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Abstract 

Ultrafiltration (UF) membrane-based technology has been applied in the water 

purification industry since the 1980s and employed widely to relieve the crisis of global 

water scarcity. However, membrane fouling is the major obstacle to the further 

application of this membrane-based technology. There are three main methods to 

alleviate membrane fouling, namely the pre-treatment of raw water, membrane 

modification, and membrane cleaning. As the most cost-effective approach is likely to 

be the prevention of fouling by modification of the membrane, this was selected for 

investigation in this study. Consequently, two novel, low cost and widely available 

hydrophilic materials, namely chitosan (CS) and graphene oxide (GO), were chosen to 

coat a commercial PVDF UF membrane in order to produce a superior membrane 

surface with a reduced propensity to fouling. Therefore, this study aimed to evaluate 

and compare the filtration performance of uncoated PVDF and coated PVDF 

membranes (PVDF-CS and PVDF CS-GO) in terms of permeability, separation, and 

anti-fouling performance. 

In the short-term filtration section of the experimental work in this study, chitosan alone, 

and chitosan combined with graphene oxide were applied to coat a commercial 100 

kDa PVDF membrane. The comparative performance of chitosan with three different 

molecular weight ranges, specifically 50k-190kDa, 100k-300kDa, and 600k-800kDa, 

was studied. The concentration of CS solution was 0.01%wt and 10 mg CS was added 

to fabricate PVDF-CS membranes. The concentration of CS solution was 0.01%wt and 

GO was mixed in 50 ml DI water at a concentration of 20 mg/L. Filtration tests were 

conducted using four types of water samples, comprising solutions of three 

representative natural organic substances (BSA, SA, HA solutions), and a surface water. 

The Jingmi (JM) River water with a TOC of less than 3 mg/L was used for PVDF-CS 

membrane tests and the Beijing Olympic Park (OP) Lake with a TOC of approximately 

8 mg/L was used for CS-GO membrane tests. The results demonstrated that PVDF-CS 

membranes exhibited greater anti-fouling and separation performance compared to the 

uncoated PVDF membrane, and the molecular weight of the chitosan did not appear to 
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affect the properties and performance of the PVDF-CS membranes. However, the 

coating of chitosan led to a substantial decrease in the water flux of the membrane. This 

reflects the common trade-off that needs to be made between water permeability and 

separation performance when fabricating the membranes. It was decided to further 

improve the separation performance as the primary objective, rather than permeability 

in the subsequent experiments. The results demonstrated that the employment of GO 

significantly improved the separation performance of CS-GO membranes compared to 

the PVDF-CS membranes tested in the first phase of experiments. Specifically, the CS-

GO membranes exhibited an almost complete removal of BSA, SA, and HA as model 

natural organic matter (NOM) components. For the surface water collected from OP 

Lake, the CS-GO membranes removed up to approximately 50% of NOM. In addition, 

the interlayer spacing of CS-GO composite membranes was studied by changing the 

MW and the dosage of CS. Two CS-GO mass ratios (0.2:1 and 0.5:1) were investigated.  

In the final phase of the experimental work in this study, the uncoated PVDF and coated 

PVDF-CS membranes were evaluated and compared under long-term continuous-flow 

conditions, focusing on the feasibility and potential for application in small community 

systems. Gravity-driven filtration (GDF) tests were conducted using samples of a real 

surface water. The stabilized flux of the PVDF-CS membrane was almost double that 

of the PVDF membrane from day 7 till the end of the 30-day operation, indicating that 

the water output of the PVDF-CS membrane module should be almost double that of 

the PVDF membrane module. The results demonstrated that the PVDF-CS membrane 

was a feasible technology with a promising potential for applications in decentralized 

drinking water treatment systems in rural areas of developing countries. 

Overall, this study has been the first to evaluate and compare the performance of 

chitosan-coated membranes from the perspective of water treatment and the first to 

investigate the benefit of combining chitosan with graphene in a composite membrane. 

Future research is recommended to explain further the complexity of NOM by the 

membranes in real waters, the microbial communities governing the phenomenon of 

flux stabilization under the GDF arrangement, and pilot-scale testing of the PVDF-CS 

membrane to demonstrate its performance in practice.  
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Chapter 1 Introduction 

1.1 Research Motivation 

Membrane-based technology has been widely employed to relieve the crisis of 

global water scarcity in the water purification industry (Shannon et al., 2008). 

Specifically, ultrafiltration (UF) membrane-based technology has been applied in the 

drinking water purification industry since the 1980s (Al Aani, Mustafa & Hilal, 2020; 

Yu et al., 2018 ). UF systems are widely regarded as one of the most effective and 

promising treatment processes for purifying groundwaters and surface waters due to 

their compact module structure, no chemical additives, and capability to remove both 

natural organic matter and pathogens (Al Aani, Mustafa & Hilal, 2020; Shi et al., 2014, 

Peter-Varbanets et al., 2009). The approximate molecular weight cut-off (MWCO) for 

UF membranes is in the range of 10k-100kDa. However, membrane fouling is a current 

limitation, and a major obstacle to the further application of UF membrane-based 

technology. This phenomenon is caused by the inevitable accumulation of separated 

impurities in feed waters on the surface and within the pores of the membrane during 

the operation of the process. Membrane fouling causes the loss of flux of membrane 

modules during operation at a constant-applied pressure. This means the water 

production of the water treatment plant decreases under the constant-pressure scheme 

or more energy is required under the constant-flux scheme. Membrane fouling can be 

classified into two types, namely reversible fouling, and irreversible fouling. Unlike 

reversible fouling, irreversible fouling cannot be removed by either periodic physical 

or chemical cleaning, and may chemically degrade membrane modules in long-term 

operation. Therefore, new methods are required to address membrane fouling so that 

UF membrane-based technology can be enhanced and further applied in the field of 

water purification.  

There are three main methods to alleviate membrane fouling, namely the pre-

treatment of raw water, membrane modification, and membrane cleaning. The pre-

treatment of raw water employs conventional water purification processes to improve 
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water quality before the membrane modules, such as coagulation, oxidation, adsorption, 

disinfection, etc. Membrane modification employs the addition of new chemical 

substances and/or materials into a commercial organic polymer membrane. Many 

polymeric materials and inorganic nanoparticles have been studied and the performance 

of modified membranes has been effectively improved in terms of their separation 

performance and anti-fouling properties. Membrane cleaning is used to remove 

substances that are not an integral part of the virgin membrane. In practice, the 

combination of physical (e.g. backwashing) and chemical cleaning (e.g. hypochlorite) 

is the most widely employed operation. Concerning the pre-treatment of raw water, this 

has been widely studied in the past 20 years and applied in drinking water treatment 

plants in several countries. In terms of chemical cleaning, previous studies have 

considered different types of chemicals including acids, alkalis, oxidants, surfactants, 

chelants, and even enzymes (Gao et al., 2011; Shi et al., 2014). Pre-treatment of raw 

water can be a measure that is applied to prevent the impurities in influent water from 

accumulating on the membrane surface while membrane cleaning can be a measure that 

is applied after the impurities in waters accumulate on the membrane surface. Unlike 

these two indirect methods, membrane modification focuses on the core of the 

membrane-based technology which is the membrane module itself. Fard et al. (2018) 

indicated that most of the studies on membrane modification have been focused on the 

design and preparation of membranes, while the separation mechanism and the study 

on how the molecules pass through the membrane pores were lacking. Based on above 

analysis, membrane modification is still relatively under-researched and worthy of 

further investigation, as it has several potential advantages (e.g. cost, avoidance of 

additional processes and chemical waste flows). 

In this study, the potential use of chitosan (CS) alone, or combined chitosan (CS) 

and graphene oxide (GO) was applied as a coating to fabricate a commercial PVDF UF 

membrane was investigated. CS is a biopolymer (polysaccharide) refined from 

naturally available chitin (CT), and which is abundant in amino and hydroxyl functional 

groups. GO is derived from graphene and has a molecular structure that consists of 

numerous oxygen-containing functional groups, including hydroxyl, carboxyl, 
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carbonyl, and epoxide groups. The functional groups in the CS and GO molecules are 

hydrophilic. It is widely acknowledged that increasing the hydrophilicity of the 

fabricated membrane surface enables the membrane to exhibit a higher water 

permeability and better anti-fouling performance. Also, the addition of CS, or CS and 

GO, to a polymer-type membrane can narrow the pore size of the membrane surface, 

thereby improving the separation performance of the fabricated membrane. A particular 

benefit of an enhanced separation efficiency in water treatment is greater removal of 

natural organic matter (NOM), resulting in a reduced disinfectant demand and lower 

formation of disinfection by-products, which are of potential harm to human health 

(Mohammad et al., 2015). As CS can be prepared in a wide range of polymer sizes, the 

influence of CS MW was investigated by preparing and testing three different molecular 

weights of CS in the membrane modification, both for the PVDF-CS membrane study 

and in the PVDF CS-GO membrane study. From the literature to-date, the impact of the 

MW of CS on the performance of a composite PVDF-CS UF membrane has not been 

studied previously. In addition to conducting extensive short period (a few minutes or 

a few hours) tests to provide comparative information on the initial performance of the 

uncoated and coated membranes, long-term (30 days) continuous-flow tests using real 

surface water samples were undertaken to evaluate the performance of the PVDF-CS 

membrane over long-term operations. The latter tests employed a gravity-driven 

filtration (GDF) arrangement, in order to simulate real-world engineering applications, 

especially small-scale water systems applied in rural areas of developing countries 

requiring low energy-intensive methods. 

The overall objective of this research is to enable UF membrane-based technology 

to be a more effective and competitive process in water treatment. The research was 

based on a program of extensive laboratory experiments involving model solutions with 

three representative NOM substances and samples collected from real surface waters.  

1.2 Research Objectives 

The overall objective of this research is to enable the UF membrane-based 
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technology to be a more effective and competitive process in drinking water treatment 

by the preparation and evaluation of two novel PVDF-coated membranes, involving 

chitosan (PVDF-CS), and the combination of chitosan and graphene oxide (PVDF CS-

GO). The evaluation is based on the permeability, separation and anti-fouling 

performance of the membranes when treating model NOM solutions and natural surface 

waters, using both repeated short-term, and long-term (30 days) continuous-flow, 

filtration tests. This study focuses on the performance of the single membrane filtration 

process and does not involve the evaluation and comparison of the combined process, 

such as coagulation-membrane filtration process.  

The specific objectives of this study were set as follows: 

1) To explore and develop a reproducible coating method for PVDF-CS 

membranes, and to quantitatively and qualitatively identify the impact of CS and its 

MW on the filtration performance of PVDF-CS membranes using repeated short-term 

tests. The comparison of the membrane filtration includes permeability, separation, and 

anti-fouling performance. 

2) To evaluate and compare the overall filtration performance of PVDF and PVDF-

CS membranes when filtering solutions of three representative NOM substances and 

one real surface water with the use of the short-term method.  

3) To explore and develop a reproducible coating method for CS-GO membranes, 

and to quantitatively and qualitatively identify the impact of the MW and the dosage 

(proportion) of CS on the filtration performance of composite CS-GO membranes 

under the short-term filtration testing method. The evaluation will be based on the 

permeability, separation, and anti-fouling performance of the membranes.  

4) To primarily evaluate and compare the difference in separation performance of 

composite CS-GO membranes and PVDF-CS membranes when filtering solutions of 

three representative NOM substances and one real surface water, using the repeated 

short-term filtration method.  

5) To investigate the performance, operational simplicity and sustainability of the 

PVDF-CS membrane operating under the gravity-driven filtration (GDF) arrangement, 

as might be applied for small-community applications in rural areas of developing 
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countries. This will be achieved by evaluating and comparing the long-term filtration 

performance (30 days) of the PVDF and PVDF-CS membranes, filtering a real surface 

water under the GDF arrangement.  

1.3 Thesis Outline 

After this introductory chapter, which comprises the research motivation, project 

objectives and a brief description of the thesis outline, a literature review is provided in 

Chapter 2 which summarizes the mainstream UF membrane fouling control methods 

and a summary of the previous studies of chitosan and graphene oxide employed in 

membrane modification. Chapter 3 presents all the materials and methods used in the 

experimental section of this study, especially the coating method of PVDF-CS and CS-

GO membranes. The following three chapters describe the results of the three major 

components of the laboratory work. Specifically, Chapter 4 evaluates and compares the 

overall filtration performance of the uncoated PVDF and coated PVDF-CS membranes 

when filtering the three model solutions and a real surface water. The main objective of 

this chapter was to identify the impact of chitosan and its molecular weight on the 

filtration performance (permeability, separation, and anti-fouling) of coated PVDF-CS 

membranes. As the separation performance of the coated PVDF-CS membranes was 

not significantly enhanced (compared to PVDF) when treating the real surface water, 

the benefits of combining graphene oxide with chitosan to fabricate composite CS-GO 

membranes were also evaluated in Chapter 4. In particular, the motivation of Chapter 4 

was to enhance the separation performance of the coated membranes when filtering a 

real surface water. Chapter 6 assesses and compares the feasibility and effectiveness of 

the PVDF and PVDF-CS membranes when operated continuously over a long period, 

under a GDF arrangement. The motivation of this chapter was to demonstrate the 

reduced fouling benefits of CS and to present a proof of concept for small-scale 

engineering applications, such as rural community systems in developing countries. 

The contribution of this study to scientific knowledge, the implications of the results to 

the application in drinking water treatment and recommendation for future research 
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opportunities are presented in Chapter 7. The key conclusions of the project are given 

in Chapter 8, and at the end of this thesis, references and an appendix can be found, 

presenting supporting information and data. 
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Chapter 2 Literature Review 

2.1 Application Status of UF Membrane in Water Treatment 

The lack of reliable access to clean water has posed a direct threat to millions of 

people. This has been identified as one of the top ten issues that humanity will continue 

to face in the next fifty years (Landsman et al., 2019). Therefore, there is an urgent need 

for technologies that can purify water at a lower cost and with less energy, while 

minimizing the number of chemicals used and their negative impact on the environment 

(Shannon et al., 2008). Membrane-based technology, especially UF, is capable of 

providing a reliable and effective separation performance for various contaminants, 

which is not affected substantially either by the quality of raw water or depends on the 

dosing of chemical additives. UF systems were initially applied as a physical 

fractionation technique in the late 1960s. In the most recent two decades, membrane-

based technology has witnessed its substantial development, and its applications have 

been expanding in a wide variety of fields, especially in water treatment, including 

drinking water production, wastewater reclamation, and as a pre-treatment in seawater 

desalination all over the world. In 2017, the market size of UF membranes was 

calculated to have reached $950 million, and the market size is expected to reach $2.14 

billion by 2023 (Al Aani, Mustafa & Hilal, 2020). However, membrane fouling has 

seriously hindered the development of membrane-based technology. The term 

membrane fouling is used to describe the loss of membrane permeability due to the 

accumulation of contaminants on the surface and within the pores of the membrane 

during the filtration process. This leads to a decrease in the water production of the 

membrane-based technology, or an increasing applied pressure for a given yield, and 

ultimately increases the cost of membrane cleaning and energy consumption, and the 

early replacement of the entire membrane module.  
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2.2 Research Status  

Membrane-based technology possesses many advantages compared to 

conventional water treatment techniques, particularly the reliable performance in high 

removal of turbidity, Giardia, virus, and even NOMs depending on the molecular 

weight cut-off (MWCO) of the membrane, and without the use of chemical additives. 

To expand its application, scholars have endeavored to conduct extensive and in-depth 

research on the study of membrane fouling mechanism and the control of membrane 

fouling. With so many papers published recently on topics with different research 

directions, it is of vital importance for researchers to be aware of such developments in 

order to avoid duplicating the work or find themselves designing and conducting 

unnecessary experiments that have been studied by other researchers.  

 

Figure 2.1 Yearly publications between 2009 and 2018 on ultrafiltration identified by 

Scopus (Left) and ScienceDirect (Right) (Al Aani, Mustafa & Hilal, 2020). 

 

The general research trend in respect of UF membranes in the number of academic 

papers published annually over the period between 2009 and 2018, as indicated by two 

platforms, namely Scopus and ScienceDirect, is presented in Figure 2.1 (Al Aani, 

Mustafa & Hilal, 2020). It can be seen that the number of published papers has remained 

overall upward from 2009 to 2018. Furthermore, the main research themes of UF 

membranes are shown in Figure 2.2 according to ScienceDirect (Al Aani, Mustafa & 

Hilal, 2020). Cleaning, pre-treatment, and membrane modification are listed as the top 

three research themes in terms of the number of total publications, accounting for 



28 
 

19.19%, 11.44%, and 11.16%., respectively   

 

Figure 2.2 Main research themes distribution on fouling according to ScienceDirect 

(Al Aani, Mustafa & Hilal, 2020). 

 

The following content of section 2.2 provides a summary of the publications which 

have focused on membrane fouling mechanisms and the control of membrane fouling 

(pre-treatment, cleaning, and modifications).  

2.2.1 Membrane Fouling Mechanisms 

Membrane fouling is the main obstacle to the further application of membrane-

based technology. Of all impurities in raw water, NOM is the most intractable group as 

it is ubiquitous in natural waters and can cause both reversible and irreversible UF 

membrane fouling (Cho, Amy & Pellegrino 2000; Howe & Clark 2002; Huang et al. 

2007; Katsoufidou et al. 2010; Peldszus et al. 2011). Adsorption, pore blockage, and 

cake formation are the most common UF membrane fouling mechanisms (Shi et al., 

2014). Adsorption occurs when impurities in water contact the UF membrane due to 

the surface energy and thermodynamic equilibrium process. Pore blockage is mainly 

caused by the uneven pore size distribution on the membrane surface. Contaminants 

tend to fully or partially close larger pores first. This fouling mechanism causes the 

rapid flux decrease of the membrane in the initial stage of filtration because the pores 
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are fully exposed to contaminants. Cake formation is the accumulation of contaminants 

and the formation of a relatively thick and stable layer on the membrane surface. This 

fouling mechanism mainly occurs in the middle and late stages of membrane filtration 

after pore blockage (Shi et al., 2014). When the constant-pressure filtration, such as 

gravity-driven filtration (GDF), reaches this stage, flux decreases to a certain degree 

and remains stable. Understanding and identifying the UF membrane fouling 

mechanisms are essential for the development of the UF technology.  

Some researchers have concentrated on the fractionation of NOM and investigated 

the impact of the individual compound groups on UF membrane fouling. The 

fractionation of NOM was based on several characteristics, namely 

hydrophobicity/hydrophilicity, molecular weight distribution (MWD), and chemical 

functional groups. Yamamura et al. (2014) fractionated NOM from four different 

natural waters in Japan into hydrophobic and hydrophilic fractions. They compared the 

degree of UF membrane fouling by each fraction. They concluded that the biopolymer 

in the hydrophilic fraction is the key component causing irreversible membrane fouling. 

Howe & Clark (2002) fractionated NOM from five different natural waters into 0-3000 

Da, 10000-30000 Da, and 30000-100000 Da MWD. They compared the degree of UF 

membrane fouling by filtering each fraction. They concluded that the MW of NOM 

between 10000-100000 Da played a major role in membrane fouling and particulate 

NOM merely accounted for 6% of flux decline. Lin, Liu & Hao (2001) fractionated 

NOM from humic acid (HA) solution into the carboxyl and phenolic groups fraction. 

They concluded that the carboxyl functional group caused more serious UF membrane 

fouling than the hydroxyl functional group with little rejection of NOM in solution. 

Therefore, it is conceivable that the amount of rejected foulants is not directly relevant 

to the extent of UF membrane fouling. Hallé et al., (2009) also stated the composition 

rather than the absolute concentration of the biopolymer fraction was critical to the 

irreversible membrane fouling of UF. These studies have shown that the fraction of the 

composition of NOM should be more problematic than the absolute amount of NOM 

in natural waters when causing membrane fouling during membrane filtration. However, 

it is essential to stress that NOM in natural waters possesses a nearly continuous range 
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of fractions. The fractionation procedures could not be definitive. Wang & Benjamin 

(2016) found that the raw water produced more severe membrane fouling than 

reconstituted water which was produced by remixing the pre-separated fractions 

proportionally. They attributed the results to the fractionation method. They surmised 

that their method may cause some fractions of NOM to be lost or altered, thus disrupting 

certain molecular interactions that cannot be entirely restored by the reconstitution of 

raw water. Therefore, the complexities and uncertainties involved in fractionation and 

reconstitution should explain the reason why the contribution of an individual fraction 

in NOM to membrane fouling during filtration has long been controversial. Based on 

the above analysis, the results obtained from fractionated-based research should not be 

considered conclusive. 

Others have examined different categories of NOM components that cause 

membrane fouling, namely colloidal organics, biopolymers, polysaccharides, proteins, 

and humic substances. In these studies, solution chemistry especially pH and ionic 

strength were involved because the chemical condition of raw water and the 

composition of NOM have a robust mutual effect. Costa, de Pinho & Elimelech (2006) 

studied the contribution of colloidal NOM to UF membrane fouling. They reported that 

pore blockage played the dominant role in membrane fouling mechanism at the early 

stage of UF and there was a transition from pore blockage to cake formation in the later 

filtration stage. Tian et al. (2013) examined three different water samples from the lake, 

canal, and secondary effluent of wastewater treatment plants over 12 months. They 

concluded that the concentration of biopolymer in natural waters before UF could be 

employed as an indicator to predict the potential of membrane fouling. Gray et al. (2011) 

evaluated the impact of interactions between polysaccharides and proteins on 

membrane fouling. Their results suggested that polysaccharides were the major 

constituent in forming the cake layer, while additional protein enabled polysaccharides 

to firmly adhere to the membrane surface. Neemann et al. (2013) studied the non-

covalent interaction of protein-polysaccharide and their influence on membrane fouling. 

Their results surmised that pH units primarily determined the type and strength of the 

interaction between solutes. Katsoufidou et al. (2007) studied the impact of Ca2+ on 
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sodium alginate (SA) fouling, which is a representative synthetic biopolymer for 

polysaccharide, under the dead-end UF scheme. The concentration of Ca2+ in this study 

was between 0 and 2 mM. The filtration results showed that the existence of Ca2+ 

increased the average molecular weight (AMW) of SA, retarded the rate of flux decline, 

and increased the flux recovery after backwashing and the removal efficiency of SA. 

They attributed the mitigation of membrane fouling to the transition from pore blockage 

to cake formation because the AMW of SA had increased. Hashino et al. (2011) studied 

three different membrane materials on membrane fouling filtering bovine serum 

albumin (BSA) solution. The membrane fouling mechanism caused by filtering BSA of 

the three membranes is different. They believed the difference should be attributed to 

MWCO and hydrophilicity of membrane material. Katsoufidou et al. (2005) studied 

the impact of Ca2+ on HA fouling, which represents the soluble organic matter in natural 

waters, under the dead-end UF scheme. Interestingly, the results showed that 2 mM 

Ca2+ was a crucial concentration value. When the concentration of Ca2+ was less than 2 

mM, the presence of Ca2+ exacerbated the extent of flux decline and the fouling 

irreversibility. In comparison, 4 mM Ca2+ reduced the extent of flux decline but 

increased the fraction of irreversible fouling. Costa & De Pinho (2005) believed that 

the increase of ionic strength led to the compression of the HA macromolecules 

electrical double layer and their aggregation of deposits at the membrane surface.  

In summary, many factors can affect the membrane fouling mechanism, such as 

the hydrophilicity/ hydrophobicity of NOM, MWD of NOM, the functional group of 

NOM, the category of NOM, the pH and ionic strength of raw water, the existence of 

Ca2+, MWCO of membranes, the material of membranes, and so on. 

2.2.2 Membrane Fouling Control 

It is widely acknowledged that membrane fouling can be affected and mitigated 

not only by the chemical properties of NOM and the membrane, but also by physical 

ways, especially by changing hydrodynamic and operating conditions (Huang et al., 

2007). Hydrodynamic and operating optimization include the design and employment 
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of dead-end and cross-flow filtration protocol. However, based on the analysis in 

section 2.2, the pre-treatment of raw water, membrane cleaning, and membrane 

modification have attracted more attention and endeavors to address the membrane 

fouling. Therefore, these three methods are further introduced in the following section. 

2.2.2.1 The Pre-treatment of Raw Water  

Coagulation, oxidation, adsorption, media filtration, and disinfection have been 

conventional processes in water treatment plants historically. Therefore, they are 

reliable and effective to improve the quality of raw water before it contacts the 

membrane and control membrane fouling when applied as pre-treatment processes. 

Many studies have been conducted to investigate the performance of the pre-treatment 

processes and researchers claimed that the mitigation of membrane fouling was 

different by applying different processes. Yu et al., (2013) compared the effectiveness 

of FeCl3 and alum as coagulants. They stated alum addition had better performance 

because the alum enabled the formed cake layer to exhibit higher porosity and thinner 

thickness. Yu et al. (2016) reported that membrane fouling could be completely 

controlled after 1.5 mg/L ozone was dosed in water under 60-day continuous operation. 

