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ABSTRACT

This study focused on the development of Pd-Ag-CNTs nanocomposites for the
removal of selected heavy metals and other water quality indicators in industrial animal
feed processing wastewater. Silver and palladium nanoparticles were produced using
green synthesis method. While Carbon nanotubes (CNTs) were produced via catalytic
chemical vapour deposition (CCVD) method and then purified by acid treatment by
mixture of H2SOs and HNOs. The solution of 2-mercaptpoethylamine in N, N’-
dicyclohexylcarbondiimide (DCC) was used as a coupling and dehydrating agent for the
formation of amide group on the purified CNTs. Pd-CNTs and Ag-CNTs were produced
along with Pd-Ag-CNTs through a combination of ultrasonic-assisted wet impregnation
method. Different analytical tools such as HRSEM, HRTEM, EDS, SAED, XRD and
BET were used to characterise the prepared nanostructured materials. The HRSEM
results revealed that PANPs and AgNPs were well dispersed on the CNTs matrix. The
EDS confirmed that Pd and Ag were successfully deposited on CNTs. XRD pattern
confirmed a graphitic, face-centred cubic structure upon modifications with Ag and Pd
nanoparticles with an average crystallite sizes of 26.10 nm (Pd-Ag-CNTs) > 18.74 nm
(Pd-CNTs) > 13.6 nm (Ag-CNTs) > 13.00 nm (P-CNTs). The BET results showed
increased in surface area of Pd-Ag-CNTs compared to CNTs and the order ofthe
increment were: 392.5 m?/g (Pd-Ag-CNTs) >356.3 m?/g (Pd-CNTs) > 352.5 m*/g (Ag-
CNTs) >227.63 m?/g (P-CNTs). Pd-Ag-CNTs nanocomposites were used as an
adsorbent for the treatment of industrial animal feed processing wastewater. The effect
of the nano-adsorbent removal on wastewater indicator parameters and selected heavy
metals such as copper (Cu), iron (Fe), manganese (Mn) and nickel (Ni) were
investigated. Effect of contact time, adsorbent dosage and temperature on the adsorption
potentials of Pd/Ag/CNTs were assessed via a batch mode process. Linear and nonlinear
regression methods were used for determination of the optimum adsorption isotherms
and kinetics using the experimental adsorption equilibrium data. The coefficient of
determination (R?), the sum of the squares errors (SSE) and Chi-square (%) were used in
the nonlinear regression. The optimum condition based on each parameters was 90 min
of contact time, 60 mg of adsorbent dosage and 80 of temperature, where the
adsorption of Ni ions (99.84 %) was higher in removal efficiency than other analyzed
metal ions: Fe (88.36 %), Cu (77.86 %) and Mn (77.64 %). The isotherm data best fitted
Florry-Huggins isotherm model based on the 2, SSE and regression co-efficient values
0f 0.9947 (Cu), 0.9787 (Fe), 0.9924 (Mn) and 0.7098 (Ni), while the kinetic data suited
pseudo-second order and thus predicted best the experimental data.The thermodynamic
study was found to be non-spontaneous and endothermic in nature due to positive
values of standard Gibb’s free energy and enthalpy change respectively. This study
demonstrated that Pd/Ag/CNTs exhibits exceptional adsorptive properties for the
removal of selected metal ions from industrial animal feed processing wastewater.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background to the Study

The discharge of untreated liquid wastewater generated via natural and anthropogenic
activities in developing countries has continued to create more environmental and
ecological imbalances (Nguyen et al., 2020). One of such anthropogenic activitiesis is
the process of manufacturing animal feeds.This involves the use of raw agricultural
ingredients such as corn, wheat, sorghum, forage, vitamins, additives and minerals to
formulate nutritious feeds tailored for specific dietary needs of animals (Blair, 2018).
According to the statistics released by the International Feed Industry Federation
(Lombard et al., 2020), not fewer than thirty-eight thousand feed mills manufacture 80
percent of the global industrial feed. Despite the trends in production rate within the
industry, the world’s ten largest feed manufacturers produces less than 65 million tons
annually (Lombard et al., 2020). This account for less than 11 percent of global feed
output, implying that the global feed industry still remains broadly based with many

local and regional commercial feed companies as well as specialized firms.

Nigeria is one of the major manufacturers of animal feed in the sub-Saharan Africa and
produce about 5.3 metric tons of feeds annually (Osabohien et al., 2020). Alhough, the
demand for animal feed has increased the economic output of this nation (Nigeria) and
the world at large, the liquid waste generated from the industries remain a source of
concern to the environmentalist. This is because the industries utilizes large volume of
water during their operation, and as a consequence, unknown volume of wastewater
containing different toxic organic, inorganic and microbial constituents are released

untreated into the water bodies (Hu ef al., 2017). The animal feed processing industry



wastewater is characterized with colour, offensive odour and high turbidity (Bankole ef
al., 2019b). Thus, direct discharge of untreated animal feed processing wastewater into

the water bodies cause different pollution problems (Taman et al., 2015).

For instance, the bio-accumulation of toxic pollutants in human diets have been linked
to the discharged of untreated wastewater into ecosystem. Effect of chronic and acute
exposure of human to inorganic arsenic in the wastewater includes diarrhea, vomiting,
salivation and abdominal pains (Yang and Massey, 2019). Other mineral supplements
such as selenium, chromium, copper and nickel is of great concern since they are used
as additives in feeds and can be found in water bodies through washing of the
equipments. Organic pollutants and emerging chemicals (dioxins and chlorinated
compounds) have been shown to be present at low levels in industrial animal feed
processing wastewater (Cheng et al., 2021), however, there is insufficient information
on the subject of their toxicity and transfer to edible tissue or milk, to assess whether
those contaminants are hazardous to irrigated crops or farm animals. High level of
chemical oxygen demand, biochemical oxygen demand and low level of dissolved
oxygen can affect lakes and reservoirs, thereby causing death of plants and aquatic

animals (Inyinbor ef al., 2018).

In view of the effects of exposure to industrial animal feed processing wastewater, it is
imperative to reduce the concentration of these pollutants in wastewater before
discharge into waterbodies (Long et al., 2018). Different techniques have been used for
the treatment of industrial wastewater. However, most traditional or conventional
techniques such as filtration, precipitation, sedimentation, floatation, membrane
separation and ion exchange among others are ineffective and very expensive due to

increase energy consumption (Aziz et al., 2018; Crini et al., 2018). Over the years,

2



chemical methods such as coagulation and precipitation technology involving addition
of coagulant has been widely used because of its increased capacity in biodegradation
and economic reliability (Yuan et al., 2018). But, this process has a low removal rate of
dissolved substances and generates a large amount of chemical sludge (Li and Yang,
2018). Physical methods such as filtration, sedimentation and floatation, are also
becoming less effective since they are suitable only for elimination of inorganic metals
or dissolve compounds which are only part of the pollutants present in wastewater
(Crini et al., 2018). Biological methods of treatment such as bioreactors, biological
activated sludge (BAS) and enzymatic decomposition involve the wuse of
microorganisms for the biodegradation of organic contaminants. However, the process
is very slow and inefficient to remove non-degradable compounds in water bodies

(Crini et al ., 2018).

On the contrary, adsorption technology has become the major technique for wastewater
treatment due to its high e ciency and simplicity in design (Ji et al., 2019). This
method utilizes porous solids (activated carbon, silica gel, artificial pumice and others)
to hold up contaminants present in wastewater and also has a wide variety of target
contaminant (Li and Yang, 2018). One of the commonest adsorbent is activated carbon
which has been widely used to treat wastewater. However, production cost of
commercial activated carbon is high and the regeneration efficiency of the adsorbent is
very low (Li and Yang, 2018). Thus, it is essential to find more efficient adsorbents,
hitherto, nanotechnology approach based on the utilization of nanomaterial as nano-
adsorbent to remove different contaminants from polluted wastewater (Huang et al.,

2019).



Among the nanomaterials, carbon-based nanomaterial such as carbon nanotubes (CNTs)
and metallic nanomaterial including silver nanoparticles (AgNPs) and palladium
nanoparticles (PdANPs) have been extensively investigated as effective nanoadsorbent to
purify industrial wastewater (Gusain et al., 2020; Aboelfetoh et al., 2021; Hagarova and
Nemcek, 2021). Carbon nanotubes is widely studied due to its large specific surface
areas, hollow and layered structures make it an ideal nanoadsorbent. Silver nanoparticle
is considered a very effective adsorbent materials for various types of water pollutions
due to its specific surface area and bactericidal properties (Aboelfetoh et al., 2021).
Furthermore, palladium particles stand out as effective nanoadsorbent owing to its
increased activity and stability for wastewater remediation. Nevertheless, information
regarding inclusive removal of organic, inorganic and/or microbial pollutants from
industrial animal feed processing wastewater has not been reported for the effectiveness
of the three material combined as composite. Thus, the present study focused on the
synthesis, characterization and application of Pd-CNTs, Ag-CNTs and Pd-Ag-CNTs

ternary nanocomposite for the treatment of industrial animal feed processing wastewater.

1.2 Statement of the Research Problems

The quantity of wastewater generated from animal feed processing industries has not
been documented throughout the developed and developing countries (Nigeria
inclusive). Although the only available literature revealed that industrial animal feed
processing wastewater are discharged indiscriminately due to non-functional or
inefficient treatment technology (Bankole et al., 2019b). Industrial animal feed
processing wastewater is often characterized with high concentration of water indicator
parameters such as chemical oxygen demand (COD), biochemical oxygen demand

(BOD), heavy metals, suspended solid amongst others. The haphazard discharge of



untreated animal feed processing wastewater into the water bodies affect the receiving
soil and vegetation, causing oxygen depletion in water which result to reduction of fish
population and other aquatic species. Effect of acute exposure of human to nickel metals
in animal feed processing industry wastewater includes inhibition of oxidative enzymes
activity, diarrhea, nausea, shortness of breath and vomiting. Chronic exposure of nickel
ions leads to lung cancer, renal edema, pulmonary fibrosis and skin dermatitis (Hussain
et al., 2017). The presence ofcopper in its toxic nature causes other adverse effects on
receiving waters in the aquatic system. Furthermore, high level of chemical oxygen
demand (COD), biochemical oxygen demand (BOD) and low level of dissolved oxygen

can affect lakes and reservoir, thereby causing death of plants and aquatic animals.

Several conventional wastewater treatment methods have clearly proven inefficient to
remove such pollutants effectively, especially removal of heavy metal concentration in
the range of 1-100 mg/L (Bora and Dutta, 2014). The application of one metallic
nanoparticles such as silver or palladium nanoparticle in wastewater treatment plants
accumulate as sludges and are deployed as agricultural fertilizers (Zuykov et al., 2011).
This in turn complicate the growth of plants as majority of the silver or palladium in
sludge remain in the upper soil layer (through run off of surface water) to form
complexes as AgSO4 or PdSO4 (Stensberg et al., 2011). The synthesis procedures of
palladium and silver nanoparticles using chemical and physical methods are complex,
not eco-friendly and generate toxic substances. CNTs synthesis using arc discharge and
laser ablation produces impure CNTs with low quality, less structural and chemical

imperfections (Bankole et al., 2018).



1.3 Justification of the Study

Adsorption techniques when combine with nanotechnology is considered a rational
route to improve the conventional treatment technologies. Application of nanoadsorbent
offer significant advantages such as flexibility in design and operations, reversibility of
the process and reduction of the complex treatment time. Application of Pd-CNTs, Ag-
CNTs and Pd-Ag-CNTs as a nanoadsorbent for the treatment of animal feed wastewater
is expected to remove colour, suspended solids and reduce the level of COD, BOD and
other physicochemical indicators prior to the release of the wastewater into water bodies.
Green synthesis methods of producing Pd and Ag nanoparticles is simple, cost effective
and environmentally friendly compared with other physical and chemical methods. Also,
the use of catalytic chemical vapour deposition provide a simple, economical and
versatile method of producing high quality CNTs, high yield of bulk product and less
quantity of unpurified nanotubes. The incorporation of palladium nanoparticles is
expected to act as a catalyst to improve the surface area and surface functionality of
CNTs. Silver nanoparticles with smaller size are most valuable due to their higher
surface area to volume ratio (Butt, 2020). The intercalation of the composite with silver
nanoparticles will provide a superior antibacterial properties, and by extension, enhance
the adsorption properties of the material to be able to remove both chemical and

biological pollutant in animal feed processing wastewater.

1.4  Aim and Objectives of the Study
The aim of this research work is to prepare and characterize palladium/silver/carbon
nanotube composites for the treatment of industrial animal feeds processing wastewater.

While the aim of the study will be achieved through the following objectives:



ii.

iii.

1v.

Vi.

Production of carbon nanotubes from Fe-Ni/Kaolin catalyst via chemical vapour
deposition method.

Green synthesis of palladium and silver nanoparticles using aqueous extracts of
Agerantum conyzoides.

Wet impregnation of the synthesized Pd and Ag nanoparticles onto the produced
carbon nanotubes.

Characterization of synthesized nanoparticles and nanocomposites using High
Resolution Scanning Electron Microscopy (HRSEM), High Resolution
Transmission Electron Microscopy (HRTEM), X-ray Diffraction (XRD), Energy
Dispersive X-ray spectroscopy (EDS), Brunauer-Emmett-Teller (BET) and
Selected Area Electron Diffraction.

Analysis of industrial animal feed processing wastewater by determining some
physicochemical parameters (such as pH, temperature, turbidity, conductivity,
TDS, TSS, DO, COD, and BOD) and heavy metals (such as Fe, Mn, Cu and Ni)
before and after the batch adsorption treatment.

Investigation of the adsorption behaviour of the prepared Pd/Ag/CNTs
nanocomposite on industrial animal feed processing wastewater via batch
adsorption process involving variation of the contact time, mass of

nanoadsorbent and temperature.



CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Animal Feeds Wastewater

Feeds are naturally occurring ingredient or materials given to animals for healthy living
and sustenance (Wilkinson and Lee, 2018). They are often termed animal feed (Food
grown or developed for livestock). Manufacturing animal feed is a process of converting
raw materials of different physical, chemical and nutritional composition into
homogenous mixture of desired nutritional response in the animal (Abbas et al., 2009;
Thomas, 2017). The process is more of a physical than chemical and the production

process could be achieved using different equipment shown in Plate I (a).

™
g

Plate I: (a) Various Equipment used in Blending Raw Materials to Produce Feeds
(b) Wastewater coming out of the Processing Industry Through Cleaning of
Machines, Containers or Flushing the Working Floor (c) Untreated Wastewater
Discharged into the Water Body.



Some of the raw materials used in manufacturing animal feed have undergone extensive
processing prior to inclusion into a mixed feed. For instance, denaturing of soya beans
through extraction and heat treatment help to remove anti-nutritional constituents. All
these processes generate wastewater that can no longer be used for other operational
purposes and hence, discharged directly or indirectly from the facilities displayed in

Plate I (b and ¢) (Zero Discharge of Hazardous Chemical (ZDHC), 2016).

2.2 Effects of Animal Feed Wastewater on the Environment

Industries are often considered as an "engine" of economic growth of any nation (Dadi
et al., 2016). Nevertheless, studies have shown that the negative impact of industrial
growth have outweigh its advantages, as in most cases, toxic wastewater are generated
and discharged untreated into the environment (Malik and Khan, 2014). Most animal
feed processing industries operating in Nigeria do not have wastewater treatment
technology, and where such exist, they are non-functional or inefficient, leading to

serious environmental pollution and health problems (Emodi, 2015).

The environmental concerns is related to the volume of water used during the
operational processes such as washing of raw materials and products, cleaning of
machines, containers or flushing the working floor. As a consequence, generating large
amount of wastewater that contains high concentration of pollutant indicators such as
chemical oxygen demand, biochemical oxygen demand, suspended solids and toxic
metals. It may also be excessively acidic or alkaline (Abdallh ef al., 2016). For instance,
high BOD increase the demands of dissolved oxygen (DO). This signify the depletion of

the oxygen (O») required by other aquatic organisms to survive (Al Badaii et al., 2013).



Plate Ila: Effect of industrial animal feed processing wastewater on aquatic species
Plate IIb: Effect of Industrial animal feed processing wastewater on plant
vegetation.

From the perspective of human health, some pollutants suppress the immune system,
which may have major or even deadly health effects on animals as seen in Plate II (a)
(Minnesota Pollution Control Agency, (MPCA), 2009). Also, wastewater with organic
loads that contains large quantities of suspended solids can reduce the amount of light
available to photosynthetic organisms and on discharge, alter the characteristic of the

receiving soil, rendering it an unsuitable substance for many ecological activities as

shown in Plate II (b) (Rashed, 2013).

23 Quality Parameters for Characterization of Animal Feed Processing
Wastewater

Wastewater is characterized in terms of its physical, chemical and biological
constituents. As such, the concentration of pollutants and pollutants indicators in the
animal feed processing wastewater is usually determined using precise and accurate
analytical tools. However, the most common parameters used in characterizing
wastewater leaving a processing plants and other processing operations includes, pH,

dissolved oxygen (DO), biochemical oxygen demand (BOD), chemical oxygen demand
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(COD), total suspended solids, total phosphorus (TP), and total nitrogen (TN) amongst
others (Bankole ef al., 2019b).

2.3.1 Dissolved oxygen (DO)

Dissolved oxygen refers to the level of free oxygen molecule present in water (Wei et
al., 2019). Dissolved oxygen is necessary to existence of many lifes in water and the
amount needed varies from creature to creature (Sunar et al., 2018). Dissolved oxygen
requirement ranges from 0 to 14 mg/l. Increased stress on aquatic life require adequate
dissolved oxygen levels, which is very essential for all aquatic habitats. A concentration
of 5 mg/l DO is recommended for optimum fish health (Niwa et al., 2016). Sensitivity
to low levels of DO is species specific, however most species of fish are distressed
when DO falls between 2 and 4 mg/l and death usually occur below 2 mg/L. Dissolved

oxygen levels can be reduced by process such as respiration process in aquatic organism.

2.3.2 Biochemical oxygen demand

Biochemical oxygen demand (BOD) is the quantity of oxygen used by microbes while
consuming organic matter in wastewater, thereby causing degradation of biological
material under aerobic conditions (American Public Health Association (APHA), 2017).
The amount of organic matter in the water determines the quantity of oxygen organisms
required to decay the biological matter, resulting to increasing demand of dissolved
oxygen and consequently, increase in BOD level. It is possible to assess the
performance of wastewater treatment techniques by measuring the BOD of the animal
feed processing wastewater. Factors such as temperature, dilution rate, toxic substance
and presence of anaerobic organism can influence this test (Environmental Protection

Agency (EPA), 1997). According to Nigeria International Standard (NIS), 6 mg/L is the
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standard limits for safe water (NIS, 2015) and EPA reported permissible limit of 5-7
mg/l (USEPA, 2018).

2.3.3 Chemical oxygen demand

Chemical oxygen demand (COD) is an essential indicator parameter for estimating the
organic content in water. COD gives estimation on how much oxygen would be
depleted from a body of receiving water and is expressed in unit of milligrams per liter
(mg/1) (Akpor and Muchie, 2019). Sources of organic matter in the water bodies maybe
from the raw material used during the processing operation. This can be present either
in dissolved form or as particulate organic matter (APHA, 2017). The COD test uses
oxidizing agent such as potassium dichromate to oxidize organic matter in the
wastewater. The test is extensively used because it takes less time (about 3 h) than other
tests such as the BOD which takes 5 days (Geerdink et al., 2017). Standard limit

discharge allows a concentration of 40 mg/L in industrial wastewater

2.3.4 Total suspended solids (TSS)

Total suspended solids are solids in water that can be trapped by a filter (Giardino et al.,
2017; Zafisah et al., 2018). Total suspended solid include a wide variety of material,
such as silt, decaying plant and animal matter, and most importantly industrial wastes.
Increase concentration of suspended solids can result to health risk for aquatic life. In
addition, TSS can be divided into suspended solids, organic solids, inorganic solids and
colloidal suspended solids (70% organic and 30% of inorganic). According to Nigeria

International Standards (2015), TSS limit of wastewater is 0.75mg/1.

23.5 pH
pH is the concentration of hydrogen ions in water and shows the level of acidity or

basicity of an aqueous solution (Dirisu et al., 2016). pH of the environment has a
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profound effect on the microbial growth rate and also affect the function of metabolic
enzymes (Kennedy et al., 2019). Low or high pH alter the structure of the enzymes and
stop growth. Nevertheless, most microorganisms can survive within a pH range of 6.5 to
8.5. If the pH of the wastewater is outside the range 5.5-8.5, there may be considerable
interference with biological processes. The range 0-6.99 denotes the level of decreasing
acidity, pH number 7 is neutral, while the range 7.1-14 denotes increasing basicity (EPA,
2007). However, irregular pH in treatment processes can result in a significant decrease
in the rate of removal of pollutants from the wastewater (Nidheesh and Gandhimathi,

2014).

2.3.6 Total phosphorus

Total phosphorus (TP) is any compound that gives rise to phosphate ions (National
Pollutant Inventory (NPI), 2019). These includes orthophosphate (dissolved inorganic
phosphate) polyphosphate (complex compounds derived from detergents and
organically bound phosphate, dissolved and suspended organic phosphates). Total
phosphate is naturally limited in most fresh water systems because it is not as abundant
as carbon and nitrogen (Swedish EPA, 2006). Phosphorus been an essential nutrient for
plants, animals and humans can lead to pollution effect if present in large quantity in the
water bodies. This can promote excessive algae bloom, accelerated plant growth and
low dissolved oxygen from the decomposition of additional vegetation (Minnesota
Pollution Control Agency (MPCA), 2009). According to environmental protection
agency, acceptable range for total phosphorus is 10 pg/L to 40 pg/L (Swedish EPA,

2006)
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2.3.7 Total nitrogen

Total Nitrogen (TN) is an essential nutrient for plants and animals (EPA, 2013). Total
nitrogen in wastewater is usually in the form of organic nitrogen, ammonia or
ammonium, nitrate and nitrite. Excess nitrogen in water bodies can harm aquatic life
and even cause over stimulation of growth in aquatic plants and algae. This can use up
dissolved oxygen as they decompose and block light of deeper waters. This parameter is
a growth limiting nutrient in aquatic environments and limit is specified in the
wastewater treatment techniques regulations for discharges to sensitive water bodies
(EPA, 1997). Acceptable range of total nitrogen is recommended to be 2 mg/L to 6

mg/L by environmental protection agency (EPA, 2013).

2.3.8 Sulphate

Sulphate is an important nutrient for tissue development in plants and animals
(Aniyikaiye et al., 2019). It is sometimes present in high concentration in many
wastewater and natural water bodies (Silva et al., 2012). The presence of sulphate ion
(SO4*) in wastewater maybe as a result of anthropogenic emission from different
industries. Certain industry may contain different concentrations depending on the level
of usage of sulphate-containing compound in their constituent material. Although, the
damage caused by sulphate emissions is not direct since it is a non-toxic compound.
Nevertheless, increase level of sulphate concentrations can unbalance the natural

sulphur cycle (Lens ef al., 1998)

2.3.9 Heavy metals
Heavy metals are naturally occurring compounds found in the earth crust, but
anthropogenic acivities can increase their availability in different environmental

compartments (El-Kady and Abdel-Wahhab, 2018). They are known to be highly
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soluble in aquatic environments, and as such, can be easily absorbed by living
organisms (Mishra et al., 2019). Several studies have repoeted heavy metals in the liver,
gills, and muscles tissues of various species of fish in contaminated water bodies
(Mehmood et al., 2019). Once (heavy metals) enter the food chain, they may end up
accumulating in the human body. Since heavy metals containing materials are used in
industries, toxicity is likely to occur. Thus, this section highlights the heavy metals

mostly identify in animal feed processing industry wastewater.

2.3.9.1 Copper

Copper is an essential trace mineral that occurs in all body tissues (Olukosi et al., 2018).
It is vital for a range of body functions including the production of red blood (Anderson
et al., 2017). An adult human needs around 1.2 milligrams of copper a day, to help
enzymes transfer energy in cells. As human need copper in their diets, animal does
because of its antimicrobial activity and growth-promoting effects. Copper has been
added to feed mixtures for growing animals at rather high concentrations for several
decades (Hassan et al., 2018). However, the Cu supplementation of animal diets is
regulated by the EU Council Directive 70/524/EEC (EFSA, 2004). This directive limits
the total Cu content to 175 mg/kg dry matter (DM) in piglets up to the age of 16 weeks,
to100 mg/kg DM in pigs up to the age of 6 months, and to 35mg/kg DM in older pigs.
Excess copper in feed formulations may affect aniimal health. This can be detrimental

to aquatic species in water and consequently affect human through their food chain.

2.3.9.2 Iron
Iron (Fe) is an indispensable element for the functioning of organs and tissues of higher
animals, including fish, because of its vital role in physiological processes such as

oxygen transport, cellular respiration and lipid oxidation reactions (Singh and Onuegbu,
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2021; Behera et al., 2014). Iron is also one of the most essential micronutrients in terms
of its effect on the functioning of the immune system and defense against various
infections (Maggini et al., 2018). Iron deficiency causes immune suppression, growth
depression, changes in hematological parameters, susceptibility to diseases, poor food
conversion and microcyticanemia in common carp (Ebrahimi et al., 2020). Iron is thus
essential as feed supplement but its inclusion in excess quantity can be toxic. Its
presence in natural water could adversely affect marine animal as a results of bio-
accumulation. Hence, it is necessary to determine the occurrence level of Fe in

wastewater coming from animal feeds manufacturing plants.

2.3.9.3 Manganese

Manganese is an essential trace mineral that is found in several foods including nuts,
legumes, seeds, tea, whole grains, leafy green vegetables and animal feeds
(Gharibzahedi et al., 2017). It is an essential nutrient because the body requires it to
function properly. Manganese is an essential nutrient in humans and animals that plays a
role in bone mineralisation, regulation of protein and energy metabolism, cellular
protection from damaging free radical species and formation of glycosaminoglycans
(Brokesh et al., 2020). The total body content is 15 mg and the daily requirement is
between 4-10 mg. It is excreted in the bile and the pancreatic juice. Its deficiency
causes a defective bone formation and leads to glucose intolerance, alopecia, reddening
of hair and dermatitis. Toxicity symptoms include functional abnormalities of the

central nervous system (Pallauf et al., 2012).

2.3.9.4 Nickel
Ni is considered both an essential and toxic element for humans, animals, plants and

microorganisms (Kumar et al., 2021). Different forms of Ni occur naturally in the
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environment, and the element is widely applied in metallurgical, chemical and food-
processing industries mainly as a catalyst (Genchi et al., 2020). The essential function
of Ni has been established in rats, poultry, swine, goats and sheep. Ni plays a role either
as a structural component in specific metalloenzymes (urease, hydrogenase) or as a co-
factor in facilitating intestinal absorption of ferric ions (Zivkov et al., 2017). The
essentiality of nickel metal as feed supplement highlight the possible source of Ni in
animal feed processing industry wastewater. This metal can get to the waterway through

different operational activities carried out in the industry.

2.4  Wastewater Treatment Technologies
When water is polluted, de-contamination becomes necessary and the best purification

approach to consider should be simple, easy and cost effective (Crini ef al., 2018).

