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ABSTRACT 

 
Pharmaceuticals have found extensive application in human health management. They are 

released into the environment through urine, excreta and inappropriate disposal methods. 

Residues of pharmaceutical products have been reported to show toxic consequences in 

some freshwater and marine organisms. Antibiotics are one of the most important groups of 

common human pharmaceuticals widely in use as prescribed and non-prescribed drugs. 

Antibiotics and their metabolites have been quantitated in water and found in trace levels. 

But even at such low concentrations they can maintain high biological activities with potential 

adverse effects on humans and animals. Unfortunately, many pharmaceutical compounds 

are resistant to breakdown in the environment, hence they have tendency for environmental 

magnification, since they are designed to be biologically active. Therefore, there is need to 

evaluate their environmental levels and their possible abatement methods using simple, 

cheap and low cost techniques, in order to avert their potential toxic consequences. In this 

research, a cost effective, robust, selective and rugged method for the analysis of antibiotics 

in water samples using liquid chromatography was developed, and used for monitoring levels 

of the selected antibiotics in Diep River. Also, an effective remediation procedure for these 

contaminants in water was developed using activated carbon produced from grape slurry 

waste.  

 

The biomass was collected from a wine plant in Stellenbosch, processed to 250 – 350 μm 

mesh particle sizes followed by pyrolysis using optimized conditions with respect to time, 

temperature and the N2 flow. The resulting carbon materials were modified with HCl, H2SO4, 

and KOH and characterized using Fourier Transform Infra-Red (FTIR) spectroscopy, 

scanning electron microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDX) to 

study surface morphology and mineral characterization.  

 

Results showed that the β-lactam antibiotics, amoxicillin (AMX), ampicillin (AMP) and 

chloramphenicol (CHLR) occurred at variable concentrations in the Diep River. The levels 

detected ranged: AMX, < DL – 13.29 ± 0.14 µg/L and < DL – 11.55 ± 0.04 µg/L in winter and 

spring respectively; AMP, < DL to 1.24 ± 0.24 µg/L and < DL – 5.27 ± 0.06 µg/L in winter and 

spring respectively; but CHLR did not occur at detectable concentration. The carbonization 

and activation of the grape slurry facilitated large surface area, enhanced pore size 

distribution and availability of increased active sites, resulting in improved adsorption 

efficiencies of the adsorbents. The EDX analysis of the adsorbent modified with HCl (GSAa), 

adsorbent modified with H2SO4 (GSAb), adsorbent modified with KOH (GSB) and the un-

carbonised, unmodified adsorbent (GS), indicated high carbon content, which is a 

characteristic of good adsorbent materials. The FT-IR spectra pattern revealed the presence 

of prominent absorption bands consisting of the asymmetric C-H and symmetric CH2 bond 



 iv 

vibrations at 2920.77 cm-1, asymmetric stretching vibrations of C=O in the range 1600 - 

1818.44 cm-1 and an asymmetric stretching vibrations of the C-C(O)-C or C-O group at 

1032.56 cm-1, defining the presence of some functionalities that can enhance their adsorption 

capacity.  

Results from sorption studies showed that the modified grape slurry biomass waste efficiently 

removed β-lactams from simulated wastewater with the exothermic chemisorption 

mechanisms majorly influencing the sorption processes.  
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CHAPTER ONE  
 

1.0 INTRODUCTION 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
1.1 Background 
Human and animal health management relies on the use and application of pharmaceutical 

products such as medications, mineral supplements, antiseptics, disinfectants and cosmetics 

for prophylaxis and therapeutic purposes. One of the major classes of pharmaceutical 

personal care products (PPCPs) applied for human and veterinary health purposes are those 

used for the treatment and management of a large number of medical conditions. Most of 

them are specific in action and effectiveness and so are classified into different groups 

depending on their intended use and mode of action. Common among the classes of 

pharmaceuticals are antibiotic, analgesic/non-steroidal anti-inflammatory drugs, anthelmintic, 

steroidal and non-steroidal hormones and many others. However, antibiotics are one of the 

most important groups of common pharmaceuticals widely in use, prescribed and non-

prescribed among the different classes of pharmaceuticals.  

 

The extensive use of antibiotics has led to the release and presence of their residues in 

different environmental compartments. This is because only a portion (≈ 10%) of prescribed 

and non-prescribed drugs is metabolized and made use of by humans and animals; with the 

rest excreted through sweat, urine and excreta (Reverte et al., 2003). Both un-metabolized 

parent form and metabolic derivatives are released through domestic discharge into 

municipal sewerages and adjoining surface waters. They are redistributed/partitioned 

between different environmental matrices via several pathways (Lindberg et al., 2005).  

 

Although, the widespread occurrence of trace concentrations of residues of pharmaceuticals 

in aquatic system of some water catchment columns have been reported, little is known 

about their levels of environmental occurrence, transport, and ultimate fate, aside from their 

intended use. Pharmaceutical residues have, however, been reported not biodegradable in 

many environmental matrices, since they are manufactured to be bioactive. In the 

environment, they may not undergo further breakdown from the metabolic form in which they 

are released, hence they may show persistent behaviour with possible bio-magnification 

tendencies (Nebot et al., 2007). Antibiotics for example, display pseudo-persistence in their 

native and metabolite forms. Unfortunately, they are continuously added to the environment 

through inappropriate disposal of unused or expired products, discharges from domestic 

sources and industrial manufacturing processes. Despite the human health benefits derived 

from the use of antibiotics, they are potential environmental contaminants. Lin et al. (2009) 

reported that the occurrence of antibiotics in the environment suggests potential 

environmental pollution even at low concentrations. At such low concentrations, they can 
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maintain a high biological activity with potential adverse effects on humans and animals. For 

example, in some aquatic and marine organisms, residues of some pharmaceutical products 

have been reported to show toxic consequences such as endocrine disruption, 

feminization/masculinization of fish, imposex  (i.e. the development of both male and female 

organs on the same species) in gastropods/cephalopods etc. (Nikolaou et al., 2007). The 

bioaccumulation of some pharmaceutical residues beyond minimum inhibitory concentrations 

(MICs) poses the probability of drug resistance in the environment for some microorganisms. 

Hence, antibiotics and other endocrine disrupting chemicals (EDCs) have been classified as 

emerging environmental contaminants (Nikolaou et al., 2007).  

 

Unfortunately, the removal of these compounds in full-scale water treatment plants has not 

been well studied. Most of the existing wastewater treatment procedures to date are not 

effective in removing antibiotics and other drug residues. This implies that other micro-

pollutants may enter the environment, disperse, and persist to a greater extent than 

anticipated (Kolpin et al., 2002). Reports from recent studies show that, the detection of 

pharmaceutical residues in wastewater treatment plant (WWTP) influents, and the number of 

pharmaceuticals detected in the final effluents from WWTPs is increasing, thus indicating 

incomplete removal or degradation of the compounds (Houndt & Howard, 2000). This may 

not be unconnected with the fact that most wastewater treatment plants were originally not 

designed to remove antibiotics and other pharmaceutical products, hence their inadvertent 

and subsequent release into natural water systems (Heidari et al., 2013). Nebot et al. (2007) 

reported that final effluents from WWTPs have been identified as a principal route for the 

introduction of these compounds into the natural aquatic environment.  

 

Antibiotics are also capable of passing through all natural filtrations allowing them to 

ultimately reach drinking water (Miao et al., 2004). Studies conducted on the occurrence of 

antibiotics in various water samples including surface water, ground water and drinking water 

revealed their presence and wide distribution (Petrovic et al., 2005). The presence of 

antibiotics in sources of drinking water is of concern, especially where antibiotics go through 

drinking water treatment plants resulting in contamination of table water. There are 

indications that pharmaceutical residues may have adverse health effects on organisms 

exposed to chronic low-levels over time although not all the health consequences are fully 

known.  

 

The general lack of data on the occurrence of antibiotics and other pharmaceutical products 

in water and aquatic eco-systems is because only few analytical methods capable of 

detecting these compounds at their low levels existed, until the recent advancement in 

analytical method development. The development of sensitive and selective analytical 
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techniques for the recovery, separation, detection and identification of trace and ultra-trace 

levels of these substances in biological and environmental matrices cannot be over-

emphasized (Kolpin et al., 2002). This is necessary to provide a robust assessment of the 

presence and potential risk of pharmaceuticals to wildlife and humans (Nebot et al., 2007). 

Potential concern about the environmental presence of antibiotics is the development of 

antibiotic-resistant bacteria and the potential increased toxicity of chemical mixtures. Their 

potential fatal effects even at trace levels underscore the need for pragmatism in the rational 

management of pharmaceutical residues in water systems and other environmental matrices. 

There is also the need to develop a simple cost effective approach to remediate 

pharmaceutical contaminated media in order to mitigate their potential deleterious 

consequences. 

 

1.2 Statement of Research Problem 
There has been a significant increase on the dependence and consumption of prescribed 

and non-prescribed pharmaceutical products worldwide resulting in corresponding increase 

in production. Substantial proportion of these products are however discharged into the 

environment via human and animal wastes (urine and faeces), domestic and industrial 

discharges, wastewater release, improper disposal of unused and expired medications, and 

from the use of contaminated materials such as farm litter, solid wastes, sludge and 

sediment as manure (Baker & Kasprzyk-Hordern, 2011). Residues of many pharmaceuticals 

pass through the water treatment process unresolved, or may even be exacerbated in 

effluents from wastewater treatment facilities into receiving water bodies, since many 

wastewater treatment facilities were not designed for the removal of such contaminants and 

some other pollutants of organic origin (Heberer, 2002). Consequently pharmaceuticals may 

further be redistributed via heterotrophic transfer, in food webs. 

 

Among the various classes of drugs largely produced, and in use for broad application either 

on prescription or over the counter are the antibiotics. These include beta lactams, 

tetracycline, sulfonamides, microlides, fluoroquinones, etc. They are used as therapeutic or 

prophylactic agents to fight various bacterial, viral, and fungal infections and diseases. 

Modes of administration range from ingestion, intravenous, and external application. In 

recent times, the occurrence and widespread presence of residues of human pharmaceutical 

products in the environment has become a concern due to their resistance to breakdown in 

unintended environments, and their potential toxic consequences even at trace 

concentrations (Diaz-Cruz & Barcelo, 2005). This is because many of the produced 

antibiotics and other classes of drugs were designed to be active, in specific terms or in 

broad spectrum in biological systems.  Also, there may be gradual ecological accumulation 

and build-up of pharmaceutical products’ residues in the environment if the rate with which 

they degrade or dissipate in the environment surpasses their environment loading rate. Thus, 
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pollution from pharmaceuticals is a complex phenomenon, ascribable to thousands of 

different molecules belonging to various therapeutic classes, with different physico-chemical 

properties, chemical structures, environmental behaviour and persistence (Carballa et al., 

2004)       

 

However, the presence of antibiotics in aquatic environments is not desirable because of the 

potential likelihood of causing toxic effects on organisms and ecosystem alteration. Renew & 

Huang (2004) reported that the continuous occurrence of sub-lethal levels of residues of 

antibiotics in aquatic environments may perturb microbial ecology and increase the 

proliferation of antibiotic-resistant pathogens, and this may also pose a threat to human 

health. Challenges such as these are complex and cannot be solved by a simple event, but 

rather through continuous and multi-facet processes that will ensure that pollution levels are 

assessed and controlled. 

 

1.3 Justification for Research 
The quality of aquatic system is of great importance. This is because the health and well-

being of water and other aquatic resources is essential for the existence and maintenance of 

ecosystems, as well as human health and other organisms that depend on water and water 

resources. Contaminating aquatic systems limit the availability of water resources for human 

use, resulting in health problems, environmental degradation, hunger, poverty and reduction 

of biodiversity. Among these contaminants are β-Lactam antibiotics. It is acknowledged that 

antibiotics represent the largest group of compounds that are carcinogenic and teratogenic 

and also pose high toxicities to aquatic organisms (Larsson et al., 2007; Le-Minh et al., 

2012). Aquatic organisms, especially fish are part of the human diet and thus, leave humans 

exposed to the toxic effects of β-Lactam antibiotics. Hence, assessment and abatement 

studies of antibiotics in the environment are highly essential. Data from this study will provide 

information towards better understanding of β-Lactam antibiotics and also help aquatic 

management authorities in decision making. 

 

1.4 Research Objectives 
The overall objective of this research is to assess the levels of β-lactam antibiotics in surface 

water (in the Diep River) and their possible abatement using carbonized grape slurry waste. 

  

The specific objectives are: 

1. To assess the levels of selected β-lactam antibiotics in the Diep River. 

2. To explore the potential removal of β-lactam antibiotics using grape slurry waste 

(charred). 

3. To determine possible mechanisms of removal of β-lactam antibiotics from simulated 

wastewaters. 
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1.5 Scope of study (Delimitations) 
Organic pollutants especially the endocrine disrupting group of contaminants consisting of 

pharmaceuticals, pesticides, herbicides, detergents, heavy metals and steroid hormones are 

present in surface water and effluents. This study will focus on the evaluation of the levels of 

beta-lactam antibiotics namely amoxicillin, ampicillin and chloramphenicol, in selected 

surface water catchment sampling stations along the Diep River. The study will also attempt 

to prepare and characterize adsorbents using grape slurry for the removal of antibiotics from 

simulated wastewater. 
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CHAPTER TWO 
 

2.0 LITERATURE REVIEW 
 

Pharmaceutical compounds are designed to be activity specific, and produce desired 

biological effects upon administration to organisms. They are designed to interfere with 

specific biological systems such as receptors or enzymes (Comerton et al., 2009). Thus, they 

comprise a broad spectrum of enzyme substances that contain acidic and basic functional 

groups in their structures in order to achieve a prophylaxis or therapeutic effect. 

 

Much of the administered pharmaceuticals are however not completely metabolized during 

the biochemical conversion processes in recipient organisms (human and animals), and 

these are released in wastes deposition. Unfortunately, residues of these substances have 

been reported to be detected in surface water, wastewaters and soil samples resulting in 

undesirable effects. Therefore, there is a growing concern about their impacts on non-target 

organisms, in aquatic and terrestrial environments. Volumes of pharmaceutical products are 

manufactured daily to meet the health demands of humans, as well as the economic 

demands of agriculture and livestock farming practices (Le-Minh et al., 2010; Watkinson et 

al., 2007). These drugs are produced to meet different medical needs and are classified into 

several groups depending on their target effects or specific modes of action. These include 

antibiotics, anthelmintic, non-steroidal anti-inflammatory drugs/analgesics, etc.             

 

2.1 Antibiotics 
 

The term antibiotic refers to any substance or agent that is capable of inducing negative 

biological activity against living organisms. Traditionally, antibiotics refer to those substances 

or compounds (biological or chemical) that eradicate and/or inhibit the metabolism, growth, 

or life cycles of microorganisms (Homem & Santos, 2011). This was extended to cover 

specific groups of both pathogenic and non-pathogenic microorganisms.  

Most of the different types of bacterial or microbial infections (specific or broad terms) that 

are known in humans, animals and plants dates as back as the 1930s (Manzetti & Ghisi, 

2014). These infections include those caused by pathogenic and non-pathogenic 

microorganisms such as bacteria (e.g. pneumonia, meningitis), fungi (e.g. candidiasis) and 

viruses (e.g. influenza). 

Substances belonging to the antibiotic pharmaceutical class may therefore be listed based 

on the specific type of organism they impact biological action on (Kummerer, 2009). These 

include any substance that has antifungal, antibacterial, antiviral, antitumor or anti-parasitic 

activity (Kummerer, 2009). Generally, ‘antibiotics’ refer to chemotherapeutic agents that have 

capacity to alter or inhibit the activity and growth of microorganisms such as fungi, bacteria, 

protozoa, etc. in biological systems. Some substances of the biological/biochemical origin in 
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nature also possess the ability to induce antibiotic effects (e.g. bacitracin, penicillin, etc.). 

They may however be semi-synthetic or completely synthetic.  

 

2.1.1 Structure, properties and biological activity of antibiotics  
 

Antibiotics are compounds having structures largely encompassed by cyclic components, 

represented by benzene rings, piperazine units, hexahydropyrimidines, as well as 

sulphonamides, quinolone and morpholine groups (Renew & Huang, 2004; Manzetti & Ghisi, 

2014).  

 

 

Figure 2.1: Structures of Amoxicillin, Ampicillin and Chloramphenicol 

 

According to Comerton et al. (2009), most antibiotics are non-volatile and at neutral pH they 

exist in ionized form. Compounds of antibiotics have meta-stable properties due to their 

complex structures. After administration in humans or animals, they yield activated 

metabolites, conjugates and hydroxylated forms leading to a range of diverse active chemical 

compounds (Kennedy et al., 1989; Manzetti & Ghisi, 2014). Some of the active chemical 

compounds released instigate the desired prophylaxis or therapeutic effects, while excess of 

it are continuously released into the environment with possible reactive properties but most 

importantly unknown consequences.   

 

https://www.google.co.za/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj1ltGipOXTAhWKyRoKHYAjAt8QjRwIBw&url=https://pubchem.ncbi.nlm.nih.gov/compound/Amoxicillin_trihydrate&psig=AFQjCNG5S-m_lIR3JlCz1TkTa14_CsoWlA&ust=1494504168379576
https://www.google.co.za/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiu_8bno-XTAhUFXhoKHcxZAXAQjRwIBw&url=http://www.chemspider.com/Chemical-Structure.389889.html&psig=AFQjCNGqTg5fTGFp5EXC7XW0DkQtOT8FJg&ust=1494504108145350
https://www.google.co.za/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwia94nDpOXTAhVGahoKHUS2BqUQjRwIBw&url=https://pubchem.ncbi.nlm.nih.gov/compound/chloramphenicol&psig=AFQjCNGifYEk1757Dbr3aaw5smvjUZq9iA&ust=1494504292716068
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2.2 Classification of Antibiotics 
 

Antibiotics are complex molecules which possess different functionalities within the same 

molecule. They consists of a diverse group of chemical compounds that can be classified 

into different groups, based on a variety of criteria such as their spectrum, chemical 

structure, or their mechanism of action (Homem & Santos, 2011). These include varying 

subgroups such as β-lactams, quinolones, tetracyclines, macrolides, sulphonamides and 

many others (Kummerer, 2009).  

Early classification of antibiotics was based on the type of action they exert on 

microorganism such as bacteria; which could be either bactericidal or bacteriostatic. 

Bactericidal antibiotics annihilate the harmful bacteria while the bacteriostatic compounds 

tend to slow down microbial growth, thus giving the host body a chance to combat 

microorganisms with natural immune system (Kummerer, 2009; Christian et al., 2003). 

Bacteriostatic antibiotics’ action was reported to show minor side effects compared with 

bactericidal antibiotics (Heberer, 2002; Le-Minh et al., 2012). The action of both bactericidal 

and bacteriostatic antibiotics takes advantage of the differences in the structures of the cells 

of bacteria and that of its host (Le-Minh et al., 2012).  

 

A second basis for the classification of antibiotics is on basis of their chemical structure. This 

is because antibiotics with same chemical structure will generally show similar patterns of 

antimicrobial (antibacterial) activity, effectiveness, allergic potential, as well as similar toxicity 

(Homem & Santos, 2011). This classification basis is incidentally the most common basis for 

the classification of antibiotics with few examples including sulphonamides, tetracyclines, 

macrolides, β-lactam antibiotics, etc. 

 

The third basis for the classification of antibiotics is reliant on their spectrum, defined by the 

number of the organisms that are affected by the same drug (Heberer, 2002). The spectrum 

of antibiotics’ effectiveness is therefore grouped into either, (i) narrow spectrum or (ii) broad 

spectrum drugs. Broad spectrum antibiotics are capable of affecting a variety of 

microorganism types e.g. bacteria, and fungi, and can be administered where the specific 

microorganism to be eliminated is not clearly known (Xu et al., 2007; Homem & Santos, 

2011). Narrow spectrum antibiotics are usually administered where the specific types of the 

microorganism to be eliminated are known, since they are engineered to be effective on 

specific microorganisms, and less effective on others (Homem & Santos, 2011).  

 

Antibiotics can also be classified based on the route of administration of the drugs. The 

common route of administration is oral, that is, ingestion through the mouth. There are other 

routes of administration that are, however, more effective. These include intravenous 

administration involving direct injection or via intravenous fluids/drips, and through topical 
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applications such as with eye drops, ear drops, and throat drops, or ointments (Xu et al., 

2007; Homen & Santos, 2011). 

 

2.3 Therapeutic, prophylaxis and other use of antibiotics 

Antibiotics are an important pharmaceutical group that is largely prescribed in medical care, 

because of their effectiveness in fighting infections that were assumed untreatable before 

their discovery (Le-Minh et al., 2012). They are considered as the most developed and 

successful class of drugs that has been applied to facilitate human and animal health. This 

category of pharmaceuticals act on their target bacterial or micro-organisms by either 

destroying or slowing down their growth (Kummerer, 2009; Fent et al., 2006; Gracia-Lor et 

al., 2012). Antibiotics can be administered on humans and animals on two application bases: 

(i) use of antibacterial drugs for disease prevention - prophylaxis and (ii) use of antibacterial 

drugs for treatment - therapeutic.   

 

The extensive use of antibiotics is triggered by human development, developments in 

science and technology, human population explosion etc. Early applications of antibiotics 

were as ecto-parasiticides with biocidal capacity; and were and still are applied externally on 

skin or animal fur to eliminate fungi, bacteria and parasitic insects such as tick in domestic 

and farm animals. Oral ingestion or intravenous use of antibiotics followed the discovery of 

parasitic microorganisms. Thus antibiotic pharmaceuticals are used extensively in human 

and veterinary medicine to treat hundreds of ailments and diseases, ranging from relatively 

mild conditions such as acne to potentially life-threatening conditions such as pneumonia. 

Zwiener et al. (2000) reported that this class of drugs has generally helped in the revolution 

of 20th century medicine, treating categories of microbes such as bacteria, and fungi based 

infections and diseases. A combination of antibiotics with vaccination has led to the 

possibility of nearing the eradication of diseases such as tuberculosis in the developed 

countries. Some of the detailed prophylaxis and therapeutic use of antibiotics are presented 

in Table 2.1 below:  
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Table2.1: Prophylaxis and Therapeutic Applications of Antibiotics 

Type of Antibiotic Treatment applied for Notes 

Penicillin Skin infection, ear infection, dental 

infection, Gonorrhea, urinary tract 

infection, respiratory tract infection 

(Florey, 1944).  

Can be combined with beta-lactamase 

inhibitors which protect penicillin from 

harmful bacterial enzymes that might 

destroy it before its effective function 

Cephalosporin Skin infection, staph infection, 

Gonorrhea, otitis, bronchitis, step-throat, 

tonsillitis, pneumonia (Herrell, 1945).  

Mostly used in surgical prophylaxis 

Sulfonamides Mainly used to treat kidney infection 

(Callahan, 1953) 

Can fight various types of infection. 

However, have a very negative side effect 

of high probability of damaging the kidneys. 

Can also cause increased skin sensitivity to 

the sunlight. 

Fluoroquinolones Pneumonia, bronchitis, urinary tract 

infection, skin infection, sinusitis (Thiele-

Bruhn & Beck, 2005)  

Mild side effects like an upset stomach. 

However there is possibility of fatal side 

effects like permanent nerve damage 

causing peripheral neuropathy. Drugs also 

affect the growth of bones 

Macrolides Genital infection, respiratory tract 

infection, soft tissue infection, 

gastrointestinal infection (Thiele-Bruhn & 

Beck, 2005)  

Usually given to people who are sensitive 

to penicillin. Side effects involve 

gastrointestinal discomfort. 

 

2.4 Classes of Antibiotics 

Antibiotics also known as antimicrobial drugs, has been reported to demonstrate an excellent 

potent and safe profile to humans and animals upon administration. This class of 

pharmaceuticals are derived from two main origins; (a) those obtained from natural sources 

such as beta-lactam antibiotics e.g. penicillins and cephalosporins; or protein synthesis 

inhibitors, such as aminoglycosides, macrolides, tetracyclines, polypeptides, etc. and (b) the 

synthetic agents. Synthetic antibiotic drugs are however produced in such a way that they 

are capable of exerting selective toxicity to target microorganisms.  

 

The activities and effectiveness of antibiotic drugs against any specific bacteria or microbial 

is dependent on the following factors/properties:    

(a) affinity of the drug for the target 

(b) permeability of the drug (how well it can get to its target) 

(c) stability to bacterial enzymes that inactivate or destroy the drug 

 

It has been realized that β-lactam antibiotics, including the sub-groups of penicillins, 

cephalosporins, and as a marginal fraction carbapenems and others, make up the largest 

share of human use antibiotics in most countries. The β-lactam antibiotics have been studied 

and their statistics of total antibiotic use falls within the range of 50 – 70% (Renew & Huang, 

2004).  
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2.4.1 Beta-Lactams (β-Lactams) 

Beta-lactam (β-lactam) antibiotics refer to a class of broad-spectrum antibiotics that consists 

of a β-lactam ring as part of their core structure. A β-lactam ring is a four-membered lactam. 

It is named as such, because the nitrogen atom is attached to the β-carbon relative to the 

carbonyl (Malcolm, 2011). The simplest β-lactam possible is 2-azetidinone, (Figure 2.2).  

 

.  

  Figure 2.2: Structure of the β-lactam ring (2-azetidione) 

 

The mode of action of beta-lactam antibiotics, and the non-enzymatic resistance 

mechanisms to their activity, is intimately linked to the structure and biosynthesis of the 

bacterial cell wall (Glinka et al., 2005). The majority of the β-lactam antibiotics operate by 

inhibiting the cell wall biosynthesis in the bacterial organism. The bacteriostatic effect of beta-

lactam antibiotics is related to their various interactions and concomitant inhibition of 

essential enzymes (transpeptidases, carboxypeptidases) involved in the terminal stages of 

peptidoglycan biosynthesis. These cytoplasmic membrane-associated target enzymes bind 

the antibiotics covalently, and hence are known as penicillin-binding proteins (PBPs). The 

bactericidal effect of these antibiotics is due to a second step following on from the inhibition 

of cell division and growth, in which the activation of an autolytic system causes cell death.  

Some of the β-lactam antibiotics include derivatives of penicillin (penams), cephalosporins 

(cephems), carbapenems and monobactams (Glinka et al., 2005; Malcolm, 2011) (Figure 

2.3).  

 

https://www.boundless.com/microbiology/definition/atom/
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Fig 2.3: Structures of Beta-lactam antibiotics  

 

2.5 Sources of Antibiotics in the Environment 

In the previous years, there have been a widespread use of antibiotics in human medicine 

(approximated annual consumption of 100 000 – 200 000 tons) resulting in an increase in 

water contamination by these organic compounds (Xu et al., 2007; Homem & Santos, 2011). 

The intense application of antibiotics in human medicine has become a common therapeutic 

practice responsible for both high consumption and the gradual accumulation of antibiotics in 

the environment (Manzetti & Ghisi, 2014).  

