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ABSTRACT 
 

The application of various bio-sorbents as adsorbent medium for the removal of contaminants 

such as heavy metals from wastewater effluents has become a common basis of research. 

However, there are few economically and environmentally sustainable adsorption processes 

available for the treatment of wastewater streams. Nevertheless, amongst the equipment used 

for adsorption in wastewater treatment processes, fixed bed columns have been used 

extensively on an industrial scale. In this study, the performance of a layered adsorbent column 

was studied for the removal of chromium and copper using egg and sea shells as adsorbents. 

These bio-sorbents were used in their raw form, i.e., no form of chemical or energy intensive 

modification was conducted. Therefore, application of these bio-sorbents in this study was 

attributed to them being low-cost and locally available.  

 

The bio-sorbents were analysed for their inherent properties using the following analytical 

techniques: Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy 

(SEM/EDS), X-ray fluorescence (XRF), X-ray diffractometer (XRD), Fourier Transform 

Infrared Spectroscopy (FTIR) and Brunauer-Emmett-Teller (BET) analysis. The surface area, 

pore sizes and volumes of both bio-sorbents were found to be relatively high. Thus, rendering 

them highly porous. A porous surface texture entraps contaminants, therefore, enhancing 

adsorption. The SEM/EDS revealed strong peaks of calcium, carbon and oxygen as the major 

components of egg and sea shell bio-sorbents. These carbon and oxygen elements constitute 

carboxylic and carbonate functional groups. The FTIR showed the presence of other functional 

groups including acyl halides, alcohols, aldehydes, alkanes, amines, esters and ketones. These 

functional groups are capable of interacting with the chromium and copper ions during 

biosorption. The structures of the bio-sorbents studied were found to be crystalline, with 

calcium carbonate as the main constituent whose calcium ions go through an ion-exchange 

process with the metals in solution. The surface pH and charge of the adsorbents revealed their 

basic nature which makes them good neutralizing agents for acidic solutions. Therefore, no 

pre-treatment measures may be required when treating acidic solutions like acid mine drainage 

(AMD). 

 

The batch experimental setup (a 24 full factorial design matrix) was generated using a tool 

known as the design of experiments (DOE) to avoid the tedious one-factor-at-a-time approach, 

for the screening and identification of factors that have a significant influence on adsorption. 
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The factors investigated were initial metal concentration, solution pH, adsorbent dosage and 

adsorbent type. All factors together with their interactions showed a significant amount of 

influence on metal removal with the exception of adsorbent type. Single and multicomponent 

batch experiments were conducted to compare the level of affinity that each bio-sorbent has 

with both chromium and copper and to establish the interference between the respective metal 

ions. Sea shell powder was found to have a high affinity towards both metals in comparison to 

egg shell powder. This may be due to the fact that sea shells are more crystalline with a higher 

CaCO3 content and a higher surface area than egg shells. 

 

Fixed bed experiments were performed for the layered column in order to explore the effect of 

adsorbent bed height and flow rate on breakthrough analysis. The arrangement of bio-sorbents 

in the beds was also investigated. The beds improved in performance with an increase in bed 

height and a decrease in flow rate. The different beds followed the order; sea shell on top of 

egg shell > egg shell on top of sea shell > sea shell > egg shell. Therefore, layered adsorbent 

beds are more favorable, and may be the solution to the development of a process for the 

removal of metals in a mixed metal solution through a one-step removal process instead of 

running the solution through two or more columns packed with different bio-sorbents. The 

experimental data obtained for all four different adsorbent bed set-ups (single and double 

layered) fitted well with the Thomas and Yoon-Nelson models. 
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CHAPTER ONE 

1. INTRODUCTION 
 

1.1 Introduction 
 

Industrialisation is the driver or catalyst of economic growth in many countries. However, 

amidst great progress that has been made from all the products from industries nationwide and 

globally, there is always a footprint of waste that is generated. Amongst the waste that is 

generated from industries, wastewater is by far one of the most complex wastes to handle, treat 

and dispose of (Suteu, et al., 2012). The main sources of wastewater are industries like the 

paper, rubber, textile, plastic, leather, cosmetics, drug and mining (Borhade & Kale, 2017). The 

discharge of untreated industrial wastewater has consequently led to pollution of air, soil and 

water bodies (with heavy metals and salts being the primary pollutants) (Suteu, et al., 2012; 

Fadli, et al., 2016; Adam, et al., 2015). As a result, pollution by wastewater has in the past been 

and continues to be of great concern to governments and various stakeholders worldwide 

(Samuel, 2015).  

Consequently, discharge regulations have become more and more stringent, thus driving 

research towards the treatment of dilute effluents (Carvalho, et al., 2011). In other words, the 

mandate has shifted towards reduction of toxic pollutants from effluents with low 

concentrations. As a result, various techniques have been explored for the removal of toxic 

pollutants from wastewater including reverse osmosis, ion exchange, chemical precipitation, 

electro-dialysis, irradiation, coagulation, biological methods, oxidation and adsorption 

(Samuel, 2015; Carvalho, et al., 2011; Hegazi, 2013; Matlock, et al., 2002; Foucher, et al., 

2001; Chang, et al., 2000; Masukume, et al., 2014).  

Unfortunately, most of the wastewater technologies have been reported to be too expensive, 

inefficient, environmentally unfriendly or unsuitable for the removal of a wide range of 

contaminants. For example, chemical precipitation which is the predominant wastewater 

treatment process results in huge amounts of sludge being generated. In fact, the disposal of 

sludge generated from wastewater treatment has become an environmental problem on its own. 

On the contrary, adsorption has been found to be the most versatile and widely used method 

for the removal of pollutants owing to its high removal capacity, ease of operation at large scale 

and the availability of a wide range of adsorbents (Carvalho, et al., 2011; Tsai, et al., 2008; 
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Bhatnagar, et al., 2015; Ghaedi, et al., 2012; Masukume, et al., 2014). In addition, the success 

of adsorption technology depends mainly on the performance of the chosen adsorbents 

(Onyango, et al., 2007; Masukume, et al., 2014).  

Over the years, activated carbon has been the most popular adsorbent used, but it is not 

economically viable on a sustainable basis. For example, Rios et al. (2008) noted that this was 

because activated carbon’s production costs are quite high. Zeolites have also been widely used 

as adsorbents for heavy metals due to their metal binding capacity (Zamzow & Murphy, 1992; 

Salam, et al., 2011; Erdem, et al., 2004). Although zeolites are readily available, their low metal 

removal efficiency has limited their application on a larger scale. Despite other adsorbents 

being efficient in removing heavy metals, most of them have exhibited limited adsorption 

performances at low pH, which has restricted their application in the removal of heavy metals 

from acidic wastewater streams such as acid mine drainage (AMD). Therefore, there is an 

increased attention on the search for economically and environmentally sustainable adsorbents 

for wastewater treatment (Hegazi, 2013; Li & Hong, 2009). 

The use of bio-sorbents is one approach that has shown considerable potential for the removal 

of pollutants from wastewater and can act as alternative adsorbents that are readily available 

and show good metal removal capacities (Zwain, et al., 2014). Bio-sorbents include raw or 

natural materials and by-products and wastes from agricultural and industrial activities. 

Biosorption is an economically and environmentally sustainable process due to the unique 

chemical composition of bio-sorbents, and their availability in abundance, renewable nature 

and low cost (Bhatnagar, et al., 2015). According to Bhatnagar et al. (2015), an adsorbent can 

be assumed as “low cost” if it requires little to no processing requisites, is abundant in nature, 

or is a by-product or waste material from industries.  

As a result, for many years, various researchers have studied and reported on the use of locally 

available low-cost bio-sorbents for the treatment of wastewater (Suteu, et al., 2012; Borhade 

& Kale, 2017; Tsai, et al., 2008; Chraibi, et al., 2016; Ho, et al., 2013; Masukume, et al., 2014). 

For example, Masukume et al. (2014) and Suteu et al. (2012) studied the use of sea shells as a 

bio-sorbent for the treatment of AMD and effluents contaminated with reactive dyes, 

respectively. The use of sea shells as adsorbents is economically and technically viable owing 

to their low cost and abundant availability in nature. Results showed that sea shell powder has 

a great potential in the removal of contaminants from wastewater because the material is 
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associated with intrinsic pore structures that entrap contaminants. Sea shell is a very hard 

material whose main constituent is calcium carbonate. The calcium carbonate generally exists 

either as calcite or aragonite, two of the principal crystalline forms (Narayanan, et al., 2006). 

Tudor et al. (2006) reported that sea shells adsorb metals via chemisorption. Furthermore, the 

adsorption of metals such as Zn2+ and Co2+ onto sea shells is concluded to proceed via ion- 

exchange with Ca2+ (Zachara, et al., 1988).  

Ho et al. (2013), Tsai et al. (2008), Chraibi et al. (2016), and Borhade and Kale (2017) also 

investigated the removal of heavy metals or dyes using waste egg shell. Results showed that 

egg shell waste is a promising ‘green’ adsorbent material for the treatment of wastewater 

containing heavy metals such as nickel and silver and reactive dyes such as phenol. Similar 

attributes of both egg and sea shells such as high CaCO3 content, porosity, non-toxicity and 

biodegradability have enhanced their application as adsorption and filtration media in water 

and wastewater treatment in recent years (Narayanan, et al., 2006; Masukume, 2016; Ho, et al., 

1995). In addition, by virtue of them having a high CaCO3 content, egg and sea shell waste 

were reported to have a good neutralisation capacity in the treatment of strong acidic 

wastewater because of the presence of CO3 in the adsorbent structure (Jai, et al., 2007; 

Masukume, et al., 2014).  

Hence, the objective of this study is to explore the feasibility of using egg and sea shell powder 

for the treatment of acidic wastewater. The adsorbent characteristics are considered for both 

batch and column studies, with specific focus on the removal of chromium and copper. The 

metals are chosen because they form part of a list of the major metal ions contained in South 

African AMD. In addition, preliminary studies show that egg and sea shell powders have an 

affinity for these metals, therefore, no modification of adsorbent material is required.  

An extensive review of the literature also showed that there is hardly any information on the 

combined application of bio-sorbents in a layered adsorbent column. In other words, to the best 

of the authors’ knowledge, the use of a layered adsorbent column has never been studied 

elsewhere. Hence, the aim of this study was to provide a comprehensive study of egg and sea 

shell bio-sorbents for their potential use in a layered adsorbent column for the treatment of 

wastewater. 
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1.2  Problem Statement 

 

The lack of economically and environmentally sustainable processes to treat wastewater 

streams, specifically acidic waste waters (AWW) has brought about the need to explore 

processes that not only make use of low-cost locally available resources, but also alleviate the 

environmental problem of the disposal of large amounts of sludge generated from wastewater 

treatment processes. Furthermore, discharge regulations have become more and more stringent 

as an attempt to reduce the human and aquatic life exposure to toxic metals, and to reduce their 

levels in the environment. Therefore, the treatment of dilute effluents has become mandatory. 

Unfortunately, conventional treatment methods are too expensive, inefficient at low metal 

concentrations, environmentally unfriendly or unsuitable for the removal of a wide range of 

contaminants. Nonetheless, there is still a need for treatment methods with high metal removal 

efficiencies.  

Although adsorption by various bio-sorbents such as sea shells, cassava peels, egg shells, 

banana peels, orange peels, sugar cane bagasse, etc., has been studied extensively, most of the 

published work showed promising results when these bio-sorbents went through some form of 

modification. Some of these bio-sorbents, including cassava peels were chemically modified 

while others like egg shells were calcined at high temperatures. This study, however, considers 

the application of egg and sea shells in their natural state, i.e., no form of modification is 

performed prior to adsorption.  

 

1.3  Research Aim 

 

The aim of this research project is to explore the possibility of using egg and sea shell powders 

(without any form of modification) as low-cost adsorbents for the removal of chromium and 

copper ions from wastewater. Furthermore, this study provides a comparative study of these 

bio-sorbents for their potential use in a layered adsorbent column for the treatment of 

wastewater. The adsorbent layers were alternated; firstly, the egg shell powder was placed at 

the top and sea shell powder at the bottom and vice versa. 
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1.4  Research Objectives 

 

 To perform physical (the determination of the point of zero charge, surface pH and 

surface charge) and chemical characterisation of adsorbents before and after adsorption 

using relevant analytical methods (SEM, XRF, XRD, FTIR, and BET). 

 To identify the influential factors/variables, particularly, the effect of solution pH, 

initial metal concentration and adsorbent dosage during chromium and copper uptake 

in batch experiments. 

 To determine the level of affinity that each adsorbent has with each element and to 

establish the interference between the metal ions in a binary system, respectively. 

 To evaluate the combined application of the adsorbent materials in a layered adsorbent 

column.     

 

1.5  Hypothesis 

 

This work will attempt to prove that:  

 

 Low cost adsorbents such as egg and sea shell powders (at their natural state) can adsorb 

metals from acidic wastewater, owing to their intrinsic pore structures that can trap 

contaminants.  

 

1.6  Research Methodology 
 

The research methodology for this study involved the following major tasks: literature review, 

experimental design, material characterisation, laboratory testing and analysis of results, 

drawing of conclusions from results, recommendations and documentation. 

 

1.7  Dissertation Layout 
 

This dissertation consists of seven chapters and the layout is schematically summarised in a 

flow chart presented in Figure 1.1. 
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Chapter One (Introduction): provides the motivation for the research, the problem statement, 

and the overall aim and objectives of this study.  

Chapter Two (Literature Review):  includes the general knowledge of adsorption processes, 

the current conventional treatment methods that are used in wastewater treatment processes, 

and the general principles of biosorption. 

Chapter Three (Materials and Methods):  describes the materials and equipment used, methods 

and the experimental setup employed in this study. Sample preparation and the characterisation 

techniques of the adsorbents are also outlined.  

Chapters Four to Six (Results and Discussions): describe the laboratory test results and the 

discussion of the findings. 

Chapter Seven (Conclusions and Recommendations): This chapter concludes the dissertation 

with a summary of the findings and recommendations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Performance of a layered adsorbent column   Thabelo Mammburu 

 

 

7 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Dissertation Layout 
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1.8  Summary 
 

In this introductory chapter, the background, problem statement, and the study aim, and 

objectives were discussed. The research methodology was briefly described, followed by the 

dissertation layout. 
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CHAPTER TWO 

2. LITERATURE REVIEW 
 

2.1  Introduction  

 

Industrialisation continues to be the main factor and contributor to the increase in heavy metals 

found in the environment. The most common industries that serve as the main sources of these 

metals includes but are not limited to: rubber, textile, electroplating and metal finishing, plastic, 

leather, chemical manufacturing, cosmetics, tannery operation, drug, metallurgical and mining 

(Borhade & Kale, 2017; Reed, et al., 1994; Neal, et al., 1990). The untreated effluents 

originating from these establishments contain trace amounts of heavy metals that cause harm 

to human life and to the rest of the ecosystem. Often at times, there is valuable materials present 

in these wastewater streams in small quantities. Removal of these elements prior to joining and 

forming part of the natural hydrological system should be prioritised. Thus, treatment of 

wastewater discharge streams should be a requirement in accordance to the limits listed in 

Table 2.1. This table shows discharge and portable water limits on the concentration of some 

toxic heavy metals as established by the US Environmental Protection Agency (EPA, 2009) 

and as per World Health Organisation (WHO) (Bartram, et al., 2006) and South African 

National Standards (SANS) typical metal ion concentrations found in waste water (VinLAB, 

2015; Mamba, et al., 2008; Brigden, et al., 2009) 

 

 

 

 

 

 

 

 

 



 

Performance of a layered adsorbent column   Thabelo Mammburu 

 

 

10 
 

Table 2.1: Regulation limits for some toxic metals and their respective typical content in waste 

water (Bartram, et al., 2006; Mamba, et al., 2008; Brigden, et al., 2009; VinLAB, 2015) 

 

Metal 

 

 

Portable water 

limits (mg/L) 

 

Discharge 

water limits 

(mg/L) 

 

Typical metal 

concentration in 

waste water (mg/L) 

 

Antimony  

Arsenic  

Cadmium    

Chromium    

Cobalt   

Copper    

Lead    

Mercury  

Selenium   

Vanadium   

 

0.01 

0.001 

0.003 

0.001 

0.05 

0.1 

0.01 

0.005 

0.05 

0.1 

 

1 

0.1 

0.01 

1 

5 

1 

0.05 

0.006 

1 

0.2 

 

50 

50 

5 

20 

20 

372 

50 

2 

200 

20 

 

 

2.2  Toxicity of Heavy Metals 

 

Heavy metals are metals and metalloids characterised by densities greater than 5 g/cm3 and are 

commonly known to cause pollution because of their toxicity levels, regardless of the fact that 

some of these elements (important metals) are required by certain organisms at low 

concentrations (Adriano, 2001). Metals with no known biological function may replace, or 

rather compete with functional metals, resulting in toxicity (Hughes & Poole, 1989). At 

concentrations, these metals can be toxic to the microbial population. Nonetheless, metals such 

as silver, arsenic, mercury, cadmium and copper are highly toxic even at relatively low 

concentrations (Forstner & Wittman, 1979). 

Toxic metals have strong coordinating abilities; hence their principal association is the exertion 

of harmful effects (Gadd, 1993). These harmful effects include: the blocking of functional 

groups of biologically important molecules, the displacement and/or substitution of essential 

metal ions from biomolecules, conformational modification, denaturation and inactivation of 
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enzymes and disruption of cellular and organelle integrity (Gadd, 1993). On a large scale, toxic 

metals affect the reduction in growth rates, extension of lag phase and perturbations in 

morphology and physiology (Hughes & Poole, 1989).  

 

2.2.1 Chromium 

 

Chromium occurs naturally in the environment as a result of erosion of rocks that contain 

chromium and can also be distributed during volcanic eruptions. This element is scattered 

across the environment at various concentration ranges: in soil it is between 1 and 3000 mg/kg; 

in sea water 5 to 800 µg/L; and in rivers and lakes 26 to 5200 µg/L (Kotas & Stasicka, 2000). 

Chromium occurs in two forms in aqueous solutions: Cr (III) and Cr (VI). The relation between 

Cr (III) and Cr (VI) strongly depends on pH and oxidative properties of the location, but in 

most cases, the Cr (III) is the dominating species, although in some areas the ground water can 

contain up to 39 µg of total chromium of which 30 µg is present as Cr (VI). Cr (III) is essential 

in human nutrition (especially in glucose metabolism). However, Cr (VI) is more hazardous, 

carcinogenic and mutagenic to living organisms (Nakajima & Baba, 2004). In addition, it leads 

to liver damage, pulmonary congestion and causes skin irritation resulting in ulcer formation 

(Kobya, 2004).   

Cr (VI) moves swiftly through soils and aquatic environments and is a strong oxidizing agent 

with the abilities of being absorbed through the skin, meanwhile Cr (III) is relatively innocuous 

and immobile (Park & Jung, 2001). The South African National Standards established a 

maximum concentration limit for Cr (VI) discharge into inland surface waters as 1 mg/L and 

in portable water as 0.001 mg/L. In the dietary guidelines the daily chromium uptake was 

lowered from 50-200 µg for an adult to 35 µg (adult male) and to 25 µg (adult female) (Deans 

& Dixon, 1992). 

 

2.2.2 Copper 

 

Copper occurs naturally in a variety of minerals such as native copper, copper sulphides, copper 

sulfosalts, copper carbonates, copper (I) and copper (II) oxides, chalcopyrite, chalcocite, etc. 

(Walting, 2006). Native copper is found in nature already in a usable metallic state and has 

therefore, been used by early humans in several regions. However, most of the copper is 

extracted as copper sulphides from large open pit mines or through the in-situ leaching process 
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(Walting, 2006). The most commonly encountered commercial ores are chalcopyrite 

(CuFeS2), bornite (Cu5FeS4), covellite (CuS) and chalcocite (Cu2S) (Walting, 2006). This 

element has various applications including electrical wires, roofing and plumbing in buildings, 

and industrial machinery (Deans & Dixon, 1992). Copper (II) salts, which often impart blue or 

green colours have been used widely in decorative art and as pigments. 

Copper is essential to all living organisms but only in trace amounts. In the human body, this 

element is found in the liver, muscle, and bone (Brewer, 2012). The adult human body contains 

1.4 and 2.1 mg of copper per kilogram of body weight in women and men, respectively 

(Adelstein & Vallee, 1961). Chronic copper toxicity is not common in humans because of 

transport systems that regulate absorption and excretion (Bonham, et al., 2002). However, 

elevated copper levels have been linked with symptoms of Alzheimer’s disease (Brewer, 2012). 

The South African National Standards established a maximum concentration limit for Cu (II) 

discharge into inland surface waters as 1 mg/L and in portable water as 0.1 mg/L. In the dietary 

guidelines, adequate intake for adult women and men are set at 1.3 and 1.6 mg/day, respectively 

(Deans & Dixon, 1992). 

 

2.3  Traditional Wastewater Treatment Methods 

 

There has been various techniques that have been explored for the removal of toxic pollutants 

from wastewater including reverse osmosis, ion exchange, precipitation, electro-dialysis, 

irradiation, coagulation, oxidation and adsorption (Samuel, 2015; Carvalho, et al., 2011; 

Hegazi, 2013; Masukume, et al., 2014). The commonly used procedures for removing heavy 

metal ions from aqueous streams include chemical precipitation, ion exchange, electrolytic 

techniques, membrane technology and chemical reduction (Rich & Cherry, 1987). However, 

several of these processes have significant disadvantages which include an incomplete metal 

removal at low concentrations (Sağ & Kutsal, 1995).  

2.3.1 Chemical Precipitation 

 

Chemical precipitation is a very effective and by far the most widely used process in industry 

for the removal of contaminants because it is relatively simple and inexpensive to operate (Ku 

& Jung, 2001). This technique includes hydroxide precipitation and sulphide precipitation. In 

a precipitation process, chemicals react with heavy metal ions to form insoluble precipitates. 
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The formed precipitates can then be separated by either sedimentation or filtration. The treated 

water also known as the filtrate is then decanted and discharged appropriately for re-use. 

Regardless of its widespread usage, one of the main drawbacks of the chemical precipitation 

method is the large amount of chemicals needed to reduce metals to an acceptable level before 

discharge, which presents serious chemical handling problems thereby making the technology 

user unfriendly (Maree, et al., 2005). Other disadvantages include: excessive sludge production 

that requires further treatment and is very difficult to dispose of, increased costs, slow metal 

precipitation, poor settling rates, aggregation of metal precipitates and the long-term 

environmental impacts of sludge disposal (Kurniawan, et al., 2006). 

 

Hydroxide Precipitation  

Hydroxide precipitation has been reported as the most widely used chemical precipitation 

technique owing to its relative simplicity, low cost and ease of pH control (Huisman, et al., 

2006). The methods used for the removal of the metal hydroxides are flocculation and 

sedimentation. A variety of hydroxides have been used to precipitate metals from wastewater. 

Based on the low cost and ease of handling, lime is the preferred choice of reagent used in 

hydroxide precipitation at industrial setup (Baltpurvins, et al., 1997).  

Despite being widely used, hydroxide precipitation processes have some limitations. Firstly, 

hydroxide precipitation generates large volumes of relatively low-density sludge, which 

presents dewatering and disposal problems (Kongsricharoern & Polprasert, 1995). Secondly, 

some metal hydroxides are amphoteric, and the mixture of metals in multi-component effluents 

creates a problem when using hydroxide precipitation since the ideal pH for one metal may put 

another metal back into solution. Thirdly, when complexing agents are in the wastewater, they 

will inhibit metal hydroxide precipitation. According to Kim et al. (2006), another drawback 

of the precipitation method is that the metal concentration of treated water cannot be reduced 

below the solubility of the precipitate. Consequently, the use of other methods should be 

considered.  

 

Sulfide Precipitation 

This technique has also been reported to be an effective process for the treatment of toxic heavy 

metal ions. Some of the primary advantages of using sulfide is that the solubility of the metal 

sulfide precipitates are dramatically lower than hydroxide precipitates, and that sulfide 

precipitates are not amphoteric. Thus, the sulfide precipitation process can achieve a high 
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degree of metal removal over a broad pH range when compared to hydroxide precipitation. 

Metal sulfide sludge also exhibit better thickening and dewatering characteristics than the 

corresponding metal hydroxide sludge, hence separation of the treated water from the 

precipitates becomes relatively easy to manage 

.  

Despite the above-mentioned advantages, the application of the sulfide precipitation process 

poses potential dangers. As it is known, heavy metal ions often in acidic conditions and sulfide 

precipitants result in the evolution of toxic H2S fumes. It is rather essential that this 

precipitation process be performed in a neutral or basic medium for safety purposes. 

Furthermore, metal sulfide precipitation tends to form colloidal precipitates that cause some 

separation problems in either settling or filtration processes, making it relatively difficult to 

retrieve the treated water from precipitates. 

 

2.3.2 Ion Exchange 

 

Another technology that has been widely used for the selective removal of some metal ions is 

ion exchange. This method involves the application of cation exchange resins, which are mostly 

synthetic polymers containing an active ion group such as SO3H (Erdem, et al., 2004). The 

technique involves passage of metal laden aqueous solution through a resin bed on which heavy 

metals are stoichiometrically exchanged until the resin’s exchange capacity gets exhausted. 

Erdem et al. (2004), reported that ion exchange has the capacity to remove heavy metals from 

acidic aqueous solutions and that it also raises the solution pH by adsorbing H+ ions. Another 

group of researchers, Korn et al. (2004) reported on the successful treatment of metal laden 

aqueous solution by ion exchange using Amberlite XAD-7 and Dowex 1X8-50 resins. Ion 

exchange can reduce metal ion concentrations to parts per million levels. After the resin has 

reached saturation, it can be regenerated with either an acid (sulphuric acid, phosphoric acid) 

or an alkali (lime and ammonia) (Silver, et al., 2004 ) . The primary limitation of this technique 

is that, in the presence of large quantities of competing mono-and divalent ions such as Na+ 

and Ca2+, ion exchange is almost totally ineffective. However, the major limitations associated 

with the application of ion exchange for inorganic effluent treatment are primarily high cost 

and the requirements for appropriate pre-treatment systems (Singh & Kaushal, 2013; Sonune 

& Ghate, 2004). Another limitation of ion exchange is the fact that its performance is high 

when there are low levels of sulphate in solution, yet wastewater is often characterized by high 

concentrations of sulfates, this, therefore, renders the technique ineffective. 
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2.3.3 Electrolytic Techniques 

 

Electrolytic techniques use an electrical current to plate out the metals (which can be recovered) 

and oxidize the cyanides in rinse waters from plating operations. Viggiano and Gramham 

(2005) achieved more than 90% recovery of the metal in the rinse stream and were able to 

oxidize up to 50% of the cyanides using the electrolytic technology thus minimizing the use of 

hazardous chemicals including acids, alkalis and chlorine-containing chemicals to treat rinse 

waters. Subsequently, since the metal is recovered, the volume of metal-containing hazardous 

sludge at the wastewater treatment plant is reduced. The primary advantage of this technique 

is the decrease in the use of treatment chemicals for cyanides and metals in the wastewater 

treatment plant and the recovery and reuse of metals (Viggiano & Gramham, 2003). The 

disadvantage, however, is the capital cost of purchasing the equipment which may be 

prohibitive as well as the fact that the process fails to differentiate among various types of 

metals for selective recovery. 

 

2.3.4 Membrane Technology 

 

Commercially used Membrane technologies to recover dissolved metals from aqueous wastes 

generated through electroplating or metal etching processes include techniques such as reverse 

osmosis and electro dialysis (Ying, 2007; Seepe , 2015). The technology is applicable to 

specific wastewaters, provided pre-treatment measures are taken to remove suspended and 

dissolved solids to ensure acceptable membrane lifetimes. However, current membrane 

processes tend to be hindered by the problems of limited flow-rates, instability of the 

membranes in salt and acid conditions and fouling by inorganic and organic species (Ying, 

2007).  

 

Reverse Osmosis 

Reverse osmosis (RO) technique involves the removal of dissolved ions from water. The basics 

of this technique is that pressure is used to force a contaminated aqueous solution through a 

semi permeable membrane element which will pass the water but reject most of the dissolved 

materials. RO has been reported as a successful application of reverse osmosis for the removal 

of heavy metals from wastewater (Kentish & Stevens, 2001; Sangita, et al., 2010). Research 

done by Sangita et al. (2010) showed that 95-99% metal removal from AMD was achieved in 
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a reverse osmosis pilot plant. Although RO is effective for heavy metals removal, the 

technology suffers from several draw backs that include high investment and operating costs, 

fouling of membranes and high pressure that is necessary to effect separation (Sangita, et al., 

2010). The extremely high operating pressures required to overcome osmotic pressure 

gradients leading to substantial increase in energy consumption, and the fact that sophisticated 

equipment is required makes the process very expensive. Another challenge with RO is the 

generation of huge volumes of brine which also presents serious disposal problems (Kentish & 

Stevens, 2001). In the South African context, RO has been applied for AMD treatment and it 

has resulted in huge volumes of brine being generated which is very difficult to further process. 

 

Electro Dialysis 

Electro dialysis (ED) is an electrochemical separation process which involves the selective 

migration of aqueous ions through an ion selective membrane as a result of an applied electrical 

potential difference (Valerdi - Perez & Ibanez - Mengual, 2001). This technique separates 

anions and metallic cations, resulting in the removal of metal contaminants and a simultaneous 

recovery of water. Buzzi et al. (2013) studied the performance of electro dialysis on AMD 

treatment by passing metal laden AMD over a HDX 200 anion exchange membrane and HDX 

100 cation exchange membrane, respectively. These authors confirmed metal removal 

efficiencies as high as 97%. This technique is associated with numerous limitations and draw 

backs. Membranes have a limited lifetime before fouling or failure of adhesive bonds 

necessitates replacement thereby making the technology cost intensive. Another limitation 

associated with ED is the constant electricity requirement to ensure maintenance of preheated 

feed water; this in turn classifies it as an energy intensive process. Lastly, a major disadvantage 

of ED is that the secondary effluent fed to the ED needs to adhere to specific guidelines 

pertaining its pH, organic constituents, turbidity and other characteristics, thus requiring an 

addition of pH adjustment chemicals (normally acid, e.g. H2SO4), as well as imbedded 

cartridge filters to alleviate source water contamination. This adds to the financial burden of 

increased operating costs. (Buzzi, et al., 2013) 

 

2.3.5 Biological Methods 

 

Numerous biological processes that can be used to eliminate contaminants from wastewater 

have been reported in literature. These processes include the use of bioreactors and wetlands. 
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Biological processes depend on activity of bacteria, fungi and plants for wastewater 

remediation (Younger, et al., 1997). The basis of bioremediation of AMD stems from the 

abilities of some microorganisms to generate alkalinity and immobilize metals, thereby 

essentially reversing the reactions responsible for its formation (Johnson & Hallberg, 2005). 

Biological techniques are attributed with a number of advantages. These include, capital input 

and lower chemical and labour costs and they tend to be sustainable. McCauley (2009) reported 

the potential of bioreactors in treating heavy metal rich AMD, which was found to be 

comparative. Bioreactors’ capacity was confirmed to be a function of pH level, dissolved metal 

concentrations and hydraulic loading to the bioreactor system (McCauley, et al., 2009). Higher 

retention times were required for lower pH levels and higher dissolved metal contents (Lyew, 

et al., 1994). Amidst the above mentioned advantages of biological wastewater treatment 

techniques, this technique is associated with a number of limitations that include low metal 

removal capacity and the fact that the process is usually slow and has a high residence time 

particularly if the initial metal concentrations are too high (McCauley, et al., 2009). 

 

 

2.3.6 Chemical Reduction 
 

Chemical reduction is an established and well-developed technology for a wastewater 

treatment. For instance, the reduction of hexavalent chromium’s oxidation state to decrease 

toxicity and encourage precipitation is presently used as a treatment technology in numerous 

electroplating facilities (Ying, 2007). The primary advantages of using chemical reduction such 

as in the example of the reduction of hexavalent chromium include operation at ambient 

conditions, automatic controls, high reliability, and modular process equipment. Despite the 

brilliant advantage, there are disadvantages associated with this process which include the 

utilization of chemicals throughout the reduction process (Ying, 2007). In addition, chromium 

needs to be readily available, and the release of metals (iron, manganese, arsenic) during the 

process could produce undesirable water quality changes (Water Science and Technology 

Board, 2003). 

 

2.3.7 Adsorption 

 

Conventional and widely used methods such as ion exchange, chemical precipitation, reverse 

osmosis, electrochemical methods, etc., have been found to require high treatment cost for low 
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metal concentrations while exhibiting low removal efficiencies. These low metal 

concentrations are nevertheless still above the recommended maximum discharge limits by the 

government regulations. Hence, adsorption has emerged as a promising alternative technique 

for the treatment of wastewater streams with low metal concentrations due to its high 

selectivity, low operational cost and production of minimal toxic sludge (Kurniawana, et al., 

2011). Adsorption can be simply defined as a surface-based phenomenon which involves the 

adhesion of ions or molecules from a gas, or a liquid to a solid surface (Richardson, et al., 

2002).The principle behind adsorption is that a component (heavy metals in this case) is 

transported by diffusion from the liquid bulk phase to the solid surface where it is bonded to 

the surface or interface between two phases by either chemical or physical forces (Mouelhi, et 

al., 2015; Kurniawana, et al., 2011; Faust & Aly, 1983). Molecules that have been added onto 

the solid surfaces are referred to as adsorbates, and the surfaces to which they are adsorbed are 

referred to as adsorbents (Richardson, et al., 2002). 

 

There are two types of adsorption: physical adsorption and chemical adsorption. Physical 

adsorption is what occurs when a solute is loosely bound to the solid, usually due to weak van 

der Waals’ forces or dipole interactions (Geankoplis, 1993). Chemical adsorption involves the 

formation of strong bonds between the adsorbate and adsorbent and the process is usually slow 

and irreversible. Adsorption happens in three distinct phases. Firstly, the adsorbate is 

transferred from the bulk medium to the external surface of the adsorbent material. Secondly, 

the adsorbate diffuses from the relatively small area of the external surface into the macro-

pores, transitional pores and micro-pores within the adsorbent. In the final sage, the adsorbate 

adsorbs to the surface in the pore. (Rochester & Parfitt, 1983; Geankoplis, 1993).  
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Figure 2.1 shows schematically the three steps involved during adsorption process. 