However, Cheng et al. (2016) surmised that BSA fouling could not be mitigated by 

ozone because the main chain of the BSA molecule was too difficult to be degraded 

into smaller ones. Therefore, it can be claimed that the composition of raw water is of 

vital importance and membrane fouling should be a case-by-case study. Yu et al. (2014) 

demonstrated that although PAC could not change the structure of the cake layer, it 

adsorbed more macromolecular organic matter, especially biopolymers. Yu & Graham 

(2015) concluded that the sand media adhered less aggregated flocs compared to merely 

the UF membrane surface.  

In summary, it can be concluded that the pre-treatments of raw water can mitigate 

membrane fouling. However, the selection and the design of pre-treatments processes 

combined with membrane modules require careful consideration.  
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2.2.2.2 Membrane Cleaning  

Membrane cleaning is a method of removing substances that are not an integral 

part of the virgin membrane. Generally, cleaning is operated in two ways, either using 

chemicals that stand for chemical cleaning or using physical forces which represent 

physical cleaning (Lee et al., 2001). The efficiency and effectiveness of physical 

cleaning methods depend primarily on the strength of the applied mechanical forces. 

Physical cleaning includes hydraulic flushing, such as backwashing, ultrasonic 

vibration, air sparging, etc. Backwashing and air sparge are the mainstream methods 

for drinking water treatment. Backwashing is the penetration of clean water from the 

permeate direction to the feed direction through the membrane (Roy, Sharqawy & 

Lienhard, 2015). Air injection is usually used as an auxiliary process unit for 

backwashing and is not applied alone. However, NOM can always cause severe 

membrane fouling after the long-term operation under which the effectiveness of 

physical cleaning is confined and cannot meet the requirement of water production. 

Therefore, chemical cleaning is used to recover physically irreversible fouling with 

strong adhesion to the membrane. This should be the reason why chemical cleaning has 

been widely studied and studies have shown that different chemicals have their own 

treatment advantages for different membrane foulants. Basically, acids and bases are 

the two most widely used types of chemicals. Acids are used to clean inorganic salts 

and metal oxides or hydroxide contaminated membrane modules, while alkali can 

significantly improve the removal of accumulated NOM in membrane modules. 

However, considering the acid and alkali resistance of the membrane material, strong 

acid or strong base might cause damage to the membrane module. Therefore, weak acid 

and weak base are usually used as chemical reagents to meet the requirement of the 

cleaning efficiency and the protection of membrane modules (Shi et al., 2014). In the 

past decades, a large number of cleaning agents have been studied, apart from acids and 

alkalis, four more chemical categories are included, namely oxidants (Sayed Razavi, 

Harris & Sherkat 1996；Brepols et al. 2008), surfactants (Naim, Levitsky & Gitis, 2012), 

chelants (Shorrock & Bird, 1998; Li & Elimelech 2004), and even enzymes (Petrus et 
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al. 2008; Argüello et al., 2002).  

In summary, as was demonstrated in section 2.2.1, membrane fouling is a case-by-

case study that depends on the composition of raw water and membrane properties. 

Therefore, the use of a cleaning scheme and the selection of chemical agents should 

also be a case-by-case decision.  

2.2.2.3 Membrane Modification 

As discussed in previous sections, membrane fouling is the major hindrance. 

However, common existing polymeric membranes have been proved that they exhibit 

limited anti-fouling property, especially in the long-term operation. Therefore, 

membrane modification has been employed to improve the properties of commercial 

organic polymer-based membranes, including modifying the membrane preparation 

process and modifying the commercial membrane surface (Kang & Cao, 2014). Both 

methods can change the chemical composition and functional groups of the membrane 

so that the performance of the modified membranes is improved. 

Modifying the membrane preparation process means the added material is 

dissolved and blended with commercial organic polymers in the casting solution before 

the phase separation. The added material and the commercial polymetric membrane are 

incorporated into the manufactured membrane after the phase separation. The 

manufactured membrane should exhibit properties of all its constituent materials. 

Researchers have explored many materials, including polyvinyl alcohol (PVA) (Li et 

al., 2010), polyvinyl pyrrolidone (PVP) (Bi et al., 2013), polyethylene glycol (PEG) 

(Pezeshk et al., 2012), etc. Besides organic polymers, the inorganic nanoparticle is 

another commonly used modifier. The nanoparticles including TiO2, SiO2, Mg(OH)2, 

Al2O3, ZnO, carbon nanotubes, graphene oxide (GO), etc have been studied (Kang & 

Cao, 2014). 

Surface modification of existing polymer membranes is another effective method 

to enhance membrane properties. Based on the interaction between the added material 

and the membrane, the modification process can be divided into two types, namely 
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physical modification, and chemical modification. Physical modification means that the 

added material adheres to the membrane by physical interactions rather than covalent 

bonds. Several added materials for surface modification have been investigated such as 

PVA (Du et al., 2009), chitosan (Chanachai, Meksup & Jiraratananon, 2010), PEBAX 

(Gao et al., 2010), etc. Physical modification is facile to conduct, but the added 

materials tend to diminish gradually in the long-term operation because of the weak 

bonding between the modified layer and the membrane surface. In contrast, the 

membrane surface can be modified by chemical modification. The chemical 

modification of membranes is combined with other techniques, such as O3/O2 pre-

activation (Chen et al., 2003), electron beam radiation (Liu, Zhu & Xu, 2006), plasma 

treatment (Wang et al., 2002), etc. Unlike physical modification, chemical modification 

provides long-term membrane stability and integrity. However, the caustic chemicals 

or special equipment required in chemical modification confines its practical 

applications in membrane-based water treatment. 

In summary, considering the fact that the commercial membrane modules 

nowadays can be corroded and replaced, and the high cost of chemical modification, 

physical modification has a higher potential for large-scale industrial applications. 

2.3 Poly (vinylidene Fluoride) (PVDF) Membranes and their 

Modification 

The core of membrane-based technology is the membrane, which directly affects 

the process effectiveness and application value. Fard et al. (2018) mentioned that the 

low cost of polymeric material enabled them to occupy the majority of the membrane 

market. PVDF is one of the most widely applied polymeric materials. Considerable 

attention has been paid to this material from researchers in recent years (Liu et al., 

2011a). PVDF consists of a repeated unit called - (CH2CF2) n -. High mechanical 

strength, strong chemical resistance, high thermal stability, and strong ageing resistance 

are the reasons why PVDF has attracted extensive interest. Furthermore, PVDF can 

easily be manufactured into a flat sheet, hollow fibers, or tubular membranes (Kang & 
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Cao, 2014). However, the hydrophobic PVDF membrane is susceptible to fouling while 

filtering natural waters containing NOM.  

Despite the effect of the surface charge, surface morphology, surface roughness, 

pore size distribution on the membrane performance, it is acknowledged that the 

increase of hydrophilicity in membranes provides better anti-fouling performance 

(Rana & Matsuura, 2010). Compared to a hydrophobic membrane surface, a pure water 

layer can easily form on a hydrophilic membrane surface. This water layer performs as 

a barrier that can alleviate the adsorption of contaminants in the raw water on the 

membrane surface, thus mitigating membrane fouling. Moreover, it is also believed that 

a hydrophilic membrane has greater water permeability, thus increasing water 

productivity (Boributh, Chanachai & Jiraratananon, 2009). To make PVDF membrane 

hydrophilic, researchers have employed different polymers (Kang et al., 2007; Ran et 

al., 2011) and nano-materials (Oh, Kim & Lee, 2009; Zhang et al., 2013) as modifiers. 

2.4 Chitosan and its Application in Modified Membranes 

Chitosan (CS) is a hydrophilic polymer that can be used as a modifier to increase 

the hydrophilicity of the PVDF membrane (Musale, Kumar & Pleizier, 1999). Chitosan 

is obtained from chitin and it is the most widely-used derivative of chitin (CT) which 

is the second most abundant biopolymer in nature after cellulose. This means the 

application of chitosan is cheap and sustainable in the long term. Moreover, the 

properties of hydrophilic, non-toxic, biodegradable, antibacterial, and biocompatible 

enables chitosan to attract extensive attention being used as a great material for 

membrane-based technology in water treatment in recent years (Riaz Rajoka et al., 

2019). Figure 2.3 presents the molecular structure of chitin and chitosan. It can be seen 

that chitosan consists of a large proportion of amine and hydroxyl functionalities. 

Furthermore, it is challenging for chitosan to dissolve in neutral aquatic conditions. This 

means an integrated chitosan membrane is stable for water treatment after chitosan is 

coated on the membrane support.  
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Figure 2.3 Molecular structure of CT and CS (Anitha et al., 2014). 

 

Some researchers used physically cross-linked interaction to modify the 

membrane using chitosan. Boributh, Chanachai & Jiraratananon (2009) modified flat 

sheet PVDF membrane 0.22 µm pore size by filtering chitosan solution with three 

methods. They found that the membrane modified by a mixed flow scheme showed the 

best antifouling performance using a 2.5% (w/v) chitosan solution. While the high 

concentration of chitosan solution reduced the water flux of the modified membrane. 

This might be caused by the shrinkage of pore size despite the increase in hydrophilicity 

of the modified membrane. Chanachai, Meksup & Jiraratananon (2010) used chitosan 

to coat the 0.2 µm pore size hollow fiber PVDF membrane. The results demonstrated 

that the coating membrane with chitosan less than 2% (w/v) exhibited higher water flux. 

It can be claimed from these two studies that the water flux of chitosan modified 

membranes should depend on the concentration of chitosan solution and the properties 

of the PVDF membrane. Wang, Zhao & He (2016) applied the pressure-driven layer-

by-layer (LBL) assembly method based on the electrostatic interactions, forming a 

zwitterionic surface on a PVDF membrane. The anti-fouling and separation properties 

of this novel PVDF membrane were improved significantly. However, the decrease of 

permeate flux and instability of the zwitterionic surface need to be solved by further 

investigation. Table 2.1 presents additional properties of the membranes in the above 

studies. 
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Table 2.1 Examples of research studies on physical coating chitosan membranes. 

Material Characteristics Flux (LMH bar) References 

PVDF 0.22μm 

1% CS (50kDa) 

CA: 61.5 

PS: 162kDa 
165 

Boributh, Chanachai & 

Jiraratananon (2009) 

PVDF 0.2μm 

2% CS (50kDa) 
 133 

Chanachai, Meksup & 

Jiraratananon (2010)  

PVDF SA/Lysine 

1%CS 
CA: 35° 55 Wang, Zhao & He (2016) 

 

Some researchers applied a chemical casting method. Zhao et al. (2012) fabricated 

a novel UF medium including an ultrathin chitosan layer with great permeability. In his 

study, chitosan was crosslinked by glutaraldehyde in solution to adjust its aqueous 

resistance and was modified by terephthaloyl chloride to decrease the surface pore size. 

The composite nanofibrous UF membrane exhibited water flux with 70.5 LMH, and 

98.9% of BSA rejection at 2 bar. Kumar et al. (2013) blended PSF and chitosan to 

prepare PSF–CS UF membranes. Chitosan not only increased the hydrophilicity of the 

membrane but also acted as a pore former agent during phase inversion. It exhibited 

194 LMH of flux at 0.3 MPa with a 1% chitosan dosage. Table 2.2 presents additional 

properties of the membranes in the above studies. 

 

Table 2.2 Examples of research studies on chemical casting chitosan membranes. 

Material Characteristics Flux (LMH bar) References 

PVDF PET 

0.6-1%CS 
 35 Zhao et al. (2012) 

PSF  1%CS CA: 67° 65 Kumar et al. (2013) 

 

2.5 Graphene Oxide and its Application in Modified Membranes 

Graphene oxide (GO) is a 2-dimensional (2D) material found derivative material 
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of graphene that has received increasing research interest since 2004. In 2007, Dikin et 

al. (2007) used the MF membrane as the substrate and filtered GO solution through the 

substrate. The obtained X-ray diffraction (XRD) result confirmed that the GO laminar 

structure was formed on the MF substrate. In 2012, Nair et al. (2012) reported that GO 

membranes with laminar structure allowed the frictionless permeation of water 

molecules. In the GO laminar membrane, water molecules flow through interconnected 

nanochannels formed between GO nanosheets. The flow channel is a zigzag path 

(Hegab & Zou, 2015). Specifically, the frictionless permeation of water molecules 

between GO layers is associated with the non-oxidized regions which are hydrophobic 

regions of GO molecules. At the same time, the oxidized regions are hydrophilic 

regions of GO molecules. The hydrophilic regions strongly interact with water 

molecules by hydrogen bonding but retards the flow of water molecules. It can be 

conceived that the oxidized regions adsorb water molecules into GO layers and the non-

oxidized regions allows the frictionless permeation of adsorbed water molecules 

between GO layers (Xu et al., 2017). This means both the oxidized and non-oxidized 

regions are indispensable to allow water transport among GO layers. Figure 2.4 presents 

the scheme for theoretical water permeation through GO layers. Unlike traditional 

separation membranes applied in water treatment, which separate impurities from raw 

water as the water flows through the pores on the membrane surface, GO membranes 

rely on a nanoscale space between layers to filter impurities in water (Hu & Mi, 2014). 

Figure 2.5 shows that the separation capability of the GO membrane is tunable by 

adjusting the nanochannel size. 

 

Figure 2.4 The scheme for possible water permeation through GO layers (Nair et al., 

2012). 
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Figure 2.5 The separation capability of the GO membrane is tunable by adjusting the 

nanochannel size (Mi, 2014). 

 

Graphene oxide (GO) is a derivative of graphene. The material can have different 

properties as GO molecules consist of numerous oxygen-containing functional groups, 

including hydroxyl, carboxyl groups, carbonyl groups, and epoxide groups (Hung et al., 

2014). The high density of oxygen-containing functional groups can improve the anti-

fouling performance of the modified membranes by increasing their hydrophilicity (Liu 

et al., 2017). This makes GO substantially advantageous potential membrane material 

for application in water treatment. However, the instability of pure GO layers in the 

aqueous solution remains problematic, and previous studies have shown that GO layers 

can be easily damaged (even by a gentle finger touch) when in solutions (Yu, Yu & 

Graham, 2017). The reason for this is that GO molecules are negatively charged in the 

aqueous solution, and the electrostatic repulsion between GO molecules caused by the 

negative charge exceeds the attractive effects of van der Waals forces and hydrogen 

bonding, thus causing the GO layers to disintegrate (Yeh et al., 2015). To solve this 

problem, adjacent GO layers need to be connected firmly via some form of cross-

linking agent, so that the resulting composite GO membranes can be stable in aqueous 

solutions. 

Many researchers have explored how to enhance the stability of GO membranes 

in solutions. So far, the most widely applied solution is to use chemicals that have 

positive charges in solutions as cross-linking agents to connect negatively charged GO 

molecules. Polydopamine (Hu & Mi, 2013), Poly (ethyleneimine) (PEI) (Lu et al., 

2019), poly(allylamine hydrochloride) (PAH) (Oh et al. 2017; Hu & Mi 2014), 
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diamines (Hung et al. 2014; Jia et al. 2016; Zhang et al. 2016), and other chemicals 

containing metal cations (Na+, Mg2+, Ca2+, Al3+, and Fe3+) (Yu, Yu & Graham 2017; Liu 

et al. 2017; Liu et al. 2019a) have been used to stabilize GO layers and their 

performance in water treatment was explored. Among their studies, some interesting 

conclusions have been drawn. Hu & Mi (2013) proposed first that the GO membrane 

can be considered equivalent to a commercial NF membrane based on its performance 

combining flux and substrate retention effectiveness. Hung et al. (2014) found that the 

interlayer spacing of three diamines crosslinked GO membranes were different. The 

diamine monomer with a higher MW exhibited a larger interlayer spacing in the 

fabricated GO membranes. This phenomenon was not only observed in organic cross-

linking agents. Yu, Yu & Graham (2017) and Liu et al. (2017) found similar 

experimental phenomena when they used inorganic metal ions as the cross-linking 

agents. They reported that a larger ion radius of the metal ion could lead to a larger 

interlayer spacing of the fabricated GO membranes. 

2.5.1 Chitosan and Graphene Oxide Applications in Modified Membranes 

As discussed in section 2.5, GO nanosheet is not stable in the aqueous solution, 

they can be stabilized by the incorporation of polyelectrolytes. Under the acidic 

condition, CS molecules are positively charged through the protonation of amine 

functional groups. This means CS can act as a cation polyelectrolyte to stabilize GO 

nanosheets via electrostatic interaction. Thus, GO together with CS should be stable in 

the aqueous solution. Salehi, Rastgar & Shakeri (2017) studied GO physically modified 

with CS. They applied the LBL assembly of positively charged CS molecules and 

negatively charged GO nanosheets to fabricate a novel forward osmosis membrane on 

a porous support layer. The results showed that the CS-GO membrane exhibited a 

higher flux and better anti-fouling properties compared with the thin-film composite 

membrane. This study demonstrated the attractive potential of applying CS and GO into 

membrane modification for water treatment. Other researchers have studied GO 

chemically modified with CS. GO/CS nanoparticles were extracted from GO/CS 
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solution with acetic acid and DI water, and then mixed GO/CS nanoparticles were 

mixed with polymers in the casting solution (Xue et al., 2018; Bagheripour et al., 2018). 

Both studies successfully fabricated GO/CS membranes with higher hydrophilicity and 

better anti-fouling performance filtering BSA solution. GO/CS/PVA nanofibrous 

membranes were fabricated via electrospinning exhibiting better antibacterial 

properties (Yang et al., 2018).  

2.5.2 Comparison of Modification Methods  

Two approaches have been applied to cross-link GO with CS, namely physical 

modification and chemical modification. Chemical modification tends to involve 

specific phase inversion or electrospinning devices. It always takes dozens of times 

longer than physical modification. As was discussed in section 2.2.2.3, the chemical 

modification method always requires caustic chemicals or special equipment. This 

confines its large-scale applications. Therefore, this study focused on the physical 

modification method using CS to cross-link GO. Generally, using CS to cross-link GO 

can be classified into two categories. One is to apply layer-by-layer (LBL) assembly 

alternatively coating GO or CS solution on the membrane support. The other category 

is to mix CS-GO in solution, and then filtering the CS-GO solution through the 

membrane substrate. 

LBL assembly has been widely applied to realize the modification. LBL 

technology was first proposed in 1966 and was conducted by immersing the substrate 

in colloidal particles with opposite charges. Immersive LBL assembly is to fabricate 

composite GO membranes. It is typically carried out by immersing the substrate into 

the desired solution of a particular concentration that is then washed to remove unbound 

or unabsorbed materials (Zhang et al., 2019). However, there are several uncontrollable 

aspects identified by some researchers conducting the LBL assembly. The underlying 

adsorption mechanism can lead to a random deposition during the assembly of each 

layer (Zhang et al., 2019). This means the solution concentration, temperature, 

adsorption, and cleaning time have a significant impact on the quality of the composite 
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membranes obtained from the LBL assembly. In addition, the relationship between the 

flux and the number of layers remains controversial. Hu & Mi (2014) demonstrated that 

the permeability and separation of the PAH-GO membranes did not show a good 

correlation with the number of PAH-GO layers. By contrast, Wang et al. (2016) found 

that the permeability of the GO-based membranes increased linearly with an increase 

in the number of layers, but the separation reached the peak value with two layers. 

Moreover, the stability of composite membranes obtained by the LBL method might 

not be as effective as it was assumed. Oh et al. (2017) reported that the charge 

interaction between PAH and GO weakened under high ionic strength, which led to the 

swelling of the membrane in the solution. Furthermore, the immersive LBL assembly 

usually requires substantially more material than other technologies, particularly for 

immersing large-scale membrane support material into the desired solutions because 

the waste should be crucial. Composite membranes are typically immersed in adsorbate 

concentrations of several mg per ml (Hu & Mi 2014; Wang et al. 2016; Salehi, Rastgar, 

and Shakeri 2017). These concentrations are much higher than that required to reach 

the maximum/plateau of the adsorption isotherm because this excess is used to ensure 

that the solutions do not become depleted during the fabrication. 

Applying cross-linking agents to connect GO nanosheets in the solution can also 

be an approach to enhance the stability of GO-based membranes. The use of metal ions, 

amines, amino acids, etc. has been reported in the fabrication of GO composite 

membranes. The mixing of the cross-linking agents with GO in the solution, applying 

pressure to deposit GO on membrane support represents a facile strategy to fabricate 

the composite GO membranes. CS is a potential cross-linking agent since it is positively 

charged in acidic solutions. In addition, three different types of bonds between amine 

groups and GO nanosheets can be formed, namely hydrogen-bonding between the 

oxygen-containing groups of GO and amine groups of CS, ionic bonding between 

protonated amine groups with carboxyl groups of GO flakes, and covalent bonding 

between the amine and the oxygen-containing groups of GO (Hung et al., 2014). From 

the literature to-date, CS has never been used to crosslink GO in the solution before 

filtering the mixtures through the membrane substrates to fabricate the CS-GO 
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composite membrane. 

2.6 Gravity-driven Filtration (GDF) 

2.6.1 Problems and Solutions of Safe Water Use in Developing Countries 

World Health Organization (WHO) stated that 5.3 billion people were with access 

to safe drinking water while the remaining 2.2 billion people were without this access 

in 2017. The definition of access to safe drinking water means a water source is located 

on-premise, available when needed, and free from contamination. It can be seen from 

Figure 2.6 that the absolute value of the population without access to safe drinking 

water has been stabilized by more than 2 billion since 2000. It is widely acknowledged 

that most of this population lives in rural areas in developing countries (Peter-Varbanets 

et al., 2009).  

 

 

Figure 2.6 World population with and without access to safe drinking water from 

2000 to 2015 (Our world in data). 

 

Different from developed countries, the economies of scale generally do not exist 
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in rural community systems in developing countries. Therefore, decentralized water 

treatment systems are believed as the only solution to improve the safe use of water 

obtained from unsafe sources (Peter-Varbanets et al., 2009). Microbial pollutants 

should be the greatest obstacle to water safety in developing countries. It is claimed that 

most of the 1.7 million deaths caused by infectious diarrhea were due to the use of 

unsafe water sources, and 90% of them are children, almost all in developing countries 

(Ashbolt, 2004). Generally, there are three technologies to improve the quality of unsafe 

water sources before they are used in developing countries. The first one is heat and 

UV-based technology. However, this technology either requires fuels or electricity to 

drive, which tends to be not applicable in developing countries. The second one is 

chemical treatment technology. However, the chlorine-containing disinfectant might 

lead to taste and odor problems which decreased its social acceptance in developing 

countries (Murcott, 2005). The third one is physical removal technology. However, 

slow sand filtrations exhibited limited removal of pathogens (Lantagne, Quick & Mintz, 

2011). It seems that membrane-based technology (MF, UF, NF, and RO) could be a 

potential option. For the technology applied in developing countries, a list of 

requirements should be met which includes removal of pathogens, low costs, simplicity 

of maintenance, and independence of operation. Considering that microfiltration (MF) 

technology only provides partial protection from pathogens, and nanofiltration (NF) or 

reverse osmosis (RO) requires a high demand for energy input. In comparison to all 

technologies discussed above, the UF membrane operated under the gravity-driven 

filtration (GDF) arrangement could be an ideal option to solve the problem occurring 

in developing countries. Frechen et al. (2011) compared the bacteria removal efficiency 

of two membrane modules under GDF. They stated that the bacteria removal efficiency 

of 100 nm pore size membrane was as good as 20 nm pore size membrane. This meant 

the quality of permeate after above membrane modules was consistent to the German 

drinking water ordinance in regard to microbial exigencies. 
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2.6.2 A GDF Project Operated in Uganda 

Peter-Varbanets (2017) introduced a membrane-based project on gravity-driven 

filtration (GDF) for drinking water treatment operated in Uganda. Figure 2.7 presents 

the whole GDF project. The project employed a flat sheet UF membrane with a pore 

size of 20-40 nm. After more than a one-year operation, three separate GDF systems 

exhibited a stable flux in the range of 3.0-11.6 LMH under 0.075-0.1 bar pressure. The 

water treated by these systems was free for local schools and was sold to the 

communities either for 0.026 EUR per jerry can or 0.86 EUR per month. It was claimed 

that a household had an average disposable income of 5.10 EUR available per week. 

This means the expenditure on drinking water should be less than 4% of the local 

household disposable income. In addition, approximately 60% of households said that 

they have bought water from the water kiosk for daily drinking. The unsafe use of water 

collected from the lake for drinking has declined from more than 70% to approximately 

30% in one year. Meanwhile, diarrhea incidence of adults and children younger than 5-

year old decreased from 19% to 6% and from 35% to 14%, respectively. This operating 

project in Uganda confirms the feasibility and effectiveness of the GDF arrangement 

employing UF membrane which can solve the unsafe use of water in developing 

countries. 