 

Due to the extensive and long term usage of antibiotics, pharmaceuticals, personal care 

products (PCPs), and illicit drugs in human therapy; residues of these organic contaminants 

has been found in various environmental matrices (Kummerer, 2009). Human 

pharmaceuticals, including their precursor compounds and transformation products, are 

discharged into the environment either intentionally or unintentionally during manufacturing 

processes and through consumption, together with disposal of used and unwanted drugs 

(Gulkowska et al., 2008). Probable route of human contribution is via ingestion, followed by 

excretion and disposal into domestic wastewater, entering the sewer network and reaching 

the wastewater treatment plants. After human administration of pharmaceutical products, the 

parent compounds and/or conjugates are excreted partially (Stuart et al., 2012). Thus, 

human antibiotics’ main route of discharge is through excretion (urine and faeces) where 

they enter the sewer network exposing them to waste water treatment plants (WWTPs) 

(Homem & Santos, 2011).  
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The other major route for exposure of these drugs is through the sewer system which leads 

to the sewage wastewater reaching the surface and natural water systems. The general 

public disposes unused or expired medicines more often through the sewage system. 

Improper disposal of unused and expired drugs, such as direct discharge into the sewage 

network, or deposition in landfills, waste effluents from manufacturer or accidental spills 

during manufacturing or distribution are considered significant sources of contamination 

(Baker & Kasprzyk-Hordern, 2011). Some other significant contamination points include 

industrial effluents (manufacturing plants, hospitals, food processing plants), municipal 

sewage treatment plants and combined sewage-storm-water overflows, resource extraction 

(mining), waste disposal sites (landfill sites, industrial impoundments, farm waste lagoons) 

and buried septic tanks (Lapworth et al., 2012; Mompelat et al., 2009; Homem & Santos, 

2011).  

 

2.6 Occurrence of Antibiotics in the Environment 

A diverse array of synthetic organic compounds is used by society in vast quantities for a 

range of purposes (Bendz et al., 2005; Lapworth et al., 2012). Through several researches 

that have been carried out, today the occurrence of EOCs has been better characterized in 

wastewater and surface water environments compared to groundwater (Nikolau et al., 2007; 

Lapworth et al., 2012). Pharmaceutical compounds and other related products have been 

reported to be reaching the environment through various means. In the recent past years, the 

application of antibiotics in human medicine has enormous and widespread negative effects, 

consequently the possibility of increased water and land contamination. Besse & Garric 

(2007) reported that a vast range of drugs including antibiotics have been discovered in 

effluents and surface waters of several countries. In general, a large diversity of compounds 

is also thought to be found in wastewaters and surface waters according to Lapworth et al. 

(2012). However, this conclusion could be mainly due to the capability of various analytical 

methods and limited studies on groundwater sources rather than the actual environmental 

occurrence. Of great concern however, is the dearth of ability to evaluate the levels of these 

drugs due to their very low concentrations in different sinks and thus the inability to assess 

the environmental risk associated with their occurrence levels.  

 

However, the prevalence of chemical compounds with commercial or therapeutic uses, and 

their variably harmful effects on human and environmental health has given rise to new 

classes of potential deleterious contaminants. Among them, antibiotics have emerged as one 

major class of contaminants, considering their widespread usage and their known biological 

effects. Antibiotics have been detected in terrestrial matrices, bio-solids, soil, hospital 

effluents, municipal wastewater, surface water, ground water and sea water.  The reported 
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concentrations of antibiotics in water range from sub-nanogram or low nanogram per litre 

levels (in ground and river waters) to high microgram per litre levels (in hospital effluents), 

with  intermediate concentrations in sewage treatment plants (STPs) effluents (Lindberg et 

al., 2005). Decontamination of wastewaters is very critical for purification and avoidance of 

the release of antibiotics to the environment since wastewaters are the major contamination 

port of antibiotics to the environment especially in urban regions and metropolises (Bendz et 

al., 2005; Manzetti & Ghisi, 2014). The exposure of pharmaceuticals and their metabolites 

into the water systems is gaining accelerated attention. It is thus mandatory to monitor 

pharmaceutical compounds in surface and/or ground waters.  

 

Pharmaceuticals have been found to exist in the environment either as parent compounds or 

as metabolites/conjugates (Nikolau et al., 2007). When pharmaceutical pollutants are 

released to the environment, the fate and biological potency of these pollutants can be 

predicted or assessed based on their special biological and physicochemical characteristics. 

These characteristics of pharmaceuticals completely differentiate them from other variable 

industrial chemical compounds. Some of the unique characteristics of pharmaceuticals 

include polymorphism, their introduction into the environment after human metabolism, their 

chemically complex structure, and their ability to be ionized and have multiple ionization sites 

spread throughout the molecule. These compounds are mainly disposed into the sewage 

system and they are polar, multifunctional and incompletely removed by STPs (Pal et al., 

2014). STPs are designed to clean industrial and urban wastewater but unfortunately these 

plants are not designed to eliminate quantitatively other pollutants such as pharmaceuticals. 

Several studies have showed that organic micro pollutants, pharmaceuticals included, are 

available in the effluent of STPs, surface water and ground waters (Zorita et al., 2009). 

Nevertheless, regardless the long history of antibiotic usage, information regarding the 

production and use patterns of antibiotics in the whole world is severely limited. However, the 

accumulation and persistence of antibiotics in the environment poses a threat to either 

aquatic or terrestrial ecosystems even at the trace levels in which they are detected (Homem 

& Santos, 2011). This bioaccumulation and pseudo-persistence of these compounds can be 

better explained by the extensive and indiscriminate use of these compounds in human and 

veterinary medicine together with their continual introduction into the environmental matrices.  

 

2.7 Health and Environmental Impact of Antibiotics and other EDCs 

Pharmaceutical compounds that have been released into the environment lately have been 

acknowledged to constitute a major health risk for humans as well as aquatic ecosystems 

(Bendz et al., 2005). By considering the specific mode of action of pharmaceuticals, it can 

therefore be observed that these compounds are purposely designed to exert an effect on 

humans, mammals or other vertebrates. The negative effect of pharmaceutical residues is 
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more important in respect of human health and environment than those of pesticides which 

are manufactured to kill weeds, fungi and invertebrate varmints (Cleuvers, 2002). The modes 

of action and interaction of pharmaceuticals’ active ingredients in the environment are not 

clearly understood. Hence, it is not easy to affirm statements about their potential 

environmental effects. Antibiotics have found an extensive use in human and animal health, 

but despite all that, it is surprising how these chemicals have received little attention as 

pollutants in the aquatic environment compared to other chemicals. The current scientific 

consensus is that low levels of pharmaceuticals in the environment do not pose an 

appreciable risk to human health (Cunningham et al., 2006).  

 

The possible fatal negative effects that could arise due to the presence of these drugs in 

aquatic systems remain unknown and, consequently in the recent years they have managed 

to draw more attention as potential environmental pollutants. Pharmaceutical pollution is 

interesting in the fact that it does not result primarily from manufacturing but rather from 

continual and widespread usage, excretion accompanied with improper disposal of both 

human and veterinary medicines. Generally, pharmaceuticals could be found in any 

environment that can be inhabited by man and this makes them potentially ubiquitous 

pollutants. Currently all the data and research conducted so far has provided little evidence 

that can possibly suggest that pharmaceuticals in the environment are in quantities sufficient 

enough to cause significant harm. Their use is however expected to increase abruptly with 

the completion of the human genome project coupled with the rising age of human 

population. 

 

In order to perform the risk assessment of antibiotics, it is important to question their natural 

background concentrations in the environment (Kummerer, 2009). The consumption of 

antibiotics by humans in total, per capita, and the individual share of each compound differ 

from country to country. Same applies for the prescription rates together with the intake of 

drugs without prescription which also varies markedly amongst countries (Molstad et al., 

2002; Kummerer, 2009). According to various authors who have worked on analysing 

pharmaceuticals, various aquatic compartments including hospital sewage,  municipal 

sewage,  ground water and surface water are all sources of pharmaceutical residues but at 

very low concentrations in the ng/L to a few μg/L range (Kolpin et al., 2002; Hernando et al., 

2006; Duong et al., 2008). Environmental change affected by human activity in coastal 

regions is well known mainly due to increased human population density. Coastal water is 

thus considered the ultimate sink for sewage and other by-products of human activities 

(Bendz et al., 2005). Discrete locations whose inputs into the aquatic systems can be defined 

in a spatially discrete manner are the point sources of pollution making the spatial plume of 

pollution generally more constrained. 



 16 

 

2.8 Human and Environmental Exposure and Toxicity 

The majority of the research output so far conducted, indicate strongly that pharmaceuticals 

are not completely eliminated in most if not all sewage treatment plants. Pharmaceutical 

drugs have been detected in ground waters, surface waters and even in marine systems. 

Pharmaceuticals have thus emerged in particular as a major class of contaminants, 

considering their widespread usage and unknown biological effects.  

 

Human pharmaceuticals have recently attracted attention of the international scientific 

community because they form an important group of potential endocrine disrupting 

compounds (EDCs). Continual introduction of these drugs by sewage effluent might cause 

them to be “pseudo persistent”, with an additional elevated threat (unknown consequences) 

for aquatic organisms that may be subjected to continuous exposure.  

 

The presence of different pharmaceutical chemicals contributes to the increasing multiple 

chemical cocktail that different components of the ecosystem (biotic and abiotic) are exposed 

to. Despite the relatively low environmental concentrations of the individual drug residues in 

water and soils, antibiotics possessing a common mechanism of action could have significant 

additive or synergistic adverse effects (Gulkowska et al., 2008). Comprehensive review on 

the eco-toxicological effects of antibiotics and some other pharmaceuticals is lacking, hence 

very little is known about eco-toxicological effects of pharmaceuticals on aquatic organisms 

(Fent et al., 2006). The possible human and ecological adverse effects upon exposure to 

antibiotics are also not well known, because dose concentrations of antibiotic compounds do 

not seem to cause any toxic effects on human health (Larsson et al., 2007).  

 

Although the presence of pharmaceuticals in the environment are believed to only pose a low 

risk of acute toxicity, there is a huge concern on the sub-acute and chronic exposure of 

aquatic organisms to antibiotics (Miao et al., 2004). Exposure to low dose concentration of 

antibiotics in the aquatic environment over a long period of time may impose a risk for 

microorganisms such as microphytes, algae, mollusks and other benthic organisms. To date, 

the toxic effects due to long-term exposure to a combination of low concentration range of 

emerging contaminants are not well understood. 

 

In general, antibiotic contaminants in aquatic environments may result in the perturbation of 

microbial ecology (Renew & Huang, 2004). It is imperative to attain a better understanding of 

the occurrence and fate of antibiotics in natural and engineered water systems in order to be 

able to assess the risks associated with these compounds. 
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2.9 Effects of Exposure and Toxicity of Pharmaceuticals 

The rate at which pharmaceuticals are produced and consumed globally has been observed 

to steadily increase higher than the rate of global population growth (Yoon et al., 2006). A 

very high quantity of drugs has been disposed into the environment after use in the form of 

human and animal secretions and also as unused waste. The rate at which pharmaceuticals 

are spreading, their persistence in the environment and their ability to accumulate in the 

environment has also changed. The high biological activity of these drugs even at trace 

levels implies that they can still cause significant damages in the biosphere. A good example 

of their negative effect is the male fish feminization which has been observed and ruled out 

to be the effect of anthropogenic pollution in various aquatic systems in different parts of the 

world (Cleuvers, 2002; Zorita et al., 2009). It is discoveries like these that have caused 

pharmaceuticals to be rendered particularly dangerous pollutants for the environment. The 

effects of pharmaceuticals particularly antibiotics to the environment could be harmful to 

human health. It is just unfortunate to realize that the frequency of these compounds in the 

environment is very high.  

 

Concern has grown over the years pertaining to the occurrence, fate and adverse effects of 

pharmaceutical residues in the aquatic environment. Antibiotics are a class of drugs that are 

widely and frequently used in large quantities almost similar to pesticides. In some countries 

antibiotics are even sold over the counter without the requirement of a prescription 

(Cunningham et al., 2006; Celiz et al., 2009; Manzetti & Ghisi, 2014). Despite their abundant 

use, pharmaceuticals do not undergo any scrutiny; they are not tested for low-dosage 

against long-term exposure. Therefore full extent and consequences associated with the 

presence of these chemicals in the environment is still a mystery. The discoveries of their 

concentration levels in the environment through research have implicated a relaxation of 

thought that pharmaceuticals are unlikely to cause any detrimental effect on the environment. 

This relaxation is only based on tests performed with individual compounds associated with 

short term exposure.  

 

Making accurate risk assessments for aquatic environments has become very difficult. This 

is due to lack of validated analytical methods, non-uniform monitoring of data and definite 

information about the fate and effects of these compounds and/or their metabolites together 

with transformation by-products in the aquatic environment. Fortunately it is now known that 

some pharmaceutical residues can persist in the environment and can find their way back to 

humans either through drinking water or the food chain. Research has also enlightened us 

on the development of adverse effects in aquatic organisms even at environmental 

concentrations once believed to be infinitesimal and harmless. It is thus accepted that there 

is very limited knowledge with regards to the effects of human exposure to low-dose mixtures 
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of pharmaceuticals or low-dose pharmaceuticals mixed with other low-dose synthetic 

pollutants. 

 

2.10 Environmental Fate of Pharmaceuticals  

Pharmaceuticals are natural and synthetic chemicals belonging to a wide group of different 

chemical families, thus they may behave or react differently in the environment. Since 

majority of these compounds are highly polar and are non-volatile, these properties help 

antibiotics to stay longer in the different environmental matrices (Hernando et al., 2006; 

Homem & Santos, 2011). There exist multi-mixed array of several different natural and 

synthesized chemicals occurring at the same time in the environment, with many different 

interactions. These interactions may occur as a result of the multiple exposures of biotic and 

abiotic features of the chemicals (Gobel et al., 2004). Since antibiotics and other 

pharmaceuticals were specifically designed to be bioactive, they may represent a different 

kind of interaction and risk when present in different abiotic environments. Their breakdown 

in the environment have been reported to be slow, hence they may persist, accumulate 

and/or be redistributed in the environment.  

 

The prevalence in the commercial or therapeutic uses of pharmaceuticals in recent years has 

given rise to new classes of potential aqueous contaminants. Due to the vast array of 

possible compounds being classified under ‘emerging organic contaminants’ (EOC), a lot of 

studies have been conducted and they selected EOCs according to priority lists established 

taking into account consumption, predicted environmental concentrations and eco-

toxicological, pharmacological and physicochemical data (Fent et al., 2006; Celiz et al., 2009; 

Lapworth et al., 2012). The chemical properties, functional groups and reactive atoms in the 

structure of antibiotics determine the fate of these compounds. Different types of antibiotics 

are thus metabolized differently in biological species especially humans, causing it to 

produce different types of excess metabolites most of which are released in excretion 

(urine/faeces) (Manzetti & Ghisi, 2014). The excreted human antibiotics undergo several 

treatment processes in the wastewater facilities before they can enter surface waters. After 

they are exposed to surface water they undergo different transport and fate processes in the 

environment (Huang et al., 2001).  

 

Millions of pharmacologically active substances are consumed and used annually all over the 

world. It is however surprising that only little is known regarding the ultimate fate and 

degradation of the majority of these drugs after their intended use. Approximately 90% of the 

administered drug may be excreted un-metabolized and these metabolites have the potential 

of being converted back to the active compound again (Manzetti & Ghisi, 2014). Antibiotics 

used in human medicines are partially metabolized after administration, with a significant 
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portion of the active ingredient excreted either in same form as the parent compound, 

derivative of the parent compound or in conjugated forms that can easily be converted back 

to the parent antibiotic (Heberer, 2002).  

Even though antibiotics have been detected in different aquatic environmental matrices, still 

little is known concerning their distribution in the environment, their mobility and persistence 

in natural and engineered water systems (Snow et al., 2007; Mompelat et al., 2009). Despite 

the shortage of information, studies that have been conducted on the transformation and 

sorption of antibiotics indicate that these processes affect significantly the fate of most 

classes of antibiotics.  

 

2.11 Antibiotic Resistance 

The presence of antibiotics in the environment has introduced a new threat of great concern 

which is antibiotic resistance. Antibiotic resistance has brought about a crisis that 

compromise the ability of antibiotics in treating infection thereby also threatening most areas 

of medicine, surgery included. However, increase in the proliferation of antibiotic-resistant 

pathogens may pose threats to human health (Renew & Huang, 2004). Even though they are 

present at vestigial levels, antibiotics have the potential of causing resistance in bacterial 

populations, and therefore may make them ineffective in the treatment of several diseases 

caused by similar strains of bacteria (Xu et al., 2006). 

 

Over the past many years, research has exclusively concentrated on conventional ‘priority’ 

pollutants. Pharmaceuticals are a group of chemical compounds with a greater probability of 

causing harm to the environment, but, they have so far received less attention as possible 

environmental pollutants. Antibiotics are regarded as “pseudo-persistent” contaminants 

because of their continual introduction into the environment (Gulkowska et al., 2008). As 

already mentioned, antibiotics block the vital processes in bacteria thereby killing the bacteria 

or stopping the bacteria from multiplying. This way the work of antibiotics helps the body’s 

natural immune system to then fight the bacterial infection. Antibiotics have the capability of 

treating and curing various infections making them very important to our health care. It is 

however very unfortunate that certain bacterium has developed the capacity to resist these 

drugs. In contemporary times, antibiotics have been largely overused especially for 

prophylactic and therapeutic purposes to the extent that a number of micro-organisms have 

developed resistance.  

 

Drug resistance has led to the need for higher dosage of older products to treat infections; 

this may result in toxicity to the human system (Batt & Aga, 2005). Thus, some antibiotics 

selected to mitigate or eliminate mutant bacteria are now resisted at the concentrations that 

were previously effective. These antibiotic resistant bacteria are not found on any list of 
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antibiotics and they cannot be killed by any common antibiotics present today. This poses a 

threat and difficulty in the treatment of certain illnesses. The drastic decline in the synthesis 

of new antibiotics has exacerbated this problem. Most antibiotics that have been developed 

and synthesized only focus on gram-positive bacteria whereas the antibiotics that can fight 

against gram-negative bacteria are crucial (Lissemore et al., 2006; Homem & Santos, 2011). 

The huge threat that our environment and world is faced with due to antibiotic resistance has 

been recognized up to global levels now.  

 

2.12 Regulation of EOCs in Ground Water 

It is a crucial requirement within the framework of various national regulations to monitor the 

anthropogenic micro-organic pollutants in river basins. Threshold values (standards) need to 

be established for pollutants that put the groundwater bodies at risk of failing to achieve any 

of their environmental objectives (Lapworth et al., 2012). The overall aim for undertaking this 

crucial measure and process is so as to ensure protection and improvement of the quality of 

the water resources (Lapworth et al., 2012).  

It is fair to accept that the spatial and temporal variability of most of the EOCs in the 

environment is poorly understood up to now and it is a topic of growing concern for both 

research and regulatory perspectives. In the case of many EOCs, the lack of knowledge on 

toxicity, impact, behaviour, and limited monitoring data means that threshold values cannot 

be set as yet (Lapworth et al., 2012; Homem & Santos, 2011). However, in the near future, if 

these contaminants (EOCs) are found to impose a risk of pollution of groundwater and have 

the potential of compromising the environment objectives, then standards (threshold values) 

will be required. 

 

According to Homem & Santos (2011), legal limits have been established so far for 

antibiotics in food (4 – 1500 μg / kg for milk and 25 – 6000 μg / kg for the other food stuffs of 

animal origin (Stuart et al., 2012), but, there is no legislation applied to environmental 

matrices yet.  Regardless, the absence of regulatory drinking water, environmental quality 

standards or groundwater threshold values for much of the micro-organic contaminants does 

not mean that they do not pose a threat to human health or aquatic ecosystems. In most 

cases it is rather because their toxicity and environmental occurrence are as yet poorly 

understood (Lapworth et al., 2012).  This then implies that in the coming decades there is 

going to be an increase in the number of compounds that will be regulated through drinking 

water standards and/or environmental quality standards.  

 

Regulatory frameworks exist to manage the potential sources of pollution and require 

monitoring of a number of ‘priority’ organic contaminants in the aquatic environment (Molstad 

et al., 2002; Le-Minh et al., 2010; Lapworth et al., 2012). According to Lapworth et al. (2012), 
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there is a paucity of data concerning the occurrence and fate of EOCs compared to other 

anthropogenic contaminants in the aquatic environment because these compounds have not 

been studied extensively.   

 

2.13 Water Management 

Substantial effort has been applied to try and improve the quality of waterways in the recent 

decades. This effort has been greatly influenced by public concern regarding some visible 

signs of environmental degradation, (e.g. algal outbreaks associated with nutrient over-

enriched) (Schwarzenbach et al., 2006).  

Unlike most of the other considered environmental (aquatic) pollutants, antibiotics possess a 

direct biological action on microbes. In most of the cases, these compounds act as persistent 

pollutants because they are continually emitted into the environment regardless of some of 

the compounds having the capability of being highly degraded. These antibiotics that are 

released into the aquatic environment need to be seriously monitored and dealt with because 

they contaminate raw, treated and recycled water that is used for drinking, irrigation and 

recreation (Le-Minh et al., 2010).  

 

The antibiotic residues also have a potential to accelerate widespread bacterial resistance to 

antibiotics as well as imposing a negative effect in important ecosystem bacteria (through 

death or inhibition). Antibiotics are predominantly water soluble which favours their entry into 

the aquatic environment so easily through sewage systems as a result of their consumption 

and excretion by humans and effluent from farms. Recycling of municipal water for 

agricultural, industrial and non-potable municipal use is a growing development for water 

resources management practices in most parts of the world today (Le-Minh et al., 2010).  

 

In an increasing number of countries, treated effluents are intentionally being used to aid with 

the supplementation of drinking water supplies. In the past decades there has been an 

emerging interest regarding the occurrence of the so called ‘micro-organic contaminants’ in 

the aquatic environments, their potential toxicity and environmental fate (Lapworth et al., 

2012; Kummerer, 2009; Schwarzenbach et al., 2006).  

A threat is imposed on to the aquatic environment by the presence of organic micro-

pollutants. These micro pollutants have effects including acute and chronic toxicity to aquatic 

organisms, accumulation in the ecosystem and losses of habitats and biodiversity, as well as 

threats to human health (Sanchez-Avila et al., 2012; Jiang et al., 2014). There is a growing 

concern related to the contamination of ground water resources by micro-organics and the 

extent of the fatal effects due to this contamination is poorly understood compared to other 

fresh water resources (Lapworth et al., 2012).It is very important for the health of all 
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groundwater-dependent ecosystems which include rivers and lakes because in many parts of 

the world they are the important sources of drinking water.  

 

2.13.1 Wastewater Treatment  

The sharp rise in the chemical pollution of surface and ground waters, with largely unknown 

long term effects on aquatic life and on human health underscore the need for remediation 

and restoration (Schwarzenbach et al., 2006; Li et al., 2002). The satisfactory disposal of 

wastewater, either by surface, subsurface methods or dilution, is dependent on its treatment 

prior to disposal. Adequate treatment is necessary to prevent contamination of receiving 

waters to a degree which might interfere with their best or intended use, be it for water 

supply, recreation, or any other required purpose (Ademiluyi et al., 2009).  

 

Unit operations and processes used in functional water works, and/or wastewater treatments 

plants may vary, although the ultimate objectives remains water purification viz-a-viz the 

minimization or elimination of contaminants’ load in water, so as to ensure the preservation 

of aquatic quality and life. Water containing organic residues need to be treated in order to 

remove or minimize their levels in water and wastewater, as well as from other environmental 

matrices. This is because of their potential to impose acute health risks on humanity (Ali et 

al., 2012).  

 

Organic micro pollutants such as PPCPs, phenols, phthalates, PCBs, pesticides and PFCs 

have been reported to be detected in wastewaters, effluents, drinking water and other 

environmental matrices (Abegglen, 2009). Effluents disposed from industries are more likely 

to contain residues of these organic chemicals in quantitative amounts. These contaminants 

may however persist with a potential to build up over time. Their occurrence is further 

accentuated by the fact that water treatment processes in wastewater/effluent treatment 

plants and water works for domestic water were not designed with the capability of 

eliminating or minimizing the levels of these substances, but rather to reduce input of solids, 

nutrients and organic micro molecules/substrates such as carbohydrates, protein and fatty 

acids. In spite of this, the continuous daily disposal of organic micro-pollutants and other 

EDCs into water bodies result in sharp deterioration of water quality.  

 

Wastewater treatment involves the application of known technologies to improve the quality 

of wastewater. In general terms, wastewater treatment in facilities such as WWTPs/ETPs etc. 

involves the collection of wastewater in a central, segregated location and passing it through 

various treatment processes. Since large volumes may be involved, treatment processes are 

usually carried out on continuously flowing wastewaters (continuous flow or open systems) 

rather than as batch or a series of periodic treatment processes in which treatment is carried 
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out on parcels or batches of wastewaters (Gaspard et al., 2006). However, in the continuous 

flow process, some operations, such as vacuum filtration which involves storage of sludge, 

chemical addition, filtration and the removal or disposal of the treated sludge, are routinely 

handled as periodic batch operations. 

 

Wastewater treatment can also be categorized by the nature of the treatment process 

operation in use, e.g. physical (sedimentation (clarification), screening, aeration, filtration, 

flotation and skimming, degasification, equalization), chemical (chlorination, ozonation, 

neutralization, coagulation, adsorption, ion-exchange) or biological (Aerobic: activated sludge 

treatment methods, trickling filtration, oxidation ponds, lagoons aerobic digestion or 

anaerobic: anaerobic digestion, septic tanks, lagoons). A complete water treatment system 

may consist of the application of a number of physical, chemical and biological processes.   

   

Thus the entire treatment process which may probably combine physical, chemical and 

biological methods is summarized in five steps: preliminary treatment, secondary treatment, 

disinfection, sludge treatment and tertiary treatment. The extent of treatment is sometimes 

indicated by use of the terms primary, secondary and tertiary treatment  

 

2.13.2 Wastewater Treatment Technologies  

An exponential increase in the population and social civilization has been observed over the 

past several decades. The resulting change in affluent lifestyles, uses of resources and 

continued advances in developments of industries and technology has been accompanied by 

a sharp modernization and metropolitan growth (Zorita et al., 2009). There has been an 

improved awareness regarding the occurrences of industrial activities that has increased the 

intensity of deteriorations on several ecosystems which in turn seriously threaten the health 

of humans and the environment. As a response to this threat, some stringent rules and 

regulations that concern the emission of contaminants from industrial waste streams by 

various regulatory agencies has been promulgated and enforced (Le-Minh et al., 2010). A 

simultaneous development through research for the invention of a wide range of improved 

treatment technologies accompanied with varying levels of successes has accelerated a 

dramatic progress in the scientific community.  

 

Technologies applied in wastewater treatment are numerous, with each defining a specific 

objective in the combination of unit operation processes applied in the continuous flow 

operation. The choice of combination of technologies is a function of the nature and 

characteristics of the water quality intended for treatment. Abegglen et al. (2009) concluded 

that one probable way to minimize the input of organic micro-pollutants to surface waters is 
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to integrate an additional treatment step at WWTPs. Therefore, there is need to develop 

simple, efficient, available and affordable technology for the removal of such substances. 

A variety of technologies including precipitation, ion exchange, membrane filtration and 

reverse osmosis have been used for the treatment of pollutants from wastewaters (Zwiener & 

Frimmel, 2000). Somehow, most if not all of these methods require expensive equipment 

and/or continuous need of chemicals making them disadvantageous (Xu et al., 2007; Lin et 

al., 2009). In addition, the above mentioned methods fail to meet the requirements of the 

Environmental Protection Agency (Xu et al., 2007).  