Technologies available for pollutant removal

3 v ¥

Conventional Methods Established recovery Emerging Removal
process Methods
* coagulation/flocculation + solvent extraction ¢ advanced oxidation
precipitation * evaporation e adsorption onto non-
biodegradation * oxidation conventional solids
s filtration (sand) » glectrochemical treatment * biosorption
» adsorption using * membrane separation * biomass
activated carbon (AC) + membrane bioreactors * nanofiltration
* ion-exchange

* incineration

Figure 2.1: Classification of technologies available for pollutant removal and
examples of techniques (Rathoure and Dhatwalia, 2016).
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In general, conventional wastewater treatment technology shown in figure 2.1, consists
of a combination of physical, chemical and/or biological processes. These processes are
often employed to remove solids including colloids, organic matter and nutrients soluble
contaminants (metals, organics) from wastewater. However, multitude of the techniques
classified as conventional methods, including recovery processes and emerging removal
methods can be used to treat industrial wastewater (Rathouse and Dhatwalia, 2016).

Hence, selection of the method depend on the wastewater characteristics (Sharma and
Sanghi, 2012). Each treatment has its own constraints not only in terms of cost, but also
in terms of feasibility, efficiency, practicability, reliability, environmental impact,
sludge production, operation difficulty, pre-treatment requirements and the formation of
potentially toxic by-products (Crini et al., 2018). Thus, technologies for wastewater
treatment are reviewed, aiming to offer a brief introduction of treatment of animal feed

processing industry wastewater.

Table 2.1: Summary of conventional methods used for the treatment of polluted

industrial wastewater with their shortcomings

Conventional Methods for Shortcomings
Wastewater Treatment

Coagulation/flocculation Requires adjunction of non-reusable chemicals
(coagulants, flocculants, aid chemicals)
Physicochemical monitoring of the effluent (pH)
Increased sludge volume generation
(management, treatment, cost).

Chemical precipitation Chemical consumption (lime, oxidants, H»S, etc.)
Physicochemical monitoring of the effluent (pH)

Ineffective in removal of the metal ions at low
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Filtration

Membrane separation

Floatation

Ion exchange

concentration

Bubble sizes filtration process for flocs

Formation of chemical sludge (filtering problems)
Investment costs are often too high for small and
medium industries

High pollution load in the concentrates

Expensive and prone to fouling

Ineffective for removal of smaller particles

High initial capital cost, energy costs,
maintenance and operation costs no negligible
Economic constraints (initial cost of the selective
resin, maintenance costs, regeneration time-
consuming, etc.)

Large volume requires large columns

Rapid saturation and clogging of the reactors

Source: Crini ef al. (2018).

2.4.1 Adsorption technology

Adsorption technology is recognized as an effective and economic method of pollutant

removal from wastewaters. The process is characterized by the concentration of

molecules onto the surface of a sorbent (Owlad et al., 2009; Zinicovscaia, 2016). This

process is considered better than other methods because of its convenience, simplicity of

design and operation, and the reversibility of the process. Furthermore, this process can

remove or minimize different types of pollutants and thus have wider applicability in

wastewater pollution control (Zinicovscaia, 2016). A fundamentally important
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characteristic of good adsorbents is their high porosity and consequent larger surface
area with more specific adsorption sites (Bhatnagar and Minocha, 2014). Some
adsorbents such as silica gel, commercial zeolites, porous pellets of NaF, iron oxide,
pulverized lime stone or dolomite, alkalized alumina, bauxite, xanthate, chitosan,
activated carbon, peat moss, bone gelatin beads, bentonite and lignin amongst others
have been extensively used for adsorption (Gupta and Balomajumder, 2015; Zare ef al.,
2015). However, the specific and selective nature of particular adsorbents renders it
effective only for few certain applications.For instance, activated carbon (AC) is one of
the most widely used sorbents, and usually applied for the removal of organic pollutants
from wastewater due to large micropore and mesopore volumes and high surface area
(Wong et al., 2018). Nevertheless, the adsorption efficiency of these adsorbentswere
considered very low compared to nanosized carbon materials (especially carbon
nanotubes), and cannot be applied for complex wastewater treatment processes (Sadegh

et al., 2016).

Since the discovery of carbon nanotubes (CNTs) (Iijima, 1991), it has become the
favourite adsorbent among carbon based materials because of the unique physical and
chemical properties (Ouyang et al., 2002 and Sadegh et al., 2015). Both types of CNTs;
single-walled (SWCNTs) and multi-walled (MWCNTs) have been explored as high
performance adsorbents for pre-concentration of heavy metal ions (Ravelo-Pérez ef al.,
2010), organic pollutants (Rastkari et al., 2009) and biological impurities (Upadhyayula
et al., 2009) due to their large specific surface area (Perez-Lopez and Merkogi, 2012;
Herrero-Latorre et al., 2018). A comparison of the adsorptive capacity between the
carbon nanotubes (CNTs) and commercial powder-activated carbon (PAC) was carried

out on Zn?*', with the initial Zn** concentration range of 10-80 mg/l. The maximum
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adsorption of Zn?" evaluated by the Langmuir isotherm model for the SWCNTs,
MWCNTs and PAC were 43.66, 32.68 and 13.04 mg/g respectively. The time taken to
reach equilibrium was minimal and the authors suggested that SWCNTs and MWCNTs
were preferably used for removal of Zn?* from aqueous solution. In another study, Gul
and Nasreen reported that the concentration of Zn?* sorbed onto the CNTs increased
with increasing temperatures. Based on the same condition, the Zn?>" sorption capacity
of the CNTs was greater compared to that of the commercially available PAC,
replicating the fact that the SWCNTs and MWCNTs are better effective sorbents than

PAC (Gul and Nasreen, 2018).

Other reports showed that some trace elements including Pb, Ni, Cu, Cr and Cd can be
removed by CNTs. Kandah and Meunier (2007) highlighted their achievement in
adsorption of some heavy metals using functionalized CNTs and found that the prepared
CNTs had high adsorptive capacity. They reported Langmuir model as the most suitable
with adsorptive capacity of 18.08 and 49.26 mg/g respectively, with maximum
adsorption uptake of Ni?*. The authors found CNTs as the most effective nickel ion
sorbent based on the high adsorptive capacity and the short adsorption time (Chen et al.,
2009; Sadegh et al., 2016). In addition, Atieh (2011) used CNTs supported by activated
carbon for removal of Cr®" from wastewater. The maximum adsorption capacity
obtained from batch adsorption experiments using AC-CNTs coated adsorbent was 9.0
mg/g. It was concluded that AC coated with CNTs was most effective for the adsorption

of chromium ions.

Huang et al. (2008) modified MWCNTs for preconcentration of Pb (II) ion. The
MWCNTs were immobilized by the tri-(2-aminoethyl) amine (TAA), which has been

demonstrated as a good chelating reagent for metal ions. The MWCNTs-TAA
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composites were investigated for its adsorptive capacity on Pb (II) through solid phase
extraction (SPE), a process using a micro-column packed with MWCNTs-TAA. The
result indicated that the dispersibility of pristine-MWCNTs is obviously not as effective
as MWCNTs-TAA. Although, both pristine-MWCNTs and MWCNTS-TAA showed
good selectivity for adsorption of Pb (II) ions.

A critical in-depth reviewof literature revealed that the structural features, morphology,
curvature of sidewalls, m-conjugative structures and active sites are some of the physical
properties possessed by CNTs that have facilitated their adsorptive properties (Sadegh et
al., 2016). Furthermore, the length and size of material which ranged from nanometers
to millimetres (length) with diameters upto 100 nm has been seen to exhibit a larger
specific surface area, high porosity hollow and layered structures. These unique
properties are the cause of strong interactions between CNTs and other molecules or
atoms through m-m electronic transition and hydrophobic interactions, consequently,
making them promising adsorbent material (Gusain ef al., 2020). For this reason, efforts
have been made to develop more effective CNT-based adsorbents for the removal of
heavy metals, traces of organic pollutants and inorganic substances from aqueous

solution such as industrial animal feed processing wastewater.

2.4.2 Types of adsorption

Fundamentally, there are two forms of adsorption process namely: physical adsorption
and chemical adsorption and may be distinguished based on the nature of interaction or
bonding involved (Ahmed and Jhung, 2017). The third, which required an appropriate
amount of energy to activate and conduct the transfer of molecules onto a solid surface
is simply refers to as “activated adsorption”. It is said to be a surface phenomenon that

is catalytically active when part of molecule is taken up and remains attached to the
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surface. Adsorption phenomenon occurs at interfaces between solid-gas, liquid-gas,
solid-liquid, solid-solid and liquid-liquid and only solid-liquid interface has found better
applications in water and wastewater treatment (Shen et al., 2018).

In physical adsorption process (Physisorption), there exist weak intermolecular forces
including Vander Waals, hydrogen bond and dipole-dipole interactions between the
adsorbate and the solid surface (adsorbent) (Ammendola et al., 2017). There is no
transfer or sharing of electron and yet, new equilibrium adjustment takes place without
losing the original association of electron with their respective interacting species
(Ammendola et al., 2017). These weak forces are characterized by low heats of
adsorption typically below 10 Kcal/mole, no violent or disruptive structural changes.
This type of adsorption process is substantial only at temperature lower than the boiling
point of adsorbate. Therefore, increase temperatures tend to hinder physical adsorption
process. Nonetheless, better adsorption equilibrium is achieved more quickly since no
activation energy is required and it can involve multiple layers of adsorbate as its
allowed for pore measurements. Physisorption is reversible in nature and non-specific
with respect to the adsorbent, thus allowing adsorbate to fully adsorb and desorb. In this
process, surface area and porosity are important properties that influence the quality and

character of an adsorbent (Condon, 2019).

Chemical adsorption simply occur when strong electrostatic forces such as electrovalent
and covalent chemical bonds exist between the solid phase material (adsorbent) and the
molecules which adhered on the surface of the material through exchange of electrons
(Li et al., 2017). This process is characterized by large interaction potentials which lead
to increase heat of adsorption usually within 50-200 Kcal/mole and can occur at high

temperatures (Ammendola et al., 2017). As in the case of most chemical reactions,
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chemisorption is usually associated with an activation energy, which implies that
molecular species attracted to a surface active site must pass through an energy barrier
before they are strongly bonded to the surface. Generally, the reaction is irreversible in
nature and nonspecific with both adsorbate and adsorbent (Karunadasa and Solis-Ibarra,
2019). Chemical adsorption process measures the amount of surface active sites which
ensured promotion of a specific catalytic reaction. Critical parameters for chemisorption
measurement include the area of the active element, metal dispersion, surface acidity

and exposed proportion of the active element (Ammendola et al., 2017).

2.4.3 Factors influencing adsorption from aqueous solution

A good number of materials including synthetic, natural and semi-synthetic adsorbent
have been investigated for pollutant removal from aqueous solution (Abazari et al.,
2019). The amount of species usually adsorbed from the solution on to a solid phase
depends on different operating conditions such as nature of adsorbent and adsorbate,
surface area and porosity of the adsorbent, effect of temperature, adsorbent dosage,
solution pH and contact time (Iftekhar et al., 2018). In order to see the effects of various
parameters. It is necessary to have a substantial knowledge on different operating
conditions to achieve efficient adsorption process. In this section, the factors influencing

adsorption from aqueous solutions are highlighted as follow.

2.4.3.1 Nature of adsorbent and adsorbate

The physicochemical nature of an adsorbent determines its effect on both rate of
adsorption and adsorption capacity (Ipek et al., 2017). Thus, an adsorbent type basically
depends on the chemical composition of the solid material. But, the surface upon which
the adsorption process takes place is influenced by the presence of pores, edges, corners,

cracks and pre-treatment (activation) (Angin, 2014). As in the case of adsorbate,
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adsorption can be attributed to several factors including its solubility in the experimental
solvent, its chemical constituents and physical state in solution among others. Solubility
of the solute (adsorbate) is a controlling factor in the study of adsorption equilibrium.
Large increase in adsorption could lead to decrease in solubility of the solute
(Cunningham et al., 2018). That is, the greater the solubility, the stronger the bond
between the solute-solvent interaction and the lesser the extent of adsorption

(Mananghaya et al., 2019).

2.4.3.2 Surface area and porosity of the adsorbent

The extent of accumulation of molecular species on to a solid phase is directly
proportional to the specific surface area of an adsorbent (Tandon and Sai, 2020).
Specific surface area can be described as the active portion of the total surface that is
available for adsorption. Therefore, the level of adsorption achieved per unit weight of
the adsorbent material is greater when the material is more porous and finely divided.
Studies have shown that porous materials like modified carbon; break up bigger
particles into smaller ones, which can open up some tiny, sealed pores in the material
and may become available for adsorption (Huang et al., 2008) and thus, leading to

dependence of adsorption capacity on particular size of a material (Yu ef al., 2019)

2.4.3.3 Influence of temperature

Temperature is one of the important variables that are unlikely to change in natural
water bodies (Ali et al., 2016). Largely, the temperature of solution influences the
extensive nature of the adsorbent (Ali et al., 2016; Iftekhar ef al., 2018), which plays a
crucial role in an adsorption studies. Lower temperature range usually from 20-30 °C is
favorable to larger adsorption, but decreases with temperature increase above a critical

value. Only in few cases, elevated temperature improves the adsorption of contaminants
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on to solid surface (Iftekhar et al., 2018). Studies have demonstrated that the binding of
metallic particles to the active sites of a solid material at lower temperature is more
rapid, easy and reversible due to low energy requirement (Bernal ef al., 2018). But in

reality, temperature variation depends on the nature of adsorbate-adsorbent interaction

(Bernal et al., 2018).

2.4.3.4 Effect of adsorbent dosage

The concentration of an adsorbent is one of the most important factors affecting
adsorption process (Le-Minh et al., 2018). In general, the degree of adsorption of a
solute increases with increase in the dose of an adsorbent due to increase in
exchangeable adsorption site (Uddin, 2017; Rao et al., 2019). Hence, the total solute
adsorption per unit weight of an adsorbent can decrease upon the increase in adsorbent
dosage interference caused by the interaction of an active sites of an adsorbent material
with the adsorbeate (Xie et al., 2015; Iftekhar et al., 2018). Studies have shown that
increase in concentration of an adsorbent lead to an increase in accumulation of
pollutant (Adeyemo et al., 2017). Torab-Mostaedi et al. (2015) found that after certain
increase in concentration of the adsorbent, the removal rate decreases due to
exhausiveness of the binding sites. Thus, it is important to optimize the dose of an

adsorbent for better and efficient pollutant removal.

2.4.3.5 Effect of solution and adsorbent pH

Adsorption process is very much dependent on pH of the solution. pH remains an
important process variable that can directly influence the uptake of molecular species
from aqueous solution because it can affect surface characteristics of an adsorbent
(Crini et al., 2019). In order to understand the effect of hydrogen ion concentration on

pollutant removal from aqueous solution, the majority of colored materials encountered
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in industrial wastewater explain the whole concept. Therein, most of the materials are
negatively charged and ordinary carbon will give better decolorization with changes in
pH of the solution. Thus, the pH of the adsorbent itself is a basic factor, as this may
greatly influence the acidic or basic level of the liquid. Recently, studies revealed that
adsorption of metal ions on adsorbent is due to ionic force existing between them and at
lower pH values; the metals are in competition with the H* in the solution (Zhang et al.,

2019).

2.4.3.6 Effect of contact time

To a significant level, contact time influences the economic efficiency of adsorption
process as well as adsorption kinetics. Hence, representing one of the performance
governing factor affecting adsorption process (Srivastava et al., 2015). Numerous
studies have shown that adsorption efficiency of pollutant, especially metal ions
increases with increase in contact time of the adsorbent (Patel, 2019). On the contrary,
Haldorai et al. (2015) observed that there is always a reduction in adsorption efficiency
of metal ion when there is an increase in contact time from 60 to 150 min. Generally,
metal adsorptions occur in two steps and equilibrium is always achieved after which any
further adjustment in time do not show any increase in adsorption. Therefore, adsorption
rate is usually faster and the accumulations of pollutants normally occur at the initial

contact time (Banerjee and Chattopadhyaya, 2017).

2.44 Modeling and mechanism of adsorption

Batch adsorption is characterized by the adsorption equilibrium (adsorption capacity),
adsorption kinetics and the thermodynamics of the process (Romero ef al., 2016; Bai et
al., 2020). The experimental set up of this process is simple and easily reproducible

(Fan et al., 2020). The batch process is often used to adsorb solutes from liquid solution
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to be treated when adsorbent are mixed and agitated in a contacting reactor under a
period of time to enable the system reach an equilibrium. Following the resulting
solution, the mixture (slurry) would be filtered to separate the adsorbent and adsorbate
from the solution. In a solid-liquid system, batch adsorption studies employ the fact that
adsorption process leads to variation in the concentration of the solution. Thus,
adsorption isotherms are constructed in order to evaluate the concentration of adsorbate

in the medium prior and after adsorption at a fixed temperature (Naushad ef al., 2019).

As with many other process, data including adsorption equilibrium and adsorption
kinetic studies are performed using different operational parameters, which usually
involve mixing of fixed volume of contaminant solution in a closed flask, with a known
quantity of the adsorbent in controlled conditions of contact time, a known degree of
agitation, temperature range and pH of the solution. Then, the residual concentration of
the adsorbate can be determined quantitatively by using a linear regression equation

presented in Equation 2.1

_ 2.1

Where  (mg/g) is the concentration of the adsorbate per unit mass of an adsorbent at
time t, and (mg/L) are the initial feed concentration and final equilibrium
concentration respectively. V is the volume of the feed solution in ¢cm?, and m, is the
amount of the adsorbent in milligrams (mg). In view of the fact that adsorption process

can be more complex. Several adsorption equilibriums were proposed.

2.4.5 Adsorption equilibrium
Adsorption equilibrium data is the most essential piece of information required for

better understanding of an adsorption process. Therefore, adequate knowledge and
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interpretation of isotherm models are needed in optimizing the use of adsorbent, total
improvement of adsorption mechanism pathway and effective design of the process
operation (Ayawei et al., 2017). In decades, linear regression analysis has been one of
the utilized tools for describing the best fitting models because it estimates the
distributions of adsorbates, evaluates the adsorption system and verifies the consistency
of theoretical hypothesis of adsorption isotherm model (Sandoval et al., 2018). The
commonest isotherms used to describe the adsorption process in industrial wastewater
include Langmuir, Freundlich, Temkin, Halsey, Flory-Huggins and Dubinin-

Radushkevich isotherm models.

2.4.5.1 Langmuir isotherm model

The Langmuir isotherm which was primarily designed to describes monolayer
adsorption process on to a surface containing a finite number of adsorption sites, is used
to quantify and contrast the adsorptive capacity of different adsorbate (Elmorsi, 2011).
Langmuir model account for the surface coverage by balancing the rate of adsorption
and desorption (dynamic equilibrium). That is, once a site is filled up with adsorbate, no
further sorption can take place at that site. This indicates that the surfaces have reached
a saturation point where the maximum adsorption of the surface will be achieved. The
isotherm is then expressed in linear form as represented in Equation 2.2 (Da’browski,

2001).

By rearranging Equation 2.2,

111, 23
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Where is the amount (mg/g) of adsorbate per unit mass of an adsorbent at
equilibrium time,  is the equilibrium concentration of liquid after adsorption (mg/L),
and are empirical constant from Langmuir isotherm model, related to
maximum adsorption capacity (mg/g) and the heat of adsorption (dm?¥/g), and is
the maximum monolayer coverage capacities (mg/g). A plot of 1/ versus 1/  will
give a straight line graph when Langmuir isotherm fits the adsorption process with the
slope 1/ and intercept / . Inverse of the intercept will give the value of
. Langmuir isotherm is however characterized by a dimensionless constant which

is expressed as a separation factor  as shown in equation 2.5 (Ayawei et al., 2015)

1

=1 2.5
Where is Langmuir constant (mg/g) and is initial concentration of adsorbate
(mg/g), values indicates the adsorption type of Langmuir isotherm to be
unfavourable when greater than 1, irreversible when = = 0, linear when =1 and it

1s said to be favourable when 0 < <1.

2.4.5.2 Freundlich isotherm model

The Freundlich model was developed basically for adsorption process that take place on
an energetically heterogeneous surface with different adsorption sites (Ayawei et al.,
2015). This isotherm also gives an expression which describes surface heterogeneity
and experimental distribution of active sites and their energies. The linear form of

freundlich model is given in Equation 2.6
— L 2.6
By rearrangement, Equation 2.7 is obtained

= + 1/ 2.7
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Where is freundlich adsorption capacity (L/mg) and /s adsorption intensity; it
also indicates the relative distribution of the energy and heterogeneity of the adsorbate

site. By plotting the graph of , a straight line graph will be obtained such that 1,

and Log , represent the slope and intercept, respectively.

2.4.5.3 Dubinin-Radushkevich isotherm model
Dubinin Radushkevich (D-R) isotherm model is an experimental adsorption model that
is commonly used in expressing adsorption mechanism with Gaussian energy
distribution onto heterogenous surfaces (Saeidi and Parvini, 2016). This model is only
fitted for intermediate range of solute concentrations data well because it reveals
unlikely asymptotic properties and constraint of not being able to predict Henry's law at
low pressure (Ayawei ef al., 2017).
The isotherm model is a semi-emperical equation in which adsorption of gases onto
micro-porous solid material follows a pore filling mechanism (Wang and Guo, 2020).
This model assumes a multi-layer character involving a weak Van Der Waal's forces,
and it is generally applied to distinguish between chemical and physical adsorption of
metal ions. A unique property of the D-R isotherm model is that it is temperature
dependent. Thus, when a well of adsorption data are plotted at different temperatures
"as a function of logarithms" of total solute adsorbed versus the square of potential
energy, all suitable data will be fitted along the same curve, called the characteristic
curve. The (D-R) isotherm equation is expressed as follow

= (= (-»?

2.8
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Where (mg/g) is the saturation theoretical capacity, Kp-ry is Dubinin-Radushkevich

constant, representing the mean free energy of adsorption (mol2KJ?). Value of  and

Ko=) can be extrapolated from a graph of In  versus 2. is polanyi potential which

can be calculated as represented in Equation 2.10

= In(l+3) 2.10
1
= 2.11
V2 ()

Where, R is gas constant (8.314 Jmol'K™'), T is absolute temperature and E as
represented in equation 2.11, is the mean adsorption energy. If E < 8 KJmol"!, the
process is said to be physisorption, while if 8 < E < 16 KJmol"!, the results indicates that
the process is chemisorption or the adsorption process is taken by ion exchange

mechanism.

2.4.5.4 Temkin isotherm model

Temkin isotherm model is an adsorption model that explained the effect of indirect
adsorbent-adsorbate interactions. This model presumes that the change in heat of
adsorption (A ) of all molecules in the layer is likely to decrease linearly rather than
the logarithms coverage that will disregard the higher and lower concentration value.
The Temkin model is valid for an intermediate range of ion concentration (Shahbeig et

al., 2013; Al-Ghouti and Da’ana, 2020). The isotherm is expressed as

And, the linear form of Temkin isotherm model is represented in equation 2.13

= + In 2.13
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Where, b is Temkin constant which is related to the heat of adsorption (Jmol™") and Kr is
Temkin isotherm constant (Lg™), representing the equilibrium binding constant or
maximum binding energy. T is the absolute temperature and R is the universal gas
constant (8.314 JMol'K-"). A graph of g. versus gives a line with slope, , and

intercept, A

2.4.5.5 Halsey isotherm model
The Halsey Isotherm model is used generally to evaluate multi-layer adsorption of a
solute onto adsorbent material at a relatively large distance from the surface (Ayawei et

al., 2015). The adsorption isotherm can be expressed as followed in equation 2.14

== — 2.14
and, the linear form is given by equation 2.15

——— -1 2.15
Where, and are Halsey isotherm constant and they can be obtained from the

slope and intercept of the plot of In against

2.4.5.6 Flory-Huggins isotherm model

Flory-Huggins isotherm model is an empirical model that describes the degree of
surface coverage properties of adsorbate on adsorbent. This model can also express the
feasibility of an adsorption process as well as the spontaneity of the surface coverage.

The linear form of the Flory-Huggins equation is expressed as follow in Equation 2.16

—= + a-) 2.16
Where, =(1— / ) isthe degree of surface coverage, is number of adsorbates
occupying adsorption sites, is Flory-Huggins equilibrium constant ( 1) and it

is used to calculate spontaneity Gibb's free energy as shown in Equation 2.17
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A° = 2.17
Where, A ° is standard free energy change, is absolute temperature, and  is universal

gas constant (8.314 Jmol'K™).

2.4.6 Adsorption Kinetics

For accurate measures of adsorption mechanism and the rate limiting steps, the
knowledge about kinetic models is of utmost importance to select optimum parameters
for the design of full scale batch process (Zhang et al., 2018). In past few years, several
models have been used by researchers to determine the models best fitted for
experimental data obtained (Largitte and Pasquier, 2016). It is well known that there are
steps in a solid-liquid interface adsorption viz-a-viz: migration of molecular species or
ions from the bulk of solution to the material surface (Bulk diffusion), the molecule
diffuses through the outer layer to the surface of the material (film diffusion); the ion
then diffuses from the surface to the interior of the particle (pore diffusion, interparticle
diffusion); and lastly, the molecules make contact with the active sites on the surface of
the material (physical and chemical adsorption).

In essence, adsorption kinetics measure the rate of uptake caused during accumulation
of adsorbate material with respect to time at a constant concentration and it is used to
estimate the difussion of adsorbate in the pores of adsorbent (Banerjee and
Chattopaadhyaya, 2017). Kinetic models explain the rate at which an adsorbate is
retained or release from aqueous media to solid-phase interphase at a particular dosage,
temperature, pH and contact time (Al-Saidi et al., 2016). Among these kinetic models,
three most widely used models including pseudo-first-order model, pseudo-second-

order model and intra-particle diffusion model are summarized below.

2.4.6.1 Pseudo-first-order kinetic model
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This model is represented in the linear form described by Equation 2.18

()= ()~ 2.18
Where:  is the concentration of adsorbate adsorbed per unit mass of adsorbent (mg/g)
at a particular time, while  is the concentration of adsorbate adsorbed per unit mass of
adsorbent at equilibrium. is the rate constant of first order sorption (). The plot

of ( )against gives ( )and as intercept and slope respectively.

2.4.6.2 Pseudo-second-order kinetic model

This kinetic model is given in Equation 2.19, where = (mg/g) and  (mg/g) are the
amount of contaminants adsorbed at time t and equilibrium, respectively; , is the
equilibrium rate constant of pseudo-second-order adsorption (g/mg.min). The
parameters , and  can be obtained directly from the slope and intercept of the linear

plotof / versus .

= + — 2.19

2.4.6.3 Intra-particle diffusion model

This kinetic model explains the diffusion mechanism of adsorption process. In a batch
system involving rapid stirring, there is a prospect that the migration of adsorbate from
aqueous solution into the bulk of the adsorbent is the rate controlling step. This prospect
was verified in terms of a graphical relationship between the amount of contaminant
adsorbed and the square root of time. According to the intra-particle diffusion model
proposed by Weber and Moris (1963), the initial rate of diffusion model is represented

in Equation 2.20.

= Yy 2.20
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Where is the amount of contaminant on the surface of the adsorbent at time (mg/g);

is the intercept (mg/g), is the intra-particle diffusion rate constant (mg/g min'/?)

and is the time (min). However, a plot of  against “2 should be in a straight line
when adsorption mechanism obeys the intra-particle diffusion process. But, if otherwise,
it implies that intra-particle diffusion along with other models may control the

adsorption rate.

