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ABSTRACT

Human urine contains high concentrations of nitrogen and phosphorus, whose
uncontrolled discharge contributes to eutrophication and nutrient losses in agricultural
systems. Recovering these nutrients using low-cost natural materials offers a
sustainable alternative to synthetic fertilizers. This study evaluated the performance of
lateritic soil (LS) and fungal biomass (Agaricus impudicus) as potential adsorbents and
desorbents for the recovery of ammonium nitrogen (NH4*—N) and phosphorus (P) from
human urine. The physicochemical properties of the adsorbents were characterized
using Fourier Transform Infrared Spectroscopy, scanning electron microscope, X-ray
Fluorescence (XRF), and elemental analysis. Batch adsorption experiments were
conducted under varying operational conditions to evaluate nutrient recovery
performance. Physicochemical properties of human urine were evaluated using atomic
absorption spectrometry (AAS), nesslerization method, Molybdenum antimony
colorimetric, pH meter and electrical conductivity meter. Time-dependent data were
fitted using Pseudo first order (PFO), Pseudo second order (PSO), Elovich and Intra-
Particle diffusion kinetic models. Equilibrium data were analyzed using Langmuir,
Freundlich, and Dubinin—Radushkevich (D-R) isotherm models to elucidate
adsorption mechanisms and capacities. Batch and column desorption experiments
were conducted to evaluate the desorption behavior of lateritic soils and fungal
adsorbent. Elemental and XRF analysis revealed that lateritic soils possess aluminium
and iron oxides that facilitate ligand exchange and inner sphere complexation during
adsorption. Fungal biomass on the other hand, contains carboxyl and hydroxyl that
enable adsorption of NH; — N and P via electrostatic bonding. PFO best described the
time-dependent data for NH; — N and P adsorption for the two adsorbents indicating
physisorption was the dominating adsorption mechanism. For NH; — N adsorption,
the D-R model best described lateritic soil (R2 = 0.968), indicating physical
adsorption, whereas the Freundlich model best fitted A. impudicus biomass (R? =
0.813). Lateritic soil exhibited higher adsorption capacity (16.3 mg/g) than fungal
biomass (12.0 mg/g). For phosphorus, the Langmuir model provided the best fit for
both materials (R2 = 0.939-0.946), with lateritic soil demonstrating a substantially
higher capacity (24.6 mg/g) than fungi (6.2 mg/g), likely due to iron and aluminum
oxides. Desorption tests showed that fungal biomass achieved the highest nutrient
release (43.93% NH; — N and 44.83% P). Overall, lateritic soil and A. impudicus
biomass exhibited promising adsorption—desorption performance, demonstrating their
potential as low-cost, environmentally sustainable materials for nutrient recovery and
circular fertilizer production. Thus, these results provide comparative evaluation of
lateritic soil and fungal biomass for simultaneous nitrogen and phosphorus recovery
from human urine. These findings also demonstrate the potential integration of locally
available natural materials into decentralized sanitation and nutrient recycling systems
for sustainable agriculture.
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CHAPTER ONE
INTRODUCTION
1.1 Background Information

With the world population projected to rise to 9.7 billion by 2050(United Nations,
2019), the demand of food is expected to increase drastically, subsequently amplifying
the need for synthetic Nitrogen (N) and Phosphorus (P) fertilizers to enhance food
production. Most of the synthetic N fertilizers are manufactured using the Haber Bosch
processes which consumes approximately 2 % of the world’s energy and directly emits
about 450 Mt CO» per year (International Energy Agency, 2021; Zou et al., 2022).
Synthetic P fertilizers on the other hand are derived from phosphates rock mines which
are, non-renewable, limited and only available in few countries. Approximately 85 %
of these mines are located in Algeria, China, Egypt, Morocco and Syria (U.S.
Geological Survey, 2022). Reliance on phosphate rock mines as a source of synthetic
fertilizer also has negative impacts such as disruption of natural phosphorus cycle,
economic burdens in low- income countries and environmental degradation as a result
of mining activities (Rakshit et al., 2017; Sarvajayakesavalu et al., 2018). Conversely,
continuous use of synthetic fertilizers has led to increased phosphorus pollution in
fresh water bodies caused by farm fertilizer losses due to leaching, erosion, surface
runoff and draining (Grenon et al., 2021; Osmond et al., 2019). In an effort to alleviate
these negative effects, alternative sources of organic N and P such as animal manure,
sewage sludge, organic wastes and human urine have been identified (Karunanithi et

al., 2016; Mihelcic et al., 2011).

Human urine, a readily available and nutrient-rich fluid, contributes approximately 80-
90 % nitrates, 50-65 % phosphorus, and 50-80% potassium, but accounts for
approximately 1% of the total volume of wastewater (Kujawa-Roeleveld & Zeeman,
2006; Wilsenach et al., 2007). The amount of nitrates and phosphorus that ends up in
municipal wastewater is projected to increase with increase in human population.
Thus, if not properly managed, high nutrient levels in human urine can exacerbate
pollution in freshwater bodies increasing harmful algal blooms and proliferation of
cyanobacteria (McDowell & Haygarth, 2024). In an effort to minimize the amount of

nutrients that ends up in municipal wastewater, on-site sanitation facilities such as
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urine diversion and dehydration toilets (UDDTs) have been developed. UDDTs help
to physically separate urine and faeces into different collection chambers at the toilet
interface enabling urine to be collected for other uses and faeces are dehydrated for
ease in handling and disposal. UDDTs hence play a crucial role in large scale
production of urine for diverse uses such as making organic fertilizers (Larsen et al.,
2021; Sohn et al., 2023).

Human urine has been reported as a potential source of crucial nutrients such as
nitrogen, phosphorus and potassium that are crucial for agricultural production
(Viskari et al., 2018; H. Yu et al., 2026). Currently, several technologies have been
established to help extract nutrients from the human urine. Some of the notable
techniques include adsorption, biological methods (aerobic and anaerobic), membrane
filtration, chemical precipitation, and electro-modification. Chemical precipitation
produces large amounts of sludge, which may result in secondary pollution if not
properly managed (Kabdaslhi & Tiinay, 2018). Conversely, electrodialysis consumes a
lot of energy especially when used for large-scale applications. Limitations of
membrane filtration include high cost of operation and membrane fouling (An et al.,
2017). Previous studies have suggested adsorption as a sustainable method for this
process, citing advantages like environment-friendliness and sustainability as it
utilizes agricultural wastes, forestry residues such as wood chips, sewage sludge,

geological materials, algae, and fly ash (Konneh et al., 2021; Xiang et al., 2020).

The effectiveness of the adsorption process depends on the properties of the adsorbents
like the porosity, surface area, and elemental composition (Otieno et al., 2021). The
potential of different organic wastes and geological materials as adsorbents in
extracting nutrients from wastewater has been widely explored, with different
materials exhibiting varying adsorption capacities and behaviours (Usman et al.,
2022). Certain approaches can be utilized to adjust the properties of these materials to
enhance their adsorption capacities. For organic wastes, pyrolysis, which involves
controlled heating of materials in low oxygen to yield biochar with enhanced porosity
and larger surface area for adsorption, has been reported (Bischak et al., 2024; Konneh
et al., 2021). Geological materials such as zeolites, clays and pumice are often

modified through physical and chemical treatment methods to increase surface areas,



pore structure and functional groups for adsorption (Aziz et al., 2020; Indah et al.,
2019). Fungal material such as non-edible and edible mushrooms are also modified
through heat treatments to increase their porosity and surface areas for adsorption
processes (Frutos et al., 2016; Toptas et al., 2014). Minimal studies have reported on
their use for nutrients recovery with most researchers focusing on their use in removing
heavy metals and dyes from municipal wastewater (Peckova et al., 2020; Sharma et
al., 2020). Moreover, the desorption properties of the fungi are scarcely researched.
Desorption studies are important to ascertain the potential of the adsorbents to release
nutrients for crop use. On the other hand, although (Otieno et al., 2021) and (Otieno
et al., 2023a) researched the potential of lateritic soil in the adsorption of phosphorus
(P) and ammonium nitrogen (NH4"-N) in human urine but did not cover the desorption

properties of lateritic soil.

Despite extensive research on adsorption-based nutrient recovery, limited attention has
been given to fungal biomass and lateritic soils for ammonium and phosphorus
recovery from human urine, particularly regarding desorption behavior and nutrient
reuse potential. A comparative evaluation on the performance of the selected
geological adsorbent with that of biological organic adsorbent provides a sustainable
solution for nutrient recovery in decentralized systems. Hence, this study focused on
evaluating the efficiency of the lateritic soils and fungi (Agarius impudicus) in
recovering ammonium nitrogen and phosphorus from human urine and releasing

adsorbed nutrients for agricultural production.
1.2 Statement of the Problem

Overdependence on synthetic fertilizers has negative impacts on environment. For
instance, The Haber Bosch process used to produce inorganic nitrogen fertilizers emits
approximately 450 Mt CO. yr! (equivalent to 123 Mt C yr'), contributing
significantly to anthropogenic climate change (International Energy Agency, 2021).
Additionally, continuous use of synthetic fertilizers causes eutrophication in
freshwater water bodies and contamination of groundwater as a result of nutrient losses
due to leaching, erosion, and surface runoff (Singh & Craswell, 2021). Although

human urine has been identified as an alternative source of nitrogen and phosphorus,



most of it still end up in wastewater treatment systems or directly in the environment
(Sengupta et al., 2015a). This practice further contributes to eutrophication and
nutrient pollution in water bodies. Currently, a number of technologies have been
developed to recover nitrogen and phosphorus from human urine. Some of these
techniques have negative impacts on the environment. For instance, chemical
precipitation produces large amounts of sludge, which may result in secondary
pollution if not properly managed (Kabdasli & Tiinay, 2018). Conversely,
electrodialysis consumes a lot of energy especially when used for large-scale
applications. Membrane filtration includes high cost of operation and membrane
fouling. In the recent years, many researchers have explored the use of various low-
cost adsorbents such as agricultural wastes, geological materials, forestry waste and
sewage sludge in recovering nutrients (Ogunlalu et al., 2021; Semerci et al., 2021; Sen,
2023). However, limited knowledge exists on the suitability and reusability of fungal
biomass and lateritic soils in nutrient recovery. Consequently, their use in development

of low-cost and scalable nutrient recovery technologies is still uncertain.

Although, Agaricus impudicus possess functional groups such as carboxyl, hydroxyl
that could bind ammonium and phosphate ions, limited studies have been reported on
their performance in nutrient recovery from human urine. Most of the researches that
have been done focused on their use in removing dyes and heavy metals from
wastewater (Peckova et al., 2020), thus its potential in nutrient recovery remains
unknown. Similarly, lateritic soils have been widely evaluated for its potential in
adsorption of nutrients from wastewater, owing to its iron and aluminium oxides and
clay minerals which provide abundant cation-exchange and electrostatic binding sites.
However, its desorption properties remain scarcely studied. Without understanding the
adsorption and desorption performance of fungal biomass and lateritic soils, the
development of low-cost, reusable, and scalable nutrient recovery systems from

human urine remains constrained.

1.3 Objectives

1.3.1 Main Objective



The main objective of this study was to evaluate the performance of fungi and lateritic

soils as adsorbents and desorbents in nutrient recovery from human urine

1.3.2 Specific Objectives

The specific objectives of this study were to:

Characterize the physicochemical properties of lateritic soil, Agaricus
impudicus and human urine relevant to ammonium nitrogen and phosphorus
adsorption

Determine the adsorption behavior and capacity of Agaricus impudicus and
lateritic soil in adsorbing ammonium nitrogen and phosphorus from human
urine

Determine the desorption behavior of Agaricus impudicus and lateritic soil in

releasing adsorbed ammonium nitrogen and phosphorus

1.4 Research Questions

How do the physicochemical properties of lateritic soil and Agaricus
impudicus influence the adsorption of ammonium nitrogen and phosphorus?
How do adsorption capacities and mechanisms differ between Agaricus
impudicus and lateritic soils?

How do desorption capacities and behavior of Agaricus impudicus and lateritic

soils differ?

1.5 Justification of the Study

The extraction of nutrients from human urine is increasingly becoming popular as a

way of reducing overuse of on synthetic fertilizers. The adoption of ecological systems

such as urine-diverting dry toilets (UDDTS) has further enabled the separation of

human urine at source for diverse uses such as application as a fertilizer. Over the past

years, the direct utilization of human urine for farming (as fertilizer) has been practiced
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in different regions, with studies showing higher crop yields as compared with
synthetic fertilizers (Akpan-Idiok et al., 2012; Pradhan et al., 2007). Direct use of
urine, however, has negative impacts. For instance, direct use of urine can cause
pathogen contamination (Karak & Bhattacharyya, 2011). Additionally, it can affect
the soil salinity, thus impairing the growth of crops (Sene et al., 2018). In an effort to
eliminate these negative impacts, the World Health Organization recommends that
human urine should be stored for at least six months before usage (WHO, 2006). This
may not be suitable as it requires large space for storage and can cause environmental

issues.

Nutrient recovery using low-cost adsorbents and subsequent reuse in crop production
eliminates the need to store human urine for six months before usage, as recommended
by WHO. However, use of fungal biomass (Agaricus Impudicus) in adsorption and
desorption of ammonium nitrogen and phosphorus from human urine has been
scarcely researched. Although a number of studies have been reported on the
adsorption of nutrients using adsorbents derived from lateritic soils, limited studies
have been done on their desorption properties. This study thus sought to evaluate the
performance of Agaricus Impudicus and lateritic soils as adsorbents in nutrient
recovery from human urine. It analyzed the potential of these adsorbents to release the
trapped nutrients for crop use. The findings of this study are useful to organizations
who provide sanitation services for management of human urine as a *“valuable”
resource that can be used in making fertilizers thus promoting circular economy.
Additionally, this study provides comparative insights into the adsorption—desorption
efficiency of natural, low-cost materials (Agaricus Impudicus and lateritic soils)

applicable in decentralized sanitation systems.

1.6 Scope of the Study

The main focus of this study was to evaluate the efficiency of Agaricus impudicus and
lateritic soils adsorbents in adsorbing ammonium nitrogen and phosphorus from
human urine. Characterization of fungal and lateritic soil adsorbents were done to
determine the physicochemical properties of these adsorbents that are crucial in

adsorption of ammonium nitrogen and phosphorus. Batch adsorption experiments



were conducted to evaluate the adsorption behavior of the selected adsorbents under
varying adsorbent loading, agitation speed, contact time and initial concentration.
Lastly, desorption experiments were done to evaluate the desorption properties of the

used adsorbents.
1.7 Limitations of the Study

Due to time constrains and high costs of performing batch adsorption experiments,
only four factors that affect adsorption were analyzed in this study. Batch mode
systems were used to conduct the adsorption experiments which may not fully
represent complex real-world systems. The desorption experiments were conducted
using laboratory conditions only thus may not fully describe the desorption behaviors
of the adsorbents under field conditions.



CHAPTER TWO
LITERATURE REVIEW
2.1 General Overview

Human urine traditionally considered as waste has emerged as a highly valuable and
underutilized resource especially within circular economy frameworks. Human urine
contains valuable elements such as nitrogen, phosphorus and potassium that are crucial
for crop production. Approximately 85% of the nitrogen is excreted in the form of
urea, 10 % as organic N and 5% as ammoniacal nitrogen. Organic N majorly constitute
of creatinine, uric acid and creatine (Martin et al., 2020; Rose et al., 2015; Udert et al.,
2006). Phosphorus exists in a dissolved form as phosphate in urine (Udert et al., 2006).
In order to recover these nutrients from human urine, UDDTSs has been introduced in
wastewater systems to help separate urine from other wastes and collect it at source
for nutrient recovery. This facilitates post-treatment of diverted urine using different
technologies such as ammonia stripping, struvite precipitation and adsorption.
Additionally, they enable development of value chains for transforming human urine

to fertilizers thus impacting the circular economy (Atanasova et al., 2021).

Nitrogen, an essential macronutrient, is predominantly present in fresh urine in the
form of free ammonia (NH;) and ammonium (NH; — N). However, NH; form easily
lost from urine solutions through volatilization. NH; — N on the other hand, increases
with time as a result of hydrolysis caused by urease enzyme. This enzymatic reaction
contributes to an increase in the concentration of NH; ions and a shift in the pH of
urine from 6.0 — 6.5 to 9.0 -9.3 (Alemayehu et al., 2020; Wei et al., 2018). This
alkalization process creates favorable physiochemical conditions in human urine such
as increase ionic strength that significantly impact the adsorption of ions such as NH;

and PO;".
2.2 Nutrient Recovery from Human Urine

Nutrient recovery from human urine has evolved from traditional practices such as

direct use of human urine and storing it for six months before use into modern, tech-



enabled closed loop systems implemented at different scales (Simha et al., 2018).
Globally, human urine has been reported as a critical resource for a bio-based economy
as it consists of roughly 80-90 % of nitrates, 50-65 % phosphorus, and 50 -80 %
potassium found in typical household wastewater (Baykal, 2019; Freguia et al., 2019;
J. Liu et al., 2020a). Recovering and reusing all present in human urine could help to
offset 16-21 % of global synthetic nitrogen fertilizers and 9-12 % of global synthetic
phosphorus fertilizers demand in agricultural sector (Martin et al., 2023). Consumer
acceptance plays an important role in this transition. A multinational survey that was
conducted across 16 countries revealed that 59 % of the respondents were willing to
replace inorganic fertilizers with urine-based fertilizers. However, the acceptance rate
varied across countries with Jordan showing the lowest acceptance rate (14 %) and

China recording the highest acceptance rate (80 %) (Simha et al., 2021).

At regional level, recovery of nutrients from wastewater such as human urine is often
motivated by implementation of strategic environmental policies such as European
Union’s Circular Economy Action Plan (Avena Maia et al., 2023; Caspersen & Ganrot,
2018). Within Paris metropolis, the amount of nutrients excreted by approximately 12
million inhabitants of this city are estimated to be enough to replace all synthetic
nitrogen and phosphorus fertilizers used in the region’s intensive cropping systems
(Martin et al., 2023). Within Sub-Saharan Africa region, the International Federation
of Red Cross and Red Crescent Societies (IFRC) programs have succeeded in setting
up roughly 1,000 urine diversion toilets Kenya, Burkina Faso, and Uganda to enable

on-site nutrient recovery (Avena Maia et al., 2023; Freguia et al., 2019).

