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ABSTRACT

The presence of pharmaceuticals (PHCs) in wastewater, surface and ground water
systems has instigated great environmental concern due to the toxicological effects
associated with these compounds. Conventional wastewater treatment technologies
have been shown to be inadequate in removing these chemicals. It is therefore
imperative to incorporate efficient, cost-effective and green remediation technologies
in treatment of wastewater to maintain a safe and sustainable environment. In this
study, novel magnetically engineered green adsorbent composites of diatomaceous
earth (a-Fe,03-DTE), carbonized bagasse (a-Fe,O3-CBG) and carbonized maize cobs
(B-FeO(OH)-CMC) were developed for removal of selected PHCs in wastewater. The
synthesized composites were characterized. The concentrations and discharge loads
of selected PHCs (ampicillin, sulfamethoxazole, chloramphenicol, carbamazepine,
lamivudine, aspirin and diclofenac) within Lake Victoria Basin of Kenya were
determined. Samples were extracted by solid phase extraction and analyzed using
hyphenated liquid chromatography-mass spectrometry (LC-MS). Residue levels of
selected PHCs from Wastewater Treatment Plant (WWTP) effluents ranged from
<0.05+0.02 to 0.36+0.04 pg/L. Hospital effluents had levels between <0.05+0.02 to
0.79£0.07 pg/L. PHC concentrations in water from streams and rivers receiving
water from WWTPs ranged from <0.05+2 to 0.29+0.02 pg/L. Sediments collected
from the riverbeds recorded PHC levels of <50+2 to 94+3 ng/g. Sludge samples from
WWTPs had PHCs between <50+2 to 154+9 ng/g, while hospital lagoons had
residues between <50+2 to 276+12 ng/g. The daily discharge loads of selected PHCs
from the nine WWTPs studied ranged from 123.3+0.3 mg/L to 3130.0+ mg/L. The
mean percentage removal of the selected PHCs in conventional aerated lagoons was
36.92+0.78 % for the selected WWTPs. Adsorbent properties were determined.
Powder X-ray diffraction (XRD) results showed the crystalline structure of a-Fe,O3
and B-FeO(OH) in modified composites of a-Fe,O03-DTE, a-Fe,03-CBG and -
FeO(OH)-CMC, respectively. The scanning electron microscopy coupled with
energy dispersive analysis X-ray (SEM-EDAX) together with X-ray fluorescence
(XRF) spectroscopic results showed increased percentage of iron in the modified
adsorbents indicating successful impregnation with iron. Fourier transform infrared
(FTIR) spectroscopy revealed the presence of hydroxyl, carbonyl and iron oxide
groups on the modified sorbents. The Brunauer—Emmet-—Teller (BET) surface areas
for the three modified adsorbents were 22.0097 m?g™, 2.0741 m?g™*and 2.58 m?g™,
respectively. The Barrett-Joyner-Halenda (BJH) desorption surface areas were
20.4619 m?g™, 1.2504 m%g™* and 2.0601 m?g™. Gibbs free energy calculations
confirmed the adsorption was energetically favourable and spontaneous with a high
preference for adsorption on a-Fe,O3-DTE. Kinetic results showed multi-mechanistic
adsorption sequences with the data tending to conform with the Langmuir model for
a-Fe;,03-DTE while a-Fe;O3-CBG and B-FeO(OH)-CMC best fitted the Freundlich
model. The adsorption capacity of carbamazepine was 90.15 %, 60.9 % and 43 %
within a period of 180 minutes for the three sorbents, respectively. CBZ adsorption

obeyed pseudo-second-order kinetics for all the composites with R2 values of
1.000, 0.998 and 0.976 for the tree composites, respectively. The fabricated
composites exhibited excellent ferromagnetic properties thus providing alternative
cost-effective technology for the efficient management of CBZ and other toxic
organic pollutants in the environment.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background Information

Pharmaceuticals (PHCs) are a group of emerging contaminants and their use is continuously
increasing around the world. They are extensively used in human and veterinary medicine
to prevent illness and promote growth in fish and livestock farming as well as in agriculture.
After administration, these chemicals can transform into more polar and soluble forms as
metabolites or as conjugates of glucuronic and sulphuric acid (Heberer, 2002a; Nikolaou et
al., 2007). Pharmaceuticals and their metabolites are readily excreted with urine and
faeces and enter into urban WWTPs (Kummerer, 2001; Ellis, 2010). These compounds
find their way into the aquatic environment through discharge of treated wastewater, seepage
from landfills, septic systems, sewer lines and disposal of expired drugs into water systems
among other pathways (Glassmeyer et al., 2005; Gonzalez-Naranjo et al., 2013; Golovko et
al., 2014). Most of these compounds are found in hospital effluents and municipal sewage in
high concentrations (Watkinson et al., 2009; Michael et al., 2013). This provides a potential
route for PHCs loading into the aquatic environment. Hence, raising concerns due to
recalcitrance of PHCs to conventional water treatment technologies (Clara et al., 2005; Aga,

2008; Santos et al., 2010; Li, 2014).

A wide range of PHCs have been detected in a variety of environmental samples such as
wastewater and drinking water (Hutchinson et al., 2009; Kern et al., 2009; Watkinson et al.,
2009; Cai et al., 2014; Matozzo, 2014). Reports indicate the accumulation of some
pharmaceuticals in sewage sludge (Jelic et al., 2011), while other studies show the presence

of organic compounds such as perfluorosurfactants, pharmaceuticals, and flame retardants in



public drinking water wells where septic systems are prevalent (Ternes et al., 2001; Kolpin
et al., 2004; Dinsdale et al., 2009; Schaider et al., 2014). The presence of PHCs in aquatic
environment is of great concern since they have explicitly been shown to be toxic to aquatic
organisms and may induce development of drug resistant organisms (Li et al., 2009a).
Current studies show that effluents from wastewater treatment plants contain xenobiotic
organic compounds which can have a lot of ecotoxicological effects thus impacting
negatively on environmental systems (Brown et al., 2003; Singer et al., 2011). For example
endocrine disrupting chemicals such as bisphenol A are reported to impair reproductive
development and hormone production in some organisms such as fish and amphibians
(Snyder et al., 2003). Other PHCs are reported to have adverse effects on the renal system
resulting in kidney failure, while others are shown to be carcinogenic and mutagenic
(Robertson, 1994; Oaks et al., 2002; Matozzo, 2014). Given the ubiquitous use and
prevalence of PHCs in aqueous environmental systems, there is great need for determination
of their respective levels and further devise mechanisms of minimizing their release to the
environment.

In today’s world, hazardous waste management is among the most challenging tasks to
technological advances due to continuous release of tons of organic contaminants and other
toxicants into water systems. Several organo-remediation techniques have been reported in
literature. Some of these include but not limited to oxidation technologies and reverse
osmosis (Clara et al., 2005; Al-Rifai et al.,, 2011; Li et al.,, 2011). Nevertheless, the
metabolites formed in these processes may be more toxic than the parent compounds coupled
with the enormous operational costs involved (Lamm et al., 2009). Modified and untreated
agricultural wastes, such as fruit wastes, coconut shells, maize cobs, seaweed and algae have
been demonstrated as efficient and low cost adsorbents for removal of various organic

pollutants from wastewater (Ribeiro et al., 2011; Ali et al., 2012; Al-Othman et al., 2012).



Similarly, nanoparticles have been found to be efficient in removing organic pollutants from
water (Attia et al., 2013; Choina et al., 2014; Hicks et al., 2014). For example commercial
azo dyes such as methylene blue and reactive red 195 have been removed using magnetic
Fe;0,@C nanoparticles with great success (Belessi et al., 2009; Thattai et al; 2014; Wu et
al., 2014). Another study by Kim et al., (2014) reported the potential of granular mesoporous

silica nanoparticles in adsorption of twelve pharmaceuticals from aqueous solutions.

Population pressures, rapid urbanization and industrialization in Kenya are causing strain to
the limited waste disposal facilities available in urban centers. Kisumu, Kakamega,
Bungoma and Eldoret towns are located within the Lake Victoria Drainage Basin. The
proximity of these towns to Lake Victoria has resulted in anthropogenic inputs of pollutants
into the lake. These compounds find their way into the aquatic environment through
discharge of treated wastewater, seepage from landfills, septic systems, sewer lines and
disposal of expired drugs into water systems among other pathways (Glassmeyer et al.,
2005; Jain et al., 2013; Gonzalez-Naranjo et al., 2013). Most of these compounds are found
in hospital effluents and municipal sewage in high concentrations (Watkinson et al., 2009;
Michael et al., 2013).

Trace micro pollutants such as perfluorinated surfactants, polyaromatic hydrocarbons and
pesticides have been detected within the Lake Victoria basin indicating pollution of the
region (Getenga et al., 2004; Werimo et al., 2009; Orata et al., 2009; Lisouza et al., 2011).
Most wastewater treatment plants such as those in Kenya are not designed to remove highly
polar micro pollutants and as such, they have become point sources of PHCs loading into
surface waters (Michael et al., 2013). Consequently, PHCs including antibiotics, analgesics
and antiretrovirals have been detected in surface and treated wastewaters in Kenya (K’oreje

et al., 2012; Kimosop et al., 2016). This poses a great risk of exposure to these chemicals.



Therefore, there is an urgent need to document the levels of these chemicals and develop

effective and sustainable wastewater treatment technologies to achieve quality environment.

1.2 Statement of the problem

The presence of PHCs in the aquatic environment has caused great concern since these
chemicals have been shown to be toxic to aquatic organisms. These compounds have been
linked to the development of drug resistant bacteria and viruses making it difficult to treat
diseases (Li et al., 2009b). In addition, WWTPs are inefficient in removal of PHCs leading to
dispersion of these compounds in the environment through discharged effluents. PHCs have
been polluting the environment since their introduction through human and animal wastes
(Li, 2014; Liu et al., 2014). Studies on the levels of PHCs in Kenya reported alarming
concentrations of these compounds (K’oreje et al., 2012). However, there are limited data on
the levels of these compounds within the Lake Victoria Basin (LVB) of Kenya. Therefore,
this study sought to document the levels of frequently used PHCs in WWTPs within LVB in
order to assess the potential risks and devise ways of minimizing release of PHCs into the
environment. Various scientific methods of removal of PHCs have been studied; the
metabolites formed in these processes are more toxic than the parent compounds (Clara et al.,
2005; Lamm et al., 2009). Adsorption is one of the emerging technologies for remediation of
contaminants in the environment. This study aimed at developing a novel approach using
magneto responsive adsorbents for removal of selected PCHs from aqueous media as a cost-

effective green technology.

1.3 JUSTIFICATION

Lake Victoria is the second largest fresh water lake worldwide with a surface area of
68,000km?. The major towns around the lake are Kisii, Homabay, Kisumu, Busia,

Kakamega, Mumias, Bungoma and Eldoret. Rapid urbanization and industrialization is



causing strain to the limited waste disposal facilities available in these urban centers
resulting in anthropogenic inputs of pollutants such as PHCs into the lake. PHCs such as
carbamazepine are some of the emerging pollutants in the environment with carcinogenic
degradation products, hence the need for their removal from wastewater (Kosjek et al.,
2009a). The use of low-cost adsorbents from natural organic origin is essential in ensuring
green environmentally friendly technology. Impregnation with iron, an essential metal,

induces magnetic properties making the adsorbents easy to reuse.

1.4 General objective

Determination of concentrations and discharge loads of selected PHCs in effluent generated
by WWTPs within Lake Victoria Basin, Kenya and to investigate their removal by novel

magneto responsive adsorbents.

1.5 Specific objectives

1. To determine the concentrations and discharge loads of ampicillin, sulfamethoxazole,
chloramphenicol, carbamazepine, lamivudine, aspirin and diclofenac in wastewater and
sludge from water systems in main towns (Kisii, Homabay, Kisumu, Kakamega, Mumias,
Bungoma, Webuye and Eldoret) within Lake Victoria Basin of Kenya.

2. To develop a novel approach for preparing magneto responsive adsorbent composites of
Diatomaceous Earth (a-Fe,O3-DTE), Carbornized Bagasse (o-Fe;O3-CBG) and
Carbonized Maize Cobs (B-FeO(OH)-CMC).

3. To characterize the physicochemical properties of the unmodified and iron modified (a-

Fe,03-DTE, a-Fe,03-CBG and p-FeO(OH)-CMC) adsorbent composites.



4.

1.6

(i)

(i)

(iii)

(iv)

To determine the sorption kinetics, isothermal behaviour, thermodynamics and infer
adsorption mechanism of the three adsorbents in remediation of carbamazepine (CBZ) in
synthetic wastewater.

To determine the efficacy of removal of carbamazepine in synthetic wastewater by the

three magneto responsive adsorbent composites

Significance of the study

Findings from this study provide scientific information on the efficiency of the
WWTPs in pharmaceuticals remediation and extent of pollution. This forms a basis
for setting up policies for meeting targets to maintain a green and healthy
environment.

The properties of the magneto responsive adsorbent composites were established
leading to academic advancement in understanding their utilization based on their
characteristics.

The potential of the synthesized iron-modified green adsorbents (diatomaceous earth,
carbonized bagasse and maize cob) for remediation of the selected PHCs from water
was established and would help in treatment of these chemicals in water systems.

The study for the first time reports the effectiveness in the removal of PHCs from the
effluents generated by WWTPs by green technology thus minimizing negative

environmental impacts caused by the widespread use of the PHCs.



CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Introduction

The widespread use of organic compounds in modern society and their dispersion through
wastewater have resulted in pollution of both ground and surface water systems worldwide
(Bottoni et al., 2010). Despite the great impact that may be caused by these compounds, a
vast majority of them are not regulated in wastewater outfalls. Some of these chemicals
include poly aromatic hydrocarbons, pesticide, pharmaceuticals, per-fluorinated compounds
and flame retardants (Werimo et al., 2004; Orata et al., 2009; Lisouza et al., 2011; Kim et al.,
2013). Though used for beneficial purposes, pharmaceuticals (PHCs) have been shown to be
emerging surface water, groundwater and drinking water contaminants raising international
concern (Kolpin et al., 2002; Wick et al., 2011; Schaider et al., 2014). These compounds find
their way into the aquatic environment through discharge of treated wastewater, seepage from
landfills, septic systems and sewer lines and disposal of expired drugs into water systems

among other pathways (Glassmeyer et al., 2005; Kummerer, 2009).

Pharmaceutical compounds have adverse effects, such as disturbance of reproductive and
hormone systems, neurobehavioural changes among others, on aquatic organisms even at low
concentrations (Christen et al., 2010). The presence of these compounds in the environment
has also been shown to induce development of resistant bacterial strains and viral resistance
(Singer et al., 2007; Straub, 2009; Li et al., 2009a; Jain et al., 2013). The removal efficiencies
in wastewater treatment plants are dependent on several factors, which include; the physico-

chemical properties of the compound, method of treatment employed, climatic conditions,



operational conditions of the treatment process and the age of the activated sludge used in the
treatment plant (Miege et al., 2009). Conventional wastewater treatment plants consist of a
primary sedimentation process followed by secondary treatment and final sedimentation.
Organic pollutants can be transformed from the aqueous phase by hydrolysis,
biotransformation or sorption to sludge (Le-Minh et al., 2010). Nevertheless, the removal
efficiency may vary based on compound affinity to the aqueous phase (hydrophilic
pharmaceuticals) or adsorption onto sludge (hydrophobic chemicals). The utilization of
sewage sludge as a fertilizer may lead to dispersion of these compounds into various
environmental compartments (Kim et al., 2007b; Phillips et al., 2010; Daneshvar et al., 2012;
Michael et al., 2013). As a result, PHCs have often been detected in treated drinking water
(Kim et al., 2007a; Magner et al., 2010). Among the PHCs detected in Kenyan treated
wastewater effluents include lamivudine, sulfamethoxazole, ibuprofen and sulfadoxine
representing antiretrovirals, antibiotics, analgesics and antimalarials, respectively (K’oreje et

al., 2012).

2.2 Pharmaceuticals in the environment

The presence of PHCs in the environment has raised international concern with various
researchers showing that a variety of these chemicals enter water bodies as a result of
inadequate wastewater treatment (Luo et al., 2014). Most human and veterinary
pharmaceuticals are incompletely metabolized in treated patients and animals, as such a large
fraction of these compounds are excreted unchanged via faeces or urine (Lamm et al., 2009).
Other sources of contamination include improper disposal of expired pharmaceutical stocks,
leachate from pharmaceutical landfilling or pit latrines (Peng et al., 2014; Graham and

Polizzotto, 2013).