2.4.7 Thermodynamic studies
The study on the effect of temperature provides additional information as regards the
thermodynamic parameters such as change in standard Gibb’s free enegy (AG°),
enthalpy (AH®) and entropy (AS°). The AG® was determined by the relation in Equation
2.21 as recommended by Liu and Liu. (2008).
AG =-— 2.21
R, denotes the gas constant (KJ/mol), T is the absolute temperature, and K. represents
the apparent equilibrium constant of the adsorption process, which was calculated at
temperature interval using the relationship in equation (2.22)

=/ 2.22
Where, (mg/g) is the equilibrium concentrations of metal ions on adsorbents
(adsorption amount), and  is equilibrium of metal ion concentration (mg/g) in solution.

Van’t Hoff equation was used to evaluate the change in enthalpy (AH°) and entropy

(AS®) from the slope and intercept of the plot of against 1/  as represented in
Equation 2.23
=A — A 2.23

On substituting Equation (2.23) into Equation (2.21), the Equation is given as

Lnk =—2¢ :A——A—H 2.24
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The plot of as a function of 1/ yields a straight line graph, from which
thermodynamic parameters (AH® and AS°) were calculated by the slope and intercept,

respectively.

2.5 Nano-adsorbents in wastewater treatment

Several physicochemical techniques including adsorption technology have been used for
the treatment of wastewater and different results have been reported (Agboola et al.,
2020). However, nano-adsorbents are fast emerging as effective candidates for
wastewater treatment in place of conventional technologies which, notwithstanding their
efficacy are time consuming (Amin and Chetpattananondh, 2019).

The removal of pollutants from wastewater using nanomaterial has received
considerable attention due to the large surface area and availability of active sites
(Madima et al., 2020). The limitation of using nanomaterial for water treatment is in the
aggregation of nanomaterial and toxicity issue. This can be overcomed by incorporating
different nanomaterials with less toxic properties to form a composite with an improved
adsorptive capacity. The immobilized nanocomposites with fascinating properties are
usually stable and effective when used as an adsorbent in wastewater treatment
technology. Thus, these adsorbent materials (nano-adsorbents) can be substituted for
conventional materials that require more raw materials and is more energy demanding
(Bhattacharya et al., 2013). Therefore, employing green chemistry principle in
fabrication or manipulation of these nano-adsorbents can leads to a great reduction in

the use of hazardous chemical for their synthesis.

2.5.1 Silver and palladium nanoparticle (AgNPs and PdNPs)
Earlier before now, silver ion and silver based compounds are among the recognized

antimicrobial agent in 1000 BCE because of their medicinal importance and they have
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been applied successfully as an efficient health additive in Chinese and Indian Ayurveda
medicine (Deshmukh et al., 2019). The choice of silver in this study is due to its multi-
functional properties as a potent disinfectant (Deshmukh et al., 2019). Its nitrate form
has been used for antimicrobial actions long time ago, but recently, nano-based silver

(as in silver nanoparticles) has proven to be more efficient in antimicrobial action.

Silver nanoparticles (AgNPs) are highly toxic to microorganisms with strong
antibacterial activity against a wide range of microorganisms, including viruses
(Borrego et al., 2016), bacteria (Kalhapure et al., 2015, Suryawanshi et al., 2018) and
fungi (Krishnaraj et al., 2012). This is because of its physicochemical properties in
which larger surface area to volume ratio bring about higher surface exposure to the
microbes which resulted to a better antimicrobial activity. Furthermore, the exceptional
features such as size, shape, phases play an important role in bacterial inactivation or
killing of bacteria. These properties of AgNPs justify its foremost application as an
effective environmental disinfectant. Hitherto, AgNPs also play a fundamental role in
water and wastewater purification, but its direct application might cause some problems
such as their tendency to aggregate in aqueous media that gradually reduce their

efficacy during long term usage (Li and Lenhart, 2012).

Wolska and Grudniak (2020). examined the bactericide effects of AgNPs on
Staphylococcus aureus, Pseudomona aeruginosa, Escherichia coli, Bacillus cereus,
Listeria innocua and Salmonella choleraesuis bacteria due to its higher toxic effect to
their cells. The mechanisms of its action (AgNPs) are not clearly known and still remain
under debate (Lu et al., 2016). Several theories have been put forward to explain the
mechanistic action of AgNPs in combating microorganisms and literature search

revealed that AgNPs possess broad scope to improve efficiently by optimizing its
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physicochemical parameters, which could results to greater binding capacity or
capability to adhere to bacterial cell wall, and subsequently penetrate the wall. These
penetrations can therefore leads to structural changes of the cell membrane and thus
increase the permeability of the AgNPs (Ahmed ef al., 2018). As soon as the AgNPs are
in contact with the bacteria cell, free radicals can be generated and these could lead to
killing of the cells or possess the ability to damage the cells (Pandey et al., 2014). In
addition, the effect of AgNPs incorporated onto polyethersulfone (PES) microfiltration
membrane had also been investigated by Ferreira et al. (2015). They highlighted that
microorganisms near the membrane were suppressed remarkably. Thus, their findings
revealed that PES-AgNPs membrane exhibited strong antibacterial properties and can
be applicable for water purification.

Palladium nanoparticles (PANPs) are also effective in catalysing a variety of reactions,
such as denitrification and azo dye reduction (Johnson et al., 2013). Palladium
nanoparticle have been reported to improve the degradation ability of anaerobic granular
sludge towards the iodinated contrast media “iohexol” (these compound are
metabolically stable in wastewater body), that can hardly be degraded in conventional

biologically wastewater treatment technology.

Commonly, metallic nanoparticles are often fabricated using chemical methods with lots
of chemicals under harsh conditions. However, preparation through green synthesis
route is regarded as a primary and environmentally friendly method as it uses non toxic
chemicals as reducing and stabilizing agents. Unlike nanoparticle prepared using
chemical methods, which are usually not stable, easily aggregate with activated sludge

and influences toxic chemical sludge (Gurunathan and Kim, 2016; Zhou et al., 2015).
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The metallic nanoparticles formed by green route are in good dispersion and more stable

(Hennebel et al., 2011).

2.5.2 Synthesis method of nanoparticles
Metallic nanoparticle is basically synthesized using three different approaches, such as

physical, chemical and biochemical (Green Chemistry) methods (Zhang et al., 2016).

2.5.2.1 Physical synthesis approach

In physical processes, nanoparticles are usually synthesized by evaporation-
condensation, which could be carried out using a furnace at atmospheric pressure (Kruis
et al., 2000; Zhang et al., 2016). Conventional physical methods including spark
discharging and pyrolysis were used for the preparation of AgNPs (Tien et al., 2008).
Nanoparticles of various materials, such as Ag, Au, PbS and fullerence, have previously
been synthesized using the evaporation-condensation methods (Natsuki et al., 2015).
Jung et al., (2006) reported the synthesis of Ag nanoparticles via cube-furnace
evaporation-condensation method using a small ceramic heater with a local heating area.
The Ag nanoparticles formed are spherical and well dispersed. The advantage of
physical methods are speed, radiation used as reducing agents, and no hazardous
chemical involved, but has several drawbacks such as low yields and high energy
consumption needed to raise the environmental temperature around the source material,
solvent contamination, and lack of uniform distribution (Shameli ef al., 2010; Elsupikhe
et al., 2015). However, this process requires significant time to establish thermal

stability.

2.5.2.2 Chemical synthesis approach
40



In chemical synthesis approach, chemical reduction methods (inorganic or organic
solvents) are generally used for the preparation of silver nanoparticles. This synthesis
method includes a hydrothermal method (Zou et al., 2007), sonochemical method (Liu
et al., 2004), electrochemical method (Rodrigues-Sanchez et al., 2000), microwave
assisted method (Yin et al., 2004), sol-gel method (Zhang et al., 2014) and wet
chemical method (Panigrahi et al., 2006). The most common approach for synthesis of
metallic nanoparticle is the wet chemical method, using organic and inorganic reducing
agents for the reduction of metallic salt, forming a nucleus and the growth of the
nucleus to a particle is usually controlled by capping agents which also prevents

aggregation by steric hindrance or electrostatic repulsion.

In the course of preparing silver and palladium nanoparticles with controlled size and
shapes, the precursor salts mixed with suitable solvents and capping agent is used to
control the morphology to form well dispersed nanoparticle. This often prevents
agglomeration and lead to the subsequent formation of the nanoparticles (Bhosale and
Bhanage, 2015). Many researchers have reported the synthesis of silver nanoparticles
with various size and morphology using different capping agents and reducing agents.
Capping agent such as polyvinyl alcohol (Zielinska et al., 2009) and cetyl trimethyl
ammonium bromide (CTAB) (Lee et al., 2004) are usually employed to bind the surface
of nanoparticles and avoid their agglomeration. Various reducing agents used include
sodium citrate, sodium borohydride, hydrazine hydrate, formaldehyde, elemental

hydrogen, and dextrose among others.

2.5.2.3 Green chemistry approach
To overcome the shortcomings of chemical methods, biochemical methods have

emerged as a viable option. In recent years, biochemical mediated synthesis of
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nanoparticles have been shown to be simple, cost effective, dependable and
environmentally friendly. Thus, much attention has been given to the high yield of
production of metallic nanoparticle of defined size. Using various biological systems
including bacteria, fungi, plant extracts and biomolecules like vitamins and amino acids
is an alternative method to chemical synthesis methods (Gurunathan et al., 2014;
Gurunathan and Kim., 2016).

The metallic salt, reducing agent and capping agent are important components in
chemical approach for synthesis of nanoparticles. However, the reducing, capping or
stabilizing agents can be obtained from natural sources such as plant extracts and
subsequently used in the synthesis of metallic nanoparticles of desired size and shape
(Abdelghany et al., 2018). More recently, several plant extracts have been emerged as
novel resources for their ability to produce safe and non-toxic nanoparticles
(Saminathan, 2015; Divya et al., 2016). For instance, Francis et al. (2017) reported the
synthesis of silver nanoparticle via micro-wave assisted method. Leaf extract of
Elephantopus scaber was employed for the fabrication of spherical silver nanoparticle

in their study.

2.5.3 Phytochemical constituents of plant extract

Chemical substances mainly produced by plants are generally refers to phytochemicals
and these substances possess biological activity. In the field of nanotechnology, plants
remain the potential source to obtain various secondary active metabolites (Mohamad et
al., 2013). Using their extracts in biochemical synthesis of various nanomaterials, they
exhibit important functional groups such as hydroxyl and carboxylic groups containing
compounds, which could perform the role of reducing agent as well as stabilizing agent.

Basically, most plant contains secondary metabolites (such as phenolic compounds,
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vitamins, nitrogen compound, terpenoids, reducing sugar) that are rich in free radical
scavenging molecules and some others that are very rich in antioxidants activity (Salam
et al., 2014). However, in attempt to synthesize metallic nanoparticle that is free of toxic
by-product, the synthesis procedures need to be carried out under appropriate
temperature in an aqueous medium and thus, its worthy to be considered as a green

process.

Recently, researchers have centered on plant-oriented nanoparticle synthesis due to its
numerous advantages over conventional synthesis methods (Zohra et al., 2019). Amin et
al. (2012) revealed that plant reduction mechanism is a factor in controlling the size of
nanomaterial as well as its stability. With respect to that, aqueous extract of plant
material are usually analysed quantitatively for their chemical constituents and phenolic
compounds have been reported to be the most common metabolites present in all plants
(Mohamad et al., 2013). Plant extract is considered as a cost effective approach since its
preparation involved the use of agro-waste such as leave, roots, fruit peels and flowers.
These natural resources can be employed either as a fresh or dried materials. However,
it has been reported by Naithani et al. (2006) that phytochemicals and antioxidant
content of plant material reduces when dried either directly under sunlight (Gopinath et
al., 2012) or at room temperature (Mittal et al., 2013). Both methods reduce cost, but
they require days or hours to dry the plant materials completely. On the contrary, Mohd
et al. (2009) evidenced that samples dried with freeze-dryer was the pre-eminent

method so as to preserve the content of reducing agents concurrently.

All the same, the types of solvent used during extraction significantly determine the
quantity of reducing agents extracted. The extraction process generally involves

dispersing the plant material in water under constant agitation. Other possible extraction
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can involve the use of organic solvent mainly ethanol or methanol, but, extraction done
by aqua media is more favorable due to its simplicity since the aqueous extraction
would be free of contamination from solvent. Also, Yu ef al. (2012) shows that the
concentration of the extract increase as the temperature increases from 60 to 80 , and
when the temperature is elevated to 90 , there is no significant increase in the
antioxidants content. Thus, it implies that antioxidants degraded as the temperature
increased. This trend is confirmed by Michiels ez al. (2012) who reported that too much
heat destroyed the cell wall which helps in the release of antioxidants. Hence, it is
necessary to control the degree of hotness to a moderate temperature during the

preparation of plant extracts so as to achieve optimum yield.

2.5.4 Carbon nanotubes

In 1991, the Japanese researcher S. Iijima discovered carbon nanotubes (Iijima, 1991).
They are allotropes of carbon that are composed of cylindrical graphite sheets rolled up
in a tube-like structure (Mojica et al., 2013). Carbon Nanotubes (CNTs) have attracted
great interest as an emerging adsorbent due to their unique properties. With an
extremely large specific surface area and abundant porous structures, CNTs possess
exceptional adsorption capabilities and high adsorption efficiencies for numerous kinds
of contaminants, such as dichlorobenzene, ethyl benzene (Peng et al., 2003), Zn**, (Cho
et al., 2010), Pb**, Cu?*, and Cd*" (Li et al., 2003), and dyes (Madrakian et al., 2011).
Carbon nanotubes may vary in length, diameter, chirality (symmetry of the rolled
graphite sheet), and the number of layers (Mohamed and Shawky, 2018). They may be
classified into two main groups according to their structure: single-walled nanotubes
(SWCNTs) and multi-walled nanotubes (MWCNTs). CNTs that are composed of a

single graphene sheet are termed as single-walled carbon nanotubes (SWCNTs).
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Conversely, multilayers of graphene sheets are known as multi-walled carbon nanotubes

(Liu et al., 2019).

Over the years, both MWCNTs (Madrakian et al., 2011) and SWCNTs (Yang et al.,
2005) have been applied for the removal of contaminants in water. However,
researchers have attributed the antimicrobial effects of CNTs to their unique physical,
cytotoxic, and surface functionalizing properties (Upadhyayula et al., 2009), their
fibrous shape (Kang et al., 2008), the size and length of the tubes, and number of layers
(Li., 2008). The mechanisms of killing bacteria by CNTs are also due to the production
of oxidative stress, disturbances to cell membrane, and so forth (Vecitis et al., 2010).
Although single-walled CNTs are more detrimental against microorganisms than
multiwalled CNTs (Kang et al., 2008) and dispersivity of CNTs is a more important
parameter than length (Arias and Yang, 2009). In addition to their high sorption
capacities (Amin ef al., 2014), many researchers observed an extremely high adsorption

rate of bacteria by single-walled CNTs,

To improve the adsorption, mechanical, optical, and electrical properties of carbon
nanotubes, they are often combined with other metallic nanoparticles (Ray and Shipley,
2015). The functionalization increases the number of hydroxyl, carbonyl, amine or other
groups on the surface of CNTs, enhancing their dispersibility, and thus improves
specific surface area (Adeleye et al., 2016). For example, a study using CNTs as a
support for magnetic iron oxide has been reported by Gupta ef al. (2016), who combine
the adsorption properties of CNTs with the magnetic properties of iron oxide. A
“composite” adsorbent was prepared to remove chromium from water. Apart from
owning excellent adsorption properties, the “composite” adsorbent can be easily

separated from water via an external magnetic field (Song et al., 2019).
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2.5.5 Synthesis method of carbon nanotubes

For the synthesis of CNTs, various methods can be utilized to fabricate CNTs of desired
properties that are required for a specific application (Rahman et al., 2019). Generally,
those preferred methods for the synthesis of CNTs with less structural and chemical
imperfection includes, arc discharge, laser ablation, and chemical vapour deposition
(CVD) (Rahman et al., 2019). Laser ablation process is technically similar to the arc
discharge method (both using high temperature preparation techniques). The difference
between these two methods is in the quality and purity of the obtained products.
However, the arc discharge and the different types of CVD are the most promising
techniques in the large scale production of carbon nanotubes and related nanomaterial
(Rajaura et al., 2019). Nonetheless, the CVD been the most utilized methods have
replaced high temperature preparation techniques (arc discharge method) since the
orientation, alignment, nanotube length, diameter, purity and density of CNTs can be
precisely controlled in the former (low temperature preparation method by CVD) (Xu et

al., 2017)

2.5.5.1 Chemical vapour deposition (CVD)

While the arc discharge method is capable of producing large quantity of unpurified
nanotubes, significant efforts is being directed towards production processes that offer
more controllable routes to the production of carbon nanotubes. A class of processes
that seems to offer the best chance to obtain a controllable process for the selective
production of nanotubes with predefined properties is a chemical vapour deposition
(CVD) (Herrera-

Ramirez et al., 2019). CNTs can be grown on a variety of materials by the CVD

approach and this make it viable to participate in ongoing processes for manufacturing
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materials that can be useful in wastewater treatment technologies (Rahman ez al., 2019).
This method can be further classified into various types including catalytic chemical
vapour deposition (CCVD) (either thermal or plasma enhanced (PE)) which is now the
standard method for the CNTs production (Rahman et al., 2019). Other CVD techniques
are microwaves plasma-enhanced CVD, (MPECVD) (Brown et al., 2011). Hot filament
(HFCVD) (Prasek et al., 2011) or oxygen-assisted CVD (Byon et al., 2007; Prasek et al.,

2011) and radio-frequency CVD.

Catalyst and
Carbon source

Gas Substrates
flow ¥ with catalyst
[—1 Nmofibars
or nanotubes
(a) Horizontal Furnace {b) Vertical furnace

Figure 2.2: Schematic Demonstration of CVD Method (a) Horizontal Furnace. (b)
Vertical Furnace.

Catalytic chemical vapour deposition (CCVD) is considered to be a low cost viable
process for large scale and high quality CNTs production and integration compared with
other synthesis methods. The main advantages of CVD are easy control of the reaction
course and high purity of the obtained material (Zhu ef al., 2007). In general, chemical
vapour deposition is the catalytic decomposition of hydrocarbon gas or carbon
monoxide feedstock with the aid of support transition metal catalyst (Szabo et al., 2010).
The experiment is basically performed at atmospheric pressure in a flow furnace. There

are two types of furnace modality, one in which there is horizontal configuration and in
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another, there 1is vertical configuration. Figure 2.2 represent the schematic

demonstration of CVD method.

On application, the horizontal configuration is the most popular and the catalyst is
usually placed in the ceramics or quartz boat which is put into a quartz tube. The
reaction mixture consists of an inert hydrocarbon and a source of hydrocarbon is passed
over the catalyst bed at temperature range of 500 to 1000 °C. The system temperature is
cooled to room temperature afterwards. Nonetheless, the vertical configuration is
usually implemented in the sustained mass production of carbon nanotubes or carbon
fibres. The catalyst and carbon source are both introduced at the top of the furnace and
the resultant filaments build up during the flight, thereby accumulated at the lower

portion of the chamber (Szab6 et al., 2010; Rahman ef al., 2019).

The characteristics of CNTs produced by the CVD techniques is dependent on the
working parameters namely, the temperature and the operation pressure, the type,
volume and concentration of hydrocarbon source, the nature, size and the reaction time
(Puett et al., 2019). By varying the active particles on the surface of the catalyst, the
diameter of the nanotubes can be controlled. Commonly used metal catalysts include Ni,
Co, Fe or their combination, as Ni-Y, Fe-Ni, Co-Ni and others (Eatemadi et al., 2014).
While regarding carbon source, the most favoured in CVD are hydrocarbon like CH4
acetylene, ethane, ethylene, Xylene, or eventually their mixture, ethanol, or isobutene.
The length of the nanotube synthesized via CCVD depend on reaction time and are
generally longer than those obtained by other methods and even up to 60mm long tubes

can be produced (Szabd et al., 2010).

2.5.6 Nanocomposites
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A composite is defined as a combination of two or more materials with different
physical and chemical properties and distinguishable interface (Mishra, 2014). In view
of this, combining two or more different nanomaterials resulted to hybrid
nanocomposites (Tepeli and Anik, 2016). However, the preparation methods of
nanocomposites is challenging due to the control of elemental composition and
stoichiometry in the nanophase. As such, the development of an efficient method to
produce multi-functional nanocomposites with an appropriate structure is highly
required in nanotechnology in order to investigate the full potential of their structural
properties and composition of the synthesized products. Also, production of
nanocomposites is vital to be able to examine and evaluate their possible technological

usage in various field of study.

Nevertheless, nanocomposites have attracted many researchers and industry because of
their potential multi-functional properties from both the nanomaterials and the host
materials matrix (Uma et al., 2020). Their unique properties are not depicted by any of
the constituent materials (Khan et al., 2016). Typically, the constituent that is present in
greater amount is known as the matrix, while the material that is embedded into the
matrix in order to improve the mechanical properties of the composites is called
reinforcement (or nanomaterials). In general, nanocomposites possess anisotropy
properties (properties are directionally dependent) which indicates the distinct property
of constituents and inhomogenous distribution of the re-inforcement (Celik et al., 2016).
These properties touted many researchers to develop interest in nanocomposite material
because of its expectation of intense improvements in properties in such areas like
sciences, drug delivery, fuel cell reactors, energy storage and wastewater remediation.

Nanocomposites are classified based on the types of reinforcement materials
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(nanomaterials) and the matrix material used in their modification (Khan et al., 2016).
Based on the types of matrix material, they are grouped into three different classes, Viz;
polymer matrix nanocomposites, ceramic matrix nanocomposites and metal matrix

nanocomposites.

2.5.7 Functionalization/Preparation of metal matrix nanocomposites

Metal matrix nanocomposite are materials reinforced by metallic nanoparticles
(Moghadam et al., 2015). These composites can be made up of metal or alloy matrix
filled with nanoparticles, and display physico-chemical and mechanical properties that
is totally different from those of matrix and/or constituent material (Malaki et al., 2019).
The nanoparticles are generally implanted to improve wear resistance, mechanical
properties as well as damping characteristics and give superior properties to the newly
produced composite material. In addition to this, nanoparticles act as a barrier in
dislocation movement and thus improve in the mechanical properties. Owing to their
improved properties due to nanoparticle embedment, researchers have made many
attempts to uniformly and homogeneously dispersed carbon based nanomaterial into

metal matrix by different methods (Hu et al., 2016).

On the basis of numerous studies, much progress has been made throughout the world
on different synthesis methods of these nanocomposites. For instance, earlier reports by
Lingamdinne (2019) stated that nanocomposite can be synthesized through 3 routes
which includes hydrothermal method, ultrasonic-sonochemical method or the
microwave method (Lingamdinne, 2019). This section briefly introduce and explain the

ultrasonic-sonochemical method used in this study. Basically, the method is employed
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to prevent agglomeration, improve the dispersion and reduce the size of material. The
framework of this method is the generation of ultrasounds using a titanium horn that can
serve to reduce the van-der-waals forces in the prepared nanoparticle by ultra-sound
irradiation (Peng et al., 2015). In respect to this method, Granbohm et al. (2017) have
successfully prepared graphene oxide-Titanium-dioxide-silver nanocomposites (GO-
TiO2-Ag) by sonication of a mixture of graphene oxide solution (GO), Titanium oxide
nanorod (TiO) and silver nanoparticles.The result obtained from this study showed that
a novel nanocomposites (GO-TiO>-Ag) were produced and this was used for high

performance water purification and decontamination under solar irradiation.

In recent studies, the ultrasonic sonochemical method was also used for the preparation
of nanocomposites such as Pd/Pt/carbon nanotubes nanocomposite (Yang et al., 2016),
unzipped MWCNTs/TiOznanocomposites (Krishnaveni et al., 2020), starch/ MWCNTs-
glucose nanocomposite (Mallakpour, 2018) and poly(methylmethacrylate)/magnetite
nanocomposites (Poddar ez al., 2018). Hence, further research need to be conducted in
order to explore the full potential of nanocomposites in wastewater treatment
technology. The treatment technology therefore calls for a non-toxic, long term stable
and effective nanocomposite materials for its applicability.

Table 2.2: Wastewater treatment using CNTs

Author (s) Title Knowledge Gap

Daoush and Synthesis of Multi-walled
Hong. (2013)  carbon nanotubes/silver
nanoparticle ~ powders by
chemiacal reduction in aqueous

solution

The limitation of the study showed
that green synthesis method was not
employed in the preparation of Ag
nanoparticle, CCVD was not used in

the synthesis of CNT and co-doping of
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Larrude et al.

(2014)

Babaei et al.

(2015)

Dinh

(2015)

et

al.

Synthesis and Characterization

of Silver nanoparticle-

Multiwalled Carbon

Nanotubes Composites.

Nitrate removal from aqueous

solution using CNTs

magnetized by zerovalent iron.

Water-dispersible silver
nanoparticles-decorated carbon
nanomaterials: Synthesis and
enhanced antimicrobial

activity.

bi-metallic substrate onto CNTs was
not done. The performance evaluation
of the developed nano-adsorbents on
real environmental wastewater was not
done.

CNTs were not produced via CCVD
methods, green method was not used
for the synthesis of AgNPs and Co-
doping of metallic nanoparticle on
CNTs was not done

The limitation of the research revealed
that co-doping of bi-metallic substrate
onto CNTs was not done, green
synthesis method was not used for the
of and

preparation AgNPs

performance  evaluation of the
developed nano-adsorbent on the real
environmental wastewater was not
done.

The limitation of the study showed
that green synthesis method was not
employed in the preparation of Ag

nanoparticle, CCVD was not used in

the synthesis of CNT and co-doping of
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Sahebian er The decoration of multi-walled
al., (2016) carbon nanotubes with nickel
oxide nanoparticles  using

chemical method

Aliyu et al., Synthesize multi-walled carbon
(2017) nanotubes via catalytic
chemical vapour deposition
method on Fe-Ni bimetallic

catalyst supported on kaolin.

bi-metallic substrate onto CNTs was
not done. Also, the performance
evaluation of the developed nano-
adsorbents on real environmental
wastewater was not done.

The limitation of the study showed
that green method was not employed
in nanoparticle synthesis, CCVD was
not used in the synthesis of CNT and
co-doping of bi-metallic substrate onto
CNTs was not done. The performance
evaluation of the developed nano-
adsorbents on real environmental
wastewater was not done.

The research failed to incorporate
metallic substrate onto CNTs. Not
only that, the Pd/Ag/CNTs was not

capped with polymer

2.6 Characterization Techniques

2.6.1 UV-visible spectroscopy

UV-Vis spectroscopy is the most important technique and simplest way to confirm the

formation of nanoparticles. It is based on the absorption of ultrioviolet light or visible

light by chemical compounds, which results in the production of distinct spectra. When
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the sample absorbs light, the electron present in it undergoes excitation thus enabling
the electron to jump from ground state to excited state. The difference in the energies of
the ground state and the excited state of the electron is always equal to the amount of
ultraviolet radiation absorbed by it. Many reviewed literature reported characterization
of various nanomaterial using UV-Visible spectroscopy. Singh et al. (2015) reported
that biosynthesis of silver nanoparticles by plant crude extracts of Emblica officinalis,
Terminalia catappa and Eucalyptus hybrida was observed upon addition of the extract
into the flask containing the aqueous silver nitrate solution. The colour of the medium

changed to brown within 2 minutes which indicate the formation of silver nanoparticles.

2.6.2 X-ray diffraction

X-ray diffraction (XRD) is a primary tool for probing structure of nanomaterial (Sharma
et al., 2012). It offers unparalleled accuracy in the measurement of atomic spacing and it
is the techniques of choice for determining strain stress in the films (Mohan and
Renjanadevi, 2016). X-ray diffraction of nanomaterials provide a wealth of information,
that is, from phase composition to crystal in size, from lattice strain to crystallographic

orientation.