Amongst these techniques, adsorption has grown to be the most promising option for 

effective elimination of organic micro-pollutants from water. Adsorption is a process of 

surface phenomenon and this process is observed to be the most efficient; most promising 

and widely applied fundamental approach in wastewater treatment processes. Possibility of 

water re-use in terms of initial cost, simplicity of design, insensibility to toxic substances and 

ease of operation makes the adsorption process uniquely superior to other techniques 

(Manzetti & Ghisi, 2014).  

 

2.13.3 Remediation Process: Adsorption 

Adsorption can simply be described as a process that involves preferential partitioning of 

substances from gaseous or liquid phases on to the surface of a solid substrate (Kummerer 

et al., 2000). Most adsorption phenomena can be applied in most natural physical, biological 

and chemical systems. During the adsorption process, the adsorbent material attracts and 

holds the particles of another substance to its surface (Batt et al., 2006; Yoon et al., 2006). 

However, the adsorbed particles could be either atoms or molecules of the particular 

substance of interest. For the process to be effective, the adsorbent material must be of a 

very small size, since smaller sizes offer greater surface areas for adsorption. Usually finely 

divided solids such as clay soil are very good adsorbents.    

 

Residual or unbalanced forces that are found at the surface of solid or liquid phases are the 

ones responsible for the adsorption process to occur (Homem & Santos, 2011). These forces 

have the ability to attract and retain the molecular species with which it comes in contact with 

at the surface. Essentially, adsorption can be considered a surface phenomenon since the 

process essentially occurs at the surface of the substance involved. There are two 

components involved with adsorption, which are the adsorbent and the adsorbate (Manzetti 

& Stenersen, 2010). The adsorption process takes place at the surface of the adsorbent, 

whilst the adsorbate is the substance that is being adsorbed on to the surface of the 

adsorbent:  

Adsorbate + Adsorbent = Adsorption.  
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For adsorption process to commence, some forces of attraction should exist between the 

adsorbate and the adsorbent (Yoon et al., 2006; Manzetti & Stenersen, 2010). These 

attraction forces could be due to Van der Waals forces of attraction which are weak forces or 

due to chemical bond(s) which are strong forces. Adsorption can thus be classified into two 

types depending on the types of forces of attraction that will exist between the adsorbate and 

the adsorbent.  

 

An adsorption process could either be physical adsorption (physisorption) or chemical 

adsorption (chemisorption). Since physical adsorption is a result of weak Van der Waals 

forces and electrostatic forces, the process results with the formation of multilayers of 

adsorbate on adsorbent associated with a low enthalpy of adsorption, ∆H, according to Putra 

et al. (2009). Physical adsorption usually occurs at low temperatures mostly lower than the 

boiling point of the adsorbate (Le-Minh et al., 2010).  

Chemical adsorption is adsorption facilitated by chemical forces of attraction (chemical bond) 

between the adsorbate and the adsorbent. Chemisorption results with the formation of a 

unilayer of adsorbate on the adsorbent and enthalpy of adsorption associated with the 

process is high (Le-Minh et al., 2010). The chemisorption process can occur at any 

temperature.  

 

The process of adsorption is dependent on several factors which are temperature, pressure, 

surface area and the activation of the adsorbent. Temperature effects on adsorption are 

profound, and measurements are usually done at a constant temperature. Graphs of the data 

are called ‘isotherms’. The phenomenon of adsorption has become a very useful tool recently 

for the separation and purification processes. The employment of solids such as activated 

carbon and synthetic resins for adsorption is widely incorporated in industrial application for 

purification of waters and wastewaters (Zorita et al., 2009). Most adsorbents that have been 

observed to be more effective are typically non-polar adsorbents. This means that they have 

more affinity with hydrocarbons or oil and organic compounds.  Adsorption is widely applied 

in industry for air conditioning, water purification, prolonging of neurological exposure to 

specific drugs in pharmaceuticals, etc. (Batt et al., 2006; Yoon et al., 2006; Kummerer et al., 

2000; Manzetti & Ghisi, 2014).  

 

2.14 Carbonization 

Activated carbons have found extensive application in controlling and treatment of water from 

organic chemicals because of their high porosity (Li et al., 2002; Gaspard et al., 2006). It was 

observed that water treated with activated carbons has good quality with less or very low 

concentrations of dissolved organic micro-pollutants (Balasubramani & Sivarajasekar, 2014).  

Usually activated carbons are the most common adsorbent for the adsorption process since 
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they are more versatile and effective. Activated carbons are principally applied for the 

removal of species by adsorption from both liquid and gaseous phases.  

 

Several notable trends in the development of activated carbon, an adsorbent that has large 

porous surface area, controllable pore structure, thermo-stability and low acid/base reactivity 

has been evident, in terms of its versatility for the removal of various types of inorganic and 

organic pollutants that are dissolved in aqueous media. Using activated carbon for water 

treatment in a bid to improve the quality and health of water is a very increasing option for 

researchers (Ozkaya, 2006; Subha & Namasivayam, 2008).  

 

Activated carbons are generally micro porous but in addition to that they also contain meso 

and macro pores (Mestre et al., 2007). These pores are important in the facilitation of access 

of the adsorbate molecules to the interior of carbon particles (Mestre et al., 2007). Carbon 

adsorbents are mainly characterized by a porous carbon structure that contains small 

amounts of different hetero atoms like oxygen and hydrogen. A variable amount of mineral 

matter (ash content) is also associated with some activated carbons. This ash content is 

dependent on the nature of the raw material used as a precursor. 

 

Carbons may have different chemical properties. This is as a result of the presence or 

absence of surface groups, formed by heteroatoms that may bond themselves to the carbon 

atoms at the edges of the basal planes (Subha & Namasivayam, 2008). Chemical and 

physical properties of these carbons play a vital role in the behaviour of carbon adsorbents. 

High specific porosity and high surface area makes activated carbons extreme versatile 

adsorbents for major industrial significance (Subha & Namasivayam, 2008; Dada et al., 

2012). 

 

It is however known that the higher the quality of activated carbon, the greater is the cost for 

its production and purchase but activated carbon is still the best adsorbent on the market. 

However, regardless of its prolific applications in adsorption processes, there is a huge 

barrier to the application of activated carbon by industries which is its high cost coupled with 

difficulties in regenerating the compound (Dada et al., 2012). Both processes involved for the 

regeneration of used carbon, i.e. chemical and thermal regeneration, are expensive and on a 

large scale impractical. These processes rather produce additional effluent and they result in 

a considerable loss of the adsorbent. It is a result of these problems that has got many 

scientists to look and try to use cheap, readily available and efficient alternative materials to 

produce activated carbon (Gong et al., 2005). It was upon the realization of this complication 

that there has been a growing exploitation in evaluating the feasibility and suitability of 

natural, renewable low-cost materials for adsorption. Some bioorganic fruit waste has been 
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applied in generating carbonized adsorbents such as olive stone almond shells and palm fruit 

carbons (Linares-Solano et al., 1980; Lopez-Garzon et al., 1984; Caturala et al., 1988; 

Nasser et al., 1996; Berrios et al., 2012). Some agricultural waste products like rice husks, 

maize cobs, sugarcane bagasse, tea leaves, have also been tried for remediation of various 

contaminants (Tannin & Gurgey, 1988; Nawar & Doma, 1989; Sun & Xu, 1997; Zhang & 

Chuang, 2001; Gong et al., 2005; Zvinowanda et al., 2008; Ademiluyi et al., 2009, Han et al., 

2011). The application of all these cheap, natural, organic wastes is to try and replace the 

expensive activated carbon but still be able to effectively reduce and control water pollution 

(Gong et al., 2005; Ramesh et al., 2005; Hameed et al., 2008). Remediation processes has 

and are still being exerted on water pollution in all parts of the world.  

 

A variable number of precursors are subjected to a number of different activation processes 

such as chemical or physical activation in an aim to attain carbon that has high adsorption 

capacity for a particular application. The internal porosity of activated carbons is responsible 

for their high adsorptive capacities (Shaibu et al., 2014). Other properties including surface 

area, pore volume and pore size distribution also account for the advantage that is 

associated with activated carbons (Hameed et al., 2008; Zvinowanda et al., 2008; Ali et al., 

2012). The type of raw material used however, practically dictates the porosity of the 

activated carbon even though the activation method choice is also another parameter that 

can influence the final pore size distribution (Hameed et al., 2008).  

 

Two methods are applied for the activation of activated carbon, either physical or chemical 

activation. With the physical activation method, the carbonaceous precursor is carbonized 

first and then the resulting char is activated in the presence of some mildly oxidizing gases 

like carbon dioxide or steam (Zvinowanda et al., 2008; Ali et al., 2012; Ayanda et al., 2013; 

Mohammad et al., 2014). Chemical activation involves carbonization at a relatively low 

temperature (e.g. 400 – 700 ˚C) in the presence of a dehydrating agent (e.g. ZnCl2, KOH, 

and H3PO4). During chemical activation both the carbonization and the activation step 

proceed simultaneously (Ayanda et al., 2013). 

 

2.15 Recovery and Detection of Antibiotics 

Emerging chemical/biological contaminants have been released into the environment for 

quite some time. The analytical instrumentations available then could not achieve lower 

detection limits of as low as (parts per billion) ppb levels until recent modern analytical 

instruments became available (Nebot et al., 2007). A wide range of wastewater treatment 

practices are employed worldwide to remove these compounds. However, their presence 

has often been reported in WWTP effluents at nanogram per litre (ng/L) concentrations. 
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Several studies made in the WWTPs have reported that the treatment plants are capable of 

eliminating around 60% of antibiotics (Batt et al., 2006).  

 

For most of the emerging environmental contaminants, there is hardly environmental survey 

data, and they are not regulated in the environment. Another reason for this is lack of 

analytical methods for proper risk assessment and for monitoring of waste, surface and 

drinking water quality (Simon & John, 2005). The analysis of these typically polar 

contaminants in environmental matrices (water, wastewater, soils, and sediments) is 

particularly challenging because low detection limits are required, the samples have a 

complex nature and there is difficulty in separating these compounds from interferences 

(Nikolaou et al., 2007).  

 

With the developments in analytical techniques, the analysis of polar compounds and 

compounds that have high molecular weight (>900 amu) can now be achieved by using liquid 

chromatographic methods. Several numbers of liquid chromatography (LC) methods have 

been proposed for the analysis of human pharmaceuticals in natural and wastewaters (Nebot 

et al., 2007).  

Due to the usually low concentrations and complexity of the matrices in which the target 

compounds are present in the aquatic environments, it is a difficult task to analyse antibiotics 

in the environment. These compounds are generally in complex water matrices and are 

present at trace levels making their analysis difficult. A very sensitive analytical method that 

is suitable for monitoring such analytes in the environment at such low levels needs to be 

developed.  

 

New extraction and clean-up techniques, coupled with improvements in instrumental 

technologies provide the needed sensitivity and specificity for accurate measurement. 

Selective and quantitative extraction is paramount for accurate and sensitive detection in 

environmental samples (Vieno et al., 2007). Usually the most common approach for the 

analysis of antibiotics in aquatic environment involves a pre-concentration step using the 

solid-phase-extraction (SPE) method and a liquid chromatographic separation method. 

The SPE method is used for the enrichment and clean-up of aqueous samples and 

extraction from aqueous matrices.  Such methods allow for the separation and qualitative 

and quantitative detection of the antibiotics or any pharmaceutical compounds with very low 

detection limits (Lin et al., 2009).  

 

The identification of pharmaceutical residues in environment is of special interest because 

knowledge of these compounds is a requirement to take measures in order to regulate and 

minimize their environmental impacts. Whether or not a chemical or other contaminant 
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becomes an emerging contaminant depends on the availability of analytical methods for its 

detection in the environment (Homem & Santos, 2011). The analysis of these typically polar 

contaminants in environmental matrices (water, wastewater, soils and sediments) is 

particularly challenging because of the low detection limits required, the complex nature of 

the sample, and difficulty in separating these compounds from interferences (Nebot et al., 

2007; Homem & Santos, 2011). Methods for analysis of natural and synthetic human 

pharmaceuticals continue to be developed and have been the subject of numerous 

investigations over the past years. 
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CHAPTER THREE 
 

3.0 METHODOLOGY 

 

3.1 Chemical Reagents 

All the chemicals used in this study are listed in Table 3.1 alongside with their supplier and 

grade. 

 

Table 3.1: Chemical reagents used 

Chemical Supplier Percentage Purity / Grade 

Hydrochloric Acid Sigma Aldrich ≥ 99 % 

Sulphuric Acid Merck Chemicals ≥ 99 % 

Potassium Hydroxide Sigma Aldrich ≥ 85 % 

Sodium Hydroxide Sigma Aldrich ≥ 90 % 

Methanol Sigma Aldrich ≥ 99.9 % 

Amoxicillin Duchefa Biochemie ˃ 95 % 

Ampicillin MMelford Biolaboratories Ltd. Grade A 

Chloramphenicol Duchefa Biochemie ˃ 98 % 

Milli-Q water CPUT- Chemistry Laboratory Grade A 

 

3.2 Method Development 

A robust and selective method that could be used to detect and quantify the antibiotics of 

interest (β-lactam antibiotics) was developed on an ultra-high-pressure liquid 

chromatography (UHPLC) coupled to the ultraviolet-visible-diode-array detectors (UV-DAD). 

Validation tests for the credibility of the method were performed and calibrations curves for 

all the analytes plotted. Several analytical parameters including mobile phase composition, 

mobile phase flow rate, wavelength and pump pressure were tested and optimized for the 

best resolution and detection of analytes in all analyses performed.  

 

3.2.1 Preparation of Stock Solutions 

Variable standard stock solutions for the analytes under study, i.e. β-lactam antibiotics, were 

prepared by accurately weighing 0.0500 g of each standard and dissolving it in 500 ml of 

Milli-Q water to give a molarity of 100 mg/L for each standard solution. All solutions were 

prepared in Milli-Q water obtained from the Millipore RiOs ™ instrument in the CPUT 

Chemistry laboratory.  The working standard solutions for calibration of the instrument, which 

were in the range 5 – 50 mg/L were prepared by appropriate dilution of the standard stock 

solutions. Likewise, preparation of hydrochloric acid and sulphuric acid stock solutions were 

made by diluting the required calculated volume of the respective concentrated reagent into 

a 1 litre volumetric flask. For solid standards like potassium hydroxide and sodium hydroxide, 
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the respective calculated masses that would give the required molarity in a litre of Milli-Q 

water was weighed and dissolved to make a final volume of 1 litre. Standard solutions for 

antibiotics were prepared every 48 h to ensure precise results before possible degradation of 

the analytes.  

 

3.2.3 Solid Phase Extraction and Clean-up  

Solid-phase extraction (SPE) is a method applied for the pre-concentration of liquid analyte 

samples. The same method was applied for recovery studies that were conducted in order to 

assess the efficiency of the method and the SPE cartridges used. Recovery studies were 

performed by running variable standard solutions of the antibiotics through Oasis hydrophilic-

lipophilic balance (HLB) cartridges. The HLB cartridges were first conditioned by running 6 ml 

of absolute methanol (MeOH) followed by 3 ml of Milli-Q water. After conditioning of the 

cartridges, 30 ml of the sample standard solutions were run through the cartridges at a flow 

rate of 5 ml/min. The retained standard analyte samples were eluted twice using 6 ml of 

MeOH. The extract was then further concentrated to dryness under a gentle stream of cold 

air and re-dissolved with 2 ml mixture of MeOH-water (50:50, v/v) (Reverte et al., 2003; 

Abuin et al., 2006; Peng et al., 2008). Prior to analysis, all samples were filtered through 0.45 

µm nylon fibre filters. The percentage of the recovered standard was determined by the 

result obtained from the HPLC analysis. The same recovery procedure was applied on the 

water samples from the river before analysis.  

 

3.3 Sample Monitoring 

Table 3.2: Description of sampling locations 

Sampling 

point 

Latitude 

Coordinate 

Easting 

Coordinate 

Site description 

P1 -33.801359 S 18.535580 E Upstream flow from Veld/farms 

P2 -33.834589 S 18.522147 E Stream flow at Table view 

P3 -33.837625 S,  18.519621 E Stream flow beyond Potsdam Wastewater 

treatment plant point of discharge 

P4 -33.847279 S 18.512020 E Industrial discharge 

P5 -33.881853 S,  18.489755 E Downstream (proximity to ocean; marine water 

intrusion: Biome) 

 

Water was sampled along the drainage stretch of the Diep River, delimited between -

33.801359 S and 18.535580 E and -33.881853 S and 18.489755 E into 2.5 L amber 

coloured glass bottles taken off the mainstream transect line. Five sampling points (P1 – P5) 

were identified, with their geo-reference coordinates (Table 3.2), with the sampling head 

stream at point P1.  
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3.3.1 Monitoring of Environmental Pollutants 

Water samples were collected from the Diep River twice a month and levels of the antibiotics 

(AMX, AMP and CHLR) assessed. Surface water samples were collected from five different 

sampling points labelled as P1 to P5 respectively into clean 2.5 L amber coloured glass 

containers that were filled to the bottle neck. Each bottle was well labelled corresponding to 

the site from which the water was collected and rinsed with the site water prior to collection. 

The conductivity, pH, TDS and temperature of the water samples were recorded on site 

using a HANNA (HI 991300) pH Meter. All collected water samples were kept in an ice chest 

during transportation to the laboratory for analysis (Nikolaou et al., 2007).  

 

In the laboratory, the samples were filtered immediately on arrival using qualitative Whatman 

(150 mm) filter paper through vacuum filtration and kept in clean amber bottles in a 

refrigerator until extraction. The filtration process was done so as to remove any suspended 

matter in the water samples. The storage procedure employed could preserve the samples 

for a fortnight (Nikolaou et al., 2007); however, effort was put to ensure sample preparation 

and analysis was done within 48 h after sample collection (Gulkowska et al., 2008). All water 

samples were concentrated using the SPE method.  

 

A mobile phase consisting of 40% methanol/water was prepared and degased before each 

analysis on the HPLC instrument. The instrument would first be purged after being switched 

on and the mobile phase allowed running through for approximately 30 min prior to sample 

analysis to rinse the pump cable as well as the separation column. The UV-detector was set 

to a wavelength of 210 nm (for AMX and AMP) and 254 nm (for CHLR) whilst the DAD-

detector was set to a scan range wavelength of 210 – 290 nm. All samples were analysed 

following the procedures of the developed validated method and each test sample was 

performed in triplicate.  

  

3.4 Preparation of Adsorbents 

Grape slurry waste was collected from uncontaminated wine plants in Stellenbosch farms, 

South Africa. The biomass (grape slurry) was washed thoroughly with tap water several 

times until all dirt and inorganic impurities were removed. Distilled water was then used to 

rinse the biomass until it was clean, and subsequently the grape slurry was dried in the sun 

until it was dry. The dried biomass sample was ground, sieved into different particle sizes 

using mesh screens and stored in well labelled airtight containers at room temperature 

awaiting further experimentation (Li et al., 2002; Gaspard et al., 2006).  

 

The carbonization procedure as described by Gaspard et al., (2006) and Balasubramani & 

Sivarajasekar (2014) was optimized for temperature, nitrogen flow rate and the time of 
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carbonization. The biomass was carbonized successfully in an optimized inert environment 

at a temperature of 650 oC for 120 min and a nitrogen flow rate of 1 ml/min. Three portions 

approximately 60 g each, of the carbonized sample were taken and impregnated with 

solutions of KOH, HCl and H2SO4 (activator to precursor ration of 2:1 w/w).  

 

The carbonized samples were soaked in the respective activating reagents for 48 h. After 48 

h the activated biomass was then filtered and rinsed with distilled water to remove any 

excess reagent until the pH was near neutral. After sufficient rinsing of the active sorbent 

samples, they were oven dried at 100 oC for 24 h. The pre-treated charred biomass was 

stored in well labelled air-tight bottles at room temperature (Li et al., 2002; Gaspard et al., 

2006).The carbonized activated materials were labelled GSAa, GSAb and GSB for activation 

using HCl, H2SO4 and KOH respectively and the un-carbonized, un-activated biomass was 

labelled GS.  

 

3.5 Characterization of Adsorbents 

The prepared adsorbents were characterized using physical methods as well as instrumental 

methods. The physical characterization method included determination of the adsorbents’ 

moisture content, ash content and pH. The instrumental characterization methods involved 

analysis of the adsorbent using scanning electron microscope (SEM), chemical elemental 

analysis using the energy dispersive X-ray (EDX) and Fourier-transform infra-red 

spectroscopy (FTIR). 

 

3.5.1 pH Determination of Adsorbents 

A similar procedure to one described by Ademiluyi et al. (2009) was applied to determine the 

pH of each of the adsorbents. 0.1 g of each sample was dissolved in 50 ml of distilled water 

and the solutions were brought to the boil in conical flasks for 5 min. Samples were allowed 

to cool to room temperature and then filtered. The pH of the filtrates was determined using a 

CRISON pH-Meter (GLP 21+, USA) in the laboratory. 

 

3.5.2 Moisture Content of Adsorbents 

Initial masses of the ceramic crucibles were measured accurately and recorded using an 

analytical balance (FA2004 Electronic Balance, Germany). The moisture content of each 

adsorbent was determined by weighing approximately 0.1 g of each sample into a pre-

weighed crucible and placing it in an oven at 110 oC for 3 h (Ayanda et al., 2012). Samples 

were placed in a desiccator, cooled to room temperature and masses recorded accurately.  

The procedure was repeated until a constant mass was obtained and samples were 

analysed in triplicates. The percentage moisture content was calculated using equation 3.1 
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% moisture = 
𝑀1−𝑀2

𝑀1
 × 100         [3.1] 

 

where M1 is the mass (g) of the original sample and M2 is the mass (g) of the final dried 

sample (g) 

 

3.5.3 Ash Content of Adsorbents 

An approximate mass of 0.1 g of each sample was weighed into platinum crucibles and 

placed in a furnace. The furnace was set to a temperature of 500 oC. Samples were heated 

at 500 oC for 4 h, cooled in a desiccator and re-weighed. Experiments were carried out in 

triplicates. The percentage ash content was calculated by difference in the masses using 

equation 3.2 (Fernando et al., 2009; Chowdury et al., 2013) 

 

% ash content = 
𝑊2 

𝑊1
× 100         [3.2] 

 

where W1 is the mass (g) of original sample weighed before ashing and W2 is the mass (g) of 

residue (g) after ashing. 

 

3.5.4 SEM Analysis 

The scanning electron microscope instrument (Zeiss EVO® MA15, Scanning Electron Micro 

analyser) from the University of the Western Cape operated at 10 – 25 kV was used to study 

the morphologies of GSAa, GSAb, GSB and GS respectively, both before and after 

adsorption experiments. In the sample preparation for SEM analysis, a thin layer of 

adhesives serving as carbon glue was attached onto a stub, and very little amount of the 

samples to be analysed were spread on the stub materials and subsequently viewed on the 

instrument to obtain micrographs.  

 

3.5.5 EDX Analysis 

Elemental analysis together with the phase compositions of adsorbents were conducted 

using the same SEM analysis instrument described in section 3.5.4 (Zeiss EVO® MA15 

Scanning Electron Micro analyser). Qualitative analysis was achieved by the application of 

secondary electron images onto gold coated samples, whilst quantitative analysis was 

performed via energy dispersive X-ray (EDX) spectroscopy using an Oxford Instruments® X-

Max 20mm2 detector and Oxford INCA software. The gold coating on samples to be 

analysed was employed to improve conductivity as well as achieving a flat surface of the 

sample. As a quality assurance protocol, pure cobalt was used periodically to correct any 

slight or major detector drifts.  
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3.5.6 FTIR Analysis 

The active functional groups on the adsorbents (GSAa, GSAb, GSB and GS respectively) 

were analysed by studying the infra-red spectra of the respective adsorbents using an FTIR 

spectrophotometer (Perkin-Elmer Spectrum, UK).  

 

3.6 Adsorption Experiments 

Sorption capacities of the adsorbents GSAa, GSAb, GSB and GS towards the antibiotics 

(AMX, AMP and CHLR) from solutions were studied through batch sorption experiments. 

Sorption efficiencies of the adsorbents were assessed using simulated wastewaters. The 

adsorbates were prepared in Milli-Q water by spiking with 10 ml of 30 µg/L AMX and 40 µg/L 

of AMP and CHLR respectively.  

 

3.6.1 Batch Sorption Experiment 

Batch sorption experiments on β-lactam antibiotics were conducted in 100 ml Erlenmeyer 

flasks containing 25 ml of AMX (30 µg/L), AMP (40 µg/L) and CHLR (40 µg/L). Required 

masses of GSAa, GSAb, GSB and GS were added to the respective solutions. The flasks 

were allowed to equilibrate on a mechanical shaker (Labotec OrbiShake, Germany) at 120 

rpm for the required set time. The resulting aqueous solutions after equilibration were filtered 

and processed through SPE cartridges. Residual concentrations of the antibiotics in solution 

after the experimental processes were measured using the HPLC-UV-DAD. The quantities of 

the adsorbates removed by the respective adsorbents (q, mg/g) as well as percentage 

sorption capacity (% A) were calculated using equations 3.3 – 3.5 

 

qe = 
(𝐶𝑜−𝐶𝑒)×𝑉 

𝑚
          [3.3] 

 

qt =  
(𝐶𝑜−𝐶𝑡) ×𝑉

𝑚
         [3.4] 

 

          % A = 
(𝐶0−𝐶𝑒)

𝐶0
 × 100                       [3.5] 

 

where qe and qt represents the amount (mgg-1) of antibiotic adsorbed at equilibrium and at a 

time t respectively, V is the volume (L) of the solution, C0, Ce and Ct are the initial 

concentration, equilibrium concentration and final concentration at time t (mgL-1) of the 

solutions respectively and m is the mass (g) of adsorbent added (Hameed & Rahman, 2008). 

All adsorption experiments were carried out in triplicates.  
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3.6.2 Kinetic Studies 

3.6.2.1 Contact Time 

The effect of contact time on the removal of antibiotics by the adsorbent was determined by 

keeping the initial concentration, adsorbent dosage, pH and temperature of the reaction 

chamber constant. A fixed mass of the adsorbents (0.1 g) was added to 25 ml of the 

respective adsorbate solutions in 100 ml Erlenmeyer flasks and shaken on a mechanical 

shaker for different time intervals (i.e. 30 , 60, 90 min, etc) at a constant temperature (23 oC). 

After a specified time for each reaction, the mixtures were filtered. The resulting final 

concentration of the adsorbates in solution after a certain pre-set time was then determined 

using the HPLC-UV-DAD. All studies were carried out in triplicates.  

 

3.6.2.2 Kinetic Models 

Data obtained from the results of effect of contact time on the adsorption efficiency of the 

adsorbents for AMX, AMP and CHLR was assessed to see which kinetic model(s) better 

described the rate or mechanism of the sorption processes. Three kinetic models were 

employed namely the pseudo-first order, pseudo-second order and the Elovich kinetic model. 

After fitting the data into the various kinetic models, the results obtained were used to 

determine the kinetic model(s) that better describes reactions rate.  

 

3.6.2.2.1 Pseudo-first order model 

Lagergren’s first order rate equation was the earliest to be known and used to describe the 

adsorption rate, based on the adsorption capacity (Ho et al., 1995). Thus the pseudo-first 

order model is amongst the widely used models for the adsorption of a solute(s) from a liquid 

solution. The linearized form of a pseudo-first order reaction is presented in equation 3.6: 

 

 log (qe – qt) = log (qe) – k1t / 2.303                           [3.6] 

 

where qe is the amount of antibiotics adsorbed at equilibrium (mgg-1), qt is the amount (mgg-

1) of antibiotics adsorbed at a time t, and k1 is the kinetic rate constant (min-1) of pseudo-first 

order kinetics (Zhang et al., 2012). According to Fierro et al. (2008), the rate constant, k1, and 

the correlation coefficients (R2) of the antibiotics under different concentrations would be 

obtained from the linear plots of log (qe – qt) versus t, which is expected to give a linear plot. 