 

 

Figure 2.1: Steps involved during adsorption process (Rochester & Parfitt, 1983) 

 

A continuous adsorption process is carried out in either a fixed bed or a fluidised bed adsorber. 

Fixed beds are more common than the latter due to them being simple to operate and relatively 

easy to construct (Walas, 1992). A fixed bad adsorber is a cylindrical device/column, loaded 

with either pellets or granules of the adsorbent. The following are factors that are generally 

considered when designing a fixed bed column:  

 

 Column diameter 

 Adsorbent particle size 

 Adsorbent bed height 

 Residence time 

 Breakthrough time 

 Time of adsorbent exhaustion 

 Pressure drop 

 Solution flowrate 

 Solution pH / acidity 

 Temperature 
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Adsorbents 

Adsorbents such as activated carbon, silica gels and molecular sieves have been used 

successfully for the removal of heavy metals from wastewater (Richardson, et al., 2002). 

However, these adsorbents are associated with financial constraints which have consequently 

limited their use. Therefore, developing countries including South Africa do not have the 

financial ability to invest in expensive adsorbents or any other costly treatment method. This 

has in the recent years steered research towards the search for potentially low-cost adsorbents. 

An adsorbent can be considered as cheap or low cost if; it is abundant in nature, it requires little 

processing and it is a by-product of waste material from industry (Bailey, et al., 1999). 

 

Several adsorbents are under investigation; however, much focus has been directed on the use 

of naturally occurring materials such as biomass, agricultural wastes poultry waste and clays.  

Adsorbents that have been identified as potential alternatives to the existing ones include: sea 

shells, dead biomass such as cassava peels and tree bark, etc., poultry waste such as egg shells 

and chicken feathers, etc., agricultural waste such as banana peels, orange peels, sugar bagasse, 

etc., and clays such as bentonite, attapulgite, etc., and alumino-silicates such as zeolites (Wan 

Ngah & Hanafiah, 2008; Motsi, et al., 2009; Masukume, 2016; Kosasih, et al., 2010; Enslin, et 

al., 2010; Falayi & Ntuli, 2014). The application of low-cost adsorbents is an attractive option 

owing to their ability to remove toxic heavy metals from contaminated stream such as AMD at 

the same time producing water with significantly less harmful impact on the receiving 

environment, at a reasonable cost. Furthermore, there is a potential regeneration of the 

adsorbents and the metals recovered from the process. This in turn increases the financial 

viability of the adsorption process, since valuable heavy metals can be recovered and the 

income generated used to compensate for the treatment cost (Nleya, et al., 2016).  Hence, in 

the present study egg shells and sea shells were selected for the removal of two heavy metals, 

chromium and copper. Some of the advantages of these adsorbents include: 

 

 Low cost 

 Relative abundance and availability   

 High metal removal capacity  

 High Cu and Cr removal capacity at natural state (without modification) 

 Ability to neutralise acidic solutions 

 Egg shells are poultry waste and have no economic value 



 

Performance of a layered adsorbent column   Thabelo Mammburu 

 

 

21 
 

Established and Potential Adsorbents in Wastewater Treatment 

 

The following are some of the widely used adsorbents reported in literature which have been 

developed and applied for the removal of heavy metals from metal-contaminated wastewater. 

 

Activated Carbon: AC has been researched extensively and reports show that it is an excellent 

adsorbent which has been proven to be quite effective in the removal of both organic and 

inorganic compounds from wastewater (Amuda, et al., 2007). Amuda et al. (2007) noted that 

this is due to its high surface area and high degree of surface reactivity. AC has been reported 

to have a high specific surface area ranging between 500 and 1500 m2/g and widely different 

surface functional groups (Yin, et al., 2007). Any carbon material can be used to make activated 

carbon. However, commercial activated carbon (both powdered and granular) is manufactured 

from only a few carbon sources such as wood, peat, coal, oil products, coconuts and pits 

(Davidson, et al., 1968). These natural materials are activated with steam or carbon dioxide at 

elevated temperature ranging between 700 – 1100°C. Unfortunately, the use of AC has a 

downside associated with it. It is not economically viable and, therefore, not suitable for use in 

developing countries due to the high costs associated with production and regeneration of the 

spent carbon (Panday, et al., 1985; Rios, et al., 2008; Li & Hong, 2009).  

 

 

Zeolite: This is a naturally occurring hydrated alumina silicate mineral with a cage like 

structure containing exchangeable alkaline and alkaline earth metal cations (normally Na, K, 

Ca and Mg) as well as water. They are available in both natural and synthetic forms, with 

clinoptilolite being the most abundant natural zeolite (Masukume, 2016; Hui, et al., 2005). 

They have a highly porous physical structure, enclosing interconnected cavities in which the 

metal ions and water molecules are contained (Yabe & Oliviera, 2003; Panday, et al., 1985). 

Zeolites have catalytic and high ion exchange properties, and size selective adsorption 

capacities as well as thermal and mechanical stabilities, and have, therefore, found wide 

applications in industries (Wang, et al., 2009; Cejka, et al., 2012; Haidouti, 1997; Shi, et al., 

2009).  

 

Natural zeolites are commonly used in waste water treatment systems for heavy metal removal 

because they are low in cost and are readily available (Abollino, et al., 2003; Mondale, et al., 

1995; Leinonen & Lehto, 2001). It has been argued that the removal of heavy metals from 
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metal laden streams by zeolite is technologically simpler and more cost effective when 

compared to activated carbon. Although they have been widely used as water softeners, 

chemical sieves and adsorbents for a long time, zeolites were reported to become unstable at 

high pH and for this reason chemicals are added to adjust the pH, making this process expensive 

(Ali & El-Bishtawi, 1997; Hui, et al., 2005; Basu, et al., 2006). Furthermore, their inability to 

reduce the level of most organic compounds was also highlighted as part of its limitations. 

 

Activated Alumina: This material has been used widely as an adsorbent owing to its 

amphoteric properties which allows it to act as either an acid or a base. It is made from 

aluminium hydroxide by dehydroxylating it in a way that produces a highly porous material 

(Farooqi, et al., 2007). Activated alumina has an affinity for a variety of contaminants including 

excessive fluoride, arsenic, and selenium (Farooqi, et al., 2007). In order to remain effective, 

this material requires to be cleaned regularly with an appropriate regenerate such as alum or 

acid. The major limitation of the application of activated alumina is that the adsorption 

efficiency is highest only at low pH and contaminants like arsenites must be preoxidized to 

arsenates before adsorption (Seepe , 2015). 

 

2.4  Adsorption Isotherms 

 

The equilibrium distribution of a solute between the dissolved (in the liquid) and adsorbed solid 

phases can be described using a series of fundamental models. Tests may be conducted at a 

constant temperature and the adsorption data obtained can be interpreted with the help of these 

relationships. The earliest and simplest known adsorbent models are the Langmuir and the 

Freundlich models (Jalali, et al., 2002; Muhamad, et al., 1998). Ho (2006) argued that the 

design of an efficient adsorption system requires information such as a detailed understanding 

of the rate at which adsorption occurs. The adsorption rate is determined by the rate of arrival 

of molecules at the surface of the adsorbent and the proportion of incident molecules which 

undergo adsorption (Ho, 2006).  

 

The movement of the molecule may be hindered by possible resistance of an adsorbate from 

the bulk fluid outside a pellet to adsorption sites on its internal surface. When a concentration 

gradient occurs, molecules diffuse from the turbulent bulk fluid through a laminar boundary 

layer around a solid pellet to its external surface. However, the overall adsorption rate is 

controlled by the transport resistance. There have been numerous adsorption kinetic models 
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that have been reported in literature, all designed to give a quantitative description of the kinetic 

behaviour during adsorption.  

 

2.4.1 Langmuir Adsorption Isotherm: 

 

The Langmuir isotherm is also called the ideal localized monolayer model and was originally 

developed to represent chemisorption (Wang, et al., 2009). In this model, adsorption increases 

linearly with increasing solute concentration at low concentration values and approaches a 

constant value at higher concentrations because there are limited numbers of adsorption sites 

per unit mass of adsorbent. In theory, the adsorption of gases on solid surfaces is assumed to a 

chemical phenomenon (Langmuir, 1916). Furthermore, the Langmuir isotherm equation 

assumes that adsorption takes place at specific homogeneous sites within the adsorbent (Pérez, 

et al., 2007). This means that, all the adsorption sites are equivalent and the ability of a molecule 

to be adsorbed on a given site is independent of what is occupied on its neighbouring sites 

(Sarkar & Acharya, 2006; Febrianto, et al., 2009) 

  
The Langmuir equation is used to estimate the maximum adsorption capacity corresponding to 

complete monolayer coverage on the adsorbent surface and is expressed by: 

 

𝑞𝑒 =  
𝑞𝑚𝑎𝑥 𝑏𝐶𝑒

1
−  𝑏𝐶𝑒                  (2.1)   

 
where: qmax is the maximum adsorption capacity (mg/g), b is the Langmuir constant related to 

adsorption energy (L/mg), Ce is the equilibrium concentration of metal remaining in solution 

(mg/L) and qe is the metal uptake (mg/g). 

 

For linearization of the data, the Langmuir equation can be expressed as: 

 
𝐶𝑒

𝑞𝑒
=  

1

𝑞𝑚𝑎𝑥
𝐶𝑒 − 

1

𝑞𝑚𝑎𝑥
𝑏         (2.2) 

    

 

An alternative linearized Langmuir isotherm is expressed as: 

 
1

𝑞𝑒
=  

1

𝑞𝑚𝑎𝑥
𝑏 (

1

𝐶𝑒
) +

1

𝑞𝑚𝑎𝑥
         (2.3)  

 

By plotting a graph of (1/qe) versus 1/Ce, a straight line is obtained.  
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According to Langmuir isotherm model, the amount of the metal bound by the adsorbent is 

calculated as follows: 

 

𝑞𝑒 =  
𝑣(𝐶𝑖−𝐶𝑒)

𝑚
          (2.4) 

 

and, percentage metal removal is given by: 

 

% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =  
𝐶𝑖− 𝐶𝑒

𝐶𝑖
 × 100        (2.5) 

 

where qe is the metal uptake (mg metal per g adsorbent), v is the liquid sample volume (mL), 

Ci is the initial concentration of the metal in solution (mg/L), Ce is the final (equilibrium) 

concentration of the metal remaining (residual) in solution (mg/L), and m the amount of added 

adsorbent on dry weight basis (g). 

 

The experimental data is then fitted into the equation 2.2 for linearization by plotting Ce/ qe 

against Ce. 

 

The essential characteristic of the Langmuir isotherm can be described by a separation factor 

which is called the equilibrium constant, RL. The equilibrium factor is thus defined as: 

 

𝑅𝐿 =  
1

1+𝑏
 .

1

𝐶𝑂
          (2.6)  

 

Where b is the affinity constant (l/mg), Co is the initial concentration of the adsorbate (mg/L).  

An RL value that is between 0 and 1 indicates a favourable adsorption process. 

 

2.4.2 Freundlich Isotherm:  

 

The Freundlich isotherm is one of the widely used mathematical models which generally fits 

the experimental data over a wide range of concentrations (Erdem, et al., 2004). It describes 

adsorption in which the number of adsorption sites is large relative to the number of 

contaminant molecules. Originally, this isotherm was known to be of an empirical nature until 

recently when it was interpreted as adsorption on heterogeneous surfaces or surfaces supporting 

sites of varied affinities. It assumes equilibrium on heterogeneous surfaces (Gunay, et al., 

2007). Thus, the energy of adsorption is not the same for all adsorption sites. The adsorbed 
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mass per mass of adsorbent can be expressed by a power law function of the solute 

concentration, Ce, as (Freundlich, 1906): 

 

𝑞𝑒 =  𝐾𝐹𝐶𝑒

1

𝑛           (2.7) 

 

where, qe is the adsorption density (mg of metal ion adsorbed/g adsorbent); Ce is the 

concentration of metal ion in solution at equilibrium (mg/L); KF and n are the Freundlich 

constants which determine the curvature and steepness of the isotherm (Akgerman & Zardkoohi, 

1996). Also, the value of n indicates the affinity of the adsorbate towards the biomass.  

The above equation is conveniently used in linear form as: 

 

𝐿𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 + 
1

𝑛
 𝑙𝑜𝑔𝐶𝑒        (2.8) 

 

A plot of log Ce against log qe yielding a straight line indicates the conformation of the 

Freundlich adsorption isotherm. The constants 1/n and log KF can be determined from the slope 

and intercept, respectively. 

A performance limitation of this isotherm model is that it cannot predict any saturation of the 

sorbent by the sorbate, therefore, infinite surface coverage is predicted mathematically, 

implying multilayer adsorption on the surface (Freundlich, 1906). 

 

The Langmuir and Freundlich isotherm models can also be evaluated for lack of fit using the 

error function. The error function measures the difference in the amount of adsorbate taken up 

by the adsorbent using the models to the actual uptake measured experimentally (Arenas, et 

al., 2007; Simate, 2012)  

 

𝐹𝑒𝑟𝑟𝑜𝑟 =  √
∑ ((𝑞𝑖 𝑚𝑜𝑑𝑒𝑙− 𝑞𝑖 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙)/(𝑞𝑖 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙)2𝑝

𝑖

𝑝
     (2.9) 

 

where, qi model is the amount of adsorbate predicted by the fitted model and qi experimental is the 

amount measured experimentally, and p is the number of experiments performed. 
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2.5   Mathematical Models for Fixed Bed Columns 

 

Mathematical modelling of fixed bed columns is a factor of the mechanism responsible for 

metal uptake, and it includes mass balances between the solid and the fluid, the rate of the 

process, etc. (Chowdhury, et al., 2012). There is quite a handful of mathematical models that 

were developed to describe metal uptake by different adsorbents, including the Bohart-Adams, 

Thomas, Yoon-Nelson, etc. These models have been widely used for wastewater treatment as 

tools to predict the dynamic behaviour of the fixed bed column and for the estimation of some 

kinetic coefficients (Chowdhury, et al., 2012; Ahmed & Hameed, 2010). 

 

2.5.1 Thomas Model  

 

This model was developed in 1944 and has been widely used since then in various applications 

including modelling the dynamic behaviour of biosorption processes in fixed bed columns 

(Thomas, 1944). This model assumes that the process follows Langmuir kinetics of adsorption-

desorption with no axial dispersion. Its primary limitation is that the derivation is based on 

second order reaction kinetics and considers sorption as unlimited by the chemical reaction but 

rather controlled by the mass transfer at the interface. This may bring fourth errors when the 

method is used to model biosorption processes in specific conditions (Calero, et al., 2009) 

(Calero et al., 2009). The linearized form of the equation is given as: 

 

𝑙𝑛 [(
𝐶0

𝐶𝑡
) − 1] =  (

𝐾𝑇ℎ 𝑞0𝑚

𝑄
) − (

𝐾𝑇ℎ𝑞0𝑉𝑒𝑓𝑓

𝑄
)     (2.10) 

 

where: KTh(mL/mg min) is the Thomas rate constant, qo (mg/g) is the equilibrium adsorbate 

uptake, Co and Ct (mg/L) are the inlet and outlet adsorbate concentrations and m (g) is the mass 

of adsorbent in the column. 

 

2.5.2 Bohart-Adams Model  

 

This model is based on the surface reaction theory and it assumes that equilibrium is not 

instantaneous (Chowdhury, et al., 2012). Implying that the rate of adsorption is proportional to 

both the residual capacity of the adsorbent and the concentration of the dissolved species. 

Despite the model being initially developed for the application on solid-gas systems, its use 

has been extended to other types systems including biosorption. The mathematical equation of 

the model can be written as: 
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𝑙𝑛 (
𝐶𝑡

𝐶0
) =  𝐾𝐴𝐵𝐶0𝑡 −  𝐾𝐴𝐵𝑁0 (

𝑧

𝑈0
 )        (2.11)  

 

where: KAB (l/min.mg) is rate constant of Bohart-Adams model, Z (cm) is the bed depth, Co 

and Ct are the inlet and outlet adsorbate concentrations, N0 (mg/L) is maximum ion adsorption 

capacity per unit volume of adsorbent column, and U0 (cm/min) is the linear velocity of influent 

solutions 

 

2.5.3 Yoon-Nelson Model  

 

This model has its basis on the assumption that the rate of decrease in the probability of 

adsorption for each adsorbate molecule is proportional to the probability of adsorbate 

adsorption and the probability of adsorbate breakthrough on the adsorbent (Yoon & Nelson, 

1984; Ahmed & Hameed, 2010). The linearized model is expressed as: 

 

𝑙𝑛 [
𝐶𝑡

𝐶0− 𝐶𝑡
] = 𝐾𝑌𝑁𝑡 −  𝜏𝐾𝑌𝑁         (2.12)  

 

where: KYN (l/min) is the rate constant and 𝜏 is the time required for 50% adsorbate 

breakthrough. 

 

2.5.4 Error Analysis 

 

The Thomas, Yoon-Nelson and Bohart-Adams models can be evaluated for lack of fit by an 

error analysis. The error analysis measures the differences between the experimental data and 

the data obtained by calculating from the models (Arenas, et al., 2007; Ghribi & Chlendi, 

2011). The error can be obtained from the following formula: 

 

 𝛿 =  
√

∑[(
𝐶

𝐶0
)

𝑐𝑎𝑙
− (

𝐶

𝐶0
)

𝑒𝑥𝑝
]

𝑁
        (2.13) 

 

Where: (C/C0)cal and (C/C0)exp are the ratios of the inlet and outlet adsorbate concentrations 

obtained from calculations according to the models and from the experiment, respectively. N 

is the number of experiments performed. 
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2.6  Biosorption 

 

The continuous search for adsorption technologies involving the application of low cost and 

locally available adsorbents for wastewater treatment has brought so much attention on the 

concept of biosorption. Biosorption is a physiochemical process that occurs naturally in certain 

biomasses (Volesky, 1990). This process is based on binding capacities of various biological 

materials such as living or dead microorganisms or plants. It provides unique capabilities of 

concentrating and reducing the levels of heavy metals to environmentally acceptable limits in 

an economically and environmentally friendly manner (Volesky, 2001). There are two types of 

biosorption systems, metabolic dependant and non-metabolic dependant. Metabolic dependent 

biosorption involves the transportation of metal ions across a cell membrane resulting in 

intracellular accumulation. Since this system depends wholly on the metabolism of cells, it 

only occurs in living microorganisms (Gadd & de Rome, 1988).  

Non-metabolism dependent systems involve the uptake of heavy metals by means of 

physicochemical interactions between the metal and the functional groups present on the 

microbial cell surface (Kuyucak & Volesky, 1988). This process is based on physical 

adsorption, ion exchange and chemical sorption, which is not dependent on cell metabolism. A 

contributing factor in the success of using microbial biomass is their cell walls that consist 

mostly of polysaccharides, proteins and lipids, which have abundant metal binding groups such 

as carboxyl, sulphate, phosphate and amino groups (Abia, et al., 2003; Gardea-Torresday, et 

al., 1990). Advantages of the non-metabolism dependent biosorption are that it is relatively a 

fast process and it can be easily reversed (Kuyucak & Volesky, 1988). 

Hence, the scope of this study only covers the application of the latter. The process involves 

two phases, a solid phase (bio-sorbent) and a liquid phase (solvent or waste water) containing 

a dissolved specie (contaminant) to be adsorbed (Ahalya, et al., 2003). The bio-sorbent has a 

higher affinity for the adsorbate species; therefore, the adsorbate is attracted towards the bio-

sorbent and is bound by different mechanisms. The process occurs until such a time when 

equilibrium is reached, between the amount of adsorbate specie bound on the solid and the 

remaining amount in the solution. The distribution between the solid and liquid phases is 

determined by the degree of adsorbent affinity for the adsorbate. 

Biosorption is associated with numerous advantages in comparison to conventional methods 

including: low operational costs, minimization of chemical or biological sludge, no additional 



 

Performance of a layered adsorbent column   Thabelo Mammburu 

 

 

29 
 

nutrient requirement, regeneration of bio-sorbents and potential metal recovery (Sud, et al., 

2008; Apiratikul & Pavasant, 2008). The low operational costs are due to the application of 

low-cost adsorbents such as agricultural waste, industrial by-products and natural material. A 

vast majority of these wastes possess very little to no economic value while costing 

establishments a lot of money because they create serious disposal problems. Therefore, it is 

very desirable to use these as a renewable resource for sustainable bioremediation and 

biodegradation processes.  

A breakdown of the basic components of some natural adsorbents such as agricultural waste 

material includes hemi-cellulose, lignin, extractives, lipids, proteins, simple sugars, water 

hydrocarbons, and starch. These components are the source of a variety of functional groups 

that facilitate metal complexation and help in the sequestering of heavy metals (Bailey, et al., 

1999). These waste materials are used in the removal of metal ions either in their natural state 

or after some form of chemical or physical modification. The application of natural material 

(especially waste matter) in either their pure or modified form continues to attract research 

attention (Ho, et al., 1995; Abia, et al., 2003; Gardea-Torresdey, et al., 1998; Low, et al., 1995; 

Randall, et al., 1974; Quek, et al., 1998)  

Recent studies has shown the influence of modification of natural adsorbents on the % removal 

of metal from waste water streams including AMD (Mashangwa , 2016; Masukume, 2016; 

Nleya, et al., 2016; Abia, et al., 2003; Seepe , 2015; Masukume, et al., 2014). In these studies, 

materials such as egg shells, cassava peel, and sea shells have shown remarkable success in the 

removal of heavy metals such as copper, manganese, iron, cadmium, zinc, nickel, cobalt, 

vanadium and chromium from various waste water solutions. These studies reported that 

modifying the bio-sorbents by treatment with alkalis and acids such as thioglycollic acid 

introduces new functional groups responsible for enhanced metal uptake (Ndlovu, et al., 2013; 

Masukume, et al., 2014). In the case of eggshells, modification was done by calcination at high 

temperatures (Mashangwa , 2016). Research also reports that immobilizing cassava into pellets 

significantly improves heavy metal uptake (Simate & Ndlovu, 2014). Immobilization has also 

been reported to improve the mechanical strength, porosity and the life of the bio-sorbent. The 

supports normally used in bio-sorbent immobilization include polysulfone, polyurethane, 

alginate, polyacrylamide and polyethyleneimine (Rangasayatorn, et al., 2004). 
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2.6.1 Mechanisms Involved in Biosorption 

 

Various mechanisms such as physical adsorption, precipitation, chelation, co-ordination, 

complexation and ion exchange have been suggested to explain the heavy metal uptake by bio-

sorbents (Ozer, et al., 2004). A specific mechanism may be dominant in each case; however, it 

is likely that it will occur concurrently with one or more of other mechanisms, in degrees that 

depend on the bio-sorbent and the specific environmental conditions (Volesky, 2001). The 

uptake of the contaminant (metal ions) takes the following steps: the ion diffuses to the surface 

of the evaluated bio-sorbent, after diffusion it interacts with the sites that display some affinity 

with the metal species. These interactions between the metal ions and the active sites are 

orchestrated by the functional groups present on the cell surface.  

The most common functional groups present during such interactions include acetomido 

groups of chitin, structural polysaccharides of fungi, amino and phosphate groups in nucleic 

acids, sulfhydryl and carboxyl groups in proteins, hydroxyls in polysaccharides and phosphoryl 

groups present within cell wall components such as polysaccharides, lipids and proteins 

(Horsfall & Abia, 2003). For example, agricultural waste biomass which are often cellulosic 

materials possess hydroxyl groups when untreated, and sulfhydryl groups when treated with 

acids such as thioglycollic and mercaptoacetic acids (Ndlovu, et al., 2013; Seepe , 2015; 

Horsfall, et al., 2006). Both these functional groups can act as binding sites for metal ions. 

Some of the above-mentioned interactions (which often take place simultaneously) are 

described below (Ahalya, et al., 2003).  

Physical Adsorption 

This form of adsorption occurs when metal ions in solution bind onto polyelectrolytes in 

microbial cell wall through the help of weak Van der Waals forces. Researchers have reported 

that biosorption of elements such as uranium, cadmium, zinc, copper and cobalt by dead 

biomasses of algae, fungi and yeasts will take place through electrostatic interactions between 

the metal ions in solutions and the walls of microbial cells (Kuyucak & Volesky, 1988). Work 

done by Kosasih et al. (2010) also reported the uptake of copper ions by electrostatic 

interactions. The primary driving force for metal ion biosorption is the net negative surface 

charge of the bio-sorbents. Studies have established that a definite relationship between the 

electronegativity of activated sludge surfaces and their metal biosorptive capacities does exist 
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(Bux & Kasan, 1994). It was concluded that the higher the electronegativity of the biomass the 

greater the attraction and adsorption of heavy metal cations. 

Ion Exchange 

Microorganisms have cell walls made up of polysaccharides which allow the exchange of 

bivalent metal ions. For instance, the alginates of marine algae occur as salts of K+, Na+, Ca2+, 

and Mg2+. These ions can exchange with noxious counter ions such as Co2+, Cu2+, Mn2+, Cd2+ 

and Zn2+ resulting in the biosorptive uptake of heavy metals (Kuyucak & Volesky, 1988). 

Masukume et al. (2014) also attributed the uptake of Fe3+ and Mn2+ ions by egg shells to the 

ion exchange mechanism.  

Complexation 

This metal removal mechanism involves the formation of complexes on the cell surface of bio-

sorbents by combining cations with molecules or anions containing free electron pairs often 

called ligands (Wang & Chen, 2006; Aksu, et al., 1992). Aksu et al (1992) in his study 

suggested that biosorption of copper by C. vulgaris and Z. Ramigera takes place through both 

adsorption and formation of coordination bonds between metals and amino and carboxyl 

groups of cell wall polysaccharides. Complexation was found to be the only mechanism 

responsible for calcium, magnesium, cadmium, zinc, copper and mercury accumulation by 

Pseudomonas syringae (Ahalya, et al., 2003).  

Micro-organisms may also produce organic acids (e.g., citric, oxalic, gluconic, fumaric, lactic 

and malic acids), which may chelate toxic metals, therefore, resulting in the formation of 

metallo-organic molecules. These organic acids help in the dissolution of metal compounds 

and leaching from their surfaces. In addition, metals may also be biosorbed or complexed by 

carboxyl groups found in microbial polysaccharides and other polymers (Ahalya, et al., 2003). 

However, it does not necessarily mean that the presence of some functional groups guarantees 

biosorption, perhaps it may occur due to steric, conformational or other barriers present. 

 

Precipitation 

This mechanism may either be dependent on the cellular metabolism of the bio-sorbent or 

independent of it. In the case where cellular metabolism is required, the metal removal from 

solution is often associated with active defence system of the microorganisms (Nleya, et al., 

2016). They react in the presence of a toxic metal producing compound, which favour the 
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precipitation process. In the latter case where precipitation does not dependent on the cellular 

metabolism, it may be a consequence of the chemical interaction between the metal and the 

cell surface (Nleya, et al., 2016). 

 

2.6.2 Factors Affecting Biosorption 

 

Research has identified that with the exception of the fundamental sorption influences, such as 

the metal ions to be adsorbed and the type and form of sorbent to be used, the conditions under 

which the process takes place are largely responsible for the efficiency of the adsorption 

process (Horsfall & Abia, 2003; Wang & Chen, 2006). A list of the factors influencing 

biosorption includes; the temperature of the aqueous solution, the solution pH, the amount of 

adsorbent added, the speed of agitation and the presence of competing ions in solution that may 

be adsorbed with equal or higher affinity than the targeted metal. 

 

pH 

Solution pH plays an influential role in the biosorption process. This parameter affects the 

solution chemistry of the metals, the activity of the functional groups in the bio-sorbent and the 

competition of metallic ions in solution (Friis & Myers-Keith, 1986; Esposito, et al., 2002; 

Parsons, et al., 2003). In addition to the binding site dissociation state, pH is also capable of 

influencing the solution chemistry of the target metal in terms of hydrolysis, complexation by 

organic and/or inorganic ligands and redox potentials (Fiol, et al., 2006). This accounts for the 

specific sorption of some metal species rather than others at various conditions of pH 

(Godlewska- Zylkiewicz & Kozloska, 2005).  

At pH values as low as 3 (and below) adsorption of metal ions decreases. Adsorption decreases 

because there is a large amount of H+ ions present in the system at pH values this low, thus 

metal ions need to compete with these ions to form a bond with active sites of functional groups 

on the bio-sorbent’s surface. On the contrary, an increase in the pH of the solution reduces the 

electrostatic repulsion of ions, exposing more ligands carrying negative charges resulting in an 

increase in adsorption. However, at much higher pH values, metal precipitation and formation 

of hydroxylated complexes such as chromium complexes takes place, thus rendering the 

adsorption process ineffective. This feature of low adsorption at low pH values has been used 

in the study based on the interest in regenerating the loaded bio-sorbent using dilute acids, as 

a result this demonstrates the potential of recycling both the metals and the bio-sorbent. 



 

Performance of a layered adsorbent column   Thabelo Mammburu 

 

 

33 
 

Another effect of pH on metals in solution include precipitation, speciation and the availability 

of the metal for biosorption (Esposito, et al., 2002). Removal of base metal cations usually 

takes place in the range of pH of 3 – 7, this biosorption is extremely pH dependent (Sharma & 

Sanghi, 2012). Ozer and Ozer (2003) reported an optimal pH value for lead and nickel uptake 

of 5.0, while Vianna et al. (2000) found that copper, cadmium and zinc uptake was maximal at 

pH 4.5, and decreased significantly when the pH was dropped to 3.5 or 2.5. Therefore, initial 

electrostatic attraction between the negatively charged functional groups and the metal cations 

is involved in biosorption reactions (Ozer & Ozer, 2003; Vianna, et al., 2000). 

The apparent dependency of the biosorption process on small pH values within which optimal 

sorption occurs does not necessarily pose as a limitation of this process. A study done by 

Arrascue et al. (2003) involving the screening of four variants of immobilized chitosan for gold 

binding capabilities showed that if sulfur compounds are grafted onto the bio-sorbent they 

could decrease the influence of pH by modifying the uptake mechanism from pure ion 

exchange to a combination with sulfur chelation. In addition to an increase in the metal uptake 

capacity, this will also allow a much broader operating range if similar modifications are made 

to other bio-sorbents that are already successful (Arrascue , et al., 2003). Parsons et al. (2003) 

reported that chemical modification of the alfalfa biomass resulted in an increase in the 

optimum pH at which maximal platinum binding occurred at pH 6. 

 

Temperature 

In adsorption technology, most of the reactions that drive the process are independent of 

temperature (Bhainsa & D'souza, 1999). Therefore, often than not, the temperature at which a 

sorption reaction takes place is rarely important (Panda, et al., 2006). However, there is quite 

a few exceptions where temperature does in fact have an influence in the interaction between 

the bio-sorbent and the metal ions, usually by influencing the stability of the ions in solution   

(Sag & Kutsal, 2000). It can also do so by affecting the stability of the metal-sorbent complex, 

and the ionization of the cell wall chemical moieties (Ozer, et al., 2004).  

The effect of temperature varies and seems to depend largely on the type of biomass system. 

For instance, some systems were found to be unaffected by temperature in the range of 20 to 

35 °C (Aksu, et al., 1992). While in other systems, adsorption has been reported to be 

exothermic, which means that biosorption capacity increases with a decrease in temperature 

(Kapoor & Virarahgavan, 1998). Nonetheless, biosorption by other natural materials such as 
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cassava peel has been found to be endothermic, with optimal temperatures between 40 and 60 

°C  (Ndlovu, et al., 2013; Kosasih, et al., 2010). In another study where temperature was varied 

from 15 to 40 °C, the maximum equilibrium biosorption capacity for heavy metal ions by some 

sorbents such as yeast was reached at 25 °C (Wang & Chen, 2006). 

 

Adsorbent Dosage    

The amount of adsorbent added to the biosorption system will determine the extent to which 

the process takes place. The uptake of metal ions generally increases with an increase in the 

adsorbent dosage (Gadd, 1993). This is due to the increase in the number of binding sites 

present for the interaction with metal ions in solution (Gadd & de Rome, 1988). However, the 

quantity of adsorbed metal per unit weight of adsorbent decreases with an increase in the 

adsorbent dosage (Fourest & Roux, 1992). Fourest & Roux (1992) argued that this may be due 

to a complex interaction of several factors. It is important to note, at high adsorbent dosage the 

available solute (metal ions) is insufficient to completely cover the available exchangeable sites 

on the adsorbent, usually resulting in low solute uptake per given weight (Oliviera, et al., 2011). 

Gadd & de Rome (1998) suggested that the low solute (metal ions) uptake per unit weight was 

a result of the interference between the binding sites. 