Among the frequently detected PHCs in water resources worldwide are antibiotics,
analgesics, personal care products and anti-retroviral compounds (Ternes et al., 1999;
Wiegel et al., 2004; Bendz et al., 2005; Zuccato et al., 2010; Escher et al., 2010; Chen et al.,
2011; K’orenje et al., 2012; Anumol et al., 2013). A study by Wood et al., (2015) reported
high levels of antiretroviral drugs in surface water bodies in South Africa with average
concentrations ranging from 26.5 ng/L to 430 ng/L. Nevirapine and zidovudine were among
the frequently detected anti-retrovirals in South African surface waters. In Kenya, some of
the widely wused PHCs include ampicillin, sulfamethoxazole, chloramphenicol,
carbamazepine, lamivudine, zidovudine, aspirin, diclofenac and caffeine which have been
detected in water systems within Nairobi River (K’orenje et al., 2012). Some of the PHCs

that were studied are shown in compounds 2.1.

The study focused on selected pharmaceuticals based on their wide utilization in Kenya and
toxicities and are described below. Ampicillin (AMP) [1], (2S,5R,6R)-6-[[(2R)-2-amino-2-
phenylacetyl]amino]-3,3-dimethyl-7-oxo0-4-thia-1-azabicyclo[3.2.0]heptane-2-carboxylic

acid, is a broad spectrum beta-lactam antibiotic used for the treatment of various
bacterial infections. It can either be taken orally or intravenously to act against both Gram-
negative and Gram-positive bacteria (Gao et al., 2012b). It is effective for ear, respiratory,
urinary tract and salmonella infections. The widespread use of ampicillin has led to its
detection in various environmental compartments (Heberer et al., 2001; Kolpin et al., 2002;
K’oreje et al., 2012). Antibiotics such as ampicillin have been shown to induce antibiotic
resistance genes in bacteria making it difficult to control diseases caused by these organisms

(Gao et al., 2012a), hence, there is need to minimize their release into the environment.
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Compounds 2.1: Selected Pharmaceuticals in this Study
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Sulfamethoxazole (SMX)[2], 4-amino-N-(5-methyl-1,2-oxazol-3-yl)benzene sulfonamide, is
an antibiotic used to treat a variety of bacterial, fungal, and protozoan infections. Its mode of
action is by inhibiting an enzyme involved in the synthesis of tetrahydrafolic acid (Burchall,
1973; Seydel et al., 1972). It is marketed all over the world in generic preparations and
under various trade names. It is among the antibiotics of great concern to scientists
worldwide due to its consumption, discharge, persistence and toxic properties (Jones et al.,
2002; Hughes et al., 2013; Lienert et al., 2007a). Sulfamethoxazole is used for both human
and veterinary purposes hence its high detection in various environmental compartments all
over the world (Kaplan, 2013; de Garcia et al., 2013; Johnson et al., 2015). The detection of
these compounds in water systems is of great environmental concern since they may result
in development of resistant bacteria ( Li et al., 2009b ). Therefore, there is need to quantify
the levels of these pharmaceuticals in the environment and develop methods of reducing

their discharge into water bodies.

Chloramphenicol (CAP)[3] 2,2-dichloro-N-[(1R,2R)-1,3-dihydroxy-1-(4-nitrophenyl)propan-
2-yllacetamide, is a broad-spectrum antibiotic which is considered both cheap and easy to
manufacture, and thus frequently used in the developing world. It is effective against a wide
variety of Gram-positive and Gram-negative bacteria, including most anaerobic organisms.
Chloramphenicol is used for the treatment of cholera, staphylococcal brain abscesses and
meningitis It is also used for veterinary purposes for the treatment of chlamydial disease (Li.,
2014). Exposure to chloramphenicol results in bone marrow suppression and aplastic
anaemia, which is idiosyncratic. The intravenous utilization of chloramphenicol is associated

with gray baby syndrome (Kummerer, 2008).
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Carbamazepine (CBZ) [4], benzo[b][1]benzazepine-11-carboxamide, is a human
pharmaceutical for treating epileptic seizures, trigeminal neuralgia, bipolar depression,
excited psychosis, and mania (Thacker, 2005). Global consumption is estimated at 2.2
million pounds yearly. In humans, it is excreted along with its major metabolites 5,6-
dihydroxy-5,6-dihydrobenzo[b][1]benzazepine-11-carboxamide (carbamazepine-diol) and
10,11-dihydro-5H-debenz(b,f)azepine-5-carboxamide  10,11-epoxide  (carbamazepine-
epoxide). Carbamazepine is not degraded in WWTP processes due to its resistance to
microbial biodegradation and thus most removal efficiencies are below 10% (Zhang et al.,
2008). Sorption of carbamazepine onto sewage sludge is not an effective removal pathway
because of the low affinity for organic matter (Kd = 1.2 L/kg). Since it is poorly removed
during wastewater treatment, carbamazepine is commonly found in WWTP effluent around
the world. Studies have reported carbamazepine in effluent at concentrations up to 1.6 pg/L
(Heberer et al., 2002b; Glassmeyer et al., 2005). Effluent concentrations of carbamazepine
occasionally exceed influent concentrations, which may be due to fluctuations in
concentrations that are not accounted for in short term studies, or may be caused by
processes in the treatment plant that convert some metabolites back into carbamazepine
(Zhang et al., 2008). Some of the potential carbamazepine degradation products such as aza-
arenes may be toxic and carcinogenic (Kosjek et al., 2009a). Studies by Oetken et al. (2005)
show the toxicity of carbamazepine to aquatic insects. There is need to eliminate this
xenobiotic compound in aqueous systems to avoid their detrimental effects to flora and

fauna.

Lamivudine (LMV) [5], 4-amino-1-((2S,5R)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)
pyrimidin-2(1H)-one, is a nucleoside analog reverse transcriptase inhibitor which is

marketed under the trade name Epivir and Epivir-HB. It is used for treatment of
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chronic hepatitis B and in combination with zidovudine for treatment of human
immunodeficiency virus (HIV) (Gathe et al., 2002; Koziel and Peters, 2007). Although the
long-term use of lamivudine results in the emergence of resistant hepatitis B virus mutant, it
is still widely used as it is well tolerated (Lok et al., 2003). Consequently, lamivudine has

been detected in wastewater treatment plants and rivers (K’oreje et al., 2012).

Diclofenac (DCF) [6], 2-[2-(2,6-dichloroanilino)phenyl]acetic acid, is a nonsteroidal anti-
inflammatory drug used to reduce inflammation and as an analgesic reducing pain in certain
conditions. It is also used in the treatment of acute migraines (Mueller et al., 2012).
Diclofenac is available as a generic drug in a number of formulations, including
diclofenac diethylamine, which is applied topically. Over-the-counter use is approved in
some countries for minor aches and pains and fever associated with common infections.
Long-term use of diclofenac has been linked to liver toxicity (Boelsterli, 2003; Mueller et al.,
2012). A study by Juhlin et al., (2004) showed that acute administration of diclofenac
deteriorated renal function in patients with coronary artery disease and heart failure.
Diclofenac has been linked to cause decline of vultures in Asia (Arun and Azeez, 2004). Yet,
diclofenac and its metabolites have been detected in the environment in significant
concentrations (Zhang et al., 2008; Kosjek et al., 2009a; Vieno and Sillanpaa, 2014).
Microbial degradation of diclofenac was reported to be very slow resulting in formation of
two metabolites; 4’-hydroxy-diclofenac and diclofenac p-O-acyl glucuronide (Kosjek et al.,
2009b; Lee et al., 2012). The later was reported to be deconjugated to form diclofenac within
seven days. Hence, indicating that the biological removal of diclofenac is not likely to occur
in conventional WWTPs (Lee et al., 2012). Besides, water treatment technologies such as

chlorination have been shown to result in formation of highly stable chlorinated derivatives
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that are carcinogenic (Soufan et al., 2012). Hence, there is need to minimize discharge of

diclofenac and other toxic organic chemicals into the environment using greener methods.

Aspirin [7], 2-acetyloxybenzoic acid, is among the non-steroidal anti-inflammatory drugs
which exhibits a broad range of pharmacological activities, including analgesic, antipyretic,
and anti-platelet properties (Adebayo et al., 2007). It is also used to help prevent heart
attacks, strokes, and blood clot formation in people at risk of developing blood clots
(Cambria-Keily and Gandhi, 2002; Wong et al., 2004). It has been found to be persistent in

the environment (de Garcia et al., 2013).

The WWTP effluents generated in Kisii, Homabay, Kisumu, Kakamega, Mumias, Bungoma,
Busia and Eldoret towns which are within the Lake Victoria Basin (LVB) in Kenya are
disposed of into rivers which are discharged into Lake Victoria. The Lake is known to be
highly polluted (Getenga et al., 2004; Werimo et al., 2009; Orata et al., 2009). However,
little information has been published on the levels of PHCs within the region. Most of the
WWTPs within the LVB use conventional treatment methods which are not designed for
removal of PHCs (Clara et al., 2005). These chemicals are therefore potential pollutants in
rivers within LVB ending up in the lake. Elsewhere PHCs have been reported in the
environment and have led to development of antibiotic and antiviral resistant bacteria posing
great risk to human health (Crane et al., 2006; Caracciolo et al., 2010; Huang et al., 2014).
There is need to determine the residue levels of these compounds in water systems within
LVB and hence, carry out an investigation into an effective and eco-friendly technology for

their removal.
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2.3 Occurrence and ecological risk associated with presence of PHCs

As pharmaceuticals do not occur individually in the environment, but as complex mixtures,
the interaction of these compounds with wildlife that might have high similarity with the
molecular targets, the so-called non-target organisms (Rand-Weaver et al., 2013), may occur
at relevant environmental concentrations, due to combined and synergistic effects (Calisto

and Esteves 2009);

Anthropogenic organic xenobiotics such as industrial chemicals and biocides are ubiquitously
present in the environment (Kolpin et al., 2004; Schaider et al., 2014). Pollution of
freshwater resources has become an issue of great concern considering the ever rising
demand for clean water. The predicted increase in the population of the world in the next few
decades may result in increased consumption of pharmaceuticals which further worsens the
situation (Kummerer, 2008; Vazquez-Roig et al., 2014). Most human and veterinary
pharmaceuticals are incompletely metabolized in treated patients and animals, as such a large
fraction of these compounds are excreted unchanged via faeces or urine (Lamm et al., 2009).
Moreover, disposal of unused medicines contributes to the release of these chemicals into
sewer systems.

Most pharmaceuticals are designed to retain their chemical structure for long in order to
allow reaction time for their therapeutic work. This property, together with their continuous
discharge, results in extended residence time of PHCs in the environment (Kasprzyk et al.,
2009). Consequently, PHCs and their transformation products are detected in wastewater
treatment plants, surface, ground and drinking water (Stackelberg et al., 2004; Phillips et al.,
2010). For instance, Kosma et al., (2010) reported the presence of diclofenac, caffeine and
ibuprofen in municipal and hospital wastewaters in Greece. Similarly, significant

concentrations of carbamazepine, ibuprofen and tetracycline have been detected in biosolids
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and sludge samples (Chenxi et al., 2008; Yu and Wu, 2012). In Kenya, K’oreje et al., (2012)
reported the presence of ten pharmaceutically active compounds belonging to different
classes in Nairobi River, Kenya. Some of the compounds detected in high concentrations
(10-30pug/L) were lamivudine, zidovudine and nevirapine antiretrovirals which were higher
than those reported in other parts of the world. Other classes of pharmaceuticals reported
were antibiotics, analgesics/anti-inflammatory, anti-epileptic drugs and antimalarials. This is
of great concern due to the toxicological effects of these compounds on flora and fauna (Farré
et al., 2001; Crane et al., 2006; Enick and Moore, 2007).

Effects of PHCs are diverse and may be categorized as direct or indirect. The former include
acute toxicity while the later involves impacts on the reproduction ability (Bruce et al., 2010).
Synthetic estrogens, which are used as contraceptives such as ethinylestradiol, have been
reported as strong endocrine disruptors, which cause feminization of fish (Brown et al.,
2003). Other biologically active compounds such as antibiotics have a direct impact on
organisms after their release into the environment (Gao et al., 2012b). However, they can also
indirectly influence humans if the chronic exposure of bacteria and viruses to these
substances result in the formation of antibacterial and antiviral resistant strains (Caracciolo et
al., 2010; Huang et al., 2014). For example the use of the antiviral drug Tamiflu during
pandemic influenza medical response was reported to induce resistance genes of influenza A
virus in wild birds (Olsen et al., 2006; Singer et al., 2007; Singer et al., 2011). Diclofenac, a
commonly used analgesic, has been linked to histopathological alterations in kidneys and
gills of rainbow trouts (Schwaiger et al., 2004). It has been reported to be the major cause
of decrease in vulture populations in Pakistan (Oaks et al., 2002). Other effects of PHCs
include alteration of proper functioning of hormonal systems, which may result in obesity,
reduced fertility, learning and memory difficulties and cardiovascular diseases (Zhang and

Zhang, 2011).
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Additionally, PHCs and their metabolites can form toxic by-products during disinfection of
drinking water by ozonation or chlorination (Richardson et al., 2007; Bond et al., 2011). For
example chloramination of compounds containing dimethylamine moieties such as
ranitidine, results in formation of N-nitrosodimethylamine, a strong carcinogen (Le Roux
et al., 2011; Shen and Andrews, 2011). Similarly, this carcinogenic compound has been
reported during ozonation of N,N-dimethylsulfamide, a degradation product of tolylfluanide
fungicide (Schmidt and Brauch, 2008). Another report by Kumar et al., (2014) showed that
chlorination could not remove the antiretroviral drug, zidovudine from water. Therefore,
understanding the fate of PHCs in the environment is critical in assessing the potential risks

caused and possible remediation strategies.

2.4 Strategies employed in minimizing discharge of PHCs

The occurrence of a large spectrum of PHCs in the environment indicates that conventional
wastewater treatment plants are associated with incomplete degradation of these compounds
(Stackelberg et al., 2004; Al-Rifai et al., 201l). Degradation of PHCs in wastewater
treatment plants involves a limited number of biochemical reactions such as hydroxylation,
oxidation and de-alkylation resulting in small structural changes of the parent compound
(Helbling et al., 2010). Most wastewater treatment plants are designed to reduce effluent
nutrient loads, particularly nitrogen and phosphorous in order to prevent eutrophication of
receiving waters. Therefore, there is need to develop sustainable strategies to minimize the
release of PHCs into the environment.

Recently, studies have focused on new, advanced wastewater treatment technologies.
Reports have shown that treatment by ozonation efficiently eliminates a large spectrum of

PHCs from water (Hollender et al., 2009; Yang et al., 2011). However, ozonation leads to

17



the formation of oxidation products, which are potentially toxic (von Gunten, 2003; Teixeira
et al.,, 2011). Halogenated compounds such as iodinated X-ray contrast media and their
transformation products are reported to be recalcitrant (Zimmermann et al., 2011). The use
of biofilms for degrading PHCs from aqueous systems has also been studied. For instance,
Trichosporon asahii yeast isolated from caffeine contaminated soil was used to remove
caffeine from industrial wastewater (Lakshmi and Das, 2013). Moreover, the degradation of
tetracycline was enhanced using enzyme extract from spent mushroom compost of

Pleurotus eryngii (Chang et al., 2014).

Other treatment techniques, which include advanced oxidation processes, membrane

bioreactors, photocatalysis and electrochemical methods, have been shown to eliminate

various organic compounds (Basile et al., 2011; Oller et al., 2011). Nonetheless, these

treatment techniques may result in formation of toxic by-products during disinfection of

drinking water (Richardson et al., 2007; Yang et al., 2011). Moreover, most of the studies

have only been tested under laboratory conditions and therefore facing a lot of technical

difficulties in application to full scale water treatment. These methods are also expensive

compared to existing treatment technologies, at least at the current state of knowledge and

technology. However, this might change in the future. Other attempts to minimize PHCs

loading from hospitals include on-site separation and treatment of urine with high loads of

pharmaceuticals (Lienert and Larsen 2007b; Beier et al., 2011). Nonetheless, this technique

has been associated with high costs and lacking in practicability.

