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ABSTRACT 

 

To address the challenge of increased demand for clean water globally, there is a need to 

treat the available wastewater. Textile dyes are carcinogenic and their discharge to the 

environment has been reported to degrade the esthetic properties of water bodies. It is 

imperative to assess textile dye levels in wastewater as well as decontamination to 

ascertain its safety. Conventional purification processes suffer from limitations in terms 

of efficiency, cost effectiveness and environmental effect. Attention has recently shifted 

to adsorption as an economical technique for textile dyes removal using low-cost 

adsorbents. Silicon nitride contains positively and negatively charged surface capable of 

adsorbing cationic and anionic pollutants from water. This research studied the use of 

silicon nitride adsorbent prepared from extracted silica from sand and biochars from 

macadamia nutshell and coffee husk wastes in textile dye wastewater treatment. The 

silica extraction from the raw sand was carried out via alkali fusion process. The biochars 

were obtained by pyrolytic treatment of their raw biomass materials at 300 °C for 5 hours 

then acid leached. Both the biochar and extracted silica materials were used in the silicon 

nitride (Si3N4) adsorbents synthesis in an ammonia (NH3) environment. The prepared 

materials were characterized by the use of X-Ray Diffractometer (XRD), 

Thermogravimetric Analyzer (TGA), Scanning Electron Microscope (SEM), Fourier 

Transform Infrared (FT-IR), X-Ray Fluorescence (XRF) and Energy Dispersive X-Ray 

(EDX). The findings indicated that the raw sand contain quartz (SiO2), microcline (K (Al, 

Fe) Si3O8), calcite (CaCO3) and clinochlore ((Mg, Fe)6(Si, Al)4O10(OH)8)). The extracted 

silica (ES) results showed a pure and amorphous composites with siloxane (Si-O-Si) and 

silanol (Si-OH) groups. The acid treatment and alkali fusion improved the silica (SiO2) 

content to > 80 % with other oxide impurities decreased to < 1 %. The biochar results 

showed an amorphous, pure and porous carbon structure with aromatic bonds (C=C). The 

spectroscopic analysis of silicon nitride (Si3N4) adsorbents showed porous and thermally 

stable adsorbents with α-Si3N4 and β- Si3N4 phases, functional groups of silicon-nitrogen 

(Si-N), silanol (Si-OH) and silicon-nitrogen-silicon (Si-N-Si) which were hydroxylated in 

an aqueous media to give silazane (Si2=NH2
+) and silanolate (Si-O-) adsorbent sites for 

congo red (CR), methylene blue (MB) and methyl orange (MO) dyes removal. 

Adsorption capacity ranged from 26.93 ± 0.03 mg/g to 31.77 ± 0.15 mg/g at optimal 

conditions for the dyes removal. The equilibrium and kinetic plots indicated that 

Langmuir, Dubinin-Radushkevich and Pseudo-second-order models (R2 > 0.9) were more 

suitable in explaining the chemisorption process. The adsorption-desorption studies using 

1.0 × 10-1 M NaOH and 1.0 × 10-1 M HCl showed that the SN-5 adsorbent can be re-used 

repeatedly with minimal loss. The column sorption studies gave a maximum column 

capacity of 50.76 ± 0.17 mg/g (MO), 47.01 ± 0.14 mg/g (MB) and 52.56 ± 0.04 mg/g 

(CR) at 4 mL/min, 7 cm and 50 mg/L optimal values. The column data obtained from the 

breakthrough curves conformed with Yoon-Nelson and Thomas models (R2 > 0.9) in 

describing fixed-bed operations. The column performance showed that SN-5 had a lower 

efficacy using spiked water samples than using model solutions with column adsorption 

capacity ranging from 38.92 ± 0.08 mg/g to 46.38 ± 0.05 mg/g. The column regeneration 

showed a good reusability of the SN-5 adsorbent in textile dye wastewater treatment. The 

research findings report silicon nitride as a potential adsorbent that can be applied in 

purification of water to safe levels both at household and industrial scale. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Introduction overview 

The chapter describes a detailed information on the vitality of safe water for life 

sustenance, water quality and quantity, textile dyes wastewater in Kenya, their dangers in 

relation to the environment degradation and the need to look for greener and affordable 

water purification methods to curb the existing environmental menace. 

 

1.2 Background information  

 

Safe water is important for domestic consumption, peoples’ health, agricultural and 

economic growth (Jaime et al., 2018; Ndambiri and Rotich, 2018). It is therefore 

necessary to provide this vital resource to the public for a healthier community 

(Kümmerer et al., 2019). Due to an increased demand of safe water every dawn, its 

scarcity has remained a global problem (Goutam et al., 2020). Majority of people 

worldwide (about 2 billion) are deprived of quality water (UNICEF and WHO, 2019). 

Kenya is greatly affected by this global problem where 27 % of her people obtain it from 

unimproved bodies (Boateng et al., 2018). This is worsened due to rapid urbanization, 

population and economic growth making it difficult addressing the issue as well as 

provision of adequate sanitation facilities (Mulwa et al., 2021). With the housing issue 

being the key agenda of the current Kenya kwanza regime (Kinyanjui, 2023), this will 

absolutely affect the demand for drinking water and additional costs for water 

purification. Approximately, 40 % of Kenyan urban people have accessed to piped water 

while others acquire water from community suppliers and via illegitimate connections 

exposing users to different water related illnesses (Osiemo et al., 2019). In Nairobi alone, 
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clean water shortage of about 170,000 m3 (23 % of the total requirement) is experienced 

every day (Ombuna et al., 2017). 

 

The rapid industrial and population growth, anthropogenic stress, unskillful exploitation 

of water resources and unplanned urban development has increased toxic materials to the 

immediate ecosystem (Kumar et al., 2019). Most of the technologies available for 

treatment of domestic water are expensive and as a result people consume as it is or find 

alternatives from the community water suppliers whose quality is compromised (Gurung 

et al., 2019). Pollution has affected quality of water due to discharge of vast organic and 

inorganic pollutants (Ndung’u et al., 2022). Dyes are among the contaminants present in 

water bodies with their common sources being the food, cosmetics, textiles, plastics, 

paper and paint industries among others (Arora et al., 2019; Unugul and Nigiz, 2020). 

These industries utilize dyes to colour their end products (Litefti et al., 2019). Because of 

this, loads of coloured wastewater are produced due to huge water consumption at 

various dyeing and finishing steps (Gadekar and Ahammed, 2016). In fact, for every one 

(1) ton of a textile product processed, about 200 to 270 tons of water is utilized with most 

of it leaving as a wastewater (Kloster et al., 2023). Also, during the dyeing process, 50 % 

of dye is lost to the environment as a waste (Ali and Mohammed, 2021).  

 

The people perception on quality of water is impressively influenced by color, the first 

recognizable contaminant in water (Patel, 2018). The existence of textile dyes even at 

low concentration values (1 mg/L) is highly visible (Mishra and Soni, 2016; Ali and 

Mohammed, 2021). In fact, the human eye can detect dyes even at 0.005 mg/L 

(Maghanga et al., 2017). The direct discharge of this highly coloured wastewater into the 
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nearby water bodies like streams and rivers greatly influences the visibility and quality of 

water, making it esthetically nasty (Jain et al., 2020). This is due to their complex 

aromatic structures and molecular weight that make them non-biodegradable leading to 

toxicity and contamination of water by colour (Litefti et al., 2019; Kakhki et al., 2020). 

They cause environmental havoc by the formation of toxic aromatic amines through 

various metabolic activities in plants and animals (Şentürk and Yıldız, 2020). These 

textile effluents also contain high concentration of inorganic chemicals such as acids, 

hydrogen peroxide, alkalis, heavy metals, surfactants and dispersing agents (Mani et al., 

2019). This makes them toxic, mutagenic and carcinogenic (Rosanti et al., 2022). They 

have inhibiting effects on the process of photosynthesis to water plants, due to reduced 

light penetration lowering oxygen levels in water thus affecting the aquatic ecosystem 

(Mcyotto et al., 2021).  

 

Majority of these factories have wastewater treatment plants but because of 

overproduction, they are overwhelmed in treating the effluents making their way to the 

nearby water bodies (Niinimäki et al., 2020). For example, the plant located at the EPZ 

textile industry (Athi river), Machakos treats about 6,500 m3 of textile effluent per day 

against the current discharge of 10,000 m3 (EPZA, 2016). Therefore, this means that the 

plant is overworked and therefore not effective in treating its wastes to allowed levels that 

is safe to the surrounding community when discharged to river Athi (Wafula et al., 2020). 

This has caused health and livelihood threats for the people consuming the water from 

this river (Aywa, 2017). The textile dye wastewater treatment is therefore crucial to avoid 

any possible risks to the environment and legal aftermaths (Wawrzkiewicz and Hubicki, 

2016). Also, to sustainably overcome global water scarcity, textile dye polluted water has 
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to be reclaimed using effective treatment methods, re-used and re-cycled (Sani and 

Abdullahi, 2017). 

 

In some industries, conventional treatment methods such as nanotechnology (Mittal et al., 

2019), microbial technology (Parmar and Shukla, 2018), ion exchange (Pismenskaya et 

al., 2020), coagulation-flocculation (Gadekar and Ahammed, 2016), electrochemical 

(Gerçel, 2015) are employed for dye wastewater treatment. Among them, adsorption has 

remained most appropriate due to its easiness in application, cost effectiveness and 

environmentally friendliness (Rosanti et al., 2022). Low-cost adsorbents of banana peels 

(Jawad et al., 2018), kaolinite clay (Aroke et al., 2020) and saw dust (Jan et al., 2022) 

among others have been reported in decontamination of textile dyes in wastewater. 

However, from the literature, no information is reported on an adsorbent that is capable 

of decontaminating both cationic and anionic dye species from wastewater. Studies report 

silicon nitride synthesis via hydrothermal procedures using rice husk (silica source) and 

sugar bagasse (carbon source) and their adsorption potential using batch experiments 

(Adamu et al., 2017). The present work sought to synthesize Si3N4 adsorbent using silica 

extracted from raw sand, biochars from coffee husk and macadamia nutshells and 

evaluate its efficiency in column uptake of selected textile dyes from wastewater. 

 

Biochar is a carbon product of pyrolytic treatment of a raw biomass under limited supply 

of oxygen (Suman and Gautam, 2017). Biochar has received immense interest due to its 

unique structural properties which vary widely in their chemical composition, large 

surface area, cost effectiveness, porosity, high cation exchange capacity, availability in 

large quantities and environmentally friendly (Yaashikaa et al., 2020). This makes them 
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widely used in vast fields such as in water purification as adsorbents (Al-Alwadhi et al., 

2022), in agriculture for soil amendment, ion exchange capacity and nutrients retention 

(Fachini et al., 2021). 

 

Fixed-bed column adsorption is an efficient, effective and a popular approach for water 

purification (Nguyen et al., 2021). Columns are advantageous over batch due to their 

high flow rates which increases the column capacity and breakthrough times (Gupta et 

al., 2016). Parameters of removal efficiency, fractional bed utilization, mass transfer 

zone, column capacity and effluent volume among others are determined from the 

breakthrough curves to evaluate the column performance (Ndung’u et al., 2022). Various 

optimization parameters of column height, influent concentration, flow rate and particle 

size on the effect of breakthrough curves are usually investigated (Iheanacho et al., 

2021). The time data from the column uptake studies is analyzed using various kinetic 

models such as Adams-Bohart model (Dlamini et al., 2021), Thomas model (Patel, 2019, 

Babazadeh et al., 2021), Yoon-Nelson model (Silva et al., 2020), Clark model (Sazali et 

al., 2020) and Bed Depth Service Time model (Jaime et al., 2018) among others.  

 

Desorption studies are important because they regenerate the used adsorbents enhancing 

re-use and reduces the used adsorbent disposal problems (Farias et al., 2018). Various 

agents such as alkalis, acids and salts are reported for desorption studies with the use of 

acid and alkali eluents rated most efficient (Munagapati and Kim, 2016). This study also 

investigated the reusability of the adsorbents using different eluents. 
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1.3 Statement of the problem 

 

In Kenya, cities like Nairobi and local municipalities such as Mavoko constitute the 

largest source of both untreated and treated wastewater effluents (Wafula et al., 2020). 

This has increased production of wastewater discharges with ineffective and inadequate 

treatment resources (Wakhungu, 2019). Kenyan textile industries such as Export 

Processing Zone (EPZ) in Machakos county produces about 1.5 million pieces of fabric 

of different blends, colours and prints every month (KIA, 2021). About 20 % of these 

coloured textile dyes used in these industries is lost to nearby water reserves without 

treatment (Khaleque and Roy, 2016). The dye wastes presence in water is detrimental to 

human and animal wellbeing owing to their carcinogenic and mutagenic nature (Lellis et 

al., 2019). The majority of textile industries have treatment plants to treat the textile dye 

wastewater but because of overproduction, the wastewater is improperly treated making 

their way to the nearby water bodies (Niinimäki et al., 2020).  

 

Although strict regulations are already in position, the public outcry on quality of water 

in river Athi is witnessed as these discharges has made the river turn coloured posing a 

health hazard to the ecosystem (Aywa, 2017; Wafula et al., 2020). Local communities 

have raised concerns that the water they use from the river for their livelihood has turned 

pink (Nzuma, 2021). The farm produce grown using the highly coloured water from the 

river is sold in the markets within Machakos county and its environs which is detrimental 

to the consumers hence the need for an urgent intervention (Owiti, 2022). This could be 

the reason why Machakos County was ranked among the counties leading in cancer cases 

(Waitara et al., 2021). According to the ministry of health in Machakos County (MOH-

MCG 2023) report, the highest prevalence was in Mwala sub-county attributed by the 
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consumption of the heavily polluted water from river Athi, the main source of water for 

their domestic consumption. The cancer cases are increasing every dawn due to the 

exposure to chemicals such as textile dyes (MOH, 2023). The prevalence of cancer-

related diseases in Kenya was reported to be 42,116 and mortality rate was 27,092 in the 

year 2020 (WHO, 2020). 

 

In addition, coffee husk and macadamia nutshell wastes, given their abundance, is 

reported to be of concern upon their disposal to the environment. Coffee husks cause 

stinking and agglomeration especially during the rainy seasons (Ayalew and Aragaw, 

2020). Macadamia nutshells, due to their hardness and durability, may cause harm to 

human beings and animals as well as acting as breeding ground for disease causing 

pathogens like mosquitos (Mutunga et al., 2020). Therefore, coming up with greener and 

cost-effective ways of value adding such wastes in silicon nitride (Si3N4) adsorbent 

synthesis for dye wastewater treatment before their discharged to the water bodies is 

important. 

 

1.4 Justification of the study  

 

The textile industry plays vitally in global economic growth but also contributes 

significantly to pollution because of the release of dye-containing effluents (Dastgerdi et 

al., 2020). The textile dyes are toxic, persistent and cancer-causing, posing serious 

environmental and health risks (Adegoke and Bello, 2015). Therefore, this demands for 

an economical, sustainable and innovative treatment ways in mitigation of the menace. 

The emerging techniques for textile dye wastewater decontamination entail physical or 
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chemical treatments that are pricy, energy consuming and generate large quantities of 

sludge containing unsafe by-products (Parmar and Shukla, 2018). 

 

Adsorption has continued to be the most suitable technique for textile dye wastewater 

treatment owing to its high efficiency and cost-effectiveness in nature (Jain et al., 2020). 

However, most researches are reported on the sorption of textile dyes by batch mode 

limiting the usability of the adsorbents in an industrial scale containing high load of 

textile dye wastewater (Bennani et al., 2015). Fixed-bed column treatment is a practical 

and scalable approach commonly used in water treatment processes. Investigating the 

performance of waste-derived silicon nitride adsorbent in this set-up assesses its real-

world applicability. Also, understanding its efficiency and reusability in fixed-bed 

columns is critical for the evaluation of the adsorbent long-term sustainability and 

economic feasibility. If proven effective, its usability could be adopted by the textile 

industries and other sectors as a sustainable and efficient wastewater treatment method. 

The current problem revolves around the need for an effective, economically viable and 

environmentally friendly adsorbent for dyes uptake from an aqueous media. 

 

The Si3N4 adsorbent is reported for adsorption of pollutants such as tetracycline (Sharma 

et al., 2020) and fluoride ions (Adamu et al., 2017). While silica, biochar from coffee 

husk and macadamia nutshell waste materials have shown promise as potential precursors 

for the adsorbent synthesis, their utilization in a Si3N4-based adsorbent for batch mode 

and fixed-bed column mode sorption studies remains largely unexplored. The use of 

silicon nitride adsorbents can potentially reduce the need for chemical coagulants in dye 

wastewater treatment, contributing to a reduction in chemical usage and associated costs. 
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There is therefore a pressing need to assess the potential of a Si3N4 adsorbent derived 

from extracted silica from sand, biochar from coffee husks and macadamia nutshells for 

the sorption studies of selected textile dyes from an aqueous media.  

 

This research contributes to environmental sustainability (MDG 7) as it aligns with the 

global trend towards sustainable and environmentally friendly wastewater treatment 

technologies. It addresses the need of coming up with novel, eco-friendly and 

inexpensive solutions to address industrial pollution challenges. This will ensure good 

health and well-being (SDG 3), clean water and sanitation (SDG 6), industry, innovation 

and infrastructure (SDG 9), sustainable cities and communities (SDG 11), responsible 

consumption and production (SDG 12) and climate action (SDG 13). 

 

1.5 Hypotheses 

i. Silica extracted from raw sand and biochar from coffee husk and macadamia 

nutshell wastes can be used in the preparation of Si3N4 adsorbent for sorption of 

selected textile dyes in both model and environmental water samples. 

ii. The uptake of MO, CR and MB dyes is affected by pH, agitation time, dosage, bed 

height, concentration and volumetric flow rate. 

iii. The Si3N4 adsorbent can be reused with a high regeneration efficiency. 
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1.6 Objectives 

1.6.1 General objective 

 

To investigate the potential of Si3N4 adsorbent derived from extracted silica from sand, 

biochar from coffee husks and macadamia nutshells for fixed-bed column adsorption 

studies of MO, CR and MB dyes from both a model and environmental water samples. 

 

1.6.2 Specific objectives 

 

i. To characterize raw sand, extracted silica (ES), raw and biochar samples from 

coffee husks and macadamia nutshells and Si3N4 adsorbents using XRF, FT-IR, 

TGA, SEM, XRD and EDX. 

ii. To determine the batch optimal dosage, agitation time, pH and initial concentration 

for CR, MO and MB dyes uptake. 

iii. To determine the removal capacities, adsorption mechanisms and re-usability of 

Si3N4 adsorbents on sorption of the CR, MB and MO textile dyes from water. 

iv. To determine the fixed-bed column optimal bed height, influent concentration and 

volumetric flow rate for CR, MB and MO dyes adsorption.  

v. To determine maximum bed capacity and kinetic parameters using column 

isotherms for uptake of the CR, MO and MB dyes. 

vi. To determine column performance of the Si3N4 adsorbents using environmental 

water samples. 

 

1.7 Significance of the study 
 

The outcomes of the work will aid in coming up with greener and sustainable adsorbent 

materials for textile dye wastewater treatment. This will greatly ensure that majority of 
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people especially those living close to the textile industries are accessible to safe water in 

line with SDG 6. The use of waste materials like sand, coffee husks and macadamia 

nutshells for the synthesis of silicon nitride adsorbents lines up with the basis of circular 

economy and resource efficiency. This approach repurposes waste materials that would 

otherwise contribute to environmental burdens. The findings from this study can be used 

by authorities in informing in decision making and policy formulation. 

 

1.8 Scope and limitations 
 

The textile wastewater contains vast contaminants of microbes, heavy metal ions and 

dyes among other inorganic and organic species. However, due to cost and time 

restrictions, the study focused only on the selected textile dyes (MO, MB and CR). The 

effects of other interfering ions and water turbidity were not considered. The study was 

limited to both model and environmental water samples from river Athi without 

considering seasons. The sand was strictly collected from Crescent Island Crater 

(Nakuru), Bamburi Beach (Mombasa) and Marine National Park (Kilifi). The study used 

coffee beans and macadamia nuts without considering their varieties, seasons, age or 

geographical regions. Only the husks and nutshell wastes were considered. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Literature review highlights 

 

The chapter highlights the status of water scarcity, pollution and treatment, a review of 

the similar materials investigated, methods used for fabrication and characterization of 

the materials, the expected mechanisms for adsorption, reported efficiencies of both batch 

and column studies, and regeneration studies. The chapter further critics the reported 

work and identifies the existing literature gaps. Further, adsorption and kinetics data 

models for both batch and column studies used by other researchers have been reviewed. 

 

2.2 Water scarcity and sanitation 

Accessing safe drinking water and good sanitation systems is a vital asset for a 

flourishing society as well as a thriving economy (Mulwa et al., 2021). Water, which 

covers almost 70 % of the earth is the most vital constituents needed for survival (Gusain 

et al., 2020). The existing water reserves from various sources are important as they 

provide livelihood to the ecosystem (Masakha et al., 2017; Ndung’u et al., 2021). 

Increased global demand for safe water has been escalated by rapid population growth, 

climate change and industrial advancements (Kümmerer et al., 2019). The twenty-first 

(21st) century global challenge is to surmount the problem of water scarcity for a healthier 

ecosystem (Goutam et al., 2020). The SDG 6 aims at having all communities with an 

access to affordable and safe water for domestic consumption. In its target 3 and 4, the 

SDG aims at tackling the problem of water scarcity and quality by safeguarding 

sustainable supply of freshwater via its use and re-use for personal hygiene (UN WWAP, 
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2017). However, this target has not been achieved globally especially in third world 

countries. 

 

According to a report by UNICEF and WHO (2019), 2.2 billion people are unable to 

access safely managed drinking water, with approximately 4.2 billion and 3 billion 

lacking safely managed sanitation systems and basic handwashing amenities. Also, about 

663 million people depend on water from unprotected sources leading to water-related 

diseases (WHO, 2017). In Kenya, about 40 % of her population in urban regions access 

piped water throughout the day (Osiemo et al., 2019) with the rest obtaining it from 

illegal connections and private vendors to meet their daily needs exposing them to water-

related diseases (Sarkar, 2020). 

 

The UN WWAP (2017) report that over 80 % of effluent wastewater is produced globally 

and discharged to the immediate surrounding without any purification. In Kenya, the 

challenges of contaminated water cannot be underestimated (Mulwa et al., 2021). The 

increased production rate of wastewater every dawn with inadequate purification 

resources by most Kenyan industries and improper discharge systems has led to effluent 

release into the water systems (Wafula et al., 2020). This eventually compromises the 

water quality and quantity (Dinu et al., 2017). Access to safe water is crucial to infectious 

diseases control and prevention (Anim and Ofori-Asenso, 2020). This has been the key 

preventive measures for controlling the spread of Corona Virus Disease (COVID-19) 

making it more difficult for the third world countries to curb the disease due to water 

scarcity leading to more fatalities (Boretti, 2022). 
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The highly coloured water witnessed in river Athi due to heavy discharge of industrial 

effluents by industries has become a public outcry and has greatly affected the quality of 

water (UNEP, 2018). Emphasis on the need for continued quality monitoring for water in 

the river and use of data for enforcement of laws on environmental pollution by NEMA is 

necessary (Nzuma, 2021). Also, there is a need to come up with cleaner alternatives to 

treat these polluted water reserves so as to promote use and re-use. 

 

2.3 Textile dyes and industries 

 

Prolonged use of textile dyes by industries generates large quantities of toxic-colored 

industrial effluents (Mohammadi and Veisi, 2018). An estimate of more than 100, 000 

dyes exist globally (Mani et al., 2019). A significant proportion of these textile dyes get 

their way to the surrounding via industrial effluents (Dovi et al., 2021). The dyes are 

classed differently based on their colour index, chemical structure and/or uses (Adegoke 

and Bello, 2015). They are classed into anionic, non-ionic and cationic groups, where 

each class contains many dyes (Elwakeel et al., 2020). Acid and direct dyes are anionic 

dyes which are negatively charged mainly due carboxylic acid (-COOH) and sulphonic 

acid (-SO3H) groups (Kumar et al., 2021). The cationic dyes are because of protonated 

amine groups and non-ionic dyes depending on their dissociation in aqueous media 

(Omer et al., 2017). The cationic and anionic dyes such as congo red, maxilon red, 

methyl orange, crystal violet and methylene blue among others are classes of dyes 

employed in textile industries (Cheruiyot et al., 2019; Khurram et al., 2020; Şentürk and 

Yıldız, 2020). 
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Textile dyes contain chromophores and auxochromes (Kumar et al., 2021). The 

chromophores are such as azo (-N=N-), carbonyl (-C=O), nitroso (-N=O), imino (-C=N-), 

thiocarbonyl (-CH=S), nitro (-NO2) and ethenyl (-C=C-) among others (Wawrzkiewicz 

and Hubicki, 2015; Affat, 2021). These chromophoric groups imparts the dye colour by 

undergoing strong n-𝜋 and π-π electronic transitions in the UV-Visible area (Ngulube et 

al., 2017). The auxochromes such as carboxyl (-COOH), sulfonate (-SO3H), amine (-

NH2) and hydroxyl (-OH) (Kumar et al., 2021) intensifies the dye colour by altering the 

overall energy of the electron aromatic system (Aroke et al., 2020). Textile effluents may 

also be loaded with heavy metals such as cobalt, chromium, zinc, lead and copper in trace 

amounts produced during the dyeing steps (Ngulube et al., 2017). The dye auxochromic 

groups dissociate easily in aqueous media since they are weakened by the structural 

stability imparted by the chromophore conjugation and a high degree of dye aromaticity 

(Mcyotto et al., 2021). Discharging such wastewater laden with dyes and heavy metals 

into the nearby water sources affects the water quality (Aigbe et al., 2021). 

 

Kenyan textile industries such as Thika Cloth Mills (Thika), Export Processing Zone 

(Athi River) and Rivatex East African Limited (Eldoret) are among the industries known 

to produce large amounts of coloured effluents due to huge production of fabrics daily 

(Maghanga et al., 2017; Krishnan et al., 2019). For example, Thika cotton mills 

processes about 650,000 meters of fabric every month in different blends, colours and 

prints (Waithaka, 2017). Rivatex East African Limited processes more than 70 bales of 

cotton fabrics in a day (Krishnan et al., 2019). The Export Processing Zone (EPZ) in 

Machakos produces about 1.5 million pieces of fabrics every month (KIA, 2021). Most of 

these industries have wastewater treatment plants for treating their colored effluents but 
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due to overproduction, they are overwhelmed hence end up releasing the effluents to the 

nearby water bodies (Bidu et al., 2021). The EPZ wastewater treatment plant (Athi river), 

Machakos treats about 6,500 m3 of wastewater per day against the total wastewater 

discharge of 10,000 m3 in a day (EPZA, 2016). This makes the wastewater plant 

ineffective in treating its wastes to permissible limits before discharged to river Athi 

(Wafula et al., 2020). The river over the last 15 years has become stinky, filthy and has 

green-colored water with litter wastes scattered all over its banks (UNEP, 2018). The 

local communities consume water from this highly polluted river leading to increased 

prevalence of water-related diseases (Aywa, 2017). Therefore, there is a need to continue 

monitoring the quality of water in river Athi.  

 

The methylene blue (MB), congo red (CR) and methyl orange (MO) dyes are among the 

most used in textile industries (Khurram et al., 2020). They are reviewed in the following 

sub-sections. 

 

2.3.1 Methylene blue 

 

Methylene blue, MB (C16H18ClN3S), a cationic thiazine dye is employed in coloring of 

wool, cotton, silk and paper (Çatlıoğlu et al., 2021). The dye is also commonly used in 

food processing, tannery, cosmetics and pharmaceutical industries among others (Saini et 

al., 2018). The dye has been reported in industrial effluents at varying concentrations 

(Hurairah et al., 2020). The dye has hetero-polyaromatic structure (Figure 2.1), which 

presents a strong inhibitive role for biodegradation (Liu et al., 2019). The MB dye is 

reported to be harmful as it has effects such as tissue necrosis, cyanosis, heart rate, 
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vomiting, jaundice, reproductive system, dermatitis, brain kidney, quadriplegia, problems 

in the liver, respiratory tract and central nervous system (Patel et al., 2019). 

 

 
Figure 2.1: A chemical structure of methylene blue dye   (Omer et al., 2017) 

 

2.3.2 Congo red  

 

The congo red (CR) dye (C32H22N6Na2O6S2), a diazo anionic dye has a complex aromatic 

structure and varied molecular structures that differ in their pH in the aqueous solutions 

(Zhou et al., 2018). It is generated from the dyestuff manufacturing industries such as 

leather, textile, printing and paper industries among others (Priyadarshini et al., 2020). 

Degradation of this dye in wastewater is difficult due to its complex structure (Dovi et 

al., 2021). The CR dye is lethal to plants and animals and thus its presence in water 

streams should be a great concern as it is detrimental to health and the entire ecosystem 

(Conrad et al., 2016). Consumption of wastewater containing congo red is detrimental to 

health as it destroys the liver, human blood system with other symptoms such as 

breathing difficulties, diarrhoea, nausea and vomiting (Zhang et al., 2018). The CR dye 

structure is represented in Figure 2.2. 
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Figure 2.2: A chemical formula of congo red dye   (Zare et al., 2015) 

 

2.3.3 Methyl orange 

 

Methyl orange (MO) dye (C14H14N3NaO3S) is an azo, water-soluble dye with a very high 

colorability when dissolved in water (Wu et al., 2021). It is widely employed in research, 

textiles and other industrial products (Qu et al., 2020). MO dye is stable, toxic, mutagenic 

and carcinogenic (Zhao et al., 2017). The hazardous and non-biodegradability nature of 

the dye is due to the stable aromatic rings in its structure (Shah et al., 2021) as shown by 

Figure 2.3. The dye enters the human body system, get metabolized by intestinal micro-

organisms into aromatic amines which causes intestinal cancer (Smita et al., 2016). 

 

 
Figure 2.3: A methyl orange dye structure   (Fortunate and Misael, 2016) 

 

2.4 Wastewater treatment technologies 

 

The choice of the technique of treating textile dye wastewater is determined by the 

chemical nature of the dye, equipment, the expense of the chemicals needed, the 
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immediate environment and the maintenance (Parmar and Shukla, 2018). The various 

technologies of ion exchange, electrochemical treatment, adsorption, chemical 

coagulation and flocculation are among the available techniques for dye wastewater 

treatment. They are reviewed in the following sub-sections. 