 

3.6.2.2.2 Pseudo-second order model 

A second-order model for the sorption of adsorbate particles onto the adsorbent is based on 

differentiating the kinetics of a second-order rate expression with respect to the adsorption 

capacity of the adsorbents (Munagapati & Kim, 2017). This largely relies on the adsorbent 

dosage (concentration) and on the solute concentration which is represented by a pseudo-
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second-order rate expression (Subha & Namasivayam, 2008). The simplest linear 

expression of the pseudo-second order equation may be written as: 

 

t/qt = 1/(k2qe
2) + t/qe                               [3.7] 

 

where k2 is the rate constant (g.mg-1.min-1) of the pseudo-second order. If equation 3.7 

applies for the adsorption process of the antibiotics, then qe and k2 can be determined from 

the slope and intercept of the plot t/qt versus t, respectively (Zhang et al., 2012).  

 

3.6.2.2.3 Elovich’s equation 

The Elovich’s equation is used to describe activated adsorption. This equation is known to be 

established through the work of Zeldowitsch who investigated the adsorption of carbon 

monoxide onto manganese dioxide (Fierro et al., 2008; Idris et al., 2011). The Elovich 

equation has been successfully applied in describing the adsorption of pollutants from 

aqueous solutions, and is expressed in its simplest form as: 

 

  qt = (1/B) . ln (AƐB) + (1/B) . ln (t)            [3.8] 

 

where qt is the amount (mgg-1) of adsorbed antibiotic at a time t, AƐ is the initial adsorption 

rate (mgg-1min-1) and B is the desorption constant (gmg-1) during any experiment (Ho & 

McKay, 2002). Plotting qt as a function of ln t is expected to give a linear plot if this equation 

subsists.  

 

3.6.3 Effect of adsorbent dosage 

The batch equilibration method was applied to assess the effect of adsorbent dose on 

antibiotics removal from simulated wastewater. Various doses of the adsorbent, (0.1 – 0.4 g) 

were added to 25 ml of the antibiotic solutions (30 µg/L AMX and 40 µg/L of AMP and CHLR 

respectively). The solutions were agitated on a mechanical shaker at 120 rpm and room 

temperature (23 oC), neutral pH and variable equilibrium times for the respective adsorbates. 

The final concentrations of the antibiotic solutions were determined as described previously 

using the HPLC-UV-DAD. All test samples were performed in triplicates.  

 

3.6.4 Equilibrium Studies 

3.6.4.1 Effect of Initial Concentration  

Batch equilibrium experiments were carried out in triplicates to determine the effect of initial 

solution concentration on the adsorption capacity of the adsorbents. The initial 

concentrations studied for the antibiotic solutions ranged from 30 mg/L to 100 mg/L. A 

constant mass (0.1 g) of the different adsorbents was added to 25 ml solutions of the 
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respective adsorbates in a 100 ml Erlenmeyer flask, and temperature, pH and rotation speed 

kept constant. At equilibrium, the solution mixtures were filtered and analysed using HPLC-

UV-DAD. The results obtained were used to determine the equilibrium adsorbed quantity (qe) 

by the adsorbent and the data fitted into sorption isotherm models (Langmuir, Freundlich and 

Temkin isotherms).  

 

3.6.4.2 Adsorption isotherms 

3.6.4.2.1 Langmuir Isotherm 

This adsorption model is based on the assumption that there exists a maximum limiting 

uptake which corresponds to a saturated monolayer of adsorbate molecules at the surface of 

the adsorbent. This simply means that maximum adsorption occurs implying a saturated 

monolayer of solute molecules on the surface of the adsorbent, with little or no lateral 

interaction between the sorbed molecules. The Langmuir isotherm model, therefore assumes 

that all the adsorption sites have the same activation energy (Gong et al., 2005; Hameed et 

al., 2008). The simplest form of the Langmuir equation is thus 

 

Ce/qe = [1 / (qM.kL)] + Ce/qM                                         [3.9] 

 

where Ce is the equilibrium concentration (mgL-1), qe is the adsorption capacity at equilibrium 

time (mgg-1), qM is the maximum adsorption capacity (mgg-1), kL is the Langmuir constant that 

is related to adsorption capacity (mgg-1) (Fan et al., 2017). 

 

This model considers several assumptions including that the adsorption is localized, all the 

active sites on the surface have similar energies, there is no interaction that exists between 

the adsorbed molecules and that the surface reaction is the limiting reaction step as in the 

heterogeneous catalytic reaction. The dimensionless equilibrium parameter, RL, can be used 

to predict the efficiency of the adsorption process. RL, is defined by the equation  

 

            RL = 
1

1+ 𝛽.𝐶𝑜
                      [3.10] 

where C0 is the initial concentration of antibiotics in the solution (mgL-1). When RL = 0, the 

adsorption is considered irreversible, when 0 < RL < 1 then adsorption is favourable, when RL 

=1 adsorption is linear and it is unfavourable when RL > 1 (Fierro et al., 2008).  

 

3.6.4.2.2 Freundlich Isotherm 

The Freundlich isotherm is applied to incorporate the effect of heterogeneous surface energy 

or rather describe heterogeneous systems. It assumes that adsorption occurs on a 

heterogeneous surface through a multilayer mechanism of adsorption (Al-Qodah & 
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Shawabkah, 2009; Dada et al., 2012), and that the adsorbed quantity increases with an 

increase in concentration as per the equation: 

 

 log qe = log KF + (1/NF) log Ce                 [3.11] 

 

where KF is the Freundlich constant (Lg-1) related to the bonding energy. Zhang et al., 2012 

reported that KF can be defined as the adsorption or distribution coefficient and represents 

the quantity of antibiotics adsorbed onto adsorbent at unit equilibrium concentration, and NF 

(dimensionless) is the adsorption intensity or heterogeneity factor. The Freundlich constant 

NF gives an indication of how well the adsorption process is favoured. It is a measure of the 

deviation from linearity of adsorption, which indicates when adsorption process is linear 

(NF=1), chemical (NF<1) or physical (NF>1) (Kumar et al., 2010; Pezoti et al., 2016).  

 

3.6.4.2.3 Temkin Isotherm   

This model assumes that the heat of adsorption of all molecules in the layer would linearly 

decrease with the surface coverage as a result of the existence of adsorbate-adsorbate 

interactions as suggested by Temkin and Pyzhev (Hameed et al., 2008; Fan et al., 2017). 

The Temkin isotherm model mainly describes the chemical adsorption process as 

electrostatic interaction (Leng et al., 2015; Fan et al., 2017). The Temkin isotherm can thus 

be adjusted by the equation  

 

  qe = B. ln kTEM + B. ln Ce               [3.12] 

 

where B is a constant related to the heat of adsorption and it is defined by the expression B = 

RT/b, b is the variation of the adsorption energy, R is the universal gas constant (8.314 

kJ/mol), T is the temperature (K), kTEM is the equilibrium binding constant corresponding to 

the maximum binding energy and Ce is the equilibrium concentration (mgL-1) (Munagapati & 

Kim, 2017). 

.  

According to Fierro et al. (2008), the single major difference between these three models is 

the way the heat of adsorption decreases with the surface coverage; Langmuir assumes no 

decrease at all; Freundlich assumes a logarithmic decrease, while Temkin assumes a linear 

decrease.  

 

3.6.5 Effect of pH 

The effect of pH on adsorption was tested by varying the solutions’ pH. Adsorption 

experiments were carried out at pH 4, 6, 8, 10 and 12. The various pHs of antibiotic solutions 

were adjusted using the required amount of 0.1 M HCl or 0.1 M NaOH solutions prior to 
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addition of the adsorbent. Adsorption parameters including adsorbate concentration, 

temperature, contact time and adsorbent dosage were kept constant during the experiments 

which were done in triplicates. A portable pH meter (CRISON pH-Meter GLP 21+) was used 

to determine the pH values of the solutions before addition of adsorbents. The final residual 

concentrations of the adsorbates in solution were determined using the HPLC-UV-DAD. 

 

3.6.6 Effect of Temperature 

A constant mass (0.3 g) for each adsorbent was weighed into 100 ml Erlenmeyer flasks and 

25 ml solutions of the respective adsorbates (30 µg/L AMX and 40µg/L AMP and CHLR 

respectively) added. Temperatures were varied from 20 oC – 60 oC in 30 min intervals until 

equilibrium was reached. After equilibration, the solutions were filtered and analysed by the 

HPLC-UV-DAD. All experiments were performed in triplicates. Data obtained from this study 

were utilised to evaluate thermodynamic parameters of the sorption system. The 

thermodynamic parameters of concern in this study, the enthalpy change (∆H0), entropy 

change (∆S0) and the Gibbs free energy change (∆G0) were calculated using equations 3.13 

– 3.15 

 

∆G = - RT ln Kc                   [3.13] 

 

ln Kc = Ca/Ce                    [3.14] 

 

ln Kc = 
−∆𝐻

𝑅𝑇
+  

∆𝑆

𝑅
                    [3.15] 

 

where R is the gas constant (8.314 JK-1mol-1), T is the absolute temperature (K), Kc is the 

equilibrium constant, Ca is the equilibrium concentration of adsorbates adsorbed onto specific 

adsorbents (mgL-1), Ce is the equilibrium concentration of adsorbate in solution (mgL-1), ∆H 

(kJmol-1) and ∆S (JK-1mol-1) were obtained from the slope and intercept of the van’t Hoff plot 

of ln Kc against 1/T. Also the changes in the ∆H, ∆S and ∆G were used to speculate on the 

adsorption mechanism (Mitchell et al., 2014).   

 

3.7 Column Study 

Column studies enhanced the understanding of adsorption using carbonized biomaterials 

and they provided greater information for potential application in industry (Biswas & Mishra, 

2015). Fixed bed columns were used; a fixed amount of adsorbent was exposed to a 

continuous flow of adsorbate solutions.  

 

A glass tube (15.0 cm long, internal diameter of 0.5 cm) was packed with 4.50 g of GSB. 

Cotton wool was fitted at the bottom and the top of the column of the adsorbent to prevent 
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flotation of the adsorbent. A total volume of 200 ml of the respective feed solutions consisting 

of 30 mg/L of the respective adsorbates (AMX, AMP and CHLR) were passed through three 

separate columns and studied for adsorption. The feed solutions were passed through the 

packed columns maintained at a flow rate of 2 ml/min using a peristaltic pump. The eluents 

from the column were collected after every 10 min intervals. The eluents were processed 

through the SPE columns and analysed with the HPLC-UV-DAD. 
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CHAPTER FOUR 
 

4.0 RESULTS and DISCUSSION 

 

4.1 Optimization of High Performance Liquid Chromatographic (HPLC) Method 

A method for the separation and quantitation of three β-lactam antibiotics - amoxicillin (AMX), 

ampicillin (AMP) and chloramphenicol (CHLR) was developed based on an Ultra-High 

Pressure Liquid Chromatograph (UHPLC) coupled to an Ultraviolet-Visible-Diode Array 

Detector (UV-DAD), and validated following the international conference of harmonization 

(ICH) procedures/principles. These include triplicate runs of 5-set calibration standards for 

each analyte, plots of calibration curves, determining the equations for the linear regression 

lines from the calibration curves, determination of the limit of detection (LOD) and limit of 

quantification (LOQ) for each analyte, evaluation of the reproducibility and repeatability of 

method selectivity and sensitivity for each analyte.  

 

Figure 4.1 presents the chromatogram of the mixed standards containing the three antibiotics 

- AMX, AMP and CHLR.  
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Figure 4.1: Chromatogram of AMX, AMP and CHLR 

 

The instrument response to the detection of each of the β-lactam antibiotics showed linear 

sensitivity to increasing concentrations with R2 values > 0.999 for all three analytes (Table 

4.1). The method’s LOQ and LOD values for each antibiotic were statistically calculated.  
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Table 4.1: Linear regression parameters for AMX, AMP and CHLR standards 

Standard(s) 

Linear Regression 

equation 

Retention 

time (min) R2 λmax 

LOQ 

mg/L 

LOD 

mg/L 

AMX y = 21347x + 21709 1.607 0.9999 210nm 0.286 0.857 

AMP y = 11949x – 12397 2.601 0.9998 210nm 0.195 0.584 

CHLR      y = 14707x + 8589 8.083 0.9998 254nm 0.224 0.673 

 

4.1.1 Recovery studies for AMX, AMP and CHLR using Solid Phase Extraction (SPE)   

The efficiencies of the quantitative recovery of the β-lactam antibiotics (AMX, AMP and 

CHLR) using the SPE method were evaluated using data from recovery experiments. The 

analytes were recovered in triplicate from solutions of 20 mg/L, 50 mg/L and 100 mg/L 

analyte cocktail standards in MilliQ water. The relative percentage recovery of the antibiotics 

ranged between 95 – 102% for AMX; 88 – 99% for AMP and 93 – 103% for CHLR (Table 

4.2) 

 

Table 4.2: Mean recovery percentages for AMX, AMP and CHLR by the SPE method 

Standards 
Expected 

concentration (mg/L ) 

Measured 

concentration (mg/L ) 

RSD 

(%) 

Average recovery 

(%) 

AMX 

20 18.93 3.31 94.65 

50 49.01 1.89 98.02 

100              102.03 1.06           102.03 

AMP 

20 17.58 1.27 87.90 

50 48.64 0.63 97.28 

100 99.46 0.48 99.46 

CHLR 

20 18.54 1.39 92.70 

50 49.88 0.27 99.76 

100              103.36 0.92           103.36 

 

The results showed that, the measure of the affinity efficiency of the HLB cartridges to 

concentrate the tested antibiotics was high. This suggests that the use of HLB cartridges in 

solid phase extraction procedure is efficient and satisfactory for the concentration and 

recoveries of the selected β-lactams from aqueous matrices. 

 

4.1.2 Surface Water Monitoring 

4.1.2.1 Physico-chemical characteristics of the selected water bodies 

The pH of the Diep River surface water at the different sampling points between sampling 

station P1 and the downstream sampling station, P5, were generally about circum-neutral 

and ranged from 7.01 to 7.76 during winter, and from 7.02 to 7.81 in spring (Table 4.3).   
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The turbidity of the water varied giving a range of 857 – 1839 ppm in winter and 809 – 1896 

ppm during spring. High values of total dissolved solids (TDS) in the surface water (> 1000 

ppm) were observed at sampling stations P1, P2 and P5 respectively as shown in Table 4.3. 

The measured levels of TDS in both seasons (winter and spring) did not show any significant 

difference from each other (ρ>0.05).  

 

Table 4.3: Physico-chemical Characteristics of the Diep River surface water in Winter and  

       Spring months of 2016  

  pH TDS Conductivity  Temperature  

    (ppm) (µS/cm) (ᵒC) 

  Winter summer winter summer winter summer winter summer 

P1 7.41  7.63 1323  1289 2648  2634 13  15 

P2 7.01  7.27 1191  1089 2408  2373 14  16 

P3 7.06  7.02 903  809 1850  1827 14  19 

P4 7.76  7.81 857  869 1720  1727 15  24 

P5 7.05  7.21 1839  1896 3833  2518 18  23 

 

The conductivity of the surface water along the Diep River between sampling stations P1 and 

P5 also varied slightly (1720 – 3833 µS/cm) during winter and (1727 – 2634 µS/cm) during 

spring. The highest conductivity level (3833 µS/cm), was observed during winter downstream 

of the Diep River (P5). In contrast, the highest level observed during spring (2634 µS/cm) 

was at the head stream of the surface water (P1).  

 

The sampling station P5 generally had higher temperature, TDS and conductivity values 

relative to other stations, while sampling station P4 had the highest pH values. In general, 

aside from pH values, the physico-chemical data of sampling station P5 showed higher 

values. This may not be unconnected to the consequential proximal effect of the downstream 

station water interaction, with marine water intrusions from the ocean.  

 

Levels of the three antibiotics (AMX, AMP and CHLR) studied were variable in the different 

sampling sites (P1 – P5) of the Diep River. The values were found to be low and in most 

cases, below detection limit for AMP and CHLR.  

 

AMX was the most frequently detected analyte in all the surface water samples. The levels 

detected during the winter season in sampling station P1 ranged < DL – 5.84 ± 0.08 µg/L; 

sampling station P2, 3.50 ± 0.52 – 4.91 ± 0.24 µg/L; sampling station P3, < DL – 9.13 ± 0.13 

µg/L; sampling station P4, 1.91 ± 0.42 – 5.60 ± 0.31 µg/L and sampling station P5, <DL – 

13.29 ± 0.14 µg/L (Table 4.4). During the spring season the concentration levels of AMX 

detected from sampling station P1 ranged 0.60 ± 0.32 – 1.95 ± 0.23 µg/L; sampling station 

P2, 7.71 ± 0.02 – 11.40 ± 0.12 µg/L; sampling station P3, < DL – 7.82 ± 0.16 µg/L; sampling 
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station P4, 4.09 ± 0.13 – 4.99 ± 0.23 µg/L and at sampling station P5, < DL – 11.55 ± 0.04 

µg/L (Table 4.4).   

 

Table 4.4: Levels of Amoxicillin in the Diep River surface water in Winter and Spring months of  

      2016 (value ± SD) µg/L 

Winter Spring 

P1 P2 P3 P4 P5 P1 P2 P3 P4 P5 

    <DL 3.53± 0.02     <DL 5.44±0.05 13.29±0.14 1.89±0.12 10.43±0.13 7.82±0.16 4.61±0.23       <DL 

2.44± 0.13 4.91±0.24 7.68±0.18 4.12±0.18   6.17±0.07 1.95±0.23 11.40±0.12 6.03±0.10 4.09±0.13   9.55±0.13 

5.65± 0.03 3.50±0.52 9.13±0.13 5.60±0.31   9.87±0.12 0.60±0.32    7.71±0.02       <DL 4.50±0.16 11.55±0.04 

5.84± 0.08 4.71±0.13 4.73±0.26 1.91±0.42       <DL 1.14±0.17    7.76±0.28 2.45±0.06 4.99±0.23 10.92+0.07 

 

The observed levels may be attributed to the nature and characteristics of the surface water 

at the different sampling stations. The occurrence of AMX in nearly all the surface water 

samples may be connected to discharges from domestic and industrial sources as well as 

wastewater treatment plant effluent into the Diep River. Also, the high levels observed at P5 

may be the result of the accumulation of residues on the lower drainage course of the river.   

 

AMP was detected in samples collected from station P5 only during the two seasons, at a 

concentration range of < DL – 1.24 ± 0.24 µg/L and 1.93 ± 0.28 – 5.27 ± 0.06 µg/L in winter 

and spring respectively (Table 4.5), while the concentrations were below detection limit in all 

other surface water samples. 

 

Table 4.5: Levels of Ampicillin in the Diep River surface water in Winter and Spring months of  

      2016 (value ± SD) ug/L 

Winter Spring 

P1 P2 P3 P4 P5 P1 P2 P3 P4 P5 

<DL <DL <DL <DL 0.38±0.13 <DL <DL <DL <DL 1.93±0.28 

<DL <DL <DL <DL 1.18±0.08 <DL <DL <DL <DL 3.12±0.23 

<DL <DL <DL <DL 1.24±0.24 <DL <DL <DL <DL 4.90±0.21 

<DL <DL <DL <DL <DL <DL <DL <DL <DL 5.27±0.06 

 

The levels detected at P5 were not unexpected as the sampling station is located by the 

lower drainage into a marine water intrusion biome zone, thus an accumulation of AMP 

deposition from upstream. 

 

CHLR was however not detected in any of the surface water samples analysed (Table 4.6). 

The reason for the non-detection of CHLR in the monitored water is not very clear. Some 

reports have suggested that CHLR easily degrade via hydrolysis in water (Huang & Sedlak, 

2001; Nie et al., 2014) at pH values in the range 2 - 8. Degradation by-products of the 
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antibiotic include p-nitrobenzaldehyde, arylamine or 2-amino-1-(4-nitrophenyl)propane-1,3-

diol (Nie et al., 2014). Degradation is therefore a possibility, since the pH of the surface water 

samples ranged between 7.01 and 7.81 across all sampling stations.  

 

Table 4.6: Levels of Chloramphenicol in the Diep River surface water in Winter and Spring  

      months of 2016 (value ± SD) ug/L 

Winter Spring 

P1 P2 P3 P4 P5 P1 P2 P3 P4 P5 

<DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

<DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

<DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

<DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

 

The concentration of antibiotics is generally not expected to be high in surface waters. This is 

because they are known to be prone to hydrolytic degradation over a period of time (Hou & 

Poole 1969; Huang et al., 2001; Nie et al., 2014). Huang et al. (2001) stated that β-lactams 

mainly undergo hydrolysis fairly quickly under mild conditions. Also there are strong 

tendencies of the cleavages of the β-lactam rings, resulting in the absence of the parent 

compounds (Kummerer, 2009). The results of a research done by Mitchell et al. (2014) 

demonstrated that β-lactam antibiotics hydrolyse under ambient pH and temperature 

conditions. Degradation of β-lactam antibiotics will likely occur over several weeks in most 

surface waters and over several days in more alkaline systems. 

 

Generally, among all the three β-lactam antibiotics investigated, AMX was found to be the 

most widespread in occurrence and distribution. Levels of occurrence were in the order AMX 

> AMP > CHLR. Since β-lactam antibiotics are degraded in the environment (Deschamps et 

al., 2012; Braschi et al., 2013), it is most likely that the degradation products of these 

compounds will be persistent in the environment.  

 

Despite the fact that β-lactam antibiotics account for the highest proportion of antibiotics 

consumption, the release and occurrence of β-lactams in surface waters has not been fully 

reported (Christian et al., 2003; Kummerer, 2009). A number of research studies on the 

presence of β-lactams in wastewater have reported that the occurrence of these compounds 

in treated wastewater samples, generally ranged between non-detection and low 

concentrations at µg/L levels (Christian et al., 2003; Kummerer, 2009; Deschamps et al., 

2012), in spite of the fact that they are among the most commonly prescribed antibiotics in 

most parts of the world (Hirsch et al., 1999; Le-Minh et al., 2010).  

 



 47 

4.2 Characterization of adsorbents produced from grape slurry waste for 

remediation studies 

The grape slurry was carbonized and activated with HCl, H2SO4 and KOH to produce GSAa, 

GSAb and GSB respectively. The un-carbonized and un-activated grape slurry biomass was 

labelled GS. The four materials were characterized using methods previously described in 

Chapter 3, Section 3.5.  

 

4.2.1 Moisture Content 

The relative percentages of moisture content for the different biomasses used as adsorbents 

are presented in Table 4.7. The moisture content of the carbonized biomasses activated with 

acids and alkali (GSAa, GSAb and GSB respectively) were lower than that of the precursor 

sample (GS) with moisture content of 23.38 %. Adsorbents with low moisture content are 

often desirable due to the fact that low moisture content facilitates the adsorption process 

and also improves the adsorption efficiency. The carbonization process probably resulted in 

approximately 50 % loss of the adsorbent water content with respect to GS, and also it 

reduced the capacity of the adsorbent to retain moisture.   

 

Table 4.7: Percentage moisture content of GSAa, GSAb, GSB and GS 

Adsorbent % Moisture content 

GSAa 10.48 

GSAb 9.72 

GSB 13.28 

GS 23.38 

 

4.2.2 Inorganic Matter 

The different biomass adsorbents were heated to a temperature of 500 oC for 4 h. The ash 

contents of the adsorbents are presented in Table 4.8. The low ash content for the 

carbonized adsorbents is indicative of the relative percentage proximate composition of the 

organic matter contents for GSAa, GSAb, GSB and GS, which were 93.25 %, 98.01 %, 92.68 

% and 77.40 %, respectively. The un-carbonized and inactivated adsorbent (GS) had the 

highest ash content, whilst that of the carbonized adsorbents (GSAa, GSAb, and GSB) were 

lower than 10 %. This result is consistent with the findings of Al-Qodah & Shawabkah (2009); 

Ayanda et al. (2012) and Fatoki et al. (2012), who reported low percentages of ash content in 

different activated carbonized adsorbents. The low ash content of the carbonized adsorbents 

may be attributed to the conversion of the inorganic matter content to organic during 

carbonization, hence, reduction in inorganic matter and consequent increase in the carbon 

content of the carbonized grape slurry compared to the un-carbonized one. 
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Table 4.8: Percentage ash content of GSAa, GSAb, GSB and GS 

Adsorbent % Ash content 

GSAa 6.75 

GSAb 1.99 

GSB 7.32 

GS 22.60 

 

4.2.3     pH of Adsorbents 

The pH of the carbonized and un-carbonized adsorbents appeared to be influenced by the 

pH of the reagent used for activation. The results presented in Table 4.9 indicate that 

adsorbents that were activated in acidic media (GSAa and GSAb) had acidic pH values in 

contrast to alkaline modified and unmodified materials (GSB and GS respectively). The pH 

range for the four adsorbents (GSAa, GSAb, GSB and GS) was between 4 and 10. This is 

expected, since adsorbents activated in acidic medium are expected to achieve a final pH in 

the acidic range whilst those activated in alkaline medium are expected to achieve a basic 

pH.   

 

Adsorbents with a final pH within the acidic range are considered to have a net positively 

charged surface due to an excess of H+ ions on the surface of the adsorbents. This implies 

that they may effectively remove negatively charged ionic molecules/compounds viz-a-viz 

electrostatic attraction from solution. Conversely, the basic adsorbents are expected to have 

net negatively charged surface due to the excess OH- ions on its surface, hence they are 

expected to be more electrostatically selective towards the positively charged ionic 

molecules or compounds (Kosmulski & Saneluta, 2004). However, the un-carbonized 

adsorbent, GS showed a pH value near neutral (pH of 6.61). 

 

Table 4.9: pH values of the adsorbents  

Adsorbent pH 

GSAa 5.27 

GSAb 4.43 

GSB 9.17 

GS 6.61 

  

4.2.4 Energy Dispersive X-Ray (EDX) Analysis 

Elemental analysis and quantitation of the different adsorbents (GSAa, GSAb, GSB) as well 

as the un-carbonized/unmodified adsorbent (GS) were carried out using an EDX technique. 

The results obtained for the elemental composition of the adsorbents are presented in Table 

4.10. 
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Table 4.10: Percentage elemental composition in adsorbents  

  C O Na Mg Al Si P S Cl K Ca Fe 

GSAa 89.11 9.04 0 0.23 0 0 0 0 1.12 0 0.50 0 

GSAb 85.17 12.30 0 0.23 0.28 0.85 0.15 0.30 0.12 0.19 0.43 0 

GSB 82.40 15.62 0 0.18 0 0 0 0 0 1.39 0.42 0 

GS 56.56 33.93 0.39 0.31 0.41 0.70 0.06 0 0 6.90 0.59 0.15 

 

All of the adsorbents essentially contained carbon and oxygen in different proportions. 

Carbon content ranged between 89.11 % and 56.56 %. Corresponding values for oxygen 

ranged between 9.04 % and 33.93 % with GSAa having the lowest oxygen content and GS 

the highest. All other elements occurred at trace levels. The adsorbent GSAa contained the 

highest carbon content (89.11 %) and the least oxygen content (9.04 %), while adsorbent GS 

contained the least carbon content (56.56 %) and the highest oxygen composition (33.93 %). 

