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ABSTRACT

Endocrine disrupting chemicals (EDCs) cause adverse health effects to biota. They are
not effectively removed by conventional wastewater treatment options and advanced
methods are costly. This study investigated the levels, mass loadings, removal efficiency,
and associated ecotoxicological risks of selected EDCs, namely, dibutyl phthalate (DBP),
diethylhexyl phthalate (DEHP), dimethyl phthalate (DMP), linuron (LNR) and
progesterone (PGT) in wastewater, sludge, and untreated dry biosolid (UDBS) samples
from twelve wastewater treatment plants (WWTPSs) in nine major towns in Kenya.
Analysis was done using high-performance liquid chromatography coupled with triple
quadrupole mass spectrometry (HPLC-MS/MS). All the wastewater influents had
quantifiable levels of EDCs with DBP being the most abundant (37.5%) with a mean range
of 4.3-9.7 ug L1. DEHP was the most abundant in sludge and accounted for 48.2%
ranging between 278.7 and 9243.5 ng g dry weight (dw). In the UDBS samples, DEHP
was also the most abundant (40%) of the total EDCs detected with levels ranging from
78.8-3938.5 ng gt dw. The average removal efficiency per pollutant was as follows: DMP
(98.7%) > DEHP (91.7%) > PGT (88.3%) > DBP (77.9%) > LNR (72.2%). The mass
loadings were as high as 373.3 g day™ of DBP in WWTPs in densely populated cities.
DEHP and PGT had their Risk Quotients (RQs) > 1, posing a high risk to biota. DMP,
DBP, and LNR posed medium risks as their RQ values were between 0.1 and 1. Removal
of these toxicants was carried out via adsorption using chemically activated fat-free
powdered Moringa oleifera seed biomass (MOSB) which was pretreated, characterized,
and used as a low-cost biosorbent for the abstraction of PGT and LNR from synthetic
wastewater. The process parameters, contact time, pH, adsorbate concentration,
temperature, and adsorbent dosage were set and optimized using central composite design
(CCD) and response surface methodology (RSM) in Design Expert Software. For
biosorption of both PGT and LNR, the proposed model was quadratic. The optimum
parameters for PGT adsorption to MOSB were: 86.8 min, 500 pg L™ adsorbate
concentration, 298 K and 0.1 g adsorbent dosage while for LNR were: 154 min, 500 ug
L adsorbate concentration, 298K and 0.1 g adsorbent dosage. pH was not a significant
factor in the removal of both PGT and LNR. The kinetics, isotherms, and thermodynamics
were analyzed further using OriginPro. The equilibrium data were best described by the
Langmuir isotherm for PGT and Sips model for LNR, with maximum monolayer
adsorption capacities of 135.8 pug gtand 144.0 ug g, respectively. Adsorption Kkinetics
followed pseudo-first order (PFO) for PGT and pseudo-second order (PSO) for LNR
predicting physisorption and chemisorption rate-determining steps, respectively. The
thermodynamics functions (PGT: AG < 0, AH = -9.3 kJ mol™ and AS = +44.2 J mol* and
LNR: AG < 0, AH =-10.3 kJ mol** and AS = +41.5 J mol?) confirmed that the adsorption
of PGT and LNR onto MOSB was a spontaneous and exothermic process with randomness
and affinity experienced at the surface of the adsorbent. The adsorption mechanism was
non-electrostatic and may have involved n-r interactions. The results from this study show
that the MOSB is a promising alternative for an ecofriendly, low-cost biosorbent that can
effectively remove PGT and LNR from aqueous solutions. Phytoremediation of LNR and
PGT using Eichhornia crassipes was also carried out. The concentrations of EDCs
abstracted using phytoremediation were however below the quantification levels.
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CHAPTER ONE

INTRODUCTION
1.1 Background of the study

Endocrine disrupting chemicals (EDCs) are natural or exogenous chemicals that can
interfere with the normal functioning of the natural blood-borne hormones in the body
(Zoeller et al., 2012). Hormones are found in the endocrine glands and circulate in trace,
time-dependent concentrations. They are responsible for homeostasis, reproduction,
regulating the body's response to various nutritional needs, and brain and body
development processes (Bergman et al., 2013). Every gland secretes one or more
hormones, that are subsequently released into the bloodstream where they travel until they
reach a specific tissue or organ. There, they attach to particular receptors, generating a
response such as synthesis of another hormone, metabolism alteration, a change in
behavior, or other reactions, based upon the specific hormone and its target (Gore et al.,
2014). The endocrine system is crucial for numerous key biological and physiological
activities, regulating the quality of life, and any deficiency can result in diseases or

fatalities (Gore et al., 2014).

Exposure to EDCs can impair the endocrine system in both human beings and animals.
This interference with the production, secretion, biosynthesis, metabolism, transport, or
supplementary action of endogenous hormones causes a deviation from routine
homeostatic control or reproduction, which has a negative impact on the organism's health
(Diamanti-Kandarakis et al., 2009). In addition to reproductive health issues, congenital

anomalies, cardiovascular and respiratory diseases, tumors, cancer, neurological and



behavioral disorders, Alzheimer's, thyroid issues, and obesity, hormonal dysfunctions also
hurt the immune system, the cardiopulmonary system, and the nervous system (Bergman
etal., 2013; Kasonga et al., 2021). EDCs include selected pesticides, plastics, plasticizers,
hormones, pharmaceutical agents, and industrial chemicals and their byproducts
[polychlorinated biphenyls (PCBs), polybrominated biphenyls (PBBs), dioxins, per- and
polyfluoroalkyl substances (PFASs)] (Diamanti-Kandarakis et al., 2009; Olujimi et al.,
2012; Ssebugere et al., 2020). These chemicals are originally designed for specific
beneficial actions but negatively affect the body’s normal functions when absorbed into

the body (Schug et al., 2011).

EDCs and other emerging contaminants are chemically stable to biodegradation and can
form complexes, hazardous derivatives, and byproducts (Kumar et al., 2022); therefore
making their removal by conventional wastewater treatment methods such as coagulation,
flocculation, and settling processes complicated and ineffective (Kasonga et al., 2021,
Mukherjee et al., 2021; Ng et al., 2021; Orata, 2018). Moreover, advanced methods like
oxidation processes, nanofiltration, reverse osmosis, and membranes are costly for
developing countries (Mukherjee et al., 2021). As a result, these compounds may escape
from the wastewater treatment plants (WWTPSs) via effluents into the aquatic environment
(Ojoghoro et al., 2021) and subsequently to drinking water (Orata, 2018) potentially
posing detrimental effects to aquatic life, wildlife, and human beings. Furthermore,
untreated dry biosolids (UDBS) from WWTPs applied in farmlands as fertilizer (Grassi
et al., 2013), seepage from septic tanks, landfilling areas, surface waters (Ng et al., 2021)
and a wide range of consumer products are other sources of EDCs (Lee & Ji, 2022;

Rachon, 2015).



Despite the detrimental impacts of EDCs, there is scant data on their prevalence, fate, and
environmental impact in developing countries. Consequently, they are inadequately
monitored and inventoried (Gavrilescu et al., 2015; K'oreje et al., 2020). Although
numerous studies in other countries have documented EDCs in merchandise and other
environmental matrices (Basile et al., 2011; Bergman et al., 2013), there is a dearth of
literature about the contaminant levels of EDCs in East Africa. A few studies have focused
on legacy contaminants such as PFASs (Chirikona et al., 2022) and dioxins (Omwoma et
al., 2015). Those who have investigated the occurrence of emerging pollutants like
pharmaceuticals and personal care products (K'oreje et al., 2020; Ngigi et al., 2020) did
not investigate how the contaminants are introduced into the environment. Only one study
by Onchiri et al. (2021) has so far reported on the prevalence of target emerging pollutants

such as phthalates in only three WWTPs in Kenya.
1.2 Selected EDCs

The present study entailed target screening and aimed to investigate the levels, mass
loadings, removal efficiency, and associated ecotoxicological risks of representative
EDCs; dibutyl phthalate (DBP), diethylhexyl phthalate (DEHP), and dimethyl phthalate
(DMP) which are industrial chemicals; linuron (LNR) an herbicide, and progesterone
(PGT), a hormone. The structures of these selected compounds and their physicochemical

properties are presented in Table 1.1.



Table 1.1: Physicochemical properties of selected EDCs

EDCs Structure Molecular formulae Molecular weight Log Water Solubility
(g molY) Kow (mg L at 25 °C)
Dibutyl phthalate C/\\/Ei/L C16H2204 Or CeH4(COOC4Hg),  278.4 4.5 13
Dimethyl phthalate i C10H1004 or CH4(COOCH3),  194.2 1.6 4,000
Diethylhexyl phthalate 390.6 7.6 0.3
C24H3504
Linuron N 7 C9H10CI2N202 249.1 3.2 75
(o]
(3-(3.4-dichlorophenyl)-1- ‘@\N)kmc\
b

methoxy-1-methylurea)

Progesterone C21H3002 314.5 3.9 8.8

(Pregn-4-ene-3,20-dione)

Adopted from the National Centre for Biotechnology Information (2022)
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DBP, DMP, and DEHP are phthalic acid esters (PAESs) used as plasticizers in polymeric
materials to ease production and improve flexibility and toughness (Nantaba et al., 2021).
Plastic production in Kenya is a significant investment of around USD 50 million as of
2013 (the latest data is unavailable) and it influences all sectors of the economy (Nyagah,
2013). Approximately 10% of plastics wind up in the environment resulting in
environmental distress due to their persistence. Numerous research has implicated PAEs
as endocrine disruptors, and they have been extensively investigated with some
plasticizers having been already banned or are subject to stricter regulation (Gore et al.,

2014; Soto & Sonnenschein, 2010; Staples et al., 1998).

PGT is a steroid hormone that belongs to a class of hormones called progestogens.
Synthetic PGT is approved for the regulation of the menstrual cycle by correcting
dysfunctional uterine bleeding or amenorrhea. It also aids with contraception by
facilitating the implantation of the blastocyst in the uterus and sustaining the pregnancy.
PGT has also been given to menopausal and post-menopausal women as a component of
hormone replacement treatment (Almazrouei et al., 2023; Cui et al., 2021; Ojoghoro et
al., 2021). Further to this, it is a major naturally occurring human progestogen. It is
introduced to the environment through human excretion, and mainly via WWTPs’ effluent
release, UDBS from WWTPs that are applied in farmlands as fertilizer and seepage from
septic tanks and landfills (Golovko et al., 2018; Moulahcene et al., 2015). This has led to
the detection of progestogens in surface waters (Almazrouei et al., 2023; Chang et al.,
2011; Golovko et al., 2018; Sauer et al., 2018). In the environment, PGT is known to be

an EDC with adverse health effects on biota.



LNR is used as an herbicide to promote productivity in the agricultural sector. Whereas
some pesticides have been steadily outlawed and replaced by environmentally benign
alternatives, several pesticides and herbicides are still occasionally found in surface and
groundwater (Guillette, 2000; Johnson et al., 2000). Biologically active, hazardous
pesticide metabolites that are frequently found in higher concentrations in water sources
and wastewater effluents are the focus of current research (Amoros et al., 2000). Kenya
imports a variety of herbicides for weed control in the agricultural sector, including LNR.
According to information found in the literature, the nation imported 7708 tons of different
pesticides and herbicides in 2005. Whereas recent data is unavailable, the statistics on

these imports demonstrate an annual increase (Loha et al., 2018).
1.3 Cost-effective removal of selected pollutants through adsorption

The importance of successfully removing EDCs from aquatic systems is monumentally
significant. Since EDCs and other organic contaminants are typically ineffectively
removed from water by conventional wastewater or drinking water treatment (Tong et al.,
2010) and advanced methods are costly for developing countries (Rossner et al., 2009),
the best alternative strategies for wastewater treatment will include low-cost technologies,
especially those that make use of locally accessible resources. The quest for these novel
technologies that can be used in the removal of toxic metals and other pollutants from
wastewater has drawn attention to adsorption, a low-cost method that utilizes the binding
abilities of multiple biological materials (Ahalya et al., 2006). The process of adsorption
consists of a biological solid phase (adsorbent) and a liquid phase holding the adsorbates,
or dissolved species to be removed. Due to the adsorbent’s increased affinity for the

adsorbates, the latter is attracted and attached to the adsorbent surface by multiple



mechanisms. The cycle repeats until a balance is reached between the species of sorbates
that are bound to the solid and those that are still present in the solution (Igwe et al., 2008;
Tarley & Arruda, 2004; Volesky, 1999). The sorbates' distribution between the solid and

liquid phases is determined by their sorbent affinity.

During the biosorption process, the percentage removal is dependent on operational
processes such as temperature, pH, contact time, initial concentration, and biosorbent
dosage. The adsorption process is typically studied by changing one variable while
maintaining the other relevant factors at an undetermined or predetermined constant level.
The limitation of this is that it does not consider the synergistic or antagonistic effect, if
any, of all the variables involved. Furthermore, it is costly both time-wise and in the use
of reagents, and optimal conditions are not guaranteed (Jayan et al., 2021; Ong et al.,
2011). These can be avoided by using statistical experimental designs such as response
surface methodology (RSM). RSM is a multivariate approach for designing experiments,
modeling, evaluating factor interactions, and collectively optimizing all parameters
affecting adsorption (Ani et al., 2019; Korde et al., 2021) thus giving the system's ideal
operating conditions or an area that meets the optimum operational specifications. The
application of RSM in adsorption has been noted to be cost-effective while improving
adsorption efficiency and reducing process variability (Aly-Eldeen et al., 2018; Ani et al.,
2019). In addition, the analysis of variance (ANOVA) establishes each process
parameter’s significance, if any, in controlling adsorbent performance. Second-order
polynomials serve as the fundamental component of RSM. The influence of every variable
on response is assessed via full factorial design, along with how the effect of each factor

varies when the amount of the other factors changes (Ani et al., 2019).



The biosorbent in this study was Moringa oleifera (M.O) seed biomass (Figure 1.1).
Numerous studies as listed in the literature review have explored the capability of different

parts of M.O (bark, leaves, seed, and seed pods) as a biosorbent for the sequestration of

contaminants from aqueous solutions and have reported positive results.

Figure 1.1: (a) M.O tree; (b) M.O seeds with shells (c) deshelled M.O seeds.

A survey of the literature showed that few studies have investigated PGT removal using
adsorption. Ragab et al. (2016) reported a 95% removal efficiency of PGT using
polytetrafluoroethylene (PTFE) double-layer microfiltration membrane modified with
zeolite imidazolate metal-organic frameworks-8. Another study by Moulahcene et al.
(2015) reported a 98.2% removal efficiency of PGT using cyclodextrin polymers cross-
linked with citric acid. A recent study by Ghasemi et al. (2017) demonstrated that 4 g L™
of PGT required 10 g cellulose for removal (no percent given) while Ifelebuegu et al.

(2016) reported a 60% PGT removal using UV photo-assisted Fenton-like degradation.

Some studies have investigated LNR sequestration using various adsorbents. For instance,
Rissouli et al. (2016) reported a 56.2% and 63.0% removal efficiency of LNR using chitin
and chitosan biopolymers. Gonzalez-Pradas et al. (1999) reported a 15.9% removal of

LNR for the untreated bentonite and up to 41.5% of LNR for the treated bentonite. Sirival



et al. (2020) also reported 63.5% LNR removal using synthetic zeolite combined with
activated carbon (AC) and a 78.0% removal of LNR using synthetic zeolite with AC and
modified with hexadecyltrimethylammonium (HDTMA) surfactant. The same study also
reported a 66.6% removal of LNR by synthetic zeolite and 38.5% by synthetic zeolite
modified with HDTMA surfactant. Yang et al. (2021b) reported a 95.1% removal of LNR

while using a modified sludge-based biochar.

However, to the best of my knowledge, the acid-activated, fat-free M.O seeds have not
been explored for the abstraction of PGT and LNR from aqueous solutions with RSM
being used for experimental design and optimization. The adsorption Kinetics,
thermodynamics, and general mechanistic studies were also investigated and are herein
reported. In addition to being proven to be effective, the adsorption method does not

introduce harmful byproducts into the environment (Tong et al., 2010).
1.4 Sequestration of selected pollutants through phytoremediation

Several physical and chemical methods of eliminating micropollutants have several
drawbacks, notably extensive work, costly expenses, irreversible changes in soil
characteristics, disruption of soil native microflora, and secondary pollution. With these
constraints, the study, therefore, explored another technology where the practicality of
using a local Eichhornia crassipes (E. crassipes) plant for wastewater treatment in urban
areas using phytoremediation was investigated. Phytoremediation provides a green
alternative solution to these limitations, and it comprises the use of different plant species
and the affiliated soil microbes to restore polluted soil and water by reducing the amounts

or the toxicity of pollutants in the environment by use of a constructed wetland (Tripathi



et al., 2020). This could be through the following mechanisms which may as well occur

simultaneously:

e Phytostabilization where plants serve as hydraulic barriers or trapping through
adsorption to avert runoff or leaching of inorganic or organic pollutants (Tripathi
et al., 2020).

¢ Rhizofiltration where plants are used as filters in a hydroponic setup up majorly
used indoors for radionuclides.

e Phytovolatilization is a phenomenon, especially for volatile organic carbons
(VOCs) where they are taken up in the plant tissue and released as volatiles.

e Phytoextraction where plants can be employed to siphon contaminants through
phytoaccumulation, phytoabsorption, or phytosequestration in their tissues,
succeeded by reaping of the plant material (Tripathi et al., 2020). This is mainly
used for metals and other inorganics.

e Phytostimulation or rhizodegradation, in which plants can aid in the
biodegradation of organic pollutants to non-toxic metabolites through the use of
microorganisms in their root zone/rhizosphere, and is primarily employed for
hydrophobic organics that plants cannot absorb but can be digested by bacteria
(Pilon-Smits, 2005; Tripathi et al., 2020).

e In rare occasions, phytodegradation may occur where contaminants can be
absorbed upwards, subsequently undergoing degradation or sequestration in the

plant's other tissues.

Different mechanisms work for different contaminants and different plant species.

Phytoremediation is viewed as an effective, novel, economically viable, green, solar-

10



powered technology that is usable in situ and has widespread public acceptability. It can
also be used extensively in locations where other remediation options are unaffordable.
Since it does not affect the topsoil, the soil's function and fertility are maintained. It could
even boost soil fertility while reducing soil erosion. The expenses for setup and
maintenance are likewise quite low. Moreover, the plants employed typically have high

biomass and could be utilized for energy production in the future (Ali et al., 2013).

The use of E. crassipes in constructed wetlands can not only remediate wastewater but
may save aquatic ecosystems in East Africa and the region. Its harvest to be replanted in
constructed wetlands will consequently clear up lakes thus enabling fishing and boating
activities. This will consequently bring back the socio-economic activities of the major
lakes, thereby improving livelihoods and reducing the crime rate in East Africa. This study
therefore investigated the potential of E. crassipes in phytoremediation of PGT and LNR

from water.
1.5 Statement of the problem

The United Nations-Sustainable Development Goals (UN-SDGs) target 6.3 demands
countries to improve water quality and reverse the declining water quality.
Inevitably, due to the increased global usage of EDCs, there is a greater incidence of
contamination in surface and groundwater, which has negative impacts on both aquatic
and terrestrial life. The various effects of EDCs on experimental animals are well
recognized, and people are also susceptible to these effects (Cevasco et al., 2008). These
adverse health effects have been extensively listed in section 1.1. Although the majority
of EDCs are not acutely hazardous to biota at their typical environmental concentrations,

little is known regarding potential chronic health effects linked to exposure to the
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combinations of these compounds over an extended period. Indeed, the synergistic or
antagonistic effects of chemicals can have a bigger influence than the individual impacts
of each chemical. As global use of EDCs increases, an inevitable consequence is an
increased level of contamination of surface and ground waters with these biologically
active chemicals, and thus a greater potential for adverse effects in both aquatic and
terrestrial organisms. There is however paucity of data regarding their occurrence in

Kenya and East Africa therefore limiting their monitoring and regulation.

Furthermore, the Kenya National Water and Sewage Corporations use traditional
wastewater treatment procedures that are insufficient in eliminating EDCs from
wastewater. The alternative effective treatment methods such as advanced oxidation
processes, reverse osmosis, and membrane filtration are estimated to cost 10-450 US
dollars per cubic meter of water. Contrastingly, adsorption costs 5-200 US dollars per
cubic meter of water (Ali et al., 2012). This gap prompts the exploration of adsorption as
a cheaper alternative especially when the adsorbents are locally available. There is also a
research gap in terms of elaborating the interaction between the adsorbate and adsorbent
synergistically or antagonistically during adsorption. The use of RSM displays the
interaction of varied factors affecting adsorption. It also gives the optimum parameters
required to obtain maximum efficiency. The use of live plants is also another cheaper

alternative that remains less explored.

This study was conducted first to evaluate the concentrations, removal efficiency, mass
loading rates, and ecological impacts of EDCs. Secondly, the performance of M.O seed
biomass as a potential adsorbent for removing PGT and LNR from simulated wastewater

was studied. In addition, the kinetic, isothermal, thermodynamic, and mechanistic studies
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were also determined. Finally, E. crassipes as a potential phytoremedant for abstraction

of PGT and LNR from water was also investigated.
1.6 Objectives of the study

1.6.1 General objective

To determine the levels, mass loadings, removal efficiency, and associated
ecotoxicological risks of selected EDCs from twelve WWTPs in nine major towns in
Kenya, and their potential removal from aqueous solutions by biosorption onto chemically

activated fat-free MOSB and phytoremediation using E. crassipes.

1.6.2 Specific objectives
1. To determine concentration levels, mass loadings, removal efficiency, and
associated ecotoxicological risks of selected EDCs (DBP, DEHP, DMP, LNR,
PGT) in sludge, UDBS, and wastewater samples from WWTPSs in nine major towns

of Kenya.

2. To determine the potential of chemically modified fat-free M.O seed biomass in
adsorbing PGT and the kinetics, thermodynamics, isotherms, and mechanisms

involved during the process.

3. To evaluate the practicality of utilizing chemically modified fat-free M.O seed
biomass in adsorbing LNR and the kinetics, thermodynamics, isotherms, and

mechanisms involved during the process.

4. To evaluate the phytoremediation capacity of E. crassipes in removing PGT and

LNR from simulated wastewater and the mechanism involved.
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1.7 Justification

Over the last three decades, there has been rapid industrialization, urbanization and
increased agricultural activities in Kenya consequently resulting in increased pollution in
major towns. Since the conventional removal methods applied in WWTPs do not work in
abstracting EDCs, it implies that towns in the larger western region (Kisumu, Kakamega,
Bungoma, Busia, Kisii, Kericho, and Eldoret) could be releasing EDCs to Lake Victoria.
Effective determination of their concentration and removal is paramount especially in the
western region of Kenya since WWTPs in this region release their effluent to rivers and
streams that drain into Lake Victoria, the largest freshwater lake in Africa. Nairobi region
is also included in the study due to its large population and therefore exposure level is

expected to be high.

Regardless of their adverse health effects, EDCs are chemicals in common use for
example PAEs are added to plastics and are therefore expected to be in the environment.
The use of pesticides and hormones has skyrocketed in the recent past. Excessive
application especially for herbicides and their improper disposal has resulted in their
detection in different environmental compartments. Most EDCs are at trace concentrations
in the environment. They have thus remained unregulated in most countries due to the
paucity of information and knowledge regarding their presence, fate, and effects on the
environment. With scarce data on their levels and the unclear effects on biota, this study

was both timely and relevant.

Information on the concentration levels of EDCs is a prerequisite to remediating the
environment. The adsorption procedure is considered among the most efficient and cost-

effective methods for eliminating these EDCs from the environment. A cost analysis
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carried out on the utilization of agricultural products for adsorption was found to be much
lower when compared to conventional methods of wastewater treatment (Sharma & Ayub,
2019). Abstraction of pollutants using M.O and E. crassipes for removal of pollutants such
as heavy metals and dyes has been reported (Ongulu et al., 2015; Shah et al., 2010),
however, scanty data is available for their use in the removal of EDCs. According to
published research, AC is a powerful adsorbent that is capable of eliminating both organic
and inorganic contaminants from wastewater (Akinbiyi, 2000). However, the prohibitive
price of AC has restricted its application as an adsorbent, necessitating the investigation

of alternative, less expensive adsorbents.

Traditionally, the biosorption process is investigated by varying one operating factor while
holding other variables at an unspecified or specified constant level. The limitation of this
Is that it does not consider the synergistic or antagonistic effect, if any, of all the variables
involved. Furthermore, it is costly both time-wise and in the use of reagents, and optimal
conditions are not guaranteed (Jayan et al., 2021; Ong et al., 2011). These can be avoided
by using RSM. RSM is a multivariate approach for designing experiments, modeling,
evaluating factor interactions, and collectively optimizing all parameters affecting
biosorption (Ani et al., 2019; Korde et al., 2021) thus giving the system's ideal operating
conditions or an area that meets the optimum operational specifications. The application
of RSM to optimize parameters further decreases the cost. Furthermore, understanding
kinetics and thermodynamics is relevant for design purposes. Additionally, after removing
useful oils from M.O, the remaining biomass is usually discarded. In this study, the use of

acid-activated fat free M.O seed biomass makes use of an otherwise wasted resource.
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Moreover, M.O seed biomass used as an adsorbent was easily available and it does not

generate toxicants to the environment.

Phytoremediation is yet another technology where live plants are monitored for uptake,
degradation, or immobilization of pollutants. Though E. crassipes is a problem in major
water resources in East Africa, it can be used in the efficient removal of toxic EDCs from
wastewater through harvesting and replanting them in constructed wetlands. It has been
used for the uptake of other toxic pollutants, especially metals and this study used it in the
phytoremediation of PGT and LNR. The plant was also picked because it grows locally
and is widespread near polluted locations suggesting that the species will be appropriate
in withstanding and eliminating the contaminants. M.O and E. crassipes are inexpensive

and are widely abundant in Kenya.
1.8 Significance of the study

The study generated data on the levels of EDCs in wastewater from WWTPs in Kenya
(for the first time for PGT and LNR). This provided scientific literature on the scope of
pollution and the efficiency of the WWTPs in EDCs’ remediation. Furthermore, the
environmental mass loadings and the toxicological data therein could be used in policy
formulation by the relevant government agencies such as the ministries of water, health,
and agriculture which will help in meeting the UN-SDGs especially target 6 on water and

sanitation.

The study has also illustrated the potentiality of E. crassipes and MOSB in the elimination
of PGT and LNR from aqueous solutions. This has therefore provided cost-effective
alternatives that can be used in the treatment of contaminated water systems. This can thus

inform policymakers in putting up structures to help remediate wastewater using cheap
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locally available materials. This will be in line with Kenya’s Vision 2030 which aims to
transform Kenya into an industrialized, middle-income country providing a high quality
of life to all its citizens by 2030 in a clean and secure environment. Furthermore, The use
of RSM in biosorption has been noted to be cost-effective while improving biosorption
efficiency, reducing process variability, and determining the significance of each process
parameter, if any, in controlling adsorbent performance (Aly-Eldeen et al., 2018; Ani et
al., 2019). This therefore bridges the scientific gap experienced in adsorption during the

optimization of parameters.

The applicability of E. crassipes in phytoremediation has also been reported. This
information informs future research on appropriate plants to be used in sequestering

specific pollutants.
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CHAPTER TWO

LITERATURE REVIEW
2.1  Sources and Fate of EDCs

EDCs are a worldwide and ubiquitous concern encountered in our living places, and in
our work areas, we inhale them on outdoors, consume them in food and drinks, encounter
them in industrial products, or are passed from a mother to a fetus through the placenta or
from a mother to a baby through lactation (Diamanti-Kandarakis et al., 2009). They
include polychlorinated biphenyls (PCBs), polybrominated biphenyls (PBBs), and dioxins
which are synthetic substances used as furniture and floor coverings, industrial solvents,
lubricants, and flame retardants. Among them are also plasticizers e.g., phthalates used in
children’s products, food containers, and medical tubing used intravenously enabling
direct interaction with the circulatory system. Some pharmaceutical active compounds
(e.g. diethylstilbestrol and N-acetyl-p-aminophenol (paracetamol)) (Darbre, 2019) and
personal care products (such as ingredients including benzophenones and parabens added
to UV-filters (sunscreens) and synthetic musks (fragrances)) are also classified as EDCs
(Martin-Pozo et al., 2021). This list also includes pesticides such as fungicides, algaecides,
and herbicides sprayed on buildings, fields, and water reservoirs that emit airborne and
sedimented chemicals that can be absorbed through the skin, breathed, or swallowed
through treated food. Those used for pest control are neurotoxicants or reproductive
toxicants to animals and it is expected that human beings will be affected in the same
manner (Longnecker et al., 2002). Examples are methoxychlor, chlorpyrifos,
dichlorodiphenyltrichloroethane, vinclozolin, atrazine, linuron, and glyphosate. Lastly,

natural chemicals found in human bodies but also their synthetic counterparts being
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prescribed e.g., progestogens are also classified as EDCs (Diamanti-Kandarakis et al.,

2009).

The major pathway of EDCs to biota is WWTPs’ effluents and dried sludge usually given
out as fertilizer to farmers. In highly polluted environments, EDCs may leach into both
soil and waterways and then become absorbed by plants, algae, and microorganisms;
resulting in bioaccumulation and biomagnification in the tissues of bigger animals and
human beings which are at the apex of the food chain. Evidence that certain chemicals are
transferred by air and water currents to other parts of the world that are far from their
initial source is extremely concerning (Diamanti-Kandarakis et al., 2009). As a result,
100% of tested persons worldwide have now shown evidence of EDCs in their blood,
urine, placenta, umbilical cord blood, and bodily tissues such as adipose tissue (Calafat et

al., 2007; Gore et al., 2014).
2.2 Impact of EDCs to living organisms

Environmental factors are thought to be responsible for 24% of all human diseases and
disorders worldwide (Fingerhut et al., 2006). It is also postulated that 80% of fatal
diseases which include cardiovascular ailments, cancer, and respiratory disorders are
linked to pollutants in the environment (Priiss-Ustiin & Corvalan, 2006). Most of these
diseases stem from perturbation of the endocrine system implying that EDCs may be the
primary contributors. Studies have established that the prevalence of endocrine disorders
and the manufacturing of chemicals are directly proportional. Worldwide manufacture of
plastics has grown tremendously over the years (Nyagah, 2013), a situation similarly

experienced in the chemical industry with the production of pesticides, fire retardants,
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solvents, and surfactants skyrocketing in recent decades. This has also seen a rise in

endocrine disorders (Gore et al., 2014).

It is worrying since lifelong exposure to specific EDCs not only affects the vulnerable
individual but also impairs the offspring. This is because some of these EDCs are
persistent and bioaccumulate in the fatty tissues of the body where they are fat-soluble.
They are then passed during pregnancy across the placenta affecting the developing
embryo or through breastfeeding. In addition, there is emerging proof that EDCs alter
germ cells, which are the building blocks of sperm and egg cells, leaving their impacts
heritable for multiple generations even after the chemical is cleared up or degrades

(Cevasco et al., 2008).

There are several endocrine disorders associated with EDCs. Early life exposure mainly
leads to disease and disorder later in life (Schug et al., 2011). To begin with, we have
pediatric disorders including early female puberty, brain cancer, leukemia,
neurobehavioral disorders, and male reproductive problems such as cryptorchidism,
testicular cancer, and hypospadias, which have all increased significantly over the years
and are connected to elevated amounts of EDCs in the environment (Sharpe, 2011).
Additionally, the prevalence of preterm births and developmental disabilities in US
children increased from 12.8% to 15.0% between 1997-2008 (Boyle et al., 2011) and this
can be linked to consumer products that have EDCs. There is also data linking EDCs’
exposure to retardation of child development and other human health disorders (Meeker,
2012). Numerous studies and public health agencies including the World Health
Organization (WHO) and the United Nations Environmental Programme (UNEP) have

expressed concern about EDCs’ effects on the brain and behavior of children (Bergman
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et al., 2013). Exposure to brominated flame retardants, perfluorinated compounds, and
pesticides (organophosphates like chlorpyrifos and organochlorines) has been linked to an
increase in childhood neuropsychiatric disorders such as attention deficit hyperactivity
disorder, autism spectrum disorder, depression, executive function deficits, learning
disabilities, and conduct disorders (De Cock et al., 2012; Gore & Dickerson, 2012).
Experimental animal data demonstrate multiple neurobiological alterations brought by
EDCs, including impacts on the maturing brain's structure and organization, synaptic
characteristics, neurotransmitter synthesis and release, and neuronal growth (Gore &
Dickerson, 2012). These studies highlight the brain as an especially susceptible target of
EDCs, which is supported by a growing body of literature on the behavioral effects of

EDC exposures, particularly during development.

EDCs also have an impact on adults, and research has suggested a connection between
exposure to pesticides and neurological diseases including Parkinson's disease and
depressed tendencies (Baldi et al., 2003). Accumulating evidence suggests that obesity is
aggravated by chemical exposures even though primarily caused by lifestyle factors such
as choice of diet and physical activity (Baillie-Hamilton, 2002). Obesogens are chemicals
that are considered to trigger weight gain by altering or resetting important endocrine
system components that control metabolism, energy balance, and hunger, leading to
obesity and its associated negative health outcomes (Gore & Dickerson, 2012). Due to the
thyroid gland's crucial part in the regular maintenance of metabolism, interference with
thyroid hormone activity is another way that obesogenic substances might work. Certain

chemical pesticides, phthalates, perfluorinated chemical compounds, dioxins, and various
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other EDCs have recently been identified as probable obesogens (Griin & Blumberg,

2009).

The strongest positive correlations are those between exposure to EDCs and reproductive
health diseases such as low fertility levels, preteen puberty, reduced sperm counts,
abnormalities of the sex organs, uterine fibroids, ovarian disorders, and perturbations of

sex ratios (Crain et al., 2008).

Cancer cases have ballooned over the years and studies have shown that they are linked
to environmental pollutants (Siddiqua et al., 2022). Most carcinogens among them
industrial chemicals, pharmaceutical agents, hormones, and pesticides are EDCs. A study
in Pakistan has linked pesticides to several cancer cases (de Graaf et al., 2022). Most
cancers that affect the reproductive system such as prostate, breast, uterine, testicular, and
other reproductive tissues involve hormones, justifying the fact that chemicals that
interfere with the endocrine system such as phthalates, synthetic hormones, and certain
pesticides, are carcinogens (Diamanti-Kandarakis et al., 2009). The chance of developing
cancer later in life is also increased by early exposure to chemicals like phthalates and
some pesticides, according to research employing cellular and animal models (Soto &
Sonnenschein, 2010). Additionally, occupational exposure increases the risk of
developing cancer, making certain occupations more susceptible than others, such as
painting, firefighting, working in the coal, steel, or rubber sectors, manufacturing textiles
and papers, and mining. Minimizing chemical exposures will significantly reduce the
chance of developing cancer and increase the likelihood of survival based on the
significant and widespread impacts of environmental contaminants on cancer occurrence

and manifestation.
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Epidemiological studies on human beings and animals show that exposure to EDCs is also
a factor in diabetes and cardiovascular disease (Schug et al., 2011). The immunological
and inflammatory consequences of EDCs are a new area of study. Numerous chronic
conditions, such as obesity, cognitive impairment, cardiovascular disease, respiratory
ailments, and autism, are linked to inflammation. When reacting to environmental threats,
the immune and endocrine systems frequently collaborate, and part of the inflammatory
consequences may be explained by the convergence of their signaling routes (Schug et al.,

2011).

To summarize the effects of EDCs on well-being, it is critical to recognize that children
are considerably more susceptible to EDCs than adults since their bodies are immature
and can take up these toxins that are easily dissolved in the fat of their mother's milk or
infant formula. Furthermore, besides playing and living close to the ground with little
awareness of hazards, they also put their hands and items in their mouths significantly
more frequently than adults. Additionally, compared to adults, kids have skin that is larger
per unit of body mass resulting in increased chemical uptake. They also have a longer life
expectancy with a much longer period for exposure to manifest as disease (Landrigan &
Etzel, 2013). Children's adverse reactions differ based on their developmental
vulnerabilities and the paths of exposure. This study is therefore paramount and timely in
protecting the younger generation by providing data on EDCs and providing cheaper

options for their removal.
2.3 Safe dosage levels

It is universally established that every chemical has a safe dosage, and exposures that fall

below that limit are considered acceptable. Such thresholds accentuate a
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carcinogenic/survival index and are obtained by testing only single pure compounds,
overlooking concomitant effects and postulating a linear dose-toxicity association, where
large doses are more harmful while small doses are less hazardous (Gore et al., 2014).
This gives a threshold dosage under which it is assumed there is no observed adverse
effect. This is inaccurate because subtle perturbations including affected hormone levels,
which might affect the predisposition to developing a disease, may be induced even at
levels below the threshold dosage. Furthermore, EDCs exist in the body as a complex
mixture due to continual environmental exposures to different chemicals and their
degradation products throughout the life cycle with symptoms being manifested long after
exposure. One significant problem of this method of risk assessment is the failure of
toxicological testing to quantify such unobservable effects. Endogenous hormones
regulate body systems and cause adjustments at trace quantities (usually in the part-per-
trillion to part-per-billion scale). At certain phases of life, a person may not need any of
these natural hormones. This implies that any exposure to an extrinsic EDC that mimics
their effects will overwhelm the organism’s intrinsic hormone threshold limits, which are
nil at that life phase, and any trace levels will result in tremendous interference leading to
adverse effects in that organism (Zoeller et al., 2012). Safe levels of exposure in EDCs are
therefore toxicological misinformation. To represent EDCs' synergistic (or antagonistic)
effects on human health even at the low levels encountered in daily life, an entirely novel
testing incorporating low levels of combinations is required. We must also be aware that
specific life phases, especially from conception to early childhood, are more susceptible
to EDCs than others. This implies that EDCs’ effects on exposed fetuses or infants will be
more pronounced and extrapolating the effects of EDCs on adults to such early phases

may not be viable.
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2.4 EDCs of interest in this study

2.4.1 Phthalic acid esters (PAEs)- Phthalates

To facilitate production, and improve flexibility and toughness, plasticizers are added to
polymers (Nantaba et al., 2021). Monomeric plasticizers with low molecular weight are
the major plasticizers that are most frequently utilized. Esters made from phthalic acid,
generally known as phthalates, are the most popular monomeric plasticizers. These non-
halogenated phthalates are widely utilized in an assortment of merchandise, including
packaging, electric wire insulators, children's toys, fabrics, and smart screens (Nantaba et
al., 2021). Phthalate content ranges from 10 to 60% by weight of a finished plastic product.
Plasticizers have a history of leaching from objects made of plastic into the gas, liquid, or

solid that they are in contact with (Rivera-Utrilla et al., 2012).