 

2.4.1 Electrochemical process 

 

The electrochemical treatment is reported for efficient decontamination of hazardous 

inorganic and organic substances such as heavy metal ions and dyes among others (Giwa 

et al., 2018). The technique relies on the migration of the ions from one solution to 

another through charged membranes under an applied electricity without the introduction 

of any chemicals (Wu et al., 2019). During the process, the pollutants are damaged by 

means of both direct and indirect oxidation procedures (Körbahti and Demirbüken, 

2017). This is summarized by Figure 2.4. 

 

 
Figure 2.4: Direct and indirect oxidation diagram   (Abbas et al., 2019) 
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The major demerit of the method is that it cannot be used in many rural areas because the 

equipment requires electricity which is costly (Parmar and Shukla, 2018). 

 

2.4.2 Ion exchange 

 

The technique is an effective and versatile tool for the dye wastewater treatment (Yang et 

al., 2015). The ion exchange resins are made of functionalized gel-like or porous 

polymers that remove the exchanged ions from a mixture (Arslan et al., 2016). They are 

classed on the basis of counter-ion charge; anion exchanger or cation exchanger 

(Wawrzkiewicz and Hubicki, 2015). The anion-exchanger resins contain functional 

groups that have positive charge while cation-exchanger resins have negatively charged 

groups (Pismenskaya et al., 2020). Their affinity is dependent on the structure, the charge 

and the size of the ion (Jatoi et al., 2021). Therefore, the technique is used for removal of 

anionic and cationic dye wastewater (Khan et al., 2017). The effluent is passed through 

the ion exchanger resin till all the active sites get saturated (Zhang et al., 2020). 

 

Ion exchangers are characterized by low operation costs, outstanding sorption capacity, 

cheap regenerated chemicals, low energy requirement and well-maintained resin beds 

that last for a longer period without replacement (Wawrzkiewicz and Hubicki, 2016). 

However, commercially available resins are relatively pricy and therefore various 

affordable alternatives need to be explored for textile dye wastewater treatment (Hassan 

and Carr, 2018). 
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2.4.3 Chemical coagulation-flocculation 

 

The technique entails the addition of coagulants such as ferric chloride, polyferric sulfate, 

cationic polyacrylamide, anionic polyacrylamide, aluminum chloride, polyferric chloride, 

magnesium chloride, aluminum sulfate, polyaluminum chloride and lime for effective 

decolourization of the textile dye wastewater (Mcyotto et al., 2021). The dyes removal is 

based not on the partial degradability of the dyes and therefore no production of potential 

toxic intermediates (Gadekar and Ahammed, 2016). The coagulants interact with the dye 

molecules forming coagulates/flocs which are later precipitated out by either filtration, 

flotation, settling or any other physical technique (Mani et al., 2019). 

 

The primary setback is that some highly soluble and low molecular weight dyes might 

not effectively be removed (Liu et al., 2019). Also, the technique generates large amounts 

of sludge making their treatment and disposal very expensive (Kumar et al., 2019). 

Therefore, the choice of the coagulant to be used is essential for improvement of water 

quality and reducing the environmental menace (Mcyotto et al., 2021). 

 

2.4.4 Adsorption 

 

The technique involves chemical and/or physical interactions of the analyte and the 

sorbent surface (Gawande et al., 2017). It is a widely recognized surface phenomenon for 

an effective uptake of vast pollutants (Aigbe et al., 2021). This makes the technique an 

attractive treatment technology (Gupta et al., 2016). The technique has received a great 

attention due to low maintenance costs, easy in operation, low energy requirements, high 

efficiency and safety (Aminu et al., 2020; Rosanti et al., 2022). Low-cost materials such 

as banana peels (Jawad et al., 2018), walnut shells (Dovi et al., 2021) and coffee husks 
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(Njeri et al., 2023) among others have been employed in remediation of textile dye 

wastewater. Table 2.1 shows different adsorbents for uptake of CR, MB and MO dyes. 

 

Table 2.1: The equilibrium adsorption capacity for different selected adsorbents 

 

Adsorbent Dye Adsorption 

capacity 

(mg/g) 

Reference 

Banana peel Congo red 1.73 (Mondal and Kar, 2018) 

 

Geopolymer Methylene blue 

 

20.22 (Maingi et al., 2017) 

Kaolinite 

clay 

Methyl orange 3.48 (Aroke et al., 2020) 

 

Silica gel 

(Amino-functionalized) 

Congo red 5.37 (Farias et al., 2018) 

 

 

Orange peel 

Methyl orange 

 

4.41  

(Rosanti et al., 2022) 

Methylene blue 

 

10.96 

Mahagoni bark 

(Activated carbon) 

Methyl orange 6.07 (Ghosh et al., 2020) 

 

Pine bark Congo red 1.60 (Litefti et al., 2019) 

 

Saw dust Methylene blue 5.46 (Jan et al., 2022) 

 

 

The Si3N4 is reported as an excellent adsorbent in decontamination of various pollutants 

such as flouride ions and tetracycline from an aqueous media via batch mode with a 

higher efficiency and reusability (Adamu et al., 2017: Sharma et al., 2020). This study 

sought to synthesize the adsorbent using sand, coffee husk and macadamia nutshell 

wastes and investigate its effectiveness in fixed-bed column dye wastewater treatment.  
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2.5 Silicon nitride (Si3N4) 

 

Silicon nitride is employed in vast fields due to its outstanding thermomechanical 

properties, chemical inertness, corrosion resistance and high thermal conductivity among 

others (Qadri et al., 2016). The material has a rigid structure with strong covalent bonds 

(Sharma et al., 2018). These features make the material suitable for many applications 

which include ball bearings, nanocomposites and optoelectronic devices among others 

(Farzana et al., 2018). Silicon nitride occurs in two phases, an alpha (α) form (trigonal) 

which is stable at a lower temperature and beta (β) form (hexagonal) stable at higher 

temperatures (Parrillo et al., 2021). The Figure 2.5 shows the Si3N4 phases. 

 

 
Figure 2.5: Silicon nitride (Si3N4) phases   (Fayomi et al., 2020) 

 

Several techniques such as metallurgy method (Tran et al., 2021), oxide-assisted growth 

(Zhao et al., 2021), direct nitridation of silicon (Liu et al., 2017; Jin et al., 2019), 

electrochemical method (Vishnu et al., 2018), combustion synthesis (Li et al., 2022), 

chemical vapour deposition (Liu et al., 2018) and carbothermal reduction-nitridation of 

amorphous silica (Abdulhameed et al., 2018) amongst others are reported for silicon 

nitride (Si3N4) synthesis. Carbothermal reduction-nitridation is the most cost-effective 
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technique for large-scale synthesis (Zhi et al., 2019). This is because it utilizes vast low-

cost materials for the Si3N4 synthesis (Rajarao and Veena, 2016). The synthesis is carried 

out in an ammonia (NH3) environment as shown in Equation 2.1 (Wan, 2013). 

 

 

Various materials such as rice husks (Parrillo et al., 2021), wheat husks (Qadri et al., 

2016), computer monitors (Maroufi et al., 2018) and rice straw (Ma et al., 2020) among 

others are reported as silica sources. Also, sugarcane bagasse (Abdulhameed et al., 2018), 

carbon black (Ji et al., 2014) and carbon nanotubes (Zhi et al., 2019) among others are 

reported as carbon sources during the Si3N4 synthesis. The study of silica from sand, 

biochars from coffee husk and macadamia nutshell wastes as silica and carbon precursor 

materials for Si3N4 synthesis and its potential in dyes uptake has not been explored. 

 

2.5.1 Silica 

 

Silica (SiO2) is a potential mineral applied in vast fields (Ishmah et al., 2020). It is 

obtained mainly in amorphous, gel and crystalline forms (Todkar et al., 2016). The 

amorphous silica is employed industrially in different fields such as electronics, 

healthcare, textiles, cement, glass, paper, concrete, cosmetics, rubber, wastewater 

treatment and ceramics amongst others (Ismail et al., 2020; Setyoningrum et al., 2020). 

The emergence of technological discoveries has increased the need for different kinds of 

silica such as in sol, precipitated, fumed and gel forms (Arunmetha et al., 2015). This is 

due to the exceptional features such as environmentally friendliness, chemical stability, 

high purity, easy in biocompatibility and fabrication for use in vast industries (Wahyudi 
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et al., 2013; El-Sawy et al., 2021). The amorphous silica is found from biogenic marine 

organisms, minerals and agricultural wastes such as coconut husks (Anuar et al., 2018), 

rice husks (Qadri et al., 2016), beach sand (Ismail et al., 2020), sugar bagasse (Norsuraya 

et al., 2016; Fardhyanti et al., 2018) and fly ash coal wastes (Cheng et al., 2018). 

 

The natural sand is an abundant material that is found in coastal oceans, seas, beaches 

and the fresh shallow lakes (Ismail et al., 2020). It is formed by erosion and weathering 

processes forming finer sand deposits (Gallop et al., 2020). Also, marine animals such as 

diatomaceous earth (Kemp et al., 2021) and siliceous sponges (Drozdov et al., 2021) 

among other siliceous organisms undergo biogenic decomposition that form part of the 

sand deposits (Rampe et al., 2023). The sand aggregates comprise of quartz (SiO2) which 

are in crystalline forms such as cristobalite and tridymite (Munasir et al., 2018), micro- 

and crypto-crystalline polymorphs (Antolik and Daria, 2021), strained quartz polymorphs 

(Hasdemir et al., 2012) and glassy volcanic materials (Pavlenko et al., 2014). The sand is 

usually in impure form with oxide impurities such as titanium (IV) oxide (TiO2), 

magnesium (II) oxide (MgO), potassium oxide (K2O) and aluminium (III) oxide (Al2O3) 

among others (Munasir et al., 2018). 

 

The polymorphs (siltstone, phyllite, opal, quartzite, chalsedony, granite, gneiss, chert and 

granodiorite among others) contain silicate mineral components with an active silica 

which is prone to alkali-silica chemical dissolution reactions (Hasdemir et al., 2012; 

Moreira et al., 2021). The crystal structure of the partly crystalline polymorphs is lost 

when heated in activating agents such as alkali solutions to form soluble silicates which 
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are used for amorphous silica synthesis (Lin et al., 2020; Luthfiah et al., 2021; Meftah et 

al., 2023). 

 

The amorphous silica is hydrophilic in nature because of its attached hydroxyl (-OH) 

groups on the surface (Ismail et al., 2021). Various silica extraction methods such as 

electrocoagulation (Zhang et al., 2019), hydrothermal (Thahir et al., 2019), sol-gel 

(Zulfiqar et al., 2016) and alkaline fusion (Ishmah et al., 2020) have been reported. 

Alkaline fusion chemical extraction is reported the most effective method due to its easy 

in silica synthesis even at low temperatures (Azzahra et al., 2020). 

 

2.5.1.1 Alkali fusion 

 

Alkali fusion is conducted by fusing the particles with an alkali solution at a certain 

temperature and then crystalize the molecules into nano-size (Wahyudi et al., 2013). The 

method entails breaking the bonds in the raw sand using activating solutions such as 

potassium hydroxide (KOH), sodium carbonate (Na2CO3) and sodium hydroxide 

(NaOH), then binding the silicon with oxygen to obtain the amorphous silica (Ishmah et 

al., 2020). This method involves three main steps: first is to prepare a silicate solution 

using alkaline solutions such as KOH or NaOH (Firdaus et al., 2020). This is expressed 

by Equation 2.2 and the mechanism is as reported by Novita and Idris (2022) with slight 

modifications (Figure 2.6). 
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Figure 2.6: The mechanism of sodium silicate formation 

 

The acid such as HCl solution is then reacted with sodium silicate (Na2SiO3) forming 

silica gel (Si(OH)4) residue and sodium chloride solution which is subsequently filtered 

out (Meftah et al., 2023). Adding the acid solution to the precursor solution increases the 

proton (H+) concentration in the silicate solution causing siloxy (Si-O−) groups 

hydrolysis to form silanol groups (Si-OH), which are further hydrolyzed forming siloxane 

bonds (Si-O-Si), a silica polymer growth (tetraortosilicate acid) (Rahmayanti et al., 2020; 

Huljana et al., 2021). This is as expressed by Equation 2.3 and Figure 2.7. 

 

 
 

 
Figure 2.7: The mechanism for the formation of silica gel   (Ishmah et al., 2020) 
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The silica gel formed is then heated forming an amorphous silica (SiO2) as expressed in 

Equation 2.4 and Figure 2.8. 

 

 
 

 
Figure 2.8: A reaction mechanism for silica gel heating   (Firdaus et al., 2020) 

 

2.5.2 Coffee husks 

 

Kenya produces about 50, 000 tons of coffee beans yearly (Duguma et al., 2022). The 

processing of coffee generates significant amount of husk wastes to about 25.5 % of the 

total weight (Ayalew and Aragaw, 2020). Approximately, 0.18 tons of the coffee husk 

wastes are produced in every 1 ton of coffee fruits harvested (Harshananda et al., 2020). 

The husk residues have limited applications and their continued accumulated volumes at 

the milling centers impact negatively to the surrounding (Kanyiri and Waswa, 2017). 

 

Most of the coffee husks are disposed to the environment with no care causing pollution, 

especially in developing countries (Hoseini et al., 2021). Efforts of finding alternative 

technologies to exploit the waste in solving the menace is beneficial because of its 

abundance globally (Cheruiyot et al., 2019). The waste has been employed as adsorbents 

in textile dyes remediation such as methyl red (Njeri et al., 2023), methylene blue 

(Krishna Murthy et al., 2020) and brown R (Harshananda et al., 2020) among others. The 
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study sought to use biochar (as carbon source) from coffee husk wastes in the synthesis 

of Si3N4 adsorbent for textile dye wastewater treatment. 

 

2.5.3 Macadamia nuts 

 

The macadamia nuts farming has increased in the Africa Eastern region due to their 

improved prices comparing to other cash crops like tea and coffee (Mutunga et al., 2020). 

In Kenya, the nuts are grown in many parts of the country such as Kiambu (7 %), 

Murang’a (17.2 %), Nyeri (5.8 %), Kirinyaga (4.4 %), Embu (36.5 %), Meru (11.8 %), 

Tharaka Nithi (5.5 %), Machakos (7.8 %), Baringo (2.4 %) and Trans Nzoia (0.9 %) 

among other regions (Wasilwa et al., 2019). Because of the increase in macadamia nut 

production, the disposal of their nut shells has become a major bother at the processing 

facilities due to their hardness and durability (Wongcharee et al., 2019).  

 

The biggest challenge experienced by macadamia nutshell processing factories in Kenya 

is the mechanism of developing greener techniques to handle the residual wastes 

(Mutunga et al., 2020). This bio-waste’s have been value added as adsorbents by 

scientists for the uptake of water pollutants such as heavy metal ions and dyes among 

others in different forms (Honorato et al., 2017; Kamau et al., 2020). The study utilized 

macadamia nutshell biochar as a carbon source in silicon nitride adsorbent synthesis.  

 

2.6 Adsorptive ability of silicon nitride (Si3N4) adsorbent 
 

Silicon nitride (Si3N4) is reported to adsorb organic compounds and ions such as fluoride 

ions (Adamu et al., 2017), tetracycline (Sharma et al., 2020) and some amino acids 

(Awsiuk et al., 2013). This is because of the hydroxylation of Si3N4 surface structure in 
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aqueous media yielding basic silazane (Si2=NH) and acidic silanol (Si-OH) groups which 

then make the surface charged (Shi et al., 2014). This is as shown in Equation 2.5 and 

Figure 2.9. 

 

 

 

 

H 

H 
+ 

Si3N4 

 
Figure 2.9: Hydroxylated silicon nitride (Si3N4) surface structure   

(Hackley and Malghan, 1994) 

 

The proposed mechanism of formation of silazane and silanol groups (Figure 2.10) is as 

described by Cazako et al. (2018) with modifications. 

 

 
Figure 2.10: Reaction mechanism of silazane and silanol group formation 
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The mechanism of hydroxylation of silicon nitride (Si3N4) surface is given by Figure 

2.11. 

 

Figure 2.11: Surface hydroxylation mechanism 

 

The binding sites on the silicon nitride surface makes the material suitable for 

decontamination of vast inorganic and organic species from contaminated water. Adamu 

et al. (2017) prepared silicon nitride adsorbents by hydrothermal process using rice husk 

silica source and sugar bagasse carbon source for flouride ions decontamination. Sharma 

et al. (2020) prepared doped silicon nitride material for the tetracycline removal from an 

aqueous media. In another study, the adsorbent was chemically modified with organo-

silanes of (3-aminopropyl) trimethoxysilane and 3-glycidoxypropyl) trimethoxysilane for 

protein adsorption via covalent bonding or by physical adsorption (Awsiuk et al., 2013). 

The study prepared silicon nitride adsorbent using silica extracted from sand, biochar 

from coffee husk and macadamia nutshell wastes for treatment of textile dye wastewater. 
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2.7 Adsorption mechanism 

 

The mechanism of the dyes uptake is mainly by electrostatic interactions and dipole-

dipole hydrogen bonding as described by Manzar et al. (2019) and Bahrudin et al. (2020) 

with major modifications to fit the adsorbent being investigated as shown in Figure 2.12. 

 

  

 
Figure 2.12: Adsorption mechanism of MB (A), MO (B) and CR (C) onto Si3N4 

adsorbent 
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2.8 Batch adsorption studies 

 

The batch adsorption are studies that provide information about the adsorbent 

performance at equilibrated conditions before application in a larger scale set up (Sazali 

et al., 2020). Batch adsorption processes have several gains as it is cost-effective, 

greener, simple and easy in practice (Ndung’u et al., 2021). The major disadvantage is 

that only a lower pollution load is decontaminated, hence, hardly employed for industrial 

purposes (Patel, 2020). The batch is employed with various process parameters of particle 

size, temperature, agitation speed, dosage, pH, analyte concentration and agitation time 

among others (Mutunga et al., 2020; Priyadarshini et al., 2020). The current study 

reviewed pH, adsorbent dosage, agitation time and initial concentration parameters which 

are discussed in the sub-sections 2.8.1- 2.8.4. 

 

2.8.1 pH 

 

The dye solution pH is essential because it affects the sorption processes by altering the 

binding sites charge and the dyes degree of ionization (Benzekri et al., 2018; Mashkoor 

and Nasar, 2019). The methylene blue (MB), being a cationic dye, its extent of uptake is 

greatly influenced by pH of its solution and the adsorbent net charge (Saini et al., 2018). 

The uptake occurs primarily because of electrostatic attractions between the sorbent 

surface and the cationic dyes (Ahmad et al., 2020). At a lower pH value, H+ ions and the 

cationic dyes compete stiffly for the binding sites resulting to a lower uptake (Chang et 

al., 2016). At pH values beyond optimal, the adsorbent becomes negatively charged, 

which leads to improved sorption of MB dye molecules via attractive forces enhancing its 

uptake (Jawad et al., 2018). 
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The MO and CR anionic dyes removal is highest at strongly acidic media (Jain et al., 

2020; Abdul Rahim et al., 2021). This is because of the fact that, at a lower solution pH, 

the positively charged adsorbent interacts strongly with the dye sulphonate groups (-SO3
-) 

(Simonescu et al., 2021). As the pH is increased, the dyes uptake is decreased due to 

competition between the sulphonate (-SO3
-) dye groups and the hydroxyl (OH-) ions in a 

basic medium (Khan et al., 2020).  

 

Bellifa et al. (2017) report a pH of 1.00 as optimal for maximum removal of MO dyes 

using bentonite adsorbent. Hachani et al. (2017) obtained similar optimal pH values on 

their study on CR dyes adsorption onto raw date pits adsorbent. A pH value of 10.00 was 

obtained for MB dyes uptake using geopolymer and peanut shell adsorbents (Maingi et 

al., 2017; Islam et al., 2019). According to Tahazadeh et al. (2021), a pH of 11.00 was 

optimum for removal of MB dyes using cellulose acetate (CA)-based nanocomposite 

adsorbent. 

 

2.8.2 Agitation time 

 

The residence time is essential in uptake of dyes as it alters the kinetics of adsorption 

(Ahmad and Ansari, 2021). Generally, the dye removal is rapid at initial times then 

equilibrium state (Toumi et al., 2021). At initial stages of adsorption, the dyes are rapidly 

removed as the adsorbent surfaces have enough active centers available for adsorption 

(Simonescu et al., 2021). As the agitation time exceed optimal, the active sites become 

exhausted and consequently lowers the sorption process (Mondal and Kar, 2018). Also, 

as more adsorbent centers are occupied by the dyes, it becomes hard to occupy the 
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unoccupied sites because of repulsion forces between the dyes adsorbed and the dyes 

present in the solution (Arora et al., 2019). 

 

Abualnaja et al. (2021) reported that 60 minutes were enough to attain maximum 

equilibrium for sorption of MO onto poly (Acrylonitrile-co-Styrene) and carbon 

nanotubes. A maximum MB dyes removal uptake onto Fe-modified banana peel was 

attained at an adsorption time of 50 minutes (Çatlıoğlu et al., 2021). Muniyandi and 

Govindaraj (2021) reported similar optimal value during their study on MB adsorption 

onto activated carbon from a palm shell. The uptake of CR dyes using porous γ-alumina 

nanoshells reached equilibrium within 30 minutes (Al-Salihi et al., 2022). 

 

2.8.3 Adsorbent dosage 

 

The influence of dosage on the uptake process is important as it avails the adsorbent sites 

and surface area for the dyes uptake (Ahmad and Mirza, 2017). The uptake of dyes 

increases with increasing dosage to optimum levels due to increased binding sites 

available for adsorption (Jan et al., 2022). The uptake decreases as the adsorbent dose is 

increased beyond optimal (Mondal and Kar, 2018). This is due to an increased overlap of 

the adsorbent particles causing screening effect which reduces the number of effective 

sites (Aminu et al., 2020). Also, at higher dosages, the dye molecules in the dye solution 

are inadequate to fully interact with all the adsorbent sites lowering their uptake 

(Goswami and Dey, 2022). 

 

The optimal dosage of 20 mg was reported for the uptake of MO dyes onto the Mn‐doped 

CuO‐nanoparticles (Sharifpour et al., 2019). Adsorbent dosage for MO adsorption by 
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magnetic Fe/MCM-41 adsorbent attained maximum sorption at 30 mg (Albayati et al., 

2017). The uptake of MB dyes using empty fruit bunch-derived activated carbon 

adsorbent was maximum at optimal dosage of 30 mg (Egbosiuba et al., 2020). An 

optimal dosage of 15 mg was reported for the uptake of MO using copper modified 

nanoalum (Kakhki et al., 2020). Shittu et al. (2019) registered an optimum dosage of 10 

mg for sorption of MB onto a novel surfactant functionalized porous graphitic carbon. 

 

2.8.4 Initial concentration 

 

The parameter influences the adsorbent performance significantly (Paclijan et al., 2021). 

An increased concentration improves dye uptake to maximum values beyond which a 

plateau or a slight decrease is observed (Smita et al., 2016). An increase in dyes uptake 

could be because of increased mass transfer driving power with increase in dye 

concentrations (Omokpariola and Otuosorochi, 2020). The dyes are adsorbed to specific 

adsorbent sites at lower concentration which continue being used up upon increasing the 

dyes concentration (Maingi et al., 2017; Ojedokun and Bello, 2017). In higher 

concentrations beyond optimal, the dyes uptake decreases as the available adsorbent sites 

are completely used up leaving more dye ions in the solution (Rondina et al., 2019). 

 

Mirzaei et al. (2020) reported that MO dyes sorption onto NaX/MgO-TiO2 

nanocomposite was maximum at 50 mg/L. Uptake of CR dyes by L-cysteine/rGO/PANI 

nanocomposite was 92 % at an optimal value of 30 mg/L (Razzaq et al., 2021). Tan et al. 

(2021) registered an uptake of 22.72 mg/g at 30 mg/L for MB dyes removal using 

polysaccharide composites. The efficiency of CR dyes uptake onto water hyacinth was > 

90 % at 50 mg/L (Ali and Mohammed, 2020). 
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2.9 Adsorption isotherm studies  

 

The equilibrium isotherms describe the mechanisms of dyes uptake at equilibrium 

(Oyarce et al., 2021). The isotherm modelling is based on assumption of homogeneity or 

heterogeneity of the adsorbents on possible interactions with the dye molecules (Alharby 

et al., 2021). Several isotherms such as Langmuir (Ndung’u et al., 2021), Dubinin-

Radushkevich (Lemraski et al., 2021), Freundlich (Cheruiyot et al., 2019) and Temkin 

(Jadhav and Thorat, 2022) among others are reported. The study employed Langmuir, 

Dubinin-Radushkevich and Freundlich models and are briefly discussed. 

 

2.9.1 Langmuir isotherm model 

 

The model investigates the adsorbent properties in terms of affinity and removal capacity 

for the dyes (Xu et al., 2019). It also describes monolayer interactions which are 

chemisorption in nature (Rosanti et al., 2022). Its linear form is shown by Equation 2.6. 

 

 
Ce

qe
=

Ce

qm
+  

1

KLqm
                                   (2.6) 

 

Where 𝑞𝑒 and 𝑞𝑚 is the respective experimental and calculated sorption capacity (mg/g), 

𝐾𝐿 (L/g): the constant and 𝐶𝑒 (mg/L): the concentration at equilibrium. A linear plot of 
Ce

qe
 

against Ce are employed to obtain Qm, b and KL. 

 

The uptake studies of MB dyes using Dipterocarpus alatus fruit adsorbent fitted best in 

Langmuir model (Patawat et al., 2020). Abdul Rahim et al. (2021) reports similar 

conclusions with CR dyes uptake onto coconut wastes. The uptake of MO dyes using 

populous leaves adsorbent conformed to the Langmuir isotherm (Shah et al., 2021). 
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2.9.2 Freundlich isotherm model 

 

The model’s assumption is on multilayer interactions and an exclusively physisorption 

process (Shittu et al., 2019). The expression is shown by the Equation 2.7. 

 

  ln qe = ln KF +
1

n
 ln Ce                                            (2.7) 

 

Where 
1

𝑛
 (adsorbent heterogeneity), 𝐾𝐹 (sorption capacity, mg/g) and n (adsorption 

intensity) parameters are calculated from linear plots of ln qe against  ln Ce. 

 

2.9.3 Dubinin-Radushkevich isotherm model 

 

The model is employed to examine the effect of the adsorbent micropore structure on the 

uptake process (Hu and Zhang, 2019). The model assumes micropore filling mechanism 

onto heterogeneous and homogenous surfaces (Chen, 2015). Its linear expression is 

shown by Equation 2.8. 

 

lnqe = lnqm − KD−Rε2         (2.8) 

 

Where 𝑞𝑚 and 𝑞𝑒 (mg/g): the respective calculated and experimental uptake capacity, 

𝐾𝐷−𝑅 (mol2/kJ2): the constant and 𝜀: the Polanyi potential. The qm and KD−R are 

determined by a plot of a graph of lnqe versus ε2. 

 

The value Polanyi potential (ε) is determined using the expression in Equation 2.9.  

 

ε = RTln (1 +
1

Ce
)         (2.9) 
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Where R (8.314 J/mol/K): the molar gas constant, Ce (mg/L): the dye concentration at 

equilibrium and T (K): absolute temperature. 

 

The model is employed to differentiate the chemisorption and physisorption processes 

(Elwakeel et al., 2020). The adsorption energy (E) is determined using Equation 2.10. 

 

E =
1

√−2KD−R
          (2.10) 

 

The magnitude of free energy (E) is employed to govern the uptake mechanism. When its 

value is < 8 kJ/mol, physisorption process dictates and when > 8 kJ/mol, chemisorption 

predominates (Muralisankar et al., 2018).  

 

The adsorption of MB dyes using poly (vinylidene fluoride) and poly (acrylonitrile) 

nanofibers conformed to the Dubinin-Radushkevich model (Paclijan et al., 2021). The 

MB dyes uptake onto copper nanoparticles gave mean free energy (E) of 100 - 129.1 

kJ/mol implying a chemisorption process (Sebeia et al., 2019). 

 

2.10 Adsorption kinetic studies 

 

Kinetics of adsorption plays an important role as it offers vital information about 

mechanisms and dynamics of sorption (Ghosh et al., 2020; Abualnaja et al., 2021). 

Various models such as Intraparticle diffusion (Maingi et al., 2017), Pseudo-first-order 

(Silva et al., 2020), Elovich (Duhan and Kaur, 2019) and Pseudo-second-order (Lacin 

and Aroguz, 2020) among others are reported. The time data for CR, MB and MO dyes 
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uptake was analyzed using Pseudo-second-order, Elovich and Pseudo-first-order models 

which are discussed in the following sub-sections. 

 

2.10.1 Pseudo-first-order kinetic model 

 

The assumption is that the dyes uptake is physisorption in nature controlled by diffusion 

rate limiting step (Mittal et al., 2019). Also, the rate of dyes uptake is proportional to the 

binding sites (Babazadeh et al., 2021). The linearized expression is shown by Equation 

2.11. 

 

ln (qe − qt) = ln qe − K1t            (2.11) 

 

Where 𝑞𝑒 (mg/g) and 𝑞𝑡 (mg/g): the respective uptake capacity at equilibrium and at time 

(t) while K1 (min-1): the rate constant. 

 

2.10.2 Pseudo-second-order kinetic model 

 

The model assumes a chemisorption process as the rate-governing step in dyes uptake 

(Abdul Rahim et al., 2021). The expression is shown by Equation 2.12. 

 

 
t

qt
=

1

k2 qe
2 +  

1

qe
 t                               (2.12) 

 

The 𝑞𝑡 (mg/g) and 𝑘2 (mg/g/min) (rate constant) values are obtained from t
qt

⁄  against 

time (t) linear plots.  

 

Staroń et al. (2019) report Pseudo-second-order as the best fit model for MB dyes 

adsorption using raphia fiber adsorbent. The uptake of MO dyes using modified 
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halloysite was governed by Pseudo-second-order model (Lacin and Aroguz, 2020). 