 

Figure 2.7 The GDF project operated in Uganda (Peter-Varbanets, 2017). 

 

2.6.3 Research Progress in GDF 

Gravity-driven filtration (GDF) for membrane-based technology has been studied 

since the late 2000s (Pronk et al., 2019). GDF was considered to be promising when 
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being applied for household drinking water treatment in rural community systems in 

developing countries (Peter-Varbanets et al., 2009). This process applies 0.04-0.1 bar 

transmembrane pressure into the dead-end UF system without washing. It was reported 

that the flux stabilized between 2 to 10 LMH (Pronk et al., 2019). The basic 

arrangement of GDF with the dead-end membrane is shown in Figure 2.8. Previous 

studies focused on the stabilization of flux (Peter-Varbanets et al., 2010), the structure 

of the formed biofilm (Derlon et al. 2013, Derlon et al. 2014), and the fouling 

mechanism and characterization (Wang et al., 2017) of commercial unmodified 

membranes in GDF arrangement. It was inferred that the effect of the increase of the 

thickness of the biofilm was counteracted by the increase of the heterogeneity of the 

biofilm (Peter-Varbanets et al., 2010). This combination of effects may be the reason 

for the phenomena of flux stabilization observed in GDF studies. In addition, the 

concept of critical flux was first proposed in 1995 (Field et al., 1995). It was surmised 

that a cake layer with different structure might form below the critical flux. Therefore, 

apart from the dynamic equilibrium of biofilm, the critical flux might also explain the 

phenomena of flux stabilization. 

Pronk et al. (2019) qualitatively compared the cost of the GDF versus conventional 

UF under 3 different application scenarios, namely household scenario (20-50 L/day), 

treatment for small community (1-10 m3/day), and full-scale scenario (more than 100 

m3/day). The cost balance might depend on many factors which are locally determined, 

such as the energy price and the labor cost. They still concluded that the GDF should 

exhibit great competitiveness and potential for household level to small community 

level application scenarios. 

GDF is operated under the continuous-flow scheme which is different from the 

short-term filtration scheme using the dead-end cell. It is worthwhile to study both the 

short-term and the long-term filtration performance of modified membranes. From the 

literature to-date, the long-term filtration performance of CS-coated membranes has 

never been studied under the GDF arrangement. 
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Figure 2.8 A schematic diagram to demonstrate the structure and working principle of 

GDF (Pronk et al., 2019). 

2.7 Summary 

The application status of membrane-based technology and its research status has 

been reviewed. In the research status section, the mechanism of the membrane fouling 

mechanism and three control methods of membrane fouling were emphasized. After 

summarizing the studies up to date, membrane modification is considered to be the 

most promising research direction of controlling membrane fouling in this study. A 

preliminary introduction of PVDF membranes and their modification were included. 

Then, two selected novel materials for membrane modification, namely CS and GO, 

were introduced. Two modification methods were compared for cross-linking GO with 

CS. Finally, the GDF arrangement was introduced because it can solve the unsafe use 

of water in developing countries and the long-term filtration performance of the PVDF-

CS membrane is worthy to be studied. The main content detailed in Chapter 2 can be 

summarized as follows:  

1) In the recent two decades, UF membrane-based technology has witnessed 

substantial development, and its applications have been expanding in a wide variety of 
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fields, especially in water treatment. However, membrane fouling has seriously 

hindered the development of UF membrane-based technology. 

2) Cleaning, pre-treatment, and modification are listed in the top three research 

themes in terms of the number of total publications in UF membrane fouling studies.  

3) Considering the research progress of the pre-treatment of raw water, membrane 

cleaning, and the fact that the core of the UF membrane-based technology is the UF 

membrane, UF membrane modification is considered to be the most promising research 

direction of controlling membrane fouling. Therefore, this study focuses on membrane 

modification. 

4) PVDF membranes were used as membrane substrates in this study. CS alone or 

GO crosslinked with CS was introduced to physically modify PVDF membranes in this 

study. Employing CS to crosslink GO nanosheets in solution was chosen to investigate 

the filtration performance of composite PVDF CS-GO membranes. 

5) GDF arrangement exhibited great potential to solve the unsafe use of water in 

developing countries. Therefore, it is worthy to evaluate the long-term filtration 

performance of the PVDF-CS membrane under the operation of the GDF arrangement.     
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Chapter 3 Materials and Methods 

3.1 Introduction 

This chapter is divided into four sections: experimental materials, experimental 

apparatus, membrane fabrication methods, and experimental analysis methods. The 

experimental materials section introduces the flat sheet UF membrane, and the primary 

experimental reagents and solutions, which were used throughout the experimental 

program. The experimental apparatus section indicates the schematic diagrams of both 

the dead-end and continuous-flow filtration processes under different feed water and 

different operating modes. The membrane fabrication methods section demonstrates the 

steps of membrane fabrication including PVDF-CS membranes and PVDF CS-GO 

membranes. The experimental analysis method section briefly shows the basic 

principles and operating procedures of various water quality analysis methods used in 

the experiment, various membrane characterization analysis methods, and the related 

essential characterization of different physical and chemical characteristics.  

3.2 Experimental Materials 

3.2.1 Membranes 

Flat sheet PVDF UF membranes with a nominal 100kDa molecular weight cutoff 

and 76 mm in diameter were purchased from Ande membrane separation technology & 

engineering (Beijing) Co., Ltd, China. Prior to use, each virgin PVDF membrane was 

soaked in DI water for at least 24 h to remove impurities and production residues. Then, 

the soaked virgin PVDF membrane was placed in a commercial cell (Amicon 8400, 

Milli-pore) and pre-conditioned by filtering 500 ml DI water. The DI water flux of the 

virgin PVDF membrane was recorded. The DOC and pH values of the filtrate were 

measured until they were identical to DI water. This was to ensure that the impurities 

and production residues were all removed. Also, the variation of the DI water flux was 
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noticed for different pieces of membranes. Therefore, the membrane with the DI water 

flux in a range of 320±40 LMH was selected for further membrane fabrication. 

Flat sheet cellulose acetate microfiltration membranes with 0.45 μm pore size were 

used as pre-filtration for raw surface water samples and water quality analysis including 

TOC, UV-visible absorbance, and SEC. 

3.2.2 Chemicals, Reagents, Solutions, and Surface Waters 

3.2.2.1 Chemicals and Reagents 

Acetic acid glacial (99%, Honeywell Fluka) was diluted and used to dissolve 

chitosan powder. Methanol (HPLC grade, VWR Chemicals) was used to flush and clean 

the size exclusion chromatography (SEC) with the UV detection system. Ethanol (99%, 

Honeywell Fluka) was used to wash fabricated membranes. Hydrochloric acid (37%, 

VWR Chemicals) and sodium hydroxide (VWR Chemicals) were used to adjust the pH 

of different solutions. Sodium acetate (HPLC grade, Sigma-Aldrich, USA) was used to 

prepare the mobile phase solution for SEC-UV254. Polystyrene sulfonic acid sodium 

salt (PSS) standards (Sigma-Aldrich, USA) of molecular weights 1000, 4300, 10000, 

21000, 77000, 150000 Da and acetone (HPLC grade, VWR Chemicals) were employed 

to calibrate the relationship between compound molecular weight and the peak retention 

time. Potassium chloride (VWR Chemicals) was used for flushing and cleaning the 

SurPass 3 (Anton Paar, Germany) system. H2SO4, NaNO3, and KMnO4 purchased from 

VWR chemicals were used to prepare graphene oxide (GO).  

Chitosan (CS), with three different MWs, namely, low MW in the range of 50k-

190kDa (LMW), medium MW in the range of 100k-300kDa (MMW), and high MW in 

the range of 600k-800kDa (HMW) (Acros organics, UK), were used. GO was prepared 

using the modified Hummers method (Gilje et al., 2008; Liu et al., 2019a).  

3.2.2.2 Solutions 

Bovine serum albumin (BSA, Sigma-Aldrich, USA), sodium alginate (SA, A18565, 
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Alfa Aesar, UK) and humic acid sodium salt (HA, Sigma-Aldrich, USA) were used as 

representatives of, proteins, polysaccharides, and humic substances, respectively. To 

prepare the BSA and SA stock solutions, 1 g of either BSA or SA was dissolved in 100 

mL DI water, respectively, giving a concentration of 10 g/L. To prepare the HA stock 

solution, 1 g of HA and 0.1g sodium hydroxide were added to 100 mL DI water to make 

a corresponding HA stock solution of 10 g/L. All three stock solutions were stored in 

the dark at 4 oC and were used within 2 weeks. The membrane fouling was studied 

using 10 mg/L solutions of BSA, SA, and HA solutions, in which the stock solutions 

were diluted in DI water with 5 mM NaHCO3, to simulate background ions and 

buffering in surface water. The pH of the final solution was adjusted and maintained at 

7.0±0.05 by adding either 0.1 M NaOH or 0.1 M HCl solutions (Yu et al., 2018). The 

10 mg/L HA solution was pre-filtered by 0.45 µm filters (Whatman, UK) to remove any 

undissolved HA.  

3.2.2.3 Surface Waters 

Samples of surface waters were obtained from both London and Beijing. The 

surface water in London was collected from a lake in Hyde Park. The lake is of 

moderate quality with of DOC of more than 6 mg/L. The surface water samples in 

Beijing were collected from the Jingmi (JM) River, the lake in the Olympic Park (OP) 

and the Qing River. The JM River and the Qing River are two of the sources of drinking 

water for Beijing residents with a DOC of approximately 3 and 8 mg/L, respectively. 

The lake in OP is of moderate quality with a DOC of more than 8 mg/L. These surface 

waters were pre-filtered by 0.45 µm filters (Whatman, UK) before being filtered by 

PVDF, PVDF-CS and CS-GO membranes using a bench-scale dead-end cell filtration 

unit (see next section). For the gravity-driven membrane filtration tests, the Qing River 

water samples were pre-filtered by medical gauze to remove insoluble particulate 

matters.  
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3.3 Experimental Apparatus 

3.3.1 Short-term Dead-end Filtration 

 

Figure 3.1 Schematic of the dead-end membrane assembly. 

 

Figure 3.1 shows a schematic diagram of the short-term dead-end filtration 

arrangement. Dead-end flow experiments were undertaken using flat sheet, 76 mm 

diameter membranes in the Amicon 8400 membrane module with a constant upstream 

pressure (1 bar for the fouling study of PVDF-CS membranes, and 4 bar for the fouling 

study of CS-GO membranes) under nitrogen gas. Prior to use, all the membranes were 

filtered with DI water until the DOC and pH values of the filtrate were identical to DI 

water. This was to ensure that both virgin and modified membranes had no organic 

matter residuum.   

Membrane fouling of the PVDF, PVDF-CS, and PVDF CS-GO membranes was 

evaluated by the variation of flux with filtration time at constant 1 bar or 4 bar applied 

pressure. The detailed procedure for the PVDF and PVDF-CS membrane tests were as 

follows: 1) 300 mL solution (representative NOM substances or surface water samples) 

was filtered by either PVDF membrane or PVDF-CS membrane; 2) the membrane was 

reversed and washed by DI water (30 mL) at 1 bar (backwash); 3) after the backwash, 
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the membrane was reversed again to the original side and then filtered with 300 mL 

water samples at 1 bar (Yu, Zhang & Graham, 2017). Steps 2) and 3) were repeated one 

more time. In comparison, the detailed procedures for CS-GO membranes were as 

follows: 1) 50 mL model solution (representative NOM solutions or surface water 

samples) was filtered by different CS-GO membranes; 2) the membrane was ultrasound 

treated for 3 minutes and rinsed with 10 mL DI water; 3) after washing, the same 

filtration procedure as step 1) was conducted (Liu et al., 2017). In some cases, a further 

10 mL solution was employed to verify the anti-fouling properties and the stability of 

CS-GO membranes.   

3.3.2 Long-term (continuous-flow) Gravity-driven Filtration (GDF) 

Figure 3.2 shows a schematic diagram of the long-term continuous-flow gravity-

driven filtration (GDF) experimental arrangement. The operating parameters of this 

GDF are listed in Table 3.1. Two sets of parallel experiments were designed, including 

two virgin PVDF membranes and two PVDF-CS membranes for duplicate study. PVDF 

membrane modules and PVDF-CS membrane modules were employed and operated 

under the different hydraulic head. The hydraulic head of PVDF membranes was 

approximately 0.30 m (30 mbar) while the hydraulic head of PVDF-CS membranes was 

2 m (200 mbar). This design was to make the initial flux of the two parallel membranes 

approximately identical. In this way, the investigation of the membrane fouling trend 

was different from the 1 bar applied pressure mode in the short-term filtration section. 

The operation arrangement in this section is closer to the engineering applications 

because this arrangement pays attention to the water production throughout the 

operation time. 

The membrane flux and different hydraulic resistances were derived from the mass 

of water collection after the membrane filtration. The following equations were 

employed to calculate the membrane flux (J, LMH) and different hydraulic resistances 

(R, m-1) (Peter-Varbanets et al., 2010). 

J = 
∆𝑚

𝐴∗∆𝑡
                             (1) 
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∆𝑚 is the mass of the collected water (kg), A is the area of the membrane (m2), ∆𝑡 is 

the time interval between water collection (h).  

Rt = 
∆𝑃

𝜇∗𝐽
                              (2) 

Rb = Rt – Rm                           (3) 

∆P is the transmembrane pressure (Pa) and it equals the hydraulic head in this GDF 

arrangement. 𝜇 is the dynamic viscosity of water at a given temperature (Pa·s). Rt is 

the total hydraulic resistance of the fouled membrane. Rm is the intrinsic resistance of 

the virgin membrane measured with DI water. Rb is the bio-fouling layer hydraulic 

resistance of the fouled membrane. 

 

Figure 3.2 Schematic presentation of the continuous-flow GDF system. 

 

Table 3.1 Operating parameters of GDF 

Operating Parameters Value 

Hydraulic Head PVDF: 0.3 m; PVDF-CS: 2.0 m 

Flowrate (Q) Initial: 0.32 L/d 

Run time 30 days 

Membrane area (cm2) 19.64 
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3.4 Membrane Fabrication Methods 

3.4.1 Fabrication of PVDF-CS Membranes 

20 mg CS was dissolved in 200 g 2 wt% aqueous acetic solution to obtain the CS 

solution with a mass concentration of 0.01 wt% (100 mg/L). Three types of CS with 

three different MW were prepared in the same way, namely low molecular weight 

(LMW), medium molecular weight (MMW), and high molecular weight (HMW). Three 

types of CS solutions were then produced: L-CS, M-CS, and H-CS. The procedure of 

fabricating PVDF-CS membranes was as follows. Firstly, 10 g 0.01% wt chitosan 

solution was filtered under 4-bar pressure to minimize the adsorption of chitosan on the 

membrane. Then, the modified membranes after filtration were removed from the 

membrane module and dried by annealing in an oven at 60oC for 45 min. After that, the 

modified membrane was neutralized by filtering 100 ml DI water and 100 ml 0.01M 

NaOH. This step was to ensure that all chitosan acetate in acidic conditions was 

converted to chitosan (Boributh, Chanachai & Jiraratananon, 2009; Wang & Spencer, 

1998). Then, the modified membrane was cleaned by filtering 100 ml DI mixed with 

20 ml 50%v ethanol/water solution to remove NaOH residuum. Finally, the modified 

membrane was washed with 200 ml DI water to remove the ethanol residuum. Prior to 

the membrane fouling study, the membrane was dried at room temperature overnight. 

3.4.2 Fabrication of PVDF CS-GO Membranes 

The virgin PVDF membrane mentioned above was used as the support layer of the 

PVDF CS-GO membrane. Firstly, GO was mixed in 50 ml DI water at a concentration 

of 20 mg/L. Secondly, either 2 ml or 5 ml 0.01% wt CS solution (LMW, MMW, or 

HMW) dissolved in 50 ml 2% wt acetic acid was added as the cross-linking agent to 50 

ml GO solution. Thus, three suspensions were then produced for each of the CS MW 

sizes: (LCS-GO, MCS-GO, and HCS-GO), and at two CS-GO mass ratios (0.2:1 and 

0.5:1). Each of these suspensions was loaded on to the PVDF support through 4-bar 
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pressure-driven filtration. Finally, residual CS and acetic acid were removed from the 

fabricated CS-GO membranes by washing and filtering DI water until the DOC and pH 

values of the filtrate were identical to DI water. Prior to use, the pure water flux of 

fabricated membranes was recorded by filtering 50 ml DI water. 

3.5 Experimental Analysis 

3.5.1 Basic Analytical Methods 

The pH and conductivity values of various solutions and surface waters were 

measured by pH meter (FE28, METTLER TOLEDO, China) and conductivity meter 

(FD38, METTLER TOLEDO, China), respectively. Accurate weighing to prepare 

various solutions was achieved by digital balance (AX523ZH, OHAUS, USA) with 

0.01 mg accuracy.  

3.5.2 Characterization of GO Nanosheets 

The physical and chemical properties of GO nanosheets were evaluated by a range 

of analytical methods. These results verified the existence of fabricated GO nanosheets 

and demonstrated the properties of GO nanosheet as a lamellar material.  

Raman spectroscopy (Renishaw, inVia, U.K.) was used to analyze the composition 

of chemical groups of GO sheets. Raman spectroscopy demonstrated the vibrational, 

rotational, and other states in the GO molecular system. This spectroscopy also 

identified the relative abundance of the different functional groups. The scan range of 

Raman spectroscopy was 300-3000 cm-1. Fourier transform infrared spectroscopy 

(FTIR, BRUKER, ALPHA-P) was also used to identify the presence of oxygen-

containing functional groups and other chemical bonds in the GO molecular system. 

The scan range of FTIR spectroscopy was 500-4000cm-1. Each spectrum was collected 

by accumulating 32 scans at a resolution of 4 cm−1. In principle, Raman spectra focus 

on the scattering of light by vibrating GO molecules, while FTIR spectra focus on the 

absorption of light by vibrating GO molecules. These two types of spectroscopy were 
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complementary in terms of elaborating on the chemical groups in the GO molecular 

system.  

X-ray diffraction (XRD, Rigaku UltimaIV, Cu Kα radiation, 45 kV, 50 mA, Japan) 

was used to determine the interlayer spacing of GO sheets. GO powder was evenly put 

in the centre of the sample disk which was used to place the membrane. The sample 

disk was fixed with the clip under the detector. The parameter for measurement, 2θ, 

was set between 5 to 30 degrees before detecting GO nanosheets. According to Bragg's 

Law (2dsinθ=nλ), 2θ can be converted into interlayer spacing d. 

A UV Probe Ultraviolet Spectrophotometer (Shimadzu, Japan; 10 mm quartz cell 

path) was used to measure the absorption properties of the GO solution rather than GO 

powder with a scan mode in the range of 200–800 nm. DI water (as reference/control) 

and GO solution were added into two cuvettes and scanned from 200 to 800 nm.  

3.5.3 Characterization of Membranes 

The physical and chemical properties of the various membranes were evaluated 

by a range of analytical methods. The results also enabled the interpretation of 

membrane performance. 

FTIR was used to identify the presence of oxygen-containing functional groups 

and other chemical bonds in various membranes. An identical area of various 

membranes was cut and the active layer of membrane rather than the support layer was 

in contact with the detector.   

XRD analysis was used to determine the interlayer spacing of PVDF GO and 

PVDF CS-GO membranes. A 1.5 cm × 1.5 cm area of different membranes were cut 

and put in the centre of the sample disk which was used to place the membrane. The 

sample disk was fixed with the clip under the detector. The parameter for measurement, 

2θ, was set between 5 to 20 degrees before detecting various membranes (Liu et al., 

2017). According to Bragg's Law (2dsinθ=nλ), 2θ can be converted into interlayer 

spacing d. 

The surface charge property of various membranes was analyzed by determining 
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the zeta potential (ζ) using a solid ζ-potential analyzer (SurPASS 3, Anton Paar, 

Germany), and all tests were performed under neutral pH. 1 mM KCl solution was used 

as the electrolyte solution to measure the streaming potential of the membrane surface. 

Prior to operation, the pH and conductivity probe of this analyzer were calibrated. The 

pH of the system was calibrated with standard samples purchased from Honeywell 

Fluka. The conductivity was calibrated using the 0.1 M KCl solution. The identical area 

of various membranes was cut into two 2 cm × 1 cm strips. These two strips were 

affixed to two clamping cells. Then the two clamping cells together with some screw 

spikes were assembled and fixed into the equipment. Following this, the pH of the 

solution system was adjusted to 7.0 with 2 mM HCl or NaOH by the software control 

panel. The gap between the two membranes in the clamping cells was adjusted to lie 

between 95 and 105 µm. The membrane ζ was determined three times in each case, and 

the mean value was used in the subsequent discussion. 

The hydrophilicity of various membranes was quantified in terms of the surface 

contact angle, with measurements made using an optical contact angle instrument 

(WCA, OCA15EC, Dataphysics, Germany) at 25oC. The principle of this instrument is 

based on the sessile drop method. The images of the water drop formed on the sample 

surface can be recorded and used to calculate the contact angle later. Prior to operation, 

the brightness and contrast under the lens were adjusted. Then, 2 µL DI water was 

dispensed at least three times for volume calibration. Membrane samples were dried at 

room temperature and cut into a strip shape of 5 cm × 2 cm dimensions for measurement. 

Double-sided tape was used to affix the membranes flat to the glass slide, with the active 

layer of the membranes facing upwards. 2 µL DI water was dropped on the surface of 

the membranes using the needle of the instrument. The contact angle was calculated by 

the software of the instrument and images of DI water contact with the membrane 

samples were recorded. Each sample was tested at 5 different locations, and the average 

value was taken to represent the water contact angle (CA) for the membranes. 

X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific, 

America) was used to identify the relative abundance of the different functional groups 

of the PVDF GO membranes and the PVDF CS-GO membranes. In this study, the peaks 
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of C=O/COO at 288.2 eV, C-O-C at 286.7 eV, C-O/C-N at 285.6 eV, and C-C/C=C at 

284.6 eV were used to reflect the reaction between CS and GO (Liu et al., 2017). 

Scanning electron microscopy (SEM, QUANTA FEG 250, FEI, USA) provided 

microscopic images of membrane samples, after being sputter-coated with aurum on 

the surface and cross-section of samples, while the presence and distribution of chitosan 

in the PVDF-CS membrane were mapped using energy-dispersive X-ray spectroscopy 

(EDX, X-Max, Oxford Instruments, UK).  

The membranes collected after the 30-day operation of GDF was cut into 1 cm × 

3 cm strip for the measurement of the content of polysaccharides and proteins 

accumulated on the membrane. 0.01 M NaOH was used for the extraction of the 

accumulated organic matter on the membranes, and the membranes were soaked for 24 

h at 20oC in the NaOH solution according to the method used and described by many 

researchers (Kimura, Naruse & Watanabe, 2009; Liu et al., 2011).  

The surface of the fouled membrane was stained with fluorescently labelled probes 

with different excitation and emission spectra to visualize the distribution of cells, 

polysaccharides, and proteins by confocal laser scanning microscopy (CLSM; TCS SP5, 

Leica, Germany).   

3.5.4 Analysis of Water Quality and Solutions 

The concentration of non-purgeable dissolved organic carbon (NPDOC) in surface 

waters and representative NOM solutions was determined by a total organic carbon 

analyzer (TOC-Vws, Shimadzu, Japan). The samples before and after membrane 

treatment were filtered by 0.45 µm membrane filter (Whatman, UK), acidified with 

ortho-phosphoric acid, and then sparged with high purity (zero-grade) nitrogen before 

analysis by the TOC instrument. The solution was analyzed three times in order to 

determine the mean value. 

The absorption of light by an aqueous sample at ultraviolet wavelengths, such as 

254 nm, is believed to be caused by aromatic compounds and other organic substances 

with unsaturated bonds. A full scan in the range of 200–800 nm can show differences 
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in the presence and quantity of dissolved chemical species between samples. In this 

study, measurements were recorded for samples before and after membrane treatment, 

after filtration by 0.45 µm membrane filter (Whatman, UK), at both 254 nm (UV) and 

over a full scan in the range of 200-800 nm, using a UV Probe Ultraviolet 

Spectrophotometer (Shimadzu, Japan, 10 mm quartz cell path). Also, the concentration 

of HA substances is believed to have a linear relation with the absorption of light at 254 

nm. Therefore, UV254 can be used to determine the concentration of HA substances and 

evaluate the removal efficiency of membranes apart from the TOC measurement.  