At local level, different cities and research institutions have set up pilot projects to
evaluate the possibility of recovery nutrients from human urine and reusing it for
agricultural production. For instance, in Tampere a city in Finland, research showed
that the growth of barley fertilized with source-separated urine was the same as the
growth of barley fertilized with mineral fertilizers (Martin et al., 2022). In Vellore,
India, more than 80% of urea has been recovered from urine through coconut shell-
activated carbon (Baykal, 2019; Ganesapillai et al., 2016). In Gothenburg, Sweden,

the nutrient-enriched zeolite (NEZ) has been prepared and successfully used to nourish



plants such as sunflower (Caspersen & Ganrot, 2018). Hence, different technologies

have been implemented to recover nutrient levels in human urine.

Some of the notable techniques include biological methods, membrane filtration,
chemical modification, electro-dialysis, ion exchange, air stripping, construction of
wetlands, struvite crystallization, membrane processes and adsorption mechanisms
(Perera et al., 2019; Sengupta et al., 2015a). While these technologies have provided
promising solutions in nutrient recovery, their applicability differ significantly
depending on their cost, energy input, operational scale and environmental robustness.
For instance, the use of air stripping to recover nutrients from human urine is
ineffective because it's susceptible to pollution and limited to the removal of ammonia
only (Wei et al., 2018). Although chemical modification is easy to operate and can be
used to remove a wide range of pollutants, this technique involves the use of chemicals
hence costly and may result in secondary pollution (Mehta et al., 2015; Najibul et al.,
2021). Electrodialysis offer high recovery efficiencies but consumes a lot of energy
making it less suitable for large scale applications (Mehta et al., 2015). Although,
wetlands are easy to construct and operate it require larger spaces which may be

challenging since land is a limited resource (Thorslund et al., 2017).

Adsorption mechanisms have been identified as the most suitable technology
particularly for nutrient recovery. These systems are easy to construct and operate,
requires low energy input, and can effectively target specific ionic species such as
NH; and PO;~ that are dominant in human urine (Lepohi et al., 2022; Rathi et al.,
2025). Additionally, they utilize local natural materials such as agricultural wastes,
industrial wastes, soils and fungal materials (Saliu & Oladoja, 2021; S. Yadav et al.,
2025), enhancing both economic viability and sustainability. Compared to other
technologies, adsorption systems can be easily regenerated, scaled and integrated into
on-site sanitation systems such as UDDTs. Consequently, when evaluated against
criteria of operational cost, simplicity, energy demand, environmental impact, and
suitability for decentralized implementation, adsorption emerges as practical and
sustainable approach for nutrient recovery from human urine. Table 2.1 summarizes

the merits and demerits of some of these technologies.
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Table 2.1: Summary of Merits and Demerits of Nutrient Recovery Technologies

Technology Merits Demerits References
lon exchange  No formation of Requires large (Wei et al.,
sludge amounts of chemical 2018)
agents to generate the
Simple to operate resins.
Fast and efficient Risk of system
process logging.
The regeneration of
resins generates
multiple secondary
pollution problems.
Chemical Easy to manage Production of large (Sengupta et al.,
Precipitation quantity of sludge 2015b; Ye et
Can operate withina  ryicgic ity in the al., 2017)
high range of disposal of sludge
temperatures.
Relatively fast
Ammonia Effective for large Not suitable for (Wei et al.,
stripping scale applications removal of 2018; D. Yang
phosphorus. limited et al., 2022)
Cost-effective and to the removal of
environmentally ammonia only
friendly
Electrodialysis  Favorable for use in High operation cost ~ (Mehta et al.,
solutions with low as a result of high 2015)

nutrient

concentrations.

energy requirement
and membrane

fouling.



Technology Merits Demerits References

Construction of Require less energy Requires large space  (llyas & Masih,
Wetlands for operation. 2017; R. Liu et
al., 2015)

Simple to construct

Suitable for large

scale application

Bioremediation Relatively cheap. Time consuming (Pathy et al.,
Treatment is onsite. 2021;
Highly effective Not suitable for Saravanan et
heavy metals. al., 2021)
Sites used must have
soils with high
penetrability
Urea Fast precipitation Changes in efficiency (Chenetal.,
hydrolysis with change intime.  2017)
High reduction of Formation of
sludge Consumes less different compounds
oxygen precipitates.
Microalgal Production of alarge  Work under limited  (Behera et al.,
accumulation  amount of biomass. conditions 2020; Santos &
Pires, 2018)
Difficulties in
biomass harvesting
Distillation and  High efficieny Substantial (Udert &
Nitrification volatilization Wachter, 2012)

Works well with other

recovery methods High energy use

2.3 Low-Cost Adsorbents for Nutrient Recovery
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The use of low-cost adsorbents for nutrient recovery is gaining popularity with many
researchers focusing on their use in sustainable nutrient recovery. Excess nutrients,
particularly nitrogen and phosphorus, are major contributors to water pollution and
eutrophication in natural water bodies (Nie et al., 2018; Wurtsbaugh et al., 2019). This
may cause harmful algal blooms, oxygen depletion, and destruction of aquatic habitats
in water bodies (Devlin & Brodie, 2023; Dodds & Smith, 2016). Recovery of these
nutrients not only minimize nutrient pollution but also allows for their reuse in
agriculture, reducing overdependence on synthetic fertilizers. Natural adsorbents have
emerged as an eco-friendly, cost-effective, and sustainable solution for nutrient
removal and recovery because they are abundant in nature, biodegradable, and often

derived from renewable resources (Laskar & Kumar, 2022; Thorat et al., 2025).

Natural adsorbents are derived from different materials each with unique properties
that make them effective in adsorption of nutrients. Zeolites, for example, are naturally
occurring aluminosilicate minerals with high cation exchange capacity, making them
efficient in removing ammonium ions from wastewater (Guida et al., 2020). Biochar,
a carbon-rich material produced through the pyrolysis of biomass, has a large surface
area, porous structure, and functional groups such as carbonyl and hydroxyl that
enables it to adsorb nutrients (Chakraborty et al., 2022). Clay minerals such as
bentonite and kaolinites can remove nutrients such as phosphates through ion
exchange and surface complexation (Biliani et al., 2024; Unuabonah et al., 2010).
Additionally, agricultural wastes like rice husk, coffee husk, peanut shells, corncob,
and pomegranate peels have shown a high potential as low-cost adsorbents of
nutrients. Table 2.2 summarizes some of the low-cost adsorbents that have been used

for adsorption of nutrients from wastewater.
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Table 2.2: Summary of the Low-Cost Adsorbents

Adsorbent Target Adsorption Type of Reference
Nutrient Capacity Experiment
(mg/g)
Natural clay Ammonium 9.97-50.06 Batch (Alshameri et
minerals nitrogen al., 2018)
Bentonites Ammonium 131.8-168.5 Batch (Zamparas et
nitrogen al., 2021)

Rice husk Ammonium 39.8 Batch (Kizito et al.,
biochar nitrogen 2015)
Greensand Ammonium 19.24 Batch (Naghipour et
(glauconite) nitrogen al., 2020)
Pineapple peel Ammonium 13.40 Batch (Otieno et al.,
biochar nitrogen 2021)
Pomegranate ~ Ammonium 6.18 Batch (Bellahsen et
peels powder  nitrogen al., 2021)
Chitosan- Phosphates 21.36 Batch and (Pap et al.,
Calcite fixed bed 2020)
Natural Phosphates 7.57 Batch (Mitrogiannis
clinoptitolite etal., 2017)
Fly ash Phosphates 1.575 Batch (Q. Liuetal.,,

2025)
Mussel Phosphates 12.44 Batch (Pap et al.,

2022)
Oyster-shell Phosphates 8.25 Batch (Pap et al.,

2022)
Seagrass Phosphates 8.3 Batch (Photiou et al.,
residues of 2021)
Posidonia
Oceanica
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Overall, the use of low-cost adsorbents for nutrient recovery provides a sustainable
solution for nutrient pollution and resource management. By focusing on renewable,
low-cost materials and improving their adsorption capacities through using various
modification techniques such as heat or chemical activation, natural and waste-derived
adsorbents can play a key role in promoting nutrient recovery and environmental
sustainability. This approach not only promotes cleaner water systems but also
provides a pathway for reusing valuable nutrients, contributing to a more balanced and

circular ecosystem.

2.3.1 Lateritic Soils and Agaricus impudicus Biomass as Adsorbents

Lateritic soils formed mostly in tropical and subtropical areas due to rapid weathering
are known to possess low nutrient content thus not suitable for agricultural use. Owing
to their limited nutrient content, lateritic soils have been predominantly utilized in the
construction industry (Ng et al., 2019; Stoops & Marcelino, 2018). In recent years,
however, their potential application as adsorbents has gained popularity, with most
researchers focusing on their use in removal of heavy metals from wastewater
(Chotpantarat et al., 2011; Iriel et al., 2018). Lateritic soils are rich in iron and
aluminium oxides and clay minerals which provide abundant cation-exchange and
electrostatic binding sites. These oxides provide surface hydroxyl groups that readily
undergo either ligand exchange with P ions, forming strong, inner-sphere complexes
that significantly enhance phosphorus removal (Mansing R & Rout, 2013). In contrast,
NH.4" ions adsorption in lateritic soils occurs mainly through cation exchange and
electrostatic interactions (R. Wang et al., 2025). The negatively charged surfaces of
clay minerals and organic matter present within the soil matrix can exchange cations
such as Na*, K, or Ca** with ammonium ions in solution. This ion exchange process
enables the soil to retain NH4" in its exchangeable sites. The porous structure of the

soil further facilitates physical adsorption and diffusion of ammonium ions, leading to
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enhanced retention (S. Wang et al., 2023). These complementary mechanisms
highlight the potential of using lateritic soils for simultancous NH4—N and P recovery.
Hence, evaluating its adsorption capacity under varying adsorption factors such as
agitation speed and adsorbent loading could provide useful insights on its suitability
as a low-cost adsorbent in recovery of NH4"-N and P from human urine. Additionally,
understanding its desorption efficiency could help in understanding its reusability in

the agricultural sector.

Fungal biomass such as non-edible and edible mushrooms has also been identified as
potential adsorbents with many studies focusing on their use in removal of heavy
metals and dyes (Ayele et al., 2021; A. N. Yadav et al., 2019). Fungi belonging to
Agaricus family possess cell walls rich in chitin, chitosan other polysaccharides with
numerous functional groups such as carboxyl, hydroxyl and amino that are useful in
binding NH4"-N and P ions (Sathya et al., 2021). Apart from surface chemistry,
Agaricus biomass represents a renewable and potentially low-cost adsorbent as it
grows naturally in forest ecosystems especially during the rainy seasons (Balan et al.,
2022). Additionally, it can be cultivated on readily available and low-cost
lignocellulosic agricultural residues under controlled conditions thus ensuring there
are available in all seasons (Geng et al., 2024; Kosre et al., 2021). Despite all these
advantages, there is limited information on the use Agaricus impudicus adsorbents in
recovery of NH4"-N and P from human urine. Additionally, limited studies have been

done to evaluate their ability to desorb the trapped nutrients.

Overall, although lateritic soils and fungal adsorbents possess favorable surface
properties for nutrient adsorption, their comparative performance for both adsorption
and desorption of NH4*—N and P from human urine remains largely unexplored. This
study seeks to address this gap by evaluating the adsorption and desorption behavior
of lateritic soils and fungal biomass. Thus, highlighting their novelty and potential as

low-cost adsorbents for sustainable nutrient recovery from human urine.
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2.4 Adsorption Process

Adsorption is a surface phenomenon involving the transfer of molecules (adsorbates)
from a liquid or gas phase onto the surface of a solid (adsorbent). The physiochemical
properties of adsorbates and adsorbent materials vary and are largely dependent on
their structural composition and this influences adsorption. The process can be either
physical or chemical in nature, depending on the interaction between the adsorbate
molecules and the adsorbent solid surfaces (Lala et al., 2023). Adsorption process that
is physical in nature is termed as physisorption. In this process, the interactions
between adsorbents and adsorbate are driven by van der waals forces hence it is
reversible (Barquilha & Braga, 2021). On the other hand, a process that involves
chemical bonding is termed as chemisorption. Unlike physisorption, chemisorption
processes occur only as monolayer and, thus, adsorbates transferred to adsorbents’
surfaces cannot be removed easily as a result of strong chemical bonds involved
(Pourhakkak et al., 2021).

2.4.1 Factors Influencing Adsorption Processes in Adsorbents

Adsorption kinetics and capacity of adsorbents depend on various factors such as the
nature of the adsorbent, PH, adsorbent loadings, contact time, method of preparation
of adsorbent, and stirring rate.

2.4.1.1 Physical and Chemical Properties of Adsorbents

The adsorbents’ physical and chemical properties such as porosity, surface area,
particle size, surface morphology and presence of functional groups have a major
impact on their adsorption behavior. Adsorbents with higher surface area and porosity
generally exhibit greater adsorption efficiency because they provide more active sites
and allow faster intraparticle diffusion of molecules. For example, (Otieno et al., 2021)
reported that pineapple peel biochar adsorbed higher amount of ammonium from
human urine compared to lateritic soil, primarily due to its greater porosity, larger
surface area, and high number of carbonates. Similar trends were observed by (Konneh
et al., 2021), who found that coconut husk biochar outperformed rice and coffee husk

biochar in nitrate from slaughterhouse wastewater due to porosity differences.
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Adsorption of nutrients from aqueous solutions is highly influenced by the presence
of functional groups such as carbonyl, hydroxyl, amine, alkine, carboxyl among others
in the adsorbent materials used (Gunarathne et al., 2019; Leng et al., 2020). According
to (J. Liu et al., 2020b), the surface functional groups have a major impact on N or P
adsorption and may be basic or acidic. Basic surface functional groups are positively
charged, containing OH ions, and they exchange phosphate ions in the solution,
whereas negatively charged acidic functional groups (ionization of H+ ions) attract
cationic ammonium species and exchange H+ on the surface of adsorbent material
(Fan et al., 2019; Huong & Phuoc, 2024). Thus, adsorbent materials containing high
number of functional groups are suitable for adsorption of nutrients.

2.4.1.2 Effect of Adsorbent Loadings on Adsorption

The amount of adsorbent utilized can influence adsorption capability. An increase in
dosage can initially enhance adsorption capacity, but at a certain point, particle
agglomeration may occur, lowering the number of available adsorption sites. (Konneh
et al., 2021) conducted an experimental investigation to determine the influence of
dose on adsorption Kinetics. The authors used varying adsorbent loads of 0.5g, 1.0g,
1.5g and 2.0g in 50 mL. In this experiment, a gradual increase in adsorption capacity
was witnessed up to 1.5g. Reduction of adsorption capacity in 2.0g adsorbent was
observed and this can explain the particle agglomeration. Similar studies performed
by (Maged et al., 2020) and (Divband et al., 2016) on the effects of adsorbent loadings

on the removal of anions from an aqueous solution revealed the same trend.

2.4.1.3 Effect of pH on Nutrient Adsorption

The pH of the solution is a crucial operational parameter that directly impacts the
adsorption behavior of nutrients such as ammonium and phosphate from aqueous
solutions. Change in pH of an adsorbate can alter both the chemical speciation of the
nutrients and the surface charge of the adsorbent (Kushwaha et al., 2013). For
instance, fresh human urine typically has a pH near 6, but it undergoes significant
chemical transformations such as urea hydrolysis during storage (Chipako & Randall,
2020). The enzymatic hydrolysis of urea causes the pH to rise to a strongly alkaline
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range of 8.5-9.5. This alkalization is crucial as it increases the concentration of the

target cation, NH4" ions.

The impact of pH on adsorption behaviour is also dependent on the adsorbent type.
For example, lateritic soils, which are rich in Fe and Al oxides, typically exhibit
maximum phosphate adsorption at slightly acidic to neutral pH (Z. Tang et al., 2025).
At these pH value, the surface hydroxyl groups are protonated and able to form strong
ligand-exchange complexes with phosphate ions. At higher pH, these surfaces become
deprotonated hence reduction in phosphate affinity (M. Li et al., 2025). Fungal
biomass on the other hand consists of chitin and other protein-based functional groups
such as hydroxyl and amine whose protonation varies with the pH. For instance, at
lower pH amine group become protonated thus favouring anion binding whereas at
neutral to slightly alkaline pH the carboxyl groups become deprotonated thus
favouring the binding of cationic species such as NH.*" (Ertul et al., 2010; R. Tang et
al., 2025).Thus, although low-pH model solutions are often used to establish the
mechanisms, adsorption behaviour in raw human urine is majorly governed by its
naturally alkaline pH and chemical changes such as alkalization. Urine alkalization
during storage not only improves NHa" availability but also alters surface interactions,

making pH control a key factor in designing effective adsorption—desorption systems.
2.4.1.4 Effect of Agitation Rate of Adsorbate-Adsorbent Solution on Adsorption

Agitating or shaking of a solution loaded with adsorbent samples is essential as this
creates a physical driving force of the processes. The rate at which agitation is done
affects the adsorption mechanisms of adsorbent materials. (Bellahsen et al., 2021)
explored the effects of agitation speed on the adsorption mechanisms of pomegranate
peels in removal of ammonium from aqueous solutions. In this experiment, the
agitation speed was varied from 100 to 400 rpm. The results revealed that maximum
adsorption capacity (47.67%) occurred at 100 rpm. As agitation rate increased, there
was a slight decrease in adsorption capacity. This can be attributed to formation of
turbulence as a result of high rotation speeds thus causing detachment of adsorbed
ammonium ions from the surface of adsorbent materials. Additionally, the interaction

time between adsorbate and adsorbent molecules maybe limited at higher rotation
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speeds thus affecting the adsorption mechanisms. Studies also conducted by (Genetie
Abetu & Befekadu Kebede, 2021) and (Fetene & Addis, 2020) analyzed the impact of
agitation speed on adsorption mechanisms. In their studies, (Fetene & Addis, 2020)
varied the agitation speed from 100 to 250 rpm in 60 minutes. Results indicated
maximum adsorption capacity at 200 rpm and beyond this point the authors witnessed
a decrease in nutrients removed. (Genetie Abetu & Befekadu Kebede, 2021), on the
other hand, varied the stirring speed from 50 to 300rpm in 120 minutes. Maximum
adsorption capacity was recorded at 300rpm. All these studies demonstrate the

significance of agitation rate on adsorption mechanisms.