Ojedokun and Bello (2017) reported similar findings during their CR dyes uptake studies 

onto activated carbon from guava leaves. The studies of MO dyes uptake onto 

watermelon shells and neem leaves adsorbents showed the highest R2 of 0.9224 and 

0.9979 with Qe, cal of 3.37 mg/g and 6.69 mg/g respectively all fitting Pseudo-second-

order model (Sani and Abdullahi, 2017). 

 

2.10.3 Elovich kinetic model 

 

The model’s assumption is on the basis of energetic heterogeneity of the adsorption sites 

in a multilayer adsorption (Silva et al., 2020). It is employed to determine the kinetic rate 

constants (adsorption rate and desorption rate) (Kandisa et al., 2018). The Elovich kinetic 

model linearized form is expressed by Equation 2.13. 

 

qt =
1

β
ln(αβ) +

1

β
lnt         (2.13) 

 

Where 𝛽 (g/mg) and 𝛼 (mg/g/min) are the respective desorption and adsorption rate 

constants. The rate values are obtained from linear plots of qt versus lnt. 

 

2.11 Fixed-bed column adsorption studies 

 

Most researches are reported on the removal of textile dyes by batch mode (Mohammad 

et al., 2016). This limits the usability of the adsorbents in an industrial scale containing 

high loads of textile dye wastewater (Bennani et al., 2015). Large volumes of coloured 

wastewater are treated in the columns (Şentürk and Yıldız, 2020). The fixed-bed column 
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operations can be employed in design and operation of fixed-bed industrial plants (Reddy 

and Nirmala, 2014; Patel et al., 2019). 

 

The fixed-bed column operations allow purification of large loads of wastewater before 

their discharge to the environment (Dotto and McKay, 2020). Columns are advantageous 

compared to batch since influent continuous flow is maintained thereby increasing the 

adsorbent capacity (Gupta et al., 2016). It is worth to note that, before examining the feat 

of an adsorbent in a fixed-bed column adsorber, preliminary batch studies are done to 

determine its maximum adsorption capacity at equilibrated optimal conditions (Patel, 

2020). The set-up of a column is shown by Figure 2.13. 

 

 
Figure 2.13: A Fixed-bed column  (Alardhi et al., 2020) 
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In fixed-bed columns, the uptake of the adsorbate at different conditions is explained by 

the use of breakthrough curves which give a profile of the sorption process (Chowdhury 

et al., 2015; Ndung’u et al., 2022). The Figure 2.14 is a breakthrough curve showing 

different phases of column adsorption. 

 

 
Figure 2.14: A breakthrough curve  (Matharage et al., 2025) 

    

Breakthrough curves prediction are important tools that provide guide during designing 

of adsorption systems (Lemus et al., 2017; Ratnamala et al. 2023). A breakthrough curve 

consists of a saturated zone, mass transfer zone and exhaustion zone (Ndung’u et al., 

2022). Initially, column sorption of the dyes is rapid due to less dye molecules present at 

the upper layers (Gupta et al., 2016). The adsorbent sites get saturated as they are 

completely occupied following the previous adsorptions (Cundari et al., 2019). 

 

The analyte moves to the unadsorbed part of the adsorbent in the fixed-bed column (mass 

transfer zone) where most adsorption occur (Chowdhury et al., 2015). Later, the fixed-
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bed column becomes saturated completely and hence, no adsorption (Patel, 2019). At 

saturation point, the ratio of influent and effluent concentration is 1 (Ct/Co = 1) (Ndung’u 

et al., 2022). 

 

Table 2.2 illustrates column capacity of various adsorbent materials for fixed-bed column 

studies of MO, CR and MB dyes at optimal conditions. 

 

Table 2.2: The column capacity of selected adsorbents 

 

 

 

 

 

 

 

 

 

 

 

 

 

The study of silicon nitride (Si3N4) as an adsorbent in fixed-bed column adsorption 

studies for textile dye wastewater treatment has not been explored. The effect of 

breakthrough curves on fixed-bed column operations is guided by the experimental 

parameters of influent concentration, volumetric flow rate and bed height (Ali and 

Mohammed, 2021; Hummadi et al., 2022). 

  

Adsorbent Dye Column 

capacity 

(mg/g) 

Reference 

Clay@Fe2O3  

nanocomposites 

Methylene 

blue 

34.69 (Aboussabek et al., 

2024) 

Water hyacinth 

(phosphoric acid treated) 

Congo red 15.21 (Kalai and Suganthi, 

2019) 

 Chitosan-Clinoptilolite Composite 

(surfactant modified) 

Methyl 

orange 

32.09 (Babazadeh  et al., 

2021) 

Gulmohar leaf powder 

(Activated) 

Congo red 31.64 (Patel, 2018) 

Sewage-sludge biochar Methyl 

orange 

42.30 (Al-Mahbashi et al., 

2022) 

Corncob biochar  

(Nano zero-valent Iron (nZVI) coated) 

Methylene 

blue 

15.00 (Ding  et al., 2022) 
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2.12 Effect of fixed-bed column process conditions 

 

In order to design a fixed-bed column process, prediction of breakthrough curves and 

column capacity of the adsorbents under a set of operating column conditions is 

important (Isiuku and Horsfall, 2017). Various column parameters of influent 

concentration, volumetric flow rate, pH, column bed height and adsorbent particle size 

among others are important in evaluation of the column efficacy in an industrial or pilot 

scale (Patel, 2019). The study focused on bed height, influent concentration and flow rate 

which are reviewed in the following sub-sections. 

 

2.12.1 Volumetric flow rate 

 

The breakthrough curves are generally achieved faster with higher volumetric flow rates 

(Chafi et al., 2016). Adsorption is high at lower volumetric flow rate as the time of 

contact is more sufficient for the interaction of the adsorbent sites with the dyes (Raj et 

al., 2020). At high flow rates, the dyes uptake is lower due to inadequate residence time 

and mass diffusion of dyes in the column leading to a faster column saturation (Yunnen 

et al., 2017). This result in decreasing amount of dye molecules being adsorbed by the 

adsorbents (Marzbali and Esmaieli, 2017; Thuong et al., 2019). 

 

The maximum column efficiency of 35.1 % was obtained on MB dyes sorption onto 

Moroccan clay adsorbent at an optimal flow rate value of 4 mL/min (Bennani et al., 

2015). 
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2.12.2 Bed height  

 

The uptake of dye molecules in a column depends on the adsorbent amount (Akbar et al., 

2020). As bed height increases, the adsorbent surface area and breakthrough time is also 

increased providing more active sites for the dyes uptake (Alardhi et al., 2020). The 

improved capacity of the adsorbent material at high bed heights enhances the dyes 

removal making it possible to decontaminate more volumes of dye wastewater 

(Selambakkannu et al., 2019). If the bed height is lowered, the dosage in the column 

decreases, thus a decreased column bed capacity (Ali and Mohammed, 2021). The 

breakthrough curve slope decreases with increased bed height, leading to a greater mass 

transfer zone (Muliwa et al., 2016). 

 

A breakthrough and saturation times of 142.4 minutes and 294.4 minutes respectively 

was obtained at an optimal bed height of 7 cm for MB dyes sorption using cellulose cellet 

adsorbent (Nica et al., 2020). 

 

2.12.3 Influent concentration 

 

The effect of effluent concentration is important in column adsorption as it affects the 

adsorbent saturation (Baharlouei et al., 2018). The breakthrough times decrease with 

increasing influent concentration (Thuong et al., 2019). At lower influent concentrations, 

the breakthrough time significantly increases and a better column performance is 

achieved (Banerjee et al., 2017). This is because of a lower competition between dye 

molecules being adsorbed and the binding sites due to a decreased mass transfer driving 

force (Şentürk and Yıldız, 2020). An increase in influent concentration heightens the 

concentration gradient and therefore a higher mass transfer driving power of the dye 
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molecules to the adsorption sites (Gopal et al., 2016). The breakthrough curve slope 

becomes steeper and therefore a decrease in breakthrough and saturation time (Dastgerdi 

et al., 2020). This results to a faster saturation of the binding sites resulting to a reduced 

adsorption zone length which lowers the dye removal capacity (Hummadi et al., 2022). 

 

Reddy and Nirmala (2014) during their research studies on CR dyes sorption onto bengal 

gram seed husk adsorbent reported highest adsorption at low influent concentration. A 

similar trend was reported by Patel et al. (2019) during their studies on column uptake of 

MB dyes using guava leaf powder adsorbent. 

 

2.13 Column dynamic modelling 

 

In order to assess the kinetics (dynamics) of column adsorption behavior, the column 

sorption behavior is followed at different column parameters to investigate their influence 

on the column capacity (Patel, 2019). The Adams-Bohart, Thomas and Yoon-Nelson 

models are commonly used to model the column time data (Ndung’u et al., 2022). They 

are reviewed in the following sub-sections. 

 

2.13.1 Thomas model 

 

The column model is employed to determine the adsorbent column capacity and predict 

the breakthrough curves which assumes a Langmuir and Pseudo second-order isotherm 

mechanisms (Dlamini et al., 2021; Iheanacho et al., 2021). The linearized form is given 

by Equation 2.14. 

 

ln (
Co

Ct
− 1) = kTHQo

m

Q
− kTHCot       (2.14) 
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Where Co and Ct (mg/L) is the respective influent and effluent concentration, m (g): 

dosage (g), Q (mL/min): flow rate, kTH (ml/mg/min): rate constant, Qo (mg/g): calculated 

column capacity. The parameters of Qo and kTH are determined from a plot of  ln (
Co

Ct
−

1) against time (t). 

 

2.13.2 Yoon-Nelson model 

 

The model assumption is that the amount of dyes adsorbed is half at the 50 % column 

breakthrough within a period of time (t1/2) (Nica et al., 2020). Its expression is presented 

by Equation 2.15. 

 

ln (
Ct

Co−Ct
) = kYNt − τkYN        (2.15) 

 

Where τ (min): the time needed for a 50 % (Ct/C0 ≈ 0.5) breakthrough and kYN (min−1): 

the rate constant. The τ and kYN parameters are calculated from ln (
Ct

Co−Ct
) against time 

(t) linear plots. 

 

The Yoon-Nelson parameters can be employed to determine the column capacity at 50 

% column breakthrough using Equation 2.16 (Bharathi and Ramesh, 2013; Gopal et al., 

2016; Hummadi et al., 2022). 

 

Qo (YN) =
CoQτ

1000m
                                                                                                                  (2.16) 

 

Where Qo (YN): the column capacity (mg/g). 
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2.13.3 Adams-Bohart model 

 

According to the model, the dyes uptake rate is proportional to the column capacity at 

saturation (Patel, 2018). The expression is given by Equation 2.17. 

 

 ln (
Ct

Co
) = KABCot −

KABNoZ

Uo
                                                                                               (2.17) 

 

Where Z (cm): the bed height, t (minutes): the flow time, KAB (L/mg/min): rate constant, 

No (mg/L): column capacity per unit volume and Uo (cm/min): the superficial velocity. 

The ln (
Ct

Co
) against time (t) linear graphs are employed to calculate KAB and No. 

 

The adsorbent column capacity at saturation can be obtained from Adams-Bohart model 

parameters using Equation 2.18. 

 

QAB =
No

1000
 

                                                                                                                              (2.18) 

 
Where Qo (mg/g) is the column capacity per unit mass. 

 

The MO dyes fixed-bed column uptake onto chitosan-clinoptilolite composite best fitted 

Yoon-Nelson and Thomas models at optimal column optimization parameters 

(Babazadeh et al., 2021). The column studies of MB dyes onto H3PO4-activated carbon 

fibers gave a R² > 0.99 for Thomas and Yoon-Nelson column models (Silva et al., 2020). 

Similar conclusions were made by Mohammad et al. (2016) during their column studies 

for CR dyes uptake onto tea waste adsorbent. 
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2.14 Methods of analysis 
 

Several analytical instruments such as Nuclear Magnetic Resonance (NMR) spectroscopy 

(Meng et al., 2020), X- Ray Diffraction (XRD) (Al-Salihi et al., 2022), Thermal 

Gravimetric Analysis (TGA) (Yang et al., 2023), Fourier Transformed Infrared (FT-IR) 

spectroscopy (Ndung’u et al., 2021; Njeri et al., 2023), Transmission Electron 

Microscopy (TEM) (Chen et al., 2023), X-Ray Fluorescence (XRF) (Aboussabek et al., 

2024), Scanning Electron Microscope-Energy Dispersive X-Ray (SEM-EDX) (Hummadi 

et al., 2022) and UV-Visible spectroscopy (Khurram et al., 2020; Kloster et al., 2023) are 

used for analysis. The study involved the use of FT-IR, UV-Visible, SEM-EDX, XRF, 

XRD and TGA which are briefly discussed in the following sub-sections. 

 

2.14.1 Fourier Transform Infra-Red (FT-IR) spectroscopy 

 

The technique is non-destructive, with gains over other techniques such as a small sample 

size use, ease in sample preparation and fast analysis (Chen et al., 2014). The FT-IR 

utilizes IR radiation causing molecular bond vibration and rotation which gives IR 

spectra at specific wavenumbers (Cui et al., 2017). These FT-IR spectra exhibit 

characteristic absorption frequencies of varied intensities for different functional groups 

in a sample (Gonciarz et al., 2020). The Figure 2.15 shows a diagram for FT-IR. 
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Figure 2.15: The Fourier Transform Infra-Red (FT-IR) instrument components 

(Faghihzadeh et al., 2016) 

 

2.14.2 UV-Visible (UV-Vis) spectroscopy 

 

The ultra-violet (UV) spectroscopy utilizes light in the ultraviolet, visible and infra-red 

ranges (Verma and Mishra, 2018). It is the most employed technique in analysis as a 

rapid, simple, accurate, precise, specific and applicable to small quantities of compounds 

(Chakraborty et al., 2018). The technique measures the absorbance of light passing 

through the test sample as a function of wavelength dependent on the molecules present 

(Singh, 2020). The schematic diagram of UV-Visible spectrophotometer is summarized 

by Figure 2.16. 
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Figure 2.16: Components of UV-Visible spectrophotometer     

(Rocha et al., 2018) 

 

2.14.3 Scanning Electron Microscope (SEM) spectroscopy 

 

The technique helps to understand better the micromorphology of the sample materials 

(Nie et al., 2015). The SEM spectroscopy uses beam of electrons that interacts with the 

sample and scatters to produce a signal which provides information about topological 

image and relative composition (Han et al., 2018). The SEM instrument is mostly 

hyphenated together with Energy Dispersive X-Ray (EDX) detectors as an additional tool 

for semi-quantitative analysis (Abd Mutalib et al., 2017). The Figure 2.17 shows a SEM 

diagram with all its components. 
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Figure 2.17: Schematic view of Scanning Electron Microscope (SEM) components 

(Inkson, 2016) 

 

2.14.4 X-Ray Fluorescence (XRF) spectroscopy 

 

This is a versatile tool in trace elements analysis (Potter and Brand, 2019). The technique 

is based on the principle of wavelength-dispersive, which states that atoms emit X-Ray 

photon energy that can be estimated (Oyedotun, 2018). The energies of the emitted X-

Rays are then used for elements identification in a sample (Marguí et al., 2014). The 

Figure 2.18 is a diagram of XRF spectrometer. 
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Figure 2.18: X-Ray Fluorescence spectrometer   (Shackley, 2011) 

 

2.14.5 X-Ray Diffraction (XRD) spectroscopy 

 

The technique is a non-destructive, which performs quick quantitative and qualitative 

analysis of multi-component and pure substances with minimal sample preparation (Khan 

et al., 2020). It is used in determining the element proportions of the sample, degree of 

crystallinity and its structural state (Titus et al., 2019). The diagram for the XRD 

components is shown by Figure 2.19. 
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Figure 2.19: Components of an X-Ray Diffraction (XRD) instrument   

(Das et al., 2014) 

 

2.14.6 Thermal Gravimetric Analysis (TGA) 

 

The technique is employed in characterization of samples by scrutinizing the changes in 

their physical properties mostly weight under a controlled-temperature system (Xiao et 

al., 2020). The results are interpreted from TGA thermograms plotted between the 

change in mass and temperature (Akash and Rehman, 2020). The diagram of a 

thermogravimetric analyzer is shown by Figure 2.20.  
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Figure 2.20: Components of a Thermal Gravimetric Analyzer (TGA)   

(Zhang et al., 2017) 

 

2.15 Regeneration studies 

 

In adsorption technology, it’s imperative to regenerate the spent adsorbent material in 

order to reduce the treatment cost and prevent harmful wastes from getting into the 

environment (Aigbe et al., 2021). The process is performed by mixing a suitable eluent 

with the dye loaded adsorbent, agitated for a pre-determined time and filtrated to obtain 

the amount of the desorbed dyes (Shakoor and Nasar, 2018). An effective eluent should 

desorb dyes without causing damage to the adsorbent structure (Daneshvar et al., 2017). 

 

Several eluents such as hydrochloric acid (Hou et al., 2021), ethanol (Sharifpour et al., 

2019), sulphuric acid (Baharlouei et al., 2018), methanol (Parimelazhagan et al., 2022), 

acetic acid (Munagapati and Kim, 2016) and sodium hydroxide (Dovi et al., 2021) among 

others have been used in dyes desorption studies. The 0.5 M HCl eluent showed high 

desorption ability of 97 % for MB dyes from MB loaded chitosan/montmorillonite 
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composites (El-Kousy et al., 2020). The desorption studies of MO dyes from MO loaded 

water-soluble polymers showed that 0.01 M NaOH solution was an excellent eluent for 

desorption (Oyarce et al., 2021). Munagapati and Kim (2016) made similar conclusion 

from a series of eluent solutions. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Chapter overview 

 

The chapter communicates the experimental design that was used, the research study 

area, instrumentation, chemicals and apparatus used, sample preparation and pre-

treatment, silica extraction, biochar preparation, silicon nitride preparation and 

characterization of the prepared samples. Batch optimization for MO, MB and CR dyes 

removal using Si3N4 adsorbents, equilibrium, kinetics and desorption studies are also 

discussed in this chapter. Fixed-bed column optimization, dynamics of column adsorption 

and column regeneration in both model and environmental water samples from river Athi 

are discussed. 

 

3.2 Research design 

 

The research study employed an experimental design. This approach evaluates the 

adsorptive efficiency and performance of the synthesized silicon nitride adsorbent under 

optimized experimental conditions. In batch preliminary tests, the parameters of pH, 

adsorbent dosage, agitation time and initial concentration were optimized to determine 

maximum adsorption capacity and adsorption mechanism. The fixed-bed column 

experiments tested on the adsorbent’s behavior under dynamic and practical treatment 

set-ups. This approach offered reliable data for comparing the adsorbent column 

performance at optimal conditions and establishing the scalability of silicon nitride 

adsorbent for real-world textile dye wastewater treatment. This is summarized by the 

Figure 3.1. 
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Figure 3.1: The research design 

 

3.3 Study area 

 

The sand samples were collected from the Bamburi Beach (-3.98822’S, 39.73678’E) in 

Mombasa County, Crescent Island Crater in Lake Naivasha catchment (-0.7775384’S, 

36.371476’E) in Nakuru County and Marine National Park (-3.2596385’S, 
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40.1337541’E) in Malindi, Kilifi County. The coffee husk and macadamia nutshell 

wastes were randomly collected in Othaya, Nyeri County (-0.551751’S, 36.944703’E). 

 

The environmental water samples collection was restricted to river Athi in Mavoko 

constituency, Machakos county. The Mavoko area is 25 Km Southeast of Nairobi 

Central Business District (CBD) and a hub for rapid industrial advancements with 

industries such as the Export Processing Zone Authority (EPZA) near Athi River town 

(Aywa, 2017). The EPZA is on the river Athi banks with co-ordinates of -1.355374’S, 

37.050251’E (Wafula et al., 2020). The part of river Athi is shown by Figure 3.2.  
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Figure 3.2: Location of river Athi showing different sampling stations 
 



62 

3.4 Chemicals, reagents and solvents 

 

Analar (> 99.5 % purity) grade chemicals, reagents and solvents were used in the study. 

Ammonium solution (NH4OH), Congo red (C32H22N6Na2O6S2), Acetic acid 

(CH3COOH), Methylene blue (C16H18ClN3S), Sodium acetate (C2H3O2Na), Methyl 

orange (C14H14N3NaO3S), Hydrochloric acid (HCl), Potassium chloride (KCl), Nitric (V) 

acid (HNO3), Ammonium acetate (C2H7O2N) and Sodium hydroxide (NaOH) were 

obtained from Sigma Aldrich limited (Kobian outlet in Nairobi). Distilled water used 

during the research study was prepared from the Kenyatta University (KU) chemistry 

laboratories. 

 

3.5 Apparatus and equipment 
 

The glassware and plastic bottles were soaked in 10 % HNO3 overnight and then 

scrubbed using a scotch brush. They were then washed using hot water containing 

detergent, soaked in aqua regia (1 % HNO3 / 3 % HCl) overnight, rinsed with distilled 

water and air-dried. 

 

The equipment and instruments used were X-Ray Diffractometer, XRD (Rigaku 

MiniFlex II; made in Tokyo, Japan), Thermogravimetric Analyzer (TGA-50 

SHIMADZU), Drying oven (WTC binder FD53), X-Ray Fluorescence (XRF) 

spectrophotometer (Bruker S1 Titan 600, Tracer 5/CTX), Lab-line mechanical 

reciprocating shaker (SSL2 Harrogate, UK), Distiller (WSB 14), Fourier Transform Infra-

red (FT-IR) spectrophotometer (IR Tracer-100; made in Japan), UV-Visible 

spectrophotometer (Specord 200 model, Analytik Jena), Magnetic stirrer with hot plate 

(WH240-HT), Thermostat-controlled muffle furnace (MC5-12 Biobase), Field Emission-
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Scanning Electron Microscope, FEI ESEM (Vega3 Tescan LMH), Peristaltic pump 

(Longer-BT100), pH meter (PHS-3C), Grinding mill (Retsch SR 200), Pulveriser rock 

grinding machine (Retsch RS 200), Test sieve (BK-TS 200) and Analytical weighing 

balance (ATX224 Shimadzu). 

 

3.6 Adsorbent preparation  

 

3.6.1 Sample collection and pre-treatment 

 

The sample collection procedure for the sand samples was borrowed from Olando et al. 

(2020) with slight adjustments. Each of the sand sample was taken from a composite by 

harmonizing three (3) sub-samples on a 0 - 15 cm depth from a site of 5 × 5 km grid. The 

composite (500.00 g) was stored in tightly closed and cleaned polythene containers. The 

macadamia nutshell and coffee husk wastes were collected by random sampling. The 

sand, coffee husk and macadamia nutshell waste samples were moved to Kenyatta 

University (KU) chemistry laboratories. The sand samples were sun dried and all visible 

impurities eliminated, sieved and then oven-dried for 12 hours at 80 °C. Then, they were 

ground to a fine powder and kept in containers labelled Marine National Park sand 

(MNPS), Bamburi Beach sand (BBS) and Crescent Island Crater sand (CICS). The coffee 

husk and macadamia nutshell wastes were washed using distilled water, sliced to pieces 

and oven-dried for 1 day at 105 °C till all moisture is eliminated. They were ground and 

sieved to a fine powder and kept in containers labelled raw coffee husk (RCH) and raw 

macadamia nutshell (RMN) respectively awaiting subsequent experiments. 
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3.6.2 Silica extraction by alkali fusion 

 

The silica extraction procedure was as carried out by Setyoningrum et al. (2020) with 

slight modifications. The raw sand powders (100.00 g) were soaked in HCl acid (2 M) in 

glass beakers (500 mL) for about 12 hours. Then, filtration of the mixture followed and 

the residues thoroughly cleaned with distilled water and then oven-dried for 24 hours at 

105 °C to a constant mass. Then, 5 M of NaOH alkaline solution (400 mL) was 

introduced to the sand residue followed by heating while stirring at 105 °C for about 4 

hours. The silicate (Na2SiO3) filtrate was filtrated out from the unreacted sand residues by 

the use of Whatmann filter paper No. 1. Addition of HCl acid solution (2 M) to the 

silicate solution was slowly done and the mixture left overnight at a room temperature 

(25 °C) forming a white silica gel. The gel was filtrated out, washed thoroughly using 

distilled water and then heated in an oven at 105 °C to form amorphous silica. The 

extracted silica yield (%) was determined using the Equation 3.1.  

 

 Silica yield (%) =
   Extracted silica mass(g)

 Sand sample mass (g)
× 100                                                     (3.1) 

 

The silica extracted was stored in containers labelled ES-1 (Extracted silica from Marine 

National Park sand), ES-2 (Extracted silica from Bamburi Beach sand) and ES-3 

(Extracted silica from Crescent Island Crater sand) awaiting subsequent experiment (sub-

section 3.6.4). The raw sand and extracted silica samples were characterized using XRD, 

FT-IR and XRF. 
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3.6.3 Preparation of biochar 

 

A 20.00 g of RCH and RMN powders were first oven-dried for 1 day at 105 °C to 

eliminate all the moisture and the constant weight recorded. The pyrolytic treatment of 

the biomass materials was done in a muffle furnace at a 3.00 kW power output, frequency 

(50 Hz), heating rate (10 °C/min) and voltage (220 V). The powders were placed in a 

ceramic crucible of 10.20 cm (internal width), 15.50 cm (internal length) and 5.50 cm 

(internal height) with a ceramic lid and pyrolyzed at 300 °C for 5 hours (Fachini et al., 

2021). They were then pulverized to a fine powder and weighed. The biochar yield (%) 

was calculated as a biochar mass to dried sample mass ratio expressed as a percentage 

(Equation 3.2). 

 

Yield (%) =
Mass of biochar

Mass of the dried sample
× 100                                                                    (3.2) 

 

Part of the biochar sample was treated with a 3 M HCl acid solution for about 3 hours to 

eliminate inorganic materials (Alvarez et al., 2016). The excess acid was eliminated by 

washing the final biochar materials using distilled water, then oven drying them 

overnight at 105 °C. The final material was then stored in airtight bottles labelled coffee 

husk biochar (CHB) and macadamia nutshell biochar (MNB) respectively awaiting 

characterization and subsequent experiment as described in sub-section 3.6.4. 

 

The proximate analysis of the other part of the biochar materials was performed 

according to the gravimetric method of the ASTM (D1762-84) standard methods. 
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3.6.3.1 Biochar moisture content 

 

The biochar sample (1.00 g) in a crucible was oven-dried at a temperature of 105 °C for 1 

day. The material was cooled and the percentage moisture content determined using the 

Equation 3.3. 

 

Moisture (%) =
(Initial biochar mass − Final biochar mass)

Initial biochar mass
× 100                         (3.3) 

 

3.6.3.2 Biochar volatile matter 

 

A 1.00 g biochar in a top closed ceramic crucible was heated at 300 °C for 1 hour in a 

muffle furnace. The % content was determined by the use of Equation 3.4. 

 

Volatile matter (%) =
Initial biochar mass − Final biochar mass

Initial biochar mass
× 100                 (3.4) 

 

3.6.3.3 Biochar ash content 

 

A biochar (1.00 g) was placed in an open-top crucible. The biochar loaded crucibles were 

heated to 300 °C for about 3 hours to complete the ashing process. The final material was 

reweighed and the ash percentage content was by the use of using Equation 3.5.  

 

Ash (%) =
Final ash mass

Initial biochar mass
× 100                                                                                (3.5) 

 

3.6.3.4 Biochar fixed carbon content 

 

The raw biomass samples (1.00 g) were put in a crucible and weighed. The material was 

oven dried and the final product re-weighed to determine the percentage moisture content 

as described in sub-section 3.6.3.1. The biochar sample was then divided into two 
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portions in separate crucibles and reweighed. The volatile matter and ash content was 

determined as described in sub-sections 3.6.3.2 and 3.6.3.3 respectively. The fixed carbon 

content (%) was determined using the Equation 3.6.  

 

Fixed carbon (%) = 100 − (% moisture content + % Volatile matter + % Ash) (3.6) 

 

3.6.4 Preparation of silicon nitride (Si3N4) adsorbents 
 

The Si3N4 adsorbents were prepared first by carbothermal reduction followed by 

nitridation as reported by Maroufi et al. (2018) and Abdulhameed et al. (2018) with slight 

adjustments. The synthesis was carried out using digestion bombs constructed locally at 

the school of engineering, Kenyatta University. The bombs were of stainless steel (SS-

316) make with a cylindrical body of a total length of 105 mm, external diameter of 38 

mm and internal diameter of 23.5 mm. The bomb top lid material had a 23.5 × 1.5 × 22 

mm (thread length) and 39 mm (total length). 

 

Each of biochar powders (CHB and MNB) was mixed separately with the extracted silica 

(ES-1, ES-2 and ES-3) in stoichiometric ratios (3:2) and the mixture placed in their 

respective digestion bombs. The bombs were closed tightly and heated at 300 °C in a 

muffle furnace for 12 hours. A 28 % v/v of NH4OH solution (200 mL) was added, bombs 

tightly closed again and heating progressed for another 12 hours at the same temperature 

(300 °C). The resulting six adsorbent products were left to cool, ground and stored in 

containers labeled SN-1, SN-2, SN-3, SN-4, SN-5 and SN-6, representing different 

biochar–silica combinations.  
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3.7 Characterization of the samples 

 

The adsorbent thermal stability was investigated using Thermal Gravimetric Analyzer 

(TGA), surface functional groups were characterized by the use of Fourier Transform 

Infra-Red (FT-IR) spectrophotometer, surface morphology and elemental constitution 

using Scanning Electron Microscope-Energy Dispersive X-Ray (SEM-EDX), chemical 

composition using X-Ray Fluorescence (XRF) and crystallinity using X-Ray Diffraction 

(XRD). 

 

3.7.1 The FT-IR analysis 

 

The sample materials were characterized by the use of FT-IR (IR Tracer-100, 

SHIMADZU, Japan) spectrophotometer at a set mid-IR range (4000 cm-1 - 400 cm-1). 

Each of the dried samples (1.00 mg) and 500.00 mg of potassium bromide (Merck, 

spectroscopic grade) were mixed by the use of a pestle in an agate mortar. The mixture 

was then ground to a fine powder, vacuum pressed for about 10 minutes forming a pellet 

disk of about 2 mm (internal diameter). The disks were run at 4 cm-1 (resolution) with an 

average of 10 scans for a single spectrum. All the FT-IR spectra were obtained as a plot 

of transmittance (% T) against wave number (cm-1).  