Typically, PAEs are odorless, colorless, or liquids with a yellowish oily appearance.
Except for DMP (5.5 °C), they all have melting points below -25 °C. Their boiling points
range from 230 °C to 486 °C. PAEs' relatively low melting points and substantial boiling
points impart their utilization as plasticizers, heat transfer fluids, and carriers. PAEs
biodegradation, bioaccumulation, removal from WWTPs, leachate from landfills and
sludge-amended soils, and environmental distribution are dependent on their water
solubility. The fate of PAEs (whether hydrophobic or hydrophilic phases) is determined
by their octanol-water partitioning factor, (Kow) while vapor pressure predicts its fate in
the atmosphere. As the alkyl chain of PAEs lengthens from 1 to 13 carbon atoms, there is
a consequential increase in Kow by eight orders of magnitude and a decrease in vapor

pressure by four orders of magnitude (Rivera-Utrilla et al., 2012).
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Low-molecular-weight PAEs such as DBP and DMP are commonly used in personal care
products and cosmetics. DMP, for example, decreases volatility in perfume fragrances
thus lengthening the duration of the scent. DBP imparts a chip-resistant property to nail
polish. DBP is also used in printing inks and adhesives. In the polymer sector, high
molecular weight PAEs with longer phthalate molecules, for instance, DEHP, are utilized
as plasticizers to enhance agility, ease of manufacture, and excellent handling qualities.
For example, DEHP is majorly used for polyvinylchloride (PVC) plasticization which is
a major component in toy and medical equipment (catheters, bottles, and blood bags)

manufacture. This gives a low-cost, flexible, and durable final product (Bider et al., 2020).

Phthalates have increasingly become widespread pollutants since they are not chemically
bonded to polymer matrixes and can easily diffuse into the surroundings during
manufacture, consumption, and disposal (Bider et al., 2020). As a result, they wind up in
municipal landfills alongside waste PVC and have the potential to be transferred into
groundwater and surface water. Additionally, through the sewer line, PAEs are present in
WWTPs, and due to low solubilities, phthalates will adsorb to the sewage sludge which is
then dried and used in agricultural farms as fertilizers. Consequently, these chemicals are
introduced into the food chain through soil microbial populations, plants, and animals. It
is therefore critical to verify that sludge is free of these contaminants before usage. PAES
are also introduced into foodstuffs, and both indoor and outdoor atmospheres through
releases from materials containing them. The resultant accumulation of PAEs in the
environment poses a growing threat to ecosystems and human health since they are

considered EDCs (Rivera-Utrilla et al., 2012).
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2.4.2 Progestogen hormones

Progestogens are steroid hormones that are naturally produced throughout life in people
and animals, such as PGT (Table 1.1). These compounds are introduced to the
environment through human and animal excretion, and mainly via WWTPs’ effluent
release (Moulahcene et al., 2015), UDBS from WWTPs applied in farmlands as fertilizer
and seepage from septic tanks and landfilling areas. The bio-activity of these compounds
results in their capacity to disrupt the normal function of endocrine systems thus
potentially affecting the reproduction and development of aquatic and terrestrial
organisms in the environments where these compounds are introduced (Tyler et al., 2005).
Synthetic progestogens have been reported to cause disorders in fish by affecting their
offspring’s sexual development, reducing egg production, and decreasing the spawning
rate via increasing masculinity in female fish (Almazrouei et al., 2023; Golovko et al.,
2018). Further, zebrafish exposed to PGT showed altered liver function and ocular growth
in addition to neurodevelopmental consequences. These effects are thought to translate to
human beings through fish consumption (Almazrouei et al., 2023). In this regard, it is
therefore monumentally significant to abstract this pollutant using effective low-cost

technologies especially those that utilize locally available materials.

2.4.3 Pesticides

Persistent pesticides such as dichlorodiphenyltrichloroethane (DDT) (an organochlorine)
have since been banned in most countries. Pesticides that are currently available as
insecticides, herbicides, fungicides, and rodenticides are non-persistent and include
organophosphates, carbamates, and pyrethroids. Despite having no lasting effects on the

environment, the pervasive use of pest control in numerous contexts exposes a significant
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portion of the general population to some of these chemical toxicants that have been

associated with endocrine disruption in addition to other adverse health effects.

Inhalation, cutaneous contact, or ingesting foods with low amounts of pesticide residue
are the main ways that people are exposed to pesticides in or around the house and other
indoor areas. Surface run-offs from farms can also result in these chemicals being detected
in water bodies and WWTPs’ effluents and dried sludge. Atmospheric depositions are
other sources. Consequently, LNR has been detected in surface and underground waters
and WWTPs since it is slow to biodegradation and hence is recalcitrant to conventional

wastewater treatments (Bachir et al., 2021).

Workplace investigations involving concurrent exposure to varied pesticides point to a
link between non-persistent pesticide exposure and lowered semen quality (Diamanti-
Kandarakis et al., 2009). Pesticides have also been associated with benign and malignant
tumors, birth defects, genetic disorders, reproductive disorders, nerve and blood disorders,

and endocrine disruption (Caioni et al., 2021; Rissouli et al., 2016).

The pesticide of interest in this study is linuron (Table 1.1), (3-(3,4-dichlorophenyl)-1-
methoxy-1-methylurea) which is a phenylurea herbicide that is used to suppress the

proliferation of grass and weeds while enhancing the growth of crops like soybeans.

2.5 The adsorption process for wastewater treatment, commonly used adsorbents,

and studies on wastewater treatment

2.5.1 The adsorption processes
The inefficiency of conventional WWTPs and the cost associated with advanced methods
have led environmental chemists and material scientists to look into various cheaper

alternatives for eliminating environmental contaminants (Omo-Okoro et al., 2018).
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Adsorption is a better alternative to all others because of its ease of use, availability, cost-
effectiveness, no increase in the chemical oxygen demand of water, and the fact that it
does not leave behind toxic by-products (Chaudhuri et al., 2008; Kanamarlapudi et al.,
2018). In the search for eco-friendly and efficient materials for wastewater treatment,
several household, agro-industrial wastes, and by-products have been investigated and
proven to be viable alternatives to their conventional counterparts, including commercial
activated carbons (ACs) produced from non-renewable feedstocks such as lignite and coal.
In the African context, and for economic and availability reasons, the use of waste
materials as adsorbents for wastewater treatment is the main ongoing trend in this field.

These waste materials are majorly used as adsorbents in the adsorption process.

Adsorption is a physiochemical interface mass-transfer phenomenon applied for
wastewater treatment and pollution removal, among other applications (Figure 2.1). It is
an established technology with proven advantageous features such as versatility, low cost,
high efficiency, prone to recycling, and relatively smoother implementation and
operations (Awad et al., 2020; Dotto & McKay, 2020; Fazal et al., 2021). Overall, during
an adsorption-based wastewater treatment process, organic and/or inorganic pollutants
(adsorbates) are attracted to the outer and inner surfaces of the porous materials
(adsorbents), through mass transfer and diffusion processes from the aqueous media to the

active adsorbing sites of the adsorbents.
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Figure 2.1: Mechanism of the adsorption process.

The involved mechanism is either chemisorption (ionic interactions for instance) or
physisorption or both (such as Van der Waals and n— interactions) (Al-Ghouti & Da'ana,
2020). The sorbate species have a higher affinity for the sorbent consequently being bound
to the sorbent via diverse mechanisms (Adeniyi & Ighalo, 2019; Al-Ghouti & Da'ana,

2020).

For adsorption to be successful, the sorbate molecules and the surface of the sorbents
should have approximately similar pore sizes since finer pore sizes take up smaller
molecules and vice versa (Wang et al., 2017). Low molecular weight pollutants can also
be displaced by high-weight molecular species (Nguyen et al., 2020). It has also been
observed that adsorbents show preferences for certain sorbates in a complex system due
to other properties such as hydrophobicity, kinetic diameters, dissociation constants, and

chemical structure among others (Ali et al., 2012). Other parameters that affect the
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adsorption process are sorbate concentration, the textural characteristics of the adsorbent,

temperature, the presence of competing ions, and pH (Ngeno et al., 2016).

2.5.2 Waste-derived adsorbents for water treatment

Numerous waste materials have been investigated as raw or modified adsorbents for the
removal of various pollutants (dyes, surfactants, heavy metals, emerging contaminants,
etc.) from domestic, municipal, and industrial wastewater. In Table 2.1, a selection of
recent investigations (2017-2022) related to the use of wastes as adsorbents in wastewater
treatment is presented to showcase the versatility and abundance of such waste-derived
materials, and their widespread utilization throughout the world (except Africa which is

featured in section 2.5.6).
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Table 2.1: Worldwide selection of waste-derived adsorbents of the removal of organic and inorganic pollutants from aqueous solutions

Location Pollutants  Adsorbents Adsorbates Max Key operating conditions References
adsorption Time pH T (°C)
capacity (hr)
USA Dyes AC from Methylene Blue 476.0mgg?* 24 7 25 Spagnoli et al.
Cashew nut (MB) (2017)
shells
Turkey AC from active Crystal violet 62.1 mg g* 2.5 6 25 Sahbaz et al.
sludge (2019)
Malaysia Modified Reactive Black5 77.5mg g™ 2 7 Room Wong et al.
coffee waste Congo Red 34.4mgg* temperature (2020)
Brazil AC from Palm MB dye 110.8-162.5 1 6 30 Maia et al.
Fibres mg g™ (2021)
USA/South Heavy Biochar from Cd?* 167.0 mg/g 24 7.5 25 Park et al.
Korea metals loblolly pine (2017)
Viet Nam AC from Cu? 14.3mg g™ 24 6.1 25 Van Thuan et
banana peel Ni2* 27.4mgg? - al. (2017)
Pb?* 345mgg? 6.5
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Location Pollutants  Adsorbents Adsorbates Max Key operating conditions References
adsorption Time pH T (°C)
capacity (hr)
Turkey Brewed tea Pb7 1.2mgg* 0.5 4.0 25 Celebi et al.
waste Zn?* 1.4mg gt - (2020)
Ni2* 1.1 mgg* -
Cd? 24mgg? 5.0
Brunei AC from Cr® 9.7mgg? 2 6.5 26 Karri et al.
sugarcane (2020)
bagasse
Japan Fertilizers/ Waste  glass Phosphate 73mgg* 120 3-7 25 Jiang et al.
Pesticides  and shells’ (2017)
composite
Hungary Pomegranate Ammonium 25mgg? 2 6 25 Hodur et al.
peel powder (2020)
China AC from Metolcarb 9.1mgg* 0.25 7 30 Wang et al.
tangerine seed  Pirimicarb 39.4mgg* (2020)
Methiocarb 93.4mg g’
Spain AC from Acetamiprid 129.0mg gt 24-144 7 25 Sanz-Santos
sludge Thiamethoxam 127.0mg g™ et al. (2021)




Location Pollutants  Adsorbents Adsorbates Max Key operating conditions References
adsorption Time pH T (°C)
capacity (hr)
Imidacloprid 166.0 mg g™
China Emerging  Waste tea- Oxytetracycline 286.0-345.0 30 - 30 Kan et al.
pollutants  based AC mg g* (2017)
Hong Kong AC from palm Atenolol 0.7mmolg? 24 7 25 To et al
kernel shel Acebutolol 0.7 mmol g* (2017)
Carbamazepine 0.7 mmol g*
Brazil AC from Bisphenol A 0.2mmolg? 24 55 25 Moura et al.
Macauba palm  Ethinylestradiol 0.1 mmol g* (2018)
Amoxicillin 0.1 mmol g*
USA Biochar from Sulfapyridine 1.2mgg? 24 7-10 25 Ndoun et al.
agricultural Docusate 19.7mg g*! (2021)
wastes Erythromycin 17.1mg g’
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Overall, among these various waste-derived adsorbents, carbonaceous porous materials
including powdered materials, biochars, ACs, and carbon nanotubes (CNTSs) are being
subjected to a special focus from researchers all over the world using highly available and
low-cost agro-industrial wastes and household residues as feedstocks. These
carbonaceous materials have been widely investigated and reported as efficient adsorbents
for various pollutants mainly due to well-developed porous structure, variable pore size
distribution, and high surface area with functional groups that can be used as-prepared or
after chemical modification to provide binding sites for adsorption of various

contaminants in water.

2.5.3 Classification of waste-derived adsorbents

Various adsorbents have been employed in the adsorption process, and Table 2.2

illustrates how they are classified.

Table 2.2: Classification of waste-derived adsorbents, and selected examples

Classification Examples
Household Scrap tires.
wastes

Agricultural by- Pearl millet husk, peanut husk, rice, coconut and almond husks,
products silkworm pupa, hen feathers, tendu leaf, papaya wood, neem leaf,
fertilizer wastes, barks of trees, seeds of plants, silk cotton hull,
sawdust, oak dust, potato peels, orange, citrus and banana peels,
maize cobs, cocoa and coconut shells, carrot residues, barley straw,

cassava wastes, eggshells.

Sea materials Seaweed and algae, seafood processing wastes, peat moss, chitosan,

fish scales, and crab shells.

Industrial Fuel oil fly ash, bagasse fly ash, coal ash, petroleum wastes, sugar

products industry wastes, blast furnace slag, thermosensitive gel or polymer
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Classification Examples

Soil and ore Silicagel, natural and synthetic zeolites, ore minerals, modified red

materials mud, clays, sediment, and soil.
Metal Activated alumina, bauxite, activated and novel phosphate, and
compounds synthetic iron sulphides.

From Table 2.2, various biological materials especially agricultural-based waste products
have been used to remove water contaminants by adsorption, then referred to as

biosorption (Eletta & Ighalo, 2019).

2.5.4 Desirable properties of sorbents

As alternatives to industrial adsorbents generally derived from finite resources such as
coal, lignite, and peat, the precursors to sorbents should be easily accessible, affordable,
and non-toxic. The carbon or oxygen content should also be high to increase bonding
possibilities between the sorbent and the sorbate. Other attributes include thermal
resistance, resistance to wear, recyclability, and narrow pore diameters (Ali et al., 2012).
This leads to increased exposed surface area and, hence, an elevated surface capacity and
fast kinetics for adsorption. Further, the sorbents should also be easily desorbed thereafter
thus enabling regeneration without releasing undesirable substances into the aqueous

media (Kumar et al., 2019; Omo-Okoro et al., 2018).

Most waste biomaterials have been found to fulfill most, if not all, of those desired
properties for the preparation of carbonaceous adsorbents. Additionally, they are a
renewable resource. Usually, these waste materials, often bio-based ones, are used
without thermal or chemical pretreatment or are pyrolyzed to obtain low-cost biochars
that are alternatives to activated carbon. These carbonaceous chars can further be activated

to improve their porosity and surface chemistry (Ali et al., 2012).
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2.5.5 Processing and activation of carbonaceous sorbents

In general, sorbents are processed and/or activated using both physical and chemical
methods. Some bio-based sorbents (biosorbents) are used directly as dried powdered
biomass (Adeniyi & Ighalo, 2019). The majority, however, are transformed into
carbonaceous materials through pyrolysis, a process of decomposing organic material
through heating at elevated temperatures in the absence of oxygen and halogen. This
converts the material to carbon (Omo-Okoro et al., 2018). The heating rate and duration
of carbonization and activation are the most significant variables during pyrolysis since
they influence the ultimate pore structure, surface area, and chemical properties of the
resultant carbon (Ali et al., 2012). The resultant material constitutes an inflexible
carbonaceous char containing pores packed with tarry pyrolysis deposits and necessitates
activation to expand the internal surface area of the char thus increasing porosity.
Activation may be achieved chemically or physically consequently obtaining activated
carbons with diverse forms and dimensions given the varying pathways of activation

(Adeniyi & Ighalo, 2019).

In chemical activation, chemical modifiers are infused into the biomass. Chemical
activators in common use are zinc chloride (ZnCl2) (Agarry et al., 2020), phosphoric acid
(H3POs4), sulphuric acid (H2SO4), potassium hydroxide (KOH), sodium hydroxide
(NaOH), potassium sulphide (K2S) and potassium thiocyanate (KSCN) (Ali et al., 2012;
Omo-Okoro et al., 2018). These chemically modifying groups which most of them contain
oxygen, sulphur, and nitrogen are known to improve the adsorption and cation-exchange
capacities. Once the biomass is saturated with the activators, it is then dehydrated to

minimize tar formation and volatilization during pyrolysis. The chemical activation
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technique has some strengths including minimal temperatures of activation, shorter
reaction time, reduced energy costs, and increased yield of material. The used material
may however be environmentally hazardous and its choice should be well thought out
(Omo-Okoro et al., 2018). Noteworthy, the cost of adsorbent development depends on the

method of chemical activation, duration of pyrolysis, and temperatures used.

Physical activation is the direct reaction between the carbonized char and an activator,
which are mostly oxidizing agents like steam, carbon dioxide (CO.), and air. Physical
activators are clean, easy to handle, and environmentally friendly but have a lower yield.
Just like chemical activation, the main aim is to rid the structure of tarry amorphous carbon
in the interstitial layers thus increasing the porosity and making the internal surface area

accessible (Ali et al., 2012).

Nanotechnology has also been employed in producing nanocomposites from waste
materials. Nanoscale structures are those whose atomic and molecular sizes are within 1-
100 nm. Nanocomposites are materials synthesized from varied materials put together and
structured into nanoscale size to increase their functionality and reactivity (Omo-Okoro et
al., 2018). Most nanocomposites have been manufactured from metals and agricultural
waste materials and have been found to work exceptionally well in water treatment

(Okello et al., 2017).

2.5.6 Recent studies using different waste-derived sorbents for pollutant removal

from aqueous solutions in Africa
Using a bibliometric approach based on the method described in Olisah et al. (2019), it
was observed that more research has been dedicated to the use of bio-based sorbents in

the recent past in Africa. In general, the last decade (2011-2020) produced the highest
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number of studies with an approximate number of 373 publications on the use of
biosorbents in wastewater treatment. It is worth noting that records for 2024 (n = 92) are

underestimated as these indicate the output for five months only (January to May).

The many international initiatives and funding agencies established to reduce water
pollution in Africa may be responsible for the high research outputs in the last two
decades. Some of the funding initiatives include the establishment of Rural Water Supply
and Sanitation Initiative (RWSSI) in 2003, funded by the African Development Bank
Group (ADBG) and other international agencies, and the adoption of the UN-SDGs in
2015, particularly the Clean Water and Sanitation Goal. Other reasons for the high
research output may be linked to the emergence of sophisticated analytical instruments
for scientific research, the advent of new research ideas, and the establishment of
international collaboration programs between the governments of African countries and
high-income countries. A strong positive correlation was observed between the number
of publications and the year of article production. This fitted into a polynomial model (R?
= 0.835, y = 0.333x%- 1333x + 1.335 as shown in Figure 2.2. This suggests that articles

in this area of study are likely to increase in the future.

On the other hand, Table 2.3 illustrates, with relevant information like country, and
maximum adsorption capacity, varied bio-based and waste-derived materials used in the

removal of various pollutants from selected studies from the year 2016 to 2024.
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Figure 2.2: The annual production of articles related to the usage of adsorbents in

wastewater treatment in Africa published between 1993 to 2024.
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Table 2.3: Recent studies that have used different sorbents from waste materials to remove various pollutants in Africa

Sorbents and precursors Pollutants Country Removal rate (%) or Reference
Maximum adsorption
capacity (mg g?)
Vinegar-treated eggshell waste Nickel (II) and Botswana 78.7% and 76.5% Stevens and Batlokwa
biomass Cobalt (I1) ions respectively (2017)
Sugarcane  bagasse-derived Sulfamethoxazole  Kenya 78.0% Shikuku and  Jemutai-
biochar Kimosop (2020)
Lead (1) ions South Africa 98.1% F. O. Afolabi et al. (2021)

Banana peels

Pulp and sludge

paper
biochar nanocomposite

Sawdust activated carbon
Tyre-based activated carbon
Fish scales

Eggshells and fish scales

Methylene blue

dye
microcystin-LR
Heavy Metals

Chromium (V1) ions

Zimbabwe

Nigeria
South Africa
Nigeria

Uganda

50.0 and 33.0 mg g¢g*

respectively
98.5%

100%

Above 50.0%

Not indicated

Chaukura et al. (2017)

Eletta et al. (2018)
Mashile et al. (2018)
Eletta and Ighalo (2019)

Bamukyaye and Wanasolo
(2017)
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Sorbents and precursors Pollutants Country Removal rate (%) or Reference
Maximum adsorption
capacity (mg g*%)
Agro-waste (Musa Toxic metal ions Nigeria Above 90.0% Ibisi and Asoluka (2018)
paradisiaca peels)
Magnetic  iron  modified Carbamazepine Kenya 60.9% Okello et al. (2017)
carbonized bagasse pharmaceutical
Corn and rice husks in raw Lead (1) ions Tanzania >90.0% Rwiza et al. (2018)
form, pyrolyzed form, and
chemically modified form
Fish scales biochar Copper (I1) ions Kenya 39.4mgg* Achieng and  Shikuku
(2020)
Chromium (111) ions  Egypt >99.0% for cement kiln Abdelkader et al. (2021)

Rice  husk, rice straw,
sugarcane bagasse, sawdust;
cement kiln bypass dust, and

marble powder.

42



Sorbents and precursors Pollutants Country Removal rate (%) or Reference
Maximum adsorption
capacity (mg g*%)
Raw coconut shell. activated Lead, copper, and Nigeria Not indicated Sarkingobir et al. (2020)
carbon, and activated color
nanocomposite
Water hyacinth biochar Caffeine and Kenya >60% Ngeno et al. (2016)
ciprofloxacin
pharmaceuticals
Moringa stenopetala seeds Antibiotics South Africa >70.4% for all samples. Kebede et al. (2019)
Fluorides Tanzania 67.6 and 91.9% Mihayo et al. (2021)

Raw and modified Adansonia

digitata fruit pericarp

Banana peels nanosorbent

Radioactive minerals

from real mine water

South Africa

respectively

27.1mgg?, 34.1 mg g for
uranium; 45.5 mg g%, 10.1
mg g*! for thorium in
synthetic and real mine

water, respectively

Oyewo et al. (2016)
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Sorbents and precursors Pollutants Country Removal rate (%) or Reference
Maximum adsorption
capacity (mg g1)
- — T
Chemically and thermally Crude oil Nigeria Between 12.1 g g~ and Agarry etal. (2020)
-1
modified coconut (Cocos 16899
nucifera) husks
i -1
Banana peels Methylene Blue South Africa 51mgg Ramutshatsha-
Makhwedzha et al. (2023)
Acid brown 14 dye  Egypt 416.67 mg g Eldeeb et al. (2024)

Mandarin peels
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2.5.7 Adsorbent of choice in the study

M.O. is a tropical tree (Figure 1.1(a)) which is a species of a monogeneric family, the
Moringaceae (Idris et al., 2016). Also called the drumstick, horseradish or benzolive tree, it
can withstand drought and is available all year round. It has medicinal applications such
as analgesic, anti-inflammatory, and antihypertensive properties, as well as weight loss,
etc. (Grosshagauer et al., 2021; Jayan et al., 2021). In terms of nutritive value, the M.O
leaves are rich in protein, vitamin C, potassium, and calcium (Anwar et al., 2007). The
seed kernels contain oils high in tocopherols while the leaves contain vitamins, proteins,
and minerals. M.O's spherical, 1 cm-diameter seeds have three papery wings and a
brownish, semi-permeable seed hull. The seed hulls range from brown to black, although
they can sometimes turn white if the viability of the kernels is poor. A tree's annual seed
production ranges from 15,000 to 25,000. A seed's average weight is 0.3 grams. They are
known to contain alkaloids, resins, tannins, flavonoids, saponins, steroidal rings,
glycosides, and crude proteins among others. The most crucial component utilized in
water treatment is the inexpensive, easily available defatted cake, which is a waste product
of the seed after edible oil removal. The defatted cake is known to treat turbidity, soften
hard water, and as a dewatering agent. The defatted cake can be used in adsorption as a
seed powder or AC. The adsorptive capacity is due to the presence of proteins and a
cellulosic component called lignin. Lignin is a heterogeneous, complex bipolymeric
molecule that possesses many functional groups, including carboxyl, hydroxyl-aliphatic,
methoxyl, and phenolic groups. Additionally, it favors biosorption due to its aromatic,
three-dimensional polymer structure and infinite apparent molecular weight (Idris et al.,

2016).
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Numerous research has explored the capability of the other different parts of M.O (bark,
leaves, seed, and seed pods) as a biosorbent for the sequestration of contaminants from
aqueous solutions and have reported positive results. Imran et al. (2019) reported 98.6%
removal efficiency of lead while Jayan et al. (2021) reported 95.6% and 89.4% removal
efficiency of lead and zinc ions, respectively, both using unmodified leaves of M.O.
Keereerak and Chinpa (2020) reported 86.2% removal of crystal violet using pod husks
while Maina et al. (2016) and Ongulu et al. (2015) reported higher removal efficiencies
of trace heavy metals (lead, cadmium, copper, manganese, iron, zinc, magnesium, and
chromium) using acid treated seed pods. These studies, though using different parts with
varied treatments of M.O, agree that M.O is an excellent water purifier. It is also easily
available, cost-effective, has a biodegradable sludge, is non-toxic, non-corrosive and has

low sludge volume.
2.5.8 Methods used for the characterization of the adsorbents

Adsorbents are characterized to determine their textural and surface characteristics before
and after adsorption. This involves analyzing their size, morphology, crystallinity,
porosity, specific surface area, polarity, chemical structure, thermal stability, and the
functional groups present (Oyewo et al., 2016). High porosity and consequently larger
surface area with more specific adsorption sites and hence faster kinetics are the
fundamental characteristics of good adsorbent. Surface polarity corresponds to affinity
with polar substances such as water or alcohol. Polar adsorbents are hydrophilic and
aluminosilicates such as zeolites, porous alumina, geopolymers, silica gel or silica-

alumina are examples of adsorbents of this type. Carbonaceous adsorbents and polymer
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adsorbents are typical non-polar adsorbents that are generally hydrophobic. These

adsorbents have more affinity with oil or hydrocarbons than water (Schoutteten, 2012).

Several characterization methods can be conducted on adsorbents including X-ray
diffraction (XRD), which has been employed for mineralogical phase identification and
quantification and measurement of crystallite size. The scanning electron microscope
(SEM), and transmission electron microscopy (TEM) are used for inspecting surface
morphology, and Fourier Transform infrared spectrometry (FTIR) has also been used for
the determination of surface functional groups of adsorbents pre- and post-adsorption
(Choina et al., 2015; Onwuka et al., 2016; Oyewo et al., 2016; Souza et al., 2017). Further

elaboration on their working principles is given in the subsequent sections.

2.5.8.1 X-ray diffraction (XRD)

XRD is a methodology used for phase analysis and measurement of crystallite size
whereby X-rays, similar to electron beams, are scattered by a crystal lattice. The X-rays
can also be reflected (diffracted) at the net plane of a crystal lattice (Al-Khateeb et al.,
2014). X-ray beams are used because their wavelength is similar to the spacing between
atoms in the sample as opposed to longer wavelengths. As a result, the angle of diffraction
will be altered by the spacing of the atoms in the molecule. As the X-rays pass through
the sample, the direction of the beam is changed at an angle, theta, from the original beam

(Figure 2.3).
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Figure 2. 3: Diffraction from lattice planes (Epp, 2016)

While some of these diffracted beams cancel each other out, positive interference happens
when the beams have wavelengths in common. The angle of diffraction can then be used

to determine the difference between atomic planes using Bragg’s law,

nA = 2d sin0 (Equation 2. 1)

where; A is the wavelength of the x-rays, d is the inter-lattice spacing, 0 is the incident

angle and nis an integer. The distance between atomic plates can then be used to determine

composition or crystalline structure.

2.5.8.2 Fourier Transform infrared (FT-IR) spectrometry

FT-IR spectrometry gives information on fundamental vibrations of characteristic
functional groups in adsorbents and therefore the identification of functional groups. The
electromagnetic spectrum's far infrared region and energies between 4000 and 400 cm'*

are often the only regions that can be studied using IR spectroscopy (Choina et al., 2015).
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A molecule is IR active if it has a net dipole moment and therefore, observable functional
groups common in organic materials include: hydroxyl, carbonyl, ester, methyl, epoxy,
phenol, and aromatic ring. The absorbance or the percent transmittance of light as a function
of wavelength (L) or, more frequently, its inverse, which is the wave number (cm™), is
captured as the FT-IR spectrum. Quantitatively, molecular concentration and molecular
structure both affect how much energy is absorbed at a particular frequency. Characteristic
band data interpretation is done by basic visual inspection and comparison with generalized

characteristic group frequency charts (Khan et al., 2018).

2.5.8.3 Brunner-Emmet-Teller (BET)

The specific surface area (SSA, in m? g*) of a material is the total surface area (SA) of a
sample divided by its mass, M. The BET method, which is mostly employed, is based on
the measurement of nitrogen adsorption to measure the total (gas-accessible) inner and
outer surface area of a given sample at low temperatures (Barret et al., 1951). The BET
model allows for multilayer adsorption, as an extension of the Langmuir isotherm and is

anchored on the following assumptions:

» The adsorption surface is energetically homogeneous,

« The amount of surface coverage has no bearing on the heat of adsorption,

« Van der Waals interactions between the various layers control multilayer
adsorption. The heat of condensation is equivalent to the energy released by
multilayer adsorption. There is no interaction between adsorbed gas molecules of
the same layer, and

+ Itis feasible for an endless number of layers to be adsorbed (Gibson et al., 2020).
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During BET analysis, known amounts of preferable nitrogen are allowed to step wisely
adsorb and desorb at low temperatures and partial vacuum. A BET isotherm, which shows
the volume of gas adsorbed as a function of relative pressure, is used to display the data.
Using the data from the isotherm, the BET Equation, 2.2, calculates the sample's surface

area.

1 1 +C_1HH
X[(P,/P)—1] XmC X.C'P

(Equation 2. 2)
In this equation, C is constant, X is the monolayer capacity or the volume of gas adsorbed
at standard temperature and pressure (STP), and X is the weight of nitrogen adsorbed at a
given relative pressure (P/Po). The definition of STP is 273 K and 1 atm (Gibson et al.,

2020).

2.5.8.4 Scanning Electron Microscopy—Energy Dispersive Spectroscopy, (SEM-

EDS)

An electron beam is emitted from an electron cannon and then passed through one or more
condenser lenses to reduce its size to about 0.4-5 nm in diameter in a scanning electron
microscope. Before the beam interacts with the sample, it first travels through two
deflection coils in the electron column to deflect the beam in the x and y axes. By ensuring
that the scan is in raster fashion—that is, a rectangular image capture pattern of the
sample—this deflection guarantees accuracy. The electron beam loses energy as it
interacts with the sample because of random scattering and absorption by the material.
Different signals, such as secondary electrons, back-scattered electrons, and characteristic
X-rays, are produced by the interaction between the electron beam of a scanning electron
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microscope and atoms at varying depths within the sample. In the SEM, each of these
signals has an own detector. When the electron beam interacts with the sample, it takes
one electron from the inner shell. This causes a higher-energy electron to occupy the shell
and release energy, which causes the characteristic X-rays to be released.
For elemental analysis, Energy-dispersive X-ray spectroscopy can detect the energy or
wavelength of these X-rays. An image of the sample distribution is produced by detecting
and utilizing the electron beam that the sample absorbs giving an image as a map showing

the signal intensity radiated from the sample's scanning area (Inkson, 2016).

2.5.9 Commonly used adsorption models
To fully comprehend adsorption, the kinetics, isotherms, and mechanisms involved should

be elaborated by fitting the data obtained to commonly used adsorption models.

2.5.9.1 Adsorption isotherms

Adsorption is usually described through an isotherm. An adsorption isotherm is the
presentation of the amount of solute adsorbed per unit weight of adsorbent as a function
of the equilibrium concentration in the bulk solution at a constant temperature. Two non-
linearized two-parameter isotherm models, namely, Langmuir and Freundlich, and two
other non-linearized three-parameter isotherm models, namely, Redlich—Peterson and
Sips are commonly used. The Redlich-Peterson model combines Langmuir and
Freundlich models (Redlich & Peterson, 1959) and if data fits the model, then the
adsorption is hybrid implying that ideal monolayer sorption is not feasible. Due to its
versatility, it applies to homogeneous or heterogeneous surfaces. The model can be

expressed as in Equation 2.3.
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AC,

Te=1+BC?

(Equation 2. 3)

where C. denotes the equilibrium concentration of the solute (ug L), ge depicts
equilibrium uptake capacity (ug g?), A (L ug?), B (L g*?) signify the constants of the
Redlich—Peterson model and g denotes an exponent reflecting the heterogeneity of the
sorbent and its values range between 0 and 1. When g values are equal to zero and one,
the Redlich-Peterson isotherm converges to the Henry and Langmuir isotherms,
respectively. Further, when the isotherm parameters A and B >> 1 and g < 1, the Redlich—
Peterson isotherm will represent the Freundlich isotherm (Equation 2.4 & 2.5)
(Freundlich, 1906) which is possible at very high solute concentrations in the liquid phase.
The three parameters cannot be obtained by linearizing without overestimating or

underestimating thus the use of the non-linearized format.

A
qe ZECel g

(Equation 2. 4)
where AB = Kr and (1—g) = 1/n of the Freundlich model translating to:

1
qe = K Cg'

(Equation 2. 5)

When g =1, Equation 2.4 becomes the Langmuir isotherm with b = B [Langmuir constant
(L g) which is associated with the adsorption energy]. A = bgm, but gm refers to

Langmuir’s optimum uptake capacity of the solid (ug g*) (Langmuir, 1916).
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— qmaxce
9e =711k,

(Equation 2. 6)

Where ge (1g g%) and Ce (ug L) are the solute uptake and the solution concentration at
equilibrium, respectively and gmax (g g™%) is the monolayer adsorption capacity. The K.
(L mgt) and Ks (L g!) are the Langmuir and Freundlich constants and 1/n is related to the

adsorption affinity or surface heterogeneity.
When =0, Equation 2.4 becomes Henry’s model having A/B as Henry’s constant (KHE).

qe = Ky.Ce

(Equation 2. 7)

In heterogeneous adsorption, where the adsorbed molecule has numerous adsorption sites,
the Sips isotherm (Equation 2.8), which combines the Freundlich and Langmuir
isotherms is the most appropriate (Sips, 1948). Adsorbate-adsorbate synergy, however, is

not taken into account by the model. The Sips isotherm is expressed as:

BS
_ QMSasCe

1+ a,Cl

e

(Equation 2. 8)

Where gms, as and Bsare the isotherm constants. The constant Bs is the heterogeneity index

whose magnitude increases with heterogeneity.
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2.5.9.2 Kinetic models

There are two widely used kinetic models, namely, pseudo-first-order (PFO) (Equation
2.9) (Ho & McKay, 1998), and pseudo-second-order (Equation 2.10) (PSO) (Ho, 2006)

models represented in the equations below:

9 =q.(1 - eklt)

(Equation 2. 9)

qik,t

@=77 k,qot

(Equation 2. 10)

Where t (min) and qg: (ug g?) are time and amount adsorbed at equilibrium time,
respectively, while ge is the equilibrium adsorption capacity. ki (min™) and k2 (g/ug/min)
are rate constants. Assuming PFO Kinetics, the initial adsorption rate (Srate) and adsorption

half-life (tu2) were calculated using Equations 2.11, and 2.12, respectively.

Srate = K19e
(Equation 2. 11)
_ In2
t1/2 = K_1

(Equation 2. 12)

The initial sorption rate and adsorption half-life for PSO were obtained using Equations

2.13, and 2.14, respectively.