2.4.15 Effect of Contact Time of the Adsorbent-Adsorbate Solution on
Adsorption

Contact time refers to the duration of contact between the adsorbate and the adsorbent.
It influences the amount of adsorbate that can be removed or retained by the adsorbent.
(Konneh et al., 2021) in their experiment evaluated the effect of contact time on
adsorption capacity of rice husk, coffee husk and coconut husk. Another experiment
conducted by (Otieno et al., 2021) on the influence of contact time on adsorption
capacity also showed the same trend. Gradual increase was exhibited between 0 to 60
minutes, slow decrease between 60 to 90 minutes beyond 90 minutes. Initially, when
the adsorbate and adsorbent come into contact, rapid adsorption occur due to the
availability of numerous adsorption sites on the surface of the adsorbent (Khan et al.,
2015). This stage is often governed by film diffusion where target ions move from the
bulk solution to the adsorbent surface. As contact time increases, the rate of adsorption
gradually reduces as available adsorption sites are occupied. The process then
transitions to a slower phase controlled by intraparticle diffusion, during which target
ions move into the pores and internal structure of the adsorbent (Akafu et al., 2019).
Once most active sites are occupied, the diffusion processes slow and an equilibrium

state is attained, where no further significant change occurs.

2.4.2 Adsorption Kinetic Studies

Adsorption kinetic evaluations analyze the efficiency and rate-limiting steps of

adsorbate removal and investigate adsorption mechanisms (Mohamed Nasser et al.,
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2024; Serban et al., 2023). Various researchers have utilized different kinetic models
in their adsorption studies. For example, (Alam & Anwar, 2020) and (X. Zhang et al.,
2018) utilized pseudo-first-order kinetics, pseudo-second-order kinetics, Elovich and
intraparticle diffusion models to generate kinetic curves in their studies. These models
provide crucial information that can help in the development of low-cost and eco-

friendly adsorbent materials.

The application of these kinetic models is particularly suitable for fungal and lateritic
soils adsorbents due to their varying surface properties and different active functional
groups. These adsorbents exhibit different adsorption mechanisms in nutrient recovery
in human urine. Thus, PFO, PSO, and Elovich model help establish the dominating
adsorption mechanisms for the two adsorbents (Guo & Wang, 2019). Additionally, the
intraparticle diffusion model is essential in evaluating the contribution of pore
diffusion and internal mass transfer in adsorption of ammonium nitrogen and
phosphorus (Bian et al., 2024). Evaluating adsorption Kinetics using these models
therefore enables a better understanding of the dominant adsorption mechanisms

governing the adsorption of nutrients from human urine.
2.4.2.1 Pseudo-First-Order Kinetic Model

This model is based on the assumption that rate of adsorption is proportional to the
number of unoccupied active sites on the surface matrix of adsorbents (Chowdhury &
Saha, 2011). In this model, the rate of adsorption is rapid at first when the active sites
are still available on the adsorbent’s surface. As these sites become progressively
occupied, the adsorption rate declines until equilibrium is attained. The Pseudo First
Order (PFO) kinetic model typically fits well for early-stage, surface-controlled
adsorption, particularly when physisorption is the predominant mechanism. Equation

2.1 (X. Zhang et al., 2018) shows the non-linearized form of this model.

Q¢ = (1 — eK1Y) (2.1)
Where:

Q. = Equilibrium sorption capacity (mg/q)
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Q; = Sorption capacity at a specific time ‘t” (mg/g)
K, = rate constant (min~1)
2.4.2.2 Pseudo-Second Order Model

The Pseudo-Second Order (PSO) model is based on the assumption that the rate-
limiting step in the adsorption process is chemisorption, involving valence forces
through the sharing or exchange of electrons between the adsorbent and adsorbate
(Chowdhury & Saha, 2011). In contrast to the PFO model, the PSO model fits better

when adsorption process is governed by strong chemical interactions. The non-linear
form of the pseudo-second-order kinetic model is expressed in Equation 2.2 (X. Zhang
etal., 2018).

2k
q, = _Gekat (2.2)

T 1+qekat
Where:
q. = Equilibrium sorption capacity (mg/g)
q: = Sorption capacity at a specific time ‘t’ (mg/g)
k, = Rate constant (g(mg) tmin™1)
2.4.2.3 Elovich Model

The Elovich model is commonly used to describe the kinetics of chemisorption on
highly heterogeneous surfaces and is particularly useful when the adsorption process
involves a new adsorbent with an unknown surface structure. The non-linearized form

of this model is represented in Equation 2.3 (Khan et al., 2015).
qe = %ln(l + aft) (2.3)

Where:
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o = Initial rate of sorption (mg/g.min)

p = associated with the degree of surface coverage and the acti-
vation energy involved in the chemisorption process (g/mg)
2.4.2.4 Intra-particle Diffusion Model

This type of model is based on the assumption that adsorbates diffuse into the pores of
adsorbents during the adsorption. It is used to identify whether the adsorption is
controlled by intra-particle diffusion. Equation 2.4 shows the non-linearized form of
this model (Alam & Anwar, 2020; Bellahsen et al., 2021).

g = kitz + C, (2.4)
Where:

K,; = Intra-particle diffusion rate constant (mg/gmin®-°)

C = Intercept, which gives an idea about the boundary layer thickness (mg/g)

When C; = 0, then rate-controlling step of the adsorption process is intra-particle
diffusion and when Ci # 0 then the rate-controlling steps are film diffusion and

intraparticle diffusion.
2.4.3 Adsorption Isotherm Studies

Adsorption isotherm models have been identified as significant tools in evaluating the
efficiency and adsorption capacity of different adsorbents. These models provide
useful information such as the adsorption mechanisms, equilibrium adsorption
capacities and adsorbent-adsorbate affinities which are crucial in optimizing the
adsorption systems. By fitting experimental data to isotherm models such as Langmuir,
Freundlich and Dubinin—Radushkevich (D—R) model, one can be able to determine the
nature of adsorption, whether it is monolayer or multilayer adsorption. Additionally,

these models provide useful insights on the underlying adsorption mechanisms. They
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help in distinguishing whether the adsorption process is governed by physiosorption

(weak electrostatic interactions) or chemisorption (strong chemical bonding).

Isotherm models play a crucial role in designing and optimization adsorption systems
for nutrient recovery. For instance, studies on recovery of ammonium nitrogen and
phosphates from aqueous solutions rely heavily on isotherm models to obtain the
equilibrium adsorption capacities and understand the adsorbent-adsorbate affinities
(Bellahsen et al., 2021; Otieno et al., 2023a). These models also describe these how
nutrients bind to the surface of the adsorbents thus providing insights on how easily

they can be released and reused for crop production.

Lastly, the nature of the fitted isotherm behavior provides insights on the potential of
adsorbents to release trapped nutrients (Rout et al., 2016). For instance, adsorbents
that follow Freundlich or D-R isotherm behavior, are typically associated with
heterogeneous surfaces and varying adsorption energies (Musah et al., 2022), which
may facilitate easier nutrient desorption and controlled release. However, those best
fitted with Langmuir model, may imply strong monolayer binding which may result
in higher adsorption capacities but reduced desorption efficiency (Halajnia et al.,
2013). Understanding these relationships is crucial in designing nutrient recovery

systems.

2.4.3.1 Langmuir Model

The Langmuir model, as expressed by Equation 2.5, assumes that monolayer
adsorption on a surface with a finite number of identical sites and no interaction
between adsorbed molecules. When all the adsorption sites are occupied, there occurs

no further adsorption, thus an equilibrium state is attained (Ayawei et al., 2017).

RIS S 2.5)

de dm KrqmCe

Where:

q. =quantity of ions adsorbed at equilibrium state (mg/qg)
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q,», = maximum monolayer adsorption capacity of the adsorbent (mg/g)
C, = concentration of the ions in the solution at equilibrium (mg/L)

K; = Langmuir constant (L/mg)

2.4.3.2 Freundlich Model

This isotherm model is applied to heterogeneous systems, where it is assumed that
different adsorption sites with varying adsorption free energies are present
simultaneously, and it allows formation of multiple layers (H. Li et al., 2021). The

linearized form of this model is shown in Equation 2.6 (X. Zhang et al., 2018).
Log q. = Log K; + %Log Ce (2.6)
Where:

Ce = concentration of the ions in the solution at equilibrium state (mg/L).

Ky = Freundlich constant

= it indicates the adsorption intensity and the extent of heterogeneity of

adsorbent’s surface

The values of 1/n between 0 and 1 indicates the heterogeneity of adsorbent’s surface
with values closer to 0 indicating highly heterogeneous surfaces (Tan et al., 2008).
When 1/n is less than 1, the adsorption process is considered favourable whereas, 1/n
> 1, the adsorption process is considered as unfavourable and 1/n = 1 is considered

irreversible (Kalam et al., 2021).
2.4.3.3 Dubinin—Radushkevich (D-R) Model

This isotherm model provides information on the mean free energy of adsorption,

which can reflect the nature of the adsorption process; whether it is physical or
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chemical. Equation 2.7 shows the linearized form of this model (Alrefaee et al., 2023;
Musah et al., 2022).

Inge = InQ, — Kpg [RT(In (1 + Cie)]2 2.7)
Where:
Q, = Maximum adsorption capacity (mg/g)
Kpr =D-R constant which gives the adsorption energy (E) (m)
R = Universal gas constant (8.314 J/mol-K),
T = Temperature (Kelvin)
Ce = Equilibrium concentration (mg/L).

Adsorption energy (E) can be calculated using Equation 2.8.

1

E= v 2KpRr

(2.8)

The E value is used to establish the nature of adsorption process. If E < 8 kJ/mol nature
of adsorption is considered to be physical and the adsorbates are held by weak
electrostatic forces. When E values are between 8 and 16 kJ/mol then adsorption
process is dominated by ion exchange mechanism and if E > 16 kJ/mol then the

adsorption process is chemisorption in nature.

2.4.3.4 Temkin Model

The Temkin isotherm is used to describe adsorption systems in which the heat of
adsorption of molecules in the layer decreases linearly with increasing surface
coverage. It takes into consideration the indirect adsorbate/adsorbate interactions that
influence the adsorption process (Foo & Hameed, 2010). The linear form of this model
is shown in Equation 2.8 (Aslani & Amik, 2021).
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qe = "Lk, +=InC, (2.8)
Where:

K= Equilibrium binding energy which corresponds to the optimum binding

energy
(dm? /g)
B = Constant which is related to the heat of adsorption (J/mol)
R = Ideal gas constant (8.314 J/mol-K)

T = Absolute temperature (Kelvin)

2.5 Desorption Studies

Desorption has been identified as an effective way of recycling nutrients recovered
from human urine and contributes to sustainable management of our resources in fields
like agricultural production. Through desorption, nutrients trapped on the surface
matrix of the adsorbents can be released in a controlled manner (Luo et al., 2021),
enabling the reuse of the adsorbents and the recovery of nutrients in forms suitable for
plant uptake. (Nguyen et al., 2021) evaluated the possibility of desorbing the nutrients
adsorbed by biochar derived from rice husk and using it for production of hydroponic
solution. (Ajmal et al., 2020) evaluated the efficiency of magnetically modified
biomass-derived biochar in releasing trapped phosphates. Similarly, (Konneh et al.,
2021) analysed the efficiency of biochar (rice husk, coffee husk, and coconut husk) in

releasing the trapped nutrients for crop growth.

The desorption of nutrients can occur either through physical or chemical mechanisms
(W. Zhang et al., 2022). Physical desorption is generally related to weak electrostatic

and van der Waals forces and can be enhanced by changing the ionic strength through
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dilution. On the other hand, chemical desorption is associated with disruption of ligand
exchange reaction, strong ionic bonds, and surface complexations. This type of
desorption often involves use of specific eluents or pH adjustments (Loganathan et al.,
2014). The choice of desorbing agent and solution pH is crucial in desorption of
nutrients. For instance, alkaline eluents are commonly used for phosphate desorption
due to competitive hydroxyl ion exchange (Wu et al., 2019), whereas acidic eluents
are used for ammonium desorption by since they alter the surface charge of adsorbents
thus weakening the adsorbent-adsorbate interactions (Alcalde-Garcia et al., 2023).
The use of distilled water as an eluent is common in desorption experiments there is
need to minimize foreign ions or impurities that could interfere with the desorption
process (Carleton & Cutright, 2020).

Understanding the desorption processes play a crucial in the design of adsorption-
desorption systems that can be used in nutrient recovery for agricultural use.
Desorption not only enhances the reusability and economic feasibility of adsorbents
but also enables the recovered nutrients to be processed into alternative fertilizers or
soil conditioners. Therefore, the recycling of nutrients via adsorption-desorption
processes has the potential to mitigate the reliance on synthetic fertilizers, which are
currently linked to environmental issues such as eutrophication, greenhouse gas

emissions, and soil degradation.
2.6 Experimental Designs Commonly Used in Adsorption Studies

Experimental design plays a crucial role in adsorption studies, as it helps to establish
the efficiency, robustness, and interpretability of the results. Several experimental
designs have been reported in the literature, with the most commonly applied being
the response surface methodology (RSM), factorial experimental designs and One-

Factor-at-a-Time (OFAT) approach.
2.6.1 Response Surface Methodology (RSM)

Response Surface Methodology comprises of a number of statistical and mathematical
techniques that are utilized in modelling and optimizing the adsorption systems. This

is done by analyzing the effects of different process variables and their interactive
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effects that impact the overall performance of the system. RSM is also used to build
mathematical models that explain the overall process. Some of the commonly used
designs in RSM include; central composite and Doehelrt designs (CCD) and Box—
Behnken Designs (BBD). This method has been successfully used in optimizing the
operating conditions of adsorption experiments while minimizing the number of

experimental run (Bahrami et al., 2019; Benredouane et al., 2016).

The general equation for RSM is expressed in Equation 2.9.

Y =B+ X BiXi + D BXF + XFs o1 BiXiXijtE (2.9)
Where:

y = predicted response (output variable)

X;j = independent variables (factors)

k = number of factors

B, = intercept term

B; = linear coefficients

B:i = quadratic coefficients

pi; = interaction coefficients

€ =ran dom error

However, RSM typically requires well-defined variable ranges and prior knowledge
of system behavior, limiting its use in adsorption studies where effects of operating

factors and adsorption behavior is not yet fully understood.

2.6.2 Factorial Experimental Designs
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Factorial experimental designs are a form of multivariate approach, whereby two or
more factors are varied simultaneously, enabling the evaluation of both main effects
as well as interaction effects of variables (Montgomery, 2017). Full and fractional
factorial designs have also been found to offer deeper insights into adsorption systems
compared to the OFAT approach, especially when interaction effects of variables have
a significant impact on adsorption systems (Pani¢ et al., 2015). However, factorial
experimental designs involve a significantly larger number of experimental runs as the
number of factors is increased, which may not be feasible (Imessaoudene et al., 2023),
especially when dealing with adsorption systems involving many operational
parameters as well as costly analytical techniques.

2.6.3 One Factor at A time Approach

In this method, one variable is changed at a time while keeping other variables fixed
to observe the effect of that variable on the response variable. The OFAT method is
very common in adsorption studies because it is simple and easy to understand and is
very useful as a preliminary tool (Husien et al., 2019). This method helps to identify
the most important parameters that affect adsorption, e.g., contact time, adsorbent
dose, pH, and concentration (Tibebu et al., 2025). Although it has faced criticism due
to its failure to account for interaction effects (Montgomery, 2017), OFAT is
considered as the most suitable experimental design method when parameter screening
and understanding the adsorption mechanism are important, especially when working
with new adsorbents or systems where limited information is known (Tibebu et al.,
2025).

In the study, the OFAT method was used due to its suitability for evaluating the
influence of different parameters on adsorption behavior of lateritic soils and fungal
adsorbents. Additionally, scarce information is available on adsorption mechanisms of

fungal adsorbents.

2.7 Summary of Literature Reviewed and Research Gap

With increasing global population, the food demand is also expected to rapidly rise. In

an effort to promote food security, there is need to come up with sustainable alternative
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fertilizer sources. Over the past years, Haber-Bosch processes and mine reserves for
production of synthetic fertilizers have been relied on. However, Haber-Bosch process
is energy-intensive whereas, mine reserves for phosphates are non-renewable (Geissler
et al., 2015; International Energy Agency, 2021). Additionally, continuous use of
synthetic fertilizers has negative impacts on the environment. In an effort to eradicate
these demerits, the extraction of nutrients from human urine has been identified as a

sustainable source of these crucial nutrients.

Techniques have been instigated to facilitate nutrient recovery from human urine
which include ammonia stripping, chemical modification, construction of wetlands
and adsorption mechanisms (Pathy et al., 2021; Saravanan et al., 2021). Among these
techniques, adsorption mechanisms have been identified as an effective method as it
involves the use of readily available materials as adsorbents. Additionally, adsorbents
materials can be reused thus reducing secondary pollution. Although several studies
have been done on nutrient recovery from human urine using different adsorbents. The
use of fungi adsorbent and lateritic soils has not been adequately explored.
Additionally, limited studies have been done exploring the influence of
physicochemical properties of fungal adsorbent on its adsorption mechanisms and
capacity. This analysis is aimed at evaluating the potential of using fungi (Agaricus
impudicus) and lateritic soil as adsorbents for nutrient recovery in human urine and the
possibility of reusing the recovered nutrients in agricultural production. Thus, reducing
overdependence on synthetic fertilizers.

2.8 Conceptual Framework

A conceptual framework that shows the interconnection between independent and
dependent variables in performance evaluation of the selected adsorbents in this study

is shown in Figure 2.1
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Figure 2.1: Conceptual Framework of the Study
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Description of the Experimental Location

The experiments for this study were carried out at Environmental Engineering
Laboratory within the Department of Civil Engineering, Jomo Kenyatta University of
Agriculture and Technology located in Juja, Kenya (1°05'44"S 37°00'44"E).
Enviromental Engineering Laboratory was selected for experimental set up and data
collection because it is well equipped with essential equipment for adsorption
experiments. Figure 3.1 represent the experimental location.

4
Experimental location

Figure 3.1: A Map of the Experimental Location

3.2 Experimental Design

One Factor at a Time approach was used in designing the batch adsorption
experiments for this study. Two different treatments (fungi and Lateritic Soils
adsorbents) were used. Four factors (Initial concentrations, contact time, stirring rate
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and dosage) were evaluated. One factor was varied while maintaining the other factors

constant to determine its impact on adsorption capacity.

In evaluating the effect of initial concentrations, six varying concentrations of urine
(Otieno et al., 2021) were prepared by diluting 100 mL collected urine sample with
different amounts of distilled water (0, 20, 40, 60, 80 and 100 ml). The obtained
concentrations were treated with 0.5 g of fungi adsorbent, and the concentration of
ammonium nitrogen and phosphorus adsorbed determined. The same procedure was
repeated for the lateritic soil adsorbents. In analyzing the effect of contact time, time
duration of 100 minutes was considered while maintaining the other factors constant.
The concentration of ammonium nitrogen and phosphorus adsorbed at each time
duration were determined. Agitation speed was varied from 100 rpm to 190 rpm (Beig
et al., 2023; Wystalska & Kwarciak-koztowska, 2021) while holding the other factors
at constants. The amount of ammonium nitrogen and phosphorus adsorbed by the
selected adsorbent were determined for each stirring rate. Lastly, adsorbent dosage
was varied from 0.125 g to 0.5 g (Wu et al., 2019; S. Yang et al., 2013) and the
concentration of ammonium nitrogen and phosphorus adsorbed by each dosage

determined.