2.5 Adsorption cleanup technology

Adsorption is one of the promising cleanup technologies that have attracted the interest of
researchers (Ruiz et al., 2010). A study by Genc and Dogan, (2015) reported adsorption of

ciprofloxacin antibiotic onto bentonite, activated carbon, zeolite and pumice. Similarly,
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pumice was shown to be efficient in removing tetracycline from aqueous media (Guler and
Sarioglu, 2014). Other adsorbents such as coal, geothite and graphene oxide have also been
used for removal of tetracycline from water systems (Sun et al., 2010; Zhao et al., 2011; Gao
et al., 2012a). Nanoparticles have also been used for removal of trace organic pollutants such
as pesticides, halogenated organics and microorganisms from water (Pradeep and Anshup,
2009). For example, chlorotetracycline was adsorbed onto magnetite nanoparticles (Zhang et
al., 2011a). Other studies have reported degradation of PHCs in nanoparticle treated water
samples. Ofloxacin antibiotic was degraded in water using titanium oxide nanoparticles
resulting in formation of demethylated and de-carboxylated fluoroquinolone species (Wieren
et al., 2012). Photocatalytic degradation of tetracycline and ibuprofen was also reported on
the surface of zinc oxide nanoparticles (Choina et al., 2014). Furthermore, Al-Khateeb et al.,
(2014) reported great success in adsorption of aspirin, caffeine and acetaminophen onto

graphene nanoplatelets in real environmental samples.

Similarly, agricultural wastes such as fruit wastes, coconut shells and wheat straw have been
demonstrated to be efficient low cost adsorbents for removal of various organic pollutants
from wastewater (Ribeiro et al., 2011; Ali et al., 2012). A study by Mestre et al., (2011)
reported adsorption of paracetamol and ibuprofen onto activated carbon derived from sisal

waste.

2.6 Methods of characterization of adsorbents

The characterization of adsorbents is crucial in understanding their properties and potential
applications. The choice of characterization methods was dependent on the intrinsic
properties of the sample under investigation and available instruments. Techniques capable

of analyzing the size, morphology, structure, chemical and physical properties of the
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adsorbents were applied in characterization of the synthesized materials. The techniques

used in this study include;

2.6.1 Scanning Electron Microscopy (SEM)

In this technique, finely focused electron beam is rastered across the surface of specimen.
The interaction of the primary electron beam with surface atoms excites several types
of scattered or emission electrons which can be used to map the surface topography
(image) or to obtain elemental information (Hornyak et al., 2008). The most important
secondary beam effects exploited in SEM investigations are: the secondary, backscattered
electrons (both for imaging) and characteristic x-rays (for simultaneous elemental analysis
with EDAX). Figure 2.1 shows types of electron-matter interactions caused by primary

electron beam during SEM analysis.

Primary
Electron beam

_.-w Auger electrons

Specimen surface

Specimen current

Heat € \ / ''''' » Backscattered electrons
\ 77 == % Characteristic X-rays
Cathodoluminescence RS, e T +Bremsstrahlung radiation

Figure 2.1: Schematic presentation of electron-specimen interaction of primary electron
beam with a surface during Scanning Electron Microscopy and X-ray Microanalysis

(Hornyak et al., 2008).

The backscattered electrons originate from an elastic scattering of the primary beam
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electrons by nuclei on the specimen surface. On the other hand, secondary electrons are due
to inelastic scattering following interaction with specimen electrons.  Since backscattered
electrons originate from elastic scattering event they are equivalent in energy to primary
electrons compared to inelastically scattered secondary electrons. The image from
backscattered electrons gives excellent compositional contrast since backscattered electrons
yield depends on atomic number (Z). Given that the high-energy backscattered electrons can
escape from a larger interaction volume of the specimen than secondary electrons, the
resolution is lower at fixed accelerating voltages. This is as a result of knock out effect of
electrons from beam trajectory during elastic scattering (Mohan et al., 2014).

The SEM image is formed from low-energy secondary electrons after they exit from
sample surface and are collected. Since the scattering event is inelastic the energy of the
secondary electrons is reduced relative to that of primary beam electrons. In addition,
secondary electrons originate from few nanometers (1 - 50 nm in depth) and can be used to
determine the surface morphology and topography. The resolution of secondary electrons
depends on the beam spot size, the interaction volume, and the incident angle of the beam. A
tilted surface enhances secondary electron generation because a larger specimen volume
interacts with the beam, resulting in increased secondary electron emission. If the
primary electron beam falls into a pit or cavity, fewer secondary electrons can escape
because the specimen reabsorbs the electrons. The difference in density of generated
secondary electrons reaching the detector is responsible for topographical contrast during

SEM imaging (Zhang et al., 2013).

The electron beam-specimen interaction equally generates x-ray photons.  These
characteristic x-rays are caused by the ionization of inner shell electrons when the

electron beam energy exceeds critical ionization energy. The relaxation of outer shell
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electrons into vacancy generated by ejected inner shell electron (usually K shell) yields
characteristic x-rays, specific to each element. Energy-dispersive x-ray (EDAX)
spectroscopy measures the x-ray intensity as a function of energy whereas wavelength
dispersive x-ray spectroscopy measures X-ray intensity as a function of wavelength

dispersion based on Bragg’s diffraction (Song et al., 2014).

2.6.2 X-ray diffraction (XRD)

Electromagnetic radiation interaction with adsorbent composites may result in several
secondary physical effects including: vibration, rotation, electronic transitions, scattering,
diffraction and/or non-radiative processes. Electronic transitions between energy states are
analyzed by absorption, emission or fluorescence spectroscopy. The scattering of x-rays
by a crystal lattice was analyzed by powder X-ray Diffraction (XRD). The x-rays, similar to
electron beams, can also be reflected (diffracted) at the net plane of a crystal lattice. The
spacing between atoms and planes in crystalline solids show long-range periodic structure
on the order of the wavelength of x-rays exhibited as Bragg diffraction peaks. Bragg™s law

forms the foundation of x-ray diffraction, equation 2.1:
n\ = 2d sin0 equation 2.1

where; A is the wavelength of the x-rays, d is the inter-lattice spacing, 6 is the incident

angle and n is an integer. Irradiating a crystal with a collimated and mono-energetic x-ray
source gives rise to constructive and destructive interference via scattering of the x-rays at

the crystal planes. Figure 2.2 illustrates how Bragg’s law is met, whereby the crystal planes

of the sample make an angle of 6 in respect with the x-ray source and the detector is situated
at an angle of 20 relative to the x-ray source. To obtain constructive interference the path

length A-B-C has to be equal to an integer multiple of the incident wavelength. Different
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crystal planes usually have different diffraction angles (Zhang et al., 2012).

Incident x-ray beam Reflected x-ray beam

Crystal plane

Lattice spacing

Figure 2.2: Diffraction of x-rays from a set of crystal planes (Zhang et al., 2012)

2.6.3 Infrared Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy provides information on fundamental
vibrations of characteristic functional groups within polymeric and metal oxide materials

fabricated. Analysis by IR spectroscopy is usually limited to energies between 4000 — 400

cm®and to some extent the far IR region of electromagnetic spectrum (Choina et al.,
2014). Functional groups common in organic materials include: hydroxyl, carbonyl, ester,
methyl, epoxy, phenol and aromatic ring. For inorganic materials (metal oxides) lattice
vibrations were responsible for the observed IR active bands (Kloss et al., 2012). The
analysis by FTIR spectroscopy is limited to molecules having a permanent dipole moments
or phonons in crystalline materials. The FTIR spectrum is collected as absorbance or the
percent transmittance of light as a function of wavelength (1) or often its inverse that is
the wave number (cm™) is usually used. Quantitatively, the amount of energy absorbed at a
given frequency depends on both molecular concentration and molecular structure. FTIR is
used to identify functional groups in the adsorbents. Data interpretation of characteristic

bands is carried out by simple inspection and reference to generalized charts of characteristic
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group frequencies ((Yuan et al., 2013).

2.6.4 Ultra-Violet/Visible Spectroscopy

The Ultra-Violet/Visible spectrum of a material provides information about its optical
properties, which are directly related to its electronic properties. These include the optical
band gap and sub-band gap absorptions. The optical transitions across the fundamental band
gap of semiconductors can be related to band structure and in particular to the density

of states in nanostructured and doped semi-conductors (van de Steene et al., 2006).

2.6.5 Magnetic Measurements

Magnetic measurements are performed by using a Superconducting Quantum Interference
Device, SQUID. SQUID is a sensitive magnetometer used to detect magnetic flux density
as a voltage (Han et al., 2016). The device is composed of a “He cryostat with a
superconducting magnet wherein the sample temperature can be controlled by a “He gas
flow control system. At the core of the SQUID detector are two Josephson junctions
connected in parallel in a closed superconducting loop, which serves to precisely measure

the induced currents (Hu et al., 2014).

2.6.6 Surface Area and Porosity

Gas sorption (both adsorption and desorption) is the most popular method for determining
the surface area and pore size distribution of nanostructured materials especially catalysts.
Specific surface area of a material is usually determined by physical adsorption of a gas in
Brunauer-Emmet-Teller Method (BET). The material is first heated and degassed by

vacuum force or inert gas purging to remove adsorbed foreign molecules. The sample
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material is then placed in a vacuum chamber at a constant and very low temperature,
usually at the temperature of liquid nitrogen (-195.6 °C), and subjected to a wide range of
adsorbate pressures, to generate adsorption and desorption isotherms (Wu et al., 2014). The
amount of gas molecules adsorbed or desorbed is determined by the pressure variations due
to the adsorption or desorption of the gas molecules by the material (the adsorbent).
Knowing the area occupied by one adsorbate molecule, o (for example, o= 16.2 A? for
nitrogen), and using an adsorption model, the total surface area of the material can be
determined. The most well-known and widely used is the BET equation for multilayer

adsorption, 2.2.

P _ PfPD _ 1+e¢- 1(PIPD
V(P-P) V(1-P/P,) ¢V, cVm

Eq. 2.2
Where P is the equilibrium experimental pressure, Po is the vapour pressure of the
adsorbate gas at the experimental temperature, V (m’.g?) is the standardized
experimental volume of the adsorbed gas per gram of adsorbant, Vi, (m.g?) is the
volume of the adsorbate monolayer per gram of adsorbent and c is the a constant that

relates to heat of adsorption.

BET is based on assumptions that: (a) the surface is energetically homogenous (b) only
vertical interactions between adsorbed molecules are considered, and (c) the molecules
adsorbed on the surface demonstrate the strongest energy of adsorption and heat of
adsorption of the subsequent layers is the same as the latent heat of condensation of the

adsorbate gas (Chaukura et al., 2016).
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2.7 Extraction and Analysis of samples

Various methods for PHCs extraction have been employed (Steene and Lambert, 2008). Solid
phase extraction is one of the most versatile methods of extraction and cleaning of
environmental samples (Kelly, 2000; Zhu et al., 2010). A study by Ben et al., (2008) reported
good recoveries of tetracycline and tiamulin sulfonamides in swine wastewater using solid
phase extraction. Among the methods widely used for determination of concentrations of
pharmaceuticals are ultra-violet and visible spectrophotometry (UV-Vis), Gas
chromatography hyphenated to mass spectrometry (GC-MS/MS) and high performance liquid
chromatography tandem mass spectrometry (HPLC-MS) (van de Steen et al., 2006; Zhu et
al., 2010; Magnér et al., 2010). Quantitative analysis using UV-Vis is usually based on Beer
Lambert’s law and in many cases the presence of stray radiation makes the direct application
of Beer’s law inaccurate. Therefore, GC-MS and HPLC-MS methods have been employed
due to their low detection limits (van de Ven et al., 2004; Chenxi et al., 2008). The use of
GC-MS technique limits the spectrum of the analyzed chemicals to non-ionic and thermally
stable substances. However, derivatization methods such as acylation or methylation and
hydrolysis can be employed to enable analysis by GC-MS (Jeannot et al., 2002). Ultra high
performance liquid chromatography has also been used for analysis of trace organic
pollutants including pharmaceuticals (Li et al., 2009a; Magnér et al., 2010; Anumol et al.,

2013).
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 Study Area

This study was carried out within Lake Victoria Basin (LVB) of Kenya (Figure 3.1). Lake
Victoria is the second largest fresh water lake worldwide with a surface area of 68,000km?. It
is situated within three countries; Kenya, Uganda and Tanzania. The lake has a catchment
area of 193,000 km? of which Kenya occupies about 22 %. The basin lies between latitude
1°30°N and 0°05°S and longitude 34° and 35°45°E. The major towns around the lake are
Kisii, Homabay, Kisumu, Busia, Kakamega, Mumias, Bungoma and Eldoret. Effluents from
WWTPs in these towns are disposed of into rivers which discharge directly or indirectly into
Lake Victoria. The major rivers that drain into Lake Victoria include; Nzoia,Yala and Sondu
which may be sources of PHCs loading into the lake. The watewater treatment plants which

located in major towns within the basin and their daily capacities are shown in Table 3.1.

3.2 Chemicals, Standards Reagents

High purity standards (>99 %) for ampicillin, sulfamethoxazole, carbamazepine, lamivudine,
aspirin, diclofenac and chloramphenical were purchased from Sigma Aldrich, Augsburg
Germany. Analytical grade and HPLC grade solvents for extraction and analysis were also
purchased from Fluka Chemicals, Germany. Other expendables such as solid phase extraction
cartridges and nylon microfilters were bought from Merck Chemicals through Estec Kenya

Limited. All stock solutions were prepared using HPLC grade solvents.
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Figure 3.1: The map of Lake Victoria Basin (Kenya) showing the study area.
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Table 3.1: Waste water treatment plants in major towns within LVB

Location of WWTP Population Type of Capacity
served watewater (Cwwre)(M3day”
treated Y
Eldoret 165,450 Domestic 1600
Eldoret hospital Hospital _
Bungoma 81,151 Domestic 1500
Bungoma Hospital Hospital _
Busia 61,715 Domestic 600
Kakamega  Kakamega hospital 99,987 Hospital _
Shirere Domestic 800
Nabongo Domestic _
MMUST Institutional 425
Kisumu Nyalenda 409,908 Domestic 6050
Kisat Domestic and 2450
industrial
Homabay 54,040 Domestic 720
Kisii 83,460 Domestic 1400

- Daily capacities not known.

Source: Lake Victoria North and Lake Victoria South Water Services Board Technical

Report, 2012.

3.3 Analytical Instruments used in the study

The instruments used in the study are described giving their models. A Shimadzu LC-20AD
fitted with a SIL-20A (HT) autosampler and a SPD-20A prominence ultraviolet-visible (UV)
detector were used for HPLC analysis of PHC residues. Functional group determination was

carried out using a Thermofischer, Nicolet iS5 (USA) FTIR. Surface morphology was
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determined using SEM (BITRI BSM 6460LV) coupled with an EDAX instrument. For XRD
analyses,a PANalytical X’Pert Pro powder instrument was used. A DC SQUID
magnetometer system (model XL-5, manufactured by Quantum Design, USA) incorporating
a high-temperature superconductor thin film SQUID sensor was used to determine adsorbent
magnetic properties. A water deionizer (milliQ water) and water still were used. Surface area

was determined by Micromeritics ASAP 2020 BET analyzer.

3.4 Collection of samples from WWTPs and rivers for analysis of PHC residues

Waste water samples for residue analysis were collected from hospitals and municipal
wastewater treatment plants and within major towns within LVVB of Kenya (Figure 3.1). Slu
dge and wastewater were collected from hospital lagoons and WWTPs between October,
2014 and September, 2015. Both untreated samples (influent) and treated samples (effluent)
from the WWTPs were collected (appendix 1 and 2, respectively). Appendix 3 shows a
photograph taken during sampling of sludge from Kipkenyo WWTP in Eldoret. Water and
sediment samples from receiving rivers were also sampled (Sosiani River). Wastewater
samples were collected in 2 L amber glass bottles and taken to the laboratory in an ice box.
Samples were then refrigirated at -4 °C prior to extraction within 48 hours. Sludge samples
were also collected, air-dried, ground and passed through 200 mm sieve prior to extraction.
The selected WWTPs were used to treat wastewaters originating from domestic, hospital and

industrial areas, and their characteristics are presented in Table 3.1.

During sampling, it was noted that effluents from the WWTPs were being discharged into
rivers which discharge water into Lake Victoria. An example is Auji River which receives
discharge from Nyalenda WWTP and dicharges its water to Lake Victoria where water

samples were collected (appendix 4).
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3.5 Collection of adsorbent samples

The diatomaceous earth (DTE) adsorbent was obtained from Naivasha (Kenya). DTE is the
fossilized remnants of diatoms, tiny planktonic algae residing in all of the earth’s waters (Yu
et al., 2015). Diatoms are single celled organisms that belong to the phylum Bacillariophyta
and which possess a cell wall made of silica (SiO,). The death of large numbers of diatoms in
an area leads to sedimentation of the minerals present in the cell walls resulting in large
deposits which can be mined. The remarkable property of these deposits is their high purity,
often greater than 85% silica. As a result diatomite is non-toxic and odourless, which is

present naturally in large quantities and available at low cost (Danil et al., 2012).