 

Competing Ions 

In the treatment of real wastewater streams the metal of interest is often found in a matrix 

containing several other metal ions (Fourest, 1993; Tobin, et al., 1984; Chong & Volesky, 

1996). This is because most processes which lead to the deposition of metals in effluent streams 

involve not only one metal, but instead the water comes into contact with a variety of other 

metals and compounds. Although most adsorption processes target specific toxic metals, these 

various metal ions and compounds exist simultaneously in the effluent stream. These extra 

metals will at the very least, lower the specificity of the adsorbent by binding to sites to which 

the metal ions of interest do not bind or an extreme case will be to compete with the metal of 

interest for binding sites. If the affinity of one metal ion for an adsorbent is similar to that of 

another metal ion, a competition effect could be observed between the metals for a given 

binding site. In cases where such competing ions co-exist in a solution to be treated by a bio-

sorbent, the biosorption metal removal capacity of the metal of interest is expected to be lower 

than that corresponding to the single metal solution of the targeted element. Therefore, the 
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presence of certain cations is bound to influence the selectivity and ultimately the adsorption 

capacity of the adsorbent. However, if the metal ion species shows affinity for different binding 

sites, their co-existence in solution may not significantly affect their corresponding metal 

uptake capacities (Tsezos, et al., 1996) 

Sodium, magnesium and calcium are the most commonly known ions to occur in general 

wastewater (Deng, et al., 2007). These components are very influential to the success of the 

biosorption process because upon interaction with heavy metals they tend to modify the metals’ 

behaviour towards the sorbent material used (Maruca, et al., 1982; Tsezos, 1983; Benguella & 

Benaissa, 2002). Sodium ions generally are only effective in competing only with weakly 

bound ions by virtue of them being bound weakly by mostly electrostatic attraction. However, 

even heavy metals that tend to form complexes are partially bound through electrostatic 

attraction as a consequence of the higher concentrations of all metals existing near binding 

sites, than in the bulk solution (Schiewer & Volesky, 2000). The presence of divalent calcium 

or magnesium ions exerts a stronger influence on metal removal capacities of adsorbents in 

comparison to the sodium case, which is reflected even at lower salt concentrations. This could 

be a consequence of its higher electrostatic accumulation and its greater affinity for the binding 

sites (Volesky, 2003). In conclusion, divalent ions such as Mg2+ and Ca2+ can compete more 

strongly for binding sites than the monovalent Na+ ions. 

 

Agitation Speed 

The speed at which the biosorption takes place has an influential role in the formation of the 

external boundary film, thus optimizing it is crucial in order to minimize factors like the mass 

transfer resistance. An increase in the agitation speed increases the mass transfer rate of the 

solute (metal ions) from the bulk solution to the liquid boundary layer, this is because the liquid 

boundary layer thickness decreases while the turbulence is enhanced (Shen & Duvnjak, 2005).  

 

Contact Time 

The primary advantage of the biosorption process is that the uptake of heavy metals is generally 

rapid ranging from a few minutes to about two hours. The biosorption of heavy metals such as 

copper manganese and nickel by bio-sorbents such as egg shells and cassava peels, and sea 

shells has been found to be a rapid process, with equilibrium being attained within the first 45 

minutes (Kosasih, et al., 2010; Agarwal, 2013; Masukume, et al., 2014). These results were 
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associated with heavy metal-adsorbent interactions involving cationic exchange reactions, 

surface complexation and/or chelation (Kurniawana, et al., 2011). Studies done by Ndlovu et 

al. (2012) showed similar and much lower observations, when the optimal contact times of 25 

and 30 minutes were reached for cobalt and vanadium uptake, respectively. Although, the 

biosorption of heavy metals generally increases with an increase in contact time, it is advisable 

to take caution by optimizing the contact time, considering the efficacy of desorption and 

regeneration of the biomass. 

 

2.7  Egg Shells in Wastewater Treatment 

 

The egg shell is made up of several layers of calcium carbonate. The innermost layer is called 

the mammillary layer, it is about 100 µm and grows on the outer egg membrane. The innermost 

layer creates a base upon which the palisade layer is created to constitute the thickest part of 

about 200 µm of the egg-shell. There is top layer called the vertical layer that is about 5-8 µm 

and is enclosed by the organic cuticle (Chojnacka, 2005). Egg shells are very porous as shown 

in Figure 2.2. Therefore, they are remarkably great at being adsorbents for wastewater 

treatment (Koumanova, et al., 2002).  

 

Figure 2.2: Scanning electron microscope image of a chicken eggshell (Carvalho, et al., 2011)  
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The egg shell is characterised by the following: ceramic material namely the cuticle on the 

outer surface, a spongy (calcareous) layer and an inner lamellar (or mammillary) layer, 

arranged in a three-layered structure. Over 90%n of the material in eggshell is represented by 

the spongy and mammillary layers that forms a matrix composed of protein fibres bonded to 

calcite (calcium carbonate). These two layers are structured in such a way that bring fourth 

many circular pores, thus rendering the egg shell as an efficient adsorbent. Studies that 

previously aimed at the supplement of calcium and other nutritional sources from the albumin, 

membrane and matrix of the eggshell, which were treated by crushing and milling to get fine 

particles (flours) for animal use in the early1970’s prompted the use of the eggshell by-products 

(Schwarz & Contescu, 1999).  

While most developing countries rely heavily on expensive imported technologies and 

chemicals for the treatment of their effluents, the answer to the dilemma of effluent treatment 

is the use of indigenously produced treatment techniques, or the use of locally available non-

conventional materials to treat pollutants. Consequently, research is focusing more and more 

on the use of suitable low cost technology for the treatment of wastewater in recent years 

(Ramachandra, et al., 2005; Putra, et al., 2014; Agarwal, 2013). Cost effective wastewater 

treatment procedures with locally available materials through proper understanding of the bio-

sorbent mechanisms have become of great importance, hence the purpose of this study.  

Rohaizar et al. (2013) studied the feasibility of metal removal from aqueous solutions by egg 

shells. The scope of this work covered investigating and optimising parameters like pH, 

agitation rate and contact time. This work showed that egg shells were ideal for Cu (II) 

elimination from water at pH 7 and an optimum agitation rate of 350 rpm (Rohaizar, et al., 

2013). In another batch adsorption study done by Putra et al. (2014), a solution pH of 6.0, 

adsorbent dosage of 0.1 g and a 90 minutes’ equilibrium time were found to be the optimum 

biosorption conditions for the removal of Cu (II) and Zn (II) ions from aqueous solutions.  

Zulfikar and Setiyanto (2013) explored the adsorption of Congo red dye onto powdered 

eggshells, they reported that an optimum removal was observed at the following optimum 

conditions: initial concentration of 20 mg/L, pH 2, and adsorbent dosage of 20 g and contact 

time of 20 minutes. Additionally, the size of powdered eggshell particle had no major effect on 

the adsorption of Congo red (Zulfikar & Setiyanto, 2013). Agarwal (2013), whose study 

focused mainly on the effect of varying concentrations (5, 10, 20, 40, 100 mg/L) of Pb and Cu 
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demonstrated a 92% to 100% removal of Cu when the metal bearing solution was subjected to 

0.5 to 1.5 g of eggshells (adsorbents) at Cu concentrations of 5 and 10 mg/L. Furthermore, an 

adsorption efficiency of 80% to 100% for Pb at the same solution concentration was achieved.  

It is to be noted that an indirect proportion relationship exists between the heavy metal 

concentration and the adsorption efficiency; an increase in concentration results in a decrease 

in adsorption efficiency and vice versa (Kumaraswamy, et al., 2015; Agarwal, 2013). 

Kumaraswamy et al (2015) studied the following process parameters: contact time, initial 

concentration, adsorbent dose, and particle size in the adsorption of Cr+6, this study concluded 

that a contact time of 135 minutes was enough to reach equilibrium. Increasing the initial 

concentration of chromium decreased its adsorption, while increasing the adsorbent dosage 

increased the amount of adsorbate adsorbed. Furthermore, increasing the particle size of 

eggshell powder decreased the adsorption of chromium. Most of the research reviewed so far 

has focused primarily on the biosorptive efficiency of eggs on synthetic solutions with one 

heavy metal at a time. The current study will, therefore, compare eggshell biosorptive 

efficiency against a binary solution of chromium and copper. 

  

2.8  Sea Shells in Wastewater Treatment 

 

Sea shells are hard in nature and consist mainly of calcium carbonate. Calcium carbonate found 

in sea shell assumes either one or both of two principal crystalline forms; calcite or aragonite 

(Narayanan, et al., 2006). Every other day over thousands of seashells wash up at the shores of 

the Indian and the Atlantic Ocean. Sea shells are an ideal low cost and locally available bio-

sorbent because they are a natural material commonly found in abundances at beaches. In South 

Africa, seashells are readily accessible in Cape Town and Durban beaches and any other coastal 

areas like Port Elizabeth, Richards bay, etc. Several studies on the viability of sea shells in the 

removal of heavy metals from waste water streams have been documented (Tudor , et al., 2006; 

Zachara, et al., 1988; Cui, et al., 2013; Park, 2009; Luo, et al., 2013). 

Tudor et al. (2006) reported the adsorption of metals such as Mn2+ onto sea shells via 

chemisorption. Zachara et al. (1988) whose study was on the adsorption of Zn2+ and Co2+ onto 

sea shells concluded that these metal ions were adsorbed via the ion exchange interaction with 

Ca2+. According to Cui et al. (2013) the removal of Mn2+ from wastewater using oyster 

seashells and ultrasound is an effective and economically friendly approach. Hence, the 
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application of sea shells as an adsorbent is cost effective and technically viable due to their 

favourable costs and their availability in nature. This material also has an intrinsic pore 

structure (Figure 2.3) to entrap contaminants. Its porosity, non-toxicity and biodegradability 

have enhanced their application as adsorption and filtration media in water and wastewater 

treatment in recent years. Another very attractive advantage of sea shells is that they contain 

calcium carbonate that counteracts acidity upon dissolution, increasing solution alkalinity and 

pH. This aspect makes them suitable for the treatment of acidic solutions such as AMD.  

 

Figure 2.3: Scanning electron microscopy of crushed sea shell (Masukume, 2016) 

 

The work done by Park (2009) demonstrated the possible use of sea shells as an efficient 

adsorption media for the removal of phosphorous from wastewater. Another researcher, Luo et 

al. (2013) adopted the bio-contact oxidation tank with an active filler of waste oyster shells to 

treat wastewater. These authors reported the removal efficiencies for chemical oxygen demand 

(COD), biochemical oxygen demand (BOD), ammonia nitrogen (NH3-N), total phosphorous 

(TP) and total suspended solids (TSS) as 80.05, 85.02, 86.59, 50.58 and 85.32 percent, 

respectively. Sea shell powder has the ability to remove both organic and metal contaminants 

from wastewater which makes it an attractive adsorbent for wastewater treatment. 
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Owing to sea shells exhibiting a satisfactory performance in treating metal contaminated 

wastewater and attempt to explore the feasibility of using raw and modified sea shell for the 

treatment of manganese and iron rich actual AMD was made by Masukume et al. (2014). This 

study investigated the performance of the sea shell adsorbent considering both batch and 

column studies under different operating conditions. The removal of the component sulphate 

was also studied under batch operating conditions only. To the best of our knowledge there is 

barely sufficient information in the literature on the application of sea shells in a layered 

adsorbent column for waste water treatment. Hence, in the present study the performance of 

sea shells in a layered adsorbent column was studied. 

 

2.9  Summary 

 

In this chapter, the background of the study was presented. The following areas were discussed 

in detail: 

 

 The presence of heavy metals in wastewater streams and their typical concentrations. 

 The toxicity of heavy metals 

 Conventional waste water treatment methods 

 Advantages and disadvantages of traditionally used methods and why there is still a 

need for environmentally and economically sustainable treatment methods. 

 Advantages and disadvantages of traditionally used methods and why there is still a 

need for environmentally and economically sustainable treatment methods. 

 Adsorption as a waste water treatment method and why it is superior in comparison to 

other treatment methods. 

 The use of biosorption as a wastewater treatment specifically for heavy metal removal  
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CHAPTER THREE 

3. MATERIALS AND METHODS 
 

3.1 Introduction  

 

This chapter provides a detailed description of the materials and sample preparations, 

experimental methods and analytical techniques used in this study. 

 

3.2  Material and Sample Preparation 

 

This study was aimed at removing chromium and copper, as part of the heavy metals found in 

South African AMD, and furthermore, provide a comparative study of egg and sea shell bio-

sorbents for their potential use in a layered adsorbent column for the treatment of acidic 

wastewater. An acidic metal bearing solution was prepared to mimic an AMD solution, and 

this was done by dissolving copper sulphate and chromium nitrate in water and the addition of 

hydrochloric acid (HCl) to make it acidic.  

 

3.2.1 Acidic Aqueous Solution Preparation 

 

Stock solutions of synthesized acidic waste water containing 1g/L of Cu2+ and Cr3+ each were 

prepared using distilled water (see example in Appendix A). Analytical grade metal sulphate 

(CuSO4.5H2O) and nitrate (Cr(NO3)3.9H2O), were used as sources of Cu2+ and Cr3+ ions, 

respectively. pH adjustments were done using sodium hydroxide and hydrochloric acid. All 

metal sulphates and nitrates were supplied by Sigma-Aldrich. Stock solutions of synthetic 

acidic waste water were stored in a cool place after preparation. 

 

3.3 Adsorbent Preparation  

 

Two types of bio-sorbents were used in this study: egg shells and sea shells. 

3.3.1 Egg Shells 

 

Egg shells were collected from a restaurant at the University of the Witwatersrand. They were 

soaked in tap water for 12 hours, for enough residence to get them moist, then washed to 

remove residual egg yolk as well as the inner membrane. They were then washed with distilled 
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water to remove any physical impurities on the surface and air dried for 24 hours in order to 

remove water droplets from the surface. To ensure that the egg shells were completely dry 

(Figure 3.1a) they were further dried in the oven for 24 hours at 60 °C. A moderate temperature 

was used because drying at higher temperatures may cause some form of modification 

(calcination) of the small egg shell particles. Thereafter, the dry egg shell samples were crushed 

with a coffee grinder (Figure 3.1b) and sieved using standard sieves to achieve a fine sample 

of the following particle size ranges: <150 μm, 150-300 μm and 300-425 μm. These three 

particle size classes were chosen because a finer sample may clog the column, and particles 

bigger than these size ranges have a low surface area (Masukume, et al., 2014). 

    

Figure 3.1: (a) Collection and (b) preparation of egg shell powder adsorbent 

 

3.3.2 Sea Shells      

 

Sea shells were collected from sea point in Cape Town, South Africa (Figure 3.2a). After 

collection, the sea shells were soaked in tap water for 12 hours, for enough residence to get 

them moist, then washed to remove sand and any other particles. They were subsequently 

washed with distilled water for further removal of any physical impurities on the surface. 

Thereafter, they were air dried for 24 hours in order to remove water droplets from the surface 

and then oven dried for another 12 hours at 100 °C to get rid of all the remaining water. Unlike 

egg shells, sea shells have a hard surface and can therefore, withstand higher temperatures 

without experiencing any form of modification. After the sea shells cooled down, they were 
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crushed using a lab scale ball mill (Figure 3.2b) and sieved using standard sieves in order to 

achieve a fine sample of the following particle size ranges: <150 μm, 150-300 μm and 300-425 

μm. Similar to the egg shells, the size range was chosen because a finer sample may clog the 

column and particles bigger than these size ranges have a low surface area. 

          

  Figure 3.2: (a) Collection and (b) preparation of sea shell powder adsorbent 

 

3.4 Experimental Methods 

 

3.4.1 Batch Adsorption Tests 

 

Batch equilibrium experiments were conducted to establish the performance of the egg and sea 

shell adsorbents in treating acidic aqueous solution under different conditions. These tests were 

carried out on each of the adsorbents separately in order to obtain their individual adsorption 

capacities (Ahmed & Hameed, 2010). This was done by contacting a known amount of the 

adsorbent with about 100 mL of the heavy metal bearing acidic aqueous solution in 250mL 

conical flasks. Variables such as agitation speed, temperature, contact time and adsorbent size 

were kept constant while variables such as the initial metal concentration, solution pH and 

adsorbent dosage were varied in order to identify their influence on the adsorption process.  

The variables were tested simultaneously in order to account for their interactions and the 

effects they have on each other. The experimental setup (design matrix) was generated using a 

tool known as the design of experiments (DOE). When the samples reached equilibrium, the 

solution was separated from the adsorbent material through filtration. The liquid sample was 

analyzed for metal content while the solid sample was analyzed for its surface morphology. 

Single and binary solution batch experiments were conducted to compare the level of affinity 
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that each adsorbent has with each element and to establish the interference that may exist 

between the metal ions, respectively.   

Design of Experiments 

The main aim of this study was to explore the performance of the two types of adsorbents (egg 

and sea shell powders) for the removal of chromium and copper. The DOE was used for the 

screening and identification of factors that have a significant influence on the adsorption of the 

two metals. The DOE was employed because it provides more precise and useful information 

about the process of interest. This approach has a greater advantage because it evaluates the 

joint influence of all the variables in question (Barrentine, 1999; Montgomery, 2005). The 

different factors were initially screened as a test of their possible influence on the metal removal 

(response). Their appropriate ranges were also identified and compared to that from literature. 

A full factorial design was used to determine the influential factors. A statistical analysis of the 

experimental results was used to evaluate the significance of the factors using the normal 

probability plot and the Pareto chart. 

The final stage of the analysis, after experimentation, was the development of the models and 

their significance was checked using the analysis of variance (ANOVA) technique (Khuri & 

Cornell, 1987; Meier & Zund, 2000). Fisher’s variance ratio test (F-test), standard errors of 

model coefficients (t-test), the coefficient of determination (R2) and, the absolute average 

deviation (AAD) are some of the methods that were used in the ANOVA. Refer to Appendix 

B for analysis results (Table B1–B12). 

 

Identification of Influential Variables 

The effects of various process variables on the removal of chromium and copper were studied 

under the full factorial experimental design. The variables with the greatest effects on the 

process were identified. Once identified, further experiments were done in order to determine 

conditions that would allow a high purity removal of either chromium or copper from the 

aqueous solution. For the purposes of this study, influential factors were identified for the sole 

generation of the models and to form as a basis for the application of these variables during the 

column studies in section 3.4.2.  
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Apparatus and Experimentation 

All the batch adsorption experiments were carried out in sealed 250mL Erlenmeyer flasks. 

These flasks were placed as shown in Figure 3.3 in a Labcon shaking incubator (Model FSIM-

SPO24) of maximum shaker load: 15kg, heating temperature range: 25 – 99.9 ℃, cooling 

temperature range: 0 – 99.9 ℃ and agitation rate range: 50 – 400rpm. The speed and 

temperature adjustments were made according to the requirements of the experiments.  

   

Figure 3.3: Batch adsorption test equipment (Labcon shaking incubator) 

 

3.4.2 Column Adsorption Tests 

 

The column experiments were conducted in a glass column with an outer and inner diameter 

of 30 and 23 mm, respectively, and a height of 500 mm. The column was packed with egg and 

sea shell powders to various bed heights. The metal bearing aqueous solution was fed into the 

column in a downward-flow set-up at a constant flow-rate, using a peristaltic pump (Watson 

Marlow 520Du) with an adjustable speed as shown in Figure 3.4. The downward-flow feeding 

model was used because the force of gravity present in this kind of set-up minimizes the amount 

of work required from the pump. To ensure complete wetting of the adsorbent particles and to 

prevent channeling during the column’s operation, the column was designed with a built-in 

sieve material attached at the top end. Glass wool was placed at the bottom end of the column 

to prevent the adsorbents from flushing out of the column.  

The first part of the column tests were conducted with just single layers of each adsorbent to 

achieve adsorption capacity of each adsorbent. Thereafter, the double layer setup was 

conducted. These adsorbent layers were alternated; initially the sea shell powder was placed at 

the top and egg shell powder at the bottom and vice versa. A piece of porous glass wool was 
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placed between the two adsorbent layers to prevent them from mixing. At various specified 

time intervals, effluent samples were collected at the bottom of the column for the analysis of 

both chromium and copper metals. The operating flow rate and bed height tabulated in Table 

3.1 were the only parameters whose effect on adsorption was investigated for the column tests. 

Variables such as initial metal concentration, solution pH and adsorbent size were kept 

constant. 

 

Figure 3.4: (a) An illustration of the experimental set up for the column adsorption test and 

(b) the actual set up of the column adsorption test 

 

 

Table 3.1: Experimental conditions for column adsorption tests 

 

Operating Parameter 

 

 

Level 

 

Flow Rate 

 

Bed Height 

 

2.5, 5, 7.5 (mL/min) 

 

5, 10, 15 (cm) 
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3.5 Analytical Techniques 
 

3.5.1 Determination of Surface Morphology  

 

The surface morphologies and the elemental composition of the egg and sea shell samples were 

examined using the Carl-Zeiss field emission scanning electron microscopy-energy dispersive 

x-ray spectroscopy (SEM-EDS) operating at 10kV accelerating voltage. The samples were 

sputter coated with gold and palladium to avoid surface charging, and to enhance electron 

conductivity.  

 

3.5.2 Determination of Functional Groups 

 

Fourier transform infrared spectroscopy (FTIR) was used in order to identify the various 

functional groups present on the egg and sea shell surfaces. The FTIR analysis was carried out 

in the wavenumber range of 500 to 4000 cm-1, since there were no visible peaks outside of this 

range. 

 

3.5.3 Determination of Chemical Composition  

 

X-Ray fluorescence (XRF) spectrometer was used for the analysis of the chemical composition 

of the egg and sea shell particles. The quantities of the major phases present were also 

estimated. 

 

3.5.4 Determination of Metal Ion Concentration 

 

The concentration of Cu2+ and Cr3+ ions in the solution was determined using the atomic 

absorption spectroscopy (AAS) with an air/acetylene flame shown in Figure 3.5 for all samples 

using the conditions in Table 3.2.  
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Figure 3.5: The Agilent Technologies 200 Series (240FS AA) atomic absorption 

spectrophotometer 

 

 Table 3.2: Operating conditions for chromium and copper analysis by atomic absorption 

spectrophotometer (Varian Pty Ltd, 1989)  

 

Metal 

 

 

Wavelength 

(nm) 

 

Slit width 

(nm) 

 

Lamp current 

(mA) 

 

Working Range 

(ppm) 

 

Copper 

 

 

222.6 

 

0.2 

 

4 

 

1 - 280 

Chromium 

 

428.9 0.5 7 1 - 100 

 

Aqueous metal standards were obtained by diluting the 1000 ppm stock solutions for the 

respective metals using distilled water to the required concentrations of 5, 10, 20, 50, 80 and 

100 ppm for calibration of the AAS. All samples were diluted to the correct concentration range 

and were measured in duplicates.  

 

3.5.5 Determination of Crystallinity  

 

To determine the crystallinity of the egg and sea shell milled powders an X-ray diffraction 

(XRD) analysis was conducted on the samples. A PANalytical XRD software was used for this 
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investigation. The XRD spectrums were acquired using: Copper Kα radiation, an automatic 

divergence slit; i.e., an irradiated sample length that is independent of the Bragg angle and a 

diffracted-beam monochromator. 

 

3.5.6 Determination of the Point of Zero Charge  

The point of zero charge (pHpzc) was determined using the immersion technique also known 

as the batch equilibration method described by Pathak et al. (2016). pHpzc was determined 

using a 50 mL solution of 0.03M KNO3. Eight conical flasks were filled with 50 mL of the 

solution with pH adjustments made to have eight different initial pH’s (pHi) in the range of 2-

12. pH adjustments were made by adding either 0.1 M NaOH or 0.1 M HCl solutions. Either 

egg or sea shell powder (0.5 g) was added in the flasks containing different pH values. These 

flasks were left in a thermostatic shaker where they were agitated at 200 rpm for 24 hours at 

30 °C. The final pH (pHf) for each flask was measured and results are tabulated in Appendix 

C (Tables C1 and C2). The change in pH (pHf – pHi) was plotted as a function of initial pH 

(pHi), and the point at which the curve cuts the x – axis line (i.e., pHi = pHf) was defined as the 

pHpzc as shown in Appendix C (Figures C1 and C2). 

 

3.5.7 Determination of Surface pH and Surface Charge 

 

Surface pH: 

Surface pH was determined by adding about 1g of either egg or sea shell powder to 50mL of 

distilled water. This mixture was placed in a thermostatic shaker and agitated at 30 °C for 24 

hours. The mixture was filtered, and the final pH of the filtrate was determined and defined as 

the surface pH. 

Surface acidity: 

Surface acidity was determined by adding 0.5 g of either egg or sea shell powder to 50 mL of 

0.01M NaOH solution. The samples were placed in a thermostatic shaker and agitated at 200 

rpm at a temperature of 30 °C for 24 hours. Thereafter, the mixture was filtered, and the filtrate 

was back titrated with 0.01M HCl. The number of acidic groups available was determined from 

the end point. Finally, the number of acidic sites available was expressed in mmol/g of either 

egg or sea shell powder. 
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Surface basicity: 

Surface basicity was determined by adding 0.5 g of either egg or sea shell powder to 50 mL of 

0.01 M HCl solution. The samples were placed in a thermostatic shaker and agitated at 200 

rpm at a temperature at 30 °C for 24 hours. The mixture was filtered, and the filtrate was back 

titrated with 0.01M NaOH. The number of basic groups available was determined from the end 

point. Finally, the number of basic sites available was expressed in mmol/g of either egg or sea 

shell powder. 

 

3.5.8 Determination of Surface Area, Pore Size and Pore Volume 

 

The surface area, pore size and pore volume were determined from the adsorption-desorption 

isotherm of nitrogen at 77K using the Micrometrics (TriStar 3000 V6.05 A) surface area and 

porosity analyser. The pore volume and pore diameter distribution were derived from the 

adsorption isotherms. 

 

3.6  Summary 

 

In this chapter the materials and methods used in this study were presented and discussed. This 

chapter focused on the following activities: 

 

 Materials and equipment 

 Adsorbent collection and preparation  

 Stock solution preparation  

 Characterisation techniques for the adsorbents 

 The choice of designs for the DOE for batch studies   

 Experimental setup for column studies 

 Determination of the metal concentration in solution 

 Data analysis and interpretation. All the results obtained during laboratory test works 

were recorded. Correlations between process parameters and percent metal removal 

were determined graphically, analytically and empirically 
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CHAPTER FOUR 

4. CHARACTERISATION OF BIO-SORBENTS 
 

4.1  Introduction 
 

This section presents and discusses the results for characterization of the adsorbents. Results 

on physicochemical properties, surface charge, qualitative and quantitative phase analysis 

functional group identity, surface morphology, surface area, pore size and volume are discussed 

in detail. 

 

4.2  Point of Zero Charge  

 

A fundamental surface property known as the pHpzc was investigated on both egg and sea shell 

powders for their potential use as bio-sorbents. pHpzc is defined as the pH at which the surface 

has zero net charge (Pathak, et al., 2016). At this pH, the charge of the positive surface sites 

equals that of the negative ones (Fiol & Villaescusa, 2009). When the pHpzc has been 

determined one can then hypothesize on the ionization of functional groups and how they may 

possibly interact with metal species in solution (Pathak, et al., 2017). At pHs higher than 

pHpzc, the sorbent surface is negatively charged (i.e., the adsorption of cations is favoured) 

while at pHs lower than pHpzc, the sorbent surface is positively charged (i.e., the adsorption 

of anions is favoured).  

Several techniques have been applied in literature for the determination of pHpzc, some of 

which include potentiometric mass titration (PMT), mass titration (MT) and immersion 

technique (IT). However, immersion technique was found to be an easy and appropriate method 

to determine the pHpzc of the studied materials.  

Egg and sea shell powders were found to have quite similar points of zero charge at 8.65 and 

8.40, respectively and these results are summarized in Table 4. Refer to Appendix C for 

experimental results and analysis (Table C1-C2 and Figure C1-C2). When used as bio-sorbents 

for the removal of cationic contaminants the pH of the solution should be kept above 8.66 and 

8.41 for sea and egg shell powder, respectively to achieve maximum performance from each 

one of them. When treating a solution with a pH between 8.4 and 8.65, sea shell powder is a 
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better choice of bio-sorbent for the removal of cations as compared to egg shell powder (Pathak, 

et al., 2017). 

 

Table 4.1: Immersion Technique results for egg and sea shell powder 

 

Bio-sorbent 

 

 

pHpzc 

 

 Egg shell powder                                             

 

 

8.65 

 

 

Sea shell powder 

 

8.40 

 

 

 

 

4.3  Surface pH and Surface Charge 

 

4.3.1 Surface pH 

 

Surface pH is a fundamental property of a bio-sorbent that gives guidance on the change in the 

pH of a solution when a certain amount of the bio-sorbent is added to it (Pathak, et al., 2016). 

This change is due to the leaching of some compounds from the surface of the bio-sorbent into 

solution (Pathak, et al., 2017). The surface pH’s of the egg and shell powders are presented in 

Table 4.2.  

 

Table 4.2: Surface pH results for egg and sea shell powder 

 

Bio-sorbent 

 

 

Surface pH 

 

Egg shell powder                                             

 

 

8.35 

  

Sea shell powder 

 

8.29 

  

 

According to Masukume et al. (2014), bio-sorbents will normally shift the solution pH towards 

their normal pH’s (surface pH) or their point of zero charge (pHpzc). Tests were conducted 
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and the results showed that both egg and seashell powders were able to raise the pH of 

synthesized metal contaminated solution as shown in Table 4.3. Egg and sea shell powders 

have displayed quite similar surface pH and pHpzc values and, therefore, it was expected that 

they will also have the same effect on the overall pH of any solution they come in contact with. 

Consequently, creating an environment that allows for the cationic exchange between the 

CaCO3 compound present on the adsorbents surface and the chromium and copper in solution.  

 

Table 4.3: Surface pH of the adsorbent and the effect it has on the solution pH 

 

Bio-sorbent 

 

 

Initial pH of 

solution 

 

 

Final pH of 

solution 

 

Surface pH 

 

Point of zero 

charge 

 

Egg shell 

powder 

 

 

Sea shell 

powder 

 

 

 

2.50 

 

 

 

2.50 

 

7.95 

 

 

 

8.05 

 

8.35 

 

 

 

8.29 

 

8.65 

 

 

 

8.40 

 

 

4.3.2 Surface Charge 

 

The surface of a bio-sorbent can be evaluated or described by the nature of active sites present 

on it (Pathak, et al., 2017). This can be done by calculating the net amount of basic and acidic 

sites. Depending on the net surface charges, the type of an impurity that may be adsorbed by 

this surface can be determined (Pathak, et al., 2016). In order to determine the net surface 

charges of egg and sea shell powder, a ratio of basic to acidic (B/A) sites was calculated and 

tabulated in Table 4.4. The following interpretation was used to determine the basicity and 

acidity of the bio-sorbents: If B/A < 1, then the surface has more positive (acidic) charges, If 

B/A =1, then the net positive and negative charges are equal, and  if B/A > 1 then the surface 

has more negative (basic) charges (Pathak, et al., 2017). 
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Table 4.4: Surface charge results for egg and sea shell powder  

 

Bio-sorbent 

 

Acidic sites (A) 

 

Basic sites (B) 

 

Ratio of basic sites / 

acidic sites (B/A) 

 

Egg shell powder  

 

 

1.55 

 

1.95 

 

1.26 

Sea shell powder 1.80 

 

2.10 1.17 

 

 

The egg and sea shell powder bio-sorbents both have a B/A ratio that is greater than 1; 

therefore, they have more negative charges and are consequently basic in nature. According to 

Pathak et al, (2017), acidic surfaces favour adsorption of anions and basic surfaces favour 

adsorption of cations. Thus, it can be concluded that these bio-sorbents are good adsorbents of 

cationic species (heavy metal ions) rather than anionic species. The value of B/A ratio for the 

egg shells at 1.26 is higher than that of the sea shells at 1.17 hence, it can be expected that egg 

shells will perform better than sea shells in the extraction of certain metals, however, sea shells 

were found to perform better in the removal of both chromium and copper in Chapter 6 (column 

studies) of this research work. This may be due to the fact that sea shells are more crystalline 

with a higher CaCO3 content and a higher surface area than egg shells. 

 

4.4  Chemical Composition of Adsorbents 

 

As shown in Table 4.5, the XRF results revealed that egg and sea shell powders have a high 

composition of CaO with a mass percentage of 55.14 and 55.20, respectively. The results agree 

with the work done by Tangboriboon et al. (2012), who reported that egg shells are mainly 

composed of CaO. Masukume et al (2014) also reported that sea shell powder contained CaO 

at 53.24 % by weight. Egg shell powder is also characterised by the following compounds: 

magnesium oxide (MgO at 0.564 %), sodium oxide (NaO at 0.079 %), phosphorous pentoxide 

(P2O5 at 0.246 %) and sulphur trioxide (SO3 at 0.149 %) (Tangboriboon, et al., 2012). Sea shell 

powder also contains the following compounds besides CaO: ferric oxide (Fe2O3 at 0.062 %), 

magnesium oxide (MgO at 0.270 %), sodium oxide (Na2O at 0.568 %) and silicon dioxide 

(SiO2 at 0.066 %) (Masukume, et al., 2014). In theory, egg and sea shell powders are composed 
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of a higher calcium content and a few other elements; i.e., S, Mg, P, Al, K and Sr which form 

part of the compounds reported in Table 4.5 (Ho, et al., 2013; Jai, et al., 2007; Tangboriboon, 

et al., 2012; Masukume, et al., 2014). These potential bio-sorbents have the following 

compounds in common: CaO, MgO, and Na2O. The type and quantity of phases found in a bio-

sorbent determines the number of cationic exchange sites and consequently the adsorption 

efficiency (Nleya, et al., 2016). By virtue of egg and sea shell powders having a high CaO 

content, they make great bio-sorbents because the calcium ions go through an ion-exchange 

process with the metals in solution, also rendering them as good neutralizing agents for strong 

acidic solutions (Jai, et al., 2007). Egg and sea shell powders have a tendency to raise the pH 

of an acidic solution due to the leaching and/or reaction of CaCO3 from their surfaces. The 

CaCO3 reacts with the acid in solution thus neutralising the solution. 

Table 4.5: Chemical composition (mass %) of sea and egg shell powder  

 

Major elements 

 

 

Sea shells 

 

Egg shells 

Al2O3 

BaO 

CaO 

Cr2O3 

Fe2O3 

K2O 

MgO 

MnO 

Na2O 

NiO 

P2O5 

SiO2 

SO3 

TiO2 

V2O5 

Loss on ignition (LOI) 

< 0.05 

< 0.05 

55.20 

< 0.05 

0.062 

< 0.05 

0.270 

< 0.05 

0.568 

< 0.05 

< 0.05 

0.066 

< 0.05 

< 0.05 

< 0.05 

44.61 

< 0.05 

< 0.05 

55.14 

< 0.05 

< 0.05 

< 0.05 

0.564 

< 0.05 

0.079 

< 0.05 

0.246 

< 0.05 

0.149 

< 0.05 

< 0.05 

45.06 
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4.5  Crystallinity 

 

Sea shells and egg shells are both crystalline substances, hence investigating their 

mineralogical structure was necessary for this study. A PANalytical XRD software was used 

for this investigation. The XRD micrographs were acquired using: Copper Kα radiation, an 

automatic divergence slit, i.e., an irradiated sample length that is independent of the Bragg 

angle and a diffracted-beam monochromator. When X-rays interact with a crystalline 

substance, a diffraction pattern is produced. Each substance gives a unique pattern which is 

like the finger print of that substance (Nleya, et al., 2016). The XRD results of sea shells and 

egg shells are shown in Figures 4.1 and 4.2, respectively. 