The zeta potential of aqueous samples was investigated by a zeta potential analyzer 

(ZS90, Malvern, UK). The zeta potential of LMW, MMW, and HMW CS solutions at 

different pH values, and of various CS-GO solutions, ranging from CS: GO = 1:100 to 

1:2, were measured.  

Size exclusion chromatography (SEC) with UV detection can be applied to 

quantify the molecular weight distribution of heterogeneous, UV absorbing organic 

matter, such as that present in BSA and HA solutions, and real surface water samples. 

Thus, SEC was used to determine the MW distribution of UV-active substances in the 

samples both before and after membrane treatment. Before SEC analysis, the samples 

were pre-filtered by a 0.45 µm membrane filter (Whatman, UK). High-performance 

SEC (HPSEC) was performed using an HPLC system (Perkin Elmer, USA) equipped 

with the following components: a BIOSEP-SEC-S3000 column (Phenomenex, UK) 

(7.8mm×300mm), together with a Security Guard column fixed with a GFC-3000 disc 

4mm (ID), a Series 200 pump, a UV/VIS detector operated at a wavelength λ=254/280 

nm and auto-sampler. A solution of 10 mM sodium acetate (Aldrich, USA) was used as 

the mobile phase with the flow rate set at 1 ml/min, and the injection volume of water 

samples was 100 μL (Yu et al., 2014). Prior to operation, HPLC water was purged at a 

volumetric flow rate of 1 ml/min to remove methanol and any residual in the system. 

Then, the mobile phase was purged at a volumetric flow rate of 2 ml/min to adapt the 

column and stabilize the pressure in the system. Polystyrene sulfonic acid sodium salt 

(PSS) standards (Sigma-Aldrich, USA) and acetone (HPLC grade, VWR Chemicals) 

were employed to calibrate the relationship between compound molecular weight and 
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the peak retention time. After each use, HPLC water was purged at a volumetric flow 

rate of 1 ml/min to remove any residual in the system for at least 30 min. Then, 10% 

methanol mixed with HPLC water was purged into the system to maintain an 

antibacterial environment.  

3.5.5 Characteristics of Feed Solutions 

The TOC and zeta potential values of 10 mg/L BSA, SA, and HA solutions were 

measured, and the results are summarized in Figure 3.3. The zeta potential values of 10 

mg/L BSA, SA, and HA solutions were -12.33±1.28 mV, -16.33±1.37 mV, and -

26.27±1.83 mV. The TOC values of 10 mg/L BSA, SA, and HA solutions were 

3.36±0.09 mg/L, 3.70±0.13 mg/L, and 3.86±0.11 mg/L. The above results were 

substantially the same as those reported in a previous study (Yu, Zhang & Graham, 

2017). The characteristics of the water samples of the JM River, OP Lake, and Qing 

River are listed in Table 3.2 to 3.4.  

 

Figure 3.3 The zeta potential and TOC of 10 mg/L BSA, SA, and HA solutions. 

 

 

 

BSA SA HA

3.0

3.2

3.4

3.6

3.8

4.0  TOC

 Zeta potential

T
O

C
 (

m
g

/L
)

-30

-25

-20

-15

-10

-5

0

Z
e
ta

 p
o

te
n

ti
a
l 

(m
V

)



63 
 

Table 3.2 Water quality parameters of the surface water from the JM River. 

TOC 

(mg/L) 

UV254 

（cm-1） 

SUVA 

(m-1mg-1L) 
pH 

Conductivity 

(μs/cm) 

Zeta potential 

(mV) 

2.66±0.11 0.024±0.01 0.90±0.06 7.06±0.12 210.2±15.2 -15.17±0.29 

 

Table 3.3 Water quality parameters of the surface water from OP Lake. 

TOC 

(mg/L) 

UV254 

（cm-1） 

SUVA 

(m-1mg-1L) 
pH 

Conductivity 

(μS/cm) 

Zeta potential 

(mV) 

8.20±0.21 0.105±0.03 1.28±0.07 7.59±0.11 656.35±35.2 -13.75±0.39 

 

Table 3.4 Water quality parameters of the surface water from the Qing River. 

TOC 

(mg/L) 

UV254 

（cm-1） 

SUVA 

(m-1mg-1L) 
pH 

Conductivity 

(μs/cm) 

Zeta potential 

(mV) 

8.34±0.15 0.051±0.01 0.61±0.02 7.79±0.06 919.4±14.8 -20.31±0.42 
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Chapter 4 Performance of the PVDF, PVDF-CS, and PVDF 

CS-GO Membranes under the Representative Organic 

Matter and Surface Water Tests 

4.1 Introduction 

This chapter aimed to evaluate and compare the overall performance of the 

uncoated PVDF, coated PVDF-CS, and PVDF CS-GO membranes. Chitosan with three 

different molecular weight ranges, specifically 50k-190kDa denoted as low molecular 

weight (L-CS), 100k-300kDa denoted as medium molecular weight (M-CS), and 600k-

800kDa denoted as high molecular weight (H-CS) were used. The concentration of CS 

solution was 0.01%wt as mentioned in Chapter 3 for the fabrication of PVDF-CS 

membranes. The concentration of CS solution was 0.01%wt and GO was mixed in 50 

ml DI water at a concentration of 20 mg/L as mentioned in Chapter 3 for the fabrication 

of CS-GO membranes. Filtration tests were conducted using four representative water 

samples, comprising solutions of three representative natural organic substances (BSA, 

SA, HA solutions) with 10 mg/L concentration, and a surface water. The Jingmi (JM) 

River water with a TOC of less than 3 mg/L was used for PVDF-CS membrane tests 

and the Beijing Olympic Park (OP) Lake with a TOC of approximately 8 mg/L was 

used for CS-GO membrane tests. The evaluation and comparison of the filtration 

include permeability, separation, and anti-fouling performance. Permeability 

performance was shown by calculating the volume of different solutions passing 

through the membrane per unit of time. Separation performance was demonstrated by 

the determination of TOC, UV254, and SEC. Anti-fouling performance was studied by 

recording the temporal variation of the membrane flux in three filtration cycles. 

Furthermore, characterization techniques were applied to identify the degree of change 

of membranes before and after the filtration. Techniques included the measurement of 

water contact angle (CA), surface zeta potential, and analysis by FTIR and SEM. The 

experimental steps are summarized as follow: 
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(a) Preliminary tests were conducted to characterize three forms of MW CS, such 

as FTIR spectra of CS powders, XRD of CS powders, and the zeta potential of CS 

solutions.  

(b) The properties of the PVDF and PVDF-CS membranes were characterized 

using FTIR, water CA, and surface zeta potential techniques. The DI water flux tests of 

membranes reflected their water permeability. The use of SEM analysis presented 

images of the top and cross-section morphology of the membranes.  

(c) Qualitative and quantitative analyses were employed to evaluate and compare 

the anti-fouling performance and the separation performance under the filtration 

scheme with three permeation cycles (separated by two backwashing operations) using 

four different water samples. 

(d) Qualitative analysis was applied to evaluate and compare the degree of change 

of the membrane surfaces before and after the filtration of four representative water 

samples, using FTIR, water CA, surface zeta potential, and SEM techniques. 

(e) Preliminary tests were conducted to characterize GO nanosheets and CS-GO 

membranes, such as Raman spectrum, FTIR spectrum, XRD spectrum, UV spectrum, 

XPS spectrum, and SEM techniques.  

(f) The properties of the GO and CS-GO membranes were characterized using 

FTIR, water CA, and surface zeta potential techniques. The DI water flux tests of 

membranes reflected their water permeability. The use of SEM analysis presented 

images of the top surface and cross-section morphology of the membranes.  

(g) Qualitative and quantitative analyses were employed to evaluate and compare 

the anti-fouling performance and the separation performance under the filtration 

scheme with two permeation cycles (separated by one ultrasound washing) using four 

representative water samples. 

(h) Qualitative analysis was applied to evaluate and compare the degree of change 

of the membrane surfaces before and after the filtration of four representative water 

samples, using FTIR, water CA, and surface zeta potential. 

 



66 
 

4.2 Characteristics of CS Powder and Membranes 

4.2.1 Characteristics of Chitosan Powder 

The chemical bonds of three CS powders, namely low MW (L-CS), medium MW 

(M-CS), and high MW (H-CS), were characterized by FTIR and are shown in Figure 

4.1. It is evident that the broad and strong band ranging from 3200 to 3600 cm-1 

demonstrated the overlapping peaks of -OH and stretching vibration peaks of -NH2 

groups in the CS molecules. The band at 2872 cm-1 was the C-H stretching vibration 

peak. The bands at 1584 cm-1 and 1650 cm-1 were typical amide Ⅰ and amide Ⅱ peaks. 

The band at 1320 cm-1 involves C-N bending vibration and N-H stretching vibration 

and 900 cm-1 is the C-C stretching vibration peak (Boributh, Chanachai & Jiraratananon, 

2009). The FTIR spectra in Figure 4.1 show that the three CS powders consist of 

identical functional groups.  

 

 

Figure 4.1 FTIR spectra of L-CS, M-CS, and H-CS powders. 

The XRD spectra of L-CS, M-CS, and H-CS powders were determined and are 

presented in Figure 4.2. The diffraction pattern of CS powders indicates characteristic 
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peaks at approximately 2θ=20o, which was the result of the overlapping diffraction of 

the CS crystal plane (Sabaa et al., 2018). Figure 4.2 demonstrates that the three CS 

powders consisted of an identical crystalline structure. 

 

Figure 4.2 XRD intensity spectra of L-CS, M-CS, and H-CS powders. 

Figure 4.3 shows the zeta potential of L-CS, M-CS, and H-CS solutions under 

pH=3, pH=5, pH=7, and pH=9. On the one hand, it can be seen that under the same pH 

condition, the three CS solutions exhibited identical zeta potential values, within 

experimental error. On the other hand, as the alkalinity of the solution increased, the 

zeta potential value decreased continuously and became negative at pH=9. The overall 

charge of the CS solution reached a maximum of +27 mV at the strongest acidic pH=3 

and a minimum of -2 mV at pH=9. The above results are consistent with the protonation 

of amine functional groups in the D-glucosamine repeat unit, so that the CS turns into 

a positive electrolyte under acidic conditions, and is negatively charged when combined 

with hydroxide under alkaline conditions (Rinaudo, 2006).  
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Figure 4.3 Zeta potential of CS solution under different pH. 

 

4.2.2 Characteristics of Virgin PVDF and PVDF-CS Membranes 

The FTIR spectra of the CS powder, the uncoated PVDF membrane, and coated 

PVDF-CS membranes are shown in Figure 4.4. For the uncoated PVDF membrane, the 

bands at 1410 cm-1 and 1180 cm-1 were -CF2 and -CH2 stretching vibration peaks, 

respectively. The bands at 880 cm-1 and 840 cm-1 were C-C stretching vibration peaks 

of the amorphous phase on the PVDF main chain. For the coated PVDF-CS membranes, 

the broad peak between 3000 and 3500 cm-1 confirmed the presence of -NH2 and -OH. 

The band at 1070 cm-1 was C-OH (Boributh, Chanachai & Jiraratananon, 2009). 

Compared with the -NH2 and -OH peaks of the CS powder, the peak intensity of the 

coated PVDF-CS membrane was weaker. There might be two reasons for this. Firstly, 

only 1 mg CS was used to modify the PVDF membrane based on the coating method 

in Chapter 3. Secondly, the FTIR analysis might be an insensitive technique for surface 

characterization because the method of measurement always involved deep penetration 

of the sample surface (Rana & Matsuura, 2010). The FTIR results in Figure 4.4 

confirmed that the CS had been successfully coated on the PVDF membrane.  
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Figure 4.4 FTIR spectra of CS powder, the uncoated PVDF membrane, and coated 

PVDF-CS membranes. 

 

The water CA of the uncoated and coated membranes was determined, and the 

results are given in Figure 4.5. The water CA of the PVDF membrane was 

approximately 85.8°, and the water CA of PVDF-CS membranes was approximately 

71°. The CA value for the PVDF membrane was consistent with that reported by 

Susanto & Ulbricht (2007) which was 83.45±0.91 in their study. It can be seen that the 

modification of CS reduced the water CA of the membrane, thus enhancing the 

hydrophilicity of the coated membranes. The increase in hydrophilicity was likely due 

to the introduction of the hydrophilic -OH and -NH2 groups. Amines or amine-

containing functional groups have shown resistance to the adhesion of proteins and 

other NOM substances (Miller et al., 2017). The reason for seeking to increase the 

membrane surface hydrophilicity, in order to alleviate membrane fouling, is because 

the hydrophilic functional groups on the membrane surface form a stable hydrogen 

bond with water, thereby forming a stable hydration layer (Gu, Kilduff & Belfort, 2012; 

Shan et al., 2016). This layer can prevent the deposition of foulants from the solution 

during filtration. Furthermore, the results in Figure 4.5 indicate that the hydrophilicity 
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of the coated PVDF-CS membranes was independent of the MW of CS.  

 

Figure 4.5 Water contact angle (CA) of the uncoated PVDF membrane, and coated 

PVDF-CS membranes. 

 

The surface zeta potential of the coated and uncoated membranes was determined, 

and the results are given in Figure 4.6. The surface zeta potential of the uncoated PVDF 

membrane was negative, which was -8.18±1.42 mV. The surface zeta potential of the 

coated PVDF-CS membranes was electrically neutral, and the corresponding values of 

the L-CS, M-CS, and H-CS membranes were 0.51±0.86 mV, 0.42±0.96 mV, and 

0.48±0.78 mV, respectively. The change in zeta potential can be attributed to the fact 

that CS is positively charged under neutral conditions; therefore, the negative charge of 

the surface of the uncoated PVDF membrane was weakened, and the positive charge of 

the surface of the coated PVDF-CS membrane was enhanced. It has been stated that an 

electrically neutral membrane exhibited a greater anti-fouling performance (Rana & 

Matsuura, 2010; Miller et al., 2017), and Gu, Kilduff & Belfort (2012) came to the 

same conclusion by modifying membranes with zwitterionic charged material and 

filtering BSA solution under different pH conditions. Moreover, the change of surface 

zeta again demonstrated that CS had successfully coated the PVDF membrane surface. 
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The surface zeta potential results in Figure 4.6 also indicated that the surface charge 

property of the coated PVDF-CS membranes was independent of the MW of CS. 

 

Figure 4.6 Surface zeta potential of the uncoated PVDF membrane, and coated 

PVDF-CS membranes. 

 

The initial DI water flux of the coated and uncoated membranes was measured 

under 1 bar pressure and the results are shown in Figure 4.7. It can be seen that the 

initial DI water flux of different membranes before and after modification was 

320±32.6 LMH, 37.7±2.5 LMH, 38.7±1.9 LMH, and 36.5±3.4 LMH, respectively. The 

initial DI water flux of the uncoated PVDF membrane was approximately 7-8 times 

more than that of coated PVDF-CS membranes. Figure 4.5 shows that CS modification 

increases the hydrophilicity of the coated membranes and it is believed that the 

improvement of membrane hydrophilic membrane could lead to higher membrane flux 

(Abdel-karim et al., 2018; Shan et al., 2016). However, the presence of CS on the 

membrane surface tended to narrow the pore size and increased the transmembrane 

resistance when filtering water (Gu, Kilduff & Belfort, 2012). Miller et al. (2017) 

summarized that the modification of polymers on the membrane surface generally led 

to a decrease in the membrane flux. The SEM images are shown in Figure 4.8 and 
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Figure 4.9 illustrated this phenomenon further. 

 

Figure 4.7 Initial DI water flux of the uncoated PVDF membrane, and coated PVDF-

CS membranes. 

 

Figure 4.8 and Figure 4.9 illustrates the membrane surface morphology of the 

uncoated PVDF membrane and the coated PVDF-CS membrane, respectively, which 

indicated significant differences in the morphologies. Whereas the pores can be seen on 

the surface of the uncoated PVDF membrane in Figure 4.8, the membrane pores 

appeared to be largely blocked by the presence of the CS on the surface of the coated 

PVDF-CS membrane. Wang & Spencer (1998) observed that CS coated membranes 

had a narrower pore size distribution than the corresponding uncoated membrane. This 

can also explain why the DI water flux of the PVDF-CS membranes was significantly 

lower than that of the uncoated PVDF membrane, due to the blockage of pores on the 

membrane (Figure 4.7). Furthermore, compared with the uncoated membrane, the 

surface morphology of the membrane coated by the polymer chains was believed to be 

smoother, with the presence of the polymer filling the ‘valleys’ of the rough uncoated 

membrane surface (Miller et al., 2017).  
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Figure 4.8 SEM images of the top surface of the uncoated PVDF membrane. 

 

 

Figure 4.9 SEM images of the top surface of the coated PVDF-MCS membrane. 

 

The presence and distribution of N and O on the PVDF-CS membrane, as indicated 

by EDX mapping, are shown in Figure 4.10 and Figure 4.11. As PVDF molecules 

consist only of C, H, and F, the presence of N and O confirms the presence of CS 
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molecules on the PVDF-CS membrane.  

 

Figure 4.10 EDX mapping of N distribution pattern at 5k magnification of the top 

surface of the PVDF-MCS membrane (Figure 4.9). 

 

 

Figure 4.11 EDX mapping of O distribution pattern at 5k magnification of the top 

surface of the PVDF-MCS membrane (Figure 4.9). 
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4.3 Analysis of Membrane Performance under BSA Tests 

4.3.1 Permeability and Anti-fouling Performance 

Figure 4.12 shows the J/J0 variation of PVDF and PVDF-CS membranes when 

filtering 10 mg/L BSA solution. It can be seen in Figure 4.12 that the performance (J/J0 

variations) of the three coated PVDF-CS membranes were almost identical, indicating 

that the MW of the CS was not an influencing factor. It is worth noting that the J/J0 

decline of the uncoated PVDF membrane in the 1st cycle was less than that of the coated 

PVDF-CS membranes, exhibiting better anti-fouling performance than that of three 

coated PVDF-CS membranes. The reason for this might be attributed to the minor 

removal of BSA, which will be discussed subsequently in Section 4.3.2. However, in 

the 2nd cycle, the J/J0 decline of the uncoated PVDF membrane and coated PVDF-CS 

membranes were similar. While in the 3rd cycle, the coated PVDF-CS membranes 

exhibited less J/J0 decline than the uncoated PVDF membrane. At the end of the 3rd 

cycle, the J/J0 of the uncoated PVDF membrane and coated PVDF-CS membranes were 

approximately 0.75 and 0.80. It has been concluded previously that membrane 

modification led to a faster fouling rate at the beginning of the filtration, while the stable 

flux of the coated membranes after a few cycles was higher than the uncoated 

membrane (Galjaard et al., 2001). The flux recovery values of J/J0 of the uncoated 

PVDF membrane and coated PVDF-CS membranes after each backwash operation 

were approximately 5% and 10%, respectively. This indicated that the PVDF-CS 

membrane had a better anti-fouling performance for BSA compared to that of the PVDF 

membrane, which suggested that the PVDF membrane tended to suffer pore-blocking 

more easily than the PVDF-CS membranes during BSA filtration. This phenomenon 

can be attributed to the increase of hydrophilicity after the CS modification. The 

adhesion of the protein on the hydrophilic surface was reduced (Wang & Spencer, 1998).  
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Figure 4.12 Temporal variation of J/J0 for 10 mg/L BSA solution under three 

permeation cycles filtration scheme (separated by two backwashing operations, mean 

data points from duplicate tests). 

 

4.3.2 Separation Performance 

The separation performance of the uncoated and coated membranes was 

determined in terms of the TOC of the BSA feed and permeate solutions. As is 

illustrated in Figure 4.13, the removal of BSA by the PVDF membrane was less than 

7%, while the removal of BSA by coated PVDF-CS membranes were close to 80%. It 

has been stated previously that the removal of BSA was almost identical for the 

membranes formed with different MW CS (Wang & Spencer, 1998). The low removal 

of BSA by the PVDF membrane can be attributed to its MWCO. It is known that the 

nominal molecular weight of BSA is approximately 67 kDa, as provided by the supplier, 

while the nominal MWCO of the PVDF membrane in the experiments is 100 kDa, as 

provided by the supplier. The high removal of the BSA by the coated PVDF-CS 

membrane was owing to the presence of CS molecules on the membrane surface. It is 

believed that the presence of CS molecules narrowed the membrane pores, which was 
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supported by the SEM image given in Figure 4.9, thus greatly increasing the removal 

of BSA through size exclusion. Furthermore, Susanto & Ulbricht (2007) stated that the 

adsorption rate of BSA on the PVDF membrane was significantly slower, so this effect 

was unlikely to contribute to BSA removal. Moreover, Figure 4.16 not only shows that 

the removal efficiency of each cycle was stable and repeatable in three cycles but also 

demonstrates that physically coated PVDF-CS membranes could withstand the effect 

of 1 bar backwashing, without any measurable loss of CS coating.  

 

Figure 4.13 Separation performance (% change in TOC) for BSA solution of the 

uncoated and coated membranes under three filtration cycles (separated by two 

backwashing operations). 

 

In addition to the determination of TOC, the separation performance of the BSA 

solution was investigated in terms of the MW distribution determined by SEC, further 

verifying the significant difference between the removal efficiency of the uncoated and 

coated membranes to BSA. It can be seen in Figure 4.14-16 that the removal efficiency 

of BSA molecules by the PVDF membrane was minor in the range of 40-100 kDa, 

while the removal efficiency of BSA molecules by PVDF-CS membranes was 

substantial. At the same time, the SEC results in Figure 4.20 verify that the MW of BSA 
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is mainly distributed between 60-70 kDa. It can be concluded from the results described 

in Section 4.3.1 and Section 4.3.2 that although the flux of the uncoated PVDF 

membrane was significantly higher than that of the coated PVDF-CS membrane when 

filtering BSA solution, the coated PVDF-CS membranes had a much greater separation 

performance in terms of BSA, as a model proteinaceous substance. 

 

Figure 4.14 Separation performance (change in absorbance at UV280) for BSA 

solution before and after the filtration of the uncoated and coated membranes (L-CS).  
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Figure 4.15 Separation performance (change in absorbance at UV280) for BSA 

solution before and after the filtration of the uncoated and coated membranes (M-CS).  

 

 

Figure 4.16 Separation performance (change in absorbance at UV280) for BSA 

solution before and after the filtration of the uncoated and coated membranes (H-CS). 
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4.3.3 Comparison of Virgin and Fouled Membranes 

Figure 4.17 demonstrates the difference of FTIR spectra of the uncoated and 

coated membranes before and after BSA filtration. The minor change in the FTIR of 

the PVDF membrane surface before and after the filtration of the BSA solution 

confirmed the meager removal extent of the BSA molecules by the PVDF membrane 

(Zhu & Nyström, 1998). Compared with the FTIR results of the PVDF-CS membranes 

before the filtration of the BSA solution, the surface of the PVDF-CS membrane after 

filtration exhibited the BSA characteristic profile with an enhancement of the peaks. 

This included -NH2 (3200-3300 cm-1), -OH in the carboxyl group (2800-3000 cm-1), 

and -C=O (1650 cm-1) in the carboxyl group. This result was consistent with the notable 

change of the FTIR spectrum reported in a previous study (Zhu & Nyström, 1998). The 

FTIR results illustrated that a thick BSA layer was indeed deposited on the surface of 

the PVDF-CS membrane. 

 

Figure 4.17 FTIR spectra of the uncoated PVDF membrane, and coated PVDF-MCS 

membranes before and after BSA filtration, and BSA powder. 
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after BSA filtration. All membranes exhibited a decrease in water CA. This is due to 

the hydrophilicity of the retained BSA molecules because BSA molecules are abundant 

in hydrophilic amine functional groups. However, the PVDF membrane showed only a 

small change in CA (less than 2°) for the membrane surface before and after BSA 

filtration, while the corresponding change for the PVDF-CS membrane was 

considerably greater (more than 10°). The degree of change of the water CA most likely 

also indicated that the accumulation of BSA on the surface of the PVDF membrane was 

much less than that on the surface of PVDF-CS membranes (Cho et al., 1999). 

 

Figure 4.18 Water contact angle (CA) of the uncoated PVDF membrane and coated 

PVDF-CS membranes before and after BSA filtration. 

 

Figure 4.19 demonstrates the difference of the surface zeta potential of the 

membranes before and after BSA filtration. All membranes exhibited a decrease in 

surface zeta potential. This can be attributed to the fact that BSA molecules are 

generally negatively charged in a pH-neutral environment, which can be seen in Figure 

3.3. The surface zeta potential of PVDF membranes decreased from -8.2 mV to -9.6 

mV before and after filtration, while the surface zeta potential of PVDF-CS membranes 

decreased by approximately 17 mV. Zhu & Nyström (1998) reported similar behavior. 
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Moreover, the degree of change of surface zeta potential reflected the degree of 

rejection of BSA by the membranes, with the rejection by the PVDF-CS membranes 

significantly exceeding that achieved by the uncoated PVDF membrane.  