The biomass for generation of biochar was sugarcane bagasse and maize cobs. Sugarcane
bagasse is the waste generated during processing of cane. In this study, sugarcane bagasse
was obtained from Mumias Sugar Company. On the other hand, maize cobs were collected
from farmers within the Lake Victoria Basin in Kenya. It is an agricultural waste which is
abundant within the region.

3.6 Production of unmodified and iron modified adsorbent composites

The unmodified bagasse (CBG) and maize cob (CMC) biochars were prepared by chopping
the biomass into pieces then thoroughly washed with de-ionized water to remove all adhering
dirt and air dried before pyrolysis. Carbonization was achieved by slow-pyrolysis at 350 °C
and at a heating rate of 10 °C minute™ and a residence time of 1 h in a furnace under nitrogen
stream. The biochar was then washed with deionized water until the effluent from it was
neutral to litmus and oven-dried at 100 °C for 2 h (Ng’eno et al., 2016). Iron modified
carbonized bagasse (0-Fe,O3-CBG) was then fabricated by direct hydrolysis of an iron salt
following the protocol described by Hu et al., (2015) with slight modification. Iron salt

solution prepared by dissolving 10 g of FeCl3.4H,0 in 50 mL of deionized water was mixed
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with 10 g of CBG for 8 h under continuous agitation and finally oven dried at 100-120 °C for
12 h. The resultant product, iron modified carbonized bagasse (a-Fe,O3-CBG), was sieved to
obtain uniform particle size (<220 um) then stored in air-tight containers (Figure 3.2) for
adsorption experiments. Similar treatment was performed using diatomaceous earth (DTE)
and carbonized maize cob (CMC) to obtain a-Fe;O3-DTE and B-FeO(OH)-CMC composites

(Figures 3.3 and 3.4), respectively.

Figure 3.2: Photograph showing unmodified bagasse biochar (CBG)and iron modified

bagasse a-Fe,O3-CBG adsorbents
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Figure 3.3: Photograph showing unmodified (DTE) and iron modified diatomaceous earth

(a-Fe;O3-DTE) adsorbents
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CMC Modified CMC

Figure 3.4: Photograph showing unmodified and iron modified maize cob adsorbents

3.5 Extraction of Samples for Residue Analysis

Wastewater samples were extracted by passing 300 + 3.0 mL aliquots through a 6 mL
phenomenex Cyg solid phase extraction (SPE) cartridge that had been pre-conditioned with 10
mL of methanol and distilled water, successively. Elution was carried out using 10 mL of
HPLC grade methanol which was then evaporated to dryness under vacuum. The residue was
redissolved to 2 mL with HPLC-grade methanol (Van de Ven et al., 2004). This process was
carried out by batch extraction using an SPE mannifold. All samples were filtered using 0.45
um nylon microfilters prior to injection to LC instrument. Sludge samples were extracted by
weighing 0.5 + 0.05 g of dry sample into a conical flask and adding 15 mL of HPLC grade
methanol. Samples were shaken for 8 hours in an orbital shaker at 100 r.p.m. After which the
supernatant was filtered through glasswool that had been pre-conditioned with 10 mL of

HPLC grade methanol. The filtrate was evaporated to dryness and sample re-dissolved in 100
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mL distilled water. Clean up of samples was performed by SPE following the same procedure

for wastewater samples (Nguyen et al., 2015).

3.6 Analysis by HPLC

Residue samples and samples from batch adsorption experiments were filtered using 0.45 pm
nylon micro filters prior to injection to LC instrument. A Shimadzu LC-20AD fitted with a
SIL-20A (HT) autosampler and an SPD-20A prominence ultraviolet-visible (UV) detector
was used for HPLC analysis (appendix 5). A reverse phase phenomenex (Cig) column (4.6
mm i.d. x 250 mm, 5 pm particle) was used for separation of the analytes (Van de Ven et al.,

2004). Injection volume was 10 pL and flow rate of 1 mL per minute.

Gradient elution was carried out using a mobile phase consisting of (50: 50 v/v) HPLC grade
acetonitrile: Methanol (A) and water with 0.1 % formic acid (B) at a flow rate of 0.30
mL/min. The gradient programme was set as follows; (0-3 mins) A=90 %, 8 min A=65 %, 17
min A=50 %, 20 min A=0 %, 30 min A=90 %. Quantification was done using a UV detector
at 250 nm wavelength (Park and Choung, 2007). Analyte identification was based on
comparison of chromatograms of unknowns with those of standards. Standards and blanks
were measured periodically throughout the analysis for quality assurance. Quantitative
analysis of PHCs was achieved through the integration of selected HPLC chromatograms. All
analyses were carried out in triplicate. Mass spectrometric analysis was done with electron

impact ionization for identification of analytes (Van de Steen et al., 2008).

3.7 Quality control and assurance
Before analysis, volumetric standards were used to calculate total method recoveries and
resolutions. With each set of samples to be analyzed, solvent blank and standard mixtures

were run in sequence to check for contamination, peak identification and quantification.
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Internal standards and external standard calibration curves were used for PHC residue
quantification (Park and Choung, 2007). Limit of detection and limit of quantification are the
two important performance characteristics used in method validation for this work. A series
of up to six procedural blank samples were extracted along with every batch of sample for
assessment of the method detection limits (MDL) of the different target analytes. Method
detection limits were set at a signal-to-noise ratio of three in the sample chromatograms. In
this study, the limit of detection was the injected amount that resulted in a peak with a height
at least three times as high as the baseline-noise level. The quantification limit of the target
chemicals was evaluated for each sample based on the average blank concentrations plus five
times the standard deviation of the blanks. Precision of a method is the degree of scatter of
results which is usually expressed as standard deviation and percentage of relative standard

deviation of the retention time and the peak area.

3.8 Discharge loads calculations

The daily discharge load from WWTPs was estimated based on the assumption that the
concentration of PHCs in wastewater and sludge recorded are constant throughout the day.

This was done using Eq.3.1

Dd =( Cy X Cumtp X1000 ) x10°° (mg day™) (3.1)
Where; Dd=daily discharge of PHCs (mg day '), Cw=concentration of individual PHC in
wastewater (ug L), Cwwip=capacity of WWTP (m® day '), 1000=conversion factor from
cubic meters to litres, 10~ =conversion from pg to mg.

An estimated total amount of PHCs discharged from the WWTPs were calculated using Eq.

3.2.
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Ddotar= Y. Ddwwps (3.2)
Where; Ddro = total amount of PHCs discharged from the WWTPs, > Ddwwres= Sum of

the daily discharge loads of PHCs in all the WWTPs (mg day ') (Chirikona et al., 2015).
3.9 Dissipation of Selected pharmaceuticals in WWTPs within LVB

The percentage PHCs lost (dissipation) during treatment by conventional aerated lagoon
method was calculated from the concentrations in the effluent and influent using equation

3.3. This gives the efficiency of treatment by conventional method.

o -C 00
%DISSIpatlon _ ( inf luent effluent)]‘ (3.3)

inf luent

Where Cinsivent 1S the concentration of PHCs in the raw (untreated) sewage (entering the

WWTP) and Cesnient i the concentration of PHCs in the treated sewage (leaving the WWTP).

3.10 Characterization of adsorbents

In order to understand the properties and application potential of the fabricated adsorbents
different characterization methods were used. This study utilized various methods for
determination of the morphology, structure and physic chemical properties of the
adsorbents. Some of the techniques include; scanning electron microscopy (SEM), X-ray
diffraction (XRD) method, X-ray fluorescence (XRF) technique, Fourier Transform Infra-red
(FTIR) spectroscopy, Brunauer Emmet and Teller (BET) surface area and magnetic

measurement techniques.
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3.10.1 XRF analysis

For XRF analyses 200 mg of each adsorbent was pelletized and irradiated with X-rays. The
elements present in the adsorbent emit a fluorescent-X-ray radiation that is characteristic of
those elements which is detected. A spectrum is plotted showing peaks for each element with
their percentages in the sample. This provides elemental composition of the adsorbent

recorded as mass percent.

3.10.2 XRD analysis of fabricated adsorbent composites (modified and unmodified)

X-ray diffraction (XRD) patterns were determined at room temperature using a PANalytical
X’Pert Pro powder) (Copper Ka radiation with k = 1.5406 A° ) equipped with a PSD Lynx-
Eye Si-strip detector with 196 channels, in a locked couple mode with an accelerating voltage
of 40 kV and an applied current of 40 mA (Yao et al., 2014). A 20 mg sample of each
adsorbent was compacted (at least 1 mm in thickness to prevent penetration of the x-ray beam)
and mounted on a goniometer. X-rays are directed to hit the surface and interact with electrons
in the atoms which are elastically scattered. The diffracted X-rays reveal the distribution of
electrons in the adsorbent. These beams are in a specific direction governed by the Bragg’s
law (Eqg. 3.4).

2d sin© = n\ Eq. 3.4

Where; d is the spacing between reflecting planes, O is the glancing angle of incident X-ray
beam, 2d Sin© is the path difference for waves reflected by successive planes, n is an integer
and A is the wavelength of the X-ray. The x-ray diffraction spectra were collected from 10
to 90 20 at rate of 0.5° per minute at room temperature (Chaukura et al., 2016). The patterns

obtained were compared with International Centre for Diffraction Data library using High
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Score software for qualitative identification of the crystalline compounds. The X-ray pattern is
unique for crystalline substance where each peak represents a lattice plane characterized by a
miller index. The order of the diffracted waves of each crystallite are described by the miller

indices (h,k,l) whose values can be obtained by the Debye-Scherrer method as follows;

d=aAN Eq. 3.5
But A Sin ©= (M4a®) (N2-Ny) Eq. 3.6
N=h?+ K+ Eq. 3.7

Where; h,k,l are miller indices representing the position, width and intensity of the crystal,
respectively.

The d spacing for the various crystalline structures in the library is guided by the following

formulae;

Tetragonal structure: 1/d® = ((h? + k?)/a%) + (I/C?) Eq. 3.8
Hexagonal structure: 1/d? = 4/3((h* + hk + k?)/a®) + I%/C? Eq. 3.9
Cubic structure: dig = a/N(h? + k2 + 1) Eq 3.10

Rhombohedral structure: Sin®Op peak/Sin20:™ peak = (W2 +K*+12),™ pead (0% + K2+ 191" e EQ.
3.11

The XRD pattern provides information on the properties such as crystallite size, lattice strain,
chemical composition and phase diagrams, at atomic level. The identification of crystals was
based on their d spacing from the Bragg’s law (Eq. 3.4). Each peak in the spectrum represents
a lattice plane characterized by a miller index. The miller indices were obtained by Debye

Scherrer method and the crystal structure determined using equations 3.8-3.11, respectively.

3.10.3 SEM analysis of synthesized adsorbents

SEM micrographs were obtained using a scanning electron microscope (BITRI BSM
6460LV) coupled to an energy dispersive analysis X-ray (EDAX) instrument. A 5g sample
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were mounted on a stub and coated with gold/palladium alloy in a Denton sputter source.
Au/Pd coating on non-conducting samples was meant to prevent charging effect in order
to achieve better contrast and higher image resolution. A focused electron beam was
rastered across the surface of the adsorbent and the backscattered electron signal was
detected. The SEM instrument was coupled to Energy Dispersive Analysis X- ray (EDAX)
spectroscopy important in elemental analysis. For elemental analysis (EDAX) high
acceleration voltages (15 - 20 keV) (voltage applied varied based on extent of sample
charging) using a secondary electron detector. Images were taken at several magnifications
ranging from 50 to 4000. The micro-porosities of adsorbents were quantified using the image
processing software, Pores and Cracks Analysis System (Liu et al., 2011). The SEM images
are imported into the software which then converts them into equivalent binary forms based
on the gray-level threshold values (T) entered. The microporous regions in the binary images
are distinguished by segmenting the image into black and white regions representing solid
surfaces and void spaces, respectively (Nizamuddin et al., 2017). The SEM-EDAX
micrographs reveal topographical features of the adsorbent, phase distribution, composition

difference, presence and location of defects, crystal structure and orientation.

3.10.4 Determination of functional groups by FTIR spectroscopy

The FTIR spectra of the magneto responsive adsorbents were recorded at a range from 400-
4000 cm™ with 2 cm™ resolution using a Nicolet iS5 FTIR instrument. Prior to analysis,
samples were prepared by milling 0.9 mg of sample with 70 mg of analytical grade
potassium bromide (KBr) to form a fine powder and compressing into a pellet for analysis.
Over 64 scans were collected for each measurement at 2 cm™ resolution (Yuan et al., 2013).
The Infra-red (IR) spectra were used to determine the vibrational frequency changes in the

functional groups of the adsorbent (Hu et al., 2015).
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3.10.5 Determination of the surface area of unmodified and iron modified adsorbents

The surface area, pore volumes and average pore diameter were determined by nitrogen
adsorption method. For each adsorbent, a 150 g sample was outgassed at 350°C for 12 h
before measurement. The surface areas were determined on dry adsorbent samples via
nitrogen adsorption at 77 K on a Surface Area Analyzer (Micromeritics ASAP 2020 BET).
Isotherms were plotted and the total surface area was calculated by the Brunauer, Emmett,
and Teller (BET) method using the adsorption isotherms. The BET and Langmuir
adsorption isotherms were generated to determine the single-point surface area (Ribeiro et al.,
2011). Total pore volume was obtained based on nitrogen uptake at a relative pressure of 0.99
mmHg. The micropore and mesopore size distribution were calculated using the Barrett-

Joyner-Halenda (BJH) method (Chaukura et al., 2016).

3.10.6 Determination of magnetic properties of iron modified adsorbent composites

To investigate magnetic properties, a magnetic hysteresis loop for the magneto responsive
composites was recorded at room temperature at a constant magnetic field of 1000 Oe.
Samples for magnetic studies were ground into a smooth powder, loaded into capsule and
weighed prior to analysis (Zhang et al., 2013). The magnetization (M) of 20 mg of each
sample was measured as a function of temperature (T) at a constant applied magnetic field
(H) using a DC SQUID magnetometer system (Magnetic Property Measurement System
(MPSN) magnetometer model XL-5, manufactured by Quantum Design) incorporating a

high-temperature superconductor thin film SQUID sensor (Wei et al., 2016). It has the

ability of measuring magnetic moments of samples as low as 10%emu over a wide range
of temperature between 2 K to 400 K. Magnetic hysteresis curves were plotted from O-

350 °K based on the Curie law (Eqg. 3.12).
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v =C/T Eq. 3.12
Where; y is magnetic susceptibility, T is absolute temperature and C is the Curie constant.
Magnetic susceptibility, y, is dimensionless obtained from equation 3.10

M=y H Eq. 3.13
Where; M is the magnetization of sample and H is the magnetic field (1000 Oe).

The shape of the hysteresis loop was used to determine the magnetic property of the
adsorbent. A paramagnetic material has no spin order in absence of a magnetic field, while a
ferromagnetic material has all spins aligned in the same direction. Conversely,
antiferromagnetic materials have all spins align in opposite direction, whereas ferromagnetic
ones have spin magnitude greater in one direction. All these magnetic properties can be

distinguished by their hysteresis curves.

3.11 Kinetic studies experiments

The kinetic experiments were performed by batch technique. A 0.1 g of the iron modified a-
Fe,05-CBG adsorbent were dispersed into 250 mL glass conical flasks containing 1 mg L™
carbamazepine in 50 mL solution at 298 K and agitated at 120 rpm using an overhead
temperature-controlled shaker (GFL-3006). At pre-determined regular time intervals (0, 0.5,
1, 2, 3, 4,5, 6 hours) 0.5 mL aliquots were withdrawn and filtered through 0.22 pum syringe
filters into sealed glass vials for residual CBZ analysis. Carbamazepine was detected by
HPLC with UV detection (Shimadzu LC 20AT) at 252 nm (Chen et al., 2016). The mobile
phase was a mixture of acetonitrile and water (70:30 v/v), with a flow rate of 1 mL min™. The
injection volume was 20 pL. Similar experiments were repeated for the iron modified
composites of a-Fe,O3-DTE and p-FeO(OH)-CMC.

The amount of CBZ adsorbed per unit mass at pre-equilibrium time (t) was obtained by

equation 3.14.
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q=C=CV (14
m

Where, q; is the amount of PHC adsorbed per gram of adsorbent at equilibrium time t, C; and
C. are the initial and equilibrium concentration (mg L™), m is the mass of adsorbent (g) and V
the volume of the solution (L). To obtain the kinetic parameters, the kinetic data were fitted
to three widely used kinetic models, viz. pseudo-first order (Ho and McKay, 1998), pseudo-
second-order (Ho, 2006), and intra-particle diffusion models (Weber and Morris, 1963)

represented in the equations 3.15-3.17, respectively:

k,t
Iog(qe _qt): |Og Q. — .

