the dominant elements while C was detected as impurities. The Si, O,
and C appear at a binding energy of 1.69 Kev, 0.47 Kev, and 0.250 Kev. The percentage
weight (wt %) for the Si** ion was observed to be 12.9 %, 15.57 % and 23.35 % for Figure
4.10 (a), (b), (c), and (d) respectively. The Si and O contents increase with | increasing ageing
time, which is evidence of increased crystallinity. The increase in the percentage composition

of oxygen and silicon also suggests the disappearance of the impurities in the samples.

The percentage weights of ion O% ion in the sample for Figure 4.10 a, b, ¢, and d were 37.66
%, 30.85 %, 38.61 %, and 52.18 % respectively while the C ion show percentage weight to

be 49.42 %, 53.58%, 38.08 % and 0 % for 3h 6 h 9 h and 12 h respectively. The results agree
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with the findings of Singh et al. (2017). They synthesised silica using quartz sand as a
precursor and confirmed silica as the major component with a very small amount of
carbon. The increase in the Si content as a function of aging time suggests an increase in the
purity of the prepared sample. The elemental analysis results are similar to the result earlier
reported in Plate IV (d) where the SEM image of the SiO, nanoparticle synthesised at 2 h

shows a pyramid-like shape.

The result revealed that the cristobalite phase of SiO, was obtained at 12 h which
corroborated the XRD result (see Figure 4.9). The observed trend may be explained in terms
of longer aging time which accelerated the burning off of carbon atoms from the samples

leaving behind only Si and O atoms in the samples.

4.3.4 Fourier transform infrared spectroscopy (FTIR) analysis of SiO2 nanoparticles

FTIR analysis of the SiO2 nanoparticles was carried out to determine the functional groups

present and the result is presented in Figure 4.11.

98 H |

.
i |
26 |\|
i ¥
94 - |
i i
O -5i

92 —

Si-O Asym.

90 5
=

88 H

% Transmittance

86
84

82 -

80 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Figure 4.11: FTIR Spectra of SiO2 Nanoparticles
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Figure 4.11 shows a typical FTIR spectrum of O-Si-O nanoparticles in the range 500-4000
cm™t spectral region. The peaks at 793 cm™ and 1020 cm™ correspond to the asymmetric
vibration mode and symmetric stretching modes vibration of the SiO, groups (O-Si-O)
respectively. This result is similar to the adsorption bond reported by Cabello-Ribota et al.
(2021). The occurrence of asymmetrical Si—H bond vibration is responsible for the peak at
950 cm™*. The appearance of a peak at 1640 cm™ is due to O—H groups of SiO, (H bonding)
bending of adsorbed water, which is based on water molecular scissor bending vibration.
These functional groups may be advantageous in the application of SiO> nanoparticles as

nanoadsorbent for wastewater treatment.

4.3.5 Brunauer-Emmett—Teller (BET) analysis of SiO2 nanoparticles

The Brunauer—Emmett—Teller (BET) method was used to determine the surface area, pore

diameter and pore volume of SiO> nanoparticles and the result is presented in Figure 4.12.

1.4 :
0 0016 - b
::l:]'l!-i: { }
] -
1.2 & 00012
o G, 00010 L
— -
E 1.0 E\::-rxm
[=;] £ 00008
= o8 3 -
E m 0 D004 -
- ) 0002
E 0.6 < 0. 0000 -
E - M 7T 71— -
B 04 ] 10 3 o . 50 60 T0 B0 B0 -
= Pore Diameter (nm) -
Y - L@
= 02 -J.-
] - -
3 e AR
& 0.0
¥ T = T o T v T v T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (p/p©)
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Figure 4.12 shows that the adsorption isotherm of SiO, nanoparticles exhibited a typical
baheaviour similar to that of mesoporous material following the pattern described by IUPAC.
Figure 4.12 (a), it can be noticed that SiO> nanoparticles exhibited Type IV isotherm of
typical mesoporous materials. Figure 4.12 also shows that the hysteresis loops were formed
at a relative pressure of 0.57-0.98. The result indicates that SiO. nanoparticles have a low
surface area of 0.386 m?/g. with pore volumes and diameters of 0.002 cm3/g and 32.150 nm,
respectively as shown in Figure 4.12 (b). The pore diameter suggests that SiO> nanoparticles
have mesoporous characteristics in line with the IUPAC classification of pore materials that,
the pore diameter between 2 to 50 nm are categorized as mesopores materials. This suggests
that the SiO> nanoparticles synthesised are mesoporous. Furthermore, Slatni et al. (2020)
obtained mesoporous silica with a surface area of 161 m? /g. contrary to 0.386 m? /g obtained
in this study. The surface area was obtained in this study. This may be linked to the method

of synthesis and the nature of silicon, precursor.

4.3.6 XPS analysis of SiO2 nanoparticles

The XPS analysis of the SiO2 nanoparticle was studied to determine the chemical oxidation
states of elements. The XPS general survey spectra, deconvoluted spectra of O (1s) and Si

(2p) of the SiO2 nanoparticles are presented in Figure 4.13 (a), (b), and (c) respectively.
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Figure 4.13 (a) shows the full XPS survey spectrum of the SiO> nanoparticles. The result
indicates the presence of silicon, oxygen and carbon components in the sample with the
electron core level XPS spectra of Si (2p), Si (2s), O (1s), O (2s), and C (1s) respectively.
The result reveals the presence of Si species at 154.2 eV for Si 2s signal peak. The presence
of carbon atoms at the binding energy of 286 eV may be due to the carbon in the quartz sand.
Figure 4.13 (b) shows the presence of a broad peak at the binding energy at 106.72 eV
indicating the presence of Si in +4 oxidation state (Si**). Figure 4.13 (c) depicts O1s spectra
single sharp peak which appears at the binding energy of 536.3 eV, the presence of a very
high peak clearly shows evidence of more oxygen in the SiO2 nanoparticles. A similar result
has been reported by Lanco et al. (2021). The result obtained from this study is different from
the 532.3 eV reported by Zenkovets et al. (2021 or 2020???), due to the difference in the

method, precursors and synthesis processes used for the synthesis of SiO, nanoparticles.

4.4  Analysis of ZnO Nanoparticles

4.4.1 HRSEM analysis of ZnO nanoparticles

The surface morphologies of the ZnO nanoparticles calcined at different temperatures were

investigated using HRSEM and the result is shown in Plate V.
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Plate V: High-Resolution Scanning Electron Microscope (HRSEM) Images of
the ZnO Nanocomposites (a) Uncalcined ZnO Nanoparticles at (b) ZnO
Calcined at 300 °C (c) 500 °C and (d) 700 °C for 2 h

Plate V (a) which represents uncalcined ZnO nanoparticles reveals the formation of the
densely distributed spherical shape of ZnO nanoparticles while the sample calcined at 300
°C (b) has highly aggregated irregular spherical nanoparticles with a slightly amorphous
mixture compared with the HRSEM images in Plate V (c) 500°C and (d) 700°C which
indicates well-arranged uniform spherical crystals with the larger sizes. The larger particles

were observed as the calcination temperature increased from the ambient to 300° C, 500° C
134



and 700 ° C respectively. The formation of larger particles as a function of temperature at a
specific time (2h) may be attributed to the fast-kinetic energy of the particles resulting in the
Ostwald ripening growth mechanism where small zinc oxide nanoparticles that are
energetically unstable fused and recrystallize onto larger nanoparticles (Masjedi-Arani et al.,
2016; Gharibshahi et al., 2017). The decrease in the agglomeration of nanoparticles during
the annealing treatment process may be due to electron transfer between Zn?* and O? species

in the surface energy of the mixture.

4.4.2 XRD analysis of ZnO nanoparticles

The XRD spectra of the ZnO nanoparticles prepared via the sol-gel method and calcined at

different temperatures is shown in Figure 4.14.
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Figure 4.14: XRD Patterns (a) Uncalcined ZnO Nanoparticles and ZnO
Nanoparticles Calcined at (b) 300°C (c) 500°C (d) 700°C
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It can be noticed that all the samples exhibited similar XRD diffraction patterns except for
the uncalcined (a) with 27 different peaks at 20 values of 20.1°, 20.81°, 24.9°, 27.1°, 27.7°,
32.7°,34.7°, 36.0°, 36.4°, 38.0°, 39.4°, 40.6°, 40.9°, 42.4°, 44.9°, 46.2°, 47.6°, 51.2°, 55.9°,
56.6°,57.1°,59.4°, 60.4°, 62.1°, 66°, 67.3°, and 68.6°, these diffraction angles were assigned
to the following miller indices (111), (020), (101), (111), (021), (121), (200), (130), (211),
(012), (201), (131), (220), (040), (221), (041), (230), (240), (301), (041), (241), (232), (330),
(311), (312), and (251) respectively with a lattice structure of orthorhombic and lattice

constantofa=5.16 A, b =853 A, c=4.92 A, a/b = 0.60492, and c/b = 0.57679 .

This matched well with the Joint Committee on Powder Diffraction Standards number (JCP2-
76-1778) of zinc hydroxide (Zn (OH).). The XRD results for the calcined ZnO nanoparticles
at 300°C (c) 500°C and (d) 700°C shown in Figure 4.14 indicates nine different peaks at 260
values of 21.70°, 24.47°, 26.25°, 37.64°, 46.73°, 52.92°, 56.36, 58.02°, 59.12° and 62.77°,
these correspond to (100), (002), (101), (102), (110), (103), (200), (112), (201) and (004)

crystal planes of the hexagonal wurtzite zincite (ZnO) nanoparticles (Aradjo et al., 2017).

All the diffraction peaks were indexed hexagonal wurtzite structures of ZnO nanoparticles
where the oxygen atoms are arranged in a hexagonally closed type packed with zinc atoms
occupying half of the tetrahedral sites. The peaks have a lattice constant of a = b = 3.242 A
and ¢ = 5.205 A which matched well with the Joint Committee on Powder Diffraction

Standards number (JCP2-36-1451).

This result corroborated the outcome of Singh et al. (2016) who found that the peaks become
sharper and more intense as the calcination temperature increases, suggesting an increase in

the crystallinity of the ZnO nanoparticles. The disappearance of other peaks in the calcined
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samples ((b), (c) and (d)) is an indication that calcination temperature plays an important role
in the removal of water and other impurities during the transformation of Zn (OH)2 into ZnO
nanoparticle (see equation 4.1). This result suggests that the formation of Zn (OH)> took place
at a lower temperature (below 100°C) and later transformed into a crystalline ZnO above 100
°C as shown in Figure 4.14. The average crystallite sizes were estimated using the Debye—
Scherrer equation (see equation 2.8). The average crystallite sizes were 160.96 nm for
uncalcined and 13.74 nm, 18.33 nm, and 20.52 nm for ZnO nanoparticles calcined at 300,
500, and 700°C for 2 h respectively. The large crystallite size of the uncalcined sample
indicates the formation of amorphous ZnO. A Similar trend was observed by Kayani et al.
(2015), who reported an increase in crystallite size as the calcination temperature increased
from 300°C, 500°C, 650, 700, and 750 °C for ZnO nanoparticles prepared using the sol-gel
technique with zinc acetate dihydrate and diethanolamine as the precursor materials. Also,
Sharma et al. (2023), synthesised ZnO nanoparticles via a sol-gel technique and established

a direct relationship between calcination temperature and crystallite sizes.

4.4.3 EDS analysis of ZnO nanoparticles

The Energy-dispersive X-ray spectroscopy (EDS) was used to analyse the elemental
composition of the ZnO nanoparticles prepared via the sol-gel method and the results are

displayed in Figure 4.15.
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Figure 4.15: EDX Spectra of ZnO (a) Uncalcined, (b) Calcined at 300 °C, (c) 500°C
and (d) 700 °C
The results in Figure 4.15 reveal the presence of Zn, O, and C as the dominant elements. In
all the samples carbon was present except for ZnO nanoparticles calcined at 700°C where the
carbonaceous material was burnt off. This observation indicates that at a higher calcination
temperature, there is enough heat that can completely burn off the residual carbon from the
polyvinyl pyrrolidone (PVP) used as a stabilizing agent and gives room for the complete
formation of pure ZnO nanoparticles. The peak of O appears at 0.50 keV, Zn at 1.01 keV.
8.65 keV and 9.49 keV for Zn with the atomic percentage of 12.15 %, 56.27 %, 81.02 %, 51.
03 % while the O atomic percentage was 2.81 %, 11.96 %, 11.23 %, 32.40 % and atomic
percentage of C decrease as the calcination increases from 84.2 %, 31.76, to 0 %. The samples
calcined at 300 °C, 500 °C, and 700 °C respectively. The absence of carbon in Figure 4.15

((c) and (d)) indicates the purity of the ZnO nanoparticles produced.
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4.4.4 Fourier transform infrared spectroscopy (FTIR) analysis of ZnO nanoparticles

FTIR spectra of the ZnO nanoparticles were carried out to determine the functional groups

present and the result is presented in Figure 4.16.
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Figure 4.16: FTIR Spectra of ZnO Nanoparticles

Figure 4.16 shows a typical FTIR spectrum of ZnO nanoparticles in the range between 500

to 4000 cm* spectral region. Figure 4.16 displays a stretching vibration of the C=0 at 1735

cmt, which emanated from the PVP. The presence of the C—H bond is responsible for the

adsorption bond at 1358 cm™. The PVP used as structure-directing is responsible for C-N

stretching vibrations at 1110.8 cm™. The presence of a peak at 1024 cm™ is due to the C-O

stretching vibration.

445 Brunauer-emmett-teller (BET) N2 adsorption-desorption analysis of ZnO

nanoparticles

The Brunauer—-Emmett—Teller (BET) method was used to determine the textural properties

of ZnO nanoparticles and the result is presented in Figure 4.17
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Figure 4.17: (a) Nitrogen Adsorption Desorption Isotherms and (b) Pore Size
Diameter Distributions for ZnO Nanoparticles

Based on the classification of adsorption isotherms by IUPAC, the curve in Figure 4.17 (a)
exhibited a Type 1V isotherm of typical mesoporous materials with relative pressure of 0.7-
1.5. The result indicates that the volume of nitrogen adsorption increases with relative
pressure until a limit is reached, indicating the availability of pores. The surface area of the
ZnO nanoparticles was 8.620 m?/g with a pore volume of 0.353 cm?3/g respectively. The pore
size distribution of the ZnO nanoparticles was assessed using the BJH model. Figure 4.17 (b)
shows the inserted pore diameter. The pore size distribution of the ZnO nanoparticles was 13
nm. This value is in the range of pore size distribution of 2 to 50 nm range that described
type 1V isotherm nanoparticles of a mesoporous material. A similar surface area (7.6, 10.7
and 12.3 m?/g) has been reported by Aljameel and Ali (2021) using different synthesis
methods such as sol-gel precipitation and combustion method. The similarity observed in this

study may be due to the use of a similar calcination temperature (700 °C) for 3 h.
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4.4.6 XPS analysis of ZnO nanoparticles

The general survey of the ZnO nanoparticle was studied using XPS to determine the chemical

oxidation states of elements and the corresponding result is presented in Figure 4.18.
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Figure 4.18: XPS General Survey Spectra of ZnO Nanoparticles

Figure 4.18 shows different peaks at binding energies of 1021.80 eV and 1045.07 eV which
were related to Zn 2p3/2 and Zn 2p1/2 core levels. The two peaks have narrow linewidth
suggesting the dominance of the Zn?* ions in the nanoparticle. The binding energetic
difference between the peaks for 2p3/2 and 2p1/2 is 23.27 eV indicating that the Zn2p peak
has significantly split spin-orbit components which is not significantly different from 23.00
eV obtained by Al-Gaashania et al. (2023) for ZnO nanoparticles despite different synthetic
methods. This result confirms that the Zn exists mostly as Zn?* surrounded by the 0%
oxidation state in the hexagonal wurtzite ZnO form. The spectra also show a peak at a binding
energy of 284.60 eV corresponding to C (1s) which indicates a considerable concentration of

adventitious carbonaceous material onto the surface of the nanoparticles, thus may be from
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the polyvinyl pyrrolidone (PVP) used as a stabilizing agent during the synthesis of the zinc

oxide nanoparticles.

4.4.7 XPS analysis of Zn (2p3/2) orbital of ZnO nanoparticles

The deconvoluted XPS spectrum of Zn2p3/2 (ZnO) is presented in Figure 4.19
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Figure 4.19: XPS Spectrum of Zn 2p3/2 in ZnO Nanoparticles

Wagner plot was used to get the best fit of the different compounds extracted from the NIST

database and the result is shown in Figure 4.20
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Figure 4.20: Wagner plot of Zn and Different Compounds Extracted from the NIST
Database
Figure 4.20 which represents the High-resolution XPS spectrum of Zn 2p%? (ZnO) shows the
appearance of a single broad peak at a binding energy of 1021.80 eV. This further indicates
the presence of a highly electropositive zinc ion (Zn?*) with two donated electrons in a highly
electronegative environment with charged O?” ions in the geometry of a hexagonal Wurtzite
structure. Zn 2p*? peak was fitted to only one Gaussian in the samples analysed at a binding
energy of 1021.80 eV (Figure 4.20). This result agrees with the findings of Ferreira, et al.,
(2019), who observed the presence of ZnO at the binding energies of 1022.6 and 1022.15 eV.
The binding energies reported in this work are not different from the previous studies reported
by Claros et al. (2020), who stated the binding energy of the auger parameter of metal at the
nanoscale change, especially for Zn photoelectron. Figure 4.20 represents the Wagner plot
of Zn and different compounds extracted from the NIST Database. The red circle with a cross

represents the current data which corresponds well with the ZnO marker.
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4.4.8 XPS deconvoluted spectra of O (1s) analysis of ZnO

XPS was used to study the deconvoluted O (1s) spectral of ZnO nanoparticles and the results

are presented in Figure 4.21.

Ly + Measured

- _ .
0% =330ev —Best Fit

Zn0
——Background
—Zn-0H

—C=0

Normalized counts (a.u.)

537 536 535 534 533 532 531 530 529 528 527 526
Binding energy (eV)

Figure 4.21: The Comparison of Orbital Binding Energy States of High-Resolution
XPS Spectra of O (1s) Core-level

Figure 4.21 shows three different peaks at binding energies of 530.6, 532.2, and 533.5 eV
corresponding to O% and O~ ions. The peak located at the binding energy of 530.6 eV is
characteristic of zinc oxide (bond between Zn and O) usually called the zinc oxide peak
(Geng et al., 2022). The O (1s) atom with a binding energy range of 527— 530 eV is typical
of O% ions in metal oxides (Mohamed et al, 2017). While binding energies between 530.6 —
531.1 eV is typical of the species of oxygen incorporated in the matrix of ZnO. The binding

energies between 531.1 — 532eV may be due to low coordinated oxygen species described as
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O ions capable of forming compounds such as C=0, COO" (Pawlak et al., 2020). Another
researcher also reported that the binding energies of 530 or 532 eV, which correspond to ZnO
and the binding energies around 530.6, 532.2 eV, and 533.2 eV were attributed to 0%, O" and
ions respectively. Additionally, a similar trend was observed by Kamarulzaman et al. (2016)
with binding energies at 530.6 eV, 532.2 eV for 0% and O respectively assigned to O-Zn-O

and Zn(OH)s.
4.5 Analysis of Binary ZnO/SiO2 Nanocomposites
45.1 HRSEM analysis of ZnO/ SiO2 hanocomposite

The morphologies of the ZnO, SiO,, nanoparticles and ZnO/SiO2 nanocomposite (ratio 1:1,
1:2 and 2:1) were studied using HRSEM and their corresponding micrograph is displayed in

Plate VI
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Plate VI: HRSEM images of the ZnO (a), SiO2 (b) ZnO/SiO2 Nanocomposites of Mixing Rario
(c) 1:1 (d) (1:2), (e) 2:1
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It can be noticed that the morphology of the pure ZnO and SiO2 completely transformed
from the spherical shape and irregular hexagonal shape obtained for ZnO (a) and SiO> (b) to
rod-like shape in images shown in (c), (d) and (e) respectively. The morphological
transformation may be due to the formation of oxide clusters of Si-O-Zn caused by the
differences in the atomic radii of SiO2 (0.4 A) nanoparticles and ZnO (0.74 A). Plate VI (c),
(d) and (e) suggest there is the formation of new material different from the SiO2 and ZnO
nanoparticles. The result indicates that the agglomeration rate reduces as the amount of SiO-
nanoparticles increases in the binary composite (see Plate VI (c), (d), and (e). The trend
observed in this analysis is an indication that the addition of SiO2 nanoparticles could reduce
the agglomeration of nanoparticles. The highly dispersed agglomerated rod-like morphology
observed in Plate VI (c) may also be related to the increases in the concentration of dissolved
Si or Zn which promoted electrostatic force of attraction between the particles, thus leading
to the formation of fused rod-like morphology in Plate VI (d) and (e) respectively (Shrestha

et al., 2020).

45.2 XRD analysis of ZnO/SiO2 nanocomposites

The mineralogical phase of binary ZnO/SiO2 nanocomposites prepared by sol-gel chemical
reduction method followed by calcination at 450°C was investigated using XRD and the

result is given in Figure 4.22
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Figure 4.22: XRD Patterns of the Prepared ZnO/ SiO2 Nanocomposites with Mixing
Ratio (a) 1:1 (b) 2:1 and (c) 1:2

XRD results for ZnO/SiO2 nanocomposites (1:2) in Figure 4.22 (b) show prominent
diffraction peaks compared to the low intense peaks observed for ZnO/SiO2 nanocomposites
prepared using mixing ratio (1:1) and (2.1) respectively (see Figures 4.22 (a and c). The
increased peak intensity in Figure 4.22 (b) may be linked to the increasing amount of SiOz in
the ZnO/SiO2 nanocomposite which further enhanced the crystallinity of the ZnO/SiO>
nanocomposite. This observation could also be attributed to the fact that SiO is more

energetically stable in the nanocomposites than ZnO.
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The XRD pattern confirmed the presence of ZnO at 26 values of 31.63°, 34.45°, 36.24°,
47.64°,56.56°, 62.81°, 67.67, 68.05°and 69.34° corresponding to the following miller indices
(100), (002), (101), (102), (110), (103), (200), (112), and (004) respectively. This matches
well with those in the Joint Committee on Powder Diffraction Standards (JCPBS 36-1541)
with hexagonal wurtzite phase (Al-Ariki et al., 2021). The XRD also shows sharp and intense
diffraction peaks at 26 values of 20.81°, 26.53°, 36.38°, 39.44°, 40.32°, 42.38°, 45.83°,
50.04°,54.77°,56.56°, 60.13°, 63.90°, 67.62°, and 68.19° with corresponding crystal planes
(100), (101), (110), (012), (111), (200), (021), (112), (202), (103), (211), and (212), (301)
respectively. This matched well with crystalline SiO2 nanoparticles with JCP2_83-0539 of

the a-quartz phase of silica (Tracy et al., 2020).

In comparison with the result presented for SiO2 and ZnO in Figures 4.9 and 4.14, it is
obvious of a quartz-dominating phase of ZnO/SiO2 nanocomposites was formed. After the
formation of the ZnO/SiO> nanocomposite, the characteristic peaks of the pure SiO>
nanoparticle with the ZnO nanoparticle did not change except that ZnO appears at a higher
diffraction angle (20), suggesting successful immobilization of SiO2 nanoparticle onto the
core-shell of ZnO nanoparticles. The dominant effect of SiO2 in ZnO/SiO2 nanocomposites
matrix suggests diffusion of silicon (Si) ions onto the core-shell of Zn ion based on ionic
radius mechanism, Si** (0.26 A) with smaller ionic radius diffused successfully onto and Zn?*
(0.74 A) with higher ionic radius respectively. The analysis of Bahrami and Karami (2018),
also confirmed that the addition of SiO. did not change the ZnO crystal structure. The
crystallite size of the ZnO/SiO, nanocomposites was calculated using Debye Scherrer’s

equation (see equation 3.1).
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The average crystallite sizes were found to be 21.24 nm, 29.56 nm, and 15.36 nm
for ZnO/SiO at 1:1, 1:2 and 2:1 respectively. The result shows the highest increase in
crystallite size for sample (b) 1:2 with a high dosage of SiO> nanoparticles. This is because
the incorporation of SiO> into the ZnO nanoparticles unit cell causes the cell to expand
resulting in the formation of oxide clusters of the Si-O-Zn (Chen et al., 2017). This may also
be attributed to the electron affinity of Si ion which is positive (+134.068 J-mol™!) and that
of the Zn?* (- 58 J-mol™"), thus Zn?* is more likely to interact with O (+140.976 J-mol™!)
than with Si ion. The combination of the attractive/repulsive interactions improves the
diffusivity of the oxygen and zinc ions in the domains and aids the movement of electrons

within the molecules that caused the expansion of the unit cells of ZnO.

4.5.3 EDS analysis of ZnO/SiO2 nanocomposites
The (EDS) was used to analyse the chemical composition of the ZnO/SiO2 nanocomposites

and the results are shown in Figure 2.23.
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Figure 4.23: EDS of the prepared ZnO/SiO2 nanocomposites using (a) 1:1 (b) 1:2 and
(c)2:1
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The EDS spectrum in Figure 4.23 indicates that the synthesised ZnO/SiO, nanocomposite
primarily contains Si, Zn, and O elements with a small amount of Na. The peak of O appears
at 0.57 keV with Zn at 1.08 keV, 8.75 keV and 9.68 keV, while the Si signal appears at 1.75
keV. The values obtained for the ZnO/SiO> nanocomposite show increase in the binding
energy for C, O, Zn and Si due to the diffusion of SiO, nanoparticles into the interstitial
spaces between Zn?* and O% ions. The Zn ions concentration (wt. %) was found to be 55.09
%, 54.15 % and 19.59 % for (a), (b) and (c) respectively. While Si ions concentration (wt.
%) was found to be 1 %, 1.87 % and 40.49 %for (a), (b) and (c) respectively. The increase
in the atomic weight percentage of Si in the matrix of ZnO/SiO, nanocomposites may be
responsible for the formation of a highly compacted/fused rod-like network in plate VI (e).
Moreover, O ions concentration (wt. %) was found to be 43.92 %, 43.98% and 34.91 % for
the sample displayed in Figure 4.23 (a), (b) and (c) respectively. This result corroborated the
earlier results of XRD and the HRSEM in Figure 4.22 and Plate VI where the XRD result of
the sample with a higher dosage of SiO. shows higher intense peaks and larger particle sizes

respectively.

4.6 Analysis of Binary ZnO/FesO4 nanocomposites

4.6.1 HRSEM analysis of ZnO/FesO4nanocomposites

The surface morphology of pure ZnO, Fe3Os and ZnO/FesOs nanocomposite were

investigated by HRSEM and their corresponding images are presented in Plate VII.
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The HRSEM images in Plate VII show similar morphology (spherical) for ZnO (a), Fe3O4
(b) with that of the nanocomposites in ((c), (d) and (e)), the only difference is that particle
size of the composites samples ((c), (d) and (e)) increases relative to the pure ZnO
nanoparticles due to the introduction of FesOs nanoparticles on the surface of ZnO
nanoparticles. The findings support the XRD result in Figure 4.2 which shows the existence
of both the Fe3sO4 and ZnO nanoparticles in the composites. Sample (d) with a mixing ratio
of 1:2 shows a very distinct clear and less agglomerated spherical shape with a larger particle
size due to the high dosage of FesO4 nanoparticles in the nanocomposites. The high density
of FesO4 (5.175 g/cm3) compared to that of ZnO (5.606 g/cm?), suggest the suppression of
ZnO by Fe304 in the composition. The high particle size can also be linked to the diffusion
of Fe into the cell lattice of the ZnO nanoparticles. Sample (e) shows a more agglomerated
spherical shape compared to (d) and (c) with a more dispersed spherical shape and void/holes
in between the nanoparticles. The aggregation of surface particles could have originated from
the high surface energy due to the strong attractive interaction between the ZnO and Fe3O4
nanocomposites (Shrestha et al., 2020). It can be concluded that the incorporation of FesO4
onto the ZnO lattice layer did not reduce the agglomeration of the nanocomposites compared

with the result of the ZnO/SiO2 nanocomposites

4.6.2 XRD analysis of binary ZnO/Fe3s04 nanocomposites

The mineralogical phase of ZnO/Fes04 nanocomposite prepared at different mixing ratios

was a study using XRD and the result is presented in Figure 4.24
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Figure 4.24: XRD Patterns of ZnO/Fe30O4 Composites Nanoparticles Calcined at
450°C (a) 1:1, (b) 1:2. (C) 2:1

The result in Figure 4.24 indicates peaks at 20 values of 31°, 34°, 36°, 47°, 56°, 62, 66, 67°
and 72°; corresponding to (100), (002), (101), (102), (110), (103), (200), (112), (201) and
(004) planes reflecting ZnO hexagonal wurtzite. While the diffraction peaks at (20) values of
27.30°,31.66°, 34.40°,53.19°,56.47°, 62.80°, and 72.82°, were assigned to the crystal planes
of (220), (311), (400), (422), (511), (440), and (533), which is an indication of immobilization
of ZnO wurtzite lattice onto the core shells of FesOa see Figure 4.24 (a). The result indicates
that the FesO4 nanoparticles in the nanocomposite appear at lower 26 values compared to the
pure Fe3O4 due to the incorporation of FesO4 nanoparticles into the ZnO nanoparticles. The
phases of ZnO and FezO4 remained unchanged however ZnO dominated with intense peaks

while FesO4 exhibited a weak diffraction peak with a face-centered cubic phase (JCP2_40-
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1141). This may be because some of the Fe**/Fe** ions in FesOs nanocomposites were
substituted and replaced the O% ions and did not enter the void spaces of ZnO leading to a

reduction of the intensity of FesO4 in the nanocomposites.

The average particle size of the ZnO/FezO4 nanocomposites was 14.50 nm, 19.95 nm and
12.45 nm of ZnO: Fe304 for the sample prepared with mixing ratios 1:1, 1:2 and 2:1
respectively. A similar trend has been reported by Ulya et al. (2019) for ZnO/ Fe3O4 prepared
by a combination of sonochemical and sol-gel methods. In their analysis, the authors reported

a mixture of FesO4 and a-Fe2O3 nanoparticles after the formation of the nanocomposites.

The final product after calcination was a-Fe,Oz/ZnFe>O4 nanocomposite. The differences
observed may be due to the method of synthesis of the nanoparticle and its composites, the
nature of the metal salt precursors and the calcination temperature employed. Additionally,
Dhugosz et al. (2021) have also reported the highly intense diffraction peaks of ZnO to
compare with the Fe3O4 in composites formation. Also, the XRD result shows that as the
amount of the FesO4 nanoparticles increases in the nanocomposites, the crystallite size of the
particles increases. This may be attributed to the higher density and dominance of Fe
(7.874 g/cm®) compared to the density of Zn (7.14 g/cm®). The observation may also be
attributed to the difference in ionic radii of Fe?* (0.76 A) and Fe®** (0.64 A) compared to that
of Zn?* (0.74 A). Fe?* (0.76 A) with a higher ionic radius than Zn?* (0.74 A) dominated and
this resulted in compression strain and an increase in the unit cell of the ZnO nanoparticle.
On the other hand, Fe ions in ZnO/FesO4 matrix may also exist in the form of Fe®* (0.64 A)
with a smaller ionic radius than Zn?* (0.74 A), and resulted in the tensile strain as well as a

decrease in the unit cell of the ZnO/Fe304 formed. In a similar analysis, Singh et al. (2016),
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synthesised ZnO/Fes04 composites and observed a decrease in the crystallite size of the
doped nanocomposites compared to the pure ZnO nanoparticles. The trend observed in this
study contradicts the result obtained by the previous researchers because previous studies did

not study the effect of nanoparticle mixing ratio (ZnO and Fe3Oa).

4.6.3 EDS analysis of ZnO/Fe304nanocomposites

The elemental composition of the ZnO/FesO4 nanocomposites prepared via variation of
mixing ratios (a) 1:1, 1:2 (b) and 2:1 (c) was examined using energy dispersive X-rays

spectroscopy (EDS) and the corresponding result is shown in Figure 4.25
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Figure 4.25: EDS Patterns of ZnO/Fe3O4 Nanocomposites Prepared using Mixing
Ratio of (a) 1:1 (b) 1:2, (c) 2:1
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The EDS spectra in Figure 4.25 reveal strong peaks of Zn, Fe and O and weak peaks for Na
and ClI in the ZnO/Fe304 nanocomposites. The peaks at ka = 6.4 keV and la= 0.705 keV are
related to the binding energies of Fe suggesting the presence of iron in the material. Figure
4.25 (a) indicates a very strong peak for Zn (35.03 %) ion compared to the Fe (19.68 %) due
to the higher density of Zn (7.134 g/cmq) relative to Fe (7.874 g/cmq). Based on the density
differences, Fe may settle at the bottom with Zn deposited at the surface of the Fe during the
synthesis. The high peak observed in (b) with 53.6 % concentration of Fe and 26.35 % of Zn
ion concentration may be due to the higher dosage of Fe3O4 in the nanocomposites compared
to ZnO or due to diffusion of the Fe into the unit cell of ZnO nanoparticles. Figure 4.25 (c)
shows that the Zn ion has the highest percentage concentration in the sample compared to
Figure 4.25 (a and b), Thus suggesting the dominance of the Zn ion over the Fe ion in the
composition. This result agrees with the observation of Ulya et al., (2019) who reported the
elemental composition of Fe (33.08 %) and Zn (66.91%) in the formation of ZnO/Fe304
nanocomposites. Another researcher has reported 70.84 % and 14.79 % for Zn and Fe ions
during the formation of ZnO/Fez04 nanocomposites (Dlugosz et al., 2021). The percentage

of Zn in the sample (c) may be due to the high concentration of ZnO in the composition.
4.7  Analysis of Binary Fes04/SiO2 hanocomposites

4.7.1 HRSEM analysis of binary FesO4/SiO2 nanocomposites
The result of the HRSEM analysis of Fe3O4/SiO2 nanocomposites prepared via variation of

mixing ratio is presented in Plate VIII.
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Plate VIII (c) revealed the formation of highly aggregated spherical particles compared with
the structural network of plate VIII (d). The image in Plate VIII (d) with mixing ratio (1:2)
shows the particles were less agglomerated and uniform compared with plate VI (e) and (c)
respectively. The result also confirmed the higher crystalline nature of FesOs4 /SiO2
nanocomposites with a mixing ratio of 1:2 and SiO, plays important in the reduction of
agglomeration of Fe3O4 nanoparticles. The image in plate VIII () shows a non-uniform
agglomerated spherical shape due to the low dose of SiO. nanoparticles while image (c)
shows less agglomeration spherical shape compared to (e) due to increases in the dose of
SiO2 nanoparticles in the nanocomposite. This result also suggests that SiO> nanoparticles
shielded Fe3O4 nanoparticle core-shell by acting as a capping agent for the growing Fe3O4
nanoparticles to form Fe304/SiO2 nanocomposites. This observation also corroborated the
earlier result from the XRD results (see Figure 4.26 (b)) where the peaks for the (101) plane
increase as the dosage of SiO: increases in the composition, indicating increases in the
crystallinity of the nanocomposites. It can be concluded that an increase in the amount of
SiO; increases the distribution of FesO4 leading to the formation of less agglomerated
spherical shapes. It has also been reported by Ganapathe et al. (2020) that FesO4 nanoparticles

with high surface energy tended to accumulate rapidly with the presence of organic silica.