 

 

Figure 4.1: X-Ray Diffraction chart for sea shell powder 
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Figure 4.2: X-Ray Diffraction chart for egg shell powder 

 

The sharp peaks seen in both diffraction patterns (Figures 4.1 and 4.2) confirms the crystalline 

nature of these substances (Suteu, et al., 2012; Borhade & Kale, 2017). The results indicate that 

the highest peaks occurred at a ˚2 theta position of 29.5 for both sea shells and egg shells. Both 

peaks correspond to CaO, which is a major constituent of both bio-sorbents as shown in Table 

4.5  (Suteu, et al., 2012; Jai, et al., 2007; Tangboriboon, et al., 2012; Masukume, et al., 2014). 

Apart from CaO, the sea shells also consist of: Na2O, MgO, SiO2, and Fe2O3 in descending 

order of mass %, while egg shells also contain MgO, P2O5, SO3, and Na2O also in descending 

order of mass %.   

The results pertaining to the assignment of peaks agrees with the work done by Masukume et 

al. (2014), where calcium oxide was identified as the major phase in sea shell samples and the 

highest peak obtained at a ˚2 theta position of 29.5. A study done by Suteu et al. (2012) 

displayed XRD patterns that also show sea shell powder with the highest peak at 29.5. Similar 

observations were also reported by Jai et al. (2007) and Tangboriboon et al. (2012) who 

reported highest peaks for egg shell waste at a ˚2 theta position of 29.5 and 29.4, respectively. 
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The type and quantity of phases found in an adsorbent determines the number of cationic 

exchange sites and consequently the adsorption efficiency (Nleya, et al., 2016). 

In addition, sea shell powder spectrum displayed several more distinct peaks at ˚2 theta of 23.1, 

28.5, 31.5, 36.1, 39.5, 43.3, 47.2, 47.6, 48.6, 56.7, 58.2, 65.7, 69.3 and 77.3. Egg shell powder 

spectrum displayed other distinct peaks at ˚2 theta of 23.5, 36.4, 39.5, 43.3, 48.4, 49.36, 57.7 

and 61.5. In comparison, sea shell powder diffraction pattern was characterised by a lot of 

peaks that are also of high intensity while egg shell powder displayed fewer peaks of very low 

intensity, thus sea shells are more crystalline in nature than egg shells which showed slight 

signs of being partially amorphous.  

 

4.6  Functional Groups 

 

4.6.1 Functional Groups before Adsorption 

 

Adsorption is a complex phenomenon that can be classified as either a chemical or physical 

process. It often involves the interaction of ions in solution with the various functional groups 

present on the surface of the adsorbent. In the case of biosorption, these functional groups are 

the ones responsible for the attraction of ions onto the adsorbent. The FTIR spectra shown in 

Figures 4.3 and 4.4 were used to identify the functional groups present on sea shell and egg 

shell structures, respectively. In the present study, FTIR was carried out in the wavenumber 

range 500 to 4000 cm-1.  
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Figure 4.3: FTIR spectra of sea shell bio-sorbent before adsorption 

   

 

 

Figure 4.4: FTIR spectra of egg shell bio-sorbent before adsorption 
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As illustrated in Figure 4.3, distinct peaks were observed on the sea shell powder at 699.82, 

712.45, 861.07, 1082.55, 1444.95, 1787.5 cm-1.  Distinct peaks for the egg shell powder (Figure 

4.4) were observed at 712.24, 873.05, 1082.55, 1406.98, 1797.4 cm-1 and two distinct bends at 

2513.4 and 2986.92 cm-1. The observed peaks of both adsorbents are in agreement with the 

reported data in literature (Suteu, et al., 2012; Borhade & Kale, 2017; Carvalho, et al., 2011; 

Rahman, et al., 2014). The peaks at 699.82 and 712.45 (Figure 4.3) and the peak at 712.24 

(Figure 4.4) correspond to NH2 and N-H groups which suggest the presence of amines 

(Segneanu, et al., 2012). The strong peaks at 861.07 and 1444.95 (Figure 4.3) and the peak at 

873.05 (Figure 4.3) correspond to C-C and CH2/CH3 groups which can be attributed to the 

presence of alkanes (Stuart, 2004). The CH2/ CH3 group also suggests the presence of a class 

of aldehydes and ketones (Segneanu, et al., 2012; Stuart, 2004).  

The peak observed at 1406.98 (Figure 4.4) suggests the presence of the following three groups: 

O-H, C-O-H, and CH2/CH3 which can be attributed to the presence of: alcohols and phenols, 

carboxylic acids and derivatives, and alkanes, respectively (Stuart, 2004). A small peak 

observed at 1787.5 (Figure 4.3) and 1797.4 (Figure 4.4) indicates the presence of C=O group 

which represents a class of acyl halides (Rahman, et al., 2014). C-O group is represented at 

1082.55 (Figures 4.3 and 4.4) suggesting that there’s alcohols and esters present (Segneanu, et 

al., 2012). Two weak bends were observed at 2513.4 and 2986.92 (Figure 4.4) which 

corresponds to O-H and C-H groups, respectively, which represents carboxylic acids and 

alkanes, respectively (Segneanu, et al., 2012; Stuart, 2004; Rahman, et al., 2014). In summary, 

egg and sea shell powders both consist of acyl halides, alcohols, aldehydes, alkanes, amines, 

esters and ketones. However, egg shell powder has, in addition, phenols, carboxylic acids and 

derivatives.    

 

4.6.2 Functional Groups after Adsorption 

 

A comparison of the FTIR spectra before and after metal adsorption is illustrated in Figures 

4.5 and 4.6. All three patterns are similar, indicating the presence of identical functional groups 

before and after metal adsorption. However, a close look at the patterns reveals an upward and 

downward shift of the peaks after metal adsorption for egg and sea shell powders, respectively. 

This kind of movement of the peaks in both cases may be attributed to the interaction of 

chromium and copper metal ions with the functional groups on the surface of the adsorbent.  
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Figure 4.5: FTIR spectra of sea shell bio-sorbent after adsorption 

 

 

 
 

Figure 4.6: FTIR spectra of egg shell bio-sorbent after adsorption 
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An increase or decrease of the intensities of the bands following adsorption is caused by the 

presence of metal adsorbates on the surface of the adsorbent (Kalayci, et al., 2013). Metal 

adsorption process of chromium and copper on both egg and sea shell powders proceeded by 

means of physical adsorption, since band positions did not shift and there were no new bands 

formed following adsorption.  

 

4.7  Surface Morphology 

 

4.7.1 Surface Morphology before Adsorption 

 

The Carl-Zeiss Field Emission scanning electron microscope (SEM) was used to determine the 

surface morphology of the adsorbents prior to and after metal adsorption. The particle size 

<150 µm was chosen as the representative sample for the investigation of surface morphology. 

The bio-sorbent samples were sputter coated with gold and palladium to avoid surface 

charging, and to enhance electron conductivity. Figures 4.7 and 4.8 show the surface 

morphology images of the sea shell and egg shell adsorbents before adsorption, respectively.  

 

 

Figure 4.7: SEM images of sea shell powder at (a), 20 000x magnification and (b), 50 000x 

magnification  
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Figure 4.8: SEM images of egg shell powder at (a), 20 000x magnification and (b), 50 000x 

magnification  

 

The XRD analysis in Figures 4.1 and 4.2 revealed that both bio-sorbents are crystalline in 

nature, and this can be confirmed by observing irregular forms of crystalline material on their 

respective SEM images at different magnifications. Figure 4.7a and 4.8a show 20 000 times 

magnification onto the surface of the bio-sorbents while Figure 4.7b and 4.8b is a much closer 

view on to their surfaces with a magnification of 50 000 times. As illustrated in Figures 4.7 and 

4.8, the morphology of these potential bio-sorbents consists of different particle shapes and 

sizes, ranging from regular to irregular forms of crystalline material. Suteu et al. (2012) also 

noted the irregular morphological structure displayed by different particle sizes of egg shell 

powder.  

The surface of sea shell powder (Figures 4.7a and 4.7b) is characterised mostly by 

cubic/rectangular shapes (Figure 4.7b) and a few spherical shapes (Figure 4.7a). Though the 

surface of egg shell powder (Figures 4.8a and 4.8b) is also characterised by some spherical 

shapes (Figure 4.8a), most of the particles are irregular (Figure 4.8b). The surface of both egg 

and sea shell powder is quite uneven, rough and porous. However, different pore sizes were 

observed for each one of them. Sea shell powder (Figures 4.7a and 4.7b) displayed tiny and 

fewer pores. In contrast, egg shell powder (Figures 4.8a and 4.8b) has macro pores which are 

more than what could be seen on the sea shell powder. A porous surface texture explains an 

increased surface area and possibility of enhanced adsorption (Suteu, et al., 2012; Jai, et al., 

2007). Therefore, where adsorption is concerned, egg shells would be a better bio-sorbent 

material in comparison to sea shells. However, in Chapter 5 (batch studies) of this research 
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work, egg and sea shell powders displayed similar performance in the removal of both 

chromium and copper.  

 

Electron Dispersive Spectroscopy Analysis 

The elemental contents of the egg and sea shell powders were estimated using the electron 

dispersive spectroscopy (EDS) analysis, and the results are shown in Figure 4.9. Comparison 

of the two EDS spectra shows that both egg and shell powders have strong peaks of calcium, 

carbon and oxygen as the major components. Similar observations were reported by Borhade 

and Kale (2017). Sea shell powder (Figure 4.9b), shows a low intensity peak of sodium (Na) 

which may be attributed to the sodium chloride exposure from their source. 

 

  

 

Figure 4.9: EDS spectrum of (a) egg shell and (b) sea shell powder 
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4.7.2 Surface Morphology after Adsorption 

 

Figures 4.10 (b and c) and 4.11 (b and c) show the sea shell and egg shell powders after metal 

adsorption, respectively.  

 

  

 

Figure 4.10: SEM images of sea shell powder at 20 000x magnification (a) before adsorption, 

(b) after Cu adsorption and (c) after Cr adsorption 

 

Subjecting the bio-sorbents to an acidic metal bearing aqueous solution has influenced the 

orientation of both egg and sea shell powders. Although their surfaces became even, they 

remained rough. However, sea shell powder after chromium adsorption in Figure 4.10c became 

smooth while egg shell powder after copper adsorption in Figure 4.11b became slightly smooth. 

These changes may be due to the dissolution of the calcium compound caused by the acidic 

nature of the aqueous solution, resulting in an ion exchange process between Ca2+ and the metal 

ions in solution, which is one of the mechanisms of the adsorption of metals. Sea shell powder 

after adsorption of both metals in Figures 4.10b and 4.10c shows no evidence of pores on its 

surface, this may be due to the interaction of the surface with the metal ions in solution. This 
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observation agrees with the findings done by Masukume (2016) who argued that this was due 

to the covering or filling of pores by the contaminants. Egg shell powder after adsorption of 

both metals in Figures 4.11b and 4.11c became more porous, with evidence of metal particles 

lodged onto some of the pores. In Figure 4.12, an EDS analysis was done on the particle that 

appeared to be entrapped metal (labelled spectrum 1) on the pores of the egg shell adsorbent. 

High and low intensity chromium peaks on the EDS spectrum confirmed the presence of 

chromium. These results demonstrate the retention of metals on the adsorbent surface following 

the adsorption process. It must be noted that these peaks were not reported in the previous EDS 

spectrum in Figure 4.9 before adsorption. 

 
 

  

 

Figure 4.11: SEM images of egg shell powder at 20 000x magnification (a) before adsorption, 

(b) after Cu adsorption and (c) after Cr adsorption 
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Figure 4.12: EDS spectrum of egg shell powder after adsorption 

 

 

4.8  Surface Area, Pore Size and Pore Volume 
 

The surface measurements were determined from the adsorption-desorption isotherm of 

nitrogen at 77K using the Micrometrics (TriStar 3000 V6.05 A) surface area and porosity 

analyser. The pore volume and pore diameter distribution were derived from the adsorption 

isotherms. A summary of the BET surface area, pore size and pore volume is presented in Table 

4.6.  
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Table 4.6: BET analysis results for egg and sea shell powder 

 

Adsorbent 

type 

 

 

Adsorbent 

size (µm) 

 

 

Surface area 

(m2/g) 

 

Pore size 

(nm) 

 

Pore volume 

(cm3/g) 

 

Egg shell powder 

 

<150 

150 – 300 

300 – 425 

 

22.4100 

4.1433 

3.2058 

 

9.5816 

4.3130  

3.9776 

 

 

0.022284 

0.007679 

0.004467 

Sea shell powder <150 

150 – 300 

300 – 425 

 

40.4638 

19.3845 

2.9218 

7.7517  

6.7426 

4.3348 

0.043851 

0.032615 

0.005662 

 

The BET pore sizes (nm) for the particle size <150 µm, are in agreement with the SEM results 

whereby, sea shell powder (Figure 4.7) displayed tiny pores while egg shell powder (Figure 

4.8) displayed macro pores. However, there was a disagreement observed on the surface area 

results. According to Table 4.6, sea shells have a higher surface area compared to egg shells, 

while the SEM images show fewer pores for sea shells in comparison to egg shells suggesting 

a higher surface area for egg shells than sea shells. This anomaly can only mean that sea shell 

powder has more pores than what can be seen on the SEM images, hence many tiny pores may 

result in a larger surface area. The BET surface area obtained for egg shells, <150, 150 – 300 

and 300 – 425 µm were 22.4100, 4.1433 and 3.2058 m2/g, and sea shells, <150, 150 – 300 and 

300 – 425 µm were 40.4638, 19.3845 and 2.9218 m2/g, respectively.  Specific surface area for 

both egg and sea shell powder follow the sequence 150 µm > 150 – 300 µm > 300 – 425 µm. 

In agreement with this study, it has been reported that reducing the particle size of the bio-

sorbents provides the adsorbent with a larger surface area and higher porosity so that binding 

of metal ions may occur on the surface of the adsorbent (Horsfall, et al., 2006). Hence, the 

increase in the specific surface area of the adsorbent through particle size reduction is expected 

to enhance the removal of metals from solution. 
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4.9 Summary and Conclusions 

 

The two main aims of this research project was to explore the possibility of using egg and sea 

shell powders (without any form of modification) as low-cost adsorbents for the removal of 

chromium and copper and to provide a comparative study of these bio-sorbents for their 

potential use in a layered adsorbent column. Prior to the laboratory batch and column tests the 

adsorbents were characterised for the analysis of their inherent properties using the following 

analytical techniques: SEM/EDS, XRF, XRD, FTIR and BET analysis. Hence, this chapter 

presented and discussed the results on physiochemical properties, surface morphology, 

functional group identity, surface charge, and the qualitative and quantitative phase analysis 

were also discussed in detail. 

 

The results obtained indicated the following: 

 

 The SEM/EDS showed that sea shell powder has tiny and fewer pores, in comparison 

to egg shell powder which was comprised of macro pores.  

 

 Comparison of the EDS spectra showed that both egg and sea shell powders have strong 

peaks of calcium, carbon and oxygen as the major components. 

 

 A summary of the FTIR spectra showed that egg and sea shell powders both consist of 

acyl halides, alcohols, aldehydes, alkanes, amines, esters and ketones. However, egg 

shell powder has, in additional, phenols, carboxylic acids and derivatives.   

 

 The sea shell powder diffraction pattern was characterised by a lot of peaks that were 

also of high intensity while egg shell powder displayed fewer peaks of very low 

intensity, thus sea shells are more crystalline in nature than egg shells which showed 

slight signs of being partially amorphous.  

 

 The tests for pHpzc, surface pH and surface charge showed that these potential bio-

sorbents are both basic in nature with similar points of zero charge at 8.65 and 8.40 for 

egg and sea shell powders, respectively.  
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 The surface area, pore sizes and volumes from the BET results of both bio-sorbents are 

relatively high. Thus, rendering them highly porous. 

 

 Combining the results obtained from these analyses, it can be concluded that these bio-

sorbents are good adsorbents for cationic species (heavy metal ions) rather than anionic 

species.  

 

 By virtue of them having a high CaCO3 content, egg and sea shell powders make great 

bio-sorbents because the calcium ions go through an ion-exchange process with the 

metals in solution. The dissolution of this compound introduces carbonate ions (CO3-) 

which raise the overall pH of any solution that the bio-sorbents come into contact with, 

rendering them as good neutralizing agents for strong acidic solutions. 
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CHAPTER FIVE 

5. IDENTIFICATION OF INFLUENTIAL FACTORS 
 

5.1 Introduction  

 

The DOE is the simultaneous study of several process variables (Barrentine, 1999). This 

method combines and investigates several variables in one study to avoid creating a separate 

study for each one of them. A greater advantage of this approach is that the amount of testing 

required is reduced drastically and it results in a much greater understanding of the entire 

process regardless of how complex it may seem. This method directly contradicts the one-

factor-at-a-time approach also abbreviated as OFAT. The OFAT experimental design is one 

where a single factor is varied while others are kept constant (Montgomery, 2005). This 

approach has a number of limitations including: waste of data, limited understanding of the 

process, often expensive and time consuming and it does not often consider the unique 

interactive combinations of various independent factors that would otherwise impact the 

overall results (Montgomery, 2005; Barrentine, 1999; Box, et al., 1978). Realistically, the 

effect of one factor on the response depends upon the level of another factor. This is known as 

factor interaction. It is important to note that different effects might be observed if one or more 

factors are kept constant at another value (Montgomery, 2005). Therefore, application of DOE 

is the most effective way to identify the significant factors, and to achieve a competent result 

through conducting a few experimental runs. In fact, the primary objectives of applying the 

DOE in an analytical process are to achieve optimum and valid results with a minimum effort, 

time and resources (Montgomery, 2005; Gooding, 2004; Myers & Montgomery, 2002). 

The main objective of the study in this section was to identify the factors that influence the 

removal of chromium and copper in an adsorption process using egg and sea shell powders as 

adsorbents. The factors investigated were adsorbent type, solution pH, adsorbent dosage and 

initial metal concentration. Each of the four factors of interest were tested and analysed for 

significance and their interactive effects were evaluated using a statistical design of 

experiments by way of a full fractional factorial designs (24). The percent removal of the metals 

was the measured response. In theory, once the significant factors have been identified and the 

influence that they have on the measured response have been quantified, one can optimise the 

process as well as control the operational costs by optimising only the significant factors while 
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setting the insignificant ones where the least cost is incurred (Box, et al., 1978; Montgomery, 

2005). For the purpose of this study optimisation wasn’t included in the scope of work, thus 

significant factors were identified for the sole generation of the models and to form as a basis 

for the application of the significant factors during the column studies in Chapter 6. 

 

5.2 Materials and Methods 

 

5.2.1 Preparation of Acidic Aqueous Solution 

 

Stock solutions of synthesized acidic metal bearing solutions containing 1g/L of Cu2+ and Cr3+ 

each were prepared using distilled water (see example in Appendix A). Analytical grade metal 

sulphate and nitrate, were used as sources of copper and chromium ions, i.e. CuSO4.5H2O and 

Cr(NO3)3*9H2O, respectively. pH adjustments were done using sodium hydroxide and 

hydrochloric acid.  

 

5.2.2 Experimental Plan for Statistical Design of Experiments 

 

The DOE is a widely used analytical tool in production industries for the enhancement of the 

quality of processes and their respective products. Although DOE has also been used 

thoroughly in many scientific research studies, most researchers continue to apply the one-

factor-at-a-time approach in the removal of heavy metals from aqueous solutions using 

adsorption processes (Putra, et al., 2014; Masukume, et al., 2014). DOE techniques are still not 

being applied for adsorption processes let alone biosorption.  

In this study, the statistical DOE was used to explore the biosorption of chromium and copper 

in single and binary acidic solutions. The determination of the main effects and their respective 

interactions was also done using this statistical design.  

The general aim of this study was to identify the key process conditions that have a great effect 

on the measured response (% metal removal). The following variables listed in Table 5.1 were 

held constant: temperature, shaker speed, contact time and adsorbent size. Although these 

variables may have some impact on the response, they were not of interest for the purpose of 

this study and their values were chosen according to literature (Masukume, 2016; Mashangwa 

, 2016). The factors investigated were one qualitative factor (adsorbent type) and three 

quantitative factors (solution pH, adsorbent dosage and initial metal concentrations). All the 
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factors were evaluated at two levels (low and high) and the values have been tabulated in Table 

5.2. 

Using two levels for each of the factors at this stage allows for substantial reduction in the 

number of runs required for analysis (Montgomery, 2005; Box, et al., 1978). The influence that 

the independent variables have on the dependent variables was evaluated using the factorial 

design experimental plan with the levels of all the controlled variables in coded form, i.e., high 

level denoted by +1 and low level denoted by -1 (Box, et al., 1978; Barrentine, 1999). The low 

and high levels of factor A (initial concentration) were set at 10 and 80 mg/L, respectively. 

These are typical chromium and copper concentrations contained in South African AMD and 

the low value is to accommodate for the treatment of low concentrations brought about by 

stringent laws and regulations. Factor B (solution pH) was set at 2 and 6, because AMD in 

South Africa is reported to be at pH 2 and it fluctuates around this value. pH of 6 was chosen 

because beyond this value the two metals may start to precipitate out of solution rendering 

adsorption redundant (Agarwal, 2013; Calero, et al., 2009). Factor C (adsorbent dosage) was 

set at 1 and 10 g/L, this range was reported in literature as appropriate for biosorption processes 

(Masukume, 2016; Seepe , 2015). A higher dosage causes an interference between the active 

sites present which results in a low metal removal percentage. Factor D (adsorbent type), is the 

qualitative factor whose coded levels were ES and SS for egg shell and sea shell powder, 

respectively.  

Table 5.1: Experimental parameters that were kept constant 

 

Parameter 

 

 

Value 

 

Units 

 

Temperature 

 

30 

 

℃ 

 

Shaker speed 

 

200 

 

rpm 

 

Contact time 

 

180 

 

mins 

 

Adsorbent size 

 

150 - 300 

 

µm 
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Table 5.2: Experimental factors and their respective levels 

 

Factors 

 

 

Parameters 

 

Type 

 

Low level 

(-1) 

 

High level 

(+1) 

 

Units 

 

A 

 

Initial concentration 

 

Quantitative 

 

10 

 

80 

 

mg/L 

 

B 

 

Solution pH 

 

Quantitative 

 

2 

 

6 

 

- 

 

C 

 

Adsorbent dosage 

 

Quantitative 

 

1 

 

10 

 

g/L 

 

D 

 

 

Adsorbent type 

 

Qualitative 

 

ES 

 

SS 

 

- 

 

In this study, factors were analysed and presented in their coded values in order to simplify the 

calculations and for uniform comparison. These coded levels are shown in Table 5.3, 5.4 and 

5.5. 

It must be noted that in general, coded values for quantitative variables are generated as follows 

(Montgomery, 2005):  

Coded value = [physical value – ½ (highest value + lowest value)]/½ (highest value-lowest 

value).   

On the other hand, coded values for qualitative variables were assigned at random. 

 

5.2.3 Methodology for Data Analysis 

 

Normal Probability Plot of Effects    

Realistically, resources are usually a limited factor in production industries, hence the 

minimum amount of resources used the better. Minimising of costs is often a target that needs 

to be met. Therefore, the number of replicates may be restricted. Single replicates are also a 

strategy employed in the screening process of experiments where relatively many factors are 

under consideration. In this case, the strategy of normal probability plot of effects is normally 
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employed. For normal probability plots, the process of screening involves ordering estimates 

of the effects according to their magnitudes and calculating their cumulative probabilities (see 

example in Appendix D).  

In this study, experiments were performed on a single replicate basis due to the number of 

factors under consideration. However, the analysis of unreplicated experimental results is risky 

since it may result in misleading conclusions (Montgomery, 2005). According to Montgomery 

(2005), reliability can be obtained by increasing the range between the low (-1) and the high 

(+1) levels of the factors. A simple way to overcome this issue is to employ a method of 

analysis by Daniel (1959), where the estimates of the effects are plotted on a normal probability 

plot against their cumulative probabilities. 

Insignificant effects are normally distributed with mean zero and variance (σ2) and tend to lie 

along a straight line on the plot, while significant effects will have non-zero means and will not 

lie along the straight line (Daniel, 1959 ). The further away from the straight line, the more 

significant the effect. Effects are obtained by averaging the responses applicable to the level of 

each factor as shown in Appendix D (Tables D1-D4). The difference between the average 

responses at the two levels of each factor indicates the significance of that factor in influencing 

the response that is measured (Barrentine, 1999; Montgomery, 2005). An effect caused by the 

variation of the input variables is calculated from the following formula (Montgomery, 2005): 

 

𝐸𝑓𝑓𝑒𝑐𝑡 =  
2

𝑚
∑ (𝑎𝑙𝑔𝑒𝑏𝑟𝑎𝑖𝑐 𝑠𝑖𝑔𝑛 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 × 𝑅𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

𝑚
𝑖−1 )  (5.1)  

 

where, Ri, observed   is the ith observation (% metal removal) in the experimental data, m is the 

number of runs (experiments). 

 

In the probability plots, effects must be ordered from low to high. After they have been ordered, 

the numbered effects (i) each get a value of percentage based on the following equation 

(Montgomery, 2005): 

 

𝑉𝑎𝑙𝑢𝑒 =  
𝑖−0.5

𝑛
 × 100 %         (5.2) 

 

where, n is the number of values. 
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Pareto chart  

A Pareto chart is a type of chart that contains both bars and a line graph, where individual 

values are represented in descending order by bars, and the cumulative total is represented by 

the line (Wilkinson, 2006).  This chart shows the relative importance of the effects by plotting 

their absolute values (Barrentine, 1999). This chart is used extensively in quality control 

settings to identify critical factors resulting in failure of defects in a product. It sets apart the 

meaningful effects from those with no meaning, which becomes more useful when larger 

experiments are studied (Barrentine, 1999). Variances are shown in their descending order to 

identify the largest opportunities for improvement, and to separate 'critical few' from the 'trivial 

many. The vertical line in the Pareto chart indicates the minimum statistically significant effect 

magnitude for 5% significance level, while the horizontal column lengths are proportional to 

the degree of significance for each effect. Any effect or interaction that exceeds the horizontal 

line is considered significant. 

 

5.3 Results and Discussions 

 

5.3.1 Significant Factors 

 

Single copper system 

The experimental runs for a 24 full factorial design matrix with coded values and their measured 

metal removal percentages are given in Tables 5.3, 5.4, 5.5 for % Cu removed in a single 

component solution, % Cr removed in a single component solution and % Cu and % Cr 

removed in a binary solution, respectively. The experimental data given in these tables was 

used to determine the main and interaction effects, whose significance was estimated by the 

normal probability plots of standardized effects shown in Figures 5.1., 5.5, and 5.9 as well as 

the Pareto charts in Figures 5.2, 5.6 and 5.10. All the experiments (16 runs for each of the three 

tests) were conducted under the same constant conditions (temperature, shaker speed, 

adsorbent size and contact time). The experiments were carried out at the randomised order to 

counter the effects of the uncontrolled factors. Generally, the nth column consists of 2n-1 minus 

signs followed by 2n-1 plus signs (Box, et al., 1978).  
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Table 5.3: Copper removal results for the 24 full factorial design of a single component solution 

 

Random  

run order 

 

 

Standard 

run order 

 

Factor  

A 

 

Factor  

B 

 

Factor  

C 

 

Factor 

 D 

 

%Cu 

removed 

4 1 +1 +1 -1 ES 66.11 

15 2 -1 +1 +1 SS 100.00 

9 3 -1 -1 -1 SS 31.08 

12 4 +1 +1 -1 SS 99.04 

5 5 -1 -1 +1 ES 87.54 

1 6 -1 -1 -1 ES 22.77 

2 7 +1 -1 -1 ES 9.64 

7 8 -1 +1 +1 ES 98.51 

8 9 +1 +1 +1 ES 99.67 

3 10 -1 +1 -1 ES 66.04 

14 11 +1 -1 +1 SS 82.75 

6 12 +1 -1 +1 ES 27.84 

16 13 +1 +1 +1 SS 99.05 

11 14 -1 +1 -1 SS 100.00 

13 15 -1 -1 +1 SS 85.56 

10 16 +1 -1 -1 SS 27.76 

The actual factor levels coded as values of (-1) and (+1) in this table are as follows: A (initial metal 

concentration): 10mg/L (-1) and 80mg/L (+1); B (solution pH): 2 (-1) and 6 (+1); C (adsorbent dosage): 

1g/L (-1) and 10g/L (+1); D (adsorbent type): egg shell powder (ES) and sea shell powder (SS). 
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Figure 5.1: Normal plot of standardized effects of main factors and factor interactions for the 

24 full factorial design for the removal of copper in a single component solution 

 

The estimates of the effects (both main and interaction) are plotted on a normal probability plot 

against their cumulative probabilities in Figure 5.1. As stated earlier, insignificant effects are 

normally distributed with mean zero and variance (σ2) and tend to lie along a straight line on 

the plot, while significant effects will have non-zero means and will not lie along the straight 

line (Daniel, 1959 ). The further away from the straight line, the more significant the effect. As 

can be seen from Figure 5.1, the analysis of the % Cu removed in a single component solution 

shows statistical significance in the main effects of B (solution pH) and C (adsorbent dosage) 

since they have non zero means. These significant main effects indicate a positive effect on the 

percentage removal of copper. The remaining effects coupled with their interactions lie on a 
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straight line (have zero means) and are, therefore, statistically insignificant on the removal of 

copper. There are no interaction effects that appear to be significant. 

 

 

 

Figure 5.2: Pareto chart showing significance of main and interactive effects for the removal 

of copper in a single component solution 

 

The results obtained from the normal probability plot of standardized effects (Figure 5.1) are 

confirmed with a Pareto chart depicted in Figure 5.2. The Pareto chart is drawn to highlight the 

relative importance of the effects (Barrentine, 1999). The horizontal line in the Pareto chart 

indicates the minimum statistically significant effect magnitude for 5% significance level, 

while the vertical column lengths are proportional to the degree of significance for each effect. 

Any effect or interaction that exceeds the horizontal lines (Bonferroni limit and the t-value 
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limit) is considered significant. The individual factors, B and C, have again been proven to be 

statistically significant since they shot past the critical value lines. The significant effects 

follow the following sequence, B > C. Therefore, solution pH and the adsorbent dosage had 

major effects on the percent removal of copper in a single component solution. These findings 

agree with those obtained from the normal probability plot of standardized effects. 

A normal first order polynomial model (fitted model) between significant factors and the 

response (percent copper removed) was developed as an illustration of the dependence of the 

response on the significant factors, and its analysis of variance is tabulated in Appendix B 

(Tables B1-B3). The model is expressed below as: 

 

% 𝐶𝑢 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 = 68.97 + 22.09 𝐵𝑏 + 16.16𝐶𝑐       (5.3) 

where: Bb and Cc are the contrast constants (+1 and -1) for the factors B and C, respectively. 

 

The value 68.97 in Equation 5.3 is the average of the responses, while the positive sign of 

coefficients for the main effects B and C indicate their synergistic effects on % Cu removed. 

The size of the coefficients denotes the degree of significance of each independent variable. 

Thus, in the order of decreasing significance with respect to the influence on % Cu removed, 

B > C. The positive signs in the variables of the prediction model equation indicate that in order 

to maximize the % Cu removed, these factors must be kept at high levels, and while the 

negative signs mean that the factors must be kept at low levels. 

Figure 5.3 is a normal plot of residuals. A plot of residuals versus the fitted or predicted values 

is a test of the hypothesis that the variations are the same in each group (Figure 5.4) i.e., the 

random errors are distributed with mean zero and constant variance (Montgomery, 2005). This 

plot shows that all residuals fall reasonably close to a straight line, therefore, the residuals are 

distributed normally. All residuals were distributed between -2.5 and +1.5 without any 

systematic structure. Following the normal distribution of the residuals with constant variance 

and mean zero, depicted in Figures 5.3 and 5.4, it can be concluded that B and C were the only 

significant effects.  
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Figure 5.3: Normal plot of residuals. 