 

3.7.2 The SEM-EDX analysis 

 

The surface characterization was determined using Field Emission Scanning Electron 

Microscope, FEI ESEM (Vega3 Tescan LMH model) coupled with EDAX Sapphire Si 

(Li) EDS detectors together with a MLA software. The powdered samples were pressed, 

coated and mounted on the aluminum stubs using carbon tapes. They were then loaded 
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onto a sample holder, placed on the SEM instrument and analyzed at 20.0 kV 

(accelerating voltage). 

 

3.7.3 The TGA analysis 

 

The thermal stability of silicon nitride adsorbents was tested using Thermogravimetric 

Analyzer (TGA-50 SHIMADZU) on a Thermal analysis work station (TA-60WS) 

analyzer. The analysis was done by heating the samples using alumina crucibles under a 

continuous flow of purged inert nitrogen gas (50 mL/min) using a gas flow controller 

(FC-60 A, SHIMADZU, made in Japan). A heating rate (15 °C/min) was employed with 

a 10.00 mg of the sample mass at a varied scanning temperature (0 °C - 600 °C). This 

was followed by cooling process using an automatic blower instrument (BLW-50 

SHIMADZU, Kyoto Technology, Japan). 

 

3.7.4 The XRF analysis 

 

The chemical constitution of the raw sand and the extracted silica (ES) was determined 

using an automated X-Ray Fluorescence spectrometer (Bruker S1 Titan 600, Tracer 

5/CTX). The energy was first calibrated to make sure that the peak energies are correctly 

bound to specific elements. The sample materials were packed into the sample cups with 

no use of rubber gloves to prevent zinc contamination. The sample cups were then sealed 

using plastic thin films and analysis performed at a scanning time of 180 seconds per 

sample. The results were generated from a computer coupled to XRF. 
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3.7.5 The XRD analysis 

 

The phase analysis was performed using X-Ray Diffractometer, XRD (Rigaku MiniFlex 

II made in Tokyo, Japan) equipped with Cu Kα radiation source (λ 1.5406 Å). The 

instrument was set at an accelerating voltage (45 kV), step size (0.02) and an applied 

current (40 mA). A 5.00 g of each powdered sample was poured onto a sample holder 

and evenly distributed so that all four corners of the holder are filled. A clean glass slide 

was used to package the sample onto the cavity firmly to avoid it falling out, deform or 

slide. A clean single-edge razor blade with a steel or aluminium spine was used to 

remove any surplus powder by holding it carefully at a 45 ° angle and scraping it. The 

sample was then scanned from 3 ° to 90 ° 2θ (two theta) at 2 degrees per minute scan 

rate. The per steps was 3 seconds and running time was 1 hour. 

 

3.8 Preparation of stock solutions 

 

The preparation of stock solution (1000 mg/L) was carried out by dissolving 1.00 g of the 

respective dye solids in C2H7O2N (CR and MO dyes) and C2H3O2Na (MB dyes) buffer 

medium to maintain constant ionic power. Serial dilutions were then done from the stock 

dye solution to obtain working dye solutions with their pH monitored using 1.0 × 10-1 M 

HCl or NaOH solutions. The working solutions were freshly prepared in each of the 

experiment. 

 

3.9 Batch adsorption studies 

 

The impact of optimization parameters on MO, MB and CR dyes uptake was investigated 

at a room temperature (298 K) by batch mode using plastic (100 mL) screw cap bottles. 

The pH effect (1.00 - 14.00), initial concentration (10 - 150 mg/L), agitation time (10 - 
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130 minutes) and dosage (5.00 - 40.00 mg) were varied in a 20 mL of the test dye 

solution. This was carried out in triplicate at 150 revolutions per minute (rpm) by 

adjusting a particular parameter while others are kept constant. The amount of dyes 

adsorbed was determined using a UV-Visible spectrophotometer (double beam) at a 

maximum absorbance wavelength (λmax) of 450 nm (MO), 600 nm (MB) and 500 nm 

(CR) determined experimentally as shown in appendix I. The amount of dyes adsorbed 

per unit adsorbent mass was determined using Equation 3.7. 

 

qe   =
(Ci−Ce)V

M
                                                                                                                        (3.7) 

 

where 𝐶𝑖 and 𝐶𝑒 (mg/L) are respective initial and final concentration, M (g): adsorbent 

dosage, 𝑞𝑒: amount adsorbed (mg/g) at equilibrium and V: solution volume (mL). 

 

3.9.1 Optimization of pH 

 

3.9.1.1 Point of zero charge (pHpzc) studies  

 

To obtain the pHpzc value of Si3N4 adsorbents, 50 mL of distilled water was taken in 100 

mL screw cap bottles. The pH adjustments of water were done from pH 1.00 to pH 10.00 

as the initial pH using 1.0 × 10-1 M NaOH and 1.0 × 10-1 M HCl solutions. Then, a mass 

of 0.10 g for each of the adsorbent was added to the screw cap bottles and agitated for 1 

day at 150 rpm. The resultant mixture was then filtrated and the pH of water at 

equilibrium was taken and considered as final pH. The graph of (Initial - Final) ΔpH 

against initial pH was then plotted. The ΔpH at which it is zero was considered as point 

of zero charge (pHpzc) value. 
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3.9.1.2 Calibration of pH meter 

 

To perform pH meter calibration, the electrode was first conditioned with 1.0 × 10-1 M 

KCl aqueous solution. A pH = 4.00, 7.00 and 10.00 buffer preparation was carried out by 

dissolving their respective tablets in distilled water (200 mL). The pH meter calibration 

was then performed and the procedure repeated prior to any dye solution pH adjustments. 

 

3.9.1.3 Obtaining the pH values 

 

The pH impact on CR, MO and MB uptake process by different adsorbents was 

examined by conducting measurements at 1.00, 3.00, 5.00, 7.00, 9.00, 11.00 and 13.00 

pH values at 298 K. A mass of 20.00 mg of each of the Si3N4 adsorbent was then added 

to 20 mL of each 20 mg/L CR, MO and MB dye solution in plastic bottles and the 

mixture agitated on a Lab-line mechanical reciprocating shaker set at 150 rpm for 1 hour. 

Then, filtration of the resultant mixture was done and the residual amount of the dyes in 

the filtrate analyzed. 

 

3.9.2 Effect of agitation time 

 

The MO, CR and MB dyes uptake was investigated at various agitation times using 20.00 

mg of Si3N4 adsorbents in 20 mg/L dye solutions (20 mL) at optimal pH of 1.00 (MO and 

CR) and pH 11.00 (MB) and agitation speed (150 rpm). The resultant mixtures were 

agitated for 10 minutes, then samples filtered out and the dye amount in the supernatant 

solution determined. The subsequent experiments were performed at varied agitation 

times of 30, 50, 70, 90, 110 and 130 minutes. 
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3.9.3 Effect of dosage  

 

To determine the influence of dosage on sorption of MO, CR and MB dyes, varied 

dosages (5.00 mg - 40.00 mg) of each of the adsorbent was put in the respective plastic 

bottles containing 20 mg/L dye solutions at optimal pH values. The mixture was agitated 

for 50 minutes to achieve equilibrium, withdrawn, then filtered and the dyes amount 

determined. 

 

3.9.4 Effect of initial concentration 

 

The influence of sorption of the dyes onto Si3N4 adsorbents was examined by varying the 

dye concentrations (10 - 150 mg/L) at optimal pH values. A 20 mL of 10, 30, 50, 70, 90, 

110, 130 and 150 mg/L MO, CR and MB dye solutions were put in 100 mL screw cap 

plastic bottles and 30.00 mg optimal dosage of each of the adsorbents added. The 

mixtures were agitated at optimal agitation time (50 minutes), agitation speed (150 rpm) 

at 298 K. The dye solutions were then filtered out and the amount of dyes in the test 

solution analyzed. 

 

3.10 Adsorption isotherms 

 

The Langmuir, Dubinin-Radushkevich and Freundlich isotherms (Equations 2.6, 2.7. 2.8, 

2.9 and 2.10) were employed in modelling the experimental data to obtain the maximum 

sorption capacity of Si3N4 adsorbents at optimal initial concentration, agitation time, pH 

and dosage at a room temperature (298 K). 
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3.11 Adsorption kinetics 

 

The rate constants for CR, MO and MB dyes sorption onto Si3N4 adsorbents were 

determined using Pseudo-second-order, Elovich models and Pseudo-first-order 

(Equations 2.11, 2.12 and 2.13). A 20 mL of 50 mg/L for each of the dye solution at pH = 

1.00 (MO and CR) and pH = 11.00 (MB) and optimal dosage (30.00 mg) were agitated at 

150 rpm and at time intervals of 10 minutes to 250 minutes. The dye amount in the 

supernatant solution was then analyzed. 

 

3.12 Batch regeneration studies 

 

The batch desorption experiments were carried out using 1.0 × 10-1 M HCl, distilled 

water, 1.0 × 10-1 M NaOH and 1.0 × 10-1 M CH3COOH eluents. A 30.00 mg of Si3N4 

adsorbents was added to the 100 mL screw cap bottles having 20 mL of 50 mg/L MO, 

MB and CR dye solutions and shaken using a mechanical shaker at optimal agitation 

time. The amount of dyes adsorbed was then determined. The dye-loaded Si3N4 

adsorbents were then washed with distilled water and then oven-dried at 80 oC for 1 hour. 

The dried loaded adsorbents were transferred to clean dried screw cap plastic bottles. The 

desorption experiments were done by adding 1.0 × 10-1 M NaOH eluent (20 mL) to the 

loaded adsorbents and then shaken for a pre-determined agitation time. The amount of 

dyes desorbed was analyzed. The procedure was repeated for other eluents. The best 

eluents were employed for subsequent cycles (upto 6th cycle). The desorption capacity 

was calculated by using Equation 3.8. 

 

 qd =
V (Cf)

M
                                                                                                                                 (3.8) 
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Where 𝑞𝑑: amount of dyes desorbed at equilibrium (mg/g), V: eluent volume (mL), 𝐶𝑓: 

dye concentration desorbed (mg/L) and M: dye saturated adsorbent weight (g). 

 

3.13 Column adsorption experiments 

 

A glass column (25 cm in length and 1 cm internal diameter) was packed with glass wool 

supporting layers at both ends and equipped with a peristaltic pump (Longer-BT100) for 

fixed-bed column experiments. The column packed with SN-5 adsorbent was wetted 

using distilled water to eliminate any trapped air in the adsorbent particles. The effluent 

analyte was collected at pre-defined time intervals (0 - 600 minutes). The effect of 

influent concentration (50 mg/L - 90 mg/L), bed height (3 - 7 cm) and volumetric flow 

rate (4 - 6 mL/min) on the column capacity, breakthrough and saturation time was 

studied. The resultant solution was analyzed for the amount of dyes adsorbed. All the 

column experiments were replicated thrice. 

 

3.13.1 Optimization of volumetric flow rate 

 

The MO, MB and CR analyte of 50 mg/L was pumped to each of the columns loaded 

with SN-5 adsorbent (3 cm) at 4, 5 and 6 mL/min varied flow rates. The dye effluent 

solutions were taken at time interval of 20 minutes and the amount of supernatant 

solution was analyzed at 298 K. 

 

3.13.2 Optimization of bed height 

 

The MO, MB and CR dyes (50 mg/L) were introduced into columns of varied bed heights 

(3, 5 and 7 cm) for SN-5 adsorbent at an optimal flow rate (4 mL/min). The dye effluent 
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solution was taken at varied time intervals (0 - 600 minutes) and its concentration 

determined. 

 

3.13.3 Optimization of influent concentration 

 

The influent concentration effect (50 mg/L - 90 mg/L) on column sorption of MO, MB 

and CR dyes onto SN-5 adsorbent was examined at optimal value of 4 mL/min and 7 cm. 

The amount of dyes in the effluent solution was analyzed. 

 

3.14 Column dynamic modelling 
 

The experimental column data obtained at optimal parameters (4 mL/min, 7 cm and 50 

mg/L) for MO, MB and CR dyes sorption onto the SN-5 adsorbent was modelled using 

Yoon-Nelson, Thomas and Adams-Bohart models (Equations 2.14, 2.15, 2.16, 2.17 and 

2.18). This was done to determine the maximum column capacity and sorption 

mechanism of the Si3N4 adsorbent. The model with the highest R2 values best fitted the 

column data. 

 

3.15 Data analyses 

 

The quantity of dyes adsorbed is equal to the area under the breakthrough curve 

calculated by using Equation 3.9. 

 

Qtotal =
Q

1000
∫ Cadsdt

ttotal

t=0
         (3.9) 

 

Where ttotal (minutes): the total flow time at saturation, Q (mL/min): the volumetric flow 

rate, Cads (mg/L): the concentration adsorbed at a given time t (minutes). 
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The experimental column capacity (Qexp) can be determined from the Equation 3.10. 

 

   Qexp =
Qtotal

m
                                                                                                                         (3.10) 

 

Where m is dosage (g). 

 

The effluent volume, Veff (mL) at saturation time is determined using Equation 3.11. 

 

Veff =  Qttotal          (3.11) 

 

The total dyes sent through the column (Mtotal) is determined using Equation 3.12. 

 

  Mtotal =
CoVeff

1000
                                                                                                                       (3.12) 

 

Where Co is the initial influent concentration. 

 

The column removal efficiency (%) is calculated as shown by Equation 3.13. 

 

  R. E (%) =
Qtotal

Mtotal
× 100                                                                                                       (3.13) 

 

3.16 Column performance using environmental water samples 

 

The environmental water samples were obtained from river Athi, Mavoko, Machakos 

county. They were taken randomly from seven different sampling points along the shores 

of the river. Five samples of 1 L were taken from each sampling point and concentrated 

HNO3 acid (5 mL) solution added to each water sample, bottles sealed and samples were 

transported to Kenyatta University laboratories. A 100 mL of the water sample from each 
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of the sampling point was placed in a beaker. The analysis of the amount of each of the 

dye solution found in environmental water samples was determined. Then, known 

concentration (50 mg/L) of MO, MB and CR dye standards were individually spiked into 

each of the water sample. The spiked water sample was loaded in the column containing 

SN-5 adsorbent (at an optimal bed height of 7 cm). Each of the water sample (3 L) was 

introduced into the column at an optimal flow rate (4 mL/min). The effluent analyte 

samples were collected at specified time interval of 20 minutes and the amount of dyes in 

the effluent determined. The retained dyes in the adsorbent were stripped with 1.0 × 10-1 

M NaOH or 1.0 × 10-1 M HCl eluent solutions. 

 

3.17 Column regeneration studies  

 

The 1.0 × 10-1 M HCl or 1.0 × 10-1 M NaOH eluents were passed through the column 

containing the SN-5 dye loaded adsorbent at 4 mL/min. The effluents exiting the column 

were collected at different pre-determined time intervals and the amount of dyes desorbed 

analyzed. After the elution process, distilled water was then pumped through the column 

to wash the fixed-bed until the pH neared neutral. The regenerated fixed-bed was utilized 

for the next adsorption/desorption cycle. The experiments were carried out up to fourth 

cycle using the same bed to check on its sustainability for repeated use. The column 

regeneration efficiency was calculated using Equation 3.14. 

 

  Regeneration efficiency (%) =  
Cdes

Cads
× 100     (3.14) 

 

Where, Cads and Cdes (mg/L) are the respective dye concentration adsorbed and 

desorbed. 
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3.18 Statistical analysis 

The experimental data obtained was subjected to one-way ANOVA tests using Fisher 

least significance difference (LSD) method in minitab software version 17 to test on the 

significance difference of the mean values at α = 0.05 p-value. 
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CHAPTER FOUR 

 

RESULTS AND DISCUSSION 

 

4.1 Results and discussion overview 

 

The chapter discusses the results on percentage yield and characterization of raw sand, 

extracted silica, biochar and silicon nitride adsorbents. The results of CR, MO and MB 

dyes batch optimization parameters (pH, dosage, initial concentration and agitation time), 

equilibrium (adsorption capacity), kinetics and desorption studies using the Si3N4 

adsorbents are reported. The impact of process parameters on column adsorption (bed 

height, influent concentration and volumetric flow rate) were also investigated for CR, 

MO and MB dyes. The dynamics (kinetics) of column adsorption and column 

performance using environmental water samples from river Athi are also discussed. 

 

4.2 Characterization of raw sand 

 

The raw sand from Marine National Park, Bamburi Beach and Crescent Island Crater was 

analyzed using X-Ray Diffractometer (XRD), X-Ray Fluorescence spectrometer (XRF) 

and Fourier Transform Infra-Red (FT-IR) spectrophotometer. The findings for the 

characterization studies are discussed in sub-section 4.2.1, 4.2.2 and 4.2.3. 

 

4.2.1 The XRD characterization 

 

The raw sand was analyzed using XRD to determine their crystalline phases. The relative 

intensity is represented in counts per second (cps). The XRD patterns of sand from 

Marine National Park, Bamburi Beach and Crescent Island Crater are shown in Figure 

4.1. 
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Figure 4.1: The XRD pattern of Marine National Park sand (MNPS), Bamburi Beach 

sand (BBS) and Crescent Island Crater sand (CICS) 

 

According to the XRD diffractograms (Figure 4.1), the main mineral phases of the 

MNPS, BBS and CICS samples were quartz (SiO2) (JCPDS-ICDD file No. 46-1045), 

calcite (CaCO3) (JCPDS-ICDD file No. 47-1743) and microcline (K (Al, Fe) Si3O8) 

(JCPDS-ICDD file No. 19-0932). A minor mineral phase of clinochlore ((Mg, Fe)6(Si, 

Al)4O10(OH)8)) (JCPDS-ICDD file No. 07-0078), although its crystal planes does not 

appear in the XRD patterns, is also suggested to be present in BBS and CICS samples by 

the Match! software version 3.14 Build 238. A characteristic peak at 2θ 26.7 ° (MNPS), 

26.4 ° (BBS) and 26.8 ° (CICS) indicates the high crystallinity of the quartz phase (El-

Sawy et al., 2021). The presence of other diffraction peaks at around 2θ 21 °, 36 °, 39 °, 

40 °, 43 °, 46 °, 50 °, 55 °, 60 °, 68 ° and 81 ° with lower intensity are also indicative of 

quartz phase (Meftah et al., 2023). The dominant peaks at 29.2 ° and 65.9 ° (MNPS); 

∎ - Quartz, ∆ - Calcite, ∗ - Microcline 
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28.9 °, 29.9 ° and 65.8 ° (BBS); 28.6 °, 29.8 ° and 66.1 ° (CICS) corresponded to 

microcline and calcite minerals respectively (Munasir et al., 2015; Meftah and Mahboub, 

2019; Benchaa et al., 2021). 

 

Based on the outcomes in Figure 4.1, it can be deduced that silica, calcite and microcline 

minerals are the main components of the raw sand samples under investigation. This 

agrees with the findings of Munasir et al. (2015) and Meftah and Mahboub (2019) during 

their studies on the silica nanopowder synthesis from silica sand and spectroscopic 

analysis of sand dune minerals respectively. The raw sand materials were chemically 

treated using HCl acid solution (sub-section 3.6.2) and outcomes are shown in Figure 4.2. 
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Figure 4.2: The XRD pattern of Acid treated Marine National Park sand (AMNPS), Acid 

treated Bamburi Beach sand (ABBS) and Acid treated Crescent Island Crater sand 

(ACICS) 
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From the results in Figure 4.2, the XRD diffractograms for AMNPS, ABBS and ACICS 

showed the diffraction peaks for quartz only. The disappearance of peaks at 29.2 ° and 

65.9 ° (MNPS); 28.9 °, 29.9 ° and 65.8 ° (BBS); 28.6 °, 29.8 ° and 66.1 ° (CICS) for 

microcline and calcite minerals showed that HCl solution leached the mineral impurities 

to negligible amounts. This implied that the purification process eliminated the major 

impurities in the sand (Bousbih et al., 2020). The peak intensity recorded at 2θ 26.7 °, 

26.4 ° and 26.8 ° for MNPS, BBS and CICS respectively increased after the acid 

leaching. This was also observed for the other diffraction peaks. This can be explained by 

an eventual impurity reduction in the sand samples (Kheloufi et al., 2011). The position 

of the 2θ (o) values for quartz phase in all the XRD spectra remained the same as that of 

MNPS, BBS and CICS. This showed that acid leaching did not alter the quartz phases in 

the sand samples (Afriani et al., 2019). 

 

The results showed quartz as the dominant phase for the AMNPS, ABBS and ACICS 

materials after acid leaching. The findings agree to those reported by Kheloufi et al. 

(2011) during their studies on elimination of impurities from sand by leaching. 

 

4.2.2 The XRF characterization   

 

The chemical constitution of the raw sand before and after acid leaching was determined 

by XRF analysis. The outcomes are tabulated in Table 4.1 and 4.2. 
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Table 4.1: Mean percentage of chemical constitution of MNPS, BBS and CICS 

Oxide  

(%) 

MNPS BBS CICS 

(Mean ± S.D) 

SiO2 78.32 ± 0.81b 83.46 ± 0.39a 66.89 ± 0.41c 

Fe2O3 1.03 ± 0.25bc 2.56 ± 0.07ab 3.17 ± 0.91a 

Na2O 0.94 ± 0.09ab 0.79 ± 0.47ab 1.01 ± 0.36a 

ZrO2 0.89 ± 0.16a 0.14 ± 0.05a 0.29 ± 0.07a 

K2O 1.06 ± 0.23b 3.54 ± 0.14a 1.98 ± 0.36ab 

MgO 0.34 ± 0.12c 1.29 ± 0.07b 2.07 ± 0.02a 

MnO2 0.17 ± 0.06 nd nd 

TiO2 0.33 ± 0.25 nd 0.28 ± 0.02 

Al2O3 1.08 ± 0.01c 3.62 ± 0.34b 9.89 ± 0.29a 

ZnO 0.08 ± 0.01a 0.43 ± 0.05a 0.19 ± 0.01a 

CaO  5.09 ± 0.03bc 6.48 ± 1.01b 8.96 ± 0.24a 

nd – not detected 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

 

KEY 

 

 

 

 

Table 4.2: Mean percentage of chemical constitution of AMNPS ABBS and ACICS 

Oxide  

(%) 

AMNPS ABBS ACICS 

(Mean ± S.D) 

SiO2 83.23 ± 0.14b 88.14 ± 0.06a 77.82 ± 0.37c 

Fe2O3 0.88 ± 0.03a 1.95 ± 0.05a 1.81 ± 0.15a 

Al2O3 0.95 ± 0.06b 1.59 ± 0.22b 5.18 ± 0.26a 

CaO  1.28 ± 0.01b 3.04 ± 0.03a 2.78 ± 0.79ab 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

 

KEY 

 

 

 

 

MNPS: Marine National Park sand BBS: Bamburi Beach sand 

   

CICS: Crescent Island Crater sand 

AMNPS: Acid treated Marine National Park sand ABBS: Acid treated Bamburi Beach sand 

 

ACICS: Acid treated Crescent Island Crater sand 
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From the results in Table 4.1, the silica content was 78.32 ± 0.81 %, 83.46 ± 0.39 % and 

66.89 ± 0.41 % with lower amount of oxide impurities (< 10 %) for MNPS, BBS and 

CICS respectively. Before acid leaching, the silica content was higher (> 75 %) in MNPS 

and BBS than in CICS. This could be due the presence of silica components from 

biogenic decomposition of siliceous marine organisms’ shells which form the sand 

deposits in the beach sands (Rampe et al., 2023). The content of calcium oxide (CaO) in 

the raw sand could be due to calcite (CaCO3) mineral in the sand samples (Hachem et al., 

2023). Also, iron, magnesium, potassium and aluminium oxide contents could indicate 

the presence of minerals such as clinochlore (Mg, Fe)6(Si, Al)4O10(OH)8) and microcline 

(K (Al, Fe) Si3O8) in the silica matrix. This is in tandem with the XRD results (Figure 

4.1). 

 

The acid treatment of the sand samples increased the silica content to 83.23 ± 0.14 %, 

88.14 ± 0.06 % and 77.82 ± 0.37 % for AMNPS, ABBS and ACICS respectively while 

the amount of the other oxide components reduced (Table 4.2). This showed that silica 

was the main constituent of the sand. The purification resulted to mass decreasing of the 

sand samples by 9.99 % (AMNPS), 8.32 % (ABBS) and 9.10 % (ACICS). The 

yellowish-white colour was observed in the sand samples after acid treatment. This could 

be due to the remaining iron content in the sand samples after leaching process (Alyosef 

et al., 2014). The findings showed that the samples obtained were pure with minimal 

mass loss (< 10 %). 

 

The XRF findings are coherent with those reported by Meftah et al. (2023) during their 

studies on extraction of silica nanoparticles from dunes sand. 
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4.2.3 The FT-IR characterization 

 

The MNPS, BBS and CICS was characterized using FT-IR at a mid IR range of 4000 -

400 cm-1. The findings are presented in Figure 4.3. 

 

 

 

 

 
Figure 4.3: The FT-IR spectrum of Marine National Park sand (MNPS), Bamburi Beach 

sand (BBS) and Crescent Island Crater sand (CICS) 

 

The results in Figure 4.3 revealed broad bands at 3401.53 cm-1, 3420.81 cm-1 and 3419.78 

cm-1 which corresponded to -OH stretch mode of water (H2O) molecules in the raw sand 

(Zouaouid and Gheriani, 2018; Meftah et al., 2023). The absorbance at 1648.96 cm-1, 

1616.27 cm-1 and 1630.84 cm-1 is due to flexion mode of -OH groups (Aziz et al., 2019). 

The absorbance at 2565.39 cm-1 and 1410.78 cm-1 (MNPS); 2518.13 cm-1 and 1460.14 

cm-1 (BBS); 2514.25 cm-1 and 1418.67 cm-1 (CICS) is attributed to asymmetrical and 

symmetrical stretch modes of CO3
2- groups (Meftah and Mahboub, 2019). This was 

confirmed by peaks at 1702.34 cm-1, 1790.94 cm-1 and 1786.58 cm-1 respectively for C=O 

stretch mode vibrations (Hachem et al., 2023). The absorption peaks at 860.82 cm-1 and 
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701.28 cm-1 (MNPS); 839.45 cm-1 and 722.17 cm-1 (BBS); 873.58 cm-1 and 711.38 cm-1 

(CICS) could be due to CO3
2- out-of-plane and in-plane bend modes respectively 

(Mahdadi et al., 2016). This suggested calcite (CaCO3) mineral presence in the sand 

samples. 

 

The distinguished peaks at 1023.54 cm-1 and 781.69 cm-1 (MNPS), 1038.76 cm-1 and 

756.18 cm-1 (BBS) and 1079.23 cm-1 and 792.09 cm-1 (CICS) were due to the 

asymmetrical and symmetrical stretch modes of the siloxane (Si-O-Si) groups 

respectively (Yang et al., 2023). The absorbance observed at 614.89 cm-1 and 607.36 cm-1 

corresponded to Si-O-Fe and Si-O-Mg stretch modes (Beddiaf et al., 2015). The peaks at 

515.01 cm-1 and 520.50 cm-1 was ascribed to Si-O-Al stretch vibrations (Abdelhak et al., 

2014). This could be due clinochlore and microcline mineral components in the silica 

matrix (Jovanovski and Makreski, 2016). The absorbance at 413.82 cm-1, 453.28 cm-1 and 

464.10 cm-1 was ascribed to Si-O-Si bend mode (Yue et al., 2018). The FT-IR studies 

therefore agree with XRD results (Figure 4.1) that the components of MNPS, BBS and 

CICS are clinochlore ((Mg, Fe)6(Si, Al)4O10(OH)8)), calcite (CaCO3), quartz (SiO2) and 

microcline (K (Al, Fe) Si3O8). Mahdadi et al. (2016) reported similar findings during 

their studies on determination of main compositions and color of Ouargla (Algeria) dune 

sand. The FT-IR results for acid treated sand samples are presented by the Figure 4.4. 
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Figure 4.4: The FT-IR spectrum of Acid treated Marine National Park sand (AMNPS), 

Acid treated Bamburi Beach sand (ABBS) and Acid treated Crescent Island Crater sand 

(ACICS) 

 

As shown by the results in Figure 4.4, the absorbance at 1063.79 cm-1, 1022.29 cm-1 and 

1079.34 cm-1; 771.54 cm-1, 775.40 cm-1 and 770.35 cm-1; 458.10 cm-1, 481.25 cm-1 and 

452.23 cm-1 for AMNPS, ABBS and ACICS respectively are indicative of quartz in the 

sand. The results compare to those reported for MNPS, BBS and CICS (Figure 4.3). All 

the peaks showed shifting to higher or lower values. Also, there was increase in peak 

intensity for 3393.81 cm-1, 3447.49 cm-1 and 3423.63 cm-1, 1063.79 cm-1 1022.29 cm-1 

and 1079.34 cm-1. These changes are due to reduced impurities in the sand (Rampe et al., 

2023). 

 

The peak intensity for 1417.38 cm-1 and 1704.14 cm-1 (AMNPS), 1470.75 cm-1 and 

1764.15 cm-1 (ABBS), 1412.08 cm-1 and 1785.64 cm-1 (ACICS) was lower than that of 

MNPS, BBS and CICS respectively. Also, peaks at 2565.39 cm-1 (MNPS); 2518.13 cm-1, 

515.01 cm-1 and 614.89 cm-1 (BBS); 2514.25 cm-1, 520.50 cm-1 and 607.36 cm-1 (CICS) 



89 

disappeared after acid treatment. This showed that acid treatment led to elimination of 

calcite, clinochlore and microcline mineral impurities to negligible amounts. 

 

The FT-IR results for AMNPS, ABBS and ACICS show quartz dominating the raw sand. 

These results corroborate those reported by Xiao et al. (2015) on their studies on alumina 

and silicon carbide preparation. The highly pure sand was used in silica extraction. 

 

4.3 Characterization of extracted silica  

The results on the percentage yield and spectroscopic analysis of the extracted silica (ES-

1, ES-2 and ES-3) are discussed in sub-sections 4.3.1, 4.3.2, 4.3.3 and 4.3.4. 

 

4.3.1 The percentage yield  

  

The silica powder was extracted via alkali fusion route described in sub-section 3.6.2 and 

its mean percentage yield is presented in Table 4.3. 