Srate = K> qg

(Equation 2. 13)
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(Equation 2. 14)

2.5.9.3 Adsorption Thermodynamics

Temperature changes affect the adsorption process. To determine the thermodynamics of
the process, the thermodynamic parameter change in Gibb’s free energy (AG) is estimated

using the following equations:

AG = —RTInkK,
(Equation 2. 15)
KC = 1000Kd
(Equation 2. 16)
Cads
K, =
d Ce

(Equation 2. 17)

Where K¢ is the equilibrium constant, Ce is the equilibrium concentration in the solution
(g L) and Cags is the equilibrium solid phase concentration (ug L™Y). R is the gas constant
(8.314 Jmol*K ™) and T is the temperature in Kelvin. Kq is the distribution coefficient (L
g1), and the density of water is 1,000 g L™ (Luttah et al., 2023). The changes in enthalpy
(AH) (kJ mol™?) and entropy (As) (J mol™?) are obtained from the slope and intercept of

the Van’t Hoff plot (Equation 2.18), respectively.

L A4S _aH1
e =R "RT

(Equation 2. 18)
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2.5.10 Merits and challenges of using waste materials in Africa

Large quantities of bio-based materials that can be used as sorbents are in most cases
readily available. The reuse of these bulky biowastes, which are currently a public health
concern due to disposal problems, causes waste minimization and reduces waste loads in
landfills (Bhatnagar & Sillanp&d, 2010). Biowastes have also been found to be highly
efficient in dilute solutions with high possibilities of regeneration (Omo-Okoro et al.,
2018). Another advantage is the conservation of limited and valuable feedstock such as
coal, lignite, and petroleum coke, which are mostly used for commercial activated carbon
production. These merits align with the millennium development goals of sustainable

development and zero waste (Schoutteten, 2012).

The disposal of the used adsorbents is the main challenge that researchers are still
grappling with. Incineration and landfilling could be considered options. However,
disposal of the so-produced pollutant-laden ash presents another unresolved
environmental challenge. Other uses of the used biosorbents include being used as fillers
in road surfacing and in amending soils (Chaukura et al., 2016) or as precursors for eco-
cement (geopolymers) development (Tome et al., 2020). Most of the adsorbents do not
work in natural conditions (Ali et al., 2012) and that is why parameters like pH and
temperature must be varied. Some may also require a longer contact period for maximum
adsorption. They may also require larger concentrations of pollutants, that is, in the mg

mL"! range contrary to the pg mL™! concentration range in real environmental media.

Large-scale applications of adsorption can be costly and require capital investment.
Furthermore, over time, the adsorption beds age and become saturated and less efficient,

and no amount of regeneration can salvage the adsorption sites. This requires replacement
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with new sorbents. There can also be an issue of desorption especially if the contaminant
concentration is low to maintain equilibrium. Desorption can also be caused by
competition for the adsorption sites by different pollutants and other adsorbed species

(Grandclément et al., 2017).

It is also important to note that removal efficiencies of organic micro-pollutants rely on
several factors including the physico-chemical properties of the compound for example
water solubility, hydrophobicity and degradation among others. Further, process-specific
parameters like batch versus continuous, temperature, pH, Ultra-Violet radiation, and
precipitation rate also alter the adsorption process (Grandclément et al., 2017). These
variables may affect removal efficiencies with some variables, if not optimized well,

affecting the adsorption negatively.
2.6 Phytoremediation studies using E. crassipes

Phytoremediation is another emerging green technology that uses certain plant species to
sequester pollutants from different environmental compartments or render them harmless
(Ajayi & Ogunbayio, 2012; Chaudhuri et al., 2008; Sudarsan et al., 2012). Research has
shown that plants display good sorption performance for heavy metals, nitrates,
phosphates, and organic pollutants including herbicides such as atrazine, organic solvents
such as trichloroethylene, explosives such as trinitrotoluene, petroleum hydrocarbons such
as oil, gasoline, benzene, toluene, and polycyclic aromatic hydrocarbons, the fuel additive
methyl tert-butyl ether, and PCBs (Farrag & Fawzy, 2012; Pilon-Smits, 2005; Trueman
& Erber, 2013). Several plants such as water lotus, saltgrass, water hyacinth, cattail, parrot
feather, duckweed, pickleweed, sunflower, indian mustard, azolla, mulberry trees,

ryegrass, poplar, and willow have been used to eliminate harmful environmental
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pollutants from water systems (Christwardana & Soetrisnanto, 2013; Dipu et al., 2011;
Ibezute & Tawari-Fufeyin, 2012; Madhurina et al., 2014; Pilon-Smits, 2005). For
phytoextraction to be successful, the plants used must be quickly growing, rich in biomass,
competitive, hardy, tolerant to pollutants, and with a high capacity for pollutant
absorption, translocation, and accumulation in harvestable tissues. They should grow
broad, dense roots with abundant degrading enzymes for phytodegradation to be applied.
An extensive root surface area also promotes phytostimulation, as it provides for microbial
growth. Moreover, plants that can allow the flourishing of microbes around the root region
can facilitate the production of specific exudate compounds that are vital in enhancing
rhizodegradation through particular interactions between the plant and the microbes
(Pilon-Smits, 2005). Because they grow more quickly, produce more biomass, and have a
higher relative capacity for pollutant uptake than terrestrial plants, aquatic macrophytes
are more suited for wastewater treatment than terrestrial plants. They are more efficient at
phytoremediation when there is no barrier between them and the polluted water. These
plants could be emergent, floating, or submerged aquatic species. Floating aquatic plants
absorb contaminants through their roots, whereas submerged plants accumulate pollutants
through their entire bodies. Emergent plants grow on banks and have deep dense roots.
Plant roots may release exudates that enhance biotransformation and microbial

degradation of these chemicals (Michelini et al., 2012).

The construction of a phytoremediation site exploits the ability of plants to adsorb, uptake,
stabilize, concentrate, chelate, degrade, volatilize, or transform organic and inorganic
pollutants (Dipu et al., 2011; Pilon-Smits, 2005; Sukumaran et al., 2013; Vymazal, 2002).

These phytoremediation sites have been shown to significantly lower the amounts of
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tetracycline and sulfamethazine antibiotics in wastewater, with mass removal rates of

85%-95% and 11%-95% for the two compounds, respectively (Liu et al., 2014).

E. crassipes has been largely used for adsorption of pollutants (Buastri et al., 2012; Isichei
& Okieimen, 2014; Ngeno et al., 2016; Wanyonyi et al., 2013). Its’ use for
phytoremediation of pollutants however remains largely ignored even with its huge
potential of eliminating a vast range of organic and inorganic contaminants from
wastewater due to its capacity to thrive in severely contaminated waterways (So et al.,

2003).

While studying phytoremediation, Liao and Chang (2004) investigated the use of E.
crassipes to absorb and translocate cadmium (Cd), lead (Pb), copper (Cu), zinc (Zn), and
nickel (Ni) in the Erh-Chung wetlands. The study reported high bioconcentration of these
trace elements to E. crassipes when grown in water environments with low concentrations
of the five elements. Generally, the concentration of these five elements in the roots was
3 to 15 times higher than those in the shoots. The study further established that the
absorption capacity for E. crassipes was estimated at 0.24 kg ha™* for Cd, 5.42 kg ha* for
Pb, 21.62 kg ha* for Cu, 26.17 kg ha* for Zn, and 13.46 kg ha* for Ni, concluding that
E. crassipes is a promising candidate for phytoremediation of wastewater. Shah et al.
(2010) also reported the potential of E. crassipes in treating industrial dye effluent. The
authors found a considerable drop in the pH, TDS, conductivity, hardness, DO, BOD,
COD, nitrate nitrogen, and ammonium nitrogen in different wastewater concentrations.
The water hyacinth was most effective in wastewater concentrations of 25-50%, but not
in wastewater concentrations of 75-100%. Dar et al. (2011) also demonstrated that this

wonder plant can be used to treat sewage effluent. They reported that E. crassipes was
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able to reduce all the physico-chemical and biological parameters significantly (25%,

50%, 75%, and 100% wastewaters) except the DO which displayed an upward trend.

Rapidly-growing E. crassipes is a floating plant with a substantial biomass and a well-
established fibrous root system. It also readily conforms to a variety of aquatic
circumstances and is crucial in the process of removing contaminants from water (Ali et
al., 2012). Because of its rapid spread and crowded growth, which cause major issues with
navigation, irrigation, power generation, and death to aquatic life, it has garnered attention
from all around the world (Ajayi & Ogunbayio, 2012; Buasri et al., 2012). It is a plentiful
bioresource that, despite being viewed by many as an environmental nuisance, is useful
in the treatment of wastewater (Isichei & Okieimen, 2014). It is widespread throughout
Kenya, including the Lake Victoria region, and has caused a national calamity. This can
be harvested, and in line with the golden rules of sustainable development, used for the
sustainable treatment of wastewater by replanting them in constructed wetlands (Ajayi &
Ogunbayio, 2012). This will also lead to the reduction of this plant in Lake Victoria, which
is the largest major freshwater lake in Africa. After phytoremediation, the used plants can
then be removed and used for making useful products like furniture and baskets which are
not for ingestion. They could also be used for biogas production and the remaining residue

incinerated.

Phytoremediation offers a cost-effective and technically feasible technology and has
proven effective and successful in the remediation of wastewater (Ali et al., 2012) since
it is solar-driven and can be performed in situ. Phytoremediation may also have its
shortcomings. For instance, the plants that execute the remediation must be in contact with

the toxicant and should have the capacity to carry out the intended function. Accordingly,
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wastewater characteristics, toxic levels, and climatic conditions should all promote plant
development. Phytoremediation may also be constrained by root depth since the plants
and the contaminants should be in contact. Additionally, it may be seen to be a slow

process as it can take years for plants to take up contaminants (Pilon-Smits, 2005).

2.7 Previously used methods of extraction and analysis

There are various recent advances in EDCs extraction and analysis as recorded by Singh
et al. (2014). Before analysis, clean-up and extraction methods may involve liquid-liquid
extraction, microwave-assisted extraction, ultrasonic  extraction, liquid-phase
microextraction, solid-phase microextraction, or solid-phase extraction (SPE). The most
popular method is SPE due to its many benefits, including its simplicity, high recovery
rates, minimal use of organic solvents, high pre-concentration factors, and ease of
mechanization and operation. For analysis, the most common ones employed include
ultra-violet and visible spectrophotometry (UV-Vis), high-performance liquid
chromatography  (HPLC), high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS) and Gas chromatography hyphenated to mass spectrometry
(GC-MS/MS) (Benijts et al., 2004; Kelly, 2000; Trenholm et al., 2006; VVanderford et al.,
2003). 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/MS methods have been employed due to
their low detection limits (Trenholm et al., 2006; VVanderford et al., 2003). 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 (Adelaja, 2011).

61



CHAPTER THREE

MATERIALS AND METHODS
3.1 Research Design

The research design was experimental and it was achieved through laboratory

experiments.
3.2 Chemicals, standards, and reagents

DBP and DMP reference standards were purchased from Dr. Ehrenstorfer GmbH
(Augsburg, Germany). DEHP, LNR, and PGT were purchased from Sigma Aldrich. All
the standards were above 99% purity. Analytical grade and high-performance liquid
chromatography (HPLC) grade solvents for extraction and analysis were purchased from
Fluka Chemicals, Germany. SPE cartridges and nylon microfilters were procured from
Merck Chemicals. Analytical grade anhydrous sodium sulfate (Na.SO4) was supplied by
Sigma-Aldrich. All the glassware was thoroughly washed by first soaking it for 2 hours
in warm tap water combined with a phosphate-free detergent. It was then rinsed with hot
water, followed by de-ionized water and finally acetone. Before use, the glassware was

subsequently dried in an oven at 105 °C for 3 hours.
3.3 Determination of concentration levels of the selected EDCs

3.3.1 Study area
The study was carried out in twelve (12) WWTPs of Nairobi and the major towns in the
larger western region of Kenya, namely, Kisumu, Kakamega, Bungoma, Busia, Kisii,

Kericho, Eldoret, and Nakuru (Figure 3.1).
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Figure 3.1: Map showing the study area.

These sites were purposely selected because the WWTPs in these towns (except Nairobi
and Nakuru) release their effluents directly into streams and rivers that eventually drain
and are major tributaries to Lake Victoria, the largest freshwater lake in Africa. These
major towns in western Kenya have moderately dense human settlements, various
agricultural and industrial activities, and open illegal dumpsites which are probable
sources of EDCs to the lake through effluent release and rainwater runoff. The high-
intensity agricultural activities were also a major factor in collecting samples from
Kericho, Kisii, Nakuru, and Eldoret. Nairobi was included because it is highly urbanized,
heavily industrialized, and densely populated with informal settlements that harbor open

dumpsites for waste management.
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The WWTPs in the sampling areas were either using conventional treatment systems
(trickling filters) or wastewater stabilization ponds (WSPs) (aerated lagoons). Due to the
high cost of maintenance and complexity of conventional WWTPs, most towns have
constructed WSPs in addition to the conventional WWTPs. Examples of such towns are
Nairobi, Nakuru, Eldoret, and Kisumu. The conventional WWTPs were in Kisat
(Kisumu), Kericho, Eldoret, and Kariobangi (Nairobi). The lagoons were in Nyalenda
(Kisumu), Kisii, Ruai (Nairobi), Bungoma, Busia, Shirere, and Masinde Muliro
University of Science and Technology (MMUST) (both in Kakamega). Table 3.1

indicates the characteristics of the WWTPs sampled.

Table 3.1: Characteristics of the WWTPs where samples were collected

WWTPs’ City Type of wastewater Treatment type Capacity
location population treated (Cowp)  (M?
day )
Bungoma 298,696 Domestic Wastewater 9,200
stabilization
ponds
Busia 113,753 Domestic Wastewater 2,150
stabilization
ponds
Kisii 112,417 Domestic and Wastewater 4,000
Agricultural runoffs stabilization
ponds
Kisat 397,957 Domestic and Conventional 8,000
industrial treatment system
Kisumu- 397,957 Domestic and Wastewater 18,000
Nyalenda industrial stabilization
ponds
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WWTPs’ City Type of wastewater Treatment type Capacity
location population treated (Cowtp) (M3
day™)
Kakamega- 252,611 Domestic Waste 2,000
Shirere stabilization
ponds
MMUST 21,000 Domestic Wastewater 425
stabilization
ponds
Eldoret- 165,450 Domestic and Conventional 8,000
Kipkenyo Agricultural runoffs treatment system
Nakuru Old 409,908 Domestic and Conventional 6,600
town industrial treatment system
Nairobi 4,397,073 Domestic and Conventional 23,000
Kariobangi industrial treatment system
Nairobi- 4,397,073 Domestic and Wastewater 80,000
Ruai industrial stabilization
ponds
Kericho 228,318 Domestic and Conventional 990

Agricultural runoffs

treatment system

Source of data: Adopted from (Chirikona et al. (2015); Kenya Population Census

(2019); Kimosop et al. (2016)) .

3.3.2 Sampling

One-liter water samples (N = 60) were collected in triplicate into pre-cleaned amber glass

bottles which were then tightly covered and preserved in an icebox to limit microbial

activities (Sampling pictures are in Appendix 1-3). From the conventional treatment

systems, water samples were picked from the influents, primary ponds, secondary ponds,

tertiary ponds, and effluent. From the WSPs, the sampling locations were identified as
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influent, anaerobic ponds, facultative ponds, maturation ponds, and effluent release. In the
laboratory, the water samples were spiked with 10 mL formaldehyde (86% v/v) and stored
in a refrigerator below 4 °C to avoid microbial degradation before extraction. Extraction

was carried out within 48 hours of sample collection.

Sludge samples were collected from the anaerobic ponds (for the lagoons) and primary
ponds (for the conventional treatment plants) just below the influent flow of the twelve
WWTPs. Approximately 2 kgs of the wet weight of the sludge samples were wrapped in
aluminum foil then placed in a cool box packed with ice and transported directly to the
laboratory. Once in the laboratory, the samples were air-dried under a shade for two
weeks. Dried UDBS (approximately 1 kg dry weight) was collected from the drier beds
of the WWTPs. They were wrapped in aluminum foil and ferried to the laboratory where

they were immediately air-dried.

3.3.3 Determination of water quality parameters

Water quality parameters such as pH, chemical oxygen demand (COD), total dissolved
solids (TDS), biochemical oxygen demand (BODs), and electrical conductivity (EC) were
determined in situ on the influent locations using a Hydrolab Quanta Multi-Probe Meter.
BODs was determined by measuring the Oz content in a representative sample, then
repeating the process after a 5-day incubation period and calculating the difference

(Ahmad et al., 2015).

3.3.4 Extraction and clean-up of wastewater samples
Wastewater samples were extracted following the method described by Olaniyan and
Okoh (2020) with slight modifications. Briefly, 250 mL aliquots of each sample were

vacuum filtered through 0.45 pm glass microfiber filters to eliminate suspended particles
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and particulate debris. The residue was eluted with 10 mL of methanol to extract any EDC
that may have adsorbed to the residue. The eluate obtained was put aside. The filtrate was
then extracted using SPE on an SPE manifold (Supelco Visiprep™ SepPack) system and
Supelclean Envi-18 SPE cartridges (500 mg/6 mL) and an external PerkinEImer vacuum
pump at a rate of 8 L mint (Appendix 4). Before extraction, the SPE cartridges were
preconditioned with 10 mL of HPLC-grade methanol followed by equilibration with 10
mL of HPLC-grade water. When the entire sample had passed through the SPE cartridges,
the cartridges were first washed with 10 mL of HPLC-grade water and then air dried for
60 minutes. The analytes were then eluted with 10 mL of methanol. The resulting eluate
was combined with the eluate from the residue and dried using anhydrous sodium sulphate
then concentrated using a rotary evaporator to 2 mL with a heating bath set at 40 °C. The
eluate was further concentrated to 1 mL using a nitrogen stream and filtered using 0.45
um nylon microfilters as they were transferred to glass vials. The clean sample was then

stored in a refrigerator below 4 °C awaiting analysis using a HPLC-MS/MS.

3.3.5 Extraction and clean-up of sludge and UDBS samples

Sludge and UDBS samples were extracted and cleaned using the method reported by
George et al. (2019) with modifications. Briefly, the air-dried sludge and UDBS samples
were ground using a mortar and a pestle, homogenized, and sieved through 220 um sieves.
Twenty grams of the fine sample was placed in a glass fiber extraction thimble and Soxhlet
extracted with 200 mL methanol for 8 hours (Appendix 5). The supernatant solution was
filtered through glass wool pre-conditioned with 10 mL of HPLC-grade methanol. The
filtrate was then concentrated to dryness using a rotary evaporator at 40 °C. The sample

was then re-dissolved in 100 mL distilled water and clean-up was performed by SPE
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following the same procedure for wastewater samples in section 3.2.4. The drying and

concentration also followed the wastewater procedure.

3.3.6 Instrumental analysis

HPLC-MS/MS analysis was done using an Agilent 1200 Infinity system hyphenated with
tandem MS detector (Agilent MS quadrupole 6420). The machine is fitted with an
automatic sampler model G7129A. The draw speed was set at 200 uL min™ while the
eject speed was set at 400 uL min. The wait time after the draw was 1.2 sec. The injection
was accompanied with needle wash at the flush port for 3 sec and the injection volume
was 3 L. The equipment was connected to a binary pump system (G1312B) at a set flow
rate of 0.3 mL min. The low-pressure limit was set at 0.00 bar while the high pressure
was set at 500.00 bar. The maximum flow gradient was 100 mL min™. The stop time was
after 15 min and the post time was 1.90 min. The analytes were separated on an Agilent
Zorbax Eclipse (XDB C18, RP18, ODS, Octadecyl) column, 80 A pore size, 5 um particle
size, 4.6 mm inner diameter and 150 mm length. The column temperature was set at 45

°C.

The solvent composition was set as follows; channel A was for solvent 1, and composed
of H20O, with 5 mM Ammonium formate + 0.1% formic acid used at 95.0%. Channel B
was for solvent 2 and composed of methanol with 5 mM Ammonium formate + 0.1%
formic acid used at 5.0%. The gradient used was as follows: at 0.5 min, A was 95% and
B was 5%; at 5 min, A was 15% and B was 85%; at 5.5 min, A was 0% and B was 100%;

at 12.5 min, A was 95% and B was 5%:; and at 15 min, A was 95% and B was 5%.

The ion source on the mass spectrometer detector was in electrospray lonization (ESI)

mode and the scan type was multiple reaction monitoring (MRM). The source parameters
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for both positive (ESI*) and negative (ESI") values were gas temperature 325 (°C), gas
flow 10 L min™), nebulizer 45 psi, and the capillary was 4000 V. All target compounds
were optimized in both positive electrospray ionization (ESI*) and negative electrospray
ionization (ESI) ion modes. For all of the chemicals tested, higher abundances of ion
transitions were obtained in the ESI™ mode than in the ESI" mode. As a result, all of the
compounds of interest were analyzed in the ESI* mode. All the representative compounds
were analyzed in the MRM mode. The identification of EDCs in the sample extracts was
determined by a comparison of the retention times and fragmentation patterns of the peaks
in measured sample extract chromatograms to those in calibration standards (R? = 0.992
or better) (Appendix 6). Quantification was computed by integrating the chromatograms

(Appendix 7).

3.3.7 Removal efficiency of selected EDCs in the sampled WWTPs
The percentages of EDCs removed during treatment by the conventional/aerated lagoon
method were calculated from the concentrations in the effluent and influent using

Equation 3.1. This gives the efficiency of the treatment method.

Ci - C x 100
% Removal Ef ficiency = ( influent effluent)

Cinf luent

(Equation 3.1)

Where Cinfiient is the concentration of EDCs in the raw sewage and Ceffivent iS the

concentration of EDCs in the treated sewage (Kairigo et al., 2020).
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3.3.8 Mass loading of EDCs into the environment
The daily EDC mass loadings from WWTPs were calculated assuming that the EDC levels
in the effluent wastewater reported were constant throughout the day and that the WWTPs

were operating at full capacity (Kimosop et al., 2016). This was done using Equation 3.2.
Dd = Cy X Cyyyyrp X 1000 X 1073 (mgday1)
(Equation 3.2)
Where: Dd = Daily discharge of EDCs (mg day 1),
Cw = Concentration of individual EDC in the effluents (ug L™?)
Cwwre = Capacity of WWTP (M3day?) (Table 3.1),
1000 = Conversion factor from cubic meters to liters,
1073 = Conversion from microgram to milligram.

3.3.9 Potential health risks to the recipient aquatic ecosystem

The toxic risks posed by the compounds of interest were assessed by calculating the Risk
Quotients (RQ) (Equation 3.3) for three different trophic levels (fish, crustaceans
(Daphnia) and algae) following the European Commission’s Technical Guidance

Document on risk assessment (European Commission, 2003).

_ MEC
"~ PNEC

RQ
(Equation 3. 3)

Where MEC is the maximum measured environment concentration and PNEC is the
Predicted No Effect Concentration. A PNEC is regarded as a concentration below which

an unacceptable effect will most likely not occur. It is calculated (Equation 3.4) by
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dividing the lowest short-term concentration causing 50% death (LC50) or effect (EC50)
or lowest observed effect concentration (LOEC) or long-term no observed effect
concentration (NOEC) value for the most sensitive indicator species by an appropriate
assessment factor (AF). The AF reflects the degree of uncertainty in extrapolation from
laboratory toxicity test data for a limited number of species to the natural environment.
AF applied for long-term tests is lower and is preferred as the uncertainty of the
extrapolation from laboratory data to the natural environment is minimal (European
Commission, 2003). AF of 100 was utilized for PNEC calculations for detected EDCs
where NOEC data for species representing only one trophic level (Daphnia or fish) were
available. AFs 50 and 10 were used when NOEC values were available for species
representing two trophic levels (fish, and/or Daphnia, and/or algae) and three trophic
levels (usually fish, Daphnia, and algae) respectively. Additionally, an AF of 1000 was

used for acute toxicity data (European Commission, 2003).

NOEC(or L(E)C50)

PNEC =
AF

(Equation 3. 4)

For every EDC, RQ was calculated based on the worst-case scenario, by considering the
maximum concentration detected among all the sites, as well as the lowest NOECs or
E(L)C50. The RQ for chronic cases was also calculated for every EDC per site. An RQ
value > 1 indicated a suspected high ecotoxicological risk, and 0.1 < RQ < 1 and RQ <
0.1 represented possible medium and low risks respectively (Huang et al., 2018). Data

(Table 3.2) were obtained from the Norman network and ECOTOX database.
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Table 3.2: Toxicological data for selected EDCs in effluents released to surface water

EDC Trophic Scientific name Acute  or Exposure Effect measurement Endpoint Duration Effect value
level Chronic regime (mgL?Y)
DEHP Algae Stephanodiscus Chronic Static Growth, general EC50 4 days 0.3
hantzschii
Crustacean  Daphnia magna Chronic Flow- Mortality NOEC 7 days 0.2
through
Fish Oryzias latipes Chronic Renewal Growth length NOEC 91.3 0.05
days
DBP  Algae Skeletonema Chronic Static Population NOEC 4 days 200.0
costatum
Crustacean  Daphnia magna Chronic Renewal Mortality NOEC 24 days 0.5
Fish Danio rerio Chronic Renewal Mortality NOEC 95days 0.4
DMP  Algae Raphidocelis Chronic Static Chlorophyli NOEC 4 days 35.8
subcapitata concentration
Crustacean  Daphnia magna Chronic Static Mortality NOEC 2 days 1.7
Fish Oryzias latipes Chronic Static Mortality EC50 1 day 180.0
PGT  Crustacean Daphnia magna Acute Renewal Immobile NOEC 48 hours 0.2
Chronic Renewal Survival NOEC 26days 0.1
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EDC Trophic Scientific name Acute  or Exposure Effect measurement Endpoint Duration Effect value

level Chronic regime (mgL?Y)
Fish Lepomis Acute Flow- Mortality NOEC 96 hours 0.07
macrochirus through
Pimephales Chronic Growth, general NOEC 35days 0.009
promelas Flow-
through
LNR  Algae Chlorella vulgaris ~ Chronic Static Population growth NOEC 96 hours 0.001
rate
Crustacean  Daphnia magna Acute Static Survivorship NOEC 144 0.1
Chronic static Survival NOEC hours 0.1
21 days
Fish Lepomis Acute Static Mortality NOEC 96 hours 4.9
macrochirus
Oncorhynchus Chronic Flow Histological LOEC 28 days 0.06
mykiss through changes, general

PAEs data was adopted from (Olker, 2022), while PGT and LNR data were adopted from (NORMAN Network, 2023). (DBP = dibutyl
phthalate, DEHP = diethylhexyl phthalate, DMP = dimethyl phthalate, LNR = linuron and PGT = progesterone; LC50 = lowest short-
term concentration, EC50 = effect causing 50% death, LOEC = lowest observed effect concentration, NOEC= long term no observed

effect concentration)
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3.3.10 Quality control and assurance

External standards calibration was used for quantification. Calibration curves (6-8 points)
were obtained by preparing individual standards at different concentrations (5-150 pg L
1y using blank solvents. The linearity of the calibration was evaluated based on the
coefficients of determination (R?) of the calibration curves. In all cases, R? was > 0.99.
The precision of the HPLC-MS/MS method for each EDC analyte investigated was
determined by analyzing all the samples in triplicates. Since phthalates are ubiquitous,
maximum care had to be taken to avoid the risk of contamination from laboratory
equipment, glassware, solvents, reagents, and personnel. These procedures included
minimal sample manipulation, careful choice of equipment, and proper cleaning and

baking of glassware at high temperatures before use.

Procedural blanks (250 mL of ultrapure Milli-Q water and river sediments deemed
uncontaminated for the sludge and UDBS) were analyzed to monitor for background
contamination. Signals were observed with the phthalates’ procedural blanks and the data
were therefore blank corrected by calculating the mean of all procedural blanks and
subtracting from the sample values for every analyte. Analytes were deemed to be non-
detectable (n.d.) if their concentrations after blank correction were less than three times
the blank values' standard deviation. Additionally, n.d. was assigned to any analyses in

samples that were not detected prior to blank correction.

Two blank spike recoveries (250 mL of ultrapure Milli-Q water and river sediments deemed
uncontaminated for the sludge and UDBS) spiked with 50 uL of the target analytes at known
concentrations of 20 pug L' and 50 pg L, and two spike recovery samples (actual

wastewater, sludge, and UDBS samples spiked with the target compounds at known
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concentrations of 20 pg L*and 50 pg L) were included to check for recovery and method
performance. The spiked blanks and samples were analyzed using the same procedure as
the samples. The recoveries ranged from 74-109% which are within the acceptable values

of 60-120% and therefore, the data were not corrected for recoveries.

The limits of detection (LOD) and limits of quantification (LOQ) for each analyte were
determined statistically by obtaining calibration curves of increasingly low concentrations
of the analyte. The LOD and LOQ were then determined using the following Equation

3.5a&b):

(Equation 3.5a & b)

Where SD is the standard deviation of the y-residuals (residual standard error) and b is the

slope of the signal (Desimoni & Brunetti, 2015; Uhrov¢ik, 2014).

3.3.11 Statistical data analysis

Descriptive statistics reporting means, standard deviations, and ranges were calculated for
only positive gquantifiable samples. For further statistical analysis, half the LOD was
assigned to the n.d. Normality of the data was assessed using Shapiro-Wilk’s test and
visual inspections of their histograms and box plots. The data for the sludge samples were
approximately normally distributed. Therefore, parametric tests (one sample and paired
sample t-tests) were applied to check for statistical differences among levels of EDCs in
each location. One-way analysis of variance (ANOVA) was used to evaluate the

differences in levels among sites and the different matrices. For the data that were not
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normally distributed, (levels of EDCs in water and UDBS samples) non-parametric tests
were applied. These included the Kruskal-Wallis tests and the Friedman tests which were
used to compare the levels of EDCs among themselves, between sites, and among the
different matrices. All differences were deemed significant if p < 0.05. Spearman's rank-
order correlation coefficients (rs) were calculated to evaluate bivariate associations
between WWTPs’ water quality parameters and the pollutant levels, as well as those
amongst the different pollutants. All statistical analyses were conducted using Excel,
SPSS version 20 (IBM, Chicago IL, USA), and OriginPro, version 9 (OriginLab

Corporation, Northampton, MA, USA).
3.4 Adsorption studies

3.4.1 Choice of adsorbates

PGT and LNR were used for adsorption experiments. Although the PAEs had higher
concentrations in the environmental matrices, they could not be used for adsorption since
they are found in most apparatus in the laboratory and they tend to leach out of them. For
this same reason, even after careful handling, procedural blanks during the determination
of the levels were found to have signals and therefore the results were blank corrected.
Further, PGT had a high RQ implying that its abstraction from environmental matrices
should be treated with urgency. Kenya being an agricultural country means that more
herbicides like LNR are in use. It is thus imperative to find an inexpensive way of

sequestering them from the environment.

3.4.2 Pretreatment of the adsorbent
M.O seeds were purchased from Nakasero market, Kampala, Uganda due to the proximity

to the laboratory and the cost. The seeds were manually de-shelled to remove the outer
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coat. The pretreatment of M.O seed was done as reported by Kituyi et al. (2013) and
Ongulu et al. (2015) but with modification. Briefly, 500 g of the kernel was washed in
deionized water to remove dirt, and then soaked in 1000 mL of 0.1 M HCI for 3 days, to
remove impurities and increase the surface area (Adelaja et al., 2011). The seeds were
then washed again with ultra-pure water, dried in air then ground using a domestic blender.
The biomass is supposed to be used as an agro-waste product after the removal of useful
oils and fats. Fat was therefore eliminated using 200 ml of n-hexane. n-hexane dissolved
the fat and floated. The mixture was centrifuged (2010D Centurion Scientific, West
Sussex, UK) at 5000 revolutions per minute (rpm) for 10 minutes at room temperature.
The supernatant was disposed of, and the fat-free M.O sediment was air-dried to evaporate
the remaining hexane. 200 g of the fat-free M.O powder was soaked in 0.5 M phosphoric
acid for 2 hours to increase the pores. The sample was then oven-dried at 105 °C for 24

hours, sieved through a 75 pm sieve, and labelled MOSB (Figure 3.2).

Figure 3.2: M.O treated seed biomass.
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3.4.3 Characterization of MOSB

To obtain the sample crystallinity of MOSB, a Bruker D8 Advance X-ray diffractometer
with copper Ko monochromator at the voltage of 15kV, scanned at wavelength A=1.54A
with 20 angle range from 5°to 90° was used. Morphology, microstructure, and percentage
elemental composition of MOSB were obtained by scanning electron microscopy—energy
dispersive spectroscopy, (SEM-EDS) (JSM-I1T500). Fourier Transform Infra-red (FT-IR)
spectroscopy (NICOLET iS50 FT-IR) at 400-4000 cm™ wavenumbers was used to
determine the surface functional groups of the biosorbent before and after sorption

(Adelaja et al., 2011; Shikuku et al., 2015).

3.4.4 Experimental design and statistical analysis

Five experimental variables (solution contact time: 10-180 min; pH: 2-10; adsorbent
dosage: 0.1-2.0 g; temperature: 298 K—338 K; and initial EDC concentration: 20-500 g
L) were evaluated based on a central composite design (CCD). To achieve the
aforementioned range of independent input variables, preliminary tests were conducted.
The interaction between these variables and their relative significance were studied and
optimized collectively by applying RSM. Design Expert Version 13 (Stat-Ease, USA) was
used for the experimental planning and statistical analysis of the data. The number of input
variables influences the plan matrix. Every parameter has three distinct levels, which are

denoted by the numerical values: -1 for low, O for center, and +1 for high (Table 3.3).

Table 3.3: Plan matrix used in the present study

Levels Time Temperature  pH Initial concentration Mass of adsorbent
(mins) (K) (ng L) (9)
-1 10 298 2 20 0.1
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0 95
+1 180

6 260
10 500

0.55
1

The total experimental runs conducted are computed according to Equation 3.6 (Bayuo

et al., 2020).

N=2"+2n+nc

N = 25 + 2(5) + 8= 32+10+8=50

(Equation 3. 6)

where n is the number of independent factors, nc is the number of center points and N is

the overall total of experimental runs. 50 experimental runs (Table 3.5) were used for

modeling and optimization and comprised 32 factorial runs, 10 axial runs, and 8 center

runs (Table 3.4). The quantification of the residual EDCs was determined using HPLC-

MS/MS as described in section 3.2.6.

Table 3. 4: Experimental domain indicating the 50 runs obtained from CCD

Factor 1 Factor 4 (D):
~ Factor (B): Factor 3 Factor 5 (E):
Run (A): Time Adsorbate  (ug
_ Temperature (K) (C): pH Adsorbent (g)

(Mins) L)
1 180 298 2 20 0.1
2 10 298 2 20 0.1
3 10 298 2 500 0.1
4 95 318 6 260 0.55
5 180 298 10 500 1.0
6 180 298 10 20 0.1
7 180 338 10 20 0.1
8 10 338 10 20 1.0
9 10 338 10 500 1.0
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Factor Factor 4 (D):
RN (A): Factor 2 (B): Factor Adsorbate (g Factor 5 (E):
(Mins) Temperature (K) (C): pH L Adsorbent (g)
10 95 318 6 260 0.55
11 180 338 10 20 1.0
12 95 298 6 260 0.55
13 180 338 2 500 1.0
14 10 298 10 20 1.0
15 95 318 2 260 0.55
16 10 338 2 500 0.1
17 95 318 6 260 0.1
18 10 318 6 260 0.55
19 95 318 6 20 0.55
20 95 318 6 260 0.55
21 180 338 2 20 0.1
22 95 318 10 260 0.55
23 10 338 10 500 0.1
24 180 338 10 500 0.1
25 10 338 2 20 0.1
26 95 338 6 260 0.55
27 10 298 2 500 1.0
28 180 338 2 20 1.0
29 10 338 2 500 1.0
30 10 298 10 500 0.1
31 180 318 6 260 0.55
32 180 298 2 20 1.0
33 10 338 10 20 0.1
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Factor Factor 4 (D):
RN (A): Factor 2 (B): Factor Adsorbate (g Factor 5 (E):
(Mins) Temperature (K) (C): pH L Adsorbent (g)
34 10 338 2 20 1.0
35 95 318 6 260 1.0
36 10 298 10 20 0.1
37 180 298 10 20 1.0
38 95 318 6 260 0.55
39 180 338 2 500 0.1
40 180 338 10 500 1.0
41 180 298 2 500 0.1
42 95 318 6 260 0.55
43 95 318 6 260 0.55
44 95 318 6 260 0.55
45 10 298 10 500 1.0
46 180 298 10 500 0.1
47 10 298 2 20 1.0
48 95 318 6 260 0.55
49 180 298 2 500 1.0
50 95 318 6 500 0.55

The Design Expert program was also used for statistical, regression, and graphical analysis

of the acquired data. The batch method was employed to obtain the dependent variable

(response), which is the percent adsorption (R), and it was subsequently used to build an

empirical mathematical model. If the entire regression equation, taking into account the

interaction among each of the factors under consideration, we would obtain the proposed

Equation 3.7 (Aly-Eldeen et al., 2018):
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n n-1 n n
i=1 i=1

i=1 j=i+1

(Equation 3. 7)

where R is PGT or LNR removal efficiency (%); bo is the model constant; X;and X; are
independent variables and bi, bjj, and bii are linear coefficients, interaction effect

coefficients, and quadratic coefficients, respectively (Bayuo et al., 2020).