4.7.2 XRD analysis of binary FesO4/SiO2 nanocomposites

XRD pattern of the Fes04/SiO2 nanocomposite prepared using different mixing ratios of (a)

2:1 (b) 1:2 and (c) 1:1 is shown in Figure 4.26

159



@=si0, @ .
_ (@) (SR (S
15000 - 2 N e
14000 - © § g &=&f é g v &E_& hoio Sy, ez
13000 - _—l-_'________—_..J------"-'_,,.mgm--"lM g - .
12000 _ 2:1(Fe304:8|02)
11000 _' 1:2(Fe304:Si02)
—~ 10000 - 1:1(Fe,0,:S10,)
@ 9000 . : ‘
>. 8000 - ; ; g |
2 70001 (®) L i Lg} N N
@ 6000 - . - _
£ 5000 ' - :
4000
3000 -~ :
2000 B . . Lo A A, [2250mm
1000 -1 (a) w‘.[___ll A " Yg?
0 -
| T | | T | T | T | T |
0 10 20 30 40 50 60 70
2% Deg)

Figure 4.26: XRD patterns of Fe3sO4/SiO2 Nanocomposite (a) 1:1 (b) 1:2 and (c) 2:1

Figure 4.26 revealed the presence of different peaks belonging to Fe3O4 and SiO. The
diffraction peaks for FesO4 nanoparticles appeared at 20 values of 30.56°, 35.86°, 43.46°,
54.01°, 57.38°, 63.00°, and 74.46°, with a corresponding crystal plane of (200), (311), (400),
(422), (511), (440), and (533). These matched well with the JCP2_33-0664 standard. The
low intensity observed for FesO4 nanoparticles may be due to the coverage of the core of
Fe3O4 covered by the shell SiO.. The diffraction peaks for SiO2 nanoparticles appeared at 260
values of 20.91°, 20.66°, 26.56°, 36.50m°, 39.39°, 40.22°, 42.39°, 45.71°, 50.04°, 54.77°,
55.21°, 59.86°, 63.90°, 67.62°, 68.19°, and 73.29° with miller indices ((100), (101), (110),
(012), (111), (200), (021), (112), (202), (103), (211), (113), (212), (301) and (014). There

were no major differences in the intensity of diffraction peaks between Fe3s04/SiO2 peaks and
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that of the SiO, standard (JCP2830539), which has a quartz crystal structure. This suggests
that the addition of SiO- did not alter the structure of the FesO4 crystal phase. The intensity
of the peaks decreases from Figure 4.26 (b) 1:2 compared to (a) 2:1 and (c) 1:1; due to the
dominant effect of SiOz in the formation of FesO4/SiO2 nanocomposites. Another reason for
this observed trend may be linked to the magnetic behaviour of Fe3sO4 nanoparticles which
may attract particles from the SiO». This makes it difficult for the XRD instrument to identify
the phase of the FesO4 covered by the SiO2 Shell. The absence of the peaks corresponding to
the Fe3O4 nanoparticles in the XRD of the Fe304/SiO2 nanocomposites (15 nm) was reported
by Nadi et al. (2019). The authors attributed the absence of Fe3O4 peaks to the existence of
organic silica, which covers the entire surface of the magnetic nanoparticles. Not only that,

the organic silicon act as a shield to avoid X-ray interaction on the sample's crystal phase.

The result also revealed an increase in the crystallite size of the Fez04/SiO, hanocomposites as
the dosage of SiO> increases from 16. 23 nm, 22.50 nm to 28.00 nm for 2:1, 1:1 and 1:2
respectively. This may be due to the confinement of the Fes04 nanoparticles inside the SiO:
matrix leading to the expansion of the particle size of the nanocomposites (Fuentes-Garcia et
al., 2018). The observation could also be attributed to the fact that FesO4 has a magnetic
property that could attract the SiO> magnetic core (Kumar and Bhatnagar, 2018). Another
researcher has reported that Fes04/SiO. nanocomposites functionalised with 2,6-pyridine
dicarboxylic acid have an average particle size of 20 nm (Shokrollahi and Zamani, 2019).
However, Shen et al. (2019) in their analysis observed the complete disappearance of SiO>
after immobilization of Fe304/SiO2 due to the amorphous nature of SiO,.  Thus, the presence

of SiO2 nanoparticles in the composites of Fe304/SiO2 enhanced its degree of crystallinity.

161



4.7.3 EDS analysis of binary FesO4/SiO2 nanocomposites

The elemental composition of the different ratios of binary FesO4/SiO2 nanocomposites using

different mixing ratio was studied and the EDS and the spectral is given in Figure 4.27
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Figure 4.27: EDS of Fe3O4/SiO2 Nanocomposites (a) 1:1 (b) 1:2 and (c) 1:1

From the EDS spectrum, it can be noticed that the Fe3O4 /SiO2 nanocomposites contained O,
Fe and Si, as major elements. The spectral peak of O appears at 0.57 keV, Fe signal appears
at 0.77 keV, 6.48 keV, and 7.11 keV, Si ion shows peaks at 1.80 KeV respectively. The Fe
ion concentrations appear at a very higher binding energy, indicating the formation of
nanocomposites consisting of Fe3Os and SiO2 nanoparticles. Iron shows a very high

percentage concentration irrespective of the dose. This may be attributed to the high weight
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of iron ions compared to the silicon ion, leading to compression and coverage of Si ion

surface.

4.8 Analysis of Ternary FesOas/ SiO2/ZnO Nanocomposites

4.8.1 HRSEM analysis of Fe304/SiO2/ZnO nanocomposites
The surface morphology of Fe304/SiO2/ZnO nanocomposites prepared using different
mixing ratios was investigated using HRSEM and their corresponding micrographs are

shown in Plate IX.

Plate IX: HRSEM Images of (a) FesO (b) SiOz2 (c) ZnO, and Fe304/SiO2/Zn0O
Nanocomposites with Mixing Ratio (d) 1:1:1 (e) 1:1:2, (f) 1:2:1 and (g)
2:1:1d)
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Plate 1X (d), (e), (), and (g) revealed the formation of homogeneously distributed spheroid
and spherical particles with less aggregation compared to pure ZnO and Fe3O4. After the
addition of the SiOg, the surface morphology becomes rod-like with little spherical shapes on
the surfaces irrespective of the dosage of the nanoparticles, indicating the formation of a new
material consisting of Fe3O4, SiO2, and ZnO nanoparticles. Plate IX (d), (e), and (f) show less
agglomeration compared to nanoparticles with Plate 1X (g) which shows a high
agglomeration of the nanocomposites due to a smaller amount of SiO> earlier noted in the
formation of SiO2/ZnO nanocomposites. Plate IX (f) shows rod-like with increased spherical
shapes compared to Plate 4.8 (d), (e), and (g). This may be due to more dosage of Fez04 in
the composites. A homogeneous distributed rod-like structure and less agglomeration were

observed in plate IX of (e) due to the higher dosage of SiO; in the nanocomposites.

4.8.2 XRD analysis of ternary Fe304/SiO2/ZnO nanocomposites

XRD was used to study the crystallographic structure of the ternary Fes04/SiO2/ZnO
nanocomposites prepared via the sol-gel chemical reduction method at different weight ratios

and the corresponding result is given in Figure 4.28
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Figure 4.28: XRD Patterns of Fe3O4/SiO2/ZnO Nanocomposite (a) 1:1:1 (b) 1:1:2,
(c) 1:2:1and (d) 2:1:1

Figure 4.28 shows the XRD patterns of Fe304/SiO2 /ZnO nanocomposite with diffraction
peaks at 20 values of 21.14°, 26.96°,37.05°, 39.91°,40.82°,43.05°,46.42°,50.77°,55.59°,
55.95°, 60.83°, 64.83°, 66.78°, and 68.71°, corresponding to the miller planes of (100),
(011), (110), (102), (111), (200), (021), (112), (202), (013), (121), (113), (300), and (212).
These match well to the hexagonal a-quartz phase of SiO. (JCP278-1255). Comparing the 26
of the composite with pure SiO2 nanoparticles (see Figure 4.1), the plane suggests that a slight
shift of all diffraction peaks toward the higher 20 after the incorporation of ZnO and
Fez04 nanoparticles due to the diffusion of SiO2 onto FesOs and ZnO matrix layers (see
Figure 4.20). Similar research was conducted by Liu et al. (2021) who synthesised graphene-
based magnetic at Fe/RGO (1:1) and Fe/RGO (1:4) ratios. They reported the complete
disappearance of peaks corresponding to magnetic nanoparticles. Taufiqg et al. (2020) also

reported the disappearance of peaks corresponding to FezOs in Silica-magnetite composites.
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However, Piranloo et al. (2019) reported the synthesis of Fe304/SiO2/Zn0O nanocomposites
material with cubic magnetic cores and reported the disappearance of the peaks
corresponding to the SiO» nanoparticles. The difference observed in this work may be due to
the amorphous nature of SiO2 nanoparticles used in their study. The authors did not vary the
mixing ratio during the formation of the Fe304/SiO2/ZnO nanocomposites, which has been

reported earlier in this study to have a greater effect on the formation of the nanocomposite.

In addition, the diffraction peaks observed at the 20 values of 31.77°, 34.42°, 36.25°, 47.53°,
56.60°, 62.86°, 67.96°, and 72.562°; correspond to (100), (002), (101), (102), (110), (103),
(112), and (004) crystallographic planes of the hexagonal wurtzite structure of ZnO
nanoparticles, suggesting the existence of the ZnO phase after the formation of the
nanocomposites (JCP2-36—1451). There are no peaks related to FesO4 nanoparticles from the
XRD results due to the absorption, shielding effects, or because of magnetic properties of
Fe304 (Cheng et al., 2019). Based on the existence of magnetite cores in SiO2 and ZnO the
surface of the FesO4 nanoparticles was shielded for the XRD instrument, thus responsible for

low or weak intensity (Heuer-Jungemann et al., 2019).

Figure 4.28 (c) displays diffraction peaks with the highest intensity compared with Figure
4.28 (a) 1:1:1, (c) 1:1:2 and (d) 2:1:1, due to the high dosage of SiO2 in the composites.
Similarly, the higher-intensity peaks observed in Figure 4.28 (b) at 20 value of 37.05° (101)
plane relative to Figure 4.28 (a), (c) and (d) may be ascribed to high dosage of ZnO
nanoparticles in the composites of Fe304/SiO2/ZnO composites, suggesting an increase in the
degree of crystallinity. This phenomenon may be linked to a higher ionic radius of Fe?* (0.76

A) than the ionic radius of Zn?* (0.74 A), leading to compression strain and ultimately
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increasing the unit cell of the ZnO nanoparticle when compare to the pure ZnO nanoparticle
(Carofiglio et al., 2020). It also observed that the crystal structure of ZnO nanoparticles in

the composites remained hexagonal, irrespective of the mixing ratio.
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Figure 4.29: (a) Representation of the Possible Cage-like SiO-2 Nanoparticles
Structure with Four-membered SiO2 Rings on each Face of the Cage (b)
Proposed Structure of the Fe304/SiO2/ZnO Nanocomposites

The crystallite sizes of the samples were calculated by Debye Scherrer’s equation (see
equation 4.2) and the average crystallite size of the Fe304/SiO2/ZnO nanocomposites samples
was found to be equal to 10.10 nm, 8.84 nm 7.66 nm and 12.40 nm for Fe304/SiO2/Zn0O
nanocomposites with mixing ratios (a) 1:1:1 (b) 1:1:2 (c) 1:2:1, and (d) 2:1:1 respectively.
This suggests that the ternary Fes04/SiO2/ZnO nanocomposites prepared at 1:2:1 mixing ratio
recorded a smaller crystallite size and are expected to be a better nanoadsorbent for the
treatment of petroleum wastewater. The increase or decrease in the crystallite size may be
attributed primarily to the distortion of the 2ZnO lattice structure upon the
addition of SiO and Fe3O4 nanoparticles. From the result of the characterisations, a structure

was proposed as seen in Figure 4.29.
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Figure 4.29 (a) shows the O atoms linked to the Si on the corners of the cages which is

available to form bonds with other cages or terminated as from other nanoparticles.

The Silicon domains create more clustered structures with increasing SiO2 nanoparticles for
the formation of chemical bonds to other elements leading to the formation of more
nanoparticles chemically linked to the SiO> nanoparticles. As a result, the nanoparticles and
interfacial areas become more stable, obstructing the free mobility of the nanocomposites

increasing its thermal stability and the resistance to change in pH.

4.8.3 EDS analysis of ternary FesO4/SiO2 /ZnO nanocomposites

The elemental composition of the ternary Fes04/SiO2 /ZnO nanocomposites was investigated

using EDS and the result obtained is displayed in Figure 4.30.
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Figure 4.30: EDS Patterns of Fe3s04/SiO2/ZnO Nanocomposites (a) 1:1:1 (b) 1:1:2, (c)
1:2:1and (d) 2:1:1
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Figure 4.30 reveals that the dominant elements in the ternary metallic oxide composites were
Fe, Si, Zn, O while Na was detected as impurities. According to Figure 4.30, the percentage
concentration of Fe was 48.94 %, 13.33 %, 16.03 %, 50.55 %, and Si was 0.35 %, 21.86 %,
0.44 %, 0.52 %, Zn was 20.30%, 16.27%, 64.74%, 7.80 % while O was detected to be 30.34
%, 45.77 %, 18.77 %, 41.13 % for (a) 1:1:1 (b) 1:2:1, (c) 1:1:2 and (d) 2:1:1 respectively.
The presence of Na may be from the sodium hydroxide or the reducing agent used for the

synthesis of the nanoparticles.

4.8.4 BET analysis of ternary FesO4/SiO2/ZnO nanocomposites

The Brunauer-Emmett—Teller (BET) N adsorption-desorption method was used to
determine the surface area, pore diameter and pore volume of the Fez304/SiO2 /ZnO

nanocomposites and the result is presented in Figure 4.31
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Figure 4.31: (al) 1:1:1 (b1) 1:2:1, (c1) 1:1:2 and (d1) 2:1:1 Nitrogen Adsorption
Desorption Isotherms and (a2) 1:1:1 (b2) 1:2:1, (c2) 1:1:2 and (d2)
2:1:1 Pore Size Diameter Distributions for FesO4/SiO2/Zn0O
Nanocomposite Prepared using mixing ratio (al) 1:1:1 (b1) 1:2:1, (c1)

1:1:2 and (d1) 2:1:1

According to the International Union of Pure and Applied Chemistry (IUPAC), adsorption
isotherm is classified into Type I, Type II, Type Il and Type IV. Based on the curve in Figure
4.31 (al) 1:1:1 (b1) 1:1:2, (c1) 1:2:1 and (d1) 2:1:1, it can be noticed that all four samples
exhibited Type 1V isotherm of typical mesoporous materials. Figure 4.31 (a) with a mixing

ratio of 1:1:1 shows that the hysteresis loops were formed at a relative pressure of 0.8-1.5.

Relative pressure of 0.68-1.8 was recorded for (b) 1:1:2 in Figure 4.31(b) 1:1:2.
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The hysteresis loops in the relative pressure area 0.5-0.98 were recorded for (c) 1:2:1. The
results indicate that the volume of nitrogen adsorption increases with relative pressure until
a limit is reached, indicating the availability of pores (Fu et al., 2020). Figure 4.31 (a2) shows
the BET plot and the inserted pore diameter plots for Fe304/SiO2/Zn0O (1:1:1). The result
indicates that Fes04/Si02/Zn0O (1:1:1) has a surface area, pores diameter and pore volume of
ratios 24.918 m?/g, 0.00611 cm3/g and 11.32 nm. Figure 4.31 (b2) with a mixing ratio of
1:1:2 had the surface area, pores diameter and pore volume of 30.685 m?/g, 0.166 cm?3/g and
15.00 nm. The surface area, pore diameter and pore volume for FesO4/SiO2/ZnO with mixing

ratio 1:2:1 were 35.469 mz2/g, 0.220 cm3/g and 3.191 nm (Figure 4.32 (c2)).

Additionally, Figure 4.31 (d2) has a surface area, pore diameter and pore volume of 15.751,
0.095 and 3.581 nm respectively (see Table 4.1). Table 4.1 shows the pore diameter for
nanocomposites prepared at different mixing ratios Fe304/SiO2/ZnO (1:1:1),
Fe304/Si02/Zn0 (1:1:2), Fe304/Si02/Zn0 (1:2:1) and Fe304/Si0O2/ZnO (2:1:1) and it was
found to be less than 50 nm, and according to the IUPAC classification of pore sizes,
materials with pore width between 2 to 50 nm are categorized as mesopores materials. It was
noticed that Fes04/SiO2/Zn0 prepared with a mixing ratio 1:2:1 has the highest surface area
(35.469 m?/g) followed by 24.918, 30.685, 15.751 m2/g obtained for the Fe304/SiO2/Zn0O
with mixing ratios 1:1:1, 1:1:2, 1:2:1 and 2:1:1 respectively. The increase in surface area may
be linked to the increases in the amount of the SiO2 nanoparticle, suggesting the availability

of more binding sites.

The increased surface area of Fe304/SiO2/Zn0O with a mixing ratio of 1:2:1 also supports the

morphological transformation from a spherical shape to a highly compacted rod-like
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network. This also corroborated the earlier result presented in Plate IX (f) where the
Fe304/Si02/Zn0O nanocomposites show a less agglomerated morphology compared with
other samples in Plate X (d, e, g and h). The result also suggests that the surface area for all
the nanocomposites prepared at different mixing ratios is higher compared with the
individual metal oxide nanoparticles counterpart with a surface area of 7.864, 0.386, and
8.620 m?/g as earlier reported in Figure 4.4, 4.12 and 4.17 for FesOa, SiO, and ZnO
respectively. The enhancement in the surface area can be linked to the transformation of the
nanoparticles from spherical to rod-like structure, this results in the creation of more active
sites due to more atoms on the composite's surface and edges. This result suggests that the
Fe304/Si02/Zn0O nanocomposites may have higher adsorption capacity compared to the

Fe304, ZnO and SiO2 nanoparticles.

Materials with a high surface area are advantageous for the adsorption study because it
provides more active sites for adsorbent adsorption. Additionally, the  Fes04/SiO2/ZnO
nanocomposite produced at a mixing ratio of 1:2:1 compared to the other mixing ratios
recorded a higher surface area as shown in Table 4.1. This observation may be ascribed to
the high density of FesOas. A similar observation has been reported by Danesh et al. (2021),
who reported a decrease in the surface area of GO from 63.647 m?/g to 3.2897 m?/g after the
formation of composites with FesOs. The surface area obtained in this study if higher than
the value obtained by Zohrevand et al. (2015) who reported a decrease in the surface area of
polypropylene (PP) and titanium dioxide from 7.1, 1.5 to 0.9 m?/g as the temperature was
increased from 60 °C, 90 °C to 120 °C. Another researcher has reported a lower surface area

for Fe304/CuO/TiO2 nanocomposites at different mixing ratios (1:1:1, 1:1:3, 1:1:5). The
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authors reported the surface area to be 18.36 and 27.12, 37.64 m%/g for 1:1:1, 1:1:3 and 1:1:5

respectively.

The values of the internal and external surface obtained during the adsorption-desorption
isotherms suggest that the adsorption of the nanocomposites favoured the inter adsorption

which is usually related to chemisorption.

Table 4.1: Surface Area, Total Pore Volume and Pore Diameter of Fez04/SiO2/Zn0O
Nanocomposites at different Mixing

Sample BET Total Pore BJH pore Internal External
) Surface ] surface  surface
Fes04/Si02/Zn0O Volume Diameter  5rea area
area(m?g)  (cm?3/Q) (nm) (m%g) (m?/g)
1:1:1 24.918 0.006 11.32 31.7182  25.062
1:1:2 30.685 0.166 15.00 32.439 29.718
1:2:1 35.469 0.220 3.191 39.439 30.08
2:1:1 15.751 0.095 3.581 19.414 17.710

4.8.5 XPS analysis of Fe304/SiO2/ZnO nanocomposites

XPS analysis was carried out to determine the chemical states of different elements within
the core shell of ternary Fez04/SiO2/ZnO nanocomposites and the result of the general XPS

survey is displayed in Figure 4.32
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Figure 4.32: General XPS Survey of Fe304/SiO2/ZnO Nanocomposite

Figure 4.32 indicates the presence of peaks at the binding energy of 103.78 eV confirming
the existence of Si in SiO2 nanoparticles. The presence of peaks at 1047 and 1025.1 eV
correspond to Zn 2p 1/2 and Zn 2p 3/2 respectively, indicating that the zinc exists in the form
of Zn?* chemical state on the sample surfaces. The C (1s) peak at 285.6 eV indicates the
presence of an adventitious carbon atom originating from the PVVP used as a capping agent
for the synthesis of pure Fes04/Zn0O. The absence of peaks belonging to the Fe peak suggests
the complete diffusion of Fe onto the internal pores of SiO2 and ZnO shells. This may also
be attributed to the fact that XPS spectra are extremely surface-specific techniques and can
cover just about 10 nm of the sample size (Maria and Andreas 2019). XPS results further

corroborated XRD results shown in Figure 4.19 where the weak peaks were observed for

174



Fe30a. The absence of magnetite peaks in the X-ray diffraction patterns depends on the shell
thickness. It has been reported that when the shell has a large thickness, the signal from the

core is shielded and becomes invisible in the X-ray diffraction pattern (Bakr et al., 2021).

4.8.6 XPS analysis of Zn state in FesO4/SiO2/Zn0O nanocomposites

XPS was further used to probe the chemical state of the Zn in the Fe304/SiO2 /ZnO

nanocomposites and the results of the deconvoluted XPS spectral of Zn are presented in

Figure 4.33.
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Figure 4.33: XPS Spectrum of Zn 2p3/2 in (a) ZnO Nanoparticles and (b)Fe304/SiO2
/ZnO Nanocomposite

Figure 4.33(a) which represents the High-resolution XPS spectrum of Zn 2p3/2 (ZnO)
shows the appearance of a single broad peak at a binding energy of 1021.80 eV. This further
indicates the presence of a highly electropositive zinc ion (Zn?*) with two donated electrons

in a highly electronegative environment with charged O®” ions in the geometry of a hexagonal
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Wourtzite structure. Zn 2p3/2 peak was fitted to only one Gaussian in the samples analyzed at
a binding energy of 1021.80 eV. Figure 4.33 (b) shows the Zn 2p spectrum, with the peaks
at 1045.63 eV and 1022.63 eV which are related to Zn 2p1/2 and Zn 2p3/2 orbitals,
suggesting that the Zn element in Fe304/SiO2/ZnO nanocomposites exist with only one
valence (Zn*) state as against the Zn?* reported earlier for the pure ZnO nanoparticles in
Figure 4.33(a). The presence of Zn with only one valence indicates the formation of a
chemical bond with other elements in the Fe304/SiO- leading to the spin-spin splitting of the
Zn orbital as observed in Figure 4.33 (b). The result of the in XPS patterns of the Zn 2p for
Fe304/Si02 /ZnO nanocomposite shows two peaks compared with the result of the XPS
patterns of the Zn 2p for pure ZnO nanoparticles that shows only one peak, indicating that
the ZnO nanoparticles have been transformed and incorporated into FesO4 and SiO> to form

Fe304/Si02/Zn0 nanocomposites via bond formation.

4.8.7 XPS analysis of O state in Fe304/SiO2/ZnO nanocomposites

XPS deconvoluted spectra of the O (1s) peak in the Fe304/SiO2 /ZnO nanocomposites is

presented in Figure 4.34.
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Figure 4.34: XPS of O (1s) Peak of the Fe3s04/SiO2/ZnO Nanocomposites

The appearance of a peak at the binding energy of 531.16 eV shows that only Si—O—Si or
SiO».like bonds were present in the composites. This result is different from the analysis by
various researchers that have reported peaks corresponding to  Si-Si, Si—OH, AI-OH—, C—
O bonds (Hajizadeh et al., 2020). The difference observed between this work and previous
research may be due to the methods, conditions applied and chemicals used as precursors for

the synthesis of the nanocomposites.

4.9 Physicochemical Properties of the Refinery Wastewater
The physicochemical analysis of the petroleum refinery wastewater was studied and the

result obtained is presented in Table 4.2.
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Table 4.2: Physicochemical Properties Pre and Post treated Petroleum Refinery Wastewater with Various Nanoadsorbents

Concentration after Adsorption Process

Concentration Zn0O Fes0,4 SiO, A B C D E F G WHO NSDWQ
Pollutants Before Permissible  Permissible
Adsorption limits limits
(2017) (2015)
Lead (Pb) 0.98 + 0.06 0.192+0.05 0.246+0.10 0.285+0.12 0.090 +0.30 0.127+0.12 0.166+0.06 0.029+0.20 0.019+0.12 0.009 +0.10 0.068+0.10 0.003 0.01
mg/L
Cadmium (Cd) 1.28+0.10 0.295+0.10 0.338 +0.05 0.402 +0.10 0.198 +0.10 0.230+0.05 0.24340.12 0.124 +0.10 0.096+0.20 0.065 +0.05 0.137+0.10 0.003 0.003
mg/L
Nikel (Ni) 1.34+0.17 0.376+0.10 0.424 +0.10 0.505+0.05 0.225+0.20 0.291 +0.30 0.317+0.05 0.139+0.02 0.129+0.30  0.092 +0.12 0.187+0.05 0.1 0.02
mg/mL
Chromium 0.59 +0.15 0.263+0.12 0.300 +0.10 0.322+0.05 0.203+0.01 0.215+0.12 0.241+0.12 0.137+0.05 0.088+0.12 0.065 +0.10 0.157+0.10 0.08 0.08
(Cr) mg/mL
Copper (Cu) 2.98 £0.23 0.422+0.10 0.5101+0.12 0.6361+0.11 0.389+0.12 0.4651+0.12 0.571+0.10 0.0333 +0.30 0.005+0.10  0.00029+0.10  0.120 +0.15 0.01 1
mg/mL
Iron (Fe) 7.07 +0.14 0.876 +0.15 1.076+0.05 1.423 +0.12 0.517 +0.15 0.682+0.03 0.747 £0.15 0.0601+0.12  0.0601+0.12  0.026+0.12 0.719+0.10 0.2 0.3
mg/mL
Chemical 880.15+0.30  141.7921+0.12 214.3161+0.12 256.123+0.12 138.272+0.20 143.728 167.404+0.5 98.048+0.12  74.724+0.05 66.011+0.05  106.586+0.05 250 500
oxygen +0.15
demand (COD)
mg/L
Biological 190.32 £0.20 44.192+0.20 64.899+0.05 76.356+0.20 29.328+0.05  29.328+0.02 38.083 +0.30 32.39+0.05 29.328 20.954+0.10  44.040+0.15  10/5/2007 50
oxygen +0.15
demand (BOD)
mg/L
Total organic 560.12 +0.03  162.546 +0.15  180.078+0.20 196.826 103.342+0.20 117.681+0.05  131.348+0.05 74.663+0.04 62.397 51.194+0.05  112.080+0.10 50 40
carbon (TOC) +0.10
mg/L
BOD/COD 0.216 +0.40 0.311+0.05 0.302 +0.15 0.298 +0.15 0.212+0.05 0.204+0.03 0.227+0.05 0.330+0.05 0.392 +0.15 0.317+0.20 0.413+0.20
ratio
Conductivity 483.74 +0.12 124.03+0.10 130.100+0.08  184.24 +0.10  96.000 +0.10 83.01+0.12 99.05+0.06 64.02 +0.12 54.21+0.11 43.96+0.1 64.04 +0.1
(uS/cm)
pH 6.25 +0.10 7.02+0.11 6.81 +0.11 6.34 +0.05 6.25 +0.10 7.02+0.11 6.81+0.11 6.34 +0.05 6.25 +0.10 7.02 £0.11 6.81+0.11 6.34 +0.05

NSDWQ = Nigerian Standard for Drinking Water Quality, WHO = World Health Organization
A= ZnO/Fe304, B= ZnO/SiO,, C = Fe304/Zn0, D= Fe30./Si02/Zn0 (1:1:1), E = Fe304/Si02/Zn0O (1:1:2), F= Fe304/Si02/Zn0O (1:2:1) and G = Fe304/Si02/Zn0 (2:1:1)
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Table 4.2 shows the physicochemical parameters of the petroleum refinery wastewater such
as pH, conductivity, COD, BOD and Pb (Il) and Cadmium Cd (I1), Ni (11), Cr (V1) and Fe
(11). The pH value obtained was 6.25, which is lower than the 6.51- 8.5 recommended by the
WHO and Nigerian Standard for Drinking Water Quality. The low pH could be linked to the
dissolved organic carbons in the wastewater and carbon dioxide saturation (Orodu and

Alalibo, 2020).

The value of the electrical conductivity is 483.74 uS/cm, which is greater than the 212.00
puS/cm reported for Port Harcourt refinery wastewater as reported by Osuoha and Nwaichi,
(2019). The high electrical conductivity is an indication that the sample contains a significant
number of dissolved ions, forming a barrier to organism survival (Meride and Ayenew,
2016). BOD and COD are other frequently used parameters to estimate the amount of organic

pollution in wastewater (Tolulope et al., 2019).

The refinery wastewater contains a high value of biological oxygen demand (BOD) of 190.32
mg/L compared to the 40 mg/L recommended by the (WHO, 2017). This is an indication that
the sample contained a high amount of organic pollutants. Additionally, the higher the BOD,
the faster the oxygen in the wastewater is lost, indicating that less oxygen is available to the
aquatic life leading to stress, suffocation, and death of the aquatic lives (Xu et al., 2020). To
determine the overall organic content in the petroleum refinery wastewater, the chemical
oxygen demand (COD) index was calculated from the analysis. Table 3.2 also shows that the
petroleum refinery wastewater contained 880.15mg/L COD, which is lower than the 2150
mg/L reported by Mohanakrishna et al., (2020). The low value of the COD in this study may

be linked to the nature of the wastewater. Additionally, this may be due to the less sensitivity
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of the inorganic materials present to oxidation by dichromate used as an oxidant. It is
important to note that the value of the COD recorded in this study is greater than the BOD
shown in Table 4.2. This is because some organic compounds in petroleum refinery
wastewater may be resistant to microbial oxidation during the determination of the COD in

the wastewater (Abagale, 2021).

The BOD/COD ratio of wastewater is generally used to evaluate the possibility of organic
components breakdown in wastewater before treatment. The ratio of the BOD to COD was
calculated to determine the biodegradability Index (BI) of the refinery wastewater. The value
of the BI (0.216+0.40) was calculated, it has been reported that if the Bl value is more than
0.6, the wastewater contained pollutants that can be biologically degraded while if the Bl is
between 0.3 and 0.6 physiologically methods can be applied for the wastewater treatment.
However, if the Bl is less than 0.3, hence the wastewater cannot be treated biologically
(Dhanke and Wagh, 2020). The value of the Bl (0.216+0.40) obtained in this study is less
than 0.3 indicating that the petroleum wastewater cannot be treated by biological and
physiological methods. This demonstrated that other methods are a better option for the
treatment of petroleum refinery wastewater rather than the use of biological or physiological
methods. And in this research adsorption method was chosen over biological treatment, due

to the low BOD/COD values of 0.216.

Table 4.2 also shows that the petroleum wastewater contained total organic carbon (TOC)
of 560.12 + 0.03 mg/L, which is above the permissive limit of 50 and 40 mg/L for both
Nigerian standards for drinking water quality and world health organization. The high

concentration of TOC above the recommended limit has been reported to increases oxidant
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demand, lower sterilizing efficacy, and produce hazardous by-products which have negative

consequences such as the development of lateral line illness (Pan et al., 2020).

Table 4.2 also shows that petroleum refinery wastewater contains different heavy metals. For
instance, the concentration of the Pb (1) and Cd (I1) was greater than the recommended limits
by the WHO. The value of Pb (Il) recorded in this study is 0.98+0.06 mg/L, this value is
above the 0.003 permissive values by the WHO and NSDWQ. This value is higher than the
0.018 mg/L and 0.47 mg/L reported by Wokoma and Edori (2017) and Olayebi and Adebayo
(2017), who independently determined the concentration of Pb (Il) in Port Harcourt
petroleum refinery wastewater and Warri Refining and Petrochemicals Company
respectively. The high concentration of Pb (Il) in wastewater has been reported to be
poisonous to children resulting in learning and behavioural issues, low intelligence level,
growth retardation, anemia, and deafness (Briffa et al., 2020). Additionally, it can cause
unconsciousness and death at greater levels of toxicity. Pb (I1) usually accumulates in the
body and is stored in the bones, causing fatal development issues, abortion, and premature
birth in pregnant women (Debnath et al., 2019). It has cardiovascular effects in adults, raises
blood pressure, and causes kidney and reproductive problems (Krishna and Mohan, 2016).
The concentration of Cd (1) ion in the petroleum wastewater was 1.28+0.10 mg/L. This value
is higher than the concentration of Cd (I1) ions (0.001 mg/L) reported by Orodu and Alalibo
(2020). Cadmium poisoning hass been reported to harm the kidneys, respiratory systems, and

bones, as well as be carcinogenic to humans (Sharma et al., 2022).

The concentration of Cr (V1) (0.59+0.15mg/L) is lower than the 1.225 mg/L as reported by

Olayebi and Adebayo (2017) from Warri Refining and Petrochemicals Company. This result
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is above the WHO permissive limit. Inhalation of Cr (V1) ions is has been linked to nasal
ulcer, nasal irritation, lung and skin ulcers (Liu et al., 2022). Additionally, it has been
reported that the reduction of Cr (VI) to Cr (Ill) produces reactive intermediates, which
contribute to the cytotoxicity, genotoxicity, and carcinogenicity of Cr (VI) containing
compounds, along with oxidative stress and oxidative tissue damage (Balali-Mood et al.,
2021). The concentration of Cu (1) in the petroleum refinery wastewater was recorded to be
2.98+0.23. This value was above the WHO and NSDWQ permissive limits. The presence of
Cu (1) ions in the wastewater has been linked to some health challenges such as damage of

the liver, brain, kidneys and skin irritation (Moharbi et al., 2020).

The concentration of the Fe (Il) ions (7.07£0.14 mg/L) compared with the standard
permissive limits. Exposure to Fe (I1) has been reported to have some effects such as stomach
upset, diarrhea, vomiting and nausea. The amount of these heavy metals found in petroleum
wastewater is determined by the geological site where the crude is generated (Adeola et al.,
2021). Most heavy metals that are found in crude oil are due to the type of metals found in
the source rock. These metals dissociate in the pore water of these rocks, and the crude oil
absorbs them. It is important to note that these pollutants also act as catalysts in the
conversion of organic materials to petroleum (Adebiyi et al., 2020). As a result, many trace
elements identified in crude oil are just a reflection of those picked up during the source of

reservoir rock migration (Adeola et al., 2021).

The introduction of drilling fluids into the oil during crude oil extraction is another probable
source of heavy metals in crude oil (Makeen et al., 2021). These compounds are directly

introduced to crude oil and eventually end up as pollutants. This helps to explain why drilling

182



rigs could be a source of heavy metals in wastewater generated by petroleum refinery

industries.

4.10 Batch Adsorption Studies

4.10.1 Effect of contact time

Contact time between the adsorbent and adsorbate influences the adsorption process
significantly (Virgen et al., 2018). This is the most important factor that controls the
efficiency of the adsorption process, also determines the economic efficiency of the
adsorption process. The effect of contact time on adsorption of Pb (I1), Cd (1), Ni (1), Cr(IV),
Cu(ll) and total iron , as well as BOD, COD and TOC from the petroleum refinery
wastewater using ZnO, Fe304, SiO2, nanoparticles and ZnO/Fe304, ZnO/SiO2, Fe304/SiOy,
Fe304/Si02/Zn0O  (1:1:1), Fe304/Si02/ZnO  (1:1:2), Fe304/Si02/ZnO (1:2:1), and
Fe304/Si02/Zn0 (2:1:1) nanocomposites, was studied at different time intervals (1— 25 min)

and the results are presented in Figures 4.35-4.43.
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Figure 4.35: Effect of Reaction Time on the Adsorption of Pb (IlI) at pH (6.85),
Dosage (0.05 g), Temperature (30°C) and Volume of the Petroleum
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Figure 4.38: Effect of Reaction Time on the Adsorption of Cr (I1) at pH
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Figure 4.40: Effect of Reaction Time on the Adsorption of Total iron at pH
(6.85), Dosage (0.05 g), Temperature (30°C) and volume of the
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186



100

80 - 5 3 M
v/./o

Sio,
—w— ZNO/Fe;O,
Zno/sio,
- Fe,O,/SiO,
Fe,0,/Si0,/Zn0O (1:1:1)
20 —®— Fe,0,/Si0,/ZnO (1:1:2)
& Fe,0,/SIi0O,/Zn0O (1:2:1)
—&— Fe,0,/Si0O,/Zn0 (2:1:1)

A
(@]
|

SN
\\'\i\\

— . .
[0} 5 10 15 20 25
Time (min)

Figure 4.41 Effect of Reaction Time on the Adsorption of BOD at pH (6.85),
Dosage (0.05 g), Temperature (30°C) and Volume of the Petroleum
Wastewater (50 cm?)

100 —
* k3 k3
[ ] - -
_ — -
A v
- - -
-
= —= 8
-, Zno
® Fe,O,
sio,
—w— ZnO/Fe;O,
Zno/sio,

- Fe,0,/SiO,

Fe,0,/SiO/ZnO (1:1:1)
®  Fe,0,/SI0,/ZnO (1:1:2)
H*— Fe,0,/SiO/Zn0 (1:2:1)
®— Fe,0,/SiO,/ZnO (2:1:1)

0 T T T
o 5 10 15 20 25

Time (mMin)
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Figure 4.43: Effect of Reaction Time on the Adsorption of TOC at pH (6.85),
Dosage (0.05 g), Temperature (30°C) and Volume of the Petroleum
Wastewater (50 cm?)