 

Table 4.3: Mean % yield of extracted silica 

 

Mean %Yield 

ES-1 ES-2 ES-3 

(Mean ± S.D, n=3) 

35.01 ± 0.11b 40.49 ± 0.06a  31.95 ± 0.26c 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

 

KEY 

 

 

 

 

From the results above (Table 4.3), the extracted silica (ES) yield from Marine National 

Park sand (ES-1), Bamburi Beach sand (ES-2) and Crescent Island Crater sand (ES-3) 

ES-1: Extracted silica from MNPS ES-2: Extracted silica from BBS 

ES-3: Extracted silica from CICS 
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was 35.01 ± 0.11 %, 40.49 ± 0.06 % and 31.95 ± 0.26 %. The lower yield content (< 50 

%) showed that the crystalline quartz dominated the raw sand samples. The results 

showed that ES-2 gave the highest yield followed by ES-1 and ES-3 in that order. This 

could be due to variations in local geological characteristics of the sand samples.  

 

Also, the yield for extracted silica (ES-1 and ES-2) was higher than ES-3. This could be 

due the silica content from the shells of marine organisms which is eventually deposited 

to the beach sand sediments (Kemp et al., 2021). The higher yield from the beach sands 

commensurate with the higher silica content in their raw sand materials respectively 

(XRF results). This implied that silica extraction is influenced by the silica content in 

their raw sand (Setyoningrum et al., 2020). The findings are in tandem to those reported 

by Rahmayanti et al. (2020) during their silica synthesis studies from Lapindo mud 

Sidoarjo. 

 

4.3.2 The XRF characterization  

 

The XRF analysis of the extracted silica from Marine National Park sand (ES-1), 

Bamburi Beach sand (ES-2) and Crescent Island Crater sand (ES-3) was done at a scan 

time of 180 seconds. The outcomes are presented in Table 4.4. 
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Table 4.4: Mean percentage of chemical constitution of ES-1, ES-2 and ES-3 

 

Oxide  

(%) 

ES-1 ES-2 ES-3 

(Mean ± S.D, n=3) 

SiO2 90.16 ± 0.47b 94.75 ± 0.48a 84.34 ± 0.45c 

Fe2O3 0.51 ± 0.02a 0.99 ± 0.09a 0.82 ± 0.03a 

Al2O3 0.05 ± 0.01a 0.09 ± 0.01a 0.04 ± 0.01a 

CaO nd  0.25 ± 0.04 nd 

nd – not detected  

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

 

From the results in Table 4.4, the percentage silica yield was 90.16 ± 0.47 % (ES-1), 

94.75 ± 0.48 % (ES-2) and 84.34 ± 0.45 % (ES-3) after alkali fusion. This was increased 

from 83.23 ± 0.14 %, 88.14 ± 0.06 % and 77.82 ± 0.37 % in their AMNPS, ABBS and 

ACICS samples respectively. All other oxide components were less than 1 % implying 

that the alkali fusion extraction process improved not only the amorphous silica content 

but also further reduced the remaining sand impurities after acid leaching (Munasir et al., 

2013). The results are coherent with data registered by Ishmah et al. (2020) on silica 

extraction from Bengkulu beach sand via alkali fusion route. 

 

4.3.3 The XRD characterization  

 

The extracted silica (ES) was analyzed by XRD spectrometer to determine its purity and 

amorphous nature. The findings are presented by Figure 4.5. 
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Figure 4.5: The XRD pattern of ES-1, ES-2 and ES-3 

 

The X-Ray Diffraction patterns (Figure 4.5) presented broad diffraction peaks at 2θ = 

21.76 ° (ES-1), 20.74 ° (ES-2) and 23.30 ° (ES-3) (JCPDS-ICDD file No. 001-0424). 

This indicated that the extracted silica was amorphous (Biswas et al., 2018; Ismail et al., 

2021). The absence of any other peak showed that the silica extracted was pure (Nayak 

and Datta, 2020).  

 

The findings showed that the silica extracted from MNPS, BBS and CICS respectively 

was highly pure and amorphous. The findings corroborate those reported by Firdaus et al. 

(2020) on their studies on extraction of silica from the beach sand for dyes uptake. 

 

4.3.4 The FT-IR characterization 

 

The extracted silica (ES-1, ES-2 and ES-3) was analyzed by FT-IR and the outcomes are 

presented in Figure 4.6. 
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Figure 4.6: The FT-IR spectrum of ES-1, ES-2 and ES-3 

 

The results (Figure 4.6) showed absorbance at 3406.35 cm-1, 3425.10 cm-1 and 3441.68 

cm-1 corresponding to (-OH) stretch modes of silanol (Si-OH) groups and/or adsorbed 

water on the extracted silica surface (Munasir et al., 2018). This was confirmed by peaks 

at 1609.78 cm-1, 1636.63 cm-1 and 1611.59 cm-1 corresponding to -OH bend mode 

(Ishmah et al., 2020). Absorption peaks at 1044.47 cm-1 and 760.93 cm-1, 1083.05 cm-1 

and 777.33 cm-1, 1087.87 cm-1 and 773.72 cm-1 was because of asymmetric and 

symmetric siloxane (Si-O-Si) stretch modes (Mourhly et al., 2015; Thahir et al., 2019). 

The peaks observed at 457.01 cm-1, 452.32 cm-1 and 466.78 cm-1 attributed to Si-O-Si 

bend modes (El-Didamony et al., 2020). 

 

Based on the FT-IR results for ES-1, ES-2 and ES-3, the siloxane (Si-O-Si) and silanol 

(Si-OH) groups dominated the extracted silica. These results agree to findings reported 

by Boualem et al. (2021) during their studies on nanosilica synthesis using Algerian river 

sand by alkali fusion method. 
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The findings for the extracted silica (ES) showed amorphous silica with siloxane (Si-O-

Si) and silanol (Si-OH) as important functional groups. This makes the material suitable 

as a silica source in Si3N4 adsorbent synthesis.  

 

4.4 Characterization of biochar 
 

The coffee husk biochar (CHB) and macadamia nutshell biochar (MNB) prepared from 

their respective raw coffee husk (RCH) and macadamia nutshell (RMN) biomass 

materials were analyzed by proximate and characterized using XRD, FT-IR and SEM-

EDX. The findings of the study are discussed in sub-sections 4.4.1-4.4.5. 

 

4.4.1 Proximate analysis  

 

The proximate analysis of CHB and MNB was performed and the outcomes are presented 

in Table 4.5. 

 

Table 4.5: Proximate analysis of the coffee husk biochar (CHB) and macadamia nutshell 

biochar (MNB) 

Analysis 

wt (%) 

CHB MNB p-value 

(𝛂 = 𝟎. 𝟎𝟓) (Mean ± S.D) 

Yield  25.11 ± 0.12 28.19 ± 0.05  

 

0.3553 
Moisture  7.45 ± 0.04 5.67 ± 0.03 

Volatile matter 74.80 ± 5.93 71.56 ± 7.61 

Ash  1.02 ± 0.27 0.89 ± 0.14 

Fixed carbon  16.73 ± 2.01 21.88 ± 5.28 

mean values with p-value > 0.05 are not significantly different  

(Student t-test, α = 0.05) 

 

The results (as tabulated in Table 4.5) showed that 74.80 ± 5.93 % (CHB) and 71.56 ± 

7.61 % (MNB) volatile matter was released during the pyrolysis of their respective 

biomass materials. This showed that all the volatiles trapped within the biomass matrix 
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were eliminated forming biochar with a high carbon content (Bushra and Remya, 2020). 

The biochar had a carbon and ash content of 16.73 ± 2.01 % and 1.02 ± 0.27 % (CHB), 

21.88 ± 5.28 % and 0.89 ± 0.14 % (MNB) respectively. The results indicate that the 

biochar obtained has a high carbon content and negligible ash amount. 

 

The findings showed a higher fixed carbon content values for CHB and MNB 

respectively than those reported by Mansuri et al. (2018) and Manrique et al. (2019) on 

the proximate analysis studies of biochars from pyrolytic treatment of the macadamia 

nutshell and coffee husk wastes respectively at different temperatures. This could be due 

to their varied geographical areas of growth, seasons and maturity. 

 

4.4.2 The FT-IR characterization 

 

The FT-IR characterization for the raw biomass, biochar from coffee husks and 

macadamia nutshells was carried out at a mid-IR range of 4000 - 400 cm-1 and at an 

average of 10 scans per spectrum. The results are as presented in Figures 4.7 I and II. 

 

  

I  
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 II  

 
Figure 4.7: The FT-IR spectrum of RCH (A), CHB (B), RMN (C) and MNB (D) 

 

The results in FT-IR spectra of RCH and RMN (Figure 4.7 A and C) showed strong 

bands at 3467.84 cm-1 and at 3478.53 cm-1 which indicated free and intermolecular 

bonded –OH in alcohol, phenol or carboxylic derivative functional groups in polymeric 

compounds (Alghamdi and El Mannoubi, 2021). The absorbance at 2932.61 cm-1 and 

2949.05 cm-1 was due to methyl (-CH3)/methylene (-CH2-) stretch modes in aliphatic 

groups (Lemraski et al., 2021). The absorbance at 1651.57 cm-1 and 1629.81 cm-1 

correspond to carbonyl (C=O) groups stretch in carboxylic acid and its derivatives 

(Ndung’u et al., 2021). The absorbance at 1549.03 cm-1 and 1566.71 cm-1 could be due to 

carbon-carbon (C=C) stretch vibration of aromatic hydrocarbons (Mansuri et al., 2018). 

The absorbance observed at 1428.57 cm-1, 1413.02 cm-1 1212.79 cm-1, 1231.10 cm-1, 

1031.93 cm-1 and 1071.48 cm-1 corresponded to the C-O stretch modes of the carboxylate 

groups (Njeri et al., 2023). The same peaks at 1031.93 cm-1 and 1071.48 cm-1 together 

with peaks at 702.34 cm-1 and 762.10 cm-1 could also be because of the Si-O-Si stretch 

modes (Huljana et al., 2021). This corroborated the presence of silica in the raw biomass 
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materials. The absorption at 836.35 cm-1 and 814.54 cm-1 was ascribed to C=C of 

aromatic bending modes (Adekanye et al., 2022). 

 

The FT-IR spectra for the biochars (Figure 4.7 B and D) is different from the raw 

biomass materials. The methyl (-CH3)/methylene (-CH2-) peaks disappeared after 

pyrolysis indicating the absence of the aliphatic carbon (Chen et al., 2023). The spectra 

showed clearly distinguished peaks at 1591.49 cm-1 and 1583.07 cm-1 for C=C groups 

confirming the aromatic carbon content in the biochar samples (Kabayo et al., 2019). 

Additionally, a reduced peak intensity for 1409.38 cm-1 and 1405.17 cm-1 showed 

reduction of the polymeric compounds containing carboxylic groups. The broad bands at 

3452.01 cm-1 (CHB) and 3461.54 cm-1 (MNB) were due to -OH stretch vibrations of 

adsorbed water on the biochar surface (Philippou et al., 2019). Also, the absorbance at 

1069.85 cm-1 (CHB) and 1083.05 cm-1 (MNB) decreased in intensity and shifted to 

higher values. This could be due to the decomposition of the cellulose components during 

pyrolysis leaving the aromatic carbon and silica components only. The FT-IR spectra 

didn’t show any other major peaks which showed that there was complete pyrolysis of 

coffee husk and macadamia nutshell wastes. The findings of the study mirror to those 

reported by Suman and Gautam (2017) during their studies on pyrolytic treatment of 

coconut husk biomass at 400 oC. 

 

The FT-IR outcomes showed peaks at 1591.49 cm-1 and 1583.07 cm-1 (C=C), 1069.85 

cm-1, 1083.05 cm-1, 708.59 cm-1 and 731.76 cm-1 (Si-O-Si) for CHB and MNB 

respectively. This imply that carbon and silica dominated the biochar materials. 
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4.4.3 The XRD characterization 

 

The biochars (CHB and MNB) were prepared by pyrolysis of their respective biomass 

materials followed by acid leaching. The XRD results are shown in Figures 4.8 I and II. 

 

 

I  

 

 

II  

 
Figure 4.8: The XRD pattern of RCH (A), CHB (B), RMN (C) and MNB (D) 
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The results in Figure 4.8 A and C showed broad diffraction peaks at 21.97 ° and 22.74 ° 

for RCH and RMN respectively. This corresponded to a diffraction peak for amorphous 

cellulose (JCPDS-ICDD file No. 03-0226). The results showed that the raw biomass 

contains lignin, hemicellulose, pectin and cellulosic materials which are highly 

amorphous (Mu et al., 2018). The same peaks provide information on amorphous silica in 

RCH and RMN biomass and their biochars respectively (JCPDS-ICDD file No. 001-

0424). 

 

The XRD diffractograms for CHB and MNB show diffraction patterns at 2θ = 24.14 ° 

and 2θ = 44.73 °; 2θ = 25.32 ° and 2θ = 43.98 ° respectively which corresponded to 

diffuse graphitic peaks in low and high theta regions respectively (JCPDS-ICDD file No. 

41-1487). The results showed an amorphous carbon biochar structure (Jagdale et al., 

2019). The absence of other diffraction peaks in the diffractograms revealed that the 

biochar materials had negligible ash contents (Lawrinenko and Laird, 2015). 

 

The findings revealed an amorphous and pure carbon structure of the biochar materials 

(CHB and MNB). This is in tandem with results reported by Rajarao and Veena (2016) 

on their research on the silicon nitride and silicon carbide nanopowder synthesis using 

macadamia nutshell wastes. 

 

4.4.4 The SEM characterization 

 

The SEM analysis of the raw and biochar samples from the coffee husk and macadamia 

nutshell materials was done and the SEM micrographs obtained are presented in Figures 

4.9 A, B, C and D. 
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B A 

 

 
Figure 4.9: The SEM images for RCH (A), CHB (B), RMN (C) and MNB (D) 

 

The SEM results (Figure 4.9) showed changes in the surface texture and morphology of 

the biochar samples after pyrolysis. The raw biomass surface structure was rigid, regular 

and less porous (Figure 4.9 A and C). After pyrolysis, the biochar surfaces became 

   

C D 

 
 

 

D 
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rugged and more porous (Figure 4.9 B and D). This is due to the rapid decomposition of 

volatile components during pyrolysis (Sahoo et al., 2020). This made the biochar surface 

develop micro pores and cracks making it rough and irregular (Eshun et al., 2019). 

 

This porosity of the biochar carbon structure increased its surface area which could 

enhance its usability during the Si3N4 synthesis. Jagdale et al. (2019) reported similar 

findings on pyrolysis of ground coffee to produce biochar materials as humidity sensors. 

 

4.4.5 The EDX characterization 

 

The EDX analysis of RCH, RMN, CHB and MNB was done to determine their elemental 

compositions. The results are represented by Figures 4.10 A, B, C and D.
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Figure 4.10: The EDX spectra of RCH (A), CHB (B), RMN (C) and MNB (D) 
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From the EDX results in Figure 4.10 A and C, the main elemental composition of RCH 

and RMN was carbon (43.0 % and 63.0 %), oxygen (36.3 % and 29.3 %) and silicon 

(11.5 % and 4.2 %) respectively. This showed the presence of carbon (C) and silica 

(SiO2) as the main constituents of raw biomass materials. The elemental oxygen could 

also be as attributed to surface oxides of metallic elements. 

 

The elemental composition of CHB and MNB (Figure 4.10 B and D) was 70.1 % (C), 

16.7 % (Si), 12.5 % (O) and 0.7 % (Cl); 75.0 % (C), 15.2 % (Si), 9.3 % (O) and 0.5 % 

(Cl) respectively. The final biochar showed a higher carbon and silica content with 

negligible ash contents than their respective raw biomass materials. This showed that 

pyrolytic treatment followed by acid washing not only decreased the inorganic ash 

contents from the biochar (Chang et al., 2019) but also increased the carbon content. The 

chloride contents were detected in the biochar materials. This could be due to residue 

acid after the materials were washed with distilled water (Abdulhameed et al., 2018). 

 

The EDX results for CHB and MNB materials showed that carbon (C) and silica (SiO2) 

dominated the biochar materials. Similar conclusions were made by Tsai et al. (2021) on 

their research studies on the biochar preparation from rice husk. The amorphous and 

porous carbon structure of the biochar materials with a high silica and carbon contents 

and negligible ash make the CHB and MNB suitable as carbon and silica precursor 

materials for the Si3N4 adsorbent synthesis. 

 

4.5 Characterization of Si3N4 adsorbents 

 

The Si3N4 adsorbents were prepared (sub-section 3.6.4) and characterized using XRD, 

FT-IR, SEM, EDX and TGA. The outcomes are discussed in the subsequent sub-sections. 
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4.5.1 The FT-IR characterization 

 

The FT-IR analysis of Si3N4 adsorbents were recorded at 4000 - 400 cm-1 and the 

findings are presented in Figures 4.11 I and II. 

 

 

I  

 
 

  

II  

 
Figure 4.11: The FT-IR spectrum of SN-1 (A), SN-2 (B), SN-3 (C), SN-4 (D), SN-5 (E) 

and SN-6 (F) adsorbents 

 

The FT-IR spectra of the Si3N4 adsorbents (Figure 4.11) showed broad peaks at 3414.06 

cm-1 (SN-1), 3426.60 cm-1 (SN-2), 3430.46 cm-1 (SN-3), 3481.34 cm-1 (SN-4), 3369.25 
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cm-1 (SN-5) and 3395.46 cm-1 (SN-6) ascribed to stretch modes of hydroxyl (OH-) in 

silanol (Si-OH) and amine (-NH2) in silazane (Si2=NH) groups on the hydroxylated 

adsorbent surface (Kobayashi, 2016; Kuddus et al., 2019). This was confirmed by their 

OH- and N-H bend modes at 1664.60 cm-1 and 1509.79 cm-1 (SN-1), 1650.92 cm-1 and 

1534.79 cm-1 (SN-2), 1662.85 cm-1 and 1549.23 cm-1 (SN-3), 1605.77 cm-1 and 1511.25 

cm-1 (SN-4), 1696.42 cm-1 and 1584.61 cm-1 (SN-5) and 1614.43 cm-1 and 1541.11 cm-1 

(SN-6) respectively. 

 

The peaks at 1123.40 cm-1 (SN-3), 1176.60 cm-1 (SN-5) and 1195.34 (SN-6) could be due 

to Si-O-C stretch vibrations modes (Liang et al., 2020). Predominant peaks at 1011.48 

cm-1 and 700.31 cm-1 (SN-2); 1046.40 cm-1 and 750.32 cm-1 (SN-6) are indicative of 

siloxane (Si-O-Si) bonds in the silica residues (Andriayani et al., 2021). The absorbance 

at 918.63 cm-1 (SN-1), 914.10 cm-1 (SN-2), 906.72 cm-1 (SN-3), 916.99 cm-1 (SN-4), 

905.24 cm-1 (SN-5) and 918.13 cm-1 (SN-6) were ascribed to the Si-N-Si stretch modes 

(Jhansirani et al., 2016). The stretch bands at 846.75 cm-1 (SN-2) and 813.01 cm-1 (SN-6) 

could be due to Si-C bonds of silicon carbide residues (Rajarao and Veena, 2016). The 

peaks at 659.19 cm-1 (SN-1), 618.29 cm-1 (SN-2), 627.54 cm-1 (SN-3), 616.27 cm-1 (SN-

4), 691.48 cm-1 (SN-5) and 629.77 cm-1 (SN-6) may ascribe to Si-Si stretch modes (Cui et 

al., 2015). The absorbance at 457.14 cm-1 (SN-1), 481.46 cm-1 (SN-2), 443.67 cm-1 (SN-

3), 452.38 cm-1 (SN-4), 466.78 cm-1 (SN-5) and 455.21 cm-1 (SN-6) are ascribed to Si-N 

stretch modes (Abdulhameed et al., 2018). 

 

The findings of the study revealed silicon-nitrogen (Si-N), silanol (Si-OH) and silicon-

nitrogen-silicon (Si-N-Si) functional groups which when hydroxylated in water give 
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silanolate (Si-O-) and silazane groups (Si2=NH2
+) as important adsorption sites for MO, 

MB and CR dyes sorption. The finding corroborates those reported by Shi et al. (2014) 

during their studies on silicon nitride fiber-PMMA composite fabrication. 

 

4.5.2 The XRD characterization 

 

The Si3N4 adsorbents were characterized using the XRD for phase analysis. The XRD 

spectra obtained are presented in Figures 4.12 I and II. 

 

 
 

 



107 

 
 

Figure 4.12: The XRD spectrum of SN-1 (A), SN-2 (B), SN-3 (C), SN-4 (D), SN-5 (E) 

and SN-6 (F) adsorbents 

 

The XRD diffractograms (Figure 4.12) showed that Si3N4 was the main phase in all the 

adsorbents dominated by α-Si3N4 as a major phase (JCPDS-ICDD file No. 41-0360) and 

β- Si3N4 (JCPDS-ICDD file No. 33-1160) as a minor phase. The profile Rietveld analysis 

showed the relative amount of α-Si3N4 and β-Si3N4 phases in the Si3N4 adsorbent as 

65.38 % and 34.62 % (SN-1), 50.61 % and 33.25 % (SN-2), 68.97 % and 31.03 % (SN-

3), 70.37 % and 29.63 % (SN-4), 54.94 % and 45.06 % (SN-5) and 53.67 % and 34.15 % 

(SN-6) respectively. The high yield content of α-Si3N4 phase could be due to the use of 

high pure amorphous raw materials for carbothermal reduction and nitridation at low 

temperatures (Ji et al., 2014).  

α- Si3N4, β- Si3N4, ○- SiC 

 

Si3N4 
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The silicon carbide (SiC) apparent phase was observed in SN-2 (16.14 %) and SN-6 

(12.18 %) dominated by β-SiC (JCPDS-ICDD file No. 75-0254). This could be due to 

unreacted SiC residues during carbothermal reduction-nitridation process (Vishnu et al., 

2018). The broad peak patterns with a high noise level in all the XRD spectra signified 

that the Si3N4 adsorbent was predominantly amorphous (Biesuz et al., 2019).  

 

The findings showed α-Si3N4 as the dominant phase in all the XRD patterns which is 

more favored during the Si3N4 adsorbent synthesis at low temperatures. This agrees with 

the studies reported by Qadri et al. (2016) on the silicon nitride synthesis from wheat and 

rice husks. 

 

4.5.3 The SEM characterization 

 

The SEM images for Si3N4 adsorbents were obtained at 20.0 kV (voltage) and 6.50 K X 

(magnification). The results are as shown in Figures 4.13 A, 4.13 B, 4.13 C, 4.13 D, 4.13 

E and 4.13 F. 
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Figure 4.13: The SEM images for SN-1 (A), SN-2 (B), SN-3 (C), SN-4 (D), SN-5 (E) 

and SN-6 (F) adsorbents 

 

The results in Figure 4.13 showed fiber-like and rod-like micrographs attributed to β- 

Si3N4 and α-Si3N4 structures respectively (Ji et al., 2014; Mahmut et al., 2020). As 

evidenced, there is presence of some crevices and pores on the Si3N4 adsorbent surfaces. 

The results showed the porous nature of the Si3N4 adsorbent materials which could 

increase surface area for the uptake of MB, CR and MO dyes. Similar results are reported 

by Tao et al. (2016) during their study on silicon nitride synthesis from rice husk. 

 

The SN-3 micrographs before and after CR dyes uptake is shown in Figure 4.14 A and 

4.14 B. 
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Figure 4.14: The SEM micrographs of SN-3 before (A) and after (B) CR dyes adsorption 

 

The results in Figure 4.14 before and after CR dyes uptake showed significant changes on 

the SN-3 adsorbent surface. Before sorption (A), the adsorbent surface showed pores of 

varying sizes and shapes. The CR-loaded adsorbent surface (B) is restrained and less 

porous caused by the Si3N4 adsorbent pores occupied by dye molecules. Similar findings 

were reported by Litefti et al. (2019) on their congo red sorption studies onto pine bark 

adsorbent. 

 

4.5.4 The EDX characterization 

 

The Si3N4 adsorbents elemental constitution was determined and the results are as shown 

by the Figures 4.15 A, B, C, D, E and F. 
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Figure 4.15: The EDX spectra of SN-1 (A), SN-2 (B), SN-3 (C), SN-4 (D), SN-5 (E) and SN-6 (F) adsorbents 

 

From the results in Figure 4.15, the elemental composition of Si3N4 adsorbents was 55.9 % and 28.7 % (SN-1), 63.5 % and 20.9 % 

(SN-2), 49.5 % and 17.7 % (SN-3), 53.0 % and 29.2 % (SN-4), 47.4 % and 20.1 % (SN-5), 52.7 % and 35.2 % (SN-6) for silicon and 

nitrogen respectively. The SN-2 and SN-6 adsorbents are characterized by an elemental carbon peak at around 0.21 keV and 0.20 keV 

respectively which is absent in other adsorbents. This showed the presence of unreacted silicon carbide residues in the adsorbents 

(Vishnu et al., 2018) and/or contamination from the carbon tapes used to mount the samples (Qadri et al., 2016). 
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Minor peaks for copper and aluminium could be due to contamination from the copper 

grid sample holder and corundum tube during the firing process and/or ball milling 

(Huang et al., 2013). The oxygen content could be due to some silica residues and minor 

metal oxide components (Abdulhameed et al., 2018) and/or adsorbent surface oxidation 

during the analysis forming a thin silicon oxynitride layer (Meziani et al., 2016). The 

chloride contents detected in the Si3N4 adsorbents could be due to residue HCl acid 

(Alpay, 2014) from the biochar samples used for the synthesis of Si3N4 adsorbents.  

 

The findings showed silicon, nitrogen and oxygen elements as the main constituents of 

Si3N4 adsorbents. The minor residues of silica, silicon carbide and metal oxide 

components can be suggested to be present in the adsorbents. This corroborates studies 

reported by Vishnu et al. (2018) on preparation of silicon carbide and its nitridation 

action.  

 

4.5.5 The TGA characterization 

 

The thermogravimetric analysis of Si3N4 adsorbents were obtained at a varied 

temperature of 0 °C to 600 °C. The TG curves are presented by Figure 4.16. 
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Figure 4.16: The TG curve for SN-1 (A), SN-2 (B), SN-3 (C), SN-4 (D), SN-5 (E) and 

SN-6 (F) adsorbents 

 

From the results in Figure 4.16, the thermogravimetric analysis (TGA) curves for SN-1, 

SN-3, SN-4 and SN-5 represents two weight change steps. At the first step from 0 °C to 

around 150 °C, the weight loss was 6.32 %, 9.63 %, 9.71 % and 7.24 % respectively 

beyond which no any thermal effect is recorded as the constant weight change is 

obtained. This could be to the vaporization of adsorbed water (H2O) molecules onto the 

adsorbent surfaces after which the adsorbent remains stable (Qiu et al., 2019).  

 

The thermal analysis of SN-2 and SN-6 adsorbents depicted a representative three-stage 

weight loss profile. A slight weight loss below 200 °C is 3.53 % and 4.74 % respectively 

attributed to the loss of some adsorbed water (Zhang et al., 2019). The sample 

degradation then continued to about 450 °C with a maximum weight loss of 18.40 % and 

19.18 %. This could be due to depolymerization of silicon carbide residues in the 
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adsorbents (Tishchenko et al., 2015; Kumar et al., 2020). The mass profile was then flat 

until 600 oC. This makes the Si3N4 adsorbent thermally stable even at high temperatures 

and therefore suitable in textile dye wastewater treatment. 

 

The results showed that Si3N4 adsorbents are thermally stable at varied temperatures. 

This is in agreement with findings reported by Sun and Xiao (2017) on their studies on 

the thermal stability of silicone oil/polystyrene microcapsules. 

 

The characterization of Si3N4 adsorbents showed thermally stable and porous adsorbents 

with α-Si3N4, β- Si3N4 and β-SiC phases. The FT-IR findings showed silicon-nitrogen 

(Si-N), silicon-nitrogen-silicon (Si-N-Si) and silanol (Si-OH) functional groups which 

could be important sites for MO, MB and CR dyes adsorption when hydroxylated in 

water to silanolate (Si-O-) and positively charged silazane groups (Si2=NH2
+). 

 

4.6 Batch optimization studies  

 

The impact of dosage, agitation time, pH and concentration on CR, MB and MO dyes 

uptake were investigated. The outcomes are discussed in sub-section 4.6.1, 4.6.2, 4.6.3 

and 4.6.4. 

 

4.6.1 The pHpzc studies and effect of pH on sorption of MO, MB and CR dyes  

 

To study the pH influence on dyes uptake using Si3N4 adsorbents, the studies on point of 

zero charge (pHpzc) were first done as described in sub-section 3.9.1.1. The findings are 

presented by Figure 4.17.  
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Figure 4.17: Point of zero charge (pHpzc) 

 

From the Figure 4.17 above, it is noted that pHpzc values of Si3N4 adsorbent are 5.40 (SN-

1 and SN-5), 5.20 (SN-2), 4.80 (SN-4 and SN-6) and 5.10 (SN-3). This shows that the net 

Si3N4 adsorbent surface is positive at pH ≤ 5.40 and negatively charged at pH ≥ 5.40. 

This implies that, the uptake of cationic dyes is high at pH ≥ pHpzc and that of anionic 

dyes dominates at pH ≤ pHpzc (Gollakota et al., 2021).  

 

The correlation between pH and pHpzc was investigated on sorption of MB, MO and CR 

dyes onto the Si3N4 adsorbents. The results of pH effect on the mean uptake of the dyes 

are represented in Figures 4.18 A, B and C. 
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Figure 4.18: Effect of pH on MO (A), CR (B) and MB (C) dyes removal onto Si3N4 

adsorbents: 20 mg/L; 60 minutes; 20 mg; 298 K; 150 rpm 

 

From the results in Figures 4.18 above, the optimal pH for sorption of MO and CR dyes 

is pH=1.00 for all the adsorbents. This means that the sorption of MO and CR dyes is 

best in strongly acidic media. The maximum uptake for MO dyes (Figure 4.18 A) was 

13.57 ± 0.06 mg/g (SN-1), 14.55 ± 0.03 mg/g (SN-2), 13.63 ± 0.04 mg/g (SN-3), 14.58 ± 

0.01 mg/g (SN-4), 15.64 ± 0.14 mg/g (SN-5) and 16.52 ± 0.05 mg/g (SN-6). The removal 

of CR dyes at optimum pH (Figure 4.18 B) was 15.70 ± 0.05 mg/g (SN-1), 15.99 ± 0.13 
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mg/g (SN-2), 14.37 ± 0.08 mg/g (SN-3), 16.81 ± 0.05 mg/g (SN-4), 15.75 ± 0.07 mg/g 

(SN-5) and 14.33 ± 0.03 mg/g (SN-6). This is as construed in appendices III A and III C. 