2.6.3 High resolution scanning electron microscopy

Recently, the field of nanoscience and nanotechnology has provided a driving force in
the development of various high-resolution microscopy techniques in order to learn
more about nanomaterials using a beam of highly energetic electrons to probe objects on
a very fine scale (Zhao et al., 2015). Among various electron microscopy techniques,
SEM is a surface imaging method, fully capable of resolving different particle sizes,
size distributions, nanomaterial shapes, and the surface morphology of the synthesized

particles at the micro and nanoscales (Lin et al., 2014). Using SEM, it is possible to
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probe the morphology of particles and derive a histogram from the images either by
measuring and counting the particles manually, or by using specific software (Fissan et
al., 2014). The combination of SEM with energy-dispersive X-ray spectroscopy (EDX)
can be used to examine silver powder morphology and also conduct chemical
composition analysis. The limitation of SEM is that it is not able to resolve the internal
structure, but it can provide valuable information regarding the purity and the degree of
particle aggregation (Zhang et al., 2016). The modern high-resolution SEM is able to

identify the morphology of nanoparticles below the level of 10 nm.

2.6.4 High resolution transmission electron microscopy

The transmission electron microscope (TEM) operates on the same basic principles as
the light microscope but uses electrons instead of light (Emam-Ismail et al., 2019).
TEM use electron as "light source" and their much lower wavelength make it possible to
get a resolution a thousand times better than that with a light microscope. With the help
of TEM, object can be seen in the order of a few angstroms (10-'° m). It can be used to
obtain quantitative measures of particle and/or grain size, size distribution, and
morphology (Cater and Williams, 2016). The magnification of TEM 1is mainly
determined by the ratio of the distance between the objective lens and the specimen and
the distance between objective lens and its image plane (Carter and Williams, 2016).
TEM has two advantages over SEM: it can provide better spatial resolution and the
capability for additional analytical measurements (Fissan et al., 2014). The
disadvantages include a required high vacuum, thin sample section (Zhang et al., 2016)
and the vital aspect of TEM is that sample preparation is time consuming. Therefore,
sample preparation is extremely important in order to obtain the highest-quality images

possible.
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High resolution transmission electron microscopy is an imaging mode of the
transmission electron microscope that allows the imaging of the crystallographic
structure of a sample at an atomic scale. HRTEM has been widely and effectively used
for analysis of crystal structures and lattice imperfections to study nanoscale properties

of crystalline material such as semiconductors and metals (Pathak et al., 2013).

2.6.5 Energy dispersive spectroscopy

Energy dispersive spectroscopy is a techniques used to study the elemental composition
in a reaction mixture (Zhang et al., 2016). EDS system are typically integrated into
scanning electron microscopy. Kaviya et al. (2011) reported EDX spectrum reveals
strong signals in the silver region and confirm the formation of AgNPs. Metallic silver
nanocrystals generally show typical optical absorption peak appropriately at 3kev due to
surface plasmon resonance. It was shown that silver (Ag 55.08%) was the major
constituent element compared to chloride (44.92%). The energy dispersive spectroscopy
(EDX) data showed very strong silver and weak signals of chlorides and carbon peaks,
which indicate the reduction of silver ions to elemental silver possibly originated from
the molecules attached to the surface of the AgNPs. The dense peak of silver strongly

confirmed the reduction of silver nitrate to silver nanoparticles.

2.6.6 Brunauer-Emmett-Teller

The Brunauer-Emmett-Teller (BET) method has been employed extensively to
characterize the specific surface areas of porous materials (Tian and Wu, 2018). The
fundamental theory is associated with the adsorption of a gas on the material’s surface.
This phenomenon is caused by van der Waals forces that are created by a film of the
adsorbate, which consists of atoms, ions, or molecules on the surface of a substance that

adsorbs these particles (Ambroz et al., 2018). The process of adsorption can be physical
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or chemical (Bardestani ef al., 2019). While the physical process is related to van der
Waals forces, the chemical adsorption process is due to the reaction between the solid
and the adsorbate (gas). The amount of the adsorbed gas on the adsorbent material can
be correlated with its surface area. However, the BET method works best for adsorbents
with large pores because it assumes uniform adsorption of gas molecules on a flat
surface without lateral interactions (Bardestani et al., 2019). For microporous materials
(pore size less than 2 nm), recent experimental and computational investigations
indicated that the BET analysis describes only an apparent “surface area” instead of the

true geometrically accessible area.
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CHAPTER THREE
3.0 MATERIALS AND METHODS
3.1 Materials, Reagents and Equipments
This section provides detailed description of the experimental procedures used to
generate the data needed to achieve the outlined aim and objectives of the study. It also
sets out the materials, as well as the analytical characterization techniques that were

employed in this study.

3.1.1 Equipments/apparatus
The lists of equipment and apparatus used in this study are provided in Table 3.1, while
the lists of chemicals/reagents used in this study are shown in Table 3.2 with their

percentage purity and suppliers.

3.1.2 Collection of plant materials, Kaolin and industrial animal feed processing
wastewater

Fresh plant sample of Ageratum conyzoides (Goat weed) were collected from Offa
Local Government of Kwara State, North-central part of Nigeria. The leaves were
separated from the stalks. Banana and plantain peels were obtained from Kure market
Minna, Niger State. The plant materials were washed with distilled water and air-dried
to remove residual debris. Portion of the plant materials were placed in a freeze dryer
for about 72 h until all moisture was removed. The samples were freeze dried to
preserve the phytochemicals and prevents the growth of microbes. Kaolin was collected
from Gbako Local Government of Niger State, Nigeria. It was ensured that there were

no further pretreatment before usage.
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Table 3.1: List of equipment/apparatus

Instruments Model Manufacturer Location/Source
Thermostat Oven  Gallenkamp Gallenkamp, UK Chemistry Lab, FUT
MINNA
Magnetic Stirrer 7T8HW-1 Gallenkamp, UK STEP B, FUT
MINNA
Sieves (150 um) ASTM No. 100 Interlabs, Seithi Geology Lab, FUT
MINNA
Centrifuge - Gallenkamp, England ~ STEP B FUT,
MINNA
Conductivity Kent EIL 5013 England Niger State River
Meter
Basin
Turbidity Meter WT3020 Wagtech, Singapore Niger State River
Basin
Dissolved Oxygen Multi 3420 SET G, Germany Niger State River
Meter
Basin
Catalytic  vapour XD 1200NT VACUTEC, South STEP B FUT,
depositor
Africa MINNA
Ultrasonicator SB25-12DT Scientz, China Mechatronic Lab,
FUT MINNA
UV-Vis Shimadzu UV-  England STEP B FUT,
spectrophotometer 1800 MINNA
High resolution Zeiss Auriga England University of Western

scanning electron
microscope

High resolution
Transmission
electron

Zeiss Auriga

FEI, Netherland

cape, South-Africa

University of Western
cape, South-Africa
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microscope

XRD (X-ray BrukerAxS D8 Shimadzu  Scientific Themba Laboratory

Diffraction) Cu-k radiation Instrument Cape Town, South-
Africa

BET (Brunauer NOVA 4200e Quantachrome, UK STEP B FUT,

Emmett Teller) MINNA

AAS (Atomic Varian AAn240 PG Instruments Ltd, Multi-Users Research

absorption FS UK Laboratory, Zaria

spectrophotometer)

Table 3.2: List of chemicals/reagents used

Reagent/Chemical Name Molecular % Purity Supplier
Formular

Silver nitrate AgNO; 99.0 Sigma-Aldrich

Palladium (ii) chloride PdCl, 99.0 Sigma-Aldrich

Tetraoxosulphate (vi) acid H>SO4 99.9 BDH

Trioxo nitrate (v) acid HNO; 99.9 BDH

Nickel (ii) nitrate hexahydrate Ni (NO3)2.6H.O  99.99 Sigma-Aldrich

Iron (iii) nitrate nonahydrate Fe (NO3); 9H,O  99.95 Sigma-Aldrich

Acetylene gas C:H: 99.9 British ~ Oxygen
Company, Nigeria

Nitrogen gas N2 99.6 British ~ Oxygen
Company, Nigeria

N,N’- Ci3H22N; 99.0 Sigma-Aldrich

Dicyclohexylcarbodiimide

2-Mercaptoethylamine NH>CH>CH2SH  95.0 Sigma-Aldrich
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3.2 Methodology

A detailed description of the experimental procedure is given in this section: that is,
preparation of the plant extracts, preparation of catalyst for CNTs synthesis, production
and functionalization of CNTs, incorporation of the produced CNTs with palladium and

silver nanoparticles.

3.2.1 Preparation of plant extracts

The extracts were prepared as reported by Sharma and Sanghi (2012) with slight
modifications using a ratio of 1:10 (w/v), (10 g of plants materials and 50 cm?® of
distilled deionized water). The mixtures were homogenized thoroughly and adjusted to
100 cm?® with de-ionized water. Afterwards, the resulting homogenate were transfer to
Erlenmeyer flask and heated for 1 h. To obtain the aqueous extract, the homogenate
were subjected to vacuum filtration using Whatman number 1 filter paper. The filtrates
were kept at 4°C for the synthesis of palladium and silver nanoparticles and portion of

the extracts were used for phytochemical screening.

3.2.2 Phytochemical screening

Extract from the plant materials were assessed for the presence of naturally occurring
biologically active compounds (phytochemicals) like alkaloids, tannins, saponins,
flavonoids, and phenols by using different standards as described by Adetunji et al.

(2013).

3.2.2.1 Determination of phenols
The extract of the plant materials (0.01 cm®) were dissolved in 10 cm? of distilled water,

and 0.5 cm? was oxidized by 2.5 cm? of 10 % Folin-Ciocalteu’s reagent which was then
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neutralized by 2 cm? of 7.5 % of sodium carbonate. The reaction mixture was incubated

at45  for 40 min. Gallic acid was used as a standard (Kolawole ef al., 2007).

3.2.2.2 Determination of flavonoids

The flavonoid contents were determined using the method of Chang ef al. (2002). 0.5 g
of the extracts were added to a test tube containing 1.5 cm? of absolute methanol, 0.1
cm?® of 10 % aluminum chloride, 0.1 cm? of 1M sodium acetate and 2.8 cm? of distilled
water and incubated at ambient temperature for 30 min. Standard quercetin was used to

prepare the calibration curve.

3.2.2.3 Determination of alkaloids

This was carried out according to the method employed by Oloyede (2005). 0.5 g of the
extract was weighed and dissolved in 5 cm? of mixture of 96 % ethanol, 20 % sulphuric
acid (1:1). The entire solution was filtered through Whatmann filter paper. 1 cm? of the
filtrate was added to a test tube containing 5 cm?® of 60 % H>SO4 and allow to age for 5
min. Thereafter, 5 cm? of 0.5 % formaldehyde was added and allowed to stand at room
temperature for 3 h. Vincristine extinction co-efficient (E296, ethanol {ETOH}=15136

m-'cm™) was used as standard alkaloids.

3.2.2.4 Determination of tannins

The method of American Organization of Analytical Chemist (AOAC, 1984) adopted
by Rashmi ef al. (2019) was employed for the determination of tannins content in the
plant extracts. 200 mg of the extracts were weighed into a 100 cm?® beaker and 20 cm? of
50 % methanol was added to it and covered with foil paper and heated in water bath
shaker at 80 °C for 60 min. This was then filtered into a 100 cm? volumetric flask and

20 c¢cm® of distilled water, 2.5 cm® of Follin-Denis reagent, and 10 cm?® of sodium
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carbonate (0.5 M) were added and shaken vigorously. The reaction mixture were
allowed to age for 20 min at room temperature for the formation of bluish-green
colouration. Standard tannic acid was used to prepare the calibration curve. The

absorbance was measured at 760 nm.

3.2.2.5 Determination of saponins

A known weight (500 mg) of the extract was weighed and dissolved in 20 cm® of 1 M
HCI and heated over a water bath with continuous stirring at 80 °C for 4 h. The mixture
was allowed to stand for 20 min at room temperature and filtered using Whatmann
filtere paper. 50 cm? of petroleum ether was added and the other layer was collected and
evaporated to dryeness. Thereafter, 5 cm?® of acetone-ethanol (1:1), 6 cm?® of ferrous
sulphate and 2 cm? of concentrated sulphuric acid were added and allowed to stand for

10 min. Standard saponins was used to prepare the reference curve (Oloyede, 2005).

3.2.3 Synthesis of silver nanoparticle

An aliquot (5 cm?) of aqueous plant extract sample was added to 50 cm?® of ImM of
aqueous AgNOs solution at a ratio of 1:10 (v/v). The resulting mixture was stirred for
30 min at 200 rpm and heated on a magnetic stirrer hot plate at 60 °C. The formation of
silver nanoparticles was determined by a change in colour of the reaction mixture
(usually indicated by a dark-brown colouration). Once the colour of the solution
intensifies, the solutions were kept in the dark room to prevent agglomeration of the
nanoparticle. Confirmation of silver nanoparticle formation by the reduction of Ag"
from AgNOs to Ag® was monitored using UV-Visible spectrophotometer (Abdelghany

et al., 2018).
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3.2.4 Synthesis of palladium nanoparticles

In order to synthesize palladium nanoparticle, 10 cm® of aqueous plant extract were
added to 200 cm® of (0.1 x 10 M) aqueous palladium chloride salt solution. The
reaction mixture was placed on a magnetic stirrer with hot plate and heated at 60 °C
with constant stirring speed of 200 rpm, under 30 min. The change in colour of the
reaction mixture from light orange to dark brown indicates the formation of palladium
nanoparticle. The bioreduction of Pd*" into Pd° was monitored by UV-Visible

spectrophotometer (Suryawanshi et al., 2018)

3.2.5 Preparation and optimization of Fe-Ni/Kaolin catalyst

Wet impregnation method was employed for the production of bimetallic catalyst (Fe-
Ni) supported on kaolin substrate as described by Aliyu et al. (2017). In this method, a
known weight of nickel nitrate hexahydrate and iron nitrate nonahydrate salts (10 wt%
of the catalyst mixture which contain equal proportion by weight), 5 wt% each was
dissolved in 50 cm? of distilled water. Thereafter, the mixture was added dropwise to 10
g of Kaolin support. The reaction mixture (slurry) was allowed to interact for 60 min
under constant stirring. And later dried in an oven at 120 °C for 6 h followed by
calcination at 550 °C in a furnace for 12 h until a brownish colouration was obtained.
Then, the dried supported catalyst was ground and screened through a 15 um sieve and
further calcined at 500°C for another 12 h in the furnace in order to decompose the
nitrates or render them friable.

The catalyst yield after calcination was determined using equation (3.1).

Wtp—Wtg

% Yield (Y %) = x 100 3.1

Where Y = Catalyst % yield, Wta and Wts, is the weight of sample before and after

calcination in grams

64



3.2.6 Synthesis of carbon nanotubes

The synthesis of carbon nanotubes was carried out using catalytic chemical vapour
deposition method. In this method, 1 g of the synthesized Fe-Ni/Kaolin catalyst was
weighed and spread uniformly in a quartz boat placed at the centre of a tubular quartz
reactor horizontally in an electrical tube furnace. Thereafter, the furnace was heated
from room temperature to 700 °C at 10°C/min while a carrier gas (N2) was flown over
the catalyst at 30cm?/min until the desired temperature was reached. The flow rate of the
carrier gas was raised to 350 cm’/min and the carbon source (acetylene gas) was
introduced at flow rate of 100 cm?*/min to produce CNTs under the continuous flow of
nitrogen gas. The deposition of CNT growth over (Fe-Ni/kaolin) catalyst was examined
for 90 minutes. Thereafter, the acetylene flow was stopped and nitrogen flow
continuously to fill the reaction chamber till the furnace cooled to room temperature.
The boat was removed from the quartz tube and weighed to determine the CNTs yield

using Equation 3.2 (Taleshi, 2012).

Wty —Wty
t1

Yield % = x 100 3.2

Where Wt; = Initial weight of the catalyst before reaction,
Wt = the weight of catalyst and carbon deposited after synthesis

The rate of CNT deposited was evaluated by Equation 3.3

R (%/min) = (=2 3.3

t(min)
Where R = the rate of carbon deposition (%/min),
Y = the carbon yield (%) and

t = the residence time of the reaction (min)
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3.2.7 Purification/Functionalization of as-synthesized carbon nanotubes

A known weight of prepared CNTs were oxidized in a mixture of concentrated
sulphuric acid and nitric acid (3:1) under the influence of ultrasonicator for 30min, to
introduce OH, COOH functional groups on to CNTs and also act as a linker to attach
other metallic nanoparticles. At the end of the acid treatment, the reaction mixture was
diluted with distilled water and followed by filtration and further washed with distilled
water until the pH of the filtrate was neutral. The obtained product was dried overnight

in an oven at 120  for subsequent analysis.

3.2.8 Synthesis of Ag-CNTs nanocomposites

A known weight of purified multi-walled carbon nanotubes (P-MWCNTs) (0.5 g) was
dispersed in 20, 40, 60, 80 and 100 cm® of aqueous solution of synthesized silver
nanoparticles respectively, by simple wet impregnation method. 10% V/V of N, N’-
dicyclohexyl carbodiimide (DCC) and 2-Mercaptoethylamine (5 ¢cm?® of 0.1M) were
added in to the mixture. The suspension was mixed and kept under stirring with
magnetic stirrer hot plate for 30 min at 60 °C, and later ultrasonicated for 45 min. The
resulting suspension, (CNTs doped AgNPs) were collected by centrifugation and
washed with distilled-deionized water. The obtained products were dried in the oven at
120 °C for 8 h and different yield of the product were obtained for different ratio of the

reaction mixture. The product that gives the best yield was slected for further analysis.

3.2.9 Synthesis of Pd-CNTs nanocomposites
Similarly, the same procedure highlighted in section 3.2.7.1 was employed in the

preparation of CNTs doped palladium nanoparticles (Pd-CNTs nanocomposite).
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3.2.10 Synthesis of Pd-Ag-CNTs nanocomposites

A known weight (1 g) of P-MWCNTSs were dissolved in 80 c¢m? of equal volume of
aqueous solution of silver nanoparticles and palladium nanoparticles respectively
through wet impregnation method. The mixture were dispersed in 20 % v/v of DCC and
10 cm?® of 0.1M 2-Mercaptoethylamine. The resulting suspensions were stirred for 30
min at 60 °C, under magnetic stirrer hot plate. The resultant mixture were then sonicated
for 1 h, at 60 °C. The prepared materials were washed until the filtrate become neutral.
Thereafter, the solid products were obtained by centrifugation and oven dried at 120 °C
for 8 h. The produced nanocomposites was then calcined at 450 °C for 2 h in a furnace
to dispersed Pd/AgNPs onto the MWCNTSs. The multi-step mechanistic pathway for wet
impregnation of PANPs and AgNPs (differently and combined impregnation) onto

MWCNTs were represented in Figure 3.1
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Figure 3.1(I-VII): Multi-step Mechanistic Pathway for wet Impregnation of PANPs,

AgNPs and Pd/AgNPs onto MWCNT's

3.2.11 Impregnation of the prepared palladium and silver nanoparticles onto
carbon nanotubes

In this study, addition of 0.5 g of synthesized CNTs to the prepared palladium and silver
nanoparticles were examined in different ratio, under stirring for 30 min. Different yield
of the products were obtained and recorded in decreasing order: 0.5 g of CNTs to 40
cm?® of AgNPs (1.05 g) > 0.5 g of CNTs to 20 cm? of AgNPs (0.93 g) > 0.5 g of CNTs to
60 cm?® of AgNPs (0.54 g) > 0.5 g of CNTs to 80 cm?® of AgNPs (0.45 g). The same
trend was observed for the dispersion of CNTs in different ratio of the prepared PdNPs.

Furthermore, Pd/Ag/CNTs composites were synthesized by mixing CNTs with AgNPs
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and PdNPs using wet impregnation method. The formation of the ternary Pd/Ag/CNTs

composites were illustrated in Section 3.2.7 and Figure 3.1.

33 Characterization Techniques of the Synthesized Nanomaterials

The synthesized nanoparticles (palladium and silver nanoparticles) and carbon
nanotubes (Pd-CNTs, Ag-CNTs and Pd-Ag-CNTs) nanocomposites were characterized
using UV-Visible spectrophotometer, HRSEM, HRTEM, XRD, BET and EDS for their
morphology and structure, mineralogical phase, specific surface area and elemental

composition.

3.3.1 UV-Visible spectroscopy

The nanoparticles were analysed using Shimadzu UV-Visible spectrophometer 1800,
working with a wavelength range of 200-800 nm using quartz cuvettes. A known
volume (2 cm?) of each of the prepared nanoparticles was poured into a quartz cuvette.
The cuvette containing the sample was placed into the cuvette holder for measurement.
Prior to sample measurements, background measurements was carried out using two

empty pre-cleaned quartz cuvettes to subtract the interferences.

3.3.2 HRTEM and SAED

The morphological information and internal structure of the produced nanoparticles and
nanocomposites were characterized using HRTEM coupled with SAED. 20 mg of the
samples were dispersed in 10 cm? of methanol and the mixture was ultrasonicated for 40
min. About one or two drop of the nanoparticle suspension or slurry was/were dropped
onto the carbon coated copper grid (400 mesh), with the aid of micropipette and dried at

room temperature. After drying, the grid was loaded on the single-tilt sample holder and

69



subsequently mounted onto the shaft of the electron microscope, and the internal

structure of the image was determined.

3.3.3 HRSEM and EDS

The surface morphology and elemental composition of the synthesized Pd and Ag
nanoparticles, carbon nanotubes and the prepared nanocomposites were examined using
High Resolution Scanning Electron Microscopy coupled with Energy Dispersive X-ray
spectroscopy. 0.05 g of the samples were sprinkled on a sample holder (carbon adhesive
tapes) which was coated with metallic disc (Au-Pt disc) for the purpose of conductivity
using Quorum T150T for 5 min prior to analysis. The microscope operated at 5 keV
was used for imaging at different areas and magnification. While 20 keV detector was

used for the EDS analysis.

3.34 XRD

The XRD instrument (Bruker AXS D8 Advance) was used to determine the phase
composition of the produced nanomaterial. About 1 g of each of the powdered
nanoparticles and nanocomposites were pulverized separately and dispersed into a
rectangular aluminium sample holder and clipped. Scan were run with a diffractometer
operating at 45 keV and 40 mA, with a step size of 0.02 °/s in the 20 range of 10° to 90°

and the phase identification was recorded from the XRD data.

3.3.5 BET

The surface area, pore volume and pore size of Pd-CNTs, Ag-CNTs and Pd-Ag-CNTs
nanocomposites were determines using N> adsorption-desorption isotherm (Brunauer-
Emmett-Teller analyzer; Model; NOVA 2400e). 120 mg of each sample was degassed

at 250 °C (desired temperature) for 3 h under continuous flow of N.. The specific
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surface area was obtained from the plots of adsorption data through Brunauer-Emmett-

Teller equation showing multiple points at P/P, between 0.05 and 0.20.

34 Charactrization of Wastewater Before and After Treatment with Nano-
adsorbent

3.4.1 Physicochemical characterization

In this study, the American Public Health Association (APHA, 2017) methods were

employed for the determination of different physicochemical parameters examined

(before and after treatment) and the procedures employed for the determination are

described as follow.

3.4.1.1 Temperature

The determination of temperature was carried out by digital thermometer (Mercury
filled celcius thermometer). The probe of the thermometer was dipped in to the water
sample and it was ensured that the entire thermometer was not totally submerged and
held for about 1 min before the values were recorded. The reading was done in triplicate
for each of the sample to ensure accuracy and the temperature of the raw wastewater

was done on site directly in the water samples.

3.4.1.2 pH

The pH determination was done by electrometric method. A known volume (20 cm?) of
the water samples were measured into 50 cm? beaker. Buffer solutions (Acetate buffer
pH = 4; Ammonium buffer pH = 10) were used to standardize the pH meter and the pH
meter probe was rinsed with de-ionized water to be free of any contamination and
inserted into thee sample. The reading was taken from the meter reader after

stabilization of the results

71



3.4.1.3 Turbidity

The turbidity of raw and treated wastewater was determined through the use of turbidity
meter. The meter was first calibrated before the sample cell was filled with the samples,
and the turbidity values were read directly from the digital reader. The Nephelometric

method (NTU) was employed in this study.

3.4.1.4 Conductivity, total suspended solid and total dissolve solid

Electrometric method was used for the determination of conductivity in the raw and
treated wastewater. The conductivity probe was dipped into the water sample and the
value measured (in uS/cm) from the meter. The total dissolved solid (TDS) as well as
the total suspended solid (TSS) was also recorded from the conductivity measurement

using APHA 2510B.

3.4.1.5 Dissolved oxygen

The determination of dissolved oxygen was also done using dissolve oxygen meter
probe (DO2 meter). The probe of the DO, meter was removed from the protective cover
and immersed into the raw wastewater samples and the values was recorded in mg/L.

The procedures were repeated for the treated wastewater samples.

3.4.1.6 Biochemical oxygen demand

The biochemical oxygen demand (BOD) for the raw and treated wastewater samples
was determined after the measurement of dissolved oxygen (initial DO) through DO
meter. Eight 300 cm?® BOD bottles were filled with treated and untreated water samples
(100 ¢cm?) and filled to the brim with dilution water. Four blank samples were prepared

by filling the BOD bottles only with dilution water. Each of the bottles was incubated in
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the dark at 20 °C for five days to obtain the final DO through DO meter. The BOD
concentrations were calculated using equation 3.4
(mg/L) = [( - ) —( )] 3.4

Where, DOiniiar 1s the DO of diluted samples after preparation, DOjna is the DO of the
diluted samples after incubation for five days at 20 °C, and P is the decimal volumetric
fraction of the total volume of the BOD bottles (300 cm?) divided by the volume of the
used samples (100 cm?). Blank correction is the dissolved oxygen of the blank samples
immediately after preparation minus the dissolved oxygen of the blank samples after

five days incubation.

3.4.1.7 Chemical oxygen demand

The COD concentration was determined by employing COD reactor. The reactor was
preheated to 150 °C prior to its usage. The blank solution was prepared by adding the
mixture of 2 cm® of deionized water and 2 cm?® of a standard solution (potassium
hydrogen phthalate) into corresponding vials. Similarly, the same procedure was
repeated for the wastewater samples. Both the blank and wastewater samples were
added into the vial, mixed well and placed into the reactor at 150 °C for 2 h. Thereafter,
the vials were allowed to cool to room temperature subsequent to removal from the
reactor. Finally, the COD concentration were measured through photometer and

converted to mg/L.

3.4.1.8 Metal analysis

The Atomic Absorption Spectrophotometry (AAS) method (model: Varian, AAn240 FS)
was used to determine the concentration of selected heavy metal ions (copper, iron,
manganese and nickel) present in animal feed processing industry wastewater. Prior to

the analysis, 100 cm? of each water sample was digested with mixture of concentrated
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nitric and hydrochloric acid in 3:1. The samples were digested in a fume cupboard using
a hot plate. The remaining solution (about 15 ¢m?) was diluted with distilled-deionized
water and filtered using Whatmann no. 1 filter paper. Afterwards, the resultant filtrate

were made up to 50 cm? with deionized water and ready for AAS analysis

3.5  Batch adsorption study

The present study investigated the adsorptive capacity of Pd-Ag-CNTs, Pd-CNTs and
Ag-CNTs using batch adsorption process for the treatment of animal feed processing
industry wastewater. Batch adsorption was performed on the wastewater in order to see
the effect of different operational parameters such as contact time, adsorbent dosage and

temperature. The procedure for each parameter is elucidated as follows

3.5.1 Effect of contact time

The effect of contact time was investigated by adding 10 mg of Pd/Ag/CNTs
nanoadsorbents into 250 cm?® glass stoppered conical flask on a rotary shaker at 200 rpm,
containing 50 cm? of the industrial animal feed processing wastewater. The pH of the
industrial animal feed processing wastewater was 6.28. The effect of contact time was
conducted by shaking the mixture at different contact time (15, 30, 45, 60, 75 and 90
min) under room temperature. The solution was filtered using Whatmann filter paper
and the filtrate was packaged for AAS analysis to determine the residual concentration

of copper, iron, manganese and nickel ions.