3.4.5 Optimization of parameters

Maximum values for percent (%) removal and amount adsorbed (qge), the dependent
parameters, were established as the aim criterion in the optimization study using RSM.
For the independent factors, the temperature was minimized to depict experiments carried
out at room temperature; the pH was set at 7 to depict neutral conditions; the adsorbent
was minimized to ease disposal after use; the adsorbate was maximized while the contact
time was left in range. The goal was to find the best settings that would result in the best

response.

3.4.6 Batch adsorption experiments

A stock solution of 1000 mg L of PGT and LNR standards was used to prepare standard
solutions of desired concentrations. All experiments were carried out in batch mode in
250 mL conical flasks in a temperature-controlled magnetic heat stirrer (Stuart heat-stirrer
SB162). During these batch experiments, a predetermined adsorbent mass was added to a
25 mL aqueous solution in a conical flask containing PGT and LNR at a concentration,
pH, and temperature according to CCD. The pH values of the solutions were altered using
1 M HCl and 1 M NaOH and determined using a pH meter (691, Metrohm, Herisau,

Switzerland). The solid matrix was separated from the rest of the solution by filtration
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using the Whatman number 0.45 um filter paper after the contact time recommended by
the experimental domain. This was followed by centrifugation to get the supernatant
solution. The remaining concentration after adsorption was quantified using HPLC-
MS/MS (Agilent 1200 Infinity system hyphenated with tandem MS detector (Agilent MS
quadruple 6420). The difference between the amount spiked and the residual
concentration following equilibration as determined by HPLC-MS/MS quantification was
used to compute the concentration of PGT and LNR adsorbed on the MOSB. Values were
obtained from blank solvents and therefore solvent correction was done. Furthermore,
procedural blanks were carried out to determine if PGT and LNR were lost to the apparatus
used during adsorption. The average recovery was found to be 89.3% for PGT and 94.8%
for LNR and this too was factored into the data analysis. The amount of adsorbate
adsorbed (ug L), percentage uptake, and equilibrium adsorption amount (ug g*) of the
EDC were taken as responses. The percentage removal (R) of PGT and LNR were

however taken as the dependent variable for further analysis and optimization.

The percentage removal (R) of each EDC from aqueous solutions was obtained using

Equation 3.8. R = (C"C;Ce) x 100%

o

(Equation 3.8)

The equilibrium adsorption amount (qe) was computed based on the mass balance

Equation 3.9.

(G GV
qe M

(Equation 3.9)
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where g is the equilibrium amount (ug g 1) of PGT or LNR adsorbed per gram of MOSB,
Co and C. are the PGT or LNR concentrations (ug L™?) in the solution initially and after
adsorption, respectively, V is the volume (L) of the solution, and M is the mass (g) of the

adsorbent used in the experiment.

3.4.7 Adsorption Isotherm studies

To obtain the adsorption isotherms, initial EDC concentration (20-500 pg L) was varied
as all the parameters obtained from optimization were kept constant (PGT: pH-7; contact
time- 87 min; adsorbent dosage of 0.1g and 298 K; LNR: pH-7; contact time- 154 min;
adsorbent dosage of 0.1g and 298 K). After equilibration, the equilibrium adsorption

capacity, e at different initial adsorbate concentrations was obtained using Equation 3.9.

The experimental data was fitted to non-linearized two-parameter isotherm models,
namely, Freundlich (Equation 2.5), and Langmuir (Equation 2.6), and non-linearized
three-parameter isotherm models, namely, Redlich—Peterson (Equation 2.3) and Sips
(Equation 2.8) with the sole aim of selecting the most appropriate model that would best

describe the biosorption of each EDC onto the MOSB.

3.4.8 Effect of contact time on Biosorption

Having optimized the parameters required (pH-7; initial PGT concentration-500 ug L™;
adsorbent dosage of 0.1g and room temperature for PGT and pH-7; initial LNR
concentration-500 ug L*; adsorbent dosage of 0.1g and 298 K for LNR), the adsorption
kinetic experiments were performed by varying the contact time (0-180 min). The amount

of EDC adsorbed per unit mass at the time (t) was calculated using Equation 3.10.
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_ (G-CYV

(Equation 3. 10)

Where C, and C; are the initial and equilibrium concentration (ug L), M is the mass of
the adsorbent (g) and V is the volume of the solution (L). To generate the kinetic
parameters, the kinetic data was fitted to two widely used kinetic models, namely, pseudo-
first-order (PFO) (Equation 2.9) (Ho & McKay, 1998), and pseudo-second-order

(Equation 2.10) (PSO) (Ho, 2006) models.

3.4.9 Effect of temperature on biosorption

The effect of temperature changes on the adsorption was studied in a temperature range
of 298-338 K. Here, 0.1 g of MOSB biomass was dispersed into 25 mL of 500 pg L™ of
EDC and then stirred using a temperature-controlled magnetic stirrer at different
temperatures (298, 308, 318, 328 and 338 K), until equilibration at 87 min for PGT and
154 min for LNR. The thermodynamic parameter change in Gibb’s free energy (AG) was

estimated using Equations 2.15, 2.16, and 2.17.

The changes in enthalpy (AH) (kJ mol™) and entropy (As) (J mol™) were obtained from

the slope and intercept of the Van’t Hoff plot (Equation 2.18).

3.4.10 Effect of pH on EDC Removal

Over a pH range of 2 to 12, the effect of pH on the amount of EDC removal was analyzed.
In this case, 25 mL (500 pg L) of each EDC and 0.1 g MOSB were placed in a stopper
glass conical flask and the pH was adjusted using 1 M HCl and 1 M NaOH solutions. The
solution was then agitated at 298 K until equilibration at 87 min for PGT and 154 min for

LNR.
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The pH at the point of zero surface charge (pHpzc) of the adsorbent was also investigated
and compared to the pKa values of PGT and LNR to determine the mechanism of
interaction. The pHzc measurements were obtained using the pH drift method (Jemutai-
Kimosop et al., 2020; Padhiyar et al., 2020). This technique involved preparing cohorts of
25 mL of 0.01 M NaCl solutions with initial pH varied between 2 and 12 by adding
appropriate amounts of 0.1 M HCI or 0.1 M NaOH. It was followed by dissolving 0.1 g
of MOSB powder in each and then agitating at 130 rpm in a shaker at 25 °C for 24 hours.
Thereafter, the ApH (final pH (pHg) -initial pH (pHi)) values were plotted against initial

pH (pH;i), and pHzpc was determined as the x-intercept.
3.5 Phytoremediation studies

Water hyacinth (E. crassipes) was investigated for uptake of PGT and LNR. For
phytoremediation experiments, fully mature E. crassipes plants were collected from areas
deemed less contaminated in Lake Victoria (Figure 3.3). Before use, sample plants with
similar weight and height were selected, rinsed, and air-dried for analysis to check for

background concentrations of EDCs.
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Figure 3.3: Collection of the Water Hyacinth (E. crassipes) plant.

Phytoremediation experiments were conducted using polyvinyl chloride (PVC) pots and
to avoid different climatic conditions, the experiments were run in Kisumu where the
plants were picked, and not in MMUST. Two sets of experiments for each EDC (PGT and
LNR giving a total of four sets) containing four PVC buckets (Figure 3.4) were set for
the E. crassipes plants as designed by Vymazal (2002) and Sudarsan et al. (2012). In each
set, one bucket was without the plants and was used to establish the concentration levels
of the EDCs in the sediments and lake water used. The second bucket contained plants
spiked with the standards. A third bucket was the control experiment, with plants but
without the EDCs. The fourth bucket was used for stage monitoring to check for aging of
the plants. The other set of each EDC was a duplicate. Three E. crassipes plants were

placed in each of the four buckets and cultured for one month to establish favorable
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conditions. Lake water was collected from unpolluted sections of the lake to be used in
replanting the E. crassipes. Some soil sediments from sites near the lake, deemed
uncontaminated, were also placed in the pots. Periodically, the mixture was amended

using a suitable fertilizer.

Figure 3.4: Planted E. crassipes.

After the plants had fully settled in the pots with favorable conditions established, which
took three months, 10 mg L of each EDC was spiked. Sample plants were picked, air-
dried, and stored in a cool dry place monthly for six months. After running the experiments
for nine months, the plants displayed old age and started withering off. The plants were
then harvested and together with the ones harvested monthly, the roots, stem, and leaves
were put aside and air-dried for three weeks before extraction. Ignoring the bucket for

stage monitoring in each set, the samples obtained from each set after nine months were
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nine (9), that is, three buckets each having roots, stem, and leaves separated. The ones
obtained monthly for six months from the three buckets were fifty-four (54), that is, each
month had each bucket yielding three samples from the roots, stem, and leaves. This gave
a sub-total of sixty-three samples per set and considering the duplicate, the total number

of samples for each EDC was one hundred and twenty-six (126).

To determine the concentration taken up by the plants, 1 g of each part of the plant (N =
126 for each EDC) was extracted using 50 mL of methanol. This was carried out by
shaking the mixture in a shaker for 8 hours. Filtration was then carried out using 0.45 pm
filter paper. Concentration was carried out using a rotary evaporator. Further clean-up was

done using 0.45 um nylon microfilters before analysis with HPLC-MS/MS.
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CHAPTER FOUR

RESULTS AND DISCUSSION
4.1 Determination of concentration levels in WWTPs

4.1.1 Water quality parameters

Water quality parameters influence the sorption and degradation of organic pollutants thus
determining their aqueous concentrations (K'Oreje et al., 2012). Mean water quality
parameters (pH, TDS, COD, BODs, and EC) determined (in triplicate) in situ on the

influent locations, are reported in Table 4.1.

Table 4.1: Water quality parameters of different sites during the sampling period

Site pH TDS (mgL?') BODs(mgL?) COD(mgL?) cEr:'l) (uS
Nakuru 6.8 758.2 55.1 162.7 1532
Eldoret 6.8 759.5 54.9 163.6 1518
Bungoma 6.9 754.3 52.9 155.9 1513
Busia 7.0 749.4 52.4 154.5 1514
Kisii 6.8 756.1 53.3 158.1 1520
MMUST 6.8 755.6 51.8 154.2 1504
Ruai 6.7 764.8 59.5 172.0 1541
Shirere 6.8 756.4 53.7 161.3 1527
Kisat 6.7 760.5 57.6 165.4 1519
Nyalenda 6.7 762.3 55.4 167.6 1533
Kericho 7.0 753.2 53.3 159.1 1500
Kariobangi 6.7 765.7 58.5 170.8 1554

(TDS = total dissolved solids; COD = chemical oxygen demand; BODs = biochemical

oxygen demand and EC = electrical conductivity).
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There was not much variation in the pH with the values ranging between 6.7 (Ruai) and
7.0 (Kericho). These values are comparable to those obtained by K'oreje et al. (2018)
which ranged between 6.5 and 7.1. Lower pH values are reported in WWTPs serving
larger populations (Ruai) implying that an increase in contamination increases acidity.
WWTPs serving smaller and less industrious populations like Kericho displayed reduced
pH. TDS was lowest in smaller WWTPs (749.4 mg L*-Busia) implying lesser solid
deposition and highest in a larger WWTP (765.7 mg L™, Kariobangi) due to more solids
being deposited in the plant, including those from soil erosion. BODs followed the same
trend with 51.8 mg L™*in MMUST and 59.5 mg L™t in Ruai indicating a lesser organic load
in MMUST than in Ruai. TDS and BODs are comparable to those reported by Shikuku et
al. (2017). The lowest value of COD was in Busia (154.5 mg L) while the highest was
in Ruai (172.0 mg L), indicative of increased contamination. The variance in EC was
minimal (1500-1554 uS cm™). The East African standards for effluent discharge are COD
=50mg L?; BODs=30mg L; pH=6.5-8.5; TDS = 1200 mg L!; EC = 15000 uS cm
! (K'oreje et al., 2018). The elevated values of COD and BODs could be due to the impact
of increased waste brought about by the increasing population, and commercial and
industrial activities discharging enormous amounts of their wastes to the larger WWTPs,
especially Ruai and Kariobangi. In smaller towns like Kericho, Kisii, Busia and Bungoma,
there could be less sewerage connectivity with an increased number of households using

latrines and septic tanks.

4.1.2 LOD and LOQ values

The LOD and LOQ for the target analytes are summarized in Table 4.2.
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Table 4. 2: LOD and LOQ values

DBP DEHP DMP LNR PGT

LOD (sludge & UDBS-ng g}) 8.4 6.3 7.9 3.9 6.0
LOQ (Sludge and UDBS-ng g) 27.9 21.1 26.3 12.9 19.8
LOD (water samples-pg L) 0.03 0.03 0.004  0.003 0.003

LOQ (water samples-pg L) 0.1 0.1 0.01 0.01 0.01

PAEs showed high LODs in all the matrices ranging from 6.3 to 8.4 ng g* (sludge/UDBS)
to 0.004 ug L (wastewater) and LOQs ranging from 21.1 to 27.9 ng g* (sludge/UDBS).
LNR had the least LOD (3.9 ng g (sludge/UDBS); 0.003 pug L (wastewater) and the

LOQ was 12.9 ng g* (sludge/UDBS); 0.01 pg L (wastewater).

4.1.3 Levels of EDCs in wastewater samples

The levels of the selected EDCs are represented in Table 4.3 and Appendix 8. In the
influents, DBP was the most abundant PAE congener (37.5%) as well as EDC detected in
the 12 WWTPs (3 12WWTPs) ranging from 4.3 + 0.6 pg L™t in Bungoma to 19.7 + 1.2 ug
L in Ruai. DEHP was the second most abundant EDC (26.2%) with levels ranging from
2.7 =02 pg Ltin Nakuru to 14.3 + 1.5 pug L in Kariobangi. Levels of DMP in the
influents were between 1.1 + 0.3 pug Lt in Shirere to 15.9 + 1.4 ug L in Nakuru,
contributing 19.6%. PGT (15.7%) ranged from 0.9 + 0.2 pg L™t in Nakuru to 14.7 + 1.1 pg
L in Ruai. LNR ranged between 0.05 + 0.01 pug L in Nyalenda to 2.5 + 0.6 ug Lt in
Eldoret giving a 1.0% of the > 12WWTPs. The total means + standard deviations (SD)
(ug L) of the EDCs in all the influents were as follows: DBP = 10.1 + 5.0; DEHP = 7.1

+3.0,DMP =5.3+4.2; PGT=4.2+6.3and LNR=0.3+0.7.
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Table 4.3: Levels of EDCs (ug L™?) in the wastewater samples

Location DBP DEHP DMP LNR PGT
Nakuru Influent 83+1.0 29+0.2 159+14 0.1+£0.02 0902
Primary ponds 6.8+0.8 1.8+0.1 1.0+0.1 0.04+0.01 08=%0.2
Secondary ponds 50+04 1.0£004 1101 0.03+£0.01 06x0.2
Tertiary ponds 21+£03 02£0.1 02£0.1 0.02+0.01 05%0.2
Effluent 1.6+0.3 <LOQ 0.02+0.01 0.02%£0.01 03%0.2
Eldoret Influent 10.5+£0.8 69+£11 7.5+£0.7 25106 20.3+15
Primary ponds 7.2+£09 6.1£1.0 52+04 1.0+£0.01 115%£1.0
Secondary ponds 7.1+0.8 58+0.6 1.9+£0.2 0.1+001 31x04
Tertiary ponds 3.8+05 221034 1602 0.02+0.01 1.8+0.1
Effluent 25+05 1.8+0.2 02+0.1 0.02+0.01 13+0.2
Bungoma  Influent 46+0.6 7.0+£1.0 84+1.0 01+001 1001
Anaerobic ponds 44+05 6.4+0.8 28104 0.04+0.01 06x0.1
Facultative ponds 41+05 24101 2604 0.03+£0.01 0401
Maturation ponds 34+06 <LOQ 0.1+0.01 0.03+£0.01 03zx0.1
Effluent 26104 <LOQ 0.1£0.02 0.02+0.01 0301
Busia Influent 55£05 6.7£1.1 3.7£0.7 0.1£001 22%0.3
Anaerobic ponds 3.7+0.6 2.7+0.7 3.1+0.6 0.1+001 18%0.1
Facultative ponds 35+0.3 21+04 1.8+04 0.04+£001 17%0.3
Maturation ponds 21+0.2 20+£0.3 <LOQ 0.03+0.01 0.4+0.03
Effluent 1.9+0.2 1.6+04 0.03+0.01 0.03+0.01 0.4+0.04
Kisii Influent 13.6+£1.2 46+0.6 1.4+0.3 0.1£001 09x01
Anaerobic ponds 1.9+£03 41+05 0.2+0.02 0.04+£0.01 08z%0.1
Facultative ponds 1.1+£0.2 24+0.3 0.03+£0.01 004+£0.01 05%0.1
Maturation ponds <LOQ 1.0+£0.2 0.02+0.01 0.03%£0.01 0201
Effluent <LOQ 0.8+0.2 0.02+0.01 0.02+0.01 0.1+0.04
MMUST  Influent 58+0.9 80+£1.0 20104 0.06+0.01 1.3+0.3
Anaerobic ponds 7.3+0.6 35+0.7 03+0.1 0.05+0.01 08x0.1
Facultative ponds 6.1+0.6 1.7+£0.7 0.04+£0.01 003+0.01 06x0.2
Maturation ponds 4.6+05 1.3£04 0.02+0.01 0.03+0.01 0.4x0.03
Effluent 48+0.5 <LOQ 0.02+0.01 0.03£0.01 0.4+0.02
Ruai Influent 19.7+£1.2 9.2+09 44+12 0.1+£001 147+11
Anaerobic ponds 17.3£1.0 9.1+£0.8 48+1.1 01+£001 13+0.2
Facultative ponds 13.7+£0.8 29+0.3 46+£10 01+£001 1101
Maturation ponds 105+0.9 2.7+0.3 2.3+0.7 0.1+001 10x0.04
Effluent 4.7+0.6 20+£0.1 0.1+£0.1 0.1£0.01 0.9+0.10
Shirere Influent 79+1.0 56+0.8 1.1+0.3 0.1+0.1 21+0.21
Anaerobic ponds 75+£09 3.7£05 0.7£0.2 0.1£001 14+0.33
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Location DBP DEHP DMP LNR PGT
Facultative ponds 4.6 +0.6 1.1+£03 0.1+0.01 0.1+0.01 0.2%0.05
Maturation ponds <LOQ <LOQ 0.04+0.01 0.03+0.01 0.02+0.01
Effluent <LOQ <LOQ 0.02+0.01 0.02+0.01 0.01+0.01
Kisat Influent 5609 4.2+0.8 5.0+1.0 0.1+0.03 09zx0.1
Primary ponds 3505 4.2+0.7 0.1+0.01 0.02+0.01 03%0.1
Secondary ponds 0901 3.8x05 0.04+£001 0.03x0.01 0.1=+0.01
Tertiary ponds 0.810.1 08£0.1 0.02+0.01 0.02£0.01 0.02+£0.01
Effluent <LOQ <LOQ 0.01+0.01 0.02£0.01 0.01+£0.01
Nyalenda  Influent 11.2+1.0 6.6+£1.0 1.7+05 0.1+£001 27x04
Anaerobic ponds 3.8+0.3 3.7+04 1.3£04 0.03+£0.01 05%0.1
Facultative ponds 6.5+0.6 21+0.2 0.3+0.03 0.03+£0.01 0401
Maturation ponds 3.7+05 <LOQ 0.12+0.1 0.03+0.01 0.2+0.1
Effluent 3.6+0.6 <LOQ 0.1+£0.01 0.02+0.01 0.1x01
Kericho Influent 10.1£1.0 89+11 51+£09 0.1+0.02 22%0.3
Primary ponds 5709 6.8+0.8 1.3+04 0.1+002 17x04
Secondary ponds 4.2+0.7 3.9+0.6 0.1+0.01 0.1+002 11x0.2
Tertiary ponds 41+04 08£0.1 0.02+0.01 0.03x£0.01 0.7x0.2
Effluent <LOQ 06+0.1 0.01+0.01 0.02+0.01 0.1+0.01
Kariobangi Influent 185+1.1 143+15 7.1x0.7 0.1+002 18+0.2
Primary ponds 111+10 1.3+03 48+0.5 0.04+001 11+0.2
Secondary ponds 94+0.38 1.3+£0.1 46+04 0.04+£001 19%01
Tertiary ponds 7.1+£05 1.4+0.2 3.1+£0.2 0.02+0.01 0.8x0.1
Effluent 3.4+£03 0.7£0.1 0.1+£0.01 0.02+0.01 0601

(DBP = dibutyl phthalate, DEHP = diethylhexyl phthalate, DMP = dimethyl phthalate,

LNR = linuron and PGT = progesterone). Values represent means + standard deviation;

n=3.

From Table 4.3, it is observed that Nakuru and MMUST had all the sampled points

containing quantifiable levels of EDCs except DEHP which was below LOQ in the

effluent wastewater. Almost a similar scenario was observed in Bungoma, Shirere, and

Nyalenda where DEHP was not quantifiable in the maturation ponds and the effluents but

all other EDCs were measurable. In Kisat however, DEHP and DBP were below LOQ in

the effluent ponds while in Kericho, DBP was not quantifiable in the effluent. In Kisii,

94



DBP was not quantified in both the maturation pond and effluent while in Busia, it was
DMP that was not quantified in the effluent. Eldoret, Ruai, and Kariobangi had all the
sampled points containing the targeted EDCs. The lower LOQ values of DMP and DBP
in some maturation ponds and effluents could be attributed to photodegradation and
sorption to sludge. The lower than LOQ levels of DEHP in most effluents and some
maturation ponds could be attributed to its high log Kow (Table 1.1) making it more likely
to adsorb to the majorly organic sludge and thus being less likely detected in the

wastewater of the effluents and maturation ponds.

There were significant spatial variations (p < 0.05; Friedman) in the levels of EDCs
detected in the influent wastewater samples at different sites. For example, high levels of
EDCs were detected in Ruai (Total sum of five EDCs per site, YSEDCs = 48.0 ug L)
while lower levels were detected at Kisat (3SEDCs = 15.9 ug L1). Therefore, EDCs
loading to the WWTP was a function of the location (industrial activities, population
density, agricultural activities, etc.), the maintenance of the wastewater treatment system,
and connectivity to the sewer line. Elevated levels of PAEs were noted in Kariobangi and
Ruai influents which are both located in Nairobi, a city with dense human habitation, and
a wide array of commercial, industrial, and manufacturing activities. There is also a
paucity of stringent measures of waste disposal, a case in point being that of Dandora open
dumpsite. Kisat is in Kisumu, a city with lower levels of EDCs regardless of a medium
population. This could be attributed to better waste management by the county, which in
recent years has invested in getting rid of open dumpsites. The other locations (Busia,

Kisii, Kericho, etc.) registering less concentration have lower populations and lesser
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industrial, commercial, and manufacturing activities. Additionally, decreased sewerage

connectivity with some households using septic tanks and pit latrines is another factor.

The levels of EDCs in the influent water samples (Figure 4.1 (a)) were significantly
higher than those in the effluents (Figure 4.1 (b) (p < 0.05; Kruskal-Walis)). Generally,
the levels kept reducing at the different ponds as the wastewater moved towards the
effluent within each WWTP. The higher concentrations in the influents than the effluents
are because they are entry points to the WWTPs. Further, the target EDCs have a high
Log Kow (Table 1.1) implying that they are more likely to adsorb onto the sludge

consequently giving less detection in the effluents.
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Figure 4.1(a): Levels of EDCs at the influents.
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The effluents are a concern since they are point sources of pollutants to receiving waters
that act as habitats for aquatic organisms and may find their way into drinking water,
especially in emerging economies. In the effluents, EDCs were dominated by DBP
(65.9%), followed by DEPH (20.3%), PGT (11.2%), DMP (1.8%), and LNR (0.7%). The
levels of DBP, DEHP, PGT, DMP, and LNR (in pg L) were between < LOQ - 4.8 + 0.5,
<LOQ-20%£0.1,001+£001-13+0.2,0.01 £0.01-0.2+0.1,and 0.02 £ 0.01 -0.1 +
0.01, respectively. The means = SD of the EDCs in the effluents were as follows: DBP =
2.01+1.8;DEHP=0.6+0.8; DMP =0.1+0.1; PGT =0.4 £ 0.4 and LNR = 0.02 + 0.01.
The standard deviations are larger for some EDCs because the data values are more spread

out from the mean.
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Figure 4.1 (b): Levels of EDCs at effluents.
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As noted, some maturation ponds and effluents had less concentration than the LOQ. This
can be ascribed to EDCs’ adsorption to the sludge that is eventually dried and used as
UDBS. The adsorption could be due to the hydrophobicity of the EDCs due to their high
log Kow. A general rule used to frequently predict the sorption capacity of micro-pollutants
on solids is: log Kow < 2.5 indicates low sorption potential, 2.5 < log Kow < 4 indicates
medium sorption potential and log Kow > 4 indicates high sorption potential (Orata, 2018).
The levels of EDCs in the effluent samples displayed no significant differences (p > 0.05;
Kruskal-Walis) suggesting that the WWTPs have comparable efficiency, regardless of the

concentration, in reducing the EDCs in wastewater.

For both influents and effluents, PAEs had higher concentrations than PGT and LNR. This
is attributed to the PAEs’ widespread use in industry and within households, as additives
in plastic containers and pipes. PAEs are also not chemically bonded to plastics (Cong et
al., 2022) and are leached out of plastic packaging and containers (Metcalfe et al., 2022)
into the environment. Plastic manufacturing is a major investment in Kenya estimated at
USD 50 million as of the year 2013 (Nyagah, 2013) and the latest data is unavailable
though it is projected to be higher. However, there is poor plastic waste disposal
potentially exposing environmental compartments to EDCs. This is noted in the presence

of DEHP, DMP, and DBP in the nine towns studied.

It is noteworthy that PGT’s mean for all sites was detected at higher levels than LNR. As
of October 2021, Volza Grow Global (2021) indicated that Kenya had a yearly import of
211 shipments of PGT either from South Africa, Germany, or India. On the contrary, LNR
levels were high in agricultural areas (Eldoret and Kericho). This is attributed to extensive

farming activities (wheat, maize, and tea) in the locations where LNR is used for weed
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control. Rain runoffs from farmlands, atmospheric deposition during aerial sprays, and
wastewater effluents are significant sources of LNR in the ecosystem which has been
found to disrupt thyroid, androgen, and estrogen signaling in human beings (Spirhanzlova

etal., 2017).

The levels of EDCs in wastewater in this study were higher than those reported in the
study by Onchiri et al. (2021) which recorded influent mean levels of DMP in Kisumu,
Homabay, and Kisii of 0.1 and 0.08 ug L during the wet and dry seasons, respectively.
The lower values in the aforementioned study can be attributed to few sampling areas and
less populous towns. In South Africa, Salaudeen et al. (2018) reported higher DBP influent
ranges (2.7 and 2488.0 ug L) and effluent (4.9 — 8.9 ug L) than our study in three
WWTPs in Eastern Cape. Kenya banned plastic bag packaging in February 2017, and this
could explain the lower ranges in addition to Kenya being less populous and
industrialized. The same can be said of Nigeria since Adeogun et al. (2015) reported much
higher concentrations of DBP and DEHP concentrations in water at the Lagos lagoon at
130 +4 and 180 + 10 pg L%, respectively. Weizel et al. (2018) detected much lower values
of PGT in the range of 0.0003 — 0.001 pug L in the municipal waters of Germany. Sauer
et al. (2018) recorded progestogenic activities in all effluents ranging from 0.00006 to
0.0005 pg Lt indicating the presence of PGT in the municipal waters of the Czech and
Slovak Republic. Appa et al. (2018) found the range of PGT to be 0.02— 0.20 pug L in
treated and non-treated sewage water in Central India. Khazri et al. (2022) investigated
the presence of LNR in the Bizerte wastewater, Tunisia, and reported a mean value of 3.94

ug Lt (Table 4.4).
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Table 4.4: Concentrations of EDCs in wastewater, sludge, and UDBS in other studies

Compound Region Environmental Concentration Reference(s)
matrix
DBP South  Africa (Eastern Wastewater 2.7-2488.0 ng L7t influent ranges; and 4.9-8.9 ug L' Salaudeen et al. (2018)
Cape) effluent ranges
Nigeria (Lagos) Wastewater 130.0+4.0 ug L Adeogun et al. (2015)
China Sludge 957.0ng gt Zhu et al. (2019)
Nigeria (Epe) Sludge 0.2+0.01mgg? Adeogun et al. (2015)
Kenya Wastewater 10.1+ 5.0 pg L? (influent); 2.01 + 1.8 pg L™ (effluent)  This study
Sludge 1498.6 +993.0 ng g*
UDBS 656.1+724.3ng g™
DEHP Nigeria (Lagos) Wastewater 180.0 +10.0 ug Lt Adeogun et al. (2015)
China Sludge 14700.0 ng g* Zhu et al. (2019)
Taiwan Sludge 1569.0 ng g% 35670.0 ng g * dw Dong et al. (2020)
Nigeria (Epe) Sludge 0.3+0.02mgg? Adeogun et al. (2015)
Kenya Wastewater 7.1 £ 3.0 ug L (influent); 0.6 + 0.8 pg L* (effluent) This study
Sludge 3181.2+2772.9ngg*
UDBS 1153.1+1159.9ng g*
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Compound Region

Environmental

Concentration

Reference(s)

matrix
DMP Kenya Wastewater 0.1 and 0.08 pug L (wet and dry seasons, respectively)  Onchiri et al. (2021)
China Sludge 195.0ng g*
Kenya Wastewater 5.3 +4.2 ug Lt (influent); 0.1 + 0.1 pg L* (effluent) Zhu et al. (2019)
Sludge 991.6 +424.9ngg* This study
UDBS 474.4 +398.0 ng gt
LNR Tunisia (Bizerte) Wastewater 39ugL? Khazri et al. (2022)
Kenya Wastewater 0.3 = 0.7 ng Lt (influent); 0.02 + 0.01 pg L* (effluent)  This study
Sludge 65.1+29.1ngg?
UDBS 42.2+235ngg?
PGT Germany Municipal waters 0.0003-0.0013 pg L Weizel et al. (2018)

Czech and Slovak Republic

Central India

Kenya

Municipal waters

Sewage water
Wastewater
Sludge
UDBS

0.00006 to 0.0005 pg L

0.02-0.20 ug L

42+ 6.3 pg L (influent); 0.4 = 0.4 ug L (effluent)
865.6 + 265.8 ng g*

556.7 + 290.4 ng g™t

Sauer et al. (2018)
Appa et al. (2018)
This study
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4.1.4 Levels of EDCs in sludge samples
All the sludge samples collected had quantifiable levels of EDCs and the spatial

distribution is represented in Figure 4.2 and further illustrated in Figure 4.3.
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Figure 4.2: Bar graph depicting the spatial distribution of EDCs in sludge

samples.
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Figure 4.3: Box plots for EDCs in sludge (The small circles represent sites with

high concentrations of EDCs).

DEHP was the most abundant and accounted for 48.2% of the sum of the pollutants
detected in the sludge. It ranged between 278.7 ng g™ dw in Kisii to 9243.5 ng g™t dw in
Kariobangi. This was followed by DBP (22.7%), with ranges of 97.1 ng g* dw in Kisii to
3000.0 ng g dw in Kariobangi. DMP contributed 15.0% with ranges between 452.5 ng
gldwin Kericho to 1858.5 ng g dw in Kariobangi. PGT represented 13.1% with ranges

between 257.4 ng gt dw in Kisii to 1165.5 ng g* dw in Ruai. LNR was the least recorded
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representing 0.99% with ranges of 18.5 ng g* dw in MMUST to 132.7 ng g dw in

Eldoret. The means + SD of the EDCs in the sludge are given in Table 4.5.

Table 4.5: Descriptives for sludge samples

Compound % Frequency  Min Max Median Mean + SD

DBP 100 97.1 3000.0 1699.0 1498.6 + 993.0
DEHP 100 278.7 9243.5 2325.1 3181.2+2772.9
DMP 100 452.5 1858.5 890.6 991.6 +424.9
LNR 100 18.5 132.7 62.8 65.1+29.1

PGT 100 257.4 1165.5 882.9 865.6 + 265.8

These values displayed significant differences (p < 0.05; ANOVA) among the EDCs. The
high concentrations of the PAEs in sludge samples as compared to PGT and LNR, reflect
increased plastic use (toys, water pipes, smart screens, packaging films, etc.).
Furthermore, it is noted that DEHP concentrations were higher than DMP and DBP. This
can be explained by the fact that DMP and DBP are classified as low-molecular-weight
PAEs used in the production of packaging bags, finishing materials, personal care
products, and insecticides. Plastic packaging bags were banned in Kenya, and this could
explain the lower concentrations of DBP and DMP. Conversely, DEHP is a high-
molecular-weight PAE used for the manufacturing of vinyl-based products, toys,
construction materials, polyethylene terephthalate bottles, food packages, medical devices
(bags and tubing used for blood transfusion, kidney dialysis or dosing antibiotics
intravenously) (Cong et al., 2022; Zhu et al., 2019). All these products of DEHP are still

in use in Kenya but are poorly disposed off. Additionally, from Table 1.1, it is noted that
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DEHP has a lower water solubility and a higher log Kow than other PAEs implying that

it partitions more to the sludge and is more resistant to biodegradation.

Kariobangi and Ruai sludge, both in Nairobi, recorded higher concentrations in most
EDCs except LNR than the rest of the sampled WWTPs. This can be attributed to the two
WWTPs receiving domestic and industrial wastewater from the populous city, which is
highly industrialized, and urbanized with a dense population. It is also often contaminated
by runoff and stormwater drainages, open landfills, agricultural practices, and pesticide
use. The highest concentration of LNR was observed in Eldoret, an agricultural area with

large-scale pesticide-intensive wheat and maize farming.

The Y5EDCs in sludge (ug g dry weight (dw)), decreased in the following order:
Kariobangi (15.3) > Ruai (13.1) > Nyalenda (8.5) > Nakuru (8.2) > Eldoret (7.5) > Kisat
(6.2) > Bungoma (5.9) > Kericho (4.3) > Shirere (3.4) > Busia (2.8) > MMUST (2.6) >
Kisii (1.5). The order depicts the effect of urbanization, population density, and
industrialization of the city where the WWTP is located. For instance, Kariobangi and
Ruai recorded higher concentrations in the Y SEDCs reflecting the fact that the two
WWTPs are in a populous city, Nairobi. Conversely, the lesser urbanized regions like
Shirere (Kakamega), Busia, and Kisii had low levels of EDCs, mirroring their low
populations and less industrialization. The low levels can also be associated with poor

sewerage connectivity in some towns (Kenya Population Census, 2019).

The levels of EDCs in sludge in the present study were compared to those reported
elsewhere (Table 4.4). In China, Zhu et al. (2019) reported an abundance of DEHP
congener in sludge samples which is consistent with the current study. In their study, PAES

were detected in the same order (DEHP > DBP > DMP). However, the mean
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concentrations of DEHP (14700 ng g't) were higher than that observed in our study while
DBP and DMP were detected at lower levels (means of 957.0 and 195.0 ng g*
respectively). This could be attributed to less use of low molecular weight plastics and
better waste management. Dong et al. (2020) also confirmed the ubiquity of DEHP in their
study that found out that 99% of the PAEs found in the sludge of some WWTPs in Taiwan
were DEHP with ranges between 1569.0 ng g ! and 35670.0 ng g dw. More literature
searches, however, yielded studies on other environmental matrices like sediment
samples. For example, in Nigeria, Adeogun et al. (2015) reported much higher
concentrations in sediments in Epe lagoon (DBP and DEHP were 0.2 + 0.01 mg g and
0.3 £ 0.02 mg g%, respectively). Additionally, Cong et al. (2022) also noted that DEHP
had slightly higher concentrations with a mean of 4594.0 ng g~* dw from sediment samples

obtained from the Eastern Indian Ocean.

4.1.5 Levels of EDCs in UDBS samples

All the UDBS samples collected from the different locations had quantifiable levels of the
EDCs (Figure 4.4 and Figure 4.5). DEHP was the most abundant (40%) of the total EDCs
detected with levels ranging from 78.8 ng g dw in Kisii to 3938.5 ng g dw in
Kariobangi. This was followed by DBP (22.8%) with levels ranging from 69.4 ng g* dw
in Kisii to 2320.5 ng g™ dw in Kariobangi. PGT represented 19.3% with its levels ranging
from 167.0 ng g dw in Shirere to 984.6 ng g dw in Ruai. DMP represented 16.5% with
its levels ranging from 57.8 ng g dw in Kericho to 1084.9 ng g™ dw in Kariobangi. LNR
had the lowest levels (1.5%) with levels ranging from 13.5 ng g dw in Kisat to 88.8 ng

gldw in Eldoret.
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Figure 4.4: The spatial variations in the levels of EDCs in ng g™ in UDBS

samples.
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Figure 4.5: Box plots for EDCs in UDBS (The small circle represents sites with

The means = SD of the EDCs in the UDBS are given in Table 4.6.

