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Abstract  

The purpose of water treatment is to produce clean and safe drinking water, for consumers. 

Water quality, both during treatment and distribution, is greatly affected by the presence of natural 

organic matter (NOM). The presence of NOM affects the effectiveness of water treatment 

processes and sometimes increases the cost of water treatment and leads to operational problems. 

Furthermore, the presence of biodegradable organic matter (BOM), which is a fraction of NOM, 

can degrade water quality during distribution resulting in the loss of biological stability. The 

excessive presence of BOM can be addressed using advanced water treatment processes or by 

relying on systems which combine multiple water treatment processes to increase treatment 

efficiency. The main aim of this study was to evaluate the effectiveness of a hybrid adsorption-

membrane filtration system in lowering the bacterial regrowth potential in water.  

Ready-made multi-walled carbon nanotubes (MWCNTs) were used as adsorbents in this study. 

MWCNTs were chosen because they exhibit high adsorption properties mainly because of their 

fibrous shape and external surface accessibility. MWCNTs have hydrophobic characteristics and 

a propensity to aggregate due to the presence of electrostatic interactions among them, therefore, 

functionalization of MWCNTs was required to improve their dispersion in the organic and 

inorganic solvents. A non-covalent functionalization process was employed using 

cetyltrimethylammonium bromide (CTAB) as a cationic surfactant to ameliorate the stability 

and dispersibility of MWCNTs in aqueous solution. The non-covalent functionalization was 

preferred to sustain the functionalities needed for BOM capture enhancement and environmental 

safety. Polysulfone (PSF) membranes were produced by phase inversion method using N, N-

dimethylformamide as solvent for the removal of BOM from water. The phase inversion method 

was chosen in this study due to its simple processing, flexible production scales, and low cost. The 

MWCNTs and PSF membranes were characterized using microscopy techniques such as 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), X ray diffraction 

(XRD), Raman spectroscopy, tensile strength test, and the hydrophilicity (contact angle) test. 

These techniques were selected because they enable the evaluation of the morphology, 

composition, physical characteristics, and dynamic behavior of nanostructured materials.  
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Batch adsorption experiments were employed to investigate the adsorption properties of 

functionalized MWCNTs for BOM removal. Four different concentrations of functionalized 

MWCNTs were tested to determine the ideal conditions for the adsorption of two forms of BOM; 

assimilable organic carbon (AOC) and biodegradable dissolved organic carbon (BDOC), from 

water. The concentrations of functionalized MWCNTs used were 4, 8, 12, and 16 mg in 100 mL 

of BOM solution. Furthermore, the cross-flow filtration mode, also known as tangential flow 

filtration, was used to separate the remaining BOM in water by passing water along the surface of 

the NF membrane using pressure difference. Cross-flow filtration was chosen because it removes 

the buildup from the surface of the membrane and provides the benefit of an improved membrane 

lifespan by helping to prevent irreversible fouling. A mathematical model of membrane filtration 

process in continuous system was also developed to better understand the correlations between the 

different variables of the membrane filtration process such as the inlet (feed) concentration (Cin) 

and flow rate (Qin), and the outlet (retentate) concentration (Cout) and flow rate (Qout), and the 

permeate concentration Cp.  

Results obtained after the functionalization process of MWCNTs showed an improvement in their 

stability and dispersibility in aqueous solution. The characterization of both MWCNTs and PSF 

membranes showed some interesting features. For example, morphological and structural studies 

show that MWCNTs possess fibrous shapes with a high aspect ratio, and a hollow structure with 

an inner diameter. The finger-like structures found on the surfaces of PSF membranes play a 

crucial role in their adsorption capabilities. These structures, which vary in pore size, contribute to 

the overall capacity of the membranes to absorb BOM from water. During adsorption experiments, 

it was observed that the removal of BOM from water increased with an increase in the adsorbent 

(functionalized MWCNTs) concentration. This is likely due to high concentration gradient which 

acts as a driving force to overcome resistances to mass transfer of dye ions between the aqueous 

phase and the solid phase. However, the maximum removal of both AOC and BDOC was recorded 

at a concentration of functionalized MWCNTs of 12 mg, at a contact time of 4 hours and at an 

agitation speed of 180 rpm. The PSF membrane produced by phase inversion method demonstrated 

the highest flux of 0.0091 ml/cm2.min at room temperature (25°C) and after a filtration time of 90 

minutes. The selectivity and permeate flux were increased with forward flushing and backwashing 

processes of the PSF membranes because it flushes out accumulated debris and particles on the 

surface and inside the pores of the membranes. After using the hybrid adsorption-membrane 
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filtration system, BDOC concentrations dropped to an average of 65% of the initial raw water 

BDOC and the AOC concentrations dropped to approximately 80% of the initial raw water AOC. 

Outputs from the mathematical model demonstrated that the change in initial conditions (Cin and 

Qin) is responsible for the transient response (changes from one steady state to another) in these 

membranes.  

The adsorption and membrane nanofiltration hybrid system adopted in this study, effectively 

removed both AOC and BDOC from water, and can therefore be used to produce biologically 

stable drinking water. The outcome of this study could be the application of the combination of 

BOM targeting strategies and residual disinfection to better control bacterial regrowth in drinking 

water distribution systems (DWDSs). This in turn could help water utilities with meeting 

distribution systems, water quality guidelines, and protect public health. 
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CHAPTER ONE: INTRODUCTION 

1.0 Introduction 

Bacterial growth has been identified as one of the foremost causes of water quality degradation 

within the drinking water distribution systems (DWDSs). Examples of undesired effects linked to 

bacterial growth include the proliferation of pathogens and coliforms, the reduction of hydraulic 

efficiency, unwanted colour, taste, odour, reduction of dissolved oxygen, the acceleration of pipe 

corrosion, and formation of biofilm [1,2,3].  

The two major drivers of bacterial growth within DWDSs are the presence of nutrients and the 

lack of disinfectant residuals. Among other nutrients, organic carbon sustains heterotrophic 

bacteria (i.e. the group of microorganisms that use organic carbon as an electron donner to support 

growth and other functions). Humic and fulvic acids, carboxylic acids, 

proteins, carbohydrates, and other organic compounds contribute to the amount of organic carbon 

in DWDS. However, it is essential to indicate that the presence of natural organic matter (NOM) 

serves as a major nutritional factor limiting bacterial growth in many DWDSs [1, 2, 4]. Since the 

assimilable organic carbon (AOC) and biodegradable dissolved organic carbon (BDOC) being 

commonly used measures of biodegradable organic matter (BOM) concentration in DWDS , it 

becomes evident that the existence of natural organic matter (NOM) in water greatly affects its 

quality [1, 2, 3, 4, 5]. 

Previous studies have identified membrane separation process (MSP) as a reliable technology for 

enhancing the biological stability of contaminated water [6,7,8]. The Nanofiltration (NF) 

technology is the most preferred MSP ascribed to its ability to get rid of BOM from raw water and 

to subsequently reduce the possibility of bacterial regrowth within DWDS [6, 7, 8]. This is more 

likely due to the presence of small pore size on NF membranes [6, 7, 8]. However, there is only a 

few existing studies in the literature that discuss the removal of AOC and BDOC using MSP [6, 

7, 8, 9, 10]. Previous studies have reported the success of utilizing NF membrane filtration in 

removing high molecular weight compounds (HMWC) commonly quantified as dissolved organic 

carbon (DOC) and BDOC. However, the rejection rate of low molecular weight compounds 

(LMWC), generally measured as AOC, depends on the membrane material and solution medium 

[6, 7, 8, 9, 10]. 
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For example, a study on membrane filtration of water by Peter et al. [6] found that there was no 

statistically significant difference in AOC between raw water influent and membrane permeate. 

This means that biologically unstable drinking water was produced during the membrane 

filtration process.  Whereas a study by Jurmu [7] investigated the effect of pretreatment on 

BOM elimination by nanofiltration. It was found that the removal of the lowest molecular weight 

fraction of BOM during the pretreatment process was significantly lower. In addition, the 

permeate contains organic compounds that can provide nutrients for microorganisms. Similarly, 

the results of the study conducted by Harma [10] in filtration experiments using dense NF 

membranes showed the total organic carbon (TOC) levels lower than 0.3 mg/L in all 

permeates. However, the eradication effectualness of AOC in water varies by about 

25% depending on raw water quality. A study by Sari et al. [8] on the removal of BOM from water 

using MSP found that reducing the pore size of  the ultrafiltration (UF) and NF membranes 

increased the removal potential of DOC. However, the removal of AOC in the study was 

incomplete. Another study by Hen and Efraim [9] on the removal of AOC and BDOC from water 

using 10 and 1 KDA membranes found that the removal efficiency was less than 30% and 48%, 

respectively.  

These results highlight the varying levels of organic matter removal achieved through membrane 

technology, with differing impacts on AOC and BDOC removal. Overall, Zazouli and Kalenkesh 

[11] studied the applications of NF, UF, and microfiltration (MF) as different MSPs commonly 

used for the removal of DBPs precursors. It has been reported that NF is particularly efficacious 

in eliminating BOM compounds, even though it requires thorough pretreatment to prevent fouling. 

On the other hand, UF and MF membranes are not as efficient in retaining small BOM compounds. 

In conclusion, for  the disinfection by-products (DBPs) precursors removal, NF appears to be the 

most suitable membrane separation process due to its effectiveness in removing BOM, provided 

that proper pretreatment measures are implemented to control fouling. 

The goal of this study was to assess the effectualness of the hybrid adsorption-membrane filtration 

system in the removal of BOM from water and producing biologically stable water. Unfortunately, 

several studies have highlighted NF membrane fouling as a major challenge in NF technology [9, 

10, 11, 12, 13, 14, 15, 16]. To date, powdered activated carbon (PAC) has been utilized in the 

adsorbent-NF membrane hybrid system. However, the bonding between BOM and PAC has led to 
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the formation of BOM-PAC particles that contribute to fouling of the membrane filtration [15]. 

Therefore, in this study, an ideal pretreatment process of drinking water was used before NF 

filtration tests to prevent membrane fouling. Multi-walled carbon nanotubes (MWCNTs) that have 

been functionalized with cetyltrimethylammonium bromide (CTAB) were used as the sorbent in 

the adsorption process to protect the membrane, enhance performance, and lessen fouling. The 

adsorption process offers several advantages for treating organic contaminants in drinking water. 

Firstly, it is a cost-efficient and practical method, making it suitable for large-scale 

implementation. The process uses adsorbent materials to remove contaminants effectively, 

resulting in improved water quality. Additionally, adsorption provides environmental benefits by 

minimizing the use of chemicals and producing less waste compared to other treatment methods 

[15, 16, 17]. 

Lijima [18] first identified carbon nanotubes, a form of carbon with a long, tubular structure and a 

graphitic lattice. Numerous studies aimed to assess the employment of carbon nanotubes (CNTs) 

for a variety of applications, including water treatment, to better understand their special physical, 

mechanical, electrical, magnetic, and thermal properties [19,20,21]. CNTs exhibit high adsorption 

ability for BOM, making them promising adsorbents for environmental remediation [19, 20, 21, 

22]. The key challenge lies in enhancing the affinity of CNTs towards target compounds, and this 

can be achieved through functionalization techniques [23]. Their unique structural features, such 

as their mass, larger surface area, and thin, hollow, and layered structures, play a crucial role in 

adsorption [20, 22].  

In this study, ready-made MWCNTs, purchased from Merck (South Africa) were used 

as adsorbents; however, unfunctionalized MWCNTs have hydrophobic characteristics and 

a propensity to aggregate. This is more likely due to electrostatic interactions between CNTs 

[24, 25]. Therefore, the functionalization of MWCNTs was carried out using CTAB (a 

noncovalent functionalization process). The efficiency of CTAB as a reagent for functionalizing 

MWCNTS has been widely demonstrated [24]. Furthermore, it has been discovered that CTAB is 

a cationic surfactant with stable dispersion and hydrophilic properties that actively interacts with 

MWCNTs [25]. 

Fouling prevention is a critical aspect of nanofiltration (NF) membrane systems in water treatment. 

NF membranes, with their small pores ranging from 0.5 to 2 nm, effectively reject even tiny 
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uncharged solutes [26, 27, 28]. However, monovalent ions are still able to pass through, while 

multivalent ions are retained due to surface electrostatic properties. This ability to selectively 

fractionate and remove specific solutes makes NF membranes valuable in complex process 

streams. Nevertheless, because NF membranes are sensitive to fouling, extensive pretreatment is 

necessary to prevent scaling, colloidal, organic, and biological fouling during the water treatment 

process [27, 28, 29]. The hybrid adsorption-membrane filtration system, a key focus of this study, 

is a combine of the adsorption process and MSP. Its purpose is to effectively remove BOM from 

drinking water. By integrating these two processes, the system aims to address the issue of 

membrane fouling that typically occurs during membrane filtration, leading to increased operating 

costs. This innovative system offers a promising solution to improve the overall effectualness of 

water treatment processes, ensuring cleaner and safer drinking water for communities. 

1.1 Research objective(S): 

The key focus of this study was to assess the effectiveness of a hybrid adsorption-membrane 

filtration system in lowering the bacterial regrowth potential in water. Several filtration tests of 

raw water samples will be done after optimal pretreatment (with functionalized MWCNTs) to 

determine the improvement in operation (flux and rejection) of the NF membrane, contributing  to 

the production of biologically stable drinking water. 

The specific objectives of the research are as follows: 

➢ To determine and validate the efficiencies of both AOC and BDOC protocols used in the 

measurement of bacterial growth in water collected from targeted water sources. 

➢ To prepare flat sheet membranes using the phase inversion method. 

➢ To functionalize MWCNTs through a noncovalent functionalization process. 

➢ To characterize the nanostructured materials using microscopy techniques. 

➢ To pretreat water by adsorption process of BOM in terms of AOC and BDOC. 

➢ To test the effectualness of the MSP to remove BOM from the pre-treated raw water. 

 

 

 



5 
 

1.2 Research questions 

In this research project, cogent scientific results will be provided to address the following 

questions: 

➢ What are the methods to test the efficiencies of both AOC and BDOC protocols 

employed in the measurement of bacterial growth in water? 

➢ What is the role of noncovalent functionalization of MWCNTs in the adsorption 

process of BOM from drinking water? 

➢ What are the benefits of combining an adsorption process with an MSP? 

➢ What are the performance characteristics of functionalized MWCNTs? 

➢ What are the performance characteristics of NF polymeric membranes? 

 

1.3 Expected contribution to knowledge 

Strategies to mitigate the negative effects of BOM on water treatment methods are essential to 

make certain the production of safe and clean drinking water. However, the presence of BOM in 

drinking water influences significantly different water treatment processes, and it also affects water 

quality in the DWDSs. The presence of BOM in water increases water treatment costs and causes 

operational problems. Here are some ways NOM affects drinking water quality and water 

treatment processes: 

➢ NOM significantly impacts taste, colour, and odour [1, 2]. 

➢ NOM results in increased requirements of disinfectants, coagulants, and oxidants in water 

treatment processes, making the treatment more challenging [1, 2]. 

➢ NOM can cause the corrosion of pipes and infrastructure within the water distribution 

system, leading to potential leaks and contamination of the water supply [1, 2].  

➢ NOM contributes to the deterioration of the DWDSs, reducing its overall efficiency and 

reliability [1, 2]. 

➢ NOM promotes bacterial growth in the DWDS, posing a risk to public health [1, 2].   

➢ NOM can interact with disinfectants, such as chlorine, resulting in the formation of 

hazardous DBPs. These DBPs can have adverse health effects when consumed [1, 2].  
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➢ NOM in the DWDS has significant implications for the overall water quality and the 

integrity of the infrastructure [1, 2]. 

The facts previously mentioned pose the greatest challenges to the production of biologically stable 

drinking water at lower cost. Therefore, it is essential to decide upon several problems associated 

with BOM in water during MSP. These problems include fouling, durability of the membrane, and 

cost among the doses of adsorbents, disinfectants, coagulants, and oxidants, needed for water 

treatment. As already stated, previous studies related to the BOM removal in water showed NF 

membrane filtration was effective in rejecting DOC and BDOC. However, AOC rejection varied 

according to the type of membrane and the environment in which the solution was being processed 

[6, 7, 8, 9, 10]. A review by Zazouli and Kalankesh [11] in their study on the removal of precursors 

of DBPs from drinking water demonstrated that NF membranes can effectively remove BOM, but 

a thorough pretreatment is needed to prevent fouling during membrane filtration. To date, PAC 

was employed to remove BOM fouling in adsorbent-membrane hybrid system by Elma et al. [15]; 

it has been found that the bonding of BOM with PAC particles produces additional foulants that 

block the pores of the membrane and leave a cake layer on the membrane surface. Therefore, in 

this study, an extensive adsorption process (with CTAB-functionalized MWCNTs) of drinking 

water was applied before NF filtration tests to avoid membrane fouling, protect the membrane, and 

improve the NF membrane performance for the optimal removal of both AOC and BDOC in 

drinking water. This will reduce the potential for bacterial regrowth within the DWDSs. It will 

consequently lower the cost of water treatment and operational problems during the production of 

biologically stable drinking water. 

This study has developed an adsorption process coupled with NF membrane process based on the 

concept of multi-barrier approach which combines multiple drinking water treatment processes to 

enhance the reliability of the membrane. 

➢ Hybrid adsorption-membrane filtration system, which is a combination of the 

adsorption process and membrane filtration process for the removal of BOM 

from drinking water was designed and introduced in this study to overcome 

membrane             systems fouling that mainly occurs during the membrane filtration 

process and therefore will reduce the operation cost. This work contributed to the 

water quality engineering field and water treatment sector. 
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➢ The removal of AOC and BDOC from water was achieved using MWCNTs 

functionalized with CTAB. To preserve the functionalities needed for improved 

BOM capture and environmental safety, a non-covalent functionalization process 

was chosen in preference. 

➢ This study offers sufficient details on the development and use of hybrid 

treatment technology to produce biologically stable drinking water. Future 

research on the removal of BOM from drinking water will be well-founded on the 

solid foundation created by this work. 

 

1.4  Scope of research 

The scope of this study includes the preparation and characterization of PSF membranes, the 

functionalization, and characterization of MWCNTs, the testing of both BDOC and AOC protocols 

for measuring bacterial growth in water collected from targeted water sources, and the evaluation 

of a hybrid adsorption-membrane filtration system to eradicate BOM from drinking water. 

1.5 Organization of the thesis 

In Chapter 1, a general introduction to the study, background information, problems, goals and 

objectives of the research, methods, and the anticipated contribution to knowledge are presented. 

The literature review of the basic ideas on earlier and more recent work related to this study are 

reviewed in Chapter 2. The materials and procedures used in the study are covered in Chapter 3 

(Experimental Design). The mathematical modelling of the membrane filtration process is 

described in detail in Chapter 4 as a rational mathematical strategy created for the long-term 

viability of membrane filtration tests in this study. The findings following the characterization of 

CNTs and PSF membranes, as well as the identification of BOM are presented in chapter 5. The 

results of the processes for removing BOM (in terms of AOC and BDOC) from water through 

adsorption and membrane filtration are presented and discussed in Chapter 6. Chapter 7 presents 

a summary of the research, its findings, and suggestions for additional study. An extensive list of 

all references to this thesis appendices is provided at the end. 
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1.6 Summary 

The background, problem statement, research questions, and research objectives were covered in 

this introductory chapter. The expected contribution to knowledge and the field of study were 

briefly described, and then the structure of the thesis. 
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CHAPTER TWO: LITERATURE REVIEW 

2.1. Natural organic matter  

The NOM is a conglomerate of organic compounds with numerous molecular weights and 

structures. Animals, microbial organisms, and plants all degrade over time, which is where NOM 

comes from [1, 2, 3, 4, 5, and 13]. Depending on its place of origin, age, environment, and degree 

of transformation, NOM can vary greatly [6, 7, 8, 9, 10, 11, and 12]. The primary component of 

NOM is humic materials. Biopolymers like polysaccharides, proteins, lipids, and amino acids also 

contribute to the emergence of NOM. NOM causes aesthetic qualities like colour, odour, and 

taste in finished water, which poses serious problems. High NOM concentrations in raw water are 

also problematic as waters with high NOM concentrations require high coagulant doses when 

treated through coagulation, high ozone doses when treated through ozonation, shorter run times 

when treated by granular activated carbon filters and requires membrane regeneration, and when 

treated by chlorination waters with high NOM concentrations both had higher chlorine demands 

and a high potential for DBPs formation [13, 14, 15]. In addition to causing issues with the 

treatment of water, NOM acts as a source of nutrients for bacteria in the DWDSs [16], which result 

in bacterial growth [16]. Specifically, small organic acids can lead to the formation of biofilm in 

pipelines, and they can lead to bacterial activities in the DWDSs.  

The structural characterization of NOM has drawn the attention of many studies; however, the 

exact nature of its structure is still unknown [17, 18, 19, 20, 21, 22, 23, 24, 26, 27, 28, 29, 30, and 

31]. It is not practical to describe NOM because of an exhaustive compilation of the individual 

compounds because it may consist of a variety of chemical constituents [18]. As a result, scientists 

have discovered that classifying NOM into various chemical or fractional groups is more practical 

[20, 21, 22, 23, 24, and 25]. The concentration and fractionation of NOM into groups with similar 

properties is a step in several characterization techniques that have been used [32]. Some of these 

methods, however, have inherent flaws, such as those that may result from the overlapping of 

various fractions during fractionation [33, 34, 35, 36, 37, 38, and 39]. Additionally, the 

characterization process of NOM frequently requires deep pre-treatment of samples, which may 

change the NOM character [33, 34, 40, 41, and 42]. 

The DOC and total organic carbon (TOC) ,which also show how many unsaturated bonds are 

present in NOM, are the main techniques used to measure NOM concentration in water. While 
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NOM contains different compounds with different molecular weights and hydrophobicities, these 

methods use bulk parameters. The process must therefore be improved by using more NOM 

characterization techniques. SUVA in particular (UV254 absorbance) can be used to gauge the 

aromaticity of NOM [43]. Additionally, SUVA can be used to determine hydrophobicity [44, 45]. 

By using preparative DOC fractionation, the hydrophobicity of NOM fractions can be increased, 

and NOM is then split into hydrophilic and hydrophobic bases, neutrals, and acids [46, 47, 48, 49, 

50]. BOM is organic material, plant, and animal matter with origin in living organisms, which can 

be converted by the action of microorganisms to water, carbon dioxide, and/or methane and 

biomass. The AOC method and BDOC method are the primary techniques employed for 

quantifying the LMW) and HMW of BOM influencing biological stability [48, 49, 50].  

2.2 Characterization and quantification of natural organic matter 

The efficiency of drinking water treatment processes to remove NOM can be influenced by the 

nature and character of the NOM present in the water prior treatment [51, 52, 53]. Therefore, the 

water treatment utilities must enhance the treatment processes for NOM removal to prevent the 

negative effects of NOM on water treatment and to guarantee that the treated water complies with 

standards. To achieve this, it is necessary to comprehend the properties of NOM and the 

effectiveness of its removal by different treatment processes. To better understand how the 

presence of NOM in water affects drinking water quality and water treatment processes, a variety 

of NOM characterization methods have been developed and discussed in this chapter [51, 52, 53, 

54, 55, 56, and 57]. These characterization methods develop different analytical frameworks, 

NOM fractionations, the amount of time and expertise needed, the costs, and the outcomes [17, 

58]. There is not a single method that can reveal all the characteristics of NOM required for the 

water treatment process, as demonstrated by a comparison of various NOM characterization 

techniques [18, 58, and 59]. To properly analyze the various fractions of NOM throughout the 

treatment process, a combination of various methods would be required. 

2.2.1 Sample collection and preparation 

Regardless of the procedure chosen for NOM analysis, strict adherence to the proper standard 

procedures (such as ASTM standards for water testing) should be ensured when collecting, 

handling, and analyzing samples. There should be as little external contamination during handling 
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as possible. Rapid analysis should be done on samples with an intense concentration in 

biodegradable organic matter to reduce the amount of NOM that is biodegraded and hydrolyzed. 

A sample should be stored at 4°C or lower if it cannot be analyzed right away. 

2.2.2 Assimilable organic carbon 

The concentration of AOC in water has a direct impact on microbial growth [110, 111]. 

Heterotrophic bacteria perform a negative role in water supplies, and their density is closely 

correlated to the AOC concentration. A study by Van der Kooij [110, 111] found that AOC 

concentrations below 10 g/l indicate that heterotrophic bacteria do not multiply significantly in 

unchlorinated water [110, 111]. This suggests that higher AOC concentrations promote microbial 

growth. As AOC represents the portion of TOC that can be easily assimilated by microbes for 

growth, measuring AOC concentration is an important factor in assessing water quality and 

determining its biostability [111]. Controlling AOC levels is therefore crucial in ensuring a safe 

water supply. The assessment of the AOC/BDOC ratio has important implications in 

understanding the biological stability of water [112]. A high AOC/BDOC ratio indicates a higher 

availability of organic carbon for microbial growth, suggesting a more biologically stable water 

system. This ratio can help in determining the potential for microbial activity and the overall health 

of the ecosystem [112]. Additionally, the AOC/BDOC ratio assessment is useful in water quality 

management, as it gives insights into the biodegradability of organic carbon and the potential for 

microbial contamination [102]. Additionally, the concentration of intracellular ATP [114], the 

heterotrophic plate count [113], or turbidity increase [115] are three ways to measure biomass in 

the methods for calculating AOC. These techniques evaluate the effectiveness of the 

treatment procedures, and there is ongoing discussion about which techniques the water treatment 

industry might find most beneficial. 

2.2.3 Biodegradable dissolved organic carbon. 

The BDOC can be measured using various biological methods [102, 103, 104, 105]. One 

commonly used method is the BDOC method, which involves measuring the amount of DOC 

mineralized by heterotrophic microorganisms [102, 103, 104, 105, 106, 107]. This method 

calculates the BDOC by determining the difference between the initial and final concentrations of 

DOC, utilizing an indigenous bacterial population [102, 103, 104, 105]. The key variation in 
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BDOC characterization techniques lies in the inoculation method. Some approaches employ 

suspended bacteria, while others use bacteria that are adhered to inert media or sand in a continuous 

reactor column. Standardizing BDOC measurement methods is important to ensure accurate and 

comparable results [106, 107]. The comparison study conducted on BDOC characterization 

procedures revealed that there is little variation among the different techniques used. This suggests 

that the procedure chosen may not have an important consequence on the results of BDOC 

experiments. Therefore, the choice of a characterization method is based on factors such as ease 

of use, time efficiency, and cost-effectiveness. These findings provide valuable insights for 

researchers and practitioners in the water treatment sector, allowing them to make informed 

decisions when conducting BDOC experiments. Additionally, the study highlights the potential 

for the proposed technique by Servais et al. [103, 104] as a viable option for BDOC 

characterization in both drinking water and surface water systems. Monitoring BDOC levels in 

water treatment is significant [103, 108]. BDOC contributes to a range of 10-30% of the TDOC in 

water [109]. It has been shown that the eradication of BOM from treated water constrains bacterial 

growth, as demonstrated by Block et al [110]. Furthermore, to make certain the production of 

biologically stable water, it is recommended that the BDOC concentration in water should not 

surpass 0.16 mg/L [104]. Therefore, monitoring BDOC levels in water treatment is essential for 

ensuring the quality and stability of drinking water [103, 104, 108, 109]. By understanding and 

managing BDOC, strategies can be implemented to reduce its presence in treated water, ultimately 

improving water treatment processes [103, 104]. However, potential challenges and future 

research in managing BDOC should also be considered to continually enhance water treatment 

techniques. 

2.2.4 Total organic carbon and dissolved organic carbon. 

The principle of TOC analysis is to measure the quantity of carbon in a sample that contains both 

organic and inorganic carbon. Sample preparation requires the elimination of inorganic carbon 

and the conversion of organic carbon to carbon dioxide [60, 61, 62]. Basically, TOC analysis 

utilizes high temperature combustion and non-dispersive infrared sensing [60].  Interpretation of 

TOC results provide information about the organic carbon content of the sample [60, 61]. 

DOC analysis aims to determine the amount of dissolved carbon in a sample. Sample collection 

and storage are critical to maintain the integrity of the concentration of DOC in water. Methods for 
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DOC analysis include filtration to separate dissolved carbon from particulate carbon and oxidation 

in order to make easy the  conversion of  organic carbon to carbon dioxide. Several factors can 

affect DOC concentrations, including microbial activity and land use [60, 61, 62]. 

Quantification of NOM using these methods is important for several applications. NOM can affect 

the environment and water quality, and its presence can help assess water quality. Understanding 

the proportions of POC and DOC in TOC is essential for comprehensively characterizing NOM. 

A key method for separating DOC and POC is filtration, using a 0.45 μm porosity membrane filter 

[62]. This filter effectively separates the larger particulate matter from the dissolved organic 

carbon. By analyzing the content that passes through the filter, the concentrations of DOC and 

POC can be determined [62]. This differentiation is significant as it provides insight into the 

distribution and composition of organic carbon in different environments. Additionally, it allows 

for an enhanced comprehension of the factors that influence TOC and DOC concentrations, such 

as the filtration process and the use of specific techniques like wet chemical oxidation and high-

temperature combustion [62]. Figure 2.1 illustrates the dissociation between DOC and POC based 

on filtration through a membrane filter with a porosity of 0.45 μm. 

 

 

Figure 2.1 Continuum of dissolved and  particulate organic carbon in natural waters (Aike 

and Leenheer, [62]).  
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2.2.5 Dissolved organic nitrogen. 

The dissolved organic nitrogen (DON) is an important component of natural waters, consisting 

primarily of degraded peptides, porphyrins, and amino sugars [76, 77]. While DON makes up a 

smaller portion of total dissolved nitrogen (TDN) in waters impacted by human activity, it is the 

main type of TDN in unaffected waters [78]. DON takes a significant part in water quality, acting 

as a filtration membrane foulant and contributing to disinfectant demand and the production of 

DBPs [79, 80, 81]. Additionally, DON could react with free chlorine and inorganic chloramines 

to form organic chloramines, which have limited bacterial activity compared to their counterparts 

[82]. DON in water can be identified from several sources, such as runoff from agricultural areas 

that have been fertilized, forest litter, wastewater discharge, urban runoff, and naturally occurring 

biological processes like the excretion of algae products in eutrophic surface waters [83, 84, and 

85]. 

Several methods can be used to quantitatively measure DON concentrations in water; however, 

subtraction methods are effective because they allow direct quantification of DON in water but can 

be challenging due to the presence of inorganic nitrogen species such as NH4
+, NO2

-, and NO3
- 

[85]. To overcome this challenge, the subtraction method involves measuring and quantifying the 

TDN concentration in the water sample, along with the dissolved inorganic nitrogen 

(DIN) concentration [86]. By subtracting the DIN concentration from the TDN concentration, the 

DON concentration can be calculated. This method allows for the accurate quantification of DON, 

providing valuable insights into nutrient cycling in aquatic ecosystems and assessing water quality 

and pollution levels [85, 86]. Additionally, it helps in monitoring the influence of human activities 

on the dynamics of DON in water. 