Experimental runs were conducted in four replications for accuracy, reliability and
validity of the experimental results. Treatments were assigned in a random order to
reduce systematic errors (Gilman et al., 2021; Mtaallah et al., 2018). The data obtained
from these experiments were plotted graphically to observe the trends. Analysis of
Variance (ANOVA) were used to analyze the significance of each factor. Time-
dependent batch adsorption data were analyzed using pseudo-first-order (Eqgn. 2.1),
pseudo-second-order (Egn. 2.2), and Elovich (Eqgn. 2.3) and intra-particle diffusion
(2.4) Equations for kinetic modelling. Equilibrium data obtained were fitted using
adsorption isotherm models (Langmuir (2.5), Freundlich (2.6) and Dubinin-
Radushkevich (D-R) (2.7) models.

3.3 Physicochemical Properties of Fungi and Lateritic Soil Adsorbents
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Figure 3.2 shows the overall methodological framework adopted in this study. It
outlines the sequence of all the activities that were carried out to achieve specific

objective one.

Material Handling & Characterization

Material

Lateritic soils (Gem, Western Kenya)

Agaricus impudicus (Timboroa, Uasin Gishu)

Fresh human urine from 6 volunteers

Material Preparation &

Lateritic soils (oven-dried 105 °C, 24 hrs)

A. impudicus (oven-dried 85 °C, 12

Human urine (stored at 4 °C, 10

Material

Lateritic soils & A. impudicus Biomass
(FTIR, SEM, Elemental, XRF

Human urine (pH, EC, NH4+-N &
metal ion composition)

Figure 3:2: A Flowchart Showing all the activities for Determination of
Physicochemical Properties of the Materials
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3.3.1 Materials Preparation

A total of 24 Litres of fresh human urine samples were collected from six volunteers
using clean plastic containers. The individual samples were combined to form a
composite sample, minimizing variability and ensuring adequate volume for
experimental use. The collection and use of human urine were reviewed and approved
by the Scientific and Ethics Review Committee of Jomo Kenyatta University of
Agriculture and Technology under reference number JKU/2/4/898B. All participants
provided informed consent after being briefed on the study objectives, and no personal
identifiers were recorded to maintain confidentiality. Immediately after collection, the
composite urine sample was refrigerated at 4 °C for one week to minimize changes in
physicochemical properties and suppress enzymatic activity prior to the analysis. No
chemical preservatives were applied in order to preserve the natural composition and

pH of the urine.

Fresh Agaricus impudicus (Rea) Pilat belonging to the mushroom family Agaricaceae
were collected from Timboroa forest in Uasin Gishu County in Kenya. The specimens
were identified and authenticated by a Taxonomist from the Department of Botany,
Jomo Kenyatta University of Agriculture and Technology (JKUAT). The voucher
specimens were deposited in the JKUAT Botany Herbarium (JKUATBH) with the
accession numbers; FC-JKUATBH/001F/2025. Lateritic soil was collected from Gem,
Siaya County, Western Kenya where it was dominant. Samples were collected by
excavating 20 cm from the ground surface to ensure there are no surface organic
contamination, minimize contamination and to obtain a more homogeneous mineral
composition (J. Gao et al., 2023; Pepper & Gerba, 2015). Fungi were oven-dried at
85°C for 12 hours to remove excess moisture while maintaining the contents of the
cell wall such as chitin crucial for adsorption (Low et al., 2022). The dried samples
were grounded and sieved to particle sizes < 600 which was adopted from previous
studies (Kalaruban et al., 2016; Krishna et al., 2016). Particle size reduction through
grinding was done to increase the specific surface area and enhance accessibility of
active adsorption sites, thereby improving mass-transfer kinetics and adsorption
performance (Maleki & Karimi-jashni, 2017; H. Zhang et al., 2016). The grounded

samples were kept in air-tight plastic containers for further analysis and use in batch
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adsorption experiments. Similarly, lateritic soils were oven-dried at 105°C for 24
hours, crushed, sieved to <600 um and kept in air tight containers for experimental

analysis.

3.3.2 Determination of Physicochemical Properties of Fungi and Lateritic Soil
Adsorbents

Scanning electron microscope (JCM-7000-JEOL, Japan) was used to analyze the
morphological appearance of the adsorbents. The dried samples were mounted on
aluminium stubs using conductive carbon tape and sputter-coated with a thin layer of
gold to minimize charging effects. SEM imaging was conducted under high-vacuum
conditions at an accelerating voltage of 10.0 kV, with a working distance of
approximately 18.2 mm. Micrographs were acquired at a magnification of x1,500,
corresponding to a scale bar of 10 pm. The SEM images obtained provided insights
on the surface morphology and porosity of the adsorbents which influence adsorption

kinetics.

Different functional groups that are crucial for adsorption in the adsorbents were
examined using the Fourier Transform Infrared (FTIR) spectroscopy technique
(ALPHA, Bruker Optics GmbH & Co. KG, Germany). Average IR spectra for each
run were obtained from 32 scans at 4cm! resolution within a frequency range of within
4000-400 cm™ Presence of Carbon, Hydrogen, Nitrogen, Sulphur in the adsorbents
were evaluated using a CHNS elemental analyzer (Vario MACRO cube, Elementar
Analysensysteme GmbH, Langenselbold, Germany). The ash content was determined
the American Society for Testing (ASTM) (ASTM, 2003; (K. Liu, 2019) whereas the

oxygen content was calculated using Equation 3.1(Demirbas, 2004).
O (%) =100- (C + H+N +S + Ash) (3.1)

Where:

C = Percentage of carbon content
H = Percentage of hydrogen content

N = Percentage of nitrogen content
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S = Percentage of sulphur content
Ash = Percentage of Ash content

Chemical composition of the adsorbents was analyzed using X-ray Fluorescence

(XRF) (Bruker SI TITAN 800, USA)

3.3.3 Determination of the Physicochemical Characteristics of Human Urine

Physicochemical attributes of human urine like pH, electrical conductivity and metal
ion composition, ammonium nitrogen concentration, and phosphorus concentration
were analyzed. Metal ion analysis of human urine samples was performed using the
Atomic Absorption Spectrometer (AAS) technique. This was done to determine
whether the metal concentrations in the human urine were within acceptable WHO
regulatory limits. Metals analyzed include nickel (Ni), cadmium (Cd), chromium (Cr)
and lead (Pb) calcium (Ca), copper (Cu), iron (Fe), and zinc (Zn). Before the analysis,
50 mL of urine was filtered using Whatman filter paper No. 1. and poured into 100 mL
volumetric flask. 10 mL of concentrated nitric acid was then added to filtered urine
samples and heated for 15 minutes at 120 °C to ensure complete digestion (Afridi et
al., 2010; Camacho-delaCruz et al., 2025). After heating, the mixture was allowed to
cool to room temperature. Quality assurance and quality control procedures including
use of analytical grade chemicals in the sample preparation and digestion were adhered
to in metal analysis. Sample replicates (n=3) and blanks were incorporated in the
analytical procedure for accuracy and reproducibility. Instrument calibration was
performed using standard solutions with metal elements to ensure analytical accuracy
and instrument stability throughout the analysis. pH of Urine samples was measured
using the HANNA 211 Microprocessor pH meter, while the electrical conductivity was

measured using a conductivity meter.

3.4 Determination of Behaviour and Adsorption Capacity of Fungi and Lateritic

Soils in Adsorbing Ammonium Nitrogen from Human Urine
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In establishing the behaviour and adsorption capacities of Agaricus Impudicus
Biomass and lateritic soils, a series of experimental activities were done. A summary

of all the activities carried out have been presented in Figure 3.3.

Adsorption Experiments

Preparation Phase

Determination of initial concentration
of NHs*-N and P

Preparation of stock solutions, working
standard solutions and reagents

Batch Adsorption

Testing the effect of dosage, agitation speed, contact
time, initial conc.

Modelling Phase

Adsorption kinetic modelling (PFO, PSO,
Elovich and Intraparticle Diffusion)

Adsorption isotherm modelling (Langmuir,
Freundlich and D-R)

Figure 3.3: Summary of all the Activities for Adsorption Studies

3.4.1 Determination of Ammonium Nitrogen Concentration in Human Urine

Nesslerization method an analytical techniqgue commonly used to determine the
concentration of ammonia nitrogen in water samples were used to determine the
concentration of NH; — N in human urine (Zhou & Boyd, 2016).

3.4.1.1 Preparation of Reagent
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Rochelle salt used in this experiment were prepared by dissolving 50g of potassium
sodium tartrate tetrahydrate in 100 mL of distilled water. Nessler reagent was prepared
by dissolving 100g of mercuric iodide (Hgl,) and 70 g of potassium iodide (KI) in a
small quantity of water. The obtained mixture was slowly added, with stirring, to a
cool solution of 160 g of sodium hydroxide (NaOH) dissolved in 500 mL distilled
water (H,0). This mixture was then diluted to 1 L and stored in rubber-stoppered

borosilicate glassware.

3.4.1.2 Preparation of Ammonium Chloride Stock and Working Standard

Solutions

NH,Cl Stock solutions were prepared by dissolving 3.819 g anhydrousNH,Cl, dried at
105°C, in distilled water and diluting it to 1000 mL. NH,Cl Working standards were
prepared by diluting 10 mL of stock solution to 1000 mL.

3.4.1.3 Determination of Calibration Line and Concentration Levels of

Ammonium Nitrogen in Human Urine

In determining the calibration line, a series of working standards was made first by
pipetting 1.0, 2.0, 4.0, 10.0, 20.0, 30.0 and 40.0 mL of standard solutions to different
50 mL volumetric flasks. Distilled water was then added to each volumetric flask up
to 50 mL mark and the following concentrations were obtained; 0.2, 0.4, 0.8, 2, 4, 6
and 8 ppm. 0.5 mL of Rochelle solution were added to the diluted solutions and stirred.
0.5 mL of Nessler Reagent were added also and stirred as well. The absorbance of the
obtained solutions was measured after 15 minutes at 425 nm wavelength using UV-
VIS-1800 spectrophotometer (Shimadzu UV-1800, Japan). A mathematical expression
for the calibration line was determined using excel. The resulting calibration curve
exhibited a linear correlation (R2 > 0.990).

In determining the concentration of NHF — N, 0.1 mL of urine was pipetted into 100
mL volumetric flasks and diluted to volume with distilled water to minimize color
interferences and the dilution factor used to calculate the final concentration.
Additionally, to minimize color and turbidity interferences from calcium and

magnesium precipitation, 0.5 mL of Rochelle salt solution was added to each diluted
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sample. Subsequently, 0.5 mL of Nessler’s reagent was introduced and the mixture
was allowed to react for 15 minutes at room temperature to develop the characteristic
yellow-brown coloration. The absorbance of the resulting solutions was measured at

425 nm using UV-VIS-1800 spectrophotometer.

Since Nessler’s reagent contains mercury, all mercury-bearing wastes generated
during the analysis were collected separately in clearly labelled, sealed containers, and
stored for disposal through an JKUAT waste management facility in compliance with

institutional policies and environmental safety regulations.

3.4.2 Phosphorus Quantification by Colorimetry

The concentration of phosphorus was determined using Molybdenum antimony

colorimetric method (Sereenonchai et al., 2022).

3.4.2.1 Preparation of Reagents

Table 3.1 summarizes the chemicals and methods used to prepare the combined
reagent (ascorbic acid-molybdate reagent) used in determining concentration of P in

human urine.

Table 3.1: Chemicals and Methods of Preparation

Chemicals Formula Preparation/Concentrati  Storage

on conditions
Ammonium NH,)6Mo,0,,.4H,0 Ammonium Used
heptamolybda heptamolybdate solution immediatel
te was prepared by y

dissolving 69 of
(NH,)6Mo,0,,.4H,0
salt in 200 mL of distilled

water in 250 mL beaker.

P ium 1 . Potassium antimonyl Used
otassiu K(Sb0)C,H,0¢. = H,0' y

antimonyl 2 tartrate was prepared by immediatel

tartrate dissolving 0.24 g y
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Sulphuric acid

Ammonium

sulphamate

Molybdate
Reagent

Ascorbic acid

solution

H2S04

NH,SO;NH,

K(Sb0)C4H,04.5 H,0) of
salt in 100ml distilled
water 250 mL beaker.
H,S0, solution was
prepared by pouring 40 ml
of distilled water in a
beaker and adding 80 mL
of concentrated H,SO, in
250 mL volumetric flask.
Ammonium sulphamate
solution was prepared by
diluting 5 g of
NH,SO;NH, salt in 80
mL of distilled water in
250 mL beaker.
Molybdate reagent was
made by mixing the
reagents prepared in the
following order: 200 mL
of (NH,)6Mo,0,,.4H,0,
100 mL of
K(Sb0)C4H,06.5 H,0),
120 mL of H2SO4, and 80
mL of NH,SO;NH, in a
500 mL volumetric flask.
Ascorbic acid solution
was prepared by
dissolving 7.2 g of
ascorbic acid in 100 mL
of distilled water in 250

mL beaker.
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immediatel

y

Used

immediatel

y

Stored
using a
glass
stoppered
bottle at
room
temperatur

e.

Stored
using a
glass
stoppered
bottle at

room



temperatur

e.

Combined Combined reagent was Stored

reagent made by mixing using a

(Ascorbic molybdate reagent and glass

acid+molybda ascorbic acid solution in stoppered

te reagent) the ratio of 5:1 in a 250 bottle at

mL beaker. room

temperatur
e.

3.4.2.2 Preparation of Phosphorus (P) Stock and Standard Solutions

P stock solution of 1000 ppm was prepared by dissolving 4.39 g of Potassium
dihydrogen phosphate (KH,PO,) (dried at 105°C ) in 1000 mL of distilled water in
1000 mL volumetric flask. 2.5 mL of the obtained 1000 ppm P stock solution was
measured and poured in 250 mL volumetric flask and diluted to 250 mL mark using
distilled water to obtain P working standards of 10 ppm.

3.4.2.3 Determination of Calibration Line and Concentration of Phosphorus in

Human Urine

In determining the calibration line, the following amounts of P working standard
solution (1, 1.5, 2, 2.5, 3, 3.5 and 4 mL) were pipetted into different 50 mL volumetric
flasks and diluted to 50 mL mark using distilled water. From the dilutions, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 ppm standard solutions were obtained. 0.5 mL of
combined reagent (ascorbic acid-molybdate reagent) was added to the obtained
standard solutions. The absorbance of the obtained solutions was measured after 15
minutes at 880 nm wavelength using UV-Vis-1800 spectrophotometer (Shimadzu UV-
1800, Japan). A graph of absorbance against concentration of P in the obtained
solutions was plotted and the calibration curve obtained was used to determine the

unknown concentrations of P in filtered human urine samples.
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Concentration of P in urine samples were determined by pipetting 0.1 mL of filtered
urine samples into a 100 mL volumetric flask and adding 0.5 mL of Molybdate reagent.
The absorbance of the solution was measured using UV-VIS spectrophotometer at 880
nm after 15 minutes with a 1 cm cell against distilled water. The absorbance readings

obtained were used to calculate the concentration of P in human urine samples.
3.4.3 Batch Adsorption Experiments

Batch adsorption experiments were carried out in this study to evaluate the effect of
adsorbent dosage, effect of agitation speed, contact time and initial concentration on
adsorption of phosphorus from human urine using lateritic soil and fungi adsorbents.
The experiments were done in four replicates each at room temperature of 23 + 1 °C
and the mean values and standard deviations were calculated. VVolume of human urine
used was 25 mL. pH of the urine samples was adjusted to 7.16 £ 0.12 and 7.08 £ 0.35
before the NHf — N and P experiments respectively using sodium hydroxide (NaOH)
and hydrochloric acid (HCI). Untreated human urine was used as control samples in

these experiments.
3.4.3.1 Effect of Adsorbent Loading

The effect of adsorbent loadings during adsorption studies were investigated by
varying the adsorbent loadings. Loadings of 0.125 g, 0.25 g, 0.375 g, and 0.5 g of each
adsorbent were added separately to each batch of beakers containing 25 mL of urine
samples. The obtained mixture was agitated at 130 rpm and centrifuged at 2500 rpm
for 10 minutes and filtered using Whatmann filter paper No. 42. The concentration of
the NH;-N and P in residual solutions were determined using a Spectrophotometer
(Shimadzu UV-1800, Japan). The quantity of nutrients adsorbed and removal

efficiency were calculated using Equation 3.2 and 3.3 respectively.

(Co—COV
Q, = Gt 3.2)
Removal ef ficiency (%) = % x 100 (3.3)
0
Where:
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Q; = quantity of NH; — N and P adsorbed by the adsorbents,
Co = initial concentration of NHf — N and P in mg/L

C:= the concentration of NH — N and P at time, t, in mg/L,
V = the volume of urine (L)
m = the mass of adsorbent (g).

Furthermore, one-way analysis of variance (ANOVA) was conducted to evaluate
statistically significant differences in the adsorption data using Microsoft Excel,
OriginPro, and the R statistical software (Version 4.4.2). Differences were considered
statistically significant at p < 0.05. The use of multiple analytical platforms ensured

consistency and robustness in the statistical evaluation of the experimental results.
3.4.3.2 Effect of Agitation Speed

Effect of agitation speed on adsorption was investigated by varying the agitation speed.
0.5 g of each adsorbent was added separately to each batch of beakers containing 25
mL of urine samples and agitated at 100 rpm, 130 rpm, 160 rpm and 190 rpm. After
agitation, the samples were centrifuged at 2500 rpm for 10 minutes and filtered. The
concentration of the NH;-N in residual solution was determined using a
Spectrophotometer (Shimadzu UV-1800, Japan). The quantity of nutrients adsorbed

were calculated using Equation 3.2.
3.4.3.3 Effect of Contact time and Initial Concentration

Six samples of urine with different NH4"-N and P concentrations were used in these
experiments. For NH4"-N adsorption the following concentrations were used; 556.78,
371.82, 351.54, 295.46, 280.44, and 208.65 mg/L. Table 3.2 summarizes the dilution

scheme that was used to prepare these solutions.