Figure 4.35 demonstrates that the adsorption of Pb (11) by Fez0s, SiO2, ZnO nanoparticles,
ZnO/Fe304, ZnO/SiO2, Fe304/Si02, Fes04/SiO2/1Zn0O (1:1:1), Fes04/Si02/Zn0O (1:1:2),
and Fe304/Si02/Zn0 (2:1:1) increase with increase in contact time before equilibrium
was reached. The Pb (11) ions removal efficiency was 36.86 %, 34 .03 % and 31.34 %
after 1 min of contact time for ZnO, Fe3O4 and SiO2 nanoparticles respectively, then
gradually increases to 76.99 %, 73.12 % and 70.44 %, after 20 min of contact time for
ZnO, Fe304and SiOz nanoparticles respectively. After which the removal efficiency was
practically constant, indicating that the adsorption was saturated after the 20 min of
contact time between the nanoadsorbent and Pb (I1). This result revealed that the ZnO
nanoparticles recorded the highest percent adsorption removal compared with FezO4and
SiO2 nanoparticles. The observed trend may be linked to the average crystallite size and

the surface area of the ZnO, FezO4 and SiO> nanoparticles as earlier reported in sections
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4.2.1, 431, 4.4.1 and Figure 4.1. A similar trend has been reported by Samad et al.
(2020), who studied the adsorption characteristics of ZnO nanoparticles for removal of
Pb (I1) from aqueous solution and reported the increase in the removal efficiency as the
contact time increases after 30 min. Similarly, Pb (1) adsorption onto bimetallic oxides
nanocomposites (ZnO/Fez04, ZnO/Si02, Fe304/Si0;) in Figure 4.35 shows increased
dramatically between 1 to 10 min with the highest percentage adsorption of 84.05 %,
80.75 % and 79.80 % for ZnO/Fe304, ZnO/SiO2, Fe304/SiO, bimetallic nanocomposites
after 15 min of contact time. This result suggests that among the bimetallic
nanocomposites, ZnO/Fe304 recorded the highest percentage removal of Pb (I1) with the
percentage removal of 84. 05 % compared with ZnO/SiO.and Fe3O4, /SiO>. This may be
due to the enhanced surface area and synergetic effect between ZnO and FeszOs
nanoparticles and increases in the functional groups present in the nanocomposite leading

to higher adsorption of Pb (11) from the petroleum wastewater (Aragaw et al., 2021).

The results of Pb (I1) removal by the ternary nanocomposites Fe304,/SiO2/Zn0O (1:1:1),
Fe304/Si02/ZNn0 (1:1:2), Fe304,/Si02/Zn0 (1:2:1), Fe304,/Si02/Zn0O (2:1:1) in Figure
4.35 also shows that the contact time has a similar effect on the removal of Pb (1) with
Fe304,/Si02/Zn0O (1:2:1) having the highest removal efficiency of 98.73 % compared
with the 89.07, 92.87 and 87.64 % recoded for Fe304,/Si02/Zn0O (1:1:1),
Fe304,/S102/Zn0 (1:1:2), Fe304,/Si02/Zn0 (2:1:1) nanocomposites after 10 min contact
time between the nanoadsorbent and Pb (l1), indicating that the ternary nanoadsrbents
reached equilibrium faster than the binary and monometallic oxides nanoparticles.
Results of Pb (1) removal by the ternary nanocomposites that the adsorption of Pb (1)
was for effective using the Fe3s04/Si02/Zn0O (1:2:1) composites compared with the other

mixing ratio. The observed trend can be maybe because of the high surface area of the
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Fe304,/Si02/Zn0 (1:2:1) composites compared with 10.10 nm, 8.84 nm and 12.66 nm for
Fes304,/Si02/Zn0O  (1:1:1), Fe304/Si0/ZnO  (1:1:2), Fe304,/Si02/Zn0  (1:2:1),
Fe304,/Si02/Zn0 (2:1:1) as shown in Table 4.1. Additionally, this may be linked to the

HRSEM in Plate IX (f) which shows a less agglomerated rod-like structure.

The percentage adsorption removal of Cd (Il) for ZnO, Fe304and SiO2 nanoparticles at
different times are shown in Figure 4.36. It was discovered that as the contact time
between the adsorbent and the petroleum refinery wastewater increased, the adsorption
efficiency increases rapidly. The percentage adsorption removal of the Cd (1) increases
from 28.14 %, 23.83 % and 20.70 %, to 76.91 %, 73.52 %, 68.54 % respectively when
the contact time was increased between 1 min to 15 min for Fe3Os, SiO2 and ZnO
nanoparticles. The equilibrium time for the removal of Cd was achieved after 20 min of
contact time between the adsorbent and the adsorbate for FesO4, SiO. and ZnO
nanoparticles respectively. The result shows that ZnO nanoparticles had the highest
removal efficiency compared with FesOs and SiO2 nanoparticles. This may be due to the
high surface area and presence of functional groups such as C=0, C-H, C-O and C-N

from the PVVC used as the structural directing agent.

The result from the bimetallic oxides in Figure 4.36 indicates that the adsorption
efficiency is time dependent. The result shows that the ZnO/Fe304 ZnO/SiO,, and
Fe304/SiO2 nanocomposites had the highest adsorption removal of 84.485 %, 81.98 %,
and 80.96% for ZnO/Fe304, ZnO/SiO2, and Fe304/SiO; respectively at equilibrium time
of 15 min. The result revealed that the ZnO/Fe30s nanocomposites showed higher
percentage adsorption efficiency compared with 81.98 %, 80.96% reported for ZnO/SiO2,
and Fe304/SiO, which may be due to the enhanced surface area. The result for the ternary
nanocomposites produced at different mixing ratios (Fes04/SiO2/ZnO (1:1:1),
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Fe304/Si02/ZNn0 (1:1:2), Fe304/Si02/Zn0 (1:2:1), Fe304/Si02/Zn0 (2:1:1) are shown in
Figure 4.36. The result indicates that the nanocomposites synthesised at 1:2:1 had the
highest percentage removal of 96.93% compared to the 90.29%, 92.49 %, and 89.29 %
for 1:1:1, 1:1:2, and 2:1:1 respectively. The adsorption removal of the Fe304/Si02/ZnO
(1:2:1) nanocomposites may also be a result of the higher surface area and the formation of

less agglomerated nanoadsorbent as shown in Plate IX (d, e, f and g).

The results in Figure 4.37 show the effect of contact time on the adsorption of Ni (I1). The
results reveal that Ni (11) removal increases gradually with contact time. The results for
the adsorption of Ni (1) on ZnO, Fes04 and SiO2 nanoparticles were 68.99 %, 66.34 %
and 61.50 % respectively at an equilibrium time of 20 min. This result suggests that ZnO
nanoparticles have higher adsorption for the removal of Ni (I1) compared to the FezOa
and SiO2 nanoparticles. The high adsorption removal efficiency recorded for ZnO/Fe304,
ZnO/SiO,, and Fe304/SiO2 nanocomposites were 83.23%, 78.24% and 75.00 %
respectively. The high adsorption removal efficiency for ZnO/FesO4than ZnO/SiO;, and
Fe304/SiO2 may be due to the porosity of the ZnO/Fe304 nanocomposites compared with

ZnO/Si0Oy, and Fe304/SiO2 nanoparticles (Lawtae and Tangsathitkulchai, 2021).

The highest adsorption removal efficiency for the ternary nanocomposites prepared at
different mixing ratios were 89.59 %, 90.33 %, 93.07 % and 86 % Fe304,/Si02/Zn0O
(1:1:1), Fe304/SiO2/ZN0O (1:1:2), Fe304,/Si02/Zn0O (1:2:1), Fe304,/Si02/Zn0O (2:1:1)
after 15 min of contact time. The high performance of the ternary nanocomposites
compared with the bimetallic oxide nanocomposites and the monometallic oxides
nanoparticles may be ascribed to the amount of surface charge, availability of active
surface sites, increase in surface functionality and less agglomeration of the composites
compared with the single nanocomposites (Manyangadze et al., 2020).
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The adsorption of Cu (Il) presented in Figure 4.38 suggests that ZnO nanoparticles
recorded the highest percentage adsorption of 78.40 %, compared with the 74.47 % and
71.99 % recorded for FesO4 and ZnO nanoparticles respectively. The high adsorption may
be linked to the high surface area, porosity and stability of ZnO nanoparticles compared
with FesO4 and SiO2 nanoparticles (Liosis et al., 2021). The adsorption Cu (1) using
bimetallic oxides nanocomposites indicates that ZnO/Fe3O4 nanocomposite attained a
higher adsorption efficiency with a percentage removal efficiency of 86.76 % compared

with 83.47 % and 82.57 % for ZnO/SI10, and Fe304/SiO> respectively.

The higher adsorption ZnO/Fe30s nanocomposites than ZnO/SiOz, and Fe304/SiO;
nanocomposites can be explained by the incorporation of ZnO and FezO4 nanocomposites
which have higher surface area compared with the ZnO and FezO4 nanoparticles that were
incorporated into the lattice of SiO2 which have a lower surface area. The result of the
ternary metal oxides nanocomposites presented in Figure 3.38 (d) shows that the highest
adsorption removal Fes04/SiO2/ZnO (1:2:1) had the highest adsorption removal
efficiency (98.78 %) compared with 93.34 %, 96.61 % and 90.94 % for Fe304/SiO,
Fe304/Si02/Zn0  (1:1:1), Fes304/Si02/ZnO  (1:1:2), and Fe304/Si02/Zn0O (2:1:1)
respectively. The high adsorption of Fes04/SiO2/Zn0O (1:2:1) may be due to the high
porosity of the Fes04/SiO2/ZnO (1:2:1) nanocomposites compared with Fes04/SiO,
Fe304/Si02/Zn0  (1:1:1), Fe304/Si02/Zn0 (1:1:2), and Fe304/Si02/ZnO (2:1:1)

nanocomposites.

Figure 4.39 shows the adsorption of Cr (VI) using FesOs, SiO2, ZnO nanoparticles,
ZnO/Fe304, ZnO/SiO;, Fe304/Si0z, Fes04/Si02/Zn0 (1:1:1), Fe304/Si02/Zn0 (1:1:2),
and Fez04/Si02/Zn0 (2:1:1) nanocomposites. The result reveals the adsorption removal
of Cr (VI) to be 65.19 %, 62.53 % and 60.41% for ZnO, Fe304 and SiO, nanoparticles
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respectively. The ZnO nanoparticles adsorbed better than FesO4 and SiO2 nanoparticles

due to the higher surface area.

The result for the bimetallic oxides and ternary nanocomposites for the removal of Cr
(V1) indicates that ZnO/Fe304, ZnO/SiO2 and Fez04/SiO2 nanocomposites recorded the
highest adsorption of 77.65 %, 74.34 % and 70.76 % at equilibrium time of 15 min while
the percentage adsorption of  Fe304/SiO2/Zn0O (1:1:1), Fe304/Si02/Zn0O (1:1:2),
Fe304/Si02/Zn0 (1:2:1) and Fe304/Si02/Zn0O (2:1:1) nanocomposites were 81.94 %,
86.40 %, 88.57 %, 79.87 % . This result indicates that ZnO nanoparticles performed better
than FezO4 and SiO nanoparticles while ZnO/Fez04 had the highest adsorption removal
efficiency for the removal of Cr (VI) from petroleum refinery wastewater compared to
ZnO/SiOz, Fe304/SiO,. The highest among all the nanoadsorbents used for the removal
of Cr (VI) from petroleum refinery wastewater was Fe304/SiO2/ZnO (1:2:1) with a
percentage removal efficiency of 88.57 %. This high removal by ZnO, ZnO/Fe304 and
Fe304/Si02/Zn0 (1:2:1) for the monometallic, bimetallic and ternary metallic oxides may
be ascribed. This trend may be ascribed to the higher surface area and pore size (Sultana
etal., 2022) of ZnO nanoparticles ZnO/Fe304 and Fe304/SiO2/ZnO nanocomposites. The
adsorption of Cr(VI) from the petroleum refinery wastewater was accieved within 15 min
for all the nanocomposites while the highest adsorption of the single nanoparticles was

achieved within 20 min contact time.

The highest adsorption for the removal of total iron from the petroleum refinery
wastewater using FesOs, SiO2, ZnO nanoparticles, ZnO/Fe304, ZNO/SiO2, Fe304/Si0Oy,
Fes04/Si02/Zn0O  (1:1:1), Fes04/Si02/Zn0O (1:1:2), and Fe304/Si02/Zn0O (2:1:1)
nanocomposites as presented in Figure 4.40. The result of the monometallic metal oxides
demonstrated that 77.30 %, 66.98 % and 64.65 % of the total iron removal was achieved
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for ZnO, Fe3Os and SiO: respectively. The high removal of total iron using ZnO
nanoparticles compared with FesO4 and SiO2 may be ascribed to the high surface area of
ZnO nanoparticles compared with FesOs and SiO2 respectively. The result for the
bimetallic oxides suggests that ZnO/ FezOs4 recorded the highest removal efficiency of
87.38 % nanoparticles compared with 84.82 % and 80.87 % nanocomposites recorded for

ZnO/SiO2 and Fe304/SiO; respectively.

The result of the ternary nanocomposites shows that the adsorption efficiency was
Fe304/Si02/Zn0O (1:2:1) > Fe304/Si02/ZnO (1:1:1) > Fe304/Si02/Zn0O (2:1:1) >
Fe304/Si02/Zn0 (1:1:2) for 93.87 % s95.82%, 99.86 % and 90.32 %
respectively. The high performance of the Fes04/SiO2/ZnO (1:2:1) nanocomposites may
be due to the chemical functionality and stability of the Fe3s04/SiO2/ZnO (1:2:1) than
Fe304/Si02/Zn0  (1:1:1), Fes304/Si02/ZnO  (2:1:1), Fe304/Si02/Zn0  (1:1:2)

nanocomposites.

Figure 4.38 (g-i) shows the adsorption of BOD, COD and TOC. The BOD, COD and
TOC removal efficiency was rapid initially within 1-10 min of the interaction and reached
a steady-state at 15 min after which further increases in the contact time did not have a
major effect on the adsorption of the adsorbate. Figure 3.38 (g) suggests that the
maximum percentage removal efficiency of the BOD was 76.79 %, 75.65 %, 70.90 %,
84.29 %, 83.66 % 80.98 %, 88.86 %, 91.51 %, 92.50 % and 87.89 % for ZnO, Fe30s,
SiO2, and ZnO/Fe304, ZnO/SiO2, Fe304/Si02, Fes04/Si02/Zn0 (1:1:1), Fes04/Si02/Zn0O
(1:1:2), Fe304/Si02/Zn0O (1:2:1), and Fe304/SiO2/Zn0O (2:1:1) respectively. Similarly,
Figure 4.42 shows that the maximum removal efficiency of COD from petroleum
wastewater was 67.89 %, 65.90 %, 59.88 %, 75.90%, 73.59%, 71.00 %, 82.98 %, 84.59
%, 88.99 %, 79.99 % for FesOs, SiO2, ZnO, ZnO/Fe30s, ZnO/SI102, and Fez04/SiO,
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Fe304/Si02/ZnO  (1:1:1), Fes04/Si02/Zn0O (1:1:2), and Fe304/Si02/Zn0O (2:1:1)
nanocomposites respectively. Bankole et al. (2017) have reported the removal of COD
from electroplating wastewater at an optimum contact time of 70 minutes against the 10
to 50 min reported in this study. This finding has both economic and practical implications
because the nanocomposites produced in this analysis have a lower contact time for the
removal of pollutants from petroleum wastewater. The maximum removal efficiency of
TOC from petroleum wastewater was achieved at 68.59%, 65.86 %, 62.86 %, 79.65 %,
76.756 %, 72.99 %, 83.86 %, 86.67 %, 90.86 % and 81.65 % using ZnO, Fe304, SiO>,
and ZnO/Fe304, ZnO/SiO,, Fe304/Si0Oz, Fe304/Si02/Zn0O (1:1:1), Fe304/Si02/Zn0O
(1:1:2), Fes04/Si02/ZnO (1:2:1), and Fe304/Si02/ZnO (2:1:1) as nanoadsorbent as
presented in Figure 3.48 (h). The uptake of metal ions and the pollution indicators (BOD,
COD and TOC) proceeded in two stages, with the first being rapidly followed by a slower
removal. This is because the number of accessible sites is substantially greater thank the
number of metal species to be adsoebed, the adsorption process appears to be more rapid
(Panda et al., 2017). Among the monometallic oxides, the ZnO nanoparticles performed
better compared with FesO4, SiO2 nanoparticles for the removal of BOD, COD and TOC

from the petroleum refinery wastewater.

The result of the bimetallic nanocomposites indicates the order of performance of the
nanocomposites were ZnO/Fe304 > ZnO/Si02 > Fe304/SiO2 for the removal of all the
pollution indicator parameters (BOD, COD and TOC) from the petroleum refinery
wastewater. Among the Fe304/Si02/ZnO (1:1:1), Fe304/Si0/Zn0O (1:1:2),
Fe304/Si02/Zn0 (1:2:1), and Fe304/Si02/Zn0O (2:1:1) nanocomposites used for the
removal of BOD, COD and TOC from petroleum refinery wastewater, Fe304/SiO2/ZnO

(2:2:1) nanocomposites show the highest adsorption removal efficiency. The outstanding
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performance of ZnO, ZnO/Fe304 and Fe304/Si02/Zn0O (1:2:1) nanocomposites may be
explained by their higher surface area and small er crystallite size which leads to the
availability of a larger number of adsorption active sites during the adsorption process

(Sadegh et al., 2017).

Generally, it was found that the adsorption of Pb (I1), Cd (1), Ni (I1) Cr (V1), Cu (1l) and
total iron was slow between 0-5 min and rapidly increases during thel0 minutes, after
which, the removal efficiency further increased however at a much slower rate until it
reaches equilibrium after between 15 min to 20 min. The fast adsorption rate at the initial
stage (10 min) was due to the greater surface adsorption sites at the beginning after which
the adsorption then reached a steady-state (Andronic et al., 2021). This may also be
ascribed to significant interaction between the nanoadsorbent and the adsorbate, leading
to higher removal of the heavy metals. As the contact time increases, the heavy metals
occupied the active sites leading to the blockage of active sites (El-Saied et al., 2017).
Accordingly, the percentage adsorption pattern observed for the metal ions was in the
order of total iron > Cu (Il) > Pb (1) > Cd (Il) > Ni (II) > Cr (V1) respectively. The
observed trend shows that the ionic radius of the heavy metals ions plays an important
role in the removal efficacy of the heavy except for Cu (1) and total iron. Due to their
high concentration in the refinery wastewater compared to other elements. The ionic
radius is in order of Pb (11) (1.19 A) Cd (1) (0.97 A) > Cu (11) (0.73 A) > Ni (11) (0.72 A),
total iron (0.645 A) > Cr (VI) (0.62 A). The larger the ionic radius, the stronger the
adsorption of the metal ions due to the lower hydration potential of the heavy metal ions
(Fan et al., 2021). A similar trend has been reported by Li et al. (2018), who obtained
higher removal efficiency of 98.0 %, for Pb (I1) and 97.3% reported for Cd (Il). A

similar trend has been observed by Rodriguez, (2020) who studied the potential of
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Graphene Oxide—ZnO nanocomposites for the removal of some heavy metal ions from
acid mine drainage wastewater. In their analysis, they reported the rapid removal of the
heavy metals between 30—60 min. From the result, the ternary nanocomposites perform
better than the bimetallic oxides nanoparticles follow by the monometallic metal oxides
nanoparticles for all the targeted pollutants. The trend observed may be due to the
increase in surface area and the functional groups. Among the monometallic
nanoadsorbent ZnO nanoparticle performed better than FesO4 and SiO2 nanoparticles
while for bimetallic oxides the ZnO/Fez04 shows a higher adsorption removal efficiency

compared follow by ZnO/SiO; and Fez04/SiOs.

The order of the removal efficiency for the ternary nanocomposites prepared at different
mixing ratios was Fe304/Si02/Zn0 (1:2:1)> Fez04/Si02/Zn0 (1:1:2)> Fe304/Si02/Zn0O
(1:1:1)> Fe304/Si02/Zn0O (2:1:1). Among all the nanoparticles and the nanocomposites
studied Fe304/SiO2/Zn0 (1:2:1) recorded the highest adsorption removal for the selected
heavy metals and the organic compounds removed. The high percentage adsorption of the
Fe304/Si02/Zn0 (1:2:1) nanocomposites could also be related to the high surface area of

Fe304/Si02/Zn0 (1:2:1) nanocomposites and also enhanced surface area (Table 4.1).

It is noticed that the monometallic nanoparticles achieve equilibrium at 20 min and both
the bimetallic nanocomposites and the ternary nanocomposites attained equilibrium at 15
min for all the targeted pollutants. Therefore the 15 min contact time was used for the

experiment.
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4.10.2 Effect of adsorbent dosage

The adsorbent dose is one of the significant factors that affect the efficiency of adsorbents
in the removal of pollutants from wastewater (Gisi et al., 2016). Adsorbent dosage
controls the availability of the binding sites during the adsorption (Huang et al., 2020).
Thus, the effect of adsorbent dosage (0.02, 0.04, 0.06, 0.08, 0.1to 0.12 g) was studied to
assess the removal efficiency of Pb (1), Cd (I1), Ni (1) Cr(\V1), Cu (Il), total iron, BOD,
COD and TOC from refinery wastewater using ZnO, Fe30s, SiO2, nanoparticles and
ZnO/Fe304, ZnO/SiO;, Fe304/Si0;, Fes04/Si02/Zn0 (1:1:1), Fe304/Si02/Zn0O (1:1:2),
Fe304/Si02/Zn0 (1:2:1), and Fe304/Si02/Zn0 (2:1:1) nanocomposites and the results are

given in Figures 4.44-52.
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Figure 4.44: Effect of Adsorbent Dosage on the Adsorption of Pb (II) from
Petroleum Refinery Wastewater at Temperature (30°C) and Contact
Time (15 min)

198



100
, —t—
od —_—

—m— ZnO
—e—Fe, O,
—A— SiO,
—w— ZnO/Fe O,
—&— ZnO/SiO,

Fe,0,/Si0,
— b—Fe,0,/Si0,/Zn0 (1:1:1)
—®— Fe,0,/Si0,/Zn0O (1:1:2)
—4— Fe,0,/Si0,/Zn0 (1:2:1)
—&— Fe;0,/Si0,/Zn0 (2:1:1)

% Removal

T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Dosage (g)

Figure 4.45: Effect of Adsorbent Dosage on the Removal of Cd (I1) from
Petroleum Refinery Wastewater at Temperature (30°C) and
Contact Time (15 min)
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Figure 4.46: Effect of Adsorbent Dosage on the Removal of Ni (I1) from
Petroleum Refinery Wastewater at Temperature (30°C) and
Contact Time (15 min)
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Figure 4.47: Effect of Adsorbent Dosage on the Removal of Cu (11) from
Petroleum Refinery Wastewater at Temperature (30°C) and
Contact Time (15 min)
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Figure 4.49: Effect of Adsorbent Dosage on the Removal of Total iron
from Petroleum Refinery Wastewater at temperature (30°C) and

Contact Time (15 min)
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Figure 4.50: Effect of Adsorbent Dosage on the Removal of BOD from
Petroleum Refinery Wastewater at Temperature (30°C) and
Contact Time (15 min)
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Figure 4.51: Effect of Adsorbent Dosage on the Removal of COD from
Petroleum Refinery Wastewater at Temperature (30°C) and
Contact Time (15 min)
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Figure 4.52: Effect of Adsorbent Dosage on the Removal of TOC from
Petroleum Refinery Wastewater at Temperature (30°C) and Contact
Time (15 min)
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Figure 4.44 shows that ZnO nanoparticles recorded the highest removal efficiency of
80.00 %, compared to 77.65, % and 74.25 % recorded for FesO4 and SiO> respectively,

under the conditions of temperature (30°C) and contact time of 15 min.

The high removal of Pb (1) from petroleum refinery wastewater using ZnO nanoparticles
may be ascribed to its higher surface area of 8.620 m?/g compared to the surface area of
7.864 m?/g and 0.386 m?/g obtained for Fe304 and SiO2 nanoparticles respectively. This
is an indication that surface area played an important role in the removal of Pb (1) from
petroleum refinery wastewater. The result for the bimetallic oxides suggests that
ZnO/Fe304 recorded the highest removal efficiency of 87.99 %, compared to 85.07 % and

83.02 % recorded for ZnO/SiO2 and Fe304/SiO respectively.

This observed trend may be linked to the small crystallite size of ZnO/ Fez04 (12.45 nm)
compared to 16.23 nm and 15.36 nm for Fe304/SiO2 and ZnO/SiO2 nanocomposites as

earlier reported in Figure 4.24, 4.26, and 4.22 respectively.

The result of the ternary nanocomposites shows that the removal efficiency of Pb (II)
from the petroleum refinery wastewater was in the order of was Fez04/SiO2/Zn0O (1:2:1)
(99.45 %) > Fez04/Si02/Zn0 (1:1:2) (96.79 %) > Fes04/Si02/Zn0 (1:1:1) (94.01 %) >
Fe304/Si02/Zn0 (2:1:1) (91.46%) respectively. The outstanding performance of the
Fe304/Si02/Zn0 (1:2:1) compared to Fe304/Si0O2/Zn0O (1:1:2), Fe304/Si02/Zn0 (1:1:1),
and Fe304/Si02/Zn0O (2:1:1) maybe because of the higher surface area of the
Fe304/Si02/Zn0 (1:2:1) compared to the surface area obtained for the other ternary
composites prepared Fe304/Si02/ZnO  (1:1:2), Fe304/Si0O2/ZznO (1:1:1), and

Fe304/Si02/Zn0 (2:1:1) as presented in Table 4.1.
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Figures 4.45 shows that the removal efficiency of Cd (Il) was 78.10 %, 75.97 % and
70.99 % for ZnO, Fe304 and SiO2 nanoparticles while the removal efficiency of Cd (1)
using bimetallic nanocomposites indicated that ZnO/Fe3Os nanocomposites had the
highest removal efficiency of 87.99 % relative to 83.97 % and 80.00 % obtained for
ZnO/Fe304 and Fe304/SiO> respectively. The trend observed may be ascribed to the
enhanced surface area of ZnO/Fe3Os4 compared with ZnO/Fe3O4 and Fe304/SiO>
nanocomposites. The removal efficiency of the ternary nanocomposites presented in
Figures 4.45 shows that Fe304/SiO2/Zn0 (1:2:1) nanocomposites had removal efficiency
of higher 97.63 % against the 93.03 %, 95.65 % and 90.51 % obtained using
Fe304/Si02/ZnO  (1:1:2), Fe304/Si02/ZnO  (2:1:1), Fes304/Si02/ZnO  (1:1:1)
nanocomposites respectively. The trend observed may be linked to the surface area and
the stability of the Fe304/SiO2/Zn0 (1:2:1) nanocomposites compared to Fe304/Si02/Zn0

(1:1:2), Fe304/Si02/ZNn0 (2:1:1), Fe304/SiO2/Zn0O (1:1:1) nanocomposites.

In the case of Ni (Il) removal from the petroleum refinery wastewater, the highest
percentage removal efficiency of Ni (1I) were 75.81 %, 72.76 %, 70.98 %, 84.84 %,
78.62%, 76.47 %, 85.31 %, 87.18 %, 90.16% 84.63 % (Figures 4.46) using ZnO, Fez04
, SIO2 nanoparticles, ZnO/Fe304, ZnO/SiO2, Fes04/SiO2, Fe304/Si02/Zn0 (1:1:2),

Fe304/Si02/Zn0  (2:1:1) Fes04/Si02/Zn0  (1:2:1), Fe304/Si0/ZnO  (1:1:1)
nanocomposites respectively as sown in Figures 4.46. The result indicates that ZnO
nanoparticles were higher for the monometallic oxides compared to the values recorded
for ZnO and Fe304 nanoparticles respectively. The high removal efficiency recorded for
ZnO nanoparticles may be linked to the formation of more bonds such as Vander Waals

forces, and electrostatic interactions between the Ni (1) and the functional groups with a
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variety of reactive activities compared with the other monometallic metal oxides (Zhang

etal., 2017).

Figure 4.47 indicates that the removal efficiency of Cu (Il) from the petroleum refinery
wastewater for monometallic oxides follow order ZnO (86.86%) > Fe304 (80.57 %) >
SiO2 (78.47 %) nanoparticles while for the bimetallic oxides order was ZnO/SiO; (89.99
%) > ZnO/Fe304 (87.86 %) > Fe304/SiO. (84.97 %). Additionally, the adsorption
behaviour of the ternary nanocomposites prepared at different mixing ratios for the
adsorption of Cu (Il) from the petroleum refinery wastewater shows that the adsorption
removal efficiency ranges between 96.47 %, 98.57 %, 99.57 %, 91.99 % for
Fe304/Si02/ZnO0  (1:1:1), Fes304/Si02/ZnO  (11:2), Fe304/SiO2/ZnO  (1:2:1),
Fe304/Si02/Zn0O (2:1:1) respectively. This result suggests a different trend in the
adsorption process compared with the other heavy metals earlier discussed, in that the
adoption of Cu (Il) from the petroleum wastewater recoded the highest adsorption for
Fe304/Si02/Zn0O (1:2:1) against Fe304/Si02/Zn0O (1:1:1), Fe304/SiO2/Zn0O (11:2) and
Fe304/Si02/Zn0O (2:1:1) nanocomposites. The high removal of the nanocomposites
compared with the single nanoparticles for the removal of Cu (I1) from the petroleum
refinery wastewater may be ascribed to the formation of different nanoparticles into a
single material leading to the increase in the functional group, surface area and stability

(Li et al., 2020).

Figures 4.48 demonstrates that the removal of efficiency of Cr (V1) from the petroleum
refinery wastewater for the monometallic oxides nano adsorbent follows the order ZnO
(64.34 %,) > Fe3Os (61.00 %) > SiO2 (55.99 %) while the bimetallic oxides
nanocomposites were in the order of ZnO/Fe30s4 (74.34 %), ZnO/SiO2 (70.64 %),
Fe304/Si02 (66.30 %). The highest removal efficiency for the ternary composites were in
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the order of 82.97 %, 85.23 %, 88.42 % and 79.23 % for Fe304/Si0./Zn0O (1:1:2),
Fes04/Si02/Zn0  (2:1:1) Fe304/Si02/ZnO  (1:2:1), Fe304/Si0/ZnO  (1:1:1)
nanocomposites respectively. The trend observed in the removal efficiency shows that
the surface area of the nanomaterials used as an adsorbent played an important role in the
removal process. This analysis indicates that Cr (V1) has the least adsorption removal

among all the selected heavy metals.

The result for the removal of total iron from petroleum refinery wastewater is presented
in Figures 4.49. The result shows that the adsorption of total iron was in the order of ZnO
(81.76 %) > Fe304 (79.90 %) > SiO (76.98 %) at adsorbent dosage of 0.05g. The high
adsorption removal efficiency of the  ZnO nanoparticles relative to Fe3O4 and SiO>
nanoparticles may be explained by the presence of many functional groups such as Zn-0O,
C=0, C-H, C-0, C-N compared with Fe-O C-0O, C-O-C and O-Si-O , Si-H reported for

Fe304 and SiO2 nanoparticles in Figure 4.4 and 4.11 respectively.

A similar trend was observed for the removal of total iron using bimetallic oxides
nanocomposites. The highest removal was achieved at the same adsorbent dosage and the
removal efficiency for ZnO/Fe30s, ZnO/SiO2 and Fez04/SiO, were 90.76, 85.99 %,
82.653 % respectively. From the result, it can be concluded that the removal of total iron
was better using ZnO/Fe304 compared with ZnO/SiO, and Fe304/SiO2. This trend may
be linked to the enhanced surface functionality of ZnO/Fes04 nanocomposites compared

with ZnO/SiO2 and Fe304/SiO2 nanocomposites.

The result of the ternary metallic oxides were 95.59 %, 97.87 %, 99.67 %, and 94.65 %
for Fes04/Si02/Zn0O (1:1:1), Fe304/Si02/Zn0 (1:1:2), Fe304/Si02/ZnO (1:2:1), and
Fe304/Si02/Zn0 (2:1:1) nanocomposites respectively. This result demonstrated that

Fe304/Si02/Zn0 (1:2:1) showed higher adsorption for the removal of total iron from
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petroleum refinery wastewater and this may be due to its high surface area (35.469 m?/g)
compared with 24.918 m?/g, 30.685 m?/g and 15.751 m?/g obtained for Fe304/SiO2/Zn0O
(1:1:1), Fe304/Si02/Zn0 (1:1:2), Fe304/Si02/Zn0O (1:2:1), and Fez04/Si02/Zn0 (2:1:1)

nanocomposites (see Table 4.1).

The results of BOD, COD and TOC removal from petroleum refinery wastewater are
shown in Figure 4.50, 4.51 and 4.52 respectively. The results showed that as the adsorbent
dosage increases, the removal of the water quantity indicator parameters (BOD, COD and
TOC) increases. The rate of removal of the indicator parameters in petroleum refinery
wastewater was found to almost double as the adsorbent dosage increases from 0.02 to
0.08 g and after 15 min the removal efficiency become steady due to the interaction
between the adsorbent and the adsorbate. The highest removal efficiency of the indicator
parameters in petroleum refinery wastewater was 76.97%, 72.78 % and 70.95 % for BOD
while that of COD values were 73.99 %, 70.02% and 67.69 %, and TOC removal
efficiency was 71.84 %, 68.00% and 65.77% using ZnO, Fe3z04 and SiO, nanoparticles
as adsorbents respectively. The result revealed that ZnO nanoparticles was more effective
in the removal of BOD, COD and TOC from the petroleum refinery wastewater compared
with the use of FesO4 and SiO2 nanoparticles as nanosdsorbent, which may be due to the
high surface area of ZnO (8.620 m?/g) compared with7.464 m?/g and 0.386 m?/g for FesO4
and SiO2 nanoparticles. The BOD removal efficiency from petroleum refinery wastewater
by the bimetallic oxides nanocomposites was in the order of ZnO/ Fe3O4 (84.37 %) >
Zn0O/SiO: (83.55 %) > Fe304/SiO2 (81.97 %) for BOD. The COD percentage removal
efficiency for COD were in the order of ZnO/ Fez04 (83.24 %) >ZnO/SiO> (81.86 %) >
Fe304/Si02 (78.84 %) while the TOC follow the same trend in order of ZnO/ Fe304 (80.94

%) >2Zn0/Si02 (79.6 7%,) > Fe304/Si0O2 (75 .87 %). The trend observed can be explained
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by the crystallite size of the nanoparticles. A similar trend has been reported by
Nandiyanto et al. (2016) and Dtugosz et al., (2021) who independently reported the

decrease in removal efficiency as the crystallite size of the nanoparticle increases.

For the ternary nanocomposites the percentage BOD removal was 90.47 %, 91.80 %,
97.28 % and 88.91 %; COD was 84.24 %, 92.01 %, 95.88 % and 86.59 % while the TOC
reduction was 80.68, 90.67 %, 93.99% and 82.99 % for Fe304/SiO./ZnO (1:1:1),

Fe304/S102/Zn0 (1:1:2) Fe304/Si02/Zn0 (1:2:1), Fe304/Si02/Zn0O (2:1:1) respectively.

Generally, it was noticed that among the monometallic oxide nanocomposites, ZnO
nanoparticles exhibited high removal of pollutants based on its high surface area than
others. For the bimetallic oxides nanocomposites, ZnO/Fe3Os demonstrated higher
adsorption compared with ZnO/SiO> and Fez04/SiO> based on its enhanced surface area.
Among the ternary metallic oxides, nanocomposites suggest that Fe304/SiO2/Zn0 (1:2:1)
nanocomposites exhibited the greatest adsorption removal compared to the other
nanocomposites prepared at different mixing ratios to the high surface area than others.
The effect of adsorbent dosage on the removal of these pollutants also suggests that the
crystallite size and the surface area of the adsorbents played an important role in the
removal of the pollutants from petroleum refinery wastewater. It was observed that the
removal efficiency was slow between 0.02 to 0.06g and become rapid when the adsorbent
increased from 0.06 to 0.08 g. This could be explained in terms of increased coverage of
the surface as the adsorbent dosage increases leading to an increase in the number of
adsorption sites and enhanced removal efficiency (Nistor et al., 2021). Additionally, the
result shows that the Fe304/SiO2/ZnO (1:2:1) nanocomposites was better than other
nanoadsorbents due to their improved surface area as presented in Table 4.1 than others.
The ternary nanocomposites performed better in terms of the removal of pollutants from
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the petroleum refinery wastewater than bimetallic and monometallic oxide nanoparticles
under the applied conditions irrespective of the pollutant studied at a lower dosage, this

makes the adsorbent better for the treatment of wastewater.

4.10.3 Effect of adsorption temperature

Temperature is one of the important parameters in the adsorption processes (George et
al., 2023). The effect of different temperatures (30°C, 40°C, 50°C, 60°C, 70°C, and 80°C)
on the adsorption of Pb (I1) Cd (1), Ni (11) Cr (VI), Cu (1), total iron, COD, BOD and
TOC from petroleum refinery wastewater was carried out and the results are presented in

Figure 4.53-4.61.