Furthermore, large DIN/TDN ratios may cause the variance to exceed the estimated DON 

concentration. To convert all DON to DIN, oxidation or combustion is needed, which makes it 

impossible to measure the TDN concentration directly. While several techniques have been 

employed to quantify DIN species, ion chromatographic and colorimetric methods are the most 

widely used [76]. The various techniques for breaking down organic nitrogen were examined by 

Westerhoff and Mash [85]. There are now three different kinds of DON to DIN digestion 

techniques in use: wet oxidation, photolytic oxidation, and high-temperature oxidation. The 

measurement of inorganic nitrogen species in solution serves as the foundation for both wet and 
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photolytic oxidations. Through chemiluminescence and ozonation detection, the high-temperature 

oxidation method indirectly measures nitrogen oxide. Water samples with low DON 

concentrations cannot be analyzed using the digestion method, which is primarily used for 

wastewater analysis [87].  

2.2.6 XAD resin fractionation 

An alternative method for DOC fractionation is XAD resin fractionation. This method enables the 

classification of dissolved organics according to their properties (acidic, neutral, basic) polarity 

(hydrophobic/hydrophilic), compound-class properties, compound-specific properties, and 

compound-complex properties [73]. Polarity-based fractionation of NOM in water samples is a 

crucial step in analyzing NOM using non-ionic resin sorbents. This process involves the utilization 

of Amberlite XAD-4 and XAD-8 resins, which have different affinities for polar and non-polar 

compounds [74]. By applying sequential sorption chromatography, these resins can selectively 

capture, and separate NOM fractions in accordance with their polarity. This method is especially 

important for comprehending the role of NOM in water quality, as different polarity fractions may 

have varying impacts on water treatment processes and environmental behavior [74, 75].  

Due to the chemical complexity and heterogeneous nature of NOM, introducing a fractionation 

step can help reduce the molecular heterogeneity of NOM and provide better insight into its 

chemical composition [73]. The characterization techniques based on fractionation isolate the 

group of compounds present in the NOM based on physical properties. These fractionation 

techniques may be used in combination with spectroscopic methods. Each fraction exhibits 

different characteristics in terms of molecular weight. For example, the hydrophobic fraction of 

MON with high molecular weight is less soluble in water and can be effectively removed 

by coagulation, whereas the hydrophilic fraction with high molecular weight is more soluble in 

water and therefore they would be difficult to remove [74, 75]. 

2.2.7 Ultraviolet absorbance 

Determining the optimal wavelength for NOM quantification is an important aspect of UV 

absorption [63, 64, 65]. By choosing the right wavelength, you can accurately ascertain the 

concentration of NOM in the sample. This is because the absorbance at certain wavelengths is 
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directly related to the NOM concentration [67, 68, 69]. The wavelength commonly used for this 

purpose is 254 nm, which has been shown to provide reliable and consistent results [67, 68, 69]. 

However, it is necessary to note that the optimal wavelength may vary based on the characteristics 

of the sample and the specific contaminants present. Therefore, careful analysis and 

experimentation are recommended and required to determine the most suitable wavelength for 

NOM quantification in different water sources. This information is essential for assessing water 

quality, NOM eradication  from water treatment processes, and ensuring measurement accuracy 

and reliability [67, 68, 69, 70]. 

2.2.8 Differential ultraviolet absorbance 

Exploring new forcing parameters for differential spectroscopy involves investigating additional 

factors that can cause a shift in the UV absorbance of NOM. These forcing parameters, such as 

different types of treatment like ozonation or halogenation could give valuable indications into the 

chemical characteristics of UV-absorbing species [70]. By using differential UV absorbance 

spectroscopy, it becomes possible to selectively analyze the chromophores that are influenced by 

these specific forcing functions [70]. The monitoring of the transformation of NOM species by 

procedures like ozonation or chlorination can also be done in water treatment facilities using UVA. 

For instance, UVA is measured in the ozonation process as the difference between a sample's UV 

absorbance before and after the process. The differential absorbance for chlorinated surface water 

at wavelengths around 272 nm (UV272) depends on the concentrations of the various DBPs as well 

as total organic halogens [72]. 

2.2.9 Size exclusion chromatography 

In the identification of various NOM components, size exclusion chromatography (SEC) is used 

to separate NOM components based on their size [93, 94]. This technique allows for the 

identification of different components, such as amphiphilic compounds, polysaccharides, humic 

substances, building blocks (hydrolysates of humic substances), LMW acids, and LMW neutrals 

[95]. By analyzing the peaks in SEC chromatograms, the molecular weights (MW) of these 

components can be determined. SEC chromatography is a valuable tool for studying the size 

differences and distributions of NOM components, providing important insights into their structure 
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and behavior [93, 94, 95]. Figure 2.2 shows a chromatogram (SEC-DOC) depicting of various 

fractions of NOM. 

 

Figure 2.2 A chromatogram (SEC-DOC) depicting of various fractions of NOM. 

UV detection takes a crucial part in the analysis of NOM in MW/MS calculations. It has been 

found that UV detection is particularly effective in detecting humic substances in NOM. However, 

UV detection is limited in its ability to accurately detect non-humic components such as proteins 

and polysaccharides. This ineffectiveness poses challenges in accurately analyzing and quantifying 

these components using UV detection methods [93, 94]. It has been found that non-humic 

components of NOM can cause problems with water treatment. For instance, it has been 

demonstrated that polysaccharides constitute a major membrane foulant [93, 94]. Certain other 

parameters such as hydrophobicity, hydrophilicity, steric effects charge, and molecular structure 

can also constitute the factors that may impact the result [95]. Figure 2.3 shows a chromatogram 

of the foulants that were extracted from a NF filtration membrane. 
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Figure 2.3 A chromatograms of the foulant that was extracted from a nanofiltration (NF) 

membrane at 210 nm and 254 nm (adapted from Amy and Her, 2004).  

The variable wavelength UV detectors and fluorescence have been coupled with SEC by Her et 

al.[96] to study the differentiation between NOM substances that are more sensitively detected at 

254 nm and NOM substances that are detected at other UV wavelengths. The UVA ratio index 

(URI) was established to differentiate between different substances. Proteins and amino acids have 

a wavelength of 210 nm (Figure 2.3), while humic components are located within a URL range of 

1.5 to 2.0. Proteins and their amino acid building blocks exhibit higher URI values of 5 to 10 

(Figure 2.4). The fluorescence intensity and spectral shape of NOM substances depend on their 

excitation under UV light, composition, and concentration [96]. Figure 2.4 shows a chromatogram 

of surface water. 
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Figure 2.4 A chromatogram of surface water SEC-OCD data.  (Heber et al.,2011). 

 

2.2.10 The Polarity rapid evaluation technique 

A brand-new method based on polarity that utilizes numerous solid-phase extraction cartridges in 

parallel is called the polarity rapid evaluation technique (PRET). The NOM characterization 

process has been used this method [116]. The absorption of NOM onto each other's SPE is 

analyzed and evaluated under ambient conditions to ascertain the total polarity of NOM. PRET 

was initially developed to specify the NOM polarity variation in the water treatment process. 

Later, its application was created to carry out the natural water analysis [117, 118]. PRAM offers 

distinct advantages over the XAD method, as it allows for the utilization of small sample volumes 

and ambient conditions. In PRAM, the characterization of organic matter is achieved using 

different sorbents placed in parallel in the cartridges. These sorbents include polar sorbents  (Diol, 

CN, and Silica), non-polar sorbents (C18 and C12), and anion exchange sorbents (NH2 and SAX). 

Each sorbent serves a specific purpose in characterizing hydrophilic organic matter, hydrophobic 

organic matter, and the negative charge of bulk organic matter respectively [117, 118]. By utilizing 

these diverse sorbents, PRAM enables the comprehensive understanding and evaluation of organic 

matter composition in a rapid and efficacious manner. To quantify the specific fractions of NOM 

absorbed by the different SPE sorbents, PRAM uses DOC or UVA-254 concentration 

breakthrough curves normalized to the initial samples. Retention coefficient (RC) is a term used 
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to describe the ability of each SPE sorbent to absorb a particular NOM component [119]. Due to 

its simplicity, high sensitivity, and minimal interference, UVA-254 is the main detection method 

for samples of water. 

In the United States of America, specifically in Las Vegas metropolitan area, PRAM was 

performed in four main tributaries of a lake reservoir to quantify and identify (characterize) DOM 

[118]. It has been proved through polarity analysis that there is a temporal variation of individual 

waters at a specific location. It has also been revealed that there are clear differences in 

hydrophobic and hydrophilic properties between various waters [118]. The effectiveness of 

ozonation compared to coagulation, flocculation, and biofiltration in treating NOM in water has 

been explored. Research conducted by Rozario et al. [116] demonstrated that the polarity of NOM 

changes throughout ozonation, with a reduction in hydrophobic character and a rise in polarity 

[116, 119]. Additionally, the study found that the coagulation, flocculation, and biofiltration 

processes also contribute to a decrease in the hydrophobic and hydrophilic characteristics of NOM 

[119, 120]. These findings highlight the contrasting impacts of ozonation and other treatment 

processes on the polarity and hydrophobicity of NOM, providing insights into the potential 

effectiveness of different treatment approaches for NOM removal. Since the variations of polarity 

occur during the pilot plant run, therefore an optimal evaluation and monitoring of NOM through 

unit operation must be performed. 

2.3 The presence of natural organic matter in drinking water treatment 

2.3.1 The impact of natural organic matter on water treatment 

The existence of NOM in water has a significant effect on water treatment process and water 

quality. One significant impact is the development of issues with taste, colour, and odour [1, 2]. 

This requires additional measures to make certain that the water meets quality standards. 

Additionally, the existence of NOM in water increases the quantities of coagulants, oxidants, and 

disinfectants necessary for treatment, leading to higher costs and potential operational challenges 

[1,12]. Moreover, the reaction of NOM with chlorine or other oxidants and disinfectants can 

provoke the formation of hazardous DBPs [3]. Another consequence of NOM is membrane 

fouling, which  blocks the clean water flux through the membrane permeates [3]. The NOM clashes 

with target organic micropollutants for adsorption sites in activated carbon filters, affecting their 
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adsorption capacity and kinetics [1, 2]. Additionally, NOM promotes the development of bacteria 

in distributed water systems, leading to potential health risks [3]. Lastly, NOM causes an increase 

in pipe corrosion and contributes to the deterioration of the overall distribution system integrity, 

further compromising water quality [1, 2]. These effects highlight the importance of effectively 

managing NOM to secure high-quality drinking water. 

2.3.2 Application of water treatment techniques for the removal of natural 

organic matter. 

Drinking water treatment methods are essential for the removal of NOM, which can pose health 

risks if not properly addressed [120]. This section provides an outline of various techniques applied 

in the removal of NOM from drinking water. The physical treatment methods include coagulation 

and flocculation, filtration, and sedimentation [120, 121]. Coagulation and flocculation imply the 

introduction of chemicals to assist the clumping together of particles, making them easier to 

remove. Sedimentation allows the particles to settle down by gravity, while filtration involves 

passing water through a porous medium to trap organic matter [120, 121]. Chemical treatment 

methods, including advanced oxidation, chlorination, and ozonation processes, utilize 

disinfectants and oxidants to destroy and remove organic compounds [120, 121]. Biological 

treatment methods, including activated carbon filtration, biological filtration, and membrane 

bioreactors, rely on living organisms or biological substances to degrade and remove organic 

matter [121]. These methods collectively contribute to make certain the quality and safety of 

drinking water by effectively removing organic contaminants [120, 121]. The efficiency of this 

removal process devolves on diverse aspects, such as the techniques used and the characteristics 

and concentration of the organic matter present in water. LMW organic matter, particularly the 

portion with a molecular weight around 500 Dalton, is more challenging to remove compared to 

HMW organic matter [120, 121]. Conventional treatment processes may have limitations in 

removing organic matter with high charge density (highest carboxylic functionality) due to their 

complex character. Advancements in water treatment techniques are being explored to overcome 

these challenges and improve the removal of organic matter [120, 121]. Following are water 

treatment technics that could be applied to eliminate NOM from water:  
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Enhanced coagulation 

The process of enhanced coagulation involves neutralizing the charge and conditioning suspended 

colloidal and dissolved matter using chemical coagulants. Coagulation with ion salts and 

aluminium has shown to be more effectual for the elimination of NOM, as measured by the TOC 

and eradication effectualness ranging between 25% to 70%. Coagulation has a selective effect, 

with a preference for removing the HMW and hydrophobic fraction of NOM over the LMW 

compounds and hydrophilic fraction [124]. The HMW compounds consist primarily of 

nitrogenous organic carbon and aliphatic compounds, such as proteins, carbohydrates, and 

carboxylic acids, while the hydrophilic fraction is composed mainly of humic substances, 

including fulvic and humic acids. These humic substances are characterized by their significant 

presence of phenolic structures and aromatic carbon [122, 123, 124, 125, 126]. The coagulation 

process is more effective in reducing NOM when sufficient coagulant is added to address the 

charge demand of raw water [124]. Other factors that can affect the performance of coagulants are 

temperature, turbidity, several common anions which can form complexes with aluminium and 

iron this affecting the hydroxide precipitation and alkalinity pH [125, 126]. 

Adsorption process with activated carbon 

Activated carbon (AC) serves as a highly effective method for water treatment, with various 

mechanisms at play [127]. The sorption process of organic compounds is a primary mechanism, 

whereby the activated carbon acts as a sorbent to eliminate undesirable organic compounds from 

drinking water. This includes the removal of pesticides, as well as substances responsible for 

colour, taste, and odour. Moreover, activated carbon has the capability to effectively clash with 

NOM for adsorption sites, further enhancing its water treatment capabilities [127]. Multiple 

aspects exert influence on the adsorption efficiency of AC, such as organic compounds and 

the nature of the water source [127]. Despite its effectiveness, considerations and limitations still 

exist, including cost and practicality, regeneration, and disposal of spent activated carbon, and the 

need for further research and development to improve its performance in different water sources. 

Additionally, AC can be applied in two forms: GAC and PAC [127]. PAC is particularly effective 

in eliminating NOM, which often results in unpleasant odours and tastes in water. Moreover, PAC 

can remove synthetic organic chemicals and reduce the levels of AOC. However, a previous study 
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has found that using PAC as adsorbent can lead to the bonding BOM with PAC particles and 

produce additional foulants that block the pores of the membrane and leave a cake layer on the 

membrane surface [127]. On the other hand, GAC filters assist as a biodegradation technique for 

the removal of organic carbon. These filters offer several advantages, although their efficiency can 

be influenced by various factors [127]. One disadvantage of GAC is that it is not feasible to 

regenerate activated carbon for high water purity applications without excessive operational costs 

because this process requires high temperatures (800-1000˚C) and therefore excessive energy 

which in-turn implies higher costs [127]. 

Ion exchange 

The most popular method for removing NOM from waters that contain LMW humic is ion 

exchange. The hydrophobic interactions take a significant part in the ion exchange process for the 

elimination of NOM from water [128, 129, 130]. However, the main mechanism for NOM removal 

is electrostatic interaction (IEX). Factors such as alkalinity, hardness, and pH of the water, as well 

as the characteristics of the anionic exchange resins (AER) used, can influence the effectiveness 

of NOM removal. Microporous AER is more effective because most NOM compounds are 

negatively charged. An innovative method in this field is the utilization of Magnetic Ion Exchange 

Resin (MIEX), which is smaller in size and offers 2 to 5 times better removal efficiency [130, 131, 

132]. Enhancing NOM removal with MIEX resin involves utilizing its smaller size to allow for 

easier dispersion of NOM into or out of the resin. This not only improves NOM removal, but also 

increases regeneration efficiency [128, 129]. To address the challenges of high head loss and 

backwashing, MIEX resin is commonly employed in a continuously stirred reactor. MIEX resin 

could eliminate between 30% and 70% of DOC from water [128, 129, 130]. Research has shown 

that MIEX is more effective at removing organic acids and molecules of different weights 

compared to coagulation methods [128, 129, 130, 131, 132, 133]. 

Furthermore, MIEX is more effective in removing hydrophilic and low molecular weight (LMW) 

fractions of humic substances that are difficult to coagulate, especially when the water has low 

turbidity and colour [129, 130]. However, the effectualness of NOM removal by MIEX depends 

on the following conditions: the water quality, the properties of the resin, and the nature of the 

NOM [128, 129, 130].  
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Ozonation 

The Ozonation process is typically performed in conjunction with other treatment technics for the 

purpose of eliminating NOM from water. It is mainly used before the GAC filter to improve the 

biodegradation of ozonated organic carbon by degrading the recalcitrant organic matter. However, 

it is difficult to remove these fractions by adsorption on GAC or in biofilters due to their increased 

polarity. Generally, ozonation leads to a decrease of NOM absorbability because it provides more 

hydrophilic and polar compounds. Several parameters influence NOM removal by ozone-

enhanced biofiltration, such as the water quality parameters (pH, temperature, alkalinity, and 

dissolved oxygen), the employed ozone dose, and the properties of NOM in the water [135]. It has 

been found that ozone interacts most strongly along with the aromatic portion of NOM before 

lowering the SUVA of the water. When using ozone-enhanced biofiltration to remove NOM from 

water, the ozone dose needs to be optimized [136]. Prior to the biofiltration process, specific 

ozone doses (0.15–1.0 mg/l) are frequently used. It has been found that the biodegradability of 

MOM does not actually increase with an increase in ozone dose [137]. However, when bromate, 

which is present in water, interacts with ozone during the ozonation process, bromate (DBPs) may 

be formed. The use of ozonation leads to a decrease in the formation of trihalomethanes (THMs) 

and halo acetic acids (HAAs) upon subsequent chlorination [135, 136]. When followed by 

biological treatment (biofiltration or activated carbon filtration), it is one of the promising 

processes for removing DOC by transforming it to a biodegradable form such as BDOC [136, 

137]. 

Membrane separation process  

Membrane separation processes are highly efficient and useful separation methods because they 

offer many advantages over conventional processes (liquid-liquid extraction, distillation, 

absorption) processes, such as simple and compact set-up [138], easy operation at room 

temperature and pressure [143], simple scaling and reduction [185], better energy efficiency [199], 

high purity products [1185] and much lower environmental impact [138]. The most common 

membrane separation processes include microfiltration, ultrafiltration, dialysis, nanofiltration, 

pervaporation, gas separation and reverse osmosis [143]. 
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Advances in membrane separation technology have shown promising potential for improving the 

efficiency and effectiveness of water treatment processes [138, 143]. One notable advancement is 

the use of nanofiltration and ultrafiltration techniques in sequence, allowing for the targeted 

elimination of different portions of NOM from water sources [138]. Nanofiltration membranes are 

effective in removing BOM components with lower molecular weight, while ultrafiltration 

membranes are better suited for removing larger molecular weight fractions [185, 199]. This 

complementary approach ensures a more thorough removal of BOM, which can improve the 

overall water quality [138, 199, 200]. Additionally, ongoing research in membrane separation 

technology aims to improve the performance and durability of membranes filtration, leading to 

more sustainable and cost-effective water treatment solutions in the future. 

Bank filtration  

Bank filtration (BF) can be employed as a pre-treatment for lake or river water treatment to produce 

potable water. BF removes solid particles, nitrogen species, organic compounds, viruses, bacteria, 

and parasites [139]. It has been found that BF effectively removes organic micropollutants and 

bulk BOM [139]. Although BF has proven to be a good pretreatment technique for many organic 

compounds, it has been found that some compounds, such as certain pesticides, pharmaceuticals, 

and halogenated organic compounds are more resistant to removal [139, 140]. Furthermore, the 

removal of BOM through BF is most efficient when groundwater velocity is slow and when the 

aquifer consists of granular materials with high grain surface contact. Levels of many organic 

micropollutants can be reduced or even eliminated during both aerobic and anaerobic underground 

passages [139, 140]. Attenuation is extremely dependent on the underlying redox processes [139, 

140]. 

Hybrid treatment systems 

It has been investigated how various techniques can be combined to eradicate BOM from 

water. The aim of the hybrid processes is to maximize the complete removal of the various 

BOM portions from water [141]. These combined treatment methods may involve membrane 

separation processes, ozonation biofiltration, activated carbon filtration with reverse osmosis, ion 

exchange-activated carbon, coagulation-ultrafiltration, or other methods [142, 143]. 
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Chloramination and nitrification 

Initially, the combination of chlorine and ammonia to produce chloramines was performed to 

research on odour and taste control until it became globally adopted during the 1930s and 1950s 

[144]. DBPs  regulations were the main drivers of the move to using chloramines as residual 

disinfectants, and eventually as a primary disinfectant in the USA [146, 147]. The combination of 

ammonia and chlorine lessens the formation of such DBPs formation as trihalomethanes [144, 

145]. However, there is a lack of precise procedures and methods of chlorine addition [148].  

Odell et al. [149] discovered that two-thirds of U.S.A DWDs experienced problems with 

chlorination due to the nitrification reaction.  Appropriate monitoring techniques such as reducing 

the available ammonia, flushing (cleaning) the water distribution system, periodic breakpoint 

chlorination, increasing chloramine residual, and lowering system hydraulic retention times [149]. 

Storage time is a crucial factor in covered reservoirs and storage tanks because it has 

been seen that when nitrification associated with prolonged storage, the concentrations of 

ammonia fall, nitrite levels rise to 0.1 mg/L, and nitrate levels remain stable.  

Generally, a dropping of chloramines residual in the dead ends of the treatment module can be 

used as one of the main indicators of nitrification. However, a significant lag occurs between the 

outset of ammonia to nitrate conversion and the depleting of chloramine residual [144, 149]. 

Researchers proved that increased HPCs and pH contribute to the acceleration of nitrification 

events. It has also been found that in scenarios where HPC remains stable while dissolved oxygen 

(DO) decreases the nitrification process can be accelerated [149]. Odell et al. [149] also discovered 

that nitrification is unlikely under low dissolved oxygen conditions but can occur in a system that 

contains low ammonia concentration if other conditions (e.g., availability of DO and temperatures 

above 25° C) are met. The removal of NOM leads to more biologically stable water [149]. Odell 

et al. [149] stated that treatment processes that lead to the NOM removal (for instance biologically 

active filters) decrease the Nitrification process efficiency in the DWDs [149,150 and 151]. Odell 

et al. [149] assessed the different Nitrification control methods for both short period and long-

term; they found that once or twice a year for a duration of one week to four weeks, breakpoint 

chlorination is frequently used. The chloramine residuals (2, 3 mg/L) in the DWDs can be used as 

a factor of nitrification prevention [149]. 
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2.4 Physico-chemical parameters 

The assessment of physico-chemical parameters is generally considered to get guidelines and 

categorize the physico-chemical water quality. The parameters that are frequently sampled or 

monitored of water quality include the following: 

pH 

pH is crucial indicator in monitor the quality of water, which can be considered as a response and 

indicative through physical, chemical, and biological processes. Monitoring pH throughout the 

water distribution system can provide information necessary to understand and track stability [152, 

153]. For instance, it has been found that the change in pH can indicate potential problems with 

corrosion control or can be the result of nitrification [153].  

Temperature 

Temperature is one of the parameters used to monitor the quality of water, which can be considered 

as an essential indicator in water systems since it can lead to every physical, chemical, and 

biological interaction. Therefore, it is particularly important for water quality monitoring programs 

to track temperature routinely [152].  

Alkalinity 

Alkalinity is simply defined as a gauge for how effectively water can neutralize acids [154,155]. 

Bicarbonate, carbonate, and hydroxide ions are primarily responsible for the alkalinity of 

water [155]. Furthermore, bicarbonate is ascertained as the primary source of water alkalinity, 

whereas carbonates and hydroxides are only more significant when algae activity is high and 

for specific kinds of industrial water and wastewater [155]. The presence of weak acids and 

salts like silicates, phosphates, and borates also helps to keep water alkaline [155,156]. Alkalinity 

is a key criterion in water treatment due to its capacity to control pH. 

Conductivity 

The conductivity of water is defined as the capacity of water to carry an electrical current. 

Generally, an ion can be described as an atom that has lost or gained an electron. A positive or 

negative state is produced by this activity [157]. For instance, when sodium chloride is dissolved 
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in water, it dissociates into chloride ions (Cl-) and a solution of sodium ions (Na+). These ions then 

enable the water to conduct electricity [158, 159]. Understanding the importance of conductivity 

in water is crucial, as it has various implications [158]. Water conductivity can affect drinking 

water quality, industrial applications, ,and even the behavior of aquatic ecosystems. By studying 

and monitoring water conductivity, we can gain valuable insights into its overall health and the 

potential presence of contaminants [159]. 

2.5 Polymeric filtration membranes 

A filtration membrane is a porous barricade that selectively admits certain molecules to pass 

through while blocking others. It differs from a filter, which is typically used for larger particles. 

Membrane separation procedures involve the use of gradients in concentration, pressure, 

temperature, and other factors to facilitate the movement of molecules. These membranes can be 

either natural or artificial [160, 161]. Porous and non-porous membranes are both capable of 

separating two phases, as seen in Figure 2.5. 

 

 

Figure 2.5 Schematic diagram of two-phase separation by non-porous and porous filter 

membranes. 

Artificial made membranes could be subdivided into two main groups: inorganic membranes and 

organic membranes, depending on the materials that make them up. A polymer membrane is an 

organic membrane, while a ceramic, metal, or glass membrane is an inorganic membrane [161]. 
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Its structure affects how membranes separate. Artificial filtration membranes can be categorized 

as symmetric or asymmetric depending on their morphology or structure [161]. 

2.5.1 Isotropic membranes 

Isotropic filtration membranes mainly have a constant composition throughout, and it is designed 

with equal pore sizes throughout the membrane, allowing for consistent filtration performance 

[160]. It is characterized by its material composition, porosity, flow rate, and filtration 

effectualness [160]. The rate of permeation is accelerated by a reduction in membrane thickness. 

Symmetric membranes include dense, electrically charged, microporous, non-porous, and non-

dense membranes [160]. 

2.5.2 Microporous membranes 

Microporous membranes are like the conventional filter in their structure and function. They 

possess highly voided structures along with interconnected and randomly distributed pores [160]. 

The separation of the particles takes place by sieving effect mechanism where the particles larger 

than the membrane pores are rejected while the smaller particles pass through the membrane pores 

[160]. This type of membrane is used for microfiltration and ultrafiltration membrane processes 

which find application in breweries, the pharmaceutical industry and wastewater treatment from 

chemical industries. [161]. 

2.5.3 Non-porous membranes 

In response to gradients in pressure, concentration, or electrical potential, permeation (liquid or 

gaz) is transported through the non-porous membranes' non-porous films [160]. Separated species' 

solubility and diffusion in the membrane material control the rate at which they are transported 

through non-porous membranes [161]. Non-porous membranes are used in operations like reverse 

osmosis, pervaporation separation, and gas separation. Since mixtures typically permeate rigid 

films slowly, dense membranes often in the form of composite asymmetric membranes are 

frequently used in industrial settings to increase flux [162]. 
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2.5.4 Anisotropic membranes 

Anisotropic membranes, specifically composite membranes, offer advantages in water 

desalination due to their thin and dense selective layers [160, 162]. These membranes are designed 

with a noticeable difference in thickness between the two sides, providing different functional 

properties. This anisotropic enables the membranes to be employed in a diversity of applications, 

such as water filtration, gas separation, biomedical and pharmaceutical applications [160]. Loeb 

and Souirajan  [162] developed for the first time an asymmetric filtration  membrane, which has 

been a breakthrough in desalination technology. These anisotropic membranes with thin and dense 

selective layers provide high permeability fluxes while using less energy. Composite membranes, 

which include a porous membrane support cast as a thin, dense selective layer, further contribute 

to the efficiency of water desalination processes [160, 161, 162]. 

2.5.5 Liquid filtration membranes 

Liquid membranes have diverse applications in various fields. Pure liquid membranes, which are 

composed of a liquid without any immobilized components, are widely used due to their versatility 

[160]. These membranes are made from different kinds of liquids, including organic solvents, and 

could be utilized in numerous applications. Conversely, membranes with liquid immobilized 

within their pores offer distinct advantages and limitations [161]. The composition and structure 

of these membranes differ from pure liquid membranes, affecting their functionality. However, 

these membranes exhibit higher selectivity and efficiency compared to pure liquid membranes 

[160,161]. In the future, liquid membranes hold potential for further advancements and 

applications. A comparative analysis of different liquid membrane types reveals their selectivity 

and efficiency, providing insights for future research and development in this area. In conclusion, 

liquid membranes offer unique properties that make them suitable for specific applications, and 

further exploration and research are recommended to enhance their performance [160, 161]. 

2.5.6 Electrically active membranes. 

Conductive membranes can be dense or microscopic. Electrically active membranes have a fine 

microporous structure with positive or negative charges in the pore walls [162]. These 

membranes can actively transport ions, electrons, or other charged species through their structure, 
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making them very versatile. A characteristic attribute of electroactive membranes is its capacity to 

generate a potential difference, which could be utilized in applications such as energy storage and 

conversion [160]. The electrodialysis process is used to process electrolyte solutions through these 

membranes [160]. 

2.6 Membrane filtration techniques 

Membrane filtration techniques offer several advantages over traditional separation processes. 

These include flexibility in design, high selectivity, and low energy consumption. Nevertheless, 

there are also limitations to consider, such as concentration polarization and membrane fouling 

issues. [164,165, 166, 167, 168]. The most popular MSPs are microfiltration (MF), ultrafiltration 

(UF), nanofiltration (NF), and reverse osmosis (RO) [161]. The MF, for example, is commonly 

applied in the food industry for clarifying beer, wine, fruit juice, and wastewater treatment. It is 

also effective in separating oil and water emulsions [162]. These techniques take a significant part 

in various industries and provide efficient separation methods [162]. Pharmaceutical companies 

process enzymes, antibiotics, and pyrogens using UF techniques. Additionally, they were 

employed in wastewater treatment as well as the production of cheese and the processing of milk 

proteins [169]. Bivalent ions are separated using NF, and micropollutants like pesticides and 

herbicides are rejected using this method. Additionally, for the retention of dyes in the textile 

industry [168]. The reverse osmosis technique has relevance mainly in the food industry to 

concentrate fruit juices and sugars, in the desalination of sea and brackish water, and in 

the dairy industry to concentrate mil to dehydrate organic solvents. Hydrogen recovery, airborne 

organic vapours, nitrogen production, oxygen enrichment, and other important gas separation 

processes are just a few examples. [160; 162]. Figure 2.6 provides an illustration of the concept 

behind a membrane filtration process [170]. 
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Figure 2.6: Illustration of the concept behind a membrane filtration process  

Dissociation occurs due to an imbalance in the passive transport rates of effector molecules. The 

driving force is also called chemical potential difference across the membrane that causes passive 

transport [171]. Differences in temperature, concentration, pressure, or potential have been 

found to be the causes [172]. Figure 2.7. shows the mechanism of solution diffusion that takes 

place during membrane separation process. 