45



Table 3.2: Dilution Scheme for Preparing Urine Samples with Varying NH4+-N

Concentrations

Dilution Urine  Distilled water Total Volume Final NH;-N

Volume added (mL) Obtained (mL) Concentration
(mL) Obtained (mg/L)

1 100 20 120 556.78

2 100 80 180 371.82

3 100 160 260 351.54

4 100 240 340 295.46

5 100 320 420 280.44

6 100 400 500 208.65

For P adsorption experiments the following concentrations were used; 594.56, 505.74,
444.39, 408.60, 377.28, and 223.74 mg/L. These different concentrations were
prepared by diluting original urine samples with 20, 80, 160, 240, 320 and 400 mL of
distilled water. Table 3.3 summarizes the dilution scheme that was used to obtain the

six different concentrations of P used in these experiments.
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Table 3.3: Dilution Scheme for Preparing Urine Samples with Varying P

Concentrations

Dilution Urine Distilled water Total Volume Final P Concentration
Volume added (mL) Obtained (mL) Obtained (mg/L)

(mL)
1 100 20 120 594.56
2 100 80 180 505.74
3 100 160 260 444.39
4 100 240 340 408.60
5 100 320 420 377.28
6 100 400 500 223.74

The influence of initial concentration on adsorption was evaluated by separately
adding an adsorbent loading of 0.5 g in each batch of urine samples with varying
nutrient concentrations. The mixed solutions were agitated at a speed of 130 rpm.
Samples were withdrawn using syringes after every 10 minutes for 100 minutes and
analyzed for NHf — N concentration. The withdrawn samples were centrifuged at
2500 rpm for 10 minutes and filtered. The concentration of the NH;-N and P in
residual solutions were determined using a Spectrophotometer (Shimadzu UV-1800,
Japan). The quantity of nutrients adsorbed and removal efficiency were calculated

using Equation 3.2 and 3.3 respectively.
3.5 Adsorption Kinetics

Adsorption kinetic models were used to analyze the rate at which nutrients are
adsorbed on the surface of adsorbents. Adsorption process was analyzed over time (0-
100 mins) using 0.5 g of adsorbents and 25 mL urine samples. Time-dependent batch
adsorption data was analyzed using pseudo-first-order (2.1), pseudo-second-order
(2.2), and Elovich (2.3) and intra-particle diffusion Equations for kinetic models.
Validation of these kinetic models was done comparing the R? and chi-square (x?)

values obtained after fitting the experimental data.

3.6 Isotherm Studies
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Batch isotherm experiments were conducted to establish equilibrium adsorption
capacities of the adsorbents. Six different concentrations of urine samples ranging
from 208.7 mg/L to 556.8mg/L were used in batch experiments for NH} — N. For P
experiments, six samples of urine with different nutrient concentrations (594.59,
505.74, 444.39, 408.60, 377.28, and 223.74 mg/L) were used. 0.5 g each of lateritic
soil and fungi adsorbents were added separately to the 25 mL urine samples with
different NH; — N and P concentrations and agitated at 130 rpm at temperature 24 +
1 °C for 100 minutes. The amount of nutrients adsorbed at equilibrium state was

calculated using Equation 3.2.

Equilibrium adsorption data obtained were fitted using three models (Langmuir,
Freundlich, and Dubinin—Radushkevich (D-R)). In evaluating the reliability of each
isotherm model in describing batch adsorption equilibrium data, different statistical
indicators which include; coefficient of determination (R?), root mean square error
(RMSE) and Sum of squared errors (SSE) were calculated. R2 and SSE values were
directly obtained from the OriginPro 2024 (OriginLab Corporation, Northampton,
MA, USA) software which was employed in fitting the adsorption data. RMSE values

were calculated using Equation 3.4 (Imessaoudene et al., 2023).

RMSE = /SS—E (3.4)
DF

DF=n-p (3.5)

where DF is the degree of freedom, n is the number of observed data and p is the

number of parameters of the model

3.7 Desorption Behaviour of Fungi and Lateritic Soils Adsorbents in Releasing
Adsorbed Nutrients

In determining the rate of release of ammonium nitrogen and phosphorus trapped in
Agaricus impudicus and lateritic soils, batch and column desorption experiments
were conducted. Figure 3.4 summarizes all the activities that were done to achieve

specific objective 3.

48



Desorption Studies

Sample

Collection of nutrient-loaded adsorbents
from batch adsorption experiments

Drying of adsorbents (60 °C for 8 hours)

Desorption
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Data
Determination of Determination of
desorption efficiency the concentration of

effluent over time

Figure 3.4: A Flowchart Summarizing the Desorption Studies

3.7.1 Desorption Studies

In desorption experiments, lateritic soils and fungi residues obtained from batch
equilibrium adsorption experiments were used to analyse the release rate of adsorbed
NH; — N and P. These experiments were performed in four replicates and their mean
values and standard deviations were calculated to reduce random experimental errors.

Distilled water was used for the desorption experiment in order to minimize foreign
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ions or impurities that could interfere with the desorption process (Carleton &
Cutright, 2020). The control samples for these experiments were untreated distilled
water. The residues were first oven-dried at 60 °C for 8 hours and their mass
determined. 0.5 g of the dried samples were taken and added to separate beakers
containing 25 ml of distilled water. The resultant mixtures were then transferred to a
mechanical shaker and agitated at a speed of 130 rpm. Different samples were taken
after 30, 60, 90, 120, 150, 180 and 210 minutes and centrifuged for 10 minutes to
separate the solids from the liquids. The concentration of the nutrients in the desorption
solution was then determined. The desorption efficiency was calculated using Equation

3.6 (Ajmal et al., 2020).
Desorption Efficiency = % X 100% (3.6)

Where:
¢ = Amount of ions desorbed into the desorption solution (mg/L)
v = Desorption solution volume (L)
q = Equilibrium adsorbed amount of the ions before desorption (mg/g)
m = Mass of the adsorbent used in desorption experiment (g)

In order to mimic the field conditions, column experiments were performed to evaluate
the desorption behaviour of fungi and lateritic soils. Column desorption experiments
were carried out using plastic columns with 2.6 cm internal diameter and 20 cm length.
Mass of the adsorbent packed on the column was 10 g and the bed height was 2 cm.
A plastic sieve, followed by glass wool and acid-washed silicon beads was placed at
the bottom of the plastic column to prevent the adsorbents from flowing out with the
effluent. Distilled water was fed into the column using peristalic pump at a rate of 2.4
ml/min to flush the saturated columns for 390 minutes. The samples were collected
over time and the concentration of ammonium nitrogen and phosphorus analyzed.
Graph plots were drawn to show the rate of desorption of selected nutrients over time.

Figure 3.5 Shows the experimental set up for column desorption experiments.
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Figure 3.5: Experimental Set up for Column Desorption Experiments
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Material Characterization

4.1.1 Physicochemical and Structural Properties of Agaricus Impudicus and
Lateritic Soil Adsorbents

4.1.1.1 Fourier Transform Infrared (FTIR) Spectra of Lateritic Soils and
Agaricus Impudicus before and after NH4*-N Adsorption Studies

The FTIR spectra of lateritic soils and Agaricus impudicus before adsorption studies
were compared to the FTIR spectra after the adsorption. Figure 4.1a and b represent

the FTIR spectra of lateritic soils and Agaricus impudicus respectively.
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Figure 4.1: Fourier Transform Infrared Spectra Analysis of Lateritic Soils (a)
and Agaricus Impudicus (b) before and after NH4+-N Adsorption

The FTIR spectrum of lateritic soils in Figure 4.1a before and after NH4"-N adsorption
revealed noticeable shifts in wavenumbers and intensities of a number of functional
groups, indicating their involvement in the adsorption process. For instance, before
adsorption, —OH stretching vibrations appeared at 3798 cm™ and a peak shift of -74
was noticed after adsorption. Additionally, the broad band at 3600-3000 cm™' shifted
to 3550-3100 cm-1 after adsorption. These changes could be as a result of hydrogen
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bonding and electrostatic bonding of ammonium ions with -OH and C=0O groups.
Additionally, the peaks at 1660 cm™! attributable to the C=0O group stretch of the mica
mineral and the peak at 1554 cm™', due to the OH group stretch of inner water
molecules, and C-H, C-C, and C=C of typical alkyl and alkene stretching groups
respectively, recorded a slight increase in intensities consistent with findings by
(Otieno et al., 2023b). The changes are ascribed to occur due to hydrogen bonding of
ammonium ions with -OH and C=0 groups in the lateritic soils, as well as electrostatic
and non-electrostatic interactions between ammonium nitrogen and the functional

groups in the lateritic soil (Pham et al., 2017).

Related observations were recorded when fungal biomass were used as an adsorbent
for removing ammonium nitrogen. As shown in Figure 4.1b, the FTIR spectrum of
fungi before adsorption exhibited peaks at 3783, a broad band (3600-3200), 1645,
1552, 1403, 1038, 915, 752, and 545 cm™*. After the adsorption of ammonium nitrogen,
the peaks shifted to 3808, 1646, 1398, 1067, and 731 cm™, with the disappearance of
the peak at 545 cm™, indicating both an increase and a decrease in peak intensities. It
was observed that the peak at 3783 cm™ shifted to a slightly narrower peak at 3792 cm-
! while the peaks at 1645 and 1552 cm™ shifted to higher wavenumbers and decreased
in intensity, with new peaks emerging after adsorption at 1654 and 1561 cm™ due to
C=0 and C=C functional groups in hemicellulose (Rudakiya & Gupte, 2019). A
noticeable peak appeared after adsorption at 1255 cm™, which is attributed to the C-O
functional groups that are regarded as adsorption sites within the fungal adsorbent
(Alprol et al., 2025) . Moreover, a remarkable peak at 1069 cm™ shifted to a narrow
and more intense peak at 1067 cm™. This peak could be attributed to interactions
between ammonium ions and C-H and C-O functional groups present in the adsorbent
(Dong et al., 2013).

4.1.1.2 FTIR Spectra of Lateritic Soils and Agaricus Impudicus before and after
P Adsorption Studies

Figure 4.2 a and b represent the FTIR spectra for lateritic soils and fungal biomass.
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Figure 4.2: Fourier Transform Infrared Spectra Analysis of Lateritic Soils (a)
and Agaricus Impudicus (b) before and after Phosphorus Adsorption

The FTIR spectra of lateritic soil and fungal biomass before and after adsorption
exhibited significant changes in specific functional groups, indicating their
involvement in the adsorption of phosphate ions in human urine. In lateritic soils IR
spectrum, the surface hydroxyl groups (OH) at 3801 cm™ showed a decrease in
intensity after adsorption, suggesting that these sites acted as adsorptive sites of
phosphate ions via hydrogen bonding or ligand exchange (L. Zhang et al., 2021). The
carbonyl groups (C=0) at 1645 cm™! increased in intensity post-adsorption,
highlighting their role as polar binding sites that enhance phosphate retention. Notably,
peaks corresponding to AI-OH (1115 cm?), Fe—OH (1031 cm™), and bridging groups
such as Si—-O—Fe (920 cm™ and AI-O-Si (539 cm™?) attributed to mineral components
in the lateritic soil (Eisazadeh et al., 2012; Santha Kumar et al., 2022) changed
significantly after adsorption. This suggests their involvement in phosphate ions
binding. The surface functional groups Al-OH and Fe—OH act as active sites for
phosphate adsorption through ligand exchange, while bridging groups such as Si—O-
Fe and Al-O-Si enhance surface reactivity and charge distribution (M. Li et al., 2025;
Suvokhiaw et al., 2025).

Remarkable changes in wavenumbers and peak intensities were noticed on fungal
biomass IR spectra 4.2b after adsorption. A significant increase in peak intensity was
recorded for the peak at 1654 cm™ before adsorption as a new peak appeared at 1645

cm™, which is related to C=0 stretching vibrations ascribed to hemicellulose in fungi
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(Rudakiya & Gupte, 2019). This imply that C=0 functional groups play a crucial role
in adsorption of phosphate ions. C=0 act as active sites for adsorption of phosphate
ions as they facilitate complexation reactions (Xia et al., 2023). The peaks at 1115,
1031, 920, and 548 cm™ shifted after the adsorption process and were related to C-H,
C-0, and C-H out-of-plane functional groups (Rudakiya & Gupte, 2019). The shifting
of these peaks could be attributed to hydrogen bonding whereby protonated phosphate
ions form hydrogen bonds with C-O and C-H groups (Feng et al., 2022; Trinh et al.,
2020). The peak intensity at 753 cm™ increased after phosphate adsorption and shifted
to 743 cm™. The peak at 474 cm™* exhibited a slight decline in the intensity and changed
to 483 cm™. The changes in wavenumbers and peak intensities indicates the

contribution of functional groups as active adsorptive sites for sorption of phosphates.

4.1.2 Scanning Electron Microscopy (SEM) of Lateritic Soils and Agaricus

Impudicus

Morphological structures of lateritic soils and fungal biomass were examined using

scanning electron microscope. Figure 4:3 shows the images obtained from SEM.

. Lateritic Soil

Figure 4.3: SEM Images of Lateritic Soils and Agaricus Impudicus

The SEM images for lateritic soils and fungal biomass were further visualized using
Imagel software to qualitatively assess the roughness nature of the adsorbents and pore
distributions. The SEM micrograph of lateritic soils revealed elongated particles with

highly irregular and rough surfaces. The overall structure appeared flake-like with
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micropores. This aligns with the findings of (Y. Gao et al., 2021). Similarly, the
surfaces of the fungal biomass were irregular and rough, likely due to the grinding
process and the inherent nature of the material. This roughness is crucial for
adsorption, as it enhances the contact rate between the adsorbent and the adsorbate,
consistent with the conclusions of (Lu et al., 2020). Additionally, rough and irregular
surfaces provide more active sites and enable faster mass transfer by minimizing
diffusion limitations at the solid-liquid interface (Hellal et al., 2023). Thus, adsorbents
with higher surface roughness generally exhibit faster adsorption rates and shorter
times to reach equilibrium compared to smoother materials. Lastly, the surface
exhibited microstructures, indicating a high surface area, which is beneficial for
adsorption applications by increasing the material's capacity to trap and hold target

molecules.

4.1.3 Elemental Analysis Results for Lateritic Soils and Agaricus Impudicus

Elemental analysis was done to identify the percentage of elements (carbon, nitrogen,
hydrogen, sulphur, oxygen and ash content) present in lateritic soil and fungal biomass.

Table 4.1 present the elemental results obtained.

Table 4.1: Elemental Results of Lateritic Soils and Fungal Biomass

Parameter Lateritic Soils Fungal Biomass
Carbon (%) 0.270 £ 0.06 39.810+0.30
Nitrogen (%) 0.035 +0.02 7.455 +0.08
Hydrogen (%) 1.017 £ 0.06 6.078 £ 0.15
Sulphur (%) 0.020 £ 0.01 0.281 +£0.01
Oxygen (%) 65.325 £ 0.51 28.430 £ 0.42
Ash content (%) 33.333+£0.58 17.946 £ 0.38

Lower carbon contents (0.270 + 0.06 %) and high oxygen content (65.328 £ 0.51 %)
were recorded in lateritic soils. This is reflective of the predominance of inorganic
mineral oxides such as Fe- and Al-oxides in lateritic soils that are recognized to possess
surface hydroxyl groups able to adsorb anions (Nandi et al., 2024). In contrast, fungi
have higher carbon content (39.810 + 0.30 %) and moderate oxygen (28.430 £ 0.42
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%) content. This indicate the presence of organic functional groups (carboxyl,
hydroxyl, amino) which are commonly found in cell wall components such as chitin
and lignin-derived structures in white rot fungi (Akcay et al., 2023). The higher amount
of nitrogen content (7.455 + 0.08 %) in fungal biomass also indicates the presence of
functional groups ((COOH, —OH, and —-NH:) which are crucial for binding cations via
hydrogen bonding, ion exchange and electrostatic attractions (Das et al., 2008).
Presence of high ash content (33.333 + 0.58 %) in lateritic soils supports its
mineralogical nature. Mineral components, especially iron and aluminum oxides are
dominant in lateritic soils. These oxides help in adsorption of anionic pollutants.
Elemental analysis of fungal biomass showed lower ash content (17.946 + 0.38 %) as
compared with lateritic soils (33.333 + 0.58 %) due to predominant organic
composition in the fungi cell wall. Fungi cell wall components contain a number of
biosorption sites that are useful in elimination of a wide range of contaminants through
adsorption mechanisms such as ion exchange, complexation, and surface precipitation

(Latif et al., 2023).

4.1.4 Chemical Composition of Lateritic Soils and Agaricus Impudicus using X-

ray Fluorescence (XRF) Analysis

The dominant components in lateritic soils which are significant for adsorption of
nutrients from human urine as revealed by XRF analysis are SiO2, A1,O3 and Fe which
had 53.073 %, 22.466 % and 18.501 % respectively. High Al oxides and Fe are
significant because they provide active adsorption sites for phosphate through ligand
exchange and inner-sphere complexation (C. Liu et al., 2022; Z. Yang et al., 2024).
Fungal biomass on the other hand, exhibited higher amount of MgO (18.985 %) and
moderate amount of CaO (2.506 %). Presence of MgO content is crucial for removal
of ammonium and phosphate ions in aqueous solutions. MgO readily hydrates in
aqueous solutions to form magnesium hydroxide (Mg(OH).), generating surface —OH
groups that contribute to a negatively charged surface at neutral to alkaline pH
conditions (Amaral et al., 2010). These surface hydroxyls facilitate NHa4" ions
adsorption primarily through electrostatic attraction between the positively charged
NHs" ions and negatively charged -OH sites. On the other hand, dissolved Mg?* ions
released from MgO hydration react with phosphate to form low-solubility magnesium
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phosphate phases (Mgs(POs) 2)), enhancing phosphate removal from solution (Kiani et
al., 2018). The presence of CaO further supports phosphate precipitation via calcium
phosphate phases (Cas(POs) 2, hydroxyapatite) (Ou et al., 2023; Y. hui Yu et al., 2023),
enhancing phosphorus removal. The summary of XRF results is shown in Table 4.2.