Table 4.6: Descriptives for UDBS samples

high concentrations of EDCs).

Compound  %Frequency Min Max Median Mean £SD

DBP 100 69.4 2320.5 300.5 656.1 + 724. 3
DEHP 100 78.8 3938.5 766.6 1153.1 £ 1159.9
DMP 100 57.8 1084.9 325.1 474.4 + 398.0
LNR 100 13.5 88.8 38.0 42.2+235
PGT 100 167.0 984.6 587.6 556.7 £290.4
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The data displayed significant differences (p < 0.05; Kruskal-Wallis) between the EDCs
in the different sites sampled. The high levels of the PAEs, especially in the more
urbanized Nairobi city are consistent with their use, effluent release from plastic
manufacturing industries, and less stringent measures in their disposal. DEHP
concentration is much higher than DMP and DBP due to its use in a wide array of plastic
consumer products. PGT, from medical facilities, was higher in UDBS samples than DMP
implying less biodegradation capacity and stronger sorption capacity in the WWTPs. LNR
had elevated concentrations in areas with high-intensity agricultural activities, e.g.,

Eldoret.

There was decrease in the total concentration of EDCs (3.5EDCs) in UDBS samples in
the following order (ug g dw): Kariobangi (8.3) > Ruai (5.2 > Kisat (4.2) > Nyalenda
(3.3) > Eldoret (2.9) > Nakuru (2.2) > MMUST (2.1) > Bungoma (1.8) > Kericho (1.5) >
Busia (1.3) > Kisii (0.9) > Shirere (0.7). The arrangement illustrates the impact of
population density, urbanization, and industry on the city housing the WWTP. For
example, Kariobangi and Ruai showed greater concentrations in the Y SEDCs, which is
consistent with the two WWTPs being located in Nairobi, a populated city. On the other
hand, lower levels of EDCs were found in less urbanized areas like Kericho, Busia, Kisii
and Shirere (Kakamega), which is consistent with their lower population and less
industrialization. In some towns, poor sewerage connectivity, with more homes using
latrines and septic tanks, may also be linked to the low levels. Nationwide research related
to EDCs in UDBS may help to determine the quality of UDBS in land application

consequently supplementing the data concerning human exposure to EDCs.
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The literature survey did not yield studies that reported on the concentration levels of
EDCs in the UDBS from the drier beds of WWTPs. However, some studies have reported
PAEs in soil and street dust. For example, Skrbi¢ et al. (2016) analyzed soils and dust
from Novi Sad, Serbia, and found the ranges to be from 0.2 ng g dw to 4820 ng g* dw,
with the highest level being DEHP, which was the most dominant (70 — 96%). The
presence of these EDCs in UDBS is of great concern since they are used as fertilizers

causing potential toxicological risks to terrestrial life.

4.1.6 Association between sludge, UDBS, and wastewater
There was a positive correlation between the concentrations of EDCs in the influents and

sludge (Table 4.7).

Table 4.7: Paired Samples Correlations between influents and sludge

N Correlation Sig.
Pair 1 DBPs & DBP; 12 A48 12
Pair 2 DEHPs & DEHP; 12 67 .02
Pair 3 DMPs & DMP; 12 46 14
Pair 4 LNRs & LNR; 12 73 .007
Pair 5 PGTs & PGT; 12 22 49

(Subscript s = sludge; i = influent).
However, the levels of EDCs in some influent wastewaters were significantly lower (p <

0.05; ANOVA) than those observed in sludge with DEHP being ubiquitous in bio-solids.
From Table 4.7, there is no correlation between PGTs and PGT; while there are low
correlations between DBPs and DBPi, DMPs and DMP;. However, there are moderate
correlations between DEHPs and DEHP; and LNRs and LNR;. This could be attributed to

the accumulation of the pollutants over time in the receiving ponds, atmospheric
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deposition and surface runoffs, and storm waters from neighboring farmlands and polluted
sites thus increasing the concentrations in sludge and therefore displaying minimal

correlations (Kumar et al., 2020).

The UDBS, however, had considerably lower concentrations relative to those in the
sludge. The UDBS from the drier beds also had higher concentrations than the effluents.
This suggests that EDCs partition more to the sludge than to the water. This is also
confirmed through Spearman’s Rank order correlation coefficient. Correlation
coefficients run between -1 and 1 where positive correlation is used to describe when two
variables move in the same direction. A negative correlation is when one variable moves
positively while a second variable moves in the opposite direction. When the correlation
coefficient range is between 0.0 and 0.25, there is no correlation; when the correlation
coefficient range is between 0.25 and 0.50, there is a low degree of correlation; when the
correlation coefficient range is between 0.50 and 0.75, there is moderate correlation; when
the correlation coefficient range is above 0.75, there is a high degree of correlation. In this
study, it was noted that there were positive correlations between the EDCs’ concentration
levels and the TDS, COD, BODs and EC (Table 4.8). This can be attributed to their low
water solubility and high log Kow hence stronger sorption and lower degradation capacity
(Cong et al., 2022; Mukherjee et al., 2021). Therefore, sludge is a sink to the EDCs, which
are then consequently used as fertilizer in the form of UDBS, posing a risk in agricultural

farmlands.
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Table 4.8: Correlations between the Influents and the water quality parameters

pH TDS (mg BOD5 COD (mg EC (uS DBP DEHP DMP LNR PGT
LY (mgL?Y LY cm™)
Spearman's rho pH Correlation 1.0 -.96™ -.90™ -87" -86"  -53 -.03 -.05 -.44 -.09
Coefficient
Sig. (2-tailed) 00 00 00 00 08 .92 87 16 79
N 12 12 12 12 12 12 12 12 12 12
TDS (mg Correlation -96" 1.0 92" 92" .88 66" .10 .07 43 18
LY Coefficient
Sig. (2-tailed) .00 00 00 00 02 76 83 17 57
N 12 12 12 12 12 12 12 12 12 12
BOD5 Correlation -90™ 92" 1.00 .98™ 867 63" .05 .18 49 19
(mg L)  Coefficient
Sig. (2-tailed) .00 00 00 00 03 .89 59 11 55
N 12 12 12 12 12 12 12 12 12 12
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pH TDS (mg BODS COD (mg EC (uS DBP DEHP DMP LNR PGT
L™ (mgL?h) L% cm™)
COD (mg Correlation -877" 927 98" 1.00 84 68" 13 15 48 34
LY Coefficient
Sig. (2-tailed) .00 .00 .00 .001 .02 .68 .63 12 .28
N 12 12 12 12 12 12 12 12 12 12
EC Correlation -86™ 88" .86™ 84™ 1.00 66" .01 .02 .38 .07
Coefficient
Sig. (2-tailed) .00 .00 .00 .001 .02 97 .95 .23 .83
N 12 12 12 12 12 12 12 12 12 12
DBP Correlation -53 66" 63" 68" 66" 1.00 32 -13 .20 .35
Coefficient
Sig. (2-tailed) .08 .02 .03 .02 .02 31 .70 .54 27
N 12 12 12 12 12 12 12 12 12 12
DEHP Correlation -.03 .10 .05 13 .01 .32 1.00 15 -.02 .53
Coefficient
Sig. (2-tailed) .92 .76 .89 .68 97 31 .63 .95 .08
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pH TDS (mg BOD5  COD (mg EC (uS DBP DEHP DMP LNR PGT

L) (mgL™h) LY cm?)

N 12 12 12 12 12 12 12 12 12 12
DMP Correlation -.05 .07 18 15 .02 -.13 15 1.00 13 -12

Coefficient

Sig. (2-tailed) .87 83 59 63 95 70 63 . 68 71

N 12 12 12 12 12 12 12 12 12 12
LNR Correlation -.44 43 49 48 .38 .20 -.02 13 1.00 .26

Coefficient

Sig. (2-tailed) .16 17 11 12 23 54 95 68 . 42

N 12 12 12 12 12 12 12 12 12 12
PGT Correlation -.09 18 19 34 .07 .35 .53 -12 .26 1.00

Coefficient

Sig. (2-tailed) .79 57 55 28 83 27 .08 71 42

N 12 12 12 12 12 12 12 12 12 12

**_Correlation is significant at the 0.01 level (2-tailed); *. Correlation is significant at the 0.05 level (2-tailed).
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To single out an exception observed, DEHP was more abundant in the sludge and UDBS
while DBP was highest in the influent wastewater. This is consistent with their physico-
chemical parameters (Table 1.1). As noted in section 4.1.3, log Kow < 2.5 indicates low
sorption potential, 2.5 < log Kow < 4 indicates medium sorption potential and log Kow >
4 indicates high sorption potential (Orata, 2018), thereby indicating why DEHP (log Kow:
7.6) had greater concentrations in sludge and UDBS while DBP (log Kow: 4.5) had greater

concentrations in the wastewater samples.

4.1.7  Association between EDC Concentrations and Water Quality Parameters

Spearman’s rank order correlation was used to show the association between the water
quality parameters and the concentration of the EDCs at the influents (Table 4.8). The pH
was negatively correlated with all the EDCs detected at the influent points (rs values
ranged from -0.03 to -0.53). This implies that increased contamination increases acidity
thus lowering the pH but increasing the rest of the parameters. This may be attributed to
increased solubility, an observation made in other pollutants like heavy metals (Kumar et
al., 2020). Therefore, contaminants increase the acidity of wastewater making them
undesirable. Conversely, for TDS, BODs, COD, and EC, there were positive correlations
(rs values 0.01-0.68) implying that the greater the water quality parameter the higher the
concentration of the EDCs. The correlations, however, were not significant (p > 0.05; p >
0.01*) in most of the compounds except for DBP which was strongly significant (p < 0.05)
for TDS, BODs, COD, and EC. Pollution is thus often associated with the worst water

quality metrics.
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Among the EDCs, there were majorly positive correlations between the PAEs and
negative correlations to PGT and LNR. PGT and LNR were however positively correlated.

This implies the same sources of PAEs as compared to PGT and LNR.

4.1.8 Removal efficiency of selected EDCs in the sampled WWTPs

The removal efficiencies for each analyte were calculated as illustrated in section 3.2.7.
The percentages of efficiencies are shown in Table 4.9 and the ranges were between
30.2% and 100%. The average removal per pollutant (treating 30.2% removal in
Kariobangi as an outlier) was as follows: DMP (98.7%) > DEHP (91.7%) > PGT (88.3%)
> DBP (77.9%) > LNR (72.2%). DMP had greater removal percentages while WWTPs
displayed less efficiency in removing LNR. DEHP removal efficiency was slightly lower
than that reported by Marttinen et al. (2003) at 94%. Up to 95% of DMP and DBP have
been attributed to biotransformation and adsorption to sludge (Zhu et al., 2019). The
average removal for individual WWTPs for all the selected EDCs was as follows: Shirere
(96.3%) > Kisat (96.0%) > Kericho (93.3%) > Eldoret (92.2%) > Kisii (86.2%) >
Kariobangi (84.0%) > Ruai (83.5%) > Busia (82.7%) > MMUST (82.1%) > Nakuru (77.7)
> Bungoma (75.8%). The removal efficiencies were independent of the type of WWTP,
that is, lagoons or conventional. This may be attributed to some conventional WWTPs
being old with little to no servicing done periodically. They may have also been built using

old technologies which cannot remove emerging pollutants.

Sorption, biological degradation, photolysis, and phytoremediation may be factors
affecting dissipation, as these mechanisms can be effective in elimination (Chen et al.,
2012). Sorption ensures the transfer of the pollutants to the sludge and then to the UDBS

due to the EDCs partitioning onto the biosolid. Plastics can also undergo biodegradation
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and photodegradation (Zeenat et al.,, 2021) explaining the higher ranges of DMP
dissipation. Some EDCs (LNR) showed relative stability over the whole treatment
process, possibly due to their chemical structure and physiochemical properties making
them persistent with weak adsorbility. These values are largely important to regulators as
they serve to inform them of the efficiencies of WWTPs and the presence of pollutants in

UDBS obtained from WWTPs.

Table 4.9: Percent (%) removal efficiencies of EDCs

Site DBP DEHP DMP LNR PGT
Nakuru 58.9 93.3 99.9 65.1 71.5
Eldoret 76.7 89.9 98.5 98.2 97.1
Bungoma 43.9 100.0 99.2 61.8 73.8
Busia 65.4 100.0 99.3 63.7 85.0
Kisii 100 81.9 98.9 61.2 89.0
MMUST 72.4 100.0 99.2 69.5 69.4
Ruai 76.3 78.5 97.6 71.0 94.2
Shirere 100 100 98.6 83.3 99.4
Kisat 100 100 99.9 81.2 98.7
Nyalenda 67.5 76.1 96.7 57.8 95.1
Kericho 100 93.0 99.8 76.0 97.7
Kariobangi 74.0 87.2 96.7 78.1 30.2

4.1.9 Mass loading of EDCs into the environment

The daily discharges (Dds) of the EDCs are shown in Table 4.10 and were calculated only
for the analytes above the LOQ. The Dd loads from the twelve WWTPs varied depending
on the pollutant and the geographical difference. The Dd in densely populated areas like
Nairobi, represented by Kariobangi and Ruai were considerably high. DBP recorded at

Ruai was the highest (373.3 g day™?). This implies that large quantities of EDCs are being
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released into receiving waters eventually finding their way into surface waters, potable
water, and drinking water. The potential risks to human beings and biota are not in dispute.
The synergistic effects of the combination of varied EDCs are unknown. More studies
should be carried out to investigate the concentrations of other EDCs in different
environmental compartments and their mass loadings into the environment. Some
attempts, however, have been made on pharmaceutical mass loadings (K'oreje et al., 2018;

Kimosop et al., 2016) but more needs to be done especially in East Africa.

Table 4.10: Daily discharge of EDCs (mg day™) to the environment through the effluents

Location DBP DEHP  DMP LNR PGT
Nakuru 22606.9 1256.5 104.2 175.7 1658.3
Eldoret 19641.4 5551.67 926.0 366.2 4760.5
Bungoma 23881.2 - 609.0 181.1 2388.4
Busia 4069.0 - 59.5 55.7 701.7
Kisii - 3298.6 62.6 84.3 389.7
MMUST 685.0 - 6.7 7.3 170.6
Ruai 373327.8 158716.1 8408.9 1878.2 68680.7
Shirere - - 31.6 42.9 23.8
Kisat - - 44.8 153.8 95.2
Nyalenda 65270.4 28465.5 995.2 406.3 2357.2
Kericho - 615.5 10.1 17.4 495
Kariobangi 110468.1 42220.7 5439.6 420.8 29149.7

(- represents those areas whose effluents were below the LOQ)

4.1.10 Potential ecotoxicological risks to the recipient aquatic ecosystem
Three trophic levels were chosen to assess the ecotoxicological risks for the selected EDCs

in effluents released to surface water. Table 4.11 shows the calculated RQs for the
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selected EDCs based on the worst-case scenario obtained by considering maximum

concentrations detected among all the sites and the lowest NOECs or E(L)C50. DEHP

(chronic) and PGT (acute and chronic) had their RQs > 1 posing a high risk to biota. DMP,

DBP, and LNR posed medium risks as their RQ values were between 0.1 and 1.

Table 4.11: Calculated RQs for the selected EDCs

EDC  Maximum
recorded
effluent

concentration
(ng L™

Effect
value
used (mg
L)

No. of Acute
trophic or

levels  Chronic

AF

PNEC
converted

toug L?

RQ

DEHP 1.984

DBP  4.803

DMP  0.237

PGT  0.859

LNR  0.046

0.3
(EC50)
0.4
(lowest
NOEC)
180
(EC50)
0.1
(lowest
NOEC)
0.009
(lowest
NOEC)
0.1
(lowest
NOEC)
0.001
(Lowest
NOEC)

3 Chronic

3 Chronic

3 Chronic

2 Acute

2 Chronic

2 Acute

3 Chronic

1000

10

1000

1000

50

1000

10

0.3

40

180

0.1

0.2

0.1

0.1

6.2

0.1

0.001

12.5

5.1

0.5

0.5
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The RQs for chronic cases were also calculated for every EDC per site (Figure 4.6).
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Figure 4.6: RQs for chronic cases calculated for every EDC per site.

DBP displayed medium risks in Ruai and Kariobangi and low to no observed risks in the
rest of the sites. DEHP posed high risks in Eldoret, Kisii, Ruai, Nyalenda, Kericho, and
Kariobangi while recording medium risks in Nakuru and low risks in the rest of the sites.
DMP posed low to no observed risks in all the sites due to recorded low levels in the
effluents. LNR displayed medium risks in all the sites while PGT posed high risks in
Nakuru, Eldoret, Bungoma, Busia, MMUST, Ruai, and Kariobangi. It is worth noting that
sites that recorded high concentrations of EDCs due to denser populations and industrial

activities also displayed high risks. Furthermore, low EDC levels at the effluents displayed
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minimal values of RQs. More risk assessments should be carried out on more pollutants
and more sites to fully comprehend their health impacts on aquatic organisms. Sadly, there
Is limited data on adverse effects e.g., behavioral effects, and neurotoxicity due to minimal
testing strategy. Minimal studies have reported hormonal changes on only one trophic
level (fish) and for a few EDCs. Ecotoxicological risks to the terrestrial ecosystem should

also be studied.
4.2 Adsorption experiments

4.2.1 Characterization of the adsorbents

4.2.1.1 X-ray diffractometry (XRD)

Figure 4.7 displays the XRD diffractograms of both the treated and untreated MOSB. The
X-ray diffractogram showed weak and unresolved peaks, indicating the predominance of
the amorphous nature of the biosorbent, a characteristic that helps the penetration of the
adsorbates. A high amount of lignin, cellulose, and tannin provides a heterogeneous and
complex nature of the biosorbent (A. Afolabi et al., 2021; Jayan et al., 2021). For the
untreated MOSB, there were characteristics peaks at 26 = 16.5°, 17.3° 22.5° and 34.93°
which are in agreement with isolated cellulose from M.O seeds carried out by (A. Afolabi
et al., 2021). For the treated MOSB, the peaks at 26 = 16.5°, and 17.3° were suppressed,
those at 20 = 22.5° and 34.9° were enhanced and there was an additional peak at 27.3°

which could be attributed to phosphoric acid hydrolysis.
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Figure 4.7: XRD analysis of treated and untreated MOSB.

4.2.1.2 Scanning electron microscopy—energy dispersive spectroscopy (SEM-EDS)

Figure 4.8 (a) shows the scanning electron micrographs of the untreated MOSB while
Figure 4.8 (b) displays the micrographs of the treated MOSB (More micrographs with
different magnifications are in Appendices 9-12). The morphology of the treated MOSB
shows a porous complex fiber matrix with no particular shape, a situation observed by
other studies such as Araujo et al. (2010) and Bagheri et al. (2020). After treatment, the
phosphate-modified MOSB revealed micropores and irregular trough-like patterns
displaying interstices in the structure that facilitate the biosorption processes. This gives

the material adequate morphological characteristics for retaining the EDCs.
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Figure 4.8 (b): SEM images for treated MOSB.

The major elemental composition of the synthesized materials (atomic %) was analyzed

by EDS (Figure 4.9 a & b). The EDS analysis of untreated MOSB showed 72.5% carbon
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and 22.5% oxygen. After the treatment of MOSB, 70.1% of the biomass was found to be

carbon while 29.8% was oxygen. The major elemental composition is characteristic of

carbonaceous materials. The percentage of oxygen is enhanced in the treated MOSB due

to modification by weak HzPO4 which introduced more oxygen.
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Figure 4.9 (a): EDS for untreated MOSB.

Y]

s _5@0-@_031

Sem_BED-C_021

—— °() MM

Sigra| BED-C

Landing Voltage S0 kY
WD96mm
Magnifiztionx140

Wacuum Mode Highvacuum

T _006
1500 —|CKa S
o ]
c
8 o
O 1,000 —
> 5
= A
c
2 -~
g "
500 —10Ka l
0 — T lL T T I L) T T I T T T [ T T T I
0 5 10 15 20
Energy [keV]
[ Items Value Display name Standard data Quantification method Result Type
measurement conditions Spc_006 ] Standardless lZAF I Metal
Acceleration voltage 5.00 kV -
FiProbseurent i Element Line Mass% Atom %
| Magprification % 140 G K 70.17+£0.35 75.80+0.37
Process time T3 Q K 29.83+0.54 24.20+0.44
Measurement detector | First Total 100.00 100.00
Live time 30.00 seconds Spc_006 Fitting ratio 0.0736
Real time 30,16 seconds o i
Dead time 1.00%
Count rate 642.00 CPS

125

Figure 4.9 (b): EDS for treated MOSB.




4.2.1.3 Fourier Transform Infra-Red (FT-IR) spectroscopic analysis

The FT-IR technique was used to study the main functional groups present in MOSB.
Figure 4.10 (a) and (b) show the FT-IR spectra for untreated and treated MOSB
respectively. Figure 4.10 (c) displays combined spectra for both untreated and treated
MOSB. A general observation from the spectra showed a broad band centered at 3,288
cmt assigned to O-H stretching. This functional group is a major bond in proteins, fatty
acids, carbohydrates, phenolics, silanols (SiOH), and lignin units present in M.O seeds.
Due to the high content of protein present in seeds, there may have also been a contribution
in this region from the N-H stretching of amide groups. The peak at 2,916 cm™ was
assigned to the asymmetrical stretching of the C-H of the CH> group which indicated the
presence of methylcellulose. The peak at 2,849 cm™ was due to the symmetrical stretching
of the C—H bond of the CH3 group. In the region between 1800 and 1600 cm, there were
intense bands assigned to C=0 bond stretching and C=C of the aromatic bonds. The
carbonyl group is present in the fatty acid and protein structures and thus the band at 1,708
cm™ could be associated with the asymmetrical C=0 stretching of the carboxyl found in
fatty acids. The band at 1,649 cm™ could be attributed to the amide group in the protein.
The presence of a peak at 1,541 cm™ could be assigned to C-N stretching and/or N-H
deformation. The presence of this band confirmed the protein structure in MOSB. The
peak at 1,460 cm™ could have been due to the C-O of carboxylic acids while the peak at
1,238 cm™ referred to the C-O stretching of carboxylic acids (Araujo et al., 2018). After
treatment, there was not much shifting of the functional groups nor the creation of new
peaks. The intensities of the bands were however enhanced for example the O-H band

may have been slightly enhanced by phosphoric acid hydrolysis.
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Figure 4.10 (a): FT-IR spectra for untreated MOSB.
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Figure 4.10 (b): FT-IR spectra for treated MOSB.
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Figure 4.10 (c): FT-IR spectra for combined untreated and treated MOSB.

After biosorption of both PGT and LNR (Figure 4.11 a & b), the functional groups -OH
(3288 cm™), the C-H of CH2 (2649 cm't), the C—H bond of the CH3 group (2916 cm™) the
C=0 bond and the C=C (between 1800-1600 cm™), the C-N stretching and/or N-H (541
cm™) and the C-O of carboxylic acids (1460 cm™) were greatly affected. This change
could be related to the stretching of COO™ bonds present in the heterocyclic rings of both
PGT and LNR and part of the N-H deformation of secondary amine groups present in
LNR. This implied that these are the groups involved in the biosorption of both PGT and

LNR.
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Figure 4.11 (a): FT-IR spectra for MOSB with PGT.
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Figure 4.11 (b): FT-IR spectra for MOSB with LNR.

4.2.2 PGT adsorption experiments

4.2.2.1 Central composite design (CCD) and data analysis for PGT biosorption

The adsorption of PGT to MOSB was run based on the experimental design plan and the
results are represented in Table 4.12. The calibration curves and the chromatograms used

for quantification are displayed in Appendix 13.

130



Table 4.12: PGT Results obtained from the experimental design matrix

Run Factor A: Time  Factor B: Temp.  Factor Factor D: Factor E: Response 1. Response 2. Response 3:
(Mins) (K) C: pH Adsorbate (ppb) Adsorbent (g) Concentration Percentage  Amount
adsorbed (pg L) removal (R) adsorbed
(qe) ug g
1 180 298 2 20 0.1 17.2 85.8 4.3
2 10 298 2 20 0.1 16.4 82.0 4.1
3 10 298 2 500 0.1 441.6 88.3 110.4
4 95 318 6 260 0.55 233.1 89.7 10.6
5 180 298 10 500 1.0 445.6 89.1 11.1
6 180 298 10 20 0.1 17.3 86.4 4.3
7 180 338 10 20 0.1 14.2 71.0 3.5
8 10 338 10 20 1.0 16.7 83.5 0.4
9 10 338 10 500 1.0 4457 89.1 11.1
10 95 318 6 260 0.55 2314 89.0 10.5
11 180 338 10 20 1.0 17.8 89.1 0.4
12 95 298 6 260 0.55 240.7 92.6 10.9
13 180 338 2 500 1.0 445.1 89.0 11.1
14 10 298 10 20 1.0 16.5 82.5 0.4
15 95 318 2 260 0.55 232.0 89.2 10.5
16 10 338 2 500 0.1 423.3 84.7 105.8
17 95 318 260 0.1 226.1 87.0 56.5
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Run Factor A: Time  Factor B: Temp.  Factor Factor D: Factor E: Response 1: Response 2:  Response 3:
(Mins) (K) C: pH Adsorbate (ppb) Adsorbent (g) Concentration Percentage = Amount
adsorbed (ug L) removal (R) adsorbed
(qe) ug g
18 10 318 6 260 0.55 218.3 84.0 9.9
19 95 318 6 20 0.55 17.7 88.7 0.8
20 95 318 6 260 0.55 229.6 88.3 10.4
21 180 338 2 20 0.1 14.5 72.5 3.6
22 95 318 10 260 0.55 232.0 89.2 10.5
23 10 338 10 500 0.1 424.9 85.0 106.2
24 180 338 10 500 0.1 383.1 76.6 95.8
25 10 338 2 20 0.1 14.9 74.5 3.7
26 95 338 6 260 0.55 230.3 88.6 10.5
27 10 298 2 500 1.0 413.1 82.6 10.3
28 180 338 2 20 1.0 17.2 86.0 0.4
29 10 338 2 500 1.0 435.7 87.1 10.9
30 10 298 10 500 0.1 437.8 87.6 109.5
31 180 318 6 260 0.55 216.3 83.2 9.8
32 180 298 2 20 1.0 17.8 89.1 0.4
33 10 338 10 20 0.1 14.2 71.0 3.5
34 10 338 2 20 1.0 16.0 80.0 0.4
35 95 318 6 260 1.0 235.0 90.4 5.9
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Run Factor A: Time  Factor B: Temp.  Factor Factor D: Factor E: Response 1: Response 2:  Response 3:

(Mins) (K) C: pH Adsorbate (ppb) Adsorbent (g) Concentration Percentage = Amount
adsorbed (ug L) removal (R) adsorbed
(qe) ug g

36 10 298 10 20 0.1 16.0 80.0 4.0

37 180 298 10 20 1.0 18.0 90.0 0.5

38 95 318 6 260 0.55 226.4 87.1 10.3

39 180 338 2 500 0.1 386.2 77.2 96.5

40 180 338 10 500 1.0 442.6 88.5 11.1

41 180 298 2 500 0.1 442.8 88.6 110.7

42 95 318 6 260 0.55 235.1 90.4 10.7

43 95 318 6 260 0.55 232.7 89.5 10.6

44 95 318 6 260 0.55 228.0 87.7 10.4

45 10 298 10 500 1.0 416.3 83.3 10.4

46 180 298 10 500 0.1 4415 88.3 110.4

47 10 298 2 20 1.0 15.5 77.5 0.4

48 95 318 6 260 0.55 232.0 89.2 10.5

49 180 298 2 500 1.0 445.3 89.1 11.1

50 95 318 6 500 0.55 449.5 89.9 20.4
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The percentage removal depicting adsorption efficiency of MOSB for the abstraction of
PGT from aqueous solutions depends on whether there is significant variation in the
combination of the process parameters. The proposed model for PGT biosorption to
MOSB was quadratic and ANOVA was used to determine the significant variation of the

model terms and consequently the adequacy of the proposed model (Table 4.13).

Table 4.13: ANOVA for PGT’s quadratic model

Source Sum of Squares df Mean Square F-value p-value
Model 1364.22 20 68.21 43.18 <0.0001 significant
A-Time 39.94 1 39.94 25.28 <0.0001
';B'émperature 140.45 1 140.45 88.91 <0.0001
C-pH 1.42 1 1.42 0.90 0.35
D-Adsorbate 163.05 1 163.05 103.21 <0.0001
E-Adsorbent 186.32 1 186.32 117.94 <0.0001
AB 70.25 1 70.25 4447 <0.0001
AC 0.36 1 0.36 0.23 0.64
AD 50.26 1 50.26 31.81 <0.0001
AE 80.99 1 80.99 51.27 <0.0001
BC 0.06 1 0.06 0.037 0.85
BD 21.38 1 21.38 13.53 0.0010
BE 218.87 1 218.87 138.54 < 0.0001
CD 0.86 1 0.86 0.55 0.47
CE 15.78 1 15.78 9.99 0.004
DE 33.78 1 33.78 21.38 <0.0001
A? 83.11 1 83.11 52.61 <0.0001
B2 3.57 1 3.57 2.26 0.14

C? 0.05 1 0.05 0.03 0.86

D2 0.01 1 0.01 0.01 0.93

E2 1.19 1 1.19 0.75 0.39
Residual 45.81 29 1.58
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Source Sum of Squares df Mean Square F-value p-value

Lack of Fit  37.33 22 1.70 140 034 O
significant

Pure Error 8.48 7 1.21

Cor Total 1410.04 49

The Model F-value of 43.18 implied that the model was significant. There was only a
0.01% chance that an F-value this large could occur due to noise. P-values less than 0.05
indicate that the model terms are significant while values greater than 0.10 indicate the
model terms are not significant. The linear effects of A (time), B (temperature), D
(adsorbate concentration), and E (adsorbent dosage), the interactive effects of AB, AD,
AE, BD, BE, CE, and DE, and the quadratic effects of A2 were significant model terms.
C (pH), AC, BC, CD, B?, C?, D? and E? had no significant effect on the biosorption
process of PGT. The F-value of 1.40 suggests that the lack of fit was not statistically
significant compared to the pure error. There was a 33.90% probability that a lack of fit
F-value of this magnitude could occur due to noise. When there is a non-significant lack
of fit, the model fits. Model reduction was performed to enhance the model because of a

few insignificant model terms. Table 4.14 displays the reduced quadratic model.

Table 4.14: ANOVA for Reduced Quadratic model

Source Sum of Squares df Mean Square F-value p-value
Model 1358.90 13 104.53 73.59 < 0.0001 significant
A-Time 39.94 1 39.94 28.12 <0.0001
B-
140.45 1 140.45 98.88 < 0.0001
Temperature
C-pH 1.42 1 142 1.00 0.32
D-Adsorbate 163.05 1 163.05 114.79 < 0.0001
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Source Sum of Squares df Mean Square F-value p-value

E-Adsorbent 186.32 1 186.32 131.18 < 0.0001

AB 70.25 1 70.25 49.46 <0.0001

AD 50.26 1 50.26 35.38 < 0.0001

AE 80.99 1 80.99 57.02 <0.0001

BD 21.38 1 21.38 15.05 0.0004

BE 218.87 1 218.87 154.09 <0.0001

CE 15.78 1 15.78 11.11  0.0020

DE 33.78 1 33.78 23.78 < 0.0001

A2 336.42 1 336.42 236.86 < 0.0001

Residual 51.13 36 1.42

Lack of Fit  42.65 29 1.47 1.21 0.42 not
significant

Pure Error  8.48 7 121

Cor Total 1410.04 49

The model F-value of 73.59 was large enough implying that the model was significant.
There was only a 0.01% chance that an F-value this large could occur due to noise. In this
case, A, B, D, E, AB, AD, AE, BD, BE, CE, DE, and A2 were significant model terms.
The parameter coded C (pH) was not significant implying that PGT removal was
unaffected by varying pH. This is because PGT is not dissociated under varying pH values,
a scenario observed by Moulahcene et al. (2015) and Banasiak and Schéfer (2010). This
therefore implied that electrostatic interactions did not contribute significantly to a higher
retention of PGT or their effect was neglected. The lack of fit F-value of 1.21 implied that
the lack of fit was not significant relative to the pure error. There was a 42.43% chance

that a lack of fit F-value this large could occur due to noise. Non-significant lack of fit is
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good since it implies that the reduced quadratic model fits. The fit statistics gave the
coefficient of determination (R?) as 0.96 which was good enough. The predicted R2 of
0.9275 was in reasonable agreement with the adjusted R? of 0.9506; i.e., the difference
was less than 0.2. This reduced quadratic model can be used to navigate the design space
and the empirical relationship between adsorption efficiency (R) and the five process

variables is given in Equation 4.1.

R=89.15+1.08*A+-203*B+0.20*C+220*D+234*E+-1.50* AB + -1.25
* AD + 1.59 * AE + 0.82 * BD + 2.62 * BE + 0.70 * CE + -1.03 * DE + -5.56 * A2

(Equation 4. 1)

where A-E are the coded values for the independent variables, and R is the percentage
removal indicating adsorption efficiency. Coefficients featuring a single factor
demonstrate the influence of that specific component, whereas coefficients containing
multiple variables describe the interaction of those variables. Synergistic effects are
indicated by a positive sign before the terms, and antagonistic effects are indicated by a
negative sign (Ani etal., 2019). For specific levels of each coded factor, Equation 4.1 can
be applied in computing the response. The high values of the factors are coded as +1,
while the low levels are coded as -1. By comparing the factor coefficients, Equation 4.1
can be used to determine the significance of the process variables. Figure 4.12, of actual
experimental values versus predicted values, displays a reasonable distribution along a

straight line implying a good relationship.
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Figure 4.12: Predicted values versus actual experimental values for PGT

biosorption.

Diagnostic plots further indicating the fitness of the model by correlating the experimental
and predicted values of adsorption of PGT to MOSB are shown in Figure 4.13 (a-d).
Figure 4.13 (a) displays a straight line when the normal percentage probability was
plotted against internally studentized residuals demonstrating that the error terms were
normally distributed. This confirmed the goodness of fit of the model predictions. In
Figure 4.13 (b), the random scatter along a center line of the residuals of the predicted
values of PGT biosorption illustrated that the observed and predicted values were in
agreement, and this was corroborated by Figure 4.13 (c) showing a distribution along a
center line in the residuals of the run. The Box-Cox plot (Figure 4.13 (d)) for power

transform did not recommend any data transformation. Cook's distance (Figure 4.13 (e))
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is considered high if it is greater than 0.5 and extreme if it is greater than 1. The values in

the biosorption of PGT were much less and thus satisfactory.
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Figure 4.13 (a): Normal plot of residuals for PGT biosorption.
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Figure 4.13 (b): Residual versus predicted during PGT biosorption.
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Figure 4.13 (c): Residuals versus run for PGT biosorption.
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Figure 4.13 (d): Box Co plot for power transforms for PGT biosorption.
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Figure 4.13 (e): Cooks distance for PGT biosorption.

4.2.2.2 Model Graphs for all factor interactions

Figure 4.14 (a) displays all factor perturbation around a reference point of contact time-
95 min, temperature-318 K, adsorbate concentration of 260 ug L, pH-6, and 0.55 g of
biosorbent. Figures 4.14 (b-f) show the influence of the independent variables on the
biosorption process, taking into consideration all the factor interactions. The dotted lines
represent the 95% confidence band on the mean prediction. As contact time was varied
from 10-180 min, there was a faster initial increase reaching a peak before a decrease in
percentage removal (Figure 4.14 (b)). As the temperature varied from 298 to 338 K, the
removal efficiency decreased (Figure 4.14 (c)). Figure 4.14 (d) corroborates the ANOVA
tests displaying PGT removal being unaffected by pH and the percentage removal
remaining practically constant. Figure 4.14 (e) illustrates that as the concentration of the

adsorbates increased, the percentage removed increased and so did the amount adsorbed.
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As the amount of MOSB was increased from 0.1 to 1 g, the amount adsorbed increased as
well from 87.3% to 90.4% (Figure 4.14(f)). This corresponds to the rising vacant pores
(Aly-Eldeen et al., 2018). When the adsorbent-to-adsorbate concentration ratio is larger,
there is swift surface sorption onto the adsorbent, resulting in a lower adsorbate
concentration in the solution than when the adsorbent-to-adsorbate concentration ratio is
smaller. This is because a specific amount of adsorbent with a fixed number of available
binding sites can only adsorb a particular quantity of PGT. Consequently, the higher the

adsorbent dose, the greater the concentration of PGT purified by a certain amount of

MOSB.
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Figure 4.14 (a): Perturbation graph displaying all factor interactions during

biosorption of PGT to MOSB.

142



95 —

80 —

Percentage removal (%)

75 —

70 —

\ \ \ \ \ \
10.0 44.0 78.0 112.0 146.0 180.0

A: Time (Minutes)

Figure 4.14 (b): Effect of time on percent removal of PGT using MOSB.
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Figure 4.14 (c): Effect of temperature on percent removal of PGT using MOSB.
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Figure 4.14 (e): Effect of adsorbate concentration on percent removal of PGT

using MOSB.