 

Figure 2.7: Diagram of the mechanism of  solution diffusion during the membrane 

separation process. 

2.7 Synthesis of filtration membranes 

The two primary geometries for making membranes are: 

 

1. Membranes made from flat sheets. 
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2. Hollow fiber membranes that are cylindrical. 

 

Generally, ceramic and polymeric materials could both be employed to make filtration 

membranes [179]. More thermally and chemically stable than polymer materials are ceramic ones 

[179]. However, it has been found that 95% of a variety of real-world applications mainly employ 

polymers as their membrane material [178, 179]. Organic compounds are frequently employed 

as polymeric materials to create filtration membranes [179]. 

2.7.1 Membranes with symmetric structures 

The most practical membranes in separation technology applications are typically isotropic 

membranes, which can be created by track etching or chemical vapor deposition (C.V.D) [180]. 

2.7.2 Membranes with asymmetric structures 

Industrial membrane filtration processes basically employ membranes with asymmetrical 

structures [178, 179]. Anisotropic membranes take a significant part in filtration processes due to 

its unique properties and structures [180]. This membrane is designed with different pore sizes 

on both sides to increase filtration efficiency. The importance of anisotropic membranes is their 

ability to selectively retain particles and molecules relying on size and shape, allowing for more 

precise filtration [178, 179, 180]. Figure 2.8 illustrates a cross-sectional view of an anisotropic 

membrane with integral skin. 

 

 

Figure 2.8: A cross-sectional view of an anisotropic membrane with integral skin, (Reprinted 

from [180]). 
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2.8 Generalities on membranes filtration processes 

2.8.1 Introduction to membrane filtration of liquid solutions 

Membranes used for solution separation are categorized according to their pore sizes: 

Membrane separation technology is widely used in various industries [178, 179, 180]. Sorted 

by pore size, these membranes provide an efficient solution for separation processes. For example, 

MF membranes (0.1-10μm) have the specific ability to separate particles and microorganisms 

from liquids. Membrane separation techniques are often applied in industries such as food and 

beverage, pharmaceutical, and water treatment [178]. Conversely, UF membranes (100nm-

2m) have smaller pores and consequently they are more effective in removing macromolecules 

and colloidal substances [179]. Nanofiltration (between RO-UF) and reverse osmosis membranes 

have smaller pores to separate ions and organic molecules. MSP plays an important role in 

various industries because it provides efficient and reliable solutions for separating solutions [178, 

179, 180]. 

Membranes for microfiltration 
 

The MF membranes take a crucial part in various industries by offering a reliable and efficient 

method for separating and purifying different substances [188, 189]. The MF membranes are 

conventionally employed for water and wastewater treatment applications, food and beverage 

industry, and pharmaceutical and biotechnology applications. The significance of MF lies in its 

capacity to get rid of bacteria, suspended solids, and other contaminants from liquids, ensuring 

high-quality end products [188, 189]. 

Membranes for ultrafiltration 

 

A pressure-driven membrane filtration method is called ultrafiltration (UF). According to 

[187], UF membranes typically have pores ranging between 2-100 nm and they can easily hold 

onto species with molecular weights between 3000 and 500000 Da. It has been found that in 

comparison to microfiltration membranes, ultrafiltration membranes have smaller pores 

[187]. They are primarily employed to remove colloids and macromolecules [187]. 
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Membranes for nanofiltration  
 

Nanofiltration (NF) membranes typically have pores between 0.1 and 10 nm in size. It is mainly 

used to remove organic molecules and polyvalent ions [185]. Membranes play a crucial role in NF, 

making them vital in various industries and applications. They are designed to have specific 

properties and characteristics that enable them to filter particles and molecules at the nanoscale 

level [185, 186]. One important aspect of membranes in NF is its pore size and molecular weight 

cut-off, which determines the size of particles that can be rejected. The selectivity and rejection 

efficiency of these membranes are also significant, as they determine how effectively certain 

substances can be filtered out [184, 185, 186]. 

Membranes for reverse osmosis. 
 

The RO membrane is an essential component in MSPs, serving as a barricade that admits water 

molecules to pass through while blocking larger particles, contaminants, and salts [182]. The 

membrane's selectivity and permeability, preparation procedures, and membrane barrier layer 

structure all have an impact on retinol separation and permeate solution flux [182; 183]. By using a 

higher pressure, this technique overcomes the osmotic pressure. 

2.8.2 Applications of membranes technology 
 

Research advancements in membrane technology have led to an increased application of 

synthetic polymer membranes in engineering, biology, and medicine. For example, Faiz 

and Lee [188] published a report investigating the dissociation of light olefins and paraffins in the 

petrochemical industry using membranes technology. Choi et al. [189] investigated how to 

improve the membrane's physical and transport properties by adding graphene oxide to Nafion 

membrane. Furthermore, polymeric membranes could be used for gas separation, according 

to Budd and Mc Keown [190]. Initially, membranes have typically been used for desalination; 

however, various membrane structures have been created and alternative options have been 

depicted [191]. These involve the elimination of water contaminants that are microbial, inorganic, 

and organic. Polymeric filtration membranes are also employed for other purposes in the food and 

beverage industry [192,193], pharmaceutical industry [194], synthesis of electrodes [195], 

biomedicine [196] and beverages [197,198]. MFs require minimal operating pressures and 

provide superior water efficiency and turbidity removal while reducing energy consumption 
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and costs. However, it rarely appears in NOM [199, 200]. Figure 2.9 illustrates the size 

distribution of water contaminants sizes and particles removal sizes of various treatment methods. 

 

 

Figure 2.9: The size distribution of water contaminants sizes and particles removal sizes of 

various treatment methods, (Reproduced from [200]). 

 Hybrid membrane systems 

Hybrid membrane systems are a promising field in membrane technology, combining the 

advantages of different materials to create membranes with enhanced properties [199]. These 

systems typically involve the integration of a polymeric material with an inorganic component, 

such as ceramics, metals, or graphene. The combination of these materials allows for improved 

separation performance for NOM removal, enhanced mechanical strength, and increased chemical 

stability [199]. However, the synthesis and scale-up of hybrid membranes pose challenges that 

need to be addressed for their practical application. The development of these systems is an 

interesting area of research that could provide solutions for various technological challenges in 

different industries [199, 201]. 
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2.8.3 Polymeric filtration membrane fouling and its management. 

Membrane filtration fouling refers to the accumulation of solid materials within the pores and on 

the surface of a polymeric membrane [202, 203, 204]. Membrane fouling can raise the cost and 

energy usage of the filtration membrane by reducing its selectivity and permeate flux during the 

MSP [202, 203, 204].  Understanding the mechanisms behind membrane fouling is crucial for 

effectively managing this issue. There are three main types of fouling: particulate fouling, 

adsorption fouling, and biofouling [205]. Each type has its own unique set of challenges and 

requires specific management strategies. Membrane filtration fouling can seriously cause the 

decrease of pure water flux, reduced membrane performance, and increased energy consumption. 

To combat membrane fouling, various strategies can be implemented, including pre-treatment 

methods, membrane cleaning techniques, and surface modification of the membrane. By 

implementing effective fouling management strategies, the performance and lifespan of polymeric 

membranes can be maximized [205, 206, 207]. Furthermore, According to Hong and 

Elimelech [208], NOM membrane fouling is accelerated by calcium ions when there is a higher 

ionic strength and lower pH. Chellam et al. [209], found that colloidal fouling in NF 

is more common than organic fouling. Baker et al. [207], found that the acceleration of membrane 

fouling during water treatment is attributable to inorganic ions like aluminum, calcium, and 

phosphorus. 

2.9 Definition and discovery of carbon nanotubes 

The CNTs are a unique form of carbon with a long, tubular structure and a graphitic lattice. They 

were first discovered by Lijima in 1991 [210]. CNTs have captivated prominent awareness due to 

its outstanding physical, mechanical, electrical, magnetic, and thermal properties [210, 211]. 

Ongoing research projects are exploring its eventual implementation in fields such as water 

purification, electronic devices, catalyst support, and as reinforcing materials for composites [210, 

211]. CNTs can be produced through various methods, including C.V.D, arc discharge, and laser 

ablation processes. These production methods allow for the controlled production of CNTs for 

further exploration and potential commercial applications [210, 211, 212]. Furthermore, it has 

been demonstrated that CNTs can also be made from other hydrocarbon-based substances, 

including alcohol [213], paraffin wax candles [213], and polyethylene. The synthesis sample made 
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from methane contains nanorods, nanofibers, and multiwall CNTs, according to research 

by Camacho and Choudhuri [214]. Acetylene flame, on the other hand, produces only nanotubes, 

while propane flame produces both twisted and helical nanotubes [213, 214]. 

2.9.1 Carbon nanotubes structures, composition and properties 

The CNTs are tubular structures composed of carbon atoms aligned in a graphitic lattice [214]. 

These structures give CNTs exceptional properties, such as high mechanical strength, electrical 

conductivity, and thermal stability [214, 215]. The tubular shape and lattice structure take a leading 

role in determining these properties. CNTs can have single-walled or multi-walled structures, 

depending on the number of concentric carbon tubes. The diameter and chirality of the tubes also 

influence the properties of CNTs [215]. Understanding the structure and composition of CNTs is 

crucial for their synthesis and application in various fields. Different production methods, such as 

C.V.D, arc discharge, laser ablation are used to synthesize CNTs with specific structures and 

properties. Ongoing research projects focus on further understanding the characteristics of CNTs 

and exploring their potential applications in various fields [213, 214, 215]. Figure 2.10 shows an 

instance of the atomic structures of nanotubes. 

 

 

Figure 2.10: An instance of the atomic structures of the (6, 6) armchair, the (6, 4) chiral 

nanotubes, and the (12, 0) zigzag. (Reproduced from [215]). 
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Figure 2.11: An illustration of a 2D graphene sheet (chiral vector Ch=3a1+5a2 of the 

graphene sheet). (Reproduced from [215]). 

CNTs possess unique properties that make them valuable in various applications [213, 214, 215]. 

These properties include thermal conductivity, electrical conductivity, and excellent mechanical 

strength [215]. CNTs also exhibit remarkable flexibility and can undergo significant elongation 

without breaking. Additionally, they exhibit excellent chemical stability and are highly resistant 

to corrosion [214, 215]. These characteristics, associated with their small size and high aspect 

ratio, make CNTs ideal for a large range of applications such as water purification, electronic 

devices, catalyst support, and reinforcing materials for composites. Due to ongoing research and 

advancements in production methods, the potential for future applications of CNTs is vast, despite 

the challenges and limitations that need to be overcome [213, 214, 215]. 

2.9.2 Methods of production of carbon nanotubes 

The following methods are typically employed to synthesis CNTs: Arc discharge process, 

chemical vapor deposition process (C.V.D) and laser ablation process [209]. 

Arc discharge process 

The CNTs were created by Lijima in 1991 [209] using the arc discharge method (ADM). The 

ADM is a method of making carbon nanotubes by vaporizing carbon electrodes using high voltage 

electricity [213]. This vaporized carbon condenses to form CNTs. The ADM is mostly based on 
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the capacity of high voltage current to generate extreme heat, causing the carbon to freeze and 

form nanotubes [214, 216]. In this method, the selection of electrode materials is very important 

because different materials can affect the quality and performance of the produced nanotubes 

[214, 215]. Furthermore, by carefully selecting the electrode materials and optimizing the ADM 

parameters, this technique can be an effective and efficient method to produce CNTs [216]. 

Chemical vapor deposition technique 

The C.V.D of carbon was first described in 1959 [217]; however,  it was not employed 

to synthesis CNTs until 1993 [218]. C.V.D is a commonly used technique to synthesis carbon 

nanotubes. The principle of the method involves the decomposition of hydrocarbon gases in the 

presence of a metal catalyst. The choice of catalyst and its preparation are pertinent aspects that 

determine the quality and performance of nanotubes [215]. In addition, growth parameters 

and conditions such as temperature, pressure, and gas flow must be carefully monitored to 

achieve the desired properties of nanotubes. The C.V.D method offers several advantages, 

including scalability, control of nanotube properties, and the potential for mass production [217, 

219]. However, challenges remain, such as achieving uniform growth and controlling nanotube 

morphology. For the enhanced comprehension of  the use of CNTs in multiple applications, 

further research, and optimization of the C.V.D process is required [215, 219]. Figure 2.12 (a, b, 

c) show the diagrams for the methods that are mainly employed to synthesize CNTs. 
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Figure 2.12 : Diagrams for the methods of growing of CNTs using:  (a) C.V.D, (b) arc 

discharge, and (c) laser ablation (c) [215, 217]. 

Laser ablation technique 

Laser ablation is a technique of synthesizing CNTs that utilizes a laser to vaporize a target material 

in the presence of a catalyst [216]. In this technique, CNTs  are produced based on rapid heating 

and cooling of the target material. In this method, the laser source and wavelength are the important 

factors in optimizing the production process. This is because different laser characteristics 

can vary the quality and yield of the nanotubes. In addition to laser parameters, other factors such 

as catalyst selection and optimization of ablation parameters can facilitate the characterization of  

the properties of CNTs obtained by this method [219]. This technique cannot be used for 

mass production of CNTs, however; it can only be used to produce CNTs of high quality with 

controlled diameter and diameter distribution. SWCNT samples created using this technique have 

been heavily utilized for fundamental research [216, 219]. 

2.9.3 Electrical Properties of carbon nanotubes 

Depending on its structure, CNTs exhibit either metallic or semiconducting behavior [220]. The 

electrical properties of CNTs are of keen interest because of its use in electronics [222]. The 

conductivity of CNTs is one of the most primordial electrical properties, and some types have 

excellent conductivity [220, 222]. The band structure of CNTs positively impact their 

electrical behavior by influencing their electrical and transmission properties [223].  
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2.9.4 Mechanical properties of carbon nanotubes 

The CNTs exhibit remarkable mechanical properties, making them a subject of great interest in 

materials science [219]. With strengths and stiffnesses superior to traditional materials, carbon 

nanotubes have the potential to revolutionize various applications, including structural 

components and composite materials [223, 224, 225]. The elasticity and flexibility of CNTs also 

contribute to their unique mechanical behavior, allowing them to withstand strain without 

permanent deformation. These properties make CNTs highly desirable for applications requiring 

high mechanical performance, such as aerospace and automotive industries [226, 227]. However, 

there are challenges and future directions that need to be addressed to fully used the CNTs 

potentials in practical applications [228, 229, 230]. 

2.9.5 Carbon nanotubes functionalization 

Functionalization process enhances the properties and applications of CNTs [231]. By modifying 

the surface of CNTs, desired chemical groups and functional moieties can be introduced via 

functionality, enabling tailored properties and improved performance in several applications. The 

importance of use is in the ability to enhance CNTs variation, dispersibility and compatibility in 

different matrices, such as polymers or solvents [231, 232]. Additionally, this feature addresses 

key CNTs issues such as reliability, scalability, and cost-effectiveness, enabling successful 

integration into real-world applications. To meet the changing needs, research continues to 

explore new functionalization methods and develop strategies for the stability and durability of 

functionalized CNTs [231, 232]. 

Two methods of functionalization are commonly used: covalent functionalization and non-

covalent functionalization [234, 235]. Covalent functionalization implies the formation of strong 

chemical bonds between the CNTs and functional groups, which alters their physical and chemical 

properties. This method provides better control over the functionalization process, but it can also 

lead to structural damage [234]. Contrarily, the non-covalent functionalization relies on weak 

interactions such the electrostatic interactions to attach functional groups to the CNTs [234, 235]. 

This method preserves the integrity of the nanotubes while providing reversible functionality. By 

exploring these methods functionalization, researchers aim to overcome challenges related to 

stability, scalability, and cost-effectiveness, as well as to discover novel techniques for 
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functionalizing CNTs [235, 236]. Ultimately, the goal is to integrate functionalized CNTs into 

real-world applications in electronics, optoelectronics, energy storage, conversion, biomedical, 

and environmental fields [238, 239, 240]. 

Concept on covalent functionalization of carbon nanotubes 

The concept on the covalent functionalization involves the direct attachment of functional 

groups to the surface of CNTs through chemical reactions [234, 235, 236]. This 

approach allows control of the type and density of functional groups, resulting in improved 

properties and enhanced compatibility with other materials [237]. Covalent functionalization 

also improves the stability and durability of CNTs, making them suitable for practical applications 

[238]. CNTs can also be integrated into electronics, optoelectronics, energy storage and 

conversion, as well as biomedical and environmental applications [237]. Despite these advantages, 

challenges remain, such as ensuring the stability and durability of functionalized CNTs, 

optimizing the scalability and cost-effectiveness of functionalization methods, and exploring new 

functionalization methods [239, 240, 241]. Solving these challenges will facilitate 

the widespread integration of functionalized CNTs in a variety of practical applications. Grafting 

onto or grafting from methods are used to covalently bond polymer functionalities to CNTs [241]. 

Concept on non-covalent functionalization of carbon nanotubes 

The concept on the non-covalent functionalization refers to the process of modifying CNTs 

through non-covalent interactions (Van Waals forces, π-π stacking) [233, 234, 235]. This is a 

versatile and widely used method due to its simplicity and ability to preserve the properties of 

CNTs [234]. This is a method of improving solubility, dispersibility and stability by 

absorbing or encapsulating molecules on the surface of CNTs [235, 236, 237]. 

Noncovalent functionalization could be performed by diverse methods, such as physical 

adsorption, polymer encapsulation, supramolecular assembly, and chemical doping. This 

approach has important implications in a variety of fields, including electronics, optoelectronics, 

as well as biomedical and environmental applications [234, 235, 236]. Despite these advantages, 

the stability and durability of functionalized CNTs, the scalability, cost-effectiveness of new 

methods need to be carefully addressed to successfully integrate functionalized CNTs 

into practical applications [247, 248, 249, 250, 251, 261]. 
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2.9.6 The cytotoxic properties of carbon nanotubes 

According to some authors, CNTs already possess cytotoxic properties that inhibit and 

stop pathogen growth on their surface and may also improve the ability of CNT adsorption 

filters to self-clean [262, 263, 264, 265, 266, 267, 268 and 269]. Contrary to other granular 

activated carbon filters (GAC), it has been found that CNTs can inhibit the expansion of pathogens 

on their surface [262]. Compared to other microorganisms like bacteria (Micrococcus 

lysodeikticus) [264], E. coli, and other viruses, raw CNTs have antimicrobial properties. 

Salmonella [269], E. coli [265, 267, 268], Tetrahymena pyriformis [266], Streptococcus 

mutans [267, 269], bacteria endospores [270], and viruses like bacteriophages [271]. The images 

obtained after the SEM characterization of E. coli are presented  in Figure 2.13(a, b). For 60 min, 

different E. coli species were incubated in SWCNTs and MWCNTs. Kang and al. [272] took the 

pictures., as well as Arias and Yang [273] after being incubated, SWCNTs and MWCNTs, the 

bacteria's physiology is depicted in Figure 2.13 (a, b). The fibrous shape of MWCNTs is also 

depicted in the same picture. This can constitute one of the main characteristics that MWCNTs 

can utilize in order to remove NOM and microorganisms from water systems. This 

situation increases the likelihood that pathogens do not build up inside CNT filters the way they 

do inside GAC filters. Backwashing is a method for removing the remaining contaminants from 

the filters. As a result of CNT filters' ability to both capture and deactivate pathogens, which other 

carbon-based filters cannot do, the cytotoxic properties of CNTs indirectly support the microbial 

sorption activities in this scenario. The antimicrobial properties of CNTs have been found to be 

correlated with their fibrous shape [274, 275]. After impact, oxidative stress causes the bacterial 

cell to rupture, releasing the contents inside [274]. CNTs fibers have the power to affect 

the surface of bacterial cells, disrupt intracellular metabolic pathways, and affect bacterial 

cell viability. Akasaka and Watari [276] found that S. mutans bacteria precipitate more readily on 

30 nm partially hydrophobic MWCNTs than they do on 200 nm MWCNTs or SWCNTs that have 

been completely dispersed. Figure 2.13 (a, b) show the SEM pictures of E. coli cells captured by 

MWCNTs and SWCNTs respectively. 
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Figure 2.13: SEM pictures of (a) E. coli cells captured by MWCNTs, (b) E. coli cells 

captured by SWCNTs, (Kang et al. [274]). 

2.9.7 Adsorption of biological contaminants from water using carbon 

nanotubes as sorbent media. 

Biological contaminants in water pose a significant threat to human health [277]. Understanding 

the common types of biological contaminants and the associated health risks is crucial in 

developing effectualness water purification methods [277]. Additionally, the challenges in 

removing these contaminants must be addressed to make certain safe drinking water for all. CNTs 

have emerged as a promising sorbent for eliminating biological contaminants from water due to 

their unique properties and structure [277]. 

Adsorption of microorganisms by using carbon nanotubes as adsorbents media.   

There are three special benefits to using CNTs for bacterial adsorption [277, 278]. First, microbial 

adsorption capabilities of CNTs are said to be superior to those of any other commercially 

available adsorbents. In addition, CNTs exhibit selective bacterial adsorption, which is a 

benefit not typically observed during the applications of other adsorbents. Finally, CNTs enable 

immediate bacterial adsorption kinetics, recommending their use as pathogen sensors, where 

CNTs concentrate specifically on the target contaminant [278]. According to Upadhyayula et al. 

[278, 280], the raw CNTs’ adsorption properties for Bacillus subtilis spores were superior to those 
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of two other adsorbent media. Which can be used to support the claim that CNTs have high 

microbial capacities. The adsorption of Bacillus subtilis spores by CNTS is significantly greater 

than that achieved with PAC and Nano CeramTM, an alumina-based adsorbent (AlOOH). 

The fibrous shape (size) and surface accessibility of CNTs, not present in other previously 

discussed adsorbents [278, 279], are the primary reasons for their high adsorption properties. 

CNTs could offer bacteria-specific adsorption, as previously mentioned. Studying pure and 

mixed cultures by Deng et al. provides evidence for this (2008) [280]. It was reported that bacteria 

that are absorbed to CNTs do so with remarkably high and rapid kinetic rates [278, 279, 280]. 

Deng and al. [278] reported that staphylococeus aureus, E. coli, and Bacillus subtilis all have 

different adsorption kinetics rates. Upadhyula et al. [280] had established that SWCNTs 

concentrated more than 95% of the bacteria in the solution between 5 and 30 minutes. 

Adsorption of natural organic matter by using carbon nanotubes as adsorbents 

media. 

The CNTs have demonstrated great promise as effectual adsorbents for the elimination of NOM 

from water [281, 282, 283, 284, 285, 286, 287, 288, 289]. Its distinctive adsorption properties, 

such as large surface area, strong affinity for organic compounds, the existence of mesopores, 

functional groups and positive charge on the surface area of CNTs enable them to efficiently 

eliminate NOM from water sources [281, 282, 288]. A further factor that aids in NOM adsorption 

is the chemical makeup of NOM and its average size, which ranges between 0-5 nm. Some 

microporous adsorbents only have pore openings of 1 nm [283, 284, 285]. Additionally, different 

fractions of NOM interact with the surface of the adsorbent media in different ways due to their 

polydisperse nature [281, 282, 288, 289].  Physical adsorption occurs when organic molecules are 

attracted to the surface of CNTs through electrostatic forces, while chemical adsorption implies 

the formation of covalent bonds between the organic molecules and the nanotube surface [290]. It 

has been reported that CNTs have superior NOM adsorption capacities than activated carbon 

(GAC and PAC) [285]. This is most likely due to the existence of larger mesopores and slighter 

negative surface charge on the CNTs surface [285]. Furthermore, it was reported  that even in the  

presence of synthetic organics (SOC) [284], micropollutants [288], and non-foulant organic 

compounds [284], CNTs can still remove NOM, unwanted micropollutants, and other organic 

compounds due to its large surface area [284, 288]. Additionally, there is a need to explore and 
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comprehend the various factors that can affect the adsorption performance of CNTs [281, 290, 

291]. Another challenge is finding ways to enhance the physical and chemical adsorption 

mechanisms of CNTs to improve their effectiveness as adsorbents [285].  

2.10 Summary 

This Chapter focuses on the quantification and measurement of NOM in water treatment, which 

negatively impacts the water treatment process and affects water quality in the DWDSs. It 

increases the cost of water treatment and leads to operational problems. Furthermore, this chapter 

reviews the literature on the fabrication and characterization of PSF membranes for an enhanced 

comprehension of the pertinent properties and characteristics of polymeric membranes necessary 

for the elimination of BOM during the MSP. It also reviews the structural and functional properties 

of CNTs before and after its functionalization process. A hybrid adsorption-membrane filtration 

system based on the multi-barrier approach for the elimination of BOM from water is discussed in 

this chapter. Subsequently, the application of CNTs were investigated as nanomaterials that may 

replace conventional adsorbents such as BAC, GAC, PAC because of its adsorption properties for 

BOM elimination from water. Further research is recommended to explore potential advancements 

in CNT pretreatment, as well as the implications for the future of NF membrane filtration. These 

recommendations aim to improve the overall effectiveness of CNTs as adsorbents for the 

eradication BOM in water and reduce membrane fouling, ultimately enhancing the quality and 

efficiency of the filtration process. The CNTs are evaluated for optimal pretreatment before the 

MSP to improve MSP performance, increase strength, and reduce membrane fouling in Chapters 

five and six 
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CHAPTER THREE: EXPERIMENTAL PROCEDURE AND MATERIALS 

3.1 Introduction  

This chapter discusses and presents the experimental and analytical methods used to prepare and 

study the materials. Data analysis and interpretation are also encouraged. The actions that 

constitute the laboratory testing components of the study are presented as follows: 

➢ Sample pick up and preparation (ultrapure water, tap water, and wastewater). 

➢  Analysis for AOC and BDOC determination. 

➢ Synthesis of PSF membrane. 

➢ Functionalization of MWCNTs. 

➢ Characterization of  PSF membranes and MWCNTs. 

➢ Experimental procedure. 

➢ Data analysis and interpretation. 

3.1.1. Chemicals, materials, and facilities required. 

The MWCNTs, PSF, maleic acid, DMF, polyvinyl alcohol, CTAB, sulfuric acid, nitric acid, 

hydrochloric acid, water molecular biology reagent, nitrogen (total) cell test kit, nitrate cell test 

kit, ammonium cell test kit, chlorine cell test kit, and alkalinity (total) cell test kit were purchased 

from Merck (Johannesburg, South Africa). Bacterial strains (pseudomonas fluorescens P17) for 

AOC measurement were purchased from Germany via Thermofisher Scientific (Johannesburg, 

South Africa). Ammonium sulphate, ethanol, nutrient broth, nitric acid, R2A agar, sodium acetate, 

sulfuric acid, sterilizer, agar plates, screw capped test tubes, glass spreaders were provided by the 

water quality laboratory (School of Environmental and Civil Engineering, Wits) for AOC 

measurement. Amber bottles, distilled water, measuring cylinder, pre-washed sand, syringe filter 

,sterile cotton wool, strings, aluminum foil, sodium acetate, 0.45 µm filter were provided by the 

water quality laboratory (School of Civil and Environmental Engineering, Wits) for BDOC 

measurement. Note: Nitric acid was used to clean every piece of glass that was utilized in 

this study, and it was then repeatedly rinsed with distilled water. 

The biological microscope (Olympus Cx22 LED) was used to carry out the morphological and 

physiological tests of the strain Pseudomonas fluorescens P-17. Autoclave was used to 
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decontaminate and sterilize media, instruments and labware. SEM (Sigma series FE-SEM in-lens) 

was utilized to observe and analyze the morphology of both MWCNTs and membrane samples. 

TEM (TEI Technai T12) was utilized to depict the morphological pattern and the internal structure 

of both MWCNTs and membrane samples. XRD (Bruker D2 advance X-ray diffractometer) was 

utilized to investigate the structural properties (crystalline structure) of MWCNTs. Raman 

spectroscopy (Horiba Labram Raman spectroscopy) was utilized to provide the structural 

characteristics and indication of the degree of crystallinity on both raw and functionalized 

MWCNTs. TAX.XT plus texture analyzer was carried out the mechanical characterization of 

membranes. SCA.20 was utilized for contact angle (hydrophilicity) measurements of NF 

membranes. Spectroquant Pharo 300 M was used for water quality analysis (Alkalinity, free 

chlorine, turbidity, and Nitrogen species). An ultrasonic bath (Branson) was used for rapid 

preparation (sterilization) of samples and tools. Spectroquant Move (Merck) was utilized to 

measure free chlorine contained in water samples. Incubator shaker (Orbicult) was used to 

facilitate the growth and cultivation of cells. Lablime orbital shaker was used to facilitate cells 

culture. A Steamer (OT 40L Nuve) was used for the steam sterilization of liquid and culture media. 

An analytical balance was used to precisely measure the mass of nanostructured materials and 

chemicals. Drying ovens (Labotec) was used to remove water, moisture, and other solvents from 

instruments and labware. Bensen burner was used to provide a single, continuous flame to avoid 

any aerobic bacterial contamination in the laboratory. A TOC analyzer (Teledyne Tekmar) was 

used to accurately detect carbon content in water samples. A portable pH meter (Hi 9811-5) was 

used for temperature, pH, conductivity, and TDS. A DO meter (Orion Star A213) was used for 

dissolved oxygen measurement in water samples. Laboratory shaker was used for biologically 

activate Sand (BAS) reactors during the BDOC experiment, 100-1000 𝛍L micropipettes was used 

to transfer volumes of liquid accurately and precisely in the microliter range. 

Adsorbates 

Ultrapure water (water sample A) and tap water (water sample B) were used as sources of 

adsorbates for the determination of AOC and BDOC in this study. Fresh wastewater sample used 

for BAS preparation, was collected from the Northern Wastewater Treatment Works (Joburg 

Water), situated in the city of Johannesburg, South Africa. Water sample A was pasteurized before 

the inoculation process for AOC analysis. Contrarily to water sample A, water sample B was 
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filtered through a membrane filter (0.45 µm)  to remove any particulate organic carbon (POC) 

before analyzing DOC. 

Adsorbents 

As already stated, ready-made MWCNTs, purchased from Merck (South Africa), were used as 

adsorbents in this study. MWCNTs used had an average carbon > 98% carbon basis with 

amorphous carbon content < 5%, outer diameters (dp) < 10 nm and tube length in the range of 5-

15 𝛍m. These were selected due to high NOM adsorption capacities [7,9]. 

3.2 Experimental Methods  

The depiction of the experimental procedures and the equipment used in this study are presented 

in detail in this study. 