Table 4.2: XRF Results for Lateritic Soils and Agaricus Impudicus

Element SiO2 Al203 Fe Cl MgO CaO
% composition 53.073 22466 18501  0.127 _ 0.245
in lateritic soils

% composition _ 2912 0.865 3.279 18.985 2.506
in Agaricus

impudicus

4.1.5 Physicochemical Properties of Human Urine

pH of the human urine was found to be 7.40 + 0.18. Electrical conductivity was 10,610
+ (.35 uS/cm. The concentrations of calcium, copper, iron, and zinc were 19.78 + 0.05
mg/L, 0.213 £ 0.15 mg/L, 1.97 + 0.05 mg/L, and 0.14 + 0.03 mg/L respectively.
Cadmium, chromium, nickel and lead were below detection limit (BDL). The
concentration of ammonium nitrogen and phosphorus were found to be 0.758 + 0.15
g/L and 0.893 + 0.21g/L respectively. The value of pH obtained in this study is within
the recommended limits by FAO (FAO & others, 2017) which is 6.5-8.4. Electrical
conductivity value obtained was above the recommended limits by FAO (2250 uScm-
1). High EC values in human urine can be attributed to presence of dissolved salts and
nutrients ions such as ammonium (NH;), calcium (Ca?"), potassium (K*), phosphates
(PO4*) and CI- (Mitrogiannis et al., 2023). Adsorption mechanisms provide an
effective way of reducing EC through selective removal of ionic species. Metal ion
analysis of the human urine revealed the presence of plant-essential metals, including
calcium, copper, iron, and zinc whose concentrations were within the recommended
limits by WHO (WHO, 2006). These findings compare closely with those reported by

(Patel etal., 2021). Plant non-essential metals (Cadmium, chromium, Nickel and Lead)
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were below detection limit (BDL) in the sample which suggests the urine was free
from heavy metal contamination thus safe for nutrient recovery and reuse in

agriculture. The summary of the physico-chemical properties is presented in Table 4.3

Table 4.3: Physical and Chemical Properties of Human Urine

Parameter Unit Value WHO Limit

Physiochemical

properties

Ammonium Nitrogen

/L 0.758 + 0.15
Phosphorus

g/L 0.893+0.21
pH 7.40£0.18 6.5-8.4
Electrical pS/cm 10,610 £ 0.35 <2250
Conductivity
Metal ion composition
Plant essential metals
Calcium mg/L 19.78 £ 0.05 100
Copper mg/L 0.21+£0.15 1
Iron mg/L 1.97 £ 0.05 10
Zinc mg/L 0.14 £ 0.03 0.5
Plant  non-essentials
metals
Cadmium mg/L BDL 0.1
Chromium mg/L BDL 0.05
Lead mg/L BDL 0.005
Nickel mg/L BDL 1

4.2 Determination of Behaviour and Adsorption Capacity of Agaricus Impudicus
Biomass and Lateritic Soil in Adsorbing Ammonium Nitrogen from Human

Urine

4.2.1 Effect of Adsorbent Loading on NH4*-N Adsorption
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The effect of adsorbent loading on the percentage removal of NHf — N by fungal
biomass and lateritic soil was investigated by varying adsorbent quantity in the range

0f 0.125-0.5 g, and the results are presented in Figure 4.4.
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Figure 4.4: Effect of Adsorbent Loading on Ammonium Nitrogen Removal

It was noticeable that there was a gradual increase in percentage removal of NH4*-N
with the increase in adsorbent loading from 0.125 to 0.5 g in both lateritic soils and
fungal biomass. Both adsorbents exhibited a gradual increase in percentage removal
between 0.125 g and 0.375g. However, beyond 0.375 g percentage removal gradually
decreased. At 0.125 g, 32.63+ 1.27 % and 18.08 + 2.03 % percentage removal were
obtained for lateritic soils and fungal biomass, respectively. At the highest adsorbent
loading of 0.5 g, the percentage removal of 46.78 £ 1.16 % and 38.08 £+ 1.94 % for
lateritic soils and fungal biomass were obtained, respectively. The gradual increase in
percentage removal of NH4™-N between 0.125g and 0.375 g in both adsorbents can be
attributed to increased active adsorption sites as the amount of adsorbent increased.
There was an insignificant increase (p = 0.07 for lateritic soils and p = 0.10 for fungal
biomass) in percentage removal by both adsorbents when dosage was 0.375 g to 0.5 g.
This may be associated with overlapping of adsorbent layers as the loadings increased

thus obscuring the oxidizing active sites (Dey et al., 2021). This reduction could also
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be linked with particle aggregation as a result of high adsorbent dosage which reduces
the surface area available for adsorption.

Similar studies have been undertaken to investigate the effect of adsorbent loadings on
adsorption of ammonium. In a study by (Alshameri et al., 2018), a similar trend was
observed whereby the amount of NH — N adsorbed by natural clay minerals
increased rapidly with an increase in adsorbent loading from 0.1 g to 0.3 g, beyond
which no noticeable increase occurred. (Nguyen et al., 2021) observed a similar trend
in their studies on removal of NHf — N. In these studies, adsorption efficiency
increased gradually and stabilized with a further increase in adsorbent dosage. This
phenomenon was attributed to increased active adsorption sites with the initial dosage
increase. However, when the adsorbent loading was increased to a certain amount, the
ions' adsorption did not increase significantly because of the overlap of the adsorbent

layers, thus obscuring the oxidizing active sites (Gelaw et al., 2024).

4.2.2 Effect of Agitation Speed

Figure 4.5 shows the quantity of ammonium nitrogen removed by lateritic soils and

fungal biomass at agitation speeds of 100, 130, 160 and 190 rpm.
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Figure 4.5: Effect of Agitation Speed on Ammonium Nitrogen Removal

An increase in the amount of NH] — N removed was recorded with increase in
agitation speed between 100 rpm and 130 rpm in lateritic soils. Beyond 130 rpm, the
percentage removal decreased. In fungal biomass, between 100 rpm and 130 rpm a
decrease on quantity of NH; — N adsorbed was noticed. Beyond 130 rpm, a gradual
decrease in quantity NH; — N of adsorbed was observed. In lateritic soils, the highest
removal percentage of 58.03 = 1.77 % was recorded at 130 rpm while the highest
removal 0f39.21 £ 1.11 % for fungi was achieved at 100 rpm. The removal percentage
gradually decreased as the agitation speed was increased from 130 rpm to 190 rpm for
both adsorbents. The initial increase in the quantity of NH; — N of adsorbed with an
increase in agitation speed can be attributed to the even distribution of adsorbent in the
adsorbate (Manikam et al., 2019). Gradual decrease exhibited beyond 130 rpm can be
associated with the formation of turbulence due to high agitation speeds, thus causing
detachment of adsorbed ions from the surface of adsorbent materials (Bellahsen et al.,
2021). (de Luna et al., 2018) observed a similar trend in their study on NH; —
N removal from aqeous solution using chitosan-based bentonite. In their respective
studies on chromium (Kumar & Chauhan, 2019) and fluoride (Tefera et al., 2020)
adsorption, similar trends were observed. Both studies showed an initial increase in
percentage removal with increased agitation speeds, attributed to the dispersion of
adsorbent particles in the aqueous solution, which can reduce the boundary layer for

mass transfer.
4.2.3 Effect of Initial Concentration and Contact Time

The quantity of ammonium nitrogen adsorbed onto lateritic soils and fungal biomass

with varying initial concentrations and contact time is presented in Figure 4.6.

62



= C(556.8 mg/l)
184 * C(371.8mglL) (a) 184 = C(556.8 mg/L)

o A C(351.4mglL) o e C(371.8mglL) b
D164 v C(295.4 mg/L) ~ D164 ~ C(351.4mglL) ( )
S ¢ C(2804mgl) u *® e —- E v C(295.4 mglL)
- 144 <« c (2087 mglL ) = 144 e-¢c (280.4 mg/L)
812+ o 242] « C(087mgL) , * = = s
o [ : A . * ° o -
210 . —a4—4 8 10 4 &
3 8 ° A . 4 b4 b 4 v 9 8 -
S A . ¢ —3—4 S T a1 *—9 o
S 6+ g e p € 6- b, 3 B
£ o £ v v
E 41 o 2 b4 E 4 4 - ° ' v 3 @ $

2 3 : 21/ XX

0 3 0 2

0 20 40 60 80 100 0 20 40 60 80 100
Time in Minutes Time in Minutes

Figure 4.6: Effect of Contact Time and Initial Concentration on Ammonium

Nitrogen Removal

The quantity of NHf — N adsorbed increased gradually as contact time increased
from 0 to 100 minutes for all the concentrations in both lateritic soils and fungal
biomass. In lateritic soils, fast adsorption was observed between 0 and 40 minutes.
Between 40 and 70 minutes the adsorption rate gradually decreased with equilibrium
being attained at 70 minutes. Beyond 70 minutes, there was no significant change in
NH; — N adsorbed. In fungal biomass, the adsorption rate was high between 0 and 30
minutes. Between 30 and 60 minutes, the adsorption rate started to decrease gradually
and equilibrium was achieved at 60 minutes. Beyond 60 minutes, there was no
significant change in the amount of NH; — N adsorbed. The fast initial adsorption rate
observed can be attributed to unoccupied active adsorption sites at the start of the
experiment, which allowed the adsorbates to diffuse and quickly attach to these sites.
The gradual decrease in adsorption rate for both adsorbents could be as a result of most
active sites being occupied. At equilibrium almost all sites have been occupied hence
limiting adsorption. Similar trends were observed in studies that were conducted by
other authors on the removal of ammonia using calcium alginate beads and removal of
nitrates using activated charcoal (Isik et al., 2021; Mazarji et al., 2017). These authors
attributed the increase in the removal rate at the start of the experiment to availability
of many active sites for adsorption. These sites however become occupied as time

increases causing the adsorption rate to drop and become insignificant. Another study
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by (Konneh et al., 2021) reported similar trends on removal of nitrates and nitrites and
explained this phenomenon to be as a result of availability of many adsorption sites
for ions to occupy initially. As time progressed, these sites were occupied thus the
adsorption rate slowed down and eventually an equilibrium state was attained.

On the effect of initial concentration, at the lowest concentration (208.7 mg/L), the
quantity removed by lateritic soils and fungi were 5.95 £+ 0.39 mg/g and 3.90 + 0.19
mg/g respectively after equilibrium time (70 minutes). At the highest concentration
(556.8 mg/L), the quantity removed by lateritic soils was 15.62 + 0.25 mg/g and that
of fungal biomass was 12.53 + 0.19 mg/g after 70 minutes. The increase in quantity
of NH; — N adsorbed as the initial concentration of NH — N increased could be as
aresult of a concentration gradient that is formed between the adsorbate and adsorbent
with increase in the number of ions which contribute to increase in diffusion rate. The
results of this study compare closely with those reported in existing literature. For
instance, (Wahab et al., 2010) noticed the same trend in their study on NH; — N
biosorption using sawdust and they attributed this to concentration gradient that
existed between the sawdust biosorbent and aqueous solution. Similar studies
conducted by (Kabuba & Lephallo, 2023) investigating the efficiency of activated
carbon prepared using waste tyres in NH; — N removal exhibited a similar trend when
initial concentration was increased from 30 mg/L to 50 mg/L with percentage removal
of NHf — N increasing from 38% to 77%. The authors attributed this trend to increase
in the mass driving force and diffusion rate of ammonium ions into the adsorbent as
concentration of NH; — N in aqueous solution is increased. Further, (Otieno et al.,
2021) reported a similar trend on ammonium recovery using pineapple peel biochar
and lateritic soils. The authors attributed this phenomenon to increase in the number
of ions available for adsorption as initial concentration increases. Thus, it can be

concluded that initial concentration influences the rate of the adsorption process.

4.2.4 Adsorption Kinetics for Equilibrium Adsorption Data for Ammonium

Nitrogen

Four kinetics models (Pseudo first order, Pseudo second order, Elovich and Intra-
particle diffusion) were utilized to analyze the nature and rate at which ammonium

nitrogen is adsorbed by lateritic soils and fungi. These models were employed in fitting
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the time-dependent adsorption data help to elucidate the rate-controlling steps and

nature of adsorption, whether it is physisorption or chemisorption.

Figure 4.7

represent the graphical plots obtained from time-dependent adsorption data of lateritic

soils and fungal biomass.
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Figure 4.7: Non-linear Plots of Pseudo First Order, Pseudo Second Order,

Elovich and Intraparticle Diffusion Models for Ammonium Nitrogen Removal

Each kinetic model estimates different kinetic parameters that are crucial in analyzing

the dynamic interaction between ammonium ions and the surface of lateritic soils and

fungal adsorbents. Different kinetic parameters obtained from the three models are

presented in Table 4.3.
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Table 4.3: Kinetic Model Parameters for Ammonium Nitrogen Adsorption

Kinetic Model Parameter Lateritic soil Fungi
Pseudo First Order K (min™) 0.040 0.037
Qe cal (MQ/Q) 16.500 12.403
Qe exp (MQ/Q) 16.314 12.004
R? 0.985 0.969
x? 0.439 0.529
Pseudo Second Order K (min™) 0.0018 0.0021
ge (Mg/Q) 20.957 16.120
R? 0.967 0.948
x? 0.943 0.872
Elovich Model B 0.181 0.223
o 1.174 0.730
R? 0.947 0.928
x? 1.550 1.233
Intra-particle Ci 0.945 0.404
diffusion
Ki 1.705 1.290
R? 0.899 0.885
x? 2.946 1.945

The Pseudo-First-Order model exhibited a good fit for both adsorbents, with high
correlation coefficients (R? = 0.985 for lateritic soils and R? = 0.969 for fungal
biomass), suggesting ammonium ions uptake was predominantly governed by physical
adsorption. The calculated equilibrium adsorption capacities (g, cq;) Were 16.500 mg/g
and 12.403 mg/qg for lateritic soil and fungal biomass, respectively, which compared
closely with the experimental values (g cxp, = 16.314 mg/g and 12.004 mg/g). The
close agreement between calculated and experimental g, values, together with high R?,
indicates that the PFO model adequately described the adsorption process for both
materials. However, the slightly higher rate constant (k = 0.040 min!) for lateritic

soil compared to fungal biomass (k = 0.037 min') suggests that ammonium ions
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were adsorbed more rapidly onto the mineral surface of lateritic soil than onto fungal

biomass.

For pseudo second order model, lateritic soils also exhibited a higher g, .4; value of
20.957 mg/g as compared to the value of fungi which was 16.120 mg/g. Lateritic soils
had a higher R? value of 0.967 as compared to fungal adsorbent which had a R? of
0.948. This implies that both adsorbents have additional active sites involved in the
binding of ammonium ions through stronger interactions such as ion exchange or
surface complexation. The slightly higher rate constant (k = 0.0021 min™") for fungal
biomass compared to lateritic soil (k = 0.0018 min™") suggests that the chemisorption
step occurred more rapidly on fungal surfaces, possibly due to the presence of carboxyl

and hydroxyl groups that favor ammonium binding.

For Elovich model, lateritic soils exhibited a higher initial adsorption rate («) (1.174
mg/g-min) compared to fungal biomass (0.730 mg/g-min). This imply that lateritic
soils initially adsorbed ammonium ions more rapidly due to its abundance of iron and
aluminum oxide sites and high surface charge as depicted by XRF and Zeta potential
results. The desorption constants () were 0.181 for lateritic soil and 0.223 for fungal

biomass, suggesting a slightly higher surface heterogeneity on fungal biomass.

Time dependent data was further fitted using intra-particle diffusion model to
determine the rate-limiting steps in adsorption of ammonium ions from human urine.
From the results in Table 4.3, Ci value for lateritic soils was 0.945 and that of fungi
was 0.404 for fungal biomass. This suggests that intra-particle diffusion was not the
only rate controlling step since the C; # 0 for both adsorbents. Film diffusion and
surface reaction also played a role in adsorption of ammonium ions from human urine.

The intra-particle diffusion rate constant (K;) was higher for lateritic soil (1.705
mg/g-min'’/?) than for fungal biomass (1.290 mg/g-min'/?), meaning ammonium ions

diffused faster into the pores or surface sites of the mineral matrix than into the fungal

biomass.
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In general, for both adsorbents, PFO model best described the experimental data as
they recorded higher R? values (lateritic soils = 0.985, fungal biomass = 0.969) and
lower x2 values (lateritic soils = 0.439, fungal biomass = 0.529). The results of this
study compare closely with those reported in existing literature materials. For instance,
(Muscarella et al., 2024) in their studies on recovery of ammonium from treated
wastewater using zeolites reported pseudo first order model best described the
adsorption mechanism and concluded that the number of ammonium ions adsorbed
was solely dependent on the surface area of zeolite adsorbent. Similar, studies by
(Halder et al., 2023) on recovery of ammonium nitrogen from synthetic wastewater
using biochar derived from biosolids also reported that their experimental data was
best fitted by pseudo first order model. The authors concluded that adsorption rate was
rapid fast since ammonium ions occupied the external film layer first. When the
external layer was filled up, the ions diffused to the internal pores. Thus, the adsorption
rate was rapid at the beginning of the experiment and the rate slowed down as it
approached equilibrium. In another study by (X. Li & Shi, 2022) on the adsorption of
ammonium by iron and nitrogen modified biochar, the experimental was best fitted by
pseudo first order and the authors concluded that the nature of adsorption mechanism
was physical. Thus, the results of this study highlight the potential of recovering and
reusing ammonium ions from human urine since physisorption processes are

reversible and less energy-intensive.

4.2.5 Adsorption Isotherms for Equilibrium Adsorption of Ammonium Data for

Lateritic Soils and Agaricus Impudicus

In analyzing the adsorption behaviour and capacity of lateritic soils and fungi
adsorbents, three commonly used isotherm models namely; Langmuir, Freundlich, and
Dubinin—Radushkevich (D-R) were employed to fit experimental data to describe the
equilibrium adsorption behavior. Figure 4.8 a, b and ¢ show the graphical plots for
Langmuir, Freundlich and D-R models obtained from adsorption data of lateritic soil

and fungal biomass.
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Figure 4.8: Graphical Plots for Langmuir(a), Freundlich (b) and Dubinin
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Radushkevich (c) Models for Ammonium Nitrogen Removal

Each model applies different assumptions and mathematical equations to explain the

nature and mechanism of the adsorption process. Table 4.4 summarizes the values

obtained for different parameters for the three models

Table 4.4: Isotherm Model Parameters for Ammonium Nitrogen Adsorption

Isotherm Parameter Lateritic Soils Fungi

Langmuir Gmax, (MO/Q) 131.406 32.400
K; 0.065 0.032
R? 0.935 0.718
SSE 4.214x104 0.006
RMSE 1.053x10* 1.5x1073
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Freundlich K¢ 0.093 0.004

R? 0.908 0.813
1/n 0.949 1.373
SSE 0.009 0.032
RMSE 2.25x1073 8x1073
Dubinin Qo (Mg/g) 17.7 11.751
Radushkevich (D- K,_p 0.0015 0.0035
R) E (kJ/mol) 1.814x 1072 1.192x 102
R? 0.968 0.649
SSE 0.018 0.331
RMSE 4.5%x107 0.083

Lateritic soils equilibrium adsorption data were best fitted by the D-R model which
exhibited a higher R? value of 0.968 as compared to Langmuir (R? = 0.935) and
Freundlich models (R? = 0.908). This suggest that the adsorption was physical in
nature, which can be attributed to the porous nature of lateritic soils as revealed in
SEM images. The calculated mean adsorption energies were 0.01814 kJ/mol as
presented in Table 4.4 suggesting that attachment of ammonium ions onto the
adsorbent’s surface was governed by weak electrostatic interactions. This is ideal for
regeneration and reuse of the adsorbent since most of the adsorbed ions can be easily
desorbed using regenerating agents. Finally, the calculated adsorption capacity of
lateritic soils by the D-R model (17.7 mg/g) closely compare with the experimental

maximum adsorption capacity (16.314 mg/g).