 

Figure 4.19 Surface zeta potential of the uncoated PVDF membrane and coated 

PVDF-CS membranes before and after BSA filtration. 

 

4.4 Analysis of Membrane Performance under SA Tests 

4.4.1 Permeability and Anti-fouling Performance 

Figure 4.20 illustrates the J/J0 variation of PVDF and PVDF-CS membranes when 

filtering 10 mg/L SA solution. It can be seen in Figure 4.20 that the performance and 

J/J0 variation of the coated PVDF-CS membranes were nearly identical. Compared with 

the membrane fouling caused by BSA molecules, as shown in Figure 4.12, the 

membrane fouling caused by SA molecules on the PVDF and PVDF-CS membranes 

was more severe than that caused by BSA molecules. Chen et al. (2016) concluded that 

the high filtration resistance of the polysaccharide cake layer was due to the presence 

of boundwater which decrease the porosity of the polysaccharide cake layer, thus 
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increasing the filtration resistance. However, the degree of membrane flux recovery 

after backwashing was significantly higher for the PVDF membrane, reaching 

approximately 60%, compared to 30% for the PVDF-CS membranes. This might be 

attributed to the linear structure of SA molecules. In contrast, it is known that BSA is a 

globular molecule. Lee et al. (2004) concluded that membrane fouling caused by linear 

molecules was easier to clean than fouling caused by globular molecules. At the end of 

the 3rd cycle, the value of J/J0 of the PVDF and PVDF-CS membranes were 

approximately 0.27 and 0.52, respectively. From the above results, it can be inferred 

that in long-term operation, the PVDF-CS membrane could exhibit a more sustainable 

anti-fouling performance, and more stable membrane flux, in the treatment of water 

sources containing mainly polysaccharide organic compounds. 

 

Figure 4.20 Temporal variation of J/J0 for 10 mg/L SA solution for three filtration 

cycles (separated by two backwashing operations, mean data points from duplicate 

tests). 
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determined in terms of the TOC of the SA feed and permeate solutions. As is shown in 

Figure 4.21, the removal of SA by the PVDF and PVDF-CS membranes were 

approximately 35% and 70%, respectively. The higher removal of the coated PVDF-

CS membranes is attributed to the presence of the CS molecules on the membrane 

surface, as also explained as the reason for the higher removal of BSA by PVDF-CS 

membranes, as discussed in Section 4.3.2. The average size of SA molecules and BSA 

molecules has been reported previously to be approximately 25 nm and 7.3 nm, as 

determined by a Zeta Sizer instrument (Yu, Zhang & Graham, 2017). This significant 

difference in size could explain why the PVDF membrane removed more SA molecules 

than BSA molecules during filtration. However, it is noted that the removal of SA 

molecules by PVDF-CS membranes was approximately 5% lower than that of BSA 

molecules. This might be attributed to two effects. Firstly, the linear chain molecules of 

SA may be able to pass through the membrane pores of PVDF-CS membranes at a 

vertical or inclined angle during the filtration process (Filloux, Labanowski & Croue, 

2012). Secondly, the zeta potential of SA was lower (more negative) than that of BSA 

(Figure 3.3). Since the surface of PVDF-CS membranes was found to be approximately 

electro-neutral (Figure 4.6), charge effects between the model organic substances and 

membrane may be negligible compared to those between the substances. Thus, the 

repulsive force between BSA molecules may be smaller than that between SA 

molecules, enabling partial agglomeration of BSA molecules to occur, which are 

subsequently rejected by the membrane. The results summarized in Figure 4.21 confirm 

that the removal efficiency of PVDF-CS membranes for SA molecules was stable, and 

PVDF-CS membranes could maintain integrity under the effects of 1 bar backwashing.   
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Figure 4.21 Separation performance (% change in TOC) for SA solution of the 

uncoated and coated membranes under three filtration cycles (separated by two 

backwashing operations). 

 

4.4.3 Comparison of Virgin and Fouled Membranes 

Figure 4.22 demonstrates the difference in the FTIR spectra of the membranes 

before and after SA filtration. Compared with the membranes before filtration, the 

surface of the PVDF and PVDF-CS membranes after filtration had an apparent 

enhancement of -OH characteristic peaks at 3000-3500 cm-1. This may indicate that the 

surface of PVDF and PVDF-CS membranes had a layer of SA molecules retained on 

the membrane surface. Moreover, the PVDF-CS fouled membranes exhibited a 

characteristic peak enhancement at 1610 cm-1 and 1400 cm-1. These may correspond to 

O-C-O asymmetric stretching vibration, and O-C-O symmetric stretching vibration in 

the carboxylate group (Leal et al., 2008; Salomonsen et al., 2008). The degree of change 

in the FTIR spectra before and after SA filtration supported the evidence that PVDF-

CS membranes retained more SA molecules than the PVDF membrane.  
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Figure 4.22 FTIR spectra of the uncoated PVDF membrane, and coated PVDF-MCS 

membranes before and after SA filtration, and SA powder. 

 

Figure 4.23 shows the difference of the water CA of the membranes before and 

after SA filtration. All membranes exhibited a decrease in water CA. This is due to the 

hydrophilicity of the SA molecules which are abundant in -OH groups. It has been 

reported previously that polysaccharide fouling reduced the water CA of the membrane 

(Cho et al., 1999). Before and after SA filtration, the water CA of the PVDF membrane 

decreased from 85° to 70°, and for the PVDF-CS membranes, it decreased from 71° to 

63°. Therefore, it is likely that the decrease of the water CA resulted from the 

accumulation of the SA molecules on the membrane surface.  
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Figure 4.23 Water contact angle (CA) of the uncoated PVDF membrane and coated 

PVDF-CS membranes before and after SA filtration. 

 

Figure 4.24 demonstrates the difference between surface zeta potential of the 

membranes before and after SA filtration. All membranes exhibited a decrease 

(increasingly negative) in surface zeta potential. This can be attributed to the zeta 

potential results given in Figure 3.3, which showed that SA molecules were generally 

negatively charged in a pH neutral environment. It has been reported previously that 

polysaccharide fouling reduced the surface zeta potential of the membrane (Cho et al., 

1999; Jermann et al., 2007). The surface zeta potential of the PVDF membrane 

decreased from -8.2 mV to -21.8 mV before and after filtration, while the surface zeta 

potential of PVDF-CS membranes decreased to approximately -30 mV. However, it was 

evident that while the removal of BSA and SA molecules by PVDF-CS membranes was 

similar, the surface zeta potential of membranes after SA filtration was much lower than 

that of membranes after BSA filtration. This can be explained by reference to the results 

given in Figure 3.3, which demonstrated that SA molecules had a lower zeta potential 

than the BSA molecules. Moreover, the surface zeta potential of the membranes before 

and after filtration was consistent with the PVDF-CS membranes having a higher 
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rejection rate of SA molecules than the PVDF membrane. 

 

Figure 4.24 Surface zeta of the uncoated PVDF and coated PVDF-CS membranes 

before and after SA filtration. 

 

4.5 Analysis of Membrane Performance under HA Tests 

4.5.1 Permeability and Anti-fouling Performance 

Figure 4.25 shows the J/J0 variation of PVDF and PVDF-CS membranes when 

filtering 10 mg/L HA solution. It can be seen that the temporal J/J0 variations of the 

coated PVDF-CS membranes were nearly identical. Unlike the previous filtration tests 

with BSA and SA solutions, the PVDF-CS membranes exhibited a clear anti-fouling 
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known to cause severe membrane fouling (Amy, 2008). It can be concluded from the 

above results that the ability to cause membrane fouling during the filtration process 

followed the order of SA>HA>BSA, and the degree of hydraulic reversibility (flux 

recovery after backwashing) of the membrane fouling also followed the order of 

SA>HA>BSA. 

 

Figure 4.25 Temporal variation of J/J0 for 10 mg/L HA solution under three filtration 

cycles (separated by two backwashing operations, mean data points from duplicate 

tests). 

 

4.5.2 Separation Performance 

The separation performance of the uncoated and coated membranes was 

determined in terms of the TOC and UV254 absorbance of the HA feed and permeate 

solutions. Overall, the removal efficiency of the PVDF membrane for HA was lower 

than that of PVDF-CS membranes, and different MW CS did not affect the separation 

performance of the coated PVDF-CS membrane. As is illustrated in Figure 4.26 and 

Figure 4.27, the removal of HA by the PVDF membrane calculated by the change of 
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HA by the PVDF membrane was not consistent with a size exclusion phenomenon when 

considering the nominal MWCO of the PVDF membrane and the apparent MW 

distribution of HA in this study. The removal efficiency might result from the 

hydrophobic interaction between HA molecules and the hydrophobic PVDF membrane 

surface. Jermann et al. (2007) surmised that the hydrophobic interaction between HA 

molecules and the membrane surface led to the rejection of HA molecules. In 

comparison, the removal of HA by PVDF-CS membranes was approximately 70% and 

75%. Figure 4.26 and Figure 4.27 also show that the removal efficiency of PVDF-CS 

membranes for HA molecules was stable and that PVDF-CS membranes could maintain 

integrity under the strength of 1 bar backwashing.   

 

Figure 4.26 Separation performance (% change in TOC) for HA solution of the 

uncoated and coated membranes under three filtration cycles (separated by two 

backwashing operations). 
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Figure 4.27 Separation performance (% change in UV254) for HA solution of the 

uncoated and coated membranes under three filtration cycles (separated by two 

backwashing operations). 
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of BSA>HA>SA.  

 

Figure 4.28 Separation performance (change in absorbance at UV254) for HA solution 

before and after the filtration of the uncoated and coated membranes (L-CS). 

  

 

Figure 4.29 Separation performance (change in absorbance at UV254) for HA solution 

before and after the filtration of the uncoated and coated membranes (M-CS). 
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Figure 4.30 Separation performance (change in absorbance at UV254) for HA solution 

before and after the filtration of the uncoated and coated membranes (H-CS). 
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Figure 4.31 FTIR spectra of the uncoated PVDF membrane, and coated PVDF-MCS 

membranes before and after HA filtration, and HA powder. 

 

Figure 4.32 demonstrates the difference in the water CA of the membranes before 

and after HA filtration. Unlike the results shown in Figure 4.18 (BSA) and Figure 4.23 

(SA), all membranes exhibited an increase in the water CA. This was likely due to the 

hydrophobic nature of the retained HA molecules. Yu et al. (2018) and others have 

reported that HA solution is mainly composed of hydrophobic components. It was also 
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had a change of nearly 10° (71.5° to 80.6°). Considering the method of measuring the 

water CA, the small change of the water CA of the PVDF membrane might indicate 

that the PVDF membrane retained the HA molecules mainly by adsorption in the 

membrane pores; thus, only a fraction of the HA molecules accumulated on the 

membrane surface, resulting in the rejected HA molecules accumulating in the 

membrane pores. 
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Figure 4.32 Water contact angle (CA) of the uncoated PVDF membrane and coated 

PVDF-CS membranes before and after HA filtration. 

 

Figure 4.33 demonstrates the difference between the surface zeta potential of the 

membranes before and after HA filtration. All membranes exhibited a decrease in 

surface zeta potential. Jermann et al. (2007) found similar results in their study, and 

they attributed this to the adsorption of negatively charged HA molecules on the 

membrane surface. As indicated in Figure 3.3, the HA molecules were negatively 

charged in the solution. The surface zeta potential of the PVDF membrane decreased 

from -8.2 mV to -22.5 mV before and after filtration, while the surface zeta potential of 

PVDF-CS membranes decreased by nearly 30 mV. Yuan & Zydney (2000) reported that 

the change of surface zeta potential after the filtration of HA was slight because the 

membrane had a low removal efficiency of HA molecules. However, in this study, the 

PVDF-CS membranes had a higher removal efficiency, and therefore, the membranes 

experienced a more dramatic change in surface zeta potential.  
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Figure 4.33 Surface zeta potential of the uncoated PVDF membrane and coated 

PVDF-CS membranes before and after HA filtration. 

 

4.6 Analysis of Membrane Performance under River Water Tests 

4.6.1 Permeability and Anti-fouling Performance 

Figure 4.34 illustrates the J/J0 variation of PVDF and PVDF-CS membranes when 

filtering the JM River water. It can be seen in Figure 4.34 that the J/J0 variations of the 

coated PVDF-CS membranes were nearly identical. The variation of the three cycles 

was similar to those when the PVDF-CS membranes treated the HA solution. From the 

1st cycle, PVDF-CS membranes exhibited a significant anti-fouling advantage over the 

PVDF membrane. At the end of the 3rd cycle, the J/J0 of the PVDF and PVDF-CS 

membranes were approximately 0.55 and 0.77. The flux recovery values of J/J0 of the 

PVDF and PVDF-CS membranes after each backwash operation were approximately 

27% and 8%. Overall, the flux variations of the uncoated and coated membranes when 

filtering the JM River water were similar to the corresponding values when the 

membranes treated the HA solution.  



97 
 

 

Figure 4.34 Temporal variation of J/J0 for the JM River water under three filtration 

cycles (separated by two backwashing operations, mean data points from duplicate 

tests). 
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2003). Figure 4.35 and Figure 4.36 prove that the removal efficiency of PVDF-CS 

membranes for the NOM in the JM River water was stable, and PVDF-CS membranes 

could maintain integrity under the strength of 1 bar backwashing. 

 

Figure 4.35 Separation performance (% change in TOC) for the JM River water of 

the uncoated and coated membranes under three filtration cycles (separated by two 

backwashing operations). 
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Figure 4.36 Separation performance (% change in UV254) for the JM River water of 

the uncoated and coated membranes under three filtration cycles (separated by two 

backwashing operations). 
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Figure 4.37 Separation performance (change in absorbance at UV254 under SEC) for 

the JM River water before and after the filtration of the uncoated and coated 

membranes (L-CS). 

 

 

Figure 4.38 Separation performance (change in absorbance at UV254 under SEC) for 

the JM River water before and after the filtration of the uncoated and coated 

membranes (M-CS). 
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Figure 4.39 Separation performance (change in absorbance at UV254 under SEC) for 

the JM River water before and after the filtration of the uncoated and coated 

membranes (H-CS). 

4.6.3 Comparison of Virgin and Fouled Membranes 

Figure 4.40 demonstrates the difference in the FTIR spectra of the membranes 

before and after JM River water filtration. The organic composition in the JM River 
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biopolymers containing -OH groups in the JM River water, while indicating no 

significant removal efficiency for smaller molecules.  

 

Figure 4.40 FTIR spectra of the uncoated PVDF membrane, and coated PVDF-MCS 

membranes before and after the JM River water filtration, and the JM River water 

after 3-day freeze-drying. 

 

Figure 4.41 demonstrates the difference of water CA of the membranes before and 

after the JM River water filtration. The PVDF membrane exhibited an increase in the 

water CA, while PVDF-CS membranes had a decrease in the water CA. The water CA 

of the PVDF membrane decreased by nearly 3° (85.8°→82.7°) before and after the JM 

River water filtration, while the PVDF-CS membranes increased by less than 5.5° 

(71.5°→77°). Water CA increased and decreased for membranes fouled with 

hydrophobic and hydrophilic NOM, respectively (Cho et al., 1999; Lee et al., 2004). 

This might be attributed to the hydrophilic PVDF-CS membranes tending to remove 

hydrophobic NOM in the JM River water, while the hydrophobic PVDF membrane 

tended to remove hydrophilic NOM in the JM River water (Yu et al., 2018; Shan et al., 

2016).  
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Figure 4.41 Water contact angle (CA) of the uncoated PVDF membrane and coated 

PVDF-CS membranes before and after filtration of the JM River water. 

 

Figure 4.42 demonstrates the change in the surface zeta potential of the membranes 

before and after filtration of the JM River water. All membranes exhibited a decrease 

in surface zeta potential. The surface zeta potential of the PVDF membrane decreased 

from -8.2 mV to -28.6 mV before and after filtration, while the surface zeta potential of 

PVDF-CS membranes decreased to less than -30 mV. The membranes with greater 

change in surface zeta potential before and after filtration, suggesting the accumulation 

of ionizable functional groups (Cho et al., 1999).  
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Figure 4.42 Surface zeta potential of the uncoated PVDF membrane and coated 

PVDF-CS membranes before and after filtration of the JM River water. 
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Figure 4.43 SEM image of the top surface of the PVDF membrane after the filtration 

of the JM River water. 

 

 

Figure 4.44 SEM image of the top surface of the PVDF-MCS membrane after the 

filtration of the JM River water. 
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4.7 Characteristics of GO Nanosheets, Membranes and Feed 

Solutions  

4.7.1 Characteristics of GO Nanosheets 

Figure 4.45 showed the Raman spectrum of GO nanosheets and two peaks at 1350 

cm-1 (D peak) and 1593 cm-1 (G peak) could be seen, respectively. Peak D represented 

the lattice defects of carbon atoms, indicating the addition of oxygen-containing 

functional groups. Peak G represented the stretching vibration of graphitic carbon in 

the sp2 hybridization plane (Liu et al., 2017).  

 

Figure 4.45 Raman spectrum of GO nanosheet powder. 

 

The chemical bonds of GO nanosheets were characterized by FTIR and are 

presented in Figure 4.46. The spectrum confirmed that the GO nanosheets consist of 
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groups. The band at 1714 cm-1 represented -C=O stretching vibration. The band at 1396 

cm-1 represented O-H deformation vibration. The band at 1226 cm-1 represented C-O-
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2016). Figure 4.46 elucidated that GO powder had abundant oxygen-containing 

functional groups. 

 

Figure 4.46 FTIR spectrum of GO nanosheets powder. 

 

Figure 4.47 exhibited the XRD pattern of the GO nanosheets. A sharp peak at 2θ 

= 10.84o could be seen, which is the characteristic peak of GO powder (Liu et al., 

2019a).  
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Figure 4.47 XRD pattern of GO nanosheets powder. 

 

Figure 4.48 exhibited the UV-visible spectrum of GO nanosheets in solution. The 

peak at 230.5 nm represented the π–π transitions of GO nanosheets (Hegab et al., 2015). 

 

Figure 4.48 UV-visible absorption spectrum of GO nanosheets in solution. 
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4.7.2 Characteristics of Virgin GO and CS-GO Membranes 

Regulating the interlayer channels can allow for tunable interlayer spacing which 

dictates water permeation (Kang et al., 2019). Figure 4.49 and Figure 4.50 presented 

the XRD intensity spectra of the GO membrane, CS-GO membranes (mass ratio 0.2:1) 

(Fig 4.49), and CS-GO membranes (mass ratio 0.5:1) (Fig 4.50). According to Bragg's 

Law (2dsinθ=nλ), the value of 2θ can be converted into interlayer spacing d. Therefore, 

a larger 2θ value corresponds to a smaller interlayer spacing. The results of the 

interlayer spacing between the GO membrane and the CS-GO membranes are shown 

in Figure 4.51. The introduction of particles of different sizes can produce adjustable 

nanochannels in the layered GO membrane, which provides a facile method for 

adjusting the permeability and separation performance (Zhang et al., 2019a). For a 

given MW of CS, a greater dosage of CS resulted in a decrease in the interlayer spacing. 

For a given dosage of CS, the interlayer spacing appeared to decrease with the decrease 

of the MW of CS. Specifically, the interlayer spacing of the GO membrane is 0.76 nm. 

For a CS: GO mass ratio of 0.2:1, the interlayer spacing of the three CS-GO membranes 

were 1.03, 1.05, and 1.12 nm, respectively. For a CS: GO mass ratio of 0.5:1, the 

interlayer spacing of the three CS-GO membranes were 0.88, 0.89, and 0.91 nm, 

respectively. Other researchers have also reported that the size and molecular weight of 

the cross-linking agent can directly affect the interlayer spacing of the fabricated 

membrane (Liu et al., 2017, Hung et al., 2014).   
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Figure 4.49 XRD intensity spectra of the GO and CS-GO composite membranes (0.2 

mg CS and 1 mg GO) with different MW CS. 

 

 

Figure 4.50 XRD intensity spectra of the CS-GO composite membranes (0.5 mg CS 

and 1 mg GO) for different MW CS. 
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Figure 4.51 Interlayer spacing of CS-GO composite membranes with 0, 0.2 and 0.5 

mg CS for different MW CS. 

 

XPS spectra of different CS-GO membranes, together with a comparison of the 

proportions of different components (bond types) proportions at different dosages of 
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molecules enabled the epoxy group in GO to undergo a ring-opening reaction and form 

C-N and C-OH bonds (Jia et al., 2016). 
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Figure 4.52 XPS spectrum of the GO composite membrane (0 mg CS, 1 mg GO). 

 

 

Figure 4.53 XPS spectrum of the CS-GO composite membrane (0.2 mg CS and 1 mg 

GO). 
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Figure 4.54 XPS spectrum of the CS-GO composite membrane (0.5 mg CS and 1 mg 

GO). 

 

 

Figure 4.55 The corresponding proportion of functional groups in CS-GO composite 

membranes with 0, 0.2 and 0.5 mg CS from XPS. 
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The FTIR spectra of the GO and CS-GO membranes are shown in Figure 4.56. 

Compared with the GO membrane, the broad peak between 3000 and 3600 cm-1 

confirmed the presence of -NH2 and -OH. The amine-containing molecules can react 

with the oxygen-containing functional groups, including C-O-C and -COO of the GO 

molecules (Zhang et al., 2019a). It should be noted that with increasing dosage of CS, 

the C-OH and C-N peaks at 1100 cm-1 were enhanced. This again confirmed that CS 

molecules enable the epoxy group in GO to undergo a ring-opening reaction and form 

C-N and C-OH bonds (Jia et al., 2016). The C−N covalent bonds that formed between 

GO layers could effectively suppress the swelling of the interlayer spacing caused by 

the aqueous solution, thus improving the stability of the CS-GO membranes (Zhang et 

al., 2019a). 

 

Figure 4.56 FTIR spectra of MCS-GO composite membranes with 0, 0.2 and 0.5 mg 

CS. 

 

The water CA of the GO membrane and CS-GO membranes was determined, and 

the results are given in Figure 4.57. The water CA of the GO membrane was 
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incorporation of the CS molecules reduced the water CA of the composite membrane, 

compared to the GO membrane, thereby improving the hydrophilicity of the membrane. 

However, the MW of CS did not appear to affect the hydrophilicity of the CS-GO 

membrane. When the proportion of CS increased from 0.2 mg to 0.5 mg, the water CA 

changed approximately 1.5o. Other scholars have also found that increasing the dosage 

of hydrophilic materials did not consistently reduce the water CA of the fabricated 

membrane (Zhang et al., 2016). 

 

Figure 4.57 Water contact angle (CA) of the GO membrane (0 mg CS and 1 mg GO) 

and CS-GO composite membranes (0.2 mg CS and 1 mg GO, 0.5 mg CS and 1 mg 

GO). 

 

Figure 4.58 shows the zeta potential of GO and CS-GO solutions under different 

CS and GO composition. The pure GO solution is negatively charged due to the 

ionization of the carboxyl group. With the addition of CS molecules, the zeta potential 

of the mixed solution gradually changed from negative to positive. When CS: GO=1:5 

and 1:2, the zeta potential of the mixed solution was 24.5mV and 27.5mV, respectively. 

Liu et al. (2019a) reported that the increase in the dosage of PACl increased the zeta 

potential of the PACl-GO solution.  
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Figure 4.58 Zeta potential of CS-GO solutions for different CS: GO mass ratios. 
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Figure 4.59 Surface zeta potential of GO membrane (0 mg CS and 1 mg GO) and CS-

GO composite membranes (0.2 mg CS and 1 mg GO, 0.5 mg CS and 1 mg GO). 
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Figure 4.60 Initial DI water flux of CS-GO membranes (0.2 mg CS and 1 mg GO, 0.5 

mg CS and 1 mg GO). 

 

Figure 4.61 and Figure 4.62 illustrate the membrane surface morphology of the 

CS-GO membranes fabricated with 0.2 mg and 0.5 mg CS, respectively. It can be seen 

that the MCS-GO membrane (0.2 mg CS) had more wrinkles and folds on the surface 

than its counterpart of the MCS-GO membrane (0.5 mg CS). This might be attributed 

to less cross-linking points provided by 0.2 mg CS between the GO layers than 0.5 mg 

CS did. Yu, Yu & Graham (2017) stated that more cross-linking points led to fewer 

wrinkles and folds on the membrane surface. Huang et al. (2013) stated that nanoscale 

wrinkles and folds could provide nanochannels for small molecules, such as water 

molecules. This can explain the result in Figure 4.64 that the CS-GO membranes with 

0.2 mg CS had higher DI water flux than the CS-GO membranes with 0.5 mg CS.  
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Figure 4.61 Top surface SEM image of the MCS-GO membrane (0.2 mg CS and 1 

mg GO). 