144



95 —

80 —

Percentage removal (%)

75—

70

\ \ \ \ \
0.1 0.3 0.6 0.8 1.0

E: Adsorbent (g)

Figure 4.14 (f): Effect of adsorbent dosage on percent removal of PGT using

MOSB.

4.2.2.3 Three-dimensional surface plots for the adsorption of PGT onto MOSB

To estimate the impact of the various interactions of independent factors on adsorption
efficiency, three-dimensional (3-D) response surface plots were generated. The plots are
shown in Figures 4.15 (ai-gi). The contour plots further give a visual representation of
the observations. The regions given in red color display optimum efficiency. From
Figures 4.15 (ai & aii), adsorption efficiency was affected by both contact time and
temperature. Closer to room temperature (298 K) was preferable while removal efficiency
was observed between 74 min and 163 min and thereafter there was a decrease depicting

a possibility of desorption. This therefore implied that room temperature was more
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efficient during PGT abstraction making it appropriate during real-life application. The
same range of contact time and increased amount of adsorbate and adsorbent improved
the adsorption efficiency (Figures 4.15 bi, bii, ci &cii). Further, closer to room
temperature, increased initial PGT concentration (adsorbate) and adsorbent dosage
improved the percentage removal (Figures 4.15 di, dii, ei & eii). In addition, at higher
values of initial PGT concentration (adsorbate) and adsorbent, the collective effect was
greater (Figures 4.15 fi &fii). This was due to increased PGT molecules and a further
spike in the number of available vacant sites of the biosorbent when the right contact time
and temperature were applied. The pH influence remained relatively constant even as the
adsorbent dosage increased the efficiency (Figures 4.15 gi & gii). This further
corroborates the insignificance of pH in PGT removal and further details pertaining to the

mechanism of the biosorption process have been given in section 4.2.2.8.
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Figure 4.15 (ai): 3-D surface plot displaying the effect of time and temperature

on percent removal of PGT using MOSB.
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Figure 4.15 (aii): 2-D contour plot displaying the effect of time and temperature

on percent removal of PGT using MOSB.
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Figure 4.15 (bi): 3-D surface plot displaying the effect of time and adsorbate

concentration on percent removal of PGT using MOSB.
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Figure 4.15 (bii): 2-D contour plot displaying the effect of time and adsorbate

concentration on percent removal of PGT using MOSB.
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Figure 4.15 (ci): 3-D surface plot displaying the effect of time and adsorbent

dosage on percent removal of PGT using MOSB.
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Figure 4.15 (cii): 2-D contour plot displaying the effect of time and adsorbent

dosage on percent removal of PGT using MOSB.
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Figure 4.15 (di): 3-D surface plot displaying the effect of temperature and

adsorbate concentration on percent removal of PGT using MOSB.
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Figure 4.15 (dii): 2-D contour plot displaying the effect of temperature and

adsorbate concentration on percent removal of PGT using MOSB.
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Figure 4.15 (ei): 3-D surface plot displaying the effect of temperature and

adsorbent dosage on percent removal of PGT using MOSB.
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Figure 4.15 (eii): 2-D contour plot displaying the effect of temperature and

adsorbent dosage on percent removal of PGT using MOSB.
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Figure 4.15 (fi): 3-D surface plot displaying the effect of pH and adsorbent

dosage on percent removal of PGT using MOSB.

Percentage removal (%)

10

08

C
<
[}
o
S 06
w
k=]
<
i
0.3 —
ot T ° \
2 4 6 8 1C
C:pH

Figure 4.15 (fii): 2-D contour plot displaying the effect of pH and adsorbent

dosage on percent removal of PGT using MOSB.
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Figure 4.15 (gi): 3-D surface plot displaying the effect of adsorbate concentration

and adsorbent dosage on percent removal of PGT using MOSB.
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Figure 4.15 (gii): 2-D contour plot displaying the effect of adsorbate

concentration and adsorbent dosage on percent removal of PGT using MOSB.
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4.2.2.4 Optimization of PGT biosorption process

In the optimization analysis, the dependent variables, percentage removal and amount
adsorbed (ge), were set at maximum. For the independent factors, the temperature was
minimized to depict experiments carried out at room temperature, and the pH was targeted
at 7 to depict near-natural conditions of wastewater treatment; the adsorbent was
minimized to ease disposal after use; the adsorbate was maximized while the contact time
was left in range. The goal was to find the best settings that would result in the best
response. Therefore, by applying the desirability function, the optimum response in terms
of percentage removal was found to be 93.71% and 108.97 pg g* amount adsorbed at a
contact time of 86.8 min, pH of 7.0, a temperature of 298 K, adsorbent dosage of 0.1 g
and a desirability function of 0.995 (Figure 4.16). This confirms the validity of the
proposed quadratic model and reliability in predicting the response (R). Acid-activated
MOSB has been demonstrated to be an inexpensive alternative adsorbent capable of
abstracting PGT from aqueous media. Its log Kow of 3.9, as outlined in section 4.1.3,

made it have a high sorption potential therefore increasing its adsorbility to MOSB.
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Figure 4.16: Ramps displaying the optimized parameters of PGT biosorption.

4.2.2.5 PGT adsorption isotherm studies

Higher adsorbate concentrations resulted in the rise of both the percentage removed and
the amount adsorbed. This implied that more molecules of the adsorbate were being taken
up by the vacant pores of the biosorbent. This is because increased concentration levels
offer an intense impetus of the concentration gradient, which aids in overcoming the mass
transfer resistance of the PGT molecules between the liquid and solid phases (Aly-Eldeen
et al., 2018; Bayuo et al., 2020). The non-linearized isotherms are represented in Figure

4.17 and Table 4.15 highlights the adsorption isotherm parameters.
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Figure 4.17: Non-linearized isotherms depicting PGT biosorption to MOSB.

The Langmuir model was able to adequately describe the experimental sorption data as
depicted by the R? and the chi-square values (Table 4.14) thus implying a monolayer
adsorption process; however, other adsorption surfaces were also available and
contributed to the adsorption process, hence, the description by Sips model which
combines both Langmuir and Freundlich models (Bagheri et al., 2020). This was in
agreement with the Redlich-Peterson isotherm model whose g value was unity implying
a leaning towards the Langmuir isotherm model. This was further corroborated by the Sips
model where when the Bsvalue is closest to unity (0.950), it implies a monolayer type of
adsorption thus corresponding to the Langmuir equation (Shikuku & Jemutai-Kimosop,

2020). The sips model closely followed the Langmuir model predicting a maximum
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adsorption capacity of 139.9 ug g. Overall, based on the chi-square values (Table 4.15),
the equilibrium data were described by the isotherms in the order Langmuir > Sips >
Redlich-Peterson >Freundlich. All the isotherms gave an R? > 0.94 thus implying that the

biosorption was multi-mechanistic.

Table 4.15: Adsorption isotherm parameters

Isotherm Langmuir Freundlich Redlich- Sips
Peterson

Parameters Qmax=135.84 1/n=0.39 A =574 as= 0.05

KL= 0.042 Kr=18.03 B=0.04 gms = 139.94

g=1 Bs =0.95

Coefficient  of 0.995 0.942 0.995 0.995

determination

(R?)

Chi-square (2 7.71 75.04 8.48 8.09

From the Freundlich parameters, according to Treybal (1981), the magnitude of n
demonstrates the favorability of the biosorption process. He notes that n values in the
range 2-10 represent favorable, 1-2 moderately unfavorable, and less than 1 a poor
adsorptive potential. In this study, the magnitude of n (2.54) illustrated a favorable
adsorption process. Furthermore, 1/n indicates the strength of the adsorbate-adsorbent
bonds. A value less than 1 indicates weak adsorbate-adsorbent forces corresponding to
physisorption. The value obtained in this study (0.394) therefore implied that the process

was physisorption and the interactions were weak (Shikuku & Jemutai-Kimosop, 2020).

Giles et al. (1974) subdivided isotherms for the adsorption of organic solutes into four
main groups depending on their shapes: L, S, H, and C, and thereafter into subgroups.

Based on this classification, the isotherm of PGT biosorption displayed an L-type curve,
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subgroup 2c (Figure 4.17). In L-type curves, also called type 1 or normal curves, the L
stands for Langmuir which in essence is consistent with data in this study fitting more into
the Langmuir model. In such curves (Figure 4.17), the slope steadily falls with a rise in
adsorbate concentration because no more vacant sites are available. The subgroup (2c) is

majorly displayed by a microporous substrate, further confirming the porosity of MOSB.

4.2.2.6 Kinetic studies of PGT biosorption

There was a faster initial uptake reaching a peak before a decrease in percentage removal.
PGT's initial rapid biosorption was facilitated by the abundance of vacant binding sites as
confirmed by the initial adsorption rate (Srae) and the half-life (ti2). There was no
discernible change in the amount in the solid phase depicting achieved equilibrium as time
passed. The equilibrium changed towards desorption as a result of saturation of the
binding sites, repulsion between adsorbed PGT and those in bulk solution, and
inaccessibility of the active inner pore sites. Figure 4.18 represents the comparative fitting

of the experimental data to the kinetic models.

The model’s suitability to represent reaction kinetics was determined based on the
proximity between experimental (qexp) and model-predicted (qcar) equilibrium adsorption
capacities and the R? and y? values. The calculated kinetic models’ parameters are

presented in Table 4.16.

Based on the R?and y?, and the closeness between the experimental (gexp) and the model-
predicted (qcal) equilibrium adsorption capacities, both the PFO and PSO model forecasted
the adsorption kinetics comparatively well but PFO gave the best fit. The PFO model

assumes a physisorption-governed rate-determining step.
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Figure 4.18: Kinetic model graphs for PGT biosorption to MOSB.

Table 4.16: Calculated kinetic parameters

Kinetic model PFO

PSO

Parameters de (cal) (ug g 1) = 111.15
ki (min) =0.22
e (expt)(ng g4) = 111.1

Srate (g g min™) 24.12
tz (Min?) 319

R? 0.999
v 1.399

ge (cal) (Mg g*) = 111.29
k2 (min't) = 0.05

ge (expt) (Mg g) = 111.1
631.65

0.18

0.999

1.554
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4.2.2.7 PGT biosorption thermodynamics

Figure 4.19 displays the Vant Hoff plot while Table 4.17 depicts the thermodynamic

parameters for PGT adsorption onto MOSB.

Equation Vant Hoff Plot
Weight No Weighting
Residual Sum of 0.0051

Pearson's r 0.97976
90 = Adj. R-Square 0.94658
Value Standard Error

Intercept 5.31154 0.41428
Slope 1113.55198 131.34909

InKc

8.8

8.6

T T T T 1
0.0030 0.0032 0.0034
uT

Figure 4.19: Vant Hoff plot for the biosorption of PGT to MOSB.

Table 4.17: Thermodynamic parameters for PGT adsorption onto MOSB

Compound Temp. (K) % removal AG AH AS
(kJ mol™®) (kImol?) (I mol™)
PGT 298 89.8 -22.5 -9.3 +44.2
308 88.0 -22.8
318 86.6 -23.2
328 85.6 -23.7
338 85.0 -24.3
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From Table 4.17, there was a reduction in the percent removal of PGT with every increase
in temperature implying an exothermic process. From the test statistics, however, the
difference was slightly insignificant (p > 0.05). The negative AH value (-9.3 kJ mol™?)
confirmed exothermicity. The decline in removal with increased temperature is caused by
greater water solubility at elevated temperatures by most adsorbates, adsorbate's reduced
attraction for the adsorbent surface (Jemutai-Kimosop et al., 2020), and the exothermicity
of the reaction which makes it less favorable with increased temperature. The biosorption
of PGT to MOSB can thus be carried out at room temperature thus suiting utilization in
real wastewater treatment systems. The AH value (-9.3 kJ mol™), far below the standard
40-120 kJ mol? for the chemisorption mechanism, indicates that the adsorption
mechanism of PGT onto MOSB was physical with no exchange in electrons, thus
consistent with the PFO model. Since AG <0 and AS > 0 indicate spontaneity, the negative
AG values and positive AS value implied that the adsorption of PGT onto MOSB was a
spontaneous and favorable process. The physical adsorption mechanism suggested
previously was supported by the comparatively small magnitudes of AG values. Further
confirming exothermicity, the magnitude of AG increased with an increase in temperature
thus becoming less favorable. The enhanced disorderliness and affinity of the adsorbent
for the adsorbate at the liquid-solid interface has been demonstrated by the positive AS

value (Luttah et al., 2023).

4.2.2.8 Effect of pH during PGT biosorption

The percent removal (R) as a function of pH is depicted in Figure 4.20. PGT biosorption
was practically unaffected by pH variation with percent removal ranging between 89.8%

to 90.1% in the pH range (2-12). The surface charge of the adsorbent (pHzpc) (Figure
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4.21) was 6.8 (neutral) and the surface charge of the adsorbent was predicted to be positive
below this number and negatively charged above it. 44% of M.O seeds are proteins of
which 53% are globulins and 44% are albumins. These water-soluble proteins in M.O
have a net positive charge (Militao et al., 2022). However, during modification with
H3POa, negatively charged phosphates (HP-O") from dissociated HsPOjs interacted with
the positively charged MOSB resulting in a neutral species (Bagheri et al., 2020) thus
confirming the neutrality of the adsorbent surface. Focusing on PGT, it is characterized
by two pKa values; pKay at -4.8 and pKay at 18.9. Therefore, in the pH range of 2-12 of
the study, PGT existed entirely as a neutral species implying that PGT was undissociated
under varying pH conditions. As a result, electrostatic attractions were deemed negligible
and consequently ruled out as an adsorption mechanism since both the adsorbent and
adsorbate were neutral species unaffected by changes in pH. This is supported by similar
observations by Moulahcene et al. (2015) as well as the independence of the % removal
from solution pH. The mechanism of adsorption could be attributed to n-n interactions
due to the presence of oxygen-containing functional groups such as carbonyl in the
adsorbate interacting with aromatic rings (x electron receptors) found in the carbonaceous
biomass compounds, such as cellulose hemicellulose, and lignin (Araujo et al., 2018).
Furthermore, its log Kow of 3.9 and a water solubility of 8.8 mg L at 25 °C made it
hydrophobic. Consequently, the interaction between the PGT’s hydrophobic chain with
the hydrophobic regions of the seed powder proteins contributed to the removal

mechanism (Figure 4.22).
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Figure 4.20: Percent removal of PGT by MOSB as a function of pH.
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Figure 4.21: Point of zero charge for MOSB.
163



Figure 4.22: Mechanism of PGT biosorption to MOSB (HP-O" are the negatively
charged phosphates while the + charges indicate the net positive caused by the

water-soluble proteins in M.O).

4.2.3 LNR adsorption results

4.2.3.1 Central composite design (CCD) and data analysis for LNR biosorption

The design plan and results for LNR biosorption are shown in Table 4.18. The calibration

curves and the chromatograms used for quantification are displayed in Appendix 14.
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Table 4.18: LNR results obtained from the experimental design matrix

Factor Factor Factor  Factor Factor Response 1 Response 2 Response 3
. Concentration Percent Amount
Run A:Time B: Temperature C:pH D: Adsorbate E: Adsorbent adsorbed
adsorbed removal (ce)
(Mins)  (K) (ppb) (9) (ppb) % ug/g
1 180 298 2 20 0.1 17.2 86.1 4.3
2 10 298 2 20 0.1 14.9 74.4 3.7
3 10 298 2 500 0.1 389.1 77.8 97.3
4 95 318 6 260 0.55 238.6 91.8 10.8
5 180 298 10 500 1.0 456.6 91.3 11.4
6 180 298 10 20 0.1 17.4 87.2 4.4
7 180 338 10 20 0.1 15.5 77.4 3.9
8 10 338 10 20 1.0 13.7 68.5 0.3
9 10 338 10 500 1.0 379.3 75.9 9.5
10 95 318 6 260 0.55 237.1 91.2 10.8
11 180 338 10 20 1.0 18.1 90.5 0.5
12 95 298 6 260 0.55 238.6 91.8 10.8
13 180 338 2 500 1.0 446.7 89.3 11.2
14 10 298 10 20 1.0 13.9 69.4 0.3
15 95 318 2 260 0.55 234.5 90.2 10.7
16 10 338 2 500 0.1 393.9 78.8 98.5
17 95 318 6 260 0.1 238.6 91.8 59.6
18 10 318 6 260 0.55 210.3 80.9 9.6
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Factor Factor Factor  Factor Factor Response 1 Response 2~ Response 3
. Concentration Percent Amount
Run A:Time B: Temperature C:pH D: Adsorbate E: Adsorbent adsorbed
adsorbed removal (ce)
(Mins)  (K) (ppb) (9) (ppb) % ug/g
19 95 318 6 20 0.55 17.3 86.6 0.8
20 95 318 6 260 0.55 219.7 84.5 10.0
21 180 338 2 20 0.1 16.3 81.5 4.1
22 95 318 10 260 0.55 232.1 89.3 10.6
23 10 338 10 500 0.1 337.3 67.5 84.3
24 180 338 10 500 0.1 391.8 78.4 98.0
25 10 338 2 20 0.1 11.7 58.3 2.9
26 95 338 6 260 0.55 232.2 89.3 10.6
27 10 298 2 500 1.0 425.8 85.2 10.6
28 180 338 2 20 1.0 18.1 90.5 0.5
29 10 338 2 500 1.0 369.7 73.9 9.2
30 10 298 10 500 0.1 417.7 83.5 104.4
31 180 318 6 260 0.55 234.0 90.0 10.6
32 180 298 2 20 1.0 18.1 90.5 0.5
33 10 338 10 20 0.1 12.6 63.0 3.1
34 10 338 2 20 1.0 12.8 64.0 0.3
35 95 318 6 260 1.0 235.1 90.4 5.9
36 10 298 10 20 0.1 15.4 76.8 3.8
37 180 298 10 20 1.0 17.2 85.8 0.4
38 95 318 6 260 0.55 237.2 91.2 10.8
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Factor Factor Factor  Factor Factor Response 1 Response 2~ Response 3
. Concentration Percent Amount
Run A:Time B: Temperature C:pH D: Adsorbate E: Adsorbent adsorbed
adsorbed removal (ce)
(Mins)  (K) (ppb) (9) (ppb) % ug/g
39 180 338 2 500 0.1 454.7 90.9 113.7
40 180 338 10 500 1.0 454.5 90.9 11.4
41 180 298 2 500 0.1 440.9 88.2 110.2
42 95 318 6 260 0.55 222.1 85.4 10.1
43 95 318 6 260 0.55 232.9 89.6 10.6
44 95 318 6 260 0.55 236.0 90.8 10.7
45 10 298 10 500 1.0 395.9 79.2 9.9
46 180 298 10 500 0.1 452.9 90.6 113.2
47 10 298 2 20 1.0 14.1 70.3 0.4
48 95 318 6 260 0.55 228.7 88.0 10.4
49 180 298 2 500 1.0 458.8 91.8 11.5
50 95 318 6 500 0.55 456.8 91.4 20.8
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The proposed model for LNR biosorption to MOSB was quadratic and ANOVA was used
to determine the significant variation of the model terms and consequently the adequacy

of the proposed model (Table 4.19).

Table 4.19: ANOVA for LNR’s quadratic model

Source Sum of Squares df Mean Square F-value p-value
Model 3609.54 20 180.48 15.30 < 0.0001 significant
A-Time 1746.91 1 1746.91 148.10 < 0.0001
B-Temperature 244.98 1 24498 20.77 <0.0001
C-pH 7.96 1 7.96 0.68 0.42
D-Adsorbate  315.95 1 315.95 26.79 < 0.0001
E-Adsorbent  60.15 1 60.15 5.10 0.032
AB 62.73 1 62.73 5.32 0.03
AC 9.80 1 9.80 0.8307 0.37
AD 95.60 1 95.60 8.11 0.01
AE 36.44 1 36.44 3.09 0.09

BC 6.99 1 6.99 0.5928 0.45

BD 0.75 1 0.75 0.0637 0.80

BE 75.09 1 75.09 6.37 0.02
CD 14.96 1 14.96 1.27 0.27

CE 1.84 1 184 0.16 0.67

DE 0.27 1 0.27 0.02 0.88

A2 79.41 1 79.41 6.73 0.02

B2 0.85 1 0.85 0.07 0.79

Cc2 4.78 1 4.78 041 0.53

D2 11.13 1 11.13 0.94 0.34

E2 0.002 1 0.002 0.0002 0.99
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Source Sum of Squares df Mean Square F-value p-value

Residual 342.07 29 11.80

Lack of Fit 287.05 22 13.05 1.66 0.25 not significant
Pure Error 55.02 7 7.86

Cor Total 3951.61 49

The Model F-value of 15.30 implied that the model was significant. There was only a
0.01% chance that an F-value this large could occur due to noise. P-values less than 0.05
indicate model terms are significant. In this case, A, B, D, E, AB, AD, BE, and A2 were
significant model terms. The lack of fit F-value of 1.66 implied that the lack of fit was not
significant relative to the pure error. There was a 25.25% chance that a lack of fit F-value
this large could occur due to noise. Non-significant lack of fit is good and therefore the
model fitted. Values greater than the p-value of 0.05 indicate the model terms are
insignificant. If there are many insignificant model terms (not counting those required to
support hierarchy), model reduction is recommended, and Table 4.20 displays the reduced

quadratic model.

Table 4.20: ANOVA for Reduced LNR’s Quadratic model

Source Sum of Squares df Mean Square F-value p-value

Model 3558.81 10 355.88 35.33 <0.0001 significant
A-Time 1746.91 1 1746.91 173.45 <0.0001
B-Temperature 244.98 1 24498 24.32 <0.0001
D-Adsorbate  315.95 1 315.95 31.37 <0.0001
E-Adsorbent  60.15 1 60.15 5.97 0.02

AB 62.73 1 6273 6.23 0.02

AD 95.60 1 95.60 9.49 0.004

AE 36.44 1 36.44 3.62 0.07

BE 75.09 1 75.09 7.46 0.01
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Source Sum of Squares df Mean Square F-value p-value

A? 156.64 1 156.64 15.55 0.0003

D2 33.17 1 33.17 3.29 0.08

Residual 392.80 39 10.07

Lack of Fit ~ 337.78 32 10.56 134 036 not
significant

Pure Error 55.02 7 7.86

Cor Total 3951.61 49

The model F-value of 35.33 implied that the model was significant. There was only a
0.01% chance that an F-value this large could occur due to noise. In this case, A, B, D, E,
AB, AD, BE, and A2 were significant model terms. The lack of fit F-value of 1.34 implied
that the lack of fit was not significant relative to the pure error. There was a 36.3% chance
that a lack of fit F-value this large could occur due to noise. Non-significant lack of fit
implied that the model fitted. From the fit statistics, the R? was 0.911. The predicted R2 of
0.825 was in reasonable agreement with the adjusted R2 of 0.875; i.e., the difference was
less than 0.2. This model can be used to navigate the design space. Equation 4.2 for the
reduced quadratic model can be used to make predictions about the response for given

levels of each factor.

R=8995+717*A+-268*B+305*D+133*E+140*AB+-1.73*AD +

1.07 * AE + 1.53 * BE + -6.57 * A2 + -3.02 * D"2 (Equation 4. 2)

Figure 4.23 (a), of actual experimental values versus predicted values, displays a
reasonable distribution along a straight line implying a good relationship. Diagnostic plots
further indicating the fitness of the model by correlating the experimental and predicted
values of adsorption of LNR to MOSB are shown in Figures 4.23 (b-f). Figure 4.23 (b)

displays a straight line when the normal percentage probability was plotted against
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externally studentized residuals demonstrating that the error terms were normally
distributed. This confirmed the goodness of fit of the model predictions. In Figure 4.23
(c), the random scatter along a center line of the residuals of the predicted values of LNR
biosorption illustrated that the observed and predicted values were in agreement and this
Is corroborated by Figure 4.23 (d) showing a distribution along a center line in the
residuals of the run. The Box-Cox plot (Figure 4.23 (e)) for power transform did not
recommend any data transformation. Cook's distance (Figure 4.23 (f)) is considered high
if it is greater than 0.5 and extreme if it is greater than 1. The values in the biosorption of

LNR were much less and thus satisfactory.
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Figure 4.23 (a): Normal plot of residuals for LNR biosorption.
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Figure 4.23 (b): Predicted versus actual during LNR biosorption.
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Figure 4.23 (c): Residuals versus predicted during LNR biosorption.
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Figure 4.23 (d): Predicted versus run during LNR biosorption.
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Figure 4.23 (e): Box-Cox plot for power transform for LNR biosorption.
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Figure 4.23 (f): Cooks distance for LNR biosorption.

4.2.3.2 Model Graphs for All Factor Interactions

Figure 4.24 (a) displays all factor perturbation around a reference point of contact time-
95 min, temperature-318 K, adsorbate concentration of 260 pg L, pH-6, and 0.55g of
biosorbent. Figures 4.24 (b-f) demonstrate how the independent variables affected the
biosorption process while accounting for all factor interactions. The percentage removal
increased more rapidly initially, peaking before it decreased as contact duration was
changed between 10 and 180 min (Figure 4.24 (b)). This could be attributed to initial free
binding sites before they were all occupied. The removal efficiency declined as the
temperature varied from 298 to 338 K, (Figure 4.24 (c)). This supports the use of MOSB
in room temperature conditions in real wastewater applications thus saving energy costs.
The results of the ANOVA tests are supported by Figure 4.24 (d) which displays a
minimal curvature implying that LNR abstraction was not impacted by pH implying that
neutral conditions are favourable. Further explanations on the effect of pH and the
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mechanism of biosorption are given in section 4.2.3.8. The percentage removed and
consequently, the amount adsorbed both rose as the concentration of the adsorbates
increased, as seen in Figure 4.24(e) due to more available molecules for biosorption. The
amount adsorbed went up from 87.3% to 90.4% when the quantity of MOSB was increased
from 0.1 to 1 g (Figure 4.24 (f)). This is consistent with the number of increasing sites of
adsorption (Aly-Eldeen et al., 2018). As the biomass to solute concentration ratio
increases, there is a very rapid exterior sorption onto the biosorbent surface consequently
reducing the adsorbate concentration in the solution. This is because a constant mass of
biomass can only adsorb a definite amount of LNR. Therefore, the more the adsorbent
dosage is, the bulkier the pollutant concentration that a fixed mass of MOSB can clean up.

However, this is limited to the number of vacant sites in the adsorbent.
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Figure 4.24 (a): Graph depicting all factor perturbation around a reference point

during the biosorption of LNR to MOSB.
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Figure 4.24 (b): Effect of time on percent removal of LNR using MOSB.
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Figure 4.24 (c): Effect of temperature on percent removal of LNR using MOSB.
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Figure 4.24 (d): Effect of pH on percent removal of LNR using MOSB.
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Figure 4.24 (e): Effect of adsorbate concentration on percent removal of LNR

using MOSB.
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Figure 4.24 (f): Effect of adsorbent dosage on percent removal of LNR using

MQOSB.

4.2.3.3 Three-dimensional surface plots for the adsorption of LNR onto MOSB

Figures 4.25 (ai-dii) display 3-D plots and their respective contour plots depicting the
effect of the combinations of the independent variables on the adsorption efficiency of
MOSB. From Figures 4.25 (ai & alii), adsorption efficiency was affected by both contact
time and temperature. Closer to room temperature (298 K), suitable for real wastewater
treatment, was more favorable while contact time was optimum beyond 78 min. Figures
4.25 (bi & bii) show that the influence of pH was not felt in the process even though the
longer the contact time, the higher the adsorption efficiency. The same range of contact
time and an upsurge of adsorbate and adsorbent augmented the adsorption efficiency
(Figures 4.25 ci, cii, di & dii). pH was a non-significant variable and most of its

interactions with other variables were ignored.
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Figure 4.25 (ai): 3-D surface plot displaying the effect of time and temperature

on percent removal of LNR using MOSB.
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Figure 4.25 (aii): 2-D contour plot displaying the effect of time and temperature

on percent removal of LNR using MOSB.
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Figure 4.25 (bi): 3-D surface plot displaying the effect of time and adsorbate

concentration on percent removal of LNR using MOSB.
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Figure 4.25 (bii): 2-D contour plot displaying the effect of time and adsorbate

concentration on percent removal of LNR using MOSB.
180



Factor Coding: Actual
Design Points:

@ Above Surface
O Below Surface

56 [ 2

X1=A
X2=E

Actual Factors
B =318

C=6

D =260

Percentage removal (%)

E: Adsorbent () 0. \\ 180

A: Time (Minutes)

Figure 4.25 (ci): 3-D surface plot displaying the effect of time and adsorbent

dosage on percent removal of LNR using MOSB.
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Figure 4.25 (cii): 2-D contour plot displaying the effect of time and adsorbent

dosage on percent removal of LNR using MOSB.
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Figure 4.25 (di): 3-D surface plot displaying the effect of temperature and

adsorbent dosage on percent removal of LNR using MOSB.
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Figure 4.25 (dii): 2-D contour plot displaying the effect of temperature and
adsorbent dosage on percent removal of LNR using MOSB.
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4.2.3.4 Optimization of the biosorption of LNR to MOSB

The optimization analysis was carried out as in section 4.2.2.4 to obtain optimum values

for which optimum response would be achieved in the biosorption of LNR to MOSB.

Therefore, by applying the desirability function, the optimum response in terms of

percentage removal was found to be 91.8% and 108.9 pg g'* amount adsorbed at a contact

time of 154 min, pH of 7.0, a temperature of 298 K, adsorbent dosage of 0.1 g and a

desirability function of 0.980 (Figure 4.26). This confirmed the validity of the proposed

quadratic model and reliability in predicting the response (R).
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Figure 4.26: Optimization ramps for biosorption of LNR to MOSB.
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4.2.3.5 LNR biosorption isotherm studies

The adsorption efficiency was boosted with the increase in the concentration of the LNR.
This could be attributed to the availability of binding sites in the biosorbent and thus
increased interactions between the adsorbate and the biosorbent and mass gradient
between the solute and the bulk solution until the maximum adsorption capacity was
attained (Luttah et al., 2023). The non-linearized isotherms are represented in Figure 4.27

and Table 4.21 highlights the adsorption isotherm parameters.
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Figure 4.27: Non-linearized isotherms of LNR biosorption.
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Table 4.21: Adsorption isotherm parameters for LNR biosorption

Isotherm Langmuir Freundlich Redlich- Sips
Peterson

Parameters Qmax=144.01 1/n=041 A =498 as=0.01

KL=0.03 Kr=16.77 B =0.03 qms = 121.05

g=1 Bs=1.53

Coefficient  of 0.975 0.858 0.972 0.991

determination

(R?)

Chi-square (x?)  37.80 177.94 41.59 12.97

The experimental sorption data were acceptably describable by the Sips model as depicted
by the R? and the chi-square values (Figure 4.27 & Table 4.21). Sips model is the most
applicable 3-parameter isotherm model for monolayer adsorption describing
homogeneous or heterogeneous surfaces where the adsorbed molecule has multiple
adsorption sites (Wang & Guo, 2020). The monolayer adsorption was predicted by the
Sips model to have a maximum capacity of 121.1 ug g™ and was confirmed by data fitting
to the Langmuir model. This was also in agreement with the Redlich-Peterson isotherm
model whose g value was unity implying a leaning towards the Langmuir isotherm model.
The Bs value (>1) was a testament to the heterogeneity of the adsorbent surface. Overall,
the equilibrium data were described by the isotherms in the order Sips >Langmuir >
Redlich-Peterson >Freundlich. From the Freundlich parameters, according to Treybal
(1981), the magnitude of n (2.44) demonstrates the favorability of the biosorption process.
Further, 1/n (0.41) was less than 1 indicating weak adsorbate-adsorbent forces

corresponding to an overall physisorption process (Shikuku & Jemutai-Kimosop, 2020).
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The monolayer adsorption was further corroborated by studying the shape of the isotherm.
As described by Giles et al. (1974), the isotherm of LNR biosorption displayed an L-type
(type 1/normal) curve, subgroup 2c (Figure 4.27) which stands for Langmuir. In such
kinds of curves, the slope reaches a plateau as adsorbate concentration increases since no

more vacant sites are available.

4.2.3.6 Kinetic studies during LNR biosorption to MOSB

At the onset, when all adsorption sites are vacant, the MOSB had the highest initial
adsorption rate due to the highest number of accessible adsorption sites. With time,
however, equilibrium was attained as all the bare binding sites were saturated, and
thereafter, the equilibrium shifted towards desorption. Figure 4.28 represents the

comparative fitting of the experimental data to the kinetic models.
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Figure 4.28: Kinetic model graphs for LNR biosorption to MOSB.

The applicability of the model to describe the reaction kinetics was decided based on the
closeness between experimental (gexp) and model-predicted (qcar) equilibrium adsorption
capacities using the R? and 2. The calculated kinetic models’ parameters are presented in

Table 4.22.

Table 4.22: Calculated kinetic parameters for LNR biosorption

Kinetic model PFO PSO

Parameters 0e (cal) (ug g1) = 110.56 0e (cal) (ug gt) = 113.67
ki (min™=0.13 k2 (min') = 0.004
Qe (expt) (ug g) =112.8  qe (expt) (Mg g™*) = 112.8

Srate (Ug gt min?) 13.93 45.23

taz (mint) 5.50 2.51

R? 0.995 0.999

72 6.14 1.42

Based on the R?and y?2, and the degree of variance between the experimental (gexp) and
the model-predicted (gcar) equilibrium adsorption capacities, both the PFO and PSO model
predicted the adsorption kinetics comparatively well but PSO gave a better fit relative to
the PFO equation. The PSO model postulates chemisorption governed rate-controlling

step.

4.2.3.7 LNR biosorption thermodynamics

Figure 4.29 displays the Vant’ Hoff plot while Table 4.23 depicts the thermodynamic

parameters for LNR adsorption onto MOSB.
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9.2 4 Equation Vant Hoff plot
Weight No Weighting
Residual Sum of = 1.71893E-4
9.1 Squares
Pearson's r 0.99943
Adj. R-Square 0.99848
Value Standard Erro
r
9 0 - Intercept 4.99351 0.07604
! InKc Slope 1236.0083 24.10785
4

8.9 +

InKc

8.8 1

8.7

8.6 T T T T 1
0.0030 0.0032 0.0034

uT

Figure 4.29: Vant’ Hoff plot for LNR biosorption.

Table 4.23: Thermodynamic parameters for LNR adsorption onto MOSB

Compound Temp. (K) % removal AG AH AS
(kJ mol™) (kImolt) (I mol?)
PGT 298 90.3 -22.6 -10.3 +41.5
308 89.1 -23.1
318 87.9 -23.5
328 86.5 -23.9
338 85.0 -24.3

From Table 4.23, the percent (%) removal of LNR consistently depreciated with an

increase in temperature indicating an exothermic process and was confirmed by the
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negative AH value (-10.3 kJ mol™), albeit the difference being slightly insignificant as
depicted by the test statistics (p > 0.05). This decrease in retention efficiency was due to
the weakening of the binding forces between the MOSB and the LNR molecules with
temperature increase and the equilibrium shifting towards desorption. It could also be
attributed to increasing solubility of the LNR and therefore weakening their affinity to the
adsorbent surface. The optimum temperature observed was 298 K. The AH value (-10.3
kJ mol?), far below the standard 40-120 kJ mol™* for the chemisorption mechanism,
indicated that the overall adsorption mechanism of LNR onto MOSB was physical
however the rate-determining step involved chemical interactions as observed with its
adherence to the PSO kinetic model. The negative AG values implied that the adsorption
of LNR onto MOSB was a spontaneous and favorable process. The magnitude of AG
values could indicate whether an adsorption process is either physisorption (AG =0 to -
20 kJ mol™) or chemisorption (AG = -80 to -400 kJ mol™) (Owino et al., 2023). The
calculated AG values (Table 4.23) for biosorption of LNR onto MOSB ranged from -22.6
to -24.3 kJ mol™, indicating adsorption process entailed a physisorption mechanism with
some slight aspect of chemisorption thereby corroborating the PSO kinetic model. The
positive AS implied an escalated disorderliness at the adsorbate-adsorbent interphase and

thus an affinity for the adsorbate by the adsorbent (Luttah et al., 2023).

4.2.3.8 Effect of pH in LNR biosorption to MOSB

The percent removal (R) of LNR as a function of pH is depicted in Figure 4.30. There
was a minimal increase between pH 5.8-7 but looking at percentages, there was practically
no variation as it ranged between 89.9% to 90.9%, a situation observed by Yang et al.

(2021a) and Chaara et al. (2012). As reiterated in section 4.2.2.8, the adsorbent surface is
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neutral. Even though LNR has a pKa of 12.1 + 0.7, implying that it is positively charged
below this value and negatively charged above it, electrostatic attractions were
insignificant due to the neutrality of the adsorbent. The adsorption mechanism in LNR
adsorption could be attributed to =-m interactions between the adsorbate and MOSB
(Figure 4.31). This is further corroborated by its log Kow of 3.2 and water solubility of
75 mg L at 25 °C (substances with solubilities that are less than 100 mg L™ generally are
considered hydrophobic) making it quite hydrophobic implying that adsorption onto an

organic adsorbent is an appropriate removal method.
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Figure 4.30: Percent removal of LNR as a function of pH.
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Figure 4.31: LNR-MOSB interactions (HP-O" are the negatively charged
phosphates while the + charges indicate the net positive caused by the water-

soluble proteins in M.O).