 

 
 
Figure 5.4: Plot of residuals versus the predicted % Cu removed 
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Single chromium system 

 

Table 5.4: Chromium removal results for the 24 full factorial design of a single component 

solution 

 

Random  

run order 

 

 

Standard 

run order 

 

Factor  

A 

 

Factor  

B 

 

Factor  

C 

 

Factor 

 D 

 

%Cr 

removed 

6 1 +1 -1 +1 ES 95.21 

10 2 +1 -1 -1 SS 15.92 

2 3 +1 -1 -1 ES 88.33 

13 4 -1 -1 +1 SS 99.86 

12 5 +1 +1 -1 SS 100.00 

3 6 -1 +1 -1 ES 100.00 

1 7 -1 -1 -1 ES 99.42 

8 8 +1 +1 +1 ES 100.00 

9 9 -1 -1 -1 SS 99.91 

4 10 +1 +1 -1 ES 100.00 

15 11 -1 +1 +1 SS 100.00 

5 12 -1 -1 +1 ES 99.84 

11 13 -1 +1 -1 SS 100.00 

7 14 -1 +1 +1 ES 100.00 

16 15 +1 +1 +1 SS 100.00 

14 16 +1 -1 +1 SS 100.00 

The actual factor levels coded as values of (-1) and (+1) in this table are as follows: A (initial metal 

concentration): 10mg/L (-1) and 80mg/L (+1); B (solution pH): 2 (-1) and 6 (+1); C (adsorbent dosage): 

1g/L (-1) and 10g/L (+1); D (adsorbent type): egg shell powder (ES) and sea shell powder (SS). 
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Figure 5.5: Normal plot of standardized effects of main factors and factor interactions for the 

24 full factorial design for the removal of chromium in a single component solution 

 

For chromium, the estimates of the effects (both main and interaction) are plotted on a normal 

probability plot against their cumulative probabilities in Figure 5.5. This analysis of the % Cr 

removed in a single component solution shows significance in the main effects of A (initial 

concentration), B (solution pH) and C (adsorbent dosage) and the AB (initial concentration-

pH), AC (initial concentration-adsorbent dosage) and BC (pH-adsorbent dosage) interaction 

since they all have nonzero means. Although the three-factor interaction appears to be 

significant, it is unrealistic (Barrentine, 1999) and will, therefore, be considered as 

insignificant. However, significance in this context refers to the plausibility of the 

effect/interaction in the light of the data given. Therefore, a particular effect may be statistically 

insignificant but scientifically important and vice versa (Simate, 2009). The main effects of B 
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and C and the AB, AC interactions show a positive effect on the percentage removal of 

chromium while the main effect of A and the BC interaction show a negative effect. The rest 

of the effects coupled with their interactions lie on a straight line (have zero means) and are, 

therefore, insignificant on the percent removal of chromium.  

 

 
Figure 5.6: Pareto chart showing significance of main and interactive effects for the removal 

of chromium in a single component solution 

 

The results obtained from the normal probability plot of standardized effects (Figure 5.5) are 

confirmed with a Pareto chart depicted in Figure 5.6. The individual factors, A, B and C, as 

well as the AB, AC and BC interactions have been proven to be statistically significant since 

they were above the critical value lines. The significant effects follow the following sequence, 

B > A > AB > C > BC > AC. Therefore, solution pH, initial concentration and the adsorbent 
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dosage together with their interaction effects AB, BC and AC had significant effects on the 

percent removal of chromium in a single component solution. These findings agree with those 

obtained from the normal probability plot of standardized effects. 

A normal first order polynomial model (fitted model) between significant factors and the 

response (percent chromium removed) was developed as an illustration of the dependence of 

the response on the significant factors, and its analysis of variance is tabulated in Appendix B 

(Tables B4-B6). The model is expressed below as: 

 

% 𝐶𝑟 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 = 91.20 − 8.68𝐴𝑎 + 8.80𝐵𝑏 + 8.16𝐶𝑐 + 8.68𝐴𝑎𝐵𝑏 + 8.12𝐴𝑎𝐶𝑐 −

8.16𝐵𝑏𝐶𝑐               (5.4) 

where: Aa, Bb and Cc are the contrast constants (+1 and -1) for the factors A, B and C, 

respectively. 

 

The value 91.20 in Equation 5.4 is the average of the responses. The positive sign of 

coefficients for the main effects B and C and the AB, AC interactions indicate their synergistic 

effects on % Cr removal while the negative sign of coefficients for main factor A and the BC 

interaction denotes an antagonistic effect. The size of the coefficients denotes the degree of 

statistical significance of each independent variable. Thus, in the order of decreasing 

significance with respect to the influence on % Cr removal, B > A > AB > C > BC > AC. This 

order of decreasing significance agrees with that obtained through the Pareto chart (Figure 5.6). 

The positive signs in the variables of the prediction model equation indicate that in order to 

maximize the % Cr removal, these factors must be kept at high levels, and while the negative 

signs mean that the factors must be kept at low levels. 

Figure 5.7 is a normal plot of residuals. This plot shows that all residuals fall extremely close 

to a straight line, therefore, the residuals are distributed normally. All residuals were distributed 

between -1.5 and +1.5 without any systematic structure. Following the normal distribution of 

the residuals with constant variance and mean zero, depicted in Figures 5.7 and 5.8, it can be 

concluded that A, B, C, AB, AC and BC were the only significant effects.  
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Figure 5.7: Normal plot of residuals 

 

 

Figure 5.8: Plot of residuals versus the predicted % Cr removed 
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Binary system: Effect on copper removal 

 

Table 5.5: Copper and Chromium removal results for the 24 full factorial design of a binary 

solution 

 

Random  

run 

order 

 

Standard 

run order 

 

Factor  

A 

 

Factor  

B 

 

Factor  

C 

 

Factor 

 D 

 

%Cu 

removed 

 

%Cr 

removed 

6 1 +1 -1 +1 ES 98.52 91.43 

9 2 -1 -1 -1 SS 86.14 92.64 

11 3 -1 +1 -1 SS 96.86 99.13 

12 4 +1 +1 -1 SS 99.71 100.00 

5 5 -1 -1 +1 ES 95.50 100.00 

1 6 -1 -1 -1 ES 97.80 99.78 

16 7 +1 +1 +1 SS 100.00 100.00 

13 8 -1 -1 +1 SS 96.90 100.00 

14 9 +1 -1 +1 SS 99.52 100.00 

3 10 -1 +1 -1 ES 100.00 100.00 

2 11 +1 -1 -1 ES 18.17 80.34 

15 12 -1 +1 +1 SS 99.03 98.25 

8 13 +1 +1 +1 ES 100.00 99.98 

4 14 +1 +1 -1 ES 100.00 100.00 

7 15 -1 +1 +1 ES 98.52 100.00 

10 16 +1 -1 -1 ES 15.86 18.92 

The actual factor levels coded as values of (-1) and (+1) in this table are as follows: A (initial metal 

concentration): 10mg/L (-1) and 80mg/L (+1); B (solution pH): 2 (-1) and 6 (+1); C (adsorbent dosage): 

1g/L (-1) and 10g/L (+1); D (adsorbent type): egg shell powder (ES) and sea shell powder (SS). 
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Figure 5.9: Normal plot of standardized effects of main factors and factor interactions for the 

24 full factorial design for the removal of copper in a binary solution 

 

For the binary system, the estimates of the effects (both main and interaction) are plotted on a 

normal probability plot against their cumulative probabilities in Figure 5.9 for Cu. This analysis 

of the % Cu removed in a binary solution shows significance in the main effects of A (initial 

concentration), B (solution pH) and C (adsorbent dosage) and the AB (initial concentration-

pH), AC (initial concentration-adsorbent dosage) and BC (pH-adsorbent dosage) interaction 

since they all have nonzero means. Although the three-factor interaction of ABC appears to be 

significant, it is unrealistic (Barrentine, 1999) and will, therefore, be considered as 

insignificant. The main effects of B and C and the AB, AC interactions show a positive effect 

on the percentage removal of copper while the main effect of A and the BC interaction show a 

negative effect. The remaining effects coupled with their interactions lie on a straight line (have 

zero means) and are, therefore, statistically insignificant on the percent removal of copper. 
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However, these factors can still be found to be scientifically important on the removal of copper 

on a general context. 

 
Figure 5.10: Pareto chart showing significance of main and interactive effects for the removal 

of copper in a binary solution 

 

The results obtained from the normal probability plot of standardized effects (Figure 5.9) are 

confirmed with a Pareto chart depicted in Figure 5.10. The individual factors, A, B and C, as 

well as the AB, AC and BC interactions have been proven to be statistically significant since 

they were above the critical value lines. The significant effects follow the following sequence, 

B > C > BC > AC > AB > A. Therefore, solution pH, initial concentration and the adsorbent 

dosage together with their interaction effects AB, AC and BC had significant effects on the 
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percent removal of copper in a Cu/Cr binary solution. These findings agree with those obtained 

from the normal probability plot of standardized effects. 

A normal first order polynomial model (fitted model) between significant factors and the 

response (percent copper removed) was developed as an illustration of the dependence of the 

response on the significant factors, and its analysis of variance is tabulated in Appendix B 

(Tables B7-B9). The model is expressed below as: 

 

% 𝐶𝑢 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 = 87.66 − 8.69𝐴𝑎 + 11.61𝐵𝑏 + 10.84𝐶𝑐 + 9.35𝐴𝑎𝐵𝑏 + 9.70𝐴𝑎𝐶𝑐 −

10.72𝐵𝑏𝐶𝑐              (5.5) 

 

where: Aa, Bb and Cc are the contrast constants (+1 and -1) for the factors A, B and C, 

respectively. 

 

The value 87.66 in Equation 5.5 is the average of the responses. The positive sign of 

coefficients for the main effects B and C and the AB, AC interactions indicate their synergistic 

effects on % Cu removal while the negative sign of coefficients for main factor A and the BC 

interaction denotes an antagonistic effect. The size of the coefficients denotes the degree of 

significance of each independent variable. Thus, in the order of decreasing significance with 

respect to the influence on % Cu removal, B > C > BC > AC > AB > A. This order of decreasing 

significance agrees with that obtained through the Pareto chart (Figure 5.10). The positive signs 

in the variables of the prediction model equation indicate that in order to maximize the % Cu 

removal, these factors must be kept at high levels, and while the negative signs mean that the 

factors must be kept at low levels. 

Figure 5.11 is a normal plot of residuals. This plot shows that all residuals fall very close to a 

straight line, therefore, the residuals are distributed normally. All residuals were distributed 

between -1 and +1 without any systematic structure. Following the normal distribution of the 

residuals with constant variance and mean zero, depicted in Figures 5.11 and 5.12, it can be 

concluded that A, B, C, AB, AC and BC were the only significant effects and that the 

underlying assumptions of the analysis are satisfied. 
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Figure 5.11: Normal plot of residuals 

 

 

 

Figure 5.12: Plot of residuals versus the predicted % Cu removed 
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Binary system: Effect on chromium removal 

 

 

Figure 5.13: Normal plot of standardized effects of main factors and factor interactions for the 

24 full factorial design for the removal of chromium in a binary solution 

 

For the binary system, the estimates of the effects (both main and interaction) are plotted on a 

normal probability plot against their cumulative probabilities in Figure 5.13 for Cr. This 

analysis of the % Cr removal in a binary solution shows statistical significance in the main 

effects of A (initial concentration), B (solution pH) and C (adsorbent dosage) and the AB 

(initial concentration-pH), AC (initial concentration-adsorbent dosage) and BC (pH-adsorbent 

dosage) interaction since they all have nonzero means. Although the three-factor interaction of 

ABC appears to be significant, it is unrealistic (Barrentine, 1999) and will, therefore, be 

considered as insignificant. The main effects of B and C and the AB, AC interactions show a 

positive effect on the percentage removal of chromium while the main effect of A and the BC 
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interaction show a negative effect. The rest of the effects coupled with their interactions lie on 

a straight line (have zero means) and are, therefore, insignificant on the percent removal of 

chromium. However, these factors can still be found to be scientifically important on the 

removal of chromium on a general context. 

 
Figure 5.14: Pareto chart showing significance of main and interactive effects for the removal 

of chromium in a binary solution 

 

The results obtained from the normal probability plot of standardized effects (Figure 5.13) are 

confirmed with a Pareto chart depicted in Figure 5.14. The individual factors, A, B and C, as 

well as the AB, AC and BC interactions have been proven to be statistically significant since 

they were above the critical value lines. The significant effects follow the following sequence, 

B > AB > BC > A > C > AC. Therefore, solution pH, initial concentration and the adsorbent 
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dosage together with their interaction effects AB, AC and BC had significant effects on the 

percent removal of chromium in a Cu/Cr binary solution. These findings agree with those 

obtained from the normal probability plot of standardized effects. 

A normal first order polynomial model (fitted model) between significant factors and the 

response (percent chromium removed) was developed as an illustration of the dependence of 

the response on the significant factors, and its analysis of variance is tabulated in Appendix B 

(Tables B10-B12). The model is expressed below as: 

 

% 𝐶𝑟 𝑟𝑒𝑚𝑜𝑣𝑒 = 89.70 − 8.65𝐴𝑎 + 9.59𝐵𝑏 + 8.26𝐶𝑐 + 9.35𝐴𝑎𝐵𝑏 + 7.79𝐴𝑎𝐶𝑐 − 8.74𝐵𝑏𝐶𝑐     

(5.6) 

 

where: Aa, Bb and Cc are the contrast constants (+1 and -1) for the factors A, B and C, 

respectively. 

 

The value 89.70 in Equation 5.6 is the average of the responses. The positive sign of 

coefficients for the main effects B and C and the AB, AC interactions indicate their synergistic 

effects on % Cr removal while the negative sign of coefficients for main factor A and the BC 

interaction denotes an antagonistic effect. The size of the coefficients denotes the degree of 

significance of each independent variable. Thus, in the order of decreasing significance with 

respect to the influence on % Cr removal, B > AB > BC > A > C > AC. This order of decreasing 

significance agrees with that obtained through the Pareto chart (Figure 5.14). The positive signs 

in the variables of the prediction model equation indicate that in order to maximize the % Cr 

removal, these factors must be kept at high levels, and while the negative signs mean that the 

factors must be kept at low levels. 

Figure 5.15 is a normal plot of residuals. This plot shows that all residuals fall reasonably close 

to a straight line, therefore, the residuals are distributed normally. All residuals were distributed 

between -3 and +3 without any systematic structure. Following the normal distribution of the 

residuals with constant variance and mean zero, depicted in Figures 5.15 and 5.16, it can be 

concluded that A, B, C, AB, AC and BC were the only significant effects.  
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Figure 5.15: Normal plot of residuals 

 

 

Figure 5.16: Plot of residuals versus the predicted % Cr removed 
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5.3.2 Influence of Significant Factors on Metal Removal. 

 

Copper Removal in a Single Component Solution 

Effect of pH: The pH of solution is responsible for: the presence of protons on metal binding 

sites of the bio-sorbents, calcium carbonate solubility (major constituent of both egg and sea 

shells), solubility of metal ions and the quantity of the counter ions on the functional groups of 

the bio-sorbent (Chojnacka, 2005). The effect of pH is shown in Figure 5.17, with coded values 

labelled (-1) and (+1) representing pH values of 2 and 6, respectively. The figure shows that a 

higher percentage removal of copper is obtained at a higher initial pH of the solution under the 

conditions tested. Results concur with those obtained by Rohaizar et al. (2013) in a study based 

on the removal of Cu2+ from water by adsorption on chicken eggshell.  

 

 

Figure 5.17: Effect of pH on % Cu removed in a single component solution for egg and sea 

shell powder 

 

This observation was expected since at low pH solutions the concentration of protons (H+ ions) 

is high, therefore, the metal cations in solution must compete with these protons for active 

binding sites on the adsorbent which results in a lower adsorption percentage of the metal ions. 

Results show that adsorption of copper is highly dependent on the pH of the solution, thus 
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suggesting that the metal binding process follows an ion exchange mechanism on the functional 

groups with cation exchange properties (Reddad, et al., 2002; Rohaizar, et al., 2013). 

Additionally, both egg and sea shell powders have CaCO3 as their major constituent (Table 

4.5), which dissociates in water resulting in a basic solution (Oka & Suzuki, 2008; Zulfikar & 

Setiyanto, 2013; Masukume, 2016). Consequently, the pH of the solution changes from acidic 

to basic which favours metal adsorption.  

An important property of the adsorbent that may have as well contributed to the high adsorption 

percentages of metal at higher pH levels is the pH of point of zero charge (pHpzc). The pHpzc 

of egg and sea shell adsorbents were found to be 8.65 and 8.40, respectively (as shown in Table 

4.1). This means the adsorbent is positively charged at solution pH’s lower than 8.65 and 8.40 

for egg and sea shell powder, respectively (Pathak, et al., 2016; Fiol & Villaescusa, 2009). At 

pH’s above the pHpzc, the surface of the adsorbent is negatively charged and will attract more 

cationic species, thus resulting in better metal adsorption through electrostatic attraction 

(Pathak, et al., 2016; Fiol & Villaescusa, 2009). 

 

Effect of Adsorbent Dosage: The effect of adsorbent dosage is shown in Figure 5.18, with 

coded values labelled (-1) and (+1) representing dosages of 1 g/L and 10 g/L, respectively. The 

figure shows that a higher percentage removal of copper is obtained when the adsorbent dosage 

is increased under the conditions tested. This agrees with literature, as several studies report 

that the removal of metal ions is influenced by the dose of the adsorbents (Eamsiri, et al., 2005; 

Arunlertaree, et al., 2007; Agarwal & Gupta, 2014; Sudha & Abraham, 2001). According to 

Sudha and Abraham (2001), the rate of adsorption is a function of the quantity of the adsorbent. 

This increase in adsorption when the dosage is increased is due to the increase in the total 

surface area, thus resulting in an increase in the number of available active sites for the 

adsorption of the metal ions. In fact, there is an existing linear or direct proportion relationship 

between the total surface area and the quantity of the binding sites available for the metal ions 

(Rao & Prabhakar, 2011). The higher the number of sites available, the higher the quantity of 

the metal ions that will adsorb onto the surface. 
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Figure 5.18: Effect of adsorbent dosage on % Cu removed in a single component solution for 

egg and sea shell powder 

 

Effect of Factor Interaction: In the ranges studied, the interaction between solution pH and 

adsorbent dosage was observed to be statistically insignificant. Their effects were normally 

distributed with mean zero and fell along a straight line on the normal plot (Figure 5.1).  

However, there seems to be no seen logical reason for any interaction between solution pH and 

adsorbent dosage. 

 

Chromium Removal in a Single Component Solution 

Effects of Initial Metal Concentration, Solution pH and Adsorbent Dosage: Initial metal 

ion concentration is an important factor with significant influence on adsorption. It serves as 

the necessary driving force needed to overcome the resistance to mass transfer that generally 

exists between the aqueous phase and the solid adsorbent phase (Kumar, et al., 2010). 

Therefore, the rate of adsorption is a function of the initial metal concentration. The effect of 

initial metal concentration is shown in Figure 5.19, with coded values labelled (-1) and (+1) 

representing concentrations of 10 mg/L and 80 mg/L, respectively. The figure shows that a 

higher percentage removal of chromium is obtained when the initial metal concentration is 
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lowered under the conditions tested. In other words, an inversely linear relationship is observed 

between the initial metal ion concentration and the percent adsorption. This observation agrees 

with a study done by Anantha and Kota (2016), whereby the adsorption of lead increased 

sharply in the initial stages and went on to decrease slowly when the initial lead concentration 

was increased. 

 

 

Figure 5.19: Effect of initial metal concentration on % Cr removed in a single component 

solution for egg and sea shell powder 

 

This decline in the adsorption percentage may be attributed to the limited number of available 

active sites on the surface of the adsorbent to entrap the metal ions that are in excess in solution 

(Horsfall, et al., 2003; Anantha & Kota, 2016). This can further be explained as follows: at 

lower concentrations most of the ions present can interact with the available active sites and 

thus the percentage adsorption is higher, whilst at higher concentrations, the adsorption is low 

due to the saturation of possible binding sites which may be due to the increasing number of 

ions competing for available active sites on the adsorbent (Puranik & Paknikar, 1999; Putra, et 

al., 2014). 
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The effects of solution pH and adsorbent dosage on the removal of chromium in a single 

component solution are presented in Figures 5.20 and 5.21, respectively. The coded values (-

1) and (+1) represent 2 and 6 for pH and 1 and 10 g/L for adsorbent dosage. Results show a 

linear relationship between both factors with percent adsorption. An increase in both pH and 

adsorbent dosage resulted in an increase in percentage removal of chromium. The same reasons 

explained in detail with respect to Cu removal still hold in this situation.  

 

 

Figure 5.20: Effect of solution pH on % Cr removed in a single component solution for egg 

and sea shell powder 
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Figure 5.21: Effect of adsorbent dosage on % Cr removed in a single component solution for 

egg and sea shell powder 

 

Considering only the main effects, the two factors B and C would be run at the high level while 

A is run at the low level to maximize adsorption. However, it is always necessary to examine 

any interactions that are important. Figures 5.22, 5.23 and 5.24 depict the effects of AB, AC 

and BC interactions, respectively. These interactions were plotted as key to solving the problem 

since main effects do not have much meaning when they are involved in significant 

interactions. It can be noted from the AB interaction that the initial metal concentration effect 

is very small to nothing when the solution pH is at the high level and relatively large when the 

solution pH is at the low level, with the best results obtained at low initial metal concentration 

coupled with either a low or high solution pH. The AC interaction indicates that the initial 

metal concentration effect is quite small when the adsorbent dosage is at the high level and 

relatively large when the adsorbent dosage is at the low level, with the best results obtained at 

low initial metal concentration coupled with either a low or high adsorbent dosage. 
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Figure 5.22: Effect of AB interaction on % Cr removed in a single component solution for egg 

and sea shell powder 

 
 

 
 

Figure 5.23: Effect of AC interaction on % Cr removed in a single component solution for egg 

and sea shell powder 
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Figure 5.24: Effect of BC interaction on % Cr removed in a single component solution for egg 

and sea shell powder 

 

The BC interaction indicates that the solution pH effect is quite small when the adsorbent 

dosage is at the high level and relatively large when the adsorbent dosage is at the low level, 

with the best results obtained at a high solution pH level coupled with either a low or high 

adsorbent dosage. Therefore, the best chromium removal percentage would appear to be 

obtained when A (initial metal concentration) is at the low level and B (solution pH) is at the 

high level and C (adsorbent dosage) is either at the low or high level. This would allow the 

reduction of the amount of adsorbent required to a lower level. This is one of the fundamental 

concepts of DOE, i.e. to minimise the amount of resources used and still achieve the best results 

possible. 

Copper Removal in a Binary Solution 

Effects of Initial Metal Concentration, Solution pH and Adsorbent Dosage: The normal 

probability plot of these effects as well as the Pareto chart shown in Figures 5.9 and 5.10, 

respectively, concluded that the important effects were those of the main effects of A, B and C 

and the interaction of AB, AC and BC. The main effects of A, B, and C are plotted in Figures 

5.25, 5.26 and 5.27, respectively. 
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Figure 5.25: Effect of initial metal concentration on % Cu removed in a binary solution for 

egg and sea shell powder 

 

 

 

Figure 5.26: Effect of solution pH on % Cu removed in a binary solution for egg and sea shell 

powder 
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Figure 5.27: Effect of adsorbent dosage on % Cu removed in a binary solution for egg and sea 

shell powder 

 

Considering only these main effects, the factors B and C would be run at the high level while 

A is run at the low level to maximize adsorption. However, these main effects do not have 

much meaning since they are involved in statistically significant interactions. Therefore, the 

interactions of AB, AC and BC were also plotted in Figures 5.28, 5.29 and 5.30 for analysis. It 

is observed from the AB interaction that the initial metal concentration effect is very small to 

nothing when the solution pH is at the high level and relatively large when the solution pH is 

at the low level, with the best results obtained at low initial metal concentration and high 

solution pH.  

The AC interaction indicates that the initial metal concentration effect is very small to nothing 

when the adsorbent dosage is at the high level and relatively large when the adsorbent dosage 

is at the low level, with the best results obtained at low initial metal concentration and high 

adsorbent dosage. The BC interaction indicates that the solution pH effect is very small to 

nothing when the adsorbent dosage is at the high level and relatively large when the adsorbent 

dosage is at the low level, with the best results obtained at high solution pH coupled with either 

a low or high adsorbent dosage. Therefore, the best percentage copper removal in a Cu/Cr 
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binary solution would appear to be obtained when A (initial metal concentration) is at the low 

level while B (solution pH) and C (adsorbent dosage) are at the high level. 

 

 

Figure 5.28: Effect of AB interaction on % Cu removed in a binary solution for egg and sea 

shell powder 
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Figure 5.29: Effect of AC interaction on % Cu removed in a binary solution for egg and sea 

shell powder 

 

 

Figure 5.30: Effect of BC interaction on % Cu removed in a binary solution for egg and sea 

shell powder 
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There is a noticeable increase in the adsorption of copper from the Cu/Cr binary solution in 

comparison to adsorption from a single component solution. The amount of copper removed 

in a single component solution increased from 68.97 % as estimated by the model in Equation 

5.3 to 87.66 % in Equation 5.5 for a binary solution. This increase in adsorption suggests that 

there is minimal to no interference or competitive adsorption effect caused by the co-existence 

of the metal ions in solution. However, the presence of chromium in solution has a significantly 

positive effect on the removal of copper. This suggests that copper removal may be occurring 

not only via adsorption onto the adsorbent but also through precipitation. This could be caused 

by differences in solubility i.e., copper may have a much lower solubility in water in the 

presence of chromium in contrast to when it exists alone in solution under the conditions tested 

since it showed positive improvement from a single component solution to a binary solution. 

 

Chromium Removal in a Binary Solution 

Effects of Initial Metal Concentration, Solution pH and Adsorbent dosage: The normal 

probability plot of the effects as well as the Pareto chart shown in Figures 5.13 and 5.14, 

respectively, showed that the significant effects were those of the main effects of A, B and C 

and the interaction of AB, AC and BC. The main effects of A, B, and C are plotted in Figures 

5.31, 5.32 and 5.33, respectively. Considering only these main effects, the factors B and C 

would be run at the high level while A is run at the low level to maximize adsorption. However, 

these main effects do not have much meaning since they are involved in significant interactions. 

Therefore, the interactions of AB, AC and BC were plotted in Figures 5.34, 5.35 and 5.36 for 

further analysis. 
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Figure 5.31: Effect of initial metal concentration on % Cr removed in a binary solution for egg 

and sea shell powder 

 

 

Figure 5.32: Effect of solution pH on % Cr removed in a binary solution for egg and sea shell 

powder 
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Figure 5.33: Effect of adsorbents dosage on % Cr removed in a binary solution for egg and 

sea shell powder 

 

 

Figure 5.34: Effect of AB interaction on % Cr removed in a binary solution for egg and sea 

shell powder 



 

Performance of a layered adsorbent column   Thabelo Mammburu 

 

 

111 
 

 

Figure 5.35: Effect of AC interaction on % Cr removed in a binary solution for egg and sea 

shell powder 

 

 

 

Figure 5.36: Effect of BC interaction on % Cr removed in a binary solution for egg and sea 

shell powder 
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It is observed from the AB interaction that the initial metal concentration effect is very small 

to nothing when the solution pH is at the high level and relatively large when the solution pH 

is at the low level, with the best results obtained at low initial metal concentration coupled with 

either a low or high solution pH. The AC interaction indicates that the initial metal 

concentration effect is very small to nothing when the adsorbent dosage is at the high level and 

relatively large when the adsorbent dosage is at the low level, with the best results obtained at 

low initial metal concentration and high adsorbent dosage. The BC interaction indicates that 

the solution pH effect is very small to nothing when the adsorbent dosage is at the high level 

and relatively large when the adsorbent dosage is at the low level, with the best results obtained 

at high solution pH and low adsorbent dosage.  

Therefore, the best chromium removal percentage in a Cu/Cr binary solution would appear to 

be obtained when A (initial metal concentration) and C (adsorbent dosage) are at the low level 

and B (solution pH) is at the high level. The chromium removal percentage in the AC 

interaction chart when A is at the low level and C is at low level is lower than the percentage 

obtained when C is at the high level by about 2%, hence the best setup was decided by the need 

to minimise resources (in this case the adsorbent) which led to the choice in running at a low 

level of C (adsorbent dosage) as shown in Figure 5.35.  

There is a slight difference in the adsorption of chromium from the Cu/Cr binary solution in 

comparison to adsorption from a single component solution. The amount of chromium removed 

in a single component solution decreased from 91.20 % as estimated by the model in Equation 

5.4 to 89.70 % in Equation 5.6 for a binary solution. This decrease in adsorption, despite being 

minimal suggests that there is some interference or competitive adsorption effect caused by the 

co-existence of these metal ions in solution. A further increase in the amount of adsorbent could 

reduce this competitive effect and improve the chromium uptake. 

 

5.4 Summary and Conclusions 

 

The purpose of this Chapter was to identify factors that have an influence on the removal of 

chromium and copper in single components and binary solutions. The screening of the main 

influential factors was addressed using a diagnostic two-level full factorial design to obtain 

data for analysis. The primary purpose of this Chapter was to gain an understanding of how 

these contaminants (chromium and copper) behave in solution when exposed to the adsorbents 
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(egg and sea shell powders) in a batch process as well as establishing which factors had 

significant effect on the response (% metal removal). Results obtained formed part of the basis 

for the setup of the layered adsorbent column presented in the following chapter (Chapter 6) as 

well as the conditions of the factors in question. 

The factors investigated in this Chapter included initial metal concentration, solution pH, 

adsorbent dosage and adsorbent type. These factors were studied at their upper and lower 

levels. The experimental results were analysed statistically for the significance of the factors 

using the normal probability plots and Pareto charts. 

The results obtained indicated the following: 

 The statistical method and experimental design approach selected has been able to 

determine statistically significant and insignificant factors. 

 

 The adsorbent type was statistically insignificant while the other factors were 

statistically significant, i.e., adsorbent type had no significant influence on the 

percentage removal of either metal, whilst initial metal concentration, solution pH and 

adsorbent dosage had a significant influence or effect on the metal removal.  

 

 Specifically, solution pH and the adsorbent dosage showed significant influence on the 

% copper removal in a single component solution while the interactions had no 

significance at all. The maximum amount of copper removed was achieved at a high 

solution pH and high adsorbent dosage. Thus, high solution pH environments and high 

adsorbent dosages are desired for optimal copper removal from a single component 

solution.  

 

 However, for the removal of copper in the Cu/Cr binary solution the results obtained 

were totally different. In addition to the factors mentioned above, initial metal 

concentration demonstrated statistical significance on the removal of copper as well as 

the interactions between initial metal concentration and solution pH, initial metal 

concentration and adsorbent dosage, solution pH and adsorbent dosage. The maximum 

percentage copper removed under these conditions appear to be obtained at a low initial 

metal concentration and a high solution pH and high adsorbent dosages. Thus, 
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extremely dilute solutions at high solution pH environments and high adsorbent 

dosages are desired for optimal copper removal from a Cu/Cr binary solution.  

 

 Results obtained for the removal of chromium were the same for a single component 

and binary solution. Initial metal concentration, solution pH and adsorbent dosage were 

statistically significant in both cases together with their interactions, namely, initial 

metal concentration and solution pH, initial metal concentration and adsorbent dosage, 

solution pH and adsorbent dosage. The maximum chromium removal percentage was 

obtained at low initial metal concentrations and adsorbent dosages and high solution 

pH. Thus, extremely dilute solutions at high solution pH environments and low 

adsorbent dosages are desired for optimal chromium removal from a Cu/Cr binary 

solution.  

 

 There was a noticeable increase in the adsorption of copper from the Cu/Cr binary 

solution in comparison to adsorption from a single component solution. This suggested 

that the presence of chromium in solution has a significantly positive effect on the 

removal of copper. 

 

 The average amount of copper removed showed an 18.69 % increase from a single 

component solution to a binary solution. i.e., 68.97 % from single component to 87.66 

% for a binary solution.  

 

 There was a slight difference in the adsorption of chromium from the Cu/Cr binary 

solution in comparison to adsorption from a single component solution suggesting a 

minimal competitive adsorption effect caused by the co-existence of these metal ions 

in solution. 

 

 The amount of chromium removed in a single component solution decreased from 

91.20 % to 89.70 % for a binary solution. i.e., a 1.5 % decrease. 
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CHAPTER SIX 

6. COLUMN ADSORPTION STUDIES 
 

6.1 Introduction  

 

The batch studies conducted in the previous Chapter (Chapter 5) provided information on the 

ability of the egg and sea shell adsorbents in the removal of chromium and copper from an 

acidic aqueous solution. However, for industrial purposes, batch studies are not economical in 

practice and the data obtained does not serve much purpose in the design of industrial 

adsorption columns (Motsi, et al., 2009). Thus, column adsorption studies are essential. The 

information obtained through the breakthrough curves can be used in the estimation of the 

operating life span of the fixed adsorbent bed. For the application of bio-sorbents in a column 

set-up, the use of immobilized adsorbents is recommended in order to increase the adsorbents’ 

mechanical strength, density, reusability and resistance to mechanical environments 

(Goksungur, et al., 2003). Some studies have noted significant improvement on heavy metal 

uptake following immobilisation of bio-sorbents (Simate & Ndlovu, 2014; Seepe , 2015). 

However, the aim of this study was only to explore the possibility of using egg and sea shell 

powders (without any form of modification) for their potential use in a layered adsorbent 

column. Therefore, no pre-treatment or immobilisation of bio-sorbent was done in this study.  

The experiments were conducted in a glass column with an outer and inner diameter of 30 and 

23 mm, respectively, and a height of about 500 mm. The column was packed with egg and sea 

shell powders to various bed heights. The metal bearing aqueous solution was fed into the 

column in a downward-flow set-up illustrated in Figure 3.4, using a peristaltic pump (Watson 

Marlow 520Du) with an adjustable speed. The first part of the column tests were conducted 

with just single layers of each adsorbent to achieve adsorption capacity of each adsorbent. 

Thereafter, the double layer setup was conducted. The operating flow rate and bed height were 

the only parameters whose effects on adsorption was investigated for the column tests. 

Variables such as initial metal concentration, solution pH and adsorbent size were kept 

constant. The experimental data obtained was fitted into the following models: Thomas, Yoon-

Nelson and the Bohart-Adams models.  
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6.2 Breakthrough Analysis  
 

6.2.1 Effect of Bed Height 

 

Metal adsorption in a fixed bed column depends on various process parameters including, but 

not limited to, the quantity of the sorbent used and the height of the bed (Sankararamakrishnan, 

et al., 2008; Nasehir, et al., 2011). The effect of bed height on adsorbent performance was 

tested by running a chromium/copper binary solution of 100 mg/L for both metals through the 

column at a volumetric flow rate of 5mL/min. The height of the bed was varied from 5 to 15 

cm. When the height is varied, the contact time between the solute and the adsorbent as well 

as the number of active sites available for sorption is consequently varied (Simate & Ndlovu, 

2015; Masukume, 2016). The breakthrough curves of both chromium and copper sorption at 

different bed heights and bed/adsorbent type are shown in Figures 6.1 to 6.4 (refer to Tables 

E1-E4 in Appendix E for experimental results).  