This showed that the process of carbonization and activation of the grape slurry resulted in 

improved and increased carbon content of the modified adsorbents, relative to that of the un-

carbonized and un-modified adsorbent.  

 

4.2.5 Fourier Transform Infra-Red Spectroscopy (FT-IR) Analysis 

Fourier transform infra-red spectroscopy (FTIR) was used to elucidate the prominent 

functional groups on the four adsorbents (GSAa, GSAb, GSB and GS) tested in sorption 

experiments. This is because, the carbonization and chemical activation of an adsorbent 

material using different modifying agents have been reported to produce different effects in 

the functionality of the material, with possible significant differences in the FTIR absorption 

spectra line patterns (Stuart, 2004). An understanding of the characteristic surface 

functionalities of the adsorbents may provide insight on the mechanisms of sorption, such as 

physisorption or chemisorption that have been suggested as responsible for adsorbate 

removal.  

 

The infra-red spectroscopy results showing the prominent functional groups on the surfaces 

of GSAa, GSAb, GSB and GS are presented in Figures 4.2 to 4.5. Peak fitting of the 

wavelength of absorption on the FTIR spectra of the adsorbents was done by cross match 

linking the spectra obtained for each adsorbent with characteristic absorption wavelength 

bands of functional groups reported in literature (Mozgawa et al., 2004; Mozgawa et al., 

2005; Mozgawa et al., 2011; Xie et al., 2012). 

 

Five prominent wavelengths of absorption spectra lines of absorption were observed in the 

FTIR spectrum of GS. The distinct adsorption lines were noted at 2920.77 cm-1, 1818.44 cm-

1, 1032.56 cm-1 and 426.19 cm-1 and 405.09 cm-1. Peak assignment/fitting suggests that the 
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wavelength of absorption at 2920.77 cm-1 represents asymmetric C–H bonds bending 

vibrations of methyl group, and the symmetric CH2 bonds bending vibration of methylene 

groups (Peak et al., 2003; Roggo et al., 2007; Wahab et al., 2012). Wavelength band 

observed at 1818.44 cm-1 represents a vibration stretching for C=O functional group. The 

sharp adsorption band at 1032.56 cm-1 might be characteristic asymmetric stretching 

vibration of C-C(O)-C or C-O functional group (Figure 4.2): 

 

 

Figure 4.2: FTIR spectra of the un-carbonized /unmodified grape slurry adsorbent (GS)  

 

The prominent adsorption bands observed on the IR spectra of adsorbent GS were nulled in 

the IR spectra of GSAa, GSAb and GSB. This may be attributed to degradation reactions, 

such as dehydration, depolymerisation and decarboxylation arising from partially or 

significant destruction/conversion of lignin-cellulose upon thermal treatment and modification 

(Peak et al., 2003; Demirbas, 2004; Roggo et al., 2007). This probably accounted for the 

reduced functional groups on the surfaces of GSAa, GSAb and GSB, but consistent increase 

in carbon content after activation. 

 

The IR spectra of the hydrochloric acid modified adsorbent (GSAa) showed a low intensity 

spectra line at 418.25 cm-1 (Figure 4.3) in contrast to the prominent spectra peaks, observed 

on the IR spectra of the un-carbonized and unmodified grape slurry adsorbent (GS). The 

suppression of the absorption at this wavelength suggested the deformation and/or 

destruction of functional groups present on the adsorbent during carbonization and chemical 

activation. 
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Figure 4.3: FTIR spectra of hydrochloric acid (HCl) modified grape slurry adsorbent GSAa 

 

Absorption wavelength stretches and distinctive absorption bands occur at about 1590 cm-1 – 

1700 cm-1, 1100 cm-1 – 1320 cm-1; and 1600 cm-1 and 1100 cm-1. These bands may be those 

of the asymmetric C=O stretching vibrations of carbonyl, and symmetric C-C or C=C 

stretching vibrations of alkenes.   

 

The absorption wavelength stretches and distinctive absorption band lines observed on the 

FTIR absorption spectra of GSAb (Figure 4.4) is very similar to those noted on the absorption 

spectra of GSAa (Figure 4.3). However, there were slight variations between the weak 

absorption spectra lines of GSAa and GSAb in the lower spectra band regions. While 426.19 

cm-1 and 405.09 cm-1 were noted in the IR spectra of GSAa, weak 417.94 cm-1 and 403.43 

cm-1 absorption lines were observed in the lower region of GSAb IR spectra. The similarity in 

the absorption patterns of GSAa and GSAb may be said to be as a result of the 

comparatively similar effect of the acids used in the modification of the adsorbents for 

activation purposes.  
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Figure 4.4: FTIR spectra of sulphuric acid (H2SO4) modified grape slurry adsorbent GSAb  

 

Some spectra lines of adsorption were obtained around 1700 cm-1, and 1032.56 cm-1, which 

may have been due to asymmetric stretching vibrations of C=O bonds and symmetric C=C 

stretching vibrations of alkenes on the surface of GSAb. Also, two weak spectra lines of 

absorption at 417.94 cm-1 and 403.43 cm-1 were observed on the IR spectra pattern of GSAb, 

close to the 426.19 cm-1 and 405.09 cm-1 spectra lines of absorption observed on the spectra 

line pattern of GS.  

 

The absorption spectra lines, which appeared at 2920.77 cm-1 on the FTIR spectra of GS 

were absent on the FTIR spectra of GSAb. This suggests the probable loss of C-H and CH2 

stretching vibrations in GSAb due to the combustion of hydrogen in carbonization.  

 

The modification of the carbonized grape slurry adsorbent in potassium hydroxide (KOH) 

(GSB) resulted in the production of a different absorption pattern on the FTIR spectra 

compared with acid modified patterns. Some absorption bands observed along the spectral 

line of GS at the higher absorption region were not completely nulled (suppressed) in the 

GSB spectrum (Figure 4.5).   

 

 



 53 

 

Figure 4.5: FTIR spectra of potassium hydroxide (KOH) modified grape slurry adsorbent GSB 

 

A shift in absorption from 2920.77 cm-1 was observed at absorption band 3240.85 cm-1. 

Absorption stretch at wavelength between 3200 and 3500 cm-1 has been reported to be 

characteristic of O-H stretch, perhaps from surface waters or the alkaline solution used for 

adsorbent modification (Zhang & Chuang, 2001).  

Absorption wavelength stretch 1600 cm-1 – 1700 cm-1, 1420 cm-1 – 1490 cm-1, 1000 cm-1 – 

1100 cm-1, and distinctive absorption at 406.09 cm-1 were also observed to occur along the 

absorption spectra line of GSB. The stretching vibration band at 1600 cm-1 – 1700 cm-1 may 

be that of the asymmetric C=O, and symmetric C=C stretching vibrations of carbonyl or olefin 

compounds. A broad band was observed at 1030.63 cm-1: and this can be assigned to 

stretching vibration of the C-O functional group (Mozgawa et al., 2005, Roggo et al., 2007; 

Mozgawa et al., 2011, Xie et al., 2012). 

 

4.3 BATCH SORPTION EXPERIMENTS 

Milli-Q water spiked with 40 mg/L of AMX, AMP and CHLR, was used for batch sorption 

experiments, using the four adsorbents (i.e. GSAa, GSAb, GSB and GS). The sorption 

parameters - contact time, adsorbent dose, pH and temperature were optimized to determine 

their effect on the adsorption efficiencies and capacities of the adsorbents for the antibiotics.  
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4.3.1 Kinetic Studies 

4.3.1.1 Effect of Contact Time 

The effect of contact time on adsorption of the antibiotics (AMX, AMP and CHLR) from 40 

mg/L standard solutions of each of the antibiotics onto the four different adsorbents (GSAa, 

GSAb, GSB and GS) was investigated. The masses of the adsorbents were kept constant at 

0.1 g for every 25 ml of standard solutions of the different antibiotics. All solutions were kept 

at room temperature (25 oC) and shaken on an orbital mechanical shaker (Labotec 

OrbiShake, Germany) for a total period of 5 h with a revolution of 120 rpm. 

 

Figure 4.6 shows the effect of contact time on AMX, AMP and CHLR removal from aqueous 

solutions using GSAa. The equilibrium times obtained for the sorption of AMX, AMP and 

CHLR onto GSAa were 120 min, 150 min and 90 min, respectively. This indicates that the 

GSAa adsorbent showed relatively better selectivity towards CHLR, followed by AMX and 

then AMP. These equilibrium times were applied for all further batch experiments carried out. 

The sorption quantities of AMX, AMP and CHLR adsorbed at equilibrium were 2.964 mg/g, 

2.608 mg/g and 3.007 mg/g respectively. 

 

 

Figure 4.6: Effect of contact time on the sorption of AMX, AMP and CHLR from solution using     

      GSAa  

 

Similar sorption trend was observed for the adsorption AMX, AMP and CHLR onto GSAb 

(Figure 4.7). Although the process proceeded faster for CHLR, the equilibrium times for all 

adsorbates did not shift compared to those obtained using GSAa.  However, there were 
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slight increases in the amount of AMX and AMP adsorbed from solution onto GSAb at 

equilibrium (2.992 mg/g and 2.700 mg/g, respectively). A slight decrease in the quantity 

adsorbed was observed for CHLR (2.798 mg/g). The adsorbent showed a better selectivity 

towards AMX relative to AMP and CHLR. 

 

 

Figure 4.7: Effect of contact time on the sorption of AMX, AMP and CHLR from solution using  

      GSAb  

 

The selectivity and equilibrium contact time for the adsorption of AMX, AMP and CHLR onto 

GSB varied. The sorption processes’ equilibria for AMX, AMP and CHLR were attained at 

120, 90 and 150 min respectively. Figure 4.8 shows that the removal of CHLR by GSB was 

better with 3.104 mg/g adsorbed at a contact time of 150 min, compared to AMX and AMP 

with corresponding values of 2.971 mg/g and 2.838 mg/g, respectively. 
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Figure 4.8: Effect of contact time on the sorption of AMX, AMP and CHLR from solution using 

      GSB  

 

GS showed a very poor sorption capacity for AMP and CHLR (Figure 4.9). However, it gave 

better sorption selectivity towards AMX, with equilibrium sorption quantity of 2.940 mg/g at 

150 min. The maximum amounts of AMP and CHLR adsorbed by GS were 1.724 mg/g at 

150 min and 1.650 mg/g at 90 min, respectively. These values were relatively low compared 

to those observed for GSAa, GSAb and GSB.   
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Figure 4.9: Effect of contact time on the sorption of AMX, AMP and CHLR from solution using 

      GS 

 

The sorption of AMX onto GSAa, GSAb and GSB attained equilibrium at 120 min, while with 

GS it was 150 min; CHLR onto GSAa and GSAb reached equilibrium at 90 min, with that for 

GS and GSB at 60 min and 150 min respectively. The adsorption of AMP onto all adsorbents 

attained equilibrium time at 150 min except for GSB with an equilibrium time of 90 min. 

 

The contact time required for the adsorption processes to reach equilibrium is variable for the 

different adsorbents. The process proceeded rapidly for CHLR on the different adsorbents, 

reaching sorption equilibrium after an average time of 90 min, while AMX and AMP attained 

an average equilibrium time of 120 min and 150 min respectively for all adsorbents (Figures 

4.6 - 4.9). Steep slopes indicating sharp increases in adsorption of the adsorbates were 

observed in the diagrams before equilibrium was attained, after which flat trend lines 

followed. The sorption trend lines are consistent with the findings of Ayanda et al. (2013) who 

reported tributyltin adsorption from contaminated water using fly ash, activated carbon and fly 

ash/activated carbon composite, and that of Mohammad et al. (2014), who worked on 

fluoride adsorption using modified Lemna minor. The adsorption of adsorbates on the 

adsorbents proceeded fast and increased gradually until equilibrium was reached. This may 

probably be due to the availability of large numbers of functional sites for adsorption on the 

surface of the sorbent materials. Over time, the active surface sites become occupied thus 

slowing the intra-particle diffusibility (pore diffusion) sorption of the adsorbate onto sorption 

sites of the adsorbents (Shaibu et al., 2014). This might result in an increase in the repulsive 

0

0.5

1

1.5

2

2.5

3

3.5

0 50 100 150 200 250 300 350

q
 (

m
g/

g)

time (min)

Amoxicillin adsorbed Ampicillin  adsorbed Chloramphenicol adsorbed



 58 

forces between the solid molecules and the bulk phase, thereby pushing the adsorption 

process towards equilibrium.  

 

There was no significant difference in the sorption capacity of the adsorbents for all the three 

antibiotics beyond the sorption contact equilibrium time. Hence any further increase in 

contact time after equilibrium would not facilitate significant difference on the sorption 

capacity of the adsorbents. It is important to note that, modification of the adsorbent 

materials is inconsequential to the adsorption of AMX onto all the adsorbents, whereas the 

sorption of AMP and CHLR were enhanced by the modification of the adsorbents.  

 

4.3.1.2 Comparison of Sorption Efficiencies of Adsorbents 

The rate of adsorption for molecules of the adsorbates onto the adsorbent surfaces is 

expressed using the kinetic process. A comparative evaluation on the effectiveness of the 

use of different adsorbents in the removal of antibiotics from solution was conducted in order 

to understand the kinetics of the adsorption processes. Comparative sorptions of AMX, AMP 

and CHLR onto the different adsorbents are presented in Figures 4.10, 4.11 and 4.12.   

 

The sorption of AMX onto all of the adsorbents was rapid, with sharp increases in the 

adsorption of AMX from solution. The adsorbents had good removal efficiency for AMX, with 

equilibrium sorption time of 120 min for the four adsorbents (Figure 4.10).  

 

 

Figure 4.10: Sorption kinetics of AMX from solution using GSAa, GSAb, GSB and GS 
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However, the rates at which the sorption process of AMX attained equilibrium onto each of 

the adsorbents were not significantly different from each other. At equilibrium, the sorption 

efficiencies of the adsorbents for the removal of AMX ranged between 45.70 % for GS and 

47.87 % for GSAb. This implies that all the adsorbents were competitive in the removal of 

AMX from solution.  

 

The adsorption of AMP from solution onto the different adsorbents is presented in Figure 

4.11. The different adsorbents showed variable sorption capacities, and different equilibrium 

times for the sorption of AMP. GSB was selective towards the removal of AMP relative to the 

other three adsorbents (GSAa, GSAb and GS). Equilibrium was attained using GSB at 90 

min with a sorption quantity of 32.43 % (Figure 4.11) 

.  

 

Figure 4.11: Sorption kinetics of AMP from solution using GSAa, GSAb, GSB and GS  

 

GS however gave the lowest adsorption capacity of 19.70 % for AMP and reached 

equilibrium at 150 min. AMP sorption equilibria was attained at 150 min using GSAa and 

GSAb. The selectivity of the adsorbents for AMP were generally in the order GSB > GSAb > 

GSAa > GS  

 

The adsorption pattern for CHLR from solution differs greatly with the four adsorbents, each 

attaining equilibrium at different times (Figure 4.12). The sorption of CHLR onto GS was the 

fastest, reaching equilibrium at 60 min. GS however had the lowest sorption capacity for 

CHLR implying its poor efficiency in removing the adsorbate from solution. 
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Figure 4.12: Sorption kinetics of CHLR from solution using GSAa, GSAb, GSB and GS  

 

GSB had the highest sorption capacity for CHLR, but attained equilibrium last (150 min). In 

contrast GSAa and GSAb reached equilibria at about 90 min. The highest percentage 

sorption capacities obtained for CHLR onto GS, GSAb, GSAa and GSB were 18.85 %, 31.98 

%, 34.28 % and 35.48 % respectively.  

 

4.3.1.3  Rate Kinetics 

The sorption of solutes onto the different adsorbents can proceed by different mechanisms 

governed by the physico-chemical conditions under which the adsorption process takes 

place, as well as the heterogeneity of reactive sites. It is therefore important to understand 

the sorption mechanism that is aligned with each particular adsorbate, in order to be able to 

describe and design effectively and efficiently, future feasibilities of the adsorption at large 

scale. In order to investigate the mechanism controlling the adsorption process, the pseudo-

first-order, pseudo-second-order and the Elovich kinetic rate models were tested to model 

the kinetics of AMX, AMP and CHLR adsorption onto the various adsorbents.  

 

The calculated constant parameters for the pseudo-first-order, pseudo-second-order and the 

Elovich models obtained by non-linear regression for the adsorbates using GSAa are 

summarized in Table 4.11.  
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Table 4.11: Kinetic parameters for the sorption of AMX, AMP and CHLR from solution by  

       GSAa 

GSAa   k1 qe R2 

Pseudo-first Order AMX 1.497 x 10-2           4.107 0.3121 

 

AMP 1.612 x 10-2 2.846 0.8050 

 

CHLR 1.842 x 10-2 4.576 0.7842 

 

  k2 qe R2 

Pseudo-second 

Order AMX 6.882 x 10-6           3.017 0.9879 

 

AMP 4.514 x 10-4           2.657 0.9969 

 

CHLR 4.403 x 10-3           3.235 0.8174 

 

  Αε Β R2 

Elovich AMX 0.0263 1.571 0.6342 

 

AMP 0.0316 1.922 0.6760 

 

CHLR 0.0383 1.668 0.7495 

 

The kinetic data for the adsorption of AMX onto GSAa revealed that, the sorption process 

may be better explained by using pseudo-second-order and the Elovich models, with good 

correlations to the kinetic data (R2 of 0.9879 and 0.6342, respectively) compared to the 

pseudo-first-order model. Furthermore, the values of qe obtained from the pseudo-second-

order model are not significantly different to the experimental values obtained. According to 

Sikarwar & Jain (2016), the mechanism for the removal of an adsorbate by an adsorbent is a 

complex if the linear portion of the curves do not pass through the origin (y = 0.36628x + 

0.7589, pseudo-second-order model; and y = 0.6364x - 0.7733, Elovich model). Thus, these 

two models assume that chemisorption is dominant and that it controls the adsorption (Ho, 

2006). The results are in agreement with the findings of Budyanto et al. (2008); Moussavi et 

al. (2013); and Chayid & Ahmed (2015) on the sorption of AMX onto activated carbons 

prepared from coconut shells, pomegranate wood and arundo donaxl linn respectively.  

 

Results for the sorption kinetics of AMP onto GSAa (Table 4.11) showed that the kinetic data 

obtained for the adsorption process are better represented by all the kinetic models tested. 

However, the pseudo-first order and the pseudo-second order had high R2 values compared 

to the Elovich model.  Moreover, slight deviations between the calculated and experimental 

adsorption capacity, qe, reflects good fit of experimental data into the kinetic models. These 

results suggest that the adsorption mechanism involves both the physical and chemical 

processes (Queiroz et al., 2001).  

 

The kinetic data for the adsorption of CHLR using GSAa followed similar pattern with those 

of AMP. The correlation values (R2) for the pseudo-first-order, pseudo-second-order and the 
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Elovich models were not significantly different (p < 0.05) from one and other, with the R2 

values ranged between 0.7495 and 0.8174 for the three models. However, there was a large 

deviation between the calculated and experimental adsorption capacity with the pseudo-first-

order equation as seen from the table reflecting poor pseudo-first-order fit to the 

experimental data. The pseudo-second-order and Elovich model thus explains the reaction 

mechanism for the adsorption of CHLR from solution, suggesting the adsorption proceed 

largely by chemisorption. The results agree with the previous findings of Ma et al. (2015) on 

the sorption of CHLR using shell molecularly imprinted polymers.  

 

The results of the kinetic parameters, and the correlation coefficients (R2) for the adsorption 

processes of AMX, AMP and CHLR onto GSAb, are presented in Table 4.12.   

 

Table 4.12: Kinetic parameters for the sorption of AMX, AMP and CHLR from solution by  

        GSAb 

GSAb   k1 qe R2 

Pseudo-first Order AMX 2.050 x 10-2          2.446 0.5395 

 

AMP 3.362 x 10-2          3.280 0.6963 

 

CHLR 1.704 x 10-5          2.906 0.8629 

  

k2 qe R2 

Pseudo-second 

Order AMX 9.718 x 10-4            3.068 0.9913 

 

AMP 7.721 x 10-5            2.656 0.9820 

 

CHLR 1.223 x 10-2            2.879 0.9608 

  

Αε β R2 

Elovich AMX 0.0374 1.565 0.6488 

 

AMP 0.0082 1.893 0.5977 

 

CHLR 0.0374 1.833 0.8685 

 

The correlation coefficients (R2) obtained for the sorption of AMX from solution onto GSAb 

using the non-linear regression of the pseudo-first-order, pseudo-second-order and the 

Elovich kinetic models were all  greater than 0.50. However, the R2 value of the pseudo-

second-order model was significantly higher (R2 = 0.9913) than those of the pseudo-first-

order (R2 = 0.5395) and the Elovich (R2 = 0.6488) models. This suggests chemisorption as 

the predominating mechanism for the adsorption process. The theoretical qe value obtained 

from this model was closer to the experimental value relative to that of the pseudo-first-order 

model. Thus, the pseudo-second-order model described the adsorption of AMX onto GSAb. 

The adsorption of AMX onto GSAb can therefore be assumed to proceed via the 

chemisorption. Firdaous et al. (2017) noted that adsorption processes, proceeding via 

chemisorption are as a result of the adsorbent surfaces having active sites exhibiting 
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different activation energies due to surface heterogeneity resultant of the Elovich model 

contribution to the kinetics mechanism 

 

The kinetic data obtained for the adsorption of AMP onto GSAb (Table 4.12) is probably 

better explained by the non-linear pseudo-second-order model, which gave the highest 

correlation coefficient value (R2 > 0.98), followed by the pseudo-first-order (R2 > 0.68) and 

then the Elovich model (R2 > 0.59). In addition, there was a good agreement between the 

calculated qe value derived from this model and the experimental one in comparison to that 

obtained with the pseudo-first-order. Based on this result, the sorption of AMP onto GSAb 

could be considered a second-order reaction (Munagapati & Kim, 2017).  

 

Fitting the kinetic data for adsorption of CHLR onto GSAb into the tested kinetic models all 

gave high coefficients of correlation (R2 > 0.86). Furthermore, the pseudo-first order and the 

pseudo-second order models gave qe values that were in agreement with the experimental 

values. This indicates that both models described the kinetics of the adsorption process well. 

Since the pseudo-second-order explains the external liquid film diffusion, surface adsorption 

and intra-particle diffusion processes (Vadivelan & Kumar, 2005), this model provided a more 

comprehensive and accurate reflection of the adsorption mechanism of CHLR onto GSAb 

than did the pseudo-first-order. The Elovich model describes the heterogeneous diffusion 

process, which is comprehensively regulated as the reaction rate and diffusion factor.  The 

adsorption of CHLR was an integrative process that was controlled by reaction rate and 

diffusion, a conclusion that is consistent with the results of the pseudo-second-order kinetic 

model (Fan et al., 2017). 

 

Table 4.13 shows the calculated correlative parameters and correlation coefficients for the 

three kinetic models applied in the adsorption study of AMX, AMP and CHLR onto GSB.  
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Table 4.13: Kinetic parameters for the sorption of AMX, AMP and CHLR from solution by  

        GSB 

GSB   k1 qe R2 

Pseudo-first Order AMX 2.188 x 10-2         3.107 0.8174 

 

AMP 1.313 x 10-2         0.897 0.8157 

 

CHLR 1.635 x 10-2         3.953 0.7137 

  

k2 qe R2 

Pseudo-second 

Order AMX 1.573 x 10-3       4.671 0.9447 

 

AMP 2.828 x 10-2       2.930 0.9851 

 

CHLR 3.555 x 10-3       3.211 0.9818 

  

Αε β R2 

Elovich AMX 0.0283 1.670 0.7548 

 

AMP 0.0583 1.904 0.8780 

 

CHLR 0.0473 1.648 0.8111 

 

The pseudo-second-order model gave a high coefficient of correlation (R2 > 0.94) for the 

sorption of AMX onto GSB, compared to those obtained for the pseudo-first-order (R2 > 0.81) 

and the Elovich (R2 > 0.75) models. The theoretical qe value obtained with the pseudo-first-

order was too high than the experimental value, indicating that the adsorption of AMX onto 

GSB is not a first-order reaction. Thus, the fit of the kinetic data and high coefficient of 

correlation (R2 > 0.94) is suggestive that the sorption of AMX onto GSB could be considered 

a pseudo-second order reaction. The process is therefore assumed to follow a chemisorptive 

diffusion process since the Elovich model also slightly contributed to the mechanism. This 

observation is consistent with the findings of Pezoti et al. (2016) on the sorption of AMX onto 

NaOH-activated carbon.  

 

High correlation coefficient values (R2) ranging from 0.8157 to 0.9851 were obtained for the 

adsorption of AMP onto GSB using all three models. The pseudo-second order and the 

Elovich models better described the rate kinetic and mechanism for the adsorption of AMP. 

This is because the experimental qe value and the theoretical qe obtained using the pseudo-

first-order model was not in agreement. This implies that the sorption of AMP proceeds via a 

heterogeneous chemical diffusion process and that the pseudo-second-order is the rate 

limiting step (Sun et al., 2014). Similar results were reported by Martins et al. (2015), using a 

base-activated carbon for adsorption of tetracycline. 

 

Similar results were obtained for the sorption of CHLR onto GSB. High values for the 

correlation coefficients (R2 > 0.71) were obtained using all three kinetic models. The pseudo-

second-order and the Elovich models with R2 > 0.98 and R2 > 0.81, respectively, describe the 
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reaction rate and mechanism for the adsorption of CHLR. This is because the qe value 

obtained using the pseudo-first-order equation did not agree with the experimental qe value, 

thus limiting it as a probable model for CHLR adsorption kinetics. Based on the results 

obtained, adsorption of CHLR onto GSB was predominantly a chemisorption process.  

  

The kinetic parameters and coefficients of correlation calculated from the non-linear 

regression equations of the pseudo-first-order, pseudo-second-order and the Elovich kinetic 

models for the sorption of the antibiotics onto GS are presented in Table 4.14.  

 

Table 4.14: Kinetic parameters for the sorption of AMX, AMP and CHLR from solution by GS 

GS   k1 qe R2 

Pseudo-first Order AMX 2.303 x 10-2 3.172 0.9047 

 

AMP 1.958 x 10-2           1.812 0.8736 

 

CHLR 1.336 x 10-2           0.802 0.4664 

  

k2 qe R2 

Pseudo-second 

Order AMX 3.722 x 10-3           3.801 0.0869 

 

AMP 3.529 x 10-2           5.637 0.0769 

 

CHLR 1.196 x 10-2           1.774 0.7990 

  

Αε Β R2 

Elovich AMX 0.0340 1.7062 0.7954 

 

AMP 0.0074 3.002 0.5629 

 

CHLR 0.0092 3.385 0.7242 

 

From the results, the adsorption of AMX onto GS can be assumed to follow the pseudo-first-

order and the Elovich models since they gave better fits for the experimental data. The 

coefficients of correlation for the two models were R2 > 0.7954 and R2 > 0.9047, respectively. 

In addition, the pseudo-first-order gave a theoretical qe value that was close to the 

experimental value. This indicated that the adsorption process of AMX is a first-order 

reaction. This implies that the adsorption process proceeds via a physical heterogeneous 

diffusion process (physisorption). In physisorption processes, adsorbents could be recovered 

since no chemical reaction occurred between the adsorbent surface and the adsorbate 

molecules (Olatunji et al. 2016). Budyanto et al. (2008) reported similar observation for the 

sorption of AMX from simulated wastewater onto activated carbon and natural bentonite.  