4.2.4 Comparison between PGT and LNR biosorption

The biosorption of the two EDCs had almost similar optimized parameters apart from
contact time which was approximately 87 min for PGT and 154 min for LNR. Among
other parameters, the adsorption process is affected by the solubility of the molecule. If
high, it hinders the affinity of the molecule toward the biosorbent surface (Ngeno et al.,
2016). In this sense, the slower adsorption process of LNR was possibly related to its
higher solubility (75 mg L) when compared to that of PGT (8.8 mg L?). The

hydrophobicity, depicted by the log Kow was also another determining factor. The longer
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contact time for LNR may be attributed to its lesser log Kow (3.2) as compared to PGT
(3.9) i.e., implying that LNR has more affinity to the water molecule than to the
adsorbent’s surface while PGT has a greater sorption capacity to carbonaceous materials.
This is confirmed by adsorption rates (Table 4.15 and 4.22) which were higher for PGT
and lower for LNR and which consequently affected their half-lives. Another noted
difference was a physisorption rate-determining step for PGT and a chemisorption rate-

determining step for LNR.

4.2.5 Comparison of M.O byproducts in abstraction of various pollutants
The sequestration of pollutants using M.O biosorbents was compared and is shown in

Table 4.24 which displays the performance of MOSB as compared to other adsorbents.
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Table 4.24: M.O by-products’ use in the removal of other pollutants

Part of M.O Treatment Pollutants Optimized parameters  Percentage Adsorption Reference
used removal capacity (mg g?)
Leaves unmodified Pb (11) and Initial concentration of 95.6 51.7 Jayan et al.
Zn (I1) ions metal ions-70 mg/L, 89.4 38.5 (2021)
adsorbent dosage-0.6 g;
pH-3.2
Leaves unmodified Pb (11) Adsorbent biomass-1.0 98.6 45.8 Imran et al.
g; pH-6. (2019)
Seed powder Acid treated Diclofenac pH-5 82.8 100.9 Bagheri et al.
biochar (2020)
Pod husks unmodified Crystal violet pH-6 86.2 156.3 Keereerak and
adsorbent dosage-0.6 ¢ Chinpa (2020)
Time-60 mins
Seed powder Treated with Cadmium and pH-4 - - Kituyi et al.
KMnOg4 Zinc lons (2013)
Seed husks ~ Chemical and  Atrazine Equilibrium time-1200 10.3 Cusioli et al.
thermal treatment mins; pH-5; (2021)
Temp.-318 K
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Part of M.O Treatment Pollutants Optimized parameters  Percentage Adsorption Reference
used removal capacity (mg g?)
Seed pods Both acid-treated lead, cadmium, 60 min contacttime,1.0 Higher - Maina et al.
and non-treated copper, g of sorbent dose, pH 8, percentages (2016)
manganese, iron, 100 um sorbent particle for acid-
zinc, and size, and extraction treated
magnesium temp biosorbent
35°C.
Seed husks ~ Chemical and heat Diclofenac pH-5 - 28.7 Araujo et al.
treatment Contact time-12 hours (2018)
Seed powder Modification Lead and pH-5; particle size of 82 - (Ongulu et al.
with CaCl,, chromiumions  adsorbent-0.250 mm (2015))
NaOH, KMnO4 and adsorbent dosage of 92 -
and HCI 0.6 g.
Pods Acid treated Diclofenac pH-5; Contact time-27 60.8 Viotti et al
hours (2019)
MOSB Acid treated Progesterone Time-86.8 min; 135.8 (ug gb) This study
adsorbate

concentration-500 g
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Part of M.O Treatment Pollutants Optimized parameters  Percentage Adsorption Reference
used removal capacity (mg g?)

L%, Temp-298 K and

adsorbent dosage- 0.1 g
MOSB Acid treated Linuron Contact time-154 min; 144 (ug g This study

Adsorbate

concentration-500 g
LY, Temp-298K and
adsorbent dosage- 0.1 g
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4.3 Phytoremediation of PGT and LNR using E. Crassipes

The diagrams displaying the phytoremediation setup are in Appendix 15. After analysis
of the phytoremediation samples, the concentrations of both PGT and LNR were below
the LOQ. The mass spectrometry didn’t show fragments for metabolites as well
(Appendix 16). In this study, negative results are therefore being reported. For plants and
the accompanying microorganisms to abstract contaminants, the bioavailability of the
contaminant is vital, that is, contact between them is crucial. The physicochemical
characteristics of the pollutant, such as its volatility, size, hydrophobicity, water solubility,
electric charge, density, and interactions with the surrounding matrix system, all affect its
bioavailability. Moreover, the soil ecosystem's properties like pH, bulk density, microbial
populations, porosity, nutrient content, and the availability of organic matter have a bigger
impact on the movement and immobilization of contaminants (Tripathi et al., 2020).
Organic matter concentration in the soil enhances the soil sediment's ability to adsorb
hydrophobic organic contaminants. This is so because humus is primarily composed of
decomposing plant matter, and plant cell walls comprise lignin, which attaches
hydrophobic substances, as well as negatively charged groups that attract cations.
Expounding on how hydrophobicity and volatility of a pollutant affect its movement in
soils, it is imperative to note that hydrophobicity is typically conveyed as the octanol:
water partition coefficient, or log Kow. A high log Kow depicts high hydrophobicity and
vice versa. Organic hydrophobic molecules (log Kow > 3) are strongly bound to soil
organic matter and are insoluble in soil pore water (Pilon-Smits, 2005). Organic
hydrophobic molecules are therefore categorized as recalcitrant pollutants due to their

limited capacity for phytoremediation as a result of their lack of bioavailability. In this

196



study, the two pollutants used, PGT and LNR had high Kow (> 3) (Table 1.1). This
implied that they partitioned more to the soil sediments than to the aqueous portion of the
PVC pots used. Additionally, the pollutants may not have been bioavailable because of
the root depth of the plants. The used plant is a floating plant and is based on the aqueous
portion. Consequently, there was no contact between the plant and the pollutants, and
therefore no phytoremediation took place. It is also postulated that the trace concentrations
that may have been in the aqueous phase may have been photodegraded via the plant's
enzymatic activities, and thus could not be detected. They may have also been taken up
into plant tissue but may have dissipated from the plant in volatile form; a process called
phytovolatilization. E. crassipes has been majorly used for inorganics (Pilon-Smits, 2005)
especially metals as they are good metal accumulators in addition to the metals
partitioning more to the aqueous phase where the roots of the plant are in contact. Due to
their abundance of organic-degrading enzymes, aquatic plants like parrot feather and

elodea have been proven to be effective at cleaning up organic waste (Pilon-Smits, 2005).

It's also crucial to point out that organic and inorganic contaminants are absorbed by plant
roots in distinct ways. There are no transporters for organic contaminants in plant
membranes because they are typically man-made and xenobiotic to plants. As a result,
depending on their physical and chemical characteristics, organic contaminants tend to
diffuse into and within plant tissues (Tripathi et al., 2020). The organic pollutant's
hydrophobicity is again a key factor in plant uptake. Since the transport of organic
chemicals through the plant is physical rather than biological, their movement is
predictable. Consequently, organic pollutants with a log Kow in the lower range of 0.5 to

3 are hydrophobically capable of permeating through the lipid bilayer of membranes,
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while also being hydrophilic enough to be dissolved in the cell fluids. Organic
contaminants that are overly hydrophilic (log Kow 0.5) may not penetrate through the
plants’ cell membranes whereas organic pollutants that are excessively hydrophobic (log
Kow > 3) become caught in between cell membranes and cell walls on the plant's perimeter

and are unable to pass through to the cell fluids (Pilon-Smits, 2005).

By contrast, membrane transporter proteins allow inorganics to be absorbed by biological
processes since inorganic contaminants usually exist as ions and cannot pass membranes
without the aid of membrane transporter proteins. Inorganic pollutants such as nitrates,
phosphates, copper, manganese, and zinc are nutrients and thus contain naturally
occurring membrane transporters whereas other inorganic pollutants such as arsenate
which is taken up by phosphate transporters, and selenate that is taken up by sulfate
transporters are chemically similar to nutrients (Tripathi et al., 2020). The inability of

organics not to penetrate cell membranes is yet another reason for the negative results.
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CHAPTER FIVE

STRENGTHS, LIMITATIONS, RECOMMENDATIONS AND CONCLUSIONS
5.1 Strengths and limitations

To the best of my knowledge, in Africa, this is the first study to analyze EDCs in UDBS
samples obtained from WWTPs and used as fertilizer in agricultural farms. This study
also reports PGT and LNR in wastewater and sludge for the first time in East Africa.
Related studies have majored in lakes and rivers ignoring the point sources of EDCs such
as WWTPs. Nonetheless, there were some study limitations encountered while carrying
out the first objective. The major one was financial constraints at the beginning of the
study and thus the use of isotope-labeled standards or internal standardization to validate
the analytical method was not employed. However, several quality assurance and quality
control strategies (such as triplicate analyses, recovery tests, spiked blanks, LODs, and
LOQs) were conducted to ensure the robustness, accuracy, and reliability of the analytical
method. The quality assurance and control results showed that the analytical method was

sufficiently robust and accurate.

The greatest strength during the second and third objectives was investigating, for the first
time, acid-activated, fat-free M.O seeds for the removal of PGT and LNR from aqueous
solutions with RSM as an experimental design tool for the optimization of process
parameters. Nonetheless, there were some study limitations encountered at this stage for
example; due to the inadequacy of facilities, the biosorbent was not characterized using
X-ray photoelectron spectroscopy (XPS). This was however countered by carrying out
SEM-EDS which equally gave the elemental composition. Furthermore, biosorption in

real wastewater and regeneration of the biosorbent were outside the scope of the study and
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future prospective studies may wish to explore these areas. The removal efficiency by
MOSB was also not 100% implying that some EDCs may still be released to the

environment.

For the fourth objective, the major challenge was the poor choice of plant for the selected

EDCs.
5.2 Conclusions

This study investigated the levels of DBP, DEHP, DMP, LNR, and PGT in wastewater,
sludge, and UDBS samples from WWTPs in western Kenya and Nairobi. The EDCs were
detected in all the sludge, UDBS, and wastewater influent samples from all the WWTPs.
DEHP and DBP had higher concentrations in all the matrices than other EDCs. There was
higher partitioning of the EDCs to the sludge and the UDBS than to the water samples.
Notably, DEHP had higher mean concentrations in the sludge and UDBS (3181.2 and
1153.1 ng g respectively) in all the sites sampled than the rest of the EDCs. DBP was
however higher in the influent wastewater samples as compared to the rest of the EDCs
with a mean of 10.12 ug L. LNR had the least concentration in the sludge, UDBS, and
water samples. The occurrence of some EDCs in the discharged effluents indicates that
the WWTPs are not as efficient as desired in completely abstracting organic
micropollutants. The abstraction was however through adsorption to the sludge, later
detected in UDBS which are used as fertilizers by farmers. This therefore implies that
some EDCs can be quite persistent in the environment through UDBS eventually causing
bioaccumulation and biomagnification in the food chain. The Dds and high RQs to the
receiving water portrayed a potential risk to the environment that policymakers need to

put in structures to regulate the uses and disposal of EDCs.

200



In the second and third objectives, MOSB was used for adsorption of PGT and LNR from
aqueous solution using Design Expert software where optimization was carried out using
RSM. The optimized parameters for PGT, displaying a 93.2% adsorption efficiency were
86.8 min contact time, room temperature (298 K), 500 pg L* as initial adsorbate
concentration, and 0.1 g adsorbent while that for LNR were: 154 min, 500 pg L™ adsorbate
concentration, 298K and 0.1 g adsorbent dosage. pH was not a significant factor in the
removal of both PGT and LNR. The kinetics, isotherms, and thermodynamics were
analyzed further using OriginPro version 9. The equilibrium data were best described by
the Langmuir isotherm for PGT and Sips model for LNR, with a maximum monolayer
adsorption capacity of 135.8 pug g and 144.0 ug g, respectively. Adsorption kinetics
followed pseudo-first order (PFO) for PGT and pseudo-second order (PSO) for LNR
predicting physisorption and a chemisorption rate-determining steps respectively. The
thermodynamics functions (PGT: AG < 0, AH =-9.3 kI mol* and AS = +44.2 J mol ™ and
LNR: AG <0, AH =-10.3 kJ mol™ and AS = +41.5 J mol) confirmed that the adsorption
of PGT and LNR onto MOSB is a spontaneous and exothermic process with randomness
and affinity experienced at the surface of the adsorbent. The adsorption mechanism was
non-electrostatic and may have involved n-r interactions. The results from this study show
that the MOSB is a promising alternative for an ecofriendly, low-cost biosorbent that can

effectively remove PGT and LNR from aqueous solutions.

Phytoremediation of LNR and PGT using Eichhornia crassipes was also carried out as
the fourth objective. The uptake was however below the quantification level attributed to

the lack of bioavailability of the contaminants to the plants. Pollutant distribution and
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concentration are heterogeneous for many sites, the most efficient and cost-effective

remediation solution may be a combination of different technologies.
5.3 Recommendations

Not all WWTPs in Kenya were sampled therefore reducing the sample size (N = 60). To
generate conclusive findings, future studies may wish to investigate these pollutants in all
WWTPs in Kenya. Furthermore, the transformational study of EDCs to analyze their
metabolites is also a recommended area in future studies. It is also recommended that a
larger scope of EDCs be investigated to give more insights into their occurrence, fate,
removal efficiency, mass loading, and toxicity levels. Finally, seasonal variations which
will enable the calculation of dissipation kinetics should also be carried out in future

studies. This will give more reliable conclusions.

For adsorption studies, more EDCs can be tested for biosorption either using MOSB or
other biowastes. Further, desorption studies should be carried out to determine the
recyclability of MOSB. Moreover, the use of CCD and RSM is advisable when carrying

out adsorption experiments as it gives more reliable results.

For phytoremediation, proper choice of plant for the targeted pollutants should be taken
into consideration. An emergent plant, (rooted in the lake bottom, but their leaves and
stems extend out of the water) is recommended to allow for bioavailability to be used for
the selected EDCs (PGT and LNR) instead of a floating plant. Alternatively, if E.
crassipes is to be used, the pollutants to be abstracted should be more hydrophilic. In
addition to adding organic fertilizers, the introduction of oxygen to the root zone may
increase uptake. Other parameters to be considered involve a detailed site characterization,

site management, cost-benefit analysis, time required, and disposal after use. Finally, with
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the use of technology, genetically modified plants, incorporated with enzymes capable of

enhancing phytoremediation could be another viable option.
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APPENDICES

Appendix 1: Sampling in of Kariobangi WWTP




Appendix 2: Sampling in Kisit WWTP
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Appendix 3: Picking UDBS samples
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Appendix 4: Clean-up and extraction using SPE
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Appendix 5: Clean-up and extraction using soxhlet
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Appendix 6: Calibration curves for concentration levels

Batch Path D:\MassHunter\Data'\Food and Dugs\GE 074-2021\QuantResults\GE 074-2021 DBP Batch.batch.bin
Analysis Time 3/26/2021 7:58:52 AM Analyst Name DGAL-PC\Admin

Report Time 3/26/2021 8:00:22 AM Reporter Name Admin

Last Calib Update 3/26/2021 7:58:51 AM Batch State Processed

Quant Batch Version B.07.01 Quant Report Version B.07.01

DBP

DEF - 6 Levels, 6 Levels Used, 6 Points, 6 Points Used, 0 QCs
& %105 | vz 2832 357076 * x + 42740 687133

A2 = 0.99838924

Type:Linear, Origin:ignore, Weight:None

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160
Concentration (pg/L)

227



Batch Path D:\MassHunter\Data\Food and Dugs\GE 074-2021\QuantResults\GE 074-2021 BATCH.batch.bin

Analysis Time 3/23/2021 4:38:49 PM Analyst Name DGAL-PC\Admin
Report Time 3/23/2021 4:42:39 PM Reporter Name Admin
Last Calib Update 3/23/2021 4:38:48 PM Batch State Processed
Quant Batch Version B.07.01 Quant Report Version B.07.01
DMP
Dg-'IP - 8 Levels, 8 Levels Used, 8 Points, 8 Points Used, 0 QCs
@ 3 =38.797011 *x - 12113103 —
2 X101 Ray= 0 90241287 e
2 55 Type:Linear, Ongin:ignore, Weight:None L
o -
g 5 —
4.5+ —
47 .,f/
35 o
o -
257 e
24 - ‘/
1.5 o
" - '
0.5 -
7 _e®
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105 110115120125130135140145150155160
Concentration (ng/mil)
Batch Path D:\MassHunter\Data\Food and Dugs\GE 074-2021\QuantResults\GE 074-2021 BATCH.batch.bin
Analysis Time 3/23/2021 4:38:49 PM Analyst Name DGAL-PC\Admin
Report Time 3/23/2021 4:42:39 PM Reporter Name Admin
Last Calib Update 3/23/2021 4:38:48 PM Batch State Processed
Quant Batch Version B.07.01 Quant Report Version B.07.01
DEHP

DEHP - 6 Levels, 3 Levels Used, 6 Points, 3 Points Used, 0 QCs

xpt] Yy = 76.258348 = x + 3585.546316
"2 =0.93580473

1.47 Type:Linear, Origin:lgnore, Weight:MNone
1.27

O

1

0.87
0.67
0.47
0.2
o
T T T T T T T T T T T T T T T T T T T T T T T
-0 0 10 20 30 40 50 80 70 80 80 100 110 120 130 140 150 160 170 180 190 200 210
Concentration (ng/ml)
Batch Path D:\MassHunter\Data\Food and Dugs\GE 074-2021\QuantResults\GE 074-2021 BATCH.batch.bin
Analysis Time 3/23/2021 4:38:49 PM Analyst Name DGAL-PC\Admin
Report Time 3/23/2021 4:42:39 PM Reporter Name Admin
Last Calib Update 3/23/2021 4:38:48 PM Batch State Processed
Quant Batch Version B.07.01 Quant Report Version B.07.01
Linuron
Linuron - & Levels, 8 Levels Used, 8 Points, 8 Points Used, 0 QCs
g 3|y = 38.248662 * x - 15546534 -
@ - » . i
8 X104 & T  aarac0is N T
2 | Type-Linear, Origin:ignore, Weight None o
& -
@ 51 o
T 45 —
o S
35 —
&y _—
257 — ®
i
7 P4
157 -
1 ° —
0.57 PY o
o —

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105 110115120125 130135140145 150155160
Concentraticn (ng/mi)

228



Batch Path D:\MassHunter\Data\Food and Dugs\GE 074-2021\QuantResults\GE 074-2021 Progesterone

Batch.batch.bin
Analysis Time 3/26/2021 7:52:07 AM
Report Time 3/26/2021 7:53:05 AM
Last Calib update 3/26/2021 7:52:07 AM
Quant Batch Version B.07.01
Progesterone

Progesterone - 7 Levels, 7 Levels Used, 7 Points, 7 Points Used, 0 QCs

§x10%] y = 67118177 * x +241.042329
R"2 =0.99386984
g Type-Linear, Origin:lgnore, Weight:None

Analyst Name
Reporter Name
Batch State

Quant Report Version

DGAL-PC\Admin
Admin
Processed
B.07.01

T T T 1 T T 1 T T T T T T T T T T T T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105110 115 120125 130 135 140 145150 155 160
‘Concentration (ng/ml)

Appendix 7: Some chromatograms for real samples
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e
+ MRM (391.0-> 279.0) GE 074-2021 - KBMX.d 391.0->279.0, 391.0 -> 167.0 + MRM (7.356-7.888 min, 14 scans) (391.0 -> **
g’” o7 R x102 Ratio = 116.3 (242.3 %) §x1n3~ o
& 1 7.642 min. i . g 17
111.6914 ng/ml o 3 a
18] 12095 E1.757 6 278.0
1.4 = _| |
= 1.5 5
1.27 Ey 1,256
- v 1297 4
0.8 k] - -
= 0.75 3
0.6 & 0.5 o
0.4 0.25
0.2 - 0 1 391.0
L -0.267 ]
T T T T T 1T T 177 N T T T T 17T 17T LI T T T T T T
12345 78 910111213 123456 789810111213 200 2580 300 350 400

T
[
Acquisition Time {(min)

Acquistion Time (min)
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Sample Chromatogram
+-TIC MRM (** -> **) GE 074-2021 - NE.d (Samples)

£ ot
>
2 4
(&
3.5
.
2.57
o
1.67
1
0.5
A
T T T T T T T T T T T T T T T T T T T T T T T T T T T
08 1 156 2 25 3 36 4 45 5 558 6 BS 7 75 8 88 9 95 10105 11 11.8 12 1256 13 135
Acguisition Time {min)
DMP
+ MRM (195.1-> 163.0) GE 074-2021 - NE.d  195.1->163.0, 1951 > 91.9 *+ MRM (0.836-1.123 min, 8 scans) (195.1 > **)
Ex107] Ex10% Ratio = 21.5 (153.6 %) Ex107]
3 0.918 min. 8 44 32 A 163.0
—| =
4 31.2600 ng/mi & 4o 0.9
1201 z 12
8.6 = 0.5
kn 7 0.7
2.5 o 0.67]
2 oe 419
] T 0.4
1.67 1 0.37
1 0.29
| 01 1851
0.5 7 .
LI N B A B B R B B B | T -0.2 T 1T 17T 1777 LI I A | 0 T T T T T
1234667 8 910111213 1234567 8 9101112138 100 120 140 160 180
Acquisition Time (min) Acquisttion Time (min) Mass-to-Charge (msz)
DeP
+MRM (391.0-> 279.0) GE 074-2021 - NE.d 391.0->279.0, 391.0 -> 167.0 + MRM (7.397-7.888 min, 13 scans) (391.0 -> **
gﬂ 0% E10%] Ratio = 96.6 (201.3 %) §x1n3— vo70
8 7.642 min. [ER S a 171 278.0
17 47.8783 ng/ml B 1 75 3 5
7237 RS ’
0.8 3 157 kS
< 1.257 2 &
0.6 o1 o
| & 0.757 |
0.4 2 0.6 1.5
0. 0.257 17
07 0.5 381.0
E'_IIIIIIIIIIIII -U'ZS_IIIIIIIIIIIII D_I T T T T .I
234667 8 910111213 123456 78 910111213 200 260 300 350 400
Acquisition Time {min) Acquisition Time (min) Mass-to-Charge (m/z)
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Urron

+ MRM (249.0-> 160.1) GE 074-2021 - NE.d
£ 10"
=
ER
(&)
6.4
6.2 3.118 min.
1.9448 ng/ml
& 59
5.8
5.6
5.4
5.2
-
T T 1T 177 T T 17 LI
123456 78810111213
Acquisition Time (min)
Progesterone
+MRM (315.2-> §7.1) GE 074-2021 - NE.d
£ 102
=
S 1.2 5.439 min.
11 42,5281 ng/ml
. 276
1_
0.9
0.8
0.7
0.6
0.5
T T T T 17T 7T T T 1T T T°T
123456 78810111213
Acquisition Time (min)
DeP

+MRM (279.2-> 205.1) GE 074-2021 - NE.d

249.0 -> 1601, 240.0 -> 1823
Ratio = 3.9 (9.6 %)

Fy0?

1.27
1

Relative Abundance {

T T T T T
8 910111213
uisition Time (min)

I

316.2->97.1,3152->1091

+ MR (3.086-3.261 min, 6 scans) (249.0 = **) 1

16p.1

182.3

2490
T T T -
200 220 240
Massto-Charge (m/z)

0= T
160 180

+ MRM (5.276-5.562 min, 7 scans) (315.2 -> **)1

£x10% | Ratio = 132.9 (334.1 %) £ %102
s - 574 1004
. ° a5
y 3.5
g o
L8] 1_
g 2.5
2 0.5 ]
[i4 1.5
0 1
oo 0.6 2152
T T T 17T T T 1T 17T 17T 0 T T T T T
123456 78910111213 100 150 200 250 300

Acquisttion Time (min)

279.2-> 2051, 279.2->120.9

Mass-to-Charge (m/z)

+ MRM (5.691-6.345 min, 16 scans) (279.2 -> **/

84 s 102 804
10 11047 Ratio = 71.2 (146.5 %) Ex10%]
2 ' PR 2 208.1
O 5.866 min. o o e
— = -
3.5 124.4227 ngiml 5 1.4 |
3 188964 RN 7
S 1 1209
2 51 2 17 &
e 2 0.8 5
1.57 = 0.6 47
1 & 047 3
_| 0.2 27
u.z 0 17 2792
o~ *
1 T T T 1T T 111 17 17 1 1 1 11 1 11 17T 1T 177 1 1T T 1T 1T T T 7T
123456 78910111213 123456 78910111213 120140160180200 220240260280
Acquisition Time (min) Acquisttion Time (min) Mass-to-Charge (m/z)
Sample Chromatagram
+-TIC MRM (**-> ) GE 074-2021 - NKMX.d (SampleB)
£x10%
=
o -
[&]
-
2,76
2.5
2,26
2_
1.76
1.5
1,257
-
0.754
0.5
0.25 f\ A j
T T T T T T T T T T T T T T T T T T T T T T T T T T T
05 1 15 2 25 3 35 4 45 & 655 6 65 7 76 8 85 9 9.5 10 105 11 11.5 12 125 13 13.5

Acguisition Time (min}
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DMP

+ MRM (195.1 -> 163.0) GE 074-2021 - NKMX.d 195.1 -> 163.0, 195.1 -> 1.9 + MRM (0.764-1.204 min, 11 scans) (195.1 > **.
X107 Ex102 | Ratio = 14.9 (106.3 %) £ x10% ts0
8 0.918 min. 3 S 7 ’
3 374.4219 ng/ml & 1 .
: 14514 T
T S 0.8 &
2.57 @
o @ 06 4
£
1.6 3 047 &
17 T o 27919
0.67 o - . 1 185.1
0 - ®
1T rrr1rr T TTT T T T rTrr1r 11T 17T 17T 17T 177 o T T T T T
12346678 910111213 12346678 910111213 100 120 140 160 180
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (méz)
Lirren
+ MRM (249.0-> 160.1) GE 074-2021 - NKMX.d 249.0-> 160.1, 249.0 - 182.3 + MRM (2.964-3.486 min, 14 scans) (249.0 -> **.
10 Fx10? | Ratio = 0.1 (0.3 %) £x1077
S ] 3118 min, 8 3 qepa
0.9 114.2422 ng/m 5 - 228
0.8 4354 - iy
0.7 3 0.87 1.767
0.6 T 1
0.5 27 1.254
0.4 g 0.4 1
0.37 < | 0.757 182.3
0.27 0.2 0.5
0.1 o= 0,251 249.0
n— T T T T T T T T T T T T T T T T T T T T T D— T T T T -
123466 780910111213 1234566 78910111218 160 180 200 220 240
Acquisition Time (min) Acquisition Time (min) Massto-Charge (m/z)
Progesterone
+MRM (316.2 -> 87.1) GE 074-2021 - NKMX.d | 315.2-> 97.1, 316.2 -> 108.1 + MRM (5.236-5.388 min, § scans) (316.2 -> **)1
2x0° £ x102] Ratio = 148.1 (369.5 %) 2’ ..
s} 5.317 min. g S 4 '
1 110.2981 ng/ml 5 1.6 ‘
2994 £ 1.4 1.2
0.6 1.2 4
< 1
i) —
0.6 2 e 0.8
- T 0.6 0.6
0.4 T 0.4 0.4
0.2 0.27 ‘
} - 0.2 316.2
0 1T 11T T 17T T 17T 17T 17T T T -0.27 T T T T 17T 177 UL 0 T T T T T *
123466 780910111213 1234566 78810111218 100 150 200 250 300
Acguisition Time (rmin) Acguistion Time (min) Mass-to-Charge (miz)
DeP
+MRM (279.2-> 205.1) GE 074-2021 - NKMX.d 279.2-> 205.1, 279.2-> 120.8 + MRM (5.691-6.304 min, 16 scans) (279.2 -> **.
104 £x10? | Ratio = 1.2 (105.3 %) 104
S = 5.856 min. 3 8 1 2051
98,2874 ng/m & 11 7
267 180068 z o]
S 0.6
2 g o
. 2 06 H12po
- ﬁ 0.47 .
0.5 0.27 a7
o 0 1 2792
T T T 1T T 71 1T T 17T T T T T T T T 1 T T T T D_ T T T T T T T T
123466 78910111213 1234566 78910111218 120140160180 200 220240 260 280

Acquisition Time (rmin)

£

uisttion Time (min)
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DeP

+ MRM (381.0-> 279.0) GE 074-2021 - NKMX.d 391.0 -> 279.0, 391.0 -> 167.0 + MRM (7.438-7.888 min, 11 scans) (391.0 -> **
£x10%] Ex10%] Ratio =114.0 (227.6 %) £x10%] o
8 7.602 min. . 8 oed |
&1 184.4836 ng/ml 5 4 76- ppdl 278.0
17654 2
. 5 15 0.7+
K=
< 1,257 0.6
3 g 1 0.5
P T 0.767 0.4
© 0.5 0.3
iy 0.257 0.2
0 0.1 391.0
1T T 1T 1T 17 17T 17T T 17T T 177 7T T 17T T 717 T 17T T 17 T 1771 T T T T I.I
122466 789101112183 123466 780910111213 200 280 300 360 400
Acquisition Time {min) Acquisition Time (min) Massto-Charge (m/z)
Sample Chromatogram
+-TIC MRM (** -> **) GE 074-2021 - MMx.d (Sample?)
£ 1104
3
o 5.5
5
4.67
-
3.67
.
2,67
o
1.67
1
0.57 _L _/\,../j A
T T T T T T T T T T T T T T T T T T T T T T T T T T T
06 1 15 2 25 3 36 4 45 & 65 B 65 7 76 8 85 9 95 10 105 11 115 12 125 13 135
Acguisition Time {min)

DMpP
+ MRM (195.1-> 163.0) GE 074-2021 - MMx.d  195.1 > 163.0, 1851 -> 61 0 + MRM (0.795-1.204 min, 10 scans) (195.1 -> **
£ x10% £x10% | Ratio =13.0 (92.9 %) Ex107] 160
S 4 0.918 min. 3 g :
3.5 389.3261 ng/ml 5 1 5
: 15093 z
a7 S 0.8 &
2.5 €
o 0.6 4
27 o5
1.6 T 0.4 3
N T 0.2 21819
0.6 e i, 1 195.1
Ly J Y
T T T T 17T T 1T 1771 T T T T T T T 177 T 1T 177 T T 0 T T T T T T
1234667 88910111213 1234667 8910111213 100 120 140 180 180
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/z)
ceP
+ MRM (391.0-> 279.0) GE 074-2021 - MMx.d  391.0->279.0, 391.0 ->167.0 + MRM (7.438-8.010 min, 14 scans) (391.0 -> **
£ 503 R %1077 Ratio = 104.9 (2186 %) 2x10?
2 } @ - S 167.0
I's) 7.642 min. 2 P O
14 86.3370 ng/ml 5. ] 5 2730
: 10168 2175
1.2 S 1.5
= 41
1] L 4 257
0.6 g 14 e
0.6 3 0757 o
0] " oos
0.2 ‘i 7 3010
o 17T T 17T 177 1T 7T 17T 1T 177 -0.257 1T T T 177 T 17T 17T 17T 1771 0~ T T T T T T
123466 78910111213 123466 78810111213 200 260 300 350 400
Acquisition Time (min) Acquisttion Time (min) Mass-to-Charge (m/z)
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Ururen
+ MRM (249.0-> 160.1) GE 074-2021 - MM3x.d

243.0->160.1, 249.0-> 1823

+ MRM (2.878-3.281 min, 10 scans) (249.0 -> **

2453 e a2 ) £ .43
£ 1107 F10° | Ratio = 0.4 (0.9 %) £ 1107
2 A ) @ 2 J18pa
O 3.118 min. o O
=
0.97 107.1503 ng/ml & 17 21
0.6 4083 B 1 764
0.7 2 0.8 e
0.6 < 1.6
ppd 2 06 1257
0.4 T 0.4 !
0.3 c | 0.767
0.7 0.2 0.5 182.3
0.1 TR 0 A A b 0.254 24890
la T 1T 177 T T 177 T LI T T T T T 17T LI D— T T T T —
12346678 810111218 123466 780810111213 160 180 200 220 240
Acquisition Tirne (min) Acguisition Tirme (min) Mass-to-Charge (m/z)
Progesterone
+MRM (316.2-> 97.1) GE 074-2021 - MMx.d 3152 ->87.1, 316.2 -> 109.1 + MRM (5.194-5.398 min, § scans) (315.2 > *)1
Exe?] £x10% | Ratio = 269.5 (667.8 %) £x10% -
& 5.357 min. 3 - 8 '
61 75.7172 ngdnl & 2
1607 § 5 1.76
4 g pu 1.57
. - 1.257
5 ]
1 2z 2 0.757
- 17 0.6
A . o 0,25 3152
L3
T T T 17T 17T 17T 17T 17T 17T T 17T 1T T 1T T 17 17T 17T 17T 17T T 17T 0 T T T T T
12346678 810111213 123466 780810111213 100 180 200 250 300
Acquisition Time (min) Acguisition Time (min) Massto-Charge (miz)
DepP
+ MRM (279.2-> 205.1) GE 074-2021 - MMx.d  279.2-> 205.1, 276.2 > 120.9 + MRM (5.732-6.263 min, 13 scans) (279.2 > **
Exo £x10% | Ratio = 50.3 (103.5 %) 107 )
8 ] 5.855 min. 8 s A 2051
§ 323.5344 ng/ml e 0.9
249916 e ‘
47 S 0.8 0.8
Y 0.7
En 2 0.67 0.6712p.9
=] 0.6
e § 0.4 0
1 0.2 gg:
o 0 0.1 2792
LI T 1T 177 T T 177 LI LI T 1T 177 T T T LI D_ T T T T T T T T T
12346678 810111213 123466 780810111213 120140160180 200 220240 260 280
Acquisition Time (min) Acquisition Time (min) Massto-Charge (miz)
Sample Chromatagram
+-TIC MRM (** -> **) GE 074-2021 - EL.d (Sample8)
£ x10% ]
=
o -
(8]
1.5
1.2
1.1
1_
0.6
0.5
0.7
0.6
0.5
0.4
0.3
0.2
0.1 A
T A[ T T T 1 T T T T T T T T T T T T T T T T T T T T T
06 1 16 2 26 3 36 4 45 5 66 6 65 7 76 8 85 0 95 10106 11 11.5 12 125 13 156

Acquisition Time (min)
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DEP
+ MRM (391.0-> 279.0) GE 074-2021 - ElLd

391.0->279.0, 391.0->167.0

+ MRM (7.462-7.847 min, 10 scans) (391.0 ->**

£x10% £x10%] Ratio = 120.1 (250.2 %) £ 104
3 ' @ | 2 -1167.0
O o 7.601 min. o 8 oo
4.5 188.2941 ng/ml & 1,754 b 279.0
47 17945 [ 0.8
3,67 EBRE 0.7
3 < 1.267 0.6
2,57 21 0.5
‘s = 0.767 0.4
1;‘5: & 057 0.3
0,267 0.2
0.5 \ 0 01 391.0
T T 7T T 17T T T T 1T T 1771 T T T 7T 17T T T T 1T T 1771 0= T T T T T
12345678 910111213 123456 78910111213 200 250 300 350 400
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/z)
Lirnuren
+ MRM (249.0-> 160 1) GE 074-2021 - El.d 249.0-> 1601, 249.0 -> 1823 + MRM (2.797-3.363 min, 14 scans) (249.0 -> **.
£x10 £x10? | Ratio = 36.4 (85.1 %) £u10”]
S 7 2.913 min. 3 g ]
_| = 1.6
4.5 62.9304 ng/ml © 17
4 2391 E 1.4
- = 1 —
a5 2 0.8 1.2 1823
En o 0.6 1
2.57 = 0.8
o T 0.4
> 0.6
1.:5_ 0.2 0.4
A i 0 A 0.2 2490
0.5 .
o
T T T T T T T T T T T T T T T T T 1T 1T 17 T T T T T T
123456 78910111213 1234586 78910111213 160 180 200 220 240
Acquisition Time (min) Acquistion Time (min) Mass-to-Charge (m/z)
Progesterone