100 — _; = ‘ 1
— 4 4 s 4
; 4 v
/- .
80 Vit d 4 = — = —=a
- * ~ : — :* 2
© e T
3 60 A = ZnO
£ ® Fe,O,
o A SIO,
=2 ¥  ZnO/Fe,O,
40 ZnO/SiO,
Fe,0./Si0,
p Fe,0,/Si0,/Zn0 (1:1:1)
20 - ®  Fe,0,/Si0,/Zn0 (1:1:2)
A Fe,0,/Si0,/Zn0 (1:2:1)
& Fe,0,/Si0,/Zn0 (2:1:1)
0 T T T T T T T T
0 20 40 60 80

Temperature (°c)

Figure 4.53: Effect of Temperature on the Removal of Pb (Il) from Petroleum
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Figure 4.54: Effect of Temperature on the removal of Cd (IlI) from
Petroleum Refinery Wastewater under the Conditions of Contact
Time (15) min and Dosage (0.05 g)

100

k& ————&

i _—
e——%— — e
.>)4::_‘,’-"’ - -
o - */,_I
-« m— — e
- - e
= > —m— ZnoO
& —®—Fe, O,
e sio,
W% ZnO/Fe,0,
Zno/sio,

4 Fe,0,/SiO,
Fe,0,/SI0/ZnO (1:1:1)

®  Fe,0,/SI0,/Zn0 (1:1:2)
— A — Fe,0,/SI0,/Zn0o (1:2:1)
— @ Fe,0,/Si0,/Zn0 (2:1:1)

40 60 80
Temperature (°C)
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Figure 4.56: Effect of Temperature on the removal of Cr (VI) from
Petroleum Refinery Wastewater under the Conditions of Contact
Time (15) min and Dosage (0.05 g)
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Figure 4.57: Effect of Temperature on the Removal of Cu (Il) from
Petroleum Refinery Wastewater under the Conditions of Contact
Time (15 min) and Dosage (0.05 g)
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Figure 4.58: Effect of Temperature on the Removal of Total iron from
Petroleum Refinery Wastewater under the Conditions of Contact

Time (15) min and Dosage (0.05 g)
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Figure 4.59: Effect of Temperature on the Removal of BOD from
Petroleum Refinery Wastewater under the Conditions of Contact

Time (15) min and Dosage (0.05 g)
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Figure 4.60: Effect of Temperature on the Removal of COD from Petroleum
Refinery Wastewater under the Conditions of Contact Time (15) min
and Dosage (0.05 g)
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Figure 4.61: Effect of Temperature on the Removal of TOC from
Petroleum Refinery Wastewater under the Conditions of Contact
Time (15) min and Dosage (0.05 g)
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Figure 4.59 depicts the percentage of Pb (11) removed by ZnO, Fez0a, SiO2 nanoparticles,
Fe304/Si0,,  Fes04/Zn0O, Si02/Zn0O, Fes304/Si02,  Fe304/Si02/Zn0O  (1:1:1),
Fe304/Si02/ZnO  (1:1:2), Fe304/Si02/ZnO (1:2:1) and Fes04/Si02/Zn0O  (2:1:1)
nanocomposites. The result suggests that an increase in temperature corresponds to an
increase in the percentage of Pb (Il) for all the nanoadsorbents. The high adsorptive
removal of ZnO nanoparticles than the others may be because of the more functional
groups, which act as primary adsorption centers for the removal of heavy metals (Tunega
et al., 2020). The highest percentage removal of Pb (II) from the petroleum refinery
wastewater was 80.326 %, 74.865 % and 71.865 % using ZnO, Fe304, SiO2 nanoparticles
as an adsorbent. The observed trend indicates that ZnO nanoparticles exhibited a higher
adsorptive potential compoared than FesOs, SiO2 nanoparticles. This may be related to
the higher surface area and functional groups in ZnO nanoparticles compared to the

others.

The highest percentage removal of Pb (11) was recorded to be 90.81 %, 86.99 % and 83.00
% using ZnO/Fe304, ZnO/SiO2, Fe304/Si O2. The result indicates that the ZnO/Fe304
nanocomposites exhibited higher adsorptive removal compared to ZnO/SiO; and
Fe304/SiO2 nanocomposites which may be due to the enhanced surface are of ZnO/Fe304
nanocomposites compared to the others. Similarly, the adsorption removal efficiency of
the ternary nanocomposites indicated that the highest adsorption removal of Pb (Il) was
97.03 %, 98.00%, 99.03 %, 93.00 % for Fe304/Si02/Zn0O (1:1:1), Fe304/Si02/Zn0O
(1:1:2), Fe304/Si0O2/Zn0O (1:2:1), and  Fe304/Si02/ZnO (2:1:1) nanocomposites
respectively. This indicates that the Fe304/SiO2/Zn0 (1:2:1) nanocomposites exhibited a
high adsorption removal compared to the others, which may be related to the large surface

area of Fe304/Si0O2/Zn0 (1:2:1) nanocomposites than others.
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Figure 4.54 indicates that the order of the adsorption of Cd (Il) by ZnO, Fe304, SiO>
nanoparticles; Fe3s04/Zn0O, ZnO/SiO2 Fe304/Si02, Fe304/Si02/Zn0 (1:1:1), Fe304/SiOo/
ZnO (1:1:2), Fe304/Si02/Zn0 (1:2:1), and Fe304/Si02/ZnO  (2:1:1)  nanocomposites
from the petroleum refinery wastewater were ZnO (76.91 %) > Fe30a4 (73.52 %) SiO, >
(68.54 %); Fe304/ZnO (82.48 %) > ZnO/ SiO2 (81.98 %) > Fe304/SiO2 (80.96 %) ;and
Fes04/Si02/Zn0O  (1:2:1) (93.92 %) > Fe304/Si02/ZnO (1:1:2) (92.49 %) >

Fes04/Si02/Zn0 (1:1:1) (90.29 %) and Fes04/SiO2/ZnO (2:1:1) (89.29 %) .

In Figure 4.55, the highest removal of Ni (1) by ZnO, Fe304, SiO2 nanoparticles; FesO4
1Zn0, ZnO/SiO2 Fe304/SiO2, Fe304/Si02/Zn0 (1:1:1), Fe304/Si02/Zn0 (1:1:2), Fe304/S
102/Zn0O (1:2:1), and Fe304/Si02/Zn0 (2:1:1) nanocomposites were 71.89 %, 68.31 %,
62.24 %, 84.33 %, 82.56 %, 80.51 %, 85.37 %, 87.96 %, 89.96 %, 82.26 % respectively
under the applied conditions. The result in Figure 4.56 shows also shows that the

adsorption removal of Cr (IV) ions increases as the temperature incraeses.

Similarly, the highest removal efficiency of Cu (1) as presented in Figure 4.57 were 76.40
%, 74.47 %, 71.99 %, 89.76 %, 82.47 %, 82.57 %, 98.88 % 99.84%, 99.731%,

and 97.28 % by ZnO, Fez0s, SiO2 nanoparticles; Fez04/ZnO, ZnO/SiO2 Fez04/SiO,

Fe304/Si02/Zn0 (1:1:1), Fe304/Si02/Zn0 (1:1:2), Fe304/Si02/Zn0O (1:2:1), and Fe3O4/
Si02/Zn0 (2:1:1) nanocomposites respectively. Likewise, the highest removal efficiency
of the total iron ions was 77.30 %, 66.98 %, 64.65 %, 87.38 %, 84.82 %,
80.87 %, 93.87 %, 95.82 % 99.86 % and 90.32 % using ZnO, Fe304, SiO2 nanoparticle;
Fe304/Zn0, ZnO/SiO; Fe304/Si0Oz, Fe304/Si02/Zn0 (1:1:1), Fes04/Si02/Zn0 (1:1:2), F

e304/S102/Zn0 (1:2:1), and Fe304/Si02/Zn0O (2:1:1) nanocomposites respectivel.
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In Figure 4.59, it is clear that the BOD removal efficiency was 67.89 %, 65.9, 59.88 %,
75.90 %, 7359 %, 71.00 %, 82.98 %, 8459 %, 88.99 %, 79.99 % was
using ZnO, Fe304, SiO2 nanoparticles; and Fe304/Zn0O, ZnO/SiO2 Fe304/SiO2, Fe304/Si
02/Zn0 (1:1:1), Fe304/Si02/Zn0 (1:1:2)Fe304/Si02/Zn0 (1:2:1), and Fes04/Si02/Zn0O (
2:1:1) nanocomposites respectively. The highest percentage removal of COD was ZnO
(76.79 %) > Fe304 (75.65 %) > SiO2 (70.90 %) while that of ZnO/Fe304, ZnO/SiO; and
Fe304/ SiO2 nanocomposites were 84.29 %, 83.67 %, 80.98 % and 88.86 % respectively.
The COD removal efficiency were 88.86 %, 91.51 %, 92.50 % and 87.89 % for
Fe304/Si02/Zn0O  (1:1:1), Fes04/Si02/Zn0O  (1:1:2), Fe304/Si02/ZnO (1:2:1), and

Fe304/Si02/Zn0 (2:1:1) as presented in Figure 4.60.

Figure 4.61 depicts that the removal efficiency increases as the temperature increases,
the highest removal efficiency of for TOC ZnO, Fes30s, SiO, nanoparticles; and
ZnO/Fe304, ZnO/SiO2 and Fe304/SiO2, Fe304/SiO2/Zn0 (1:1:1), Fes04/SiO2/Zn0 (1:1:2),
Fe304/Si02/Zn0 (1:2:1), and Fe304/Si02/ZnO (2:1:1) nanocomposites were 68.59 %,
65.86 %, 62.86 %, 79.65 %, 76.756 %, 72.99 %, 83.86 %, 86.67 %, 90.86 % and 81.65
% respectively. The increase in percentage removal with an increase in reaction
temperature for all the nanoasorbent used, suggests that the adsorption process was
endothermic. This observation is different from the adsorption principle, which states that
adsorption decreases as temperature rises and the amount of adsorbate are adsorbed on a
surface desorbed at a higher temperature (Jibril, 2020). This difference may be linked to
an increase in the kinetic or thermal energy of the molecules, making the pollutants more
mobile and increasing molecular motion, which allowed the adsorbate to enter pores more
easily, as well as increased binding site activity as the temperature rises (Xu et al., 2017).

This increment in the removal efficiency may also be attributed to the adsorption sites
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generated due to the breaking or rupture of some internal bonds near the edge of the
nanoparticles and composites at high temperatures (Gebretsadik et al., 2020).
Additionally, the direct relationship between the reaction temperature and the removal
efficiency maybe because the reaction temperature increased, the solubility of the metal
ions and the organic pollutants also increased (Mouni et al., 2018). The increase in
removal efficiency as the temperature increases is an indication that temperature plays an
important role in the adsorption of Pb (I1), Cd (I1), Ni (I1) Cr (VI), Cu (II) and total iron
ions, COD, BOD and TOC which suggests that the adsorption process involved chemical

reaction as reported by Edet and Ifelebuegu, (2020).

Another observation from the analysis is that the ternary and binary nanocomposites
exhibited higher adsorption than the individual ZnO, Fes30s, and SiO2 nanoparticles
respectively, due to the increase in adsorption sites in the former than the latter. The trend
observed can also be linked to the increased functional groups on the composites surface
making it a potential adsorbent for Pb (1) Cd (I1), Ni (1) Cr (VI), Cu (II) and total iron
ions, COD, BOD and TOC complexation through both coordinate and electrostatic
approaches (Sadegh et al., 2017). Additionally, it was observed that the Fe304/SiO2/Zn0O
with a mixing ratio of 2:1:1 shows a lower adsorption removal compared to the other
ternary nanocomposites Fes04/SiO2/Zn0O  (1:1:2), Fe304/Si02/ZnO (1:2:1), and
Fe304/Si02/Zn0 (1:1:1). This can be linked to the XRD result in Figure 4.28 which
revealed that the core-shell of the magnetite was completely covered by the ZnO and SiO>
this made it difficult for the selected inorganic and organic pollutants to be linked to the

available sites/polar group attached on the magnetite phase.

A similar trend was reported by Zhang et al. (2020a) where the authors observed an
increase in the percentage removal of Cr (V1) and Cu (1I) as the temperature increases
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using magnetite nanoparticles as an adsorbent. Additionally, zeolite-Fe3O4
nanocomposites have been used for the removal of Pb (11) and the result also indicates an
increased removal as the temperature increases. However, COD removal from petroleum
refinery wastewater using ZnO/SiO2 nanocomposites has been found to occur 25-30°C.
The authors also reported that temperature plays an important role in the removal of COD
from wastewater (Rajani and Suresh, 2017). At temperatures of 30 °C and 50 °C, the
adsorption of heavy metals increases as temperature rises, demonstrating that elevated
temperature was more favourable for the adsorption process. This indicates that heat-
absorbing properties are intrinsic to the adsorption mechanism, and further affirm that
this reaction is endothermic (Hassan et al., 2021). The results obtained in this analysis
are compared with other results that have been reported in the literature as presented in

Table 4.3, 4.4 and 4.5
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Table 4.3: Comparison of the Percentage

Nanoparticles

Removal of Selected heavy metals and other parameters on ZnO, Fe3O4 and SiO2

Synthesis Methods  Nanoadsor Characterisation Crystallite Pollutants Removal Other adsorption Conditions References
bent Tools Size (nm) (%)
Co-precipitation FesO4 XRD, SEM, EDS, 12.3 Cu (I1) 69.46 Adsorbent dosage (0.05 g), contacts Iconaru et al. (2016)
TEM, time (30 min),
DLS
Chemical vapor Fes04 HRTEM, SEM, EDX 20 As (1), V 87,98 Temperature (60°C), contact time (15  Monarrez-Corderoa et al.
deposition min) (2016)
Precipitation ZnO FTIR, SEM, FTIR and 73 Cu (1), Pb 100, 77.47,  Stirred at 120rpm at 30°C for 150 Anusa et al. (2017)
TGA (1, cd (1) 97.85 min, adsorbent dosage (0.1 g)
Green rout ZnO XRD TEM, and UV-vis  10.01 2.6 Pb (I1) 93 pH of 5, temperature of 7030°C Azizi et al. (2017)
Precipitation ZnO XRD, TEM and DLS 11 Cd (I1) 98.71 Dosage (120 mg), volume of aqueous  Nalwa et al., (2017)
solution (10 ml), pH (5), Contact time
(20 min) and initial heavy metal ion
concentration (300 mg/l)
Precipitation ZnO XRD, FT-IR not available  As (I11) 96 Yuvaraja et al. (2019)
spectroscopy, SEM, and pH (7), dosage (0.4 contact time (105
TGA min), temperature (323 K).
Co-precipitation Fes04 SEM, XRD, FTIR 27.68 Cr (V1) 80 pH (4), at room temperature, Hossain et al. (2018)
adsorbent dosage (25 mg/L), contact
time (250 min)
Precipitation ZnO XRD, SEM and EDX not available  Cr (VI) 98 40 min with optimum value of pH 3 Kamath et al. (2019)
Electrochemical FesO4 TEM 12 Cr (V1) 100 pH (3.5), temperature (60°C), Rivera et al. (2019)

adsorbent dosage (2 g), conctact time
(2h) concentration (25 mg/L)
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Synthesis Methods  Nanoadsor Characterisation Crystallite Pollutants Removal Other adsorption Conditions References
bent Tools Size (nm) (%)
Coprecipitation FesO4 TEM, FTIR, XRD, 9.22 Ni (1), Co 97.88 and pH (7), at room temperature (25°C), El-Shamy et al. (2019)
() 95.01 adsorbent dosage (0.4 g),
concentration (10 0 mg/L)
Precipitation Ultrafine BET, XRD. TEM Pb (I1), Cd 98, pH (6), temperature (25°C), adsorbent  Fato et al. (2019)
mesoporou (1, Cu (1), 87, dosage (2.5 g), contact time (90 min)
s FesO4 Ni(I1) 90, concentration (1 mg/L)
78
Commercial Fes04 SEM, XRD, FTIR 20 Cr (VI), Cu 88.83, pH (4), temperature (25°C), adsorbent ~ Zhang et al. (2020a)
nanoadsorbent (D] 96.10 dosage (2.5 g), contact time (90 min)
concentration (1 mg/L)
Sol-gel SiO2 XRD, HRSEM, FTIR, 28 Pb (I1) 7.86 Temperature (30 °C) Stirring speed This work
EDX, XPS and BET Cd (11 68.54 (250 rpm), Contact time (15 min) and
Ni (11) 62.24 Dosage (0.059)
Cr (VI) 45.33
Cu (I1) 78.65
Total iron 79.87
CoD 70.90
BOD, 59.88
TOC 64.86
Sol-gel- chemical FesO4 XRD, HRSEM FTIR, 26 Pb (1) 74.86 Temperature (30 °C) Stirring speed This work
reduction EDX, XPS and BET Cd (11 73.52 (250 rpm), Contact time (15 min) and
Ni (I1) 68.31 Dosage (0.05g))
Cr (VI) 49.00
Cu (I1) 82.86
Total iron 84.77
COD 75.65
BOD 65.90
TOC 67.85
Sol-gel ZnO 18 Pb (1) 80.33 Temperature (30 °C) Stirring speed This work
Cd (11 76.91 (250 rpm), Contact time (15 min) and
Ni (I1) 71.88 Dosage (0.05)
Cr (VI) 55.33
Cu (1) 85.83
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Synthesis Methods  Nanoadsor Characterisation Crystallite Pollutants Removal Other adsorption Conditions References
bent Tools Size (nm) (%)
Total iron 87.60
COD 83.89
BOD 76.78
TOC 70.98

221



It can be observed that the adsorptive removal efficiency of Pb (I1), Cd (I1), Ni (I1), Cr
(VI), Cu (I1), total iron, COD, BOD and TOC onto ZnO, Fe304, SiO2 nanoparticles are
lower compared to several other monometallic oxides nanoparticles reported in the
literature as shown in Table 4.3. This is not surprising because the authors used stimulated
wastewater which has a higher concentration of metal ions compared to real industrial
wastewater. Additionally, the lower adsorption removal efficiency compared to the other
studies may also be linked to the presence of other pollutants in petrochemical
wastewater, which usually competes for the active sites with the heavy metal ions against
the use of stimulated wastewater that contained only the heavy metal of interest. The
differences in the adsorptive performance of the nanomaterials may also be ascribed to
the applied experimental conditions. For instance, in this study maximum removal
efficiency occurred within 15 min compared to 30 min — 2 h reported in the literature.
Additionally, the adsorbent dosage used in this study is 0.05g compared to the 0.4 -10g
reported by the authors. The result from this study when compared with the analysis of
Iconaru et al. (2016) who used the same adsorbent dosage (0.05g) under the applied
condition of 30 min reported lower removal efficiency (69.46) of Cu (I1) compared with
85.43 % reported in this study. The lower adsorption efficiency may also be linked to the
crystallite size and method of synthesis of the nanoparticles used for the removal of the

target pollutant.
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Table 4.4: Comparison of the Percentage Removal of Selected heavy metals and other parameters on ZnO/Fe304, ZnO/SiO2 and
Fe304/SiO2 Nanocomposites

Synthesis
Methods

Nanoadsorbent

Characterisation
Tools

Crystallite
Size (nm)

Pollutants

Removal
(%)

Other adsorption
Conditions

References

Coprecipitation

Green

Precipitation

Precipitation

Coprecipitation

ZnO/Polymer

Hull (Prunus
amygdalusFascionel
|0)/F€304

Zn0O/
Montmorillonite

Ultrafine
mesoporous Fez04

FesOyAlginate

EDX, SEM, XRD,
FTIR

VSM, SEM

XRD, EDX, SEM

BET, XRD. TEM

TEM, FTIR, XRD,

8 Pb (I1),
cd (1)

Not available  Pb (1)

37 Pb (I1)

Pb (I1), Cd
(1), Cu (1),

Ni (11)

9.22 Ni (11),
Co (1)

97.1,
80.9

98.1

97.20

98, 87, 90,
78

97.88,
95.00

Dosage (0.250 g),
Contact time (60 min),
metal ions
concentration at
0.01M and
temperature (30°C),
Time (10 min)

pH (9), room
temperature, adsorbent
dosage (5 g/L) and
contact time (80 min),
concentration (10
m/L)

Initial concentration
(100 mg/l), Contact
time (40 min), pH 7,
(0.29)

pH (6), temperature
(25°C), adsorbent
dosage (2.5 g), contact
time (90 min)
concentration (1
mg/L)

pH (7), at room
temperature (25°C),
adsorbent dosage (0.4
g), concentration (100
mg/L)

Angelin et al.
(2015)

Nasseh et al.,
(2017)

Kamath et al.
(2019)

Fato et al (2019)

El-Shamy et al.
(2019)
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Synthesis Nanoadsorbent Characterisation Crystallite Pollutants Removal Other adsorption References
Methods Tools Size (nm) (%) Conditions
Precipitation Zn0,/GO Pb (1) 56.81 Dosage (0.16 g/L), pH  Ahmad et al.
(5), Temperature (2020)
(30°C) Time (30 min)
Co-precipitation Fe;O4/Ethoxylated FTIR), (XRD) TEM, 13.24 Cd (1), Pb 8595 95 pH (6.7), at room El-Dib et al.,
para- (1, zn (1) temperature, adsorbent  (2019)
phenylenediamine dosage (0.6 g/L) and
contact time (30 min),
concentration (20
mg/L)
Co-precipitation Amino Propyl/SiO,  SEM, TEM, XRD 6 Pb (11), 95 pH of 9, Temperature ~ Alswieleh et al.
(30°C) (2021)
Sol-gel Zn0O/Fe304 XRD, HRSEM FTIR, 12 Pb (11) 90.81 Temperature (30 °C) This work
EDX, XPS BET Cd (I 84.48 Stirring speed
Ni (11) 83.23 (250 rpm), Contact
Cr (VD) 65.65 time (15 min) and
Cu (I 86.93 Dosage (0.05¢)
Total iron 92.68
COD
BOD 84.29
TOC
84.59
81.55
Sol-gel Zn0/SiO; XRD, HRSEM FTIR, 15 Pb (11) 86.99 Temperature (30 °C) This work
EDX, XPS and BET Cd (I 81.98 Stirring speed
Ni (11) 78.24 (250 rpm), Contact
Cr (VD) 63.42 time (15 min) and
Cu (1) Dosage (0.059)
Total iron 84.39
COD 90.34
BOD 83.665
TOC 84.59
78.99
Sol-gel Fe304/SiO; XRD, HRSEM FTIR, 16 Pb (1) 83.00 Temperature (30 °C) This work
EDX, XPS and BET Cd (1) 80.96 Stirring speed
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Synthesis Nanoadsorbent Characterisation Crystallite Pollutants Removal Other adsorption References
Methods Tools Size (nm) (%) Conditions

Ni (I1) 76.33 (250 rpm), Contact

Cr (V) 59.04 time (15 min) and

Cu (1) 80.81 Dosage (0.059)

Total iron 89.43

COD 80.98

BOD 79.99

TOC 76.55
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The adsorption removal efficiency of Pb (11), Cd (I1), Ni (11), Cr (VI), Cu (1I), Total iron,
COD, BOD and TOC onto ZnO/Fe30s, ZnO/ SiO, and Fe304/SiO2 nanocomposites have
comparable percentage adsorption removal compared to several other bimetallic
nanocomposites reported in the literature as shown in Table 4.4. The result suggests the
crystallites size, morphology and method of synthesis. For instance, the result of EI-
Shamy et al. (2019) reported synthesised FezOsAlginateo nanocomposites via
precipitation method and reported 9.22 nm with percentage adsorption of 97.88 %. Under
condiction of pH (7), at room temperature (25°C), adsorbent dosage (0.4 g), concentration

(100 mg/L).

Amino Propyl-Functionalized Silica with crystallite size recorded 95 % removal
efficiency of Cu (Il) under the reaction condition of pH of 9, Temperature (30°C) as
reported by Alswieleh et al. (2021) which is higher than the value of Cu (II) removal for
all the bimetallic oxides in this study. The value of COD, TOC were 68.78 %, 47.14 %
for Fes04/TO2/carbon nanotube which is lower than the value reported in this study. This
may be related to the crystallite size of 20-80 nm compared to the lower crystallite size
obtained in this study. Another possible explanation of the lower adsorption efficiency
of the bimetallic oxides in this study may be ascribed to the use of simulated wastewater
by most of the authors which has a higher concentration of metal ions compared to real

industrial wastewater.

Additionally, the lower adsorption removal efficiency compared to the other studies may
also be linked to the presence of other pollutants in petrochemical wastewater, which
usually competes for the active sites with the heavy metal ions against the use of

stimulated wastewater that contained only the heavy metal. Other conditions such as time
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(15 min) and adsorbent dosage may be responsible for the possible lower efficiency of

ZnO/Fe304, ZnO/ SiO2 and Fe304/SiO2 nanoparticles compared to the literature.
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Table 4.5: Comparison of the Percentage Removal of Selected heavy metals and other parameters on Fe304/SiO2/ZnO (1:1:1),
Fes04/Si02/Zn0 (1:1:2), Fes04/Si02/Zn0 (1:2:1) and Fe304/Si02/Zn0 (2:1:1)

Synthesis Nanoadsorbent Characterisation Crystallite Pollutants Removal (%)  Other adsorption References
Method Tools Size (nm) Conditions
Co-precipitation DNPH/SDS/FesOs EM-EDXS, FTIR Not Cr (V1) 93.65 pH (4.5), temperature Sobhanardakan
available (25°C), adsorbent i and Zandipak,
dosage (0.05 g), contact (2017)
time (90 min)
concentration (50
mg/L)
Co-precipitation  Fes04/Al,03/ZrO,  BET, XRD, SEM, Not Cd (I, Cr  96.65, 96.55, pH (6), at room Tsegaye et al.
EDX, FITR available (VI), Pb 97.20 temperature (80°C), (2020)
(m adsorbent dosage (0.1
g) and contact time (24
h), concentration (30
mg/L)
Co-precipitation  Ash/GO/Fe304 FESEM, TEM, EDX 20 Pb (II),Cd  99.67, 98.68 pH (6), concentration Pelalak et al.
mapping, BET/BJH, )] (10 mg/L), dosage (1 (2021)
XRD, FTIR, and VSM 0), stirring speed (600
rpm), Temperature (25
°C) and contact time
(150 min)
Sol-gel- Fe304/Si02/Zn0O XRD, HRSEM FTIR,  10.10 Pb (11) 97.03 Temperature (30 °C) This work
chemical (1:1:1) EDX, XPS and BET Cd (1) 90.29 Stirring speed
reduction Ni (I1) 89.59 (250 rpm), Contact time
Cr (V1) 76.66 (15 min) and Dosage
Cu (I 98.88 (0.05g)
Total iron  99.14
COoD 88.86
BOD 82.98
TOC 86.67
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Synthesis Nanoadsorbent Characterisation Crystallite Pollutants Removal (%)  Other adsorption References

Method Tools Size (nm) Conditions
Sol-gel- Fe304/Si02/Zn0 XRD, HRSEM FTIR, 8.84 Pb (I1) 98.00 Temperature (30 °C) This work
chemical (1:1:2) EDX, XPS and BET Cd (1) 92.49 Stirring speed
reduction Ni (I1) 90.33 (250 rpm), Contact time
Cr (V1) 84.96 (15 min) and Dosage
Cu (I 99.83 (0.059)

Total iron 99.15
CODBOD 9151

TOC 84.59
88.86

Sol-gel- Fe304/Si02/Zn0O XRD, HRSEMFTIR, 7.66 Pb (11) 99.03 Temperature (30 °C) This work
chemical (2:2:1) EDX, XPS and BET Cd (1) 94.92 Stirring speed
reduction Ni (I1) 93.07 (250 rpm), Contact time

Cr (V1) 88.91 (15 min) and Dosage

Cu (1) 99.99 (0.059)

Total iron 99.63

COoD 92.50

BOD 88.99

TOC 90.86
Sol-gel- Fe304/Si02/Zn0O XRD, HRSEM FTIR,  12.40 Pb (11) 93.00 Temperature (30 °C) This work
chemical (2:1:1) EDX, XPS and BET Cd (I 89.29 Stirring speed
reduction Ni (I1) 86.00 (250 rpm), Contact time

Cr (V1) 73.33 (15 min) and Dosage

Cu (1) 95.97 (0.059)

Total iron 89.83

COoD 87.89

BOD 76.86

TOC 79.99
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It can be observed that the adsorption removal efficiency of Pb (II), Cd (I1), Ni (II) Cr
(VI), Cu (I1) and Total iron , COD, BOD and TOC using Fe304/SiO2/Zn0O (1:1:1),
Fe304/Si02/Zn0O  (1:1:2), Fe304/Si02/ZnO (1:2:1), and  Fe304/Si02/ZnO (2:1:1)
nanocomposites as nanoadsorbent are higher compared with several other

nanocomposites reported in the literature.

The result suggests that the adsorption of the target pollutants using Fe304/SiO2/Zn0O
(1:1:1), Fe304/Si02/Zn0 (1:1:2), Fe304/Si02/Zn0 (1:2:1), and Fe304/Si02/Zn0O (2:1:1)
nanocomposites is higher than many of the reported in the literature. This is not surprising
because the authors used stimulated wastewater which has a higher concentration of metal
ions compared to real industrial wastewater. Additionally, the minima adsorption removal
compared to the other studies may also be linked to the presence of other pollutants in
petrochemical wastewater, which usually competes for the active sites with the heavy
metal ions against the use of stimulated wastewater that contained only the heavy metal
of interest. The differences in the adsorptive performance of the nanomaterials may also
be ascribed to the applied experimental conditions. For instance, in this study maximum
removal efficiency occurred within 15 min compared to 30 min — 2 h reported in the

literature (see Table 4.5)

4.11 Adsorption Isotherm
The result of the batch adsorption of Pb (11), Cd (1), Ni (I1), Cr (V1), Cu (II), total iron,
COD, BOD and TOC from the petroleum refinery wastewater were examined using the

Table 4.6, 4.7 and 4.8.
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Table 4.6: Adsorption Isotherm Models for the Removal of Selected heavy Metal lons and Organic pollutants from Petrochemical

Refinery wastewater using Monometallic oxides nanoparticles

Temkin
Langmuir Freundlich D-R
Parameters
Target R? Qmax KL RL R? K 1/n R? Br Kr R? gmax E
Heavy (mg/g) SSE X2 g,nl? SSE x? (J/mol) E:l‘g_]) SSE x? §mgg_1 kJmol-1 SSE x2
Pb (1) A 0998 30.772 5369 0.026 0.058 0.326  0.952 0.079 0.077 0135 0.267 0.945  328.617 1.098 1.235  15.929 0.895  10.546 954.330 1160 449
B 0997 25.623 4921 0.028 0.055 0.347  0.943 0.039 0.080 0.135 0.252 0.934  306.790 1.072 1.043  13.139 0.892 13.161 912.780 1161  0.470
C 099  24.860 4.768 0.029  0.053 0.417  0.939 0.060 0.084 0.137 0.269 0.928  262.271 1.044 0.952  12.022 0.890 15.334 322.770 1167 0540
Cd(n A 0992 30.328 0.133 0.785 0.054 0.530  0.998 0.719 0.082 0.138 0.270 0.979  222.299 1.312 1.533  19.762 0.891 8.285 1464.150 1173 0653
B 0.990 29.455 0.126  0.794 0.051 0.673  0.982 0.622 0.083 0.140 0.292 0.974  214.278 1.309 1.430 18.061 0.888  9.541 868.260 1183  0.796
C 0988 20.124 0.090 0.844  0.049 0.859  0.978 0.587 0.084 0.143 0.365 0.958  196.548 1.262 1.410 17.762 0.886  10.705 970.530 1229  p.og2
Ni (1) A 0991 21810 0.191 0.718 0.052 0.556  0.970 0.397 0.077 0135 0.237 0.983  293.781 1.656 0.070  0.267 0.889  3.642 1028.130 1181 0679
B 0987 23.310 0.120 0.801  0.047 0.571  0.968 0.375 0.079  0.137  0.247 0.982  249.670 1.543 0.070  0.252 0.884  4.808 668.670 1183 0694
C 0986 20.234 0.084 0.900 0.046 0.774  0.961 0.367 0.079 0.138 0.274 0.979  207.332 1.530 0.073  0.269 0.883  9.029 482.430 1225 o897
Cu (1) A 0999 44948 4921  0.028 0.052 0.432 0.956 1.774 0.343 0.186 0.284 0.941  1972.140 0.795 0.076  0.270 0.896  19.747 988.710 1274 o555
B 0.998 35.024 4.768 0.029  0.053 0.437  0.953 1.487 0.409 0.198 0.295 0.941  1395.420 0.575 0.081  0.292 0.895  20.890 493.530 1275 0560
C 0997 30.339 2011 0931 0.054 0.536  0.899 1.230 0.704 0218 0.335 0.885  1164.420 0.215 0.104  0.365 0.895  21.486 357.390 1.320 o659
Cr(VI) A 0997 14539 0.246 0.295 0.057 1.414  0.995 1.673 0.735 0389 1.101 0.941  805.616 0.795 0.080 0.237 0.894  2.903 3309.480 1439 1837
B 0.995 13.736 0.163 0.357  0.056 1.083  0.994 1.406 0.868 0.407 1.139 0.941  755.076 0.575 0.081  0.247 0.893  3.642 2992.650 1460 1206
C 0994 13516 0.010 0.857 0.054 2226 0991 1.376 0.888 0.413 1.288 0.885  608.000 0.215 0.102 0.274 0.891  4.650 2721.630 1.600 2349
;I;g:]al A 0998  40.687 5369 0.026 0.059 0.201  0.984 3.402 0592 0.011 0.124 0.970  2747.680 0.896 0.127  0.284 0.896  15.056 619.830 1.036 0.324
B 0.997 33.016 4921 0.028 0.058 0.223  0.983 2.189 1.067 0.011  0.129 0.967  2305.890 0.853 0.127  0.295 0.895  17.745 564.660 1.037  0.346
C 0994 28.432 4.768 0.029  0.055 0.293  0.976 1.680 1311 0.013 0.146 0.961  1395.420 0.655 0.150 0.335 0.892 19.011 357.060 1.043 o416
BOD A 0999 17.516 0.257  0.028  0.060 0.944  0.990 0.014 0.680 1.651 0.813 0.984 11.514 0.087 0.209 1.101 0.897  3.555 683.040 2766 1067
B 0.997 13.432 0.024 0.029 0.058 1.262  0.987 0.009 0.714 1692 0.907 0.983  11.181 0.080 0220 1.139 0.895 3.731 329.610 2.855 1385
C 0994 11.558 0.341 0.029 0.055 1513  0.983 0.005 0.801 1.780  1.067 0.983  7.302 0.077 0.290 1.288 0.892  4.400 107.880 2.887 1636
CoD A 0998  15.687 0.389 0555  0.059 0.769  0.992 0.050 0.574 1360 0.389 0.984  6.393 0.087 0.008 0.124 0.896  4.581 668.430 5425 .892
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Temkin

Langmuir Freundlich D-R

B 0.997 14516 0.322 0.601 0.058 0.769  0.985 0.007 0.601 2.099 0.492 0.979  5.666 0.081 0.008  0.129 0.895 6.626 1172.370 5954 0892

C 0994 13432 0.213  0.695 0.055 0.971  0.977 0.001 0.936 3.809 0.766 0.965 4.818 0.022 0.011  0.146 0.892  7.757 1272.090 7589 1004
TOC A 0993 18.096 0.337  0.298 0.054 1.859  0.988 0.083 0.387 5518 1.645 0.983  6.393 0.364 0.873 0.813 0.891 2.976 1087.530 7.020 1982

B 0.988 17.000 0.244 0370 0.049 1.811 0.986 0.037 0.481 6.142 1.661 0.978 5.666 0.187 0.917  0.907 0.886  4.287 912.690 7717 1934

C 0996 15572 0.212  0.403 0.057 1949 0975 0.035 0.498 6.545 1.760 0.965 4.818 0.171 0.933  1.067 0.894  4.603 321.030 7.849 2072
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Table 4.7: Adsorption Isotherm Models for the Removal of Selected heavy Metal lons and Organic pollutants from Petrochemical
Refinery wastewater using bimetallic oxides