3.2.1 Functionalization of carbon nanotubes 

The MWCNTs have hydrophobic characteristics and a propensity to aggregate due to the presence 

of electrostatic interactions among them, therefore, functionalization of MWCNTs was required 

to improve their dispersion in the organic and inorganic solvents [9]. The MWCNTs 

functionalization was carried out using CTAB (a noncovalent functionalization process) and 

the structure of MWCNTs is unharmed by noncovalent functionalization, which can be done under 

low operating conditions [10]. The effectiveness of CTAB as a reagent for functionalizing 

MWCTS has been widely demonstrated [10]. Additionally, it has been discovered that CTAB is a 

cationic surfactant that actively interacts with MWCNTs to improve its dispersibility in water [10, 

11]. As shown in figure 3.1, raw MWCNTs were dispersed in CTAB solution using the ratio (1:1) 

in order to obtain a stable suspension during the functionalization process [10, 11]. The MWCNTs-

CTAB solution was then stirred under reflux for 24 hours at room temperature. Following filtration 

of the solution, the MWCNTs underwent a pH-neutralization wash with distilled water before 

being reduced in an oven to 100°C for 24 hours to complete the process of functionalization 

(Appendix A2). Raman spectroscopy was used to inquire into the degree of functionalization. 

Given its accuracy, this approach was chosen. Figure 3.1 presents the set up used for the 

functionalization process of MWCNTs in this study. 
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Figure 3.1: Set up for functionalization of MWCNTs. 

3.2.2 Fabrication of the polymeric membranes 

The phase inversion method was employed in this study to produce polymeric membranes with 

nanopores [1]. The phase inversion technique was chosen in this study because it is one of the 

conventional methods that could be utilized to produce polymeric membranes. This is due to its 

simple processing, flexible production scales, and low cost [1]. To create a homogeneous solution, 

the PSF was dissolved in DMF for 24 hours while being constantly stirred. In this 

study, an ultrasonicator set to a frequency of 60% was utilized to sonicate the solution for 10 

minutes in order to produce a homogeneous solution. The solution was subsequently cast onto a 

glass substrate utilizing a casting blade. Another 24 hours were spent letting the membrane air-

dry afterward. Finally, the membrane spent 30 minutes in a 125 °C oven to completely dry and 

detach from the glass substrate before its storage [1]. 

3.2.3 Batch adsorption process  

The batch experiment was employed in this study to determine how well CTAB-functionalized 

MWCNTs adsorb BOM in terms of AOC and BDOC prior to membrane filtration. The amount of 
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organic carbon in water that is available for microbial growth was represented by AOC, as was 

previously mentioned. The indicator BDDOC was employed to measure the amount of BOM in 

water. 

 

 

Figure 3.2: The shaker (Orbicult incubator benchtop shaker IBS) and adsorption process 

experimental set up. 

Equations (3.1) and (3.2) were used, respectively, to calculate the NOM removal percentage and 

adsorption capacity: 

Removal efficiency (%) = 
𝐶0 − 𝐶𝑡

𝐶0
 × 100    (3.1) 

Adsorption capacity (q) = 
(𝐶0−𝐶𝑡)𝑉

𝑚
            (3.2) 

Where C0 is the initial concentration of NOM (mg/L) at the start of the experiment (t = 0), and Ct 

is the concentration at time t, V is the volume of the solution, m stands for the dosage amount (mg) 

of the absorbent 

3.2.4 Filtration tests 

The filtration tests were conducted using the crossflow module depicted in Figure 3.3. At room 

temperature, a 45 cm2 membrane was utilized. By running deionized water through the system, the 

PSF membranes were first compacted. The water emulsions were subsequently fed 

continuously using a pump. The amount of time needed to measure and analyse the collected 
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permeate was recorded. Equation (3.3) was employed to compute the flux (F) through 

the membrane: 

F = 
𝑉

𝐴×𝑡
  (3.3) 

Where: 

 

V is the liters equivalent of the volume of the collected permeate in Liters (L) 

 

A stand for the membrane's surface area in square meters (m2) and 

 

t is the amount of time needed to collect clean water flux (permeate) during MSP in hour (t). 

 

Figure 3.3 shows the setup of the filtration module configuration used in this study. 

 

 

Figure 3.3: Exact setup of the filtration module configuration. 

3.3 Analytical methods  

The analytical methods that were used to characterize the materials in this study are depicted 

in this section as follows: (1) Characterization of strain pseudomonas fluorescens P17, (2) 

Characterization of raw and functionalized MWCNTs, and (3) Characterization of polymeric 

filtration membranes. 

3.3.1 Characterization of pseudomonas fluorescens P17 

A biological microscope Olympus Cx22 Led was used to carry out the morphological and 

physiological tests of the strain pseudomonas fluorescens P17 used in this study by phase contrast 
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microscopy. Figure 3.4 shows the equipment employed for the tests to characterize strain P17 

in this study.  

 

Figure 3.4: Olympus Cx22 Led  

3.3.2 Characterization of carbon nanotubes and polysulfone membranes 

filtration  

In this study, the characterization of nanostructured materials was concentrated on three key 

methods: visual inspection of the results, qualitative analysis of the product composition, 

and application of analytical techniques to gauge the purity and quality of the produced materials. 

MWCNTs were characterized using SEM, TEM, Raman spectroscopy, XRD, and 

Raman spectroscopy. The physical structure of the MWCNTs was revealed by TEM imaging, 

while XRD analysis revealed the spectrum of typical MWCNTs. Raman has great potential to 

analyze the functionalization of CNTs. SEM, porosity measurement, contact angle 

(hydrophilicity), and mechanical tests were used to characterize PSF membranes. Microscopic 

techniques were chosen in this study to assess the morphology, composition, physical properties, 

and dynamic behavior of nanostructured materials. 

Scanning electron microscopy technique 

The SEM technique was utilized to detect and evaluate the morphologies of the PSF membrane 

and MWCNTs (operating at accelerating at15kV and 17kV) for the MWCNTs and membranes 

respectively. The SEM provided morphological characterizations. To facilitate SEM imaging, the 

polymeric membranes were coated with palladium and gold [2]. The FE-SEM in lens apparatus 

depicted in Figure 3.5 shows the equipment that was used to analyse the morphological patterns 
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of the membranes and MWCNTs. Additionally, the SEM images was used to determine the 

dimensions of the MWCNT tubes. 

 

 

Figure 3.5:  FE-SEM in–lens equipment  

Transmission electron microscopy technique 

In the analysis of morphological patterns, the TEM (FEI Tecnai T12) was utilized to examine the 

internal structure of MWCNTs. With its magnification range of 1000 to 800000 and accelerating 

voltage range of 80 to 200 kV, the microscope provided precise imaging capabilities. Image 

capture was achieved using a Keen View Peltier-cooled CCD camera [2]. This equipment allowed 

for the visualization and interpretation of various morphological patterns observed in the MWCNT 

samples. The significance of using the FEI Tecnai T12 TEM in this study lies in its ability to 

provide high-resolution images and facilitate detailed analysis of morphological features. The TEI 

Tecnai T12 employed to view the internal structure of MWCNTs in this study is presented in 

Figure 3.6. 

 

Figure 3.6: FEI Tecnai T12  
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Raman spectroscopy technique 

Raman spectrometer was employed in this study to examine whether any defects were 

introduced into the MWCNT matrix because of the functionalization procedure. Defects in the 

functionalized MWCNT matrix were identified using Raman spectroscopy (λ=785 nm, 10 mw). 

The spectra of both unfunctionalized and functionalized MWCNTs were analyzed using a Raman 

spectrometer. By comparing the spectra, any differences or changes in the peak positions, 

intensities, or shapes were examined. These variations in the Raman spectra provided indications 

of defects present within the functionalized MWCNTs. The analysis allowed for the identification 

and characterization of the defects, providing valuable insight into the impact of the 

functionalization procedure on the MWCNT matrix. Further quantitative analysis of defect density 

was conducted to provide a comprehensive understanding of the defects introduced via 

functionalization  [2]. The Horiba LabRAM Raman spectrometer employed in this study is 

presented in Figure 3.7. 

 

 

Figure 3.7: Horiba Lab RAM Raman spectrometer 

X-ray Diffraction 

The structural characteristics of MWCNTs were analyzed using a Bruker D2 advance XRD 

(operating at 30KV of accelerating voltage). XRD is commonly employed in nanotechnology to 

accurately determine the composition, crystal structure, and crystalline grain size of nanoparticles. 

In this study, the chosen method of analysis was XRD due to its ability to provide precise data. 

The angle of incidence (ϴ) and scattering of x-rays on a crystal surface were important factors in 
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determining constructive interference for n wavelengths [2]. This analysis was crucial in 

understanding the structural characteristics of MWCNTs and their application in nanotechnology 

research [2]. The equipment employed in this study for the XRD measurements of MWCNTs is 

depicted in Figure 3.8. 

 

Figure 3.8: Bruker D2 advance X-ray diffractometer 

Figure 3.9 describes Bragg’s states the following: 

The x-ray incidence angle when it strikes a crystal surface is ϴ, and the angle of scattering is ϴ. 

For n wavelengths, constructive interference will happen when the path difference, d, is a 

whole number. 

 

Figure 3.9: Bragg’s diffraction illustration [9] 

This finding is evidence for the atomic structure of crystals and serves as an illustration of the x-

ray wave interface known as x-ray diffraction (XRD). 
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Porosity measurement technique 

In terms of permeability and retention, a membrane's porosity is a key factor. Equation (3.5) was 

employed to calculate the membrane's porosity. 

Membrane porosity = 
𝑊𝑤−𝑊𝑑

𝜌𝑤×𝑉
  (3.5) 

Where V is the membrane's volume in a wet case (m3) and ρw is the density of pure water at 

room temperature (kg/m3). The masses of a membrane in its dry and wet states, respectively, are 

Ww and Wd. 

Contact angle technique. 

The contact angle technique was utilized to assess the wettability and surface hydrophilicity of the 

PSF membranes. Basically, a 2 μL drop of water was injected onto the PSF membrane surface 

using a Gilmont syringe. The advancing angle (ϴ) of the water droplet was measured using the 

SCA 20 version 2 software. It was found that the hydrophilicity decreased as the contact angle 

increased [2]. The equipment employed for the contact angle tests in this study is shown in Figure 

3.10. 

 

Figure 3.10: SCA20 version 4.1.12 employed for contact angle measurements. 
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Mechanical characterization of PSF membranes 

The PSF membranes' mechanical characterization was completed using an TA. XT Plus 

Texture Analyzer. On a tensile strength testing machine, sample membranes (1cm x 5 cm) were set 

up and clamped while being pulled at a rate of 10 mm per minute. TA. XT plus was used to 

quantify strain and stress has already started. A value average was subsequently calculated. 

When the sample fractured, the test was complete, and data were computed for analysis. The 

equipment used to test membranes mechanically in this study is shown in Figure 3.11. 

 

Figure 3.11: TA. XT Plus Texture Analyzer used for mechanical tests. 

Both the elastic modulus of the test material and the geometry (area and length) of the 

specimen affect how much it deflects. It is beneficial to generalize the data in order to 

eliminate the influence of geometry because material behaviour is more important when geometry 

is considered. This is accomplished by converting the load values to stress values and the 

deflection values to strain values. 

Stress = 
F

𝐴0
     (3.6) 

Strain =
L−L0

L0
 = 

∆𝐿

L0
  (3.7) 

Where: F is the load in the equation for stress, and A0 is the test specimen's initial cross-

sectional area. L is the specimen's current length and L0 is its initial length in the equation 

for strain. The ability of the material to stretch and deform is measured by the Young modulus (E). 
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E is determined using the ratio of the tensile stress to the tensile strain. The Young modulus was 

determined by using the equation (3.8):  

E = 
𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 
 (3.8) 

A stress-strain curve can be drawn using the values of stress and strain gleaned from the 

tensile test. 

3.4 Water Quality Testing 

The analytical methods utilized in this study to analyse both the raw water and treated 

water quality flux measurement is covered in this section. The following methods were employed 

to preserve the sample's integrity following collection and to aid in obtaining an acceptable and 

representative sample for this experimental study [3]: 

1. The creation of a sampling and analysis plan (SAP), which outlines the sampling sites, sample 

counts, sample types, and quality control specifications for the project. 

2. Before taking samples, verify that the selected method for sampling is accurate and acceptable 

and that the preservatives, and equipment used are appropriate. Purchasing sampling supplies 

directly from the lab conducting the analyses is advised, and to assemble all 

the tools and materials required for the project. 

3. Autoclave the glass bottles that need to be used for sample collection prior to chemical and 

microbiological analysis. 

4. Use sodium thiosulfate (Na2S2O3·5H2O) in order to neutralize any trace of chlorine prior to 

sample collection. 

5. All samples that have been collected should be marked with the temperature, sampling 

location, time, and date of collection before sending them to the water quality laboratory. 

3.4.1 Untreated water and finished water quality.  

The quality of raw water is one of the fundamental elements in water treatment sector. Tap water 

and ultrapure water have different characteristics that can be analyzed to assess its quality. For 

https://en.wikipedia.org/wiki/Water_of_crystallization
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ultrapure water, Table 3.1 provides a summary of its sample characteristics. This includes 

parameters such as temperature, conductivity, pH, free chlorine, and DO. Chemical parameters 

like Alkalinity, TDS, organic matter, fluorides, hardness, metals, and nutrients are also important 

in evaluating tap water quality. Biological parameters, specifically the presence of algae, bacteria, 

and viruses, are also considered. Tap water, on the other hand, has its own set of characteristics 

summarized in Table 3.2. Analytical techniques for examining both tap water and wastewater 

adhere to accepted standards in water analysis. Overall, understanding the characteristics of these 

water sources is crucial in ensuring their suitability for various purposes. 

Table 3.1: The average water quality characteristics of ultrapure water (sample A) used in this 

study. 

Parameters Unit Concentration 

pH - 4 

Temperature ̊ C 21.5 

Conductivity µs/cm - 

TDS mg/L 0 

Free chlorine mg/L 0.01 

DO mg/L 4.54 

Nitrates  mg/L <4.4 

Ammonium (NH4+) mg/L 0.05 

Alkalinity (total) mg/L 0 

Source: Merck (Pty). 

Table 3.2: The average water quality characteristics of raw tap water (sample B) used in this study. 

Parameters Unit Concentration 

pH - 7.3 

Temperature ̊ C 19.5 

Conductivity µs/cm 160 

TDS mg/L 70 

Turbidity FAU 106 

DO mg/L 5.41 
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Alkalinity as CaCO3 mg/L 23 

Chlorine (free) mg/L 0.14 

Source: Water quality lab (H2), School of Civil and Environmental Engineering, Wits. 

3.4.2 Measurement of water flux during membrane filtration test 

Water flux measurement during membrane filtration test was conducted using a crossflow module. 

The PSF membrane with an effective area of 45 cm2  was used in this study. The water flux was 

computed by applying Equation (3.3). To analyze membrane compaction behavior, the flow rate 

was maintained at a constant value, and the resulting flux was determined using Equation 3.2. 

Furthermore, the difference in pressure from the feed was set at 4.5 bar for five different elapsed 

times (15, 30, 60, 90, and 120 minutes) while measuring the water flux. Figure 3.12. illustrates the 

crossflow filtration system used in this study. 

 

Figure 3.12: The crossflow filtration system employed in this study. 

Figure 3.13 presents the proposed experimental setup based on the multi-barrier approach, as a 

better alternative to mitigate the issue of membrane fouling and to lead to higher operational 

efficiency and performance of the filtration membrane. 
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Figure 3.13: Proposed experimental setup. 

3.5 Summary 

The materials and procedures employed in the study are described in this chapter along with their 

use. The chapter presents and discusses the actions that constitute the laboratory testing component 

of the study. Microscopic techniques were applied to characterize nanostructured materials in this 

study. This is because it has the capacity to assess the morphology, composition, physical 

properties, and dynamic behavior of nanostructured materials in order to provide the necessary 

information. This makes a significant contribution to material science. They are necessary for both 

product quality control and the development of new materials. 
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CHAPTER 4: MATHEMATICAL MODELING OF MEMBRANE 

FILTRATION PROCESS 

4.1 Introduction 

Mathematical modeling plays a crucial role in studying real-world systems, including the 

membrane filtration process [1,2,3,4]. By using logical principles and techniques, mathematical 

models provide a conceptual construct for understanding and analyzing complex phenomena. 

These models enable researchers to investigate the behavior of the membrane filtration process 

and make predictions based on the underlying mathematical equations. Various forms of 

mathematical models exist, each with its own advantages and disadvantages [1, 2, 3 , 4, 8]. In the 

framework of MSP, mathematical models were implemented to evaluate the properties of various 

filter types, optimize operating conditions, and improve system design [3, 4]. The appropriate 

model form is implemented based on the specific characteristics of the membrane filtration module 

being studied. Overall, mathematical modeling is of great importance in comprehending and 

enhancing membrane filtration processes [1, 2, 3, 4, 5, 6, 7, 8]. This chapter presents and develops 

the mathematical modeling of the membrane filtration process in a complete mixing flow system 

(CMFS). Using logical principles and techniques, ideas about observed processes are presented in 

modeling, a general procedure in the mathematical sciences [1, 2, 3, 4, 8]. Mathematical modeling 

is the process of creating a conceptual representation of a real-world system or phenomenon using 

mathematical equations and logical principles.; and there are various forms a model can be 

presented in [3, 4]. Some steps that are particularly useful in the construction of a mathematical 

model include: (a) problem identification, (b) assumption specification, (c) variable classification, 

(d) solution and interpretation, (e) verification, (f) implementation, and (g) maintenance. Each of 

these steps exists for a specific reason. It is necessary to review a previous step at any stage of the 

sequence to make sure everything is correct. This is before continuing to the next stage. 

Furthermore, this chapter develops a theory about membrane filtration processes by applying 

equations of motion [1, 2, 3]. The CMFS was considered when developing the mathematical 

models in this study because the CMFS is considered an ideal system that can be used to describe 

a better membrane separation process (MSP). The chapter also discusses the relationships and 

correlation between the concentrations and flow rates of fresh feed, permeate, and retentate 

(rejection) and the membrane surface area. 
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Membrane filtration processes are determined by applying mass transfer phenomena and diffusion 

principles. Experimental relationships are used to depict the flux concentration and flow when 

passing through the membrane’s pores. Some researchers have developed procedures (protocols) 

to calculate the CMFS [4,5,6]. However, despite the availability of procedures for determining 

membrane filtration processes, researchers are still struggling to develop proper mathematical 

models that describe membrane filtration properly. This is because some parameters are still 

unfixed (unresolved). For example, the maximum achievable concentration after a filtration 

process, the correlations between the main processing variables and the processing results, and the 

control of parameters for dynamic (non-steady state) processes [3,4].  

4.2 Methodology 

The mathematical models based on known and experimental conditions and relationships were 

developed in this study. For instance, the correlation between the solute concentrations in the 

filtration module (Cout) and in the permeate (Cp): Cp = g (Cout) (4.1); the membrane permeability K 

= K0 – f (Cout, Qout) (4.2) where Qout is the flow rate of the retentate and K0 is the membrane 

permeability for pure solvent, g and f are empirical functions.  

4.3 The basic relationships in the complete mixing flow system 

Due to thorough liquid mixing within the system, the perfect type of system is distinguished by 

the same concentration throughout the system. The separation process can be described using the 

following  equation: 

➢ Mass and flow balance equations 

Qin Cin = QP CP + Qout Cout   (4.1) 

Qin = Qp + Qout    (4.2)   

➢ The differential equations for mass and flow change: 

𝑑(𝑄𝑝𝐶𝑝)

𝑑𝑄𝑝
 = g (Cout, Qout)   (4.3) 
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𝑑𝑄𝑝

𝑑𝐴
 = k = 𝐾𝑜 – f (𝐶𝑜𝑢𝑡−𝑄𝑜𝑢𝑡) (4.4) 

If the concentration 𝐶𝑜𝑢𝑡 is small, the functions g and f are assumed to be linear: 

g(x) = 𝐶𝑝 =  𝜕𝐶𝑜𝑢𝑡 ;  f(x) = K= 𝐾0 – β 𝐶𝑜𝑢𝑡 (4.5) 

In the CMFS, it can be assumed that the solute concentration remains unchanged at any arbitrary 

point in the system of volume (V) and the permeate concentration CP = βCin is the same all along 

the membrane surface (S). Figure 4.1 presents the configuration of the complete mixing flow 

membrane system. 

 

Figure 4.1: Complete mixing flow membrane system 

4.4 Mathematical modeling of the complete mixing flow system  

Because there has been extensive liquid mixing inside the system, this ideal membrane filtration 

system is characterized by identical concentrations throughout. The concentration of process in a 

CMFS is shown in Figure 4.1, where the solute concentration is the same at any point in the system 

volume V and the permeate concentration CP = αCout is the same all along the membrane surface A. 

Therefore equation (4.1) can be transformed as follows: 

QP = AK = A (K0 – β Cout)   (4.6) 

Contrary to equation (4.6), the differential equation for the solute quantity in the system can be 

expressed as follows: 
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V
𝑑𝐶𝑜𝑢𝑡

𝑑𝑡
 = Qin Cin – Qout Cout - Qp Cp    (4.7) 

4.4.1 At steady state 

When the initial process conditions (Cin, Qin) are constants, then we observe a steady state 

separation process with stationary concentrations and flow rates. In this case  
𝑑𝐶𝑜𝑢𝑡

𝑑𝑡
 = 0. Equation 

(4.1) is identical to equation (4.7) and after substituting equation (4.6) and Cp = αCout into equation 

(4.1) leads to a quadratic equation for Cout: 

β (1-α) Cout
2+ Cout [ Qin – (1-α) A K0] – Cin Qin = 0  (4.8) 

The solution of equation (4.8) provides us with the stationary concentration as follows:  

C* = 
√[𝑄𝑖𝑛−(1−𝛼)𝐴𝑘0]2 +4𝛽𝐴(1−𝛼)𝐶𝑖𝑛𝑄𝑖𝑛

2𝛽(1−𝛼)
  - 

𝑄𝑖𝑛−(1+𝛼)𝐴𝐾0

2𝛽(1−𝛼)
  (4.9) 

And the corresponding flow rates of the concentrate (Qout*) and permeate (QP*) are:  

Qout* = Qin 
𝐶𝑖𝑛− 𝛼𝐶∗

(1−𝛼)𝐶∗   (4.10)               Qp*   = Qin 
𝐶∗−𝐶𝑖𝑛

(1−𝛼)𝐶∗  =  A ( 𝐾0-βC*)  (4.11) 

4.4.2. The Limiting concentration   

It can be deducted from equation (4.14) that the function Cout* (Qin) has an inverse dependence. 

Under constant membrane system properties (α, β, K0) and the initial concentration Cin, the 

stationary values C*, Q*, and QP* are dependent on Qin only. Equation (4.8) shows: 

If Qin → 0:  Cout* → Clim = 
𝐾0

𝛽
                                    

i.e., limiting concentration in CMFS under certain conditions. 

Equation (4.9) describes the permeate flow rate as Qp* →0 because the membrane permeability K 

= K0 – βC*→ 0  

However, it is not the only possibility. It can be shown from the first equation (4.11) that when C* 

= 
𝐶𝑖𝑛

𝛼
, the concentrate flow rate Qout*→ 0. As the membrane system properties (α, β, Ko) and inlet 
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flow concentration C in are independent, both variants: CLim.1 = ( 
𝐾𝑜

𝛽
 ), and CLim.2 = ( 

𝐶𝑖𝑛

𝛼
 ) are 

possible. If the concentration C* increases, then C* → CLim but CLim is the minimum of two values:  

CLim = min {CLim.1 =  
𝐾0

𝛽
 ;   CLim.2 =  

𝐶𝑖𝑛

𝛼
 }           (4.12) 

The boundary of these cases is inlet concentration 𝐶𝑖𝑛
𝑏

 =  
𝛼𝐾0

𝛽
 : if Cin < Cin

b then Cout-Lim =
𝐶𝑖𝑛

𝛼
, i.e., 

does not depend on inlet flow. 

4.4.3. The Dynamic separation processes 

Two non-steady states exist: the transient response process, which is triggered by any change in 

the process conditions, and the process starting period Cout (t), which changes from Cin to C*. 

Following the substitution of the dependencies (4.2) into equation (4.6) and transformation 

into the Riccati equation, the function Cout for such non-steady states could be obtained. 

𝑑𝐶𝑜𝑢𝑡

𝑑𝑡
 = -b2 Cout

2 – b1 Cout + b0  (4.13) 

Where the coefficients: 

𝑏0= 
𝑄𝑖𝑛 𝐶𝑖𝑛

𝑉
;   𝑏1 =

[  Q in – (1− α) A 𝐾0]

𝑉
; 𝑏2 = 

(1−α) βA

𝑉
  (4.14) 

Equation (4.11) can be solved as follows: 

Substitute z = x + (b1/2b2) and transform equation (4.13) to form: 

𝑑𝑧

𝑑𝑡
 = -b2 z

2 + 
𝑏12

4𝑏2
 + b 

And after substitution u = 𝐶∗
+ (b1/2b2):  

 
𝑑𝑧

𝑑𝑡
 = b2 (u

2-z2) dt      

Where C* is the stationary concentration according to Equation (4.9), after the separation of the 

variables, Equation (4.14) is transformed to: 

𝑑𝑧

𝑢2−𝑧2 = b2dt          (4.15) 

 

And integration with initial condition u, t=0 =u (0) gives the solution: 
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Z (t) = u 
[𝑢+𝑧(0)]𝑒2𝑏2𝑢𝑡−𝑢+𝑧(0)

[𝑢+𝑧(0)]𝑒2𝑏2𝑢𝑡  +𝑢−𝑧(0)
  (C2)   (4.16) 

Cout (t) = (C* +b1/2b2 ) 
[𝐶∗+𝐶𝑜𝑢𝑡(0)+

𝑏1
𝑏2

]𝑒2𝑢𝑏2𝑡− 𝐶∗+𝐶𝑜𝑢𝑡(0)

[𝐶∗
+𝐶𝑜𝑢𝑡(0)+ 

𝑏1
𝑏2

]𝑒2𝑢𝑏2𝑡+𝐶∗−𝐶𝑜𝑢𝑡(0)
 - 

𝑏1

2𝑏2
   (4.17) 

Where the auxiliary parameter u = C* +b1/2b2 and the stationary concentration C* are given in 

Equation (4.9). 

If a startup period of separation is considered, Cout (0) = Cin, and the transient Cout (t) from Cin 

to C* is presented in solution (4.17). i.e., the change from startup to operating mode. The transient 

response is the solution in this case, and C*(0) becomes C*≠ Cout (0). This occurs if the CMFS was 

already in a steady state with C*(0), but one of the initial conditions (Cin, Qin) was changed at any 

time after t=0. Under the following circumstances, Cout (0) = C*(0), the transient function Cout (t) 

can be computed using Equation (4.17). 

4.5 Validation of the mathematical model 

In this section, the validation of the obtained mathematical model was achieved by comparing the 

predictions of our mathematical model with measurements taken by Duranceau [10]. The study 

aimed to evaluate the membrane permeate transient response for single-stage and three-stage 

nanofiltration membrane systems when each system’s feed water experienced a perturbation in 

water quality with a sudden increase in chloride. The study also highlighted the impact of initial 

conditions on the system’s transient response. 

4.5.1 Empirical parameters 

∂, β, and 𝐾0 were determined from the experimental data (𝐶𝑝 and K) as functions of medium 

concentration C(t) during the filtration process. Statistical processing of the experimental data 

gives the parameters: ∂ = 0.23, β = 0.00968, 𝐾0 = 1.08. 10−5 m/s and the operating characteristics 

for the three-stage NF plant are presented  in Appendix C (table C.1). The functions 𝐶𝑝(x) and 

K(x) with these parameters are determined according to expression (4.5): 𝐶𝑝= 0.23𝐶𝑜𝑢𝑡, K = 1.08. 

10−5- 0.00968 𝐶𝑜𝑢𝑡, and are shown in Figures 4.2 and 4.3 plotted using experimental data. The 
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result confirms the adequacy of expression (4.5) for experimental data and allow calculations in 

the concentration range 𝐶𝑜𝑢𝑡 = 20-200 mg/L. Figure 4.2 describes the variation of the permeate 

concentration versus outlet concentration according to Equation 4.5. 

 

Figure 4.2: Membrane permeate concentration versus outlet concentration 

Figure 4.3 describes the variation of membrane permeability with outlet concentration according 

to Equation 4.5. 

 

Figure 4.3: Membrane permeability versus outlet concentration 
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4.5.2 Separation by the completely mixing flow system 

The initial concentration was 𝐶𝑖𝑛 = 182 mg/L and the experimental parameters ∂, β, k were used 

in this process as shown in Appendix C. The limiting concentration according to Equation 4.12, 

𝐶𝐿𝑖𝑚 =  
𝐾0

𝛽
= 𝐶𝐿𝑖𝑚.1=111.6 mg/L < 𝐶𝐿𝑖𝑚.2 = 

𝐶𝑖𝑛

𝜕
 = 791.3 mg/L.  The initial value 𝐶𝑖𝑛= 182 mg/L 

and experimental parameters ∂, β, 𝐾0  give the stationary concentration according to Equation 4.9 

as follows:  

𝐶∗= 
√(𝑄𝑖𝑛−0.77𝑥45𝑥1.08.10−5)2+4 𝑥0.00968𝑥45𝑥0.77𝑥 182𝑥𝑄𝑖𝑛

0.014
  - 

𝑄
𝑖𝑛−0.77+45.𝑥 10−5

0.014
 , mg/L (4.18) 

Figure 4.4 presents the results on the stationary values for the CMFS  with experimental datta in 

according to equation (4.18) as described in Appendix C. 

 

Figure 4.4: Stationary values for the CMFS with experimental datta. 
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and  𝑄𝑖𝑛= 1.35.10−3 𝑚3/s. From these values, the calculation parameters are: 
𝑏1

𝑏2
 = 2.9. 

10−3; u= 41.08, 𝐶∗= 41.0 mg/L and expression 4.17 becomes: 

𝐶𝑜𝑢𝑡 (t) = 41 
223𝑒0.027 𝑡−223

223𝑒0.027𝑡+223
 +1.43.10−3, mg/L (4.19) 

The process 𝐶𝑜𝑢𝑡(t) decreases from 𝐶𝑖𝑛 = 182 mg/L to a stationary value 𝐶∗= 41 mg/L, 

calculated according to the previous equation. For the second case there is steady state in the 

same apparatus with the same 𝐶𝑖𝑛 =182 mg/L and the inlet flow rate undergoes a step 

modification from 𝑄𝑖𝑛(0) = 2.06.10−3𝑚3/𝑠 to 𝑄𝑖𝑛=0.81.10−3𝑚3/𝑠 at time t=0. This gives the 

transient response for concentration from 𝐶∗ = 41.1 mg/L to 𝐶∗ = 11.3 mg/L according to 

Equation 4.9. After substituting these values into Equation (4.17), the following calculating 

formula is developed:  

𝐶𝑜𝑢𝑡 (t) = 11.3 
193.3𝑒0.0076 𝑡−193.3

193.3𝑒0.0076𝑡+193.3
 -1.43.10−3, mg/L (4.20) 

The transient process according to (4.20) is shown in Figure 4.5  and requires practically one third 

of an hour from the start of the change.  