+MRM (316.2-> 97.1) GE 074-2021 - El.d

316.2->97.1,315.2->1081

+ MRM (5.235-5.603 min, 10 scans) (315.2 -> **

£x07] Ex107| Ratio = 145.6 (363.3 %) £x10% 1091
S 5,357 min, 3 . '
=
o 81,9273 ng/m g 9 1.6
1856 S 2.5 1.4
L o 1.2
Z 157 1
¥ = '1_ 0.8
. 2 0.6
0.57 0.4
17 AL ~ 0 0.2 352
+*
1T 11T T 17T T 17T 17T 17T T T T 17T 1T 17T 17T T 71T 17T 17T T T1T°T 0 T T T T T
123466 780910111213 1234566 78810111218 100 150 200 250 300
Acguisition Time (rmin) Acguistion Time (min) Mass-to-Charge (miz)
DeP
+MRM (279.2-> 205.1) GE 074-2021 - El.d  278.2-> 2051, 279.2->120.8 + MRM (5.713-6.100 min, 10 scans) (279.2 - **|
0% ] £x10? | Ratio = 46.8 (96.3 %) 10 | )
g . ] 5.936 min. 5 g 2051
1.4 1781.9917 ng/ml 5 1 9 5
1.2 696125 D :
S o
1_ 3 os -
0.87 2 0F 1.5712p.9
0.6 T g4
- L 1_.
0.4 T o
0.2 ' 0.5
o 0 2792
T T 17T 17T T T 1T 17T T T T T 17T 177 T 1T 17T 17T 1771 0= T T T T T T T T T
123466 780910111213 1234566 78810111218 120140160180 200 220240 260 280
Acguisition Time (rmin) Acguistion Time (min) Mass-to-Charge (miz)
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DMP

+MRM (195.1-> 163.0) GE 074-2021 - Eld 1951 ->163.0, 1961 -> 618 + MRM (0.802-1.204 min, 10 scans) (196.1 > **
Ex10% Ex10? | Ratio = 12.5 (39,6 %) £ x10%
3 ] 0.918 min. 3 2 163.0
7 206.5469 ng/ml 5 4 8.57
1757 8001 g .
157 5 0.8 ’
57 g 2.5
1.26 ® 0.67
1 £ 2
T 04
0.757 = 1.6
0.57 0.2 14 919
0.257 ) i PRI 0.5 1951
s 0 ‘ '
o [ ]
T 1 T T T 177 L T 1 LI T T T T1T°7T T T T T T T T T T T
1234667 8810111213 1234667 80810111218 100 120 140 160 180
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge {(méz)

Sample Chromatogram
+-TIC MRM (**-> **) GE 074-2021 - KTx.d (Sample10)
£xint

Cou

4
3.67

T T T T T T T T T T T T T T T T T
05 1 16 2 25 3 36 4 45 5 55 6 65 7 765 8 85 9 95 101056 11 115 12 125 13 135
Acquisition Time (min);

DMP
+ MRM (186.1-> 163.0) GE 074-2021 - KTx.d 1951 ->163.0, 1951 -> 91.9 +MRM (0.754-1.1 22 min, 10 scans) (196.1 ->**;
Ex1 0% Rx10% | Ratio = 16.9 (113.6 %) Ex10°
F ' P 3 163.0
o 1.4 0.918 min. o Pal
160.3896 ng/ml 5 17 3
1.27 6211 2 _|
s . 2.5
1 0.8
g i
0.8 g 0.6 2
0.6 g 0.4 1.57
0.4 o 119149
0.27 . " - o 0.57 1951
0 o [ )
T T T T T 17T T 17T T T T T 17T 17T 17T 17T 17T 17T 17T 7T 1771 T T T T T T
1234667 8 910111213 12 34567 8910111213 100 120 140 160 180
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/fz)
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DEHP

+ MRM {391.0-> 279.0) GE 074-2021 - KTxd  391.0->279.0, 391.0->167.0

+ MRM (7.452-7.888 min, 11 scans) (391.0 -> **

£x104] #3107 Ratio = 118.8 (247.6 %) £ 104
50 ) P 2 q167.0
2 7.601 min. o o © 2 257
1.4 571.3236 ng/ml % 1 764 el 279.0
1. 47154 § 9] 2]
i Z 15 1.75
1 € 1,257 1.6
0.87 217 1.267
0.67 < 0,757 1
0.4 05 0.7567
0.2 0.257 0.67
0 0,25 391.0
T T T T T T T T 17 T 171 T T T T 17T 17T T T T T T 1771 T T T T T T
12346678 910111213 123466 78910111213 200 260 300 350 400
Acquisition Time (min) Acquisition Time (min) Massto-Charge (m/z)
Lnuren
+ MRM (249.0-> 160.1) GE 074-2021 - KTx.d  249.0-> 16011, 249.0 > 1823 + MRM (2.954-3.445 min, 12 scans) (248.0 -> **]
£ 110 £x10? | Ratio =1.6 (3.7 %) 210’
= - . @ - a - 16p.1
O 3.077 min. o o
o =
2.75 33.8158 ng/ml T 1 4
2.5 1278 = 1
- = -
22§ 2 08 0.8
2] . 182.3
1.7 67 2 06 0.6 ‘
1.6 8 04- :
1.267 K ' 0.4
1 0.2
0767 A h! . 0.2
0.6 0 24.9:.0
T 1T T7 1T 1T 17T LI LI T T7 1T 17T 177 LI 0= T T T T
123456 78910111213 123466 78910111213 160 180 200 220 240
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/z)
Progesterone
+MRM (316.2-> 87.1) GE 074-2021 - KTxd  315.2->97.1, 315.2 > 109.1 +MRM (5.163-5.521 min, 10 scans) (315.2 > **
%)ﬂﬂ"’: R x10%7 Ratio = 166.2 (412.3 %) §x103_ 1091
S 4 5.357 min. § b S 1.8 '
: 79.3439 ngdnl & o 1 6
| g ‘
4 1752 2
3.5 S 21 1.4
N o
P ER 1.2
a -
2.5 2 1.57 1
7 T 1 087
1,67 L. 0.67
i o ol 3152
0.5 0.7 '
1117 17T 17T T 17T 17 17T T 17T 1717 17T 17T 17T 17T 17T 17 17T T 17T ] T T T T T
123456 78910111213 123466 78810111213 100 150 200 250 300
Acguisition Tirme (min) Acguisition Tirme (min) Mass-to-Charge (m/z)
DeP
+MRM (276.2-> 206.1) GE 074-2021 - KTx.d  279.2-> 2051, 279.2->120.9 + MRM (5.732-6.100 min, 9 scans) (279.2 > *1) ¢
‘g“xm“_ £x10? | Ratio = 48.0 (100.9 %) ‘gxw“— )
& 5.855 min. 2 ] 2 e 205.1
=
3 & 0.6674 ng/ml @ 1]
- 151098 b 5
kn S 0.6
2 61 e 4
@ 0.6 120.9
. 2 .
1.5 2 0.4
11 v 0.0+ 21
0.5 .
o a A 279.2
o

T T T 1
910111213
Acguistion Tirme (rmin)

o -

T T T T 1
8 910111213
Acguisition Tirme (min)
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Appendix 8: Levels of EDCs (ugl™) in the wastewater samples

Wastewater Concentrations (ugiL)

MpBP

MDEHP

Clomp

BLNR

[IpGT

50.0004

40.0007

30.0007
20.0007

SUOIBIUSIUO0D Uy

10.0007

Shirere Influent

Shirere Effluent

Ruai stream entry

Ruai Influsnt

Ruai effluent

Nyalenda maturation ponds
Myalenda facultative ponds
Nyalenda anaerobic ponds
Makuru Influent

MNakure Secondary pond
WMMUST maturation ponds
MMUST facultative Pond
WMMUSt anaerobic ponds
Kisii Maturation ponds
Kisii facultative pond

Kisii anaerobic ponds
Kisat Primary ponds

Kisat Effluent

Kericho primary ponds
Kericho Effluent
Kariobangi Primary ponds
Kariobangi Effluent
Eldoret maturation pond
Eldoret facultative pond
Busia stream entry

Busia Influent

Busia Effluent

Bungoma maturation ponds
Eungoma facultative ponds
Bungoma anaerobic ponds

Site
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Appendix 9: Characterization of the adsorbent-SEM-EDS at different magnifications for

untreated MOSB

m S 50 pm
2023 08 11

Q 2 o
BED-C 50kv WD 106 mm  Std.-PC50.0 ghVac. x19 100 pm
STD 1826 202308 11 VUT (Metallurgical Lab)
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BED-C 5.0kv WD 106 mm  Std.-PC500 HighVac. [G1x190 I 100 um
STD 1827 2023 08 11 VUT (Metallurgical Lab)

- N
-

BED-C 5.0kv WD 106 mm  Std.-PC50.0 HighVac. [e1x19 I 100 pm
STD 1828 2023 08 11 VUT (Metallurgical Lab)
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Appendix 10: SEM-EDS at different magnifications for treated MOSB
— \\ 3
-~ \

N

.

BED-C 5.0kv WD 9.6 mm Std.-PC 500  HighVac. [G1x300
STD 1822 2023 08 11 VUT (Metallurgical Lab)

i

7
BED-C 5.0kv WD 9.6 mm Std.-PC 500  HighVac. [G1x140 I 100 pm
STD 1823 2023 08 11 VUT (Metallurgical Lab)
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Appendix 11: MOSB-PGT SEM-EDS

BED-C 50kV WD 9.8 mm Std.-PC 50.0
STD 1832 2023 08 11 VUT (Metallur

Smp_001

— () MM

ical Lab)

HighVac. [G1x430

Sigral BED-C
Landing Volage S50 kV
WD 128 am
Magnifiction 1220
Vacuum Mode Highac uum

] 009
Jckal 8
1,500 ;
g 4
€ 4
2 .
o
Y 1,000 —
> 4
@ B
c
] 4
£ .
500 —{OKa
0,.‘r.,....l...,...|
0 5 10 15 20
Energy [keV]
Items Value Display name Standard data Quantification method Result Type
measurement conditions | Spc_009 | Standardless | ZAF Metal
Acceleration voltage 15.00 kv -
[ Probe current = Element Line Mass% Atom% {
Magrification |x 220 < ILS 71.374035] 76.86+0.37
[“Process time |13 9} K 28.63+053| 23144043
Measurement detector | First Total 100.00] o — 0707.007]_
Live time 130.00 seconds Spc_009 Fitting ratio 0.0406
Real time 130.17 seconds
Dead time 11.00%
_Countrate 548.00 CPS
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Appendix 12: MOSB-LNR SEM-EDS

BED-C 50kV WD9.7mm  Std.-PC50.0 HighVac. [81x370
STD 1829 2023 08 11 VUT (Metallurgical Lab)
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Smp_001

Sem_BED-C_029

— (0 MM

Sigral BED-C
Landing Volage S0 KV
wWD99mm
Magnification 3400

| Vacuum Mode Hightac uum

1. Spc_008
4CKa
v
. 1500 —
i) 4
[ 4
-3
3 4
O, 1
2 1,000 —
73 4
c
3 4
E 4
500 —{OKa
o..‘..lt..lrv,,'..l
0 5 10 15 20
Energy [keV]
Items Value Displayname Standard data Quantification method Result Type
measurement conditions | Spe_008 | Standardless |zaF | Metal |
Acceleration voltage 15.00kV — -
[ Probe curent = | Line Mass% Atom%
Magnification % 400 C K 72.44£033 77.78+0.36
Process time he) 0 K 27.56+0.50 22224040
Measurement detector | First Total 100.00 100.00|
Live time 30.00 seconds | | Spc_008 Fitting ratio 0.0417
Real ime 130.18 seconds
Dead time 1.00%
Count rate 1559.00 CPS

Appendix 13: Calibration curve and sample chromatograms for PGT biosorption

Progesterone
Progesterone - 8 Levels, & Levels Used, 8 Points, 8 Points Used, 0 QCs

@ y = 482102307 " x
c RA2 = 0.99901633
7| Type: Linear, Crigin: Force, Weight:None

0.87
0.77
0.67]
0.57
0.47
0.37
0.27

T T T T T T T T T T
70

T T T T T T T T T T T T T
90 100 110 120 130 140 150 160 170 180 190 200 210
Concentration (uail)

T
80
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Sample Chromatogram
+TIC MRM (** -> **) Sample 36-1.d (Sample11)

£x108]
3
8 1.4
1.37
1.27
1.1
11
0.97
0.8
0.77
0.6
0.57
0.4
0.3
0.27
T T T T T T 1 T T L L T T T T T T L T T T T T T T
01 020304050607 0809 1 111213141516 1718 1.9 2 21 2223 24 25 26 27 28 29
Acquisition Time (min)
Progesterone
+MMRM (315.2 -> 108.1) Sample 36-1.d 3156.2->109.1, 315,2-> 97.1 +mM RM (1.080-1.426 min, 51 scans) (315.2-> ™)
Ex10% Ex10? | Ratio = 96,7 (99.1 %) £x10 r0o 1
8 - 1,181 rnin, 8 8 '
C
7.3971 gl © 1 1
3566 =
0.7 32 087 0.5
e | .
0.6 g 0.6 0.64
- | 0.4
0.4 2 0.4
0.2_ OI2 02—'
o ) 3152
L e e S e B R I NS T T T T T T T T T T 1T 0 T T T |‘
040608 1 1.21.41.61.8 22224 0.40.60.8 1 1.21.41.61.8 22224 100 150 200 250 300
Acquisition Time (min) Acquisition Time (miny Mass-to-Charge (m/z)
Progesterone
+U'MRM (315.2-> 109.1) Sample 7-1.d 815.2->109.1, 315.2-> 97.1 +mM RM (1.119-1.304 min, 28 scans) (315.2 -> ™)
£x10% x102 | Ratio= 1162 (119.1 %) Eaoy
S 1. 1.188 min, e 5 o '
_ 0.4149 pg/L o 1] i
1.1 200 2 1.8
- 3 087 1.67
1 Q i
T 1.4
0.9 v 0.6 1.2
= 1
S 0.4
0.8 o 0.8
0.7 & 0.2 0.6
0.67 o o 315.2
a o *
05 T T T T T T T T T T T T T T T T T T T T T T 07— T T T T
0.40.60.8 1 1.21.41.61.8 2 2,224 040608 1 1.21.41.61.8 2 2224 100 150 200 250 300
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/z)
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Progesterone
+ MRM (315.2 -> 109.1) Sample 31-1.d

3156.2-> 1091, 315.2-» 97.1

+ MRM (1.086-1.426 min, 51 scans) (315.2 -> ™)

£x107] Ex102 | Ratio = 96.6 (99.0 %) E£x10™ .
8 A 1,181 min, 3 S [
8.1028 pgfL 5 1
17 3906 e 1
3 ]
0.8 3 08 0.8
o 0.67
0.6 2 0.67
T .47
0.4 & 0.47
0,2 02
' o 0.2 B15.2
0_I T T T T T T T T T T T T T T T T T T T T T T T 0~ T T T T T *
0.40.60.8 1 1.21.41,61.8 2 2.22.4 0.40.60.8 1 1.21.41.61.8 2 2.22.4 100 150 200 250 300
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/z)
Progesterane
+ MRM (316.2-> 109.1) Sample 11-1.d 315.2-»109.1, 315.2-> 97.1 *+ MRM (1.338-1.601 min, 39 scans) (315.2-> ™)
£x10 Ex10% Ratio = 26.6 (27.2 %) £x107]
3 1 @ 3 4 1091
6.8 S 0.8 2
6.67 2 1,757
3 067 .
6.4 < 1.5
8.2 ¢ 0.4 1.25
2 1_
&1 o .
T 072 .
5.6 & 0.75
o 0.5
5.67 0.25- 315.2
5.4 o L4
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
040,608 1 1.21.41.61.8 2 2.22.4 0.40.60.8 1 1.21.41.61.8 22224 100 150 200 250 300
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/z)
Progesterone
+ MRM (316.2-> 109.1) Sample 20-1.d 315.2->109.1, 315.2 -> 97.1 * MRM (1.093-1.342 min, 37 scans) (315.2-> ™)
£x107 £x102 | Ratio = 91.4(92.7 %) §x1OT .
8 o 1.181 min, 3 8 ] '
1,0305 pgil 5 1 3
1.8 497 B i |
1.6 é 0.8 2.5
1,4 o 067 b
1.2 ® 0.4 1.57
1 . 1
0.8 '
0.67 07 0.57 315.2
o .
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0.40.60.8 1 1.21.41.61.8 2 2,224 0.40.60.8 1 1.21.41.61.8 22224 100 150 200 250 300
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/z)
Progesterone
+ MRM (315.2 -> 109.1) Sample 49-1.d 315.2->109.1, 316.2 -> 97.1 * MRM (1.125-1.327 min, 30 scans) (315.2-> ™)
‘gxmz: £x10% | Ratio = 107.1 (109.8 %) §x103_ 100 1
8 2o 1.195 min. g 8 4 '
1.1543 pg/L 51
o o
556 c 2.57
1.8 3 087 :
1.67] < o6 27
1,47 Z 1.5
1.2 5 o4 .
17 X o 1]
0.8 .
0.6 0] 0.5 315.2
o 3
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0.40.60.8 1 1.21.41.61.8 2 2.22.4 0.40.60.8 1 1.21.41.61.8 2 2.22.4 100 150 200 250 300

Acquisition Time (min)

Acquisition Time (min)
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Progesterane

+ MRM (315.2 -> 109.1) Sample 28-1.d

x10"]

Counts

7.57

Progesterane

T T T T T T T T T 1T
040608 1 1.21.41.61.8 2 2224

Acquisition Time (min)

+ MRM (315.2 -> 109.1) Sample 28-2.d

x1017]

Counts

Relative Abundance

6.2

&
5.87
5.67
5.4

11871 min.
46 pgfl

T T T T T T T T T T 1
040,608 1 1.21.41.61.8 2 2.22.4

Progesterane

Acquisition Time (min)

+ MRM (315.2 -> 109.1) Sample 45-1.d

%101 |

Counts

6.6
6.4
6.2

&
5.87
5.67
5.4

1.188 min.
0.0565 pgilL
7

T T T T T T T T T T T
0.40.60.8 1 1.21.41.61.8 2 2.22.4

Progesterane

Acquisition Time (min)

+ MRM (315.2 -> 109.1) Sample 40-1.d

x10%

Counts

71
&
=

1.202 min.
4.8916 pg/L
2358

4
s
ba
1
o

T T T 1T T 1T 1T T T 1T
0.40.608 1 1.21.41.61.8 2 2224

Acquisition Time (min)

315.2-» 1091, 3152 -» 97.1

Ex102]

+ MRM (1.270-1.439 min, 25 scans) (315.2 -> ™)

] 3
Ratio = Ex10°4
® 3 109.1
2 5 O 1.4
< 1.2
S 4 |
Q 1—'
<L 3
o 0.8
e 1 oo
0.4
o 0.2 3156.2
T T T T T T T T T T T T 0~ T T T T T £
040608 1 1.21.41.61.8 22224 100 150 200 250 300

Acquisition Time (min)

315.2-> 1091, 3152 -» 97,1

Fx102

6

Ratio = 59.7 (1.2 %)

Mass-to-Charge (m/fz)

+ MRM (1.331-1.412 min, 12 scans) (315.2 -> ™)

x102

Counts

o
5]
.
.
o
N

109.1

315.2
]

T T T T T T T T T T 1T
0.40.60.8 1 1.21.41.61.8 2 2224

Acquisition Time (min)

315.2-> 109.1, 315.2 -> 97.1

o~

T T T
200 250 300
Mass-to-Charge (m/z)

+ MRM (1.131-1.251 min, 18 scans) (315.2-> ™)

— w0
£x10%7 Ratio = 96.7 (99.1 %) £x10H
P 3 109.1
0
g o
E 08 0.8
£ 067 '
2 0.4 0.6
& 02 N
2] 0.4
-0.27) 0.2 315.2
-0.47 . *
T T T T T T T T T T T I 0 T T I T T
0.40.60.8 1 1.21.41.61.8 2 2.22.4 100 150 200 250 300

Acquisition Time (min)

315.2-> 1091, 315,2 -» 97,1

£ x102

1
0.87
0.67
0.47]
0.27

Relative Abundance

Ratio = 99.3(101.8 %)

T T T T 1 T T T T T 1T
0.40.60.8 1 1.21.41.61.8 22224
Acquisition Time (min)
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Mass-to-Charge (miz)

+ MRM (1.113-1.412 min, 45 scans) (315.2 -> ™)

x103
o
.
o
5
i
-
2_
N

Counts

0

10

9.1

315.2

*

T T T
200 250 300
Mass-to-Charge (m/z)



Progesterane

+ MRM (315.2 -> 109.1) Sample 25-1.d 816.2-> 1091, 315.2-> 97.1 + MRM (1.134-1.419 min, 43 scans) (315.2 -> *)
5x102‘ Ex102 | Ratio = 106.4(109.1 %) ‘gxwf .
& 7 1.229 min. 3 g 17
0.4596 pgfL 5 1-
1.1 599 © 5.5
= 3 087 i
T 2
0.9 o 067
z 1.57
0.67 o047
[T -
0.7 o 0,2 1
0.67 0 0.87 318.2
0'5_I T T T T T T T T T T T T T T T T T T T T T T T 0~ T T T T T *
0.40.608 1 1.21.41.61.8 2 2.22.4 0.40.60.8 1 1.21.41.61.8 2 2224 100 150 200 250 300
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/z)
Progesterane
+mMRM (315.2-» 108.1) Sample 15-1.d 316.2->109.1, 315.2 -> 97.1 +mM RM (1.046-1.312 min, 40 scans) (315.2-> ™)
£x10"] £ x10% Ratio = 78.1 (80.0 %) ‘g><103
8 n Y n 8 a7.1
7 = 2
6.8 2 1.75 i
8.6 2 1.5 1 75_
6.4 161 min. <1257 1122_
6.2 0611 pafL z 17
o 0,757
& 057 075—
0.257 0.5
07 025— 315.2
0257 P
T T T T T T T T T T 1 T T T T T
0.40.60.8 1 1.21.41.61.8 2 2,224 040 608 1 1. 21 41 61 8 2 2224 100 150 200 250 300
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/z)
Progesterane
+MMRM (315.2-> 109.1) Sample 23-1.d 315.2-»109.1, 316.2-» 97.1 +MMRM (1.127-1.426 min, 45 scans) (315.2-> ™)
Ex10% £x10? | Ratio = 99.7 (102.2 %) £x107] .
8 e 1,215 min, g 3 ‘
. 0.7715 pg/L g 1 3
| 372 c a
1.4 é 0.8 2.5
1.2 o 06 7
2z 1.5
17 o] - .57
= 0.4
[
0.8 o 0.2 Ll
0.6 0 0.57 215.2
o [ ]
T T T T T T T T T T 1T T T T T T T T T T T 1T T T T T T
0.40.60.8 1 1.21.41.61.8 22224 0.40.60.8 1 1.21.41.61.8 2 2224 100 150 200 250 300
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (miz)
Progesterone
+mMRM (315.2-» 109.1) Sample 23-2.d 315.2-> 109.1, 315.2-> 97.1 +mM RM (1.134-1.403 min, 40 scans) (315.2-> ™)
£x104 £x10? | Ratio = 95.1 (97.4 %) E£x107] 1061
S 1.215 min. 3 S '
Q1.6 < ©
0.7263 pgfL © 1 a
1.4 350 g | 2.5
= 0.8 o
17 o 067
1_ 2z 1.57
[ -
T 04 i
0.8 L.
0.6 o 0.57 315.2
0- *
T T T T T T T T T T 1 T T T T T T T T T T 1T T T T T T
0.40.60.8 1 1.21.41.61.8 2 2.22.4 0.40.60.8 1 1.21.41.61.8 22224 100 160 200 250 300
Acquisition Time {mir) Acquisition Time (min) Mass-to-Charge (miz)
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Progesterane

+mMRM (315.2-> 109.1) Sample 39-1.d 816.2->108.1, 315.2-> 97.1 +mM RM (1.127-1.451 min, 48 scans) (315.2 -> ™)
£x10 R x102 | Ratio = 85.4 (87.5 %) £x107 o
S5 1,236 min, 3 S
8.5 0.2623 pg/L 5 1 2.5
126 2 )
& 5 —
3 08 .
7.57 e |
o 0.6
7 = 1.9
o5 w® 0.4
. L]
. 3 i 1
6 o 0.5
5.5 07 ' 3162
o [ ]
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0.40.60.8 1 1.21.41.61.8 22224 0.40.60.8 1 1.21.41.61.8 22224 100 150 200 250 300
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/iz)

Appendix 14: Calibration curve and sample chromatograms for LNR adsorption

Linuron
Linuron - € Levels, 6 Levels Used, 10 Points, 6 Points Used 0 QCs
By10%]y =130789572" x - 34301659
£ R"2 = 0.99949331 @]
8 2.757 Type:Linear, Origin: Ilgnore, Weight: None
d:% 2.5
2,257
pa
1.757
1.5
1,257
1
0.757
0.5
0. 257
o
0.257 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
220 10 0 10 20 30 40 50 60 70 &0 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270
Concentration (ng/ml)

Sample Chromatogram
+TIC MRM (" -> ™) SPL-42-1d.d (Sample10)
£x102
3
3
o
o
1.9
1.8
1.7
1.6
1.57
1.4

1.3

T T T T T T T T
6 1.7 1.8 1.8 2 21 22 23
Acquisition Time {min)

T T T T T T T T T T T T T T T
o1 02 03 04 05 06 07 08 09 1 .1 12 1.3 1.4 15 1
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Linuron
+ MRM (249.0 -> 160.1) SPL-42-1d.d

249.0-> 160.1, 249.0 -> 133.0

+ MRM (0.241-0.707 min, 56 scans) (249.0 -> ™)

w f w
2x107] §x102 Ratio = 92,7 (121.7 %) ‘§x103_
8 0.359 min. 8 S 501330 16p1
1.3 49212 nglml § 1 a5 T
1.2 S 0.8 4
- e} 3.5—
" < 067 pa
1 L
> — .
s 04 2.5
0.97 % | bs
0.7 ¢ 02 1.5
0.7 0] 1_
0.6 o 0.51 249.0
0~ T T T T T T
0.2 04 06 08 1 12 02 04 06 08 1 12 140 160 180 200 220 240
Acquisition Time (miny Acquisition Time (min) Mass-to-Charge (m/z)
Linuron
+ MRM (249.0 -> 160.1) SPL-24-1d.d 249.0-> 160.1, 249.0 -> 133.0 + MRM (0.197-1.060 min, 104 scans) (249.0 -> *
w | o 2]
Ex10%] Ex107 | Ratio = 80.7 (1059 %) Ex10% oo
S 1 0,375 min, g 8 '
0.97 72,9640 ng/ml I} 1 2.57 122.0
0.6 9509 e '
0.7 é 0.87 27
0.67 v 0.6 1.64
0,57 _% i .
0.4 - 0.4 o
0.3 g
0.2 0.5
0.1 0 249.0
o 0~ T T T T —*
02 04 06 08 1 12 02 04 06 08 1 12 140 160 180 200 220 240
Acquisition Time (min) Acquisition Time (min) Mass-to-Charge (m/2)
Linuron

+ MRM (249.0 -> 160.1) SPL-41-1d.d

249.0 -> 160.1, 249,0 -> 133.0

+ MRM (0.208-1.001 min, 96 scans) (249.0 -> **)
:x104

£x10% | Ratio = 77.2 (101.3 %)

14
0.87
0.67]
0.47
0.27]
o

Relative Abundance

£10%]
5 i
8 & 0,367 min,
2.75- 19.4895 ng/ml
2 & 2515
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1.757
1.57
1.257
1
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0,57 |
0. 2 O 4 0 6 0 8 1 1.2
Acquisition Time (min)
Linuren

+ MRM (249.0 -> 160.1) SPL-30-1d.d
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Acquisition Time (min)
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3 160.1
R PR
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Mass-to-Charge (m/z)

+ MRM (0.198-1.051 min, 103 scans) (248.0 -> ™

w — "
£x107] £ x102 | Ratio = gf1.1 (106.4 %) £x107]
3 | 0,342 min. g 2. 180.1
& 44,8176 ngim| 5 14 30
5327 ° 61
57 2 0.8 1.4
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¢ gL 08 1
o T 04 0.87
e r 0.67
02 0.4
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Linuron
+ MRM (249.0 -> 160.1) SPL-22-1d.d
%102 ]

Counts

1
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0.367 min.
3. 0278 nglml
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Appendix 15: Pictures from phytoremediation experiments
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Appendix 16: Some sample chromatograms
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Appendix 17: First published paper

Bavironme ntal Advances 9 (2 )10

Contents lists available at ScienceDirect

Environmental Advances

journal homepage: www sciencedirect.com/journal/environmental-advances

Sustainable re-utilization of waste materials as adsorbents for water and
wastewater treatment in Africa: Recent studies, research gaps, and way
forward for emerging economies

Emily Chelangat Ngeno® >, Kinyua E. Mbuci®, Mohamed Chaker Necibi®’, )
Victor Odhiambo Shikuku"", Chijioke Olisah®, Roselyn Ongulu®, Henry Matovu ™7,
Patrick Ssebugere™” "', Almotasembellah Abushaban®, Mika Sillanpaa ="'

* Degmrtmant of Poe and Appliad Chemistry, Masnds Mulim Urdvenity of Seismee and Teeloeology, P O, Box 190, Kakameg, Kerya

*© Dapariment of Chamisery, Makerere Uriversity, P. O Box 7062, RKempala, Ugmeda

*® Interrationa ! Watsr Research Jraginse, Moharmed VT Pobiee e Urdwersity (UMGD), Greer (iy Ben-Gusrir 42150, Moroseo

4 Dapariment of Pryical Scisrwey, Kaimos Frimdy Urdversty Collsgs, P O Box 385, Foimoi, Kemya

* Degrement of Botmry, atiuts of Comstl and Marine Research, Nebon Mondels Urdversity, Port Bianbeth, Soth Afra

¥ Departrent of Cherisry, Guh: University, P O. Box 186, Guly, Ugnia

7 Departrent of Chemival Br ginsering Schoolof Mirdng Meallurgy and Cherical Enginsering Urivenity of Joharmesburg P. O Bax 17021, Docrnfontsin 2028, Sozh
Afrea

® Favuby of Seisrmoes, Deparement of Chemistry; Binchemisry and Bovirarmeninl Protscsion, Unrersity of Novi Sad, TrgDasitsia Obradovisa 3, Neni Sad 22000, Serbax
¢ Department of Bidogical and Chemical Enginsering Awfon Unbrenity, Nerebmgde 44, Amrfesy © 8000, Devomark

i Deparimert of Arabytical Brirarrental Chemisry, Helmboltr Contre for Buvirarrnental Research—UFE, Leipsig D-04318, Germany

ARTICLEINFO ABETRACT

Faywards: Access to clean water i a fundame atal human right. However, due to the rapid urbanization and industriali-

Wastewater { matment zation in many African countricz, the eme rgence of a plethora of new clezez of water contaminantz coupled with

Pollu(au-n aging wastewater treatment infrasttucture and techuologies, access to clean water ha remained elusive ezpe-

Aces pilon ) cially o rural communities. Additionally, most countries in Africa cannot afford the capital iovestment smsocl-

Waste mmaterialz . . . . I

Aftica ated wath advanced and specialized treatment techoologies. The zolution secms o be the valonzation of locally-
sourced wate materials and their uze az adsorbents, flocenlants /coagulants, or photoeatalyets, to be included in
current and future wetewater treatment facilies. The present review prezeunt a concize and comprehensive
compilation, and critique of recent rezearch water purification studies in Africa uzing wate-bazed adzorbe ntz.
While the abundance of industrial and agricultural wates prezents oppormnity for suztainable exploitation for
water treabment, several gape warrant further vezearch, Specifically, future rezearch should iaclude lidfe eyele
amzeszmeut [LCA) of the watrwater treatment plants [WWTP:) and propozed techuologie:z, in-depth cost anal-
ya iz, uze of environme ntally rel=vant concentrations i simulated studies or real wate water and ezamination of
removal efficiencies for biological contaminants such & viruses, bacteria among otherm. Wate materials are
zhown to be zuitable candidates for delive ry of effective and techno-economic adzorbe ntz for water purification
in Adrican countries.
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Appendix 18: Second published paper

Environmental Research

=
ELSEVIER journal homepage: www elsevier.com/locate/envres

l.’

Endocrine disrupting chemicals in wastewater treatment plants in Kenya, el
East Africa: Concentrations, removal efficiency, mass loading rates and
ecological impacts

Emily Ngeno*"", Roselyn Ongulu®, Francis Orata®, Henry Matovu ", Victor Shikuku t‘,_
Richard Onchiri®, Abel Mayaka’, Eunice Majanga?®, Zachary Getenga", Joel Gichumbi',
Patrick Ssebugere=’""

® Demmrtmert of Purs and Applisd Chemistry, Masinds Mulim Urdvenity of Scismos and Teshology, PO Bax 19-50100, Kakomegr, Femya
® Depariment of Prysieal Seismees, Raimos Frimds Unbrersizy, PO Box 38550209 Kaimos, Rerya

= Department of Chemiary, Makerars Urdvanity, P.O Box 7062, Kampak, Ugeda

* Deparimers of Chemisry, Gulu Urivenity, PO Box 166 Guly, Ugda

© Demwrtmas of Civil Bngincering Techrisal Urdvwraity of Membaa, PO Bax 000-30200, Momima, Remya

¥ Faculty of Bngineering, Mudtimadia Urdversity, PO Box 15853-00503, Nairoki, Rergya

¥ Departmant of Sevial Seisrse, Musinde Mufiro Uriversity of Seisnes and Techmalogy, O Bax 1 9-50100, Rakzmagr, Kemya

“ Deparoment of Prysical Seismeey, Mashakoy Uriversizy, PO Box 135-90100, Mwhakos, Rerym

* Depariment of Phynical Seiswey, Chasla Uriversity, PO Box 109-60400, Chauka, Rerya

i Deparimart of Call Toxivalogy, Halmholts Corere for Brvirormantal Bessarch—UFZ, 04318 Leipaig Germany

* Department of Anafytial Bovircrertal Chemistry, Helnhols Centre for Envirormenial Research—UFZ, 04218, Leipsig Germary

ARTICLEINPO ABETRACT

Keywords: ‘Thiz ztudy iavestigated the levels, maez loadingz, removal efficiency, and aszociated ecotoxicological risks of
Wastewater zelected endocrine dizruphng chemicals [RDCe), namely, dibutylphthalste (DBP), diethylhe xylphthalste (DEHP),
Expgenous chemicals dimethylphthalatr [DMP), lisuron (LNR) aod progesterone (PGT) in wastewater, sludge, and uatreated dry
Healll}eﬂ‘ecu' biozolid (UDEE) samplez from twelve wastewater treatment plant: (WWTPz) in nine major towmsz in Kenya.
:‘:b“_a;:;g:::;: Apalysis wa dons wing high-pe formance liquid chromatography coupled with triple quadrupole mass spee-

trometry (LC-M8/ME). All the watewater influent: had quantifisble level: of BDCe with DEF being the most
abundant (37.49%) with a range of 433 £ 063 10 1968 £ 134 pg L ! DEHP was the most abuadant in zludge
and accountrd for 48.2% ranging between 27867 and 924340 ug g ! dry weight (dw). In the UDES samples,
DBHP was alzo the mozt sbundant [40%) of the total BDCs detected with levels ranging from 78.77 o 3938 .54
ug g ! dw. The average removal efficiency per pollutant was az follows: DMP (98.7%4) > DEHP (91.7%9) >PGT
(B3.4%0) > DEP (77.9%) > LNR [72.2%) which can be attributed to sorption onto the biozolid, biological
degradation, photolyziz, and phytoremediation. The pH was negatively correlated to the BDC conce ntrations
while total dizzolved solids (TD§), chemical oxyze u de mand [COD), bioche mical oxyge o de mand (BODs), and
electrical conductivity (BC) we re pozitively corre lated. The mase loadings were az high = 373.33 g day L of DEP
in the treatme nt plants located 1n denzely populated citiez. CBHP and PGT had their Rizk Guotients (RCe) > 1,
posing a high risk to biota DMP, DEP, and LMR posed medium risks & their RQ values were between 0.1 and 1.
BDC: are therefore loaded to environmental compartme nte through either the e flue nt that loads these pollutants
into the receiving aquatic ecosystem or through the UDES, which are used & fertilize in agricultural farmlands
ecazing poteatial toxicological visks to aguatic and terrestrial life.
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Appendix 19: Third published paper

Chemosphere 360 (2024) 142457
Contents lists available at ScienceDirect
Chemosphere

journal homepage: www.elsevier.com/locate/chemosphere

=

Chemosphere

Response surface methodology directed modeling of the biosorption of
progesterone onto acid activated Moringa oleifera seed biomass: Parameters
and mechanisms

Emily Ngeno ™", Roselyn Ongulu®, Victor Shikuku ", Deo Ssentongo °, Benton Otieno
Patrick Ssebugere ““", Francis Orata ™

 Department of Pure and Applied Chemistry, Masinde Muliro University of Science and Technology, P.O Box 190-50100, Kakamega, Kenya
® Department of Physical Sciences, Kaimosi Friends University, P.O Box 385-50309, Kaimosi, Kenya

© Department of Chemistry, Makerere University, P. O Box 7062, Kampala, Uganda

d Department of Chemical and Metallurgical Engineering, Vaal University of Technology, Vanderbijlpark, South Africa

© Department of Cell Toxicology, Helmholtz Centre for Envir I Research—UFZ, 04318, Leipzig, Germany

f Department of Analytical Environmental Chemistry, Helmholtz Centre for Envi | Research—UFZ, 04318, Leipzig, Germany

K

HIGHLIGHTS GRAPHICAL ABSTRACT
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