Temkin
Langmuir Freundlich D-R
gmax Kr Bt Kr Qmax E
Parameters R? KL RL R? 1n R?
(ma/g) SSE % (mg SSE X (3/mol) - SSE  x R? (mgg-1)  kJmol-1  SSE X2
g1 mg=1)
Pb D 0.999 39.052 8.001 0.018 0.070 0.033 0.977 0.210 0.064 0.135 0.267 0.964 625.113 1.312 0.964 0.964 0.965 16.699 1825.680 0.964 0.964
E 0.998 37.951 5.764 0.024 0.070 0.035 0.959 0.161 0.067 0.135 0.252 0.964 494.881 1.224 0.964 0.964 0.957 18.648 1666.800 0.964 0.964
F 0.997 36.110 5.420 0.026 0.073 0.042 0.979 0.100 0.074 0.137 0.269 0.950 469.718 1.128 0.950 0.950 0.956 21.905 1919.010 0.950 0.950
Cd D 0.994 34.922 0.672 0.419 0.076 0.053 0.992 0.622 0.062 0.138 0.270 0.986 384.907 1.458 0.986 0.986 0.957 13.749 1741.830 0.986 0.986
E 0.993 33.603 0.526 0.480 0.081 0.067 0.975 0.341 0.083 0.140 0.292 0.986 364.649 1414 0.986 0.986 0.955 14.192 1984.410 0.986 0.986
F 0.993 33.470 0.39%4 0.552 0.104 0.086 0.971 0.292 0.090 0.143 0.365 0.984 323.502 1.337 0.984 0.984 0.953 15.463 1301.730 0.984 0.984
Ni (I1) D 0.992 34.950 0.281 0.634 0.080 0.056 0.975 0.479 0.075 0.135 0.237 0.985 290.699 1.694 0.985 0.985 0.956 11.831 1672.410 0.985 0.985
E 0.991 28.731 0.259 0.652 0.081 0.057 0.974 0.416 0.075 0.137 0.247 0.986 244.529 1.690 0.986 0.986 0.952 13.466 1303.500 0.986 0.986
F 0.990 27.262 0.198 0.710 0.102 0.077 0.970 0.398 0.076 0.138 0.274 0.989 281.831 1.656 0.989 0.989 0.951 14.584 1129.710 0.989 0.989
Cu (1) D 0.999 46.955 8.010 0.018 0.127 0.043 0.993 1.929 0.311 0.186 0.284 0.990 14288.700 1.131 0.990 0.990 0.955 22.106 1552.470 0.990 0.990
E 0.999 44.421 5.420 0.026 0.127 0.044 0.975 1.890 0.342 0.198 0.295 0.961 7871.530 0.897 0.961 0.961 0.953 25.428 1164.000 0.961 0.961
F 0.998 43.781 5.369 0.026 0.150 0.054 0.969 1.885 0.343 0.218 0.335 0.951 2747.680 0.896 0.951 0.951 0.950 30.195 622.590 0.951 0.951
Cr(VI) D 0.999 23.766 0.420 0.024 0.209 0.141 0.998 2.097 0.553 0.389 1101 0.989 951.753 1.131 0.989 0.989 0.957 5.063 3787.410 0.989 0.989
E 0.999 23.457 0.392 0.026 0.220 0.108 0.998 2.097 0.553 0.407 1139  0.961 930.937 0.897 0.961 0.961 0.957 5.665 3580.230 0.961 0.961
F 0.994 23.456 0.369 0.026 0.290 0.223 0.997 1.966 0.602 0.413 1.288  0.950 927.695 0.896 0.950 0.950 0.957 7.199 3127.410 0.950 0.950
Total iron D 0.999 45.766 8.010 0.018 0.008 0.020 0.995 3.600 0.569 0.011 0.124  0.992 14288.700  2.211 0.992 0.992 0.957 20.336 1136.250 0.992 0.992
E 0.999 42.456 5.764 0.024 0.008 0.022 0.994 3.449 0.574 0.011 0.129  0.991 7871.530 1.131 0.991 0.991 0.957 23187 1037.550 0.991 0.991
F 0.999 37.990 5.420 0.026 0.011 0.029 0.987 3.447 0.585 0.013 0.146  0.970 3237.220 0.897 0.970 0.970 0.957 24.895 990.000 0.970 0.970
BOD D 0.999 27.766 0.513 0.068 0.873 0.094 0.997 0.037 0.402 1.651 0.813  0.995 18.604 0.225 0.995 0.995 0.967 4.557 1056.540 0.995 0.995
E 0.999 24.990 0.506 0.220 0.917 0.126 0.997 0.030 0.408 1.692 0.907  0.994 18.241 0.216 0.994 0.994 0.957 6.365 867.900 0.994 0.994
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CcoD

TOC

m O m m O

T

0.999
0.999
0.999
0.999
0.996
0.995
0.991

21.958
32.766
23.456
21.990
38.102
30.617
25.398

0.430
1.617
1.052
0.938
0.512
0.481
0.410

0.250
0.231
0.316
0.341
0.218
0.229
0.259

0.933
2.202
2.467
3.284
3.000

3.348
0.894

0.151
0.077
0.077
0.097
0.186

0.181
0.894

0.990
0.996
0.994
0.993
0.992
0.990
0.989

0.029
0.023
0.020
0.019
0.078
0.065
0.090

0.593
0.339
0.374
0.381
0.275
0.330
0.353

1.780
1.360
2.099
3.809
5518
6.142
6.545

1.067
0.389
0.492
0.766
1.645
1.661
1.760

0.990
0.994
0.991
0.989
0.986
0.985
0.983

14.938
11.453
9.878
8.605
11.453
9.878
8.605

0.115
0.274
0.194
0.179
1.341
0.641
0.504

0.990
0.994
0.991
0.989
0.986
0.985
0.983

0.990
0.994
0.991
0.989
0.986
0.985
0.983

0.956
0.957
0.957
0.956
0.958
0.957
0.953

7.153
8.787
12.315
14.906
5.236
6.575
7.665

810.420
745.440
1344.330
1351.620
1260.540
1121.880

679.050

0.990
0.994
0.991
0.989
0.986
0.985
0.983

0.990
0.994
0.991
0.989
0.986
0.985
0.983
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Table 4.8: Adsorption Isotherm Models for the Removal of Selected heavy Metal lons and Organic pollutants from Petrochemical

Refinery wastewater using Ternary metallic oxides

Langmuir Freundlich Temkin D-R
Parameters R? Gmax KL RL R? Ke 1/n R? Br Ky Qe E
(mg g-1) g(f‘g SSE X2 gl‘f) SSE X2 (mol-1) (Lmg-1) R? (mgg-1)  kImol-1
Pb G 0.999 68.388 8.014 0.018 0.012 0.241 0.989 0.352 0.085 0.133 0.241 0.984 1171.000 1.587 0.989 22.842 3688.960
H 0.999 70.486 8.887 0.015 0.01 0.223 0.993 0.387 0.083 0.131 0.223 0.995 1511.600 1.658 0.983 24.023 4112.720
| 0.999 75.352 9.200 0.017 0.007  0.206 0.996 0.481 0.062 0.128 0.206 0.998 2309.400 1.848 0.986 28.845 6157.880
J 0.999 62.052 7.427 0.018 0.013 0.248 0.978 0.226 0.087 0.134 0.248 0.982 944.770 1.340 0.971 30.890 2708.040
Cd G 0.99 62.494 1.000 0.327 0.016 0.288 0.978 0.213 0.068 0.137 0.288 0.994 464.470 2.007 0.978 22.450 1828.920
H 0.997 64.200 1.026 0.321 0.014 0.249 0.968 0.212 0.067 0.135 0.249 0.994 469.720 2.085 0.969 25.770 2394.560
| 0.998 71.538 1.272 0.276 0.013 0.244 0.969 0.228 0.066 0.134 0.244 0.997 536.390 2.235 0.969 27.714 3822.520
J 0.994 47.384 0.821 0.372 0.017 0.299 0.942 0.184 0.068 0.138 0.299 0.990 442.230 1.551 0.967 29.129 2182.520
Ni (11) G 0.993 48.554 0.326 0.599 0.012  0.208 0.983 0.629 0.087 0.133 0.208 0.994 250.420 1.892 0.989 15.807 2098.600
H 0.995 50.296 0.333 0.595 0.011 0.204 0.989 0.714 0.087 0.132 0.204 0.997 158.970 1.985 0.984 17.991 2174.720
| 0.997 66.696 0.433 0.593 0.011 0.207 0.991 0.946 0.086 0.132 0.207 0.998 171.780 2.201 0.987 18.523 2581.440
J 0.992 47.860 0.292 0.625 0.012 0.232 0.976 0.490 0.088 0.133 0.232 0.989 136.520 1.829 0.979 19.860 1718.040
Cu (I1) G 0.999 76.328 8.014 0.050 0.013 0.145 0.994 2.201 0.152 0.134 0.145 0.991 20278.000 2.221 0.984 34.567 4172.160
H 0.999 80.170 8.246 0.022 0.008 0.135 0.996 2.212 0.136 0.129 0.135 0.994 48189.000 2.255 0.986 34.134 4528.840
| 0.999 98.966 8.394 0.002 0.007 0.134 0.998 2.244 0.094 0.128 0.134 0.997 71785.000 2.409 0.988 37.426 6434.240
J 0.999 67.960 5.764 0.081 0.022 0.164 0.993 2.078 0.237 0.143 0.164 0.990 14404.000 2.211 0.988 36.792 3946.400
Cr(VI) G 0.999 24.641 8.246 0.017 0.212 0.810 0.998 2514 0.351 0.333 0.810 0.992 971.720 2.255 0.988 7.452 4498.480
H 0.999 26.949 8.392 0.017 0.183  0.690 0.998 2.530 0.336 0.304 0.690 0.995 1164.400 2.221 0.988 8.589 5424.560
| 0.999 27.637 9.640 0.009 0.081 0.401 0.999 2.538 0.330 0.202 0.401 0.997 1972.100 2.211 0.987 9.157 4833.000
J 0.999 24.134 4.895 0.018 0.216  0.827 0.997 2511 0.353 0.337 0.827 0.991 960.780 2.409 0.987 23.549 4322.120
Total iron G 0.999 84.963 8.246 0.017 0.003 0.118 0.998 3.710 0.509 0.010 0.118 0.995 20278.000 2.255 0.989 25.217 326.440
H 0.999 91.454 8.392 0.017 0.002 0.1.00 0.999 3.841 0.478 0.008 0.1.00 0.998 48189.000 2.409 0.988 28.102 401.760
| 1.000 102.709 9.640 0.015 0.001 0.083 0.999 3.917 0.412 0.005 0.083 0.998 71785.000 2.657 0.986 33.668 845.360
J 0.999 80.201 8.014 0.018 0.005 0.125 0.997 3.675 0.555 0.011 0.125 0.994 14404.000 2.221 0.987 35.525 153.160
BOD G 0.999 24.134 2.685 0.018 141 0.427 0.998 0.048 0.281 1.531 0.427 0.996 30.452 0.850 0.988 9.465 606.360
H 0.999 24.641 2.724 0.017 1.405 0.389 0.998 0.066 0.275 1.526 0.389 0.997 36.663 0.929 0.988 11.672 802.560
| 0.999 36.637 6.321 0.017 1.394 0.250 0.999 0.076 0.191 1.515 0.250 0.998 39.632 1.233 0.986 10.095 1215.920
J 0.999 21.912 1.966 0.024 1525 0.952 0.997 0.047 0.346 1.646 0.952 0.995 24.785 0.374 0.985 8.238 400.000
COD G 0.999 24.641 0.764 0.061 2.097 0.311 0.998 0.035 0.237 2.218 0.311 0.996 19.816 1.280 0.987 17.212 522.240
H 0.999 40.637 0.769 0.039 0.285 0.149 0.999 0.038 0.214 0.406 0.149 0.998 20.937 2.230 0.986 18.812 918.040
| 0.999 39.806 0.921 0.016 0.257  0.147 0.999 0.042 0.186 0.378 0.147 0.999 39.360 5.035 0.984 19.705 821.640
J 0.999 24.134 0.741 0.090 1.558 0.340 0.998 0.026 0.303 1.679 0.340 0.995 11.484 0.421 0.983 15.754 429.800
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TOC

G 0.997
H 0.998
| 0.998
J 0.99

31.954
32.358
36.192
31.052

1.100
1.211
1.451
0.568

0.115
0.106
0.090
0.201

4.576
4.509
4.327
4.845

1.620
1.596
1.585
1.636

0.992
0.993
0.996
0.990

0.106
0.112
0.120
0.099

0.177
0.156
0.134
0.197

4.697
4.630
4.448
4.966

1.620
1.596
1.585
1.636

0.988
0.991
0.994
0.987

19.816
20.937
39.360
11.484

14.744
34.279
111.670
7.389

0.988
0.987
0.987
0.981

9.452

10.808
11.711
12.002

1541.720
1623.920
1772.280
1292.920

Where G, H, I and J are Fe304/SiO2/Zn0 (1:1:1), Fe304/Si02/Zn0O (1:1:2), Fe304/Si02/Zn0 (1:2:1), and Fe304/Si02/Zn0O (2:1:1) composites

respectively.
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Table 4.6 shows the results of experimental data subjected to different isotherm models
analysis for the removal of Pb (I1), Cd (1I), Ni (1), Cr (IV) total iron, Cu (1) ions, COD,
BOD and TOC from the refinery wastewater. The results indicate that the adsorption of
Pb (1), Cd (I1), Ni (1I), Cr (IV) total iron, Cu (Il) ions, COD, BOD and TOC from
petroleum refinery wastewater fit better to Langmuir isotherm model due to its highest
correlated coefficient (R?) values of 0.9967 compared with the 0.9952, 0.9942, 0.9342
recorded for Freundlich, Temkin and D-R isotherm using ZnO nanoparticles as an
adsorbent. A similar trend was observed for other nanoparticles (FesOs and SiO>) for the
removal of Pb (11), Cd (1), Ni (I1), Cr (IV) total iron, Cu(ll) ions, COD, BOD and TOC

from petroleum refinery wastewater.

The high (R?) obtained for the Langmuir isotherm compared with the other isotherms
suggests that adsorption mechanisms are monolayer in nature. The order of the fittings of
the models were Langmuir > Freundlich> Temkin> D-R. The maximum adsorption
capacity (gmax) values for metal ion binding of Pb (1) were (30.772 mg/g, 25.623 mg/g
and 23.860 mg/g); Cd (11) were (30.328 mg/g, 29.455 mg/g and 29.124 mg/g); Ni (11) had
the maximal adsorption value of (21.810 mg/g, 23.310 mg/g and 20.234 mg/qg); the value
for Cu (1) were (40.687 mg/g, 33.016 mg/g and 28.432 mg/q); that of Cr(VI) were
(13.736 mg/g, 13.736 mg/g and 13.516 mg/g); that of F (II) were 44.948 mg/g, 35.024
mg/g and 30.339 mg/g using ZnO, Fe3z04 and SiO> nanoparticles repectively. The value
of The maximum adsorption capacity (gmax) vValues for the removal of BOD, COD and
TOC were ZnO, Fe304 and SiO2 nanoparticles were BOD (17.516 mg/g, 13.432 mg/g and
11.558 mg/g); COD (15.687 mg/g, 14.516 mg/g and 13.432 mg/g); and TOC (18.096

mg/g, 17.000 mg/g and 15.572 mg/qg).
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This result indicates that among the monometallic oxides nanoparticles ZnO performed

better than FesO4 and SiO2 nanoparticles due to its high surface area.

The dimensionless (RL) value from Table 4.6 ranges from 0.026 to 0.901, which is smaller
than one (1), indicating that the adsorption process is favourable for ZnO, Fe304 and SiO>
nanoparticles. The K. value is a criterion for determining the affinity of absorbent and
adsorbate molecules. The larger the K. value, the greater the affinity between the
absorbent and adsorbate molecules. From the result, the Pb (11) has a greater affinity for
ZnO nanoparticles (5.369) compared with the 4.768 and 4.921 obtained for FezOa, SiO>
nanoparticles. Additionally, the adsorption of Pb (Il) was more favourable using ZnO
nanoparticles than FezO4 and SiO2 nanoparticles due to its higher surface area than others.
It was found that the 1/n value in the case of the Freundlich isotherm model was less than
one for all the target pollutants which means that chemisorption played a very vital role
in the adsorption of the target pollutants using ZnO nanoparticles FezOs and SiO:
nanoparticles. The higher the adsorption process the smaller the value of 1/n (Lyubchik
etal., 2018). Also, the D-R isotherm model was used to differentiate between the physical

and chemical adsorption of the selected metal ions and organic pollutants.

The adsorption process is considered physical if the free energy of adsorption (E) is
between 1 and 16 kJ/mol and chemisorption if E is greater than 16 kJ/mol Ayawei et al.
(2017). For all nanoadsorbents and the selected heavy metals removed the E value
reported in this research is larger than 16 kJ/mol. This shows that the adsorption of Pb
(1), Cd (1), Ni (1), Cr (IV) total iron, Cu (1) ions, COD, BOD and TOC using Fe3O4,
SiO; and ZnO as nanoadsorbent is chemisorption in nature. This result corroborated
thermodynamic and kinetics data where the adsorption of the heavy metals and the
indicator parameters show a positive enthalpy value irrespective of the adsorbent used.
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Table 4.7 summarizes the correlation coefficients (R?) values obtained from the four
isotherm models for the removal of Pb (I1), Cd (1I), Ni (I1), Cr (VI), Cu (II), total iron,
BOD, COD and TOC adsorption from petroleum refinery wastewater using ZnO/Fe30a,
Zn0/Si0,, Fe304/Si0O2 nanocomposites. Adsorption Langmuir isotherm model had the
highest (R?) values in the range of 0.991-0.999, greater than 0.9589-0.997, 0.9495-0.995
and 0.945-0.958 obtained for Freundlich, Temkin and R-D isotherms indicating that
Langmuir isotherm model best described the adsorption of Pb (11), Cd (I1), Ni (I), Cr
(VI), Cu (1), total iron, BOD, COD and TOC onto ZnO/Fe304, ZnO/SiO, Fe304/SiO;
nanocomposites than the other models. It can be noticed from the table that the values of
the (R?) for all the models were higher using ZnO/Fe304 than ZnO/SiO-, Fes04/SiO;
nanocomposites. This can be ascribed to the high adsorptive efficiency of ZnO/Fez04 than

others due to its higher surface area.

Maximum adsorption capacity (gmax), rate of adsorption (K.) and separation factor (R.)
were calculated from the plot of Ce/ge against Ce (see appendix 1-9) and the result
presented in Table 4.7. The gmax values for the target pollutants were Pb (I1) were (39.052
mg/g , 37.951 and 36.110 mg/g); Cd (Il) were (34.922 mg/g, 33.603 mg/g and 33.47
mg/g); Ni (Il) had the maximal adsorption value of (34.949 mg/g, 28.731 mg/g and
27.262 mg/g); the value for Cu (1) were (45.766 mg/g, 42.456 mg/g and 37.990 mg/qg);
Cr (VI) were (23.766 mg/g, 23.457 mg/g and 23.456 mg/g); total iron were (46.955 mg/g,
44.421 mg/g and 43.781 mg/g), BOD were (27.7657 mg/g, 24.990 mg/g and 21.958
mg/g), COD were (32.766 mg/g, 23.456 mg/g and 21.990 mg/g) while the the maximum
capacity of TOC were (38.102 mg/g, 30.617 mg/g and 25.398 mg/g) using ZnO/Fe30a4,
Zn0/Si0,, Fe304/Si02 nanoadsorbent. The trend of the result reported suggests that the

gmax Value for ZnO/Fe304 was higher compared to ZnO/SiO,, Fe304/SiO; for all the target
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pollutants. This may be ascribed to the enhanced surface area ZnO/Fe3O4

nanocomposites.

Another important parameter from the Langmuir isotherm is the dimensionless constant
(Ru). If RL > 1 the adsorption is said to be unfavourable, R = 1 the adsorption is linear
while for 0 < R < 1 favourable and RL = 0 the adsorption is said to be irreversible. From
the result presented in Table 4.7 the values obtained for the (Rr) values were less than
one for all the target pollutants using ZnO/Fe304, ZnO/SiO2, Fe304/SiO2 nanocomposites
as adsorbent suggesting that the adsorption of Pb (1I), Cd (I1), Ni (I1), Cr (VI), Cu (1),
total iron, BOD, COD and TOC onto ZnO/Fe304, ZnO/SiO, Fe304/SiO2 nanocomposites
were favourable irrespective of the adsorbent used. It is important to note that the values
of for ZnO/Fe304 nanocomposites was lower than the values for ZnO/SiO,, Fes04/SiO>
nanocomposites. This indicates that the adsorption of the target pollutants was more
favourable using ZnO/Fez04 nanocomposites as a nanoadsobent. This result justifies the
earlier claims that the adsorption of the target pollutants was better using ZnO/Fez04 than

Zn0/Si0,, Fe304/SiO2 nanocomposites.

Table 4.7 shows the result of the Freundlich isotherm models with parameters such as KF
(mg/g (L/mg) which define as the adsorption distribution coefficient, represents the
quantity of the pollutant adsorbed onto the nanocomposites and 1/n which is used to
identify the favourability, intensity, or surface heterogeneity between adsorbent and the
adsorbate. Both Kr and 1/n were calculated from the plot of log ge against log Ce which
gave a straight line with a slope of 1/n and intercept of log K (see appendix 10-18). The
value of (1/n) presented in Table 4.7 is less than one, indicating that the adsorption
between the adsorbate and the adsorbent is normal Langmuir isotherm (Lshabanat et al.,
2016) since 1/n less than one implies a normal Langmuir isotherm, whereas a value of 1/n
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more than one shows cooperative adsorption (Freundlich isotherm). This observed trend
supports the earlier result of the (R?) and R_ that the adsorption of the target pollutants
using ZnO/Fe30s, ZnO/SiO2, Fe304/SiO2 nanocomposites is monolayer adsorption
(Langmuir isotherm). Additionally, the value of 1/n is an indication that the adsorption is
less heterogeneous since the values are closer to zero than its value gets closer to zero

(Pudza and Abidin, 2020).

For all the targeted pollutants, the 1/n values derived from the Freundlich model were less
than one, indicating that of Pb (I1), Cd (11), Ni (1I), Cr (\V1), Cu (II), total iron, BOD, COD
and TOC onto ZnO/Fe304, ZnO/SiO2, Fe304/SiO2 nanocomposites was favourable. The
lower values of ZnO/Fe304 than ZnO/SiO,, Fes04/SiO2 nanocomposites justify the higher
performance of ZnO/Fes0s nanocomposites compared to ZnO/SiO,, Fe304/SiO;

nanocomposites.

The result of the Temkin isotherm presented in Table 4.7 indicates that the value of is the
equilibrium binding constant (K (L/g) which corresponds to the highest binding energy
was between 0.115-2.211 L/g. The value of Temkin constant B+ (J/mol) which is related
to the heat of sorption was in the range of 8.605-14288.700 J/mol using ZnO/Fe30a4,
Zn0/Si0,, Fe304/SiO2 nanocomposites for the removal of Pb (11), Cd (I1), Ni (11), Cr (V1),
Cu (1), total iron, BOD, COD and TOC. The presence of a positive value for Bt indicates

that the adsorption was endothermic (Yu et al. 2021).

The value of E from the Dubinin-Radushkevich (D-R) isotherm model is used to predict
the type of adsorption; E values of less more than 8 kJ/mol are often classified as
chemisorption and less than 8 kJ/mol are classified as physisorption (Singh et al., 2020).

The adsorption of Pb (1), Cd (1), Ni (1), Cr (V1), Cu (Il), total iron, BOD, COD and
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TOC onto ZnO/Fe304, ZnO/SiO,, Fe304/SiO2 nanocomposites ranges from 1129.71-

1919.01 kJ/mol, confirming the earlier reported dominating mechanism of chemisorption.

The values of the gmax presented in Table 4.7 the ternary metal oxides nanocomposites
shows that SiO2/Fes04/ ZnO (1:2:1) nanocomposites had highest gmax of 75.352 mg g%,
71.538 mg g%, 66.696 mg g%, 98.966 mg g, 36.637 mg g}, 102.709 mg g%, 30.637 mg
g?, 39.806 mg g*, 36.192 mg g* for Pb (1) Cd (1), Ni (1) Cr (VI), Cu (11), total iron,
BOD, COD and TOC respectively. Indicate that SiO2/Fe304/ ZnO (1:2:1) nanocomposites

perform better than the others due to its larger surface area.

Table 4.8 present the result of the ternary nanocomposites for Langmuir, Freundlich.
Temkin and Dubinin-Radushkevich (D-R) isotherm. The result presented for the removal
of Pb (II), Cd (II), Ni (1), Cr (VI), Cu (ll), total iron, BOD, COD and TOC onto
ZnO/Fe304, ZnO/SiO2, Fe304/SiO2 nanocomposites follows the same trend, suggesting
that the adsorption of the target pollutants follows the order of Fe304/SiO2/ZnO (1:2:1) >
Fes04/Si02/Zn0O (1:1:2) > Fe304/Si02/Zn0O (1:1:1) > Fe304/SiO2/Zn0O  (2:1:1)
nanocomposites for all the target pollutants in terms of their performance and fitness to
the models. The sorption process was better described by Langmuir isotherm model.
Generally, among the monometallic oxides ZnO nanoparticles performed better than
others, among the bimetallic oxides the Fe304/ZnO nanocomposite was better than the
others while the Fe304/SiO./ZnO (1:2:1) nanocomposites was better followed by
Fe304/Si02/ZnO (1:1:2) > Fes304/Si02/Zn0O (1:1:1) and Fes304/Si02/ZnO (2:1:1)

respectively.
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4.12 Adsorption Kinetics

Different kinetic models such as Pseudo-first order, Pseudo second order, intra-particle
diffusion model and Elovich kinetic models were used to evaluate the nature of adsorption
that occurs during the removal of Pb (11), Cd (I1), Ni (11), Cr (\V1), Cu (1), total iron, BOD,
COD and TOC from the petroleum refinery wastewater using FesOs4, SiO2 and ZnO
nanoparticles and ZnO/Fe30s, ZnO/SiO2, Fe304/Si02, Fe304/Si02/Zn0O  (1:1:2),
Fe304/Si02/ZnO  (2:1:1) Fe304/Si02/ZnO  (1:2:1), Fe304/Si02/ZnO  (1:1:1)
nanocomposites. The parameters for the Pseudo first order, Pseudo second order, elovich
and intra-particle diffusion kinetics were calculated from the corresponding slope and
intercept of the plots in appendix 28-36 and the results obtained are summarized in Table

4.9, 4.10 and 4.11 respectively.
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Table 4.9: Kinetic Parameters for the Adsorption of the Selected Heavy Metals and other COD, BOD and TOC using Fe3Os, SiO2
and ZnO Nanoadsorbents

Pseudo First Order Pseudo Second Order Intraparticle Diffusion Elovich
Parameters R? ki Oe1 SSE x? R? K, Oe2 Kid C R? B A
(mg/g-min)  (g/min) (mg/g-min)  (g/min)  SSE x? R? (g/min) (g/min)

Pb A 0.863 0.159 0.087 0.415 4712 0.990 4.413 0.269 0.016 0.203 0.822 0.031 0.020 0.900 58.309 0.086
B 0835 0.156 0.086 0.419 5292  0.989 3.952 0.255 0.017 0.224 0.810 0.028 0.018 0.898 55.188 0.068
C 0.753 0.149 0.086 0.457 5.753  0.983 2.936 0.244 0.023 0.294 0.793 0.012 0.012 0.890 51.600 0.083

Cd A 0.954 0.158 0.103 0.456 6.059  0.987 2.468 0.278 0.029 0.407 0.861 0.013 0.005 0.932 53.908 0.080
B 0932 0.156 0.091 0.459 6.358  0.972 1.677 0.282 0.039 0.550 0.844 0.011 0.002 0.917 52.002 0.047
C 0921 0.154 0.087 0.486 6.819  0.953 1.271 0.286 0.085 0.736 0.843 0.010 0.001 0.897 45.704 0.034

Ni (1) A 0870 0.164 0.108 0.497 5750  0.972 1.837 0.266 0.037 0.433 0.749 0.013 0.035 0.900 47.985 0.085
B 0810 0.163 0.104 0.504 6.310  0.960 1.825 0.262 0.039 0.448 0.669 0.012 0.009 0.879 46.382 0.082
C 0.780 0.162 0.100 0.539 6.360  0.957 1.369 0.247 0.081 0.651 0.652 0.011 0.001 0.866 45.372 0.036

Cu (1) A 0.888 0.188 0.441 0.096 5586  0.999 2.269 0.462 0.130 0.309 0.814 0.024 0.299 0.661 223435  25.800
B 0853 0.182 0.428 0.406 9.66 0.998 2.215 0.396 0.131 0.314 0.811 0.021 0.288 0.659 156.902  23.036
C 0812 0.171 0.402 1.469 11.476  0.996 2.003 0.361 0.176 0.413 0.796 0.016 0.257 0.659 143.958  20.894

Cr(VI) A 0773 0.175 0.238 4.878 19.275  0.990 2.287 0.361 0.295 1.291 0.727 0.019 0.136 0.659 14.376 32.258
B 0721 0.166 0.224 8.266 34.714  0.983 2.046 0.325 0.316 0.960 0.679 0.019 0.127 0.658 1.790 29.560
C 0714 0.188 0.240 12.527 42.965 0.958 2.546 0.376 0.456 2.103 0.656 0.016 0.121 0.452 1.615 20.109
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Pseudo First Order Pseudo Second Order Intraparticle Diffusion Elovich
Parameters R? ki Qe1 SSE x2 R? K, Qe Kig C R? B A
(mg/g-min)  (g/min) (mg/g-min)  (g/min)  SSE x? R? (g/min) (g/min)

BOD A 0.773 0.244 1.591 6.801 12437  0.998 4533 7.440 1.622 0.821 0.924 0.694 5.191 0.905 2026.143  1.468
B 0.582 0.211 1.181 8.771 13.979 0.996 3.738 6.310 1711 1.139 0.850 0.684 4119 0.873 118.134 1.089
C 0.466 0.116 0.798 9.893 14115  0.995 1.924 6.294 1.743 1.390 0.840 0.438 3.068 0.818 30.079 1.044

COD A 0.891 0.293 2.727 1.558 18.195  0.998 10.520 9.911 0.646 6.281 0.803 1.026 4.438 0.944 44.982 0.659
B 0885 0.292 2421 1.604 18.248  0.997 9.783 9.717 0.646 6.810 0.797 1.000 4412 0.932 37.800 0.635
C 0834 0.290 2.543 1.662 20.018  0.995 7.097 8.840 0.848 10.445 0.782 0.818 3.980 0.929 32.901 0.592

TOC A 0.692 0.136 0.742 1.842 9.977 0.992 0.635 4.554 1.736 7.876 0.797 0.649 0.930 0.954 3.237 0.806
B 0681 0.119 0.653 1.890 11.005  0.991 0.545 4.378 1.688 8.573 0.796 0.624 0.902 0.953 3.112 0.727
C 0.603 0.110 0.511 1.914 11.005  0.990 0.360 4.212 1.826 10.705 0.794 0.602 0.876 0.953 3.073 0.700

KEY: A B, C, are ZnO, Fe304, SiO», nanoparticles respectively.
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Appendix 28-36 shows plots of log (de — qt) against t for the adsorption of Pb (11), Cd (11),
Ni (1), Cr (VI), Cu (II), total iron, BOD, COD and TOC from the petroleum refinery
wastewater using ZnO, Fe3O4 and SiO; and nanoparticles. The slope and intercept from
the plots were used to calculate the values of the pseudo first order rate constant (k1) and
the amounts of pollutant adsorbed at equilibrium for the pseudo first order kinetics model
(0e1). Appendix 37-45 shows plots of t/qt against time for the adsorption of Pb (I1), Cd
(1), Ni (1), Cr (V1), Cu (1), total iron, BOD, COD and TOC from the refinery wastewater
using ZnO, Fe304 and SiO2 nanoparticles. The slope and intercept from the plots were
used to calculate the values of pseudo-second-order rate constant (k2) and he amounts of
pollutant adsorbed at equilibrium for the pseudo second order kinetics model (Qez).
Similarly, appendix 46-54 shows the plot of gt against Int. The elovich adsorption
constant (B) and initial rate of adsorption (o) were calculated from the slope and the

intercept respectively.

Table 4.9 shows the coefficient of correlation (R?) values for the pseudo first-order,
pseudo second order, elovich and intraparticle diffusion kinetic models using ZnO, Fez04
and SiO, nanoparticles as nanoadsorbent. The (R?) values obtained for the pseudo first
order kinetic model using ZnO, Fe3z04 and SiO2 nanoparticles for the adsorption of Pb (I1)
(0.863, 0.835, 0.753); Cd (I1) (0.954, 0.932 and 0.921); Ni (I1) (0.870, 0.810 and 0.780);
Cr (V1) (0.888, 0.853 and 0.812); Cu (II) (0.773, 0.721 and 0.714); BOD (0.773, 0.582
and 0.466); COD (0.891, 0.885 and 0.834); and TOC (0.692, 0.681 and 0.603) from the
refinery wastewater was lower than (R?) of Pb (1) (0.99, 0.989, 0.983); Cd (II) (0.987,
0.972 and 0.953); Ni (1) (0.972, 0.96 and 0.957); Cr (V1) (0.999, 0.998 and 0.996); Cu
(1) (0.990, 0.983 and 0.958); BOD (0.998, 0.996 and 0.995); COD (0.998, 0.997 and

0.995); and TOC (0.992, 0.991 and 0.990) for the pseudo second order kinetic model.
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Generally, the values obtained for the pseudo second order kinetic model is higher than
that of the pseudo-first-order model, showing that the pseudo second order kinetic model
best fits the adsorption removal of Pb (II), Cd (11), Ni (I1), Cr (VI), Cu (l1), total iron,
BOD, COD and TOC from the refinery wastewater onto ZnO, Fe3Os4 and SiO»
nanoparticles. This is an indication that chemical adsorption dominant the adsorption

process and the pseudo second order kinetic model is the rate determining step.

Table 4.9 shows that the values of the pseudo second order rate constant (k2) using ZnO,
Fe304 and SiO2 nanoparticles for the removal of Pb (I1), Cd (1), Ni (11), Cr (V1), Cu (1),
total iron, BOD, COD and TOC were 4.413, 3.952 and 2.936 mg/g-min; 2.468, 1.677 and
1.271 mg/g-min; 1.837,1.825 and 1.369 mg/g-min; 2.269, 2.215 and 2.003 mg/g-min;
2.287, 2.046 and 2.546 mg/g-min; 4.533, 3.738 and1.924 mg/g-min; 10.52, 9.783 and
7.097 mg/g-min; 0.635, 0.545 and 0.360 mg/g-min which is higher than 0.160, 0.156,,
0.149 mg/g-min; 0.087, 0.086 and 0.085 mg/g-min; 0.103, 0.091 and 0.087 mg/g-min;
0.108, 0.104 and 0.100 mg/g-min; 0.441, 0.428 and 0.402 ; 0.238, 0.224 and 0.240
mg/g-min; 1.591, 1.181 and 0.798 mg/g-min; 2.727, 2.421 and 2.543 mg/g-min; 0.742,

0.653 and 0.511 mg/g-min for the pseudo first order rate constant (k).

The high values of (ko) compared to the values of the (ki) for ZnO, Fe3O4 and SiO>
nanoparticles indicates that the adsorption rate of Pb Pb (I1), Cd (1), Ni (I1), Cr (VI), Cu
(1), total iron, BOD, COD and TOC from the petroleum refinery wastewater was faster
for pseudo second order than pseudo first order Kinetics, supporting the fact that the
reaction fits better to the pseudo second order kinetics model. Similarly, the amount of
pollutants adsorbed at equilibrium for the pseudo second order kinetics model (ge2) was
higher than amount of pollutants adsorbed at equilibrium for the pseudo first order
kinetics model (ger) using  ZnO, FesO4 and SiO: nanoparticles ad an adsorbent.
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Generally, the trend observed suggests that the ZnO nanoparticle have higher values of
(R?), (ki and kz) and (gex and ge1) followed by FesOs nanoparticles while SiO;
nanoparticles recorded the smallest value of (R?), (kiand kz) and (qe1 and ge1) for all the
pollutants. This suggests that the ZnO nanocomposites was more efficient in the removal
of Pb Pb (I1), Cd (1), Ni (1), Cr (\V1), Cu (II), total iron, BOD, COD and TOC from the
petroleum refinery wastewater. This may be due to the higher surface area of ZnO

nanoparticles compared to FezO4 SiO2 nanoparticles.

To validate the fitness of the adsorption of Pb (1I), Cd (1), Ni (I1), Cr (VI), Cu (I1), total
iron, BOD, COD and TOC the data were subjected to different error functions such as
chi-square (x?) and the sum of squared error (SSE). The values presented in Table 4.9
indicate that the x? pseudo second order model exhibited a lower value of x? for all the
metals and indicator parameters irrespective of the adsorbent used. This result supports
the fact that the adsorption process was governed purely by a chemical reaction. Similarly,
the SSE values for the pseudo second order model exhibited a lower value than that of
the pseudo first order model, this also confirms the fact that the adsorption process was
chemical adsorption due to the lower value recorded for the pseudo second order
compared with the pseudo first order kinetic model irrespective of the adsorbent. It is
important to note that the values of chi-square (x?) and the sum of squared error (SSE) for
ZnO nanoparticles was lower than the values obtained for FesO4 and SiO2 nanoparticles.
This is another confirmation that the ZnO nanoparticles performed better as an adsorbent

than FesO4 and SiO2 nanoparticles for all the pollutants.