 

Figure 4.5: Non-steady states in the CMFS (transient process when 𝑸𝒊𝒏 undergoes a step 

modification). 
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After validating the model, it was found that transient response (changes from one steady state to 

another) is caused by a change in the initial conditions (𝐶𝑖𝑛 and 𝑄𝑖𝑛), according to the mathematical 

modelling. Furthermore, the study also demonstrated that the membrane models that were 

produced could be used for the calculations of the primary system design parameters, as well as 

the selection of membrane properties and initial conditions for a successful separation process. 

4.6 Summary 

In Chapter 4, a mathematical model was developed to analyze the correlations between variables 

in membrane filtration within a CMFS. This model specifically focused on the relationships 

between inlet concentration and flow rate, outlet concentration and flow rate, and permeate 

concentration. The study also highlighted the impact of initial conditions on the system's transient 

response. Additionally, the mathematical model could be utilized to calculate important system 

design parameters and guide the selection of the membrane characteristics and initial conditions 

for optimal separation processes. This chapter dispenses a comprehensive understanding of 

membrane filtration and its application in system design. Future research directions in 

mathematical modelling of membrane filtration include further investigation into the correlations 

between inlet and outlet concentrations, flow rates, and permeate concentration. Additionally, 

there is a necessity to scrutinize the influence of different initial conditions on the transient 

response of the system. This will help in understanding and achieving the desired steady state 

conditions in membrane filtration. Furthermore, future research should focus on utilizing the 

mathematical model to optimize membrane filtration processes and predict membrane 

performance. Finally, there is a scope for potential improvements and advancements in the CMFS 

system through the application of mathematical modelling techniques. The next Chapter presents 

the outcome and analysis of the characterization of MWCNTs, PSF membranes; and AOC and 

BDOC determination. 
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CHAPTER FIVE: RESULTS AND DISCUSSION OF THE 

CHARACTERIZATION OF CARBON NANOTUBES, POLYMERIC 

MEMBRANES; AND DETERMINATION OF ASSIMILABLE ORGANIC 

CARBON AND BIODEGRADABLE DISSOLVED ORGANIC CARBON 

5.1 Introduction 

The results and discussion in this chapter focus on the characterization of MWCNTs, PSF 

membranes, and strain P-17. Additionally, the functionalization process of MWCNTs and the 

methods and techniques used for determining AOC, DOC, and BDOC are outlined. This chapter 

directly relates to the specific goals outlined in chapter one. 

5.2 Characterization of strain Pseudomonas fluorescens P17 

The Olympus Cx22 LED phase contrast microscope revealed that Pseudomonas fluorescens P-17 

is a rod-shaped bacterium with long straight or curved axes. Strain P-17 has greenish yellow 

pigmentation and belongs to the pseudomonas genus. This study characterized the strain P17 in 

part, through morphology (size, shape, and arrangement of bacteria cells), and gram staining (a 

microbiology technique used to differentiate between bacterial species) based on their cell 

composition. The results obtained after the gram staining techniques revealed that the P17 strain 

used in this study has weak cell walls, therefore it is gram-negative. 

5.3 Characterization of carbon nanotubes 

Ready-made MWCNTs, purchased from Merck (South Africa), were characterized using 

microscopy techniques to identify its functional and structural properties. The findings of the 

characterization of unfunctionalized and CTAB-functionalized MWCNTs are discussed in the 

subsequent subsections. 

5.3.1 Observation of carbon nanotubes using scanning electron microscope  

The surface morphology of MWCNTs was inspected using SEM with high resolution. The SEM 

images disclose the fine structures of the MWCNTs, providing valuable insights into their surface 

morphology [1]. The observation was conducted using the SEM, sigma series FE-SEM in-lens 

microscope ( at 15kV and 17kV of accelerating voltage). The SEM images, acquired at both low 
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and high magnification, showcased different perspectives of unfunctionalized and functionalized 

MWCNTs [1]. The examination of the surface morphology using SEM imaging contributes to an 

enhanced comprehension of  the properties and potential applications of CNTs in nanotechnology 

research. Figures 5.1 (a, b, and c) display three different perspectives of SEM images 

of unfunctionalized and functionalized MWCNTs that were acquired after observation using FE-

SEM in-lens equipment at low and high magnification. 

 

 

                                                                   (a) 

The characterization of MWCNTs was essential to establish the pertinent properties and features 

of MWCNTs that can be used during the adsorption process in this study. SEM characterization 

was used at low and high magnification to evaluate the surface morphology of unfunctionalized 

MWCNTs and functionalized MWCNTs. In this study, image quality is achieved by varying 

magnification. This procedure was repeated for all the other samples. 
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                                                                        (b) 

                                                                 

 

                                                              (c) 

Figure 5.1: SEM pictures of (a, b) unfunctionalized and (c) functionalized MWCNTs 
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During the investigation the surface morphology of MWCNTs, Figure 5.1 (a, b) depicts MWCNTs 

with diameters less than 100 nm observed at low and high magnifications. The presence of 

MWCNTs was established by the existence of hollow structures in the SEM images, which 

have lengths of several nanometers. SEM images show that the outer diameter of raw MWCNT 

is estimated to be around 50 nm based on the image scale. This falls within the 2.4 to 100 nm range 

for MWCNTS described in the literature [2]. The fact that the tubes seem hollow in Figure 5.1 (c) 

indicates that MWCNTs were functionalized. The CTAB-encapsulated MWCNTs are depicted in 

Figure 5.1 (c). The surfactant CTAB seems to have created a bilayer on the MWCNTs' surface and 

gradually encircled the entire MWCNTs floss. MWCNTs were bundled together rather than 

individually coated when they were encapsulated by CTAB. These bundles might serve as 

the adsorption sites that can be used during the adsorption process. 

TEM spectroscopy is covered in subsection 5.3.2 MWCNTs were also employed to characterize 

MWCNTs. SEM mainly offers details on the morphology of MWCNTs, which are insufficient 

to determine the true nature of the CNTs [3]. Based on SEM observations, CNTs and nanofibers 

are easily confused [3]. As a result, TEM analysis of the samples was required to gather more 

details about the produced MWCNTs [2]. 

5.3.2 Observation of carbon nanotubes using transmission electron microscope  

The internal structure of the sample was examined using a TEM using an FEI Tecnai T12 (with 

accelerating voltage range of  80 to 200 KV)  [4]. The Peltier-cooled Keen View CCD camera was 

utilized to perceive the images. In this study, a magnification of 100000–400000 times and 

an accelerating voltage of about 120 kV were employed. The TEM images 

of untreated MWCNTs captured using the FEI Tecnai T12 are shown in Figures 5.2 (a and b). 
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                                                                        (a)       

 

 

                                                                    (b) 

Figure 5.2 (a, b): Two different views of the TEM image of the raw MWCNTs 
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Tube diameters in the bundle were measured using the TEM [4]. The TEM image in figure 5.2 (a) 

shows nanotubes with inner diameters, hollow structures, and lengths of multiple nanometers, 

confirming the existence of CNTs. It was found to be feasible to measure the diameter of a 

single nanotube and the bundle diameter directly from the obtained TEM images (Figures 5.2 (a) 

and 5.2 (b)) [4]. This knowledge can assist in determining the total number of nanotubes in a 

bundle. Most of the time, the samples of nanotubes are found alone (Figure 5.2 b). The 

TEM images show that the obtained nanotubes exhibit vastly different morphologies in response 

to certain variable parameters. The SEM study demonstrated that morphology could be controlled 

while maintaining a moderate plasma power level. However, these samples show various 

mutually varying orientations towards one to another. Under idealized circumstances, 

highly oriented films are produced, while medium- and poorly films are also produced, 

exhibiting many flaws. 

Despite the high resolution of TEM images that allow for even atomic-level observation, the TEM 

images were unable to count the exact number of walls in each MWCNT sample (Figures 5.2 (a, 

b)). This shortcoming could be brought on by fabrication and material manipulation 

flaws (pentagons, heptagons, vacancies, or dopants) [4]. The average diameter of MWCNTs as 

seen in TEM images is about 25 nm. MWCNTs could be seen to be extremely thin in the TEM 

image, but the precise number of walls cannot be determined. 

5.3.3 X-ray diffraction of raw carbon nanotubes 

The XRD of raw MWCNTs was employed to study the crystal structure of untreated MWCNTs 

[5]. The XRD pattern of raw MWCNTs shows two representative peaks, one at 26.14 

(002 levels) and the other at 44.22 (100 levels). In this study, the Bruker D2 advanced 

diffractometer was employed to obtain the XRD patterns of raw MWCNTs at different intensities. 

Figure 5.3 presents the XRD pattern of the raw MWCNTs employed in this study. 
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 Figure 5.3: XRD pattern of raw MWCNTs 

The MWCNTs interlayer distance d , the interplane distance corresponding to each plane, was 

determined by XRD. For MWCNTs, this is approximately 3.388 angstroms. The primary XRD 

pattern characteristics of MWCNTs are almost identical to those of graphite [6], as presented in 

Figure 5.3, due to the intrinsic nature of MWCNTs. Equation (3.4) can be used to measure 

the spacing d and the crystallite size of MWCNTs. 

5.3.4 Raman spectroscopy of functionalized and unfunctionalized carbon 

nanotubes 

In the interpretation of Raman spectra of the MWCNTs, with samples directly measured using a 

argon ion laser  (with 514.5 nm line of a Lexel Model 95 SHG). A Horiba LabRAM Raman 

spectrometer was utilized to analyze the incident beam onto the sample. Additionally, this 

procedure can be utilized to identify the sort of CNTs produced, including SWCNTs and 

MWCNTs [7]. From the Raman spectroscopy analysis, it is observed that both functionalized and 

unfunctionalized MWCNTs exhibit two distinct peaks: the G-band (graphitic) and the D-band 

(disorder) [7]. Deviations in the plot indicate an increase in wall matrix defects in functionalized 

MWCNTs. However, the overall shape of the graph obtained after the functionalization process 

remained unchanged, indicating that the functionalization process did not alterate the composition 
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of the raw material. The Raman spectra of unfunctionalized and functionalized MWCNTs are 

presented in Figure 5.4. These results dispense valuable insights into the structural features of 

MWCNTs and their behaviour under the functionalization process. 

 

 

Figure 5.4: Raman spectroscopy spectra of unfunctionalized and functionalized MWCNTs 

The relative intensities of the D-band and G-band in the Raman spectra are compared in this 

section. The D-band and G-band are two distinct peaks of MWCNTs, with the D-band located at 

1342.5 cm-1 and the G-band at 1587 cm-1. By analyzing the relative intensities of these peaks, 

valuable information about the sample can be obtained. Furthermore, the ID/IG ratio, which 

represents the intensity ratio between the D-band and G-band, is explained and its significance in 

Raman spectroscopy is discussed. The interpretation of the ID/IG ratio in relation to MWCNTs is 

also explored, providing insights into the properties and characteristics of these materials [7, 8, 9]. 

This deviates by 0.90 and 0.44% from the literature that states values of 1330 cm-1 and 1580 cm-

1, respectively [10]. These numbers demonstrate the formation of graphene sheets and show that 

the MWCNT walls had fewer flaws. These distinctive peaks can be seen even after nanotubes have 

undergone CTAB functionalization, demonstrating that the surfactant did not wreak havoc 

on the MWCNTs' structural integrity. It has been observed that MWCNTs that have 

undergone CTAB functionalization exhibit greater Raman intensity than raw MWCNTs. The ratio 
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ID/IG, a measure of defects in the MWCNTs wall matrix, increases slightly after functionalization 

compared to raw and CTAB functionalized samples. The increasing intensity of the D-band 

implies the presence of surfactant coverage on the MWCNTs' surface. This increase is important 

for detecting the sp3 C-C stretching mode. Additionally, the ratio ID/IG could serve as a rough 

indicator of the degree of functionalization in the absence of quantitative methods [12, 13, 14]. 

The findings in this section highlight the existence of imperfections in the wall matrix of 

MWCNTs, as indicated by the increased ID/IG ratio. The functionalization process led to only 

5.5% increase in the ID/IG ratio, confirming that the introduction of defects in the MWCNTs was 

negligeable. Additionally, the lack of the radial breathing mode (RBM) in the Raman spectra 

suggests that the MWCNTs sample had multiple walls, as RBM is specific to single-walled 

nanotubes [13, 14]. These characterizations provide valuable insights into the structural properties 

of the MWCNTs and give an improved comprehension of their nature and potential applications 

[13, 14]. Additional research is required to explore the implications of these defects and to identify 

future research directions in this field. 

5.4 Polysulfone membrane characterization 

 
SEM, porosity measurement, contact angle (hydrophilicity), and mechanical tests were used to 

characterize PSF filtration membranes. Microscopic techniques were chosen in this study to assess 

the morphology, composition, physical properties, and dynamic behavior of PSF membranes. 

5.4.1 Observation of the scanning electron microscope images of polysulfone 

membrane 

The SEM allowed for the examination of the morphology of the polysulfone membrane surfaces. 

In Figure 5.5 (a), the SEM picture of the top surface of the PSF filtration membrane is displayed, 

showing the characteristic plane image of an anisotropic membrane. Figure 5.5 (a) also shows the 

surface morphology of the membrane PSF associated with defects and deformation caused by the 

impacts during the casting process of the phase inversion method. However, a closer analysis of 

Figure 5.5 (b) reveals the presence of tiny, asymmetrical pores that traverse the membrane. 

Furthermore, the cross-sectional view of the membrane exhibited finger-like structures, which 

displayed a range of pore sizes. These observed features hold potential for application in membrane 

separation processes [15]. Specifically, the asymmetrical pores and finger-like structures could be 
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utilized to enhance separation efficiency, while the range of pore sizes offers important flexibility 

in selecting the optimal membrane for specific separation requirements [15]. Figure 5.5 (a, b) 

shows the SEM images of the top surface and cross-sections of a PSF membrane. 

 

                         (a) PSF membrane surface view from the top. 

 

                                      (b)  PSF membrane in cross-section. 
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Figure 5.5 (a, b): SEM images of the top surface and cross-sections of a PSF membrane 

respectively. 

5.4.2 Contact angle (hydrophobicity) test of polymeric membrane 

A common method for assessing the wettability of a solid surface is contact angle (CA) [16]. The 

solid is referred to as hydrophobic if the measured contact angle is above 90°, and hydrophilic if 

the CA is below 90° [16]. The CA (hydrophilicity) test was conducted on the polymeric membrane 

to assess its hydrophobicity using a goniometer. It was discovered that all the components of the 

membrane had contact angles below 90°, indicating their hydrophilic nature. After performing 10 

runs and calculating the mean value, the CA of the PSF membrane was determined to be 73.28°, 

further confirming its hydrophilic properties. These findings are summarized in Table 5.1 

highlighting the membrane's favorable hydrophilicity [16].  

Table 5.1: Contact angle test results. 

Run– Number Contact angle 

(°) 

1 74.89 

2 72.31 

3 71.81 

4 69.96 

5 74.52 

6 71.57 

7 58.21 

8 70.81 

9 85.69 

10 83.65 

Mean 73.28 
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Figure 5.6 illustrates the sessile drop measurement method employed in this study. 

 

Figure 5.6: Illustration of the sessile drop measurement method [16] 

5.4.3 Mechanical test results for polymeric membranes 

The sample membranes of 1 cm width and 5 cm initial gauge length were arranged and clamped 

on a tensile strength testing machine with 10 mm/min or less tensile rate. The strain and stress 

were measured using TA. XT plus, Texture Analyzer, as mentioned in chapter three. The average 

value was computed thereafter. The test was ended when the specimen was fractured, and data 

were computed for analysis. High toughness, a crucial component of the membranes' exceptional 

compressive resistance properties, which are required during the filtration process, was 

demonstrated by the developed PSF membranes [17]. Figure 5.7 shows the strain-stress graph 

obtained after the mechanical test of the PSF membranes. 
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Figure 5.7: Mechanical test results of the polymeric filtration membranes 

To analyze Young’s modulus of PSF membranes, the study performed the phase inversion method 

to create flat sheet PSF membranes. The Young's modulus was then calculated using Equation 

(3.8). The obtained values for the Young's modulus at points A and B were 2.8 and 2.4 KN/mm2, 

respectively. These results give quantitative information into the mechanical properties of the PSF 

membranes. Further interpretation and comparison of these values will be discussed in the 

subsequent sections, offering a comprehensive understanding of Young’s modulus of PSF 

membranes. The results obtained from Figure 5.7 strongly support that PSF membranes produced 

with DMF as the solvent can be considered as nanocomposites that contain a good toughness that 

can support sufficient transmembrane pressures during the membrane filtration process [1, 18]. 

Materials' toughness, which is associated with their capacity to absorb energy, is determined in the 

region located under the stress-strain curve. For mechanical testing of polymeric membranes, the 

uniaxial tensile test is the most popular technique [18, 19]. The original cross-sectional area of flat 

sheet membranes could be used to calculate the nominal stress [17, 18, 19]. 

5.4.4 Porosity test of polymeric membranes 

The porosity measurements for the PSF membranes were performed using the formula (3.5) 

mentioned in Chapter 3. The highest porosity value obtained was 61.4 % and the mean porosity 

value found after 7 different porosity tests was 58.3 %. The significance of the porosity test in 
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polymeric membrane research lies in its ability to come up with enhanced insights into the 

morphology and pore size of the membranes. Through the analysis of SEM images, the mean 

porosity value obtained from the test can be correlated to the membrane's structure and 

composition [15]. In this study, the porosity test revealed that the produced PSF filtration 

membranes have a pore size about  0.01 micrometer. Furthermore, the results indicated that these 

membranes can be classified as NF membranes. This finding is important as it suggests that these 

membranes could be potentially applied in the water treatment field, particularly in the removal of 

BOM from drinking water [15, 19]. Overall, the porosity test serves as a crucial tool in membrane 

research and offers valuable information for future studies in this field. 

5.5 Determination of assimilable organic carbon 

The AOC analysis was performed using the Van der Kooij method, which is widely recognized as 

the original and most popular technique for this purpose [20, 21, 22, 23]. The method involved 

inoculating the P17 strain of Pseudomonas fluorescens into 600 ml of pasteurized water and 

incubating it at 15 °C. Microbial density was measured every 2 days over a period of 21 days, and 

the maximum number of strains and conversion factors were used to determine the AOC 

concentration [23]. The heterotrophic plate counts method was employed to count the number of 

colonies that developed in the water [22, 23]. The results obtained from this study were correlated 

with previous studies, providing a basis for analysis and discussion of the findings. 

Moreover, duplicate isolate cells of strain P17, which were used to inoculate the water samples, 

were grown in ultrapure water (Samples A1 and A2) and into autoclaved tap water (Samples B1 

and B2) in the presence of sodium acetate (NaCH3COO) and nutrient broth. The nutrient broth was 

made up of simple peptone and a beef extract. In the study, the growth of strain P17 in water 

samples A and B was tracked over a period of 48 hours at 25°C using periodic heterotrophic plate 

counts (HPC). The maximum population of strain P17 (i.e., the maximum number of colonies, N 

max) was reached between days 19-21, (N max = 200 x 104 CFU/mL) and on day 15, (N max = 220 × 

104 CFU/ mL) for water samples A and B respectively. The maximum concentration of strain P17 

and its growth yield on sodium acetate were used in this study to calculate the AOC concentration, 

which was expressed as "acetate-carbon equivalents" [22, 23, and 24]. Figure 5.8 exhibits the 

colony count changes and growth curves of strain P17 over several days. 
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Figure 5.8: Colony count changes and growth curves of strain P17 over several days  

It has been discovered that the presence of sodium acetate and nutrient broth significantly 

improved strain P17's ability to grow in ultrapure water. These ingredients were added to the 

inoculum. Figure 5.8 presents the HPC of 21 days. An average HPC estimation of 200 x 104 

CFU/mL was obtained after 19 days. In the presence of sodium acetate and nutrient broth, In the 

initial experiments, a 13-day period of rapid linear growth in colony counts was noted. Thereafter, 

the growth rate tended to be flattening (between days 17-21) before it started declining for the low 

levels. This is likely due to the depletion of the amount of nutrients required for their growth.   

Figure 5.9 shows the growth of strain P17 in tap water (water sample B). 
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Figure 5.9: The number of colonies and growth curve of the P17 strain change over several 

days 

It has been discovered that when organic matter and sodium acetate are added to the inoculum, 

strain P17's grows significantly in tap water. Figure 5.9 presents the HPC of 15 days, an average 

HPC estimation of 220 × 104 CFU/mL was obtained after 15 days. In the presence of sodium 

acetate and nutrient broth in the initial experiments, a 7-day period of rapid proliferation in colony 

counts was noted. Thereafter, the growth rate tended to be flattening between days 11-13 for 

sample B1 and days 9-15 for sample B2 before it started declining to a low level. This is likely due 

to the depletion of the amount of nutrients required for their growth.    

The mean strain P17 counts for each sample were used to calculate the AOC concentrations. The 

sample's CFU/mL was calculated by dividing these counts by the dilution factor. The calculation 

of AOC concentration in strain P17 was performed using the average counts obtained from 

duplicate spread plates. This concentration was worked out in micrograms of acetate-C equivalents 

per liter [23]. Over the course of 21 days, a constant release of AOC was seen in ultrapure water 

(water sample A) (Figure 5.8), and the AOC concentration was found to be 48.8.4 µg C/L (as 

acetate carbon). While in tap water (water sample B), the average concentration of AOC 

determined was 53.6 µg C/L (as acetate carbon) after a period of 15 days. These variations in AOC 

levels could be the result of various water treatment methods, as strain P17 grows depending 

on the type of water [20]. It has been found that the increase in colony counts in the first run of the 

experiment was comparable to the increase in colony counts seen in the second run because we 
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conducted this experiment in duplicate. The findings indicate that the rate of AOC release in tap 

water was marginally higher than the rate of release in ultrapure water. This is most likely due to 

the presence of natural substrates in tap water [20, 23].  

5.6 Measurement of the dissolved organic carbon and biodegradable dissolved 

organic carbon in water samples. 

The high-density BDOC test is a method used to ascertain the DOC and BDOC in water samples 

[26, 27]. This test is chosen for its rapidity and ease of measurement [26, 27]. It involves the use 

of biologically active sand (BAS) as a substrate for the growth of the inoculum, enabling efficient 

measurement of organic matter in water [27]. To perform the test, a batch reactor is utilized, and 

the water sample is filtered before analysis. The test also involves the introduction of an indigenous 

bacterial population and monitoring the drop in DOC concentration resulting from bacterial carbon 

oxidation [26, 27]. Overall, the high-density BDOC test offers several advantages in terms of 

measurement speed and simplicity. Using BAS in the determination of DOC and BDOC in water 

samples offers several advantages [26, 27]. Firstly, BAS provides a rapid test procedure for BDOC 

determination, allowing for efficient and time-saving measurements of organic matter in water 

[26]. The BAS also simplifies the process, making it easier to measure the organic matter content. 

Furthermore, a batch reactor setup is employed for the incubation procedure, ensuring accurate 

and controlled conditions for the analysis. To carry out the BDOC procedure, the water sample 

must be filtered to remove any impurities. Finally, BAS enables the introduction of autochthonous 

bacterial populations, which achieve a major role in monitoring the drop in DOC concentration 

due to bacterial carbon oxidation. Overall, the use of BAS offers advantages regarding the speed, 

simplicity, and accuracy in determining the levels of DOC and BDOC in water samples. As a 

result, BDOC was calculated by measuring the water sample's DOC, incubating it in a batch 

reactor for 5 days in duplicate (reactors A and B), and then measuring its DOC once more. To 

calculate BDOC, the following formula was used: 

BDOC=DOC0 - DOC5  

Tables 5.2, 5.3, and 5.4 describe the variation in DOC and BDOC values obtained from the BAS 

after 5 days of incubation. 
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Table 5.2: Efficiency of BAS incubator 1 

BATCH DOC0 (mg/L) DOC5(mg/L) BDOC (mg/L) reactor 

efficiency (%) 

REACTOR A1 5.65 5.09 0.47 9.9 

REACTOR B1 5.54 5.00 0.54 9.7 

 

Table 5.3: Efficiency of BAS incubator 2 

BATCH DOC0 (mg/L) DOC5(mg/L) BDOC (mg/L) reactor 

efficiency (%) 

REACTOR A2 5.65 4.26 1.39 24.6 

REACTOR B2 5.54 4.46 1.08 19.5 

 

Table 5.4: Efficiency of BAS incubator 3 

BATCH DOC0 (mg/L) DOC5(mg/L) BDOC (mg/L) reactor 

efficiency (%) 

REACTOR A3 5.65 4.26 1.39 24.6 

REACTOR B3 5.54 4.46 1.08 19.5 

 

Regular monitoring and maintenance of DOC levels in tap water is of utmost importance. This is 

because high concentrations of DOC can lead to the growth of bacteria and microorganisms, 

posing a risk to water systems and public health. The results from Tables 5.2–5.4 show a range of 

DOC concentrations from 4.26 mg/L to 5.65 mg/L, indicating the presence of organic compounds 

in tap water. Furthermore, the average DOC values collected between May and June 2021, ranging 

from 5.54 to 5.65 mg/L, suggest an elevated potential for bacterial growth during that period. 

The DOC concentration for samples B1 and B2 dropped to 4.26 and 4.46 mg/L, respectively, after 

5 days of incubation. Since it has a relatively short incubation period and a high degree of 

precision, the high-density sand bioassay is superior to other methods for determining BDOC [26, 

27]. This approach was selected because it measures DOC directly. This is regarded as an all-

purpose sign of organic matter in water [24, 26, 27]. 
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The BDOC changes varied slightly across the three distinct incubation periods, as shown in Tables 

5.2, 5.3, and 5.4. The incubation procedure, on the other hand, demonstrated a 

BDOC range between 1.08 and 1.39 mg/L with 2 data points, which was much more consistent. 

Following the incubation period, the BDOC concentrations may have varied with changes in DOC 

concentration in the source water, which may indicate heterotrophic activity. [26, 27]. When the 

bioavailable DOC (BDOC) exceeds 0.5 mg/L, it signifies a significant risk of biofilm formation 

and bacterial proliferation. Taking this into consideration, regular tracking and maintenance 

protocols should be implemented to mitigate the growth of bacteria and ensure the safety and 

quality of tap water [26, 27]. It has been observed that there are variations in the BDOC from the 

data presented in Tables 5.2–5.4. 

5.7 Summary 

The nanostructures in this chapter were characterized using microscopy methods. These 

techniques were selected because it enables the evaluation of the morphology, composition, 

physical characteristics, and dynamic behavior of nanostructured materials. This contributes to 

material science. During a hybrid treatment system, characterization of both MWCNTs and PSF 

membranes was necessary to determine the relevant properties for removing BOM, in terms of 

AOC and BDOC, from water. Subsequently, the surface morphology of PSF membranes and 

MWCNTs was investigated using low and high magnifications for both SEM and TEM images. 

(Image quality was achieved by varying the magnification). This procedure was conducted on all 

other samples. Furthermore, it was found that MWCNTs and NF membranes exhibit interesting 

features and properties. These features could be utilized to eradicate BOM compounds from 

drinking water. The high adsorption and selectivity capacities of functionalized CNTs and NF 

membranes respectively should be mostly attributed to their structural and functional properties. 

This study also characterized the strain P17 in part, through morphology (size, shape, and 

arrangement of bacterial cells), and gram staining (a microbiology technique used to differentiate 

between bacterial species) based on their cell composition. The results obtained after gram staining 

techniques revealed that the P17 strain used in this study has weak cell walls, therefore it is gram-

negative. 

The biological stability of water samples, both raw and finished, was evaluated in this chapter 

using both the AOC and BDOC methods. More specifically, the findings demonstrate that the 
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rate of AOC release in tap water was marginally higher than the rate of release in ultrapure water. 

This is most likely caused by the naturally occurring organic substrates in tap water. However, 

data that was collected after the BDOC was determined showed variations in the BDOC. 

When BDOC exceeds 0.5 mg/L, it is a cause for concern because it shows that there is a 

high likelihood that bacteria and other microorganisms will grow into biofilms and multiply in the 

water systems. Additionally, future research could focus on the dynamic behavior of 

nanostructured materials in water treatment processes, to better understand their performance and 

optimize their use. By characterizing the morphology, composition, and physical characteristics of 

nanostructures, researchers can continue to advance material science and improve the elimination 

of BOM from water. These characterization techniques are essential for developing a 

comprehensive understanding of nanostructures and their potential applications in water treatment. 

The goal of the following chapter is to assess the viability of using an adsorption process (with 

functionalized CNTs) in combination with a membrane filtration process (with NF membranes) to 

remove BOM from drinking water. This is done by comparing the performance of the hybrid 

adsorption-membrane filtration system for BOM removal to those of conventional standalone such 

as NF, UF, or MF membranes, as well as the hybrid treatment system with conventional 

adsorbents such as PAC. 
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CHAPTER SIX: HYBRID ADSORPTION-MEMBRANE FILTRATION 

SYSTEM FOR THE REMOVAL OF BOM IN DRINKING WATER 

6.1 Introduction 

This chapter presents and discusses the outcomes of a hybrid adsorption-membrane filtration 

system used to eradicate BOM from drinking water. For the purpose of  evaluating the biological 

stability of the water samples used in this work, additional water quality parameters counting 

pH, temperature, conductivity, TDSs, ammonium ions, dissolved oxygen, alkalinity, free chlorine, 

and nitrate were measured. Results related to plate counts for colonies enumeration (AOC) and 

water filtrations permeate (flux) for AOC and BDOC determination are also discussed. 

6.2 Adsorption process of natural organic matter by CTAB-functionalized 

carbon nanotubes 

Bacterial growth has been identified to be part of the foremost causes of water quality degradation 

within DWDSs. Example of undesired effects that can be linked to bacterial growth include the 

proliferation of pathogens and coliforms, the reduction of hydraulic efficiency, unwanted colour, 

taste, odour, reduction of dissolved oxygen, the acceleration of pipe corrosion, and formations of 

biofilm [1, 2, 3, 4]. The adsorption procedure was selected for this study since it is the 

most effective way to treat a variety organic contaminant in water. This is most likely due to 

its adaptability, broad applicability, cost-efficiency, and practicability [5, 6]. 

 The CNTs are exceptional and have exceptional chemical and thermal stability. It has 

been demonstrated that CNTs have excellent potential as superior sorbents that could absorb 

diverse types of organic and inorganic pollutants, including lead [15], 1, 2-dichlorobenzene [7], 

cadmium [8], fluoride [9], nickel [10], THMs [11], and zinc [12] from aqueous solutions, and 

volatile organic compounds and dioxin [13,14] from the air stream. Researchers 

compared MWCNTs with different other types of adsorbents and found that CNTs are a promising 

sorbent for applications involving environmental protection [10, 11, 16]. In 

addition, MWCNTs ought to be effective at removing BOM from aqueous solutions. As a viable 

alternative nanomaterial to conventional membrane filtration, CTAB-functionalized MWCNTs 

were investigated in this study for their ability to adsorb BOM in terms of AOC and DOC. 
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6.2.1 Impact of batch adsorption process using carbon nanotubes (as sorbents) 

on assimilable organic carbon concentration 

It is expected that MWCNTs' batch adsorption will reduce AOC concentrations in aqueous 

solutions [17, 18, and 19]. The batch adsorption process was performed by dispersing 

functionalized MWCNTs in ultrapure water (water sample A) and tap water (water sample B) 

inoculated with strain P17. 