 

A similar trend was obtained for the adsorption of AMP onto GS. The pseudo-first-order and 

the Elovich models gave high correlation coefficients (R2 of 0.8736 and 0.5629 respectively). 

Due to the significant difference between the correlation coefficient values of these two 

models, the pseudo-first-order was considered to be the rate limiting step. This implies that 
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the adsorption process was controlled by physisorption. In this case, the adsorption of AMP 

onto GS took place as a result of physical interactions such as Van der Waals forces 

between the surface group of adsorbent and the adsorbate molecule as described by 

Rahardjo et al. (2011).  

 

The experimental data for the adsorption of CHLR fitted better into the pseudo-second-order 

and the Elovich model giving R2 values in the range 0.7242 to 0.7990. The theoretical qe 

value that was in agreement with the experimental qe value was obtained for the pseudo-

second order model, and thus used to describe the adsorption rate and mechanism. From 

these findings it could be ruled out that the sorption of CHLR onto GS followed a chemical 

diffusion process on a heterogeneous surface as reported by Fan et al. (2017). Generally, 

the pseudo-second-order model is also known to be a special kind of Langmuir kinetics, 

which assumes that adsorbate concentration is constant in relation to time and the total 

number of binding sites, and dependent on the amount of adsorbate adsorbed at equilibrium 

(Gupta & Bhattacharyya, 2011; Pezoti et al., 2016).  

 

 4.3.2 Effect of adsorbent dosage 

Every adsorbent reaches an equilibrium optimum capacity for the sorption of a compound at 

a specific adsorbent mass. This parameter is important because it influences adsorption of 

adsorbates from aqueous solutions. For the respective antibiotics, 40 mg/L standard 

solutions were prepared. Variable masses (0.1 g to 0.4 g) of the four adsorbents were 

weighed and added to the respective standard solutions (25 ml), with other parameters 

(temperature, rotation speed and pH) kept constant. The solutions were stirred at room 

temperature, using a horizontal mechanical shaker at a rotation speed of 120 rpm for the 

variable optimized equilibrium times.  

 

The effect of adsorbent dose on the removal of AMX, AMP and CHLR from solution using 

GSAa, is shown in Figure 4.13.  
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Figure 4.13: Effect of GSAa mass on the sorption of AMX, AMP and CHLR from solutions  

  

There were sharp increases in the sorption capacities of the adsorbents for the antibiotics 

with increasing adsorbent dose from 0.1 g to about 0.3 g for every 25 ml solute. This may be 

credited to the availability of more surface active sites as the adsorbent dose is increased. 

According to Fakhri & Adami (2014), an increase in dose and conglomeration of the 

adsorbent results in increased availability of surface sites for adsorption. Further increases in 

the adsorbent dose from 0.3 g to 0.4 g resulted in no significant differences in the 

enhancement of sorption for the antibiotics. The maximum percentage adsorption recorded 

for AMX, AMP and CHLR were 75.46, 72.51 and 72.69 respectively. 

 

Adsorption efficiency of GSAb for the sorption of AMX, AMP and CHLR showed steady 

increases with increased adsorbent dosage (Figure 4.14). GSAb showed a better affinity for 

AMP removal relative to AMX and CHLR. The maximum sorption percentages observed for 

AMX, AMP and CHLR were 59.46, 62.09 and 58.99 respectively for a GSAb dosage of 0.4 g. 
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Figure 4.14: Effect of GSAb mass on the sorption of AMX, AMP and CHLR from solution  

 

Increased percentage adsorption of all analytes was observed with increasing adsorbent 

dosage. However, the maximum percentages of antibiotics adsorbed from solution using 

GSAb were lower than previously obtained using GSAa. Demirbas et al. (2004) reported that 

the use certain reagents such as H2SO4 for the activation of adsorbents may result in 

reduced number of activation sites on the adsorbent surface. This in turn limits the maximum 

amount of adsorbates that could be removed from solution, thus limiting efficiency of 

adsorption (Aminu et al., 2010; Ahile et al., 2015). 

 

Figure 4.15 presents the plot of the effect of adsorbent dosage on the adsorption efficiency of 

AMX, AMP and CHLR onto GSB. The sorption of the antibiotics also consistently increased 

with an increase in GSB dose up to an optimum mass of 0.3 g. At an adsorbent dose above 

0.3 g, no significant increase in the sorption of antibiotics was obtained.  
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Figure 4.15: Effect of GSB mass on the sorption of AMX, AMP and CHLR from solution 

 

Increasing the dosage of GSB showed enhanced removal efficiencies of the antibiotics from 

aqueous solutions compared to the acid modified adsorbents (GSAa and GSAb). The 

maximum adsorption capacities of the adsorbent for the antibiotics were 87.10 %; 73.77 % 

and 91.08 % for AMX, AMP and CHLR respectively. The enhanced adsorption suggests that 

GSB had more active binding sites, thus presenting an increase in available surface area for 

adsorption. Asgari et al. (2012) as well as Guler & Sarioglu (2014) noted that enhanced 

sorption may be the result of availability of active binding sites due to increased surface area 

brought about by adsorbent activation or modification.   

 

Although increasing the dose of GS resulted in an increase in the adsorption of AMX, AMP 

and CHLR, the sorption efficiencies of the adsorbates from aqueous solution were poor 

(Figure 4.16). The maximum percentage sorption values recorded for AMX, AMP and CHLR 

were 35.33, 43.09 and 39.25 respectively. The poor adsorption may be due to low organic 

matter content and high moisture content of GS relative to other adsorbents. Ghasemi et al. 

(2014) reported that poor sorption could be a product of low active functional sites on the 

surface of the adsorbent and pore spaces that are not well defined.  
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Figure 4.16: Effect of GS mass on the sorption of AMX, AMP and CHLR from solution  

 

It has been reported that an increase in the amount of the adsorbent dosage is expected to 

increase percentage of adsorbates adsorbed (Shaibu et al., 2014). This is because 

increasing the adsorbent dosage increases the amount of surface area available for the 

adsorbates to be adsorbed out of solution (Mahmoodi et al., 2011; Shaibu et al., 2014). At 

higher adsorbent to antibiotic concentration ratios, there was an increase in the magnitude of 

the percentage removal of the antibiotics. Zhang et al. (2012) suggested that a fixed dose of 

adsorbent can only adsorb a certain amount of adsorbate. Therefore, increase in adsorbent 

dose would result in increase in the quantity of adsorbate that can be sorbed out of solution. 

Generally, the uptake of the antibiotics using various dosages (0.1 – 0.4 g) of the four 

adsorbents increased reaching a maximum equilibrium uptake capacity (qe) at 0.3 g, after 

which there was no significant increase in sorption. According to a report by Nandi et al. 

(2008), the decrease in significant variations in the antibiotics uptake value (qe) may be due 

to the splitting effect of the flux (concentration gradient) between the antibiotics and 

adsorbent. GSB had a better sorption capacity for the three antibiotics relative to GSAa, 

GSAb, and GS. 

 

4.3.3 Equilibrium Studies 

4.3.3.1 Effect of initial concentration  

An important driving force required to facilitate adsorption process is provided for by the 

initial concentration, in order to overcome the mass transfer resistance of the antibiotics 

between the solute and the aqueous phase (Hameed & Rahman, 2008; Shaibu et al., 2014). 
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When the adsorbate particles succeed in overcoming the mass transfer resistance, 

adsorption is favoured and the percentage removal of the adsorbates molecules increases. 

This process is also determined by the pore size and the ability of the adsorbent surface to 

retain the adsorbate molecules. 

 

Plots showing the effect of initial adsorbate concentration on the sorption efficiencies of 

adsorbents for AMX, AMP and CHLR are presented in Figures 4.17 to Figure 4.20. It was 

observed that the quantity of antibiotics removed by the adsorbents decreased with an 

increase in the initial concentration of the antibiotics. This is because, at lower adsorbate 

concentrations, there were more vacant adsorption sites available on the adsorbent for the 

adsorbate molecules to sorb on, until the adsorbent surface was saturated. There was 

therefore an inverse relationship between sorption capacity of the adsorbents and the initial 

concentration of the antibiotics.  

 

Figure 4.17: Effect of initial adsorbate concentration on the sorption of AMX, AMP and CHLR  

                     from solution using GSAa 

 

As the concentration of antibiotics increased, the adsorption efficiency of antibiotics onto 

GSAa dropped significantly (Figure 4.17). Removal of antibiotics at the initial concentration of 

30 mg/L was 2.104 mg/g, 1.650 mg/g, and 1.686 mg/g for AMX, AMP and CHLR 

respectively, and this decreased to 0.159 mg/g, 0.084 mg/g and 1.356 mg/g, respectively, 

when the initial concentration of antibiotics was increased step wise to 100 mg/L. This is 

because as the number of adsorbates increase with increasing concentration, the number of 
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active sites for adsorption becomes limited resulting in reduced adsorption quantity. 

Moussavi & Khosravi (2010) and Moussavi et al. (2013) noted that as long as the adsorbent 

concentration remains constant during sorption (adsorbent mass/volume of solution), a 

decrease in the removal efficiency with increased initial adsorbate concentration is related to 

limited availability of adsorption sites for an increased amount of adsorbate molecules.   

 

 

Figure 4.18: Effect of initial adsorbate concentration on the sorption of AMX, AMP and CHLR 

        from solution by GSAb 

 

GSAb showed a greater affinity for AMX in solution compared to AMP and CHLR with the 

highest adsorbed quantity of 2.304 mg/g (Figure 4.18). The maximum quantities of AMP and 

CHLR removed from the solution during the adsorption process using GSAb were 1.639 

mg/g for both compounds. However, the percentage uptake of antibiotics decreased with 

increase in initial concentrations due to the presence of finite number of active sites on 

GSAb. According to Adriano et al. (2005) and Mohd-Din et al. (2015), a decrease in the 

amount of adsorbate sorbed from solution as concentration increases may be attributed to 

the adsorbent surfaces being saturated quickly, thus limiting uptake of the adsorbates. 

 

Figure 4.19 shows the effect of adsorbate initial concentration on the sorption efficiency of 

GSB for AMX, AMP and CHLR. 
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Figure 4.19: Effect of initial adsorbate concentration on the sorption of AMX, AMP and CHLR 

        from solution by GSB 

 

The result showed that GSB had a better selectivity towards CHLR compared to the other 

two adsorbates. While the antibiotics removal for AMX, AMP and CHLR was 1.834 mg/g, 

1.631 mg/g and 2.040 mg/g for a 30 mg/L initial concentration, it decreased to 0.599 mg/g, 

0.427 mg/g and 0.269 mg/g, respectively at 100 mg/L. This was assumed to be due to the 

surface of GSB being saturated with the antibiotic molecules as a result of limited active sites 

for adsorption.  

 

Results for the removal efficiencies of AMX, AMP and CHLR by GS are shown in Figure 

4.20. 
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Figure 4.20: Effect of initial adsorbate concentration on the sorption of AMX, AMP and CHLR 

          from solution by GS         

 

GS was found to be more selective towards AMX relative to the other antibiotics. The 

removal efficiency of the adsorbent for antibiotics decreased rapidly with an increase in initial 

concentration from 30 mg/L to 100 mg/L. The highest equilibrium adsorbed quantities of the 

adsorbates (AMX, AMP and CHLR) were 1.734 mg/g; 1.295 mg/g and 1.066 mg/g 

respectively at 30 mg/L. Furthermore, the assumed consequence for reaching sorption 

equilibrium was that the amount of adsorbed molecules depends on conditions such as the 

initial adsorbate concentration and the driving force to overcome resistance of mass transfer 

for adsorbates, with the number of available adsorption sites being a limiting factor. The drop 

in adsorption efficiency could be a result of adsorption reaching saturation at a high antibiotic 

concentration due to a limited number of surface binding sites.  

 

Of the three antibiotics studied, AMX was found to be easily removed from solution relative to 

AMP and CHLR using GSAa, GSAb and GS. On the other hand, GSB showed a better 

affinity for CHLR removal from solution. Based on the result obtained from the effect of initial 

antibiotic concentration on the efficiency of adsorption using GSAa, GSAb, GSB and GS, it 

was observed that lower initial concentration favours the antibiotics adsorption processes.   
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4.3.3.2 Adsorption isotherms 

Adsorption isotherms are very important for the optimization of the adsorption system. They 

indicate how the adsorption molecules distribute between the liquid phase and the solid 

phase when the adsorption process reaches equilibrium (Tan et al., 2007). Analysis of the 

isotherm data fit into the different isotherm models is an important step to finding the suitable 

model that can be used for design purposes (El-Guendi, 1991; Fytianos et al., 2000). There 

are several isotherm models available for analysing experimental data and for describing the 

equilibrium of adsorption. These include Langmuir, Freundlich and Temkin isotherm 

equations which were also tested in this work. The applicability of the isotherm models to the 

adsorption studies done was compared by evaluating the correlation coefficients, R2 values.  

 

Langmuir isotherm assumes monolayer adsorption onto a surface containing a finite number 

of adsorption sites of uniform strategies of adsorption with no transmigration of adsorbate in 

the plane of surface (Weber & Chakkravorti, 1974). The essential characteristics of the 

Langmuir isotherm can be expressed in terms of a dimensionless equilibrium parameter (RL) 

(Weber & Chakkravorti, 1974). The value of RL indicates the type of the isotherm to be either 

favourable (0 < RL < 1), unfavourable (RL > 1), linear (RL = 1) or irreversible (RL = 0).   

 

On the other hand, the Freundlich isotherm assumes heterogeneous surface energies, in 

which the energy term in Langmuir equation varies as a function of the surface 

coverage (Tan et al., 2007). The Freundlich parameter, commonly known as the 

heterogeneity factor, NF is used to determine the mechanisms responsible for the sorption 

processes. Kumar et al. (2010) and Pezoti et al. (2016) explained that the Freundlich 

parameter index NF is a measure of deviation from linearity of adsorption, which indicates 

that an adsorption process is linear when NF=1, chemical when NF<1 and physical when 

NF>1. Also NF values above 10 indicate that the adsorption process was irreversible (Do, 

1998).  

 

The Temkin isotherm considers the effect of indirect adsorbate/adsorbate interactions on 

adsorption isotherms. The model assumes that the heat of adsorption of all the molecules in 

the layer would decrease linearly with coverage due to adsorbate/adsorbate interactions 

(Dada et al., 2012). A Temkin constant, B, which is related to the heat of sorption (J/mol), 

indicates the kind of mechanism that influences the sorption.   

 

All data obtained from the effect of initial concentration on the efficiency of adsorption of 

GSAa for AMX, AMP and CHLR from solution were fitted into the Freundlich, Langmuir and 

Temkin isotherms and the results are presented in Table 4.15.  
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Table 4.15: Isotherm parameters for the sorption of AMX, AMP and CHLR from solution  

        using GSAa 

GSAa   NF kF R2 

 

AMX 0.995 0.197 0.9946 

Freundlich AMP 0.874 0.208 0.9869 

 

CHLR 0.648 0.218 0.9763 

  

qM RL kL R2 

 

AMX 2.283 0.33 – 0.61 0.071 0.9905 

Langmuir AMP 1.868 0.25 – 0.87 0.060 0.9896 

 

CHLOR 1.713 0.19 – 0.44 0.042 0.9585 

  

B kTEM R2 

 

AMX 42.695 1.168 0.9032 

Temkin AMP 41.515 1.643 0.8585 

 

CHLR 52.710 0.983 0.9588 

 

Experimental data for the sorption of AMX using GSAa was better fitted into the Langmuir 

and Freundlich isotherm models with correlation coefficient values (R2) > 0.99. This result 

suggests that the sorption of AMX using GSAa occurred on a monolayer heterogeneous 

surface having a maximum limited uptake of the adsorbate molecules corresponding to a 

saturated adsorbent surface. The Temkin model gave a low R2 value (0.9032), therefore the 

Freundlich and Langmuir models were used to explain the mechanisms of sorption and the 

isotherm data.  

The heterogeinity factor (NF) calculated for the sorption of AMX from the intercept of the 

Freundlich linear plot was lower than 1. This result suggests that the sorption of AMX was 

influenced by chemical reactions resulting from the interactions of AMX molecules with some 

functional groups on the adsorbent surface. The Langmuir dimensionless parameter RL 

which measures the efficiency of the adsorption process is indicative of the preference of the 

adsorption process in the corresponding adsorbent/adsorbate system. Since the RL values 

for the sorption of AMX onto GSAa ranged between 0 and 1, the sorption of the adsorbate 

with the adsorbent was favourable. The maximum quantity for AMX removed from the 

solution as determined using the Langmuir isotherm was 2.283 mg/g.  This value is close to 

the experimental value obtained.   

 

The correlation coefficient values for the adsorption of AMP using GSAa appear more 

satisfactory with the Langmuir and Freundlich isotherm models (R2 > 0.98) than with the 

Temkin isotherm model (R2 = 0.8585) (Table 4.15). Correlation coefficients indicated that 

both the Langmuir and Freundlich models better described the adsorption process well. 

Hence, the adsorption of AMP onto GSAa occurred largely by monolayer sorption onto a 

heterogeneous surface with the adsorbent sorption capacity reaching a limit at the saturation 
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of the monolayer surface. The NF value for AMP adsorption (0.874) showed that the process 

was feasible proceeding via chemisorption mechanism. In addition, the RL values which 

ranged between 0.25 and 0.87 implied the favourability of the reaction. The maximum AMP 

uptake value of 1.868 mg/g is close to the experimental value, thus suggesting the fitness of 

the experimental data into the Langmuir isotherm model.  

 

The fitting of experimental data for CHLR sorption produced good correlation to the 

Freundlich model with R2 = 0.9763 (Table 4.15), implying that the sorption of CHLR 

molecules occurs on a heterogeneous surface. The experimental data also showed good fit 

with the Langmuir and Temkin models with correlation coefficient values (R2 > 0.95), hence 

the sorption of the adsorbate may to a good extent be explained by Langmuir and Temkin 

model indices. The result suggests that the sorption may have also occurred on a monolayer 

surface having a limit of sorption due to saturation of the heterogeneous adsorbent surface. 

The Temkin model also assumes a possibility for a linear decrease in the heat of adsorption 

process as the adsorbent surface gets saturated. Rahardjo et al. (2011) explained that, if the 

experimental data fits well into the Temkin isotherm model it implies that the heat of 

adsorption for the sorption decreases as the adsorbent surface coverage is enhanced. Thus, 

the sorption process for CHLR was assumed to proceed via a combination of chemisorption 

and physisorption onto heterogeneous surfaces, and attaining saturation at some point. 

However, the NF value for the sorption of CHLR onto the adsorbent was <1, thus suggesting 

chemisorption to be the dominant mechanism responsible for the sorption of the adsorbate 

molecules. Also, the low RL values obtained supports a favourable heterogeneous 

chemisorption process for the CHLR sorption onto GSAa. The Langmuir isotherm qM value 

obtained for the sorption of CHLR is in agreement with the determined experimental value.  

 

The experimental data for the sorption of the antibiotics using GSAb were tested using the 

three isotherm models. The resulting values for the correlative parameters are presented in 

Table 4.16.  
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Table 4.16: Isotherm parameters for the sorption of AMX, AMP and CHLR from solution  

        using GSAb 

GSAb   NF kF R2 

 

AMX  0.968 0.213 0.9843 

Freundlich AMP  0.956 0.191 0.9873 

 

CHLR  0.819 0.176 0.9862 

 

  qM RL kL R2 

 

AMX 2.135 0.05 – 0.16 0.174 0.9816 

Langmuir AMP 1.706 0.84 – 0.92 0.095 0.9860 

 

CHLOR 1.213 0.63 – 0.90 0.303 0.9841 

 

  B kTEM R2 

 

AMX 74.870 0.764 0.9131 

Temkin AMP 64.778 0.822 0.9430 

 

CHLR 43.376 2.953 0.7675 

 

For the equilibrium sorption data of AMX using GSAb, the correlation coefficient values of the 

Langmuir and Freundlich isotherms (R2 > 0.98) were greater than that of the Temkin 

isotherm (R2 >0.91). This means that adsorption of AMX molecules onto GSAb occur on a 

heterogeneous monolayer surface with the reaction attaining saturation after equilibration. 

The Temkin isotherm also suggests a decrease in the heat of adsorption with surface 

coverage of GSAb with AMX. The values obtained for the Freundlich constant NF for AMX 

(NF = 0.968) shows that the adsorption process is controlled by chemisorption since NF value 

is below 1. The calculated values for the dimensionless Langmuir constant, RL, falls between 

0 and 1, indicating that AMX adsorption onto GSAb was favourable. The maximum 

monolayer adsorption capacity of AMX onto GSAb based on Langmuir model was 2.135 

mg/g. Findings from the studies of Putra et al. (2009) and  Moussavi et al. (2013) suggests 

that both Langmuir and Freundlich models could equally well-fit the results of tests of 

adsorption of AMX onto a commercial activated carbon with maximum adsorption capacity at 

222 mg/g. Moussavi et al. (2013) further achieved higher adsorption capacity (262 mg/g) for 

the sorption of AMX onto NH4-Cl induced carbon which is significantly greater than with the 

adsorbents previously tested.  

 

The Langmuir and Freundlich models provided the best fit for the adsorption of AMP onto 

GSAb, hence the sorption of AMP onto GSAb can be described to proceed on a 

heterogeneous surface with a monolayer coverage that has a limited adsorption capacity. 

Subramanyam & Das (2009) and Xia et al. (2013) reported that where there is an agreement 

between the Langmuir isotherm equation and the experimental data, it could be assumed 

that the sorption process may occur via chemisorption. The kinetics experiment of AMP 

sorption onto GSAb showed that this result corresponds to the hypothesis of the pseudo-
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second order model. Calculated values of NF (0.956) and RL values indicated that the 

sorption process was influenced by chemisorption mechanisms and it was favourable.  

 

Adsorption of CHLR onto GSAb is compatible with both Langmuir and Freundlich isotherms 

(R2 > 0.98). The correlation coefficient value obtained using the Temkin isotherm model 

could not be strongly related in the description of the sorption mechanism since the R2 value 

(0.7675) was too low compared to those of Langmuir and Freundlich isotherms. Application 

of Langmuir and Freundlich isotherms in describing the adsorption of CHLR onto GSAb 

suggest that adsorption involved monolayer coverage and occurred on heterogeneous 

surfaces. The Freundlich heterogeinity value (NF=0.819) was below 1 indicating that the 

CHLR adsorption onto GSAb was a chemically favoured reaction. The Langmuir values of RL 

between 0 and 1 also showed that the sorption of CHLR onto GSAb was a favourable 

process. From the Langmuir model, the maximum adsorption capacity (qM) was determined 

to be 1.213 mg/g, and was in agreement with the experimental value. This is relatively 

smaller than the reported value in the previous findings of Liao et al. (2013), who reported a 

qM value of 8.10 mg/g for CHLR adsorption on bamboo charcoal; and Zhang et al. (2013) 

who reported 147.84 mg/g for CHLR adsorption on BSA/Fe3O4 magnetic composite 

microspheres.  

 

The results obtained from the sorption process of AMX, AMP and CHLR from solution onto 

GSB was fitted into the Freundlich, Langmuir and Temkin models and presented in Table 

4.17.  

 

Table 4.17: Isotherm parameters for the sorption of AMX, AMP and CHLR from solution  

       using GSB 

GSB   NF kF R2 

 

AMX  0.985 0.195 0.9865 

Freundlich AMP  0.902 0.174 0.9885 

 

CHLR  0.969 0.197 0.9769 

 

  qM RL kL R2 

 

AMX 1.505 0.14 – 0.67 0.004 0.9987 

Langmuir AMP 1.316 0.75 – 0.91 0.014 0.9824 

 

CHLOR 2.551 0.32 – 0.61 0.022 0.9779 

 

  B kTEM R2 

 

AMX 48.966 0.621 0.9607 

Temkin AMP 45.903 0.660 0.9624 

 

CHLR 64.797 0.850 0.9211 
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Data for the sorption of AMX using GSB fitted well into all isotherm models that were studied 

(R2 > 0.96). However, the Langmuir isotherm gave the highest R2 value (0.9987) suggesting 

that physical sorption was the most influential mechanism for the sorption process of AMX 

onto GSB. Based on this data, the adsorption of AMX can be described to involve a 

monolayer surface coverage that is limited by saturation of the adsorbent surface. However, 

the Freundlich and Temkin isotherm models also influenced the sorption process of AMX 

since they gave high correlation coefficients (R2>0.96). According to Yang et al. (2015) and 

Pezoti et al. (2016); adsorption data fitting well into the Freundlich and Temkin isotherm 

models suggest that such sorption process occurs on a heterogeneous surface with a 

reduction in the heat of adsorption as the sorption process proceeds, provided that the 

adsorbent surface sites consists of a spectrum of different binding energies. Furthermore, the 

Freundlich constant parameter NF (0.985) implied that the sorption of AMX was influenced 

strongly by chemisorption (NF<1). The process was favourable as indicated by the RL values 

ranging between 0.14 and 0.67 for the concentration range studied. GSB showed a 

maximum monolayer chemisorptive adsorption capacity for AMX of 1.505 mg/g, which was in 

agreement with the experimentally determined value.  

 

The Freundlich and Langmuir isotherms better described the adsorption process of AMP 

onto GSB (R2>0.98). This means that adsorption occurred on a heterogeneous surface with 

the limit of uptake of the adsorbate molecules from solution, determined by the saturation of 

the monolayer of the adsorbate molecules. Data also fitted into the Temkin isotherm model 

(R2
 = 0.9624) implying that the sorption process was significantly influenced by a linear 

reduction in the heat of adsorption with increased surface coverage. Dutta et al. (1997) 

suggested that if data of a sorption process fits well into the Temkin isotherm model, an 

electrostatic interaction mechanism may be involved in the sorption of the adsorbate. Hence, 

there could be electrostatic interaction between AMP molecules and the GSB surface. The 

parameters calculated from the Langmuir and Freundlich models are presented in Table 

4.17. The value of the Freundlich parameter NF was <1 implying a strong influence of 

affinitive chemical reactions in the sorption process. This supports the similar effect deduced 

from the influence of the Freundlich and Temkin isotherm models. The Langmuir’s 

dimensionless constant, RL (0.75 – 0.91) revealed that the adsorption of AMP onto GSB was 

favourable. According to the Langmuir model, the maximum adsorption capacity of AMP (qM) 

was 1.316 mg/g, which was slightly lower than the equilibrium experimentally adsorbed 

quantity of AMP. 

 

The highest correlation coefficients obtained for the adsorption of CHLR using GSB were 

derived from the Freundlich and Langmuir isotherm plots (R2 > 0.98). Both models better 

described the adsorption processes of the adsorbate onto GSB. This suggests that the 
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adsorption process occurred on a heterogeneous surface with the CHLR molecules forming 

a monolayer on GSB reaching a maximum sorption limit after saturation. Pietrzak & Bandosz 

(2007) explained that a high value of NF represents more highly affinitive adsorption process; 

hence the sorption of CHLR onto GSB is a slightly affinitive chemical process since the 

calculated NF value for CHLR was lower than 1. Low values of Langmuir constant, RL (0.32 – 

0.61), indicate that the chemisorption of CHLR was favourable.    