Other kinetic models such as intraparticle diffusion and elovich were used to understand
the adsorption mechanisms. Table 4.9 shows that the (R?) for the intraparticle diffusion
ranges from 0.652 to 0.861, comparing these values with the earlier reported values for
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the pseudo first order (0.510 — 0.950 ) and pseudo second order (0.950 to 0.950 ) kinetic
models, it means that the adsorption process of Pb (I1), Cd (I1), Ni (1), Cr(\V1), Cu (1),
total iron, BOD, COD and TOC using various nanoadsorbent from the petroleum refinery
wastewater was not governed by intraparticle diffusion kinetics model. The kiq (g/min)
values were found to be higher for ZnO nanoparticles compared with FesO4 and SiO>
nanoparticles which was due to the greater driving force between the pollutants and ZnO
nanoparticles. This resut justify the high efficiency of ZnO over Fe3Os and SiO:

nanoparticles.

Additionally, it has been reported that if the rate-controlling step of an adsorption process
is governed by intraparticle diffusion kinetic model, the plot of gt against t°° should be
linear and pass through the origin (Byungryul, 2020). As can be seen in appendix 55-63
the plots of gt against t° are linear but did not passed through the origin. This deviation
strongly suggests that the intraparticle diffusion kinetic model was not the rate-controlling
step during the adsorption of terget pollutants from the petroleum refinery wastewater,

but other kinetic models may simultaneously control the adsorption rate.

The Elovich kinetics model, is one of the most helpful models for understanding
chemisorption. The slope and intercept of the linear plot of gt vs Int, as shown in appendix
46-542 was used to calculate the initial rate of adsorption (o) and  (g/mg) which is related
to the extent of surface coverage and activation energy for chemisorption. The result of
the elovich model presented in Table 4.9 indicates that the R? ranges between 0.661 to
0.954, this result further supports the earlier claim that the adsorption process is
chemisorption (Zand and Abyaneh, 2020). Generally, the pseudo second order kinetic
model had a correlation coefficient closer to 1 when compared to pseudo first order,
intraparticle diffusion and Elovich kinetics, kinetic models. This suggested that the
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removal of Pb (1), Cd (Il), Ni (I1), Cr (1), Cu (I1), total iron, BOD, COD and TOC from
petroleum refinery wastewater irrespective of the nanoadsorbent used was better
described by a pseudo second order kinetic model. Additionally, ZnO nanoparticles was
a better adsorbent for the removal of all the target pollutants compared with Fe3O4 and

SiO2 nanoparticles.
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Table 4.10: Kinetic Parameters for the Adsorption of the Selected Heavy Metals and other COD, BOD and TOC using Fez04/ZnO
and Fe304/SiOz, , ZnO/ SiO2 Nanoadsorbents

Pseudo First Order Pseudo Second Order Intraparticle Diffusion Elovich
Para;neter Nanoa(:sorben R Ky Ger SSE X2 R? K, ez Kig C R? B o

(mg/ g)"mi” (g/min) (mg/ g'mi” (g/min)  SSE X2 R (g/min) (g/min)

Pb D 0.894 0.187 0.095 0.363 4216  0.992 5.650 0.273 0.011 0.144 0.842 0.013 0.033 0.928 60.716 0.219

E 0.881 0.175 0.092 0.364 4.487  0.993 5.425 0.272 0.012 0129 0.841 0.012 0.031 0.926 60.643 0.181

F 0.870 0.165 0.090 0.376 4699  0.993 5.346 0.261 0.014 0.146 0.840 0.011 0.026 0911 58.858 0.112

Cd D 0.961 0.168 0.106 0.397 4.608 0.996 4.616 0.318 0.015 0.147 0.883 0.018 0.025 0.953 56.980 0.140

E 0.954 0.162 0.094 0.399 4758  0.996 4.427 0.314 0.017 0.169 0.877 0.016 0.019 0.944 56.465 0.134

F 0.952 0.158 0.093 0.461 5528  0.992 3.259 0.276 0.020 0.242 0.874 0.014 0.009 0.943 55.897 0.109

Ni (I1) D 0.966 0.182 0.112 0.274 2.879  0.999 6.522 0.293 0.012 0.114 0.780 0.014 0.038  0.947 54.585 0.266

E 0.923 0.172 0.107 0.301 3.103  0.999 5.921 0.265 0.014 0124 0.797 0.015 0.041 0.945 49.702 0.237

F 0.883 0.169 0.104 0.319 3.013  0.998 5.260 0.232 0.015 0.151 0.802 0.015 0.046 0.930  48.780 0.145

Cu (1) A 0.898 0.196 0.464 0.064 2462  0.998 2.447 0.490 0.063 0.161 0.918 0.027 0.343 0.898  459.164  34.698

B 0.884 0.194 0.449 0.374 6.536  0.998 2.321 0.480 0.075 0.172 0.874 0.025 0.303 0.769 315400 29.949

C 0.881 0.189 0.442 0.437 8.352 0.993 2.306 0.462 0.095 0.212 0.826 0.024 0.301 0.712  266.770  27.925

C (V1) D 0.886 0.193 0.305 4635 15.205 0.993 2.726 0.426 0.266 0.978 0.821 0.028 0.191 0.819 69.102  45.558

E 0.863 0.192 0.299 4821 15268 0.992 2.567 0.421 0.284 1.016 0811 0.018 0.173  0.660 22.837  44.484

F 0.823 0.189 0.292 4828  16.232 0.991 2.558 0411 0.290 1.165 0.794 0.019 0.161  0.659 20.112  32.733

BOD D 0.793 0.258 1.702 5.44 10.998  0.999 5.169 7.890 0.690 1528 0.873 0.695 4551 0926 6789.660 1.500
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Pseudo First Order Pseudo Second Order Intraparticle Diffusion Elovich

Parameter  Nanoadsorben

s ¢ R? ki Ot SSE x2 R? K, ez Kig C R? p a
(mg/ Q)"mi” (g/min) (mg/ 5)4'”“” @min) SSE  x2  R®  (g/min) (g/min)
E 0786 0258 1652 5737 12020 0999  4.880 7876 0784 1560 0813 0529 4541 0915 2652902 1495
F 0745 0233 1450 8008 13663 0997  4.444 7313 0944 1657 0800 0403 5350 0899 185909  1.100
cob D 0918 0341 3021 14i75 1483 0999 11683 11120 0266 3237 0814 1088 5583 0959 119443 0719
E 0913 0208 2718 15i83 1489 0999 11516 10785 0369 3976 0813 1070 5468 0951  73.990  0.699
F 0895 0297 2572 17512 1528 0998 10562 10536 0643 5686 0810 105 5050 0949  70.694  0.672
TOC D 0857 0223 1039 8575 1751 0998 0705 5250 1522 7395 0801 0751 1061 0957 3506  0.953
E 0828 0172 1020 9519 1771 0996 0554 4958 1538 8019 0800 0711 1015 095 3276 0873
F 0814 0139 0994 9596 1813 0995  0.490 4841 1637 8422 0797 0693 0962 095 3275 0825

Where D, E, F are ZnO/Fe304, ZnO/Si0O2, Fes04/SiO2 nanocomposites respective
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Table 4.10 shows that the correlation coefficient (R?) values for the adsorption removal
of Pb (1), Cd (1), Ni (1), Cr (V1), Cu (I1), total iron, BOD, COD and TOC from petroleum
refinery wastewater were in the range of (0.8299 —0.9770) for pseudo first order model
kinetics using ZnO/Fe30s, ZnO/SiO2, Fe304/SiO2 nanocomposites as nanoadsorbents.
The (R?) value for the pseudo second order model was higher, ranging from (0.991-
0.999). The closeness of the (R?) value for the pseudo second order kinetics model
indicates that the pseudo second order model is more appropriate for describing the
adsorption removal of Pb (I1), Cd (1), Ni (I1), Cr (\VI), Cu (II), total iron, BOD, COD and
TOC from petroleum refinery wastewater. The values of the (R?) for both the pseudo first
order and pseudo second order models for ZnO/Fe30s, ZnO/SiO2, Fe304/SiO2
nanocomposites were in order of ZnO/Fe304 > ZnO/Si02 > Fe304/SiO2 nanocomposites
for all the target pollutants. The trend observed suggests that the adsorption removal of
the target pollutants was more favourable using ZnO/Fe304 nanocomposites, which may
be related to the enhanced surface area of ZnO/Fe304 nanocomposites compared with

Zn0O/SiO, Fe304/SiO2 nanocomposites.

The Kinetics rate constants for the pseudo first order model (k1) range between 0.139 to
0.980 mg/g-min while the kinetics rate constants for the pseudo second order model (ko)
range from 0.490 to 11.683 mg/g-min as presented in Table 4.10. The higher (kz) value
obtained compared to the (ki) values for the adsorption removal of Pb (II), Cd (1), Ni
(11, Cr (V1), Cu (Il), total iron, BOD, COD and TOC from petroleum refinery wastewater
using ZnO/Fe304, ZnO/SiO2, Fe304/Si02 nanocomposites support the fitting of a second-
order kinetic model in this adsorption study. The trend as shown in Table 4.10 suggests
that the ZnO/Fe304 nanocomposites recorded the highest values (ki and k2) for all the

target pollutants followed by ZnO/SiO. and Fe304/SiO2 nanocomposites. This trend
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supports the outstanding performance of ZnO/FesOs nanocomposites among the
bimetallic oxides nanocomposites used for the adsorption removal of Pb (1I), Cd (I1), Ni
(1), Cr (V1), Cu (1), total iron, BOD, COD and TOC from petroleum refinery wastewater.
Similarly, the values of ge1 (pseudo first order) were lower than ge2 (pseudo second order)
for all the target pollutants using ZnO/Fe304, ZnO/SiO, and Fes04/SiO, nanocomposite
as adsorbent. The ZnO/Fe304 nanocomposites sh ow a higher value of (ge1) and (ge2) for

each of the pollutants compared to ZnO/SiO. and Fe304/SiO2 nanocomposites.

The experimental data obtained from the adsorption of adsorption removal of Pb (I1), Cd
(10, Ni (1), Cr (V1), Cu (1), total iron, BOD, COD and TOC from the petroleum refinery
wastewater using ZnO/Fe304, ZnO/SiO2 and Fe304/SiO2 nanocomposite as adsorbent
were subjected to the error function to validates the fitness of the models. The values of
chi-square (x?) and the sum of squared error (SSE) for ZnO/Fe304 nanocomposites was
lower than the values obtained for ZnO/SiO2 and Fe304/SiO2 nanocomposites for all the
target pollutants. This is another confirmation that the ZnO/Fe3Os nanocomposites
performed better as an adsorbent than ZnO/SiO and Fez04/SiO2 nanocomposites for all
the pollutants. This result validates the earlier claims that the ZnO/FesO4 nanocomposites

performed better as an adsorbent than ZnO/SiO2 and Fez04/SiO> nanocomposites.

The low (R?) obtained for the intraparticle diffusion implies that the adsorption process
did not follow intraparticle diffusion adsorption kinetics. The correlation coefficient, R?,
indicates a poor link between the parameters and also explains why the adsorption process
does not suit the diffusion kinetic model. Rodriguez et al. (2020); Huang et al. (2020)
and Pelalak et al. (2021) who worked independently had reported that pseudo second
order kinetic model was more appropriate in describing adsorption of metal ions using
different nanocomposites from wastewater. The values of kiq presented in Table 4.10 were
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found to be higher for ZnO/Fe3O4 nanocomposites compared with the values of Kig
ZnO/SiO2 and Fe304/SiO2 nanocomposites for all the target pollutants. The trend
observed is an indication that there is a greater driving force between the targeted
pollutants and ZnO/Fe30s4 nanocomposites compared to the use of ZnO/SiO;
nanocomposites and Fez04/SiO, nanocomposites as nanoadsorbents. This result justifies
the high efficiency of ZnO/Fe3Os4 nanocomposites over ZnO/SiO, and Fe304/SiO>

nanocomposites.

Additionally, it has been reported that if the rate-controlling step of an adsorption process
is governed by intraparticle diffusion kinetic model, the plot of gt against t°° should be
linear and pass through the origin (Manjuladevi et al., 2023). As can be seen in appendix
55-63 the plots of gt against t°° are linear but did not pass through the origin. This
deviation strongly suggests that the intraparticle diffusion kinetic model was not the rate-
controlling step during the adsorption of target pollutants from the petroleum refinery

wastewater, but other kinetic models may simultaneously control the adsorption rate.

The Elovich kinetics model, is one of the most helpful models for understanding
chemisorption. The slope and intercept of the linear plot of gt vs Int, as shown in appendix
46-54 was used to calculate the initial rate of adsorption (o) and B (g/mg) which is related
to the extent of surface coverage and activation energy for chemisorption. The result of
the elovich model presented in Table 4.10 indicates that the R? ranges between 0.660 to
0.959, this result further supports the earlier claim that the adsorption process is
chemisorption. Generally, the pseudo second order kinetic model had a correlation
coefficient closer to unity when compared to pseudo first order, intraparticle diffusion
and Elovich kinetics, kinetic models. This suggested that the removal of Pb (1), Cd (11),
Ni (I1), Cr (VI), Cu (ll), total iron, BOD, COD and TOC from petroleum refinery
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wastewater irrespective of the nanoadsorbent used was better described by a pseudo

second order kinetic model.

It was found that ZnO/Fez04 nanocomposites exhibited stronger adsorption of Pb (11), Cd
(1), Ni (1), Cr (V1), Cu (1), total iron, BOD, COD and TOC from petroleum refinery

wastewater compared to ZnO/SiO2 and Fe304/SiO2 nanocomposites.
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Table 4.11: : Kinetic Parameters for the Adsorption of the Selected Heavy Metals and COD, BOD and TOC using Fe304/SiO2/Zn0O
Prepared at different mixing Ratios

Pseudo First Order Pseudo Second Order Intraparticle Diffusion Elovich
Parameters R? ky Q1 SSE x? R? K, Je2 Kig C R? B o
(mg/g-min)  (g/min) (mg/g-min)  (g/min) SSE X2 R? (g/min) (g/min)
Pb G 0.960 0.187 0.289 0.347 3.643 0.995 5852 0.095 0.01 0.118 0.861 0.013 0.036 0.929 68.493 0.261
0.970 0.188 0.295 0.304 3451 0995  6.979 0.102 0.008 0.1 0.874 0.014 0.039 0.940 68.918 0.274
I 0.990 0.207 0.308 0.136 1553  0.996  7.195 0.103 0.005 0.083 0.875 0.015 0.043 0.951 71.327 0.312
J  0.940 0.179 0.277 0.352 3.829 0.994  5.698 0.093 0.011 0.125 0.853 0.013 0.034 0.929 66.534 0.220
Cd G 0.976 0.180 0.302 0.371 4277 0997  4.983 0.093 0.014 0.165 0.897 0.016 0.033 0.969 60.496 0.208
H 0.970 0.181 0.307 0.361 3.998 0.998  5.753 0.096 0.012 0.126  0.903 0.017 0.036 0.971 63.816 0.223
I 0.980 0.188 0.323 0.348 3481 0999  5.789 0.098 0.011 0.121 0917 0.019 0.038 0.974 68.823 0.320
J 0973 0.169 0.292 0.418 4.098 0997 4674 0.091 0.015 0.176  0.889 0.015 0.027 0.964 58.689 0.169
Ni (11) H 0.976 0.184 0.247 0.306 2.697  0.999 7.833 0.118 0.01 0.085 0.889 0.019 0.085 0.959 57.208 0.575
G 0973 0.185 0.326 0.358 3.148  0.999 7.940 0.121 0.009 0.081  0.903 0.021 0.086 0.963 59.916 0.616
I 0988 0.200 0.339 0.262 2254 0999 8194 0.121 0.009 0.084 0.907 0.023 0.088 0.975 60.350 0.752
J 0961 0.184 0.355 0.305 2799  0.999 7.637 0.114 0.01 0.109 0.820 0.017 0.046 0.951 54.735 0.310
Cu (1) H 0.950 0.209 0.496 0.010 4445 0995 2525 0.485 0.011 0.022 0.937 0.031 0.353 0.938 564.212 36.536
G 0.960 0.212 0.514 0.003 3.969 0998  3.687 0.501 0.006 0.012 0.947 0.035 0.356 0.957 565.950 39.417
I 0.980 0.213 0.514 0.004 3531 0999 4115 0.524 0.005 0.011 0.949 0.038 0.357 0.973 908.076 55.960
J 0.940 0.197 0.492 0.031 463 0.995  2.486 0.473 0.02 0.041 0.934 0.029 0.349 0.930 531.864 36.523
Cr (VI) G 0.880 0.211 0.445 4.484 14725 0996  2.771 0.318 0.21 0.687 0.812 0.025 0.211 0.867 425.360 45.600
H 0.951 0.194 0.440 3.886 14706  0.997 4.371 0.332 0.181 0.567 0.813 0.028 0.213 0.914 675.470 45.788
| 0.955 0.212 0.487 3.642 11.307 0.999 6.555 0.344 0.079 0.278 0.871 0.037 0.227 0.955 742.561 58.173
J 0.880 0.192 0.433 4.536 15177 0995  2.732 0.316 0.214 0.704 0.811 0.022 0.191 0.865 226.825 43.600
BOD G 0.860 0.278 1.950 1.974 0.251  0.999 6.889 8.407 1.408 10.704  0.665 0.502 5.923 0.944 9908.423  1.565

257



Pseudo First Order Pseudo Second Order Intraparticle Diffusion Elovich

Parameters R? ki Qet SSE x? R? K, Qe Kig C R? B a
(mg/g-min)  (g/min) (mg/g-min)  (g/min) SSE  x? R? (g/min) (g/min)

H 0.900 0.285 2.197 0.398 0.063 0.999 7.039 8.582 1.403 10.066 0.784 0.511 6.159 0.958 10064.887  1.759
| 0.950 0.325 2.251 0.322 0.043 0.999 7.601 8.684 1.392 8.502 0.799 0.532 6.359 0.974 12588.784  1.766
J 0.830 0.262 1.807 2.737 0.326 0.999 6.096 8.281 1.523 10.829 0.583 0.489 5.711 0.930 8128.058 1.526

COD H 0.921 0.290 2.248 14181 1491 0.999 12.773 11.798 0.188 2.095 0.856 1.145 6.483 0.964 185.441 0.729
G 0935 0.294 2.643 13.011  1.409 0.999 12.858 12.180 0.283 0.026 0.861 1.183 6.776 0.981 217.188 0.755
| 0.989 0.346 2.587 11.693 1.394 0.999 13.941 12.320 0.255 0.024 0.894 1.272 8.460 0.992 4068.375 0.930
J 0.920 0.267 2.038 14579 1414 0.999 12.167 11.658 0.217 2556 0.821 1.125 6.481 0.960 164.506 0.726

TOC H 0.890 0.239 1.198 8.386 1.715 0.999 0.321 5.776 1.497 6.574 0.808 0.827 1.204 0.961 3.806 0.961
G 0.900 0.244 1.242 7.667 1.699 0.999 0.787 5.824 1.473 6.507 0.811 0.829 1.218 0.962 4213 0.966
| 0.910 0.264 1.508 7.155 1.628 0.999 1.096 5.894 1.462 6.325 0.816 0.846 1.262 0.963 4.386 0.981
J 0.860 0.224 1.059 8.506 1.727 0.999 0.247 5.750 1.513 6.843 0.806 0.816 1.099 0.959 3.767 0.961

Where G, H, I and J are Fez04/Si02/Zn0 (1:1:1), Fe304/Si02/Zn0 (1:1:2), Fes04/Si02/Zn0 (1:2:1), and Fez04/Si02/Zn0 (2:1:1) composites

respectively
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Table 4.11 displays the kinetic parameters for pseudo first, pseudo second order, intraparticle
diffusion and elovich models. It can be seen that the pseudo-second order kinetic model fitted
better for all the pollutants with the regression (R?) value ranging from 0.999-0.992 compared
with the first-order Kkinetics (0.460-986) irrespective of the mixing ratio Fe304/SiO2/ZnO
nanocomposites. The lower (R? ) obtained for pseudo first order model than the pseudo-
second order model indicates that the pseudo second order model is better suitable for
explaining the Pb (I1), Cd (I1), Ni (I1), Cr (VI), Cu (II), total iron, BOD, COD and TOC
adsorption behavior onto Fes04/Si02/Zn0 (1:1:1), Fe304/Si02/Zn0 (1:1:2), Fe304/Si02/Zn0O
(1:2:1) and Fe304/Si02/Zn0 (2:1:1) nanocomposites. Additionally, it was found that the (R?)
for all the nanoadsorbents was in the order of Fe304/SiO2/Zn0O (1:2:1) > Fe304/Si02/Zn0O
(1:1:2) > Fe304/Si02/Zn0O (1:1:1) > Fe304/Si02/Zn0O (2:1:1) nanocomposites for all the target

pollutants.

The results were also subjected to the error function analysis to determine the suitability of
the kinetics models. The error function analysis in Table 4.11 shows that the adsorption
process primarily followed the pseudo second order kinetic model, as evidenced by lower x?
and SSE values for the adsorption Pb (I1), Cd (I1), Ni (II), Cr (V1), Cu (I1), total iron, BOD,
COD and TOC using various nanoadsorbent compared to the pseudo first-order kinetic. This
result confirmed the earlier conclusion from the regression analysis (R?), that removal of Pb
(1), Cd (1), Ni (1), Cr (VI), Cu (1), total iron, BOD, COD and TOC from the petroleum
refinery wastewater using Fes04/SiO2/ZnO nanocomposites prepared at different mixing
ratio followed pseudo second order kinetic model than pseudo first order kinetic. According
to the pseudo second order kinetic model, the mechanism of adsorption assumes chemical

reaction as the rate-determining step during adsorption process (Hubbe et al., 2019). The
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result of (ki) and (k2) presented in Table 4.11 indiates that for all the target pollutants the
value of (ki) was lower than (k2), justifying the fitness of the adsorption process to pseudo
second order than the pseudo second order model. A similar trend was observed for the ge:
and ge2 As shown in Table 4.11. The values of (ki, k2) and (ge1 and ge2) were in order of
Fe304/Si02/Zn0O (1:2:1) > Fe304/Si02/ZnO (1:1:2) > Fe304/Si02/ZnO (1:1:1) >
Fe304/Si02/Zn0 (2:1:1) nanocomposites for all the target pollutants. This trend may be
related to the high surface area of Fe304/SiO2/Zn0O (1:2:1) compared to the other ratios as

shown in Table 4.11.

To further understand the nature of the adsorption between the adsorbent and the adsorbate,
the experimental data were subjected to the Elovich kinetics models (Table 4. 9). The result
also suggests that the adsorption of Pb (I1), Cd (1), Ni (1), Cr (VI), Cu (1), total iron, BOD,
COD and TOC from the refinery wastewater have a higher value of (R?) for all the
nanoadsorbent. This indicates that the adsorption of Pb (I1), Cd (1), Ni (1), Cr (V1), Cu (1),
total iron, BOD, COD and TOC on the nanoadsorbents is involved in chemical bonding. The
values of o and B presented in Table 4.11 indicates that both o and 3 values increases in the
order of Fe304/Si02/Zn0O (1:2:1) > Fe304/SiO2/Zn0O (1:1:2) > Fe304/Si02/Zn0O (1:1:1) >
Fe304/Si02/Zn0 (2:1:1) nanocomposites for all the target pollutants. This result also justifies
the performance of Fez04/SiO2/Zn0 (1:2:1) nanocomposites compared to Fez04/Si02/Zn0

(1:1:2), Fe304/Si02/Zn0 (1:1:1) and Fe304/Si02/Zn0 (2:1:1) nanocomposites.

The adsorption process was also investigated by subjecting the data to the intraparticle
diffusion model. The result of the (R2) shows that the intraparticle diffusion model plays less

role in the adsorption process compared with the pseudo second order, Elovich and pseudo
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first order models. From this observation, it can be concluded that process of adsorption of
Pb (I1), Cd (1), Ni (1), Cr (VI), Cu (lI), total iron, BOD, COD and TOC onto the
nanoadsorbent used more than one mechanism, with chemical adsorption dominating the
adsorption process. It was found that the Pseudo second-order model best describes the
experimental kinetic adsorption data for all the nanoadsorbent. This indicates that the rate of
occupation of adsorption sites is proportional to the number of empty sites (Uduakobong

Augustine, 2020).

The adsorption kinetics of Pb (11), Cd (1), Ni (II), Cr (VI), Cu (II), total iron, BOD, COD
and TOC onto Fe304/Si02/Zn0O (1:2:1) nanocomposites was faster than Fez04/SiO2/Zn0O
(1:1:1), Fe304/SiO2/Zn0 (1:1:2) and Fe304/Si02/Zn0 (2:1:1) based on the indicated in Table
4.9higher kinetic rate constants values (ki, k2, and kig). It is reasonable to conclude that
Fe304/Si02/ZnO with a 1:2:1 mixing ratio is a better nonabsorbent compared to
monometallic and bimetallic oxide nanocomposites due to its higher (ki, k2), (ge1, ge2), (B,
a) kig as indicated in Table 4.9. This observed trend may be ascribed to the enhanced in the
surface area of ternary nanocomposites over mono and bimetallic oxide nanocomposites as

earlier reported in Table 4.11.
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4.13 Thermodynamics Evaluation of Adsorption Process

The removal of Pb (I1), Cd (I1), Ni (1) Cr(VI), Cu (ll), total iron , BOD, COD and TOC
from petroleum refinery wastewater using ZnO, Fe3Oa, SiOz, and ZnO/Fe304, ZnO/SiO., F

£304/Si02, Fe304/Si02/Zn0 (1:1:1), Fe304/Si02/Zn0 (1:1:2), Fe304/Si02/Zn0 (1:2:1), and

Fe304/Si02/Zn0 (2:1:1) nanocomposites was studied from a thermodynamic perspective to

predict the feasibility of non-feasibility of the adsorption process based on the variation of
temperature for the mono, binary and ternary metallic oxide nanocomposites used as nano

adsorbent is presented in Table 4.12, 4.13 and 4.14.

Table 4.12: Thermodynamic Parameters for the Adsorption of Heavy Metal, BOD,
COD and TOC from Petroleum Refinery Wastewater by FezO4, SiO2 and ZnO
Nanoparticles

Parameters  Nanomaterials AG’ kJ/mol
kimol Jkmol 303K aiak  S29K 33K 34K 353K
Pb (1) Zn0O 17.595 31.811 6.071 5.767 5.462 5.158 4.854 4.550
FesO,4 15.29 30.426 6.401 6.293 6.186 6.078 5971 5.863
SiO; 22,747  48.805 7.959 7.471 6.983 6.495 6.007 5.519
Cd (1) ZnO 16.134 32.351 6.332 6.008 5.685 5.361 5.038 4.714

FesOq4 15598 28942 6.829 6.539 6.250 5.960 5671 5.381
SiO; 9.661 10.759 7.956 7.638 7.320 7.002 6.684 6.366
Ni (1) ZnO 17.328 34271 6.944 6.601 6.258 5.916 5.573 5.230

Fes0, 12.252 16.081 7.547 7325 7.102 6.879 6.656 6.433

SiO; 14301 22289 7.379 7.219 7.058 6.897 6.736  6.575
Cu(ll) zZnO 10.015 16.451 5.030 4.866 4.701 4.537 4372 4.208
Fe30, 8.521 11913 4911 4792 4673 4554 4435 4.316
SiO; 18.866 38.8 7.110 6.722 6.334 5.946 5558 5.170
Total Zn0O 40.316 128.316 1436 0.153 -1.130 -2.413 -3.696 -4.980

iron
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Parameters  Nanomaterials AG’ kJ/mol
kmol akmol 3ok siak 2K 3BK 343K 353K
Fes0q4 33.887 105.721 1854 0.796 -0.261 -1.318 -2.375 -3.433
SiO; 39.812 119.341 3.652 2.458 1.265 0.071 -1.122  -2.315
Cr(Vl)  ZnO 33 37.875 21524 21.145 20.766 20.388 20.009 19.630
Fes0q4 36 33 26.001 25.671 25.341 25.011 24.681 24.351
SiO; 39.452 34.585 28.973 28.627 28.281 27.935 27.589 27.243
BOD ZnO 18.428 3.596 17.338 17.302 17.266 17.231 17.195 17.159
Fes04 22.622 10.987 19.293 19.183 19.073 18.963 18.853 18.744
SiO; 30.042 22,768 23.143 22.916 22.688 22.460 22.233 22.005
COD ZnO 30.315 22.281 23564 23.341 23.118 22.895 22.673 22.450
Fes0, 39.661 45.054 26.010 25.559 25.109 24.658 24.207 23.757
SiO, 42.771 44.811 29.193 28.745 28.297 27.849 27.401 26.953
TOC Zn0O 18.577 22.635 11.747 11.443 11.138 10.834 10.530 10.226
FesO,4 20.965 30.423 11.719 11.492 11.266 11.040 10.813 10.587
SiO, 25.775 42.018 13.044 12.623 12.203 11.783 11.363 10.943
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Equation 3.15 and 3.16 were used to determine the values of some thermodynamic
parameters such as standard Gibb's free energy change (AG°), standard enthalpy (AH®) and

entropy changes (AS°) at various temperatures. The slope and intercept of the linear plot of

InK4 versus% in appendix 64-72 were used to calculate (AH®) and (AS® respectively.

The value of standard enthalpy change (AH®) of adsorption during the adsorption process
ranges between18.577 to 44.36 kJ/mol, the AH® values were all positive, as presented in Table
4.17 confirming that the adsorption process for the removal of Pb (I1), Cd (II), Ni (1I), Cr
(VI), Cu (I1), total iron, BOD, COD and TOC using Fez0s4, SiO2 and ZnO nanadsorbent was
endothermic in nature. Similarly, a positive value ranges in the range of 3.596 to 48.805
J/IK.mol was obtained for standard entropy change (AS®) this means that the disorderliness
and driving force at the adsorbent-adsorbate interface was positive during the adsorption
process. Table 4.12 also reveals that the standard Gibb’s free energy change (AG®) of
adsorption approaches negative as the temperature increases which indicates an increase in
the degree of the spontaneity of the adsorption process at a higher temperature (Wang et al.,

2022).

The result indicates that Pb (I1), Cu (Il) and total iron has a lower AG® (negative values) for
the nanocomposites suggesting that the removal of Pb (Il), Cu (Il) and total iron was
spontaneous and feasible using the ternary nanocomposites as an adsorbent than the single
and bimetallic oxide nanocomposites. This result can be confirmed by the result of the
adsorption removal efficiency, isotherm models and the kinetics models earlier reported
where the ternary nanocomposites performed better than the bimetallic and monometallic
oxide. Other researchers have reported endothermic nature and high disorderliness of the

264



adsorption process using FesO4 nanoparticles (Adegoke et al., 2017), SiO> nanoparticles

(Manyangadze et al., 2020) and ZnO (Elfeky et al., 2019) respectively.

Table 4.13: Thermodynamic Parameters for the Adsorption of Selected Heavy Metal,

BOD, COD and TOC wusing ZnO/FesO4, ZnO/SiO2 and Fes304/SiO2
Nanocomposites
Parameters Nanomaterials AR AS® AG Kol
kJ/mol J/K.mol

03K 313K 323K 333K 343K 353K

Pb (I1) ZnO/ Fes04 23.281 60.856 4842 4233 3625 3.016 2408 1.799

Zn0O/SiO, 21.842 55.560 5,008 4452 3.897 3341 2769  2.129

Fes04/Si0, 24.709 63.967 5.328  4.688 4.048 3409 2785  2.230

cd (1) ZnO/ Fes04 18.545 43.391 5397 4963 4529 4.095 3495 2.834

Zn0O/SiO, 26.184 66.147 6.141 548 4.818 4.157 3.661  3.228

Fes04/Si0, 23.863 58.061 6.271 569 5110 4529 3949  3.368

Ni (I1) ZnO/ Fez0,4 23.515 55.747 6.52 6.067 5509 4952 4394  3.837

Zn0/SiO, 19.685 43.45 6.624 6.085 5651 5216 4782  4.347

Fe304/SiO; 18.007 37.657 6.597 6.220 5.844 5.467 5.09 4.714

Cu (Il ZnO/ Fes04 20.286 51.749 4606 4.089 3571 3.054 253  2.019

Zn0O/SiO, 11.321 20.753 5033 4825 4618 4410 4203  3.695

Fe304/SiO; 15.608 32.957 5622 5293 4963 4633 4304 3974

Total iron ZnO/ Fez0,4 37.820  126.247  -0433 -1.696 -2.958 -4.221 -5483 -6.746

ZnO/SiO; 30.252  104.247  -1.335 -2.377 -3.420 -4.462 -5505 -6.547

Fe304/SiO; 28.754 99.755 21472 -2.469 -3.467 -4.464 5462  -6.459

Cr (V1) ZnO/ Fes04 18.419 11.902 17.843 17.824 17.805 17.786 17.767 17.748

Zn0/SiO, 26.155 20.661 19.895 19.688 19.482 19.275 19.068 18.862

Fes04/Si0, 28.190 18.822 22487 22299 22110 21.922 21.734 21.546

BOD Zn0/ FesO 30172 27.014 21986 21716 21446 21176 20906 20.636

Zn0/SiO, 31.692 28.93 22927 22.637 22.348 22.059 21.769 21.48

Fes04/Si0, 37.876 35.218 27.205 26.853 26.501 26.148 25796 25.444

CoD ZnO/ Fes04 28.652 24.848 21.123 20.875 20.626 20.378 20.129 19.881

Zn0/SiO, 37.085 39.079 25.244 24.853 24.462 24.071 23.681 23.29

Fes04/Si0; 39.091 42.403 26.243 25.819 25.395 24.971 24546 24.122

TOC ZnO/ Fes04 13.221 10.701 9.979 9872 9.765 9.658 9.551  9.444

Zn0O/SiO, 23.283 37.396 11.952 11.578 11.204 10.83 10.456 10.082

Fe304/SiO; 23.022 36.251 12.038 11.675 11.313 1095 10.588 10.225

265



The slope and intercept of the linear plot of InK4 versus % in appendix 64-72 was used to

calculate the thermodynamic parameters such as standard Gibb's free energy change (AG®)
of adsorption, standard enthalpy (AH®) and entropy changes (AS°) at various temperatures.
The value of AG®, AH® and AS° is presented in Table 4.13. The values of standard enthalpy
(AH®) of adsorption was positive for all the bimetallic oxides used for the removal of Pb (I1),
Cd (1), Ni (1), Cr (VI), Cu (II), total iron, BOD, COD and TOC from petroleum refinery
wastewater using the bimetallic oxides. Table 4.13 shows that the AH® of adsorption ranges
between 13.221 to 39.691 kJ/mol suggesting that the removal of Pb (1), Cd (1), Ni (1), Cr
(VI), Cu (ll), total iron, BOD, COD and TOC from petroleum refinery wastewater using

ZnO/Fe304, ZnO/SiO2 and Fez04/SiO2 nanocomposites were endothermic in nature.

In Table 4.11 it was found that the value of AS° adsorption was positive irrespective of the

bimetallic oxide nanocomposites used.