Pseudo-first-order model: 2.303 (Eqg. 3.15)
t__ 1 ot
Pseudo-second-order model:  ~ 2 Eqg. 3.16
qt k2 (qe) qe ( q )
_ 0.5
Intra-particle diffusion model: qt - I(pt +C (Eq. 3.17)

Where, gt is the amount of PHC adsorbed per gram of adsorbent at equilibrium time t, ge is

the equilibrium adsorption capacity, ki, k», ko are rate constants and C is a constant.

3.12 Adsorption isotherm experiments

Adsorption isotherms for CBZ onto adsorbent composites (a-Fe;03-CBG, a-Fe;O3-DTE and
B-FeO(OH)-CMC) were determined using 0.1g iron-impregnated adsorbents with 50 mL
CBZ solutions of varied concentrations (0.25, 0.5, 0.75, 1.00 and 1.25 mgL') in a batch mode
for a period of 4 hours. The vessels were agitated under similar experimental conditions as in

the Kkinetics experiments described above until equilibration as determined from the Kinetic
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experiments (4 h). The amount of solute adsorbed per unit mass of adsorbent at equilibrium
(ge) was calculated using the equation 3.18.

(Ci - Ce )V
m Eqg.3.18

q. =

Where; g is the solute uptake, Ce is the equilibrium concentration, C; is the initial analyte
concentration, m is the mass of adsorbent and V is the volume of the solution.
The equilibrium sorption data were modeled using linearized Langmuir and Freundlich

isotherm equations shown in Table 3.2 and the isotherm parameters calculated.

Table 3.2: The linearized isotherm equations and parameters

Isotherm Model Equation Parameters Reference
Langmuir 1_1 N 1 Qo (mg/g), Langmuir, 1918
qe Qo Qo KLCe
KL (L/g)
Freundlich K, N Freundlich, 1906

log g, =log K; +%Iog C.

Where; Q,-Monolayer adsorption capacity (mg/g), K. and Kr.Langmuir and freundlich
constants, Ce is the equilibrium concentration, ge is the solute uptake, 1/n is related to

adsorption affinity and surface heterogeneity.

3.13 Effect of pH

The effect of pH on the extent of CBZ removal was investigated over a pH range of 2-10.
Here, 50 mL (1 mg L™) of CBZ solution and 0.1 g of each adsorbent, separately, were placed
in glass conical flasks and 1 M HCI and 1 M NaOH solutions were used for initial pH
adjustment. The solutions were then agitated at 120 rpm at 298 K until equilibration. The pH

was measured using a pH meter (MrC 86505, scientific instrument).
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3.14 Determination of point of zero charge (pHpzc)

A 0.1 g of each adsorbent composite was dispersed into 50 mL of de-ionized water at 25 °C.
The initial pH (pH;) was adjusted to 2, 4, 6, 8 and 10, respectively in different 250 mL
conical flasks. The conical flasks were then placed in an orbital shaker and shaken for 10
hours at 120 rpm. Thereafter, filtration was carried out and the final pH values (pHs) were
determined. The difference between pH; and pHs values (ApH= pH; —pH;) was plotted against
the initial pH (pH;). The pHpzc of the adsorbent was obtained from the point of intersection

of the resulting curve at which ApH=0.

3.15 Thermodynamic Studies

The effect of temperature changes on adsorption was studied in the range 293 to 338 K. The
method by Moussavi et al., (2013) was adopted with slight modification. Briefly, 0.1 g of
each of the three adsorbents were separately dispersed into 50 mL of 50 mg L™ of CBZ and
stirred at 200 rpm at 293, 303, 313 and 323 K, all in triplicate. After equilibration, 1.0 mL
aliquots were withdrawn from the flask and transferred into sealed glass vials for residual
PHC analysis by HPLC. The effect of temperature was studied in the temperature range (298-
338K), to determine the thermodynamic feasibility of the adsorption process in practical
applications. The values of Gibbs free energy change (A G, J mol™"), enthalpy change (AH, kJ

mol™), and entropy change (AS, JK 'mol™") were calculated using equations 3.19 and 3.20;

AS AH
InK =="">-—"—

R RT (Eq. 3.19)
AG = AH —TAS (Eq. 3.20)
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Where K, equal to (qe/C.), is adsorption affinity, R is the gas constant (8.314 J mol'K™") and
T is the temperature in Kelvin. The values of AH and AS were obtained from the slope and
the intercept of the plot of the Van’t Hoff equation (3.19) , respectively. The values of AG

were calculated from Eq. (3.20).

3.16 Statistical analysis

Statistical analysis was carried out using SPSS version 18.0 packages. Analysis of variance
(ANOVA) was used to evaluate the difference in PHC concentrations in different matrices
namely; water, sludge and sediment. Comparison was performed by paired t-test at 95 %

confidence level (Bermudez-Couzo et al, 2011).

46



CHAPTER FOUR

4.0 RESULTS AND DISCUSSION

4.1 Overview

This chapter presents the results and discussions of the following areas: quality control
parameters and levels of selected pharmaceuticals in various wastewater treatment plants and
hospitals within Lake Victoria. The properties of engineered magneto responsive adsorbents
for removal of carbamazepine, a model PHC, are also presented. The kinetics, isothermal and

thermodynamic studies are discussed.

4.2 Quality Control Parameters

The selectivity of the method refers to the extent to which a particular analyte can be
determined in a complex mixture without interference from other matrix components. This
was verified by comparison of the chromatograms obtained from samples spiked with known
concentrations of the standard and those samples free from the PHC standards. Blank samples
did not present any peak at the retention time of the analyte. Moreover, the chromatograms of
the pharmaceutical standards and sample extracts presented satisfactory chromatographic
resolution as shown in Figure 4.1. The analyte retention times (tg) were 9.94, 17.33, 19.02,
21.84, 23.15, 25.11 and 27.50 minutes for ampicillin (AMP), chloramphenicol (CAP),
sulfamethoxazole (SMX), lamivudine (LMV), carbamazepine (CBZ), diclofenac (DCF) and
aspirin (ASA), respectively. Sample HPLC and UPLC-MS/MS chromatograms are presented
in appendices 6-9.

The linearity of detector response was evaluated by injecting solutions of each standard over
a wide range of concentrations. The analytical calibration curves and the related linear

regression data displayed good linearity of the detector response within the specified range.
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The correlation coefficients obtained was greater than 0.99 (r*> 0.99) making the calibration

curve useful for quantification (Figure 4.2).
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Figure 4.1: HPLC chromatogram showing separation of analytes in samples
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Figure 4.2: A calibration curve of Sulfamethoxazole standard
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4.3 The levels of selected parmaceuticals in sludge and sediment samples from hospitals,
WWTPs, rivers and streams within LVB, Kenya

All sludge samples contained quantifiable levels of the selected PHCs. The mean
concentrations in sediment and sludge samples from ten WWTPs and two hospitals, rivers

and streams within LVB are presented in Table 4.1, 4.2 and Figure 4.3, respectively.

Table 4.1: The distribution of selected PHCs in sediment samples (ng/g) from rivers and

streams within Lake Victoria Basin, Kenya

Study Site DCF AMP CBzZ SMX CAP ASA LMV
MMUST <50+2 <50+2 <50+2 <50+2 <50+2 5743 55+4
stream

(Upstream)

MMUST 51+6 <50+2 <502 655 <50+2 7045 62+3
stream

(Downstream)

Auji River 627 7415 <50+2 6116 54+8 7142 61+4
Kisat River <50+2 5249 <50+2 63%3 59+7 63+3 56+3
(Upstream)

Kisat River 62+5 6616 <50+2 85+8 69+4 6548 7448
(Downstream)

Sosiani River <50+2 54%4 <502 5145 54+7 81+5 52+2
(Uptream)

Sosiani River  72+7 94+3 <50+2 8115 9412 7413 80+7
(Downstream)

Limit of quantification, LOQ=50£2 ng/g, n=3, DCF-Diclofenac, AMP-Ampicillin, CBZ-Carbamazepine, SMX-
Sulfamethoxazole, CAP-chloramphenicol, LMV-Lamivudine, ASA-Aspirin
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Table 4.2: The distribution of selected PCHs in sludge samples (ng/g) from WWTPs and
hospital lagoons within Lake Victoria Basin, Kenya

Study Site DCF AMP CBZ SMX CAP LMV  ASA
Bungoma WWTP 145+9 143+15 <50+2 1037 1066 96+3 86+4
Bungoma Hospital 95+6  231+21 79+10 205+9 113+8 10245 98+8
Busia WWTP 94+4  53+6 <50+2 154+9 9648 9243 9846
Shirere WWTP 8246  <50+2 <50+2 10546 7947  99+9  68+6
Mumias Hospital 165+8 151+10 555  276+12 <50+2 8943 236+3
Homabay WWTP 82+7 7443 <50+2 12145 5443 7816 <50+2
Nabongo WWTP 98+7 57+8 <50+2 94+4 66+11 556 <50+2
MMUST WWTP 562 <b0+2 <502 89t7 <650+2 <50+2 51+9
Kisat WWTP 9243 7445 <50+2 101+5 65%9 5949 60+3
Eldoret WWTP 6746 11246 <502 8443 102+7 657 76x7
Kisiit WWTP 106+5 108+11 <50+2 103+2 <50+2 5249 96+9
Nyalenda WWTP 86+7 9843 5445  101+7 9743 115+3 9846

Limit of quantification, LOQ=50+2 ng/g, n=3, DCF-Diclofenac, AMP-Ampicillin, CBZ-Carbamazepine, SMX-
Sulfamethoxazole, CAP-Chloramphenicol, LMV-Lamivudine, ASA-Aspirin
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Figure 4.3: The distribution of selected pharmacueticals in sludge samples (ng/g) from WWTPs and hospitals in major urban towns within

LVB, Kenya.
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The average PHCs concentrations in the sludge and sediment samples varied for individual
compounds and amongst samples from different sources (Table 4.1 and Table 4.2). The mean
residue levels for all the seven PHCs in sludge was found to range from <50+2 ng/g to
276x12 ng/g, while sediment samples from rivers and streams recorded lower levels ranging
fom <50+2 ng/g to 94+3 ng/g (Table 4.2). This may be attributed to dilution in the river
environment. The maximum amount of PHCs recorded was 276+12 ng/g sulfamethoxazole in
sludge discharged from Mumias Hospital general ward (Figure 4.3). The high levels of
sulfamethoxazole in sludge samples may be due to prescription patterns and the intrinsic
properties of the compound. The low octanol-water partition of sulfamethoxazole (log Kow =
0.89) makes it preferrentially adsorb onto sludge (Liang et al., 2013; Kihampa, 2014).
During this study, the pH of the wastewater sampled ranged from 7.5-8.5. The pH of the

effluent may also affect the solubility of the analyte, hence its partition in solid-liquid phases.

4.4 Pharmaceutical residues in river water and effluents from hospital lagoons and
WWTPs within Lake Victoria Basin, Kenya

PHCs were widely detected in effluents from wastewater treatment plants within the study
region as shown in Table 4.3. From literature, this kind of survey on pharmaceutical residues
within the Lake Victoria Basin of Kenya is the first one to be done. The levels of PHCs in
hospital effluents were high ranging from <0.05+2 to 0.79+0.07 pg/L. Eldoret hospital
recorded the highest concentrations (ampicillin of 0.79£0.07 pug/L). This shows that hospitals
are hot spots for PHCs discharge into WWTPs. The mean concentrations of PHCs in
effluents from the ten WWTPs studied ranged between <0.05+2 to 0.36+0.04 pg/L.

The highest levels in WWTPs was recorded in Nyalenda (Kisumu) with ampicillin levels of
0.36+0.04 pg/L. Kisumu is the largest among the towns within the region with the highest

population as shown in Table 3.1.
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Table 4.3: Concentration of selected pharmaceuticals in effluents (ug/L) from hospitals and WWTPs within LVB, Kenya

Study Site Diclofenac Ampicillin Carbamazepine | Sulfamethoxazole | Chloramphenicol | Aspirin Lamivudine
Kakamega Hospital | 0.42+0.05 0.61+0.08 0.12+0.02 0.59+0.06 0.07+0.01 0.10£0.02 <0.05+0.02
Shirere Domestic 0.08+0.02 0.13+0.05 0.08+0.03 <0.05+0.02 <0.05+0.02 0.14+0.03 | 0.07+0.02
Nabongo WWTP <0.05+0.02 0.06+0.01 <0.05+0.02 0.07+0.01 <0.05+0.02 <0.05+0.02 | 0.02+0.01
MMUST WWTP 0.06+0.01 0.07+0.02 0.06+0.01 <0.05+0.02 <0.05+0.02 0.09+0.02 0.07+0.03
Mumias Hospital 0.09+0.3 0.16+0.05 0.06+0.01 0.07+0.01 0.07+0.01 0.14+0.01 0.10+0.06
Bungoma Hospital | 0.54+0.02 0.17+0.01 0.07+0.02 <0.05+0.02 0.08+0.02 0.14+0.04 0.19+0.04
Bungoma WWTP | 0.08+0.02 0.35+0.06 0.07+0.02 0.08+0.03 0.06+0.01 0.07+0.02 | 0.16+0.05
Homabay WWTP <0.05+0.02 0.07+0.03 <0.05+0.02 <0.05+0.02 0.06+0.01 <0.05+0.02 | 0.12+0.02
Busia WWTP 0.07+0.02 0.08+0.03 <0.05+0.02 <0.05+0.02 <0.05+0.02 <0.05+0.02 | 0.08+0.03
Kisat WWTP 0.02+0.01 0.20+0.02 0.07+0.02 <0.05+0.02 <0.05+0.02 0.06+0.02 <0.05+0.02
Nyalenda WWTP 0.07+0.03 0.36+0.04 0.07+0.02 <0.05+0.02 <0.05+0.02 0.07+0.02 0.06+0.01
Kisii WWTP 0.10+0.06 0.12+0.05 <0.05+0.02 <0.05+0.02 <0.05+0.02 0.11£0.02 0.06+0.01
Eldoret Hospital 0.19+0.04 0.79+0.07 0.08+0.03 0.06+0.01 0.08+0.02 0.08+0.03 0.07+0.02
Eldoret WWTP 0.16+0.05 0.34+0.08 0.06+0.01 <0.05+0.02 <0.05+0.02 0.08+0.03 0.07+0.02

Limit of quantification, LOQ=0.05+2 pg/L, n=3
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The mean concentrations of PHCs in water from rivers and streams within the region ranged
from <0.05+0.02 to 0.29+£0.02 pg/L (Table 4.4). Although the PHC residues were lower in
rivers and streams compared to WWTPs, they may pose long term effects on aquatic
ecosystem. The presence of higher levels of pharmaceutical residues downstream of the
WWTPs indicate the transfer of these compounds from WWTP effluents to rivers (Table
4.4). During sampling, it was observed that effluents from these WWTPs are discharged
directly into rivers and streams which discharge into the Lake Vitoria (Kimosop et al., 2016).
This poses great health concerns due to the possible ecotoxicological effects of these

compounds on aquatic ecosystem and human health (Matozzo, 2014).