The breakthrough adsorption capacity (Qb), breakthrough time (tb), column exhaustion time 

(te), and volumes of aqueous solution treated at both breakthrough (Vb) and exhaustion (Ve) 

times were determined from these breakthrough curves and are summarised in Tables 6.1 and 

6.2 for chromium and copper, respectively. Breakthrough time was determined by the effluent 

concentration of 1 mg/L for both chromium and copper, according to South African National 

Standards (SANS) and World Health Organisation (WHO) (Bartram, et al., 2006; Mamba, et 

al., 2008; Brigden, et al., 2009).The breakthrough time increased for both chromium and copper 

with an increase in bed height with both adsorbents showing a similar trend of breakthrough 

profiles. At a higher bed height there are more active sites available for adsorption, 

consequently leading to a late breakthrough time and more volumes of aqueous solution treated 

at breakthrough point. Particularly, the breakthrough time for chromium increased from 72 to 

149 minutes for sea shell powder and from 71 to 147 minutes for egg shell powder with an 

increase in bed height from 5 to 15 cm. The breakthrough time for copper, increased from 59 

to 141 minutes and 57 to 139 minutes with an increase in bed height from 5 to 15 cm for sea 

shell and egg shell powder, respectively.  

The adsorption capacity for chromium at breakthrough point increased from 0.98 to 1.43 mg/g 

for sea shell powder and from 0.97 to 1.41 mg/g for egg shell powder with an increase in bed 

height from 5 to 15 cm. Similar observations were made for the adsorption capacity of copper 

which showed an increase from 0.96 to 1.40 mg/g for sea shell powder and from 0.93 to 1.38 
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mg/g for egg shell powder for the same increments in bed height. Singha et al. (2012) stated 

that increasing the height of the bed broadens the mass transfer zone thus more sorption sites 

are available for adsorption. The broadening of the mass transfer zone is also depicted in 

Figures 6.1 to 6.4 by the decrease in the slope of the breakthrough curves with an increase in 

bed height (Simate & Ndlovu, 2015; Singha, et al., 2012). Meanwhile, the volumes processed 

at breakthrough point for chromium increased from 0.362 to 0.743 L for sea shell powder and 

0.356 to 0.734 L for egg shell powder with an increase in bed height. On the other hand, 

volumes processed at breakthrough point for copper increased from 0.295 to 0.705 L for sea 

shell powder and 0.285 to 0.695 L for egg shell powder with an increase in bed height. The 

column exhaustion times and the volumes processed at exhaustion times also increased with 

an increase in bed height for both adsorbents and are shown in Tables 6.1 and 6.2 for chromium 

and copper, respectively. These results show that adsorption beds with a higher bed height are 

suitable for optimal results in biosorption processes.  

Furthermore, the results of this study also imply that a layered adsorbent bed is more favorable 

since breakthrough was achieved at a longer time when the sea and egg shell powders were 

combined in a layered set-up. The following parameters; Qb, tb, te, Vb, and Ve increased when 

the set-up was changed from a sea shell only bed to a sea shell/ egg shell layered bed of the 

same height for both chromium and copper. Particularly, Qb increased from 1.43 to 1.50 mg/g, 

tb from 149 to 153 minutes, te from 330 to 337 minutes, Vb from 0.743 to 0.763 L and Ve from 

1.648 to 1.683 L at a bed height of 15cm for the adsorption of chromium. This increase, 

although not huge, is evidence that replacing a single component bed with a layered component 

bed of the same height results in higher metal removal efficiency. The slight increase in 

parameters may be attributed to the fact that these two adsorbents are similar in nature as 

reported in the characterization results in chapter 4 of this study, therefore, they would have 

similar effects on metals in solution. In addition, Chapter 5 (batch results), also reported in this 

study, showed that in relation to these two adsorbents, the ‘adsorbent type’ factor had no 

significant influence.  

It is also noted that the breakthrough time for metal ions in this study was in the following 

order: sea shell on top of egg shell > egg shell on top of sea shell > sea shell > egg shell. This 

can be attributed to the XRD results that showed that sea shell powder is more crystalline and 

contains more calcium carbonate whose dissociation in water drives the ion exchange process, 

therefore, enhancing adsorption. The sea shell/egg shell set-up favors adsorption because as 
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the metal bearing solution is introduced to the column it passes through the sea shell layer first, 

where most of the calcium carbonate is present, hence, most of the metal removal takes place. 

In this layer of the column the concentration gradient is much steeper. Therefore, by the time 

the solution enters the egg shell layer it is now lean and of a low concentration, allowing for 

further adsorption. Whereas in the egg shell/ sea shell set-up, the top layer has less calcium 

carbonate and consequently the solution is still highly concentrated when it enters the sea shell 

layer. 

Similar observations were also reported in literature (Masukume, 2016; Mashangwa , 2016). It 

is also important to note from Figures 6.1 to 6.4 that chromium experiences a delayed 

breakthrough and exhaustion time in comparison to copper. Similar observations were made 

when the flowrate was varied (see Figures 6.5 to 6.8 in Section 6.2.2). These findings concur 

with those in Chapter 5 of this study. These differences are a result of competitive biosorption 

(Simate & Ndlovu, 2015). Chromium has a higher affinity towards the adsorbents than copper 

hence, the biosorption efficiency was in the following order: chromium > copper. This may be 

attributed to the difference in the ionic radius and the electronegativity of chromium (Cr3+) and 

copper (Cu2+) metal ions (Reddad, et al., 2002).  The ionic radius and electronegativity of 

chromium are 75.5pm and 1.66, respectively, whereas that of copper are 87pm and 1.90, 

respectively (Pauling, 1932; Shannon, 1976). 

 

 

 

 

 

 

 

 

 

 



 

Performance of a layered adsorbent column   Thabelo Mammburu 

 

 

119 
 

 

Figure 6.1: Breakthrough curves for the removal of chromium and copper using sea shell 

powder at different bed heights (initial concentration = 100mg/L; pH = 4; flow rate = 

5mL/min). 

 

 

 

Figure 6.2: Breakthrough curves for the removal of chromium and copper using egg shell 

powder at different bed heights (initial concentration = 100mg/L; pH = 4; flow rate = 

5mL/min). 
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Figure 6.3: Breakthrough curves for the removal of chromium and copper using a layered bed 

(sea shell powder on top of egg shell powder) at different bed heights (initial concentration = 

100mg/L; pH = 4; flow rate = 5mL/min). 

 

 

 

Figure 6.4: Breakthrough curves for the removal of chromium and copper using a layered bed 

(egg shell powder on top of sea shell powder) at different bed heights (initial concentration = 

100mg/L; pH = 4; flow rate = 5mL/min). 
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Table 6.1: Summary of the fixed bed parameters at breakthrough and exhaustion points for 

chromium sorption at different bed heights. 

 

Bed type 

 

Bed 

height 

(cm) 

 

 

Qb 

(mg/g) 

 

 

Breakthrough 

time 

(min) 

 

 

Volume 

processed at 

breakthrough 

(L) 

 

 

Exhaustion 

time 

(min) 

 

 

Volume 

processed at 

exhaustion 

(L) 

 

 

Sea shell 

 

5 

 

0.98 

 

72 

 

0.362 

 

192 

 

0.958 

 10 1.12 113 0.564 272 1.362 

 

 

Egg shell 

 

 

 

Sea shell/ 

Egg shell 

 

 

Egg shell/ 

Sea shell 

15 

 

5 

10 

15 

 

5 

10 

15 

 

5 

10 

15 

 

1.43 

 

0.97 

1.10 

1.41 

 

1.00 

1.16 

1.50 

 

1.00 

1.12 

1.46 

149 

 

71 

111 

147 

 

76 

117 

153 

 

74 

114 

151 

0.743 

 

0.356 

0.555 

0.734 

 

0.379 

0.584 

0.763 

 

0.368 

0568 

0.754 

330 

 

1.91 

271 

328 

 

193 

273 

337 

 

192 

273 

336 

1.648 

 

0.954 

1.355 

1.640 

 

0.965 

1.366 

1.683 

 

0.962 

1.36 

1.680 
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Table 6.2: Summary of the fixed bed parameters at breakthrough and exhaustion points for 

copper sorption at different bed heights. 

 

Bed type 

 

Bed 

height 

(cm) 

 

 

Qb 

(mg/g) 

 

 

Breakthrough 

time 

(min) 

 

 

Volume 

processed at 

breakthrough 

(L) 

 

 

Exhaustion 

time 

(min) 

 

 

Volume 

processed at 

exhaustion 

(L) 

 

 

Sea shell 

 

5 

 

0.96 

 

59 

 

0.295 

 

181 

 

0.905 

 10 1.09 101 0.505 265 1.325 

 

 

Egg shell 

 

 

 

Sea shell/ 

Egg shell 

 

 

Egg shell/ 

Sea shell 

15 

 

5 

10 

15 

 

5 

10 

15 

 

5 

10 

15 

 

1.40 

 

0.93 

1.07 

1.38 

 

1.00 

1.13 

1.48 

 

1.00 

1.11 

1.45 

141 

 

57 

98 

139 

 

63 

109 

147 

 

61 

105 

146 

0.705 

 

0.285 

0.490 

0.695 

 

0.315 

0.545 

0.735 

 

0.305 

0525 

0.730 

326 

 

179 

263 

324 

 

184 

268 

330 

 

181 

267 

330 

1.630 

 

0.895 

1.315 

1.620 

 

0.920 

1.340 

1.650 

 

0.905 

1.335 

1.650 

 
 
 

6.2.2 Effect of Flow rate 

 

The inlet flow rate of the metal bearing solution is another important parameter when 

investigating the performance of an adsorption process in a column (Singha, et al., 2012; 

Masukume, 2016; Simate & Ndlovu, 2015). The effect of flow rate on adsorbent performance 

was tested by varying the flow rate of the chromium/copper binary solution from 2.5 to 7.5 

mL/min, while initial metal concentration (100 mg/L) and bed height (10 cm) were kept 

constant. The breakthrough curves of both chromium and copper sorption at different flow 

rates and bed/adsorbent type are shown in Figures 6.5 to 6.8 (refer to Tables E5-E8 in Appendix 

E for experimental results). A summary of all the parameters investigated; breakthrough 

adsorption capacity (Qb), breakthrough time (tb), column exhaustion time (te), and volumes of 

aqueous solution treated at both breakthrough (Vb) and exhaustion (Ve) times were determined 

from these breakthrough curves and are tabulated in Tables 6.3 and 6.4 for chromium and 

copper, respectively. Higher flow rates resulted in the less processing time for both 
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breakthrough and exhaustion point to be reached. Hence, the volumes of aqueous solution 

treated at both breakthrough and exhaustion points also decreased as the flow rates were raised 

and vice versa. These observations applied to both chromium and copper. Specifically, 

breakthrough time for chromium decreased from 273 to 45 minutes with an increase in flowrate 

from 2.5 to 7.5 mL/min for both sea shell and egg shell powder. Similarly, the breakthrough 

time for copper decreased from 268 to 41 minutes and 265 to 38 minutes with an increase in 

flowrate from 2.5 to 7.5 mL/min for sea shell and egg shell powder, respectively. Meanwhile, 

the volumes treated at breakthrough point decreased from 0.683 to 0.340 L and 0.682 to 0.334 

L for chromium, whereas the volumes treated at breakthrough point for copper decreased from 

0.670 to 0.308 L and 0.663 to 0.285 L with an increase in flow rate from 2.5 to 7.5 mL/min for 

sea shell and egg shell powder, respectively.  The reduction in bed performance with an 

increase in the flow rate could be attributed to adsorbent-adsorbate contact time which was 

shortened at high flow rates (Masukume, 2016). An increase in the flow rate also resulted in 

breakthrough curves with steeper slopes, which means the mass transfer zone was shortened, 

thus resulting in a reduced residence time.  

As a consequence of the reduction in mass transfer zone, the adsorption capacity at 

breakthrough point decreased from 1.35 to 0.67 mg/g and from 1.35 to 0.66 mg/g for 

chromium, whilst that of copper decreased from 1.31 to 0.63 mg/g and from 1.29 to 0.61 mg/g 

with an increase in flow rate for sea shell and egg shell powder, respectively. These results are 

in agreement with the findings reported in similar studies (Masukume, 2016; Simate & Ndlovu, 

2015; Mashangwa , 2016; Seepe , 2015). Simate & Ndlovu (2015) noted that when the 

residence time within the column is lowered, the metal solution leaves the column before 

equilibrium is reached hence the lower adsorption efficiency. Furthermore, similar to the 

findings on the effect of bed height (see section 6.2.1), results are also in favour of layered 

adsorbent beds with Qb increasing from 1.35 to 1.40 mg/g, tb from 273 to 281 minutes, te from 

451 to 452 minutes, Vb from 0.682 to 0.702 L and Ve from 1.128 to 1.130 L for chromium 

adsorption when the set-up was changed from a sea shell only bed to a sea shell/ egg shell 

layered bed at a flow rate of 2.5mL/min as depicted in Table 6.3. The same trend was noted for 

the adsorption of copper as shown in Table 6.4. 

Just like in the effect of bed height (see Section 6.2.1), it is also noted that the breakthrough 

time for metal ions in this study occurred in the following order: sea shell on top of egg shell 

> egg shell on top of sea shell > sea shell > egg shell, for similar reasons.   
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Figure 6.5: Breakthrough curves for the removal of chromium and copper using sea shell 

powder at different flow rates (initial concentration = 100mg/L; pH = 4; bed height = 10cm). 

 

 

 

Figure 6.6: Breakthrough curves for the removal of chromium and copper using egg shell 

powder at different flow rates (initial concentration = 100mg/L; pH = 4; bed height = 10cm). 
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Figure 6.7: Breakthrough curves for the removal of chromium and copper using a layered bed 

(sea shell powder on top of egg shell powder) at different flow rates (initial concentration = 

100mg/L; pH = 4; bed height = 10cm). 

 

 

 

Figure 6.8: Breakthrough curves for the removal of chromium and copper using a layered bed 

(egg shell powder on top of sea shell powder) at different flow rates (initial concentration = 

100mg/L; pH = 4; bed height = 10cm). 
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Table 6.3: Summary of the fixed bed parameters at breakthrough and exhaustion points for 

chromium sorption at different flow rates. 

 

Bed type 

 

Flow rate 

(mL/min) 

 

 

Qb 

(mg/g) 

 

 

Breakthrough 

time 

(min) 

 

 

Volume 

processed at 

breakthrough 

(L) 

 

 

Exhaustion 

time 

(min) 

 

 

Volume 

processed at 

exhaustion 

(L) 

 

 

Sea shell 

 

2.5 

 

1.35 

 

273 

 

0.683 

 

451 

 

1.128 

 5 1.12 113 0.564 272 1.362 

 

 

Egg shell 

 

 

 

Sea shell/ 

Egg shell 

 

 

Egg shell/ 

Sea shell 

 

 

7.5 

 

2.5 

5 

7.5 

 

2.5 

5 

7.5 

 

2.5 

5 

7.5 

 

0.67 

 

1.35 

1.10 

0.66 

 

1.40 

1.16 

0.75 

 

1.38 

1.12 

0.72 

45 

 

273 

111 

45 

 

281 

117 

51 

 

279 

113 

49 

0.340 

 

0.682 

0.555 

0.334 

 

0.702 

0.584 

0.379 

 

0.700 

0.566 

0.366 

143 

 

451 

271 

140 

 

452 

273 

146 

 

452 

273 

146 

1.064 

 

1.128 

1.355 

1.052 

 

1.130 

1.367 

1.098 

 

1.129 

1.364 

1.093 
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Table 6.4: Summary of the fixed bed parameters at breakthrough and exhaustion points for 

copper sorption at different flow rates. 

 

Bed type 

 

Flow rate 

(mL/min) 

 

 

Qb 

(mg/g) 

 

 

Breakthrough 

time 

(min) 

 

 

Volume 

processed at 

breakthrough 

(L) 

 

 

Exhaustion 

time 

(min) 

 

 

Volume 

processed at 

exhaustion 

(L) 

 

 

Sea shell 

 

2.5 

 

1.31 

 

268 

 

0.670 

 

438 

 

1.095 

 5 1.08 102 0.510 248 1.240 

 

 

Egg shell 

 

 

 

Sea shell/ 

Egg shell 

 

 

Egg shell/ 

Sea shell 

 

 

7.5 

 

2.5 

5 

7.5 

 

2.5 

5 

7.5 

 

2.5 

5 

7.5 

 

0.63 

 

1.29 

1.05 

0.61 

 

1.35 

1.13 

0.71 

 

1.32 

1.10 

0.71 

41 

 

265 

99 

38 

 

273 

106 

47 

 

271 

102 

44 

0.308 

 

0.663 

0.495 

0.285 

 

0.683 

0.530 

0.353 

 

0.678 

0.510 

0.330 

132 

 

435 

243 

129 

 

441 

256 

137 

 

439 

251 

136 

0.990 

 

1.088 

1.215 

0.968 

 

1.103 

1.280 

1.028 

 

1.098 

1.255 

1.020 

 

 

6.3 Application of Breakthrough Models 

 

Breakthrough curves also known as concentration-time profiles are essential in the design and 

operation of fixed bed adsorption processes. The breakthrough behaviour of any packed-bed is 

not fixed and will, therefore, change under various operational conditions. Consequently, 

numerous small-scale experiments must be conducted to obtain the performance of the column 

under various operating conditions to obtain the design parameters. In the case where time and 

resources are limited, this approach may pose a challenge. Nonetheless, mathematical models 

can be used as tools for up-scaling the design and analysis, whilst reducing the number of 

small-scale experiments needed (Maliyekkal & Ligy, 2011). The Thomas, Yoon-Nelson and 

Bohart-Adams models are the most commonly used models in the treatment of waste water 

(Naja & Volesky, 2006; Ahmed & Hameed, 2010). Hence, these models were used to analyse 

the adsorption performance of the layered column in this study. 
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6.3.1 Thomas Model 

 

This model was developed in 1944 and has been widely used since then in various applications 

including modelling the dynamic behaviour of biosorption processes in fixed bed columns 

(Thomas, 1944). This model assumes that the process follows Langmuir kinetics of adsorption-

desorption with no axial dispersion (Thomas, 1944). Its primary limitation is that the derivation 

is based on second order reaction kinetics and considers sorption as unlimited by the chemical 

reaction but controlled by the mass transfer at the interface (Thomas, 1944; Calero, et al., 2009). 

Unfortunately, this may result in some errors when the method is used to model biosorption 

processes in specific conditions (Calero, et al., 2009). 

 

The linearized form of the equation is given as: 

 

𝑙𝑛 [(
𝐶𝑜

𝐶𝑡
) − 1] =  (

𝐾𝑇ℎ 𝑞0𝑚

𝑄
) − 𝐾𝑇𝐻𝐶𝑜𝑡                     (6.1) 

 

where: KTh (mL/mg min) is the Thomas rate constant, qo (mg/g) is the equilibrium adsorbate 

uptake, Co and Ct (mg/L) are the inlet and outlet adsorbate concentrations and m (g) is the mass 

of adsorbent in the column. 

 

The KTh and qo values were calculated from the slope and intercepts of linear graph of ln 

[(Co/Ct) -1] versus time (Figures E1 and E4 in Appendix E) from the column experiments 

(Refer to Appendix A for a sample example of the calculations). The model parameters of the 

metals at different conditions are summarized in Tables 6.5 to 6.8. The KTh and qo values 

decreased with an increase in bed height for both chromium and copper. This is in agreement 

with the work done by other researchers (Yahaya, et al., 2012; Masukume, et al., 2014; 

Masukume, et al., 2014). Meanwhile, an increase in flowrate resulted in a corresponding 

increase in qo values, while the KTh values decreased for both chromium and copper. The 

increase in qo with an increase in flow rate is in line with the work done by Masukume (2016). 

The decrease in KTh with an increase in flowrate is in line with the work done by Seepe (2015) 

and Simate & Ndlovu (2015). The high correlation coefficients (R2) in Tables 6.5 to 6.8 showed 

that the experimental data agrees well with the Thomas model, meanwhile a low absolute error 

of < 0.02 verifies that the data of both chromium and copper adsorption onto egg and sea shell 

powders fitted well with the Thomas model (Refer to Tables E9 - E12 in Appendix E for the 

actual results). 
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6.3.2 Yoon-Nelson Model 

 

This model has its basis on the assumption that the rate of decrease in the probability of 

adsorption for each adsorbate molecule is proportional to the probability of adsorbate 

adsorption and the probability of adsorbate breakthrough on the adsorbent (Yoon & Nelson, 

1984; Ahmed & Hameed, 2010). The linearized form of the model is expressed as: 

 

𝑙𝑛 [
𝐶𝑡

𝐶0− 𝐶𝑡
] = 𝐾𝑌𝑁𝑡 −  𝜏𝐾𝑌𝑁          (6.2)  

 

where: KYN (L/min) is the rate constant and 𝜏 is the time required for 50% adsorbate 

breakthrough. 

 

The values of KYN and 𝜏 are calculated from the slope and intercept of the linear plots of 

𝑙𝑛 [
𝐶𝑡

𝐶0− 𝐶𝑡
] versus t (Figures E2 and E5 in Appendix E) at two different parameters of bed mass 

and flow-rate (Refer to Appendix A for a sample example of the calculations). The model 

parameters of the metals at different conditions are summarized in Tables 6.5 to 6.8. An 

increase in the flow rate resulted in a decrease in both KYN and 𝜏 values, while an increase in 

bed height resulted in a decrease in KYN and an increase in 𝜏 for both chromium and copper. 

These results are consistent with the findings reported in similar studies (Yahaya, et al., 2012; 

Masukume, 2016; Masukume, et al., 2014).The high correlation coefficients (R2) in Tables 6.5 

to 6.8 showed that the experimental data agrees well with the Yoon-Nelson model, meanwhile 

a low absolute error of < 0.02 verifies that the data of both chromium and copper adsorption 

onto egg and sea shell powders fitted well with the Yoon-Nelson model (Refer to Tables E9 -  

E12 in Appendix E for the actual results). 

 

6.3.3 Bohart-Adams Model 

 

This model is based on the surface reaction theory and it assumes that equilibrium is not 

instantaneous (Chowdhury, et al., 2012). This implies that the rate of adsorption is proportional 

to both the residual capacity of the adsorbent and the concentration of the dissolved species. 

Despite the model being initially developed for the application on solid-gas systems, its use 

has been extended to other types of systems including biosorption. The mathematical equation 

of the model can be written as: 
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𝑙𝑛 (
𝐶𝑡

𝐶0
) =  𝐾𝐴𝐵𝐶𝑜𝑡 −  𝐾𝐴𝐵𝑁𝑜 (

𝑧

𝑈𝑜
 )        (6.3)  

 

where: KAB (L/min.mg) is the rate constant of Bohart-Adams model, Z (cm) is the bed depth, 

Co and Ct are the inlet and outlet concentrations of the adsorbate, No (mg/L) is maximum ion 

adsorption capacity per unit volume of adsorbent column, and Uo (cm/min) is the linear velocity 

of influent solutions. 

The values of KAB and No can be estimated from the linear plot of ln (
𝐶𝑡

𝐶𝑜
) versus t (min) as 

shown in Figures E3 and E6 in Appendix E (Refer to Appendix A for a sample example of the 

calculations). The model parameters of the metals at different conditions are summarized in 

Tables 6.8 to 6.8. The low correlation coefficients (R2 < 0.9) show that the experimental 

breakthrough curves with reference to both bed height and flow rate were not well defined by 

the Bohart-Adams model, meanwhile an absolute error > 0.15 verifies the model’s lack of fit 

(Refer to Tables E9 - E12 in Appendix E for the actual results). 
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Table 6.5: Summary of model parameters for chromium and copper sorption using sea shell 

powder in a fixed bed column. 

 Thomas model Yoon-Nelson model Bohart-Adams model 

 

Parameters 

 

 

KTh  

×10-4  

(Lmin-1 

mg-1) 

 

 

qo 

(mg/g) 

 

 

R2 

 

 

KYN  

(min-1) 

 

 

τ 

(min) 

 

 

R2 

 

 

 

 

 

KBA  

×10-4  

(Lmin-1 

mg-1) 

 

 

No 

(mg/L) 

 

 

R2 

 

Chromium 

Bed height 

(cm) 

5 

10 

 

 

 

5.51 

5.37 

 

 

 

2.85 

1.97 

 

 

 

0.981 

0.990 

 

 

 

0.055 

0.054 

 

 

 

142.5 

196.8 

 

 

 

0.981 

0.990 

 

 

 

1.80 

1.97 

 

 

 

6524.9 

3559.4 

 

 

 

0.650 

0.767 

15 5.02 1.57 0.975 0.050 235.6 0.975 2.35 2590.4 0.775 

 

Flow rate 

(mL/min) 

2.5 

5 

7.5 

 

Copper 

Bed height 

(cm) 

5 

10 

15 

 

Flow rate 

(mL/min) 

2.5 

5 

7.5 

 

 

 

 

6.08 

5.32 

4.69 

 

 

 

 

5.43 

5.26 

4.97 

 

 

 

5.91 

5.24 

4.51 

 

 

 

 

1.65 

1.89 

1.95 

 

 

 

 

2.72 

1.88 

1.52 

 

 

 

1.62 

1.76 

1.84 

 

 

 

 

0.988 

0.973 

0.972 

 

 

 

 

0.991 

0.980 

0.975 

 

 

 

0.983 

0.978 

0.988 

 

 

 

0.061 

0.053 

0.047 

 

 

 

 

0.049 

0.047 

0.042 

 

 

 

0.057 

0.050 

0.042 

 

 

 

373.5 

194.9 

110.0 

 

 

 

 

140.1 

189.6 

230.5 

 

 

 

369.3 

190.7 

109.8 

 

 

 

0.988 

0.973 

0.972 

 

 

 

 

0.991

0.980 

0.975 

 

 

 

0.983 

0.978 

0.988 

 

 

 

2.76 

2.19 

1.19 

 

 

 

 

1.75 

1.92 

2.30 

 

 

 

2.70 

2.12 

1.13 

 

 

 

2655.6 

3603.1 

4705.4 

 

 

 

 

6486.4 

3548.2 

2581.6 

 

 

 

2598.5 

3587.4 

4659.3 

 

 

 

0.862 

0.738 

0.507 

 

 

 

 

0.682 

0.751 

0.728 

 

 

 

0.812 

0.702 

0.518 
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Table 6.6: Summary of model parameters for chromium and copper sorption using egg shell 

powder in a fixed bed column. 

 Thomas model Yoon-Nelson model Bohart-Adams model 

 

Parameters 

 

 

KTh  

×10-4  

(Lmin-1 

mg-1) 

 

 

qo 

(mg/g) 

 

 

R2 

 

 

KYN  

(min-1) 

 

 

τ 

(min) 

 

 

R2 

 

 

 

 

 

KBA  

×10-4  

(Lmin-1 

mg-1) 

 

 

No 

(mg/L) 

 

 

R2 

 

Chromium 

Bed height 

(cm) 

5 

10 

15 

 

Flow rate 

(mL/min) 

2.5 

5 

7.5 

 

Copper 

Bed height 

(cm) 

5 

10 

15 

 

Flow rate 

(mL/min) 

2.5 

5 

7.5 

 

 

 

 

6.14 

5.52 

5.46 

 

 

 

6.77 

5.15 

5.07 

 

 

 

 

6.03 

5.46 

5.32 

 

 

 

6.65 

5.09 

5.01 

 

 

 

2.90 

1.99 

1.51 

 

 

 

1.79 

1.85 

1.90 

 

 

 

 

2.83 

1.81 

1.48 

 

 

 

1.61 

1.71 

1.90 

 

 

 

0.976 

0.989 

0.942 

 

 

 

0.987 

0.983 

0.967 

 

 

 

 

0.979 

0.980 

0.955 

 

 

 

0.988 

0.989 

0.977 

 

 

 

0.055 

0.055 

0.061 

 

 

 

0.068 

0.052 

0.051 

 

 

 

 

0.051 

0.053 

0.061 

 

 

 

0.061 

0.048 

0.042 

 

 

 

145.1 

199.1 

226.6 

 

 

 

379.0 

184.9 

119.4 

 

 

 

 

142.5 

181.2 

218.7 

 

 

 

3632 

174.5 

102.9 

 

 

 

0.976 

0.989 

0.942 

 

 

 

0.987 

0.983 

0.967 

 

 

 

 

0.979 

0.980 

0.955 

 

 

 

0.988 

0.989 

0.977 

 

 

 

1.84 

2.47 

2.52 

 

 

 

3.15 

2.17 

1.41 

 

 

 

 

1.81 

2.43 

2.49 

 

 

 

3.11 

2.12 

1.37 

 

 

 

6540.2 

3544.5 

2539.2 

 

 

 

2637.3 

3568.8 

4690.3 

 

 

 

 

6534.1 

3541.8 

2520.6 

 

 

 

2631.2 

3520.9 

4608.2 

 

 

 

0.668 

0.761 

0.829 

 

 

 

0.845 

0.688 

0.491 

 

 

 

 

0.657 

0.689 

0.812 

 

 

 

0.814 

0.670 

0.551 
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Table 6.7: Summary of model parameters for chromium and copper sorption using a layered 

bed (sea shell powder on top of egg shell powder) in a fixed bed column. 

 Thomas model Yoon-Nelson model Bohart-Adams model 

 

Parameters 

 

 

KTh  

×10-4  

(Lmin-1 

mg-1) 

 

 

qo 

(mg/g) 

 

 

R2 

 

 

KYN  

(min-1) 

 

 

τ 

(min) 

 

 

R2 

 

 

 

 

 

KBA  

×10-4  

(Lmin-1 

mg-1) 

 

 

No 

(mg/L) 

 

 

R2 

 

Chromium 

Bed height 

(cm) 

5 

10 

 

 

 

6.10 

5.98 

 

 

 

2.83 

1.95 

 

 

 

0.977 

0.971 

 

 

 

0.061 

0.060 

 

 

 

141.4 

194.5 

 

 

 

0.977 

0.971 

 

 

 

1.48 

2.22 

 

 

 

6666.6 

3580.5 

 

 

 

0.581 

0.709 

15 5.61 1.60 0.969 0.056 240.4 0.969 2.94 2562.2 0.865 

 

Flow rate 

(mL/min) 

2.5 

5 

7.5 

 

Copper 

Bed height 

(cm) 

5 

10 

15 

 

Flow rate 

(mL/min) 

2.5 

5 

7.5 

 

 

 

 

6.12 

5.29 

4.95 

 

 

 

 

6.02 

5.81 

5.57 

 

 

 

6.04 

5.23 

4.81 

 

 

 

1.76 

1.90 

1.93 

 

 

 

 

2.78 

1.90 

1.58 

 

 

 

1.70 

1.86 

1.91 

 

 

 

0.993 

0.963 

0.970 

 

 

 

 

0.975 

0.981 

0.970 

 

 

 

0.989 

0.994 

0.981 

 

 

 

0.061 

0.053 

0.050 

 

 

 

 

0.059 

0.054 

0.049 

 

 

 

0.060 

0.051 

0.047 

 

 

 

379.7 

193.4 

117.3 

 

 

 

 

136.2 

190.4 

239.8 

 

 

 

371.6 

188.1 

113.6 

 

 

 

0.993 

0.963 

0.970 

 

 

 

 

0.975 

0.981 

0.970 

 

 

 

0.989 

0.994 

0.981 

 

 

 

3.03 

2.26 

1.39 

 

 

 

 

1.45 

2.17 

2.90 

 

 

 

3.01 

2.21 

1.33 

 

 

 

2654.9 

3549.9 

4703.2 

 

 

 

 

6650.4 

3574.3 

2560.8 

 

 

 

2651.2 

3542.4 

4698.7 

 

 

 

0.870 

0.662 

0.495 

 

 

 

 

0.578 

0.715 

0.868 

 

 

 

0.868 

0.657 

0.412 
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Table 6.8: Summary of model parameters for chromium and copper sorption using a layered 

bed (egg shell powder on top of sea shell powder) in a fixed bed column. 