The values of AG® presented in Table 4.13 indicated that the order of feasibility and
spontaneity for the removal of Pb (I1), Cd (1), Ni (11), Cr (1), Cu (1), total iron, BOD, COD
and TOC from petroleum refinery wastewater using ZnO/Fe304, ZnO/SiO2 and Fe304/SiO;
nanocomposites were ZnO/Fe304, > ZnO/SiO2 > Fe304/SiO2. The trend observed in the
thermodynamic study is a validation that ZnO/Fe3O4 nanocomposites is better nanoadsorbent
compared to ZnO/SiO2 and Fe304/SiO> for the Pb (1), Cd (11), Ni (I1), Cr (VI), Cu (1), total
iron, BOD, COD and TOC from petroleum refinery wastewater. The higher feasibility of the
adsorption process using ZnO/FesO4 nanocomposites may be related to its smaller crystallites

size and enhanced surface area.
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Table 4.14: Thermodynamic Parameters for the Adsorption of Selected Heavy Metal,
BOD, COD and TOC using Fe304/SiO2/Zn0O (1:1:1), Fe304/SiO02/Zn0O (1:1:2),
Fes04/SiO2/Zn0 (1:2:1), and Fes04/SiO2/Zn0 (2:1:1) Nanocomposites

AR AS® AG® kJ/mol
Parameters Nanomaterials K3/mol IK.mol
303K 313K 323K 333K 343K 353K
Pb (1) Fes04/Si0,/Zn0(1:1:1) 31.072 92.224 3.128 2.206 1.284 0.361 -0.561  -1.483

Fes04/Si0,/Zn0(1:1:2)  33.711 102.818 2.558 1529  0.501 -0.527  -1.555  -2.583
Fes04/Si0,/Zn0(1:2:1)  49.036 153.947 2390 0.850 -0.689 -2.229  -3.768  -5.308
Fes04/Si0,/Zn0(2:1:1) 23.67 67.701 3.156 2.479 1.802 1.125 0.448 -0.229
Cd (1) Fes04/Si0,/Zn0(1:1:1)  18.735 45.723 5196 4597  3.967 3.510 3.015 2.469
Fes04/Si0,/Zn0(1:1:2)  23.334 59.864 5.022 4424  3.698 3.400 2.801 2.202
Fes04/Si0,/Zn0(1:2:1)  33.977 95.563 4881 4066  3.110 2.155 1.199 0.243
Fes04/Si0,/Zn0(2:1:1)  21.730 54.563 5197 4652  4.106 3.561 3.052 2.595
Ni (11) Fes04/Si0,/Zn0O(1:1:1)  25.934 64.536 6.380 5735  5.204 4.775 4.236 3.692
Fes04/Si0,/Zn0(1:1:2)  22.100 52.465 6.203 5678  5.154 4.629 4.104 3.580
Fes04/Si0,/Zn0O(1:2:1)  19.078 42.951 6.063 5.634  5.089 4.444 3.799 3.153
Fes04/Si0,/Zn0O(2:1:1)  22.884 54.368 6.410 5867  5.323 4.779 4.345 3.916
Cu (1) Fes04/Si0./Zn0(1:1:1)  33.249 98.66 3.355 2.369 1.382 0.396 -0.591  -1.578
Fes04/Si0,/Zn0(1:1:2)  35.491 106.221 3.307 2244 1182 0.120 -0.942  -2.005
Fes04/Si0,/Zn0(1:2:1)  51.771 160.856 3.032 1423  -0.185 -1.794  -3.402  -5.011
Fes04/Si0,/Zn0(2:1:1)  35.394 104.304 3.790 2.747 1.704 0.661 -0.382  -1.425

Total iron Fe3o4/Si02/ZnO(1;1;1) 38.360 135.614 -2.731 -4.088 -5.444 -6.800 -8.156 -9.512
Fe,0/Si0/Zn0(1:1:2) ~ 29.071  112.462  -5.005 -6.130 -7.254 -8379  -0.504 -10.628
25.964 108.053 -6.776  -7.857 -8.937  -10.018 - -12.179

Fes04/Si0,/Zn0(1:2:1) 11.098

FesOJ/SiOfZnO(2:1:1) 35490 120825  -1.120 -2.329 -3537  -4745 5953  -7.162
Cr (V1) Fes0J/SiOfZnO(1:1:1) 16619 8044 14182 14101 14021 1394 1386  13.779
FesOJSiOfZnO(1:1:2) 13422 3461 12464 12432 12401 12.369 12.337 12.306
FesOJSiOfZnO(1:2:1) 8452 21134 3050 2.838 2627 2416 2204  1.993
Fe;04Si0,/Zn0O(2:1:1) 17580  3.829 16420 16381 16.343 16.305 16.267 16.228
BOD Fes0/Si0fZnO(1:1:1) 21016 15159 16422 16271 16119 15968 15816  15.664
Fes0l/Si0fZnO(1:1:2) 14127 6872  12.044 11976 11907 11.838 1177 11701
Fe;04Si0,/ZnO(1:2:1)  19.235 15035 9497 9498 9499 9501 9502  9.504
Fes0./Si0fZnO(@2:1:1) 28371  30.398  10.161 18.857 18553 18249 17.945 17.641

Ccob FesOu/SI0/ZnO(1:1:1) 9493 13.056 20274 20143 20.013 10.888 19.752 19.621

Fe0JSIOJZNO(L12) 96751 20541 20497 20291 20086 19.881  19.675  19.470

FesOu/Si0/ZnO(1:2:1) 15590 10745  12.334 12227 12119 12012 11.904 11.797

Fe0J/SI0/ZNO@2:11) 7945 22051 20991 20761 20532 20302 20073  19.843
ToC Fe:0JSi0J/ZnO(L:1:) 23216 44307 9791 9347 8904 8461 8018 7575

Fes04/Si0,/Zn0(1:1:2)  19.318 32.323 9.524  9.201  8.878 8.554 8.231 7.908
Fes04/Si02/Zn0(1:2:1)  21.186 38.543 9.508 9.122  8.737 8.351 7.966 7.580

Fes04/Si0./Zn0(2:1:1)  22.628 40.598 10.327 9921 9515 9.109 8.703 8.297
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Appendix 64-72 shows the plots of kq against 1/T for the adsorption of Pb (11), Cd (1), Ni
(1, Cr (VI), Cu (1), total iron, BOD, COD and TOC onto Fe304/SiO2/Zn0O(1:1:1),
Fe304/Si02/Zn0(1:1:2), Fe304/Si02/Zn0O(1:2:1) and Fe304/Si02/Zn0(2:1:1) from petroleum
refinery wastewater. Parameters for thermodynamic studies are listed in Table 4.14. Table
4.14 shows positive values of AH® for all the nanoadsorbents irrespective of the mixing ratio.
This confirmed the endothermic nature of the adsorption process. The result in Table 4.12
indicates that the (AS°) is positive irrespective of the adsorbent used. The positive value
suggests higher randomness at the solid/solution interface, which could lead to a change in
adsorbent and sorbate structure. From the above observation, it can be concluded that the
adsorption of Pb (11) Cd (1), Ni (11) Cr(VI), Cu (I1), total iron, BOD, COD and TOC onto
Fe304/Si02/Zn0O  (1:1:1), Fe304/Si02/ZnO  (1:1:2), Fe304/Si02/ZnO (1:2:1), and
Fe304/Si02/Zn0 (2:1:1) nanocomposites causes a major change in the surface morphology

of the adsorbent due to the positive value of (AS°) obtained for almost the nanoadsorbents.

The Gibbs free energy change (AG°), is a key index for the adsorption process spontaneity.
The change in Gibbs free energy (AG®) showed a general decrease as the temperature
increased, indicating an increase in the degree of spontaneity during the adsorption process.
This implies that the adsorption process becomes more feasible and spontaneous as the
temperature increases. Generally, the feasible and spontaneous nature during the adsorption
process for the removal of Pb (11), Cd (1), Ni (I1), Cr (VI), Cu (Il), total iron, BOD, COD
and TOC onto Fe304/Si02/Zn0(1:1:1), Fe304/Si02/Zn0O(1:1:2), Fe304/Si02/Zn0O(1:2:1) and
Fe304/Si02/Zn0(2:1:1) from petroleum refinery wastewater using mono metallic, bimetallic
and ternary oxides were in order of monometallic oxide > bimetallic oxide > ternary metallic

oxides. This suggests that the ternary metallic oxide nanocomposites prepared at different
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mixing ratios performed batter than the monometallic and bimetallic oxides. Among the
monometallic nanoadsorbents ZnO exhibited better adsorption than FesOs4 and SiO- .
Similarly among the bimetallic oxides nanocomposites used Fes04/ZnO nanocomposites
performed better than ZnO/ SiO; and Fes04/SiO2 nanocomposites while the ternary
nanocomposites were in order of Fe304/SiO2/ZnO (1:2:1) > Fe304/Si02/Zn0O (1:1:2) >
Fe304/Si02/Zn0 (1:1:2 > Fe304/Si02/Zn0O(2:1:1). This result is in confirmation of the earlier
report from both the isotherm and kinetic models that the best adsorbents among the
monometallic, bimetallic and ternary composites were ZnO, Fe304/ZnO and
Fe304/Si02/Zn0 (1:2:1) nanocomposites. The observed trend may be linked to the surface

area, functionality and crystallite sizes of the nano adsorbents.

4.14 Analysis of Fe304/SiO2/ ZnO nanocomposites after the adsorption process

Studies on the stability and regeneration potential of the Fez04/SiO2/ ZnO nanocomposites
prepared at different mixing ratios (1:1:1, 1:1:2, 1:2:1 and 1:1:2) were carried out to
determine their potential usage after four recycle periods for the removal of the targeted

pollutants from the petroleum refinery wastewater.

4.14.1 HESEM analysis of Fe3s04/SiO2/ZnO nanocomposites after adsorption

The surface morphologies of Fe304/SiO2/ZnO nanocomposites utilized for adsorption of
selected heavy metals and other parameters were checked after the experiment and the result

is presented in Plate X (a- h).
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Plate X: HRSEM Images of Fe304/SiO2/ZnO Nanocomposites Prepared at different
mixing ratios before and after Adsorption (a and b) 1:1:1 (c and d) 1:1:2, (e
and f) 1:2:1 and (g and h) 2:1:1
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As can be seen in Plate X (a), the surface morphology of prepared Fe304/SiO2/ZnO
nanocomposites before the adsorption changes from a rod-like structure to a smooth surface
(Plate X(b)) indicates that the active sites in the nanocomposites have been completely
occupied by the pollutants. Similarly, Plate X (c and d) indicate that the rod-like structure
before the adsorption was retained partially, after the adsorption, this may be due to the low
adsorption of pollutants on the surface of the adsorbent. It can be concluded that the ratio
with a high dosage of FesO4 nanoparticles transforms completely from rod-like to irregular
shape. This may be due to the non-stability of FezO4 nanoparticles or complexation reactions

with other elements.

Plate X (e) shows the complete transformation from a rod-like structure to a cubic-like shape
in Plate X (f) with the creation of pores after the adsorption process after the adsorption. This
may be due to the fact that the nanocomposites prepared using 1:2:1 adsorbed more pollutants
compred to other ratios. This may had resulted to different recation between the
nanocomposites and the pollutants leading to the creation of another adsorbent that have more
active sites for the removal of the pollutants. This may be due to the high interaction beween
the adsorbate and the adsorbent leading to complexation or ion exchange between the
nanocomposites and the pollutant. This implies that the ternary nanocomposites prepared at

the mixing ratio (1:2:1) exhibited reuseable properties for subsequent applications.

The complete transformation of Fe304/SiO2/Zn0 (1:2:1) nanocomposites from rod like to
cubic structure may be ascribed to the fact that high content of SiO2 nanoparticles in the
Fe304/Si02/Zn0 (1:2:1) nanocomposites causes more chemical interactions during the

formation of the nanocomposites compared with the chemical bonds formed during the
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formation of Fe304/SiO2/Zn0O (1:1:1), Fe304/Si02/Zn0O (1:1:2) and Fe304/Si02/Zn0O (2:1:1)
nanocomposites. The formation of the chemical bonds leads to high hydrophobicity, thermal
stability, and pH change resistance, mechanical, as well as a wide range of functional groups
without affecting the characteristics of the nanoparticles (Adnan et al., 2020). From the
HRSEM results presented in Plate X (g), it is evidence that the nanocomposites prepared
using a mixing ratio of (2:1:1) transform completely from rod like structure to a smooth

surface with spherical shaped on the surface (see Plate X (g)).
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Figure 4.62: XRD Patterns of Fe304/SiO2/ ZnO Nanocompositea after the Adsorptio
Process (a) 1:1:1 (b) 1:1:2, (c) 1:2:1 and (d) 2:1:1
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4.14.2 XRD analysis of Fe304/SiO2/ ZnO nanocomposites after the adsorption Process

After the adsorption of the metal ions and organic pollutants onto the Fez04/SiO2/ ZnO

nanocomposites the used Fe304/SiO2/ ZnO nanocomposites were raised dried in an oven and
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subjected to XRD analysis to confirm their stability and reusability. The results obtained are

given in Figure 4.62

Figure 4.62 shows the XRD patterns of Fes04/SiO2 /ZnO nanocomposite after the adsorption
with diffraction peaks at 20 values of 20.14°, 25.96°, 36.05°, 38.91°, 39.82°, 42.05°,
45.42°, 49.77°, 54.59°, 54.95°, 59.83°, 63.83°, 65.78°, and 68771°, corresponding to the
miller planes of (100), (011), (110), (102), (111), (200), (021), (112), (202), (013), (121),
(113), (300), and (212) JCP2_77-001. The XRD preterm in Figure 4.62 revealed a little shift
(1.2) in the peak positions and decreases in the intensity of the peaks compared with the XRD
pattern of the SiO2 /Fes04/ZnO nanocomposites before adsorption as presented in Figure
4.28. This observation can be linked to the distortion of the lattice structure of the
nanocomposites after the adsorption process. While the peak reduceses signifies the
contraction of the unit cell, indicating loss of crystallinity. The reduction of the peaks may
also be attributed to strong chemical interaction during the adsorption process based on the
report of ALam et al. (2021). The SiO2 /Fe3s04/ZnO nanocomposites (1:2:1) reduces in the
diffraction peak compared to the others, this may be due to diffusion ions into the lattice of
the ZnO nanoparticles leading to more disordered structure of the nanocomposites after
adsorption process. This result coroborate the HRSEM result earlier where the morphology
of the nanocomposites completely transforms from rod-like structure (see Plate X (g)) to

cubic structure in Plate X (f).
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4.14.3 Desorption process of the Fes04/SiO2/ZnO naocomposites prepared at different
mixing ratio 1:1:1, 1:1:2, 1:2:1 and 2:1:1 respectively

The desorption process was examined to identify the optimal desorbing solution for
recovering Pb (I1), Cd (I1), Ni (1I), Cr (IV), Cu (II), total iron ions, BOD, COD, TOC from
the used Fe304/Si0O2/Zn0O nanocomposites after the batch adsorption process and the result

obtained are presented in Figure 4.63-71.
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Figure 4.63: Effect of HNOs Concentration on the Desorption of Pb (I1) lons
Adsorbed onto Fe304/SiO2/ZnO Nanocomposites Prepared at Different
Mixing Ratio (1:1:1, 1:1:2, 1:2:1 and 2:1:1) at Dosage of (0.05 g),
Temperature (30°C), Contact Time (15 min)
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Figure 4.64: Effect of HNOs Concentration on the Desorption of Cd (I1) lons
Adsorbed onto Fe304/SiO2/ZnO Nanocomposites prepared at
different mixing ratio (1:1:1,1:1:2, 1:2:1 and 2:1:1) at Dosage of (0.05
g), Temperature (30°C), Contact Time (15 min)
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Figure 4.65: Effect of HNOs Concentration on the Desorption of Ni (I1) lons
Adsorbed onto Fes304/SiO2/ZnO Nanocomposites prepared at
different mixing ratio (1:1:1,1:1:2, 1:2:1 and 2:1:1) at Dosage of (0.05
g), Temperature (30°C), Contact Time (15 min)
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Figure 4.66: Effect of HNOs Concentration on the Desorption of Cr (1V)
lons Adsorbed onto Fe3O4/SiO2/ZnO Nanocomposites prepared at
different mixing ratio (1:1:1,1:1:2, 1:2:1 and 2:1:1) at Dosage of (0.05
g), Temperature (30°C), Contact Time (15 min)
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Figure 4.67: (e): Effect of HNO3 Concentration on the Desorption of Cu (11)
lons Adsorbed onto Fe304/SiO2/ZnO Nanocomposites prepared at
different mixing ratio (1:1:1, 1:1:2, 1:2:1 and 2:1:1) at Dosage of
(0.05 g), Temperature (30°C), Contact Time (15 min)
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Figure 4.68: Effect of HNO3 Concentration onto the Desorption of Total iron
lons Adsorbed on Fe304/SiO2/ZnO Nanocomposites Prepared at
Different Mixing Ratio (1:1:1, 1:1:2, 1:2:1 and 2:1:1) at Dosage of
(0.05 g), Temperature (30°C), Contact Time (15 min)

100 — [ [Fe,0./Si0,/Zn0 (1:1:1)
[ Fe,0./Si0,/Zn0 (1:1:2)
[ ] Fe,0.,/Si0/ZnO (1:2:1)
[ |Fe,0,/Si0,/Zn0O (2:1:1 n
T
-, 80 I - 1
% T I I |
- — Es
=2 - F
= 60
Ll
=
=]
a
g 40-
I
-t
(]
o
S 20 4
(0] . .
0.025 0.05 0.1

Concentration of Acid (mdm3)

Figure 4.69: Effect of HNOs Concentration onto the Desorption of BOD
Adsorbed on Fe304/Si02/ZnO Nanocomposites Prepared at Different
Mixing Ratio (1:1:1, 1:1:2, 1:2:1 and 2:1:1) at Dosage of (0.05 g),
Temperature (30°C), Contact time (15 min)

277




100 [ 1Fe,0,/Si0,/Zn0 (1:1:1)
[]Fe,0,/Si0,/Zn0 (1:1:2)
[[]Fe;0,/Si0,/Zn0 (1:2:1) %
] FeszISioz/ZnO (2:1:1 % J'F {
80 %
o) e -
S | oo i
k2] 1
=60
18]
c
=l
=
£40 1
7
£}
[m]
(<
3520 4
0 T T
0.025 0.05 01

Concentration of Acid (mdm™3)

Figure 4.70: Effect of HNOs Concentration onto the Desorption of COD
Adsorbed on Fe304/SiO2/ZnO Nanocomposites Prepared at Different
Mixing ratio (1:1:1, 1:1:2, 1:2:1 and 2:1:1) at Dosage of (0.05 g),
Temperature (30°C), Contact Time (15 min)
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Figure 4.71: Effect of HNOs Concentration on the Desorption of TOC
Adsorbed onto Fes04/SiO2/ZnO Nanocomposites prepared at
different mixing ratio (1:1:1,1:1:2, 1:2:1 and 2:1:1) at Dosage of (0.05
g), Temperature (30°C), Contact Time (15 min)
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Figure 4.63-4.71 shows the desorption of Pb (I1), Cd (1), Ni (11), Cr (1V), Cu (ll), total iron
ions, BOD, COD, TOC adsorbed on the surface of the prepared Fe304/SiO./ZnO
nanocomposites of different mixing ratio(1:1:1, 1:1:2, 1:2:1, 2:1:1) at different concentration
of nitric acids (HNOs) ranging from 0.025, 0.08 to 0.1 moldm. Figure 4.63 shows that the
desorption of the Pb (11) increases from 74.93 %, 83.51 % to 88.92 %; 76.01 %, 86.51 %, to
89.32 %; 78.31%, 86.92 % to 95.94 % and 67.63%, 75.61% to 83.91 % as the concentration
of the nitric acid increases from 0.025, 0.08 to 0.1 moldm™ for the Fe304/SiO2/ZnO
nanocomposites prepared at different mixing ratio (1:11, 1:1:2, 1:2:1, 2:1:1) respectively.
This result suggests that 88.92 %, 89.32 %, 95.94 % and 67.88 % of Pb (Il) recovery was
achieved for the Fe304/SiO2/ZnO nanocomposites prepared at different mixing ratio (1:1:1,
1:1:2, 1:2:1, 2:1:1), respectively at contact time (15 min), adsorbent dosage (0.05 g) and
temperature of 30°C. From the result the highest recovery was obtanaied using 0.1 moldm™
for the desorption of Pb (I1) for all the nanocomposite with Fe304/SiO./ZnO (1:2:1) having
the highest desorption of Pb (I1) among the other nanocomposites used during the desorption
process. Figure 4.64 reveals the highest amount of Cd (1) recovered was 82 .85 %, 86.07 %,
90 .53% and 89.32 % after desorption at 0.1 moldm=. The amount of Ni (I1) that was
desorbed under the applied conditions increases from 60.75 % to 76.24 %, 65.63 % to 81.66
%, 69.91 % to 88.45 %, and 59.42 % to 79.08 % as the concentration of HNOgz increases
from 0.025 to 0.1 moldm-3 (see Figure 4.65 and Figure 4.66 indicates increase in the
desorption efficiency of Cr (IV) increases from 68.33 % to 39.66 %, 70.63 % to 82.45 %,
80% to 85.00 %, 69.78 to 77.27 % as the concentration of the HNOgz increase from 0.025 to
0.1 moldm respectively. The maximum desorption efficiency obtained for Cu (I1) using

Fe304/Si02/Zn0O prepared at different mixing ratio of (1:11, 1:1:2, 1:2:1, 2:1:1) as
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nanoadsorbent was at 0.1 moldm2with percentage desorption of 80.84 %, 87.00 %, 96.35%,

85.56 % respectively.

In the case of total iron, the highest desorption efficiency was 87.35 %, 89.92 %, 97.24 % to
and 82.90 % for the Fe304/SiO2/ZnO nanocomposites prepared at different mixing ratio

(1:11, 1:1:2, 1:2:1, 2:1:1), respectively as (see Figure 4.68).

Also, it can be observed from Figure 4.69-4.71, that as the concentration of the HNOs
increases from 0.025 to 0.1 moldm=, the highest desorption efficiency was 81.98 %, 81.34
%, 86.91 % and 79.6 % for BOD, 87.54 %, 82.56 %, 91.00 %, 81.20 % for COD, and 84.45
%, 85.76 %, 88.64 %, 86.34 % for TOC. These findings also revealed that desorption was

more favorable at higher concentration of HNO3 solution.

Generally, the result suggests that the highest desorption was achieved when the
concentration of HNO3 was at 0.1 moldm3. This may be ascribed to the fact that an increase
in the concentration of the HNOs caused increases in the number of H* in the solution, which
increase the concentration gradient of the metal ions and H* and therefore increases the
driving force for ion exchange, which favoured of metal ion during the desorption process
(Wu et al., 2020). Several researchers have reported that acid desorption is more favourable
compared to the use of other desorbing agents (Arun et al., (2022) and Wang et al., 2022).
However, Samson et al. (2016) who reported studied the desorption of Cr (V1) using 0.01,
0.1, 1.0 and 1.20 M HClI solutions on modified groundnut hull reported desorption efficiency

of 68 % at 0.3 moldm for Cr (VI).
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The difference in the report may be due to differences in the acid and the material used during
the desorption process. It is important to note both their research and the current study showed
that an increase in the acid concentration resulted in higher desorption of adsorbed pollutants.
The order of the desorption efficiency of the metal ions and the pollution indicator parameters
were total iron (97.24 %) > Cu (1) (96.35 %) > Pb (I1) (95.94%) > Cd (l1) (90.53 5) > Ni (II)

(88.45 %)> Cr (V1) (84.00 %) respectively.

The highest desorption efficiency was obtained for Fes04/SiO2/Zn0O (1:2:1) nanocomposite
using when the concentration of HNOz was at 0.1 moldm™ after 15 min of contact time for
all the heavy metals. Similarly, the result of the desorption efficiency of BOD, COD and
TOC were in the order COD (91.00 % ) > TOC (88.64 %) > BOD (86.00 %) which was also

higher for Fez04/SiO2/Zn0 (1:2:1) nanocomposites.

This may be corroborated by the fact that Cd (l1), total iron, Pb (I1) were easily desorbed
compared with the other elements (Zhang et al. 2020b), this may also be due to the ionic
radius of the pollutants. The maximum desorption efficiency occurred at 0.1 moldm™ of

HNO:s irrespective of the pollutant and nanoadsorbent used

4.15 Recyclability potential of Fe3O4/SiO2/ZnO Nanocomposites

The recyclability potential of the Fes04/SiO2/ZnO nanocomposites Prepared at different
mixing ratios (1:1:1, 1:1:2, 1:2:1 and 2:1:1) was studied to determine the cost-effectiveness
and stability of the nanocomposites after the batched adsorption studies. The four
Fe304/Si02/Zn0O nanocomposites produced were recycled four times under the same
conditions to study the reusability of Fes04/SiO2/ZnO nanocomposite material and the results

obtained are presented in Figure 4.72-4.80.
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Figure 4.72: Fe304/SiO2/ZnO Nanocomposite Reusability for Pb (I1) after Four
Cycles using 0.1 moldm= HNO3 Solution as the Desorption Agent
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Figure 4.73: Fe304/Si02/ZnO Nanocomposite Reusability for Adsorption of Cd (I1)
after Four Cycles using 0.1 moldm3 HNOs Solution as the Desorption Agent
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Figure 4.74: Fes04/SiO2/ZnO Nanocomposite Reusability for Adsorption of Ni (I1)
after Four Cycles using 0.1 moldm3 HNOs Solution as the Desorption Agent
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4.75: Fe304/Si02/Zn0O Nanocomposite Reusability for Adsorption of

Cu (II) after Four Cycles using 0.1 moldm= HNOs Solution as the
Desorption Agent
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Figure 4.76: FesO4/SiO2/ZnO Nanocomposite Reusability for Adsorption of Cr (11)
after Four Cycles using 0.1 moldm= HNOs Solution as the Desorption Agent
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Figure 4.77: Fes04/SiO2/ZnO Nanocomposite Reusability for Adsorption of Total iron
after Four Cycles using 0.1 moldm-3 HNOs Solution as the Desorption Agent
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Figure 4.78: Fe304/SiO2/ZnO Nanocomposite Reusability for Adsorption of BOD
after Four Cycles using 0.1 moldm-3 HNOs Solution as the Desorption Agent
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4.79: Fe304/Si02/ZnO Nanocomposite Reusability for Adsorption of
COD after Four Cycles using 0.1 moldm=2 HNOs3 Solution as the
Desorption Agent
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Figure 4.80: Fe304/SiO2/ZnO Nanocomposite Reusability for Adsorption of TOC
after Four after Four Cycles using 0.1 moldm= HNOs Solution as the
Desorption Agent

Figure 4.72 shows the regeneration efficiency of the Pb (lI) by Fe304/SiO2/ZnO (1:1:1)
Fes04/Si02/Zn0  (1:1:2), Fe304/Si02/ZnO  (1:2:1) and Fe304/Si02/Zn0O  (2:1:1)
nanocomposites and it was noticed that the regeneration efficiency of Pb (11) from petroleum
refinery wastewater for the first cycle was 84.66 %, second cycle was 83.66 % the third cycle
was 76.86 % while the percentage removal efficiency for the fourth cycles was 74.27 % for
Fe304/Si02/Zn0 (1:1:1) nanocomposites. For Fes04/Si02/Zn0 (1:1:2) nanocomposites, the
removal efficiency for the first cycle was 86.99 %, the second cycle was 85.24 % the third
cycle was 78.99 % while the percentage removal efficiency for the fourth cycle was 76.02
%. The values obtained for the first, second, third and fourth cycles were 90.01 %, 88.45 %,
87.01 %, and 85.85 % using Fe304/Si02/Zn0O (2:1:1) nanoparticles. For Fes04/Si02/Zn0O
(2:2:1) nanoparticles, the regeneration efficiency for the first cycle was 80.99 %, the second

cycle was 79.08 %, the third cycle was 75.99 % fourth cycle was %, 73.91 Fez04/Si02/Zn0O
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(2:1:1) nanocomposites. The result suggests that Fes04/SiO2/ZnO (2:1:1) nanocomposites

show the lowest regeneration efficiency after the fourth cycle to be 85.85 %.

Similar trends were observed for other target pollutants shown in Figure 4.73-4.80.

Generally, the regeneration efficiency of the nanocomposites followed the order of
Fe304/Si02/Zn0O (1:2:1) > Fe304/Si02/ZnO (1:1:2) > Fe304/Si02/ZnO  (1:1:1) >
Fe304/Si02/Zn0O (2:1:1) for all the target pollutants. This is an indication that
Fe304/Si02/Zn0 (1:2:1) nanocomposites were more stable than the other nanocomposites.
This observation corroborated the XRD and HRSEM results shown in Figure 4.41 and Plate
IX. It's worth noting that as the regeneration process progressed from the first to the fourth
adsorption cycle, the saturation time decreased, resulting in lower adsorption removal
efficiency of less than 5% from one cycle to another. The observed trend may be linked to
the adsorbent structure or functional group deterioration during the desorption process
(Bayuo et al. 2020). Another possible explanation for the decrease in adsorption efficiency
maybe that the desorbing agent acid could not completely remove the adsorbed pollutants
from the surface of the adsorbent throughout each cycle period, as a result reducing the
number of available sites for the adsorption (Patel, 2021). As a result, the produced
nanocomposites can be used as adsorbents for wastewater treatment that are stable,

environmentally being, efficient, and reusable.
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Table 4.15: Comparison of the Desorbing Agents and Percentage Removal at Different Recycled Periods with the

Literature
Adsorbent Percentage
Number  Concentration/Des adsorption
Pollutants of Cycles orbing agents Removal after the Reference
regeneration (%)

PS/Fe30.@PANI Cu (I1) 8 0.1 M HCI 83 Li et al. (2017)
GO/PANI Zn _ Ramezanzadeh et al.

Zn 4 pH =7 50 (2017)
Xanthan
Fes04/SiO Total iron 3 HCI 70.81 Meng et al. (2018)
CL-PANI/FesO4 Cr (VI) 10 0.1 M NaOH 80 Lyu et al. (2019)
GO/NIO Cr 5 0.1 M HCI 83 Zhang et al. (2018)
PTSA-Pani@CNT Cr (V1) 3 0.1 M NaOH, 0.1 98 Kumar and Bhatnagar,

M HCI, Acetone (2018)

Sulfhydryl/TiO2 Pb (1)

cd () 5 0.01 M HCI 96 Chen et al. (2023)
Fe304/Si02/Zn0 (1:1:1) Pb (1) 88.86

Cd (1) 76.11

Ni (I1) 69.01

Cr (V1) 4 0.1 moldm® HNO3;  60.266 This work

Cu (1) 79.58

Total iron 78.76

COD 75.25
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Adsorbent Percentage
Pollutants Number Conce_ntration/Des adsorption Reference
of Cycles orbing agents Removal after the
regeneration (%)
BOD 78.34
TOC 78.97
Fe304/Si02/Zn0 (1:1:2) Pb (11) 88.99
Cd (1) 78
Ni (I1) 83
Cr (V1) 63.66
Cu (1) 4 0.1 moldm®HNO; 85.7 This work
Total iron 80.15
COD 73.19
BOD 76.28
TOC 83.45
Fe304/Si02/Zn0 (1:2:1) Pb (11) 94.01
Cd (1) 85.11
Ni (1) 84.48
Cr (V) 65.65
Cu(h 4 0.1 moldm™ HNO3 87.34 This work
Total iron 85.76
COD 78.34
BOD 81.43
TOC 86.45
Fes04/Si02/Zn0 (2:1:1) Pb (11) 4 0.1 moldm3 HNOs;  84.99 This work
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Adsorbent Percentage

Pollutants Number  Concentration/Des adsorption Reference

of Cycles orbing agents Removal after the
regeneration (%)

Cd (1) 73.11

Ni (11) 68.52

Cr (VI) 68.45

Cu (I 78

Total iron 77.45

COoD 70.2

BOD 74

TOC 74.54
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Table 4.15 shows that the nanoadorbent competes favourably with the result reported in
the literature. This is an indication that the nanocomposites produced in this research can
be used many times as anadsorbent for the treatment of petroleum refinery wastewater
and other related industries. Many of the researchers that utilize acid as a desorbing agent
recoded higher desorption of the metal ions at 0.1 M. Nevertheless, many of the researcher
utilised sulfuric (H2SO4) acid during the desorption process. This may be because H>SO4
IS a very strong oxidizing agent and may destroy the active sites on the nanoadsorbents.
Additionally, this may be ascribed to the formation and precipitation of lead sulfate,
which is insoluble in water. The percentage of desorption using an alkali solution was
lower compared to the use of acid solutions. It can be concluded that acid had a higher

desorption potential for the metal ions.

4.16 Antibacterial Activity of Fe3O4/SiO2/ZnO Nanocomposites

The antibacterial properties of the Fe304/SiO2/ZnO nanocomposites prepared at different
mixing ratios were studied and the result is presented in Table 4.12 and Plate XI, XIl,
Xl and X1V showing the images of the bacteria activities for Escherichia coli, Klebsiella

pneumonia, and Salmonella typhi.
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Plate XI: Antibacterial activity of Fes04/SiO2/Zn0O (1:1:1) Nanocomposites
at different concentrations for (a) Escherichia coli, (b) Klebsiella
pneumoniae, and (c) Salmonella typhi

SHOT ONP33
itel DUAL CAMERS

Plate XI1: : Antibacterial activity of Fe304/Si02/Zn0O (1:1:2) Nanocomposites
at difeent concentration for (a) Escherichia coli, (b) Klebsiella
pneumoniae, and (c) Salmonella typhi
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Plate XI11: Antibacterial activity of Fe304/SiO2/Zn0O (1:2:1) Nanocomposites at
different concentration for (a) Escherichia coli, (b) Klebsiella
pneumoniae, (c) Styphi

Plate XIV: Antibacterial activity of FesO4/SiO2/Zn0O (2:1:1) Nanocomposites at
the different concentrations for (a) Escherichia coli, (b) Klebsiella
pneumonia, and (c) Salmonella typhi

The antibacterial activity of Fe304/SiO2/ZnO nanocomposites on the Escherichia coli,
Salmonella typhi and Klebsiella pneumoniae were determined at different concentrations
of the nanocomposites using the Agar diffusion method and the result presented in Table

4.16.
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Table 4.16: Antibacterial Activity of Fe304/SiO2/ZnO Nanocomposites (mm)

Concentration

Samples Bacterium 20 mg/cm3 40 mg/cm? 60 mg/cm? 80 mg/cm? 100 mg/cm?®
FESOE‘E%)/ Zn0 - Escherichia coli 6.42 £0.04 8.00:0.12  11.34#006 11.00+013 15004007
Salmonella typhi 3.45+0.11 6.00£0.08 7.50+0.14 9.20+0.04 13.00+0.07
Klebsiella pneumoniae 4.40+0.09 12.00£0.10  15.50+0.02 18.00+0.01 25.000.03
Fe30€fi(,322)/ ZnO - Escherichia coli 1150 £ 0.14 1200£0.10 1500008 16.34%0.08  18.00+0.12
Salmonella typhi
6.05:0.09 7.05+0.03 9.500 +0.06 11.00+0.08 17.00+0.03
Klebsiella pneumoniae 10.150.11 13.000.09 17.500.08 23.00+0.23 28.50+0.08
Fe3ogfff)/ ZnO - Escherichia coli 14.500.01 13.00£0.07  17.804001 2034#013  25.00£0.06
Salmonella typhi 10.00+0.07 14.50+0.08 16.40+0.10 19.00+0.15 26.00+0.06
Klebsiell i
ebsiella pneumoniae 10.42+0.03 16.38+0.04  20.00+0.09 26.36+0.03 29.50+0.16
F i0,/Z Escherichia coli
63035'1:012)/ no scherichia coll 4.3240.17 6.00£0.012  8.45+0.06 12.00+0.13 15.00+0.04
salmonella typhi
aimonefia typhi 5.00+0.08 6.50+0.01 8.00+0.03 10.35040.15  13.00+0.02
Klebsiell i
ebsiefla pneumontae 9.00+0.15 7.50+0.08 9.00+0.04 11.32+0.03 12.000.01
Ciprofloxacin Escherichia coli 6.42 +0.04 8.00+0.12 11.34+0.06 11.00+,013 15.00+0.07
Salmonella typhi 3.45+0.11 6.00+0.08 7.50+0.14 9.20+0.04 13.00+0.07
Klebsiella pneumoniae 4.4020.09 12.0040.10  15.50+0.02 18.00+0.01 25.00+0.03
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The antibacterial activity of Fe304/Si0O2/ZnO (1:1:1), Fe304/Si02/Zn0O (1:1:2),
Fe304/Si02/Zn0 (1:2:1), and Fe304/Si02/Zn0O (2:1:1) nanocomposites against the Gram-
negative bacteria (Escherichia coli, Klebsiella pneumonia, and Salmonella typhi) at different
concentrations (20, 40, 60, 80, and 100 mg/cm?®) revealed the bacterial activity is

concentration-dependent as presented in Table 4.16.

The highest zone of inhibition observed for Fe304/SiO2/Zn0O (1:1:1) against the Escherichia
coli, Salmonella typhi and Klebsiella pneumonia were 15.00£0.07 mm, 13.00+0.02 mm, and
25.00+£0.03 mm respectively. The highest zone of inhibition observed for Fez04/SiO2/Zn0O
(1:1:2) against Escherichia coli, Salmonella typhi and Klebsiella pneumonia were 18.00+0.12
mm, 17.00£0.03 mm and 28.50+0.08 mm while the Fe304/SiO2/Zn0O (1:2:1) zone of
inhibition at 100/cm? against Escherichia coli, Salmonella typhi and Klebsiella pneumonia
were estimated to be 25.00£0.06 mm, 26.00£0.06 mm and 29.50+£0.16 mm. Similarly, the
Fes04/Si02/Zn0 (1:1:2) zone of inhibition at 100/cm? against Escherichia coli, Salmonella
typhi and Klebsiella pneumonia were estimated to be 15.00+0.06 mm, 13.00+0.06 mm and

12.00 + 0.16 mm using Fe304/Si02/Zn0O (1:1:2) nanocomposites.