A constant volume of water (100 mL) was inoculated with strain P17 and sodium acetate 

(the only source of carbon for some microorganisms) was added in 5 different sample tubes. 

Nutrient broth, a pre-enrichment medium made of peptone and beef extract, was also added. Each 

tube received different dosages of CTAB-functionalized MWCNTs (0, 4, 8, 12, and 

16 mg).Subsequently, the tubes were then placed on a shaker that was placed in a temperature-

controlled box (Orbicult Incubator Benchtop Shaker, running at 25°C and 180 rpm for 4 hours) 

after which the shaker was turned on. Then, to separate MWCNTs from aqueous solutions, the 

0.45 m syringe filter was used. For the AOC analysis, duplicate runs of each batch 

adsorption experiment were completed. For the batch adsorption procedure, the pH and  initial 

solution temperature were maintained at 4 and 25°C, respectively. The following equation was 

used to determine how much NOM adsorbs onto MWCNTs: 

q= (C0 – Ct)  
𝑉

𝑚
  (6.1) 

Where q is the amount of BOM adsorbed on MWCNTs (mg/g), C0 and Ct are the BOM 

concentrations at the beginning and after a specific period, V is the initial solution volume (L), and 

m is the CNT mass (g). 

The ability of CTAB-functionalized MWCNTs to remove BOM prior to membrane filtration was 

tested in an experiment. Adsorption process was identified as an attractive approach for AOC 

removal from water [17, 18]. Furthermore, due to its large mesopores, fibrous shape, and 

accessible external surface area, MWCNTs are well known to have high adsorption properties [17, 

18, and 19]. This is most likely because CNTs possess highly assessable adsorption sites 

that enable charge neutralization; as a result, by adding positively charged CNTs to BOM in 
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water, BOM can be absorbed. Before the membrane filtration process, P17 inoculated-water 

samples were prepared for the adsorption process with CTAB-functionalized MWCNTs. Figure 

6.1. illustrates water sample A inoculated with strain P17, containing each 4, 8, 12 and 16 mg of 

CTAB – functionalised MWCNTs for adsorption process. 

 

 

Figure 6.1: Water sample A inoculated with strain P17, containing each 4, 8, 12 and 16 mg 

of CTAB – functionalised MWCNTs for adsorption process. 

Figure 6.1 illustrates the ultrapure (water sample A) containing 4, 8, 12, and 16 mg of CTAB-

functionalized MWCNTs, respectively (To assess adsorption capacity of different concentrations 

of CTAB-functionalized MWCNTs before membrane filtration test).  Some preceding studies have 

shown that MWCNTs are more effective adsorbents for the removal AOC in water [17, 18, 19]. 

After the adsorption process, the HPC results decreased from 200 x 104 CFU/mL to 95 x 104, 86 x 

104, 85 x 104, and 102 x 104 CFU/mL for P17-inoculated ultrapure water (water sample A) treated 

with 4,8,12, and 16 mg of functionalized MWCNTs, respectively. Furthermore, the AOC 

concentration decreased from 48.8 µg C/L to 20.7 µg C/L (as acetate carbon) after the adsorption 

process with 12 mg MWCNTs, which show the best result compared to other concentrations of 

MWCNTs. This is likely due to superior adsorption capacities of CNTs that could be elucidated 
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by the presence of large mesopores and positive surface charge that facilitate charge neutralization 

mechanism during adsorption process. 

The HPC results of strain P17-tap water (water sample B) after the adsorption process with a 

constant concentration of 12 mg of functionalized MWCNTs, it has been found a drop from 220 x 

104 CFU/mL to 105 x 104 CFU/mL and the AOC concentration drop from 53.6 to 25.6 µg C/L (as 

acetate carbon). The heterotrophic plate count results show that despite the high concentration of 

strain, P17 inoculated in both ultrapure water and tap water, the adsorption process with CTAB-

functionalized MWCNTs has succeeded to significantly reduce the AOC concentration in water. 

The comparison of the HPC of the 2 different water samples A and B recorded after the adsorption 

process easily detected that AOC dropped significantly with the use of CTAB-functionalized 

MWCNTs. 

Before the adsorption process, AOC concentrations averaged 48.8 and 53.6 µg/L (as acetate-C), 

thereafter adsorption as the treatment process they averaged 20.7 and 25.6 µg/L (as acetate-C). It 

has been found that the average AOC concentrations after the adsorption process with 12 mg 

functionalized MWCNTs decreased by 57.5 and 52.2 % for samples A and B respectively. This 

decrease was statistically discernible. This is likely due to the adsorption removal efficiency of 

AOC on CTAB-functionalized MWCNTs, and it is also well known that the adsorption ability of 

NOM on MWCNTs devolves on the concentration of adsorbent  [17, 18]. It has also been found 

that AOC has been removed at high percentages from both the P17-ultrapure water sample and the 

P17-tap water after the adsorption process performed with a CTAB-functionalized MWCNTs 

concentration of 12 mg. This is because the amount of 12 mg of functionalized MWCNTs gives 

the most effective and most appreciable adsorption results compared to other functionalized 

MWCNTs concentrations. The HPC results reveal an optimal eradication of AOC from water at 

the same concentration of MWCNTs. Figure 6.2 demonstrates the influence of adsorbent 

concentration on the percentage removal of AOC from P17-ultrapure water. 
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Figure 6.2: Impact of adsorbent concentration on percentage removal of AOC from P17-

ultrapure water (With agitation speed = 180 rpm and contact time = 4 hours) 

The impact of CTAB-functionalized MWCNTs (adsorbent) on the removal of AOC from sample 

A is depicted in Figure 6.2. The complete adsorption process for AOC removal was performed 

only on ultrapure water (sample A), because of a low amount of functionalized MWCNTs needed 

to be saved for the rest of the experiment. Therefore, only 12 mg of functionalized was used in the 

adsorption process for AOC removal from tap water (water sample B), while the pH, initial 

concentration of AOC, agitation speed, and contact time were maintained constant at 4, 48.8 µg 

C/L (as acetate C), 180 rpm, and 4 hours respectively, retained as optimum conditions from the 

adsorption process on sample A. For all adsorbents, a direct correlation between adsorbent 

concentration and AOC removal was seen. With increasing adsorbent concentration, it was 

discovered that the AOC removal from water sample A increased. At a functionalized MWCNT 

concentration of 12 mg, maximum removal was noted. More AOC can be adsorbed onto the 

adsorbent surface as the available active sites rises with an increase in adsorbent concentration. 

The density of functionalized MWCNTs (adsorbent), which increases with higher CTAB 

concentrations and leads to the steric hindrance between the MWCNTs to aggregate attributable 

to the presence of electrostatic forces, which has an adverse effect on the adsorption process [18, 

20]. As a result, a lower percentage of AOC was removed from the mixture [18, 20]. On the other 
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hand, at 12 mg dosage, CTAB-functionalized MWCNTs removed 57.5 percent of the initial 

concentration of AOC from water sample A and 52.5 percent from tap water sample B. 

These findings demonstrated that CTAB-functionalization significantly affects the effectiveness 

of AOC removal from water. The influence of agitation speed on the percentage removal of AOC 

is presented in Figure 6.3. 

 

Figure 6.3: Impact of agitation speed on the percentage removal of AOC 

(initial concentrations of 48.8 and 53.6 g C/L, 12 mg of adsorbent, 4 hours 

of contact time, pH of 4). 

Adsorbent dispersion in the solution is greatly aided by the effect of adsorption speed, which is 

a crucial factor. Throughout the adsorption procedure, it lessens its agglomeration. Functionalized 

MWCNTs were discovered to evenly disperse in both inoculated water solutions for strain 

P17 (water samples A and B) used in the current study. Due to the electrostatic forces 

among CNTs, a slight MWCNTS agglomeration was only noticed at the adsorbent dosage of 16 

mg. [18, 20]. The removal of AOC from strain P17 inoculated in both water samples (A and B) is 

shown as a function of agitation speed in Figure 6.3. The agitation speed was adjusted from 45 to 

220 rpm for both water samples A and B. Acetate-C was used as the adsorbent, and the pH, contact 

time, and initial concentrations were all held constant at 4, 4 hours, 48.8 μg and 53.06 μg C/L (for 

A and B, respectively). It was found that as the agitation speed was increased, more AOC was 
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removed from water sample A (strain P17-ultrapure water). This is because agitation makes 

ion diffusion towards the adsorbent surface more efficient. Van der Waals forces, however, 

resulted in a slight agglomeration at the adsorbent concentration of 16 mg. On the other hand, for 

water sample B, the variation in agitation speed did not clearly affect the percentage of removal of 

the AOC from the tap water. Since water sample A (strain P17-ultrapure water) produced notable 

results at 180 rpm, it was decided to maintain this speed as the ideal agitation speed for the rest of 

the experiments. This is most likely because at higher agitation rates, a desorption process could 

occur at the equilibrium time. It was established that the equilibrium adsorption capacity, and the 

adsorption kinetics change because of the difference in agitation speed during the adsorption 

process. Figure 6.4. shows the impact of contact time on the percentage removal of AOC from 

water. 

 

 

Figure 6.4: Impact of contact time on the removal of AOC (initial concentration = 48.8 and 

53.6 µg C/L (for A1 and B1 respectively), Agitation speed = 180 rpm, adsorbent 

concentration = 12 mg) 

Figure 6.4 shows the experimental findings that illustrate how contact time affects the removal of 

AOC by CTAB-functionalized CNTs. The contact time was adjusted from one to five hours while 

the pH, the initial AOC concentration, the adsorbent concentration, and the agitation speed 
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were maintained at 48.8 and 53.0 μg C/L (for samples A and B, respectively), 12 mg, and 180 rpm, 

respectively. The removal of AOC from both water samples (A and B) slightly enhanced with the 

increase of the contact time from one to four hours. Furthermore, after 4 hours of contact time, 

however, there was no discernible increase in removal. Because no adsorption occurs and the 

surface coverage of the adsorbent increases over time, this shows that equilibrium has been 

reached. Previous studies have shown that conventional adsorbents like PAC, GAC, and BAC 

have been used extensively during the adsorption of BOM; however, a low rejection of NOM 

compounds due to the use of PAC; this is likely because the contact of BOM with PAC particles 

led to the BOM-PAC particles that create a supplementary barrier due to its negatively 

charged surface [16, 17, 18]. Previous studies have demonstrated that CNTs are superior sorbents 

for a variety of contaminants in water [16, 17, 18]. After 4 hours of contact time, it was found in 

this study that CTAB-functionalized MWCNTs (positively charged MWCNTs) could only 

remove a maximum of 57% of AOC from water sample A and 52% from water sample B. The 

interaction of MWCNTs and BOM compounds results in charge neutralization.  

6.2.2 Impact of batch adsorption process using carbon nanotubes (as sorbents) 

on dissolved organic carbon and biodegradable organic carbon concentrations 

In batch adsorption, MWCNTs are expected to reduce DOC and BDOC concentrations from 

aqueous solutions [17, 21, and 22]. A batch adsorption process was performed by dispersing 

functionalized MWCNTs in tap water (sample B) collected after 5 days of incubation. After each 

stage of the incubation procedure, a fixed volume of raw water sample (1L) was added to 4 

different sample tubes. Each tube received four different doses of CTAB-functionalized 

MWCNTs: 4, 8, 12, and 16 mg respectively. The tubes were then placed on an incubator-

shaker  (the Orbicult Incubator Benchtop Shaker) operating at 25°C and 180 rpm for 4 hours. This 

shaker was housed in a temperature-controlled box. Then, to separate MWCNTs from 

aqueous solutions, the 0.45 m syringe filter was used.  All batch adsorption experiments were 

performed in duplicate (samples B1 and B2) for the DOC and BDOC analysis. The initial solution 

temperature, pH, contact time, initial DOC concentrations, and agitation speed were 18.9 ̊ C, 7.3, 

4 hours, 4,26 and 4,46 mg/L, and 180 rpm respectively. They were kept constant for an enhanced 

comprehension of the adsorption process [16, 17, 19].  The amount of DOC adsorption onto 

MWCNTs was calculated using equation (6.1) as previously discussed.Tables 6.1-6.4 present the 
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results obtained after adsorption process with 4, 8, 12, and 16 mg of CTAB-functionalized 

MWCNTs on the variation of DOC, and BDOC in tap water in duplicate (B1 and B2) collected 

after 5 days incubation. 

Table 6.1: Efficiency of adsorption process with 4 mg MWCNTs on the DOC concentration 

in tap water collected after 5 days incubation. 

Batch reactor DOC before 

adsorption (mg/L) 

DOC after adsorption 

(mg/L) 

BDOC (mg/L) Batch reactor 

efficiency (%) 

REACTOR B1 4.26 4.06 0.20 4.7 

REACTOR B2 4.46 4.26 0.20 4.4 

 

Table 6.2: Efficiency of adsorption process with 8 mg MWCNTs on the DOC concentration 

in tap water collected after 5 days incubation. 

Batch reactor DOC before 

adsorption (mg/L) 

DOC after adsorption 

(mg/L) 

BDOC (mg/L) Batch reactor 

efficiency (%) 

REACTOR B1 4.26 3.85 0.41 9.6 

REACTOR B2 4.46 4.04 0.42 9.4 

 

Table 6.3: Efficiency of adsorption process with 12 mg MWCNTs on the variation of DOC 

concentration in tap water collected after 5 days incubation. 

Batch reactor DOC before 

adsorption (mg/L) 

DOC after adsorption 

(mg/L) 

BDOC (mg/L) Batch reactor 

efficiency (%) 

REACTOR B1 4.26 4.09 0.17 4 

REACTOR B2 4.46 4.25 0.21 4.7 

 

Table 6.4: Efficiency of adsorption process with 16mg MWCNTs on the variation of DOC in 

tap water collected after 5 days incubation. 

Batch reactor DOC before 

adsorption (mg/L) 

DOC after adsorption 

(mg/L) 

BDOC (mg/L) Batch reactor 

efficiency (%) 

REACTOR B1 4.26 4.26 0 0 
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REACTOR B2 4.46 4.80 0.34 7.6 

 

Figure 6.5 presents the variation of DOC concentration during adsorption process using CTAB-

functionalized MWCNTs as adsorbent. 

 

Figure 6.5: Variation of DOC concentrations during adsorption process using functionalised 

MWCNTs as adsorbent (Initial DOC concentrations = 4, 26 and 4, 46 mg/L for B1 and B2 

respectively, agitation speed = 180 rpm, and adsorbent concentrations = 4, 8, 12, and 16 mg) 

Figure 6.5 and tables 6.1, 6.2, 6.3, and 6.4 show the variation in DOC concentrations obtained after 

the adsorption process with CTAB-functionalized MWCNTs. It has been found that in water 

sample B, DOC concentration decreases with increasing functionalized MWCNTs. However, the 

DOC concentration in water sample B tended to flatten after the adsorption process performed 

with concentrations of 8 and 12 mg of CTAB-functionalized MWCNTs, before increasing to a 

significant level. This behavior may be a result of MWCNT aggregation brought on by strong 

electrostatic Van der Waals forces. Whenever the solution's MWCNT density is high [18, 20]. The 

highest drop in DOC concentration was obtained after the adsorption process with 8 mg of CTAB-

functionalized MWCNTs. After using the TOC analyzer for DOC analysis, it has been found that 

DOC has dropped from 4.26 to 3.85 mg/L and from 4.46 to 4.04 mg/L for samples B1 and B2 

respectively, with the addition of 8 mg of CTAB-functionalized MWCNTs that acted as adsorbent 
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during the adsorption process. Observations could also show a change in tap water colour after the 

adsorption process, especially for 12 mg of CTAB-functionalized MWCNTs. Figure 6.6 presents 

the variation in BDOC concentration during the adsorption process using different concentration 

of  CTBA-functionalized MWCNTs as adsorbent. 

 

Figure 6.6: Variation of BDOC concentration during adsorption process using CTBA- 

functionalized MWCNTs as adsorbent (Initial BDOC concentrations = 1.08 and 1.39 mg/L 

for B1 and B2 respectively, agitation speed = 180 rpm, and adsorbent concentration = 4, 8, 

12, and 16 mg) 

Figure 6.6 illustrates the variation in BDOC concentration obtained after an adsorption process 

using different concentrations of CTAB-functionalized MWCNTs (4, 8, 12, and 16 mg). 

According to the BDOC data, batch adsorption removed approximately 30% of the initial BDOC. 

The variation of BDOC concentrations shown in Figure 6.6 also showed that after the adsorption 

process with 4 mg of CTAB-functionalized MWCNTs, the BDOC concentrations decreased 

significantly from 1.39 to 0.20 mg/L and from 1.08 to 0.20 mg/L for samples B1 and B2 

respectively. It has also been observed that after the adsorption process with 8 mg functionalized 

MWCNTs, the BDOC concentrations of both water samples B1 and B2 increased to 0.41 and 0.42 

mg/L respectively before they started decreasing to a lower level for the 16 mg functionalized 

MWCNTs adsorption process. However, this was a statistical decrease. 
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CNTs are superior sorbents for a variety of contaminants, according to earlier research [40, 43, 

48]. The findings of this study have also shown a great deal of variability in BDOC changes via 

CTAB-functionalized MWCNT adsorption, as was already mentioned. With three data points, 

the adsorption process was more effective in demonstrating a reduction in BDOC. Furthermore, 

based on just one data point, it also indicated a decrease. Given that the initial BDOC 

concentration of water sample B in duplicate (B1 and B2) varied between 1.08 and 39 mg/L. 

These minor fluctuations could also be ascribed to the discrepancy in the quality of the untreated 

tap water and the effectiveness of the adsorption of DOC onto the CTAB-

functionalized MWCNTs. 

6.2.3 Adsorption isotherm models 

The study focuses on the adsorption of the BOM onto the CTAB-functionalized MWCNTs using 

the Freundlich and Langmuir isotherm models. The Freundlich model provides an overview of the 

adsorption process, while the Langmuir model offers a different perspective. Understanding these 

models allows for a comprehensive analysis of the adsorption behavior [23, 24, 25]. AOC (as 

acetate C) is selected as the study parameter due to its easy conversion from g/L to μg/L and the 

availability of experimental data. The relationships between the concentrations of the adsorbed 

AOC, referred to as adsorption isotherms in this study, also represent the AOC initial concentration 

in solution at the specified temperature [23, 24, 25]. 

As discussed earlier in this chapter, four different concentrations of CTAB-functionalized 

MWCNTs (4, 8, 12, and 16 mg) were added to 100 mL of strain P17 inoculated- ultrapure water 

(sample A) and tap water (sample B). Different solutions of ultrapure water and tap water samples 

both inoculated with strain P17 with initial concentration range of 48.8-53.6 µg/L (as acetate C) 

for the AOC were prepared before the adsorption process. Factors influencing adsorption 

efficiency were investigated for an enhanced comprehension of the adsorption of AOC and DOC 

onto MWCNTs. The experiment involved stirring the solutions at 180 rpm for approximately 4 

hours to achieve equilibrium. The amount of AOC and DOC adsorbed onto the MWCNTs at a 

given time (t) was computed using the mass balance relationship equation as follows:  

At = C0 – Ct x 
V

m 
  (6.2) 
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Where At denotes the amount of BOM adsorbed onto MWCNTs (mg/g); C0 denotes the initial 

concentration of NOM (mg/L) in the liquid phase; Ct denotes the concentration of BOM at time t 

(mg/L) in the liquid phase; V denotes the initial volume of the solution (L) and m denotes the mass 

of the MWCNTs (g) added to the solution. This equation considered the initial volume of the 

solution, the initial concentration of BOM in the liquid phase, the concentration of BOM at time t, 

and the mass of MWCNTs added to the solution. By analyzing these factors, the researchers aimed 

to gain insights into the efficiency of adsorption onto MWCNTs. 

The characteristics of the adsorption mechanism were ascertained using Freundlich and Langmuir 

models, as was previously discussed. The Langmuir adsorption model, which assumes that the 

adsorbate forms a monolayer on the adsorbent surface, can be expressed using two equations. The 

non-linear expression (Equation 6.3) calculates the amount of BOM adsorbed per unit mass of 

MWCNTs at equilibrium, taking into account the maximum adsorption capacity and the Langmuir 

constant associated with the energy of adsorption. On the other hand, the linearized expression 

(Equation 6.4) relates the reciprocal of the adsorption quantity to the reciprocal of the 

concentration. These equations provide a quantitative understanding of the adsorption mechanism 

and allow for comparisons with other adsorption models.  

Ae = 
𝐴𝑚 𝐾𝐿 𝐶𝑒

1+KL Ce
  (6.3)     and       

1

Ae
 =   

1

Am
 + (   

1

KL Am
)   

1

Ce
  (6.4) 

Where Ae denotes the amount of BOM adsorbed per unit mass of MWCNTs at equilibrium 

(mg/g); Am denotes the maximum amount of BOM adsorbed per unit mass of MWCNTs for the 

formation of a complete monolayer on the surface of MWCNTs (mg/g); and KL denotes the 

Langmuir constant associated with the energy of adsorption (L/mg). The linear plot of 1/qe versus 

1/Ce could be applied to estimate the qm and the Langmuir constant [26, 27]. The formation of 

multilayers can be considered as a component of the Freundlich isotherm, which is pertinent 

to reactions involving heterogeneous adsorption [26, 27]. Equation (6.5) or Equation (6.6) that has 

been linearized can be used to represent the Freundlich isotherm. 

Ae = KF Ce1/n     (6.5) 

Ln Ae = ln KF + 1/n ln Ce (6.6) 
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The Langmuir isotherm plot in Figure 6.7 allows for the application of Langmuir constants in the 

adsorption of AOC. The plot shows the relationship between 1/qe and 1/Ce, with the intercept and 

slope representing the Langmuir constants Am and KL, respectively. Comparing the Langmuir 

constants with Freundlich constants provides further insight into the adsorption process. 

Additionally, the coefficients of determination (R2) for the Langmuir isotherms are listed in Table 

6.6. When discussing Figure 6.7 and Figure 6.8, referencing the experimental data in Appendix F 

(Table F1) is important for a comprehensive analysis. 

 

Figure 6.7: Illustration the adsorption of AOC onto CTAB-functionalized MWCNTs using the 

Langmuir isotherm plot. 

Table 6.5: Langmuir isotherm parameters for the adsorption of AOC by CTAB-functionalised 

MWCNTs. 

Slope  Intercept qm (mg/g) KL (L/mg) R2 

0.3896 15.464 0.0646 39.7327 0.9753 

 

Figure 6.8 shows the Freundlich isotherm plot for AOC adsorption onto CTAB-functionalised 

MWCNTs. 
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Figure 6.8: Illustration of AOC adsorption onto CTAB-functionalised MWCNTs using the 

Freundlich isotherm plot.  

Table 6.6: Freundlich isotherm parameters for the adsorption of AOC by CTAB-functionalised 

MWCNTs. 

Slope Intercept n KF (mg/L) R2 

6.9692 28.851 0.1434 7.0958 0.9984 

 

The importance of the R2 value in assessing the goodness-of-fit to isotherm models cannot be 

overstated. In our study, the R2 value served as a crucial measure of how well the experimental 

data aligned with the Freundlich and Langmuir models. The findings from Tables 6.5 and 6.6, as 

well as Figures 6.7 and 6.8, clearly demonstrated the superiority of the Freundlich model, as it 

exhibited a high R2 value of 0.9984. This R2 value demonstrates a strong connection between the 

model and the experimental data, suggesting a reliable fit. In contrast, the Langmuir model yielded 

a lower R2 value of 0.9753, highlighting its lesser accuracy. This underscores the significance of 

the R2 value in evaluating the performance and suitability of isotherm models for data analysis 

[28]. 

The application of BOM compounds and CTAB-functionalized MWCNTs in organic compounds 

is explored in this section. These compounds exhibit adsorption activity, which is determined 

applying the Langmuir and Freundlich isotherms in the heterogeneous adsorption process. 

Interactions between organic compounds and MWCNTs commonly involve heterogeneous 
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adsorption and adsorption on the surface. In heterogeneous systems, the Freundlich isotherm is 

frequently utilized, especially in the context of organic compounds and highly interactive species. 

This is particularly relevant in applications involving activated carbon and molecular sieves [31]. 

6.2.4 Kinetics Modelling 

It has been found that the solute adsorbate removal rate is largely influenced by adsorption 

kinetics. It displays the adsorbent's adsorption effectiveness. Kinetics modelling performs an 

important part in water treatment field by providing valuable insights within the adsorption 

process. One of the conventional models is the pseudo-second-order model, which could be 

delineated by the Equation (6.7) as follows: 

𝑡

𝑞𝑡
 = 

1

𝐾2 𝑞𝑒  
2  + 

𝑡

𝑞𝑒
                    (6.7) 

In this equation, K2 represents the equilibrium rate constant of the model, while qe and qt denote 

the amounts of adsorbent at equilibrium and at a specific time point, respectively. However, due 

to the limited supply of functionalized MWCNTs, the contact time had to be kept constant in all 

batch adsorption experiments. As a result, it was not possible to plot the graph depicting the 

experimental data with the pseudo-second-order model. Nonetheless, the insights gained from 

kinetics modelling contribute to the development of effective water treatment strategies [31, 32]. 

6.3 Membrane filtration process for the removal of biodegradable organic 

carbon 

 The immersion precipitation phase inversion method [32] was performed to synthesis the porous 

flat sheet PSF NF membranes that were used in this project. PSF filtration membrane is a thin film 

composite NF membrane with a 200 Da MWCO. The ideal operating pressure ranged from 2 to 

10 bars. However, the PSF filtration membrane employed in this study was a flat sheet 

membrane operating at a constant pressure of 4.5 bars. This study made use of a crossflow 

filtration module that had a cell with a 45 cm2 rectangular flat sheet active membrane area. The 

top inlet was used to supply the cell with feed water in this cell configuration. From the right side 

and bottom of the cell, respectively, the retentate and permeate were collected. As a result, it was 

impossible to determine the tangential flow velocity or define the flow pattern inside the cell. An 

individual pressure pump provided the feed flow. The membranes were stabilized for the first 30 
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minutes with distilled water before adjusting the flow rate. For this study, six distinct filtration 

tests were created. Flat sheet PSF membranes, a pressure force of 4.5 bars, a pH of 7.3, and a TDS 

concentration of 70 mg/L were the independent parameters used. After the batch adsorption, 

the water solutions A and B were collected to assess the PSF NF membranes' performance in 

removing the potential for bacterial growth (quantified as AOC and BDOC). MSP was 

chosen for this study since it is the most frequently used process to treat water, this is primarily 

ascribable to its high selectivity and efficiency, tiny pore sizes, minimal chemical use, simple 

scale-up, and minimal sludge production. Due to its small pore sizes, the NF membrane 

was chosen for this study among the MSP. 

6.3.1 Impact of membrane filtration process on the removal of assimilable 

organic carbon from water 

PSF filtration was used in this study to reduce the AOC concentration after the adsorption process. 

The adsorption process performed with CTAB-functionalized MWCNTs during the previous stage 

has removed a good fraction of AOC for both water samples A and B. However, a couple of 

colonies were still observed during the HPC of some dilutions of samples A and B after the batch 

adsorption process. Thus, membrane filtration was essential for the optimal removal of AOC in 

water, as NF membrane could be used to remove BOM fractions that could not be removed by 

adsorption. The relative AOC removal percentage was assessed for PSF membranes at a pH value 

of 7.3. Following the batch adsorption procedure, water solutions A and B had AOC 

concentrations of 20 μg/L as acetate-C and 25 μg/L as acetate-C, respectively. 

Additionally, after the application of the NF membrane filtration procedure, it was discovered that 

AOC concentrations for water samples A and B at pH=7.3 dropped to 10 and 11 μg/L (as acetate 

C), respectively. It was determined that the rejection of AOC barely acceptable for both water 

solutions after the membrane filtration process. However, this was a removal rate of about 80% 

based on the quality of the influent into the nanofiltration process. Which makes it about double 

what is the removal efficiency of the NF membrane based on previous research by Sari et al. [49], 

Hen and Efraim [50], and Harma [51]. Since the size of AOC compounds, primarily acetate, was 

too large to pass through NF membranes, it is most likely that size exclusion is to blame for 

the rejection of AOC from water. Additionally, it has been found that charge repulsion between 
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the AOC components and the NF membranes may be one of the primary mechanisms by which 

AOC is removed by NF membranes. A polymeric filtration membrane could be employed for the 

treatment of drinking water after the adsorption process for the removal of AOC in water, 

according to the heterotrophic plate count results and AOC concentrations obtained after filtration 

tests of both water solutions A and B with the NF membrane filtration system. The heterotrophic 

plate count results show that despite the persistence of some colonies of strain P17 in both ultrapure 

and tap water after the adsorption process, the membrane filtration process has significantly 

reduced AOC concentrations in water. However, we recommend that future research 

assess the impact of solution hardness, ionic strength, and pH on the charge repulsion between the 

PSF filtration membranes and the AOC compounds. 

6.3.2 Impact of membrane filtration process on dissolved organic carbon and 

biodegradable dissolved organic carbon concentrations 

The PSF-NF filtration membrane was used in this study to reduce BDOC concentration to an 

acceptable range [33]. The adsorption processes performed with CTAB-functionalized MWCNTs 

during the previous stage removed a substantial fraction of BDOC from water sample B in 

duplicate (B1 and B2). However, BDOC concentrations were still high after adsorption process; 

therefore, it was necessary to use the MSP for optimal removal of BDOC from water, as the 

NF filtration membrane has the capacity to remove BOM fractions that cannot be removed by the 

adsorption process. 

The measurement of water fluxes through polymeric membranes took 45 minutes at ambient 

temperature (25°C). as the optimal filtration time retained from the previous membrane filtration 

test, with the membrane filtration module set up at constant pressure (4.5 bars). After using the 

TOC analyzer for DOC analysis, it has been found that the DOC concentrations obtained after the 

NF membrane filtration process slightly decreased from 4.09 to 3.80 mg/L and from 4.25 to 4.06 

mg/L for samples B1 and B2 as well, respectively. Therefore, the BDOC concentrations determined 

after membrane filtration were 0.29 and 0.17 mg/L for water solutions B1 and B2 respectively. This 

shows a removal percentage of BDOC in the range of 54% and 65 % for B1 and B2 respectively. 

On the other hand, Small, highly charged organic carbon compounds like acetate make up most 

AOC compounds. BDOC compounds are made up of larger, more heterogeneous organic 
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substances with a variety of sizes and charge characteristics, especially in natural water. 

Therefore, it was anticipated that the removal of BDOC compounds would be more difficult than 

the one for AOC compounds. However, in terms of AOC removal, we recommend that future 

studies also assess the influence of hardness, ionic strength, and pH on the size exclusion and 

charge repulsion between the NF membranes and the BDOC compounds for the BDOC removal. 