Table 4.4: Concentration of PHCs in water samples (ug/L) from streams and rivers within

Lake Victoria Basin, Kenya

Study site DCF AMP CBz SMX CAP
MMUST <0.05+0.02 0.05+0.04 <0.05+0.02 <0.05+0.02 <0.05+0.02
river (U.S)

MMUST 0.06+0.02 0.07+0.05 0.05+0.03 <0.05+0.02 <0.05+0.02
river (D.S)

Kisat river <0.05+0.02 0.13+0.07 <0.05+0.02 <0.05+0.02 0.05+0.02
(U.S)

Kisat river 0.06%0.05 0.17+0.06 0.06+0.01 <0.05+0.02 0.06+0.08
(D.S)

Auji River 0.05+0.02 0.29+0.02 0.05+0.01 <0.05+0.02 0.06+0.02
Sosiani river 0.10+0.04 0.09+0.07 <0.05+0.02 <0.05+0.02 0.05+0.02
U.s)

Sosiani river 0.12+0.07 0.24+0.06 <0.05+0.02 <0.05+£0.02 0.05+0.02
(D.S)

U.S- Upstream, D.S- Downstream, limit of quantification, LOQ=0.05+0.02ug/L, n=3, DCF-Diclofenc, AMP-

Ampicillin, CBZ-Carbamazepine, SMX- Sulfamethoxazole, CAP-Chloramphenicol
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4.5 Discharge loads of selected pharmaceuticals from WWTPs

The daily discharge loads of selected PHCs from WWTPs was estimated based on the
assumption that the concentration of selected pharmaceuticals in wastewater and sludge
recorded were constant throughout the day (Chirikona et al., 2015). This was done using
Eqg.1 below;

Dd = Cy * Cyywrp * 1000 * 1073(mg day ™) .. o ve cer cer ver e e e e e e vt vevee e o EQL L

Where;

Dd = daily discharge of selected pharmaceuticals (mg day '),

Cw = concentration of individual PHC in wastewater (ug L") (obtained from Table

4.2),

Cwwrp = capacity of WWTP (M3day~1) (obtained from Table 3.1),

1000 = conversion factor from cubic meters to litres,

107 = conversion from nanogram to milligram
Selected pharmaceuticals discharge loads from the various WWTPs are shown in Table 4.5.
The discharge loads were calculated only for WWTPs whose daily capacities are known. An
estimated total amount of selected pharmaceuticals discharged from the nine WWTPs was

calculated using Eq. 2

Where;
Ddrota1 = Total amount of the five selected pharmaceuticals discharged from the nine
WWTPs studied, YDdwwrps = Sum of the daily discharge loads of selected

pharmaceuticals in the WWTPs (mg day ).
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Table 4.5: Daily discharge loads (Dd) of selected pharmaceuticals (mgL™) from WWTPs within LVB, Kenya

Study Site  Diclofenac  Ampicillin Carbamazepine  Sulfamethoxazole  Chloramphenicol Aspirin Lamivudine >Dd
(WWTP)
Kakamega 64.1+0.6 104.610.2 64.0£0.5 Nd nd nd nd 232.7+0.5
MMUST 25.0+0.5 29.7+0.3 26.1+0.2 Nd nd nd 42.5+0.4 123.3+0.3
Bungoma 120.1+0.2 525.2+0.7 105.0+0.4 120.4+0.9 90.1+0.4 120.140.2 nd 1080.7+0.7
Homabay Nd 50.4+0.6 nd Nd 43.2+0.3 nd 96.3+0.4 189.9+0.1
Busia 42.3+0.1 48.4+0.2 nd Nd nd nd 64.2 154.9+0.2
Kisat 49.0+0.5 490.1+0.9 171.5+0.3 Nd nd nd 255 736.1+0.7
Nyalenda 423.5+0.3 2178.0+0.1 423.5+0.4 Nd nd nd 105.0 3130.0+0.7
Kisii 140.4+0.1 168.1+0.5 Nd Nd nd nd nd 308.5+0.4
Eldoret 256.6+0.3 544.3+0.7 96.2+0.4 Nd nd 27.2+0.2 120.6+0.4 1042.5+0.5
Total daily discharge 7001.6+0.6

nd-not determined

56



The daily discharge loads from the nine WWTPs ranged between 123.3+0.3 mg/L day™ to
3130.0+£0.7 mg/L day™ (Table 4.5). Nyalenda WWTP in Kisumu recorded the highest
amounts of PHCs discharge of 3130 mg/L day™. This could be attributed to the high
population in Kisumu city which is the largest among the other towns studied (Table 3.1).

The total Discharge loads from the nine WWTPs was 7001.6+0.6 mg/L day™.

4.6 Comparison of results with data from other parts of the world

Results from this study were compared with data from other countries worldwide. The
concentrations of selected pharmaceuticals obtained in effluents from WWTPs in this study
ranged between <0.05 to 0.36+0.04 pg/L. Hospital effluents recorded levels ranging from
<0.05 to 0.79%£0.07 pg/L. These results are comparable to results from other studies
elsewhere. A study by Li and Zhang, (2011) reported selected pharmacueticals ranging from
0.01 to 0.233 pg/L in WWTPs in China. Another study by Giger et al., (2003) reported
individual antibiotic levels ranging from 0.057 to 0.330 pg/L. However, a study by
Kihampa, (2014) recorded higher levels of up to 37 pg/L in WWTP effluent from Dar es
Salaam City in Tanzania. This may be attributed to the high population in the capital city of
Tanzania (Kihampa, 2014). PHCs residues in sludge samples from WWTPs in the present
study ranged between <50 to 154+9 ng/g. Sludge from hospital lagoons recorded PHCs
residues between <50 to 276x12 ng/g. Similar levels ranging between 299- 455 ng/g were

detected in sludge samples from Spain (Radjenovi¢ et al., 2009).

The daily discharge loads of selected pharmaceuticals from the nine WWTPs studied ranged
between 123.3 mg day™ to 3130 mg day ™ which are comparable to other data elsewhere. For
example; results obtained from China had daily discharge loads between 3000-5200
mg/L/day for each WWTP (Li and Zhang, 2011), while in Michigan (USA) 4800 mg/L day™

was reported (Nakata et al., 2005). The difference in discharge loads is largely dependent on

57



the capacity of WWTP, population served and the method of treatment employed (Li and

Zhang, 2011).

4.7 Dissipation of Selected pharmaceuticals in WWTPs within LVB

The results from dissipation studies showed the average loss for the selected pharmaceuticals
ranging between 19.47+0.84 % for SMX and 54.29+0.63 % for CAP, respectively (Table
4.6). This indicates the inefficiency of WWTPs in removal of PHCs in wastewater. For
individual treatment plants, Bungoma WWTP was the most inefficient in removal of PHCs
with a mean of 18.74+0.59 % for the seven PHCs while Nabongo WWTP in Kakamega
recorded the highest removal efficiency of 62.89+0.94 %. It was noted during sampling that
the Nabongo WWTP was invested by plants such as water hyacinth and could have
contributed to the high removal efficiencies. Carbamazepine was among the lowest removed
compounds from the WWTPs (26.73£1.02 %), hence it was chosen as a model compound for

remediation studies through adsorption processes.
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Table 4.6: The percent dissipation of the selected pharmaceuticals in ten WWTPs within LVB, Kenya.

PHCs Percent Dissipation
Eldoret Bungoma Busia Kakamega Kisumu Homabay Kisii Mean
Shirere Nabongo MMUST Nyalenda Kisat

AMP | 42.74+0.35 | 24.57+0.65 55.56+1.05 | 27.69+0.37 57.45+2.05 36.36+0.47 18.92+2.01 | 49.40+0.94 | 53.57+0.69 37.5+2.01 36.73+1.02
LMV | 58.43+0.40 | 5.47+0.23 73.08+2.17 | 35.31+0.45 83.33+0.66 13.29+0.71 84.74+1.03 nd 68.08+0.78 66.67+0.86 | 45.97+0.56
SMX | Nd Nd Nd Nd 16.00+0.59 nd nd 25.34+0.44 nd 16.67+1.05 19.47+0.84
ASA 16.67+0.18 | 72.62+0.45 Nd 49.97+1.34 13.2940.71 35.31+0.45 | 25.34+0.44 | nd 32.43+0.37 nd 29.34+0.44

DCF | 24.62+1.05 | 25.39+0.52 | 50.00+1.00 | 69.83+1.10 | 81.25+1.02 nd 72.62+0.45 | 30.84+0.95 | 49.97+1.34 | 62.5+2.10 45.8940.92
CBz 7.83+0.86 50.00+0.98 25.34+0.44 | 16.67+0.56 | 36.67+1.05 17.77+0.95 nd 41.12+0.86 30.00+0.59 17.77+0.95 26.73+1.02
CAP Nd 20.48+0.55 Nd Nd 32.43+0.37 18.92+2.01 nd 41.00+£0.84 | 60.14+0.89 60+0.45 54.29+0.63
Mean | 49.72+0.78 | 18.74+0.59 60.49+1.51 | 61.77+0.61 62.89+0.94 | 24.83+0.82 58.59+0.99 | 37.56+0.71 60.48+0.88 58.67+1.11 36.92+0.78

Nd-not determined




4.8 Adsorbent Characterization

Characterization was carried out in order to understand the properties of the iron-modified
adsorbent composites. This was done using various techniques such as X-ray
fluorescence (XRF) technique, scanning electron microscopy (SEM), X-ray diffraction
(XRD) method Fourier Transform Infra-red (FTIR) spectroscopy, Brunauer Emmet and

Teller (BET) surface area and magnetic measurement.

4.8.1 Elemental Composition by XRF

The elemental composition of the unmodified diatomaceous earth (DTE), carbonized
bagasse (CBG) and maize cob (CMC) and the iron-modified adsorbents obtained from
XRF indicate successful impregnation of iron into the adsorbents (Table 4.7). Elemental
analysis showed that iron modification drastically increased the adsorbents’ iron content
from 53 to 73 % in maize cob biochar (CMC), 18 to 78 % in carbonized bagasse (CBG)
and 15 to 71 % in diatomaceous earth (DTE) (Appendices 10-21). Of the untreated
materials, DTE had the least iron content. The percentage increase in iron content after
treatment was in the order CBG>DTE>CMC which is consistent with literature (Wu et
al., 2014). There was also increase in chloride content in iron modified CMC from 19.43
to 22.00 % while chloride was introduced in the iron modified bagasse (19.20 %). This
may have resulted from iron exchange during impregnation of the adsorbents with ferric
chloride salt solution. Furthermore, the percentage potassium in all the iron modified
composites was lower than the pristine adsorbents. A similar trend was also observed for
calcium and silicon (Table 4.7). The relative variation of the percent content of certain
elements after chemical treatment suggests that iron inclusion possibly involved cation
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exchange or iron was precipitated on the biochar surface thus replacing or shielding other

elements previously observed or not observed (Shikuku et al., 2015).
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Adsorbent

DTE

a-Fe,O3-DTE

CBG

a-Fe,O3-CBG

CMC

B-FeO(OH)-CMC

nd- not detected, n=3

Table 4.7: Elemental Composition of the three adsorbents and their iron modified composites.

Fe

15.27

71.11

18.53

78.80

53.94

74.88

3.20

1.42

29.52

0.87

26.24

3.13

Ca

6.74

0.76

37.52

0.71

Nd

Nd

Percent composition (mass %0)

Cl

Nd

Nd

Nd

19.20.

19.43

22.00

62

Si

73.45

26.44

5.29

nd

nd

nd

Mn

nd

0.28

5.50

nd

nd

nd

Ti

1.34

nd

2.21

nd

nd

nd

Zn

nd

nd

0.82

nd

0.40

nd

nd

nd

nd

nd

nd

Cu

0.62



4.8.2 SEM analysis

SEM imaging of the unmodified and the iron modified magneto responsive adsorbent
composites are illustrated in appendices 22-31. The morphology of the three adsorbents
and their respective iron modified composites depicted heterogeneous surfaces with

appropriate sites for adsorption of analyte.

4.8.2.1 SEM characteristics of Diatomaceous earth (DTE) and iron modified

composite (a-Fe,03-DTE)

SEM micrographs of diatomaceous earth (DTE) and the iron modified sample (a-Fe,O3-
DTE) are illustrated in Figures 4.4 (a) and (b), showing a significant difference between
the microstuctures of the two adsorbents with distinct micropores. The porous structure
examination of the precursor DTE can be clearly seen in the SEM photograph (Fig.
4.4(a), revealing the variety of rigid shapes and open voids that give the diatomaceous
earths a high ability to trap pollutant residues for separation from aqueous media (Yu et
al., 2015). The centric type frustules characterized by honeycomb structure was also
reported by Knoerr et al. (2013). Chemical modification of DTE resulted in flaws and
small iron oxide particle deposits as shown in Figure 4.4 (b). These iron oxide particles

would possibly create more active sites for adsorption of pollutants.
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Figure 4.4 (a): SEM micrograph of unmodified diatomaceous earth (DTE)
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Figure 4.4 (b): SEM micrograph iron modified diatomaceous earth (o-Fe,O3-DTE)

The heterogeneity of the iron modified DTE adsorbent surfaces was further confirmed by
EDAX analysis. Both SEM imaging and EDAX spectra showed extremely high peaks of
Si (34.83 wt%), O (48.22 wt%) and Fe (13.13 wt%). The high silicon content is
characteristic of diatomite feedstock while chloride and iron was incorporated during
impregnation. Other elements present in the magneto responsive a-Fe,O3-DTE adsorbent
were CI (1.66 wt%), Al (1.57 Wt%) and K (0.58 wt%) as shown in Figure 4.5. Chloride
may have been incorporated during treatment with iron salt while other elements such as

aluminium and potassium may have been present in the unmodified diatomaceous earth.
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Figure 4.5: SEM-EDAX spectrum showing elemental Composition of the a-Fe;O3-

DTE obtained from EDAX

The distribution of elements in the iron modified a-Fe,O3-DTE composite is presented in
Figures 4.6 (a-e). The micrographs a-e represent Fe, O, Al, Si and CI, respectively
showing the major components as oxygen, silicon and iron. The elemental distribution in

the composite is consistent with EDAX spectrum (Figure 4.5) and XRF results.
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Figure 4.6 (a): The EDAX micrographs showing distribution of iron in the modified

magneto responsive adsorbent composite (a-Fe,O3-DTE).

67



(b)

Figure 4.6 (b): The EDAX micrographs showing distribution of oxygen element in the

modified magneto-responsive adsorbent composite (a-Fe;O3-DTE).
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Figure 4.6 (c): EDAX micrographs showing distribution of aluminium in the modified

adsorbent composite (a-Fe,O3-DTE).
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Figure 4.6 (d): EDAX micrographs showing distribution of silicon element in the

modified adsorbent composite (a-Fe,O3-DTE).
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Figure 4.6 (e): The EDAX micrographs showing distribution of chloride in the

modified adsorbent composite (a-Fe,O3-DTE).

The SEM-EDAX micrographs of iron modified diatomaceous earth indicate the main
elements being oxygen, silicon and iron. This is in accordance to other studies elsewhere
(Lang, et al., 2017). A study by Knoerr et al., (2013), reported increase in surface area of
iron modified DTE due to presence of ferric oxide crystallites. Other phases reported in
the diatomite frustules were fibrillar crystals of ferric oxyhydroxides. In this study, iron

oxide (a-Fe,O3) crystals were the only form of iron present.
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4.8.2.2 SEM Micrographs of carbonized maize cobs and the iron modified composite

The SEM micrographs for carbonized maize cob biochar (CMC) and iron modified p-
FeO(OH)-CMC (Figures 4.7(a) and (b) showed heterogeneous surfaces, with the
modified sample being rough with discontinuities and distinct micro pores (Figure 4.7(b).
The layered microstructures contain vacant sites. However, the image of the modified

composite shows agglomerates of the iron impregnated on the CMC adsorbent surface.

Figure 4.7(a) SEM micrographs of carbonized maize cob biochar (CMC)
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Figure 4.7 (b): SEM micrographs of iron modified carbonized maize cob composite (8-

FeO(OH)-CMC).

The SEM-EDAX spectra (Figure 4.8) for p-FeO(OH)-CMC show that there is a high
amount of Fe (45.39 %), which is consistent with XRF results (Table 4.6). This suggests
that iron was successfully incorporated on the biochar matrix. Other elements present in
the composite are O (26.68 %), Cl (23.93 %), Si (2.02 %), K (1.34 %) and Al (0.65 %).
The high oxygen percentages may be due to formation of oxides during carbonization,
while chloride may have been incorporated during treatment with ferric chloride. The

distribution of major elements in the iron modified composite shows similar results as
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shown in Figures 4.9 (a-d). The micrographs a-d represents the elements O, Al, Si and Cl,

respectively.
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Figure 4.8: Elemental composition of iron modified maize cob biochar (g-FeO(OH)-

CMC)
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(a)

Figure 4.9(a): EDAX micrographs showing distribution of oxygen element in the

modified carbonized maize cob adsorbent composite (B-FeO(OH)-CMC).
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(b)

Figure 4.9(b): EDAX micrographs showing distribution of Al in the modified

carbonized maize cob adsorbent composite (-FeO(OH)-CMC).
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Figure 4.9(c): EDAX micrographs showing distribution of Silicon element in the

modified carbonized maize cob adsorbent composite (B-FeO(OH)-CMC).
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Figure 4.9 (d): EDAX micrographs showing distribution of various elements in the

adsorbent composite (f-FeO(OH)-CMC).