 

 

Figure 4.62 Top surface SEM image of the MCS-GO membrane (0.5 mg CS and 1 

mg GO). 

 

Figure 4.63 and Figure 4.64 present the corresponding SEM images of the 
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membrane cross-sections, which indicated the depth morphologies of the MCS-GO 

membranes (CS-GO 0.2:1 and 0.5:1). The average thickness of the CS-GO layers was 

estimated to be in the range of 120-130 nm and 100-110 nm, respectively. This result, 

indicating a slightly thicker layer for the lower dosage of CS, was consistent with the 

interlayer spacing results shown in Figure 5.7. 

 

Figure 4.63 Cross-sectional SEM image of the MCS-GO membrane (0.2 mg CS and 

1 mg GO). 
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Figure 4.64 Cross-sectional SEM image of the MCS-GO membrane (0.5 mg CS and 

1 mg GO). 

 

Figure 4.65 presents one photo-image of the MCS-GO membrane after fabricated 

under 4-bar pressure driven. Tsou et al. (2015) investigated the microstructures of GO 

membranes fabricated by pressure-assisted, vacuum-assisted, and evaporation-assisted 

self-assembly methods are compared and concluded that the GO membranes fabricated 

by pressure-assisted methods exhibited the most ordered layered structure. 
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Figure 4.65 Photo-image of the MCS-GO membrane (CS: GO=0.2:1). 

 

4.8 Analysis of Membrane Performance with BSA Solution 

4.8.1 Permeability and Anti-fouling Performance 

The initial fluxes of 10 mg/L BSA solution of CS-GO membranes were measured 

under 4-bar pressure and the results are shown in Figure 4.66. For a CS: GO mass ratio 

of 0.2:1, the initial fluxes of LCS-GO, MCS-GO, and HCS-GO were 8.78±0.06 LMH, 

8.90±0.05 LMH, and 9.40±0.07 LMH, respectively. For a CS: GO mass ratio of 0.5:1, 

the initial fluxes of LCS-GO, MCS-GO, and HCS-GO were 4.04±0.04 LMH, 4.15±0.06 

LMH, and 5.77±0.13 LMH, respectively. 
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Figure 4.66 Initial 10 mg/L BSA solution flux of CS-GO composite membranes with 

0, 0.2 0.5 mg CS and 1 mg GO). 

 

Figure 4.67 and Figure 4.68 show the temporal decline in normalized flux when 

filtering 10 mg/L BSA solution. It can be seen in both figures that the J/J0 variations of 

the three CS-GO membranes were almost identical, indicating that the MW of the CS 

and the dosage (proportion) of CS were not the influencing factors. After the first 

filtration, the membranes were cleaned by ultrasound washing for 3 minutes using 100 

mL DI water and then reused for one more filtration cycle to evaluate the flux recovery 

of the CS−GO membranes. For a CS: GO mass ratio of 0.2:1, J/J0 decreased to 0.55 

after the first cycle and recovered to approximately 0.77 after ultrasonic cleaning. J/J0 

dropped to 0.53 after the second cycle. For a CS: GO mass ratio of 0.5:1, J/J0 decreased 

to 0.56 after the first cycle and recovered to approximately 0.77 after ultrasonic cleaning. 

J/J0 dropped to 0.55 after the second cycle. It can be seen that the CS-GO membranes 

exhibited stable and worthy anti-fouling performance when filtering the BSA solution. 

In other words, J/J0 did not decrease constantly during the process of filtration. In the 

short-term filtration scheme, J/J0 was stabilized above 0.5 after filtering 100 mL 10 

mg/L BSA solution.  
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Figure 4.67 Variation of J/J0 with permeate volume for 10 mg/L BSA solution of CS-

GO membranes (0.2 mg CS and 1 mg GO) over two permeation cycles (separated by 

one ultrasound washing, mean data points from duplicate tests). 

 

 

Figure 4.68 Variation of J/J0 with permeate volume for 10 mg/L BSA solution of CS-

GO membranes (0.5 mg CS and 1 mg GO) over two permeation cycles (separated by 

one ultrasound washing, mean data points from duplicate tests). 
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4.8.2 Separation Performance 

The separation performance of CS-GO membranes was determined in terms of the 

TOC of the BSA feed and permeate solutions. As illustrated in Figure 4.73, the CS−GO 

membranes achieved more than 99% removal of BSA in terms of TOC, regardless of 

the dosage of or the MW of CS when fabricating the CS-GO membranes.  

 

 

Figure 4.69 Average separation performance (% change in TOC) for BSA solution of 

CS-GO membranes (0.2 mg CS and 1 mg GO, 0.5 mg CS and 1 mg GO). 
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membranes was less than 1.2 nm. While the MW of BSA is narrowly distributed 

approximately 67 kDa, provided by the supplier. This was also verified by the SEC 

results. Moreover, the size of BSA molecules has been reported previously to be 

narrowly distributed approximately 7.3 nm, as determined by a Zeta Sizer instrument 

(Yu, Zhang & Graham, 2017). Therefore, it is logical for the CS-GO membranes to 

complete the above separation/removal efficiency when filtering the BSA solution. 

 

Figure 4.70 Separation performance (change in absorbance at UV280) for BSA 

solution before and after filtration by CS-GO membranes (0.2 mg CS and 1 mg GO). 
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Figure 4.71 Separation performance (change in absorbance at UV280) for BSA 

solution before and after filtration by CS-GO membranes (0.5 mg CS and 1 mg GO).  
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BSA layer was indeed deposited on the surface of the CS-GO membrane. 
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Figure 4.72 FTIR spectra of the CS-GO membrane (0.2 mg CS and 1 mg GO) before 

and after BSA filtration, and BSA powder. 

 

 

Figure 4.73 FTIR spectra of the CS-GO membrane (0.5 mg CS and 1mg GO) before 

and after BSA filtration, and BSA powder. 
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membranes before and after BSA filtration. Different from the results in Chapter 4, all 

CS-GO membranes after filtering BSA solution exhibited a minor increase in water CA. 

The water CA of all CS-GO membranes changed approximately 1°. For a CS: GO mass 

ratio of 0.2:1, the water CA increased from 47° to 48°. For a CS: GO mass ratio of 0.5:1, 

the water CA increased from 46° to 47°. This might be owing to the hydrophilicity of 

CS-GO membranes themselves. CS-GO membranes might be more hydrophilic than 

BSA molecules, thus exhibiting more hydrophobic after filtering the BSA solution.  

 

 

Figure 4.74 Water contact angle (CA) of CS-GO membranes (0.2 mg CS and 1 mg 

GO) before and after BSA filtration. 
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Figure 4.75 Water contact angle (CA) of CS-GO membranes (0.5 mg CS and 1 mg 

GO) before and after BSA filtration. 

 

Figure 4.76 and Figure 4.77 demonstrate the difference in the surface zeta potential 

of CS-GO membranes before and after filtering the BSA solution. All membranes 

exhibited a decrease in surface zeta potential. This is consistent with the change of the 

corresponding part in Chapter 4. For a CS: GO mass ratio of 0.2:1, CS-GO membranes 

decreased from approximately -18 mV to -26 mV before and after SA filtration. For a 

CS: GO mass ratio of 0.5:1, CS-GO membranes decreased from approximately -16 mV 

to -26 mV before and after SA filtration. The decrease of the surface zeta potential 

should be attributed to the zeta potential of the 10 mg/L BSA solution shown in Figure 

3.3. 
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Figure 4.76 Surface zeta potential of CS-GO membranes (0.2 mg CS and 1 mg GO) 

before and after BSA filtration. 

 

 

Figure 4.77 Surface zeta potential of CS-GO membranes (0.5 mg CS and 1 mg GO) 

before and after BSA filtration. 
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4.9 Analysis of Membrane Performance with SA Solution 

4.9.1 Permeability and Anti-fouling Performance 

The initial fluxes of 10 mg/L SA solution of CS-GO membranes were measured 

under 4-bar pressure and the results are shown in Figure 4.82. For a CS: GO mass ratio 

of 0.2:1, the initial fluxes of LCS-GO, MCS-GO, and HCS-GO were 5.52±0.03 LMH, 

5.63±0.04 LMH, and 5.84±0.06 LMH, respectively. For a CS: GO mass ratio of 0.5:1, 

the initial fluxes of LCS-GO, MCS-GO, and HCS-GO were 3.51±0.03 LMH, 3.62 

±0.06 LMH, and 3.90±0.08 LMH, respectively. 

 

Figure 4.78 Initial SA solution flux of CS-GO membranes (0.2 mg CS and 1 mg GO, 

0.5 mg CS and 1 mg GO). 

 

Figure 4.79 and Figure 4.80 show the temporal variation of CS-GO membranes 

when filtering the 10 mg/L SA solution. It can be seen in both figures that J/J0 variations 
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mL DI water and then reused for one more filtration cycle to evaluate the flux recovery 

of the CS−GO membranes. For a CS: GO mass ratio of 0.2:1, J/J0 decreased to 0.65 

after the first cycle and recovered to approximately 0.76 after ultrasonic cleaning. J/J0 

dropped to 0.64 after the second cycle. For a CS: GO mass ratio of 0.5:1, J/J0 decreased 

to 0.65 after the first cycle and recovered to approximately 0.71 after ultrasonic cleaning. 

J/J0 dropped to 0.64 after the second cycle. It can be seen that the CS-GO membranes 

exhibited stable and worthy anti-fouling performance when filtering the SA solution. In 

other words, J/J0 did not decrease constantly during the process of filtration. In the 

short-term filtration scheme, J/J0 was stabilized above 0.6 after filtering the 100 mL 10 

mg/L SA solution. 

Comparing with the J/Jo results in Figure 4.67 and 4.68, it can be seen that the J/J0 

value of CS-GO membranes after filtering 100 mL SA solution was 0.1 higher than the 

corresponding value of filtering 100 mL BSA solution. This may be caused by the 

different structures of these two macromolecular organics. SA has a linear structure 

while BSA has a spherical structure. The spherical structure might be more likely to 

block the layered structure of the CS-GO membranes. 

 

Figure 4.79 Variation of J/J0 with permeate volume for 10 mg/L SA solution of CS-

GO membranes (0.2 mg CS and 1 mg GO) over two permeation cycles (separated by 
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one ultrasound washing, mean data points from duplicate tests). 

 

 

Figure 4.80 Variation of J/J0 with permeate volume for 10 mg/L SA solution of CS-

GO membranes (0.5 mg CS and 1 mg GO) over two permeation cycles (separated by 

one ultrasound washing, mean data points from duplicate tests). 

 

4.9.2 Separation Performance 

The separation performance of CS-GO membranes was determined in terms of 

TOC of the SA feed and permeate solutions. As illustrated in Figure 4.81, the CS−GO 

membranes achieved more than 99% removal of SA in terms of TOC, regardless of the 
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the size of SA molecules has been reported previously to be narrowly distributed 
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Figure 4.81 Average separation performance (% change in TOC) for SA solution of 

CS-GO membranes (0.2 mg CS and 1 mg GO, 0.5 mg CS and 1 mg GO). 

 

4.9.3 Comparison of Virgin and Fouled Membranes 

Figure 4.82 and Figure 4.83 demonstrate the difference of FTIR spectra of the CS-
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characteristic peaks at 3000-3500 cm-1. This may indicate that the surface of CS-GO 

membranes had a layer of SA molecules retained on the membrane surface. Moreover, 

the PVDF-CS fouled membranes exhibited a characteristic peak enhancement at 1610 

cm-1 and 1400 cm-1. These may correspond to O-C-O asymmetric stretching vibration, 

and O-C-O symmetric stretching vibration in the carboxylate group (Leal et al., 2008; 
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the surface. 
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Figure 4.82 FTIR spectra of CS-GO membranes (0.2 mg CS and 1 mg GO) before 

and after SA filtration, and SA powder. 

 

 

Figure 4.83 FTIR spectra of CS-GO membranes (0.5 mg CS and 1 mg GO) before 

and after SA filtration, and SA powder. 

 

 

4000 3500 3000 2500 2000 1500 1000 500

80

85

90

95

100

%
 T

ra
n

sm
it

ta
n

ce

Wavenumber (cm-1)

 Before

 After

 SA powder

4000 3500 3000 2500 2000 1500 1000 500

80

85

90

95

100

%
 T

ra
n
sm

it
ta

n
ce

Wavenumber (cm-1)

 Before

 After

 SA powder



137 
 

Figure 4.84 and Figure 4.85 demonstrate the difference of water CA of the CS-GO 

membranes before and after SA filtration. Different from the results in Chapter 4, all 

CS-GO membranes after filtering SA solution exhibited a minor increase in water CA. 

The water CA of all CS-GO membranes changed approximately 3-4°. For a CS: GO 

mass ratio of 0.2:1, the water CA increased from 47.5° to 50.5°. For a CS: GO mass 

ratio of 0.5:1, the water CA increased from 46° to 50°. This might be owing to the 

hydrophilicity of CS-GO membranes themselves. CS-GO membranes might be more 

hydrophilic than SA molecules, thus exhibiting more hydrophobic after filtering the SA 

solution.  

 

Figure 4.84 Water contact angle (CA) of CS-GO membranes (0.2 mg CS and 1 mg 

GO) before and after SA filtration. 
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Figure 4.85 Water contact angle (CA) of CS-GO membranes (0.5 mg CS and 1 mg 

GO) before and after SA filtration. 

 

Figure 4.86 and Figure 4.87 demonstrate the difference in the surface zeta potential 

of CS-GO membranes before and after filtering the SA solution. All membranes 

exhibited a decrease in surface zeta potential. This is consistent with the change of the 

corresponding part in Chapter 4. For a CS: GO mass ratio of 0.2:1, CS-GO membranes 

decreased from approximately -18 mV to -27 mV before and after SA filtration. For a 

CS: GO mass ratio of 0.5:1, CS-GO membranes decreased from approximately -16 mV 

to -27 mV before and after SA filtration. The decrease of the surface zeta potential 

should be attributed to the zeta potential of the 10 mg/L SA solution shown in Figure 

3.3. 
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Figure 4.86 Surface zeta potential of CS-GO membranes (0.2 mg CS and 1 mg GO) 

before and after SA filtration. 

 

 

Figure 4.87 Surface zeta potential of CS-GO membranes (0.5 mg CS and 1 mg GO) 

before and after SA filtration. 
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4.10 Analysis of Membrane Performance with HA Solutions 

4.10.1 Permeability and Anti-fouling Performance 

The initial fluxes of 10 mg/L HA solution of CS-GO membranes were measured 

under 4-bar pressure and the results are shown in Figure 4.88. For a CS: GO mass ratio 

of 0.2:1, the initial fluxes of LCS-GO, MCS-GO, and HCS-GO were 4.21±0.03 LMH, 

4.36±0.04 LMH, and 4.65±0.04 LMH, respectively. For a CS: GO mass ratio of 0.5:1, 

the initial fluxes of LCS-GO, MCS-GO, and HCS-GO were 2.46±0.02 LMH, 2.51 

±0.03 LMH, and 2.71±0.02 LMH, respectively. 

 

Figure 4.88 Initial HA solution flux of CS-GO membranes (0.2 mg CS and 1 mg GO, 

0.5 mg CS and 1 mg GO). 

Figure 4.89 and Figure 4.90 show the temporal decline in normalized flux when 

filtering 10 mg/L HA solution. It can be seen in both figures that the J/J0 variations of 
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of the CS−GO membranes. For a CS: GO mass ratio of 0.2:1, J/J0 decreased to 0.86 

after the first cycle and recovered to approximately 0.89 after ultrasonic cleaning. J/J0 

dropped to 0.84 after the second cycle. For a CS: GO mass ratio of 0.5:1, J/J0 decreased 

to 0.84 after the first cycle and recovered to approximately 0.89 after ultrasonic cleaning. 

J/J0 dropped to 0.83 after the second cycle. It can be seen that the CS-GO membranes 

exhibited stable and worthy anti-fouling performance when filtering the HA solution. 

In other words, J/J0 did not decrease constantly during the process of filtration. In the 

short-term filtration scheme, J/J0 was stabilized above 0.8 after filtering 100 mL 10 

mg/L HA solution. BSA, SA, and HA are three representative NOMs in surface waters. 

However, unlike BSA and SA, the MWD of HA is broader and more representative of 

the MWD of NOM in real surface waters. When comparing three representative NOM, 

it can be concluded from the above results that the ability to cause membrane fouling 

during the filtration process followed the order of BSA>SA>HA, and the degree of 

hydraulic reversibility (flux recovery after ultrasound washing) of the membrane 

fouling also followed the order of BSA>SA>HA. 

 

Figure 4.89 Variation of J/J0 with permeate volume for 10 mg/L HA solution of CS-

GO membranes (0.2 mg CS and 1 mg GO) over two permeation cycles (separated by 

one ultrasound washing, mean data points from duplicate tests). 
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Figure 4.90 Variation of J/J0 with permeate volume for 10 mg/L HA solution of CS-

GO membranes (0.5 mg CS and 1 mg GO) over two permeation cycles (separated by 

one ultrasound washing, mean data points from duplicate tests). 

 

4.10.2 Separation Performance 

The separation performance of the CS-GO membranes was determined in terms 

of both the TOC and UV254 absorbance of the HA feed and permeate solutions. It can 

be seen in Figure 4.91 and Figure 4.92 that all CS-GO membranes provided more than 

98% removal of HA both in terms of TOC and UV254. However, different from filtering 

BSA and SA solutions, when filtering HA solution, both the dosage (proportion) of CS 

and the MW of CS had a minor influence on the removal of HA. For a CS: GO mass 

ratio of 0.2:1, the removal of HA by the membranes prepared with HCS was slightly 

lower than that of LCS-GO and MCS-GO membranes did by less than 1%. This should 

be owing to the larger interlayer spacing of the HCS-GO membrane. For a CS: GO 

mass ratio of 0.5:1, the MW of CS was not an influencing factor for the 

separation/removal efficiency of the membranes. All CS-GO membranes achieved 

more than 99% removal of HA. 
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Figure 4.91 Average separation performance (% change in TOC and UV254) for HA 

solution of CS-GO membranes (0.2 mg CS and 1 mg GO). 

 

 

Figure 4.92 Average separation performance (% change in TOC and UV254) for HA 

solution of CS-GO membranes (0.5 mg CS and 1 mg GO). 
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performance when filtering the HA solution was investigated in terms of the MW 

distribution, as determined by SEC, in order to compare the separation performance of 

the CS-GO membranes. It can be seen that all CS-GO membranes provided significant 

removal of HA under absorbance at UV254. More importantly, Figure 4.93 confirmed 

that for a CS: GO mass ratio of 0.2:1, the removal of HA by the membranes prepared 

with HCS was slightly lower than that of LCS-GO and MCS-GO membranes did. 

Figure 4.94 confirmed that for a CS: GO mass ratio of 0.5:1, the MW of CS was not an 

influencing factor of the separation/removal efficiency of the CS-GO membranes. All 

CS-GO membranes achieved almost complete removal of HA. 

It can be concluded from the above results that for a CS: GO mass ratio of 0.2:1, 

the separation performance of the CS-GO membranes during the filtration process 

followed the order of BSA≈SA>HA. However, for a CS: GO mass ratio of 0.5:1, the 

separation performance of CS-GO membranes during the filtration process followed 

the order of BSA≈SA≈HA. 

 

Figure 4.93 Separation performance (change in absorbance at UV254) for HA solution 

before and after filtration by CS-GO membranes (0.2 mg CS and 1 mg GO). 
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Figure 4.94 Separation performance (change in absorbance at UV254) for HA solution 

before and after filtration by CS-GO membranes (0.5 mg CS and 1 mg GO). 
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Figure 4.95 FTIR spectra of CS-GO membranes (0.2 mg CS and 1 mg GO) before 

and after HA filtration, and HA powder. 

 

 

Figure 4.96 FTIR spectra of CS-GO membranes (0.5 mg CS and 1 mg GO) before 

and after HA filtration, and HA powder. 
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membranes before and after HA filtration. Unlike the results shown of corresponding 

parts of BSA and SA in this Chapter, all CS-GO membranes after filtering HA solution 

exhibited a significant increase in water CA. The water CA of all CS-GO membranes 

changed more than 30°. When CS: GO= 0.2:1, the water CA increased from 47.5° to 

nearly 80°. When CS: GO= 0.5:1, the water CA increased from 46° to approximately 

80°. This should be owing to the hydrophobic nature of the retained HA molecules. Yu 

et al. (2018) and others have reported that HA solution is mainly composed of 

hydrophobic components. It was also observed elsewhere that HA fouling led to an 

increase in the water CA of the membrane (Yuan & Zydney, 2000). 

 

Figure 4.97 Water contact angle (CA) of CS-GO membranes (0.2 mg CS and 1 mg 

GO) before and after HA filtration. 
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Figure 4.98 Water contact angle (CA) of CS-GO membranes (0.5 mg CS and 1 mg 

GO) before and after HA filtration. 

 

Figure 4.99 and Figure 4.100 demonstrate the difference in the surface zeta 

potential of CS-GO membranes before and after filtering the HA solution. All 

membranes exhibited a significant decrease in surface zeta potential. This is consistent 

with the change of the corresponding part in Chapter 4. When CS: GO= 0.2:1, CS-GO 

membranes decreased from approximately -18 mV to -40 mV before and after HA 

filtration. For a CS: GO mass ratio of 0.5:1, CS-GO membranes decreased from 

approximately -16 mV to -40 mV before and after HA filtration. The decrease of the 

surface zeta potential should be attributed to the zeta potential of the 10 mg/L HA 

solution shown in Figure 3.3. 
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Figure 4.99 Surface zeta potential of CS-GO membranes (0.2 mg CS and 1 mg GO) 

before and after HA filtration. 

 

 

Figure 4.100 Surface zeta potential of CS-GO membranes (0.5 mg CS and 1 mg GO) 

before and after HA filtration. 
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4.11 Analysis of CS-GO Membranes Performance with Surface 

Water Samples  

4.11.1 Permeability and Anti-fouling Performance 

The initial fluxes of surface water from OP Lake of CS-GO membranes were 

measured under 4-bar pressure and the results are shown in Figure 4.101. For a CS: GO 

mass ratio of 0.2:1, the initial fluxes of LCS-GO, MCS-GO, and HCS-GO were 

4.29±0.03 LMH, 4.46±0.05 LMH, and 5.77±0.06 LMH, respectively. For a CS: GO 

mass ratio of 0.5:1, the initial fluxes of LCS-GO, MCS-GO, and HCS-GO were 

4.17±0.02 LMH, 4.32±0.03 LMH, and 4.61±0.04 LMH, respectively. 

 

 

Figure 4.101 Initial OP Lake water flux of CS-GO membranes (0.2 mg CS and 1 mg 

GO, 0.5 mg CS and 1 mg GO). 

 

Figure 4.102 and Figure 4.103 show the temporal variation of CS-GO membranes 
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identical, indicating that the MW of the CS and the dosage (proportion) of CS were not 

the influencing factors. 

After the first filtration, the membranes were cleaned by ultrasound washing for 3 

minutes using 100 mL DI water and then reused for one more filtration cycle to evaluate 

the flux recovery of the CS−GO membranes. For a CS: GO mass ratio of 0.2:1, J/J0 

decreased to 0.79 after the first cycle and recovered to approximately 0.81 after 

ultrasonic cleaning. J/J0 dropped to 0.77 after the second cycle. For a CS: GO mass ratio 

of 0.5:1, J/J0 decreased to 0.79 after the first cycle and recovered to approximately 0.82 

after ultrasonic cleaning. J/J0 dropped to 0.78 after the second cycle. It can be seen that 

the CS-GO membranes exhibited stable and worthy anti-fouling performance when 

filtering OP Lake water. In other words, J/J0 did not decrease constantly during the 

process of filtration. In the short-term filtration scheme, J/J0 was stabilized above 0.75 

after filtering 100 mL OP Lake water. Overall, it is worth noting that the flux variations 

of the CS-GO membranes when filtering the OP Lake water were similar to the 

corresponding values when filtering the HA solution. 

 

Figure 4.102 Variation of J/J0 with permeate volume for the OP Lake water of CS-GO 

membranes (0.2 mg CS and 1 mg GO) over two permeation cycles (separated by one 

ultrasound washing, mean data points from duplicate tests). 
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Figure 4.103 Variation of J/J0 with permeate volume for the OP Lake water of CS-GO 

membranes (0.5 mg CS and 1 mg GO) over two permeation cycles (separated by one 

ultrasound washing, mean data points from duplicate tests). 

 

4.11.2 Separation Performance 
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was approximately 30% in terms of TOC. 

 

Figure 4.104 Average separation performance (% change in TOC and UV254) for the 

surface water from OP Lake water before and after CS-GO membranes (0.2 mg CS 

and 1mg GO). 