3.5.2 Effect of adsorbent dosage
The effect of adsorbent dosage on the removal efficiency of the toxic metals from
wastewater was carried out by adding different amount of Pd/Ag/CNTs nanoadsorbents

(10, 20, 30, 40, 50 and 60 mg) into 50 cm?® of industrial animal feed processing
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wastewater, in a 250 cm?® glass stoppered conical flasks. The recorded pH for the raw
wastewater was 6.28. The mixture was agitated at 200 rpm on a rotary shaker at a
temperature of 30 °C, for 60 min. Thereafter, the resultant mixture was filtered and the

concentrations of the residual metals (Cu, Fe, Mn and Ni) were determined using AAS.

3.5.3 Effect of temperature

To evaluate the effect of temperature, 10 mg of the Pd/Ag/CNTs nano-adsorbent was
added to 250 cm? glass stoppered conical flask containing 50 cm? of industrial animal
feed processing wastewater. The mixture was shaken for 60 min (equilibrium time) in a
thermostatic water bath shaker, and the temperature was varied from 30, 40, 50, 60, 70
to 80 °C. The solution was filtered using Whatmann filter paper, and the concentrations

of the selected metal ions were determined using Atomic Absorption Spectrophotometer

(AAS).

3.6  Data Analysis of Batch Adsorption on Industrial Animal Feed Processing
Wastewater

All experimental work was done in triplicates and the mean values of result were

recorded. One way analysis of variance (ANOVA) was employed for the data analysis

using IBM SPSS statistics version 20. The percentage removal of adsorption of selected

metals (% Removal) as well as the adsorption capacity (qe) were calculated based on

Equation (3.5) and (3.6), respectively.

% =——x100 3.5

(=) 3.6

Where, C, is the adsorbate initial concentration in mg/l, Ce is the equilibrium

concentration (mg/l), qe is the amount of adsorbate adsorbed per unit mass of the nano-
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adsorbebts (mg/g), V is the used volume of the solution containing the adsorbate (cm?)

and W is the mass of the adsorbent used (mg) during the adsorption process.

3.6.1 Data analysis using adsorption isotherm, kinetics and themodynamic
models

To best describe the adsorption mechanism of selected metals namely copper, iron,
manganese and nickel, Pd-Ag-CNTs nanoadsorbent was preferred based on the
characterization results.The isotherm models; Langmuir, Freundlich, Dubini-
Radushkevich (D-R), Temkin, Halsey and Flory-Huggins were employed in this work
to examine the adsorption pattern.

Langmuir model was used to study the sorption capacity produced from unimolecular
nature of adsorbents surface. The linear form of the Langmuir equation is given as

follow: (See also Section 2.4.4.2; Equation 2.2)

The Langmuir constant (K1) related to the adsorption energy, and (gmax mg/g), the
maximum adsorption capacity are respectively calculatedfrom the slope and intercept of
the linear plot of Ce/g. versusCe. The separation factor Rz was calculated using the
Equation 5 presented in Section 2.4.4.2. The Ry values were determined to indicates
whether the adsorption process is favourable or not (El-Sayed et al., 2014).

Freundlich Isotherm model describes systems where the adsorption process can take
place on either homogeneous or heterogeneous surfaces (Multi-layer adsorption) with
interactions between the adsorbed molecules. The linearized form of Freundlich
equation is given as (See Equation 2.7):

= +1/
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Where is Freundlich adsorption capacity (L/mg) and 1/ s adsorption intensity; it
also indicates the relative distribution of the energy and heterogeneity of the adsorbate

site. By plotting the graph of , a straight line graph will be obtained such that 1,
and Log , represent the slope and intercept, respectively.
The Dubinin-Radushkevich (D-R) model is basically applied to distinguish physical
process of adsorption of metal ions from chemical processes. The linear form of D-R
equation is expressed in Equation 2.9.

h = - (-
Temkin model is based on a uniform distribution of the binding energies which takes
into account the indirect interaction between adsorbate and molecules. The Temkin
isotherm is represented in linear form as shown in equation 2.13, Section 2.4.4.2.

= + In

The linearized form of Halsey and Flory-Huggins equations were presented in Equation

2.15 and 2.16 (See also Section 2.4.4.2)

The kinetic data of adsorption of selected metal ion under various contact times were
treated using Lagergren’s pseudo-first-order, pseudo-second-order and intra-particle
diffusion rate equation as shown in Equation 2.18, 2.19 and 2.20, respectively (2.4.4.3).

The thermodynamic study was undertaken for the determination of the parameters (AG®,
AH° and AS°) (Bouberka et al., 2005). The parameters were obtained from the plot of

Van’t Hoff equation (Qu ef al., 2020) as given in Equation 2.24 (Section 2.4.4.4).
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3.6.2 Stastical error validity of adsorption model
Sum of square error and Chi square error expressed by equation 3.7 and 3.8 was used to
validate the isotherm and kinetic models

= _,C = ) 3.7

= —_— 3.8

3.7  Review summary and Identified Knowledge gaps

In this section, pollutants present in animal feed processing industry wastewater, its
harmful effects on human and ecological system, as well as different wastewater
treatment technology were reviewed. Synthesis method of carbon nanotubes, metallic
nanoparticles (Pd and AgNPs) and their composites have been thoroughly reviewed.
The review further identified source of the characterization techniques and application

of composite materials as an adsorbent in wastewater treatment technology.

Based on literature search, it was observed that adsorption techniques combined with
nanotechnology have been widely recognized and employed in the treatment of different
industrial wastewater. But there is still little or no information on the study of
synergistic effect of Pd and Ag on CNTs nanocomposites as nanoadsorbent for the
treatment of animal feed processing industry wastewater. Clear insight to the review
done on this study indicates that some gaps were identified and this study intends to fill
the gaps. In the course of this work, the produced carbon nanotubes were doped with
each of the PANPs and AgNPs, the carbon nanotubes were also co-doped with the
binary metallic nanoparticles. In addition, the adsorptive efficiency of the prepared

nanocomposites was investigated on animal feed processing industry wastewater. The
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detailed experimental protocol and analytical techniques used in achieving the aim and

various outline objectives of the research are provided in the next chapter.
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSION

4.1 Phytochemical Analysis of the Extract

The phytochemical screenings of banana peel extract (BPE), pineapple peel extract
(PPE) and Agerantum conyzoides leave extract (ACE) revealed the presence of major
secondary metabolites such as phenols, flavonoids, alkaloids, tannins and saponins as
shown in Table 4.1. The total flavonoids content for BPE, PPE and ACE were
determined to be 44.02+7.34, 30.53+6.22 and 30.03+£6.24 mg/100 g. Quantitative
estimation of alkaloids in BPE, PPE and ACE were found to be 6.51£1.89, 7.96+2.08

and 13.92+2.99 mg/100 g.

Table 4.1: Phytochemical constituents of banana peels, plantain peel and

agerantum conyzoides (goat weed) leave extracts

Sample

Phytochemical Concentration (mg/100g)
constituents

BPE PPE ACE
Phenols 265.06+23.05 269.54+25.56 311.95+34.21
Flavonoids 44.02+7.34 30.53+6.22 30.03+6.24
Alkaloids 6.51+1.89 7.96+2.08 13.92+2.99
Tannins 32.60+5.80 41.43+7.30 34.3245.89
Saponins 340.13+29.78 215.99+23.11 391.49+36.67
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Pineapple peel extracts contained the highest contents of tannins (41.43+7.30 mg/100 g)
and phenol (269.54+25.56 mg/100 g)while the banana peel extract contained the lowest
yield of tannins (32.60+£5.80 mg/100 g). Saponins content were found to be highest

acrossthe tested constituents.

lﬂ-
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(a) AgNO, (b) Plants extracts  (c) Extract + AgNOs3 (d) Synthesized AgNPs

Plate III: Procedure of Biochemical Synthesized AgNPs (a) Aqueous Solution of
silver Nitrate Salt (b) Agerantum conyzoides. Leaves Extract (¢) Mixture of Silver
Nitrate Solution and Leaves Extract at 0 min (d) Mixture of AgNO3 Solution and
Leave Extract After 30 min of Stirring.

(a) PdCl, (b) Plant extract (c) Extract + PdCl» (d) Synthesized PdNPs

Plate IV (a-d): Procedure of Biochemical Synthesized PdNPs (a) Aqueous Solution
of 1 mM of Palladium Chloride salts (b) Plant Extract of Agerantum conyzoides (c)
Aqueous Solution of Palladium Chloride salt with Agerantum conyzoides Leave
Extract at 0 min, and (d) Aqueous Solution of Palladium Chloride salt with Leave
Extract after 30 min of Stirring.

As it can be observed, phenols were also present in other extracts with maximum of
311.95 mg/100 g and minimum of 265.05 mg/100 g concentration for ACE and BPE,
respectively. This result implies that Agerantum conyzoides leave extract is very rich in

phenols, flavonoids, tannins, alkaloids and saponins than other plant etracts. Several
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studies reported that these phytoconstituents play a leading role in the biochemical
reduction of silver and palladium ions to silver and palladium in zero valent state (Ovais
et al., 2018), as well as acting as stabilizing and capping the synthesized nanoparticles
(Geethalakshmi and Sarada, 2012). This was noticeable in the formation of dark brown
and dirty brown colouration, as indicated in Plate III and IV, after interaction with silver

and palladium precursor salts.

4.2.  Characterization of Palladium and Silver Nanoparticles

4.2.1 Uv-Vis spectroscopy analysis of silver and palladium nanoparticles

Uv-vis spectroscopy is one of the techniques used to monitor the formation of metal
nanoparticles in aqueous solution. The formation of silver and palladium nanoparticles
in aqueous solution was confirmed by measuring the absorption spectra in the
wavelength range of 200-800 nm. A prominent, strong and broad absorbance peak was
observed at 413.50 nm for AgNPs as shown in 4.1. The observed colour change during
the reduction process of Ag" to Ag®is an indication of formation of silver nanoparticles.
The unique colour (optical properties) which was visually observed in the reaction
mixture (plate III) and the appearance of the absorbance peaks (Figure 4.1) may be
ascribed to surface plasmonic resonance of silver (John et al., 2018; Anandalakshmi et
al., 2016). This occurs due to mutual oscillation of the conduction electrons on the
surface of the Ag nanoparticles when aligned in resonance with the irradiated light of
the wave. The combined oscillation of free electrons within the Ag nanoparticles and
the surface resonance permit the scattering and absorption of light at a particular
frequency, and thus, provide the characteristic colour of each nanoparticles (Aroca et al.,

2006).
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Figure 4.1: UV-Vis Spectograph of Synthesized Silver Nanoparticles (AgNPs)

Figure 4.1 displayed the Uv-vis spectrum of the synthesised AgNPs which fall within
the maximum range of absorption spectra of 400-500 nm. Hence, the finding is
consistent with the results described by other researchers thatprepared Ag nanoparticles
using plant extract (Ali et al., 2017; Ansari and Alzoairy, 2018). Similarly, Figure 4.2
demonstrated the Uv-vis spectrograph of the synthesized palladium nanoparticles
(PANPs) and the absorbance peak was noticed at 208.50 nm. An intense peak observed
in the spectra indicated a higher concentration of the leave extracts, which has a strong

correlation with particle size of the prepared nanoparticles (Kadam et al., 2020).
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Figure 4.2:UV-Vis Spectograph of Synthesized Palladium Nanoparticles (PdNPs)

The result obtained does not correlate well with the reports stated by Arsiya et al. (2017)
due to different range of absorbance peaks observed. Arsiya and colleagues identified
PdNPs in the wavelength range 370-440 nm.The observed differences maybe linked to
different plant material (which were grown under different environmental factors) used

for the synthesis procedure including different reaction time (Borase ef al., 2014).

4.2.2 HRSEM and EDS analysis results of silver and palladium nanoparticles

The HRSEM micrographs of palladium nanoparticles (PANPs) and silver nanoparticles
(AgNPs) shown in plates V (a and b) revealed the shape of the synthesized
nanoparticles. The structure of biochemical synthesized AgNPs were not clearly
observed as depicted in Plate V (a), although the image showed a spherical

agglomerated particles.
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Plate V: High Resolution Scanning Electron Microscope image of (a) AgNPs (b)

PdNPs

Ankanna et al. (2010) reported a relatively spherical shape nanoparticle with average
particle size of 30-40 nm. Plate V (b) revealed both the formation of spherical and non-
spherical (trigonal pyramidal, tetrahedral and hexagonal) nature of the nanoparticle with
less aggregated surface.This is evidencethat Agerantum conyzoides leave extract act as
reducing and capping agent in the reduction of palladium chloride to palladium

nanoparticles compared to AgNOs to Ag°.
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Figure 4.3: EDS Spectra of Synthesized (a) AgNPs and (b) PANPs using Agerantum

conyzoides
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Figure 4.3 (a) and (b) show the energy dispersive X-ray spectroscopy of the produced
nanoparticles. It was noticed from the spectrum figure 4.3 (a) that silver is present as
major element with a strong signal of 89.70 % at 2.6 KeV, which was attributed to the
surface plasmon resonance. Also, there exists 10.30 % of elemental oxygen which make
up the quantitative information of biochemical synthesized AgNPs. The oxygen peak
could be from the presence of surface hydroxyl group of secondary metabolites found in
the leaves extract. Vijaykumar et al. (2013) reported the presence of silver nanoparticles
in the range of 2-4 KeV. Similarly, silver nanoparticle was observed within the range of
2.5-4 KeV by Anandalakshmi ef al. (2016). The differences in binding energy may be
attributed to the size of the particles, that is, a decrease in size of nanoparticles leads to
an increase in binding energy (Shin et al., 2004). In the case of figure 4.3 (b), two
prominent peaks were observed at 2.2 and 4.2 KeV, and both corresponds to the
absorbance peak of synthesized palladium nanoparticles. The spectrum indicates that the
biochemical synthesized material primarily composed of Pd and O. This result is not in
order with earlier reports described by Bankar et al. (2010) who also reported the
presence of silica, and potassium in the EDS spectra of synthesized palladium
nanoparticles. The observed differences could be due to differences in method used in

the preparation of nanoparticles.

4.2.3 HRTEM analysis and SAED patterns of palladium and silver nanoparticles
The HRTEM analysis was carried out to examine the internal structure of the resultant
nanoparticles. The HRTEM image of the synthesized silver nanoparticles displayed a
clearspherical shape particles with an average particle size of 28.5nm. Additionally, the
HRTEM-SAED pattern revealed a clear, diffraction ring patterns, which is an

indicatives of the existence of multi-crystallites that corresponds to a face centered
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cubic (fcc) of crystal plane (111), (200), (220) and (311) of AgNPs. Similarly, the image
(Plate (VI) b) of palladium nanoparticles indicated that the synthesized particles were

fairly spherical in shape with mean size of 18.5 nm.

(200) (11D
(220)

GI)\

Plate VI: (a & b) High Resolution Transmission Electron Microscope Image of
AgNPs and PANPs (c& d) Selected Area Electron Diffraction (SAED) Patterns of
AgNPs and PANPs

The variation in particle size of PANPs compared to the HRTEM results of AgNPs
could be linked to the differences in reduction ability of the precursor salts (Nagar and
Devra., 2018). The HRTEM image further showed the crystalline natures of the produce

nanoparticles with different atomic resolution, and an interlayer spacing (lattice fringes)
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between the particles (Islam et al., 2018). The SAED pattern (plate (VI) d) reveals a
well define bright circular rings which is an indication of formation of Ag and Pd
nanoparticles. The results of SAED pattern were in agreement with the XRD, as each of

the diffraction rings was found to be consistent with the face centered cubic structure of

Pd (111), (200), (220) and (311) crystalline fringes.

4.2.4 XRD analysis of the prepared silver and palladium nanoparticles
The synthesized Ag and Pd nanoparticles were characterized using X-ray diffraction
techniques to confirm the mineralogical phase of the synthesized materials.
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Figure 4.4: X-ray Diffraction Patterns of Silver Nanoparticles (AgNPs)

As revealed in figure 4.4, five (5) diffraction peaks of different intensities of AgNPs
were observed between 20 to 90 °C at 20 angles. The XRD patterns clearly reveals the
important characteristic peaks at 2-theta values of 38.1°, 44.3°, 64.5°, 77.4° and 81.2°,
which corresponds to the planes (111), (200), (220), (311) and (222), respectively. All

the peaks in the X-ray diffraction pattern were indexed with the planes of the face
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centered cubic structure of silver as per Joint Committee on Powder Diffraction
Standards (JCPDS: No 04-0783). The average crystallite sizes of Ag nanoparticles were
estimated using Debye-Scherrer's equation (Ajitha ef al., 2015) and estimated to be

37.21 nm.
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Figure 4.5: X-ray Diffraction Patterns of Palladium Nanoparticles (PdNPs)

A similar result was reported by previous researchers who also observed a number of
Bragg's reflection plane at 20 values of 38.09°, 44.27°, 64.46°, 77.46° and 81.63°
(Khatami et al., 2016; Turunc et al., 2017). Kyaw et al. (2018) reported two distinct
average crystallite sizes of 57.65 nm and 49.82 nm, which were found higher than the
value recoreded in the present study. Similarly, Jebril et al. (2020) reported lower
crystallite size of 21 nm. The observed differences in the average crystallite sizes of Ag
nanoparticles may be ascribed to the orderliness of nanoparticles during the sample
preparation. This may directly affect the intensities of the XRD patterns and

consequently affect the crystallite size of the prepared nanoparticles.
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As depicted in figure 4.5, the characteristic diffraction peaks observed at 20 values of
36.5°, 42.7°, 62.9° and 78.5° represents the reflection planes (111), (200), (220) and
(311). This is assigned to the face centered cubic structure of palladium nanoparticles in
accordance to the JCPDS file 87-0639. The estimated crystallites size in different plane
of palladium was calculated as 30.8, 15.9, 21.8, and 28.1 nm, with an average value of
24.2 nm. The intense peaks observed in the XRD pattern of PANPs clearly indicated that
the material is highly crystalline in nature and the observed phenomenon support the
SAED pattern shown in plate VI (d). In a research conducted by Petla et al. (2012),
average crystallite size of 13 nmwas reported for thepalladium nanoparticles prepared
using soybean leaf etract. However, the reported crystallite is lower compared to the
value recorded in the present study. The descripancy may be connected to different
biomolecules present in the leaf extract used for the synthesis method (Kambale et al.,

2020).

It is worth mentioning that, the average crystallite size estimated from the XRD pattern
of multi-facet shapes of PANPs is smaller compared to that of spherical Ag
nanoparticles. The differences may be attributed to the similar deviation among the
texture coefficient of various facets observed for the HRSEM analysis of both Ag and
PdNPs. This means that even though the morphology is the same, the texture coefficient
differs between polycrystalline bulk samples and nanoparticles (Navaladian et al., 2009).
This variation is not surprising because of the effect of particle size in X-ray scattering.
Similar phenomenon is observed in the work of Turunc et al. (2017), where different

crystal orientation was recorded for both Pd and Ag nanoparticles, respectively.
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4.3 Synthesis and Characterization of Carbon Nanotubes

4.3.1 Preparation of bi-metallic (Fe-Ni) kaolin catalyst

The yields of the Fe-Ni/Kaolin catalyst prepared based on the variation of the mass of
catalyst support between (10 g and 8 g), stirring speed (2400 and 1200 rpm), drying
time (12 and 10 h) and pre-calcination temperature (140 and 120 °C) for upper and

lower level, respectively is shown in Table 4.2.

Table 4.2: Yield of Fe-Ni/Kaolin Catalyst at Pre-calcination

Level Mass  Stirring Drying Pre- Percenta  Percentage
of speed  time (h) calcination ge yield yield after
suppor  (rpm) temperature (%) calcination
t(g) °C) (“o)
Upper 10 2000 12 140 86.54 84.18
level
()
Lower 8 1000 10 120 85.24 82.92
level (-)

Prior to calcination, the colour of the prepared catalyst was yellowish in nature and later
changed to reddish brown after calcination. The initial colour originated from the
mixture of brown and green colouration of Fe*" and Ni**catalyst, as well as the cream
colour of kaolin support. At calcination stage, the catalyst were subjected to high
temperature to decompose volatile substances like nitrate and other inorganic ions,
under a controlled environment. The heat treatment of the catalyst also involves
oxidizing a weight portion of the sample and removal of the total moisture content
present in the sample. The most essential part of calcination is the reduction of particle

size of a material to a crystal form which was achieved at temperature above 400 °C.
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Further heating above 400 °C, specifically calcination temperature (550°C) was

employed in this work.

Calcination at 500 °C increase the specific surface area of the catalyst and consequently
the yield of the catalyst. As depicted in Table 4.3, post calcination of the catalyst sample
at 550 °C for 16 h, indicates noticeable effects on the catalyst yield. It was observed that
the catalyst yield after calcination was found to be 84.18 and 82.92 % for upper and
lower levels, respectively. The high catalyst yield was obtained at 12 h calcination time.
This was linked to proper dispersion of metallic particles onto the kaolin substrate as
well as increased the evaporation of water from mixture at drying time of 12 h
compared to 10 h. The rise in drying time undoubtedly increased the concentration of
the precursor material, and opening up of the pores of the materials until its saturated.
As a consequence, increase the performance activity of the catalyst. This result agreed
well with the work of Aliyu ef al. (2017) who demonstrated variations in catalyst yield

with two different pre-calcination time of 8 h and 10 h.

4.3.2 Synthesis and purification of carbon nanotubes

The multi-walled carbon nanotubes (MWCNTs) were produced via the deposition of
acetylene gas on a kaolin supported catalyst. The yield of CNTs was evaluated through
the deposition of acetylene gas in an electrical furnace, under continuous flow of a
carrier gas at reaction temperature of 700 °C. The as-synthesized CNTs were treated
with oxidative functional group (HNO3 and H2SOs) to obtain purified carbon nanotubes

(P-CNTs).
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4.3.4 Characterization of carbon nanotubes and impregnated carbon nano
composites

The purified carbon nanotubes and impregnated carbon nanocomposites were
characterized in order to determine the morphology, particle size, mineralogical phase,
and surface area of the developed adsorbents. These parameters unquestionably affect
the adsorption performance of the adsorbents and thus, highlighted in the section 4.3.4.1

to 4.3.4.3, as follows.

4.3.4.1 HRSEM and EDS Analysis of purified carbon nanotubes and
nanocomposites

The HRSEM images of purified carbon nanotubes (P-CNTs), as well as impregnated
nanocomposites (palladium-carbon nanotubes (Pd-CNTs), silver-carbon nanotubes (Ag-
CNTs/) and palladium-silver-carbon nanotubes (Pd-Ag-CNTs) is shown in Plate VII (a-
d). Plate VII (a) revealed, as expected, that the P-CNTs are filaments with curve and
interwoven web-like structures with shiny tips. The images also indicate a typical tube-
like structure with diameters ranging from 16 to 38 nm (Plate VII a), which is a
characteristic properties of the MWCNTSs produced by this techniques (Madian et al.,

2017).
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Plate VII: High Resolution Scanning Electron Microscopy Images of (a) P-CNTs (b)

Ag-CNTs (c) Pd-CNTs (d) Pd-Ag-CNTs

The purification process of CNTs with oxidative acid treatment provided carboxilic acid
groups at the defect sites of the CNTs, with negligible presence of metallic impurities.
This process also led to cutting of the CNTs along the edges and basically around the
openings, which enables the CNTs to be modified chemically. The EDS analysis result
confirmed the elemental constituents present in the P-CNTs. As depicted in Table 4.5,
the results reveal high content of carbon atom which signify high amount of the CNTs.
However, less content of metallic impurities were present in the samples. The presence
of metallic impurities observed in EDS results could be attributed to the calcination

process employed during the preparation of the samples.
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Table 4.3: Elemental composition (EDS) of the synthesized CNTs-based

nanocomposites

Elemental Composition (Atomic %)
Composite 4o pg o Al Si K Ca Cl  Fe Ni
Samples
P-CNTs 94.02 - - 211 092 1.17 0.04 0.13 - 0.89 0.71
Ag-CNTs 87.82 798 - 1.78 09 0.87 0.07 0.04 - 03 024
Pd-CNTs 87.07 - 6.72 156 183 196 - - 023 033 0.31

Pd-Ag- 67.76 94 44 429 333 257 091 121 171 297 145
CNTs

As revealed in Plate VII (c-d), the HRSEM image of Ag-CNTs, Pd-CNTs, and Pd-Ag-
CNTs were done to confirm the presence of Pd and Ag nanoparticles on CNTs surface.
The results confirm the deposition of silver on CNTs (Plate VIIb) with indication of
white crystals of AgNPs on the tips of the CNTs wall. This observation can be ascribed
to high dense properties of the attached AgNPs, which makes the nanocrystals (AgNPs)
attached freely on the surface of the nanotubes. However, the image demonstrated that
upon the incorporation of silver nanoparticles, the multi-walled carbon nanotubes
(MWCNT) remarkably shrunk in size when compared to that of P-CNTs, though
equally its tube-like structure were still maintain as depicted in Plate VII (b). The
diameter of the tubular structure reduced to a range of 9.8-36 nm, with average size of
15.16 nm. The tube probably shrunk due to higher ionic radii of silver (1.60 A) atom
compared to carbon atom (0.70A), thereby, preventing the passage of AgNPs through
the internal layer of the CNTs. According to EDS results shown in Table 4.4, the atomic
weight (relative %) of metallic silver deposited on CNTs surface was 7.98 %. Other

elemental compositions of silver doped CNTs reveal the presence of C, O, Fe, and Ni
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with other few impurities. The white crystal of different sizes shown in Plate VII (a)

support the HRTEM results presented in Plate IX (a)

The HRSEM micrograph of palladium doped CNTs (Pd-CNTs) nanocompositesas
shown in Plate VII (c) indicates a long clusters, curved tube-like structures forming
bundles of filaments with length exceeding 10 nm. The image indicates that Pd
nanoparticles were uniformly distributed all over the tubes and thus embedded in the
CNTs bundles. This result implies that the presence of palladium nanoparticles restrains
the graphitic nature of the MWCNTSs which is an indication of improved mechanical
properties of the composites (Pd-CNTs). The quantitative analysis of the composite (Pd-
CNTs) were investigated using Energy Dispersive X-ray spectroscopy (EDS) and the
result indicates the presence of C, O, Pd, Fe, and Ni with other insignificant amount of
impurities. As shown in plate VII (d), it can be seen that the nanocomposite has
spaghetti-like structure, thus indicating the existence of CNTs in the structure. The
Pd/AgNPs grafted onto the outer surface of the CNTs have a thin clusters and
agglomerated morphologies. This suggests the combined or antagonistic effects of the
two metallic nanoparticles deposited on the CNTs wall. These effects can be linked to
the fact that the Pd metal is less dense than carbon atom, while metallic silver is denser.
This inference can be related to the high molecular weight of the combined
nanoparticles which subsequently leads to the suppression and interference of the CNTs
surface morphologies (Cre$nar ef al., 2021). The HRSEM result of Pd-Ag-CNTs reveals
that the outer diameter of the CNTs gradually decreases upon dispersion of binary
metallic nanoparticles, with size range of 12.5-35 nm. In order to confirm the elemental
composition of the sample, EDS analysis was carried out on Pd-Ag-CNTs composite

and the result reveals the presence of C, Ag, Pd, and other lower percentile weight of

96



metallic impurities. The oxygen in the prepared nanocomposites originated from the
oxygen containing compounds utilized for the purification process or the presence of
phytoconstituents in plants extracts that was employed for nanoparticle synthesis
(Ahsani et al., 2020). However, the elemental composition of the ternary
nanocomposites is in accordance with the observed morphology from the HRSEM
analysis results. Despite the difficulties in distinguishing between the surface
morphology of the composites, it should be clearly stated that the HRSEM micrograph
of Pd-CNTs and Ag-CNTs are similar due to the fact that the pores on the surfaces were
largely opened (Plate VII (b & c), but were more compacted in Pd-Ag-CNT composites
(Plate VIId). This results is so because co-doped metallic nanoparticles is expected to
boost the performance activity of the material in capturing some pollutants, and thus
closing up the distances between the pores of the CNTs to give desired pore-size which

can simply perform the role of adsorbent material.