This followed a decrease in dyes uptake with increased in dye solution pH. The number 

of positive charges onto the surface of the adsorbent were enhanced greatly in strongly 

acidic solution which favored the dyes uptake (Khaniabadi et al., 2017). At a pH 1.00 ≤ 

pHpzc 5.40, the H+ ions in the solution is raised. This initiates the electrostatic repulsions 

between H+ ions in the dye solution and the positively charged silazane groups 

(Si2=NH2
+) of Si3N4 adsorbents. The H+ ions get complexed by the silanolate groups (Si-

O-) and are neutralized (Adamu et al., 2017). This increases the affinity of silazane active 

sites for MO and CR dye uptake. The adsorption mechanism is that the sulfonate group in 

the molecular structure of MO and CR dyes (R-SO3Na) first dissociates in aqueous 

solution to active negatively charged sulfonate groups (-SO3
-) as shown in Equation 4.1 

(Subbaiah and Kim, 2016). 

 

 

There are significant electrostatic forces between the Si2=NH2
+ and the sulphonate groups 

(-SO3
-) of the MO and CR dye molecules and this leads to maximum adsorption as shown 

in Equation 4.2. 

 

 

 

At pH levels  pHpzc 5.40, the dye solution becomes more alkaline as a result of excess 

OH− ions causing its competition with the -SO3
- ions for silazane binding sites. This 
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consequently weakens its adsorption effect (Munagapati and Kim, 2016). The results 

compare with findings reported by Bellifa et al. (2017) and Hachani et al. (2017) during 

their adsorption studies on MO and CR dyes onto bentonite and raw date pits adsorbents 

respectively. 

 

The uptake of MB dyes (Figure 4.18 C) was 10.97 ± 0.03 mg/g for SN-3 at optimal 

pH=10.00. On using other adsorbents, the uptake was 13.93 ± 0.09 mg/g (SN-1), 13.99 ± 

0.06 mg/g (SN-2), 12.91 ± 0.03 mg/g (SN-4), 14.62 ± 0.01 mg/g (SN-5) and 16.82 ± 0.05 

mg/g for (SN-6) at optimal value (pH=11.00). This is as shown in appendix III B. Lower 

adsorption at lower initial pH (≤ pHpzc 5.40) was because of excess H+ ions which 

competed with cationic MB dye molecules for silanolate adsorbent sites. The silanolate 

functional groups becomes protonated making it to lose affinity for MB dyes uptake. 

However, at higher pH values ( pHpzc 5.40), there is an increased OH- ions in the 

solution. This causes a repulsion between OH- ions and the silanolate (Si-O-) active sites 

favoring the sorption of MB molecules. The findings are in tandem with reports by 

Maingi et al. (2017), Islam et al. (2019) and Tahazadeh et al. (2021) on MB dye sorption 

using geopolymer, peanut shell and cellulose acetate (CA)-based nanocomposite 

adsorbents respectively. The pH of 1.00 (MO and CR) and 11.00 (MB) was chosen for 

subsequent experiments. 

 

4.6.2 Effect of agitation time on sorption of MO, MB and CR dyes 

 

The effect of agitation time on the MO, MB and CR dyes uptake was investigated at 

varied time intervals of 20 minutes at optimal pH conditions and other parameters (20 
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mg/L, 20 mg, 298 K and 150 rpm). The outcomes are presented in the Figures 4.19 A, B 

and C. 

 

  
 

 

Figure 4.19: Effect of agitation time on MO (A), MB (B) and CR (C) dyes removal onto 

Si3N4 adsorbents: 20 mg/L; pH = 1.00 (MO and CR) and pH = 11.00 (MB); 20 mg; 298 

K; 150 rpm 

 

The results (Figure 4.19 A) indicate that the uptake of MO dyes was rapid within the first 

30 minutes (SN-1) followed by 40 minutes (SN-4 and SN-6), 50 minutes (SN-2 and SN-

5) and 60 minutes (SN-3) with maximum uptake ranging from 10.88 ± 0.02 mg/g to 
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15.55 ± 0.07 mg/g. The maximum sorption for MB dyes (Figure 4.19 B) ranged from 

14.09 ± 0.04 mg/g to 15.78 ± 0.00 mg/g at optimal values of 30 minutes (SN-2), 50 

minutes (SN-1, SN-3 and SN-4) and 70 minutes (SN-5 and SN-6). The optimal agitation 

time for CR dyes (Figure 4.19 C) sorption onto Si3N4 adsorbents was 30 minutes (SN-2 

and SN-4) and 50 minutes for other adsorbents. The maximum uptake ranged from 11.09 

± 0.11 mg/g to 15.85 ± 0.06 mg/g. This is as shown appendices IV A, IV B and IV C. 

 

The uptake of MO, CR and MB dyes increased with increasing agitation time to 

equilibrium beyond which no significant change was registered. The rapid dyes uptake at 

initial adsorption stages was due to the accessibility of vacant binding sites for maximum 

uptake (Song et al., 2018). Subsequently, the dyes uptake decreased beyond the optimal 

agitation times as most of the binding sites are used up which do not allow for further 

dyes uptake to take place (Fadhil and Eisa, 2019; Maia et al., 2021). These findings 

compare well with those reported by Abualnaja et al. (2021), Çatlıoğlu et al. (2021), 

Muniyandi and Govindaraj (2021) and Al-Salihi et al. (2022) during their removal 

studies of MO, MB and CR dyes using poly (Acrylonitrile-co-Styrene) nanocomposites, 

Fe-modified banana peel, palm shell activated carbon and γ-alumina nanoshell 

adsorbents. An agitation time of 50 minutes was selected for subsequent experiments. 

 

4.6.3 Effect of adsorbent dosage on sorption of MO, MB and CR dyes 

 

The dosage effect on MB MO and CR dyes uptake was examined at a pH of 1.00 (MO 

and CR) and pH = 11.00 (MB), 20 mg/L (concentration) and 50 minutes (agitation time) 

at a room temperature (298 K). The outcomes are presented in Figures 4.20 A, B and C. 
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Figure 4.20: Effect of adsorbent dosage on MO (A), MB (B) and CR (C) dyes removal 

onto Si3N4 adsorbents: 20 mg/L; pH = 1.00 (MO and CR) and pH = 11.00 (MB); 50 

minutes; 298 K; 150 rpm 

 

The results in Figure 4.20 A showed that the MO dyes uptake was maximum at an 

optimal dosage of 15 mg (SN-2 and SN-3), 20 mg (SN-1, SN-5 and SN-6) and 30 mg for 

SN-4 adsorbent. 
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The amount of MB dyes (Figure 4.20 B) adsorbed increased with increase in dosage (5 

mg) to optimal (10 mg) for SN-4 and 30 mg for other adsorbents. The optimum dosage 

for CR dyes removal (Figure 4.20 C) was 20 mg (SN-2 and SN-5) and 25 mg for other 

adsorbents beyond which a slight decrease was observed. The maximum mean uptake 

was highest in SN-1 (14.57 ± 0.27 mg/g), SN-5 (12.88 ± 0.01 mg/g) and SN-6 (11.99 ± 

0.01 mg/g) for MO, MB and CR dyes respectively at optimal dosages. This is as shown 

in appendices V A, V B and V C. 

 

An increase in adsorbent mass increased the binding sites for maximum uptake of the 

dyes (Tuli et al., 2020; Unugul and Nigiz, 2020). A decreased dyes uptake beyond 

optimal values could be due to increased overlapping of the binding sites causing 

screening effect which reduces the number of effective sites (Qu et al., 2020; Jiang et al., 

2021). A dosage of 30 mg was used for the subsequent batch experiments. The findings 

are in tandem with the ones reported by Albayati et al. (2017), Sharifpour et al. (2019), 

Shittu et al. (2019), Kakhki et al. (2020) and Egbosiuba et al. (2020) on MO, CR and MB 

dyes uptake using different adsorbents. 

 

4.6.4 Effect of initial concentration on sorption of MO, MB and CR dyes 

 

The impact of concentration on MO, CR and MB dyes removal onto Si3N4 adsorbents 

was investigated at varied concentrations (10 mg/L to 150 mg/L) and agitated for 50 

minutes. The outcomes are shown in Figures 4.21 A, 4.21 B and 4.21 C. 
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Figure 4.21: Effect of initial concentration on MO (A), MB (B) and CR (C) dyes 

removal onto Si3N4 adsorbents: pH = 1.00 (MO and CR) and pH = 11.00 (MB); 50 

minutes; 30 mg; 298 K; 150 rpm 

 

From the outcomes in Figure 4.21 A, the maximum MO dyes uptake ranged from 19.04 ± 

0.07 mg/g to 26.93 ± 0.03 mg/g at optimal values of 30 mg/L (SN-4) and 50 mg/L for 

other adsorbents. The optimal concentration values for MB dyes (Figure 4.21 B) were 30 

mg/L (SN-2, SN-4 and SN-6) and 50 mg/L (SN-1, SN-3 and SN-5). The maximum 

uptake was 27.46 ± 0.09 mg/g (SN-1), 18.79 ± 0.01 mg/g (SN-2), 24.53 ± 0.02 mg/g 
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(SN-3), 18.25 ± 0.07 mg/g (SN-4), 29.74 ± 0.04 mg/g (SN-5) and 19.21 ± 0.05 mg/g 

(SN-6). The sorption of CR dyes (Figure 4.21 C) increased to maximum at 50 mg/L for 

all the adsorbents with uptake ranging from 23.29 ± 0.03 mg/g to 31.77 ± 0.15 mg/g. This 

is as expounded in appendices VI A, VI B and VI C. This was the followed by a steady 

state or a decrease in removal uptake. 

 

The trend is described by the fact that, at lower initial concentration values, adsorbent 

sites are available with less available dye molecules (Youcef et al., 2019). Also, the 

diffusion rate of dyes at lower concentration values is low; hence only few dye molecules 

reach the adsorbent sites (Aminu et al., 2020). An increase in concentration with 

unchanged amount of binding sites leads to an increase in dyes uptake to optimum 

concentrations (Khan et al., 2022). A decreased dyes uptake beyond optimal values could 

be due to the binding sites being used up as the dye molecules for a given adsorbent mass 

is already occupied leaving more unadsorbed in the solution (Rondina et al., 2019; 

Radoor et al., 2020). An optimal value of 50 mg/L was used for subsequent experiments. 

The results mirror those reported by Mirzaei et al. (2020), Ali and Mohammed (2020), 

Razzaq et al. (2021) and Tan et al. (2021) on sorption studies of MO, MB and CR dyes 

onto NaX/MgO-TiO2 zeolite nanocomposite, water hyacinth, L-cysteine/rGO/PANI 

nanocomposite and polysaccharide composite adsorbents respectively. 

 

4.7 Equilibrium studies using adsorption isotherms 

The experimental data obtained for MO, CR and MB dyes uptake onto Si3N4 adsorbents 

at optimal conditions was analyzed using Langmuir, Dubinin-Radushkevich and 
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Freundlich isotherms (Equations 2.6, 2.7. 2.8, 2.9 and 2.10). The outcomes of the study 

are discussed in the sub-sections 4.7.1, 4.7.2 and 4.7.3. 

 

4.7.1 Adsorption isotherms for MO dyes 

 

The plotting of 
Ce

qe
 against Ce (Langmuir), ln qe against  ln Ce (Freundlich) and lnqe 

versus ε2 (Dubinin-Radushkevich) yields graphs which were employed to determine 

isotherm parameters and constants. The outcomes are represented in Table 4.6.  
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Table 4.6: Isotherm models for MO dyes adsorption onto Si3N4 adsorbents 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

  Adsorbent 

            Isotherm 

SN-1 SN-2 SN-3 SN-4 SN-5 SN-6 

 

 

Langmuir 

Qm, exp ± S.D 

 (mg/g) 

24.38 ± 0.03b 26.01 ± 0.01a 24.84 ± 0.02b 19.04 ± 0.07d 26.93 ± 0.03a 21.52 ± 0.02c 

Qm, cal ± S.D 

(mg/g) 

21.60 ± 0.04e 24.75 ± 0.06c 28.25 ± 0.11a 23.92 ± 0.02cd 

 

25.13 ± 0.05bc 

 

19.53 ± 0.01f 

 

KL  

(L/g) 

6.82 × 10-1 1.61 × 10-1 1.22 × 10-1 8.10 × 10-1 8.82 × 10-1 6.85 × 10-1 

 

R2 0.9876 0.9702 0.9789 0.9835 0.9993 0.9887 

 

 

 

Freundlich 

 

1
n⁄  2.73 × 10-1 2.93 × 10-1 3.13 × 10-1 1.74 × 10-1 3.42 × 10-1 2.92 × 10-1 

 

KF ± S.D 

(mg/g) 

7.67 ± 0.00b 7.61 ± 0.01b 6.86 ± 0.03c 11.50 ± 0.06a 6.68 ± 0.02cd 5.30 ± 0.00d 

 

R2 0.7642 0.5745 0.6443 0.3777 0.7261 0.4464 

 

 

 

Dubinin-Radushkevich 

Qm, cal ± S.D 

(mg/g) 

32.13 ± 0.04bc 

 

31.53 ± 0.05c 32.18 ± 0.00b 33.30 ± 0.03b 37.58 ± 0.01a  16.54 ± 0.02d 

 

KD-R  

(mol2 /kJ2) 

4.10 × 10-2 3.00 × 10-2 6.66 × 10-2 7.25 × 10-2 1.42 × 10-1 3.70 × 10-2 

E ± S.D 

(kJ/mol) 

3.49 ± 0.02bc 4.08 ± 0.01a 

 

2.74 ± 0.03c 2.63 ± 0.00c 1.88 ± 0.02d 3.68 ± 0.01ab 

 

 R2 0.9118 0.9090 

 

0.8457 0.7986 0.7896 0.9013 

 

Best fit model                                                         Langmuir 
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From the findings in Table 4.6, the experimental data on sorption of MO dyes fitted well 

in Langmuir model with R2 of > 0.97 for all the adsorbents. This is as indicated by 

appendices VII A, VIII A and IX A. The calculated adsorption capacities (Qm) were 

21.60 ± 0.04 mg/g (SN-1), 24.75 ± 0.06 mg/g (SN-2), 28.25 ± 0.11 mg/g (SN-3), 23.92 ± 

0.02 mg/g (SN-4), 25.13 ± 0.05 (SN-5) and 19.53 ± 0.01 mg/g (SN-6) which were in 

tandem with the adsorption capacity obtained from the experimental data. This suggested 

monolayer interactions of the MO dye molecules with the binding sites that are 

chemisorption in nature (Rosanti et al., 2022). The findings are in tandem with those 

registered by the study done by Shah et al. (2021) on MO dyes sorption using populous 

leaves adsorbent. 

 

4.7.2 Adsorption isotherms for MB dyes 

 

The adsorption capacity of Si3N4 adsorbents and isotherm constants at equilibrium for 

MB dyes uptake is given in Table 4.7. 
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Table 4.7: Isotherm models for MB dyes adsorption onto Si3N4 adsorbents 

 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 
 

  Adsorbent 

            Isotherm 

SN-1 SN-2 SN-3 SN-4 SN-5 SN-6 

 

 

Langmuir 

Qm, exp ± S.D 

  (mg/g) 

27.46 ± 0.09b 18.79 ± 0.01e 24.53 ± 0.02c 

 

18.25 ± 0.07e 29.74 ± 0.04a 19.21 ± 0.05de 

Qm, cal ± S.D 

(mg/g) 

33.22 ± 0.15a 21.46 ± 0.06c 

 

19.69 ± 0.11d 

 

16.03 ± 0.14e 

 

28.09 ± 0.03b 

 

19.96 ± 0.08d 

 

KL 

(L/g) 

3.03 × 10-1 3.00 × 10-1 8.82 × 10-1 5.98 × 10-1 3.48 × 10-1 6.89 × 10-1 

 

R2 0.9081 0.9896 0.9614 0.9712 0.9973 0.9982 

 

 

 

Freundlich 

 

1
n⁄  2.92 × 10-1 1.46 × 10-1 1.73 × 10-1 1.79 × 10-1 1.13 × 10-1 1.37 × 10-1 

 

KF ± S.D 

(mg/g) 

8.90 ± 0.01d 11.94 ± 0.00b 8.62 ± 0.02d 10.14 ± 0.01bc 15.98 ± 0.03a 10.63 ± 0.00c 

R2 0.4330 0.2325 0.2826 0.4511 0.4341 0.4169 

 

 

 

Dubinin-Radushkevich 
 

Qm, cal ± S.D 

(mg/g) 

26.96 ± 0.02c 

 

14.11 ± 0.00d 43.53 ± 0.03a 12.26 ± 0.01e 33.09 ± 0.07b 33.22 ± 0.01b 

KD-R  

(mol2 /kJ2) 

2.10 × 10-3 

 

1.95 × 10-2 2.20 × 10-2 1.01 × 10-2 2.62 × 10-2 2.40 × 10-2 

 

E ± S.D 

(kJ/mol) 

15.43 ± 0.00a 

 

5.06 ± 0.01c 4.77 ± 0.02cd 7.04 ± 0.03b 4.37 ± 0.00d 4.56 ± 0.02d 

 

R2 0.9923 0.9567 0.7518 0.8021 0.9164 0.8019 

 

Best fit model      Dubinin-                                                             Langmuir 

Radushkevich  
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From the results in Table 4.7, sorption of MB dyes onto Si3N4 adsorbents gave R2 > 0.96 

in Langmuir isotherm.  The results are as construed in appendices VII B, VIII B and IX 

B. This showed that adsorption best fitted the model dictating a monolayer coverage of 

MB dyes on the adsorbents surface which is chemisorption in nature (Mohammadi and 

Veisi, 2018). Also, most of the binding sites have equal affinities toward the MB dyes 

(Farghali et al., 2021).  

 

For SN-1, the adsorption studies of MB dyes were explained by Dubinin-Radushkevich 

model with R2 of 0.9923, Qm, cal of 26.96 ± 0.02 mg/g, KD-R value of 2.10 × 10-3 mol2/kJ2 

and E value of 15.43 ± 0.00 kJ/mol which implied that the uptake process was 

predominated by chemisorption (Muralisankar et al., 2018). Patawat et al. (2020), 

Paclijan et al. (2021) and Sebeia et al. (2019) reported similar findings during their 

adsorption studies of MB dyes using Dipterocarpus alatus fruit derived activated carbon, 

PAN and PVDF nanofiber membrane and copper nanoparticles adsorbents. 

 

4.7.3 Adsorption isotherms for CR dyes 

 

The Table 4.8 show the results obtained for the comparison of Langmuir, Dubinin-

Radushkevich and Freundlich isotherms for the CR dyes sorption onto Si3N4 adsorbents. 
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Table 4.8: Isotherm models for CR dyes adsorption onto Si3N4 adsorbents 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 
 

 

Adsorbent 

              Isotherm 

 

SN-1 

 

SN-2 

 

SN-3 

 

SN-4 

 

SN-5 

 

SN-6 

 

 

Langmuir 

Qm, exp ± S.D 

  (mg/g) 

29.29 ± 0.03b 31.77 ± 0.15a 28.87 ± 0.07b 26.27 ± 0.08c 31.27 ± 0.13a 23.29 ± 0.03d 

 

Qm, cal ± S.D 

(mg/g) 

32.36 ± 0.49ab 30.21 ± 0.03c 33.90 ± 0.47a 28.09 ± 0.13d 32.57 ± 0.09ab 28.74 ± 0.26d 

 

KL  

(L/g) 

1.30 × 10-1 1.94 × 10-1 9.42 × 10-2 7.67 × 10-2 1.11 × 10-1 9.54 × 10-2 

 

R2 0.9643 0.9958 0.9538 0.9822 0.9973 0.9683 

 

 

 

Freundlich 

 

1
n⁄  2.62 × 10-1 3.50 × 10-1 4.32 × 10-1 4.67 × 10-1 4.76 × 10-1 4.70 × 10-1 

 

KF ± S.D 

(mg/g) 

9.99 ± 0.41a 9.23 ± 0.07a 5.83 ± 0.06b 2.99 ± 0.02d 4.58 ± 0.07c 2.96 ± 0.07d 

 

R2 0.4480 0.4769 0.5952 0.6501 0.6707 0.5288 

 

 

 

Dubinin-Radushkevich 

Qm, cal ± S.D 

(mg/g) 

20.35 ± 0.07f 38.88 ± 0.09b 43.07 ± 0.03a 22.39 ± 0.01e 34.32 ± 0.05d 36.11 ± 0.03c 

 

KD-R  

(mol2 /kJ2) 

1.77 × 10-2 3.05 × 10-2 4.56 × 10-2 3.81 × 10-2 3.58 × 10-2 4.34 × 10-2 

 

E ± S.D 

(kJ/mol) 

5.31 ± 0.00a 4.05 ± 0.08ab 3.31 ± 0.04c 3.62 ± 0.02c 3.74 ± 0.03bc 3.39 ± 0.01c 

 

R2 0.6273 0.8355 0.8611 0.8873 0.9043 0.8030 

 

Best fit model Langmuir  
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From the outcomes in Table 4.8, correlation coefficients (R2) of > 0.95 were obtained for 

Langmuir isotherm. This was corroborated by the closeness of Qm, exp (mg/g) and Qm, cal 

(mg/g). This implies that the Langmuir gave better regression coefficient than those of 

Freundlich and Dubinin-Radushkevich as shown by appendices VII C, VIII C and IX C. 

The values of KL < 1 showed the favorability of CR dye sorption onto the adsorbents 

(Litefti et al., 2019). The results mirror those reported by Abdul Rahim et al. (2021) on 

uptake studies of CR dyes onto coconut wastes.  

 

From the equilibrium results, the Si3N4 adsorbents performance for sorption of CR, MB 

and MO dyes was chemisorption in nature. This showed that the adsorbent functional 

groups of silicon-nitrogen-silicon (Si-N-Si) and silanol (Si-OH) were hydroxylated in 

water to silazane (Si2=NH2
+) and silanolate groups (Si-O-) as important adsorption sites 

for anionic (MO and CR) and cationic MB dyes sorption. 

 

All adsorbents recorded highest uptake capacity for CR dyes. This could be due to more 

reaction centers of amino (-NH2) and sulphonate (-SO3H) groups in the CR structure 

increasing the Si3N4 adsorbent affinity for the dye ion via electrostatic attractions and 

dipole-dipole hydrogen bonding. 

 

4.8 Adsorption kinetic studies 
 

The time data at optimized parameters was fitted to Pseudo-second-order, Elovich and 

Pseudo-first-order models (Equations 2.11, 2.12 and 2.13). The outcomes of the study are 

discussed in the sub-sections 4.8.1, 4.8.2 and 4.8.3. 
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4.8.1 Adsorption kinetic studies for MO dyes 

 

The three different kinetic parameters calculated by linear regression of time data for MO 

dyes sorption onto Si3N4 adsorbents are shown in Table 4.9. 
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Table 4.9: Kinetic parameters for sorption of MO dyes onto Si3N4 adsorbents 
 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

  Adsorbent 

            Model 

SN-1 SN-2 SN-3 SN-4 SN-5 SN-6 

 

 

 

Pseudo-first-order 

Qe, exp ± S.D 

(mg/g) 

15.72 ± 0.04ab 

 

15.01 ± 0.02b 12.47 ± 0.05c 

 

12.29 ± 0.07c 16.04 ± 0.09a 

 

11.63 ± 0.01d 

 

Qe, cal ± S.D 

(mg/g) 

1.17 ± 0.08d 2.13 ± 0.03c 4.41 ± 0.01a 2.66 ± 0.05c 3.06 ± 0.00b 2.36 ± 0.07bc 

 

K1  

(min-1) 

1.10 × 10-3 6.90 × 10-3 5.70 × 10-3 5.60 × 10-3 7.10 × 10-3 8.30 × 10-3 

 

R2 

 

0.2105 0.4533 0.6536 0.6232 0.7357 0.6177 

 

 

 

Pseudo-second-order 

 

Qe, cal ± S.D 

(mg/g) 

16.08 ± 0.09a 15.53 ± 0.01ab 11.35 ± 0.03c 11.96 ± 0.07c 15.46 ± 0.02ab 11.55 ± 0.04c 

 

K2  

(mg/g/min) 

6.44 × 10-2 1.19 × 10-2 9.21 × 10-2 2.11 × 10-2 3.17 × 10-2 3.48 × 10-2 

 

R2 

 

0.9941 0.9908 0.9834 0.9945 0.9982 0.9953 

 

 ∝  
(mg/g/min) 

1.37 × 10-3 

 

2.67 × 10-5 5.78 × 10-11 1.45 × 10-5 5.03 × 10-4 1.71 × 10-15 

 

Elovich β  
(g/mg) 

4.20 × 10-1 

 

5.95 × 10-1 8.36 × 10-1 6.66 × 10-1 5.11 × 10-1 8.75 × 10-1 

 

 R2 0.1691 0.5924 0.6780 0.5347 0.7633 0.7054 

Best fit model Pseudo-second-order 
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From the findings in Table 4.9, the Pseudo-second-order plots gave correlation 

coefficients (R2) closer to unity (R2 > 0.98) comparatively to those of Pseudo-first-order 

and Elovich plots. This presupposes that MO dyes sorption occurred through chemical 

interactions (Manzar et al., 2019). The model explain that the uptake process occurred on 

the adsorbent surface via exchange or sharing of electrons (Cheah et al., 2013).  

 

The K2 (mg/g/min) values were 6.44 × 10-2 (SN-1), 1.19 × 10-2 (SN-2), 9.21 × 10-2 (SN-

3), 2.11 × 10-2 (SN-4), 3.17 × 10-2 (SN-5) and 3.48 × 10-2 (SN-6). The results are as 

shown in appendices X A, XI A and XII A. The higher K2 (Pseudo-second-order) values 

than K1 (Pseudo-first-order) and ∝ (Elovich) values shows that there were strong 

chemical interactions between the active sites and the dye molecules which improved the 

rate of adsorption (Abbas et al., 2018). This is coherent to results previously reported 

(Sani and Abdullahi, 2017; Lacin and Aroguz, 2020). 

 

4.8.2 Adsorption kinetic studies for MB dyes 

 

The Table 4.10 below presents the results of kinetic plots using Pseudo-second-order, 

Pseudo-first-order and Elovich kinetic models. 
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Table 4.10: Kinetic parameters for sorption of MB dyes onto Si3N4 adsorbents 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

 

  Adsorbent 

             Model 

SN-1 SN-2 SN-3 SN-4 SN-5 SN-6 

 

 

 

Pseudo-first-order 

Qe, exp ± S.D 

(mg/g) 

19.06 ± 0.05ab 

 

14.35 ± 0.04e 15.43 ± 0.05d 

 

17.79 ± 0.09c 

 

20.54 ± 0.07a 

 

14.49 ± 0.04de 

Qe, cal ± S.D 

(mg/g) 

1.50 ± 0.03cd 1.88 ± 0.01c 1.26 ± 0.08d 1.07 ± 0.04d 5.90 ± 0.09a 3.87 ± 0.05b 

 

K1  

(min-1) 

2.70 × 10-3 5.80 × 10-3 1.60 × 10-3 2.80 × 10-3 9.70 × 10-3 7.00 × 10-4 

 

R2 

 

0.2370 0.1093 0.0908 0.0327 0.4048 0.1174 

 

 

 

Pseudo-second-order 

 

Qe, cal ± S.D 

(mg/g) 

19.08 ± 0.02a 13.70 ± 0.09cd 14.86 ± 0.03c 16.37 ± 0.07b 19.88 ± 0.03a 14.06 ± 0.08c 

 

K2  

(mg/g/min) 

9.06 × 10-2 5.38 × 10-2 1.47 × 10-1 5.26 × 10-1 1.19 × 10-2 8.57 × 10-2 

 

R2 

 

0.9984 0.9946 0.9954 0.9936 0.9968 0.9957 

 

 

Elovich 
 

∝  
(mg/g/min) 

1.05 × 10-9 

 

2.65 × 10-15 2.68 × 10-5 3.42 × 10-4 1.48 × 10-7 3.07 × 10-25 

 

β  
(g/mg) 

6.17 × 10-1 

 

8.29 × 10-1 5.55 × 10-1 4.72 × 10-1 6.33 × 10-1 8.82 × 10-1 

R2 0.4503 0.6764 0.5586 0.4571 0.7682 0.8064 

 

Best fit model Pseudo-second-order  
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From the results above (Table 4.10), the correlation coefficient (R2) values for Pseudo-

second-order are close to unity (1) than those for the Elovich and Pseudo-first-order 

kinetic models. Additionally, the calculated uptake capacity (Qe, cal) values from the 

Pseudo-second-order are close to the uptake capacity (Qe, exp) values obtained 

experimentally. The rate constant (K2) values were higher than the K1 and ∝ rate 

constants. This is as indicated by appendices X B, XI B and XII B.  

 

The closeness of Qe, cal and Qe, exp with higher R2 values (> 0.99) and higher K2 values 

indicated that the model best fit the experimental data for MB dyes removal compared to 

other kinetic models. Therefore, the findings demonstrated chemisorption as the rate 

determining step in MB dyes uptake onto the Si3N4 adsorbents (Alharby et al., 2021). 

Staroń et al. (2019) made similar observations on MB dyes adsorption by raphia fibers 

adsorbent. 