Fungal biomass experimental data on the other hand was best fitted by Freundlich
model which recorded the highest (R? = 0.813) which implied that adsorption occurred
on a heterogeneous surface with varying affinities. The SEM image of the fungal
adsorbent had an irregular shape with microstructures. These characteristics suggest a
non-uniform and heterogeneous surface morphology, likely influenced by the raw
material composition and the grinding process. However, Freundlich constant n,
reflecting the measure of favorability of adsorption, was 0.728, indicating weaker and

less favorable adsorption process which could be as a result of weaker interactions
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between adsorbate and the adsorbent at higher concentrations. The results of this study
compare closely with a number of studies that have been undertaken to investigate
adsorption of ammonium nitrogen using different natural-based adsorbents. For
instance, (Tosun, 2012) in their study on adsorption of ammonium from aqueous
solutions using clinoptilolite reported that D-R model best fitted their experimental
results with E<8 kJ/mol implying physisorption occurred.  Similarly, studies
conducted by (Zamparas et al., 2021) on recovery of ammonium from wastewater
using bentonites reported higher adsorption capacity ranging from 131.8 mg/g to 159.6
mg/g. In this study, Langmuir model had the best fit for their experimental data.
Another study by (Naghipour et al., 2020) using glauconite reported that Freundlich
model best described the adsorption process and concluded that ammonium adsorption

occurred on heterogenous surfaces.

4.3 Determination of Behaviour and Adsorption Capacity of Agaricus Impudicus

and Lateritic Soil in Adsorbing Phosphorus from Human Urine
4.3.1 Effect of Adsorbent Loading on Phosphorus Adsorption

Figure 4.9 shows the removal percentage of P by Agaricus impudicus and lateritic

soil under varying adsorbent amount in the range of 0-0.5 g.
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Figure 4.9: Effect of Adsorbent Loading on Phosphorus Removal

The removal percentage of P was observed to increase gradually with the increase in

the adsorbent loading. At 0.125 g of fungal biomass and lateritic soil, the removal
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percentage of 24.45 = 1.57 % and 32.50 + 1.96 % respectively was attained which
increased to 43.14 £ 1.12 % and 47.72 = 0.75 % respectively at 0.5 g of these
adsorbents. The increase in removal percentage of P with the increase in fungal
biomass and lateritic soil quantity can be attributed to increased surface areas of the
adsorbents which provide adsorption sites for the sorption of the P from urine samples
(Manawi et al., 2024). The results of this study closely compare with those recorded
in existing literature materials. For instance, (islam et al., 2025a) observed a similar
trend in their studies on removal of phosphate from water using Parthenium
hysterophorus-derived iron-coated biochar. The authors observed an increase in
phosphate removal from 58.03 % to 99.22 % with increase in biochar loading from
0.02 g to 0.06 g. This phenomenon was attributed to increase in the number of available
active sites for phosphate ions adsorption with increase in adsorbent loadings. A study
conducted by (Khalil et al., 2022) using activated carbon composites to remove
phosphates in synthetic water also exhibited a similar trend. The authors attributed this
behaviour to increase in contact surface area and the number of adsorption sites with
increase in the adsorbent loadings. Another study by (Shumiye et al., 2024) reported
a similar trend on their study on removal of phosphates from wastewater using
activated adsorbent prepared using wastewater treatment plant sludge. The authors
observed a rapid increase in phosphate removal from 60.0 % to 83.8 % when adsorbent
loading was changed from 1 g/L to 3 g/L. However, small changes in phosphate
removal were noticed when adsorbent loading was further increased from 3 g/L to 7
g/L with an interval of 1 g/L. Rapid increase in removal rate between 1 g/L and 3 g/L
was attributed to increase in the number of adsorption sites whereas minimal changes
experienced between 3 g/L and 7 g/L was attributed to attainment of equilibrium state
thus removal rate tend to a constant value. From all these studies, it is evident that
adsorbent loading influences the adsorption behaviour.

4.3.2 Effect of Agitation Speed on Phosphorus Adsorption

The effect of agitation speed on the removal percentage of P in human urine samples
was investigated by varying the agitation speed in the range of 0- 190 rpm. The

resulting removal percentages were plotted as shown in Figure 4.10.
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Figure 4.10: Effect of Agitation Speed on Phosphorus Removal

There was an increase in P adsorbed on the surface of lateritic soils when agitation
speed was increased from 100 rpm to 130 rpm with the highest removal percentage of
47.02 £ 1.72 %. Beyond the agitation speed of 130 rpm, the removal percentage of P
declined with increase in agitation speed. On the other hand, negligible changes were
observed on percentage removal of P by fungal adsorbent when agitation speed was
increased from 100 rpm (40.05 = 1.85 %) to 130 rpm (40.28 = 0.70 %). However,
beyond 130 rpm, percentage removal declined with increase in agitation speed.
Increase in percentage removal of P by lateritic soils with increase in agitation speed
from 100 rpm to 130 rpm could be linked to proper distribution of adsorbent when
agitation is increased thus improvement of adsorption rate. The decrease in the
removal percentage of P at elevated agitation speed is ascribed to the desorption of P
from lateritic soils and fungal biomass adsorptive sites. Compared to lateritic soils, the
fungal biomass exhibited lower structural resilience under increased shear forces,
likely due to its softer, organic matrix, which limits its adsorption efficiency with
increasing agitation and promotes detachment of weakly bound P ions. One-way
ANOVA was performed to statistically confirm these observations. The results showed
a significant effect of agitation speed on phosphate ions removal for both lateritic soils

(p =0.0319) and fungal biomass (p = 0.0014).
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The findings of this study compare closely with those reported in existing literature
materials. For instance, (Djekoune et al., 2024) and (Fetene & Addis, 2020) observed
similar trends on their studies on removal of phosphates from wastewater using dried
alum sludge and Ethiopian rift pumice respectively. Another study by (Belaye et al.,
2023) on phosphate removal from aqueous solutions using Ce(Ill)- BDC
metal—organic framework reported a similar trend. The authors attributed the increase
in percentage removal of phosphates when agitation speed was increased to proper
distribution of adsorbent particles in the adsorbate hence reduction in boundary mass
transfer resistance and formation of film boundary layer that slows down adsorption.
The decrease in percentage removal of phosphates at higher agitation speeds was
linked to vortex phenomenon and possible detachment of phosphate ions from
adsorption sites (Olawale, 2020). Thus, it can be deduced that agitation speed

significantly impacts the adsorption process.

4.3.3 Effect of Initial Concentration and Contact Time on Phosphorus Adsorption

Effect of contact time on P adsorption from human urine was evaluated by varying
contact time up to 100 minutes for both lateritic soil and fungal biomass. Similarly,
effect of initial concentration was evaluated using six different initial concentrations
(223.74, 377.28, 408.60, 444.39, 505.74, and 594.56 mg/L). The results on effect of
contact time and initial concentration on the quantity of P removed by lateritic soil and

fungal biomass were graphically represented in Figure 4.11 a and b respectively.
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Figure 4.11: Effect of Contact Time and Initial Concentration on Phosphorus

Removal

It was noticeable that the quantity of P adsorbed by lateritic soils increased with the
increase in the initial concentration of P from 223.74 to 594.59 mg/L. At the initial
concentration of 223.74 mg/L, the quantity adsorbed after 10 minutes was 1.28 + 0.67
mg/g and that adsorbed at equilibrium time (70 minutes) was 6.76 + 0.61 mg/g. The
adsorption capacity of P by lateritic soils started declining gradually beyond 70
minutes, as illustrated in Figures 4.11a. Similar observations were noted in other initial
concentrations where quantity of P adsorbed increased with time until equilibrium state
was attained beyond which negligible changes were noticed. The highest adsorption
capacities were determined to occur at the initial concentration of 594.59 mg/L, in
which the quantity adsorbed increased from 7.11 + 0.53 mg/g at 10 minutes to 19.71

+ 0.95 mg/g at equilibrium time (70 minutes).

Similarly, the quantity of P adsorbed increased with the increase in initial concentration
when fungi were used as an adsorbent. However, the adsorption capacity for P in fungi
was slightly lower than those obtained using lateritic soils as an adsorbent. At the
lowest initial concentration of P at 223.74 mg/L, the quantity adsorbed increased from
0.57 = 0.64 mg/g to 3.69 + 0.59 mg/g between 10 and 60 minutes as shown in Figure
4.11b. In comparison, at the highest initial P concentration of 594.59 mg/L, the
quantity of P adsorbed increased from 5.65 mg/g at 10 minutes to 16.35 mg/g at

equilibrium time (60 minutes). Beyond equilibrium time for both adsorbents, the
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change in quantity of P adsorbed was negligible for all the six different concentrations

considered.

Generally, there was an increase in quantity of P adsorbed with the increase in the
initial phosphate concentration by lateritic soils and fungi adsorbents. This could be
explained by the rise in the strength of the adsorption driving force, which increases
with the increase in the adsorbate concentration. One-way ANOVA was done to
further explain the differences in adsorption capacities recorded between the six
different concentrations used in this study. The ANOVA results exhibited significant
effect of initial concentration of adsorbate on the adsorption capacity of lateritic soils
(p=0.0001) and fungal biomass (p = 0.0005). Similar results were reported by (Otieno
et al., 2023b), in which they varied phosphate initial concentration from 164.12 mg/L
to 680.21 mg/L, with the maximum adsorption capacity of 15.5 mg/g achieved on
lateritic soils. Elsewhere, (Bhattacharjee et al., 2021) reported a similar trend of
increasing adsorption capacity with an increase in the initial concentration of the
phosphates by laterite soils. Phosphorus ions are slowly diffused through the lateritic
soils or fungi adsorbents at low phosphate concentrations (Qian et al., 2023). However,
at higher concentrations, phosphorus ions diffuse faster. This can be explained by the
increase in concentration gradient between the adsorbate solution and the adsorbent

which act as the driving force (Bhattacharjee et al., 2021).

On the effect of contact time, the quantity of P removed in the six different
concentrations of human urine increased as contact time increases from 0 to 100
minutes for both adsorbents. In lateritic soils, P adsorption rate was noticed to be rapid
between 0 and 30 minutes. Between 30 and 60 minutes, adsorption rate was moderate.
After 60 minutes, it gradually declined and reached equilibrium at 70 minutes. After
70 minutes, the changes in quantity of P adsorbed by lateritic soils were negligible.
For fungi adsorbent, rapid adsorption rate was observed between 0 and 40 minutes.
After 40 minutes the adsorption rate gradually declined and equilibrium was attained
at 60 minutes. Fast adsorption rate observed at the beginning of the experiments for
both adsorbents could be explained by availability of many active unoccupied sites.
As time progresses, most active sites become saturated with P ions hence decline in

adsorption rate and eventually an equilibrium state is attained. The results of this study
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compare closely with those reported in existing literature materials. For instance, (Paul
et al., 2022) observed a similar trend on the effect of contact time on phosphates
removal from aqgeous solutions using snail shell dust. In this study, the authors
observed a fast uptake of phosphate ions in the first 80 minutes. After 80 minutes,
uptake of the ions decreased and equilibrium was attained at 160 minutes. The authors
attributed the decrease in uptake after 80 minutes and equilibrium state to difficulty in
occupying the remaining vacant sites due to repulsive forces between the adsorbed
phosphate ions in the adsorbent and the aqueous solutions. Similarly, (Genetie Abetu
& Befekadu Kebede, 2021) and (islam et al., 2025b) reported similar trends on their
studies on removal of phosphates using crushed concrete and Parthenium
hysterophorus-derived iron-coated biochar respectively. The authors attributed this
behaviour to high number of vacant sites in the adsorbent materials and fast filling of

adsorbent sites as a result of boundary layer diffusion.

4.3.4 Adsorption Kinetics for Equilibrium Adsorption Data for Phosphorus

Four kinetic models (pseudo first order, pseudo second order, Elovich and intra-
particle diffusion) were used in fitting the experimental data to evaluate the adsorption
mechanisms in removal of phosphorus from human urine. Figure 4.12 represent the
graphical plots obtained from time-dependent adsorption data for lateritic soils and

fungal biomass.
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Figure 4.12: Non-linear Plots of Pseudo First Order, Pseudo Second Order,

Elovich and Intraparticle Diffusion Models for Phosphorus Removal

These models are crucial in understanding the adsorption mechanisms which are

significant in optimizing the adsorption processes. The kinetic parameters obtained

from these models which include; rate constant (K), equilibrium adsorption capacities

(qe), coefficient of determination (R?), chi-square (x?), and Elovich constants (o and

) are summarized in Table 4.5.

Table 4.5: Kinetic Model Parameters for Phosphorus Adsorption

Kinetic Model Parameter Lateritic soil Fungi
Pseudo First Order K (min™?) 0.037 0.035
Qe cal (MQ/Q) 20.566 17.260
Ge exp (MQ/Q) 19.715 16.354
R? 0.992 0.976
x? 0.360 0.797
Pseudo Second Order K (min™) 0.0014 0.0015
ge (Mg/Q) 26.210 22.299
R? 0.986 0.966
x? 0.670 1.136
Elovich Model B 0.145 0.165
a 1.391 1.038
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R? 0.976 0.955

x? 1.116 1.516
Intra-particle diffusion  C; 1.129 0.714
Ki 2.096 1.761
R? 0.948 0.928
x? 2.462 2.437

For PFO, lateritic soils exhibited a higher rate constant (K: = 0.037 min™") as compared
to fungal biomass (0.035 min™), indicating faster initial phosphorus uptake by the soil.
The equilibrium adsorption capacities (q., cal) predicted by the PFO model were
20.566 mg/g and 17.260 mg/g for lateritic soil and fungal biomass, respectively. These
values closely compared with the experimental values (q., exp = 19.714 mg/g for
lateritic soils and q., exp = 16.354 mg/g for fungal biomass). Both adsorbents showed
good correlation coefficients (R* = 0.992 for lateritic soil and 0.976 for fungal
biomass), implying that the PFO model adequately described the adsorption behavior.
Additionally, the chi-square (?) values (0.360 and 0.797) suggest a better agreement

between experimental and calculated values.

For PSO, the rate constants (K:) were relatively low (0.0014-0.0015 min™'), but the
predicted qe, cal values (26.210 and 22.299 mg/g for lateritic soil and fungal biomass,
respectively) were higher than those obtained from the PFO model. Although the PSO
model also showed good fits (R? = 0.986 and 0.966), the slightly higher ¥*> values
(0.670 and 1.136 for lateritic soils and fungal biomass respectively) indicate a weaker
correlation compared to PFO. This imply that phosphorus adsorption onto both
materials is not purely chemisorption-controlled. Thus, the adsorption process likely
involves a combination of ligand exchange, inner-sphere surface complexation and

diffusion within pores or soil and fungal matrices.

The Elovich model parameters provide insight into the surface heterogeneity of the
adsorbents. The a constant, which represents the initial adsorption rate, was higher for
lateritic soil (1.391 mg/g-min) than for fungal biomass (1.038 mg/g-min), implying

more active adsorption sites and faster uptake initially. Meanwhile, the  constant,
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which relates to surface coverage and activation energy, was slightly lower for lateritic
soil (0.145) than for fungal biomass (0.165). However, the y* values (lateritic soils
=1.116 and fungi = 1.516) were higher than for the PFO model, indicating a less

accurate overall fit.

For intra-particle diffusion model, rate constants (K;) were 2.096 mg/g-min®> for
lateritic soil and 1.761 mg/g'min®> for fungal biomass, showing that diffusion
contributes significantly to the adsorption process for both materials. The intercept (C;)
values (lateritic soils = 1.129 and fungal biomass = 0.714) suggest that boundary layer
effects are present, indicating that intra-particle diffusion is not the sole rate-limiting
step. Although R? values (0.948 and 0.928) confirm some linearity, the relatively high
y* values (2.462 and 2.434) indicate that this model alone cannot fully describe the
kinetics of P adsorption. Thus, it can be deduced that the adsorption process involves

both surface adsorption and intra-particle diffusion.

In general, the results from kinetic models indicate that the pseudo-first-order model
best fits the experimental data for both lateritic soil and fungal biomass, as evidenced
by the highest R? and lowest y* values. This suggests that phosphorus adsorption is
dominated by physical interactions, such as electrostatic attraction and ion exchange
with surface hydroxyl groups. The findings of these studies compare closely with those
reported by other authors. For instance, (Lee et al., 2022) in their study on removal of
P from water using calcium-rich organic waste reported that PFO best explained their
kinetic data. The authors concluded that the adsorption of P onto the surface of the
adsorbent was mainly through physical interactions. (Lacerda et al., 2021) also
reported that the adsorption of phosphate onto unmodified and chemically activated
red ceramic waste was best described by the pseudo-first-order kinetic model,
suggesting a dominant physisorption mechanism involving weak surface interactions.
Similarly, (Hou & Wu, 2026) found that phosphate adsorption onto corn straw-derived
biochar/sodium alginate composite also followed the pseudo-first-order model (R* >
0.95), reflecting rapid surface adsorption controlled mainly by diffusion and physical

binding processes.

4.3.5 Adsorption isotherms for equilibrium adsorption data for Phosphorus
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Three isotherm models (Langmuir, Freundlich and Dubinin Radushkevich (D-R)
models) were used in fitting the experimental data to evaluate the nature of adsorption
mechanism, adsorption capacities and behaviours in removal of phosphorus from
human urine. Figure 4.13 a,b and c represent the graphical plots for Langmuir,
Freundlich and D-R models obtained from equilibrium adsorption data for lateritic
soils and fungal biomass.
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Figure 4.13: Graphical Plots for Langmuir (a), Freundlich (b) and Dubinin

Radushkevich (c) Models for Phosphorus Removal

Isotherm models provide useful insights on adsorption mechanisms, adsorption

capacities, surface properties of the adsorbents and their affinities to the targeted

adsorbates. This information is essential in scaling and optimizing adsorption systems.

The isotherm parameters obtained from these models are summarized in Table 4.6.