4.8.2.3 SEM images of carbonized bagasse biochar (CBG) and the iron modified
composite (a-Fe,03.CBG)

The SEM images of carbonized bagasse biochar (CBG) and the iron modified composite
(0-Fe,03.CBG) are shown in Figures 4.10 (a) and (b), respectively. Visual inspection of
the images illustrates the difference in microstructures of the two adsorbents. The
unmodified CBG adsorbent has needle-like microstructure with defined phases (Figure

4.10 (a). The iron modified (oa-Fe,03.CBG) composite has a heterogeneous, rough and
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fibrillar morphology. It has distinct phases; however, the carbon surface is covered by
agglomerates of iron (Fig 4.10 (b). This is consistent with results by Song et al., (2014)

who reported agglomeration of iron in modified biochar sample.

Figure 4.10 (a): SEM micrographs of carbonized bagasse biochar (CBG)
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Figure 4.10 (b): SEM micrographs of iron modified bagasse (a-Fe,O3;.CBG)

SEM-EDAX spectra illustrates the presence of intense peaks of oxygen, chloride and iron
as shown in Figure 4.11, which confirms the existence of Fe,Os; in the modified
composite. The mass percentages for each element were O (15.09 %), Al (0.67 %), Si
(1.27 %), CI (15.16 %), K (0.86 %) and Fe (66.94 %). The distribution of elements in -
Fe,03.CBG is presented in the EDAX micrographs a-d in Figure 4.12. The major
elements are Fe, O, Cl and Si as shown in micrographs a-d, respectively. The elevated

oxygen levels may be attributed to formation of oxides during carbonization, while iron
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and chloride were incorporated during modification with ferric chloride. The other

elements such as silicon and aluminium may have been present in the bagasse feedstock.
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Figure 4.11: Elemental composition of modified carbonized bagasse (a-Fe;03;.CBG)
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Figure 4.12 (a): The distribution of iron in modified carbonized bagasse (a-Fe;Os.

CBG).
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(b)

Figure 4.12 (b): The distribution of oxygen in iron modified carbonized bagasse (a-

FEQOg.CBG).
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Figure 4.12 (c): The distribution of chloride in iron modified carbonized bagasse (a-

FEQOg.CBG).
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Figure 4.12 (d) The distribution of silicon in iron modified carbonized bagasse (a-

Fe,O5.C BG)

In a nutshell, there was successful impregnation of iron in the surfaces of the modified
DTE, CMC and CBG adsorbents. This is consistent with results reported by Song et al.,
(2014) where biochar surface was covered by manganese oxide on impregnation with
potassium permanganate solution. Similar studies reported successful impregnation of

iron oxide onto the surface of biochar derived from paper pulp (Al-Khateeb et al., 2014).
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4.8.3 XRD analysis

X-Ray Diffraction is a magnificent tool for distinguishing the different magnetic iron
oxides, namely magnetite (Fe3O,), maghemite (y-Fe,O3;) and haematite (o-Fe,0Os3)
(Chaukura et al., 2016). Appendices 32-37 shows the XRD patterns of the prepared and

chemically engineered magneto-responsive adsorbent composites.

4.8.3.1 The XRD Diffractograms of carbonized baggase biochar (CBG) and iron
modified composite (a-Fe;03-CBG)

The XRD spectra for carbonized bagasse biochar (CBG) and its iron modified composite
are shown in appendices 32 and 33, respectively. The identification of crystals was based
on their d spacing from the Bragg’s law (Eq. 3.4). Each peak in the spectrum represents a
lattice plane characterized by a miller index. The miller indices were obtained by Debye
Scherrer method and the crystal structure determined using equations 3.8-3.11.
Noticeably, the XRD data (appendix 33) showed haematite (a-Fe,O3) as the only
crystallized iron phase in the modified bagasse biochar (a-Fe,03-CBG), with diffraction
peaks at 20 = 24.11°(012), 33.06°(104), 35.49°(110), 40.81°(113), 49.32°(024),
53.91°(116), 62.28°(214), 63.89°(300) (Figure 4.13(a)). This is characteristic of
rhombohedral iron oxide (haematite) crystal structure. The only crystalline phase in the
unmodified DTE is SiO, with a peak at 26 value of 26.40°(101) (Figure 4.13(b)). Other
forms of magnetic minerals possibly formed during sythesis, viz, magnetite (Fe3O,) and
maghemite (y-Fe,O3), were converted to haematite under thermal treatment (Shikuku et
al., 2017). The other prominent crystalline phase in a-Fe,O3-CBG composite was quartz

(SiOy) represented by peaks at 20 values 20.78°(100) and 26.58°(101) (Fig. 4.13(a)). This
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is consistent with EDAX results indicating presence of the two oxides in the iron modified
composite. On the other hand, there was absence of a-Fe,O3 peaks in the diffractogram for
the unmodified carbonized bagasse (CBG) biochar (appendix 32). However, the quartz
(SiOy), a common mineral in biochars (Yao et al., 2014), peaks were observed at 20

values of 26.40° in unmodified CBG adsorbent (Fig. 4.13(b)).
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Figure 4.13 (a): Diffractogram showing the crystalline phases in a-Fe,O;-CBG

composite
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Figure 4.13 (b): Diffractogram showing the crystalline phases in unmodified CBG

adsorbent

4.8.3.2 The XRD Diffractogram for carbonized maize cob (CMC) biochar and iron

modified composite (f-FeO(OH)-CMC

The diffractogram for carbonized maize cob (CMC) biochar had prominent peaks
characteristic of quartz (SiO,) as shown in appendix 34. It can be observed that CMC
exhibited diffraction peaks at 20 values of 26.40°, 34.91°, 38.99°, 55.53°, 60.98° and
77.41° typical of Sylvite, KCI (Figure 4.14(a)). Unexpectedly, after chemical treatment,
the iron phase incorporated into the biochar network was characteristic of Akaganeite, -

FeO(OH), as depicted in the diffractogram in appendix 35. It can be observed that -
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FeO(OH)-CMC adsorbent revealed well resolved peaks in the region of 26 values from
28° to 75°. The diffraction peaks exhibited were at 28.22°(310), 34.71°(400),
40.40°(301), 49.94°(530), 55.56°(521), 58.51°(002), 66.23°(541) and 73.57° (Figure
4.14(b)) characteristic of tetragonal Akaganeite structure. In literature, Akaganeite is
associated with presence of relatively high chloride content (Elizalde-gonza, 2008) which

is consistent with the XRF and EDAX results.
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Figure 4.14(a): Diffractogram showing the crystalline phase in unmodified CMC
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Figure 4.14 (b): Diffractogram showing the crystalline phase in iron modified f3-

FeO(OH)-CMC adsorbent.

4.8.3.3 The XRD Diffractogram for Diatomaceous Earth (DTE) and iron modified

(a-Fe,O3-DTE) composite

The untreated diatomaceous earth was notably rich in silicon and largely amorphous with
no significant crystalline phases noted (appendix 36). However, after chemical treatment,
crystallinity was induced and the crystallized iron phase incorporated as shown in the
respective diffractogram was haematite (a-Fe,O3) (appendix 37). The strong and sharp
reflection XRD peaks were observed at 20 values of 24.07°(012), 33.09°(104),
35.53°(110), 40.67°(113), 49.39°(024), 53.91°(116), 57.45°(022), 62.35°(214) and
63.86°(300) (Figure 4.15(b)). This suggests that the synthesized iron modified

diatomaceous earth composites are well crystallized with rhombohedral structure.
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Figure 4.15 (a): The XRD pattern for unmodified ditomaceous earth (DTE) adsorbent.
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Figure 4.15 (b): The XRD pattern for iron modified (a-Fe,O3-DTE) composite.
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Notably, the XRD pattern of unmodified DTE shows the presence of amorphaous SiO,
forms (appendix 36). This is in tandem with data reported by Knoerr et al., (2013)
showing the amorphous form in the frustules of pristine DTE. On the other hand, the
calcium carbonate phases; aragonite and calcite were also reported which was not found
in DTE used in this study. In the iron modified DTE, a-Fe,O3 was found to be the only
crystalline phase of iron incorporated. However, the same study reported two more
allotropies of iron oxyhydroxide phases; lepidocrocite (a-FeOOH) and goethite (y-
FeOOH) together with the trivalent iron species.

4.8.4 FT-IR analysis

The structural features and functional groups present in the unmodified and chemically
treated adsorbents were investigated by near IR (400-4000 cm™) analysis in transmittance

mode.

4.8.4.1 The FT-IR spectra for unmodified bagasse biochar (CBG)-BB and iron
modified bagasse biochar (a-Fe,O3-CBG)-MBB

In order to identify the reactive functional groups, FTIR analysis was carried out. The
FTIR plot for the unmodified and modified bagasse derived biochar is displayed in
Figure 4.16. The bands at 3600-3300 cm™ were assigned to both free and hydrogen
bonded —OH stretching vibrations due to phenolic functions. The peaks in the 1700-1600
cm’ region were ascribed to C=0 stretching vibrations resulting from ketones, carboxylic
acids, anhydrides and esters (Mohan et al., 2014). The peaks in the region 1500-1400 cm’
! were attributed to the presence of inorganic functional groups such as alumina-silicates

and metal oxides (Jin et al., 2014). The bands centered in the region 700- 500 cm™ are
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characteristic absorption bands of Fe—O bonds suggesting successful incorporation of

iron oxides as testified by XRD analyses (Ercuta and Chirita, 2013).
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Figure 4.16: FT-IR spectrum for the iron modified baggase biochar (a-Fe,O3;-CBG)-

MBB (top) and unmodified (CBG)-BB (bottom)

Notably, there was no new peak in the modified adsorbent indicating that there was no
new chemical bond introduced as a consequence of the treatment process. There was also
no bond breaking. Furthermore, the analogous peaks were nearly identical suggesting
minimum structural modifications of the biochar if any. Similarly, the spectrum depicting
the functional groups present in the maize cob derived adsorbents as is shown in Figure

4.17. The bands were similar to those observed in the bagasse-based biochars (Norsuraya
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et al., 2016). This was attributed to the presence of similar functional groups, with

notable differences.

4.8.4.2 The FT-IR spectra for unmodified Maize Cob biochar (CMC)-MCC and iron
Modified maize cob char (a-Fe;O3-CMC)-MMCC

The FT-IR spectra for unmodified maize cob biochar and the iron modified composite are
presented in Figure 4.17. First, the bands at 3600-3300 cm™ assigned to —OH stretching
vibrations in the modified maize cob biochar were sharp and pronounced compared to the
untreated biochar. This suggests increase in hydroxyl groups which serve as binding sites
for organic adsorbates. This observation is expected to improve the adsorption capacity

of the iron laden maize cob biochar relative to the untreated one.
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Figure 4.17: FT-IR spectrum for the iron modified maize cob biochar (g-FeO(OH)-

CMC)-MMCC (top) and the unmodified (CMC)-MCC (bottom)
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The absorption bands in the region between 1700-1600 cm™ are assigned to carbonyl
(C=0) stretch, while those at 1500-1400 cm™ are attributed to metal oxide. The bands in

the region 700-500 cm™ can be ascribed to Fe-O vibration signals (Shikuku et al., 2017).

4.8.4.3 The FT-IR spectra for unmodified diatomaceous earth (DTE)-DE and iron
modified diatomaceous earth (a-Fe,O3-DTE)-MDE
The functional groups in the diatomaceous earth and its modified counterpart are depicted

in figure 4.18 below.
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Figure 4.18: FT-IR spectrum for the unmodified (DTE)-DE (top) and iron modified

diatomaceous earth (a-Fe,O3-DTE)-MDE (bottom)

The FTIR data confirms the presence of silica in the unmodified DTE adsorbent. The
spectra of the unmodified samples (DTE) and the chemically treated adsorbent (a-Fe;Os-

DTE) are displayed in Figure 4.18. Clearly, there were no significant differences between
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characteristic bands ranging from 1400 and 400 cm™ (that is 1200-1000 and 795 cm™)
due to silicates structure(Fujiwara et al., 2006). The wide bands centered at around 1090
cm? can be due to Si-O-Si in-plane vibration (asymmetric stretching). Similar
observations can be seen at 795 cm™, which are also characteristic of silica. Again, the
weak absorption peak at 616 cm™ was possibly attributed to Si—O deformation and Al-O

stretching (Yuan et al., 2013)

4.8.5 Surface Area of the Adsorbent Composites

The surface area of a-Fe,03-DTE, a-Fe;03-CBG and B-FeO(OH)-CMC adsorbents was
determined by Brunauer-Emmet—Teller (BET) method. The total pore volume and the
average pore diameter were derived from the Barrett—Joyner—Halenda (BJH) method.
The BET surface areas for the three modified adsorbents were 22.0097 m?g™, 2.0741
m?g™* and 2.58 m?g™, respectively. The BJH desorption surface areas were 20.4619
m?g™?, 1.2504 m?gtand 2.0601 m?g™, respectively. The total pore volumes were
0.060931 cm®g?*, 0.010235 cm?g ™ and 0.030614 cm>g™, respectively. The average pore
diameters for the tree adsorbents were 11.9111 nm, 32.7420 nm and 30.1452 nm,

respectively.

4.8.6 Magnetic Properties of the Adsorbent Composites

To investigate the magnetic properties of the iron modified adsorbent composites, a
magnetic hysteresis curve was recorded at a temperature range between 0-350 °K with a
constant magnetic field of 1000 Oe. The fabricated iron modified adsorbent composites

exhibited excellent ferromagnetic properties as shown in Figures 4.19, 4.20 and 4.21.
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This property is essentially important for the convenient recycling of contaminant-laden
composites which are easily separated using a magnet. A similar observation was
reported by Zhang et al., (2013). In Figure 4.19 the composite exhibited ferromagnetic

behaviour at low temperature changing to paramagnetic above 25 °K as shown.
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Figure 4.19: Magnetic hysterisis loop for a-Fe,O3;-CBG composite.
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Figure 4.20: Magnetic hysterisis loop for a-Fe,O3-DTE adsorbent composite.
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Figure 4.21: Magnetic hysterisis loop for g-FeO(OH)-CMC composite
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4.9 Sorption of Carbamazepine (CBZ) onto Modified Carbonized Bagasse (a-Fe,Os-
CBG), Carbonized Maize Cob (p-FeO(OH)-CMC) and Diatomaceous Earth (a-

Fe203-DTE)

Kinetics and isotherm studies were carried out and the results fitted to a number of well-
known sorption models in order to better understand the processes governing the
adsorption of CBZ onto the magneto responsive adsorbent composites. Data from the
kinetics experiment showed an initial rapid uptake followed by smooth increase, reaching
equilibrium within 3 h (Fig. 4.22). Different mathematical models including pseudo-first-
order, pseudo-second order and the intra-particle diffusion models were used to fit the

kinetics data.

4.9.1 Effect of contact time

The removal of carbamazepine (CBZ) by the iron modified carbonized adsorbents,
namely bagasse (a-Fe,O3-CBG), maize cob (B-FeO(OH)-CMC) and diatomaceous earth
(0-Fe,03-DTE) as a function of time depicted fast adsorption kinetics leading to
saturation within 180 minutes (Fig. 4.22) followed by a slow phase with no appreciable
change, implying pseudo-equilibrium conditions. This is due to availability of a large
number of vacant adsorption sites at the onset. Accessibility to these sites becomes
sequentially limited following occupancy by the pharmaceutical molecules thus the
system achieves equilibrium. Noteworthy, adsorption capacity at equilibrium for the

modified adsorbents was in the order a-Fe,O3-DTE> a-Fe,03-CBG > p-FeO(OH)-CMC.
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Figure 4.22: Effect of contact time for CBZ adsorption onto iron modified a-Fe,Os-

DTE, a-Fe,03-CBG and g-FeO(OH)-CMC adsorbent composites.

In order to predict the adsorption rate and nature of the rate-controlling step(s), the
kinetic data were simulated using pseudo-first order and pseudo-second order Kinetic
models. The applicability of the model was evaluated by the linear regression
coefficient (R?) values and the closeness between experimental equilibrium adsorption
capacity (Qexp) and the theoretical values (gca) obtained from the kinetic models. The
pseudo-first order posted poor fitting to the experimental data indicating the adsorption of
CBZ onto the iron modified adsorbents is not a first-order reaction. On the contrary, the
pseudo-second-order kinetic model best simulated the adsorption of CBZ onto all the
tested adsorbents (Figure 4.23) with high R? values closest to unity. This corroborated

with the convergence of the calculated (qca) and experimental (Qexp) adsorption
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capacities, implying the rate controlling step is a chemisorption process involving
exchange of valence electrons (Table 4.8). The intra-particle diffusion graphs were linear
(Fig. 4.24) depicting strong influence of intra-particle diffusion process with CBG
posting highest linearity (R=0.941). Nevertheless, the plot did not pass through the
origin implying that pore transport is not the only rate controlling mechanism; hence
other adsorption sequences are involved (Shikuku et al., 2015). Relative to the pre-
equilibrium adsorption, the linear plots had relatively significant intercepts (Table 4.8)
suggesting significant boundary layer effects in a-Fe,O3-DTE> a-Fe,0O3-CBG > B-

FeO(OH)-CMC, attributable to a wide distribution of pore sizes (Ng’eno et al., 2016).