The order of antibacterial activity of the Fe304/SiO2/ZnO nanocomposites respective to the
mixing ratio were 1:2:1>; 1:1:2>; 1:1:1> 2:1:1 for Escherichia coli, Salmonella typhi and
Klebsiella pneumonia respectively. This suggests that Fe304/SiO2/ZnO (1:2:1) has the
highest antibacterial activity against all the tested bacterial. This is an indication that the
antibacterial potentials of the ternary nanocomposites are a function of crystallite size and
surface area. The smaller the crystallite size of the nanocomposites the more the materials

penetrate the bacterial cell wall and disrupt organelles, disrupting biochemical pathways and
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ultimately leading to bacterial death (Singh et al., 2020). All the Fe304/SiO2/ZnO
nanocomposites prepared at different mixing ratio shows activity against the tested organism
thereby validating the report by Khan et al. (2019) that the effectiveness of nanomaterials
against microorganisms is a function of the crystallite size, which must be less than 50 nm.
The crystallite size estimated in this analysis was 10. 10 nm, 8.84 nm, 7.66 nm and 12.40 nm

for material with mixing ratios 1:1:1, 1:1:2, 1:2:1 and 2:1:1 respectively.

Yin et al. (2020) concluded that the lower the crystallite sizes of nanomaterial the higher the
antibacterial activity of nanomaterials. In addition, the high activity of the Fez04/SiO2/ZnO
nanocomposites with a mixing ratio of 1:2:1 is an indication that it generates more oxidative
stress, which is caused by reactive oxygen species (ROS) leading to a higher activity
compared with the Fe304/SiO2/ZnO nanocomposites prepared at other ratios (Jamshidi
and Sazegar, 2020 ). The high activity may also be linked to the colloidal stability and less
agglomeration of Fe304/SiO2/Zn0O (1:2:1) nanocomposites compared to the other mixing
ratios (Asamoah et al., 2020). The highest value of zone of inhibition was observed at a

concentration (100 mg/ cm?®) for Fes04/Si02/Zn0 (1:2:1).

The zone of inhibition was also observed to be higher in the standard antibiotics
(Ciprofloxacin) at a higher concentration (100 mg/ cm®). However, the highest zone of
inhibition was observed at a concentration (60 mg/ cm®) with a value (of 44.40 mm) against
Klebsiella pneumonia, while Escherichia coli and Salmonella typhi have values: of 37.00
and 35.40 mm respectively. The highest zone of inhibition obtained at low concentrations
(60 mg/ cm?®) suggests that lower concentrations of the tested sample displayed potent activity

against Klebsiella pneumonia. This also indicates that as the concentration increases, the zone
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of inhibition increases against Klebsiella pneumonia (35.40 mm) indicating better activity at

higher concentrations. From the result presented in Table 4.15, the control (Ciprofloxacin)

shows a higher activity compared with the four nanocomposites. This may be because

ciprofloxacin is a pure compound isolated for the treatment of these bacteria. The ability of

Fe304/Si02/Zn0 nanocomposites to inhibit bacterial growth is primarily due to irreversible

damage to the bacterial cell membrane caused by interactions between the bacteria's surface

and these oxides and metals (Abudula et al., 2020). The obtained antibacterial activity of

Fe304/Si02/Zn0O nanocomposites prepared at different mixing ratios against Escherichia

coli, Klebsiella pneumonia and Salmonella typhi has been compared with the bacterial

activity of other nanocomposites available in the literature as shown in Table 4.17.

Table 4.17: Comparison of the Bacterial Activity of Fe304/SiO2/ZnO Nanocomposites
Prepared at different Mixing Ratios with the Previous Works

Sample Bacterium Zone of Shape Crystalli Reference
inhibition te size S
(mm) (nm)
Si02/Zn0 Escherichia coli, 20.08 to Flouwer 8 Kiran et al.
Klebsiella pneumonia, 22.8 like (2019)
Staphylococcus aureus
ZnO/Fe304 Escherichiacoliand S. 15and 11  spherical 10 Arunima et
aureus al., (2020)
ZnO/Montmoril Escherichia coli, 20, 25,31, Flaky - 25 Arthi et la.
lonite Staphylococcus, and 19 like (2020)
Pseudomonas and
Enterobacter
Chitosan/Graph  S. 21and 24  spherical 70 Jamshidi
ite/Zn-MSN aureus and Escherichi and
a coli. Sazegar
(2020)
SiO2/Ag Escherichia coli 20.3 and Spherical 15 Gankhuya
(Escherichia coli)and 18.8 getal.,
(2021)
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Bacillus subtilis (B.
subtil

Fes04/Si02/Zn
O (1:1:1)

Fe304/Si02/Zn
O (1:1:2)

Fes04/Si02/Zn
0O (1:2:1)

Fe304/Si02/Zn
O (2:1:1)

Escherichia coli,
Klebsiella

pneumoniae, and
Salmonella typhi

Escherichia coli,
Klebsiella pneumonia,
and Salmonella typhi

Escherichia coli,
Klebsiella

pneumoniae, and
Salmonella typhi

Escherichia coli,
Klebsiella pneumonia,
and Salmonella typhi

15.00,13.0
0, 25.00

18.00, 17.0
028.50

25.00,
26.00,
29.50

15.00,
13.00,
12.00

Spherical
and rod-
like

Spherical
and rod-
like

Spherical
and rod-
like

Spherical
and rod-
like

10. 10

8.84

7.66

12.40

This work

This work

This work

This work

Table 4.16 shows that Fe304/SiO2/ZnO (1:2:1) has higher activity compared to other

nanocomposites, which suggests Fe304/SiO2/ZnO (1:2:1) nanocomposites as a good

antibacterial agent. Table 4.16 suggests that the nanocomposites performed exhibited higher

antibacterial activities compared to the previous report in the literature. This may be related

to the smaller crystallite size of the nanocomposites in this study. This result also justifies the

claim that the crystallite size played an important role in the antibacterial activities of the

nanoparticles.

4.17 Antioxidant Activity of Fes04/SiO2/ ZnO Nanocomposites

The antioxidant potentials of Fe304/SiO2/ZnO nanocomposites were evaluated by DPPH

radical scavenging assay and the result is presented in Table 4.18.
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Table 4.18: Antioxidant Activity of Fe304/SiO2/ ZnO Nanocomposites

Sample Concentration (ug/cmq)

500 250 125 62.50
Fe304/Si02/ZNn0 (1:1:1) 33.73+0.60 15.01+0.46 12.10+0.59 9.60+0.49
Fe304/Si02/ZNn0 (1:1:2) 38.60+0.10 18.68+0.58 14.40+0.34 10.53+0.33
Fe304/Si02/Zn0 (1:2:1) 39.54+0.28 20.31+0.34 18.26+0.60 12.57+0.34
Fe304/Si02/ZNn0 (2:1:1) 24.63+0.50 9.19+050 6.97+0.38 5.63+0.23
Ascorbic acid 93.73+0.50 87.83+0.15 79.92+0.20 63.29+0.10

The results obtained from DPPH free radical scavenging activities of the ZnO /SiO2/ Fe304
(1:1:1), Fes04/SiO2/ ZnO (1:1:2), Fe304/SiO2/ ZnO (1:2:1), and Fe304/SiO2/ ZnO (2:1:1)
standard ascorbic acid at different concentrations (500, 250, 125, and 62.5 pg/cm?) are
presented in Table 4.18. It was found that all the tested samples and the standard ascorbic
acid exhibited free radical scavenging activities in a dose-dependent manner. Fez04/SiOy/
ZnO (1:1:1) have scavenging activities with the values 33.73+0.60, 15.01+0.46, 12.10+0.59,
9.60+0.49 pg/cm? Fes04/SiO2/ ZnO (1:1:2) have DPPH free radical scavenging activities of
38.60+0.10, 18.68+0.58, 14.40+0.34 and 10.53+0.33 pg/cm®, Fe304/Si02/Zn0O (1:2:1)
exhibited DPPH free radical scavenging activities of 39.54+0.28, 20.31+0.34, 18.26+0.60
and 12.57+0.34 pg/cm?® while 24.63+0.50, 9.19+0.50, 6.97+0.38, and 5.63+0.23 pg/cm®were
obtained for Fe304/Si02/Zn0O (2:1:1) and standard ascorbic acid (93.40, 87.53, 80.08, and

63.63 pg/cm®) at different concentrations (500, 250, 125, and 62.5 pg/cm? respectively)
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against the radical DPPH. The higher scavenging activity was observed in sample
Fe304/Si02/Zn0 (1:2:1) with the highest value of 39.00 pg/cm? followed by sample (38.00
ng/cm?®). Fes04/Si02/Zn0 (1:1:1) had the lowest free radical scavenging activity with a
value (25 pg/cm?®). This may be due to its low active principles, especially phenolic
compounds (Yu et al., 2021). The higher activities obtained from Fe304/SiO2/Zn0O (1:2:1)
may be attributed to the existence of synergy amongst the metal oxides present in the sample.
A similar report was established by Hitesh et al. (2020) for the in-vitro Antiglycation Activity

of Zinc Oxide Nanoparticles Synthesised.

ICso obtained from the regression plot of percentage inhibition against concentration in
appendix 73-77 was used to define the free radical scavenging activities of each of the
nanoparticles. The free radical scavenging activity at 50 % concentrations (ICso) of the ZnO
/SiO2/ Fe3s04 nanocomposite samples showed that there was a significant difference amongst
the tested sample with 1Cso values of 758.09, 806.77, 688.79, 1092.96 and 25.00 pg/cm? for
samples Fe304/Si02/Zn0O (1:1:1), Fe304/Si02/Zn0O (1:1:2), Fe304/SiO2/Zn0O (1:2:1), and
Fe304/Si02/Zn0 (2:1:1) and standard ascorbic acid respectively. This indicates that sample
Fe304/Si02/Zn0 (1:2:1) have the highest radical scavenging activity with the lowest 1Cso
value (688.79 ug/cmq), followed by Fe304/SiO2/Zn0O (1:1:1), with ICso of 758.09ug/cm?;
while Fe304/Si02/Zn0O (2:1:1) have the lowest activity with the higher ICso value (1092.96
ug/cmd). Yusoff et al. (2020) reported that low ICso values may be a result of high contents
of active principles in the sample. The results obtained from this study suggest that all the
samples possess active compounds which transferred an electron to free radical, hence

displaying antioxidant activities (Rehana et al. 2017).
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Table 4.19: Comparison of the Antioxidant Activity of FesO4/SiO2/ZnO Nanocomposites Prepared at different Mixing

Ratios with the Previous Works

Nanomaterial Characterisation Method of Shape Crystallite  Evaluation  1C50 Antioxidant References
(nm) Tools synthesis of size Assays Value Activity (%0)
nanoparticle (ng/mL)
CuO XRD, EDX, Green route A mixture of 45-65 DPPH 40.81 91.37 Velsankar et
HRTEM, SEM, rod-like, al. (2020)
UV/Vis rectangular
and
hexagonal
shapes
MgO EDX, TEM, XRD,  Green route Spherical <100 DPPH, _ 65, 69.3 Sharmila et
UV/Vis, FT-IR FRAP al. (2019)
Zn0O XRD, UV/Vis, TEM  Green route Spherical 70-75 DPPH _ 56.11 Sharmila et
and FT-IR al. (2019)
CuO XRD, TEM, and Green route Spherical 32.3 DPPH 45.29 86.78 Thakar et al.,
EDS (2021)
TiO; UV/Vis, FTIR, Green route Spherical 25-191 DPPH . 62.06 Akinola et
TEM, EDX, XRD, al. (2021)
FESEM
Cu/zZnO /polymer ~ XRD, UV, HRTEM, Coprecipitation Spherical 60 DPPH 91.16 79.9 Al-Rajhi et
FTIR al. (2022)
. XRD, SEM, EDX, Sol-gel Rod-like 10.1 DPPH 758.09 33.73 This work
FesQi/SI0NZN0 1 1R BET, XPS  chemical
(1:1:1) :
reduction
XRD, SEM, EDX, Sol-gel Rod-like DPPH 806.77 38.6 This work
Fes04/Si0./Zn0 FT-IR, BET, XPS chemical
(1:1:2) reduction
8.84
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Nanomaterial Characterisation Method of Shape Crystallite Evaluation 1C50 Antioxidant References
(nm) Tools synthesis of size Assays Value Activity (%)
nanoparticle (ug/mL)
XRD, SEM, EDX, Sol-gel Rod-like DPPH 688.79 39.54 This work
Fes04/Si0./Zn0 FT-IR, BET, XPS chemical
(1:2:1) reduction
7.66
XRD, SEM, EDX, Sol-gel Rod-like DPPH 1092.96 24.63 This work
Fe;04/Si0,/Zn0 FT-IR, BET, XPS chemical
reduction 124

(2:1:1)
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Table 4.19 shows that the antioxidant activities of the nanocomposites produced in this
research are lower compared with various values reported in the literature. This may be
because many of the researchers that have reported the antioxidants of the nanoparticles and
their corresponding nanocomposites use a green method to synthesise the nanoparticles used
for the antioxidant activities. It can be concluded that many of the plant extracts used for the
synthesis may contain a compound that has antioxidant properties and the nanoparticles act

as drug delivery vehicles that help the active compound to get to the cell wall of the organism.
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CHAPTER FIVE

5.0 CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In summary ZnO, Fe30s and SiO2, ZnO/Fe30s, Fe304/SiO2, Fes04/Si02/Zn0O
nanocomposites were synthesized via sol-gel chemical reduction. The synthesised
nanoparticles and the composites were characterised using XRD, HRSEM, EDX, BET and
XPS. The removal of the pollutantsfrom the petroleum refinery wastewater was done via
batch adsorption processes. The petroleum refinery wastewater was collected and analysed
for different physicochemical parameters. The suitability of ZnO, Fe3Os and SiO,
ZnO/Fe304, Fe304/Si02, Fe304/Si02/Zn0 Fez04/Si02/Zn0 (1:1:1), Fes04/Si02/Zn0 (1:1:2),
Fe304/Si02/Zn0 (1:2:1), and Fe304/Si02/Zn0 (2:1:1) nanocomposites as nanoadsorbent for
the removal of Pb (11) Cd (I1), Ni (I1) Cr (V1), Cu (ll), total iron, BOD, COD and TOC from
petroleum refinery wastewater was studied. The desorption process was investigated to
identify the optimal condition for the recovering Pb (11), Cd (I1), Ni (11), Cr (1V), Cu (I1), total
iron ions, BOD, COD, TOC from the used Fe304/SiO2/ZnO nanocomposites after batch
adsorption process. Additionally, the recyclability of the Fe304/SiO2/ZnO nanocomposites
prepared at different mixing ratios (1:1:1, 1:1:2, 1:2:1 and 2:1:1) was studied for four recycles
to determine the cost-effectiveness and stability of the nanocomposites. The antimicrobial
and antioxidant activities of Fe304/SiO2/ZnO nanocomposite were also evaluated. From the

results obtained the following conclusions were drawn:

i.  The face-centered cubic structure of FesO4 nanoparticles was synthesized via sol-gel
chemical reduction method with an average crystallite size between 14.170 to 26.364

nm at calcination temperature between 300 °C to 700 °C. Hexagonal structure SiO>
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nanoparticles was synthesized via the sol-gel method with a-quart phase (3 h — 9h)
which transform to cristobalite phase at a longer synthesis period (12 h) was
synthesised with average crystallite sizes of 23. 00 nm - 62.25 nm. ZnO nanoparticles
hexagonal wurtzite structure was obtained at a calcination temperature of above
100°C with crystallite size ranging between 13.74 to 20.52. The bimetallic oxide
nanocomposites synthesised (ZnO/Fe304, ZnO/SiO2 and Fez04/SiO2) showed the
formation of rod-like structure as a major shape except for ZnO/Fe304
nanocomposites which shows spherical shape structure. The tannery metallic oxides
(Fe304/Si02/Zn0) nanocomposites prepared at different mixing ratios of 1:1:1, 1:1:2,
1:2:1 and 2:1:1 showed the formation of rod-like structure irrespective of the mixing
ratio.

The Fe304/Si02/Zn0O (1:2:1) nanocomposites had the highest surface area of 35.469
m2/g compared with 24.918, 30.685 and 15.751 m?/g reported for the nanocomposites
prepared at mixing ratio of 1:1:1, 1:1:2 and 2:1:1 respectively. The oxidation number
of Zn?* in ZnO nanoparticles change from +2 oxidation number to +1 after the
formation of the composites with FesO4 and SiO2 while Fe and Si were +5 (+2 and
+3) and +4 remained unchange. Functional groups such as C-O, C-N, C=0, Si-0O,
Fe-O, Zn-0O, Si-Zn were identified in the nanocomposites.

The petroleum wastewater contained some heavy metals and indicator parameters
such as Pb (I1) Cd (1), Ni (1) Cr (V1), Cu (1), total iron, BOD, COD and TOC with
values above the permissive limit of WHO and NQWS.

The diffraction peaks for ZnO shift to a higher 20 after the formation of the *

nanocomposites indicating change inthe lattice structure of.the ZnO nanoparticles
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The batch adsorption studies showed that the adsorption removal efficiency for the
removal of Pb (1) Cd (1), Ni (1) Cr (VI), Cu (1), total iron, BOD, COD and TOC
onto the monometallic oxides was better using ZnO nanoparticles as an adsorbent
compared to other FesO4 and SiO2 nanoparticles for all the target pollutants. Among
the bimetallic oxides nanocomposites ZnO/Fe304 nanocomposites exhibited a higher
adsorption efficiency for all the target pollutants than Fe304/SiO2, ZnO/SiO>
nanocomposites while for the ternary nanocomposites Fe304/SiO2/ZnO (1:2:1)
nanocomposites exhibited excellent adsorptive properties on the removal of Pb (I1)
Cd (1), Ni (1) Cr (V1), Cu (1), total iron, BOD, COD and TOC from petroleum
refinery wastewater with percentage removal of 99.03 %, 94.92 %, 90.33 %, 88.99
%, 99.99 %, 99.64 %, 92.50 %, 88.99 % and 90.86 % under the following applied
conditions time (15 min), adsorbent dosage (0.05g), reaction temperature (35 °C) and
pH of 6.25.

The extent of adsorption is directly proportional to the adsorbent's surface area and
the crystallite size of the nanoadsorbent. The adsorption kinetics models and the
isotherm models used to describe the adsorption process suggests that the adsorption
process fits better to pseudo second order kinetics than pseudo first order, elovich and
intraparticle diffusion kinetic models while the experimental data subjected to
different isotherm models fitted best to Langmuir isotherm than Freundlich, Temkin
and Dubinin-Radushkevich isotherms models for all the adsorbents with maximum
adsorptive capacity (qmax ) of 75.352 mg g%, 71.538 mg g, 66.696 mg g, 98.966
mg g%, 36.637 mg g, 102.709 mg g%, 30.637 mg g%, 39.806 mg g}, 36.192 mg g*

for Pb (11) Cd (II), Ni (1) Cr (VI), Cu (II), total iron, BOD, COD and TOC
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Vi.

Vii.

viii.

respectively. Additionally, the thermodynamics parameters showed that the
adsorption process for all the pollutants was endothermic in nature and chemisorption
dominated the adsorption process compared with the physical adsorption process.The
maximum desorption of all the target pollutants 95.94%, 90.24 %, 88.45 %, 85.00 %,
96.45 %, 97.24 %, 83 %, 91.00 % and 87. 04 % for Pb (11) Cd (I1), Ni (11) Cr (V1),
Cu (Il), total iron, BOD, COD and TOC at contact time (15 min), adsorbent dosage
(0.05 g) and temperature of 30°C. Notably, even after the four adsorption cycles, the
target pollutants percentage removal efficiency was remained over 82 %, according
to the batch reusability study. The stability study suggests that ZnO /SiO2/ Fez04
(1:2:1) nanocomposites was more stable with a reduction in the percentage removal
of the target pollutant ranging from 1-3 % compared with 5 % recorded for most of
the other composites prepared at 1:1:1, 1:12, 1:2:1and 2:1:1. Therefore, this research
shows the great potential of ZnO/SiO./Fe3Os nanocomposites for industrial
wastewater treatment operations, and it may pave the way for new approaches to
improving sustainable nanoadsorbents for wastewater treatment and other purposes.
Fe304/Si02/Zn0 (1:2:1) nanocomposites exhibited the highest antibacterial activity
against Escherichia coli (25.00£0.06 nm), Salmonella typhi (26.00+£0.06 nm),
Klebsiella pneumoniae (29.50+0.16 nm) at 100 mg/cm?

Fe304/Si02/Zn0 (1:2:1) nanocomposites exhibited the highest antioxidant activity
(39.54+0.28 pg/cmq) at 500 pg/cm®.

The Fe304/Si02/Zn0 (1:2:1) nanocomposites have an excellent adsorptive potential

to reduce the number of toxic pollutants in petroleum refinery wastewater into the
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environment, and hence reduce health issues and diseases linked to the release of

untreated wastewater from petroleum refineries and related industries.

5.2 Recommendations

The following recommendations are suggested:

Fixed bed column studies and pilot scale models should be carried out to study the
efficiency of the adsorbent in an industrial setting, where conditions aren't always as
ideal as they are in the laboratory.

Other factors, such as precursor salt, the concentration of stabilizing agent (PVC),
stirring rate and time, pH, and calcination time should be studied for the synthesis of
ZnO, Fe304, and SiO2 nanoparticles.

Other optimization conditions, such as concentration of activating agents, and
precursor dosage for the preparation of the silicon oxides from kaolin should be
investigated

It is important to research efficient methods for removing used nano adsorbents from
aqueous solutions.

Comparative toxicity of the pure and the nanocomposites should be studied

5.3 Contribution to Knowledge

The novelty of this work lies in the preparation of ternary Fes04/SiO2/ZnO nanocomposite

for the simultaneous removal of selected heavy metals and total organic carbon from

petroleum refinery wastewater.
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2. Optimisation of the mixing ratio and establishment of relationship between mixing ratio
and physico-chemical properties of binary (ZnO/Fe304, Fe304/SiO2, ZnO/SiOz), and ternary

Fe304/Si02/Zn0O nanocomposites was carried out.

3. Inthis research only 0.08 g of Fe304/SiO2/ZnO nanocomposites was used to achieve 99.03
%, 94.92 %, 93.07 %, 88.91 %, 99.99 %, 99.63 %, 92.50 %, 88.99 % and 90.86 %
adsorptive removal of Pb (I1), Cd (1), Ni (1), Cr (VI), Cu (II), total iron, COD, BOD and
TOC from real petroleum refinery wastewater within the contact time of 15 min, stirring
speed of 250rpm and temperature of 30 °C respectively and even after the four
adsorption/desorption cycles, the target pollutants percentage removal efficiency remained

above 82 %.

The removal of these toxic pollutants before their discharge into the environment will reduce
the pollutants associated with the wastewater from the petroleum industries in the
environment. Additionally, after four adsorption-desorption cycles, the adsorbents can be
effectively regenerated with minimal adsorption capacity losses, reducing cost and solving
the problem of disposal of the exhausted adsorbent. The findings from this research work
will enlighten the research community, petroleum refineries and other related industries on

the alternate method for the treatment of their wastewater.
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Appendix 3: Plot of log (ge/Ce) against Ce for Ni (11)
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Appendix 6: Plot of log (ge/Ce) against Ce for Total iron
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Appendix 15: Plot of log ge against log Ce for Total iron

350 -
L]
300 -
250
© 200 / "o
T ® rey0,
8’ A s,
= 1504 W Zn0Fez0,
& morsio,
A Fegosi0,
100 H D> Fe3ouisioyzno (1:1:1)
@ Fe304/S02Zn0 (1:1:2)
K FelONSI0,2n0 (1:2:1)
50 4 & Fe0 5005200 (2:1:1)
0 —————
0 5 10 15 20 25
logce

Appendix 16: Plot of log ge against log Ce for BOD

354




400

350 4

| ]
A
] P 3
300 3
- s
250 - s
200 o o ® oo
2001 i | g
4 = e e ¥ In0iFey0,
150 x - & oiso,
1 e > e A Fey0g5i0,
1004 a 4/”' . : ; - P Felousiogzn0 1:1:1)
] ./ : ' : FelOUSi0yZn0 [1:1:2)
= Fel04Si05/Zn0 [1:2:1)
504 ;/"/ W Fe,0/51042n0 (2:1:1)
0 T T T T T
0 5 10 15 20 25
logce
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Appendix 20: Plot of Inge against E 2 for Cd (11)
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Appendix 26: Plot of Inge against E 2 for COD
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Appendix 28: Plot of log (ge-qt) against Time for Pb (11)
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Appendix 29: Plot of log (ge-qgt) against Time (min) for Cd (1V)
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Appendix 30: Plot of log (ge-qt) against Time (min) for Ni (1)
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Appendix 31: Plot of log (ge-qt) against Time (min) for Cr (1)
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Appendix 32: Plot of log (ge-qt) against Time for Cu (1)
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Appendix 34: Plot of log (ge-qt) against Time (min) for BOD
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Appendix 35: Plot of log (ge-qt) against Time (min) for COD
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Appendix 36: Plot of log (qe-qt) against Time (min) for TOC
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Appendix 37: Plot of t/gt against Time (min) for Pb (11)
400
350 ~ 3
] Sy Y
300 P |
| 1%
250 - T =
-~ 1 . W zvo
5200 ol ® rop0,
] A so,
W Zn0iFe,0,
1507 * zms«:z‘
1 “ Feg0yisi0p
100 P Fe30u/SI0,/Z00 (1:1:1)
4 @ Fe304/Si0,/Zn0 (1:1:2),
50 : rams-la,rz.mu:z:n
Foy0,/S10,/Zn0 (2:1:1)
0 T T T T T T T T T
0 5 10 15 20 25

Time (min)

Appendix 38: Plot of t/qt against Time for Cd (I1)
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Appendix 40: Plot of t/gt against Time for Cr(V1)
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Appendix 41: Plot of t/qt against Time for Cu (I1)
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Appendix 57: Plot of gt against t®° for Ni (I1)
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nanocomposites was higher than 85.83%; 65.19% for Cu () and 80.57%; 62.53 for Cr (VI) using ZnO
and Fe,0, nanoadsorbents individually under the following conditions: contact time (15), dosage
{0.08 g) and temperature (30°C). The experimental data for Cu (I} and Cr (V1) ion removal fitted well
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gested that the removal of the two metal ions from petroleum wastewater was endothermic. The
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Introductions

Water is essential for healthy ccosystems, sociocconomic
development, food and encrgy production as well as human
growth.""! However, the problem of water scarcity has
emerged as a major obstack to human development due to
rapid industrial and urban cxpansion.”! It has been reported

that by 2025 developing countries will be most affected by
water pollution, and half of humanity will reside in water-
scarce regions.”’ The pollution of water bodies through the
exploration and refining of crude oil results in the produc-
tion of petroleum-related products such as wastewater.!
The wastewater generated by the petroleum  refinery
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Adsorptive potential of ZnO/SiO, nanorods
prepared via the sol-gel method for the
removal of Pb(ll) and Cd(ll) from petroleum
refinery wastewater

Elijah Yanda Shaba,” © Jimoh Oladejo Tijani, John Olusanya Jacob and
Mohammed Abubakar Tanko Suleiman

Abstract

BACKGROUND: The adsorption technique is considered one of the most effective and economical methods for the removal of
heavy metals, due to its excellent advantages of low cost, high efficiency and easy handling. This research looks into the pos-
sibility of using Zn0/SiO; nanorods to remove Cd(ll) and Pb{ll) from refinery wastewater and their reusability.

RESULTS: Zn0/Si0; nanorods were synﬂmued via the sol-gel method. The anal!sis of Zn0/Si0; shows the formation of a rod-

like structure and surface area of 33 m* g~' compared with the 0.3 and 8.620 m* g~' for ZnO and SiO;, respectively. Effects of

dmgonmmm,ﬁmtdosagewt mmlmdvhbn:hadso jon. The result indicates that the
rods exhibited higher adsorption removal efficiency of 85.06% and 84.12% for Pb(ll) and Cd(ll), respectively, com-

pared to Pb(ll) (80.00% and 74.25%) and Cd(ll) (76.48% and 70.99%) using ZnO and Si0; nanoparticles. A thermodynamic study

indicates that the adsorption process was endothermic. The data from the adsorption isotherm were well fitted to the ngmuh

isotherm. The pseudo-second-order kinetic model best described the adsorption process. An adsorption-desorption

cated the adsorption to be concentration-dependent and maintained up to 80.65% and 76.90% for Pb(ll) and Cd(ll} aﬂu the

fourth regeneration cycle.

CONCLUSIONS: These findings demonstrated that Zn0/Si0O; nanorods are a better nanoadsorbent for the removal of Pb(ll} and

Cd(l) than ZnO and 5i0; nanoparticles due to their high adsorptive potential and stability.

© 2022 Society of Chemical Industry.

Supporting information may be found in the online version of this article.

Keywords: adsorption; environmental remediation; environmental chemistry; industrial effluents; kinetics; metals; ZnQ/Si0; nanorods

M Mass of the nanoadsorbent (g)

ABBREVIATIONS Qe Mass of metal adsorbed at equilibrium
AG Standard Gibbs free energy change of adsorption Gt Maximum adsorption capacity (mg g~')
LH Standard enthalpy change of adsorption G Mass of metal adsorbed at any time t
LS Standard entropy change of adsorption R Gas constant (8314 JK™)
1/n Unit of measurement for intensity T Temperature (K)
b Constant for Temkin isotherm (g J mol™) v Volume of refinery wastewater (L)
c Surface adsorption or boundary layer effect a Initial adsorption rate {mg g~' min~")
G Equilibrium metal concentration (mg L™') g Constant for desorption (g mg ™)
G Final concentration of heavy metal in refinery waste- Polanyi potential

water (mg L")
G Initial concentration of the heavy metal in refinery

wastewater (mg L")
G thesame (mg/L)
k; Pseudo-first-order rate constant (min~")
k; Pseudo-second-order rate constant (g mg- " min~ 1) jo—o 3]
Ks Distribution coefficient of adsorbate " Correspondence to: EY Shaba, Department of Chemistry, Federal University of
ko= Constant related to adsorption energy Technology, PMB €5 Mnna, Nger State, Mgeria. Emaft eljoh
K Constant for Freundlich isotherm shabogfutminna.cding
K Intraparticle diffusion rate constant (g mg™" min~") st i
K Constant for Langmair isotherm (L mg™ Ul IDepwm\‘w S’mrhgmfumuw Federal Univensty of Technoiogy, Mnng

e e e e
J Chem Technal Biotechnol 2022; 97- 2196-2217 www.socl.ong © 2022 Socety of Chemical Industry.
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Abstract

Nanomaterials have distinguished themselves as an outstanding class of materials due to their unique physical and
chemical charactenistics compared to bulk materials. The physicochemical properties of nanomaterials can be improved
by forming nanocomposites and manipulating different panoparticles by varying their mixing ratios. In this study, ZnO
and Si0; panoparticles and Zn0/Si0, nanocomposites were produced using a sol-gel method based on the variation of
mixing ratios (1:1, 1:2 and 2:1). The monometallic oxide nanoparticles (Zn0, Si0, ) and the corresponding
nanocomposites (Zn0/Si0; ) were characterized using HRSEM, EDX. XRD, FTIR, BET and XPS Regardless of the mixing
ratio ofZn0 and Si0; paneparticles used, the HRSEM pictures demonstrated a morphological change from the irregular
and spherical forms produced for Si0; and ZnO nanoparticles to rod-like shapes for the Zn0O/Si0; nanocomposite. The
quartz phase of Si0; nanoparticles, with a grystallite size of 43.67nm, and the hexagonal wurtzite phase of ZnO
nanoparticles, with a crystallite size of 31.52nm, were both synthesized, as revealed by the XRD results. As opposed to
this, the XRD patterns of the Zn0/Si0; nanocomposites synthesized with 1:1, 1:2 and 2:1 mixing ratios showed a
mixture of @-quartz {Si0;) and hexagonal wurtzite (Zn0) with crystallite sizes of 21.24, 29.56 and 15.36nm,
respectively. The EDS results confirmed the existence of Zn and O for ZnO; §i and O for Si0; nanoparticles and Zn, 5i and
0 in the prepared ZnO/Si0, nanocomposite, irrespective of the mixing ratios. The XPS results showed the existence of
Zn in the +1 axidation state in Zn0/Si0y compared to single ZnO with the Zn® valence. The BET surface area indicates
that the Zn0/SiOg nanocomposites had a higher surface area (1:1 (39.042m?/g), 1:2(55.602m?/g) and 2:1
(82.243m?/g)), irrespective of the mixing ratios, compared to the surface area for the ZnO (8.620m?/g) and Si0g

{0.386 m*/g) nanoparticles. The mixing ratio of the ZnO and Si0; nanoparticles influenced the crystallite sizes, surface
elements gxidation states and morphology of the ZnO/Si0, nanocomposite formed and the optima mixing ratio for the
formation of Zn0/Si0; nanocomposite was found to be 2:1 of Zn0:5:0; nanoparticles.

Graphical abstract

l1of3 10V7/2023, 4:07 PM

391



Bpzkes Waie kwere [ R RRET
Enbtprcfeon ooy . 1 CXE TV B 3300100101 370

REWIEW ARTICLE m

A critical review of synthesis parameters affecting the properties
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ABSTRACT ed from zinc nitrite (as a precursge) P

ZnC) polyvinyl pyrrolidone nanocomposites were ?,"::}"!77 and ambient Synlhf’(l(' temperature 7y, inth,
pyrrolidone as a stabilizing by sol-gel method at p ites were subjected to differ et calcination temper,
ZnQ polwvinyl pyrrolidone (ZnQ/PVP) nanocompos ized Zn0/ po!yvi"yl pyrrolidone nanocompey .. %
(ambient 300°C, 500 °C, and 700 °C). D ,y"’h?tz Scanning electron microscopy (HRSE Eney
characterized by X-ray diffraction (XRD), High resolution ! Spectroscopy (XPS). The XRD resulys eveulyg
s S S omeo (D), Wl Rap P::’o:e (:;’le’;'o 96 nm, 10.74 nm, 13.33 nm, and g 5, r
5227;{:;“33'5:(?5’3:":? ::%égeécf:s’;;:\zy. The result indicates the Jyf”ht‘fis f’f the hexagona| Wars
structure of Zn0. The HRSEM shows spherical structures of the nanocomposites. ’f Is observed that o , |,
lemperature, the stoichiometric ratio between Zn and O atoms has a significant deviation from the perfect rg,
I land becomes optimized as the temperature increases as sown by the EDS result

Key words: Zn0O/ polyviny! pyrrolidone, nanocomposites, sol-gel, and calcination,

INTRODUCTION

Zinc oxide (ZnO) is one of the most important semiconductor materials with a wide band gap of 3.37 eV (Hagu -
al., 2020). This semiconductor has several properties, including good transparency, high electron mability, wé
band gap, and strong room temperature luminescence (Ouhaib; et al., 2018). These properties have made 7+
attractive among other metal oxides nanoparticles (Turky er af,, 2017). ZnO nanoparticles have been synthesind »

difrcn_-em methods including co-precipitation, hydrotherma so}. el, wet chemi sition and loe
ablation, just to mention but a few (Gongalves, ¢ al., 202 11);, 'Among el:lelc::‘;pulsedt.vazur dizoozllm&t sk
method of synthesis is known to be the most versatile beca L A e ¢ ,

stability, structural control, a wide range of radiation use it provides better homogeneity, high chen<:

o absorption, long shelf Jif: injenspr
et al., 2020). However, the activity and toxicity of he + 'ONg she . '!1e and uses less energy (Aslinjen
the Zn0 nanoparticles (Siddigi et t, 201g), 1 - mﬂf’u,“ﬁm’,""; ale herally affected due to the el
ZnO/polyvinyl pyrrolidone hanocomposites yia sol-gel methog e :d C:(l’clnauon temperature on the syn

¢ studied,

MATERIALS AND M ETHODS

Zinc nitrate, Polyvinylpyrrolidone (Pvp

chemicals were used withou further m%.ms?::m Pdroxide (NaOH) Were purchased from Merck (INDIA '
?:::\:: :ﬁi’:g’,ﬁ"“’}y l Pyrrolidone "anocomp,;, :

place on a magnetic :l“n:r ;lcr:::"n:nu ) M) was “(2"9./:::’22 : —
Soion At hch 10 cn'or g0 pf,‘.’;’,',‘,f";;lhydmgad, (NaOHy o W45 measured into 250 ot
60°C for 15 min ang lt.sidu: Precipitae was olj 'on was slowly added intot ab?

arateq f, solution v ame MM
was collecy H4 trom gy 3 45 added to the same m?
The dried precursor Was calcined g diﬂ':.:‘ E:: "eSidue Was °ie'°"°u;§0n Solution by centrifugation at );) o’
Pergy, n : : 00
Characterization of nanoparticfey ol 000'7000(‘ aﬁdah'::l):ii:; :{Wﬂ 0!?; ":""3 o
ZnO/polyvinyl pyrrolidone ime of 2 h.
resolution emjss; : OMposites : .
photoelectron mxmm% o on "lic:mwe'e mv“‘i&lled . N fé
Scopy (XPS) Scopy (I-IRSEM) “E‘:Ls X-ray diffraction analysis (Xaé, ¥
" CTRY dispersive g
pectroscopy

'
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