 

Table 4.18 shows the results obtained from the calculations of the Freundlich, Langmuir and 

Temkin isotherm constants from the adsorption of AMX, AM and CHLR using GS.  

  

Table 4.18: Isotherm parameters for the sorption of AMX, AMP and CHLR from solution  

        using GS 

GS   NF kF R2 

 

AMX  2.715 0.115 0.8579 

Freundlich AMP  1.654 0.091  0.8720 

 

CHLR  0.591 0.191  0.9580 

 

  qM RL kL R2 

 

AMX  1.479 0.57 – 0.12 0.092  0.9425 

Langmuir AMP  1.326  0.30 – 0.59 0.023 0.9663 

 

CHLOR  1.093 0.16 – 0.39 0.052 0.9550 

 

  B kTEM R2 

 

AMX 23.747 0.868 0.9115 

Temkin AMP 32.627 1.005 0.9590 

 

CHLR 46.477 1.437 0.9486 

 

The experimental data for the sorption of AMX using GS conforms better to the Langmuir 

and Temkin isotherms (R2>0.91). Adsorption of AMX using GS could thus be said to have 

proceeded via a monolayer surface coverage with limited uptake of adsorbate as the heat of 

adsorption decreases due to continued sorption. Although the correlation coefficient value of 

the Freundlich isotherm model was lower (R2=0.8579) than those of Langmuir and Temkin 

models, the sorption of AMX may also be considered to occur on a heterogeneous surface. 

In the case of AMX adsorption onto GS, the NF constant value was above 1 (NF=2.715), 

indicating a strongly affinitive favourable physical adsorption sorption process occurring on a 

heterogeneous surface. RL values of AMX using GS ranged from 0.12 to 0.57 showing that 

the physisorption of AMX was favoured. Also, a fairly low maximum uptake value for the 

sorption of AMX from solution using GS was obtained. The value lies closer to the 

experimental value suggesting that the Langmuir isotherm better fitted the experimental data.    
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Langmuir and Temkin isotherm models fitted well to the experimental data for AMP sorption. 

The Langmuir model suggests that sorption proceeded with the adsorbates covering a 

monolayer of the adsorbent surface until a maximum limit uptake was attained. On the other 

hand, the Temkin isotherm suggests that as the adsorbent surface coverage is enhanced, 

the heat of adsorption for the sorption decreases. An NF value greater than 1 was calculated, 

suggesting the sorption was governed by a high affinity physisorption mechanism. The 

efficiency of adsorption was tested by calculating the RL values, and it showed that the 

process was favourable. The values obtained with all the parameters for the different 

isotherms imply that AMP adsorption onto GS is a physical process occurring on a 

monolayer surface with a limited uptake after equilibrium is achieved.   

 

CHLR sorption data fitted into all the isotherm models with insignificant differences in their R2 

values (ρ<0.02). The Freundlich and Langmuir models fitted the adsorption isotherms as 

supported by their high R2 values, implying a monolayer sorption on a heterogeneous 

surface with limited sorption capacity after equilibrium is attained. Also, the heat of the 

adsorption process decreased linearly as the surface of the adsorbent was covered with 

CHLR. A measure of the heterogeneity for the adsorption process was determined by 

calculating the NF value. The result showed that the sorption of CHLR was controlled by 

chemisorption since NF value (0.591) was lower than 1. The range of RL values was low 

(<0.50) showing that it was a strongly favoured reaction. These results suggest that CHLR 

adsorption is better described as a heterogeneous monolayer surface adsorption process 

influenced by chemical adsorption.   

 

In general, the majority of the adsorption processes for the adsorbates onto the different 

adsorbents (GSAa, GSAb, GSB and GS) proceed via chemisorption than physisorption onto 

heterogeneous adsorbent surfaces where the adsorbates formed monolayers. The isotherm 

parameters also assisted and were observed to be in agreement with the determination of 

the feasibility of the adsorption processes.  

 

4.3.4 Effect of pH                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

The pH of a solution is a critical factor in adsorption as it influences the adsorption capacity 

of the adsorbate onto the adsorbent (Fakhri & Adami, 2014). Solution pH remains one of the 

most crucial factors affecting the adsorption capacity of activated carbons, because it 

influences both the chemistry of the adsorbent surface groups and the adsorbate functional 

groups (Guedidi et al., 2013). When the pH value is higher than pKa value of the adsorbate 

molecule, the molecule will be present in its anionic form and vice versa (Guedidi et al., 

2013). Generally, the adsorption of ionizable organic contaminants like antibiotics is affected 

by pH due to the varied species (Zhang et al., 2010; Li et al., 2014). The adsorbates under 

http://www.sciencedirect.com/science/article/pii/S0045653513011697#b0155
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study (AMX, AMP and CHLR) have positively charged (cationic), negatively charged 

(anionic), and/or zwitterionic species at different pHs due to their different pKa values (Gu & 

Karthikeyan, 2005; Li et al., 2014). 

 

In instances where opposite charges exist between the adsorbent surface and the adsorbate 

molecule’s functional groups, electrostatic attractions are assumed to be the most influential 

mechanism for sorption. Electrostatic interactions which control the sorption of ionic 

compounds have been successfully used to interpret the sorption of some antibiotics onto 

activated carbon surfaces (Yang & Xing, 2010; Zhang et al., 2010; Li et al., 2014). Where 

both the adsorbent surface and the adsorbate molecules carry similar charges, electrostatic 

repulsion is expected to occur. However, an enhanced sorption may sometimes be observed 

under such circumstances, and this can be explained by assuming the possibility of 

mechanisms, involving π–π electron-donor-acceptor (EDA) interaction, hydrogen bonding or 

π-hydrogen bonding. For chemical compounds containing olefinic groups, benzene ring(s) 

and other aromatics; one of the driving forces for their sorption involves π–π electron-donor-

acceptor (EDA) interactions. Mechanisms involving hydrogen bonding widely exists in the 

sorption processes of polar organic pollutants onto activated carbon (Yang & Xing, 2010; Li 

et al., 2014). Functional groups of organic chemicals can act as hydrogen bonding donors 

and form hydrogen bonds with the adsorbent surface groups, where the benzene rings can 

act as hydrogen bonding acceptors (Yang et al., 2008). The β-lactam antibiotics (AMX, AMP 

and CHLR) contain C=O, -OH, -NH2 and -NH groups which could interact with oxygen-

containing functional groups on the surface of the adsorbents through hydrogen bonding as 

hydrogen bonding donors (Wang et al., 2010). 

 

In this study, the efficiency of adsorption for the antibiotics from solutions with variable pH 

values onto GSAa, GSAb, GSB and GS was investigated. This was essential since the 

solution pH affects both the surface binding sites of the adsorbents and the aqueous 

chemistry (Ali et al., 2012; Shaibu et al., 2014). Researchers such as Al-Degs et al. (2008) 

and Ayanda et al. (2013) who studied the adsorption of reactive dyes and tributyltin 

respectively onto activated carbon reported supporting that the pH of the solution governed 

the adsorption of adsorbates onto the adsorbents. This is because pH affects both the 

adsorbent and adsorbate chemistry in a solution. Thus, the degree of ionization of the 

adsorbates is primarily affected by the hydrogen ion concentration (pH), which in turn affects 

the surface properties of the adsorbent (Ali et al., 2012; Shaibu et al., 2014).  

 

Figure 4.21 shows influence of solution pH on AMX, AMP and CHLR adsorption onto GSAa. 

The sorption of the antibiotics was highly dependent on the initial pH of the solution. 

 

http://www.sciencedirect.com/science/article/pii/S0045653513011697#b0040
http://www.sciencedirect.com/science/article/pii/S0045653513011697#b0040
http://www.sciencedirect.com/science/article/pii/S0045653513011697#b0145
http://www.sciencedirect.com/science/article/pii/S0045653513011697#b0155
http://www.sciencedirect.com/science/article/pii/S0045653513011697#b0145
http://www.sciencedirect.com/science/article/pii/S0045653513011697#b0140
http://www.sciencedirect.com/science/article/pii/S0045653513011697#b0115
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Figure 4.21: Effect of solution pH on the adsorption of AMX, AMP and CHLR from solution 

         using GSAa  

 

A semi-parabolic curve was obtained in testing the effect of pH on the sorption of AMX from 

solution at different pHs. The quantity of AMX sorbed onto GSAa increased from 38.15 % at 

pH 4 to 41.90 % at pH 12 except for pH 6 which gave the least adsorption of 36.43 %. This 

showed that as the solution pH increase, the sorption capacity of the adsorbent increases. At 

lower pH levels (pH 4), the adsorbent surface carries a net positive charge due to an excess 

of H+ ions in solution. According to Zhu et al. (2000), at pH 4 the carboxyl group (-COOH) 

present in the AMX molecule gets dissociated into a carboxylate (-COO-) (solution pH > pKa 

of AMX: 2.67). Thus, electrostatic attraction is likely to occur between the GSAa surface 

(positively charged) and the anionic AMX molecules (through -COO- functional group). This 

electrostatic attraction could be the predominant mechanism influencing the sorption of AMX 

with GSAa. At pH 6 the surface of the adsorbent is assumed to have a fair concentration of 

cations and anions while the AMX molecules exist as zwitter-ions at pH values between 5.36 

and 7.27 (Putra et al., 2009). Hence a drop noted in the sorption quantity of AMX at pH 6 

may be a result of electrostatic repulsions between the AMX zwitter-ions and the negative 

charges on GSAa surface. As the solution pH was increased above 6, increased quantities of 

AMX adsorbed could probably be due to the possibility of electron pairing between the AMX 

molecules and the functional groups present on the GSAa surface. Adriano et al. (2005) who 

worked on the sorption of AMX using chitosan beads reported that in highly alkaline 

solutions, electron-donor-acceptor (EDA) π-π interactions occurred between the 

deprotonated amine groups on AMX (-NH3 → NH2) and the carbonyl groups, anionic groups 

or the negative charges on the adsorbent surfaces resulting from excess OH- ions in solution. 
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The adsorption trend of AMP onto GSAa indicates that the amount of adsorbate retained on 

the adsorbent increased with increasing solution pH (from 25.56 % at pH 4 to 48.14 % at pH 

12). Thus basic medium is favourable for the adsorption process of AMP with GSAa.  

 

The sorption of CHLR with GSAa was higher compared to the other adsorbates at all solution 

pH values. The highest quantity of CHLR obtained with GSAa was 52.97 % at pH 12. The 

enhanced affinity of GSAa for CHLR may be explained by considering the influence on 

sorption from the functional groups found on the structure of the adsorbate.  

 

In addition to the benzene ring in the molecular structure of CHLR, the molecule consists of 

carbon atoms which are organised in such a way that the nitro group enhances the aromatic 

structure. Therefore, some π-π electron interaction between CHLR and the functional groups 

on GSAa surface could thus exert a major influence on the adsorption process. Also, the 

high organic content on the surface of GSAa could aid in the improved sorption capacity of 

GSAa for CHLR for the solution pH range concerned. Pan & Xing (2008) and Fan et al. 

(2010) reported that the nitro group in CHLR aided in the sorption of the molecule via EDA π-

π interactions provided there were electron-donor groups on the surface of the adsorbent. 

Based on this, the nitro group in CHLR and the carbonyl or alky groups in GSAa may have 

functioned as electron-acceptor and electron-donor respectively, leading to an enhanced 

sorption of CHLR onto the adsorbent.  

 

The effect of pH on the quantity of adsorbates adsorbed from solution using GSAb is shown 

in Figure 4.22. The quantity of AMX, AMP and CHLR adsorbed from solution increased with 

increasing pH. This implies that the adsorption efficiency of GSAb for the antibiotics 

improved with an increasing solution pH. The highest amounts of AMX, AMP and CHLR 

adsorbed by GSAb at pH 12 were 39.63 %; 49.73 % and 49.05 % respectively. 
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Figure 4.22: Effect of solution pH on the adsorption of AMX, AMP and CHLR from solution  

        using GSAb 

 

Adriano et al. (2005) explained that AMX often has a net positive charge below isoelectric 

point, and has a net negative charge above isoelectric point. Goddard et al. (1996), 

suggested that this may be due to the ionisation of its functional groups, i.e. the carboxyl 

(pKa=2.68); amine (pKa=7.49) and phenolic hydroxyl (pKa=9.63). Therefore the increasing 

adsorption of AMX with increase in pH may be due to the structure of AMX shifting its 

charges on the functional groups of the molecule from a cation to a zwitter-ion to an anion at 

different pHs. The mechanisms that could assist the sorption of AMX in this state would be 

electron sharing, π-bonding or hydrogen bonding. Furthermore, AMX adsorption showed an 

insignificant increase when solution pH was increased from 8 to 12. This may be due to AMX 

having a net negative charge as solution pH increased, leading to a reduced interaction 

between AMX and GSAb due to repulsion.   

 

The influence of solution pH on the adsorption of AMP using GSAb is shown to be 

dependent on the solution pH (Figure 4.22). At solution pH 4, the low quantity of AMP that 

was retained from solution is assumed to be due to a repulsive force prevailing between the 

cationic species of the AMP molecules in solution and the net-positive charge on the surface 

of GSAb. The adsorbed amount of AMP increased between solution pH 6 (38.94 %) and pH 

10 (42.89%). Fan et al. (2016) explained that over this pH range, the antibiotic exist as a 

zwitter-ionic specie. As a result the adsorption of AMP at pH between 6 and 10 is assumed 

to be promoted onto the GSAb surface via hydrogen bonding. Fan et al. (2016) reported that 
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where an adsorbate assumes a zwitter-ionic form at neutral to high pHs, adsorption is 

facilitated either through hydrogen bonding or EDA π-π dispersion interaction between the 

aromatic ring of AMP and the delocalised π electrons present on the adsorbent surface. The 

sharp increase in the sorption of AMX at pH 12 may thus be attributed to the π-π interactions 

or hydrogen bonding between the negatively charged AMP molecules and the excess OH- 

ions on the surface of GSAb. In addition to the hydroxyl ions was the high concentration of 

organic content on the surface of GSAb which could also have aided in the enhancement in 

the sorption process by improving the functionality of the adsorbent.   

 

Sorption capacities of GSAb for CHLR were fairly similar for the solution pH range 4 – 10, 

after which a sharp increase in the amount of CHLR retained from solution was observed at 

pH 12. The adsorption was assumed to have been strengthened by hydrogen bonding or 

electrostatic attractions between CHLR and GSAb due to the enhanced oxygen and organic 

content of the adsorbent since it was higher than that of GSAa (Pan & Xing, 2008).  

 

Figure 4.23 shows influence of solution pH on sorption at equilibrium using GSB. The 

amount of adsorbates adsorbed (qe) onto GSB is a function of the effect of the initial pH of 

solutions. However, the quantity of AMX, AMP and CHLR adsorbed over the pH range 4 – 12 

was nearly constant with no significant differences with further increase in pH.  

 

 

Figure 4.23: Effect of solution pH on the adsorption of AMX, AMP and CHLR from solution 

            using GSB 
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GSB showed a steady increase in the sorption of AMX when the solution pH was varied 

between 4 and 8, which then decreased as solution pH was raised from 8 to 12. This 

suggests that AMX sorption was slightly better enhanced at near neutral pH values. The 

enhanced sorption of AMX at pH between 4 and 8 could possibly be as a result of 

electrostatic attraction between the AMX anionic molecules and the positively charged 

surface of GSB. According to Dousa & Hosmanova (2005), a reduction in the sorption 

quantity of an adsorbate in highly alkaline solutions may be a result of increased competition 

for adsorption sites on the surface of the adsorbent between the anions in solution. As the 

pH of the solution was increased from 8 to 12, the concentration of the OH- ions also 

increased. Thus the reduced sorption efficiency of GSB for AMX in solutions of high pH could 

be due to the subsequent competition between the COO- anions on AMX molecules and the 

OH- ions for active adsorption sites on the surface of GSB. Increased in electrostatic 

repulsion between the anions of AMX and the negative charge on the surface of GSB may 

also result in decreased sorption efficiencies at high pH.  

 

The steady increase obtained in the quantity of AMP removed from solution with increasing 

solution pH may be related to mechanisms including hydrogen bonding and π-π EDA 

interactions between the ionic species of AMP and the GSB surface which constitutes of the 

O-H and C=O; C=C or C-O functional groups as observed on the FTIR spectrum of GSB.  

 

Furthermore, the hydroxyl (O-H) group on the surface of GSB (due to treatment with KOH) 

might influence the observed increase in sorption of CHLR using GSB. The mechanism of 

sorption may involve interactions between oxygen molecule of the hydroxyl group and the π -

π electrons of the CHLR benzene ring leading to an EDA interaction between GSB and 

CHLR. Besides the π-π interaction, hydrogen bonding could also have exerted an influenced 

on the adsorption of CHLR. This is because various functional groups in the molecule of 

CHLR and the surface functional groups on GSB can form hydrogen bonding (i.e. between 

N-H, O-H-NH2 groups in CHLR and –OH, C=O, C=C groups on GSB).  

 

The effect of solution pH on the adsorption capacity of GS for AMX, AMP and CHLR is 

presented in Figure 4.24.  
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Figure 4.24: Effect of solution pH on the adsorption of AMX, AMP and CHLR from solution 

        using GS 

 

The sorption of AMX and AMP increased steadily from 34.47 % and 32.90 % at pH 4 to 

41.07 % and 41.82 % at pH 12 respectively. The adsorbed quantity of CHLR increased from 

32.90% to 35.30 % between pH 4 and 6, after which it dropped significantly as pH increased 

above pH 6. However, no appreciable difference was observed in the quantity of CHLR 

adsorbed onto GS when the solution pH was increased between 8 and 12 (32.95 % - 33.17 

%). 

 

The surface of GS contains various functional groups including CH2, C=O and C-O groups, 

with high oxygen content which is capable of improving adsorption processes via 

mechanisms like π-bonding or electron-pair donation. The interaction between AMX in 

solution and the GS surface is assumed to involve electrostatic attraction between the ionic 

forms of AMX and the charged surface of GS. Mechanisms including the π-π EDA interaction 

and hydrogen bonding may also contribute in the sorption process. This probably explains 

the observed trend in the sorption of AMX as solution pH was increased. 

 

AMP adsorption showed a sharp change in sorption quantity between pH 4 and 8. At pH 

lower than 6, the AMP molecules and the surface of GS were positively charged. This 

adsorption was assumed to have occurred through electron pairing between the adsorbent 

surface and AMP ions. At solution pH 8, the antibiotic existed in its zwitterionic form, thus, 

hydrogen bonding and EDA π-π interactions could probably have promoted the adsorption of 

AMP. However, there was no significant difference in the quantity of AMP retained from 
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solution at pH values above 8. In a report published by Adriano et al. (2005), it was noted 

that AMP molecule shifts from a zwitter-ion to having an anionic form at pH values above 8. 

Therefore at pH > 8, AMP molecule was assumed to shift into an anion, causing a reduction 

in GS and AMP molecules interaction due to electrostatic repulsion between the adsorbent 

and adsorbate molecule.  

 

The adsorption of CHLR was observed to have been strongly affected by changes in solution 

pH. The highest adsorbed CHLR quantity was obtained at solution pH 6. This was close to 

the original pH of the adsorbent (6.61). CHLR is made up of a nitrobenzene ring, an amide 

bond and an alcohol functional group. Once dissolved in water, the dissociation of the 

hydroxyl leaves CHLR in the state of positive charge that is attracted to the negative charge 

of the GS surface. This ‘pairing’ activity consequently caused a higher accumulation of CHLR 

on the GS surface when solution pH was at 6. As the alkalinity of the solutions increased 

between pH 8 and 12, there was increased repulsion between the negatively charged nitro 

group on CHLR and the negatively charged surface of GS. Another possible explanation for 

the reduction in sorption capacity at high pH values could be the increased competition 

between the anionic form of CHLR (using the nitro group –NO2
-) and the OH- ions in solution 

for adsorption sites on GS, since OH- ion concentration is increased in highly alkaline 

solution.  

 

From all the pH studies conducted, it was noted that the initial pH of a solution has a great 

influence on the adsorption process of the adsorbates by the various adsorbents. A higher 

sorption capacity was recorded for higher solution pH, i.e. the alkaline medium was more 

favourable for adsorption compared to the acidic medium for generally all adsorbents.  

 

4.3.5 Effect of temperature 

The effect of temperature on adsorption capacity of adsorbent under optimized conditions is 

indicative and index whether the process is endothermic or exothermic (Munagapati & Kim, 

2017). Temperature effect on the adsorption of the adsorbates (AMX, AMP and CHLR) onto 

the different adsorbents (GSAa, GSAb, GSB and GS) was investigated in batch experiments. 

Apart from the potential capacity of temperature to influence the adsorption process either 

positively or negatively, all antibiotics studied are temperature sensitive as most others that 

belong to the β-lactam pharmaceutical group.   

 

The percentage removal of AMX, AMP and CHLR from solution by GSAa decreased with an 

increase in temperature (Table 4.19). Maximum sorption percentages for all adsorbates were 

obtained at 20 oC while the lowest sorption percentages were attained at 60 oC. Percentage 

removal decreased with increasing temperature; hence the adsorption of the antibiotics using 
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GSAa was better enhanced at low temperatures than at higher temperatures. Based on the 

results, the sorption of the antibiotics onto the adsorbent is exothermic. 

   

Table 4.19: Effect of temperature on percentage removal of AMX, AMP and CHLR using GSAa  

GSAa % AMX % AMP % CHLR 

20 37.62 33.74 38.16 

30 29.66 27.11 26.04 

40 12.95 15.08 21.22 

50 7.82 10.12 13.31 

60 4.82 7.97 9.78 

 

Munagapati & Kim (2017) suggested that if the sorption efficiencies of an adsorbent for 

removal of adsorbates from solution decrease with increasing temperature, then that process 

is exothermic. Jorgensen & Halling-Sorensen (2000) and Xu et al. (2006) noted that antibiotic 

compounds tend to decompose at higher temperatures and this could possibly be 

responsible for the observed decrease in the adsorbed antibiotics quantities as temperature 

increases.  

 

The thermodynamic spontaneity and feasibility of the adsorption process was assessed by 

calculating the three basic thermodynamic parameters viz., Gibbs free energy (∆G0), 

enthalpy change (∆H0) and entropy change (∆S0) (Munagapati & Kim, 2017). The linear 

regression lines obtained from the Van’t Hoff plots were used to determine ∆H0 and ∆S0 

which in turn were used to determine ∆G0. Figures 4.25 to 4.27 present that Van’t Hoff plots 

for the adsorption of AMX, AMP and CHLR onto GSAa.  
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Figure 4.25: Van’t Hoff plot for adsorption of AMX using GSAa 

 

 

Figure 4.26: Van’t Hoff plot for adsorption of AMP using GSAa 
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Figure 4.27: Van’t Hoff plot for adsorption of CHLR using GSAa  

 

The enthalpy change (∆H0), entropy change (∆S0) and Gibbs free energy (∆G0) values 

calculated for the sorption of the three antibiotics from solution onto GSAa are presented in 

Table 4.20. 

 

Table 4.20: ∆H0, ∆S0 and ∆G0 Values of Sorption Studies of AMX, AMP and CHLR using GSAa 

Analyte Conc. ∆H0 ∆S0 ∆G0 

 

(mg/L) (kJ/mol) (J/Kmol)     (kJ/mol)   

        293 K 303 K 313 K 323 K 

AMX 30 -53.187 -184.779 0.9532 2.8010 4.6488 6.4966 

AMP 30 -48.495 -136.582 1.5235 2.8893 4.2552 5.6210 

CHLR 30 -67.250 -138.370 1.1964 2.5801 3.9638 5.3475 

 

The negative values of all the adsorption enthalpy, ∆H0, (which is the net result of enthalpy 

change, for molecular diffusion and repulsion between adsorbed molecules and desorption of 

solvent) indicate the adsorption process is exothermic with an affinitive binding of adsorbate 

molecules onto the adsorbent surface (Roosta et al., 2014). In addition, Demirbas et al. 

(2004) reported that the ∆H0 values for adsorption processes are approximately equal to the 

activation energy (Ea). Generally, a physisorption process usually involves activation 

energies in the range of 0 – 40 kJ/mol while higher activation energies (40 – 800kJ/mol) 

indicate chemisorption (Guo et al., 2014; Fan et al., 2017). 
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The ∆H0 values obtained for the sorption of AMX, AMP and CHLR using GSAa were all 

negative. According to Roosta et al. (2014), the negative values of ∆H0 suggest that the 

sorption of the adsorbates onto GSAa is exothermic. The results also agree with the 

observed negative effect on the efficiency of the adsorbent to retain antibiotics from solution 

as the solution temperature increased. Also, the ∆H0 values obtained for the adsorption of 

the adsorbates were all above 40 kJ/mol, which indicate that the adsorption processes via a 

chemisorption reaction. Similar findings were reported by Chern & Wu (2001) and Li et al. 

(2002) on the sorption of dyes onto granular activated carbon and grapheme oxide 

respectively.  

 

Negative values of ∆S0 means there is a reduction in entropy whilst positive values of ∆S0  

implies that there is an increase in entropy. The entropy change (∆S0) values for the sorption 

studies of AMX, AMP and CHLR using GSAa, were all negative. Thus the entropy of the 

antibiotic molecules decreased during uptake onto adsorbent. El-Shafey et al. (2012) 

explained that reduction in entropy could lead to a decrease in the randomness at the solid-

solution interface during the sorption of adsorbates onto the adsorbent surface.   

Li et al. (2012) reported that a positive value of the Gibbs free energy (∆G0) implicates a non-

spontaneous reaction/process whilst a negative value implicates a spontaneous 

reaction/process. The Gibbs free energy (∆G0) values obtained for the adsorption process of 

the antibiotics were all positive suggesting that adsorption of AMX, AMP and CHLR onto 

GSAa was non-spontaneous. However, due to the small magnitude of the ∆G0 values, it is 

assumed that the non-spontaneous sorption processes were feasible.  

 

The effect of solution temperature on the adsorption of the antibiotics from solution using 

GSAb was studied and results are presented in Table 4.21.  

 

Table 4.21: Effect of temperature on percentage removal of AMX, AMP and CHLR using GSAb 

GSAb % AMX % AMP % CHLR 

20 52.98 43.26 30.97 

30 42.96 41.65 26.04 

40 31.12 24.67 14.43 

50 11.72 18.10 5.72 

60 4.94 14.95 1.61 

 

Results showed that GSAb gave a better affinity for AMX removal relative to AMP and 

CHLR. An increase in solution temperature results in reduced sorption percentages for the 

adsorbates. Sorption trends with temperature variation were similar to those observed for 

GSAa. Lower temperatures therefore enhance the sorption capacities of the adsorbent for 

the antibiotics compared to higher temperatures. Based on the observed sorption trends, the 
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sorption of antibiotics onto GSAb is an exothermic process. According to Karadag et al. 

(2006) and Moussavi et al. (2013), there is a possibility of desorption of adsorbates into 

solution from an adsorbent surface as temperature is increased, provided the adsorption 

process is exothermic. The decrease in sorption capacity of GSAb with increasing 

temperature may be due to desorption of the adsorbed antibiotics from the adsorbent surface 

back into solution.   

 

Figures 4.28 - 4.30 presents that Van’t Hoff plots for the adsorbates from solution onto 

GSAb. The values of the linear regressions obtained from the plots were used to determine 

the ∆H0, ∆S0 and ∆G0. 