4.3.4.2. HRTEM and SAED patterns of the synthesized carbon nanotubes and

nanocomposites

The HRTEM results depicted in plate VIII, IX, X and XI indicated that the purified and
impregnated CNTs predominantly consist of multiple layers. Plate VIII (a and b)
indicates the HRTEM micrograph of the P-CNTs shows a tubular network. The inner
pore diameter of the P-CNTs is 16.7 nm, while the external diameter of the P-CNTs
wall is 38 nm. The entrapped impurities and the amorphous region noticed in the
HRTEM results might be due to the period when the as-synthesized CNTs were
removed from the electrical furnace. Also, the loss of temperature could lead to non-

uniformity in the growth of CNTs (Qiu et al., 2017).
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Plate VIII (a) & (b): High Resolution Transmission Electron Microscopy Images of

P-MWCNTs at Different Magnifications (c) SAED Pattern of P-MWCNTSs

Presented in Plate IX (a-c) is the HRTEM result and SAED pattern of Ag doped CNTs
nanocomposites. It is clear that the Ag-CNTs nanocomposites had a narrow pore
diameter distribution with internal cavity ranges from 12 to 17 nm with an average

diameter of 13.5 nm.
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Plate IX (a) & (b): High Resolution Transmission Electron Microscopy Images of
Ag-CNTs Nanocomposite at Different Magnification (c) SAED Pattern of Ag-

CNTs Nanocomposites

The outer edges diameter was estimated to be 35.5 nm and an imprint at the edges of the
Ag-CNTs external wall were observed. Unquestionably, it should be mentioned that it
was AgNPs that were condensed within the lattice fringes of the CNT multi-layers,

which was further confirmed by EDS spectrum presented in Table 4.5.
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Plate X (a) & (b): High Resolution Transmission Electron Microscopy Images of

Pd-CNTs Nanocomposite at Different Magnification (c) SAED Pattern of Pd-CNTs

Nanocomposites

As shown in plate IX (c), the multiple graphitic layer revealed an estimated values of
0.334 nm for the distance between two graphene layer of Ag-CNTs nanocomposites
(SAED pattern of Ag-CNTs). This obtained value is closely related to the figure

reported by Chen et al. (2006) who employed CVD method for the synthesis of CNTs.
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Plate XI (a) & (b): High Resolution Transmission Electron Microscopy Images of
Pd-Ag-CNTs Nanocomposite at Different Magnification (¢) SAED pattern of Pd-

Ag-CNTs Nanocomposites

To investigate the presence of the synthesised Pd and Ag nanoparticles in the purified
carbon nanotubes, HRTEM analysis was carried out on the prepared nanocomposite
(Pd-Ag-CNTs). The result revealed that different etching of spherical shapes were
locked up within the internal cavity of the hollow tubes and the pore diameter varied
from 12 nm (internal diameter) to 32.5 nm (outer diameter). A plausible explanation for

the decreased inner-outer diameter after modification may be due to a decrease in the
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layer on the outer wall of the tubes caused by bi-metallic Pd°/Ag® embedment.
Furthermore, the dark bright spot observed when the HRTEM image was examined at
higher magnification indicates the region where both metallic nanoparticles were
concentrated (Hetero-junction) on the outer shell of the CNTs surface. The SAED
pattern represented in plate XI (c) showed different concentric ring which further
confirmed the graphitic nature of the P-MWCNT and the major improvement in the
order of crystallinity of the Pd-Ag-CNTs nanocomposites. Thus, implying that the
produced nanocomposites is polycrytalline in nature after immobilization with metallic

nanoparticles.

4.3.4.3 XRD Analysis of the purified carbon nanotubes and impregnated carbon
nanotubes

The synthesized carbon nanotubes and Pd-Ag/CNTs composites were further
characterized using powdered X-ray diffraction techniques to verify the crystalline
nature of the materials. As shown in figure 4.6, the XRD patterns of the purified-CNTs
samples showed only two prominent diffraction angles at 2-theta value of 26.00° and

44.69°, which corresponds to the miller indices (002) and (100) of CNTs.
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Figure 4.6:X-ray Diffraction Pattern of Purified-CNTs

This XRD result of purified carbon nanotubes is in accordance with the findings
reported by Jatoi et al. (2020). In addition to the confirmation of the graphitic structure,
the mineralogical phases of the prepared adsorbents, the XRD patterns of the
Pd/Ag/CNTs, Ag/CNTs and Pd/CNTs were presented in Figure 4.7-4.9. In Figure 4.7,
the intense peak observed at 26 value of 26.13° with a characteristic plane of (002)
correspond to graphite structure of CNTs, which corroborated the sharp bright spot
noticed in the SAED pattern of plate IX (c) (Ag-CNTs). The other diffraction angles
observed at 38.11°, 44.29°, 64.45° and 77.41° with crystal plane of (111), (200), (220)

and (311) correspond with the face-centered cubic structure of silver nanoparticles.
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Figure 4.7:X-ray Diffraction Pattern of Synthesized Ag-CNTs Composites

The findings of the present study is in line with the reports described by Castle et al.
(2011) and Jatoi et al. (2020). From their survey, the two authors observed a
characteristic peak of CNTs at 26° (002) and other diffraction peaks which correspond
to crystal plane of silver nanoparticle at 2-theta angle of 38.21° (111), 44.32° (200),

64.64° (220) and 77.42° (311).

The powder XRD results of the Pd-CNTs are shown in figure 4.8. Only one
characteristic peak was noticed at 2-theta value of 26.30°, which is attributed to the (002)
plane of CNTs. Other Bragg's reflection angles were found (20) at 38.25°, 43.71°,
62.95° and 78.46°which were indexed to (111), (200), (220) and (311) planes of

palladium nanoparticles respectively.
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Figure 4.8: X-ray Diffraction Pattern of Synthesized Pd-CNTs Composites

From the XRD pattern presented in figure 4.8, the results confirmed the face-centered
cubic (FCC) structure of palladium nanoparticles impregnated on the surface of the
CNTs. No extra peaks were observed near the reflection angles of both PANPs and
CNTs, indicating a highly crystalline nature of the prepared adsorbent. This observed
phenomenon in the XRD patterns of Pd-CNTs composite matches with the SAED
pattern depicted in plate X (c) (SAED pattern of Pd-CNTs). Also, Figure 4.9 revealed
the XRD results of Pd-Ag-CNTs composites. It can be observed that all of the CNTs
based nano-adsorbent showed characteristic diffraction peak at 26 value of 26.13°which
indicates that the materials are highly graphitic in nature. Apart from the intense peak of
CNTs, the spectrum shows that palladium and silver were also present which further

confirm the incorporation of PANPs and AgNPs onto the CNTs.
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Figure 4.9: X-ray diffraction pattern of synthesized Pd-Ag-CNTs composites

Furthermore, some additional reflection angle at 26 values of 21.6° and 32.1° which
were indexed to (X) are also found in the diffraction pattern of Pd-Ag-CNTs composites.
These diffraction angles probably belong to some of the secondary metabolites present
in the plant extract employed in the biochemical syntheses of palladium and silver
nanoparticles (Thangaswamy et al., 2021). A further growth of the Pd (111), (200), (220)
and (311) peaks on Ag-CNTs composites led to the suppression and shift of crystal
plane of Ag (111), (200), (220) and (311) at 26 value of 38.11, 44.29, 64.45 and
77.41°,while a significant increment was observed for the growth of (002) plane of
CNTs. The shift of the crystal plane is ascribed to the difference in the ionic radii of C,
Ag and Pd ion. The ionic radii of Pd and Ag ions are greater than the C ion (Pd: 1.40,
Ag: 1.60, and C: 0.70). This implies the dopants (Pd and Ag nanoparticles) can be
arranged as interstitial atoms inside the CNTs lattices. This suggests changes in the

location of the lattice parameters, and thus, influences the difference in ionic radii of the
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involved elements (Chen et al., 2021). This could be the reason for the variations of the
lattice planes. It also suggests the existence of synergistic effect of both PdNPs and
AgNPs impregnated on CNTs. However, the observed trend agree with the HRSEM
image (Plate XI (d)) which shows that both Pd and Ag were deposited on the CNTs
surfaces. According to Debye Scherrer equation, the crystallite sizes of the purified
CNTs and impregnated nanocomposites (nano-adsorbents) were calculated from the
XRD patterns and the results showed the average crystallite sizes of (Pd-Ag-CNTs >
Pd-CNTs > Ag-CNTs > P-CNTs), which is among important criteria needed for

effective adsorption (Table 4.5).

Table 4.4: Crystalline size of P-CNTs, Ag-CNTs, Pd-CNTs and Pd-Ag-CNTs

Nanocomposites

Composite Samples Variation of Crystalline size (nm)
P-CNTs 17.84 15.68 5.48
Ag-CNTs 13.77 18.97 8.26
Pd-CNTs 21.64 18.90 15.67
Pd-Ag-CNTs 22.74 29.74 25.81

It was found that the crystallite size of the composites material increased as Pd and Ag
nanoparticles were incorporated. The observed variation may be attributed to the
deposition rate of Ag and Pd nanoparticles as well as homogeinity of the material. Pre-
synthesis treatment during the formation of the crystals and thermal aging may also
affect the structural, optical, electrical properties of the composite material (Chen et al.,
2021). Thus this may be the reason for an increase in the crystallite size of CNTs after

the Pd and Ag doping (Aliyu and Srivastava, 2021).
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4.3.4.4 Brunauer-Emmett-Teller (BET) Analysis of Purified Carbon Nanotubes
and Impregnated Nanocomposites

The BET analysis provides a better insight into the textural properties of the prepared
adsorbent, especially the specific surface area, pore volume and pore size distribution of
the purified carbon nanotubes and impregnated carbon nanocomposites. The samples
were characterized using BET N; adsorption-desorption isotherm and the results are
presented in Table 4.6.

Table 4.5: Brunauer-Emmett-Teller (BET) analysis of the functionalized carbon

nanotubes

Nanocomposites Specific Total Surface  Pore Volume  Pore Size
Surface Area  Area (m?) (cc/g) (nm)
(m*/g)

P-CNTs 227.63 27.32 0.0827 3.156

Pd-CNTs 356.3 42.756 0.1454 5.839

Ag-CNTs 352.5 423 0.1475 5.749

Pd-Ag-CNTs 392.5 47.1 0.1502 6.214

According to Table 4.6, it was found that the BET specific surface area of the
adsorbents are in order of Pd-Ag-CNTs > Pd-CNTs >Ag-CNTs >P-CNTs. The results
indicate that the incorporation of silver and palladium nanoparticles to the P-CNTs
increased the specific surface area of the nano-adsorbents. The increased specific
surface area is an evidence of more active site on the adsorbent surfaces, which is of
advantage to the occurrence of the redox reaction, and then improvement on the

adsorptive performance of the material (Bano et al., 2020).
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The DR pore size distributions revealed in Table 4.6 indicate that the Pd/Ag doped
CNTs nanocomposites is highly mesoporous compared to other composites. The pore
size distribution varies as the metallic nanoparticles are incorporated. The impregnation
of the binary Pd and Ag nanoparticles increased the specific surface area of the
composite for about 42.01 % (from 227.63 to 392.5 m?/g). Noteworthy is the fact that
pore size of Pd-CNTs is more than the corresponding Ag/CNTs.So, it is reasonable that
the presence of AgNPs in the CNTs based nanocomposites led to the moderate change

in the pore size of the Pd-Ag-CNTs composites.

In summary, the pore size of the three nano-adsorbent, along with comparison with
purified-CNTs are provided and the results are in the range of 3.156 to 6.214 nm which
falls within 2-50 nm range classified by International Union of Pure and Applied
Chemistry (IUPAC). Based on the IUPAC classification, material with pore size less
than 2 nm are micro-porous, material within 2-50 nm are mesoporous, while greater
than 50 nm are said to be macroporous in nature (Fletcher, 2008, Moosavi et al., 2020).
Thus, the pore size of the prepared nano-adsorbent in this study revealed that they are
mesoporous in nature.

The observation made from this study conform to what was highlighted in the XRD
results (see Table 4.5), in which the crystallite size of Pd-Ag-CNTs nano-composite is
greater than the corresponding Pd/CNTs and Ag/CNTs nanocomposites. The slight
variation may be attributed to the ionic radius of the metals, in which Pd is smaller in
relation to Ag metals, which is linked to the free movement of PANPs within the layer
of CNTs wall. Thus, allowing the proper formation of a porous structured carbon

skeleton with significant amount of Pd content. The increase in the pore size of the
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nanocomposites facilitates the transport of charge during charge and discharge, which

enhances the performance efficiency of the adsorbent materials (Li ef al., 2016).

4.4 Treatment of Industrial Animal Feed Processing Wastewater

4.4.1 Physicochemical analysis of industrial animal feed processing wastewater
Temperature is one of the essential indicator parameters of water quality in respect to
existence and control of behavioral characteristics of aquatic organism (Liu et al., 2018).
Temperature has direct effect on other wastewater indicator parameters such as pH and
its variation in water bodies can directly affect the metabolic rate of organisms (Halilu
et al., 2018). Thus, the result obtained in the present study revealed that the temperature
of the raw industrial animal feed processing wastewater was 28.20 °C. After treatment
with the nano-adsorbent, the temperature of the treated wastewater varies between
minimum of 29.40 °C and maximum of 29.90 °C for Ag-CNTs and Pd-Ag-CNTs nano-
adsorbent respectively. Temperature increase in aquatic environment may become a
barrier to migration of fishes and other aquatic lives. As a consequence, this may
seriously affect the reproduction of new breeds. Also, increase in water temperature can
led to increase in solubility of metals and thus, toxicity of certain compounds.
Temperature is also linked to the dissolved oxygen concentration. That is, the warmer
the water, the less oxygen that it can hold (Stillman, 2019). Therefore, increase in

temperature influence the rate of microbial activity.
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Table 4.6: Physicochemical characterization of animal feed processing industry

wastewater (Before and After Adsorption study) and WHO guideline limits

Physico- Raw Treatment Treatmen Treatmen Treatmen Standard Limit
chemical sample using P- t using t using t using WHO, NIS,
paramet CNTs Ag-CNTs Pd-CNTs Pd-Ag- 2017 2015
ers CNTs USEPA,
2018
Tempera 28.20+1.3 29.20+£1.62 29.40+1.5 29.50+1.2 29.90+1.8 Ambient Ambi
ture (°C)
8 7 3 6 ent
pH 6.28+0.98  7.94+1.02 7.80+0.79  7.60+0.81 7.88+0.77 5.5-8.5 6.5-
8.5
Turbidit 244+24.69 12.00+2.54 4.80+0.57 6.28+0.72 4.15¢0.49 5 5
y (NTU)
Conduct 684+31.21 410.00+27.7 325+19.87 328+26.90 320+22.92 1000 1000
ivity
(nS/cm) 6
TDS 456+18.25 272.83+11.8 21748.19  219+9.99  213+6.32 600 500
(mg/L)
3
TSS 160+15.13  4.00+0.26 0.78+0.03  1.80+0.08 0.66+0.01 0.75 0.75
(mg/L)
DO 3.78+1.39  4.95+1.22 490+1.10 5.20+1.48 5.40+1.32 5-6 Min.4
(mg/L)
COD 450+29.16 60.00+£2.67  35.60+2.0 35.00+2.1 34.40+2.0 40 -
(mg/L)
0 1 8
BOD 90+13.34  15.40+£1.01 8.30+0.76  7.10£0.60  6.70+0.89  10/5-7 6
(mg/L)

Keys: TDS = Total dissolve solids, TSS = Total suspended solids, COD = Chemical

Oxygen Demand and BOD = Biochemical oxygen demand
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pH measurements is a simple parameter which have direct influence on the level of
metal ion in the water as well as other indicator of water quality. The pH of a water
body is very important since quite number of chemical reactions in aquatic habitat are
measured by any change in its value (Fakayode, 2005). In the present study, the results
presented in Table 4.7 indicates that the pH value is 6.284+0.98, while the pH level
varied between 7.60+0.81 and 7.94+1.02 in the treated wastewater. The results shows
that the pH value increased and the suitable pH was obtained using Pd-CNTs nano-
adsorbent. The pH level recorded against the raw wastewater sample maybe due to the
type/sources of the constituent materials utilized during production of feed. This may
subsequently leach to the water bodies during cleaning and washing of the equipment.
According to Lokhande ef al. (2011), any substance or solution that is highly acidic or
alkaline would affect the solubility, mobility and metal toxicity in the water and
consequently kill marine lives living within the environment. Waters with pH value
range of 6.5-9.0 are exceptional and preferable for most aquatic creatures, while the
range of water desirable for human tolerable levels by (WHO) and (NIS) standards is
6.5 to 8.5 (WHO, 2017; NIS, 2015). In the raw wastewater, it can be observed that the
pH value was slightly lower than the permissible limit, while the treated wastewater fall
within the range of WHO and NIS standard limits. Therefore, it can be concluded that

the treated water in this study can be reuse for irrigation purposes.

Turbidity is an important property which measure the transparency and/or cloudiness of
a liquid and its contributed usually by suspended solids and colloidal materials (such as
clay, silt, microbes, rock fragments) in water. The turbidity of wastewater before the
application of the nano-adsorbents was 244+24.69 NTU. After treatment with the

nanoadsorbent, the turbidity significantly reduced to the range of values between
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4.15%0.49 and 12.00+2.54 NTU. The results indicates that the maximum turbidity value
obtained after treatment with P-CNTs and Ag-CNTs adsorbents is slightly higher than
the permissible limits, while treatment with other nano-adsorbents (Pd-Ag-CNTs and
Pd-CNTs) revealed that the turbidity values falls within standard limits (5 NTU) set by
WHO and USEPA (2018). Since turbidity measures the cloudiness caused by the
presence of suspended solids, it appears that the greater the level of total suspended
solids in water, the cloudier the water and consequently, the higher the measured
turbidity. Also, conductivity is commonly used to determine the concentration of
dissolved ions generally known as total dissolved solids which is also an indicator of
water quality (Khan et al., 2013). An increase in conductivity of water gives
information on the total dissolved solids which can be used to determine physiological

effects on plants and animals in water.

From Table 4.7, the conductivity values for the raw wastewater was 684+31.21uS/cm,
which was reduced to 320+22.92, 325+£19.87,3284+26.90 and 410.00£27.76 uS/cm, after
treatment with Pd-Ag-CNTs, Ag/CNTs, Pd-CNTs and P-CNTs, correspondingly. In
both cases (the raw and treated wastewater), the conductivity values falls within the
permissible limit of 1000 uS/cm set by WHO. The wastewater obtained from the animal
feed processing industry shows TDS values of 456+18.25 mg/L,but reduced to the
concentration level of 213+£6.32 to 272.83+11.83 mg/L after treatment with adsorbent
materials. The treated wastewater exhibit different removal efficiency with percentage
values presented in the following order 53.29 % (Pd-Ag-CNTs) > 52.41 % (Ag-CNTs)
51.97 % > (Pd-CNTs) > 40.45 % (P-CNTs). Based on the results obtained before and
after treatment of the wastewater, the TDS concentration values all lies below the

WHO/USEPA and NIS standard limits. According to Lokhande et al. (2011), water can
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be classified on the basis of concentration of TDS, as desirable for drinking at
concentration up to 500 mg/L. With respect to this classification, it can be deduced that
the treated wastewater with each of nano-adsorbent can be considered safe for irrigation
purposes and other aquatic animal can still survive in the treated wastewater, since
water with TDS value within the range of 2000-3600 mg/L favours aquatic animals
(NIS, 2015). TDS gives information on the level of both organic and inorganic
dissolved compounds which may increase the turbidity of water (Khan et al., 2013). Salt
like chloride, sulphate, carbonate, bicarbonate, phosphate, and nitrate of sodium,
magnesium, potassium, calcium, manganese and iron are found dissolved in water
bodies. They are known to increase the density of water and affects the osmoregulation
of freshwater in aquatic organisms, reduces the availability and utility of oxygen, water

for drinking, irrigation and other industrial purposes (Boyd and Tucker, 2019).

In the present investigation, the total suspended solids of the raw animal feed processing
industry wastewater is 160£15.13 mg/L. After treatment with the adsorbents, the
concentration reduced to 0.66+0.01 mg/L, 0.78+0.03 mg/L, 1.80+0.88 mg/L and
4.00+0.26 mg/L for Pd-Ag-CNTs, Ag-CNTs, Pd-CNTs and P-CNTs respectively. The
suspended solid did not necessarily mean that matters floats and remain on water layer,
but they are under suspension and thus remain in water (Halilu et al., 2018). It can be
noticed that Pd-Ag-CNTs and Ag-CNTs treated wastewater maybe suitable for aquatic
life or irrigation purpose when discharged into the river since the nano-adsorbents had

approximately 100 % removal efficiency of TSS.

Dissolved oxygen is also an important water quality parameter used in determining the
contamination levels of industrial wastewater. In the present investigation, it was found

that the DO of industrial animal feed processing wastewater prior to treatment was
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3.78+1.39 mg/L, and after treatment, the values varied between 4.90+1.10 to 5.40+1.32
mg/L, with Pd-CNTs nanoadsorbent being the highest and Ag-CNTs representing the
lowest value. The result indicates that DO value of the raw samples do not fall within
the acceptable limit of 5-6 mg/L. (WHO, 2017; USEPA, 2018) or minimum value of 4
mg/L (NIS, 2015), but after treatment with the nanoadsorbents, the value increase to the
level within the standard limits set by WHO/USEPA and NIS. In addition to this, the
level of DO in water is inversely proportional to the amount of BOD. That is, the low
DO is the same as high BOD. Biochemical oxygen demand is a measure of pollution
effect and its regarded as one of the most common measures of organic pollutant in
wastewater. The result indicates that the BOD value was 99+13.34 mg/L before
treatment. Thereafter, the BOD of the treated wastewater reduced to low values of
15.40+1.01 mg/L, 7.10+0.60 mg/L, 8.30+0.76 mg/L and 6.70+0.89 mg/L for P-CNTs,
Pd-CNTs, Ag-CNTs and Pd-Ag-CNTs respectively. It is important to note that the
adsorbents P-CNTS, Pd-CNTs and Ag-CNTs were able to reduce approximately
84.44%, 92.82 % and 91.61 % of BOD from the wastewater. While Pd-Ag-CNTs
nanoadsorbent (removed 93.23 % of the BOD) which fall within the permissible limit
of 5-7 mg/L reported by USEPA (2018) and safe limit of 10 mg/l set by WHO (2017).
In summary, high BOD value observed in the raw samples is an indication of polluted
water while low BOD contents noticed after the treatment indicates that the water is of
good quality. This suggests that there is abundance of free oxygen in the treated

wastewater since BOD directly affects the amount of dissolved oxygen (DO) in water.

COD is similar in function to BOD, in that both measure the relative oxygen depletion
effect of wastewater. The COD test is used to quantify the amount of organic matter

(pollutants) in a wastewater (Lokhade ef al., 2011). In COD determination, the level of
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oxygen demand is valuable in classifying the contamination level and existence of
biologically resistant substances. It is a very important parameter for Wastewater as well
as control of waste treatment. From the results presented in Table 4.7, the COD value in
the wastewater collected is 4504+29.16 mg/L, which is more than 10 folds of the safe
discharge limits recommended by WHO and NIS standards. After the treatment process
with the nano-adsorbents, the COD level reduced to 60.00+£2.67 mg/L, 35.00+£2.11 mg/L,
35.60+2.00 mg/L, and 34.40+2.08 mg/L with corresponding percentage removal
efficiency of 86.66%, 92.20 %, 92.08 % and 92.35 % respectively, hereby meeting up

with the standard permissible limit of 40 mg/L as stated by USEPA (2018).

4.4.2 Heavy metal analysis of industrial animal feed processing wastewater
On the basis of removal of selected heavy metals, Pd/Ag/CNTs nanoadsobent was
chosen regarding the results obtained from the physicochemical analysis of the raw and

treated animal feed processing industry wastewater.

Table 4.7: Mean concentration of selected heavy metals of industrial animal feed

processing wastewater (Before and After Adsorption Study) and standard limit

Heavy metals Raw Treatment using Standard Limit
sample Pd-Ag-CNTs WHO (2017)/ NIS (2015)
USEPA
(2018)
Copper (mg/L) 1.143+0.27 0.253+0.12 1.00 1.00
Iron (mg/L) 0.979+0.36 0.114+0.06 0.5 0.3
Manganese 0.747+0.28 0.167+0.09 1.0 -
(mg/L) 0.611+£0.19 0.001+0.001 0.02 -
Nickel (mg/L)
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The results of selected heavy metal ions analyzed from the raw and treated animal feed
processing industry wastewater are presented in Table 4.8, with WHO, EPA and NIS
guideline limits. This indicates that copper concentration was above the standard limits.
Copper “being among the heavy metals” used as a growth promoter in feed formulations,
it is highly required in functioning of young pigs. Regions where farm animals are fed
with feeds and forages that are deficient in copper will suffer from anemia. This
deficiency can be corrected by adding suitable mineral suppliments into feeds which are
needed for the formation of haemoglobin. The presence of Cu in the wastewater
samples could be as a results of different processes involved in the manufacturing
process. It was noticed that concentration of copper before the treatment of the raw
wastewater was 1.143 mg/L, and the concentration reduced to 0.253 mg/L after
treatment with the nanoadsorbent. This result indicates that 77.86 % removal efficiency
was achieved for Pd-Ag-CNTs nano-adsorbent. Although humans can handle
proportionally large amounts of copper, but its acute exposure can cause different health
problems like gastro-intestinal effects such as diarrhoea, nausea, vascular injury,
vomiting and anemia among others. As a consequence, these problems can results to life
threatening diseases. It is worthy to note that the post-treated result of copper shows its
safe for reuse due to the fact that it falls below the permissible limit of 1 mg/L (see

Table 8).