 

Figure 4.105 Average separation performance (% change in TOC and UV254) for the 

surface water from OP Lake before and after CS-GO membranes (0.5 mg CS and 1 

mg GO). 
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In addition to the measurements of TOC and UV254 absorbance, the separation 

performance when filtering OP water was investigated in terms of the MW distribution, 

as determined by SEC presented in Figure 4.106 and Figure 4.107, in order to compare 

the separation performance of the CS-GO membranes. More importantly, Figure 4.106 

and Figure 4.107 confirmed that the separation performance of CS-GO membranes 

when filtering OP water followed the order of LCS-GO>MCS-GO>HCS-GO. The 

separation performance of CS-GO membranes on NOM in surface water 

comprehensively reflected the impact of the dosage and the MW of CS, which regulated 

the interlayer spacing of the CS-GO membranes. 

Table 3.3 presents that the SUVA value of OP Lake water was 1.28±0.07. This 

could reflect that the hydrophilic NOM accounted for a certain proportion in the OP 

water. Makdissy et al. (2003) concluded that the hydrophilic NOM was difficult to 

remove and the SUVA value of the surface water in their study was approximately 1.1. 

Liu et al. (2017) found that NOM with MW lower than 2 kDa in the surface water was 

difficult to be removed by the GO membrane. Yu et al. (2018) and Shan et al. (2016) 

proposed that the hydrophilic membranes tended to remove hydrophobic NOM in the 

surface water, while the hydrophobic membranes tended to remove hydrophilic NOM 

in the surface water. Therefore, compared with the removal of HA by the CS-GO 

membranes, the removal of CS-GO membranes on NOM in surface water was not 

satisfactory. The difference in the separation performance between filtering HA and OP 

Lake water reflected the difficulty of removing small MW NOM and the complexity of 

the NOM in the real surface water (Shan et al., 2016; Liu et al., 2017; Yu et al., 2018). 
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Figure 4.106 Separation performance (change in absorbance at UV254) for the OP 

Lake water before and after CS-GO membranes (0.2 mg CS and 1 mg GO). 

 

 

Figure 4.107 Separation performance (change in absorbance at UV254) for the OP 

Lake water before and after CS-GO membranes (0.5 mg CS and 1 mg GO). 
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4.11.3 Comparison of Virgin and Fouled CS-GO Membranes 

Figure 4.108 and Figure 4.109 demonstrate the difference of FTIR spectra of the 

CS-GO membrane before and after filtering OP Lake water. The results demonstrated 

that -OH stretching resulted in a strong band ranging from 3000 to 3700 cm-1. The peak 

at approximately 1650 cm-1 is attributed to the C=O in alcohol or carboxylic acid groups 

(Park et al., 2012). The sharp band at 1130 cm-1 was attributed to the C-H deformation 

of the -CH3 group (Liu et al., 2019b). The band at approximately 600 cm-1 showed C-

H out of plane deformation (Fukushima, Tatsumi & Nagao, 2001). These changes likely 

reflect that the CS-GO membranes retained both biopolymers containing -OH groups 

and some small molecules NOM in the OP water. 

 

Figure 4.108 FTIR spectra of CS-GO membranes (0.2 mg CS and 1 mg GO) before 

and after the filtration of the surface water from OP Lake, and the OP Lake water after 

3-day freeze-drying. 
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Figure 4.109 FTIR spectra of CS-GO membranes (0.5 mg CS and 1 mg GO) before 

and after the filtration of the surface water from OP Lake, and the OP Lake water after 

3-day freeze-drying. 

 

Figure 4.110 and Figure 4.111 demonstrate the difference of water CA of the CS-

GO membranes before and after OP water filtration. All CS-GO membranes after 

filtering OP water exhibited a significant increase in water CA. The water CA of all CS-

GO membranes changed more than 40°. When CS: GO= 0.2:1, the water CA increased 

from 47.5° to more than 90°. When CS: GO= 0.5:1, the water CA increased from 46° 

to more than 90°. This might be attributed to the hydrophilic CS-GO membranes 

tending to remove hydrophobic NOM in the OP water as discussed previously (Yu et 

al., 2018; Shan et al., 2016). 
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Figure 4.110 Water contact angle (CA) of CS-GO membranes (0.2 mg CS and 1 mg 

GO) before and after the OP Lake water filtration. 

 

 

Figure 4.111 Water contact angle (CA) of CS-GO membranes (0.5 mg CS and 1 mg 

GO) before and after the OP Lake water filtration. 

 

Figure 4.112 and Figure 4.113 demonstrate the difference in the surface zeta 
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potential of CS-GO membranes before and after filtering the SA solution. All 

membranes exhibited a minor decrease in surface zeta potential. When CS: GO= 0.2:1, 

CS-GO membranes decreased from approximately -18 mV to -19 mV before and after 

filtering the OP water. When CS: GO= 0.5:1, CS-GO membranes decreased from 

approximately -16 mV to -18 mV before and after filtering the OP water. This small 

change might verify the mild removal of NOM in the OP water. 

 

Figure 4.112 Surface zeta potential of CS-GO membranes (0.2 mg CS and 1 mg GO) 

before and after the OP Lake water filtration. 
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Figure 4.113 Surface zeta potential of CS-GO membranes (0.5 mg CS and 1 mg GO) 

before and after the OP Lake water filtration. 
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membranes, the concentration of the three representative NOM solutions was increased 

to 50 mg/L. From the images given in Fig. 4.114 (C) to (H), there were no visible 

changes to the membranes, indicating that all the CS-GO membranes exhibited 

continuous stability in each solution for 60 days (further details are shown in SI, Fig. 

S2). Devices shown in Figure 4.115 were used to test the stability of the CS-GO 

membranes under conditions of ultrasonic and vibration damage. More details were 

presented in Appendix A14-A19. 

 

Figure 4.114 Photo images of the CS-GO membranes: pure (dry) CS-GO 

composite membrane (A); Deterioration of pure GO membrane immersed in DI water 

(B); Stability of CS−GO membranes with 0.2 mg CS and 1 mg GO in different 

solutions at day 60: DI water (C), 1M NaCl (D), 50 mg/L BSA (E), 50 mg/L SA (F), 

50 mg/L HA (G) and surface water from OP Lake (H). 

 

Figure 4.115 Ultrasonic and vibration devices used to test the stability of the CS-GO 

membranes after immersion for 60 days. 
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4.13 Conclusion 

This chapter has investigated the performance of the PVDF, PVDF-CS, and PVDF 

CS-GO membranes for NOM removal in water treatment. The key conclusion of this 

chapter is as follows: 

1) The MW of CS did not appear to affect the water CA, surface zeta potential, 

anti-fouling property, and separation performance of the coated PVDF-CS membranes. 

2) In the filtration experiments of three representative NOM substances and one 

surface water, the PVDF-CS membranes exhibited a greater anti-fouling and separation 

performance compared to the uncoated PVDF membrane.  

3) The enhancement of PVDF-CS membrane separation performance was mainly 

due to the coverage of the PVDF membrane pores by the CS layer, which also led to a 

substantial decrease in the water flux of PVDF-CS membranes. This reflects the 

common trade-off between water permeability and separation performance when 

coating the membrane. 

4) The enhanced anti-fouling property of PVDF-CS membranes was due to the 

charge neutrality and the improvement of the hydrophilicity of the coated membrane 

surface resulted from the employment of CS. 

5) The degree of change of the membrane surface FTIR, water CA and surface 

zeta potential before and after filtration could qualitatively reflect the separation 

performance of the membrane. In this study, the greater the change that occurred, the 

greater the accumulation of NOM accumulated on the membrane surface. 

6) For a constant dosage of CS in the CS-GO membrane, the MW of the CS did 

not appear to affect the water CA, surface zeta potential, and anti-fouling properties of 

the membranes. However, the interlayer spacing of CS-GO composite membranes was 

altered by changing the MW of CS and the amount of CS employed. Specifically, a 

higher MW of CS led to a greater interlayer spacing, thus resulting in a greater 

permeability and lower NOM separation/removal efficiency. This again reflects the 

trade-off between water permeability and separation performance when fabricating the 

membrane (i.e. choice of CS-GO ratio and CS MW). 
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7) CS-GO membranes fabricated in this study were stable in various aqueous 

solutions for up to 60 days, indicating satisfactory resistance to various chemical 

conditions. This can be attributed to the effects of hydrogen-bonding and electrostatic 

interaction between CS and GO nanosheets, as well as the formation of C-OH and C-

N chemical bonds introduced by the CS. 

8) In filtration experiments with three representative NOM substances and one 

surface water, the CS-GO membranes exhibited stable and satisfactory anti-fouling and 

separation performance. The enhanced anti-fouling property of the CS-GO membranes 

can be attributed to the significant improvement in the hydrophilicity of the membrane 

itself, resulting from the employment of two hydrophilic materials, namely CS and GO. 

9) The CS-GO membranes exhibited an almost complete removal of BSA, SA, 

and HA as model NOM components. For the OP Lake water, the results showed 

complete removal of biopolymers and partial separation of humic-type compounds.  

10) The study has demonstrated that novel CS-GO membranes can be fabricated 

using a facile cross-linking method at room temperature, with tunable properties, and 

have considerable promise for water treatment applications. 

    The above experimental results and conclusions basically achieve the research 

objectives mentioned in Chapter 1. A reproducible coating method was developed by 

filtering 10 g 0.01% wt chitosan solution (1mg CS) under 4-bar pressure to minimize 

the adsorption of chitosan on the membrane. The overall filtration performance of 

PVDF and PVDF-CS membranes was evaluated and compared when filtering the four 

selected water samples. It was found that the employment of CS greatly improved the 

separation and anti-fouling performance when treating the three representative NOM 

substances, while the MW of CS did not appear to affect the filtration performance of 

different PVDF-CS membranes. However, for the selected surface water, it was found 

that PVDF-CS membranes showed only approximately 10% removal efficiency of 

NOM, while the PVDF membranes showed approximately 5% removal efficiency of 

NOM. This means that the coated CS layer played a beneficial, but limited, role in the 

removal of NOM from the real surface water, representing only a moderate 

improvement to the separation capacity of uncoated commercial PVDF UF membranes. 
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A reproducible coating method was developed by filtering the CS-GO suspensions 

(consisting of either 0.2 mg CS and 1 mg GO, or 0.5 mg CS and 1 mg GO) under 4-bar 

pressure. The overall filtration performance of different composite CS-GO membranes 

was evaluated and compared when filtering the four selected water samples. It was 

found that the employment of GO significantly improved the separation performance 

of the membranes compared to the PVDF-CS membranes. Specifically, the CS-GO 

membranes exhibited an almost complete removal of BSA, SA, and HA as model NOM 

components. For the selected surface water, the CS-GO membranes removed up to 

approximately 50% of NOM. In addition, the variation of MW and dosage of CS was 

shown to alter the interlayer spacing of the CS-GO membranes. This phenomenon of a 

tunable interlayer spacing was attributed partly to the length and density of CS chains. 

Unlike the results for the PVDF-CS membranes, the MW of the CS had a definite 

impact on the physicochemical properties of the composite CS-GO membranes. 
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Chapter 5 Performance of the PVDF Membrane and PVDF-

CS Membrane under the Gravity-driven Filtration 

Arrangement 

5.1 Introduction 

This chapter aimed to assess and compare the feasibility and effectiveness of the 

PVDF and PVDF-CS membranes operated under the GDF arrangement, as a proof of 

concept for small-scale engineering applications, such as rural community systems in 

developing countries. The PVDF-CS membrane in this Chapter refers to M-CS coated 

PVDF membranes because the results in Chapter 4 proved that the MW of the CS did 

not appear to affect the permeability, separation, and anti-fouling performance of the 

different PVDF-CS membranes. A long-term filtration test (30 days) was conducted 

using samples of real surface water collected from the Qing River in Beijing with a 

TOC of more than 8 mg/L. The feasibility and effectiveness of the GDF arrangement 

were studied in terms of the operability and water productivity of the membrane module. 

The water productivity was determined by recording the flux variation over 30 days. 

Although the separation performance was not an important aspect of the evaluation in 

this chapter, it was still evaluated by the determination of TOC, UV254, and MWD (SEC) 

in order to verify whether the development of a biofilm on the membrane surface could 

act as a secondary filter. Furthermore, fouled membranes after the filtration period were 

characterized to study the bio-fouling layer (biofilm), which were unable to form under 

the short-term filtration conditions described in Chapter 4. The biofilm was studied by 

the determination of the content of protein, polysaccharide, and ATP accumulated in the 

membranes. Other measurements and analyses including surface zeta potential, FTIR, 

and SEM were similar to those used in the experiment described in Chapter 4 and 

Chapter 5. The experimental steps are summarized as follow: 

(a) The preliminary test was to run the GDF set-up using DI water, which was to 

check the tightness of the system and control the initial flux by trimming the control 
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switches.  

(b) The flux variation was recorded every few hours by weighing the bottles for 

collecting water. The separation performance was recorded every day by the 

determination of TOC and UV254, and every 3 to 7 days by the determination of the 

MW distribution (SEC). 

(c) Qualitative analysis of the biofilm was conducted by characterizing the 

difference between FTIR, surface zeta potential, and CLSM of the PVDF and PVDF-

CS membranes before and after the filtration.  

(d) Quantitative analysis of the biofilm was conducted by determining the content 

of protein, polysaccharide, and ATP accumulated on the fouled membranes and using 

SEM images to present the structure and the thickness of the biofilm of the PVDF and 

PVDF-CS membranes after the filtration.  

5.2 Analysis of Membrane Performance under Surface Water 

Tests 

5.2.1 Flux Stabilization 

Figure 5.1 and Figure 5.2 show the flux (J) and the temporal variation of 

normalized flux, J/J0 of PVDF and PVDF-CS membranes during the 30-day operation 

treating the Qing River water, respectively. In order to make the initial fouling rate of 

the two membranes approximately identical, the initial fluxes of the PVDF and PVDF-

CS membrane were adjusted to 6.56 and 6.78 LMH. It can be seen that the variation of 

the flux of the PVDF and PVDF-CS membranes exhibited a similar trend. The 

membrane flux has been reported in other studies to stabilize within 7 days (Derlon et 

al., 2013; Chawla et al., 2017). The trend can be divided into two stages. Initially, the 

membrane flux decreased sharply in the first 7 days (Stage Ⅰ), then it gradually entered 

a stable level after 7 days (Stage Ⅱ). In Stage Ⅰ, the flux of the PVDF membrane 

decreased from 6.56 LMH to 1.83 LMH (J/J0 = 0.28). By comparison, the flux of the 

PVDF-CS membrane decreased from 6.78 LMH to 3.49 LMH (J/J0 = 0.52). The rapid 
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flux decline in Stage Ⅰ was believed to be caused by membrane pore blockage (Akhondi 

et al., 2015; Wang et al., 2017). In Stage Ⅱ, the flux of the PVDF and the PVDF-CS 

membranes stabilized at approximately 1.70 LMH (J/J0 = 0.26) and 3.42 LMH (J/J0 = 

0.51). The phenomenon of flux stabilization was first proposed by Peter-Varbanets et 

al. (2010). This was explained by the development of heterogeneous structures in a bio-

fouling layer on the membrane surface, resulting from the microbial activities including 

their degradation of NOM accumulated on the membrane surface and self-reproduction 

(Peter-Varbanets et al., 2010; Derlon et al., 2013; Derlon et al., 2014; Ding et al., 2017). 

Further explanation of this phenomenon will be given in Section 5.2.3. 

 

Figure 5.1 Membrane flux (J, LMH) variation of PVDF and PVDF-CS membranes 

during the 30-day operation. 
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Figure 5.2 Temporal variation of J/J0 of PVDF and PVDF-CS membranes during the 

30-day operation (mean data points from duplicate tests). 

 

Figure 5.3 presents the intrinsic resistance of the virgin PVDF membrane and 
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Figure 5.3 The intrinsic resistance of the virgin PVDF and PVDF-CS membranes 

measured with DI water. 

 

Figure 5.4 and 5.5 display the variation of total hydraulic resistance (Rt) and bio-

fouling resistance (Rb) of the two membrane systems during the 30-day operation. On 

day 1, the Rt of the PVDF-CS membrane was approximately 10.51×1012 m-1. This 

exceeded 6 times of Rt of the PVDF membrane. At the end of the test period, on day 
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10.49×1012 m-1 and 4.68×1012 m-1. The ratio of these two values was approximately 3.8 
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Varbanets et al., 2010; Kus et al., 2013; Akhondi et al., 2015; Derlon et al., 2016; Tang 

et al., 2016). Therefore, according to equation (2) in Chapter 3, the total resistance of 

the fouled membrane should be proportional to the pressure (hydraulic head) when the 

GDF system is operating at a stabilized flux (>10 days).  

 

Figure 5.4 The total hydraulic resistance (Rt) of PVDF and PVDF-CS membranes 

during the 30-day operation (mean data points from duplicate tests). 
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Figure 5.5 The bio-fouling resistance (Rb) of PVDF and PVDF-CS membranes 

during the 30-day operation (mean data points from duplicate tests). 
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membrane operated under the GDF arrangement, which further led to almost twice the 

water productivity. This property should be the key advantage that can enable the 

PVDF-CS membrane to be used in decentralized drinking water treatment systems in 

rural areas of developing countries.  

 

 

Figure 5.6 Variation of membrane flux (J, LMH) of the 2 m PVDF system during the 

15-day operation. 
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Figure 5.7 The total hydraulic resistance (Rt) and bio-fouling resistance (Rb) of the 2 

m PVDF system during the 15-day operation (mean data points from duplicate tests). 
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of NOM in the Qing River water by the PVDF-CS membranes in terms of TOC and 

UV254 was approximately 8% and 6%. Moreover, Figure 5.8 and Figure 5.9 also 

demonstrated that the separation performance of the PVDF and PVDF-CS membranes 

was stable under the GDF arrangement during the 30-day operation. This result is 

different from comparable findings reported in other studies, which indicated a greater 

degree of removal. As the bio-fouling is caused by the formation of biofilm, some 

studies have proposed that the biofilm can be the secondary filter, thus enhancing the 

separation capability of the fouled membrane (Derlon et al., 2014; Ding et al., 2017a; 

Wang et al., 2017). The reason for the different separation performance may be 

attributed to the use of feed waters. The studies reporting the phenomenon of the biofilm 

acting as a secondary filter used either grey water or secondary wastewater effluent as 

the feed water, in contrast to the surface river water used in this study. It is likely that 

the greywater and secondary wastewater effluent contained much greater levels of 

microbial and organic content than that of river water. Thus, the enhanced separation 

performance might be the consequence of the greater microbial activity. 

 

 

Figure 5.8 TOC (mg/L) variation after the filtration of PVDF and PVDF-CS 

membranes during the 30-day operation. 
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Figure 5.9 UV254 (cm-1) variation after the filtration of PVDF and PVDF-CS 

membranes during the 30-day operation. 
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temperature state, they are more dormant and hardly secrete EPS. The absence of 

biopolymers in the sampled water is considered a major reason for the low overall 

removal of NOM in the Qing River water. Additionally, as indicated earlier, the SUVA 

value of the Qing River water (Table 3.4) was particularly 0.61±0.02. This value was 

even lower than the SUVA value of the JM River water (0.90±0.06). This signified that 

the NOM in the Qing River water was less aromatic, more hydrophilic than the NOM 

in the JM River water, as used in Chapter 4. Typically, the SUVA value of hydrophilic 

NOM in water is approximately 1.1, and such hydrophilic NOM is known to be difficult 

to remove (Makdissy et al., 2003).  

 

Figure 5.10 Separation performance (change in absorbance at UV254 under SEC) for 

surface water from Qing River before and after the filtration of PVDF and PVDF-CS 

membranes on Day 1. 

 



177 
 

 

Figure 5.11 Separation performance (change in absorbance at UV254 under SEC) for 

surface water from Qing River before and after the filtration of PVDF and PVDF-CS 

membranes on Day 15. 

 

 

Figure 5.12 Separation performance (change in absorbance at UV254 under SEC) for 

surface water from Qing River before and after the filtration of PVDF and PVDF-CS 

membranes on Day 30. 
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5.2.3 Characterization of Fouled Membranes 

To better understand the composition of the biofilm, in terms of the levels of 

protein, polysaccharide, and ATP in the biofilm accumulated on the membrane surface 

were determined. The ATP content determined in both membrane systems verified the 

presence of microorganisms accumulated on the membrane surface (Ding et al., 2017b). 

Moreover, the amount of protein and polysaccharide per unit area determined on the 

PVDF-CS membranes were both slightly higher than their counterparts determined on 

the PVDF membranes. These results can be attributed to the better separation 

performance of the PVDF-CS membrane, resulting in more organic matter and 

microorganisms accumulated on the membrane surface. 

 

Table 5.1 Levels of protein, polysaccharide, and ATP in the bio-fouling layer on PVDF 

and PVDF-CS membranes fouled by Qing River after the 30-day operation (n=6). 

 Protein (g/m2) Polysaccharide (g/m2) ATP (μmol/m2) 

PVDF 0.15±0.04 1.86±0.27 87.7±3.2 

PVDF-CS 0.22±0.05 2.31±0.35 102.6±5.8 

 

Figure 5.13 demonstrates the change in the surface zeta potential of PVDF and 

PVDF-CS membranes before and after filtration of the Qing River water. Both 

membranes exhibited a decrease (increase in negativity) in surface zeta potential. The 

surface zeta potential of the PVDF membrane decreased from -8.2 mV to -35.6 mV 

before and after filtration, while the surface zeta potential of the PVDF-CS membrane 

decreased to approximately -40 mV. These results again confirmed the accumulation of 

biofilm on the membrane surface. This was consistent with other membrane studies 

which showed that substantial changes in surface zeta potential before and after 

filtration, was related to the accumulation of ionizable functional groups (Cho et al., 

1999).  
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Figure 5.13 Surface zeta potential of PVDF and PVDF-CS membranes before 

and after filtration of the Qing River water. 
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Figure 5.14 SEM image of the top surface of the PVDF membrane at the end of the 

30-day operation. 

 

 

Figure 5.15 SEM image of the top surface of the PVDF-CS membrane at the end of 

the 30-day operation. 

 

Figure 5.16 and Figure 5.17 present cross-sectional images of the PVDF and the 
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PVDF-CS membranes after 3 days of filtration, and Figure 5.18 and Figure 5.19 are the 

corresponding images after 30 days. These figures showed the depth morphologies of 

the cake layer (biofilm) formed different membranes. It can be seen that the thickness 

of the cake layer (biofilm) on the PVDF and PVDF-CS membranes was approximately 

2.7 μm and 1.8 μm after the 3-day operation. By contrast, the corresponding thickness 

of the cake layer was approximately 108.9 μm and 60.9 μm after the 30-day operation. 

Three phenomena can be initially observed from these images. The first one is that the 

thickness of the cake layer formed on the PVDF membrane was greater than that of the 

PVDF-CS membrane for the same period of operation. The second one is that the 

thickness of the biofilm of both membranes after the 30-day operation far exceeded 

their counterparts after the 3-day operation. The third was that the cake layer formed 

after the 3-day operation looked dense, while the cake layer formed after the 30-day 

operation appeared loosely structured. From the flux results shown previous in Figure 

5.1 and 5.2, the 30-day operation could be divided subjectively into two stages, where 

the dividing line was at 7-day of operation. It has been observed previously that the 

biofilm formed during GDF operation was compressible under the applied pressure 

(hydraulic head) (Derlon et al., 2016; Pronk et al., 2019). Specifically, a lower pressure 

led to a thicker biofilm using the same feed water. This can explain the first 

phenomenon. It has been observed that the biofilm formed within 7-day operation was 

homogeneous and the hydraulic resistance of the biofilm increased linearly with its 

thickness, while the biofilm became increasingly heterogeneous after 7 days (Peter-

Varbanets et al., 2010; Pronk et al., 2019). The linear increase in hydraulic resistance 

was confirmed in this study as presented in Figures 5.5 and 5.7. Combining Figure 5.16-

5.19 and the results of other studies, it can be further speculated that the increase in 

operation time could result in two changes. The first was an increase in the thickness 

of the biofilm, which was caused by the accumulation of foulants and the self-

reproduction of microorganisms in the feed water. This change tended to increase the 

hydraulic resistance. Meanwhile, the heterogeneity of the biofilm also increased, which 

might be caused by the predation and degradation of NOM caused by metazoans. This 

change would tend to reduce the hydraulic resistance. Thus, it can be inferred that the 
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effect of the increase of the thickness of the biofilm was counteracted by the increase 

of the heterogeneity of the biofilm (Peter-Varbanets et al., 2010). This combination of 

effects may be the reason for the phenomena of flux stabilization observed in the tests.  