 Thomas model Yoon-Nelson model Bohart-Adams model 

 

Parameters 

 

 

KTh  

×10-4  

(Lmin-1 

mg-1) 

 

 

qo 

(mg/g) 

 

 

R2 

 

 

KYN  

(min-1) 

 

 

τ 

(min) 

 

 

R2 

 

 

 

 

 

KBA  

×10-4  

(Lmin-1 

mg-1) 

 

 

No 

(mg/L) 

 

 

R2 

 

Chromium 

Bed height 

(cm) 

5 

10 

 

 

 

6.06 

5.69 

 

 

 

2.93 

1.95 

 

 

 

0.978 

0.972 

 

 

 

0.049 

0.057 

 

 

 

146.5 

194.5 

 

 

 

0.978 

0.972 

 

 

 

1.92 

2.17 

 

 

 

6525.8 

3604.6 

 

 

 

0.656 

0.727 

15 4.85 1.67 0.996 0.061 251.2 0.996 2.78 2564.5 0.867 

 

Flow rate 

(mL/min) 

2.5 

5 

7.5 

 

Copper 

Bed height 

(cm) 

5 

10 

15 

 

Flow rate 

(mL/min) 

2.5 

5 

7.5 

 

 

 

 

5.55 

5.42 

4.85 

 

 

 

 

6.02 

5.61 

4.79 

 

 

 

5.50 

5.37 

4.81 

 

 

 

1.86 

1.90 

1.97 

 

 

 

 

2.90 

1.91 

1.60 

 

 

 

1.81 

1.86 

1.92 

 

 

 

 

0.997 

0.985 

0.970 

 

 

 

 

0.975 

0.981 

0.992 

 

 

 

0.989 

0.992 

0.980 

 

 

 

0.056 

0.054 

0.049 

 

 

 

 

0.044 

0.055 

0.060 

 

 

 

0.051 

0.048 

0.046 

 

 

 

380.3 

196.9 

124.0 

 

 

 

 

140.4 

191.8 

248.1 

 

 

 

376.9 

191.4 

123.5 

 

 

 

0.997 

0.985 

0.970 

 

 

 

 

0.975 

0.981 

0.992 

 

 

 

0.989 

0.992 

0.980 

 

 

 

2.92 

2.14 

1.55 

 

 

 

 

1.90 

2.10 

2.69 

 

 

 

2.88 

2.12 

1.51 

 

 

 

2674.8 

3598.4 

4751.1 

 

 

 

 

6520.3 

3598.8 

2560.1 

 

 

 

2668.5 

3591.7 

4732.3 

 

 

 

0.897 

0.715 

0.537 

 

 

 

 

0.647 

0.710 

0.857 

 

 

 

0.884 

0.705 

0.524 
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6.4 Summary and Conclusions 

 

The main purpose of this study was to explore the possibility of using egg and sea shell powders 

(without any form of modification) for their potential use in a layered adsorbent column. Single 

layer beds were also investigated to achieve the adsorbent capacity of each adsorbent in a 

continuous flow set-up. The experiments showed that the adsorbent beds improved in 

performance with an increase in bed height and a decrease in flow rate. The performance of 

the different beds occurred in the following order: sea shell on top of egg shell > egg shell on 

top of sea shell > sea shell > egg shell for both chromium and copper. Therefore, layered 

adsorbent beds are more favorable since breakthrough was achieved at a much longer time 

when the sea and egg shell powders were combined in a layered set-up. Important performance 

indicators such as the breakthrough time (tb) and the breakthrough adsorption capacity (Qb) 

improved when the set-up was changed from a single adsorbent bed to a double layered 

adsorbent bed of the same height. For instance, Qb increased from 1.43 to 1.50 mg/g and tb 

from 149 to 153 minutes for chromium from a sea shell only bed to a sea shell/ egg shell layered 

bed. The experimental data obtained was fitted into the Thomas, Yoon-Nelson and the Bohart-

Adams models for the interpretation of the fixed bed breakthrough curves. The data for all four 

different bed set-ups (single and double layered) fitted well with the Thomas and Yoon-Nelson 

models than with the Bohart-Adams models which showed low correlation coefficients (R2 < 

0.9). However, analysing R2 alone is not the best way to verify the model’s lack of fit 

(Montgomery, 2005; Arenas, et al., 2007). An error analysis given by Equation 2.13 was used 

to further evaluate the breakthrough models. The lower the error, the better the fitted model 

(Arenas, et al., 2007; Ghribi & Chlendi, 2011). Hence, the data of chromium and copper 

adsorption onto egg and sea shell powders fitted well with Thomas and Yoon-Nelson models 

because they both had a lower absolute error of < 0.02. In contrast, the Bohart-Adams model 

had an absolute error > 0.15.  
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CHAPTER SEVEN 

7. CONCLUSIONS AND RECOMMENDATIONS 
 

7.1 Conclusions  
 

7.1.1 Introduction 

 

The discharge of untreated industrial wastewater has led to pollution of air, soil and water 

bodies. Wastewater pollution continues to be of great concern to governments and various 

stakeholders worldwide (Samuel, 2015). Consequently, discharge regulations have become 

more and more stringent, thus driving research towards the treatment of dilute effluents 

(Carvalho, et al., 2011). Various techniques have been explored for the removal of toxic 

pollutants from wastewater. However, these technologies have been reported to be too 

expensive, inefficient, unsuitable for the removal of a wide range of contaminants or 

environmentally unfriendly (generates secondary environmental wastes such as brine and 

sludge). The disposal of sludge generated from wastewater treatment has become an 

environmental problem on its own. Hence, the increased attention on the search for 

economically and environmentally sustainable techniques for wastewater treatment. This 

research work was aimed at exploring the possibility of using egg and sea shell powders 

(without any form of modification) as low-cost adsorbents for the removal of chromium and 

copper.  Furthermore, it provides a comparative study of the bio-sorbents for their potential use 

in a layered adsorbent column for the treatment of wastewater. 

 

To achieve these aims, the objectives were defined as follows: 

 To perform physical (the determination of the point of zero charge, surface pH and 

surface charge) and chemical characterisation of adsorbents before and after adsorption 

using relevant analytical methods (SEM, XRF, XRD, FTIR, and BET). 

 To identify the influential factors/variables, particularly, the effect of solution pH, 

initial metal concentration and adsorbent dosage during chromium and copper uptake 

in batch experiments. 

 To determine the level of affinity that each adsorbent has with each element and to 

establish the interference between the metal ions in a binary system, respectively. 
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 To evaluate the combined application of the adsorbent materials in a layered adsorbent 

column.     

 

7.1.2 Characterisation Studies 

 

The egg and sea shell adsorbents were analysed for their inherent properties such as: 

physiochemical properties, surface morphology, functional group identity, surface charge, 

surface area, pore size and volume. The qualitative and quantitative phase analysis were also 

done. This was done using the following analytical techniques: SEM/EDS, XRF, XRD, FTIR 

and BET analysis. The SEM/EDS showed that sea shell powder has tiny and fewer pores, in 

comparison to egg shell powder which was mostly comprised of macro pores. A comparison 

of the EDS spectra showed that both egg and sea shell powders have strong peaks of calcium, 

carbon and oxygen as the major components. A summary of the FTIR spectra showed that egg 

and sea shell powders both consist of acyl halides, alcohols, aldehydes, alkanes, amines, esters 

and ketones. However, egg shell powder has, in addition, phenols, carboxylic acids and 

derivatives. The sea shell powder diffraction pattern was characterised by a lot of peaks that 

were also of high intensity while egg shell powder displayed fewer peaks of very low intensity, 

thus, sea shells are more crystalline in nature than egg shells which showed some signs of being 

partially amorphous. The surface area, pore sizes and volumes from the BET results of both 

bio-sorbents were relatively high. Thus, rendering them highly porous. 

In addition to the analysis already stated, tests for the point of zero charge (pHpzc), surface pH 

and surface charge were also performed. The analysis showed that the studied potential bio-

sorbents are both basic in nature with similar points of zero charge at 8.65 and 8.40 for egg and 

sea shell powders, respectively. Based on the results obtained from these analyses, it can be 

concluded that the bio-sorbents are good adsorbents of cationic species (heavy metal ions) 

rather than anionic species. By virtue of them having a high CaCO3 content, egg and sea shell 

powders make great bio-sorbents because the calcium ions go through an ion-exchange process 

with the metals in solution. In addition, the dissolution of this compound introduces carbonate 

ions (CO3-) which raise the overall pH of any solution they come in contact with, rendering 

them as good neutralizing agents for acidic solutions. 
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7.1.3 Batch Studies 

 

Batch adsorption studies are generally used to assess whether an adsorbent can remove an 

undesirable pollutant from a solution. In this research, batch studies were conducted to identify 

factors that have an influence on the removal of chromium and copper in single component and 

copper/chromium binary solutions. Furthermore, the batch experiments were conducted to gain 

an understanding of how these contaminants (chromium and copper) behave in solution when 

exposed to adsorbents (egg and sea shell powders). The screening of the main influential factors 

was addressed using a diagnostic two-level full fractional design to obtain data for analysis. 

Establishing which factors have significant effect on the % metal removal as well as their 

conditions formed part of the basis for the setup of the layered adsorbent column. The factors 

investigated included initial metal concentration, solution pH, adsorbent dosage and adsorbent 

type. These factors were studied at their upper and lower levels. The experimental results were 

analysed statistically for the significance of the factors using the normal probability plots and 

Pareto charts. 

The results obtained indicated that the type of adsorbent used (whether egg or sea shell powder) 

had no significant effect on the % metal removal of either chromium or copper. However, the 

remaining factors, namely, initial metal concentration, solution pH and adsorbent dosage had 

a significant influence on the metal removal. Specifically, solution pH and the adsorbent dosage 

showed significant influence on the % copper removal in a single component solution while 

the interaction of the factors had no impact at all. The maximum amount of copper removed 

was achieved at a high solution pH and high adsorbent dosage. Thus, high solution pH 

environments and high adsorbent dosages are desired for optimal copper removal from a single 

component solution. However, for the removal of copper in the copper/chromium binary 

solution the results obtained were totally different. In addition to the factors already stated, 

initial metal concentration demonstrated significance on the removal of copper as well as the 

interactions between initial metal concentration and solution pH, initial metal concentration 

and adsorbent dosage, solution pH and adsorbent dosage. The maximum percentage of copper 

removed under these conditions appear to be obtained at a low initial metal concentration and 

a high solution pH and high adsorbent dosages. Thus, extremely dilute solutions at high 

solution pH environments and high adsorbent dosages are desired for optimal copper removal 

from a copper/chromium binary solution. There was a noticeable increase in the adsorption of 

copper from the copper/chromium binary solution in comparison to adsorption from a single 
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component solution. The average amount of copper removed showed an 18.69 % increase from 

a single component solution to a binary solution, i.e., 68.97 % from single component to 87.66 

% for a binary solution. This suggested that the presence of chromium in solution has a 

significantly positive effect on the removal of copper. This can be attributed to the fact that the 

primary driving force for metal ion biosorption is the electronegativity of the contaminants, i.e. 

the higher the electronegativity the higher the adsorption capacity (Bux & Kasan, 1994). The 

electronegativity of copper is 1.90, whereas that of chromium is 1.66 (Pauling, 1932; Shannon, 

1976).  

Results obtained for the removal of chromium were the same for a single component and binary 

solution. Initial metal concentration, solution pH and adsorbent dosage showed significant 

effects in both cases together with their interactions, namely, initial metal concentration and 

solution pH, initial metal concentration and adsorbent dosage, solution pH and adsorbent 

dosage. The maximum chromium percentage removal was obtained at low initial metal 

concentrations and adsorbent dosages and high solution pH. Thus, extremely dilute solutions 

at high solution pH environments and low adsorbent dosages are desired for optimal chromium 

removal from a copper/chromium binary solution. There was a slight difference in the 

adsorption of chromium from the copper/chromium binary solution in comparison to 

adsorption from a single component solution suggesting a minimal competitive adsorption 

effect caused by the co-existence of these metal ions in solution. The amount of chromium 

removed in a single component solution decreased from 91.20 % to 89.70 % for a binary 

solution, i.e., a 1.5 % decrease. This decrease in adsorption, however, minimal suggests that 

there is some interference or competitive adsorption effect caused by the co-existence of these 

metal ions in solution 

 

7.1.4 Column Studies 

 

Column studies and breakthrough analysis were conducted to explore the effects of adsorbent 

bed height and inlet flow rate of the solution on the adsorption of heavy metals onto sea shell 

and egg shell using single or double layered fixed bed columns. This was done to evaluate the 

combined application of the adsorbent materials in a layered adsorbent column. Fixed bed 

columns are more realistic and economical in practice for industrial purposes. Furthermore, the 

data obtained from the column studies serves purpose in the design of industrial adsorption 

columns (Motsi, et al., 2009). The information obtained through the breakthrough curves can 
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also be used in estimating the operating life span of the fixed adsorbent bed. The experiments 

showed that the adsorbent beds improved in performance with an increase in bed height and a 

decrease in flow rate. Within the studied bed height and flow rate range, the best breakthrough 

and exhaustion points were found at a bed height of 15 cm and a flow rate of 2.5 mL/min. The 

different beds followed the order; sea shell on top of egg shell > egg shell on top of sea shell > 

sea shell > egg shell. Therefore, layered adsorbent beds are more favorable since breakthrough 

was achieved later when the sea and egg shell powders were combined in a layered set-up. 

Important performance indicators such as the breakthrough time (tb) and the breakthrough 

adsorption capacity (Qb) improved when the set-up was changed from a single adsorbent bed 

to a double layered adsorbent bed of the same height. For instance, Qb increased from 1.43 to 

1.50 mg/g and tb from 149 to 153 minutes for chromium from a sea shell only bed to a sea 

shell/ egg shell layered bed.  

These changes, although minimal, prove that layered columns can solve the problems brought 

about by competitive adsorption of metal ions from multicomponent effluent streams onto bio-

sorbents which normally result in lowered adsorption efficiencies. A variety of bio-sorbents 

that have been explored in traditional studies have shown different adsorbent affinities towards 

different metal ions, which varies depending on the ionic radius and the electro positive charge 

on the ion (Reddad, et al., 2002; Seepe , 2015; Masukume, 2016). Thus, a layered adsorption 

column may be the solution to the development of a process for the removal of metals in a 

mixed metal solution through a one-step removal process instead of running the solution 

through two or more columns packed with different bio-sorbents. The experimental data 

obtained was fitted into the Thomas, Yoon-Nelson and the Bohart-Adams models for the 

interpretation of the fixed bed breakthrough curves. The data for all four different bed set-ups 

(single and double layered) fitted well with the Thomas and Yoon-Nelson models which 

showed high correlation coefficients (R2 > 0.9). However, analysing R2 alone is not the best 

way to verify the model’s lack of fit (Montgomery, 2005; Arenas, et al., 2007). An error 

analysis given by Equation 2.13 was used to further evaluate the breakthrough models. The 

lower the error, the better the fitted model (Arenas, et al., 2007; Ghribi & Chlendi, 2011). 

Hence, the data of chromium and copper adsorption onto egg and sea shell powders fitted well 

with Thomas and Yoon-Nelson models because they both had a lower absolute error of < 0.02. 

In contrast, the Bohart-Adams model had an absolute error > 0.15. 
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7.1.5 Potential Application in Industry 

 

This study introduces the idea of a combined application of the adsorbent materials in a layered 

adsorbent column. The experiments showed that the layered adsorbent beds are more favorable 

and can therefore, solve the problems brought about by competitive adsorption of metal ions 

from multicomponent effluent streams onto bio-sorbents. The AMD is one of the well-known 

common multicomponent wastewater streams besides general industrial waste that South 

Africa is faced with. Thus, a layered adsorption column may be the solution to the development 

of a process for the removal of metals in a multicomponent solution through a one-step removal 

process instead of running the solution through two or more columns packed with different 

bio-sorbents. Hypothetically, egg and sea shell powders are economical adsorbents, therefore, 

their application provides a sustainable treatment solution to AMD. In addition, the adsorbents 

can be used as a secondary treatment of acidic solutions owing to their ability to treat effluents 

with low metal concentrations together with their pH buffering effects. Practically speaking, 

further work still needs to be done to improve parameters such as the breakthrough and 

exhaustion times by improving the material performance before investing in upscaling the 

technology. 

 

7.2 Recommendations 

 

The following aspects may be considered during future research studies: 

 

 In this research work the batch studies only focused on the identification of influential 

factors. At this stage only the screening of the main influential factors using a diagnostic 

two-level full fractional design was addressed i.e., conclusions were made based on the 

chosen high and low levels of the factors investigated. Future work must consider 

optimisation of the influential factors using the DOE tool to obtain the best results. This 

will either minimize the amount of resources (adsorbents) required while maximizing 

the desired benefit (% metal removal). 

 

 Considering that this research study only focused on single component and binary 

solutions, the analysis of influential factors should also be conducted on real waste 

water with multiple contaminants for a true reflection and practicality of the findings. 

Additionally, other factors that have been reported in literature to have an influence on 
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metal adsorption such as contact time and agitation speed should be studied using DOE 

to establish whether their interactions have any influence on adsorption. 

 

 In this research work, adsorbent type was found to be an insignificant factor on the % 

metal removal. This was due to the fact that egg and sea shell adsorbents have inherent 

properties that bare similar resemblance (as reported in Chapter 4). Therefore, for the 

purpose of a layered adsorbent column, bio-sorbents of different properties must be 

explored.  

 

 As much as this study focused on adsorbents at their natural state (no modification), 

immobilisation of adsorbents should be considered for future layered adsorption 

column studies, although this may cause some form of modification on the adsorbents. 

This will increase the adsorbents’ mechanical strength and density, which will also 

allow for adsorbent regeneration.  

 

 In this study, the composition of chromium and copper were kept constant at the same 

value (100 mg/L). Therefore, further investigation with the variation of the metal 

composition in the binary solution is recommended. 

 

 A multi-layered adsorbent column with 3 or more layers must be explored in future.  
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APPENDICES 
 

Appendix A: Calculations 
 

Stock Solutions 

All the required solutions are prepared with analytical grade reagents and distilled water. 

Preparation of chromium stock solution 

Chromium (III) nitrate (Cr(NO3)3.9H2O) was used as the source for chromium ions (Cr3+). 

7.696 g of Cr(NO3)3.9H2O was dissolved in distilled water in a 1L volumetric flask to obtain 1 

g/L stock solution. 

The following equation was used to calculate the mass required: 

𝑚Cr(NO3)3.9H2O =  𝑀𝑊Cr(NO3)3.9H2O  × 𝑀𝐶𝑟  × 𝑉 

                 𝑔 =  400.15 (
𝑔

𝑚𝑜𝑙
) × 0.01923 (

𝑚𝑜𝑙

𝑙
) × 1 𝑙 

                     =  7.696 𝑔 

Preparation of copper stock solution 

Copper sulphate (CuSO4.5H2O) was used as the source for copper ions (Cu2+). 3.788 g of 

CuSO4.5H2O was dissolved in distilled water in a 1L volumetric flask to obtain 1 g/L stock 

solution. 

𝑚CuSO4.5H2O =  𝑀𝑊CuSO4.5H2O  × 𝑀𝐶𝑢  × 𝑉 

                 𝑔 =  240.68 (
𝑔

𝑚𝑜𝑙
) × 0.01574 (

𝑚𝑜𝑙

𝑙
) × 1 𝑙 

                     =  3.788𝑔 

where,  

 m is the mass (i.e., weight) of solute in grams (g) that must be dissolved in volume V 

of solution to make the desired molar concentration (M). 

 MW is the molecular weight in g/mol. 

 M is the molar concentration in mol/L (Molar) 
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 V is volume of solution in liters (L) in which the indicated mass (m) of solute must be 

dissolved to make the desired molar concentration (M). Note that V is the final or total 

volume of solution after the solute has been added to the solvent. 

 

Dilutions 

Samples of different concentrations of chromium and copper were prepared from 1g/L stock 

solutions by appropriate dilutions.  

For example: 

80 mg/L chromium solution is prepared by diluting 80mL of 1000 mg/L chromium stock 

solution with distilled water in a 1000mL volumetric flask up to the mark. Similarly, solutions 

for different concentrations of both chromium and copper were prepared.  

The following equation was used to calculate the dilution factor: 

𝑀1𝑉1 = 𝑀2𝑉2 

Therefore, 

 𝑉1 =
𝑀2𝑉2

𝑀1
 

      =
80 (

𝑚𝑔
𝑙 ) × 1000 𝑚𝑙

1000 (
𝑚𝑔

𝑙 )
 

      = 80 𝑚𝑙 

where, 

 M1 is the concentration of the stock solution. 

 V1 is the volume to be removed (i.e., aliquoted) from the concentrated stock solution. 

 M2 is the final concentration of the diluted solution. 

 V2 is the final volume of the diluted solution. This is the volume that results after V1 

from the stock solution has been diluted with diluent to achieve a total diluted volume 

of V2. 
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Metal Analysis 

To estimate the percentage removal of the metals from aqueous solution, the following 

equation was used: 

% 𝑚𝑒𝑡𝑎𝑙 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 =  (
𝐶𝑜− 𝐶𝑒

𝐶𝑜
) × 100 

where,  

 Co = initial metal concentration before adsorption 

 Ce = metal concentration at equilibrium 

For example:  

If the initial metal concentration is 80mg/L and the final metal concentration is 5 mg/L then 

the percent metal removed is: 

% 𝑚𝑒𝑡𝑎𝑙 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 = (
80 (

𝑚𝑔
𝐿 ) − 5 (

𝑚𝑔
𝐿 )

80 (
𝑚𝑔
𝐿 )

) × 100  

                                     = 93.75 % 

Main Effect  

An effect is the difference in response averages that are applicable to the levels of the factor. 

The effect of factor A on the response can be obtained by taking the difference between the 

average response when A is high and the average response when A is low.    

Effect of factor A = Average response at A high – Average response at A low 

For example: 

Average response at A high, is given by averaging the results obtained by running experiments 

1, 4, 7, 9, 11, 12, 13 and 16, and average response at A low by averaging the results obtained 

from running experiments 2, 3, 5, 6, 8, 10, 14and 15.   

Average metal removal at A high = (66.11+99.04+9.64+99.67+82.75+27.84+99.05+27.76) / 8 

= 60, 5025  

Average metal removal at A low = (100.00+31.08+87.84+22.77+98.57+66.04+17.3) / 8 
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= 73, 9375 

Thus the Effect of factor A = -13,435 

 

Normal probability plots  

In the application of probability plots, all effects have to be graded from low to high and 

numbered in this order as illustrated in Table E1. Afterwards, the numbered effects (i) get a 

value of percentage (Pi) based on the following equation:  

(𝑃𝑖) =  (
𝑖 − 0.5

𝑚
) × 100 % 

For example: 

(𝑃6) =  (
6 − 0.5

15
) × 100 % 

         = 36.67 

where, m = the number of effects under consideration (main and or interactions), excluding the 

average. 
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Table A1: Effects for normal probability plots for % Cu removal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Identity of the 

effects  

 

Effects (i) Normal % 

probability (Pi) 

 

 

BC 

 

-15,800 

 

  1 

 

  3 

A (conc) -13,435   2 10 

BCD -11,565   3 17 

ABD   -8,730   4 23 

ABCD   -6,020   5 30 

AC   -5,620   6 37 

CD   -4,940   7 43 

BD   -1,450   8 50 

ACD    5,750   9 57 

ABC    5,895 10 63 

AD    7,945 11 70 

AB    9,785 12 77 

D (type)  18,390 13 83 

C (dosage)  32,310 14 90 

B (pH)  44,185 15 97 
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Model parameters  

Thomas model 

 

 

 

 

 

 

 

 

Figure A1: Thomas model on the effect of bed height on chromium adsorption onto sea shell 

powder.  

 

Calculating Thomas rate constant (KTH): 

KTH = Slope 

Slope = -0.0537  

Intercept = 10.567 

Flow rate (Q) = 5 mL/min 

Mass (m) = 50 g  

Initial metal ion concentration (Co) = 100 mg/L 

 

𝑆𝑙𝑜𝑝𝑒 =  −𝐾𝑇𝐻𝐶𝑜       

𝐾𝑇𝐻 =
−0.0537

−100
                                                                                                                                                         

∴ 𝐾𝑇𝐻 =  5.37 × 10−4 
𝐿

𝑚𝑔. 𝑚𝑖𝑛
 

 

Calculating adsorption capacity (qo): 

𝑞𝑜 = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  
𝐾𝑇𝐻𝑞𝑜𝑚

𝑄
 

y = -0,0537x + 10,567
R² = 0,9902
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𝑞𝑜 =  
(10.567)(5)

(5.34 ×10−4)(50)
  

∴ 𝑞𝑜 = 1.968 
𝑚𝑔

𝑔
   

 

Yoon - Nelson model 

 

Figure A2: Yoon - Nelson model on the effect of bed height on chromium adsorption onto sea 

shell powder. 

 

Calculating Yoon - Nelson rate constant (KYN): 

KYN = Slope 

Slope = 0.0537  

Intercept = -10.567 

∴ KYN = 0.0537 

 

Calculating the time required for 50% adsorbate breakthrough (𝜏): 

𝜏 = intercept 

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  −𝐾𝑌𝑁𝜏       

𝜏 =
−10.567

−0.0537
                                                                                                                                                         

∴ 𝜏 =  196.78  𝑚𝑖𝑛−1 
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Bohart - Adams model 

 

Figure A3: Bohart - Adams model on the effect of bed height on chromium adsorption onto 

sea shell powder. 

 

Calculating Bohart - Adams rate constant (KBA): 

KBA = Slope 

Slope = 0.0235  

Intercept = - 6.9505 

Flow rate (Q) = 5 mL/min 

Bed height (z) = 10 cm 

Initial metal ion concentration (Co) = 100 mg/L 

Column diameter = 2.3 cm 

Cross sectional area = 𝜋 (
𝑑2

4
) =  𝜋

2.32

4
= 4.155 𝑐𝑚2  

 

𝑆𝑙𝑜𝑝𝑒 =  𝐾𝐵𝐴𝐶𝑜       

𝐾𝐵𝐴 =
0.0235

100
                                                                                                                                                         

∴ 𝐾𝐵𝐴 =  2.35 × 10−4  
𝐿

𝑚𝑔. 𝑚𝑖𝑛
 

 

 

y = 0,0235x - 6,9505
R² = 0,7665
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Calculating saturation concentration (No): 

𝑁𝑜 = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = −𝐾𝐵𝐴𝑁𝑜 (
𝑧

𝑈𝑜
) 

𝑁𝑜 =  
(−6.9505)(5)

−(2.35 ×10−4)(10)(4.155)
  

∴ 𝑁𝑜 = 3559.37 
𝑚𝑔

𝐿
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Performance of a layered adsorbent column   Thabelo Mammburu 

 

 

171 
 

Appendix B: Statistical Analysis 

 

Model Validation  

Following the program of experimentation and after the regression coefficients have been 

obtained, the adequacies of the models are checked using the analysis of variance (ANOVA) 

technique (Khuri and Cornell, 1987). ANOVA is a statistical method that can be used to 

quantify the significant differences between factors and levels. It compares the magnitude of 

the estimated effects of factors with the magnitude of experimental error (Keller, 2001). If the 

magnitude of a factor effect is large when compared with the experimental error, it is decided 

that the changes in the selected response cannot occur by chance and, therefore, those changes 

in the response can be the effects of the factors. The factors causing a variation in the response 

are called significant. The results of the analysis are displayed in a tabular format. 

 

Table B1: ANOVA for selected factorial model for Cu removal in a single component 

solution 

 

Source 

 

 

Sum of 

squares 

 

 

df 

 

Mean 

Squares 

 

F-value 

 

p-value 

 

Model 

B-pH 

C-Adsorbent                                

dosage 

11985.00 

  7809.26 

  4175.74 

2 

1 

1 

5992.50 

7809.26 

4175.74 

15.99 

20.84 

11.14 

0.0003 

0.0005 

0.0053 

significant 

Residual   4871.64 13   374.74    

Cor Total 16856.64 15     

 
 

The model F-value of 15.99 implies that the model is significant. There is only a 0.03 % chance 

that an F-value this large could occur due to noise. P-values less than 0.0500 indicate that the 

model terms are significant. In this case B, C are significant model terms. Values greater than 

0.1000 indicate that the model terms are not significant. If there are many insignificant model 

terms (not counting those required to support hierarchy), model reduction may improve the 

model. 
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Table B2: Fit statistics for Cu in single component  

Std. Dev.  

Mean  

C.V %  

 

19.36 

68.96 

28.07 

 R2 

Adjusted R2 

Predicted R2 

Adeq Precision 

0.7110 

0.6665 

0.5622 

9.1257 

 

 

The predicted R2 of 0.5622 is in reasonable agreement with the adjusted R2 of 0.6665; i.e., the 

difference is less than 0.2. Adeq Precision measures the signal to noise ratio. A ratio greater 

than 4 is desirable. The ratio of 9.126 indicates an adequate signal. This model can be used to 

navigate the design space. 

 

Table B3: Coefficients in terms of coded factors for Cu in single component 

 

Factor 

 

 

Coefficient 

Estimate 

 

 

df 

 

Standard 

Error 

 

95% Cl  

Low 

 

95% Cl 

High 

 

VIF 

Intercept 68.96      1 4.84 58.50 79.42  

B-pH 22.09      1 4.84 11.64 32.55 1.0000 

C- Adsorbent 

dosage 

16.16      1 4.84   5.70 26.61 1.0000 

 
 
The coefficient estimate represents the expected change in response per unit change in factor 

value when all remaining factors are held constant. The intercept in an orthogonal design is the 

overall average response of all runs. The coefficients are adjusted around that average based 

on the factor settings. When the factors are orthogonal the VIFs are 1; VIFs greater than 1 

indicate multi-collinearity, the higher the VIF the more severe the correlation of factors. As a 

rough rule, VIFs less than 10 are tolerable. 
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Table B4: ANOVA for selected factorial model for Cr removal in a single component 

solution 

 

Source 

 

 

Sum of 

squares 

 

 

df 

 

Mean 

Squares 

 

F-value 

 

p-value 

 

Model 

A-Initial 

concentration 

B-pH 

C-Adsorbent                     

dosage 

AB 

AC 

BC 

ABC 

7885.91 

1204.44 

 

1238.34 

1065.70 

 

1204.44 

1053.65 

1065.70 

1053.65 

7 

1 

 

1 

1 

 

1 

1 

1 

1 

1126.56 

1204.44 

 

1238.34 

1065.70 

 

1204.44 

1053.65 

1065.70 

1053.65 

72.63 

77.65 

 

79.83 

68.70 

 

77.65 

67.93 

68.70 

67.93 

<0.0001 

<0.0001 

 

<0.0001 

<0.0001 

 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

significant 

Residual   124.09 8     15.51    

Cor Total 8010.00 15     

 

 

The model F-value of 72.63 implies that the model is significant. There is only a 0.01 % chance 

that an F-value this large could occur due to noise. P-values less than 0.0500 indicate that the 

model terms are significant. In this case A, B, C, AB, AC, BC are significant model terms. 

Values greater than 0.1000 indicate that the model terms are not significant. If there are many 

insignificant model terms (not counting those required to support hierarchy), model reduction 

may improve the model. 

 

Table B5: Fit statistics for Cr in single component  

Std. Dev.  

Mean  

C.V %  

 

  3.94 

91.20 

  4.32 

 R2 

Adjusted R2 

Predicted R2 

Adeq Precision 

 0.9845 

 0.9710 

 0.9380 

24.2377 

 

 

The predicted R2 of 0.9380 is in reasonable agreement with the adjusted R2 of 0.9710; i.e., the 

difference is less than 0.2. Adeq Precision measures the signal to noise ratio. A ratio greater 

than 4 is desirable. The ratio of 24.238 indicates an adequate signal. This model can be used to 

navigate the design space. 
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Table B6: Coefficients in terms of coded factors for Cr in single component solution  

 

Factor 

 

 

Coefficient 

Estimate 

 

 

df 

 

Standard 

Error 

 

95% Cl  

Low 

 

95% Cl 

High 

 

VIF 

Intercept 

A-Initial 

concentration 

91.20 

 -8.68 

     1 

     1 

0.9846 

0.9846 

  88.93 

- 10.95 

93.47 

 -6.41 

 

1.0000 

B-pH  8.80      1 0.9846    6.53 11.07 1.0000 

C- Adsorbent 

dosage 

AB 

AC 

BC 

 8.16 

 

 8.68 

 8.12 

-8.16 

     1 

 

     1 

     1 

     1 

0.9846 

 

0.9846 

0.9846 

0.9846 

   5.89 

 

   6.41 

   5.84 

-10.43 

10.43 

 

10.95 

10.39 

 -5.89 

1.0000 

 

1.0000 

1.0000 

1.0000 

 

 

The coefficient estimate represents the expected change in response per unit change in factor 

value when all remaining factors are held constant. The intercept in an orthogonal design is the 

overall average response of all runs. The coefficients are adjusted around that average based 

on the factor settings. When the factors are orthogonal the VIFs are 1; VIFs greater than 1 

indicate multi-collinearity, the higher the VIF the more severe the correlation of factors. As a 

rough rule, VIFs less than 10 are tolerable. 

 

Table B7: ANOVA for selected factorial model for Cu removal in a binary solution 

 

Source 

 

 

Sum of 

squares 

 

 

df 

 

Mean 

Squares 

 

F-value 

 

p-value 

 

Model 

A-Initial 

concentration 

B-pH 

C-Adsorbent                     

dosage 

AB 

AC 

BC 

ABC 

11503.61 

 1207.04 

 

 2155.51 

 1880.31 

 

 1398.20 

 1504.47 

 1938.05 

 1520.03 

7 

1 

 

1 

1 

 

1 

1 

1 

1 

1643.37 

1207.04 

 

2155.51 

1880.31 

 

1398.20 

1504.47 

1838.05 

1520.03 

170.24 

125.04 

 

223.29 

194.78 

 

144.84 

155.85 

190.40 

157.46  

<0.0001 

<0.0001 

 

<0.0001 

<0.0001 

 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

significant 

Residual      77.23 8       9.65    

Cor Total 11580.83 15     
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The model F-value of 170.24 implies that the model is significant. There is only a 0.01 % 

chance that an F-value this large could occur due to noise. P-values less than 0.0500 indicate 

that the model terms are significant. In this case A, B, C, AB, AC, BC are significant model 

terms. Values greater than 0.1000 indicate that the model terms are not significant. If there are 

many insignificant model terms (not counting those required to support hierarchy), model 

reduction may improve the model. 

Table B8: Fit statistics for Cu in a binary solution  

Std. Dev.  

Mean  

C.V %  

 

  3.11 

87.66 

  3.54 

 R2 

Adjusted R2 

Predicted R2 

Adeq Precision 

  0.9933 

  0.9875 

  0.9733 

37.7723 

 

The predicted R2 of 0.9733 is in reasonable agreement with the adjusted R2 of 0.9875; i.e., the 

difference is less than 0.2. Adeq Precision measures the signal to noise ratio. A ratio greater 

than 4 is desirable. The ratio of 37.772 indicates an adequate signal. This model can be used to 

navigate the design space. 

 

Table B9: Coefficients in terms of coded factors for Cu in a binary solution  

 

Factor 

 

 

Coefficient 

Estimate 

 

 

df 

 

Standard 

Error 

 

95% Cl  

Low 

 

95% Cl 

High 

 

VIF 

Intercept 

A-Initial 

concentration 

 87.66 

  -8.69 

     1 

     1 

0.7768 

0.7768 

 

  85.87 

-10.48 

89.45 

 -6.89 

 

1.0000 

B-pH  11.61      1 0.7768     9.82 13.40 1.0000 

C- Adsorbent 

dosage 

AB 

AC 

BC 

 10.84 

 

   9.35 

   9.70 

-10.72 

     1 

 

     1 

     1 

     1 

0.7768 

 

0.7768 

0.7768 

0.7768 

    9.05 

 

    7.56 

    7.91 

-12.51 

12.63 

 

11.14 

11.49 

 -8.93 

1.0000 

 

1.0000 

1.0000 

1.0000 

 

 

The coefficient estimate represents the expected change in response per unit change in factor 

value when all remaining factors are held constant. The intercept in an orthogonal design is the 

overall average response of all runs. The coefficients are adjusted around that average based 

on the factor settings. When the factors are orthogonal the VIFs are 1; VIFs greater than 1 
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indicate multi-collinearity, the higher the VIF the more severe the correlation of factors. As a 

rough rule, VIFs less than 10 are tolerable. 