Iron is an essential element required for the growth of animals (Llorens et al., 2019). It
is used as a food supplement in manufacturing animal feeds and may improve
physiological effect such as blood parameters, organ weight and nutritional status. Iron
can be found in water bodies through washing of the equipments, but its presence in

excessive amount in wastewater can leads to build up in plant species when used for
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irrigation purposes. This can be detrimental to plant growth and even the food chain.
According to USEPA (2018), Fe in water is safe to ingest at concentration range
between 0.4-1 mg/kg of body weight per day. From the results presented in Table 4.8, it
can be observed that Fe content before treatment was 0.979 mg/l, while at post
treatment with the developed Pd/Ag/CNTs adsorbents, the level of Fe concentration
reduced to 0.114 mg/L, with percentage removal efficiency of 88.36 %. This results
indicates that the developed adsorbents was able to reduced Fe concentration levels to

values within the standard limit of 0.5 mg/L set by WHO (2017)/EPA (2018).

EFSA issued a report on the use of manganese-based additives in feeding stuffs (EFSA,
2013). Following the re-evaluation of EFSA report, a list of authorizations of
manganese compounds (such as manganous chloride tetrahydrate; manganous oxide,
manganous sulphate, monohydrate; manganese chelate of amino acids hydrate and
manganese chelate of glycine, hydrate) in feeds additive have been reported in literature
(EFSA, 2021). Manganese, serve as a nutrient in humans and animals and play a vital
role in bone mineralization, regulation of protein and energy metabolism (EFSA, 2020).
However, it is toxic at high exposure levels and according to Agency for Toxic
Substances and Disease Registry (ATSDR, 2012), the amount of Mn recommended as
daily intake in drinking water should not exceed 5 mg/day (Ogu and Akinnibosun,
2020). This is because its exposure is associated with health problems such as
intellectual quotient scores in school-aged children and high incidence of hyperactive
behaviours (Coetzee et al., 2016). Table 4.8 shows that the concentration of Mn is 0.747
mg/L for raw wastewater and after treatment, the concentration reduced to 0.167 mg/L
which translated to approximately 77.64 % removal efficiency using Pd-Ag-CNTs

nano-adsorbent.
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Certain feed materials contain metallic nickel since it is used as a catalyst in their
production (EFSA, 2019). Despite their small amount in feeds, their role in normal
metabolism is highly valued. Deficiency or excess of nickel can result in immune
system disorders and impairement of overall health status and decreases in production
performance (Ahlstrom et al., 2019). Moreover, different forms of Ni occur naturally in
the environment, and its widely applied in chemical and food-processing industry as
catalyst and pigment. Although, animal requirements for Ni have not been clearly
defined and are estimated to range between 50-100 ug Ni/Kg feed to prevent clinical
symptoms of deficiency (Zivkov Balo§ et al., 2017). Exposure of nickel and nickel
related compounds can cause respiratory tract cancer if the dosage exceeds the
allowable concentration of 1 pg of Ni/L (Morris, 2020). In the present study, the Ni
content of the animal feed processing industry wastewater is 0.611 mg/L and after
treatment with the adsorbent material, the values was 0.001 mg/L for the prepared nano-
adsorbents. It was noticed that the nano-adsorbent (Pd-Ag-CNTs) removed
approximately 99.84 % of Ni from the wastewater samples, hence meeting up with the
maximum required limit of 0.02 mg/L as stated by USEPA (2018). Overall, the removal
efficiency obtained from the physicochemical results informed the choice of Pd-Ag-

CNTs for the batch adsorption studies of selected heavy metal ion.

4.4.3 Batch adsorption of heavy metals in animal feed processing industry
wastewater

Studies on the effect of different parameters on adsorption efficiency of the prepared
nanoadsorbent for the removal of Cu, Fe, Mn and Ni from raw industrial animal feed
processing wastewater was investigated. The following parameters such as the contact

time of interaction with the sorbent, the mass of the adsorbent (dosage) and the
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temperature were investigated and the results obtained with respect to each adsorption

parameters are presented as follow:
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- Effect of contact time
The effect of contact time on adsorption of Cu, Fe, Mn and Ni from industrial

animal feed processing wastewater is shown in Figure 4.10 using Pd-Ag-CNTs

nanoadsorbent.
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Figure 4.10: Percentage removal of metal ion adsorption on Pd-Ag-CNTs
nanocomposites [Dosage (10 mg/50 cm?), Stirring Speed (200 rpm), and
temperature (30 °C)]

As illustrated in Figure 4.10, the time of contact between the selected metal ion and
nano-adsorbents was investigated in the range of 15-90 min. and it was observed that as
interaction time increases, removal efficiency also increases. Worthy of note is the fact
that the increase in removal efficiency of Fe and Ni ion was very quick within the first
30 min. Thereafter, there was no significant effect in the percentage removal efficiency
of both metal ions. On the other hand, slower adsorption process was observed for Cu
and Mn ion, which signifies a smaller uptake of metal ion as compared to the former
ions. Therefore, the optimum time to attain the maximum removal of metal ion was 30

min. This suggests that the adsorbed molecules diffused rapidly onto the pores of the
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nano-adsorbents (Pd-Ag-CNTs) due to strong interaction and competition among the
selected metal ions (Ebadollahzadeh and Zabihi, 2020). Further, the increase in the
removal efficiency of the selected metal ion reduced until it reach the equilibrium stage
(90 min). Here, it implies that the adsorbent-adsorbate system has reached the
equilibrium and additional increase in time of interaction rarely influences the
percentage removal efficiency of the selected metal ion. It can be deduced that the
removal rate would remain unchanged after the equilibrium time of interaction and this
may be linked to the repulsive forces between the nano-adsorbents and the selected
metal ions (Zhao et al., 2018). Thus, this study suggests the occurrence of double phase
sorption mechanism (fast and slow adsorption rate). This was found similar to the report
of Liu et al. (2017) who observed that adsorption mechanism involve external and

internal diffusion process.

As observed in this present study, the respective value of 77.69 (for Cu), 87.95 (Fe),
77.12 (Mn) and 99.35 (for Ni) are the maximum percentage removal efficiency noticed
when the equilibrium sorption data was considered. With respect to the selected metals,
the ionic radius decreases in the order of 137 A (Mn) > 128A (Cu) >126A(Fe) >125A
(Ni) in the analyzed wastewater. The smaller the size of ionic radius, the faster the
removal of the metal ion from the wastewater (Bohli et al., 2013). Thus, the metal with
smaller atomic radius will promptly reach the surface binding site faster compared to
those of larger atomic radius. In general, the percentage removal of metals is found to be
in the order Ni>Fe>Cu>Mn in the analyzed wastewater. Hence, it is important to
mention that the maximum percentage removal of metals differs significantly and was
based on specific interaction between adsorbent-adsorbate species. Nevertheless, Ni ion

adsorbed better when compared to adsorption of other studied metal ion. Further,

122



noteworthy is the fact that 100 % removal efficiency was never achieved using the test
nanoadsorbent. This is so because of the presence of other radical scavengers in the
wastewater which also compete for the adsorption sites or due to the blocking of
adsorbent pores by suspended solids in the wastewater. The effect of varying the contact
time was also investigated and it was observed that the selected metals adsorbed better
at different time of contact. The reason for this observation might be linked with the
large surface area of Pd-Ag-CNTs, which was available throughout the adsorption

process.

- Effect of Adsorbent Dosage
To evaluate the effect of concentration on the adsorption efficiency of the nano-
adsorbent for removal of metal ions, the study was carried out by varying the mass of

adsorbents from 10 mg to 60 mg in 50 cm? of wastewater sample.
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Figure 4.11: Effect of adsorbent dosage on heavy metals adsorption onto Pd-Ag-

CNTs nanocomposites (Time of Contact (90 min.), stirring speed (200 rpm), and
temperature (30 °C)]
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The figure indicates that the percentage removal increases as the adsorbent dosage
increases from 10 to 60 mg per 50 cm?® of the wastewater irrespective of the metal ions.
The observed increment may be connected to the increase in the required number of
active sites as a function of dosage. This is in accordance with the work of Almomani,
(2020) who reported an increased removal efficiency of heavy metals from 18.6 % to
92.0% as the adsorbents increased from 5 to 25 g/L at 20 °C. The present study implies
that, there exist a linear relationship between the mass of an adsorbent and the
concentration of metal ion. Further, it can be deduced that availability of binding site in
the nanoadsorbent enhances the percentage removal of Ni and Fe (metals) while in the
case of Cu and Mn, a considerable increment was rarely noticed in the removal
efficiency. This is due to the fact that there was fast removal rate of the former which
led to competition for binding sites, and thus trigger the partial blockage of the pores
around the nanoadsorbent surface. Nevertheless, it was observed that maximum
percentage removal of Cu, Fe, Mn and Ni by Pd-Ag-CNTs were 77.87 %, 88.36 %,

77.64 and 99.84 %, respectively.
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- Effect of Temperature on Adsorption Capacity
Figure 4.12 illustrates the effects of temperature on the adsorption capacity and
percentage removal of heavy metals from industrial animal feed processing wastewater.

The experimental results revealed that maximum removal was attained at temperature of

80 °C for all the metals.
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Figure 4.12: Effect of temperature on metal Ion adsorption onto Pd-Ag-CNTs
nanocomposites [Adsorbent dosage (10 mg/50 cm?), Stirring speed (200 rpm), and
time of contact (60 min.)]

It can be noticed that increasing the solution temperature from 30 °C to 80 °C resulted to
increase in percentage removal efficiency of all metals, with the exception of nickel ion
with the adsorption rate level off at temperature of 70 °C and 80 °C. The possible reason
for such behavior may be ascribed to the acid modification of the CNTs surface and

impregnation of metallic nanoparticles. Acid modification was responsible for the

formation of temperature dependent surface sites which influenced the sorption capacity
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of the adsorbent material under the influence of variation of temperature (Patra et al.,

2020).

An increase in temperature caused increased in the mobility of adsorbate species, hence
increased removal efficiency of the metal ions (Fosso-kankeu et al., 2017). This implies
that the solution temperature is directly proportional to the percentage metals adsorbed,
indicating that the adsorption process is endothermic in nature (Yagub et al., 2014).
This prediction was affirmed by determining the thermodynamic parameters like
enthalpy change, entropy change and Gibbs free energy, which also provide
supplementary information as regards the adsorption mechanism. However, the present
study showed that the investigated metal ions (Cu, Fe, Mn and Ni) are adsorbed on the
prepared Pd-Ag-CNTs nano-adsorbent with maximum removal efficiency in the order

of 99.84 (Ni) > 88.36 (Fe) > 77.87 (Cu) > 77.64 (Mn).

4.4.4 Adsorption isotherm models

The adsorption isotherm models are used to examine the mechanism of adsorption,
nature of the adsorbent surface, affinity and favourability of the adsorbate to the
adsorbent surface (Lima et al., 2015). It also reveals the extent to which the adsorbate
captured by the adsorbent surface (Q.) and the amount of adsorbate left in the liquid
phase (C.) (Kasperiski et al., 2018, Lima ef al., 2015). In this study, six isotherm models
namely; Langmuir, Freundlich, Dubinin Radushkevich (D-R), Temkin, Halsey and
Flory Huggins (F-H) models were applied to explore the behavior of metal ions
adsorption on the prepared nano-adsorbents. The data obtained were used to establish

which model best fitted the adsorption process.
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It is evident that Langmuir isotherm model describes adsorption mechanism with
monolayer adsorption and identify the distribution of metal ions between homogenous
surface active site and liquid phase, with no interaction of the adsorbed molecules with
the neighboring adsorption site (Yusuff et al., 2019). Based on the estimation of
maximum adsorption capacity (Qm) of the nano-adsorbents, it is important to note that
the equilibrium monolayer capacity (Q.) reach the highest peak (Plateau region)
(Dechnik et al., 2016). In view of this, the Langmuir isotherm parameters of the non-
linear curve fitting are presented in Table 4.9, where Q., represent the monolayer
sorption capacity, and by and Qn are Langmuir constant related to the energy of sorption
and maximum adsorption capacity (mg/g). RL denotes variation of separation factors
(L/mg) whether the adsorption is irreversible (Rr= 0), favourable (0<R1<1) or linear or

unfavourable (Rt=1 or Ri>1) (Abdel-Ghani and El-Chaghaby, 2014).

For the nano-adsorbent (Pd-Ag-CNTs), the maximum adsorption capacity of Cu, Fe,
Mn and Ni were determined as 0.8175, 4.003, 1.0570 and 1000 mg/g. It was observed
that the adsorption capacity of the prepared adsorbents was greater for Ni, followed by
Fe and Mn. This is corroborated by the observation made from the effect of contact time
and it is the same reason advanced earlier (as in heavy metals with smaller ionic radius
diffuse faster than the corresponding metals with larger ionic radius). However,
different behavioural pattern was observed for adsorption of Cu onto Pd-Ag-CNTs
nano-adsorbent, which recorded adsorption capacity value of less than unity. This
suggest that there is low affinity between the Cu ion and Pd-Ag-CNTs adsorbent. And
to a greater extent, an increase in adsorptioan density of a solute on any adsorbent

would reduce the tendency of adsorbent to adsorb (Tran et al., 2019). This may be due
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to increasing competition among solute ions or molecules and a decrease in the number

of vacant sites available for further adsorption (Li ef al., 2020).

The energy of adsorption which is related to the heat of sorption (L/mg) by the nano-
adsorbent was represented in Table 4.9. The estimated heat of adsorption (br) of Pd-Ag-
CNTs for Ni was -1036.3 L/mg, which was greater than Cu (-2.7685 L/mg), Fe (-2.9868
L/mg) and Mn (-3.5541 L/mg). This implies that the heat of adsorption is less
favourable for Cu, Fe and Mn in industrial animal feed processing wastewater. The
observed trend in the adsorption behavioural pattern matches with the order of ionic
radius of metals. This implies that preferential sorption behavior could be explained in
term of ionic radius of metals. Also, it can be deduced that high concentration of Cu, Fe
and Mn after treatment process is as a result of increase heat of adsorption (br) (Sharma
et al., 2019). In addition, an important feature of Langmuir isotherm is the
dimensionless separation factors, Rp which is indicative of the isotherm shape that
envisages whether an adsorption process is favourable, unfavourable or linear and/or
irreversible (Abdel-Ghani and El-Chaghaby, 2014; Ibisi and Asoluka, 2018). The results
of separation factor (Rr) of metal ions adsorption by the tested adsorbent are shown in
Table 4.9. The result showed that Ry values of all the analyzed metals is less than zero
with the exception of Ni which is greater than 0 but less than unity. This suggests that
the adsorption of Ni metal by nanoadsorbents is more favourable than other metal ion
analyzed. Hence, the adsorption of Cu, Fe and Mn onto Pd-Ag-CNTs nano-adsorbent
can be concluded to be unfavourable for Langmuir isotherm model. This study asserted
the favourability of selected metal ion adsorption on the nano-adsorbent and signifies
that Ni presented the highest Qmme value by Pd-Ag-CNTs nano-adsorbent. The

regression correlation co-efficient (R?) values from Table 4.9 indicates R? values
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between 0.4649 -0.9691. This implies that the adsorption data of all ions onto the nano-
adsorbents does not agree well with Langmuir models, therefore indicating that the

adsorption phenomenon cannot be best described by this model.

The Freundlich adsorption isotherm is an indicator of the level of heterogeneity of the
nano-adsorbent surface. It explains the interaction between an adsorbed molecules
(sorbate) on a non-uniform surface (heterogenous surface), and the Freundich constant
Kr and nr were calculated from the intercept and slope of the plot of Vs which
indicate adsorption capacity and the adsorption intensity (Abdel-Ghani et al., 2009).
Also in Table 4.9, the highest maximum sorption capacity () of Pd-Ag-CNTs for the
analysed metals was recorded for Cu (3501.064 mg/g). While the Kr values of the test
adsorbent on Fe, Mn and Ni were in the order of 1269.989 mg/g (Mn) > 78.886 mg/g
(Fe)>2.1459 mg/g (Ni). The Freundlich constant (Kr) indicates the adsorption capacity
of the nano-adsorbent at equilibrium level in a solution and higher Kr value suggests a
higher adsorption capacity. Additionally, the values (adsorption intensity) which is
an indication of the degree of non-linearity between solution concentration and
adsorption process predicts the favourability of metal ions on nano-adsorbents. That is,
the  value suggests adsorption intensity is a physical process if (n > 1), and chemical
process (n < 1) or linear (n = 1). The calculated result of  values are thus presented in
Table 4.9, and it can be observed that  values of Pd-Ag-CNTs for Ni is greater than
the corresponding Cu, Fe and Mn ions ( values of Ni was found greater than unity).
This implies a favourable sorption of Ni by Pd-Ag-CNTs when compared to other
metals. Therefore, this study suggest that the adsorption phenomenon is a chemical
process except for Ni adsorption on the prepared nano-adsorbent which showed

values greater than unity (physical process). This implies the adsorption isotherm is
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characterized by a convex Freundlich isotherm (Shen ef al., 2018). Also, it can be
inferred that Freundlich adsorption isotherm is independent of the size (atomic or ionic)
of each metal ion. Based on the regression correlation co-efficient (R?) values, it was
observed that R? values for the adsorption of all metals using Freundlich model is lower
than Langmuir Model except for nickel and copper. In most cases, determination of best
fitting relationship and validating the best isotherm model have always been through the
use of linear correlation coefficient (R?) values. But, because of the inherent bias from
this transformation, sum of square error (SSE) and non-linear-chi square test (%?) were
employed. This model have been introduced to further justify the suitability of the best
isotherm model. Coupled with the highest correlation coefficient (R?) values, there must
be closeness between the data of the and alongside a low value of statistical
validity models. That is, lower value suggest which model best fitted the adsorption
processes. In line with this, the Flory-Huggins isotherm model has the highest
coefficient of determination (R?) which signifies the good fit of the models for all the
analyzed metals. This assertion was justified with lower SSE and %* values obtained
when compared with other isotherm models. Thus indicating the closeness of the model

experimental results to the calculated result obtained.
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Table 4.8a: Isotherm constants for the adsorption of metal ions on Pd-Ag-CNTs

nanocomposites
Isotherm models with Parameters Metal ion
Equations (units) Cu Fe Mn Ni
Langmuir Qmax (Mg/g) 0.8175 4.0032 1.057 1000
o Kt (L/mg) -2.7685 -2.9868 -3.5541 1036.3
Qumme (Mmg/g)  -0.2953 -1.3403 -0.2974 0.965
_ RL -0.462 -0.5197 -0.6043 0.0016
+ R? 0.8805 0.9691 0.7599 0.4649
SSE 0.1038 0.0271 0.4946 0.8877
x 0.0917 0.0229 0.2830 0.9671
Freundliuch Kr (mg/g) 3501.064  78.886 1269.989 2.1459
1/ng 6.3506 2.2316 4.5777 0.2367
= + /
nfg 0.1575 0.4481 0.2185 4.2248
R? 0.9672 0.9502 0.7167 09111
SSE 0.0500 0.0173 0.1044 0.1182
r 0.1285 0.1086 0.0417 0.2256
Dubini-Radushkevich gm (mg/g) 581.3773  2.8718 94.9927 1.3484
Kp-r(mol 5x107 1x107 3x107 5x107
= - 2KJ2)
= (+ 7/ ) E (KJmol')  -1000 -2236.07  -1290.99 -10000
= R? 0.8456 0.9194 0.6844 0.4982
J
SSE 0.8849 1.9515 0.8675 0.8183
v 0.9218 0.1086 0.0417 0.2256
Temkin A 11.85 3.8741 5.2086 0.2406
= br (Jmol ™) 191.5377  585.8708 435.7643 9433.5
91

131



Table 4.8b: Isotherm constants for the adsorption of metal ions on Pd-Ag-CNTs

nanocomposites
Isotherm models with Parameters Metal ion
Equations (units) Cu Fe Mn Ni
_ Kr((Lmg™") 3.9499 9.3455 5.9865 2810
R? 0.7817 0.8434 0.6026 0.4491
SSE 1.6848 0.9793 1.1957 1.2478
v 1.4928 0.9984 1.0897 1.0026
Flory-Huggins Lnkrn -0.6709 -0.5773 -1.0592 -
0.3991
o + ( - ) Kru (Lmol!)  0.5112 0.5614 0.3467 0.6709
NFH -0.3014 -0.2141 -0.4841 -
0.0715
=(C -/ ) AG® (KJmol -1522.97 -1310.36  -2404.31 -
D! 905.92
6
A ° = R? 0.9947 0.9787 0.9924 0.7098
SSE 2.07 x 10> 0.0004 0.0001 0.0368
v 0.0131 0.0058 0.0023 0.0277
Halsey Knu 0.2766 0.1412 0.2099 0.0397
- 1/nm -6.3506 -2.2316 -4.5777 0.2367
- T ni 0.1575  -0.4481  -0.2185 42248
R? 0.8672 0.9502 0.7167 0.6111
SSE 1.6848 0.9793 1.2183 1.3070
v 0.0258 0.6914 1.2102 1.7182

Therefore, indicating that the isotherm data of analysed metals by Pd-Ag-CNTs nano-

adsorbents does not fitted well to Freundlich model. Nevertheless, the equilibrium

sorption data for Ni metal using Pd-Ag-CNTs fitted Freundlich much better than

Langmuir isotherm model.
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The D-R model was used to determine the extent of adsorption with Gaussian energy
distribution on heterogeneous surfaces. The semi-empirical model which is based on the
estimates of saturation theoretical capacity or sorption affinity and mean free energy of
adsorption (Kp.r) are determined by plotting against . The experimental
results are presented in Table 4.9 where a maximum saturation capacity (qm) for Pd-Ag-
CNTs adsorbent was 581.3773 mg/g (Cu). The least qm for the tested nano-adsorbent
was recorded to be 1.3484 mg/g (Ni), which was found lesser than 94.9927 mg/g (Mn)
and 2.8718 mg/g (Ni). This results further affirmed that the test nano-adsorbent had
greater affinity for metal ions with high adsorption capacity. The mean free energy (E)
as represented in Table 4.9 was calculated from the experimental data to distinguish the
types of adsorption process. It can be seen that a lower (Ep-r) value were obtained from
D-R adsorption isotherm model, indicating physical nature of sorption of metal ion onto
the tested nano-adsorbents. Small regression co-efficient (R?) value for D-R isotherm
model were also presented in Table 4.9. This suggests that the adsorption data were
poorly fitted. However, it can be observed that the regression correlation co-efficient
(R?) for Temkin model is relatively small when compared to that obtained using D-R

1sotherm model.

The Temkin model describes interaction of solute molecule from aqueous phase with a
non-uniform phase (heterogenous surface). It is based upon the assumption that heat of
adsorption of all molecules in the layer decreases on covering of solid surface. The
Temkin isotherm constant (Kr) denotes the maximum binding energy. Temkin
parameters are presented in Table 4.9 indicates that Ni had the highest K values (2810
dm?/g). This signifies a higher binding probability onto Pd-Ag-CNTs nanoadsorbents.

Other Kr values recorded for Pd-Ag-CNTs were estimated to be 3.9499 dm?®/g, 5.9865
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dm?/g and 9.3455 dm®/g for Cu, Mn and Fe respectively. The estimated values suggest a
lower binding energy by the tested nano-adsorbent. The variation in this results could be
attributed to different behavior of metal ions and their ionic radii towards the prepared
nano-adsorbent. Further, the heat of adsorption (br) for metal ions on the test nano-
adsorbent were calculated from the plot of q. against InCe, and the parameters are also
represented in Table 4.9. According to the result, it can be inferred that the sorption
energy (br) is endothermic in nature. The observed level of br in this study shows that
there is a high level of interaction between the nano-adsorbents and the adsorbed
molecules. Thus, indicating that the adsorption of metal ions on Pd-Ag-CNTs is
physical adsorption (An evidence of ion exchange mechanism during adsorption
process). As revealed in the Table 4.9, the (R?) values for Temkin model were found to
be in the range of 0.4491 to 0.8434, indicating a relatively small adsorption potential for

the metal ions on the nano-adsorbent when compared to other isotherm models.

The Florry-Huggin isotherm model was used to determine the degree of coverage of
adsorbate onto the adsorbent. The Florry-Huggins adsorption equilibrium constant (Krn)
reveals the spontaneity of an adsorption process and the values were presented in Table
4.9. It was observed that Pd-Ag-CNTs adsorbed Ni better with maximum Gibb’s free
energy (Krn) of 0.6709 dm3/mol and the least Kgu value was observed for Mn (0.3467
dm?/mol). The results of ng.u, which is an indication of the amount of metal ions
adsorbed by the nano-adsorbent were also presented in Table 4.9. Based on the
calculated results, the values ranged from -0.4841 to -0.0715. However, the fitting of
experimental data to F-H isotherm model attests to high degree of surface coverage of
metal ions by the nanoadsorbents. The (R?) value estimated from Flory Huggin’s

isotherm model were also displayed in Table 4.9 and suggests that the experimental data
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best fitted Flory-Huggin’s models and also affirmed the sustainability of the tested
nano-adsornbent for the removal of metal ions from the industrial animal feed

processing wastewater.

Halsey isotherm parameters for the metal ions are shown in Table 4.9 where Ky and nu
values were obtained from the plot of Vs as represented in Appendix L (I-IV).
The value of Ku which is an indication of equilibrium binding constant reveals that Pd-
Ag-CNTs nano-adsorbent had the highest Ky for Cu (0.2766) and least Ku for Ni
(0.0397). In addition, the nu value of the tested adsorbent ranged between -0.4481 to -
0.1575. The magnitude of Halsey exponent (nu) indicates that adsorption phenomenon
is good. Nonetheless, Halsey correlation coefficient (R?) is obtained from the plots and
it was noticed that Halsey model is best fitted only for the removal of Fe metal by Pd-
Ag-CNTs nano-adsorbents. Surprisingly, the R? value of Halsey and Freundlich
isotherm model was found to be the same. This could be attributed to the heterogeneous
distribution of surface active sites and multiple adsorption layer on the nano-adsorbents
(Bozorgi et al., 2018). By comparing the six (6) isotherm models, it can be concluded
that the equilibrium best fit the Florry-Huggins model due to high correlation co-
efficient (R?) followed by Freundlich, Langmuir, Halsey, Dubinin-Raduskevich and
Temkin model in descending order. The experimental data estimated from the isotherm
models demonstrate that the used nanoadsorbent possess higher affinity towards the

selected metal ions.