Table 4.8: Kinetic parameters for CBZ adsorption onto the three magneto responsive

adsorbents
Adsorbent Pseudo-second order Intra-particle diffusion
parameters parameters
0-Fe,05-CBG g 0.313 mglg Kp 0.004
K, 0.256 g mg" min™ C 0.228 mg/g
R® 0.998 R® 0.941
a-Fe,0O3-CMC ge 0.216 mg/g Kp 0.007
K, 0.129 g mg™ min™ C 0.064
R® 0.976 R® 0.686
0-Fe,05-DTE g 0.453 mglg Kp 0.002
K, 0.913gmg~ min™ C 0415
R® 1.00 R 0.769
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Figure 4.23: Pseudo-second order kinetic plot for CBZ adsorption onto a-Fe,O3-DTE, a-Fe,O3-CBG, p-FeO(OH)-CMC

adsorbent composites
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Figure 4.24: Intraparticle diffusion plot for CBZ adsorption onto a-Fe,O3-DTE, a-Fe,O3-CBG, B-FeO(OH)-CMC adsorbent

composites
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4.9.2 Effect of initial concentration

The removal extent in percentage was found to increase for all three adsorbents when the
initial concentration was raised from 0.5 to 1.0 mg/L for adsorbent dosage of 0.19/50 mL
beyond which a decrease was noted for a-Fe,O3-CBG and p-FeO(OH)-CMC. The initial
increase indicates that mass gradient serves as the driving force for the adsorption
process. As observed in the evolution of distribution coefficient (Kq) as a function of
initial concentration (Figure 4.25), the increase in Ky with increase in adsorbate
concentration imply availability of more energetically favoured sites for adsorption

(Shikuku et al., 2014).
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Figure 4.25: Evolution of CBZ distribution coefficient (Ky) as function of initial

concentration
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The gradual decrease beyond 1 mg/L, for a-Fe,03-CBG and B-FeO(OH)-CMC, is due to
saturation of the active binding sites with concomitant repulsion between the adsorbates

at high concentration.

4.9.3 Adsorption isotherms

The distribution of CBZ between the three adsorbents and aqueous solution at
equilibrium explains the capacity of the adsorbent for removal of the compounds.
Adsorption was evaluated using commonly used Langmuir and Freundlich isotherm
models (Sheshdeh et al., 2014). Langmuir isotherm applies to monolayer adsorption on a
surface with finite number of identical adsorption sites. Conversely, the Freundlich model
incorporates heterogeneity of adsorbent surfaces. Data were fitted to the two models as

shown in Figures 4.26 and 4.27.
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Figure 4.26: Langmuir adsorption isotherms for iron modified adsorbent composites
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Figure 4.27: Freundlich adsorption isotherms for iron modified adsorbent composites

Table 4.9 shows the various parameters calculated after fitting data to the linearized
forms of the isotherms. Both isotherm models posted relatively low linear correlation
coefficients (R?), implying each individual model could not completely describe the
adsorption mechanism suggesting multi-mechanistic adsorption sequences (Jemutai-
Kimosop et al., 2017). However, the data tended to conform to the Freundlich model.
Furthermore, besides the low R? values, the negative Langmuir isotherm constants (Q,
and K,) values for a-Fe,03-CBG and B-FeO(OH)-CMC were unacceptable for they bear
no physical meaning. This indicates that the inherent postulates of this model cannot
satisfactorily explain the adsorption mechanism of carbamazepine onto iron modified a-

Fe,03-CBG and B-FeO(OH)-CMC adsorbents (Shikuku et al., 2015).
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Table 4.9: Adsorption isotherm parameters for iron modified adsorbent composites

Langmuir Qm(mgg™) = -0.1806 Qmn(mgg~)= -0.547 Qm(mg g™) = 0.447

Ko(Lgh= -14525 K (Lgh)= -1.360 K. (Lg?l) = 7.050

R = 0.758 R = 0818 R? = 0.796
Freundlich Kg, =1.4256 L/mg K, (L/mg) = 0.957 Kt (L/mg)= 0.853
n = 05373 n = 0.356 n = 1.439
R = 0.808 R = 0.832 R? = 0.720

Therefore, rationally, despite the relatively low R? values, the adsorption of CBZ onto the
two adsorbents could be explained in terms of Freundlich isotherm model. In these cases,
the magnitude of Freundlich constant n was less than unity indicating poor adsorptive
character while 1/n is above unity corroborating the aforementioned cooperative
adsorption constituting several mechanisms (Saleh, 2015; Treybal, 1981). On the
contrary, adsorption of CBZ onto modified diatomaceous earth (a-Fe,O3-DTE) followed

the Langmuir model with a theoretical maximum monolayer adsorption capacity of 0.447

mg/g.

4.9.4 Effect of pH and adsorption mechanism

The pH dependence was studied in the range 2.0 to 12.0. The adsorption of CBZ onto

CBG and CMC modified adsorbents were strongly pH dependent while CBZ adsorption
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onto iron modified DTE seemed independent of pH changes with insignificant variation
in percent removal (Fig. 4.28). The points of zero charge for the three adsorbents were
6.0, 5.8 and 5.6, respectively for the corresponding modified DTE, CBG and CMC. This
means that at pH values lower than the pHpzc, the adsorption sites on the adsorbents are
positively charged, but at pH values higher than pHpzc, the sample surfaces are

negatively charged, which could adsorb anions by electrostatic attraction.
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Figure 4.28: pH dependence plot for CBZ adsorption onto a-Fe,O3-CBG, B-FeO(OH)-

CMC and o-Fe,O3-DTE adsorbent composites

The variation of adsorption capacities with pH gives insight on the possible interaction
mechanisms involved. CBZ has two pK, values because it dissociates at two different
functional groups depending on the pH. These are pK, at 2.30 (ketone group) and 13.90

(amine group) for CBZ (Punyapalakul and Sitthisorn, 2010). Therefore, below pH 2.3,
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CBZ was a positively charged species (CBZ") and electrostatic repulsion became

significant and accounted for the decreased adsorption capacity observed.

However, throughout the pH range, CBZ were neutrally charged species (CBZ?) and the
effect of electrostatic interactions was negligible and can be neglected and hence other
adsorption mechanisms besides electrostatic interactions such as hydrophobic interactions
play a key role. On the contrary, at pH 2 CBZ existed predominantly in cationic form
(CBZ") hence electrostatic repulsion is expected to be significant yet the amount
adsorbed onto B-FeO(OH)-CMC was maximum and decreased as pH tended towards
neutral (Kim et al., 2014). Further increase in pH, above pH 6, CBZ was electrically
neutral (CBZ®) and at higher pH values the adsorbent surface acquired a net negative
charge and electrostatic interactions would be insignificant to account for the increased
adsorption observed. These results indicate that the pH-dependent speciation of the
compounds largely control their adsorption extent. Also, the retention mechanism seems

to involve, in part, non-electrostatic driven interactions.

4.9.5 Thermodynamics Studies

The influence of temperature variation was studied in the range 25 to 65 °C. The
thermodynamic parameters were calculated by fitting the data into the VVant” Hoff plot at
25 °C (Figure 4.29). The calculated parameters are summarized in Table 4.10. Sorption
efficiency for CBZ decreased with increase in temperature indicating an exothermic
sorption process as shown by negative value of AH (Table 4.10). The percentage decrease
in removal efficiency could be attributed to concomitant weakening of binding forces

between the framework of the adsorbent composite and the CBZ molecules. As a result,
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there was increase in CBZ solubility in water at elevated temperatures thus lowering the
molecule’s affinity for the adsorbent surfaces (Daneshvar et al., 2012). This confirms that

adsorption process is not only controlled by the intra-particle transport-pore diffusion.
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Figure 4.29: The Vant’ Hoff plot of iron modified adsorbent composites at 25 °C

Thermodynamically, spontaneous and non-spontaneous processes are indicated by
negative and positive AG values, respectively. The reaction involving sorption of CBZ
onto a-Fe,03-DTE is spontaneous. However, the overall sorption reaction involving a-
Fe,03-CBG and B-FeO(OH)-CMC with positive AG values (Table 4.10) may be driven
by enthalpy and the system may draw energy from its surroundings as observed by Latifu

et al. (2014).
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Table 4.10: Thermodynamic parameters for the adsorption of CBZ onto a-Fe,03-DTE, a-

Fe,03-CBG and B-FeO(OH)-CMC composites

a-Fe,0s- 298 90.15 -2220 -26.40 -34.04
Diatomaceous
Earth 308 88.90 -1304
318 74.52 -1290
328 67.45 -1071
338 55.40 -873
a-Fe,0s- 298 60.94 1584 -2.31 -13.05
Carbonized
Baggasse 308 55.66 1739
318 52.18 1803
328 50.890 2009
338 48.94 2147
B-FeO(OH)- 298 43.00 1441 -24.72 -90.04
Carbonized
Maize 308 41.08 3626
Cobs
318 39.56 4683
328 37.55 4450
338 34.98 5411
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All the sorption processes were exothermic for the three adsorbent composites. However,
the magnitudes of AH and AS (Table 4.10) indicate that the adsorption of CBZ onto a-
Fe,03-CBG and B-FeO(OH)-CMC composites is entropically driven and that the system,
therefore, draws energy from its surrounding as observed by Shikuku et al., (2017) and
Laifu et al., (2014). Generally, the magnitude of AH value ranges from 40-120 kJ mol™
for chemisorption mechanisms (Sapawe et al., 2013; Shikuku et al., 2017). In the present
study, the AH values indicate physisorption (—26.40, -2.31 and -24.72 kJ mol™) processes
for the three adsorbent composites, respectively. The reaction is exothermic in nature and
the magnitude of AH implies a physical process corroborating with the values obtained
for AG (Punyapalakul and Sitthisorn, 2010). The decrease in amount adsorbed with
increase in temperature implies the exothermic nature of the process exceeds the effect of
increasing the diffusion rate of the molecules with increased thermal energy (Blasioli et
al., 2014). The negative AS implies decrease in randomness at the solid/liquid interphase

(Table 4.10).

4.10 The percentage removal of selected PHC’s and applications of the prepared
adsorbents in wastewater treatment

The adsorption of carbamazepine on the modified composites show that the percentage
removal decreased with increase in temperature (Table 4.10). At room temperature,
adsorption of carbamazepine was found to be 90.15 %, 60.94 % and 43.00 % for a-
Fe,O3-DTE, a-Fe;,03-CBG and B-FeO(OH)-CMC, respectively. It was found that o-
Fe,O3-DTE recorded the highest removal capacity followed by a-Fe,O3-CBG and finally

B-FeO(OH)-CMC. The a-Fe,O3-DTE composite consists of a variety of rigid shapes and
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open voids characterized by honeycomb structure with large surface area (22.0097 m?g’
1), These properties as well as various types of interactions between adsorbent and
adsorbate make the composite ideal for trapping carbamazepine in water. The lower
adsorption of capacities of a-Fe,03-CBG and p-FeO(OH)-CMC may be attributed to the
low surface areas of 2.0741 m?g™” and 2.58 m”g™, respectively. In this study, synthetic
wastewater was used and thus the potential of fouling was not tested. A real
environmental wastewater sample containing various matrices may result in fouling of
the adsorbent as described by Shimabuku et al., 2016. The high natural organic matter
present in real wastewater may cause scaling and would reduce the efficiency of the
adsorbents (Liu and Balasubramanian, 2013).

Similar results have been reported for pentachlorophenol removal by nanoscale zero
valent iron modified paper mill sludge biochar. The respective removal efficiencies were
100 % and 73 % for synthetic and real effluent samples (Devi and Saroha, 2014). Similar
results have been reported for the removal of methyl orange from aqueous solution by the
functional supported bimetallic nanoscale zero valent iron/palladium adsorbent (Wang et

al., 2013).
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CHAPTER FIVE

5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this study, the concentrations of individual pharmaceuticals varied for different
wastewater sources. Residue levels of individual PHC’s analyzec in this study from
Wastewater Treatment Plant (WWTP) effluents ranged from <0.05+0.02 to 0.36%0.04
Mo/L. Hospital effluents recorded levels between <0.05+£0.02 to 0.79+0.07 pg/L. Sludge
samples from WWTPs recorded PHCs between <50+2 to 154+9 ng/g, while hospital
lagoons recorded residues between <50+2 to 276+12 ng/g. The daily discharge loads of
selected PHCs from the nine WWTPs studied ranged between 123.3+0.3 mg/L day™ to
3130.0+0.7 mg/L day™. The percentage removal from the WWTPs ranged between

19.47+0.84 % for sulfamethoxazole and 54.29+0.63 % for chloramphenicol.

The synthesized magneto responsive adsorbents were characterized and the XRD results
indicated successful incorporation of iron into the adsorbents with the crystalline
structures identified as a-Fe,O3 for CBG and DTE while f-FeO(OH) was the crystalline
form in CMC. Silicon dioxide (SiO,) was also found to be a major component of the
composites. This was also confirmed by XRF and SEM-EDAX results depicting
successful impregnation. Fourier transform infrared (FTIR) spectroscopy revealed the
presence of hydroxyl, carbonyl and iron oxide groups on the modified sorbents. The
BET surface areas for the three modified adsorbents were 22.0097 m?g™, 2.0741 m°g™

and 2.58 m%g™* for a-Fe,03-DTE, a-Fe,05-CBG and B-FeO(OH)-CMC, respectively.
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The BJH desorption surface area were 20.4619 m?g™, 1.2504 m%g*and 2.0601 m%g™.
The total pore volume were 0.060931 cm3g™, 0.010235 m?g™* and 0.030614 m?g™. The
average pore diameter for the three adsorbents were 11.9111 nm, 32.7420 nm and

30.1452 nm, respectively.

The thermodynamic data indicated that the adsorption process is feasible, spontaneous for
a-Fe,03-DTE and non-spontaneous for a-Fe,O3-CBG and B-FeO(OH)-CMC adsorbent

composites. Both adsorption processes were exothermic and physical in nature

The equilibrium sorption data for carbamazepine showed multi-mechanistic adsorption
mechanisms with the data tending to conform with the Freundlich model for a-Fe,Os-
CBG and B-FeO(OH)-CMC adsorbents. However, adsorption of carbamazepine onto a-
Fe,O3-DTE was best described by the Langmuir model with a maximum monolayer
adsorption of 0.447 mg/g. The adsorption processes were found to follow pseudo-second-
order kinetics with a pseudo-equilibrium time of 180 minutes achieving respective
removal capacities of 60.9 %, 43 % and 90.15 % for the three sorbents. The
adsorption process was pH dependent for a-Fe,03-CBG and B-FeO(OH)-CMC
adsorbents with corresponding optimum pH of 6 and 10 for the two adsorbents.
However, adsorption onto a-Fe;03-DTE was not affected by variation of solution pH.
This study shows that a-Fe,O3-CBG and a-Fe,O3-DTE can provide an efficient and cost-
effective alternative method for removal of CBZ from aquatic ecosystems. The

contaminant-laden adsorbent composites are easily recycled using a magnet.
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5.2 Recommendations

Results from this study revealed a gap in the conventional treatment methods using
aerated lagoons, indicating their inefficiency in removing pharmaceuticals. It is therefore
recommended that emerging pollutants such as pharmaceuticals be included in
environmental regulation and standards for water monitoring. This will be able to alert
the wastewater regulatory bodies to adopt methodologies which will enable reduction of
these compounds in wastewater hence minimize their release to the environment.

The surface properties of an adsorbent are critical in an absorption process. It is therefore
imperative to characterize adsorbents as prepared with diverse high technology methods
to enhance modifications that will improve their sorption capacities. There is need for
modification of the structure, surface functional groups and chemistry of biochar, at
scales ranging down to nanoscale (nm) structures. This allows certain biochar properties
altered in order to target specific environmental contaminants.

Adsorption, being one of the green remediation technologies requires more research
especially on locally available adsorbents and also modifications to improve their
efficiency and versatility. The use of other magnetic minerals for impregnation also needs
to be explored. Furthermore, there is need to explore on the possibility of competing

interest for adsorption sites in presence of other organic and inorganic compounds.

Application of these adsorbents in the field and their use in removal of other pollutants
needs to be tested. Testing with real environmental samples is important in understanding
fouling by organic matter. This will enable a clear understanding of its applicability in

remediation of pollutants.
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