6.3.3 Impact of filtration time on the effectiveness of the PSF filtration 

membrane 

The influence of filtration time on the effectiveness of the membrane was assessed using water 

samples A and B. The membrane filtration module was set up at a constant pressure of 4.5 bars 

and the water fluxes were measured at ambient temperature (25°C) for various filtration times (15, 

30, 60, 90, and 120 minutes). The flux variation over 4.5 bars of constant pressure is shown 

in Figure 6.9. 

 

Figure 6.9:  The change in flux over the course of filtration at 4.5 bar of constant pressure. 

The water flux collected after adsorption with 12 mg CTAB-functionalized MWCNTs was 

utilized for membrane permeation test. 
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The results showed that the permeate flux decreased over time during pure polymeric membrane 

fouling. Both water samples A and B exhibited appreciable flux for 90 minutes. However, the 

largest decrease in flux occurred after the first 120 minutes of filtration for both water samples A 

and B. This outcome highlights the significance of understanding the effect of filtration time on 

membrane effectiveness for the purpose of optimizing the filtration process. The spread of organic 

species on the surface of the membrane following the initial introduction of the solution can be 

blamed for this flux reduction [34]. Membrane fouling, specifically organic fouling, is a major 

concern in filtration processes as it causes a reduction in permeate flux [34]. This occurs due to 

the spread of organic materials on the surface of the membrane and within its pores, along with 

the formation of various organic species and surfactant monomers [35]. The permeate flux 

experiences a rapid decrease during the initial feed concentration, which could be attributed to the 

concentration polarization. This phenomenon involves the rapid deposition of organic species on 

the surface of the membrane, effectively blocking the pores. [35] Over time, the permeate flux 

gradually decreases, indicating the long-term negative impact of membrane fouling. Implications 

of concentration polarization and organic species deposition in membrane fouling can have 

significant effects on permeate flux in filtration processes. Concentration polarization refers to the 

rapid deposition of organic species on the surface of the membrane, leading to the blockage of 

membrane pores and a rapid decrease in permeate flux [34, 35]. This phenomenon occurs within 

the first 45 minutes of filtration with initial feed concentration. Additionally, the existence of 

surfactant monomers and other unknown factors contribute to the formation of pre-micelles and 

organic species, further exacerbating the fouling process. As a result, permeate flux remains 

constant and gradually decreases over time. These findings highlight the importance of 

determining the ideal filtration time, with 90 minutes being selected as the optimal duration for 

this research. 

6.3.4 Depletion of heterotrophic plate count abundance dissolved organic 

carbon, and biodegradable dissolved organic carbon after using the hybrid 

adsorption-membrane filtration system. 

The variations of HPC concern, DOC, and BDOC concentrations after using the hybrid adsorption- 

membrane filtration system is related firstly to the structure of MWCNTs that contain large 
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external surface area, fibrous shape, and large mesopores, which lead to a higher adsorption 

efficiency of BOM (AOC and BDOC). And secondly, the polymeric membrane contains 

mesopores which can capture BOM (AOC and BDOC) by charge repulsion, size exclusion, and 

hydrophobic interactions during the MSP. For the purpose of investigating on the effectualness of 

the hybrid adsorption-membrane filtration system to lower the bacterial growth potential of 

different water samples in this research, we have compared the concentrations of AOC, DOC, and 

BDOC before and after the hybrid adsorption-membrane filtration system. It appeared that the 

water samples collected from the sampling point had high BDOC concentrations. In addition, the 

initial ultrapure water and tap water inoculated with strain P17 had high AOC concentrations 

compared to the corresponding samples collected after the hybrid adsorption-membrane filtration 

processes. The discrepancy in the concentrations of AOC, DOC, and BDOC throughout the 

treatment process with the hybrid adsorption-membrane filtration system were clearly defined after 

the membrane filtration process. It has been found that DOC concentration dropped from 4.26-

4.46 mg/L to 4.09-3.80 mg/L.  BDOC concentrations dropped from 0.41 mg/L to 0.17 mg/L (for 

water sample A) and from 0.42 mg/L to 0.19 mg/L (for water sample B), and the AOC 

concentrations dropped from a range of 48.8-53.6 µg C/L as acetate-C to a range of 11.7-10.7 µg 

C/L as acetate-C. This variation in concentrations after hybrid adsorption-membrane filtration 

system technology may have been due to BOM removal. 

Overall, A few studies have demonstrated that BOM in terms of BDOC in drinking water can be 

successfully removed using pre-treatment NF, UF, or MF membrane hybrid systems. The AOC 

values for the influent and permeate were said to not significantly differ from one another, though. 

In order to reduce the amount NOM from drinking water, this investigation showed the benefits of 

combining the adsorption process with CTAB-functionalized CNTs and the membrane filtration 

process with NF membranes. As a pre-treatment for NF filtration, the adsorption process 

had a favourable outcome. A reduced tendency for membrane fouling was evident in the pre-

treated feed. The ideal adsorption condition was 12 mg doses of CTAB-functionalized CNTs, and 

the NF membrane module's optimum pressure was 4.5 bar, and its permeability value was 

0.0091 mL/min. In terms of BDOC and AOC, the BOM removal rate was 65% and 

80%, respectively. According to the results, a hybrid system can treat BOM compounds that are 

otherwise challenging to handle. 
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6.3.5 Comparative study between assimilable organic carbon and 

biodegradable dissolved organic carbon 

The Range of AOC to BDOC ratios in treated water is an important aspect of assessing the 

biological stability of finished water [40]. In this study, it was found that the AOC values in 

finished water are quite low, ranging from 0.1% to 1% of the DOC concentration in river water. 

Conversely, the BDOC values in water treatment can significantly influence the DOC 

concentration, with values ranging from 19% to 54% [40, 41]. Furthermore, the concentrations of 

AOC and BDOC showed a clear relationship, indicating their interdependence. However, the 

extensive range of AOC to BDOC ratios resulted in relatively low correlation coefficients. In 

treated water, the AOC concentration was found to range between 5% and 10% of the BDOC 

concentration. This information suggests that the biostability of biodegradable organic compounds 

in water can vary greatly, highlighting the complexity of assessing and maintaining biological 

stability in finished water. 

Prevention of multiplication in treated water is a crucial aspect of ensuring the safety and stability 

of water systems. The usage of an adjusted microbial community in the AOC test and the 

utilization of biomass in the BDOC test contribute to the differences between AOC and BDOC 

concentrations in microbial communities [40, 41]. Biomass production is a significant factor in the 

AOC test, as it provides valuable insight into the microbial community. On the other hand, BDOC 

concentrations between 0.1 and 0.2 mg/L serve as a benchmark for biostability in various studies 

[40, 41, 42]. To prevent multiplication in treated water, it is recommended to maintain the 

concentration of easily biodegradable compounds below 1 μg of C/L of acetate-C [41, 42]. 

Understanding these differences and adhering to prevention measures is critical for maintaining 

the quality of treated water systems. Conversely, it is not requisite to achieve total cytotoxicity, 

and it cannot be done. The objective is to restrict microbial growth to the point where water 

quality does not deteriorate. It can be difficult to define a suitable growth rate because it may vary 

depending on the system and season [40, 41, 42]. 
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6.3.6 Impacts of forward flushing and backwashing on permeate flux  . 

A key parameter is the amount of time that must pass between two successive filtration cycles 

[43]. Figure 6.9 demonstrates that after 45 minutes of filtration, permeate flux initially decreased 

rapidly before tending to stabilize. The filtration period should therefore be set at 45 minutes, and 

the cleaning cycle should be 10 minutes, to reduce operating costs. The importance of sufficient 

forward flushing time for complete flushing is highlighted in this section. Figure 6.9 demonstrates 

that the flushing effect of polymeric membranes improves with longer flushing time. As the 

experiment progressed, the permeate flux gradually decreased until it stabilized. This reduction in 

flux could be likely due to the foulant deposition and concentration polarization on the membrane 

surface [44, 45]. It was found that if the time allotted for forward flushing is insufficient, complete 

flushing and removal of foulant deposition cannot be achieved. Therefore, it is suggested that a 

minimum forward flushing time of 60 seconds is preferred to ensure optimal energy and water 

savings [45]. These case studies provide valuable insights into the practical application and 

outcomes of various cleaning methods. Through these case studies, we will explore the 

effectiveness of forward flushing and backwashing in removing fouling from membranes [46]. 

Additionally, we examined the impact of convective transport prevention on fouling and the 

mechanism of lifting off and suspending foulants during backwashing. These case studies offer 

valuable evidence-based information that can help in the choice and implementation of the most 

suitable cleaning technique for specific membrane fouling situations [46]. 

Table 6.7: Concentration of water sample A, quality parameters obtained after hybrid 

treatment system. 

Parameter Unit Average concentration 

pH - 3.3 

Temperature ̊ C 19.9 

Conductivity µs/cm 0 

Total dissolved solids (TDS) mg/L 0 

Ammonium ions (NH4
+) FAU 0.04 

Dissolved oxygen (DO) mg/L 6.09 

Alkalinity as CaCO3 mg/L 144 
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Free chlorine mg/L 0.01 

Nitrate (NO3) mg/L 4.8 

 

Table 6.8: Concentration of water sample B quality parameters obtained after hybrid 

system. 

Parameters Unit Concentration 

pH - 7.4 

Temperature ̊ C 19.5 

Conductivity µs/cm 170 

TDS mg/L 80 

Turbidity FAU < 1 

DO mg/L 5.1 

Alkalinity mg/L - 

Free chlorine mg/L 0.075 

Tables 6.7 and 6.8 present the concentrations of different water quality parameters obtained after 

a hybrid adsorption-membrane filtration system. Some small variations in water quality parameter 

concentrations were observed after the use of a hybrid adsorption-membrane filtration system. 

However, significant changes were observed in conductivity and nitrate concentration after the 

hybrid adsorption-membrane filtration system. The initial ultrapure water solution (sample A) used 

for AOC determination had concentrations of 4, 21.5 °C, 454 mg/l, 144 mg/l, 0.05 mg/l, < 4.4 

mg/l, 0.01 mg/l of pH, temperature, DO, alkalinity, Ammonium ions (NH4+), Nitrate and free 

chlorine, respectively. After the use of the hybrid adsorption-membrane filtration system, it has 

been found that the pH increased from 4 to 3.3, the DO increased from 4.54 mg/l to 6.09 mg/l, the 

alkalinity increased from 144 mg/l to 165 mg/l, the ammonium increased from 0.05 mg/l to 0.04 

mg/l, nitrate increased from < 4.44 mg/l to 5.1 mg/l, and free chlorine remained intact. The initial 

tap water solution (sample B) used for BDOC determination had concentrations of 7.3, 19.5 °C, 

160 µs/cm, 70 TDS, 106 FAU, 5.41 mg/l, 23 mg/l and 0.14 mg/l of pH, temperature, conductivity, 

TDS, turbidity, DO, alkalinity, and free chlorine, respectively. 
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Overall, after the use of the hybrid adsorption-membrane filtration system, it was found that the  

dissolved oxygen dropped from 5.41 mg/l to 5.1 mg/l, the conductivity increased from 160 µs/cm 

to 170 µs/cm, the pH increased from 7.3 to 7.4, the turbidity dropped from 106 FAU to 0 FAU, 

the total dissolved solids increased from 70 mg/l to 80 mg/l, the free chlorine dropped from 0.14 

to 0.075 mg/l and the temperature remained intact. The small variations observed after the use of 

hybrid adsorption-membrane filtration system technology may have been an outcome of the 

removal of organic matter. 

6.4  Summary 

Research on CNTs and NF membranes has enabled new approaches and applications in the fields 

of materials science, water quality engineering, and water treatment. According to the findings, 

AOC and BDOC can be removed from drinking water using both MWCNTs and NF membranes. 

Previous studies related to the removal of BOM  from water showed that the standalone NF 

membrane filtration rejected BDOC. The type of membrane filtration used, however, affected how 

much (insignificantly) AOC were rejected [39, 40, 43, 47, 48]. Nevertheless, this study was able 

to show that adsorption in conjunction with NF membranes can successfully remove both AOC 

and BDOC from drinking water. Therefore, by applying CTAB-functionalized MWCNTs to 

drinking water treatment, BOM can be absorbed. This is mostly likely due to CNTs' large external 

surface area, fibrous shape, large mesopores, and a less negative charge surface. This leads to a 

higher adsorption and removal efficiency of BOM (AOC and BDOC). The remaining BOM can 

be removed through the NF membrane. This results from mesopores that capture NOM (AOC and 

BDOC) by size exclusion, charge repulsion, and hydrophobic interactions during membrane 

filtration. This will reduce bacterial regrowth within the DWDSs. It will reduce the cost of water 

treatment and operational problems during the production of biologically stable water. 

In this chapter, we summarize the findings regarding the absorption of BOM onto functionalized 

MWCNTs. The process of functionalizing MWCNTs with CTAB is described, highlighting the 

importance of achieving stable dispersion and hydrophilic properties. The efficiency of adsorption 

of BOM from drinking water is examined, showcasing the potential for using functionalized 

MWCNTs in water treatment. These findings highlight the significance of non-covalent 

functionalization of MWCNTs and the application of the Freundlich isotherm in understanding 
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this adsorption process. Further research on MWCNTs for enhanced water treatment processes 

focuses on exploring the potential applications and future directions in the field. One potential 

application is the expansion of MWCNTs and NF membranes in materials science, where they can 

be utilized for various purposes. Additionally, advancements in water quality engineering can be 

achieved through the continued investigation of MWCNTs and NF membranes. These materials 

have shown promise in the successful eradication of AOC and BDOC from drinking water, 

indicating potential for further research and development. By understanding the components that 

assist the effectiveness of MWCNTs in the water treatment sector, researchers can optimize their 

application and improve water treatment processes. Overall, further research on MWCNTs holds 

the prospects to transform the field of water treatment and provide more efficient and effective 

methods for ensuring water quality. 
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CHAPTER SEVEN: CONCLUSIONS AND RECOMMANDATIONS 

7.1 Conclusions 

The research was designed to develop a hybrid adsorption-membrane filtration system to produce 

biologically stable drinking water. The purpose was to combine the adsorption process with 

membrane filtration based on the multi-barrier approach, as a better alternative to mitigate the 

issue of membrane fouling and to lead to higher operational efficiency and performance of the 

filtration membrane. 

7.1.1 Introduction 
 

Effectively managing BOM in drinking water treatment is of utmost importance due to the 

significant impact it has on water quality. As already stated, the presence of BOM can lead to 

fouling issues, which can decrease the performance and longevity of membranes used in treatment 

processes. Additionally, the cost implications of using adsorbents, coagulants, oxidants, and 

disinfectants to remove BOM can be substantial. These challenges make it necessary to optimize 

the selection of treatment chemicals and enhance membrane performance. Innovative techniques 

must also be developed to mitigate fouling issues. By addressing these challenges, the production 

of biologically stable drinking water can be achieved at a lower cost, ensuring the provision of safe 

and high-quality water to consumers. The capacity of the membrane filtration system was tested 

to evaluate its effectiveness in removing BOM from drinking water. The study utilized the BDOC 

and AOC protocols to measure bacterial growth in water collected from targeted sources. These 

protocols were validated to ensure accurate results. Flat sheet membranes were prepared using the 

phase inversion method, and the nanostructured materials were characterized using microscopy 

techniques. The water was then pretreated through an adsorption process of BOM, focusing on 

both AOC and BDOC. Finally, the membrane filtration system was tested to determine its ability 

to effectively remove BOM from the pre-treated raw water. This research aimed to explore the 

potential of a hybrid treatment system in removing NOM from drinking water systems. 

7.1.2 Mathematical modeling of the membrane filtration process 

A mathematical model was developed  for membrane filtration in continuous systems of complete 

mixing liquid media (CMLMs) in this study. The idea consisted of constructing a theory on the 
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membrane filtration process by applying the equations of motion. The complete mixing flow 

system (CMFS) was also considered to develop mathematical models in this study. It has been 

found that despite the availability of the above-mentioned procedures of determination of the 

membrane filtration processes, researchers are still struggling to construct the proper mathematical 

models that can describe properly the membrane filtration scenario. This is due to the fact that 

some parameters are still unfixed (unresolved), for example, the maximum achievable 

concentration after a filtration process, the correlations between the main processing variables and 

the processing results and the control of parameters for dynamic (non-steady state) processes [3,4]. 

Therefore, in this study, a mathematical model of the membrane filtration process in a continuous 

system was also developed to better understand the correlations between the different variables of 

the membrane filtration process such as the inlet concentration and flow rate, outlet concentration 

and flow rate, and permeate concentration, we can optimize the separation process. The 

mathematical model developed in this study reveals that changes in initial conditions have a 

significant impact on the transient response of the system. Moreover, the membrane models 

derived from the mathematical model can be utilized to calculate crucial system design parameters. 

Ultimately, this knowledge can guide the selection of membrane properties and initial conditions 

for achieving the most effective separation process. This study provided adequate information on 

the design and application of membrane system technology to produce biologically stable water. 

7.1.3 Characterization of carbon nanotubes, polymeric membranes; and 

assimilable organic carbon and biodegradable dissolved organic carbon 

determination 

Adsorption and MSP technologies, especially with the use of MWCNTs and polymeric NF 

membrane have gained the attention of many researchers in the drinking water treatment sector; 

however, its implementation is still at the pilot scale stage due to certain inconveniences, which 

include adsorbent degradation, cost, high energy requirement for regeneration, etc. 

In this study, the characterization of both MWCNTs and PSF membranes showed some interesting 

features that can be utilized to remove BOM compounds from water. For example, morphological 

and structural studies show that MWCNTs possess fibrous shapes with a high aspect ratio, and a 

hollow structure with an inner diameter. The finger-like structures found on the surfaces of PSF 
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membranes play a crucial role in their adsorption capabilities. These structures, which vary in pore 

size, contribute to the overall capacity of the membranes to absorb BOM from water. The 

introduction of functional groups on the surface of MWCNTs further enhances the adsorption 

process by providing multiple chemical sites for charge neutralization. To fully understand the 

adsorption mechanism, it is important to characterize both the surface and cross-section of the PSF 

membranes. This characterization reveals the presence of finger-like structures and highlights the 

variation in pore sizes within the membranes. By studying these features, we can gain valuable 

insights into the relationship between capacity and the structural and functional properties of 

membranes. The contact angle and mechanical analyses demonstrated that the pure PSF 

membranes have an acceptable degree of hydrophilicity and tensile strength. This can be exploited 

during the membrane filtration process.  

Nanostructured materials have shown promising effectiveness in removing BOM from drinking 

water systems. The results obtained from the characterization of MWCNTs and PSF membranes 

highlight the structural and functional properties that make these materials suitable for BOM 

removal. Specifically, the use of CTAB as a cationic surfactant has been found to enhance the 

dispersibility of MWCNTs during the batch adsorption process. This interaction between CTAB 

and MWCNTs contributes to the overall effectiveness of the nanostructured materials in removing 

NOM. However, the application of these materials in drinking water systems still presents some 

challenges that need to be addressed to fully exploit their potential. Prospects include finding 

innovative solutions to overcome these challenges and further improving the utilization of 

nanostructured materials for BOM removal. Based on a comparison of a few existing studies that 

addressed the covalent functionalization of MWCNTs. As a result of the CTAB-functionalization 

of MWCNTs in this study, the required capabilities of MWCNFs for BOM capture enhancement 

and environmental safety were preserved. Furthermore, the analysis of the results reveals that both 

AOC and BDOC protocols were successfully established and validated in measuring bacterial 

growth in water from the targeted sources. This provides valuable information for assessing the 

biological stability of water samples and ensuring the safety of drinking water sources. 
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7.1.4 Adsorption and membrane filtration processes for assimilable organic 

carbon and biodegradable dissolved organic carbon removal 

The implications for water treatment in relation to the removal of BOM are significant. The 

presence of BOM in the DWDs can lead to the formation of DBPs, loss of biological stability, and 

biofilm formation. These issues not only increase the cost of water treatment but also result in 

operational problems. The adsorption process, which involves charge neutralization, is a well-

known and widely used technique in the water industry for the removal of BOM. In chapter 6, the 

efficacy of CTAB-functionalized MWCNTs in the batch adsorption process was evaluated through 

a series of experiments. These findings have important implications for the improvement of water 

treatment processes and can guide future research directions. 

Several studies have highlighted the application of PAC in the adsorbent-NF membrane hybrid 

system. However, the bonding between BOM and PAC has led to the formation of BOM-PAC 

particles that contribute to fouling of the membrane filtration. To address these challenges, it is 

crucial to apply appropriate water treatment methodologies. Therefore, in this study, an extensive 

adsorption process (with CTAB-functionalized MWCNTs) of drinking water was applied before 

membrane filtration tests to avoid membrane fouling, protect the membrane, and improve the 

membrane performances for the optimal removal of both AOC and BDOC in drinking water. 

Unlike activated carbon, which relies on its strength for adsorption properties, MWCNTs' 

adsorption process is influenced by the accessibility of surface area. This means that high 

molecular weight compounds of BOM can be absorbed effectively. Additionally, the chemical 

composition of BOM and the physical properties of CTAB-functionalized MWCNTs play a crucial 

role in adsorption efficiency. These potential advantages highlight the promising implications of 

using CTAB-functionalized MWCNTs in water treatment for BOM removal. However, challenges 

and limitations of this adsorption process must be addressed, and future research directions should 

focus on improving BOM removal technology. However, the adsorption removal efficiencies of 

LMW compounds of BOM, AOC are higher on MWCNTs than on activated carbon adsorbents. 

The superior adsorption capacities of CTAB-functionalized MWCNTs may also be explained by 

the presence of large mesopores, and the less negative surface charge of these MWCNTs that 

facilitates the charge neutralization mechanism, further contributing to their superior adsorption 

capacities. These findings have important practical applications in water treatment and purification 
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processes. Further investigations are required to optimize the use of CTAB-functionalized 

MWCNTs, which could have significant implications for improving water purification 

technologies in the future. 

The findings have shown that CTAB-functionalized MWCNTs have high adsorption capacities 

during the batch adsorption process, thus confirming that CTAB-functionalized MWCNTs possess 

basic functional groups on the surface. These basic sites play a significant role in adsorbing NOM 

from drinking water. Moreover, the interaction between CTAB as a cationic surfactant and 

MWCNTs enhances the dispersibility and hydrophilic properties of the adsorbents. It has been 

found that charge neutralization is the primary mechanism responsible for BOM adsorption by 

CTAB-functionalized MWCNTs. This mechanism is enabled by the introduction of the necessary 

functional properties during CTAB-functionalization, which enhances the capture of BOM and 

ensures environmental safety.  

The performance testing of the NF PSF membrane included an examination of its overall impact 

on membrane permeability. After 90 minutes, a significant increase in water flux was observed, 

indicating improved permeability. This increase can be attributed to the presence of pores on the 

membrane surface and the lack of fouling inside these pores. The extensive pre-treatment process, 

which involved CTAB-functionalization, as well as the forward flushing and backwashing 

processes, played a vital role in preventing fouling and maintaining high permeability. These 

findings highlight the effectiveness of the NF PSF membrane in enhancing water flux and 

maintaining optimal membrane permeability. The rejection mechanisms involved size exclusion, 

charge repulsion, and hydrophobic interactions. These findings highlight the potential application 

of the hybrid adsorption-membrane filtration system in drinking water treatment.  

Previous studies have reported the success of utilizing membrane filtration in removing BOM in 

water. However, the rejection rate of AOC depends on the membrane material and solution 

medium. The hybrid adsorption-membrane filtration system discussed in this study has a 

significant impact on water quality engineering. By combining the adsorption process with 

membrane filtration, this system effectively removes BOM from drinking water. The system 

addresses the issue of fouling that commonly occurs during membrane filtration, leading to 

reduced operation costs. The study evaluates the performance of the system through experimental 

setup, measuring the removal efficiency of BOM and analyzing fouling reduction. The findings 
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provide important insights for further research and improvement in this area. By addressing these 

areas, the research can contribute to the advancement of water quality engineering and the 

development of innovative and efficient water treatment technologies. 

7.1.5 Potential applications 

The research findings highlight the success of a hybrid adsorption-membrane filtration system in 

removing BOM from drinking water. The use of MWCNTs in the adsorption process proves 

advantageous, this is most likely due to its large mesoporous structure and the presence of a less 

negative surface charge for effective charge neutralization. However, the regeneration capacity 

and cost considerations of MWCNTs pose significant challenges, especially in large-scale plants. 

The hybrid system offers a novel application that combines the benefits of adsorption and 

membrane filtration, resulting in efficient removal of BOM. Experimental results demonstrate high 

efficiency in BOM removal, making this system a promising solution. 

The development of the adsorption process before the NF membrane was rendered possible 

through the noncovalent functionalization of MWCNTs using CTAB at low operating conditions. 

The BOM adsorption capacity of CTAB-functionalized MWCNTs was characterized by 

remarkably high rapid kinetic rates at the time between 15 and 45 minutes; however, the removal 

of both AOC and BDOC was not complete after the pre-treatment. Therefore, NF membrane 

filtration was coupled to remove the remaining fractions of BOM that cannot be removed by the 

adsorption process with CTAB-functionalized MWCNTs. 

Blending techniques have been explored to reduce membrane fouling in NF membrane filtration. 

Researchers have focused on modifying the membrane surface using chemical materials, such as 

grafting hydrophilic monomers and incorporating CNTs. However, these blending techniques have 

not proven to be completely effective in reducing membrane fouling. Despite efforts to mitigate 

this drawback, membrane fouling remains a major challenge in the NF membrane filtration 

process. The findings of this study highlight the benefits of combining the adsorption process and 

NF membrane filtration for the removal of BOM in drinking water. By using the pre-treated feed, 

the membrane fouling propensity was significantly reduced. The optimal adsorption capacity was 

achieved with a dosage of 120 mg/L of CTAB-functionalized MWCNTs for a duration of 4 hours. 

Furthermore, the study showed that higher filtration pressure enhanced water permeability. The 
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optimum pressure for the NF membrane filtration process was found to be 4.5 bar, resulting in a 

permeability value of 0.0091 ml/cm2.m. This pressure also led to the removal of 80% of AOC and 

65% of BDOC. These findings suggest that combining adsorption and NF membrane filtration can 

effectively remove BOM from drinking water, providing a promising approach for water 

treatment. 

Finally, the findings highlight the importance of an adsorption process with CTAB-functionalized 

MWCNTs coupled to the NF membrane filtration process for optimal removal of both AOC and 

BDOC in drinking water, which otherwise proved difficult when applying a standalone treatment 

process; or when using inappropriate adsorbents during the pre-treatment process prior to 

membrane filtration process. From this trend, the adsorption process with CTAB-functionalized 

MWCNTs coupled to NF membrane filtration process should be preferentially considered for 

industrial applications. This will reduce the potential for bacterial regrowth within DWDS. It will 

consequently reduce the cost of water treatment and operational problems during the production 

of biologically stable drinking water. 

7.2 Recommendation for future research 

As a result of this study, CTAB-functionalized MWCNTs were found to be suitable as adsorbents 

for removing BOM (AOC and BDOC) from the water before the MSP. Further research is needed 

to optimize the adsorption process by testing different concentrations of MWCNTs. It is important 

to thoroughly investigate the impact of MWCNTs on humans and the environment, as they have 

been found to have toxicity due to metal catalysts. Health effects associated with MWCNTs 

include cancer, fibrosis, granulomas, and inflammation. To ensure safe and efficient use of 

MWCNTs in water treatment, it is necessary to limit their use and implement strict measures for 

their removal during treatment operations. By comprehending the toxicity, researchers can identify 

any risks associated with the use of MWCNTs and develop appropriate safety measures. This 

understanding will also aid in determining the optimal conditions for the application of MWCNTs 

in water treatment processes, ensuring that they can effectively remove pollutants without causing 

harm to the environment or human health. Further research is essential to fully understand the 

toxicity of CNTs and CNTs-related nanomaterials, and to unlock their potential in water treatment 

applications. Furthermore, after the membrane filtration process, it was suspected that charge 

repulsion, size exclusion, and hydrophobicity interaction could be the main mechanisms leading 
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to BOM removal by NF membranes; therefore, it can be suggested that it will be more explicit for 

future studies to investigate the impact of solution properties, such as hardness, ionic strength, and 

pH, on the interaction between BOM compounds and NF membranes. By examining this aspect, 

we contribute to understanding the factors affecting charge repulsion and size exclusion in NF 

membrane filtration. Our results provide insights into the effectiveness of the membranes in 

removing AOC and BDOC and highlight the potential for future studies to optimize pump pressure 

for improved efficiency. With the use of a larger pump range. The comparison of the BDOC and 

AOC protocols for water quality assessment in this study revealed that the BDOC protocol is more 

reliable in quantifying water biological stability and biodegradable organic matter. The AOC 

determination method faced challenges due to the limitations of plate counts, as the density of 

bacterial colonies was often too numerous to count. This made the AOC determination method 

complex and fastidious. To enhance accuracy in the HPC method, alternative methods such as 

flow cytometry (FCM) should be considered for future studies. FCM offers benefits in AOC 

determination and can maximize accuracy in water quality assessment. Overall, the findings 

suggest that the BDOC protocol and FCM method show promise for improving water quality 

assessment measures.  

The implications of this study for the South African water treatment sector are significant. The 

research focuses on the use of hybrid adsorption-membrane filtration system to address the 

problem of high bacterial growth potentials in potable water. By utilizing this technology, it is 

possible to reduce or remove AOC and BDOC concentrations in water, thus producing biologically 

stable drinking water. This is crucial for the South African water treatment sector, as the production 

costs of drinking water depend on chemical inputs, the model specifications, and it ranges between 

R4.69 and R6.25/m3. Using the hybrid adsorption-membrane filtration system can help minimize 

the costs associated with adsorbents, coagulants, oxidants, and disinfectants. Additionally, the 

hybrid treatment system offers a promising solution to improve the overall effectualness of water 

treatment processes, ensuring cleaner and safe drinking water for communities. However, the 

energy and plant cost are the main components that can affect the hybrid adsorption-membrane 

filtration system. The cost estimation of the hybrid adsorption-membrane filtration system for 

drinking water treatment ranges between R4,18 and R5,25/m3. Overall, water treatment system 

using hybrid adsorption-membrane filtration system constitute a viable option for producing 

drinking water for human consumption in South Africa.  
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Future research could focus on the dynamic behavior of nanostructured materials in water 

treatment processes, to better understand their performance and optimize their use. By 

characterizing the morphology, composition, and physical characteristics of nanostructures, 

researchers can continue to advance material science and improve the removal of BOM from 

water. These characterization techniques are essential for developing a comprehensive 

understanding of nanostructures and their potential applications in water treatment.  

Future research directions in mathematical modelling of membrane filtration include further 

investigation into the correlations between inlet and outlet concentrations, flow rates, and permeate 

concentration. Additionally, there is a need to analyze the impact of different initial conditions on 

the transient response of the system. This will help in understanding and achieving the desired 

steady state conditions in membrane filtration. Furthermore, future research should focus on 

utilizing the mathematical model to optimize membrane filtration processes and predict membrane 

performance. Finally, there is a scope for potential improvements and advancements in the CMFS 

system through the application of mathematical modelling techniques.  