Table 4.10 showed the percentage removal efficiency of various adsorbents and present
study, and it was observed that several studies have reported similar removal
efficiencies with satisfactory results. However, the present study implies that

Pd/Ag/CNTs has great capability for adsorption of all the selected metals particularly Ni
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metal ion. The affinity of metal ions for specific adsorbents depends on several
operational conditions such as the nature of adsorbent, ionic properties, and adsorption
mechanism. Conversely, it appeared that the current study reveal higher percentage
removal efficiency compared to other studies irrespective of the adsorbent type or
nature of the treateed wastewater. The higher affinity of Ni (II) to Pd/Ag/CNTs
nanoadsorbents may be attributed to higher electronegativity value, the values of which
are 1.91 for Ni (II), 1.90 for Cu, 1.83 for Fe and 1.55 for Mn (II). This justify the

observed trends in the removal efficiency of the selected metal ions in the present study.
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Table 4.9: Removal efficiency of various adsorbents and present study

S/N  Adsorbents Experimental Metal Wastewater Percentage  Reference
Condition Analysed removal (%)
1. Fe303/Cyclod Temperature = 25 ; Ni** Simulated 7.3 Badruddoza
etrin polymer pH = 5.5; Initial etal., 2013
Concentration = 300
mg/ml
2. Biomass Dosage = 0.1 g Cu (II), Simulated 57.45 (Cu) Meitei and
Temperature =30 °C; Mn 66.41 (Mn) Prasad,
Contact time = 120 2014
min; pH = 2-5 (Cu),
2-7 (Mn)
3. Oxidized pH = 5; Temperature Cu (I[), Ni Simulated - Lasheen et
MWCNTs =298K (II) al., 2015
4. Tartaric acid pH = 5.5; Cu(D) Simulated - Zhao et al.,
modified Temperature = 298 2015
MWCNTs
5. GO/MWCNT pH =7.0; Contact Cu (II) Simulated 20.90 Long et al.,
s/Fe304 time = 24 h; Dosage 2017
= 25 mg;
Temperature = 25 °C
6. Super pH = 6; dosage = Ni(I) Simulated 69 Nithya et
paramagnetic  0.05 g; Temperature al., 2018
Fe,O3 NP =25°C
7. Fe304/TiO2/C  Contact time = 60 Ni (1) Simulated 75 Mousavi et
N min, pH = 7 al., 2019
Temperature = 25 °C;
Dosage =45 mg
8. PHB-CNTs Contact time = 70 Cu, Ni, Fe Electroplatin  15.92 (Fe) Bankole et
min g Wastewater 77.95 (Ni) al.,2019a
pH = 5.63-5.65 83.08 (Cu)
dosage = 20 mg
9 P-CNTs Contact time = 70 Ni, Fe, Cu Industrial 70 (Ni), 66 Bankole et
min Mn animal feed (Fe), 65 (Cu) al.,2019b
pH =5.63-5.65 wastewater 60 (Mn)
dosage = 20 mg
10.  Microwave- Dosage = 4 g/I; Ni(I) Electroplatin ~ 96.38 Qu et al,
functionalized Contact time = 60 g Wastewater 2020
rice husk min; pH = 5.5
cellulose Temperature = 20 °C
11. Pd-Ag-CNTs Contact time = 60 Cu, Fe, Animal Feed 77.86 (Cu) This study
min Mn, Ni Processsing 88.36 (Fe)
Dosage = 10 mg Industry 77.64 (Mn)
Temperature = 25 °C Wastewater 99.84 (Ni)

Also, the observed trend for adsorption of metal ions on Pd-Ag-CNTs can be linked to

the ionic radii in such a way
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correspond to higher sorption level of the selected metal ions (Park et al., 2019).
Similarly, Bankole and co-workers found the affinity order of the selected metal ions
towards the PHB-CNTs at pH range of 5.63-5.65 as Ni > Cu > Fe, which agrees with
the above mentioned trends. The general observation implies that Pd-Ag-CNTs
nanoadsorbent is effective enough for the treatment of industrial animal feed processing

wastewater.

4.4.5 Adsorption Kkinetic study

The kinetics model provides useful information regarding the mechanism of an
adsorption of metal ion onto the nano-adsorbents, which in turn govern the rate
determining step of the adsorption process to attain equilibrium (Singh et al., 2021). In
this study, the adsorptoion kinetics of metal ions onto the nano-adsorbents were
examined using pseudo-first order, pseudo-second order and intra-particle diffusion
models. The experimental data of adsorption kinetics and non-linear curve fitting

parameters are presented in Table 4.10 and Appendix N, P and Q.

Table 4.10 revealed the values of the rate constants and other parameters as estimated

t 172

from the plot of against time (t), / againstt, and  agains , respectively.

The best fitted curve was decided based on the highest correlation coefficient. The (R?)
values of the experimental data using pseudo-first order kinetics was far from unity
based on the test adsorbent, thereby indicating poor adsorption kinetics in relation to
other models. This implies that the adsorption kinetics did not follow pseudo-first order
kinetic model. According to Table 4.10, the (R?) value were observed to be highest for
pseudo-second order kinetics when compared to other models studied. Also, the
adsorption capacity (Qca) values from pseudo-second order kinetics were match closest

to those obtained from the experimental adsorption equilibrium capacity (Qexp).
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This suggest that pseudo-second order kinetic model can suitably describe the
adsorption kinetic of metal ion on the nano-adsorbents since most of the data points
were perfectly fitted. The observed results may be connected to the fact that the
prepared nano-adsorbent has large specific surface area (392.5 m?/g) with increased
surface active site, which invariably explain the high adsorption rate of metal ions by
the adsorbent. The correlation coefficient (R?) in Table 4.10 further confirmed that the
adsorption of metal ions from wastewater followed pseudo-second order kinetics better
than other kinetic models. For all the analyzed metal ions, it was observed that the
calculated (R?) values for pseudo-second order kinetics were found very close to unity.
Whereas, the obtained R? values for pseudo-first order and intra-particle diffusion

model were far from pseudo-second order R? value.

On the contratry, diffusion rate of metal ions onto the nano-adsorbents were determined
using intra-particle diffusion model. The q;, which indicates the amount of metal ions
adsorbed at time t (mg/mg) and Kin, which is the intra-particle diffusion rate constant

(mg/mg/min) are presented in Table 4.11.

Table 4.10: Kinetic model parameters for the adsorption of selected metal ion by

Pd-Ag-CNTs nanocomposites
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Kinetic models with Parameters Metal ion
Equations (units) Cu Fe Mn Ni
Qexp. (Mg/g) 2.96 2.87 1.92 2.0233
Pseudo-first-order Qca(mg/g) 2.5979 24123 1.6598 1.5001
( )= Ki(/min) -0.0015  -0.002 -0.0014  -0.0035
R? 0.8700 0.9212 0.8916 0.9346
SSE 0.0013 0.00317 0.0010 0.0049
x 0.00018  0.0014 0.0008 0.0015
Pseudo-second-order Jeal. (ME/g) 3.012 2.9499 1.9372 2.1716
_ Ko(min) 0.1163 0.0839 6.5369 17.5288
R? 0.9991 0.9987 0.9965 0.9948
SSE 0.3788 0.5891 3.7156 4.4007
x 0.2970 0.5607 3.2585 2.4147
Intra-particle diffusion K (mg/g.min~ 0.0565 0.0715 0.0341 0.0859
1/2)
— / R? 0.9272 0.9661 0.8595 0.964
C 24134 2.1783 1.5518 1.2132
SSE 0.0054 0.0131 0.0041 0.0060
x 0.0029 0.0039 0.0023 0.0082

The regression analysis of the experimental data on a plots of ¢ against t'? should have

pass through the origin. However, the plots gave a straight line that did not pass through

the origin with intra-particle diffusion rate constant (Kin) within the range of 0.0341-

0.0859 mg/g/min, (R?) value between 0.8595 and 0.9661, and intercept value varying

between 1.2132-2.4134 mg/g. Therefore, this results suggests a degree of boundary
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layer control, and implies that the adsorption of metal ion on the nano-adsorbents are
(multi-step kinetic adsorption) (Almomani ef al., 2020). Based on the regression (R?)
and intercept (c) values obtained, it can be concluded that the intra-particle diffusion
model could not be the rate determining step. Hence, the experimental data exhibited a
higher correlation coefficient values with pseudo-second-order (R*= 0.9991 (Cu);
0.9987 (Fe); 0.9965 (Mn) and 0.9948 (Ni)) than with first-order (R>= 0.8700 (Cu);
0.9212 (Fe); 0.8916 (Mn); 0.9346 (Ni)) and intraparticle diffusion model (R?= 0.9272
(Cu); 0.9661 (Fe); 0.8595 (Mn) and 0.9640 (Ni)). Thus, indicating that the kinetic
determining step of adsorption of all metal ions onto Pd/Ag/CNTs nanoadsorbent is
based on chemical adsorption process (rather than physical adsorption) via the exchange
of valence electrons or electron sharing between the adsorbent surface and the adsorbate
molecules. Among the three kinetic models applied, the best fitting one is determined
based on the use of SSE and y? values to further explain the error deviation between the
experimental and predicted equilibrium adsorption kinetic data, after linear analysis. As
indicated in Table 4.11, it appeared that pseudo-first order kinetic model were the most
suitable models to satisfactorily describe the adsorption phenomenon since the
magnitude of SSE and ? values determines the best fitted kinetic model. Indeed smaller

values were found when modeling the kinetic data using pseudo-first order model.

4.4.6 Adsorption thermodynamics study

The estimation of thermodynamic parameters is very essential in determining the
spontaneity and heat changes involved during temperature-dependent transfer of
molecules (sorption) from solutions onto the solid phase (adsorbent) material. The
results of thermodynamic studies of the present survey are presented in Table 4.11.

Therein, impact of temperature on the adsorption of selected metal ions (Cu, Fe, Mn and
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Ni) by Pd-Ag-CNTs was examined at 30-80 °C, and the value of AG® were found within
the ranges of 52178.17-56784.12 KJ/mol (Cu), 44018.8-47984.32 (Fe), 59138.66-
64299.16 (Mn), 192357-208475.4 (Ni). However, the AG® positive values indicates that
the adsorption process is non-spontaneous. The enthalpy and entropy values for the
tested adsorbents were found to be 24266.07 and -92.12 (Cu), 19987.69 and -79.31 (Fe),

27866.03 and -103.21 (Mn) and 94679.83 and -322.37 (Ni), respectively.
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Table 4.11: Constants of Thermodynamics Model Through Adsorption of Selected

Metal Ions (Cu, Fe, Mn and Ni) by Pd-Ag-CNTs

Metals Temperature (°C) AG° (KJ/mol) AHP° AS°® K.
(KJ/mol) (KJ/mol/K)

Cu 303 52178.17 24266.07 -92.12 1.00 x 10-9
313 53099.36 1.40 x 10-9
323 54020.55 1.80 x 10-9
333 54941.74 2.41x10-9
343 55862.93 3.11x10-9
353 56784.12 3.96 x 10-9

Fe 303 44018.80 19987.69 -79.31 2.60x 10-8
313 44811.90 3.30x 10-8
323 45605.00 4.20 x 10-8
333 46398.11 5.27x 10-8
343 47191.21 6.50 x 10-8
353 47984.32 7.93 x 10-8

Mn 303 59138.66 27866.03 -103.21 6.40 x 10-11
313 60170.76 9.10x 10-11
323 61202.86 1.30 x 10-10
333 62234.96 1.73 x 10-10
343 63267.06 2.32x 10-10
353 64299.16 3.06 x 10-10

Ni 303 192357.0 94679.83 -322.37 6.90 x 10-34
313 195581.0 2.30x 10-33
323 198804.0 7.10 x 10-33
333 202028.1 2.04 x 10-32
343 205251.7 5.52x10-32
353 208475.4 1.41 x 10-31

In general, it was observed that AG® value increased with increase in temperature of

adsorption, suggesting that there is increase in feasibility of adsorption of metal ion onto
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Pd-Ag-CNTs nano-adsorbent at higher temperature (adsorption is more favourable at
higher temperature). Also, AH’ values were found positive and this further confirmed
that the adsorption of selected heavy metals was endothermic in nature. The necessity of
large heats to remove metals from the liquid solution made the adsorption mechanism
more of endothermic process (Al-Sou’od, 2012; Boulaiche et al., 2019). It is possible
that increasing temperature could have enhanced both the surface and pore diffusion of
the studied adsorbents because temperature plays an important role in the transformation
of surface complexation structures (Al-Essa and Khalili, 2018). Besides, negative values
of AS° is indicative of decreased degree of randomness at adsorbent-adsorbate interface.
This justify the fact that the adsorption process involve an associative mechanism
resulting to orderliness by way of forming a coordination complex between the ions and
the nano-adsorbents. This can be related to the water holding capacity of the nano-
adsorbent. In addition, there is a general increase in the rate of adsorption (K¢) as the
temperature increases from 30-80 °C. This increment could be attributed to the strong
electrostatic forces between the surface sites of the adsorbent and the adsorbed

molecules (Razmi et al., 2019; Bankole et al., 2019b).

The comparison of the prepared Pd/Ag/CNTs nanoadsorbent with other nano based
material is presented in Table 4.13. Many researchers have reported the adsorption
capacity of the studied metal ions for several adsorbents. However, little or no literature
provides sorption capacities of the selected metal ions onto Pd-Ag-CNTs
nanoadsorbents. Hence, direct comparison of the literature data with the present study
may lead to significant dissimilarities because adsorbents from literature data are made
of distinct structural properties (that is, different surface area, functional group and

different experimental factors such as pH, temperature and concentrations among others)
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(Sargazi et al., 2019). For instance, sorption capacity of Cu and Ni onto nanokaolinite is
125 mg/g (Cu?") and 111 (Ni?*) (Alasadi et al., 2019). A comparable value is observed
for the same metal ions adsorbed on Pd-Ag-CNTs nanoadsorbent. The adsorption
capacities are 1000 mg/g, 4.00 mg/g, 1.06 mg/g and 0.8175 mg/g. Herein, it was noticed
that the adsorption capacity of Ni ion is greater than others in multiple folds. The low
adsorption capacities of others metal ions may be connected to their higher
concentration before treatment. This may be the reason for their low removal from
industrial animal feed processing wastewater compared to the former (Ni ion). Overall,
the novelty and relevance of Pd/Ag/CNTs nanoadsorbents in treatment of animal feed
processing industry wastewater is explored and it was noticed that the removal
efficiency of Pd/Ag/CNTs surpassed those other reported literature. Thus, indicating the
efficacy of the test adsorbent in removal of water quality parameters and sequestration

of selected metal ions as presented in Table 4.10.
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Table 4.12a: Comparison of maximum adsorption capacity of Pd-Ag-CNTs with other adsorbents reported in literature.

model

S/N  Adsorbents Waste Experimental Metal Maximum Kinetic Model = Thermodynamic Reference
water condition ion adsorption
capacity
(qmax) (Mg/g)
1. Biomass Simul Dosage=0.1g; Cu, 52.6 (Cu), Freundlich; Pseudo-first- Spontaneous and  Meitei and
ated pH=2-5(Cu),2- Mn 35.7 (Mn) order; Pseudo- feasible Prasad,
Waste 7 (Mn), Contact second order Decrease 2014
water  time = 120 min, randomness
Temperature = exothermic
30 °C.
2. Polyaniline =~ SWast pH = 10; dosage Mn 50.251 Freundlich; Pseudo-second - Hallajigomi
nanocompos ewater = 10 g/l; contact order and
ite time = 30 min Eisazadeh et
al.,2017
3. Metakaolin  Real pH =2-7; dosage Mn 72.34 Pseudo-first- Endothermic Kara et al.,
based waste = 10-125 mg Freundlich  order model; Spontaneous 2018
geopolymer water  Temperature = Pseudo-second- Increased
30 ; Contact time Radushkevi order model randomness
= 60 min. Intra-particles
Initial diffusion
concentration =
25 mg/l
4. Metakaolin/ Natura Contact time = Fe, 53.76 (Fe) Pseudo-second Endothermic Shaban et
CNTs 1 120 min; Dosage Mn 51.2 (Mn) Freundlich  order model Increased al.,2017
groun =20mg;pH=6 Intra-particle randomness
d diffusion Spontaneous
water Elovich- kinetic
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Table 4.12b: Comparison of maximum adsorption capacity of Pd-Ag-CNTs with other adsorbents reported in literature.

S/N  Adsorbents Waste Experimental Metal Maximum Isotherm Kinetic Model = Thermodynamic Reference
water condition ion adsorption Model
capacity
(qmax) (Mg/g)
5. Kaolinite/St Natura Contact time = Fe, 46.80 (Fe) Langmuir Pseudo-second Exothermic Shaban et
arch 1 120 min; Dosage Mn 34.26 (Mn) Freundlich  (Fe) Decreased al.,2017
groun =20mg;pH=6 Temkin Elovich (Mn) randomness
d Intra-particle Non-spontaneous
water diffusion
6. Nanokaolini Simul Temperature = Cu,Ni 125 (Cu) Langmuir Pseudo-first- Endothermic Alasadi et
te ated 30 111 (Ni) Freundlich  order; Pseudo- Spontaneous al., 2019
waste  Contact times = second order Increased
water  120; pH=5.5-6 randomness
7. Fe;04/TiO2/  Simul  Contact time = Ni 75.76 Langmuir Pseudo-first- Endothermic Mousavi et
CN ated 60 Freundlich  order; Pseudo- Increased al., 2019
waste pH=7 second order Randomness
water  Temperature = Spontaneous
25
Dosage = 45
8. Flower Simul Dosage =30 mg; Ni 287.11 Langmuir Pseudo-first- - Jiang et al.,
Globular ated Contact time = Freundlich  order; Pseudo- 2019
Magnesium waste 50 min; pH = second order
Hydroxide = water 6.07-7.71; Intraparticle
(FGMH) Temperature = diffusion model
25°C
9. Super Simul pH=6;dosage= Ni 227.20 Langmuir - - Nithya et
paramagneti ated 0.05 g; Freundlich al., 2018
c Fe2Os NP waste  Temperature =
water 25 °C
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Table 4.12¢: Comparison of maximum adsorption capacity of Pd-Ag-CNTs with other adsorbents reported in literature.

S/N  Adsorbents Waste Experimental Metal Maximum Isotherm Kinetic Model = Thermodynamic Reference
water condition ion adsorption Model

capacity
(qmax) (Mg/g)

10. P-CNTs Indust Contact time = Cu, 312.50 (Fe) Langmuir Pseudo-first- Spontaneous Bankole et
rial 70 min Ni, Fe  10.09 (Ni) Freundlich  order; Pseudo- Endothermic al.,2019b
waste pH =5.63-5.65 21.65 (Cu) Dubinin- second order Increase
watwa dosage =20 mg Radushkevi  Elovich Randomness
ter ch Fractional Power B

Temkin Kinetic Model

1. PHB-CNTs Indust Contacttime = Cu, 19.61 (Cu) Langmuir Pseudo-first- Spontaneous Bankole et
rial 70 min Ni, Fe  10.16 (Ni) Freundlich  order; Pseudo- Endothermic al.,2019a
waste pH =5.63-5.65 227.27 (Fe) D-R second order Increase
water  dosage =20 mg Temkin Elovich Randomness

Fractional Power
12. Pd-Ag- Anima Contact time = Cu, 0.82 (Cu) Langmuir Pseudo-first- Non-spontaneous  This study
CNTs | Feed 70 min Fe, 4.00 (Fe) Freundlich  order; Pseudo- Endothermic
Proces pH =5.63-5.65 MnNi 1.06 (Mn) D-R second order Decreased degree
ssing  dosage =20 mg 1000 (Ni) Temkin Intra-particle of randomness
Indust Florry- diffusion model
ry Huggins
waste Halsey
water
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CHAPTER FIVE
5.0 CONCLUSION AND RECOMMENDATIONS
51  CONCLUSION
This study was based on the synthesis, and characterization of palladium-silver carbon
nanotubes composites to improve adsorption of heavy metal ions and water indicator
parameters from industrial animal feed processing wastewater. Carbon nanotubes was
synthesized via a chemical catalytic vapour deposition on the prepared bi-metallic (Fe-
Ni supported on kaolin) catalyst. Surface oxidation and purification of carbon nanotubes
occurred in the presence of HNO3; and H2SO4 followed by calcination in the furnace.
Different concentrations of synthesized PANPs and AgNPs were used individually and
in combination for the modification of carbon nanotubes. The developed CNTs-based
nanocomposites (Pd-CNTs, Ag-CNTs, Pd-Ag-CNTs) were successfully characterized
and used as nano-adsorbent for the treatment of industrial animal feed processing
wastewater. The influence of variables such as solution pH, adsorbent dosage and
temperature effect were investigated. Further, the adsorption system mechanism was
explained through investigation of isotherm model, kinetic model and thermodynamics.
Based on the obtained results, the following conclusions were drawn:

i.  The phytochemical results indicated that the plant extracts are very rich in
secondary metabolites such as phenols, tannins, and flavonoids.

ii. A rapid synthesis of stabilized nano Ag and Pd were successfully obtained
through the use of Agerantum conyzoides extracts as confirmed by various
analytical results.

iii.  For the produced carbon nanotubes, the optimum catalyst yield of 86.54 % was
obtained at stirring speed of 2000 rpm, 10 g of mass of support, a pre-calcination

time of 12 h and pre-calcination temperature of 120 °C.
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1v.

Vi.

Vil.

Viii.

The optimum condition to the prepared high quality CNTs were temperature of
(700 °C), reaction time (90 minute), flow rate of nitrogen gas (350 cm?/min) and
flow rate of acetylene (100 cm?/min).

The composite (Pd-Ag-CNTs) was used as a metallic matrix nano-adsorbent and
the result showed that the prepared nano-adsorbents was effective for treatment
of industrial animal feed processing wastewater. The adsorption of metal ion
onto Pd-Ag-CNTs nano-adsorbent was found to be least dependent on adsorbent
dosage, although all process variables (solution pH, adsorbent weight and
temperature) greatly influence the removal efficiency. For removal of Cu, Fe, Ni
and Mn from industrial animal feed processing wastewater, the maximum
percentage removal was found to be 77.87, 88.36, 77.64 and 99.84 % at
optimum conditions of 90 min contact time, 60 mg of adsorbent dosage and
80 °C of solution temperature.

The experimental equilibrium sorption data for the selected metal ions revealed
that  Flory-Huggins  isotherm  model  best  fitted, followedby
Freundlich>Langmuir> Halsey >Dubinin-Raduskevich>Temkin model.

The kinetic adsorption data of the analysed metal ions by Pd-Ag-CNTs was
satisfactorily described for all studied models, however pseudo-second-order
model was the most appropriate to describe the adsorption of metal ion among
the three kinetic models. The order of kinetic models are pseudo-second order >
pseudo-first-order > intra-particle diffusion rate model.

The thermodynamic data indicated that the adsorption process is non-
spontaneous and there is increase in the feasibility of adsorption of metal ion

onto Pd-Ag-CNTs nano-adsorbents at higher temperature. The positive value of
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iX.

5.2

standard entropy change indicates a decrease in degree of randomness at
adsorbent-adsorbate interface.

It can be deduced that the modification of CNTs with Pd® and Ag° to give Pd-
Ag-CNTs significantly improved the adsorption efficiency and it is reasonable
enough to conclude that the investigated nanoadsorbent exhibited superior
properties as an adsorbent to remove metal ions from industrial animal feed
processing wastewater.

Recommendations

Futher studies should be carried out in the following area:

5.3

ii.

iii.

i.  Pd-Ag-CNTs nanocomposite sshould be considered for column
adsorption study.

ii. It should be recommended that the used nanoadsorbent is characterized
with HRSEM and FTIR after adsorption study to help ascertain the
mechanism of adsorption between the adsorbate-adsorbent interface

Contribution to knowledge

The study demonstrated for the first time the multi-step mechanistics pathway
for incorporation of palladium and silver nanoparticles onto multi-walled carbon
nanotubes using ultrasonic — assisted wet impregnations method.

The synergistic effect of Pd and Ag on MWCNTs was charasterised and
investigated as nanoadsorbent for the treatment of industrial animal feeds
processing wastewater.

The study showed that the prepared and characterized palladium/silver/carbon
nanotubes composite is highly effective for the emoval of pollutant indicators

and heavy metal ions from industrial animal feeds processing wastewaters
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APPENDICES
Appendix A: Percentage Removal of Selected Heavy Metal Ions onto Pd-Ag-CNTs

with Respect to Contact Time

Time (min) Cu Fe Mn Ni
10 68.15398 74.36159 67.73762 75.12275
20 72.52843 79.87743 70.54886 84.45172
30 73.92826 82.02247 71.21821 88.05237
40 74.89064 83.55465 72.15529 89.52537
50 75.06562 84.67824 72.69076 97.87234
60 77.69029 87.94688 77.10843 99.34534

Appendix B: Percentage Removal of Selected Heavy Metal Ions onto Pd-Ag-CNT's

with Respect to Adsorbent Dosage

Adsorbent
Cu Fe Mn Ni
dosage
10 70.60367 75.48519 68.27309 76.59574
20 73.49081 80.4903 71.08434 85.76105
30 74.01575 83.04392 71.75368 89.52537
40 74.89064 83.86108 72.55689 90.3437
50 75.15311 86.619 72.9585 98.527
60 77.86527 88.35546 77.64391 99.83633
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Appendix C: Percentage Removal of Selected Heavy Metal Ions onto Pd-Ag-CNT's

with Respect to Effect of Temperature

Temperature Cu Fe Mn Ni
303 82.32721 78.95812 76.70683 82.48773
313 82.67717 85.69969 81.65997 87.72504
323 84.33946 88.15117 86.34538 94.92635
333 85.38933 89.47906 88.08568 98.36334
343 90.72616 91.31767 93.30656 99.83633
353 96.32546 93.97344 95.18072 99.83633

Appendix D: Experimental Batch Adsorption Data of Cu using Pd-Ag-CNTs

M (g) Ce (mg/L) q(mg) Q (mg/g)
10 0.336 0.04035 4.035

20 0.303 0.042 2.1

30 0.297 0.0423 1.41

40 0.287 0.0428 1.07

50 0.284 0.04295 0.859

60 0.253 0.0445 0.741667
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Appendix E: Experimental Batch Adsorption Data of Fe using Pd-Ag-CNTs

M (g) Ce (mg/L) q(mg) Q (mg/g)
10 0.24 0.03695 3.695

20 0.191 0.0394 1.97

30 0.166 0.04065 1.355

40 0.158 0.04105 1.02625
50 0.131 0.0424 0.848

60 0.114 0.04325 0.720833

Appendix F: Experimental Batch Adsorption Data of Mn using Pd-Ag-CNTs

M (g) Ce (mg/L) q(mg) Q (mg/g)
10 0.237 0.0255 2.55

20 0.216 0.02655  1.3275
30 0.211 0.0268 0.893333
40 0.205 0.0271 0.6775
50 0.202 0.02725  0.545

60 0.167 0.029 0.483333
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Appendix G: Experimental Batch Adsorption Data of Ni using Pd-Ag-CNTs

M (g) Ce (mg/L) q(mg) Q (mg/g)
10 0.143 0.0234 2.34

20 0.087 0.0262 1.31

30 0.064 0.02735 0.911667
40 0.059 0.0276 0.69

50 0.009 0.0301 0.602

60 0.001 0.0305 0.508333
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Appendix H (I-IV): Linear Plots of Langmuir Isotherm Model
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Appendix I (I-IV): Linear Plot of Freundlich Isotherm Model
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Appendix J (I-IV): Linear Plot of Freundlich Isotherm Model
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Appendix K (I-IV): Linear Plot of Temkin Isotherm Model

(I) Copper
o 4
R2=(.7817 ;
25 P
g Linear (Copper)
8 o
A -
- - = 050
(II) Manganese
* 25
i I.?Z =0/f502(.5 L € Manganese
f 1 Linear
‘73 i (Manganese)
I T T : O
-2 -1.5 -1 -0.5

(€]

190

(IT) Iron
’ s M
y =3.8741x + 8.6584 3.5
R%= U.6454/ 3
4 ) ¢ Iron
/ 1 Linear (lron)
/ & 1.5
¢ 1
’f N
/ 0.5
I T T | : O
2.5 -2 15 -1 0.5
(IV) Nickel
‘ L.J
v =0.2406x + 1.9106 15
B e ' ® Nickel
: e Linear (Nickel)
- ¢ 65
I : | 5
-8 5 P .




Appendix L (I-IV): Linear Plots of Halsey Isotherm Model
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Appendix M (I-IV): Linear Plots of Florry-Huggin’s Isotherm Model
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Appendix N (I-IV): Linear Plots of Pseudo-First-Order Kinetic Model
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Appendix O (I-IV): Linear Plots of Pseudo-Second-Order Kinetic Model
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Appendix P (I-IV): Linear Plots of Intraparticles Diffusion Model
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Appendix Q: Linear Plots of Thermodynamics
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