 

4.8.3 Adsorption kinetic studies for CR dyes 

 

The time data plots of ln (qe − qt) against time (Pseudo-first-order), qt versus lnt 

(Elovich) and t qt
⁄  against time (Pseudo-second-order) for CR dyes sorption onto Si3N4 

adsorbents were employed to determine the kinetic constants and parameters. The 

outcomes are presented in Table 4.11. 
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Table 4.11: Kinetic parameters for sorption of CR dyes onto Si3N4 adsorbents 

 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 
 

  Adsorbent 

            Model 

SN-1 SN-2 SN-3 SN-4 SN-5 SN-6 

 

 

 

Pseudo-first-order 

Qe, exp ± S.D 

(mg/g) 

19.25 ± 0.12d 

 

29.50 ± 0.05a 27.51 ± 0.07b 

 

18.61 ± 0.01de 

 

23.31 ± 0.03c 23.57 ± 0.04c 

Qe, cal ± S.D 

(mg/g) 

3.05 ± 0.02c 10.27 ± 0.00a 4.57 ± 0.05b 1.74 ± 0.08d 3.42 ± 0.01c 3.62 ± 0.03bc 

 

K1  

(min-1) 

6.90 × 10-3 3.70 × 10-3 8.10 × 10-3 2.30 × 10-3 4.70 × 10-3 9.10 × 10-3 

 

R2 

 

0.6587 0.4486 0.3599 0.5563 0.5139 0.6839 

 

 

 

Pseudo-second-order 

 

Qe, cal ± S.D 

(mg/g) 

18.59 ± 0.04d 29.85 ± 0.11a 26.25 ± 0.07b 18.28 ± 0.02d 22.32 ± 0.04c 22.94 ± 0.01c 

 

K2  

(mg/g/min) 

2.94 × 10-2 1.20 × 10-2 1.65 × 10-2 5.87 × 10-1 1.30 × 10-1 1.93 × 10-2 

 

R2 

 

0.9984 0.9964 0.9972 0.9942 0.9979 0.9994 

 

 

Elovich 
 

∝  
(mg/g/min) 

9.12 × 10-3 

 

1.84 × 10-4 1.44 × 10-5 6.50 × 10-7 6.66 × 10-13 1.05 × 10-12 

 

β  
(g/mg) 

3.50 × 10-1 

 

4.85 × 10-1 4.96 × 10-1 5.68 × 10-1 6.40 × 10-1 6.85 × 10-1 

 

R2 0.5259 0.8380 0.7111 0.5241 0.2268 0.7231 

 

Best fit model Pseudo-second-order 
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The results in Table 4.11 showed low R2, ∝ and K1 values for Elovich and Pseudo-first-

order models in comparison to those of Pseudo-second-order. This implies that the uptake 

of CR dyes onto Si3N4 adsorbents did not fit the models. The Pseudo-second-order R2 

values were > 0.99 for all the adsorbents as constructed in appendices X C, XI C and XII 

C. This implied that the experimental kinetic data best fitted the model indicating that the 

sorption of CR dyes onto the adsorbents was chemisorption in nature (Elwakeel et al., 

2020). Ojedokun and Bello (2017) observed similar phenomena in adsorption of CR dyes 

onto guava leaf-based activated carbon. 

 

The kinetic results for the MO, MB and CR sorption studies onto Si3N4 adsorbents was 

explained by Pseudo-second-order model with R2 > 0.9. This indicated that the 

chemisorption controlled the dyes uptake as the rate limiting step mainly by ion exchange 

between the adsorbent sites and the dye ions. 

 

The kinetic results showed higher Qe, cal and Qe, exp for CR dyes for all the adsorbents. 

This could be due to the adsorbents’ higher affinity for the dye ions.  

 

4.9 Desorption studies 

 

The desorption studies of MO, CR and MB dyes for the first cycle were carried out on 

Si3N4 adsorbents (50 mg/L and 30 mg) using 1.0 × 10-1 M NaOH, 1.0 × 10-1 M 

CH3COOH, distilled water and 1.0 × 10-1 M HCl eluents and findings presented in 

Figures 4.22 A, B and C. 
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Figure 4.22: Desorption of MO (A), MB (B) and CR (C) dyes from Si3N4 loaded 

adsorbents 

 

From the results in Figures 4.22, the highest desorption capacity (qd) of 29.17 ± 0.00 

mg/g (CR) and 24.97 ± 0.00 mg/g (MO) was achieved with 1.0 × 10-1 M NaOH eluent for 

all adsorbents with the highest reported in SN-5 adsorbent as constructed by appendices 

XIII A and XIII C. This revealed that OH- ions was involved in desorbing the dye 
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molecules from the adsorbent by creating electrostatic repulsions with sulphonate (–SO3
-) 

groups for silazane (Si2=NH2
+) groups. This is as shown in the Equation 4.3. 

 

This implies that ion exchange mechanism was involved in the adsorption and desorption 

of MO and CR dyes (Parimelazhagan et al., 2022). 

 

The desorption capacity of 25.57 ± 0.00 mg/g (SN-1), 17.97 ± 0.00 mg/g (SN-2), 20.57 ± 

0.01 mg/g (SN-3), 17.89 ± 0.00 mg/g (SN-4), 27.60 ± 0.00 mg/g (SN-5) and 16.69 ± 0.00 

mg/g (SN-6) was obtained for MB dyes with 1.0 × 10-1 M HCl as more suitable eluent in 

in regeneration of the dye loaded adsorbents. This is as shown in appendix XIII B. The 

presence of H+ ions in the MB dye solution destroys the electrostatic interaction between 

the silanolate groups (Si-O-) and the cationic MB dye ions making it to be preferentially 

complexed at the Si3N4 adsorbent surface. The results are similar to those recorded by 

Munagapati and Kim (2016), El-Kousy et al. (2020) and Oyarce et al. (2021). 

 

Further desorption studies for CR and MO dyes were performed using 1.0 × 10-1 M 

NaOH eluent and 1.0 × 10-1 M HCl (for MB dyes) with adsorption/desorption cycles 

being done upto 6th time. The SN-5 adsorbent showed the highest adsorption-desorption 

capacity (first cycle) and was used for the subsequent cycles and the outcomes are 

presented in sub-section 4.9.1. 

 

4.9.1 Adsorption-desorption studies using Si3N4 adsorbents 

 

The recovery and re-usability potential of SN-5 adsorbent was studied for MO, CR and 

MB dyes. The outcomes are shown in Figure 4.23. 



143 

 

Figure 4.23: Adsorption-desorption cycles for SN-5 adsorbent 

 

The findings in Figure 4.23 indicated that adsorption and desorption capacity of SN-5 

adsorbent for MO, MB and CR dyes decreased with increase in cycles. There was slight 

decrease in both dye adsorption and desorption capacities from the first upto sixth cycle 

for the MO, MB and CR dyes respectively as constructed in appendix XIV. The decrease 

in the uptake capacity was due to the ignorable mass of the adsorbent that got lost during 

the adsorption-desorption processes (Munagapati and Kim, 2016).  

 

The adsorption-desorption experiments showed that Si3N4 adsorbents can be re-used 

repeatedly for MO, MB and CR dyes adsorption and desorption. Therefore, it can be 

applied in column adsorption studies to test on their applicability in textile dye 

wastewater treatment. 

 

4.10 Fixed-bed column adsorption studies 

 

The column uptake studies of MO, MB and CR dyes were investigated using SN-5 

adsorbent. The outcomes are discussed in sub-section 4.10.1, 4.10.2 and 4.10.3. 
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4.10.1 Effect of volumetric flow rate on adsorption of MO, MB and CR dyes 

 

The impact of volumetric flow rate on MO, CR and MB dyes sorption onto SN-5 

adsorbent is as presented by Figures 4.24 A, B, and C. 

 

  
 

 

Figure 4.24: Effect of volumetric flow rate on sorption of MO (A), MB (B) and CR (C) 

dyes onto SN-5 adsorbent (at C0 = 50 mg/L, Z = 3 cm) 
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From the results in Figures 4.24, the optimal value of 4 mL/min was attained for MO, 

MB and CR dyes sorption onto the adsorbent. The breakthrough times were low at a high 

volumetric flow rate with breakthrough curves becoming steeper. Increase in volumetric 

flow rate from 4, 5 to 6 mL/min, decreased the breakthrough times (tb) and saturation 

times (ts). That is, 130 minutes to 70 minutes and 350 minutes to 210 minutes; 140 

minutes to 70 minutes and 320 minutes to 190 minutes and 180 minutes to 90 minutes 

and 390 minutes to 240 minutes for MO, MB and CR dyes respectively.  

 

This resulted to a decrease in column adsorption capacity to 42.79 ± 0.04 (MO), 37.38 ± 

0.17 mg/g (MB) and 47.33 ± 0.03 mg/g (CR). This is as shown in appendix XV A, XV B 

and XV C. This could be because of the fact that, at higher volumetric flow rate values, 

the time of contact of the dyes with the adsorbent surface is not enough (Patel, 2018). 

This makes the molecules have inadequate time for their interaction with the adsorbent 

sites leaving the column before saturation occurs (Banerjee et al., 2017). The increase in 

volumetric flow rate also affects the film diffusion, which lowers the mass transfer force 

from the aqueous phase to the solid phase (Hummadi et al., 2022). The outcomes agree 

with those reported by Bennani et al. (2015) during their MB dyes column uptake using 

Moroccan clay adsorbent. 

 

4.10.2 Effect of bed height on adsorption of MO, MB and CR dyes 

 

The breakthrough curves for column uptake of MO, MB and CR dyes onto SN-5 

adsorbent were obtained at varied column heights (3, 5 and 7 cm). The findings are as 

shown in Figure 4.25 A, 4.25 B and 4.25 C.  
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Figure 4.25: Effect of bed height on sorption of MO (A), MB (B) and CR (C) dyes onto 

SN-5 adsorbent (at C0 = 50 mg/L, Q = 4 mL/min) 
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an increase in column capacity. That is, from 310 minutes, 430 minutes to 540 minutes 

(MO), 320 minutes, 440 minutes to 550 minutes (MB) and 340 minutes, 470 minutes to 

580 minutes (CR).  

 

Also, the column sorption capacity increased from 43.88 ± 0.07 to 48.21 ± 0.04 mg/g 

(MO), 45.79 ± 0.04 to 48.75 ± 0.06 mg/g (MB) and 48.15 ± 0.01 to 51.14 ± 0.06 mg/g 

(CR) with increase in column height. This is as construed in appendices XV A, XV B and 

XV C. The findings demonstrated that the breakthrough point took longer with increasing 

the bed height. At a column height of 3 cm, the adsorbent load in the fixed-bed column is 

low, hence a smaller bed capacity, which over time, became saturated and as a result, less 

dyes were adsorbed (Jain et al., 2020). As the column height is raised from 3 cm to 7 cm, 

a decreased breakthrough curve slope is observed. This resulted to a rapid mass transfer 

zone (Jaime et al., 2018). This was because of a large adsorbent surface area which led to 

more binding sites for MO, MB and CR dyes adsorption resulting in higher column 

capacity (Bharathi and Ramesh, 2013; Yahuza et al., 2017). The findings are coherent 

with those reported by Nica et al. (2020) on MB sorption studies onto cellulose cellet 

adsorbent. 

 

4.10.3 Effect of influent concentration on adsorption of MO, MB and CR dyes 

 

The impact of concentration on MO, MB and CR dyes column uptake onto SN-5 

adsorbent is presented in Figure 4.26 A, B and C by keeping the volumetric flow rate at 4 

mL/min and bed height at 7 cm. 
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Figure 4.26: Effect of influent concentration on adsorption of MO (A), MB (B) and CR 

(C) dyes onto SN-5 adsorbent (at Z = 7 cm, Q = 4 mL/min) 

 

From the findings above (Figure 4.26), the MO, CR and MB dyes column uptake onto the 

SN-5 adsorbent was maximum at 50 mg/L optimal concentration. The breakthrough 

curves illustrated a decrease in breakthrough (tb) and saturation times (ts) as the 

concentration was varied from 50, 70 to 90 mg/L. That is, from 150 minutes to 70 

minutes (MO), 230 minutes to 90 minutes (MB) and 190 minutes to 110 minutes (CR). 
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Also, from 570 minutes to 290 minutes for MO dyes, 550 minutes to 250 minutes for MB 

dyes and 590 minutes to 300 minutes for CR dyes.  

 

Maximum column capacity at 50 mg/L was 50.76 ± 0.17 mg/g, 47.01 ± 0.14 mg/g and 

52.56 ± 0.04 mg/g for MO, MB and CR dyes respectively. This is as expounded in 

appendices XV A, XV B and XV C. Low dye concentration makes the saturation time 

and diffusion rate longer (Ali and Mohammed, 2021). The breakthrough curves became 

dispersed and breakthrough occurred slowly but sharper breakthrough curves were 

obtained as the influent concentration increased (Al-Husseiny, 2014). This showed that, 

at lower inlet concentration, more dye molecules interact with the adsorbent sites leading 

to higher volume of treated water (Mohammad et al., 2016). Increasing the influent 

concentration leads to a rapid binding sites saturation due to a higher driving force of 

dyes lowering the column adsorption (Hummadi et al., 2022). This imply that the 

adsorbent will be exhausted within a short period of time with less dyes uptake. The 

outcomes are in tandem with those reported in the study using different adsorbents 

(Reddy and Nirmala, 2014; Patel et al., 2019). 

 

4.11 Kinetics of column adsorption  

The kinetic plots of ln (
Co

Ct
− 1) against time (Thomas), ln (

Ct

Co
) against time (Adams-

Bohart) and ln (
Ct

Co−Ct
) against time (Yoon-Nelson) (Equation 2.14, 2.15, 2.16, 2.17 and 

2.18) were used to calculate the model constants (kTH, kYN and KAB), maximum bed 

capacity (Qo) and breakthrough times at Ct/C0 ≈ 0.5 (τ0.5). The outcomes are presented 

in Table 4.12.  
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Table 4.12: Column kinetic model constants and correlation coefficients (R2) for MO, MB and CR dyes sorption onto SN-5 

adsorbent 

Thomas  Yoon-Nelson 

Dye Qo, exp ± S.D 

(mg/g) 

Qo, cal ± S.D 

(mg/g) 

KTH 

(ml/mg/min) 

R2 KYN 

(min-1) 

t0.5, exp 

(min) 

τ 0.5, cal 

(min) 

Qo, 0.5, exp ± S.D 

(mg/g) 

Qo, 0.5, cal ± S.D 

(mg/g) 

R2 

MO 50.76 ± 0.17b 

 

45.37 ± 0.12c 2.02 × 10-4 0.9106 1.42 × 10-2 300 311.42 27.27 ± 0.23b 28.31 ± 0.09b 0.9324 

MB 47.01 ± 0.14c 

 

48.09 ± 0.18a 2.46 × 10-4 0.9959 2.07 × 10-2 290 304.20 26.36 ± 0.08c 27.65 ± 0.13c 0.9602 

CR 52.56 ± 0.04a 

 

47.63 ± 0.02b 2.38 × 10-4 0.9545 1.80 × 10-2 310 334.71 28.18 ± 0.15a 30.43 ± 0.06a 0.9521 

Adams-Bohart 

  Dye KAB 

(L/mg/min) 

No 

(mg/L) 

Qo, cal ± S.D 

(mg/g) 

R2  

MO 1.96 × 10-4 15126.43 ± 0.07c 15.13 ± 0.07c 0.5944 

 

MB 2.32 × 10-4 18386.37 ± 0.09a 18.39 ± 0.09a 0.7303 

 

CR 2.80 × 10-5 17555.31 ± 0.13b 17.56 ± 0.13b 0.4435 

 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 
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From the results in Table 4.12, the column data obtained from the breakthrough curves 

for MO, MB and CR dyes showed conformity with Yoon-Nelson and Thomas as suitable 

models in describing fixed-bed column operations (R2 > 0.91). This is as indicated by 

appendix XVI A, XVII and XVIII. This was corroborated by the closeness of Qo, cal with 

Qo, exp at saturation. That is, 50.76 ± 0.17 and 45.37 ± 0.12 mg/g (MO); 47.01 ± 0.14 and 

48.09 ± 0.18 mg/g (MB); 52.56 ± 0.04 and 47.63 ± 0.02 mg/g (CR). This was also 

confirmed by closeness of Qo, cal with Qo, exp at 50 % column breakthrough.  

 

Also, the rate constants (KTH and KYN) values were higher than the KAB rate constants. 

This showed that column sorption mechanism of MO, CR and MB dyes onto the SN-5 

adsorbent was a monolayer chemical adsorption mechanism (Zhang et al., 2011). This 

agrees with batch experiment results. The time required for a 50 % adsorbate 

breakthrough calculated by Yoon-Nelson model compare to those obtained 

experimentally (appendix XV A, XV B and XV C). The results mirror those reported by 

Mohammad et al. (2016), Silva et al. (2020) and Babazadeh et al. (2021) using tea 

wastes, H3PO4-activated carbon fibers and chitosan-clinoptilolite adsorbents. 

 

4.12 Column performance using environmental water samples 

The column performance using spiked water samples was done at optimized parameters 

(4 mL/min and 7 cm) for the SN-5 adsorbent. The obtained breakthrough curves were 

employed to predict the performance of the Si3N4 adsorbent. The findings are presented 

in Figures 4.27 A, 4.27 B and 4.27 C.  
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Figure 4.27: Column adsorption of MO (A), MB (B) and CR (C) dyes from spiked water 

samples onto SN-5 adsorbent (at Q = 4 mL/min, Z = 7 cm) 

 

The results in Figures 4.27 showed that the breakthrough and saturation times for SN-5 
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and 180 minutes and 530 minutes (CR). The amount of dyes adsorbed (Qo, exp) at 

saturation time was 41.85 ± 0.12 mg/g (MO), 38.92 ± 0.08 mg/g (MB) and 46.38 ± 0.05 

mg/g (CR). The findings demonstrated that SN-5 adsorbent took less time to 
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breakthrough and saturation for the spiked water samples than the model solutions with a 

lower column adsorption capacity. This is as construed in appendix XIX. This could be 

because of the existence of other interfering inorganic and organic species in the water 

samples which competed for the available adsorbent sites with the dye molecules 

resulting to faster saturation of the adsorbent sites (Mahmoud et al., 2019). 

 

The column time data for the breakthrough curves of MO, MB and CR dyes were 

modelled using Thomas model and outcomes are presented in Table 4.13. 

 

Table 4.13: Thomas parameters of SN-5 adsorbent for MO, MB and CR dyes sorption 

from spiked water samples 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

 

The results in Table 4.13 showed that Thomas plots gave R2 values of 0.9520, 0.9535 and 

0.9782 for MO, MB and CR dyes respectively showing a good data fit as construed by 

appendix XVI B. Low standard deviation (< 1) demonstrated a good precision, most 

efficient and reliable recovery process for routine analysis of water samples (Mohd et al., 

2020). The results showed SN-5 as a promising adsorbent in dye wastewater treatment. 

 

 

Dye 

Parameters  

 

Found in 

environmental 

water sample  

(mg/L) 

Found in 

spiked water 

sample  

(mg/L) 

𝐤𝐓𝐇 

(mL/mg/min) 

Qo, exp ± S.D 

(mg/g) 

Qo, cal ± S.D 

(mg/g) 

R2 

MO 0.9694 3.5067 3.04 × 10-4 41.85 ± 0.12b 34.26 ± 0.09b 

 

0.9520 

MB 1.6450 2.9902 4.12 × 10-4 38.92 ± 0.08c 31.80 ± 0.24c 

 

0.9535 

CR 1.0945 2.9686 3.15 × 10-4 46.38 ± 0.05a 41.07 ± 0.11a 

 

0.9782 
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4.13 Column regeneration 

 

To evaluate the column efficacy of the SN-5 adsorbent, the regeneration efficiency in 

each of the column adsorption-desorption cycle was determined. The SN-5 adsorbent 

loaded column was regenerated using 1.0 × 10-1 M NaOH or 1.0 × 10-1 M HCl eluents for 

four cycles during the column uptake of MO, CR and MB dyes.  The desorption curves 

are presented by Figures 4.28 A, 4.28 B and 4.28 C. 

 

  
 

 

Figure 4.28: Column desorption curves for MO (A), MB (B) and CR (C) dyes (Q = 4 

mL/min, Z = 7 cm) 
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From the results in Figure 4.28, the desorption process for all the four cycles showed a 

trend of a sharp increase, then a decrease. It was also seen that overall desorption process 

took about 8 hours for all the dyes after which further elution process was insignificant. A 

concentration of 26.12 ± 0.07 mg/L (MO), 30.36 ± 0.04 mg/L (MB) and 27.16 ± 0.13 

mg/L (CR) was desorbed at a contact time of 50 minutes in the first desorption process. 

At the beginning of the desorption, higher concentration of the dyes was eluted but 

decreased as time progressed. This could be due to more accumulation of dyes loaded on 

the adsorbent (Reddy and Nirmala, 2014).  

 

The total volume of wastewater treated over the four cycles was 6580 mL (MO), 5800 

mL (MB) and 6400 mL (CR). The breakthrough times (tb), saturation times (ts), column 

capacity (Qo) and regeneration efficiency (%) are presented in Table 4.14. 

 

Table 4.14: Regeneration efficiency of SN-5 adsorbent for MO, MB and CR dyes 

 

Dye Adsorption cycle tb 

(minutes) 

ts 

(minutes) 

Column capacity, 

(Qo, mg/g ± S.D) 

Regeneration efficiency 

(% R ± S.D) 

 

MO 

1 140 485 41.85 ± 0.12a 55.04 ± 0.09a 

2 120 430 36.45 ± 0.08b 52.04 ± 0.03b 

3 90 380 30.36 ± 0.05c 51.66 ± 0.16c 

4 80 350 27.77 ± 0.17d 50.34 ± 0.04d 

 

MB 

1 195 440 38.92 ± 0.08a 62.41 ± 0.06a 

2 150 380 32.73 ± 0.08b 57.10 ± 0.01b 

3 110 330 27.91 ± 0.02c 54.90 ± 0.04c 

4 90 300 25.16 ± 0.13d 50.05 ± 0.27d 

 

CR 

1 180 530 46.38 ± 0.05a 56.43 ± 0.17a 

2 150 410 35.29 ± 0.24b 53.11 ± 0.08b 

3 105 360 29.49 ± 0.09c 52.05 ± 0.06c 

4 90 300 23.79 ± 0.06d 51.39 ± 0.01d 

mean values with same letter (s) within the same row are not significantly different 

(One-way ANOVA, Fisher LSD-test, α = 0.05) 
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From the findings in Table 4.14, column regeneration experiments revealed that Qo, tb, ts 

and % R decreased with advanced progressive column adsorption/desorption cycles. This 

could be due to a minimal loss of adsorbent particles because of it being re-used 

repeatedly (Dovi et al., 2021). The results indicated that the fixed-bed column gets 

saturated early and that the column capacity decreased slightly as the adsorption-

desorption cycles advanced upto the 4th cycle as shown by appendices XX and XXI. The 

regeneration efficiency was > 50 % (upto 4th cycle) for all the dyes. The results 

demonstrated that SN-5 adsorbent can be re-used repeatedly for textile dye wastewater 

treatment with minimal loss.  
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CHAPTER FIVE 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

 

The research study aim was to explore the adsorptive potential of Si3N4 adsorbent derived 

from extracted silica from sand, biochar from coffee husks and macadamia nutshells for 

column uptake studies of selected dyes from a model and environmental water samples. 

The Marine National Park sand (MNPS), Bamburi Beach sand (BBS) and Crescent Island 

Crater sand (CICS) contain quartz (SiO2), calcite (CaCO3), microcline (K (Al, Fe) Si3O8) 

and clinochlore ((Mg, Fe)6(Si, Al)4O10(OH)8)) as revealed by the findings from XRD, 

XRF and FT-IR characterization. The extracted silica (ES) percentage yield was 35.01 ± 

0.11 % (ES-1), 40.49 ± 0.06 % (ES-2) and 31.95 ± 0.26 % (ES-3). The silica content 

increased to 90.16 ± 0.47 %, 94.75 ± 0.48 % and 84.34 ± 0.45 % respectively. The XRD 

diffractograms showed a highly pure and amorphous extracted silica. The outcomes of 

the FT-IR analysis showed siloxane (Si-O-Si) and silanol (Si-OH) as important groups of 

the extracted silica. 

 

The proximate analysis of biochar samples contained 16.73 ± 2.01 % (CHB) and 21.88 ± 

5.28 % (MNB) of fixed carbon content. The FT-IR results of RCH, RMN and their 

respective biochar samples showed hydroxyl (-OH), carboxylate (-COO-) (raw) and 

aromatic carbon bonds (C=C) (raw and biochar) as the main functional groups. The XRD 

results showed the presence of highly amorphous cellulosic materials (RCH and RMN) 

and biochar carbon structure (CHB and MNB). The SEM results of the biochar samples 

demonstrated a rougher and porous surface compared to their respective raw biomass 
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samples. Also, the EDX results showed an increase in final carbon content of CHB and 

MNB to 70.1 % and 75.0 % respectively with negligent ash contents. 

 

The FT-IR results of Si3N4 adsorbents showed functional groups of Silicon-Nitrogen (Si-

N), Silanol (Si-OH) and Silicon-Nitrogen-Silicon (Si-N-Si), which were hydroxylated in 

water to silazane groups (Si2=NH2
+) and silanolate (Si-O-) adsorbent sites for MO, MB 

and CR dyes removal. The XRD results showed α-Si3N4 and β- Si3N4 as major and minor 

phases respectively. The SEM micrographs showed rod-like and fiber-like Si3N4 

structures with porous surfaces. The EDX spectra showed silicon and nitrogen 

components of Si3N4 adsorbents. The TGA results showed that the adsorbent was 

thermally stable as the temperature was raised to 600 °C. 

 

The sorption of MO, MB and CR dyes was greatly influenced by initial concentration, 

agitation time, adsorbent dosage and pH. The maximum uptake was attained at an 

optimal dosage (30 mg), concentration (50 mg/L), agitation time (50 minutes) and pH of 

1.00 (for MO and CR) and 11.00 for MB. 

 

The maximum capacity was 26.93 ± 0.03 mg/g (SN-5), 29.74 ± 0.04 mg/g (SN-5) and 

31.77 ± 0.15 mg/g (SN-2) for MO, MB and CR dyes respectively. The isotherm plots 

best fitted Langmuir and Dubinin-Radushkevich (D-R) models (R2 > 0.9). The kinetic 

results conformed Pseudo-second-order model with R2 > 0.98 which was preferable in 

describing the dyes uptake rate. The equilibrium and kinetic results implied that 

chemisorption predominated the CR, MO and MB dyes uptake onto the Si3N4 adsorbents. 
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The batch desorption studies showed highest desorption capacity of 24.97 ± 0.00 mg/g 

and 29.17 ± 0.00 mg/g (SN-5) was obtained with 1.0 × 10-1 M NaOH eluent for MO and 

CR dyes; 27.60 ± 0.00 mg/g (SN-5) with 1.0 × 10-1 M HCl best eluent for MB dyes. The 

desorption findings showed that the SN-5 adsorbent can be recovered and re-used easily 

with minimal adsorbent loss.  

 

The SN-5 adsorbent performance for MO, CR and MB dyes uptake in a fixed-bed 

column was obtained at an optimal value of 50 mg/L, 4 mL/min and 7 cm. The results 

demonstrated that Yoon-Nelson and Thomas models (R2 > 0.91) were more applicable in 

explaining the column dynamics which implied a monolayer chemical adsorption 

mechanism. 

 

The column performance was investigated for SN-5 adsorbent using spiked water 

samples from river Athi. The SN-5 adsorbent gave a column capacity of 41.85 ± 0.12 

mg/g (MO), 46.38 ± 0.05 mg/g (CR) and 38.92 ± 0.08 mg/g (MB). The column 

regeneration gave a regeneration efficiency of > 50 % (upto 4th cycle) for all the dyes. 

 

The batch and column results showed the highest uptake capacity of Si3N4 adsorbents for 

CR dyes removal. That is, 31.77 ± 0.15 mg/g and 29.50 ± 0.05 mg/g for SN-2 

(equilibrium and kinetic results). Also, 52.56 ± 0.04 mg/g and 46.38 ± 0.05 mg/g for 

fixed-bed column uptake using model and environmental water samples respectively.  
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5.2 Recommendations 

5.2.1 Recommendations from this study 

 

i. The research findings have shown the potential of Si3N4 adsorbent in textile dye 

wastewater treatment. Therefore, it is recommended that pilot-scale and 

industrial-scale trials be conducted to evaluate performance under real wastewater 

treatment conditions. 

ii. The process uses abundant and low-cost raw materials—sand, coffee husks, and 

macadamia nutshells—making it environmentally and economically sustainable. 

It is recommended that local agricultural and mineral wastes be utilized for large-

scale adsorbent synthesis. 

iii. Encourage household or small-scale textile units to adopt Si₃N₄-based filtration 

columns for dye removal before wastewater discharge. 