It should be emphasized that the key difference between the GDF arrangement 

mode of operation and the conventional pump-driven membrane operation is that the 

heterogeneous structure of biofilm was formed spontaneously under the GDF operation. 

It can be easily imagined that a heterogeneous and loose biofilm would rapidly become 

homogeneous and dense due to the mechanical force of pumping under a conventional 

constant-flux system. Therefore, it can be concluded that the phenomenon of flux 

stabilization under the GDF mode of operation is a spontaneous process, which resulted 

from the dynamic equilibrium of the effects of increasing thickness and increasing the 

heterogeneity of the biofilm.      

 

Figure 5.16 SEM image of the cross-section of the PVDF membrane at the end of the 

3-day operation. 
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Figure 5.17 SEM image of the cross-section of the PVDF-CS membrane at the end of 

the 3-day operation. 

 

Figure 5.18 SEM image of the cross-section of the PVDF membrane at the end of the 

30-day operation. 

 



184 
 

 

Figure 5.19 SEM image of the cross-section of the PVDF-CS membrane at the end of 

the 30-day operation. 

 

5.3 Conclusion 

This chapter has assessed and compared the feasibility and effectiveness of the 

PVDF and PVDF-CS membranes operated under the GDF operating mode to simulate 

the engineering applications, especially small-scale water systems applied in rural areas 

of developing countries. The key conclusions of this chapter are as follows: 

1) Compared to the PVDF membrane, the PVDF-CS membranes showed slightly 

superior separation performance during the 30-day long-term filtration experiments 

treating the Qing River water. 

2) Compared to the PVDF membrane, the PVDF-CS membrane exhibited a substantial 

superior anti-fouling performance during the 30-day long-term filtration experiments 

treating the Qing River water. The stabilized flux of the PVDF-CS membrane was 

almost double that of the PVDF membrane. This means that the water productivity of 

the PVDF-CS membrane module should be almost double that of the PVDF membrane 

module when applied in practice in the decentralized drinking water treatment system. 



185 
 

3) The enhanced anti-fouling property of PVDF-CS membranes attributed to the 

coating of CS played an important and continuous role throughout the 30-day long-term 

filtration experiments treating the surface water. It can be inferred that the charge 

neutrality and the improvement of the hydrophilicity of the membrane were of vital 

importance in producing superior anti-fouling performance. 

4) The phenomenon of flux stabilization under the GDF arrangement is believed to be 

a spontaneous process, which results from the dynamic equilibrium between an 

increasing thickness of the biofilm and its increasing heterogeneity. 

5) The pressure (hydraulic head) had a minor effect on the stabilized flux when applying 

the same type of membrane treating the same feed water under the GDF arrangement. 

This means the level of stabilized flux depends principally on the membrane itself when 

treating the same feed water. Therefore, the greater magnitude of the stabilized flux of 

the PVDF-CS membrane showed its promising potential for use in the decentralized 

drinking water system, especially in rural community systems in developing countries. 

The above experimental results and conclusions basically achieve the research 

objectives mentioned in Chapter 1. The overall filtration performance of PVDF and 

PVDF-CS membrane was evaluated and compared when filtering the selected surface 

water operating under the GDF arrangement. It was found that the PVDF-CS membrane 

provided an enhanced performance indicating a promising potential for small-

community applications in rural areas of developing countries. The stabilized flux of 

the PVDF-CS membrane was almost double that of the reference PVDF membrane 

from day 7 till the end of the 30-day operation, which means the water output of the 

PVDF-CS membrane module would also be almost double that of the PVDF membrane 

module. 
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Chapter 6 Discussion 

Ultrafiltration (UF) membrane-based technology has been applied in the water 

purification industry since the 1980s and employed widely to relieve the crisis of global 

water scarcity (Shannon et al., 2008; Al Aani, Mustafa & Hilal, 2020). However, 

membrane fouling is the major obstacle to the further application of this membrane-

based technology. There are three main methods to alleviate membrane fouling, namely 

the pre-treatment of raw water, membrane modification, and membrane cleaning. As 

the most cost-effective approach is likely to be the prevention of fouling by 

modification of the membrane, this was selected for investigation in this study. 

Consequently, two low cost and widely available hydrophilic materials, namely 

chitosan (CS) and graphene oxide (GO), were chosen to coat a commercial PVDF UF 

membrane in order to produce a superior membrane surface with a reduced propensity 

to fouling. Therefore, this study aimed to evaluate and compare the filtration 

performance of the uncoated PVDF and coated PVDF membranes in terms of 

permeability, separation, and anti-fouling performance.  

In Chapter 4, CS alone was applied to coat the commercial 100 kDa PVDF 

membrane. The first attempt was the chemical casting method, which was to dissolve 

chitosan and PVDF particles in an organic solvent (Kumar et al., 2013). However, the 

rapid co-precipitation of chitosan and PVDF caused the first attempt to fail (Figure A1). 

Then, a physical coating method, referred to as the ‘immersion coating method’, was 

tried. However, the filtration performance of the coated membrane was not reproducible 

and difficult to control (Figure A2). After the previous two failed experiences, a 

successful and reproducible method of the coating was found which involved the 

filtering of chitosan solution through the membrane to complete the physical 

attachment (Boributh, Chanachai & Jiraratananon, 2009). Previous studies about CS 

modified membranes either focused on the filtration in industrial application, such as 

the concentration of fruit juices (Chanachai, Meksup & Jiraratananon, 2010) and oil-

water separation (Zhou et al., 2019) or evaluated the membrane filtration performance 

with the single representative natural organic substance (Boributh, Chanachai & 



187 
 

Jiraratananon, 2009; Wang, Zhao & He, 2016). This study was the first to evaluate and 

compare the performance of chitosan-coated membranes from the perspective of water 

treatment and the first to investigate the impact of CS with different molecular weight 

ranges on coated membranes. Filtration tests were conducted using four types of water 

samples: comprising three representative organic solutions (BSA, SA, HA solutions), 

and surface water from the Jingmi River. The comparative performance of CS with 

three different molecular weight ranges, specifically 50k-190kDa, 100k-300kDa, and 

600k-800kDa, was studied., The results in Chapter 4 demonstrated that the employment 

of CS greatly improved the separation and anti-fouling performance, while the MW of 

CS did not appear to affect the filtration performance of different PVDF-CS membranes. 

Wang & Spencer (2002) concluded that MW of CS did not affect the filtration 

performance of the coated membranes when filtering BSA solution with three different 

MW of CS, ranging from 70 kDa to 2000 kDa. As is shown in Figure 6.1, CS molecules 

were believed to accumulate and form a separate hydrophilic layer on the membrane, 

narrowing the original pore size of the PVDF membranes. This hydrophilic CS layer 

tended to determine the physicochemical properties of the coated PVDF-CS membrane, 

such as water contact angle (CA) and surface zeta potential, and improve the separation 

and anti-fouling performance. However, as a biopolymer, CS molecules also tended to 

narrow the original pore size of the PVDF membranes, thus decreasing the permeability 

performance of the PVDF-CS membranes. Musale, Kumar & Pleizier (1999) reported 

that the employment of CS had narrowed the pore size of the base membrane and the 

DI water flux of CS coated membranes exhibited a 20-fold drop compared to that of 

the base membrane. Therefore, it should be pointed out that there are two trade-offs that 

need to be made when coating membranes, especially employing a hydrophilic 

biopolymer. The first one is between the permeability and the separation performance 

of the coated membranes. The second one is between the hydrophilicity and the pore 

size of the coated membranes. In the process of conducting three representative NOM 

filtration experiments, it was hypothesized that the performance of the PVDF-CS 

membranes would lie between typical UF and NF membranes. However, for the 

selected surface water, it was found that PVDF-CS membranes showed only 
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approximately 10% removal efficiency of NOM, while the PVDF membranes showed 

approximately 5% removal efficiency of NOM. This means that the coated CS layer 

played a beneficial, but limited, role in the removal of NOM from the real surface water, 

representing only a moderate improvement to the separation capacity of uncoated 

commercial PVDF UF membranes.   

 

Figure 6.1 Schematic of coated PVDF-CS membrane. 

 

An increasing requirement of water treatment is an enhanced removal of NOM 

since this is believed to result in a reduced disinfectant demand and lower formation of 

disinfection by-products, which are of potential harm to human health (Mohammad et 

al., 2015). Therefore, it was decided to focus on improving the separation performance 

as the primary research objective, rather than permeability in the subsequent 

experiments. GO was chosen to be employed with CS for coating the commercial 

PVDF membranes. The reason for this was that GO-based membranes have been shown 

to have an equivalent performance to commercial NF membranes (Hu & Mi, 2013; 

Hung et al. 2014; Jia et al. 2016; Yu, Yu & Graham, 2017). Thus, the positively charged 

CS polymers acted as the crosslinking agents to connect negatively charged GO 

nanosheets when fabricating the CS-GO membranes. As illustrated in Figure 2.4 and 

Figure 6.2, the behavior of the composite membrane was unlike conventional porous 

membranes, where usually the largest pores of which seem to determine its removal 

efficiency of NOM. For the CS-GO membrane, the smallest interlayer spacing of the 

multi-layer membrane tends to determine the removal efficiency of NOM. The limited 

number of previous studies concerned with CS-GO coated membranes have focused on 

the layer-by-layer assembly coating method (Salehi, Rastgar & Shakeri, 2017) and the 

chemical casting method (Xue et al., 2018, Bagheripour et al., 2018). In contrast, this 

study was the first to evaluate and compare the performance of CS-GO coated 
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membranes from the perspective of water treatment and the first to investigate the 

impact of CS with different molecular weight ranges on the CS-GO coated membranes. 

The similar types of water samples, as used in the previous experiments (BSA, SA, HA 

solutions, and one surface water), were applied in filtration tests in this chapter. The 

results described in Chapter 4 demonstrated that the employment of GO significantly 

improved the separation performance of the membranes compared to the PVDF-CS 

membranes discussed in Chapter 4. Specifically, the CS-GO membranes exhibited an 

almost complete removal of BSA, SA, and HA as model NOM components. For the OP 

Lake water, the CS-GO membranes removed up to approximately 50% of NOM. In 

addition, the variation of MW and dosage of CS was shown to alter the interlayer 

spacing of the CS-GO membranes. This phenomenon of a tunable interlayer spacing 

was attributed partly to the length and density of CS chains. Unlike the results for the 

PVDF-CS membranes, given in Chapter 4, the MW of the CS had a definite impact on 

the physicochemical properties of the coated CS-GO membranes. The reason for this is 

believed to be that CS molecules act as the crosslinking agents to connect the GO layers 

rather than accumulating and forming a separate CS layer on the membrane. In addition, 

as well as the electrostatic interaction between cationic crosslinking agents and GO 

nanosheets in other studies (Yu, Yu & Graham 2017, Liu et al. 2017, Liu et al. 2019), 

the CS molecules enabled the epoxy group in the GO molecules to undergo a ring-

opening reaction and form C-N and C-OH bonds, as described in Chapter 4. The 

formation of these chemical bonds could effectively suppress the swelling of the 

interlayer spacing caused by the aqueous solution, thus improving the stability of the 

CS-GO membranes. 

 

Figure 6.2 Schematic of coated CS-GO membrane 

 

The experimental studies described in Chapters 4 were concerned with evaluating 
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the performance of the uncoated and coated membranes based on repeated, short-term 

filtration tests in terms of permeability, separation, and anti-fouling. Clearly, the 

conditions in these tests were different from those in real-world applications in terms 

of operational mode and operation time. Therefore, the subsequent phase of the study 

was directed to the feasibility and potential of the PVDF-CS membrane over a longer 

period of operation and under a gravity-driven filtration (GDF) arrangement, as might 

be the case for small-community applications in rural areas of developing countries, 

where the emphasis is on operational simplicity and sustainability. Thus uncoated 

PVDF and coated PVDF-CS membranes were chosen to be evaluated and compared 

under the GDF arrangement, as summarized in Chapter 5. The CS-GO membrane was 

not included in these tests owing to its much lower relative flux, which would require 

an impractical (for small-community systems) upstream pressure head in order to drive 

the filtration at an equivalent flow. Previous GDF studies have employed only 

commercial UF membranes (Peter-Varbanets et al., 2009; Peter-Varbanets et al., 2010; 

Derlon et al. 2013; Derlon et al. 2014; Wang et al., 2017), so this study is the first to 

evaluate the performance of CS-coated membranes from the perspective of drinking 

water treatment under GDF arrangements. The GDF tests were conducted using 

samples of real surface water collected from the Qing River in Beijing, and the results 

given in Chapter 5 demonstrated that the PVDF-CS membrane provided an enhanced 

performance indicating a promising potential for small-community applications in rural 

areas of developing countries. The stabilized flux of the PVDF-CS membrane was 

almost double that of the reference PVDF membrane from day 7 till the end of the 30-

day operation, which means the water output of the PVDF-CS membrane module would 

also be almost double that of the PVDF membrane module. The phenomenon of flux 

stabilization under the GDF arrangement is believed to be a spontaneous process, which 

results from the dynamic equilibrium between the increase in the thickness, and the 

increase in heterogeneity, of the biofilm. As is illustrated in Figure 6.3, the accumulation 

of the contaminants on the membrane plays the dominant role and the biofilm grows 

slowly in the early period of operation (stage Ⅰ). Therefore, the cake layer (early 

development of biofilm) formed on the membrane in stage Ⅰ (within 7-day operation) 
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was homogeneous and dense. Subsequently, the biofilm gradually acclimatized and 

played the dominant role in the formation of an increasingly heterogeneous and loose 

structure in stage Ⅱ (after the 7-day operation). This phenomenon is less likely to occur 

under conventional pump-driven membrane systems because the external force/applied 

pressure from the pump cause irreversible changes in the structure of the biofilm, 

leading to increased resistance to flow. The operation of the household GDF 

arrangement is very simple and can be operated by almost everyone. Schematic of user 

guide is shown in Figure 6.4.  

 

Figure 6.3 Schematic of the variation of the biofilm formed under GDF 

arrangement. 

 

Figure 6.4 Schematic of user guide of the household GDF arrangement (Frechen 

et al., 2011; Peter-Varbanets et al., 2011). 
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Chapter 7 Conclusions 

The most important contributions and conclusions drawn from this study are as 

follows: 

1) Compared to an uncoated PVDF membrane, the PVDF-CS membranes 

exhibited a greater anti-fouling and separation performance in short-term filtration 

experiments employing three representative NOM substances and one real surface 

water. The MW of CS did not appear to affect the permeability, separation, and anti-

fouling performance of the coated PVDF-CS membranes. 

2) The enhancement of PVDF-CS membrane separation performance was mainly 

due to the coverage of the PVDF membrane pores by the CS layer, which also led to a 

substantial decrease in the permeability property of PVDF-CS membranes. This reflects 

the common trade-off between permeability and separation performance when coating 

the membrane. The enhanced anti-fouling performance of PVDF-CS membranes was 

due to the charge neutrality and the improvement of the hydrophilicity of the coated 

membrane surface resulting from the employment of CS.  

3) CS-GO membranes fabricated in this study were stable in various aqueous 

solutions for up to 60 days, indicating great resistance to various chemical conditions. 

This can be attributed to the effects of hydrogen-bonding and electrostatic interaction 

between CS and GO nanosheets, as well as the formation of C-OH and C-N chemical 

bonds introduced by CS. 

4) For a constant dosage of CS in the CS-GO membrane, the MW of CS did not 

appear to affect the water CA, surface zeta potential, and anti-fouling property of the 

membranes. However, the interlayer spacing of CS-GO composite membranes was 

altered by changing the MW of CS and the amount of CS employed. Specifically, a 

greater MW of CS led to a greater interlayer spacing, thus resulting in a greater 

permeability and lower NOM separation/removal efficiency. This again reflects the 

common trade-off between water permeability and separation performance when 

fabricating the membrane (i.e. choice of CS-GO ratio and CS MW). 

5) In filtration experiments of three representative NOM substances and one 
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surface water, the CS-GO membranes exhibited stable and satisfactory anti-fouling and 

separation performance. The enhanced anti-fouling property of the CS-GO membranes 

was believed to be due to the significant improvement in the hydrophilicity of the 

membrane itself, resulting from the employment of two hydrophilic materials, namely 

CS and GO. 

6) The CS-GO membranes exhibited an almost complete removal of BSA, SA, 

and HA in model solutions. For the OP Lake water, the results showed complete 

removal of biopolymers and partial separation of humic-type compounds. The novel 

CS-GO membranes could be fabricated using a facile cross-linking method at room 

temperature, with tunable properties and showed considerable promise for water 

treatment applications. 

7) Compared to the PVDF membrane, the PVDF-CS membranes showed slightly 

superior separation performance and outstandingly superior anti-fouling performance 

during the 30-day long-term filtration experiments treating the Qing River water. The 

stabilized flux of the PVDF-CS membrane was almost double that of the PVDF 

membrane. This means that the water productivity of the PVDF-CS membrane module 

should be almost double that of the PVDF membrane module when applied in practice 

in the decentralized drinking water treatment system. 

8) The enhanced anti-fouling property of PVDF-CS membranes resulting from the 

employment of CS played an important and positive role throughout the 30-day long-

term filtration experiments treating the Qing River water. It can be inferred that the 

charge neutrality and the improvement of the hydrophilicity of the membrane were of 

vital importance for producing superior anti-fouling performance. 

9) The phenomenon of flux stabilization under the GDF process is believed to be 

a spontaneous process, which resulted from the dynamic equilibrium between an 

increase in the thickness, and the increase in the heterogeneity, of the biofilm. 

10) The magnitude of the pressure (hydraulic head) has a minor effect on the 

stabilized flux for a given type of membrane treating the same feed water under the 

GDF process. This means the level of stabilized flux should depend on the membrane 

itself when treating the same feed water. Therefore, the greater magnitude of the 
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stabilized flux of the PVDF-CS membrane, compared to an uncoated PVDF membrane, 

showed its potential advantage in its application to decentralized, small-scale drinking 

water systems, such as in rural areas of developing countries. 

Although the study findings described in the previous chapters have completed the 

main research objectives of the project, as set out in Section 1.2, there are still some 

deficiencies and limitations in experimental methods and details. Further research and 

efforts based on this study are recommended in the following aspects: 

1) While protein-like NOM and humic-like NOM can absorb UV light due to their 

physicochemical properties, polysaccharide-like NOM cannot be determined by UV 

absorbance, and hence was not detected by SEC MW analysis in this study. The possible 

use of Liquid Chromatography-Organic Carbon Detection (LC-OCD) may be a solution 

to address this problem. Also, LC-OCD can quantitatively indicate the concentration of 

NOM with different molecular weights and different hydrophilicity/hydrophobicity in 

the surface water, which is helpful to further study the mechanism of membrane fouling 

both under short-term and long-term filtration testing. 

2) The reason behind the complexity of NOM removal in real surface water 

requires to be further studied. This can be done by repeating the tests using water 

sources in different regions, with corresponding differences in the concentration of 

NOM in the water, the different MWD of NOM, the hydrophilicity/ hydrophobicity of 

NOM, the zeta potential of NOM, etc. In addition, it may be necessary to utilize big 

data from operating membrane-based drinking water treatment plants in order to 

complete this part of the research more effectively and efficiently.  

3) The phenomenon of flux stabilization under the GDF arrangement for the 

PVDF-CS membrane requires further investigation, especially microbiological aspects. 

Through the characterization of the species of microbial communities and DNA 

sequences in the biofilms formed by different water sources, it can be explored whether 

the level of stabilized flux will be affected by different dominant bacterial communities 

in addition to the membrane itself. Furthermore, it would be valuable to establish 

whether dominant bacterial communities that lead to a high level of stabilized flux are 

replicated in other water sources.  
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4) The feasibility, acceptability, and effectiveness of the GDF process, when 

applied in decentralized drinking water treatment systems in rural areas of developing 

countries, will require evaluation at pilot-, and full-scale. These will confirm the 

validity of the laboratory findings and demonstrate the performance of the PVDF-CS 

membrane under changing water quality and environmental conditions. 

5) Polydopamine is a kind of newly discovered and bio-inspired polymer. The 

hydrophilic polydopamine can be coated non-selectively from solution onto virtually 

any surface, including polymers used for water purification membranes. Therefore, it 

is of interest as a fouling resistant material for membrane surface modification. 

6) The study on lifespan of PVDF-CS membranes used in drinking water treatment. 

Mechanical strength of the PVDF-CS and CS-GO membranes should be tested. The 

filtration tests using 200-1000 Da small organic molecules as feed solutions should be 

studied to further verify the separation properties of CS-GO membranes. The flux 

recovery level of PVDF and PVDF-CS membranes employed under GDF arrangement 

should be studied after physical and chemical cleaning. 
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 Appendix 

 

Figure A1 Precipitation of PVDF and CS 

 

 

Figure A2 The relation between the mass of coated chitosan and the membrane 

flux (The red circle represented the flux and the mass of coated CS that were finally 

employed). 
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Figure A3 Separation performance (change in absorbance at UV254) for the JM River 

water before and after the filtration of the uncoated and coated membranes.  

 

 

Figure A4 Variation of flux with permeate volume for 10 mg/L BSA solution of CS-

GO membranes (0.2 mg CS and 1 mg GO) (separated by two ultrasound washing, 

mean data points from duplicate tests). 

 

200 300 400 500 600 700 800

0.0

0.1

0.2

0.3

0.4

0.5

0.6

JM water After PVDF After PVDF-CS

0.00

0.01

0.02

0.03
UV254 of JM water before and after filtrtaion

220 240 260 280 300 320

-0.01

0.00

0.01

0.02

0.03

0.04

0.05

0.06

A
b

so
rb

a
n

c
e
 (

c
m

-1
)

Wavelength (nm)

 JM feed

 After PVDF

 After PVDF-CS



211 
 

 

Figure A5 Variation of flux with permeate volume for 10 mg/L BSA solution of CS-

GO membranes (0.5 mg CS and 1 mg GO) (separated by two ultrasound washing, 

mean data points from duplicate tests). 

 

 

Figure A6 Variation of flux with permeate volume for 10 mg/L SA solution of CS-GO 

membranes (0.2 mg CS and 1 mg GO) (separated by two ultrasound washing, mean 

data points from duplicate tests). 
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Figure A7 Variation of flux with permeate volume for 10 mg/L SA solution of CS-GO 

membranes (0.5 mg CS and 1 mg GO) (separated by two ultrasound washing, mean 

data points from duplicate tests). 

 

 

Figure A8 Variation of flux with permeate volume for 10 mg/L HA solution of CS-

GO membranes (0.2 mg CS and 1 mg GO) (separated by two ultrasound washing, 

mean data points from duplicate tests). 
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Figure A9 Variation of flux with permeate volume for 10 mg/L HA solution of CS-

GO membranes (0.5 mg CS and 1 mg GO) (separated by two ultrasound washing, 

mean data points from duplicate tests). 

 

 

Figure A10 Variation of flux with permeate volume for the OP Lake water of CS-GO 

membranes (0.2 mg CS and 1 mg GO) (separated by two ultrasound washing, mean 

data points from duplicate tests). 
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Figure A11 Variation of flux with permeate volume for the OP Lake water of CS-GO 

membranes (0.5 mg CS and 1 mg GO) (separated by two ultrasound washing, mean 

data points from duplicate tests). 

 

 

Figure A12 Separation performance (change in UV-visible absorbance, and at UV254) 

for the surface water from OP Lake before and after CS-GO membranes (0.2 mg CS).  
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Figure A13 Separation performance (change in UV-visible absorbance and at UV254) 

for the surface water from OP Lake before and after CS-GO membranes (0.5 mg CS). 

 

 

Figure A14 Stability of CS-GO membranes immersed in DI water for 60 days. 
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Figure A15 Stability of CS-GO membranes immersed in 1M NaCl solution for 60 

days. 

 

 

Figure A16 Stability of CS-GO membranes immersed in 100mg/L BSA solution for 

60 days. 
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Figure A17 Stability of CS-GO membranes immersed in 100mg/L SA solution for 60 

days. 

 

 

 

Figure A18 Stability of CS-GO membranes immersed in 100mg/L HA solution for 60 

days. 
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Figure A19 Stability of CS-GO membranes immersed in OP Lake water for 60 days. 

 

 

Figure A20 Typical CLSM image of the bio-fouling layer accumulated on the PVDF 

membrane surface at the end of the 30-day operation. The red signal represents the 

presence of proteins. The green signal represents the presence of polysaccharides. The 

blue signal represents the presence of nucleic acids. 
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Figure A21 Typical CLSM image of the bio-fouling layer accumulated on the 

PVDF-CS membrane surface at the end of the 30-day operation. The red signal 

represents the presence of protein. The green signal represents the presence of 

polysaccharides. The blue signal represents the presence of nucleic acid. 

 

 

Figure A22 FTIR spectra of different membranes before and after filtration of the 

Qing River water. 