 

Table B10: ANOVA for selected factorial model for Cr removal in a binary solution 

 

Source 

 

 

Sum of 

squares 

 

 

df 

 

Mean 

Squares 

 

F-value 

 

p-value 

 

Model 

A-Initial 

concentration 

B-pH 

C-Adsorbent                     

dosage 

AB 

AC 

BC 

ABC 

8210.09 

 1196.99 

 

 1472.83 

 1090.82 

 

 1398.57 

   972.04 

 1223.43 

   855.42 

7 

1 

 

1 

1 

 

1 

1 

1 

1 

1172.87 

1196.99 

 

1472.83 

1090.82 

 

1398.57 

  972.04 

1223.43 

  855.42 

101.81 

103.90 

 

127.85 

  94.69 

 

121.40 

  84.38 

106.20 

  74.25  

<0.0001 

<0.0001 

 

<0.0001 

<0.0001 

 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

significant 

Residual      92.16 8     11.52    

Cor Total 8302.25 15     

 

 

The model F-value of 101.81 implies that the model is significant. There is only a 0.01 % 

chance that an F-value this large could occur due to noise. P-values less than 0.0500 indicate 

that the model terms are significant. In this case A, B, C, AB, AC, BC are significant model 

terms. Values greater than 0.1000 indicate that the model terms are not significant. If there are 

many insignificant model terms (not counting those required to support hierarchy), model 

reduction may improve the model. 

Table B11: Fit statistics for Cr in a binary solution  

Std. Dev.  

Mean  

C.V %  

 

  3.39 

89.70 

  3.78 

 R2 

Adjusted R2 

Predicted R2 

Adeq Precision 

  0.9889 

  0.9792 

  0.9556 

29.1663 

 

 

The predicted R2 of 0.9556 is in reasonable agreement with the adjusted R2 of 0.9792; i.e., the 

difference is less than 0.2. Adeq Precision measures the signal to noise ratio. A ratio greater 

than 4 is desirable. The ratio of 29.166 indicates an adequate signal. This model can be used to 

navigate the design space. 
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Table B12: Coefficients in terms of coded factors for Cr in a binary solution  

 

Factor 

 

 

Coefficient 

Estimate 

 

 

df 

 

Standard 

Error 

 

95% Cl  

Low 

 

95% Cl 

High 

 

VIF 

Intercept 

A-Initial 

concentration 

 89.70 

  -8.65 

     1 

     1 

0.8485 

0.8485 

 

  87.74 

-10.61 

91.66 

 -6.69 

 

1.0000 

B-pH    9.59      1 0.8485     7.64 11.55 1.0000 

C- Adsorbent 

dosage 

AB 

AC 

BC 

   8.26 

 

   9.35 

   7.79 

 -8.74 

     1 

 

     1 

     1 

     1 

0.8485 

 

0.8485 

0.8485 

0.8485 

    6.30 

 

    7.39 

    5.84 

-10.70 

10.21 

 

11.31 

  9.75 

 -6.79 

1.0000 

 

1.0000 

1.0000 

1.0000 

 

 

The coefficient estimate represents the expected change in response per unit change in factor 

value when all remaining factors are held constant. The intercept in an orthogonal design is the 

overall average response of all runs. The coefficients are adjusted around that average based 

on the factor settings. When the factors are orthogonal the VIFs are 1; VIFs greater than 1 

indicate multi-collinearity, the higher the VIF the more severe the correlation of factors. As a 

rough rule, VIFs less than 10 are tolerable. 
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Appendix C: Characterisation of Bio-sorbents 

 

Table C1: Results on point of zero charge (pHpzc) for untreated sea shells 

 

Sample Initial pH (pHi) Final pH (pHf) ∆pH (pHf -pHi) 

 

1   2.00   7.95  5.95 

2   4.03   8.36  4.33 

3   4.55   8.41  3.86 

4   6.36   8.42  2.06 

5   7.23   8.41  1.18 

6   9.38   8.38 -1.00 

7   9.80   8.43 -1.37 

8 11.99 11.68 -0.31 

 

 

  

 

Figure C1: Point of zero charge for untreated sea shell adsorbent 
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Table C2: Results on point of zero charge (pHpzc) for untreated egg shells 

 

Sample 

 

 

Initial pH (pHi) 

 

Final pH (pHf) 

 

∆pH (pHf -pHi) 

1   2.02   8.13  6.11 

2   4.15   8.49  4.34 

3   5.16   8.55  3.39 

4   6.31   8.58  2.27 

5   7.20   8.66  1.46 

6   8.95   8.58 -0.37 

7 10.02   8.41 -1.61 

8 12.03 11.9 -0.13 

 

 

 

 

Figure C2: Point of zero charge for untreated egg shell adsorbent 
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Appendix D: Identification of Influential Factors 

 

Main Effect  

An effect is the difference in response averages that are applicable to the levels of the factor. 

The effect of factor A on the response can be obtained by taking the difference between the 

average response when A is high and the average response when A is low.    

Effect of factor A = Average response at A high – Average response at A low 

  

Example   

Average response at A high, is given by averaging the results obtained by running experiments 

1, 4, 7, 9, 11, 12, 13 and 16, and average response at A low by averaging the results obtained 

from running experiments 2, 3, 5, 6, 8, 10, 14and 15.   

Average metal removal at A high = (66.11+99.04+9.64+99.67+82.75+27.84+99.05+27.76) / 8 

= 60, 5025  

Average metal removal at A low = (100.00+31.08+87.84+22.77+98.57+66.04+17.3) / 8 

= 73, 9375 

Thus the Effect of factor A = -13,435 

 

Interaction Effect  

An interaction occurs when a particular combination of two factors does something unexpected 

from simply observing their main effects (Reference). 

An interaction is a cross product of two or more factors. The net sign of the interaction is also 

a cross product of the individual signs of the factors. The identity of an interaction comes from 

the identity of the individual factors involved in the cross product. A cross product of factor A 

and factor B yields a two factor interaction AB.   

An interactive effect is the difference in response averages that are applicable to the levels of 

the interaction. The interactive effect of interaction AB on the response can be obtained by 

taking the difference between the average response when AC is high and the average response 

when AB is low.
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Table D1: Contrast Constants for the 24 Design & Factor Effect Estimates for Cu removal in a single component solution. 

Std Run   A 

(conc) 

B (pH) AB C 

(dosage) 

AC BC ABC D 

(type) 

AD BD ABD CD ACD BCD ABCD %Cu 

removed 

  4  1 (1)  1  1  1 -1 -1 -1 -1 -1 -1 -1 -1  1  1  1  1   66,11 

15  2 a -1  1 -1  1 -1  1 -1  1 -1  1 -1  1 -1  1 -1 100,00 

  9  3 b -1 -1  1 -1  1  1 -1  1 -1 -1  1 -1  1  1 -1   31,08 

12  4 ab  1  1  1 -1 -1 -1 -1  1  1  1  1 -1 -1 -1 -1   99,04 

  5  5 c -1 -1  1  1 -1 -1  1 -1  1  1 -1 -1  1  1 -1   87,54 

  1  6 ac -1 -1  1 -1  1  1 -1 -1  1  1 -1  1 -1 -1  1   22,77 

  2  7 bc  1 -1 -1 -1 -1  1  1 -1 -1  1  1  1  1 -1 -1     9,64 

  7  8 abc -1  1 -1  1 -1  1 -1 -1  1 -1  1 -1  1 -1  1   98,51 

  8  9 d  1  1  1  1  1  1  1 -1 -1 -1 -1 -1 -1 -1 -1   99,67 

  3 10 ad -1  1 -1 -1  1 -1  1 -1  1 -1  1  1 -1  1 -1   66,04 

14 11 bd  1 -1 -1  1  1 -1 -1  1  1 -1 -1  1  1 -1 -1   82,75 

  6 12 abd  1 -1 -1  1  1 -1 -1 -1 -1  1  1 -1 -1  1  1   27,84 

16 13 cd  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1   99,05 

11 14 acd -1  1 -1 -1  1 -1  1  1 -1  1 -1 -1  1 -1  1 100,00 

13 15 bcd -1 -1  1  1 -1 -1  1  1 -1 -1  1  1 -1 -1  1   85,56 

10 16 abcd  1 -1 -1 -1 -1  1  1  1  1 -1 -1 -1 -1  1  1   27,76 

                                      

    ∑Y+ 484,02 728,42 590,82 680,92 529,20 488,48 575,26 625,24 583,46 545,88 516,76 531,92 574,68 505,42 527,60   

    ∑Y- 591,50 374,94 512,54 422,44 574,16 614,88 528,10 478,12 519,90 557,48 586,60 571,44 528,68 597,94 575,76   

    Y+   60,50   91,05   73,85   85,12   66,15   61,06   71,91   78,16   72,93   68,24   64,60   66,49   71,84   63,18   65,95   

    Y-   73,94   46,87   64,07   52,81   71,77   76,86   66,01   59,77   64,99   69,69   73,32   71,43   66,09   74,74   71,97   

    Effects  -13,44   44,19     9,79   32,31   -5,62  -15,8     5,90   18,39     7,95   -1,45   -8,73   -4,94     5,75  -11,57   -6,02   
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Table D2: Contrast Constants for the 24 Design & Factor Effect Estimates for Cr removal in a single component solution. 

Std Run   A 

(conc) 

B 

(pH) 

AB C 

(dosage) 

AC BC ABC D 

(type) 

AD BD ABD CD ACD BCD ABCD %Cr removed 

  6   1 (1)  1 -1 -1  1  1 -1 -1 -1 -1  1  1 -1 -1  1  1   95,21 

10   2 a  1 -1 -1 -1 -1  1  1  1  1 -1 -1 -1 -1  1   1   15,92 

  2   3 b  1 -1 -1 -1 -1  1  1 -1 -1  1  1  1  1 -1 -1   88,33 

13   4 ab -1 -1  1  1 -1 -1  1  1 -1 -1  1  1 -1 -1  1   99,86 

12   5 c  1  1  1 -1 -1 -1 -1  1  1  1  1 -1 -1 -1 -1 100,00 

  3   6 ac -1  1 -1 -1  1 -1  1 -1  1 -1  1  1 -1  1 -1 100,00 

  1   7 bc -1 -1  1 -1  1  1 -1 -1  1  1 -1  1 -1 -1  1   99,42 

  8   8 abc  1  1  1  1  1  1  1 -1 -1 -1 -1 -1 -1 -1 -1 100,00 

  9   9 d -1 -1  1 -1  1  1 -1  1 -1 -1  1 -1  1  1 -1   99,91 

  4 10 ad  1  1  1 -1 -1 -1 -1 -1 -1 -1 -1  1  1  1  1 100,00 

15 11 bd -1  1 -1  1 -1  1 -1  1 -1  1 -1  1 -1  1 -1 100,00 

  5 12 abd -1 -1  1  1 -1 -1  1 -1  1  1 -1 -1  1  1 -1   99,84 

11 13 cd -1  1 -1 -1  1  -1  1  1 -1  1 -1 -1  1 -1  1 100,00 

  7 14 acd -1  1 -1  1 -1  1 -1 -1  1 -1  1 -1  1 -1  1 100,00 

16 15 bcd  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 100,00 

14 16 abcd  1 -1 -1  1  1 -1 -1  1  1 -1 -1  1  1 -1 -1 100,00 

                                      

    ∑Y+ 699,46 800,00 799,03 794,91 794,54 703,58 703,95 715,69 715,18 782,80 783,31 787,61 788,08 710,88 710,41   

    ∑Y- 799,03 698,49 699,46 703,58 703,95 794,91 794,54 782,80 783,31 715,69 715,18 710,88 710,41 787,61 788,08   

    Y+   87,43 100,00   99,88   99,36   99,32   87,95   87,99   89,46   89,40   97,85   97,91   98,45   98,51   88,86   88,80   

    Y-   99,88   87,31   87,43   87,95   87,99   99,36   99,32   97,85   97,91   89,46   89,40   88,86   88,80   98,45   98,51   

    Effects  -12,45   12,69   12,45   11,42   11,32 -11,42  -11,32   -8,39   -8,52     8,39     8,52    9,59     9,71   -9,59   -9,71   
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Table D3: Contrast Constants for the 24 Design & Factor Effect Estimates for Cu removal in a binary solution. 

Std Run   A 

(conc) 

B 

(pH) 

AB C 

(dosage) 

AC BC ABC D 

(type) 

AD BD ABD CD ACD BCD ABCD %Cu removed 

  6   1 (1)  1 -1 -1  1  1 -1 -1 -1 -1  1  1 -1 -1  1  1   98,52 

  9   2 a -1 -1  1 -1  1  1 -1  1 -1 -1  1 -1  1  1 -1   86,14 

11   3 b -1  1 -1 -1  1 -1  1  1 -1  1 -1 -1  1 -1  1   96,86 

12   4 ab  1  1  1 -1 -1 -1 -1  1  1  1  1 -1 -1 -1 -1   99,71 

  5   5 c -1 -1  1  1 -1 -1  1 -1  1  1 -1 -1  1  1 -1   95,50 

  1   6 ac -1 -1  1 -1  1  1 -1 -1  1  1 -1  1 -1 -1  1   97,80 

16   7 bc  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 100,00 

13   8 abc -1 -1  1  1 -1 -1  1  1 -1 -1  1  1 -1 -1  1   96,90 

14   9 d  1 -1 -1  1  1 -1 -1  1  1 -1 -1  1  1 -1 -1   99,52 

  3 10 ad -1  1 -1 -1  1 -1  1 -1  1 -1  1  1 -1  1 -1 100,00 

  2 11 bd  1 -1 -1 -1 -1  1  1 -1 -1  1  1  1  1 -1 -1   18,17 

15 12 abd -1  1 -1  1 -1  1 -1  1 -1  1 -1  1 -1  1 -1   99,03 

  8 13 cd  1  1  1  1  1  1  1 -1 -1 -1 -1 -1 -1 -1 -1 100,00 

  4 14 acd  1  1  1 -1 -1 -1 -1 -1 -1 -1 -1  1  1  1  1 100,00 

  7 15 bcd -1  1 -1  1 -1  1 -1 -1  1 -1  1 -1  1 -1  1   98,52 

10 16 abcd  1 -1 -1 -1 -1  1  1  1  1 -1 -1 -1 -1  1  1   15,86 

                                      

    ∑Y+ 631,78 794,12 776,05 787,99 778,84 615,52 607,43 694,02 706,91 705,59 697,96 711,42 694,71 695,05 704,46   

    ∑Y- 770,75 608,41 626,48 614,54 623,69 787,01 779,24 708,51 695,62 696,94 704,57 691,11 707,82 609,68 698,07   

    Y+   78,97   99,27   97,01   98,50   97,36   76,94   75,93   86,75   88,36   88,20   87,25   88,93   86,84   86,88   88,06   

    Y-   96,34   76,05   78,31   76,82   77,96   98,38   97,41   88,56   86,95   87,12   88,07   86,39   88,48   76,21   87,26   

    Effects  -17,37   23,21   18,70   21,68   19,39  -21,44  -21,48   -1,81     1,41     1,08   -0,83     2,54   -1,64   10,67    0,80   
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Table D4: Contrast Constants for the 24 Design & Factor Effect Estimates for Cr removal in a binary solution. 

Std Run   A 

(conc) 

B 

(pH) 

AB C 

(dosage) 

AC BC ABC D (type) AD BD ABD CD ACD BCD ABCD %Cr removed 

  6   1 (1)  1 -1 -1  1  1 -1 -1 -1 -1  1  1 -1 -1  1  1   91,43 

  9   2 a -1 -1  1 -1  1  1 -1  1 -1 -1  1 -1  1  1 -1   92,64 

11   3 b -1  1 -1 -1  1 -1  1  1 -1  1 -1 -1  1 -1  1   99,13 

12   4 ab  1  1  1 -1 -1 -1 -1  1  1  1  1 -1 -1 -1 -1 100,00 

  5   5 c -1 -1  1  1 -1 -1  1 -1  1  1 -1 -1  1  1 -1 100,00 

  1   6 ac -1 -1  1 -1  1  1 -1 -1  1  1 -1  1 -1 -1  1   99,78 

16   7 bc  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 100,00 

13   8 abc -1 -1  1  1 -1 -1  1  1 -1 -1  1  1 -1 -1  1 100,00 

14   9 d  1 -1 -1  1  1 -1 -1  1  1 -1 -1  1  1 -1 -1 100,00 

  3 10 ad -1  1 -1 -1  1 -1  1 -1  1 -1  1  1 -1  1 -1 100,00 

  2 11 bd  1 -1 -1 -1 -1  1  1 -1 -1  1  1  1  1 -1 -1   80,34 

15 12 abd -1  1 -1  1 -1  1 -1  1 -1  1 -1  1 -1  1 -1   98,25 

  8 13 cd  1  1  1  1  1  1  1 -1 -1 -1 -1 -1 -1 -1 -1   99,98 

  4 14 acd  1  1  1 -1 -1 -1 -1 -1 -1 -1 -1  1  1  1  1  100,00 

  7 15 bcd -1  1 -1  1 -1  1 -1 -1  1 -1  1 -1  1 -1  1 100,00 

10 16 abcd  1 -1 -1 -1 -1  1  1  1  1 -1 -1 -1 -1  1  1   18,92 

                                      

    ∑Y+ 690,67 797,36 792,40 789,66 782,96 689,91 698,37 708,94 718,70 768,93 764,41 778,37 772,11 701,24 709,26   

    ∑Y- 789,80 683,11 688,07 690,81 697,51 790,56 782,10 771,53 761,77 711,54 716,06 702,10 708,36 779,23 771,21   

    Y+   86,33   99,67   99,05   98,71   97,87   86,24   87,30   88,62   89,84   96,12   95,55   97,30   96,51   87,66   88,66   

    Y-   98,73   85,39   86,01   86,35   87,19   98,82   97,76   96,44   95,22   88,94   89,51   87,76   88,55   97,40   96,40   

    Effects  -12,39   14,28   13,04   12,36   10,68  -12,58  -10,47   -7,82   -5,38     7,17     6,04     9,53     7,97   -9,75   -7,74   
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Normal probability plots  

The scales for making normal probability plot of effects is such that, on the y-axis, Pi = 100 (i-

1/2)/m for i = 1, 2, 3, 4… m, where m = the number of effects under consideration (main and 

or interactions), excluding the average. The plot requires that the effects are arranged in order 

of magnitude, before applying the y-axis scale formula, starting with the smallest and ending 

with the largest.    

 

Table D5:  Effects for normal probability plots for Cu removal in a single component solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Identity of the 

effects  

 

Effects (Pi) Normal % 

probability  

 

 

BC 

 

-15,800 

 

  1 

 

  3 

A (conc) -13,435   2 10 

BCD -11,565   3 17 

ABD   -8,730   4 23 

ABCD   -6,020   5 30 

AC   -5,620   6 37 

CD   -4,940   7 43 

BD   -1,450   8 50 

ACD    5,750   9 57 

ABC    5,895 10 63 

AD    7,945 11 70 

AB    9,785 12 77 

D (type)  18,390 13 83 

C (dosage)  32,310 14 90 

B (pH)  44,185 15 97 
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Table D6: Effects for normal probability plots for Cr removal in a single component solution 

 

Identity of the 

effects 

 

 

Effects 

 

(Pi) 

 

Normal % 

probability 

A (conc) -12,446   1   3 

BC -11,416   2 10 

ABC -11,324   3 17 

ABCD   -9,709   4 23 

BCD   -9,591   5 30 

AD   -8,516   6 37 

D (type)   -8,389   7 43 

BD    8,389   8 50 

ABD    8,516   9 57 

CD    9,591 10 63 

ACD    9,709 11 70 

AC  11,324 12 77 

C (dosage)  11,416 13 83 

AB  12,446 14 90 

B (pH)  12,689 15 97 

 

Table D7: Effects for normal probability plots for Cu removal in a binary solution 

 

Identity of the 

effects 

 

 

Effects 

 

(Pi) 

 

Normal % 

probability 

ABC -21,476   1   3 

BC -21,436   2 10 

A (conc) -17,371   3 17 

D (type)   -1,811   4 23 

ACD   -1,639   5 30 

ABD   -0,826   6 37 

ABCD    0,799   7 43 

BD    1,081   8 50 

AD    1,411   9 57 

CD    2,539 10 63 

BCD  10,671 11 70 

AB  18,696 12 77 

AC  19,394 13 83 

C (dosage)  21,681 14 90 

B (pH)  23,213 15 97 
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Table D8: Effects for normal probability plots for Cr removal in a binary solution 

 

Identity of the 

effects 

 

 

Effects 

 

(Pi) 

 

Normal % 

probability 

A (conc) -12,446   1   3 

BC -11,416   2 10 

ABC -11,324   3 17 

ABCD   -9,709   4 23 

BCD   -9,591   5 30 

AD   -8,516   6 37 

D (type)   -8,389   7 43 

BD    8,389   8 50 

ABD    8,516   9 57 

CD    9,591 10 63 

ACD    9,709 11 70 

AC  11,324 12 77 

C (dosage)  11,416 13 83 

AB  12,446 14 90 

B (pH)  12,689 15 97 
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Appendix E: Column Studies 

 

Table E1: Experimental data on the effect of bed height for chromium removal on sea shell 

powder. 

 

 

Table E2: Experimental data on the effect of bed height for chromium removal on a sea shell 

/ egg shell layered bed. 

 5cm 10cm 15cm 

Time (min) Ct (mg/L) Ct (mg/L) Ct (mg/L) 

    0   0   0   0 

    5   0   0   0 

  10   0   0   0 

  15   0   0   0 

  20   0   0   0 

  30   0,156   0   0 

  60   0,865   0   0 

  80   1,084   0,129   0 

  90   8,245   0,354   0 

120 35,324   1,203   0 

150 64,653 10,354   1,053 

180 94,051 46,548 10,653 

240 98,989 90,326 54,025 

300 99,996 98,998 90,235 

360 99,998 99,990 99,899 

 5cm 10cm 15cm 

Time (min) Ct (mg/L) Ct (mg/L) Ct (mg/L) 

    0   0   0   0 

    5   0   0   0 

  10   0   0   0 

  15   0   0   0 

  20   0   0   0 

  30   0   0   0 

  60   0,654   0   0 

  80    1,094   0   0 

  90   8,354   0,136   0 

120 32,365   1,106   0,079 

150 78,356 10,326   0,896 

180 94,025 43,264   2,065 

240 98,532 90,065 45,264 

300 99,996 98,998 87,265 

360 99,999 99,999 99,978 
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Table E3: Experimental data on the effect of bed height for chromium removal on egg shell 

powder. 

 5cm 10cm 15cm 

Time (min) Ct (mg/L) Ct (mg/L) Ct (mg/L) 

    0   0   0   0 

    5   0   0   0 

  10   0   0   0 

  15   0   0   0 

  20   0   0   0 

  30   0,131   0   0 

  60   0,836   0   0 

  80   1,131   0,101   0 

  90   8,365   0,189   0 

120 25,354   1,345   0,206 

150 55,254 10,357   1,096 

180 94,265 42,365   9,366 

240 98,354 90,926 50,365 

300 99,996 98,798 90,498 

360 99,998 99,990 99,996 

 

 

Table E4: Experimental data on the effect of bed height for chromium removal on an egg 

shell / sea shell layered bed. 

 5cm 10cm 15cm 

Time (min) Ct (mg/L) Ct (mg/L) Ct (mg/L) 

    0   0   0 0 

    5   0   0 0 

  10   0   0 0 

  15   0   0 0 

  20   0   0 0 

  30   0,108   0 0 

  60   0,396   0 0 

  80   1,281   0 0 

  90   8,365   0,163 0 

120 26,365   1,226 0,119 

150 58,265 10,354 0,936 

180 94,393 36,264 3,258 

240 97,332 90,115 45,264 

300 99,996 98,998 88,221 

360 99,999 99,999 99,498 
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Table E5: Experimental data on the effect of flow rate for chromium removal on sea shell 

powder. 

 

 

 

Table E6: Experimental data on the effect of flow rate for chromium removal on a sea shell / 

egg shell layered bed. 

Flow(mL/min) 2,5 5 7,5 

Time (min) Ct (mg/L) Ct (mg/L) Ct (mg/L) 

    0   0   0   0 

    5   0   0   0 

  10   0   0   0 

  15   0   0   0 

  20   0   0   0 

  30   0   0   0,236 

  60   0   0   1,352 

  80   0   0 11,863 

  90   0   0,092 39,845 

120   0   1,106 71,265 

150   0 12,985 95,336 

180   0 59,852 98,087 

240   0,089 89,968 99,821 

300   1,424 98,998 99,996 

360 39,851 99,999 99,999 

420 90,450   

480 98,994   

Flow(mL/min) 2,5 5 7,5 

Time (min) Ct (mg/L) Ct (mg/L) Ct (mg/L) 

    0   0   0   0 

    5   0   0   0 

  10   0   0   0 

  15   0   0   0 

  20   0   0   0 

  30   0   0    0,464 

  60   0   0   5,021 

  80   0   0 15,523 

  90   0   0,163 36,245 

120   0   1,268 65,324 

150   0   8,354 95,653 

180   0 36,354 98,051 

240   0,185 90,326 99,921 

300   1,653 98,988 99,999 

360 50,035 99,999 99,999 

420 90,653   

480 98,998   
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Table E7: Experimental data on the effect of flow rate for chromium removal on egg shell 

powder.  

 

 

Table E8: Experimental data on the effect of flow rate for chromium removal on an egg shell 

/ sea shell layered bed.  

Flow(mL/min) 2,5 5 7,5 

Time (min) Ct (mg/L) Ct (mg/L) Ct (mg/L) 

    0   0   0   0 

    5   0   0   0 

  10   0   0   0 

  15   0   0   0 

  20   0   0   0 

  30   0   0   0,111 

  60   0   0   1,535 

  80   0   0   8,548 

  90   0   0,178 21,235 

120   0   1,238 48,658 

150   0 10,235 95,446 

180   0 45,279 98,546 

240   0,121 90,234 99,884 

300   1,468 98,977 99,991 

360 28,845 99,994 99,999 

420 90,579   

480 98,996   

 

Flow(mL/min) 2,5 5 7,5 

Time (min) Ct (mg/L) Ct (mg/L) Ct (mg/L) 

    0   0   0   0 

    5   0   0   0 

  10   0   0   0 

  15   0   0   0 

  20   0   0   0 

  30   0   0   0,156 

  60   0   0   1,898 

  80   0   0 15,065 

  90   0   0,133 34,987 

120   0   1,367 58,658 

150   0 12,354 95,854 

180   0 48,954 98,474 

240   0,056 89,654 99,785 

300   1,785 99,989 99,987 

360 46,789 99,999 99,999 

420 90,653   

480 98,998   



 

Performance of a layered adsorbent column   Thabelo Mammburu 

 

 

192 
 

 

 
 

 

Figure E1: Plot of Thomas model equation on the effect of bed height on chromium 

adsorption onto sea shell powder.  
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Figure E2: Plot of Yoon - Nelson model equation on the effect of bed height on chromium 

adsorption onto sea shell powder.  
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Figure E3: Plot of Bohart - Adams model equation on the effect of bed height on chromium 

adsorption onto sea shell powder. 
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Figure E4: Plot of Thomas model equation on the effect of flow rate on chromium 

adsorption onto sea shell powder.  
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Figure E5: Plot of Yoon - Nelson model equation on the effect of flow rate on chromium 

adsorption onto sea shell powder.  

 

y = 0,0469x - 17,577
R² = 0,988

-8

-6

-4

-2

0

2

4

6

0 100 200 300 400 500 600

ln
(C

t/
(C

0
-C

t)
)

t

Yoon - Nelson (2,5 mL/min) 

y = 0,0608x - 11,849
R² = 0,9731

-8

-6

-4

-2

0

2

4

6

8

10

12

14

0 50 100 150 200 250 300 350 400

ln
(C

t/
(C

0
-C

t)
)

t

Yoon - Nelson (5 mL/min)

y = 0,0532x - 5,852
R² = 0,9723

-10

-5

0

5

10

15

0 50 100 150 200 250 300 350 400ln
(C

t/
(C

0-
C

t)
)

t

Yoon - Nelson (7,5 mL/min)



 

Performance of a layered adsorbent column   Thabelo Mammburu 

 

 

197 
 

 

Figure E6: Plot of Bohart - Adams model equation on the effect of flow rate on chromium 

adsorption onto sea shell powder.  
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Table E9: Error analysis for chromium and copper sorption using sea shell powder in a fixed 

bed column. 

 

 

 

Parameters 

 

 

Thomas model 

 

Absolute error (δ) 

 

Yoon-Nelson model 

 

Absolute error (δ) 

 

Bohart-Adams model 

 

Absolute error (δ) 

Chromium 

Bed height (cm) 

5 

10 

15 

 

 

0,0139 

0,0122 

0,0094 

 

 

0,0139 

0,0122 

0,0094 

 

 

0,6195 

0,2616 

0,2409 

    

 

Flow rate (mL/min) 

2.5 

5 

7.5 

 

Copper 

Bed height (cm) 

5 

10 

15 

 

Flow rate (mL/min) 

2.5 

5 

7.5 

 

 

 

0,0103 

0,0099 

0,0132 

 

 

 

0,0255 

0,0108 

0,0135 

 

 

0,0172 

0,0197 

0,0148 

 

 

0,0103 

0,0099 

0,0132 

 

 

 

0,0155 

0,0108 

0,0135 

 

 

0,0172 

0,0197 

0,0148 

 

 

0,4115 

0,1460 

0,6513 

 

 

 

0,4505 

0,5536 

0,3203 

 

 

0,5647 

0,5641 

0,2907 
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Table E10: Error analysis for chromium and copper sorption using egg shell powder in a fixed 

bed column. 

 

 

 

Parameters 

 

 

Thomas model 

 

Absolute error (δ) 

 

Yoon-Nelson model 

 

Absolute error (δ) 

 

Bohart-Adams model 

 

Absolute error (δ) 

Chromium 

Bed height (cm) 

5 

10 

15 

 

 

0,0117 

0,0121 

0,0146 

 

 

0,0117 

0,0121 

0,0146 

 

 

0,4717 

0,2865 

0,2750 

    

 

Flow rate (mL/min) 

2.5 

5 

7.5 

 

Copper 

Bed height (cm) 

5 

10 

15 

 

Flow rate (mL/min) 

2.5 

5 

7.5 

 

 

 

0,0112 

0,0113 

0,0181 

 

 

 

0,0140 

0,0191 

0,0181 

 

 

0,0195 

0,0180 

0,0136 

 

 

0,0112 

0,0113 

0,0181 

 

 

 

0,0140 

0,0191 

0,0181 

 

 

0,0195 

0,0180 

0,0136 

 

 

0,3072 

0,1605 

1,7559 

 

 

 

0,4348 

0,5347 

0,5666 

 

 

0,6372 

0,5303 

0,2774 
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Table E11: Error analysis for chromium and copper sorption using a layered bed (sea shell 

powder on top of egg shell powder) in a fixed bed column.  

 

 

 

Parameters 

 

 

Thomas model 

 

Absolute error (δ) 

 

Yoon-Nelson model 

 

Absolute error (δ) 

 

Bohart-Adams model 

 

Absolute error (δ) 

Chromium 

Bed height (cm) 

5 

10 

15 

 

 

0,0157 

0,0125 

0,0101 

 

 

0,0157 

0,0125 

0,0101 

 

 

0,6633 

0,2178 

0,2418 

    

 

Flow rate (mL/min) 

2.5 

5 

7.5 

 

Copper 

Bed height (cm) 

5 

10 

15 

 

Flow rate (mL/min) 

2.5 

5 

7.5 

 

 

 

0,0096 

0,0166 

0,0194 

 

 

 

0,0134 

0,0101 

0,0140 

 

 

0,0180 

0,0172 

0,0113 

 

 

0,0096 

0,0166 

0,0194 

 

 

 

0,0134 

0,0101 

0,0140 

 

 

0,0180 

0,0172 

0,0113 

 

 

0,2118 

0,4407 

1,2651 

 

 

 

0,3881 

0,5628 

0,5431 

 

 

0,6184 

0,5305 

0,2512 
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Table E12: Error analysis for chromium and copper sorption using a layered bed (egg shell 

powder on top of sea shell powder) in a fixed bed column.  

 

 

 

Parameters 

 

 

Thomas model 

 

Absolute error (δ) 

 

Yoon-Nelson model 

 

Absolute error (δ) 

 

Bohart-Adams model 

 

Absolute error (δ) 

Chromium 

Bed height (cm) 

5 

10 

15 

 

 

0,0135 

0,0103 

0,0090 

 

 

0,0135 

0,0103 

0,0090 

 

 

0,4083 

0,1741 

0,2189 

    

 

Flow rate (mL/min) 

2.5 

5 

7.5 

 

Copper 

Bed height (cm) 

5 

10 

15 

 

Flow rate (mL/min) 

2.5 

5 

7.5 

 

 

 

0,0058 

0,0124 

0,0128 

 

 

 

0,0110 

0,0164 

0,0112 

 

 

0,0166 

0,0192 

0,0120 

 

 

0,0058 

0,0124 

0,0128 

 

 

 

0,0110 

0,0164 

0,0112 

 

 

0,0166 

0,0192 

0,0120 

 

 

0,1679 

0,2668 

1,4620 

 

 

 

0,4378 

0,3964 

0,5238 

 

 

0,5959 

0,5120 

0,3786 

 