Future research directions in the field of hybrid adsorption-membrane filtration system for 

biologically stable drinking water could include the investigation of novel adsorbents and 

membranes. Researchers can explore the use of advanced materials with higher adsorption 

capacities and selectivity for target contaminants. Additionally, the development of improved 

membrane technologies that enhance filtration efficiency and reduce fouling potential can be a 

promising avenue for future studies. Another potential research direction could involve optimizing 

the hybrid treatment system's operating conditions, such as flow rate, contact time, and adsorbent 

or membrane regeneration methods. Moreover, investigating the long-term performance and 

stability of the hybrid treatment system under various water quality conditions would provide 

valuable insights for its practical application. Finally, further research can focus on assessing the 

economic feasibility and sustainability of implementing hybrid adsorption-membrane filtration 

system in large-scale water treatment plants. These research directions are essential for advancing 

the field and ensuring the continued production of biologically stable drinking water. 
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APPENDICES 

APPENDIX A: Characterisation of MWCNTs 

A.1 Diameter measurement of MWCNT 

The measurement of MWCNTs is an important aspect of their characterization. One method for a 

rough calculation of the MWCNT diameter is by using a ruler. By analyzing a SEM image and 

utilizing the scale bar, the diameter of the MWCNTs can be estimated. In Figure A.1, the image 

shows an average diameter of the MWCNTs  of 5 nm. Using this information, the diameter could 

be calculated by dividing the wall diameter (5 mm) by the scale bar length (15 mm) and 

multiplying it by the scale bar value (200 nm). Therefore, the estimated wall diameter of the 

MWCNTs was 66.67 nm. This measurement is valuable in understanding the impact of diameter 

on properties of MWCNTs, such as mechanical properties, electrical conductivity, chemical 

reactivity, and optical and thermal properties. 

 
Figure A.1: SEM picture of raw MWCTs 

A.2 Functionalization process of MWCNTs 

 
Raw MWCNTs were dispersed in CTAB solution using an ultrasonic bath for 1 hour (the ratio 

was 1:1 to obtain a stable suspension during the functionalization process. Then the MWCNTs-

CTAB solution was centrifuged at a speed of 4500 rpm for 1 hour. After that, samples were filtered 

and rinsed with distilled water. Result solid were dried using vacuum oven temperature of 80°C 

for 3 hours. 
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A.3 Determination of the ID/G ratio 

The ID/G ratio is calculated by dividing the intensity of the D band (30) by the intensity of the G 

band (31). In this case, the ID/G ratio was equal to 0.97. The D band is observed at a wavelength 

of 1342.5cm-1, while the G band is perceived at a wavelength of 1587cm-1. This ratio is important 

as it provides insights into the disorder and defects in the carbon structure of the MWCNTs. By 

analyzing this ratio, valuable information can be obtained regarding the quality and purity of the 

MWCNTs and their potential applications.  

Table A.1: Calculation of the intensity ratio for the functionalized and raw MWCNTs. 

Unfunctionalized MWCNTs Functionalised MWCNTs 

D Band G Band D Band  G Band 

1342 1587 1340.5 1572.5 

30 31 270 264 

                           0.97                                 1.02 

 

From the table above: % 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 
1.02−0.97

0.97
 × 100 = 5.51 % 

A.4 X.R.D Pattern: Determination of the average crystallite size of MWCNTs 

(D) 

The (002) peak in the XRD pattern, along with the Scherrer equation, provides a means to compute 

the average crystallite size of MWCNTs. The Scherrer equation, represented by equation (1), is a 

conventional method employed to determine the average crystallite size of MWCNTs using XRD 

pattern. 

𝐷 =
Kʎ

βcosθ
            (1) 

 

It involves the measurement of the full width at half maximum (FWHM) denoted as β, the 

diffraction angle ϴ, and the X-ray wavelength λ. The Scherrer constant, ϴ, is a value of 0.91. The 

Scherrer equation specifically applies to nanoscale particles. In carbon materials, as the order of 

crystallinity decreases, the XRD peaks will widen. Therefore, the Scherrer equation is a valuable 

tool in quantifying the average crystallite size of MWCNTs based on their XRD patterns.  

Table A.2: Crystallite size and d-spacing 
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Run no. POS.      

[°2Th.] 

d-spacing 

[A°] 

(hKl) FWHM Left 

[°2TH.] 

Crystalline 

size (nm) 

1 26.2989 3.38885 (002) 0.551 16.80 

 

APPENDIX B: PSF membrane characterisation 

 

B.1 Measurement of the membrane's permeate flux. 

To calculate the pure water flux  (permeate) of a membrane, the following equation is used: 

 𝐹 = 
V

A × t
    (B1) 

In this equation, V refers to the amount of collected permeate in milliliters, A represents the 

membrane's specific area in square centimeters, and t is the time in minutes indispensable for the 

permeate to pass through the membrane. By plugging in the corresponding values for V, A, and t, 

the permeate flux can be determined. This calculation is essential in understanding the rate at which 

the filtration membrane allows the permeate to flow through and is a crucial parameter in 

membrane filtration processes.  

Table B.1: Table displaying the calculations for membrane flux (water sample A). 

 

Membrane 

specific area 

(cm2) 

45 45 45 45 45 

Filtration 

time (min) 

15 30 60 90 120 

Volume of 

permeate 

(cm3) 

6.5 9 14.5 29 31 

Flux 

(ml/cm2.min) 

0.0096 

0.0086 

0.0066 

0.0056 

0.0054 

0.0056 

0.0071 

0.0007 

0.0057 

0.005 

Error 0.001 0.001 0.003 0.006 0.0007 

 

Table B.2: Table displaying the calculations for membrane flux (water sample B). 

 

Membrane 

specific area 

(cm2) 

45 45 45 45 45 

Filtration 

time (min) 

15 30 60 90 120 
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Volume of 

permeate 

(cm3) 

6 9.5 22 37 38.5 

Flux       

(ml/cm2.min) 

  0.0088 

  0.0086 

0.0070 

0.0067 

0.0081 

0.008 

0.0091 

0.0088 

0.0071 

0.006 

Error 0.0002 0.0003 0.0001 0.0003 0.0011 

 

B.2 Mechanical test results of the polymeric filtration membranes 

Strain and stress: 

The relationship between stress and strain in material testing is determined through compression 

or tension tests. These tests involve applying an axial force to a test specimen and recording the 

resulting deflection as the load increases. By plotting these values on a load-deflection curve, we 

can analyze the material's behavior. The deflection of the test specimen is influenced by the elastic 

modulus of the material and the shape of the specimen, specifically its area and length. To 

eliminate the effect of geometry and focus solely on the material's behavior, it is essential to 

convert the load values to stress values and the deflection values to strain values. This can be done 

using the equations Stress = 
P

𝐴0
  and Strain = 

L−L0

L0
 = 

∆𝐿

L0
 , where P represents the load, A0 is the initial 

cross-sectional area of the specimen, L is the current length of the specimen, and L0 is the starting 

length. The material's ability to stretch and deform is determined by a property known 

as the young's modulus (Y).Y can be calculated as follows: 

Y= 
𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 
 

B.3 Toughness of a material: 

The calculation method for toughness involves determining the area under the stress-strain curve, 

which constitutes the material's ability to absorb energy before failing. The toughness modulus 

was calculated by excluding the small area under the elastic portion of the curve. In order to 

simplify the calculations, the nonlinear portion of the curve is estimated using straight lines. This 

approach allows for a more concise and practical analysis of the material's toughness. By 

understanding the calculation method for toughness, engineers can acquire valuable insights into 

the performance and durability of different materials. The ability to accurately determine 
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toughness is crucial in various engineering applications as it directly impacts the structural 

integrity and overall performance of materials. 

 

By adding the areas A1 through A4 in the figure presented above, the modulus of toughness can be 

calculated. 

APPENDIX C: Mathematical modelling of membrane filtration process 

C.1 The solution to equation 4.15 developed in chapter 4. 

Substitute z = x + (b1/2b2) and transform equation (4.15) to get: 

𝑑𝑧

𝑑𝑡
 = -b2z2 + 

𝑏12

4𝑏2
 + b 

And after substitution u = C* + (b1/2b2):  

 
𝑑𝑧

𝑑𝑡
 = b2 (u

2-z2) dt (C1) 

After separating the variables, equation (C1) is changed to where x* is the 

stationary concentration. 

𝑑𝑧

𝑢2−𝑧2 = b2dt           

The answer is given by integrating the initial condition u with time t=0, u(0). 

Z (t) = u 
[𝑢+𝑧(0)]𝑒2𝑏2𝑢𝑡−𝑢+𝑧(0)

[𝑢+𝑧(0)]𝑒2𝑏2𝑢𝑡  +𝑢−𝑧(0)
  (C2)  

Considering the above substitutions lead to the solution (4.16) 

C.2 The stationary concentrations  

Table C.1: Operating characteristics for a chloride tracer evaluation of the three-stage NF plan 
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Stage 𝑸𝒊𝒏(𝑚3/

𝑠) 

𝑸𝒑(𝑚3/

𝑠) 

𝑸𝒐𝒖𝒕(𝑚
3/

𝑠) 

𝑪𝒊𝒏(mg/L) 𝑪𝒑(mg/L) 𝑪𝒐𝒖𝒕(mg/L) Flux 

(L/𝑚2. ℎ) 

1 2.08 . 

10−3 

0.88 . 

10−3 

1.12 . 

10−3 

110 14.1 95.9 15.3 

2 1.17 . 

10−3 

0.36 . 

10−3 

0.81 . 

10−3 

182 22.9 159.1 12.5 

3 8.1 . 

10−3 

2.08 . 

10−3 

6.02 . 

10−3 

254 64.6 189.4 13 

Mean 1.35. 

𝟏𝟎−𝟑 

0.48. 

𝟏𝟎−𝟑 

0.87 

.𝟏𝟎−𝟑 

182 33.9 148.1 13.6 

 

The stationary values were calculated using the following Equation:  

C* = 
√[𝑄𝑖𝑛−(1−𝛼)𝐴𝑘0]2 +4𝛽𝐴(1−𝛼)𝐶𝑖𝑛𝑄𝑖𝑛

2𝛽(1−𝛼)
  - 

𝑄𝑖𝑛−(1+𝛼)𝐴𝐾0

2𝛽(1−𝛼)
  (C3), 

The auxiliary parameters ∂, β, 𝐾0 were determined as follows:  

 𝐶𝑝= ∂𝐶𝑜𝑢𝑡,  

❖ ∂=
𝐶𝑃

𝐶𝑜𝑢𝑡
 = 33.9/148.1= 0.23 

❖ β=0.00968 

❖ 𝐾0 = 1.08.10−5 𝑚/𝑠 

❖ A= 0.450 𝑚2 

C.3 The Dynamic separation processes 

The dynamic separation process was evaluated using the following equation:  

Cout (t) = (C* +b1/2b2 ) 
[𝐶∗+𝐶𝑜𝑢𝑡(0)+

𝑏1
𝑏2

]𝑒2𝑢𝑏2𝑡− 𝐶∗+𝐶𝑜𝑢𝑡(0)

[𝐶∗
+𝐶𝑜𝑢𝑡(0)+ 

𝑏1
𝑏2

]𝑒2𝑢𝑏2𝑡+𝐶∗−𝐶𝑜𝑢𝑡(0)
 - 

𝑏1

2𝑏2
   (C4) 

Where the auxiliary parameter u = C* +b1/2b2 and the boundary parameters were calculated 

using as follows: 
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𝑏0= 
𝑄𝑖𝑛 𝐶𝑖𝑛

𝑉
;   𝑏1 =

[  Q in – (1− α) A 𝐾0]

𝑉
; 𝑏2 = 

(1−α) βA

𝑉
  (C5) 

❖ 
𝑏1

𝑏2
 = 

[Q in – (1− α)A 𝐾0 ]

[(1−𝜕)𝛽𝐴
 = 2.9.10−3 

❖ 
𝑏1

2𝑏2
 = 1.43.10−3 

Appendix D: DOC and BDOC determination results 

D.1 DOC and BDOC determination after 5 days of incubations 

Table D.1: Triplicate results of DOC after BAS incubator 1 on reactor A 

                                                           Reactor A1 

Date Replicate Day 0 Results     

(ppm) 

Day 5 Results 

(ppm) 

BDOC (ppm) 

04/08/2020 1 

2 

3 

5.59 

5.60 

5.76 

4.80 

4.70 

 5.78 

0.79 

0.9 

0.02 

Mean                                                     5.65                         5.09                       0.56 

Table D.2: Triplicate results of DOC after BAS incubator 1 on reactor B 

                                                            Reactor B1 

Date Replicate Day 0 Results 

(ppm) 

Day 5 Results 

(ppm) 

BDOC (ppm) 

04/08/2020 1 

2 

3 

5.32 

5.57 

5.74 

5.0 

5.0 

5.0 

0.32 

0.57 

0.74 

Mean                                                     5.54                        5.0                         0.54 

Table D.3: Triplicate results of DOC after BAS incubator 2 on reactor A 
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                                                            Reactor A2 

Date Replicate Day 0 Results 

(ppm) 

Day 5 Results 

(ppm) 

BDOC (ppm) 

11/08/2020 1 

2 

3 

5.59 

5.60 

5.76 

4.36 

4.13 

4.27 

1.23 

1.47 

1.49 

Mean                                                     5.65                        4.26                        1.39 

 

Table D.4: Triplicate results of DOC after BAS incubator 2 on reactor B 

                                                            Reactor B2 

Date Replicate  Day 0 Results 

(ppm) 

Day 5 Results 

(ppm) 

BDOC (ppm) 

10/08/2020 1 

2 

3 

5.32 

5.57 

5.74 

4.32 

4.44 

4.62 

1.00 

1.13 

1.12 

Mean                                                    5.54                         4.46                        1.08 

Table D.5: Triplicate results of DOC after BAS incubator 3 on reactor A 

                                                          Reactor A3   

Date Replicate Day 0 Results 

(ppm) 

Day 5 Results 

(ppm) 

BDOC (ppm) 

19/08/2020 1 

2 

3 

5.59 

5.60 

5.76 

4.36 

4.13 

4.27 

1.23 

1.47 

1.49 
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Mean                                                    5.65                         4.26                        1.39 

Table D.6: Triplicate results of DOC after BAS incubator 3 on reactor B 

                                                           Reactor B3  

Date Replicate Day 0 Results 

(ppm) 

Day 5 Results 

(ppm) 

BDOC (ppm) 

19/08/2020 1 

2 

3 

5.32 

5.57 

5.74 

4.32 

4.44 

4.62 

1 

1.13 

1.12 

Mean                                                    5.54                         4.46                        1.08 

APPENDIX E:  

E.1 AOC determination  

In the summary of the AOC determination method, the study outlines the steps involved in 

calculating the number of heterotrophic bacteria in water using the heterotrophic plate count 

method. Firstly, several diluted bacterial cultures are prepared in broth. These cultures are then 

spread on nutrient agar plates, and based on the resulting colonies, the number of bacteria in the 

original culture tube is determined. The CFU/ml could be determined using the equation E1 as 

follows:  

CFU/ml = (colonies) x (dilution factor) / volume of culture plate  

Finally, the maximum colony count is converted to AOC concentration using the formula AOC 

(µg/L as acetate C) = Nmax/Y x 100, where Y is the yield factor for acetate. 
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Figure E.1: Illustration of heterotrophic plate count technics (spread plate method) 

 

Figure E.2: Illustration of heterotrophic plate count technics (spread plate method) 

Table E.1: Colony counts of Day 5 plates (Samples A1 and A2) 

Plates A1 Colony Counts (Cfu/ml) 

10-1 TNTC 

10-2 TNTC 

10-3 140.103 

10-4 20.104 

10-5 5.105 

10-6 0 

Plates A2 Colony Counts (Cfu/ml) 

10-1 TNTC 
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 10-2 TNTC 

10-3 136.103 

10-4 32.104 

10-5 4.105 

10-6 1.106 

 

Table E.2: Colony counts of Day 7 plates (Samples A1 and A2) 

Plates A1  Colony Counts (Cfu/ml) 

10-1 TNTC 

10-2 TNTC 

10-3 149.103 

10-4 32.104 

10-5 4.105 

10-6 1.106 

Plates A2 Colony Counts (Cfu/ml) 

10-1 TNTC 

10-2 TNTC 

10-3 166.103 

10-4 21.104 

10-5 5.105 

10-6 0 

 

Table E.3: Colony counts of Day 9 plates (Samples A1 and A2) 

Plates A1  Colony Counts (Cfu/ml) 

10-2 TNTC 

10-3 155. 103 

10-4 33. 104 

10-5 4. 105 

10-6 0 

Plates A2 Colony Counts (Cfu/ml) 

10-2 TNTC 

10-3 187.104 

10-4 34.105 

10-5 5.106 

10-6 0 

 

Table E.4: Colony counts of Day 11 plates (Plates A1, and A2) 

Plates A1 Colony Counts 

(Cfu/ml) 

10-3 166.103 

10-4 24.104 

10-5 6.105 
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Plates A2  

10-3 176.103 

10-4 31.104 

10-5 5.105 

 

Table E.5: Colony counts of Day 13 plates (Samples A1, and A2) 

Plates A1 Colony Counts 

(Cfu/ml) 

10-3 180.103 

10-4 34.104 

10-5 7.105 

Plates A2  

10-3 176.103 

10-4 31.104 

10-5 5.105 

 

Table E.6: Colony counts of Day 15 plates (Samples A1, and A2) 

Plates A1 Colony Counts 

(Cfu/ml) 

10-3 189.103 

10-4 36.104 

10-5 7.105 

Plates A2  

10-3 188.103 

10-4 38.104 

10-5 6.105 

 

Table E.7: Colony counts of Day 17 plates (Samples A1, and A2) 

Plates A1 Colony Counts 

(Cfu/ml) 

10-3 189.103 

10-4 39.104 

10-5 8.105 

Plates A2  

10-3 190.103 

10-4 38.104 

10-5 7.105 

 

Table E.8: Colony counts of Day 19 plates (Samples A1, and A2) 

Plates A1 Colony Counts 

(Cfu/ml) 
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10-3 202.103 

10-4 45.104 

10-5 8.105 

Plates A2  

10-3 197.103 

10-4 44.104 

10-5 7.105 

 

Table E.9: Colony counts of Day 21 plates (Samples A1, and A2) 

Plates A1 Colony Counts 

(Cfu/ml) 

10-3 219.103 

10-4 49.104 

10-5 7.105 

Plates A2  

10-3 199.103 

10-4 45.104 

10-5 7.105 

 

Table E.10: Colony counts of Day 5 plates (Samples B1, and B2) 

Plates B1 Colony Counts 

(Cfu/ml) 

10-1 TNTC 

10-2 TNTC 

10-3 155.103 

10-4 25.104 

10-5 5.105 

10-6 0 

Plates B2 Colony Counts ( 

Cfu/ml) 

10-1 TNTC 

 10-2 TNTC 

10-3 202.103 

10-4 20.104 

10-5 5.105 

10-6 0 

 

Table E.11: Colony counts of Day 7 plates (Samples B1 and B2) 

Plates B1 Colony Counts (Cfu/ml) 

10-1  TNTC 

10-2 TNTC 

10-3 150.103 
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10-4 25.104 

10-5 6.105 

10-6 0 

Plates B2 Colony Counts (Cfu/ml) 

10-1 TNTC 

 10-2 TNTC 

10-3 215.103 

10-4 14.104 

10-5 6.105 

10-6 0 

 

Table E.12: Colony counts of Day 9 plates (Samples A1 and A2) 

Plates B1 Colony Counts (Cfu/ml) 

10-1 TNTC 

10-2 TNTC 

10-3 192.103 

10-4 12.104 

10-5 7.105 

10-6 0 

Plates B2 Colony Counts (Cfu/ml) 

10-1 TNTC 

 10-2 TNTC 

10-3  200.103 

10-4  14.104 

10-5  6.105 

10-6  0 

 

Table E.13: Colony counts of Day 11 plates (Samples B1 and B2) 

Plates B1 Colony Counts (Cfu/ml) 

10-1 TNTC 

10-2 TNTC 

10-3 214.103 

10-4 18.104 

10-5 8.105 

10-6 0 

Plates B2 Colony Counts (Cfu/ml) 

10-1 TNTC 

 10-2 TNTC 

10-3 222.103 

10-4 15.104 

10-5 7.105 

10-6 0 
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Table E.14: Colony counts of Day 13 plates (Samples B1 and B2) 

Plates B1 Colony Counts (Cfu/ml) 

10-1 TNTC 

10-2 TNTC 

10-3 218.103 

10-4 25.104 

10-5 10.105 

10-6 0 

Plates B2 Colony Counts (Cfu/ml) 

10-1 TNTC 

 10-2 TNTC 

10-3 225.103 

10-4 20.104 

10-5 10.105 

10-6 0 

 

Table E.15: Colony counts of Day 15 plates (Samples B1 and B2) 

Plates B1 Colony Counts (Cfu/ml) 

10-1 TNTC 

10-2 TNTC 

10-3 205.103 

10-4 24.104 

10-5 10.105 

10-6 0 

Plates B2 Colony Counts (Cfu/ml) 

10-1 TNTC 

 10-2 TNTC 

10-3 220.103 

10-4 21.104 

10-5 10.105 

10-6 0 

 

➢ The Number of bacteria can be calculated as: (220 x 103)/ 0.1 = 22 x 105 CFU/ml 

➢ AOC (µg/L as acetate C) = 
Nmax

Y
 x 100, where: 

Y = yield factor (Y) for acetate = 4.1 x 106 CFU/µg acetate-C. 

➢ AOC = 
(𝟐𝟐𝒙𝟏𝟎𝟓)𝒙𝟏𝟎𝟎

𝟒.𝟏 𝒙𝟏𝟎𝟔  = 53.6 µg/L as acetate C 

 

Table E.16: HPC results of plates A1 and B1 after adsorption process with 4, 8, 12 and 16 mg 

of functionalized MWCNTs. 
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MWCNTs 

Concentration 

Colony Counts (Cfu/ml) in 

sample A 

4 mg - 

8 mg  - 

12 mg 122 x 10^4 

16 mg - 

MWCNTs 

Concentration 

Colony Counts (Cfu/ml) in 

sample B 

4 mg - 

8 mg - 

12 mg  130 x 10^4 

16 mg - 

Table E.17: HPC results obtained of plates A1 and B1 after MSP 

Transmembrane  Colony Counts (Cfu/ml) in 

sample A 

 44 x 10^4 

 - 

 - 

 - 

 Colony Counts (Cfu/ml) in 

sample B 

 48 x 10^4 

 - 

 - 

 - 

Appendix F: Adsorption isotherm models 

F.1 Concept of the Langmuir isotherm model: 

The Langmuir isotherm model was used to represent the adsorption of AOC onto CTAB-

functionalized MWCNTs. The graph of 1/Ae versus 1/Ce is a graphical representation employed 

in the Langmuir isotherm model to depict the adsorption of AOC onto CTAB-functionalized 

MWCNTs. This plot helps to visualize the relationship between the equilibrium adsorption 

capacity (Ae) and the equilibrium concentration (Ce) of AOC in the solution. By plotting these 

values, patterns and trends can be observed, allowing for the interpretation of the Langmuir 

isotherm model. This model provides insight into the adsorption mechanism and helps determine 

the significance of the observed plot. Ultimately, this plot is crucial in understanding the adsorption 

behavior of AOC onto CTAB-functionalized MWCNTs and its application in various fields. 
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F.2 Concept of the Freundlich isotherm model: 

The representation of AOC adsorption onto CTAB-functionalized MWCNTs using the Freundlich 

isotherm model can be depicted through the Freundlich isotherm plot, which shows the 

relationship between ln qe (amount of AOC adsorbed) and ln Ce (concentration of AOC). The 

Freundlich isotherm model equation, ln Ae = ln KF + 1/n ln Ae, describes this relationship, where 

KF denotes the Freundlich constant, and n is the Freundlich exponent. By analyzing the Freundlich 

isotherm plot, valuable insights can be gained regarding the adsorption behavior and properties of 

the AOC-MWCNT system. Additionally, the determination of the amount of AOC adsorbed at a 

specific time (At) involves utilizing the mass balance relationship equation, At = C0 – Ct x V/(m), 

where C0 is the initial concentration of AOC, Ct is the concentration of AOC at time t, V is the 

initial volume of the solution, and m is the mass of MWCNTs. The Freundlich equation could be 

employed to determine the actual amount of AOC adsorbed onto the MWCNT surface at different 

time points during the adsorption process. 

Table F1: Effect hybrid adsorption-membrane filtration on AOC removal (sample A) 

Initial AOC (C0),  Final AOC (Ct)  AOC removal 

48.8 23 25.8 

48.8 21 27.8 

48.8 10.72 38.08 (79.5%) 

48.8 24 24.8 

 

Table F2: Effect of hybrid adsorption-membrane filtration on AOC removal (sample B) 

Initial AOC (C0),  Final AOC (Ct) AOC removal 

53.6 33 20.6 

53.6 31 22.6 

53.6 11.71  41.89 

53.6 28 25.6 

 

APPENDIX G:  

G.1 Methods for Analytical Testing. 



189 
 

Temperature, pH, Total Dissolved Solid (TDS), and Conductivity: The samples 

were taken using a portable pH meter (Hi 9811-5) at the time. 

Dissolved Oxygen (DO): A DO meter (Orion Star A213) was used. 

Alkalinity, Free chlorine, and Nitrogen species (Ammonium ions NH4+, 

Nitrate): The DPD method in accordance with accepted procedures was used, along with 

a spectroquant Pharo 300 M (Clesceri et al. the year 1998) are described: 

➢ Total alkalinity (acid capacity to pH 4.3) 

Range of measurement: 0.40 to 8.00 mmol/l 

                              20-400 mg/l cacO3. 

➢ Ammonium 

Range of measurement: 2.0-75.0 mg/l NH4-N 

 

➢ Chlorine (Determination of free chlorine) 

Range of measurement: 0.03-6.00 mg/l Cl2 

➢ Nitrate 

Measuring range: 0.2-10.0 mg/l NO3-N 

APPENDIX H: Error bars in graphs 

Table H1: Error bar of the graph on impact of adsorbent concentration on percentage 

removal of AOC from P17-ultrapure water (With agitation speed = 180 rpm and contact 

time = 4 hours) 

Adsor  A1 A2 Mean Stdev. 

4 52 51,5 51,8 0,4 

8 57,6 55 56,3 1,8 

12 69 58 63,5 7,8 

16 49 48,7 48,9 0,2 
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Table H2: Error bar in graph on impact of agitation speed on the percentage removal of 

AOC (initial concentrations of 48.8 and 53.6 g C/L, 12 mg of adsorbent, 4 hours 

of contact time, pH of 4). 

Ag. Speed A1 A2 Mean Stdev 

45 56 56,3 56,2 0,2 

90 57 57,5 57,3 0,4 

180 57,4 57 57,2 0,3 

220 56 56,3 56,2 0,2 

Ag. Speed B1 B2 Mean Stdev 

45 52,2 52,3 52,25 0,0 

90 52 52,2 52,1 0,1 

180 52,5 52,2 52,35 0,1 

220 52 52,3 52,15 0,1 

 

Table H3: Error graph in graph on impact of contact time on the removal of AOC (initial 

concentration = 48.8 and 53.6 µg C/L (for A1 and B1 respectively), Agitation speed = 180 

rpm, adsorbent concentration = 12 mg) 

CT A1 A2 Mean Stdev 

1 56 56,3 56,15 0,21213 

2 56,5 56 56,25 0,35355 

3 56 55,5 55,75 0,35355 

4 57 56,4 56,7 0,42426 

5 56 56,5 56,25 0,35355 

CT B1 B2 Mean Stdev 

1 50 50,5 50,25 0,35355 

2 50 50,3 50,15 0,21213 

3 50 50,7 50,35 0,49497 

4 52 52,7 52,35 0,49497 

5 52 50,6 51,3 0,98995 

 

Table H4: Error bar in the graph on variation of DOC concentrations during adsorption 

process using functionalised MWCNTs as adsorbent (Initial DOC concentrations = 4, 26 and 

4, 46 mg/L for B1 and B2 respectively, agitation speed = 180 rpm, and adsorbent 

concentrations = 4, 8, 12, and 16 mg) 
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Ads. 

Conc. 

Sample 

B1 

Sample 

B2 Mean Stdev 

0 4,26 4,46 4,4 0,1 

4 4,06 4,26 4,2 0,1 

8 3,85 4,04 3,9 0,1 

12 4,09 4,25 4,2 0,1 

16 4,26 4,8 4,5 0,4 

 

Table H5: Error bar in the graph on variation of BDOC concentration during adsorption 

process using CTBA- functionalized MWCNTs as adsorbent (Initial BDOC concentrations 

= 1.08 and 1.39 mg/L for B1 and B2 respectively, agitation speed = 180 rpm, and adsorbent 

concentration = 4, 8, 12, and 16 mg) 

Ads. 

Conc. 

Sample 

B1 

Sample 

B2 Mean Stdev. 

0 1,39 1,08 1,235 0,2192 

4 0,2 0,2 0,2 0 

8 0,41 0,42 0,415 0,00707 

12 0,17 0,21 0,19 0,02828 

16 0 0,34 0,17 0,24042 

 

Table H6:  The change in flux over the course of filtration at 4.5 bar of constant pressure. 

The water flux collected after adsorption with 12 mg CTAB-functionalized MWCNTs was 

utilized for membrane permeation test. 

Filt. Time  A1 A2 Mean Stdev. B1 B2 Mean2 Stdev.3 

15 0,0096 0,0086 0,0091 0,00071 0,0088 0,0086 0,0087 0,0001 

30 0,0066 0,0056 0,0061 0,00071 0,007 0,0067 0,0069 0,0002 

60 0,0071 0,0068 0,00695 0,00021 0,0081 0,008 0,0081 0,0001 

90 0,0071 0,0007 0,0039 0,00453 0,0091 0,0088 0,0090 0,0002 

120 0,0057 0,005 0,00535 0,00049 0,0071 0,006 0,0066 0,0008 

 

Table H7: Colony count changes and growth curves of strain P17 over several days  

Day A1 A2 Mean Stdev 

5 140 136 138,0 2,8 

7 149 166 157,5 12,0 

9 155 167 161,0 8,5 
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11 166 176 171,0 7,1 

13 180 187 183,5 4,9 

15 189 188 188,5 0,7 

17 189 190 189,5 0,7 

19 202 197 199,5 3,5 

21 200 197 198,5 2,1 

 

Table H8: The number of colonies and growth curve of the P17 strain change over several 

days 

Day B1 B2 Mean Stdev 

5 155 202 179 33 

7 150 215 183 46 

9 192 220 206 20 

11 214 222 218 6 

13 218 225 222 5 

15 215 220 218 4 

 

 

 

 

 

 

 

 