Table 4.6: Adsorption Isotherm Parameters for Equilibrium Adsorption Data of

Phosphorus
Isotherm Parameter Lateritic Soils Fungi
Langmuir Qmax (MQ/Q) 24.558 6.166
K, 0.061 0.016
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R? 0.939 0.946

SSE 3.778 x10-4 0.0016

RMSE 9.45%x10° 3.95 x10*
Freundlich K; 0.027 8.990x 10°®

R? 0.951 0.951

1/n 0.800 0.390

SSE 0.0061 0.012

RMSE 0.0004 0.003
Dubinin qo (Mmg/g) 25.074 23.524
Radushkevich (D-R)  K,_p 0.0016 0.0074

E (kd/mol) 1.768x 1072 8.248x 1073

R? 0.977 0.893

SSE 0.015 0.145

RMSE 0.0038 0.036

The Langmuir model assumes monolayer adsorption on a homogenous surface with
equal and finite adsorption sites. For both adsorbents, this model exhibited a good fit
with correlation coefficient values of 0.939 and 0.946 for lateritic soils and fungal
biomass respectively, implying that the adsorption mechanism governing adsorption
of phosphorus from human urine may partially include monolayer adsorption. Fungal
biomass exhibited a lower maximum adsorption capacity (6.166 mg/g) than lateritic
soils (24.558 mg/g). This suggests that lateritic soil possess more active adsorption
sites, likely due to presence of iron and aluminum oxides as depicted in XRF results,
which have higher affinities for phosphate ions. Additionally, the higher K. value
recorded for lateritic soils (0.061) as compared to that of fungal biomass (0.016)

further explains the high affinity of Al and Fe oxides for phosphate ions.

Although Freundlich model exhibited relatively high R? of 0.951 for both adsorbents,
the model yielded lower values of 1/n (0.800 for lateritic soils and 0.390 for fungl
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biomass) implying that adsorption was unfavourable. This could be attributed to weak
binding of phosphate ions onto the surface of adsorbents (Xu et al., 2023), likely
dominated by weak electrostatic interactions and surface hydrogen bonding as
revealed in FTIR results. Freundlich constant (Ks), however, exhibited a higher value
for lateritic soils (0.027) as compared to that of fungi (8.99 x 107%) implying the
adsorption sites for lateritic soils had a higher affinity for phosphates ions compared

to that of fungal biomass.

For the D-R model which is commonly used to establish whether physical or chemical
adsorption is dominant by calculating the mean adsorption surface energy, lateritic
soils recorded a higher R?value (0.977) as compared to fungal biomass which recorded
a slightly lower value of R? (0.893). Lateritic soils exhibited a higher maximum
adsorption capacity (25.074 mg/g) as compared to that of fungal biomass (23.524
mg/g) which suggest that lateritic soils had more active adsorption sites as compared
to fungal biomass. Both adsorbents recorded E values that are less than 8 kJ/mol which
imply that physical adsorption was predominant in the adsorption of phosphates ions

from the urine.

For all the three models, Langmuir model best described the experimental data for both
adsorbents with R? value of 0.939 for lateritic soils and 0.956 for fungal biomass
implying monolayer adsorption was predominant in the removal of P from human
urine. Additionally, the model exhibited lower SSE and RMSE values for both
adsorbents which indicate minimal variations between the experimental data and
model predicted data. Lateritic soils had SSE of 3.778 x10™* and RMSE of 9.45x10°.
On the other hand, fungal biomass had SSE of 0.0016 and RMSE of 3.95 x10*. The
findings of this study can be compared closely with those reported in existing
literature. For instance, (Sun et al., 2024) in their study on the use of eggshell-fly ash
in removing phosphate ions from aqueous solutions reported that their experimental
data was best fitted by Langmuir model implying that adsorption was controlled by
monolayer adsorption. Similarly, (Sarker et al., 2023) reported that Langmuir provided
favorable conditions for adsorption of phosphate ions using bamboo-eggshell as
adsorbents. Lastly, studies conducted by (Huang et al., 2022) on phosphate removal
using adsorbents derived from rice husk also recorded that phosphate adsorption was
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governed by a single molecule on finite adsorption sites. Thus, it can be concluded that
elemental composition of adsorbents influences their adsorption capacities and
behaviors.

4.4 Desorption behaviour of Ammonium Nitrogen and Phosphorus from

Agaricus Impudicus and Lateritic Soil Adsorbents

4.4.1 Desorption behaviour of Ammonium nitrogen from Agaricus Impudicus and
Lateritic Soil Adsorbents

4.4.1.1 Batch Experiments for Ammonium Nitrogen Desorption from Lateritic

Soils and Agaricus Impudicus

Batch desorption experiments were conducted using distilled water to evaluate the
potential of lateritic soils and Agaricus impudicus to release the adsorbed NH; — N.

Figure 4.14 shows the desorption rate of lateritic soils and fungal biomass respectively.
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Figure 4.14: Desorption Efficiencies of Lateritic Soils (a) and Fungal Biomass

(b) at an Agitation Speed of 130 rpm

In Figure 4.14, the desorption rate of NH; — N from lateritic soils was rapid from 0
to 150 minutes, with desorption efficiency increasing from 0 to 36.29 = 0.54 %. The

rapid release rate recorded between 0 to 150 minutes could be explained by fast release
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of NHf — N ions that are loosely bounded to the outer surface of lateritic soils
adsorbents by weak electrostatic bonds. The insignificant change between 150 and
210 minutes indicate that the loosely bound ammonium ions have already been
released, and the remaining ions are either more strongly adsorbed or located deeper

within the soil structure as depicted in SEM images of lateritic soils.

In Figure 4.14, the release rate of NH; — N from fungal biomass was rapid between 0
and 90 minutes, with desorption efficiency increasing from 0 to 33.78 + 1.92 %.
Between 90 and 150 minutes, the release rate was moderate, with desorption efficiency
increasing from 33.78 + 1.92 % to 43.93 + 1.25 %. Beyond 150 minutes, the graph
began to flatten indicating equilibrium had been reached. The rapid release of
ammonium ions from fungal adsorbent could be attributed to weak van-der walls
forces. FTIR spectra and elemental results of fungal adsorbent exhibited presence of
functional groups (-COOH, -OH and -NH?2) indicating adsorption of ammonium ions
onto the surface of fungal adsorbent is governed by physical interactions. The
desorption trend obtained in this study compare closely with those reported by other
authors. For instance, (L. Zhang et al., 2020) evaluated the desorption of NHf — N
ions from poly (acrylic acid)-Grafted Chitosan and biochar adsorbents. The authors
reported high desorption rates (> 85%). (Aghoghovwia et al., 2022) studied the
desorption rate of ammonium trapped in six biochar derived from different feedstocks.
The authors reported percentage desorption between 33% to 39 % for all the six
biochars. The results of this study on desorption of NH; — N from lateritic soils and
fungal biomass highlight the potential of using these adsorbents to recover ammonium
from human urine and subsequently desorb for plant growth since plants take in

nitrogen in form of ammonium.

4.4.1.2 Column Desorption Experiments of Ammonium Nitrogen from Lateritic

Soils and Agaricus Impudicus

The column desorption results for ammonium (Figure 4.15) highlight significant
differences between lateritic soils and fungal adsorbents.
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Figure 4.15: Desorption Capacities of Ammonium Nitrogen from Lateritic Soils
and Fungi

At the onset of desorption, fungal columns released approximately 85.49 + 0.68 mg/L
of NH4™-N, while lateritic soils released 47.29 + 0.89 mg/L. This sharp initial flush
suggests that both materials contained a pool of weakly bound ammonium; however,
the magnitude was greater for fungi, reflecting a higher proportion of exchangeable
ammonium ions in their structure. The rapid decline in fungal desorption
concentrations within the first 240 minutes further supports the dominance of weaker,
reversible interactions. Beyond this point, the desorption rate declined gradually and
flattened at 330 minutes with approximately 8.33 £ 0.77 mg/L indicating that most
recoverable NH4"-N had already been released.

In contrast, lateritic soils displayed a slower desorption rate. Concentrations of NH4*-
N desorbed dropped from 47.29 + 0.89 mg/L to 15.66 + 1.18 mg/L between 30 and
210 minutes. After 210 minutes, the release rate slowly declined and the graph
flattened at 270 minutes with a concentration of 3.92 + 0.52 mg/L. This gradual decline

implies stronger retention mechanisms, consistent with cation exchange and
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electrostatic interactions on iron and aluminum oxide surfaces abundant in lateritic
matrices. The persistence of low-level ammonium release over extended time indicates

partial entrapment within micro- and mesopores, which limited complete desorption.

These desorption behaviors align closely with the SEM, elemental, and FTIR
characteristics of the adsorbents. SEM micrographs of lateritic soils revealed compact,
crystalline structures with heterogeneous pores, providing both adsorption sites and
diffusion barriers that contribute to slower ammonium release. Elemental analysis
confirmed the high Fe and Al content, elements known for strong cation-exchange
capacity, which explains the stronger binding and lower recovery efficiency. FTIR
spectra further indicated the presence of hydroxyl and oxide groups, which form stable

surface complexes with ammonium ions, thereby limiting their desorption.

For the fungal adsorbent, SEM images showed irregular, highly porous morphologies
with rough surfaces that favor rapid ion exchange and surface sorption. Elemental
composition revealed high carbon and oxygen content, consistent with the presence of
organic functional groups. FTIR spectra confirmed abundant —-OH and —COOH
groups, which enable weak binding of ammonium primarily through hydrogen
bonding and reversible electrostatic interactions. These structural and chemical
features explain the higher initial desorption and greater recovery efficiency observed
in the column studies. The findings of this study compare closely with those reported
in existing literature materials. (Bulacio Fischer et al., 2025) in their study reported an
initial rapid release of NH4*-N from zeolite adsorbent within the first 30 minutes
attributing this to accessibility of surface exchange sites. (Genethliou et al., 2021) also
documented zeolite desorption values of 41.86 + 0.87 mg/L when using distilled water
and 49.29 + 2.04 mg/L when using tap water as eluents. The authors explained that the
significant difference in desorption performance of the two eluents could be as a result
of higher cationic exchange between the tap water and the NH4" bound to the zeolites.
Similarly, (Papaevangelou et al., 2023) found out that palygorskite exhibited a higher
desorption capacity of 36.02 % as compared to that of zeolite (15 %) which could be

linked to the structural differences of the two adsorbents.
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4.4.2 Desorption Behaviour of Phosphorus from Agaricus Impudicus and
Lateritic Soil Adsorbents

4.4.2.1 Batch Experiments for Phosphorus Desorption from Lateritic Soils and

Agaricus Impudicus

The desorption rate of P adsorbed by lateritic soils and fungal biomass was analyzed
over a period of 210 minutes. Figure 4.16 a and b illustrated the desorption efficiency

(%) and desorption amounts (mg/g) of the two adsorbents.
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Figure 4.16: Desorption Efficiencies of Lateritic Soils and Fungi

The trend in Figure 4.16 shows that both adsorbents released P adsorbed with fungi
consistently outperforming lateritic soils. Within 0 to 120 minutes, both materials
exhibited a rapid release of P which could be attributed to rapid release of loosely
bounded phosphates ions to the outer surface of these materials. However, the rate of
release of P from fungal biomass was higher as compared to that of lateritic soils with
fungi recorded a desorption efficiency of approximately 39.84 + 0.85 % by 120
minutes whereas lateritic soils had a desorption efficiency of 28.37 £ 0.64 %. This
trend imply that fungi have a weaker binding affinity for phosphate ions or more
accessible binding sites as compared with lateritic soils. After 150 minutes, the
desorption rate of fungi reduced and flatten at 44.83 + 0.72 % implying that almost all

readily desorbable phosphates ions have been released. Similarly, lateritic soils
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exhibited a slight increase between 150 to 210 minutes with the highest desorption rate
reaching approximately 32.10 & 0.45 %. This slower release of phosphate ions between
120 and 150 minutes suggests that the remaining pores are trapped within the inner
micropores of the lateritic soils matrix thus not easily released. The desorption results
of this study compare closely with those recorded in existing literature. For instance,
(Devesa-Rey et al., 2021) reported a desorption efficiency of 59 % in their studies on
desorption of phosphates ions from synthetic clays. Similar studies by Yang et al. (Z.
Yang et al., 2024) on desorption of phosphate ions from activated red mud adsorbents
reported a desorption efficiency of 99. 11 % and desorption amount of 11. 29 mg/g.
Additionally a desorption rate of 0.97 % to 97.08 % was reported by (Biswas et al.,
2023) in their study on desorption of phosphorus from activated biochar.

The poor desorption efficiency from the lateritic soil indicates that the phosphate ions
are held by stronger ionic and electrostatic bonds thus not easily released
(Bhattacharjee et al., 2021). This has significant implications for reusability as it
implies that the soil adsorbent is not easily regenerable with mild solvents. This
highlights its potential reusability for single-use scenarios such as soil amendment or
as a slow-release fertilizer (Mozaffari Majd et al., 2022). Conversely, the relatively
higher desorption efficiency depicted by fungal biomass suggests a weaker, more
reversible binding mechanism. The primary mechanisms are likely outer-sphere
complexation, or retention within the porous fungal cell wall structure
through electrostatic interactions as depicted in FTIR results. These weaker
interactions allow P release, indicating that fungal biomass could be more easily

regenerated for repeated adsorption—desorption cycles.

4.4.2.2 Column Desorption Experiments of Phosphorus from Lateritic Soils and

Agaricus Impudicus

The column desorption results for phosphorus, illustrated in Figure 4.17, show clear

differences in desorption behavior between lateritic soils and fungal adsorbents.
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Figure 4.17: Desorption Capacities of Phosphorus from Lateritic Soils and

Fungi

At the beginning of desorption experiments, P concentrations in the eluent were
highest for the fungal adsorbent, reaching approximately 61.228 +0.71 mg/L, whereas
lateritic soils released approximately 23.542 + 0.53 mg/L. This initial sharp release
indicates that both adsorbents contained a significant fraction of readily exchangeable
P; however, the magnitude was considerably higher for the fungal material, suggesting
that phosphorus binding in this matrix was more reversible. Similar patterns of rapid
initial desorption from low-cost adsorbents have been reported in previous studies
(Sellner et al., 2019), where weak surface interactions facilitated immediate release of

loosely bound phosphate.

For lateritic soils, the desorption profile followed a relatively gradual pattern, with

concentrations steadily declining from around 23.542 + 0.53 mg/L to 10.786 + 0.37
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mg/L within 240 minutes. After 240 minutes, desorbed P stabilized at low
concentrations 5.895 + 0.32 mg/L, indicating that the remaining P was more strongly
retained within the soil matrix. This behavior is consistent with findings from (Wu et
al., 2019), who showed that Fe- and Al-rich soils exhibit low desorption due to the
formation of strong inner-sphere phosphate complexes. Such mineral-bound P is
known to resist desorption even under prolonged washing (Wu et al., 2019), which

aligns with the limited regeneration potential observed in the present study.

In contrast, fungal adsorbents displayed a pronounced peak followed by a steep
decline, with P concentrations dropping from 61.228 + 0.71 mg/L initially to 9.254 +
0.55 mg/L within 300 minutes. Beyond this point, the desorption curve leveled off,
indicating that the majority of desorbable P had already been eluded. The high initial
desorption and rapid stabilization reflect weaker binding interactions, possibly
dominated by ion exchange and surface sorption, which make phosphorus more
recoverable from fungal adsorbents compared to soils. This characteristic is
advantageous for nutrient recycling, as it allows for greater recovery of phosphorus for

potential reuse in agriculture.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusions

In this study, Fungus (Agaricus Impudicus) and lateritic soils were used in recovering
ammonium nitrogen and phosphorus from human urine. After adsorption, the used
adsorbents were subjected to desorption experiments to evaluate the rate of release of

the trapped nutrients. The following conclusions can be drawn from this study:

I.  The physicochemical characterization of lateritic soil and Agaricus impudicus
fungal biomass revealed distinct surface and structural properties that influence
their adsorption performance. FTIR and XRF analysis confirmed the presence
of functional groups such as hydroxyl, carboxyl, and amine groups, iron and
aluminium oxides which are crucial for adsorption of ammonium nitrogen and
phosphorus. SEM analysis revealed the presence of micropores which are
crucial in adsorption processes. Lastly, human urine contains plant-essential
metals, including calcium, copper, iron, and zinc whose concentrations were
within the recommended limits by World Health Organization.

ii. Both lateritic soil and fungal biomass demonstrated effective adsorption of
ammonium nitrogen (NH4"—N) and phosphorus (P) from human urine. Lateritic
soil exhibited higher adsorption capacities (16.314 mg/g for NH4*—N and
24.558 mg/g for P) than fungal biomass, attributed to the ligand exchange and
inner-sphere complexation facilitated by aluminium and iron oxides. Both
adsorbents also showed that adsorption of ammonium nitrogen and phosphorus
was majorly governed by physisorption. The varying adsorption capacities of
the two adsorbents highlights their complementary potential use as engineered
adsorbents within urine-diverting dry toilets. The adsorption mechanisms of
these adsorbents show their suitability in recovery of ammonium nitrogen and
phosphorus in support of circular nutrient economy frameworks.

iii.  Fungal biomass exhibited higher desorption efficiencies (43.93% for NH4+*—N
and 44.83% for P) due to weaker electrostatic interactions, while lateritic soil

showed lower desorption rates, indicating stronger ion binding. The
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adsorbents’ ability to release the adsorbed nutrients highlights the potential of
reusing the used adsorbents as slow-release fertilizers in agriculture, thus

reducing the use of synthetic fertilizers.

5.2 Recommendations

Organizations providing sanitation services should prioritize incorporation
of low-cost and locally-sourced adsorbents in their decentralized sanitation
technology like Urine Diversion and Dehydrating Toilets (UDDTS). The
use of lateritic soils and the biomass of Agaricus impudicus as the adsorbent
liners in this technology will enable these companies to perform nutrient
recovery in situ. Through this, they will be able to convert human urine into
a valuable resource, promoting a circular economy and while reducing
nutrient pollution in freshwater bodies.

Further studies should prioritize activation of Agaricus impudicus using
chemical activation to improve its adsorption efficiency. Additionally,
field-scale trials to evaluate the potential of lateritic soils and Agaricus

impudicus in releasing the trapped nutrients for crop use.
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APPENDICES

Appendix I: Fungi (Agaricus Impudicus) before oven-drying
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Appendix I11: Calibration Solutions for Ammonium Nitrogen

Appendix IV: Calibration Solutions for Phosphorus
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Appendix V: Calibrating the UV-Vis Spectrophotometer
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Appendix VI: Calibration Curves for NH4™-N Adsorption
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Appendix VII: Calibration Curves for P Adsorption
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