 

5.2.2 Recommendations for further studies 

 

i. The sand from other regions should be investigated on their effectiveness on silica 

extraction for the synthesis of Si3N4 adsorbents. 

ii.  The process parameters of silica/carbon ratio, temperature, reaction time and 

nitrogen content on the synthesis of Si3N4 adsorbents using the raw materials 

should be investigated. 

iii.  Investigations on the effect of interfering species and water turbidity on the uptake 

of CR, MO and MB dyes from model water should be carried out. 

iv.  The potential of Si3N4 adsorbents in sorption of other textile dyes, phenolic 

compounds, nitrates, phosphates, heavy metal ions and microbes among others 

should be investigated. 
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v.  Studies on the shelf life of Si3N4 adsorbents should be conducted. 

vi.  Studies on comparison of the Si3N4 adsorbents with the available commercial 

adsorbents on fixed-bed column performance using environmental water samples 

should be investigated. 
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APPENDICES 

Appendix I: Maximum wavelength absorbance for MO, MB and CR dyes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix II: Calibration curves for CR, MO and MB dyes 
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Appendix III A: Effect of varying the pH on removal of MO dyes 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

Appendix III B: Effect of varying the pH on removal of MB dyes 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

  

pH       

 
1 13.57 ± 0.06d 14.55 ± 0.03c 13.63 ± 0.04d 14.58 ± 0.01c 15.64 ± 0.14b 16.52 ± 0.05a 

3 13.13 ± 0.02b 10.57 ± 0.01c 12.00 ± 0.05b 11.81 ± 0.03b 13.51 ± 0.02a 12.18 ± 0.12b 

5 9.70 ± 0.05c 9.67 ± 0.04c 11.45 ± 0.01b 10.26 ± 0.02c 12.64 ± 0.02a 11.84 ± 0.01ab 

7 7.91 ± 0.02c 8.18 ± 0.05c 8.73 ± 0.01abc 8.45 ± 0.00bc 9.30 ± 0.04ab 9.53 ± 0.09a 

9 6.26 ± 0.05b 6.35 ± 0.01b 6.22 ± 0.02b 6.24 ± 0.01b 8.51 ± 0.17a 8.63 ± 0.08a 

11 4.29 ± 0.03d 5.17 ± 0.06cd 5.86 ± 0.00bc 5.25 ± 0.04cd 7.50 ± 0.01a 6.88 ± 0.07ab 

13 3.99 ± 0.03bc 4.87 ± 0.05b 4.82 ± 0.01b 3.31 ± 0.07c 6.93 ± 0.01a 6.11 ± 0.06a 

pH       

 
1 7.01 ± 0.05a 5.90 ± 0.04c 5.21 ± 0.07c 7.14 ± 0.08a 6.52 ± 0.01ab 5.69 ± 0.12c 

3 7.68 ± 0.02ab 6.70 ± 0.18bc 5.93 ± 0.01c 8.43 ± 0.00a 7.47 ± 0.03ab 8.06 ± 0.06a 

5 8.22 ± 0.05c 8.70 ± 0.01bc 7.87 ± 0.01c 9.58 ± 0.07ab 9.50 ± 0.04ab 10.38 ± 0.06a 

7 10.99 ± 0.36bc 10.15 ± 0.08cd 8.51 ± 0.02e 9.92 ± 0.05d 11.61 ± 0.03ab 12.15 ± 0.01a 

9 11.53 ± 0.07bc 11.34 ± 0.06bc 10.97 ± 0.03c 10.55 ± 0.05c 12.23 ± 0.02b 13.88 ± 0.06a 

11 13.93 ± 0.09bc 13.99 ± 0.06b 10.90 ± 0.03d 12.91 ± 0.03c 14.62 ± 0.01b 16.82 ± 0.05a 

13 12.60 ± 0.01bc 12.97 ± 0.03b 10.00 ± 0.11d 11.71 ± 0.05c 13.59 ± 0.05b 16.35 ± 0.07a 
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Appendix III C: Effect of varying the pH on removal of CR dyes 

pH       

 
1 15.70 ± 0.05b 15.99 ± 0.13ab 14.37 ± 0.08c 16.81 ± 0.05a 15.75 ± 0.07b 14.33 ± 0.03c 

3 13.17 ± 0.00b 15.51 ± 0.06a 12.48 ± 0.01c 13.90 ± 0.03b 14.20 ± 0.01b 13.63 ± 0.01b 

5 9.45 ± 0.05c 12.48 ± 0.01b 8.74 ± 0.00c 9.27 ± 0.09c 14.01 ± 0.23a 11.70 ± 0.02b 

7 8.90 ± 0.12b 7.28 ± 0.03c 7.16 ± 0.05c 8.70 ± 0.01b 12.09 ± 0.01a 8.44 ± 0.01b 

9 7.11 ± 0.02ab 5.97 ± 0.01c 6.53 ± 0.02bc 6.55 ± 0.01bc 8.04 ± 0.07a 7.18 ± 0.06ab 

11 6.72 ± 0.01a 5.44 ± 0.08b 5.93 ± 0.04ab 5.16 ± 0.03b 5.22 ± 0.00b 5.42 ± 0.13b 

13 4.86 ± 0.03a 5.42 ± 0.06a 4.74 ± 0.02a 4.96 ± 0.01a 4.95 ± 0.01a 5.41 ± 0.11a 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05)                   

Appendix IV A: Effect of varying the agitation time on removal of MO dyes 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 
 

      

 

 

 

                 

Agitation time 

(Minutes)  
      

 
10 9.78 ± 0.06b 8.99 ± 0.01b 9.63 ± 0.02b 12.32 ± 0.01a 6.35 ± 0.00c 9.24 ± 0.02b 

30 10.88 ± 0.02c 10.92 ± 0.01c 10.03 ± 0.01c 15.03 ± 0.05a 10.58 ± 0.01c 13.10 ± 0.00b 

50 9.99 ± 0.08c 14.15 ± 0.01b 14.11 ± 0.02b 15.55 ± 0.07a 13.93 ± 0.02b 14.05 ± 0.11b 

70 9.76 ± 0.02d 10.80 ± 0.02cd 14.30 ± 0.01a 12.38 ± 0.01b 12.16 ± 0.02b 10.88 ± 0.00c 

90 9.49 ± 0.02b 10.13 ± 0.01b 12.75 ± 0.01a 12.06 ± 0.01a 12.86 ± 0.02a 11.84 ± 0.02a 

110 9.68 ± 0.03d 10.02 ± 0.00cd 12.12 ± 0.01ab 12.38 ± 0.01a 12.14 ± 0.01a 11.08 ± 0.01bc 
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Appendix IV B: Effect of varying the agitation time on removal of MB dyes 

 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05)                      

Appendix IV C: Effect of varying the agitation time on removal of CR dyes 

 

Agitation time 

(Minutes)  
      

 
10 10.80 ± 0.22a 11.23 ± 0.03a 8.56 ± 0.01b 9.02 ± 0.08b 10.45 ± 0.07a 11.50 ± 0.20a 

30 12.58 ± 0.02b 13.38 ± 0.13ab 10.72 ± 0.01c 11.09 ± 0.11c 13.04 ± 0.03b 14.41 ± 0.03a 

50 14.26 ± 0.07b 10.59 ± 0.01d 13.06 ± 0.02c 10.07 ± 0.06d 15.05 ± 0.01ab 15.85 ± 0.06a 

70 12.95 ± 0.09a 10.01 ± 0.02b 12.23 ± 0.00a 10.00 ± 0.01b 10.66 ± 0.03b 12.15 ± 0.00a 

90 12.90 ± 0.05a 10.00 ± 0.02b 12.73 ± 0.18a 10.01 ± 0.01b 10.53 ± 0.31b 10.64 ± 0.11b 

110 12.34 ± 0.01a 10.05 ± 0.02b 12.15 ± 0.20a 10.64 ± 0.01b 10.89 ± 0.48b 10.78 ± 0.07b 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 
                     

  

Agitation time 

(Minutes)  
      

 
10 9.06 ± 0.01ab 9.42 ± 0.04a 9.79 ± 0.01a 8.34 ± 0.04b 5.20 ± 0.02c 9.74 ± 0.02a 

30 11.67 ± 0.00c 14.38 ± 0.06a 12.90 ± 0.07b 11.05 ± 0.07c 12.81 ± 0.01b 14.56 ± 0.09a 

50 14.15 ± 0.06b 12.88 ± 0.13c 15.78 ± 0.00a 14.09 ± 0.04b 14.44 ± 0.01b 14.42 ± 0.01b 

70 12.88 ± 0.01cd 12.48 ± 0.11d 15.21 ± 0.10a 13.94 ± 0.02bc 15.71 ± 0.04a 14.65 ± 0.02ab 

90 12.19 ± 0.04c 12.25 ± 0.02c 15.50 ± 0.16a 12.93 ± 0.06c 14.52 ± 0.01ab 14.19 ± 0.07b 

110 11.99 ± 0.20c 12.05 ± 0.02c 15.17 ± 0.19a 12.82 ± 0.02c 14.44 ± 0.06ab 14.04 ± 0.01b 
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Appendix V A: Effect of varying the adsorbent dosage on removal of MO dyes 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05)                    

Appendix V B: Effect of varying the adsorbent dosage on removal of MB dyes 

Dosage 

(mg)  
      

 
5 6.96 ± 0.03a 3.59 ± 0.10b 4.59 ± 0.04b 6.37 ± 0.07a 3.96 ± 0.15b 4.00 ± 0.06b 

10 8.52 ± 0.20a 4.85 ± 0.12c 6.49 ± 0.01b 8.63 ± 0.03a 6.53 ± 0.04b 5.64 ± 0.11bc 

15 10.64 ± 0.03a 6.02 ± 0.08d 7.02 ± 0.02cd 8.01 ± 0.02c 9.53 ± 0.04b 7.02 ± 0.05cd 

20 11.53 ± 0.10a 6.89 ± 0.06c 8.86 ± 0.04b 7.87 ± 0.04bc 10.69 ± 0.07a 8.02 ± 0.02b 

25 11.86 ± 0.03a 7.21 ± 0.01c 9.46 ± 0.00b 7.70 ± 0.02c 12.45 ± 0.03a 9.49 ± 0.05b 

30 12.10 ± 0.01a 7.97 ± 0.01c 10.63 ± 0.01b 7.57 ± 0.02c 12.88 ± 0.01a 9.99 ± 0.00b 

35 10.57 ± 0.01ab 7.13 ± 0.01d 10.01 ± 0.00bc 7.60 ± 0.02d 11.11 ± 0.01a 9.45 ± 0.01c 

40 9.91 ± 0.00a 6.99 ± 0.01b 9.76 ± 0.01a 7.57 ± 0.01b 9.81 ± 0.02a 9.01 ± 0.01a 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

                      

  

Dosage 

(mg)  
      

 
5 5.24 ± 1.09abc 3.70 ± 0.25bcd 6.96 ± 1.98a 6.78 ± 0.16ab 5.85 ± 0.14abc 3.20 ± 0.06cd 

10 7.96 ± 0.28ab 6.60 ± 0.41c 8.63 ± 0.12a 7.14 ± 0.11bc 7.37 ± 0.03bc 6.93 ± 0.04bc 

15 9.63 ± 0.21ab 8.46 ± 0.07cd 10.60 ± 0.10a 8.01 ± 0.07d 9.52 ± 0.05abc 9.01 ± 0.01bcd 

20 14.57 ± 0.27a 8.42 ± 0.03d 9.60 ± 0.03c 8.55 ± 0.03cd 11.64 ± 0.04b 12.65 ± 0.02b 

25 14.06 ± 0.08a 8.34 ± 0.01d 8.55 ± 0.01d 10.56 ± 0.05c 11.02 ± 0.05bc 11.88 ± 0.02b 

30 12.13 ± 0.06a 8.30 ± 0.02c 8.01 ± 0.05c 11.97 ± 0.02a 10.32 ± 0.01b 10.54 ± 0.01b 

35 11.26 ± 0.01a 8.15 ± 0.01b 7.90 ± 0.02b 11.29 ± 0.00a 10.31 ± 0.02a 10.36 ± 0.02a 

40 9.93 ± 0.01a 8.14 ± 0.01b 7.89 ± 0.01b 9.91 ± 0.01a 9.95 ± 0.00a 9.91 ± 0.00a 
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Appendix V C: Effect of varying the adsorbent dosage on removal of CR dyes 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05)                      

Appendix VI A: Effect of varying the initial concentration on removal of MO dyes 

Concentration 

(mg L-1)  
      

 
10 5.88 ± 0.02cd 5.28 ± 0.03d 5.22 ± 0.02d 6.34 ± 0.05a 6.27 ± 0.03ab 4.14 ± 0.04c 

30 12.43 ± 0.03e 15.20 ± 0.06bc 14.97 ± 0.02c 19.04 ± 0.07a 16.81 ± 0.04b 13.64 ± 0.06d 

50  24.38 ± 0.03b 26.01 ± 0.01a 24.84 ± 0.02b 18.92 ± 0.09d 26.93 ± 0.03a 21.52 ± 0.02c 

70 24.06 ± 0.02b 25.43 ± 0.01a 24.44 ± 0.03b 18.60 ± 0.10c 25.56 ± 0.03a 18.49 ± 0.04c 

90 23.39 ± 0.02ab 24.23 ± 0.01a 23.16 ± 0.04b 17.14 ± 0.12c 24.13 ± 0.06a 17.28 ± 0.04c 

110 21.81 ± 0.06c 22.85 ± 0.06bc 23.07 ± 0.01b 16.61 ± 0.13d 24.35 ± 0.08a 16.17 ± 0.04d 

130 20.50 ± 0.01c 22.24 ± 0.02b 21.03 ± 0.05c 16.69 ± 0.06d 24.27 ± 0.06a 15.32 ± 0.03e 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 
                      

  

Dosage 

(mg)  
      

 
5 6.37 ± 0.11ab 4.51 ± 0.16c  5.63 ± 0.16b 3.52 ± 0.33d 6.99 ± 0.23a 2.99 ± 0.52d 

10 7.53 ± 0.07c 6.69 ± 0.05d 8.12 ± 0.08b 4.69 ± 0.14f 9.23 ± 0.06a 5.64 ± 0.05e 

15 7.96 ± 0.07d 7.25 ± 0.00e 8.69 ± 0.05c 6.52 ± 0.29f 10.54 ± 0.06a 9.36 ± 0.09b 

20 8.37 ± 0.02c 8.01 ± 0.03d 9.66 ± 0.02b 7.10 ± 0.02e 11.45 ± 0.10a 11.55 ± 0.02a 

25 9.22 ± 0.04c 7.66 ± 0.02e 10.26 ± 0.03b 7.97 ± 0.01d 10.33 ± 0.08b 11.99 ± 0.01a 

30 9.00 ± 0.02d 7.62 ± 0.03e 9.86 ± 0.03b 7.51 ± 0.02f 9.55 ± 0.01c 11.04 ± 0.01a 

35 8.96 ± 0.02d 7.63 ± 0.02e 9.84 ± 0.01b 7.53 ± 0.04f 9.25 ± 0.03c 11.11 ± 0.01a 

40 8.85 ± 0.01d 7.61 ± 0.01e 9.85 ± 0.01a 7.52 ± 0.01f 9.21 ± 0.01c 9.30 ± 0.01b 
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Appendix VI B: Effect of varying the initial concentration on removal of MB dyes 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05)                     

Appendix VI C: Effect of varying the initial concentration on removal of CR dyes 

Concentration 

(mg L-1)  
      

 
10 5.01 ± 0.38ab 5.53 ± 0.03a 4.60 ± 0.05b 3.41 ± 0.01c 5.93 ± 0.08a 3.06 ± 0.05c 

30 18.06 ± 0.12a 15.68 ± 0.11c 16.10 ± 0.04bc 11.79 ± 0.03d 18.82 ± 0.09a 11.25 ± 0.04d 

50 29.29 ± 0.03bc 31.77 ± 0.15a 28.87 ± 0.07c 26.27 ± 0.08d 31.27 ± 0.13a 23.29 ± 0.03e 

70 27.42 ± 0.20b 30.47 ± 0.12a 26.35 ± 0.19cd 25.95 ± 0.06d 27.22 ± 0.10b 21.23 ± 0.18e 

90 26.88 ± 0.23b 29.34 ± 0.09a 25.87 ± 0.21c 23.27 ± 0.02d 26.51 ± 0.11b 19.83 ± 0.06e 

110 26.86 ± 0.27b 28.65 ± 0.05a 25.94 ± 0.10bc 22.55 ± 0.06d 25.73 ± 0.16c 19.40 ± 0.06e 

130 26.51 ± 0.11b 28.44 ± 0.04a 24.81 ± 0.15c 22.43 ± 0.08d 23.24 ± 0.06cd 18.36 ± 0.11e 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 
                     

Concentration 

(mg L-1)  
      

 
10 4.97 ± 0.02c 6.64 ± 0.04a 5.71 ± 0.03b 5.24 ± 0.01b 6.55 ± 0.05a 5.36 ± 0.15bc 

30 16.76 ± 0.02e 18.79 ± 0.01d 21.25 ± 0.02b 18.25 ± 0.07d 24.22 ± 0.06a 19.21 ± 0.05cd 

50  27.46 ± 0.09b 17.18 ± 0.02e 24.53 ± 0.02c 17.17 ± 0.04e 29.74 ± 0.04a 18.92 ± 0.07d 

70 27.38± 0.08b 16.58 ± 0.06f 22.07 ± 0.01c 17.36 ± 0.05e 28.09 ± 0.07a 18.86 ± 0.05de 

90 26.27 ± 0.05a 15.42 ± 0.04e 22.23 ± 0.02b 16.03 ± 0.04de 26.62 ± 0.13a 17.70 ± 0.10c 

110 26.62 ± 0.00a 15.50 ± 0.04ef 19.39 ± 0.06c 14.44 ± 0.03f 24.62 ± 0.01b 17.20 ± 0.04d 

130 24.59 ± 0.18a 15.56 ± 0.06d 19.07 ± 0.11b 14.16 ± 0.03e 23.93 ± 0.05a 17.43 ± 0.02c 
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Appendix VII A: Langmuir isotherms for MO dyes 
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Appendix VII B: Langmuir isotherms for MB dyes 
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Appendix VII C: Langmuir isotherms for CR dyes 
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Appendix VIII A: Freundlich isotherms for MO dyes 
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Appendix VIII B: Freundlich isotherms for MB dyes 
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Appendix VIII C: Freundlich isotherms for CR dyes 
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Appendix IX A: Dubinin-Radushkevich isotherms for MO dyes 
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Appendix IX B: Dubinin-Radushkevich isotherms for MB dyes 
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Appendix IX C: Dubinin-Radushkevich isotherms for CR dyes 
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Appendix X A: Pseudo-first-order kinetics for MO dyes 

 

      
 

      

 

      

Y = -0.0011X + 0.1609

R² = 0.2105

-2

-1.5

-1

-0.5

0

0.5

1

1.5

0 100 200 300

ln
(q

e-
q

t)

t

SN-1

Y = -0.0069X + 0.7567

R² = 0.4533

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 100 200 300

ln
(q

e-
q

t)

t

SN-2

Y = -0.0057X + 1.4849

R² = 0.6536

0

0.5

1

1.5

2

0 100 200 300

ln
(q

e-
q

t)

t

SN-3

Y = -0.0056X + 0.9789

R² = 0.6232

-1

-0.5

0

0.5

1

1.5

0 100 200 300

ln
(q

e-
q

t)

t

SN-4

Y = -0.0071X + 1.1178

R² = 0.7357

-1

-0.5

0

0.5

1

1.5

0 100 200 300

ln
(q

e-
q

t)

t

SN-5

Y = -0.0083X + 0.86

R² = 0.6177

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 100 200 300ln
(q

e-
q

t)

t

SN-6



212 

Appendix X B: Pseudo-first-order kinetics for MB dyes 
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Appendix X C: Pseudo-first-order kinetics for CR dyes 
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Appendix XI A: Pseudo-second-order kinetics for MO dyes 
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Appendix XI B: Pseudo-second-order kinetics for MB dyes 
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Appendix XI C: Pseudo-second-order kinetics for CR dyes 
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Appendix XII A: Elovich kinetics for MO dyes 
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Appendix XII B: Elovich kinetics for MB dyes 
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Appendix XII C: Elovich kinetics for CR dyes 
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Appendix XIII A: qd, desorption capacity for MO dyes 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05)                      

Appendix XIII B: qd, desorption capacity for MB dyes 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05)                      
 

Appendix XIII C: qd, desorption capacity for CR dyes 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 
                                  

Eluent       

      
1.0 × 10-1 M CH3COOH 12.36 ± 0.00c 16.12 ± 0.01a 11.28 ± 0.01de 10.58 ± 0.00e 15.11 ± 0.01b 10.05 ± 0.00e 

1.0 × 10-1 M HCl 9.24 ± 0.01ab 7.58 ± 0.00c 8.54 ± 0.00bc 7.99 ± 0.01c 10.03 ± 0.00a 7.46 ± 0.01c 

Distilled water 4.62 ± 0.00d 3.19 ± 0.01d 5.19 ± 0.00cd 8.46 ± 0.01a 8.49 ± 0.01a 6.47 ± 0.00bc 

1.0 × 10-1 M NaOH 22.64 ± 0.01b 23.97 ± 0.00ab 20.63 ± 0.01c 16.96 ± 0.00d 24.97 ± 0.00a 17.52 ± 0.01d 

Eluent       

      
1.0 × 10-1 M CH3COOH 10.65 ± 0.00bc 9.97 ± 0.01c 10.94 ± 0.00b 9.84 ± 0.00b 14.14 ± 0.01a 8.79 ± 0.00d 

1.0 × 10-1 M HCl 25.57 ± 0.00b 17.97 ± 0.00de 20.57 ± 0.01c 17.89 ± 0.00d 27.60 ± 0.00a 16.69 ± 0.00e 

Distilled water 7.35 ± 0.01d 10.54 ± 0.00b 8.59 ± 0.00c 8.67 ± 0.00c 12.75 ± 0.01a 7.57 ± 0.00d 

1.0 × 10-1 M NaOH 9.55 ± 0.00a 7.62 ± 0.01b 6.46 ± 0.00bc 9.46 ± 0.01a 9.43 ± 0.00a 4.89 ± 0.00c 

Eluent       

      
1.0 × 10-1 M CH3COOH 16.66 ± 0.00a 16.16 ± 0.00a 12.33 ± 0.00c 14.98 ± 0.00b 16.64 ± 0.00a 12.42 ± 0.00c 

1.0 × 10-1 M HCl 9.03 ± 0.00bc 10.45 ± 0.00b 7.01 ± 0.00d 10.84 ± 0.00ab 11.47 ± 0.00a 7.41 ± 0.00d 

Distilled water 14.58 ± 0.00b 15.07 ± 0.00a 11.17 ± 0.00cd 12.12 ± 0.01c 15.85 ± 0.00a 10.98 ± 0.00d 

1.0 × 10-1 M NaOH 25.41 ± 0.00c 28.69 ± 0.00a 26.75 ± 0.01bc 23.97 ± 0.01d 29.17 ± 0.00a 20.59 ± 0.00e 
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Appendix XIV: MO, MB and CR dyes adsorption and desorption capacity for SN-5 adsorbent 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

 

Appendix XV A: Column parameters for the breakthrough curves of MO dyes 

 

 

Parameter 
    

 

4 5 6 3 5 7 50 70 90 

tb  (min) 130 110 70 170 210 230 150 110 70 

ts  (min) 350 270 210 310 430 540 570 410 290 

t0.5  (min) 180 150 110 230 290 370 300 210 170 

Veff  (mL) 1400 1350 1260 1240 1720 2160 2280 1640 1160 

Qexp ± S.D  

(mg/g)  

50.29 ± 0.02a 47.28 ± 0.05b 42.79 ± 0.04c 43.88 ± 0.07c 46.33 ± 0.07b 48.21 ± 0.04a 50.76 ± 0.17a 48.76 ± 0.01b 43.64 ± 0.04c 

Mtotal  (mg) 70.00 67.50 63.00 62.00 86.00 108.00 114.00 114.80 104.40 

R.E (%) 93.40 91.06 88.30 92.01 96.97 98.21 97.96 93.44 91.96 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

 

 

 

Cycle 

MO MB  CR  

qe, adsorption qe, desorption p-value 

(α=0.05) 

qe, 

adsorption 

qe, 

desorption 

p-value 

(𝛂 = 𝟎. 𝟎𝟓) 

qe, 

adsorption 

qe, 

desorption 

p-value 

(𝛂 = 𝟎. 𝟎𝟓) 

      
1 26.93 ± 0.03 24.97 ± 0.00  

 

0.0001 

29.74 ± 0.04 27.60 ± 0.00  

 

0.0000 

31.27 ± 0.15 29.17 ± 0.00  

 

0.0001 
2 24.68 ± 0.01 19.89 ± 0.00 18.79 ± 0.00 16.97 ± 0.00 27.30 ± 0.02 22.69 ± 0.00 

3 22.49 ± 0.02 17.64 ± 0.00 18.01 ± 0.01 15.14 ± 0.00 25.71 ± 0.03 20.75 ± 0.00 

4 20.37 ± 0.02 16.93 ± 0.00 17.63 ± 0.02 14.69 ± 0.00 25.38 ± 0.01 19.97 ± 0.00 

5 19.46 ± 0.00 16.04 ± 0.00 16.56 ± 0.00 14.17 ± 0.00 25.25 ± 0.01 18.17 ± 0.00 

6 18.71 ± 0.00 15.89 ± 0.00 15.47 ± 0.02 13.69 ± 0.00 24.53 ± 0.00 17.59 ± 0.00 
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Appendix XV B: Column parameters for the breakthrough curves of MB dyes 

 

 

Parameter 
    

 

 4 5 6 3 5 7 50 70 90 

tb  (min) 140 90 70 130 170 210 230 130 90 

ts  (min) 320 250 190 320 440 550 550 380 250 

t0.5 (min) 170 130 110 210 270 310 290 210 150 

Veff (mL) 1280 1250 1140 1280 1760 2200 2200 1520 1000 

Qexp ± S.D 

(mg/g) 

43.97 ± 0.09a 41.87 ± 0.06b 37.38 ± 0.17c 45.79 ± 0.04c 46.55 ± 0.19bc 48.75 ± 0.06a 47.01 ± 0.14a 43.33 ± 0.23b 35.68 ± 0.08c 

Mtotal (mg) 64.00 62.50 57.00 64.00 88.00 110.00 110.00 106.40 90.00 

R.E (%) 89.31 87.09 85.25 93.01 95.22 97.50 94.02 89.59 87.22 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

 

Appendix XV C: Column parameters for the breakthrough curves of CR dyes 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

 

Parameter 
    

 

 4 5 6 3 5 7 50 70 90 

tb (min) 180 130 90 210 310 370 190 150 110 

ts (min) 390 300 240 340 470 580 590 400 300 

t0.5 (min) 210 170 130 270 370 450 310 210 190 

Veff (mL) 1560 1500 1440 1360 1880 2320 2360 1600 1200 

Qexp ± S.D 

(mg/g) 

55.45 ± 0.09a 51.48 ± 0.04b 47.33 ± 0.03c 48.15 ± 0.01c 49.15 ± 0.09b 51.14 ± 0.06a 52.56 ± 0.04a 47.94 ± 0.06b 45.66 ± 0.01c 

Mtotal (mg) 78.00 75.00 72.00 68.00 94.00 116.00 118.0 112.0 108.0 

R.E (%) 92.42 89.23 85.46 92.05 94.12 96.99 97.99 94.17 93.01 
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Appendix XVI A: Thomas plots for MO (A), MB (B) and CR (C) dyes 

 

       
 

 

 

Appendix XVI B: Thomas plots for MO (A), MB (B) and CR (C) dyes using 

spiked water sample 
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Appendix XVII: Yoon-Nelson plots for MO (A), MB (B) and CR (C) dyes 
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Appendix XVIII: Adams-Bohart plots for MO (A), MB (B) and CR (C) dyes 
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Appendix XIX: Column parameters for the breakthrough curves of MO, MB and CR dyes in spiked water samples 

 

 

 

 

 

 

 

 

 

 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

 

Appendix XX: Column parameters for the column adsorption cycles of MO, MB and CR dyes in spiked water 

samples 

 

 

Parameter  

MO MB CR 

Adsorption cycle 

1 2 3 4 1 2 3 4 1 2 3 4 

tb (min) 140 120 90 80 195 150 110 90 180 150 105 90 

ts (min) 485 430 380 350 440 380 330 300 530 410 360 300 

t0.5 (min) 270 240 210 200 285 220 180 170 300 240 210 180 

Veff (mL) 1940 1720 1520 1400 1760 1520 1320 1200 2120 1640 1440 1200 

Qexp ± S.D 

(mg/g)  

41.85 ± 

0.12a 

36.45 ± 

0.08b 

30.36 ± 

0.05c 

27.77 ± 

0.17d 

38.92 ± 

0.08a 

32.73 ± 

0.08b 

27.91 ± 

0.02c 

25.16 ± 

0.13d 

46.38 ± 

0.05a 

35.29 ± 

0.24b 

29.49 ± 

0.09c 

23.79 ± 

0.06d 

Mtotal (mg) 98.88 87.67 77.47 71.36 90.90 78.50 68.17 61.97 108.32 83.79 73.58 61.31 

R.E (%) 93.11 91.47 86.22 85.61 94.20 91.73 90.07 89.32 94.20 92.66 88.17 85.37 

mean values with same letter (s) within the same row are not significantly different  

(One-way ANOVA, Fisher LSD-test, α = 0.05) 

Parameter MO MB CR 

tb (min) 140 195 180 

ts (min) 485 440 530 

t0.5 (min) 270 285 300 

Veff (mL) 1940 1760 2120 

Qexp ± S.D (mg/g)  41.85 ± 0.12b 38.92 ± 0.08c 46.38 ± 0.05a 

Mtotal (mg) 98.88 90.90 108.32 

R.E (%) 93.11 94.20 94.20 
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Appendix XXI: Breakthrough curves for the column adsorption cycles of MO, 

MB and CR dyes in spiked water samples 
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Appendix XXII: Approval of research proposal 
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Appendix XXIII: Research license 
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Appendix XXIV: Refereed publications 
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Appendix XXV: Conference Presentations 

1. Ndung’u Samuel Ng’ang’a (presenter). Fixed-Bed Column Treatment of Textile 

Dye Wastewater by Silicon Nitride Derived from Sand, Coffee Husk and 

Macadamia Nutshells. The Inaugural National Bi-Annual Postgraduate Students 

Conference organized by The National Research Fund (NRF), in collaboration 

with Maasai Mara University. Theme: Innovation for Sustainable Development: 

Postgraduate Research for Societal Transformation. 28th – 30th May, 2025. 

Venue: Maasai Mara University, Narok, Kenya.   

 

2. Dr. Nthiga E.W., Ndung’u S.N. (presenter) and Prof. Wanjau R.N. 

Characterization of amorphous silicon nitride prepared from sand and coffee husk 

wastes by carbothermal reduction-nitridation. 8th DeKUT International 

Conference on Science, Technology and Entrepreneurship. Theme: Leveraging 

Science, Technology, Innovation and Entrepreneurship for Sustainability and 

Development. 6th – 8th November, 2024. Dedan Kimathi University of 

Technology, Nyeri, Kenya. 

 

3. Samuel N. Ndung’u (presenter), Ruth N. Wanjau and Esther W. Nthiga. A flash 

and poster presentation on the “Efficacy of adsorption of congo red dyes from an 

aqueous media using silicon nitride (Si3N4) adsorbent derived from sand and 

coffee husk wastes. Pan Africa Chemistry Network Congress 2024 organized by 

Royal Society of Chemistry (RSC). Theme: Sustainability. 29th – 31st October, 

2024. The University of Nairobi, Kenya.  

 

4. Dr. Esther W. Nthiga, Samuel N. Ndung’u (Presenter) and Prof. Ruth N. 

Wanjau. Facile extraction and characterization of silica nanopowder from Marine 

National Park beach sand from Malindi, Kilifi County, Kenya via Alkali Fusion 

route. 7th DeKUT International Conference on Science, Technology, Innovation 

and Entrepreneurship. Theme: Leveraging Science, Technology, Innovation and 

Entrepreneurship for Sustainable development. 8th – 10th November, 2023. Dedan 

Kimathi University of Technology, Nyeri, Kenya. 

 