 

 

Figure 4.28: Van’t Hoff plot for adsorption of AMX using GSAb 

 

 

y = 7633.8x - 25.626
R² = 0.9418

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0.00295 0.003 0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335

ln
 K

c

1/T (K-1)



 96 

 

Figure 4.29: Van’t Hoff plot for adsorption of AMP using GSAb 

 

 

Figure 4.30: Van’t Hoff plot for adsorption of CHLR using GSAb 
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The enthalpies and entropies of sorption of AMX, AMP and CHLR onto GSAb were 

calculated and the results presented in Table 4.22.  

 

Table 4.22: ∆H0, ∆S0 and ∆G0 Values of Sorption Studies of AMX, AMP and CHLR using GSAb 

Analyte Conc. ∆H0 ∆S0 ∆G0 

 

(mg/L) (kJ/mol) (J/Kmol)   

 

(kJ/mol) 

         293 K 303 K 313 K 323 K 

AMX 30 -63,467 -213,055 -1.0419 1.0887 3.2192 5.3498 

AMP 30 -51,291 -114,85 0.3601 1.5086 2.6571 3.8056 

CHLR 30 -49.346 -232,817 0.9654 3.2936 5.6217 7.9499 

 

Negative values of ∆H0 were obtained for the sorption of all three antibiotics onto GSAb. This 

indicates that the adsorption process of the antibiotics onto GSAb was exothermic. The result 

supports the observed trend of reduction in the adsorption capacity of the adsorbent for the 

antibiotics with increase in temperature. Unuabonah et al. (2007) and Boparai et al. (2011) 

suggested that ∆H0 values ranging from 40 to 800 kJ/mol are indicative of a chemisorption 

process while values ranging from 5 to 40 kJ/mol indicate physisorption. According to Mohd-

Din et al. (2015), chemisorption processes are specific involving stronger forces and 

consequently demands for higher activation energy. Physical adsorption process 

(physisorption mechanism) may be attributed to reversible and rapid adsorption processes 

which are involved with small energy requirements (Mohd-Din et al., 2015). Enthalpy change 

values (∆H0) calculated for AMX, AMP and CHLR were all higher than 40 kJ/mol (Table 

4.22). Based on this result, the adsorption of the antibiotics onto GSAb proceeded via 

chemisorption.  

 

The negative values of ∆S0 obtained for the sorption of the antibiotics onto GSAb as 

presented in Table 4.22, implies small degrees of freedom for the adsorbates at the 

adsorbent-liquid interface. This means that there was a decrease in the amount of 

adsorbates sorbed onto the surface of the adsorbent as temperature increased, resulting in 

reduce spontaneity of the antibiotic molecules.  

 

Positive values for ∆G0 with small magnitudes were obtained for the adsorption of antibiotics 

from solution using GSAb. This suggested that the sorption process of the antibiotics was 

feasible and non-spontaneous. However, an exception was noted with the ∆G0 value for the 

sorption of AMX 293K with negative value (∆G0, -1.0419 kJ/mol). This indicated that the 

sorption of AMX at 293 K was feasible and spontaneous. According to Tan et al. (2009), an 

increase in the positive value of ∆G0 with an increase in temperature indicates that the 

adsorption process is more favourable at lower temperatures. The trend of Gibbs free energy 

values suggests that the affinity of the GSAb surface for the antibiotics decreased with an 
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increase in temperature. Jiwalak et al. (2010) also reported a similar trend of reduction in 

affinity of the adsorbent for the adsorbate as temperature is increased.  

 

Table 4.23 presents data for the effect of solution temperature on the sorption efficiency of 

the antibiotics from solution using GSB.   

 

Table 4.23: Effect of temperature on percentage removal of AMX, AMP and CHLR using GSB  

GSB % AMX % AMP % CHLR 

20 59.64 44.71 41.65 

30 42.21 32.41 34.10 

40 37.83 20.46 26.57 

50 16.51 16.32 16.06 

60 7.77 14.21 13.23 

 

A decrease in percentage removal of the adsorbates from the respective solutions by GSB 

was noted. The reduction in the quantity of antibiotics adsorbed as temperature is increased 

indicates the exothermic nature of the adsorption process. Bansal (2012) summarised that 

exothermic adsorption processes are characterized by a decrease in the quantity of 

adsorbates sorbed onto an adsorbent as temperature increases.  

 

As observed with GSAb, GSB also removed AMX better from solution at lower temperatures 

between 20˚C and 40˚C. There was a continuous decline in the percentage of antibiotics 

adsorbed by GSB at equilibrium with increasing temperature of solutions. Yang et al. (2009) 

noted that this may be as a result of the weakening of the Van der Waals forces of attraction 

between the adsorbate molecules and the adsorbent surface. The maximum adsorption 

percentages for AMX (59.64), AMP (44.71) and CHLR (41.65) were recorded at the lowest 

temperature considered (20 0C). The data also revealed that changes in temperature 

influences the affinity between antibiotics and adsorbent surface. An increase in solution 

temperature generally imposes a negative influence on the affinity of the antibiotics, 

restricting them from reaching the adsorbent surface, hence a reduction in sorbed quantities 

of adsorbates.  

 

The Van’t Hoff plots for the adsorption of AMX, AMP and CHLR onto GSB adsorbent are as 

presented in Figures 4.31 - 4.33. 
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Figure 4.31: Van’t Hoff plot for adsorption of AMX using GSB 

 

 

Figure 4.32: Van’t Hoff plot for adsorption of AMP using GSB 
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Figure 4.33:Van’t Hoff plot for adsorption of CHLR using GSB 

 

The calculated enthalpy values (∆H0) involved in the adsorption processes for AMX, AMP 

and CHLR by GSB were all negative (Table 4.24). 

 

Table 4.24: ∆H0, ∆S0 and ∆G0 Values of Sorption Studies of AMX, AMP and CHLR using GSB 

Analyte Conc ∆H0 ∆S0 ∆G0 

 

(mg/L) (kJ/mol) (J/Kmol)   

 

(kJ/mol) 

         293 K 303 K 313 K 323 K 

AMX 30 -56,693 -189,002 -1.3154 0.5746 2.4646 4.3546 

AMP 30 -43,267 -116,047 0.7348 1.8952 3.0557 4.2162 

CHLR 30 -46,663 -127,312 0.6394 1.9125 3.1857 4.4588 

 

The results indicate the exothermic nature of the sorption processes for the adsorbates onto 

GSB. Adsorption processes for the antibiotics gave ∆H0 values that were greater than 40 

kJ/mol, hence sorption was highly influenced by chemisorption. 

 

The values of entropy changes (∆S0) for the adsorption of the adsorbates with GSB were 

negative. This suggests that entropy of the adsorbates molecules on the surface of the 

adsorbent decreased with increase in temperature. Foo & Hameed (2011) and Bansal (2012) 

explained that the probable reason for a reduction in entropy is increase in temperature. 

They further noted that reactions such as association, fixation or immobilization of adsorbate 

molecules as a result of adsorption, could result in a loss of degrees of freedom for the 

adsorbate molecules, thereby producing negative entropy effects.  
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The values of ∆G0 were positive for the adsorption of all adsorbates at all temperatures 

except for AMX at 293 K which was negative. According to Guler & Sarioglu (2014), low ∆G0 

values imply that the reaction/process is feasible though it may be spontaneous or non-

spontaneous. Positive values of ∆G0 indicate that the sorption processes were feasible and 

non-spontaneous. Hence the sorption of AMX at 293 K was both feasible and spontaneous. 

Since the Gibbs free energy values increased with temperature increase, the sorption 

processes were enhanced at lower temperatures (Tan et al., 2009). The result implies that 

the sorption processes of the antibiotics onto GSB are exothermic. 

 

The effect of temperature on the adsorption capacity of GS for the sorption of AMX, AMP and 

CHLR from solution is shown by data presented in Table 4.25.  

 

Table 4.25: Effect of temperature on percentage removal of AMX, AMP and CHLR using GS  

GS % AMX % AMP % CHLR 

20 18.36 30.47 30.41 

30 16.70 22.81 26.04 

40 12.41 18.38 19.92 

50 11.47 12.65 12.20 

60 2.69 5.72 3.46 

 

Increasing the solution temperature resulted in a reduction in the percentage quantity of the 

antibiotics adsorbed similar to the observations obtained with GSAa, GSAb and GSB. The 

effect imposed on the adsorption efficiency of the adsorbent for AMX, AMP and CHLR 

suggests that adsorption is exothermic.  

 

AMX was the least removed compound from solution by GS at all temperatures studied 

relative to AMP and CHLR. Adsorption was better at 20 oC giving the highest percentages of 

adsorbate sorbed from solution.  

 

The Van’t Hoff plots for the sorption of AMX, AMP and CHLR onto GS are presented from 

Figures 4.34 to 4.36. Linear regression equations obtained from the linear plots of the Van’t 

Hoff plots were used to calculate ∆H0, ∆S0 and ∆G0. 
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Figure 4.34: Van’t Hoff plot for adsorption of AMX using GS 

 

 

Figure 4.35: Van’t Hoff plot for adsorption of AMP using GS  
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Figure 4.36: Van’t Hoff plot for adsorption of CHLR using GS 

 

∆H0 values calculated for the adsorption of AMX and AMP using GS were negative and lower 

than 40 kJ/mol (Table 4.26). The results suggested that the adsorption processes were 

exothermic and characterized by physisorption favoured by lower temperatures. The 

adsorption of CHLR proceeded via an exothermic chemisorption process since the ∆H0 value 

was negative and above 40 kJ/mol. This explains the drop in the sorption capacity of the 

adsorbent for the adsorbates in solution as temperature increases from 20 oC to 60 oC.  

 

Table 4.26: ∆H0, ∆S0 and ∆G0 values of Sorption Studies of AMX, AMP and CHLR using GS 

Analyte Conc ∆H0 ∆S0 ∆G0 

 

(mg/L) (kJ/mol) (J/Kmol)   

 

(kJ/mol) 

         293 K 303 K 313 K 323 K 

AMX 30 -36,882 -135,842  2.9197 4.2781 5.6365 6.9950 

AMP 30 -37,567 -134,022 1.7014 3.0417 4.3819 5.7221 

CHLR 30 -47,421 -166,056 1.2334 2.8940 4.5545 6.2151 

 

The entropy change (∆S0) values (all negative), indicated low degrees of freedom for the 

antibiotic molecules in solution as the temperature was increased. The reduced spontaneity 

of the antibiotic molecules suggest that there may be a decreasing randomness at the GS-

solution interface during the adsorption of the antibiotics, as a result of the rising solution 

temperature. Yu et al. (2001) and Zha et al. (2013) noted that low degrees of freedom for 
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adsorbate molecules results in a reduction in spontaneity for the adsorbates at the 

adsorbent-solution interface.  

 

The Gibbs free energy (∆G0) values for the sorption processes at the different temperatures 

were positive with values ranging from 1.2334 kJ/mol at 293 K to 6.9950 kJ/mol at 323 K. 

This means that the adsorption of antibiotics onto GS was a non-spontaneous process. The 

magnitude of the values of ∆G0 increases with increasing temperature, demonstrating that 

higher temperatures do not facilitate the adsorption of the antibiotics onto GS as previously 

reported by Tan et al. (2009).   

 

Increasing the reaction temperature affected the adsorption processes negatively leading to 

a decrease in the quantities of adsorbates adsorbed from solution as temperature increase. 

The ∆H0 values for adsorption processes were all negative indicating exothermic reactions. 

Entropy change (∆S0) values were also negative suggesting reduced randomness at the 

adsorbent-solution interface. Hence, no significant changes occurred in the internal structure 

of the adsorbent resulting from adsorption of antibiotics onto the four adsorbents. The 

sorption of AMX and AMP with GSAa, GSAb and GSB were all controlled by chemisorption 

mechanisms while physisorption mechanisms influenced their sorption from solution using 

GS. On the contrary, the sorption of CHLR from solution using GSAa and GS proceeded via 

chemisorption mechanisms. Although the majority of the sorption processes were non-

spontaneous, they were feasible and favored at low solution temperatures as observed from 

the trend of ∆G0 values.  

 
4.3.6 Scanning Electron Microscopy (SEM) of the Adsorbents 

Scanning Electron Microscopic (SEM) analysis was conducted on adsorbents obtained 

before and after the adsorption process. The micrographs of the surface morphology 

assessment of the adsorbents are presented in Figures 4.37 – 4.40  

 

Figures 4.37 (a) and (b) shows the SEM images of GSAa before and after sorption 

respectively.  
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Fig 4.37: SEM images of GSAa before and after adsorption 

 

The surface morphology of carbonized grape slurry GSAa before sorption appeared as a 

cluster of smooth needle/fibrous-like particulates with well-defined and open pore spaces of 

different size ranges (Figure 4.37(a)). The smooth surface of adsorbent materials may be the 

results of the transformation of the plant lignin-cellulose, which arises as a result of the 

deconstruction of the plant cells (Xie et al., 2012). Similar morphologies have been 

previously reported severally for a number of adsorbents produced from plant biomasses 

(Ojha et al., 2004; Karami & Rohani, 2009; Li et al., 2012; Gougazeh & Buhl, 2014).  

 

Sufficient and large open pore spaces have been reported to facilitate, and increase 

adsorption process via enhanced and efficient intra-particle diffusion into the inner surfaces 

of porous adsorbents (Sant’Anna & de Souza, 2012). Upon adsorption the adsorbent surface 

was completely covered, with the pore spaces filled by the adsorbates (Figure 4.37(b)). 

The surface morphologies of GSAb are presented in Figures 4.38(a) and 4.38(b).  

 

a b 
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Fig 4.38: SEM images of GSAb before and after sorption 

 

Figure 4.38(a) showed a smooth, broadened fibrous-like surface enriched with small 

diameter open pore spaces. Although the morphology of GSAb looks similar to that of GSAa, 

the broadened surface may not be unconnected with the effect of the degradation profile of 

the acid used for the modification of the biomass (Karami & Rohani, 2009; Rezende et al., 

2011). Also, large numbers of pore spaces were developed in the process, and this 

translates to the possibility of increased adsorption via internal diffusion into the inner 

structure of the porous adsorbent material. As observed with GSAa, the adsorbent surface of 

GSAb was covered up, with the pore spaces filled by the adsorbates after adsorption (Figure 

4.38(b)). 

 

    

Fig 4.39: SEM images of GSB before and after sorption 

a b 

a b 
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Upon the modification of GSB, the crystalline morphology of clustered rhombohedral to other 

polygonal grain structures was achieved (Figure 4.39(a)). According to Sant’Anna & de 

Souza (2012), the use of strong alkaline solution such as KOH and NaOH may result in the 

detachment of plant fibres, cell wall collapse and porous formation on cell wall surfaces. 

Increased hydrolysis may result in increase in SEM roughness index which may correspond 

to enhancing adsorbent sorption capacity (Karimi & Taherzadeh, 2016). GSB surface and 

porous pores were filled up by the adsorbates after adsorption (Figure 4.39(b)). 

 

    

Fig 4.40: SEM images of the GS before and after sorption 

 

The morphology of the un-carbonized and un-modified grape slurry biomass (GS) was 

mostly of distorted crystalline particles and was fussed together at the centre (Figure 

4.40(a)). A closer examination of the surface indicates probable octahedral particles with 

smoothened surfaces. Pore spaces in the micrograph of GS were not clearly defined; hence 

the internal surfaces of the material might not be accessible for the diffusion of the fluid, due 

to closed porosity.   

 

In general, biomass pre-treatment depends on a number of factors such as pH, temperature, 

plant material type, and this in-turn, may result in some variability in the carbonized and 

modified products. This includes structural changes which might have an effect on the 

surface functionalities in terms of sorption site density. Furthermore, the modification process 

may either tend to increase or decrease the number of activated sites available for sorption.  

Rezende et al. (2011) reported that pre-treatment decreases lignin content of plant cells, and 

change the surface texture, thereby making them rougher than the non-treated biomasses. 

This explains the enhanced sorption properties of carbonized and treated adsorbents 

compared to those of the untreated and un-carbonized adsorbents.       

a b 
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4.4 Column Study 

A column study was conducted using GSB in order to determine the effect of time on the 

efficiency of the adsorption process in a continuous fixed bed column. GSB was used for the 

study because of its high sorption efficiency relative to other adsorbents for the three 

antibiotics investigated.  200 ml of spiked water containing of 30 mg/L AMX, AMP and CHLR, 

was passed through a fixed column packed with 4.50 g of GSB and filled to the 3cm mark, at 

a flow rate of 2 ml/min. The efficiency for the removal of the β-lactam antibiotics AMX, AMP 

and CHLR on a fixed bed mode is shown in Figure 4.41.  

 

 

Figure 4.41: A fixed bed column sorption of AMX, AMP and CHLR onto GSB  

 

The removal of CHLR was greater than 99.9 % with the passage of 200 ml of the spiked 

solution through the column (i.e over a total time period of 100 min). A percentage removal 

higher than 99 % was obtained for AMX, between a time lapse of 10 min and 80 min after the 

spiked solution was fed through the column. The sorption efficiency of the adsorbent for 

CHLR and AMX appeared to be the same for contact times between 10 – 50 min. However, 

as contact time increased above 80 min, the sorption of AMX onto GSB in the bed column 

reduced to about 97 % (Figure 4.41).  

 

The efficiency removal for AMP was highest between 10 min and 30 min, giving percentage 

removal efficiencies between 96 % and 95 %. Thereafter, a steady drop in the efficiency for 

removal of the adsorbate from solution by GSB was observed (Figure 4.41), giving the lowest 

quantity adsorbed (79 %) after a contact time of 100 min.   
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It was reported that increase in inflow and flow rate beyond a certain time and adsorbate 

volume may cause adsorption of the adsorbate to decrease, because of the decrease in 

resident time of the adsorbate in the column (Goyal et al., 2009). The results are consistent 

with the findings made in this study whereby the sorption efficiency reduced as the volume of 

the adsorbate solution passing through the column increased.  

 

The column study showed that the sorption removal efficiency of CHLR was better than that 

of AMX followed by AMP, regardless of the experimental conditions. However, the overall 

result obtained for the sorption removal efficiencies for all adsorbates was satisfactory for the 

fixed bed effectiveness of adsorption in a continuous flow of adsorbate solution. This 

outcome implies the non-complexity and cheapness of the adsorption process and the high 

probability for the removal of β-lactam antibiotics from surface water using the carbonized 

grape slurry waste.   
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CHAPTER FIVE 
 

5.0 CONCLUSION AND RECOMMENDATION 

 

5.1 Conclusion 

The occurrence of residues of amoxicillin (AMX), ampicillin (AMP) and chloramphenicol 

(CHLR) in the Diep River were variable and site dependent. AMX was detected in all surface 

water samples while AMP was only detected at sampling station P5, CHLR was however not 

detected in any of the collected water samples.  

 

Sorption studies revealed that modified carbonized grape slurry biomasses had enhanced 

removal capability relative to the un-carbonized and unmodified grape slurry biomass for the 

abatement of the selected β-lactam antibiotics from simulated wastewaters. The 

morphologies of the adsorbents’ surfaces revealed the advantages of carbonization and 

surface activation of the adsorbents over the un-carbonized and unmodified adsorbent. 

Carbonization and activation of the grape slurry facilitated large surface area, enhanced pore 

size distribution and availability of increased active sites, resulting in improved adsorption 

efficiencies of the adsorbents. The EDX chemical analysis of GSAa, GSAb, GSB and GS, 

indicated high carbon content, and the presence of surface oxygen on all adsorbents. Also, 

the adsorbents had low ash content, which is assumed to have facilitated their adsorption 

potential.  

 

Fourier Transform Infra-Red (FT-IR) analysis of the GS adsorbent showed prominent 

characteristic bands of the asymmetric C-H and symmetric CH2 bond vibrations. The FT-IR 

spectra of GSAa and GSAb suggest that activation of the adsorbents with acids resulted in 

the suppression of prominent absorption bands that were obtained for GS. However, FT-IR 

analysis of GSB revealed a shift for the absorption band obtained for GS producing a 

hydroxyl stretch.  

  

The different adsorbents gave variable equilibrium sorption times for the selected antibiotics. 

Sorption kinetics of GSAa, GSAb, GSB and GS for the adsorbates were also analysed for 

the pseudo-first order, pseudo-second order and the Elovich kinetic model mechanisms. The 

pseudo-second order was the major rate controlling step for the sorption of AMX, AMP and 

CHLR on all adsorbents with the exception of GS for AMX and AMP. Also the Elovich model 

had some influence on the sorption processes of the adsorbates onto the respective 

adsorbents to a lesser extent since it gave correlation coefficient values > 0.50. Though, the 

sorption of the antibiotics was also influenced by physical mechanisms, the sorption 

processes were highly influenced by chemical processes. The sorption of AMX and AMP 
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onto GS was influenced more by physical mechanisms because data fitted best into the 

pseudo-first order kinetic model.  

 

Freundlich, Langmuir and Temkin equilibrium isotherm sorption models were employed, and 

their parameters evaluated by fitting the data obtained from batch experiments into the model 

equations. The Freundlich and Langmuir isotherm models had better correlation coefficients 

to the experimental data. This suggests the possibility of both heterogeneous adsorption and 

monolayer coverage of the adsorbent surfaces. The sorption would reach saturation resulting 

in limited capacities of the adsorbent for sorption. Also through the influence of the Temkin 

isotherm model, the heat of adsorption was assumed to be lost linearly with enhanced 

sorbent surface coverage. 

 

Enthalpy change (∆H0) values calculated for the sorption processes of AMX, AMP and CHLR 

were negative for the four adsorbents, hence sorption processes were exothermic. The 

sorption processes of AMX and AMP onto GSAa, GSAb and GSB were strongly influenced 

by chemical reactions while sorption of the same adsorbates onto GS was influenced by 

physical reactions based on the enthalpy change values obtained. However, the sorption of 

CHLR onto all adsorbates was influenced by chemical reactions according to the obtained 

values for enthalpy change. Results of the standard entropy (∆S0) and free energy change 

(∆G0) suggested that there were reduced interactions at the adsorbent surface/solution 

interface as the temperature was increased. Feasible non-spontaneous processes thus 

resulted for the sorption of the antibiotics. The order of removal efficiencies of the adsorbents 

for AMX, AMP and CHLR were GSB > GSAa > GSAb > GS.  

 

Column studies suggested that removal efficiency of adsorbent was enhanced with 

increased contact time and sorbate volume. This study concludes that carbonized and 

modified grape slurry successfully remediated the β-lactam compounds from aqueous 

solutions.  

 

5.2 Recommendation 

Further extensive column, recovery and reuse studies of adsorbents are still needed to fully 

understand practical application of the study to societal needs. More investigations also need 

to be carried out on possible doping of adsorbents with stabilizers for improved sorption 

efficiencies and reuse potentials. It will also be necessary to identify and characterize 

metabolites of the antibiotics (since hydrolysis seems to be responsible for lack of detection 

in some locations) in future work. Metabolites or degradation products of different β-lactam 

antibiotic compounds may therefore serve as indicators of contamination of aqueous 

systems.  
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APPENDICES 

 
APPENDIX A: Effect of contact time on sorption quantities, qt (mg/g) of AMX and AMP and CHLR  

 

Time  AMX AMP CHLR 

(min) GSAa GSAb GSB GS GSAa GSAb GSB GS GSAa GSAb GSB GS 

0 0.036 0.040 0.120 0.103 0.062 0.235 0.031 0.087 0.057 0.012 0.109 0.112 

30 0.219 0.059 0.345 0.583 0.264 0.214 1.173 0.214 0.657 0.864 0.598 0.269 

60 0.269 0.362 1.199 1.253 0.526 0.520 2.625 0.380 1.085 1.913 1.466 1.545 

90 1.371 1.823 2.346 2.488 1.258 0.783 2.838 0.349 3.007 2.798 2.203 1.650 

120 2.964 2.992 2.971 2.856 1.638 1.951 2.830 0.730 3.000 2.770 2.870 1.604 

150 2.959 2.981 2.953 2.940 2.608 2.700 2.734 1.724 3.005 2.773 3.104 1.624 

180 3.044 2.981 2.959 2.925 2.604 2.695 2.821 1.713 2.990 2.769 3.030 1.635 

210 2.976 2.959 2.918 2.916 2.550 2.699 2.799 1.688 3.002 2.719 3.080 1.591 

240 2.948 2.979 2.932 2.917 2.587 2.698 2.771 1.707 2.982 2.748 3.076 1.499 

270 2.961 2.957 2.952 2.929 2.469 2.700 2.728 1.719 3.003 2.790 2.979 1.457 

300 3.007 2.961 2.966 2.937 2.513 2.697 2.811 1.671 2.778 2.758 3.065 1.646 
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APPENDIX B: Linearized form of the pseudo-first order for AMX, AMP and CHLR by (a) GSAa, (b) GSAb, (c) GSB and (d) GS, respectively 
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(c) 

        

 

(d) 
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APPENDIX C: Linearized form of the pseudo-second order for AMX, AMP and CHLR by (a) GSAa, (b) GSAb, (c) GSB and (d) GS, respectively 
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(c) 

       

 

(d) 
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APPENDIX D: Linearized form of the Elovich model for AMX, AMP and CHLR by (a) GSAa, (b) GSAb, (c) GSB and (d) GS, respectively 
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(c) 

        

 

(d) 
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APPENDIX E: Effect of adsorbent dose on percent adsorbate removed 
 

mass AMX AMP  CHLR   

 (g) GSAa GSAb GSB GS GSAa GSAb GSB GS GSAa GSAb GSB GS 

0,10 17,05 19,48 18,50 16,14 20,77 21,66 34,58 13,29 24,46 20,63 24,46 10,89 

0,15 32,34 33,05 31,80 20,99 24,63 24,67 44,35 19,83 34,40 32,69 42,38 16,55 

0,20 52,22 48,14 57,95 25,42 29,05 35,95 55,49 32,13 48,25 45,32 60,34 18,86 

0,25 61,11 54,95 68,62 29,90 48,99 49,25 63,86 37,29 65,13 50,78 69,88 29,46 

0,30 72,66 57,54 82,70 32,91 69,75 61,44 70,84 41,23 68,45 55,77 86,94 36,85 

0,40 75,46 59,46 87,10 35,33 72,51 62,09 73,77 43,09 72,69 58,99 91,08 39,25 
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APPENDIX F: Linearized form of the Freundlich isotherm models for the adsorbates with (a) GSAa, (b) GSAb, (c) GSB and (d) GS 
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(c) 

     

(d) 
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APPENDIX G: Linearized form of the Langmuir isotherm models for the adsorbates with (a) GSAa, (b) GSAb, (c) GSB and (d) GS 
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(c) 
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APPENDIX H: Equilibrium adsorbed quantities, qe (mg/g) of adsorbates obtained with GSAa, GSAb, GSB and GS for all varying solution pHs 

 

pH AMX AMP  CHLR   

  GSAa GSAb GSB GS GSAa GSAb GSB GS GSAa GSAb GSB GS 

4 1,452 1,052 2,257 1,158 1,245 1,212 1,142 1,035 2,067 1,585 1,687 1,032 

6 1,314 1,266 2,326 1,361 1,378 1,515 1,424 1,503 2,354 1,741 1,842 1,224 

8 1,417 1,433 2,399 1,510 1,632 1,566 1,589 1,676 2,414 1,794 1,862 1,036 

10 1,599 1,522 2,356 1,611 1,899 1,718 1,721 1,687 2,501 1,831 1,964 1,058 

12 1,752 1,570 2,202 1,686 2,251 2,378 1,763 1,746     

 

 

 

 

 


