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ABSTRACT 

 

This thesis reports on the synthesis and characterisation of various types of oxidised multi-

walled carbon nanotubes (O-MWCNTs) modified polymeric membranes. These O-

MWCNT modified polymeric membranes were then assessed in terms of their remediation 

potential, in particular for the removal of estrogenic hormones, dissolved proteins and salts 

from brackish water sources. The fabricated O-MWCNT-based polyethersulfone (PES) 

membranes were applied as (i) adsorptive membranes, (ii) molecular-sieving membranes 

and (iii) as membrane substrates for thin-film composite nanofiltration (NF) membrane 

preparation.  

 

The research work commences with the preparation of MWCNTs via a facile catalytic 

chemical vapour deposition method and their chemical oxidation with strong acids in order 

to introduce hydrophilic carboxylic (ïCOOH) and hydroxyl (ïOH) surface functional group 

moieties on the MWCNT outer walls. Intrinsically, MWCNTs are chemically inert and tend 

to form agglomerated nanoclusters (due to van der Waals interaction forces), which induce 

further difficulties in their homogenous dispersion in polar solvents (such as N-methyl-2-

pyrrolidone and dimethylacetamide) employed to dissolve the polymers in the study. The 

introduction of these oxygen-containing moieties was therefore necessary to aid the 

dispersion of MWCNTs in organic solvents and for their enhanced interaction with PES and 

sulfonated polysulfone (SPSf).  

  

The PES/O-MWCNT ultrafiltration (UF) membranes were produced via a non-solvent 

induced phase separation (NIPS) method and employed in the adsorptive removal of natural 

hormone estrone (E1). The PES/O-MWCNT UF membranes thus prepared were 
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characterised using SEM, AFM, zeta potential measurements and MWCO experiments. It 

was found that the adsorption of E1 initially increased with an increase in O-MWCNT 

content followed by a constant decline on further increments. Moreover, the inclusion of O-

MWCNTs (0.5 wt.%) in the PES membrane matrix resulted in an increase in the maximum 

adsorption capacity for E1 compared to pristine PES membrane, i.e., 31.25 mg/g adsorption 

capacity was achieved for PES/O-MWCNT compared to 23.81 mg/g for bare PES UF 

membrane. Based on the correlation coefficients, the Freundlich isotherm provided a better 

fit for the adsorption data and the adsorption kinetics followed the pseudo-second order 

kinetic model. Interestingly, after five regeneration cycles, the PES/O-MWCNT membranes 

were found to maintain similar adsorption efficiencies. The PES/O-MWCNT membranes 

thus prepared, present a viable approach for the removal of natural hormones and other 

endocrine disruptors present in water systems compared to the use of common adsorbents 

such as activated carbon, which end up generating large amounts of chemical sludge that 

require disposal in the environment. 

 

The third part of the study focused on the controlled formation of macrovoid-free 

polyethersulfone/sulfonated polysulfone (PES/SPSf) UF membranes with high water 

permeabilities, mechanical strength and antifouling properties, in the presence of  

O-MWCNTs. To date, the majority of polymeric nanocomposite membranes modified with  

O-MWCNTs as nanofillers, generally have finger-like structures and macrovoids in the 

membrane sublayer. While the presence of finger-like structures is favoured for the reduction 

in mass flow resistance, their presence induces mechanically weak points in the membrane 

and reduces the nanocomposite membranesô mechanical strength properties and long-term 

performance stability. As such macrovoid-free PES/SPSf/O-MWCNT membranes were 

fabricated via the NIPS techniques, using H2O and polyethylene glycol (PEG 20 kDa) as 
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non-solvent additives. The SEM cross-sectional images showed that a fully sponge-like 

morphology of the PES/SPSf membrane can be achieved in the presence of different 

loadings of O-MWCNTs. This was attributable to the formation of stronger hydrogen bonds 

between the SPSf polymer and non-solvent additives i.e., H2O, PEG 20kDa and O-

MWCNTs. The combination of the macrovoid-free morphology and homogenous 

distribution of high mechanical strength O-MWCNTs in the membrane matrix provided 

excellent mechanical strength enhancements for PES/SPSf/O-MWCNT membranes. 

Additionally, pure water flux initially increased from 598 L/m2.h to 713 L/m2.h followed by 

a decline to 578 L/m2.h upon further increments in O-MWCNT contents, due to 

agglomeration of O-MWCNTs at higher loadings. The fabricated PES/SPSf/O-MWCNT 

membranes also displayed superior antifouling properties (FRR > 90%) and antibacterial 

properties (99% bacterial killing ratio) against E. coli bacteria. The fabricated support fabric-

free PES/SPSf/O-MWCNT UF membranes with macrovoid-free sublayer morphologies 

displayed attractive features for use as UF membranes in the pre-treatment stages of water 

treatment and as support substrates for the preparation of TFC membranes. 

 

In general, sponge-like and macrovoid-free membrane structures are regarded as unfit for 

use as support membranes for TFC membrane preparation since they increase the 

membraneôs resistance to water flow, thereby reducing the overall TFC membrane 

permeability. This assumption has largely been based on sponge-like and macrovoid-free 

membranes structures achieved through the use of extremely high polymer concentrations, 

particularly using polysulfone (PSf) polymer. Hence, the sponge-like structures formed are 

very dense and less porous. Nevertheless, the macrovoid-free PES/SPSf/O-MWCNT 

membranes produced in this study, consisted of open cellular network microstructures within 

the membrane sublayer, which could be visualised at higher SEM magnifications.  
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This part of the work therefore investigated the role of hydrophilic, macrovoid-free 

PES/SPSf and PES/SPSf/O-MWCNT as support membranes on the performance of TFC NF 

membranes. The TFC NF membranes were prepared via an efficient interfacial 

polymerization reaction between piperazine (PIP) and trimesoyl chloride (TMC). The 

deposition of the polyamide thin-film layer was confirmed by ATR-FTIR, SEM, AFM, 

contact angle and zeta potential measurements. Membrane performance results showed that 

TFC NF membranes fabricated on PES/SPSf/O-MWCNT support membranes displayed a 

35% improvement in pure water flux with comparable salt rejections from those prepared 

on bare PES/SPSf support membranes. Salt rejection followed the order of Na2SO4 > MgSO4 

> NaCl, which is typical for negatively charged NF membranes. It was established that the 

presence of hydrophilic O-MWCNTs in the support membrane allowed for the formation of 

a thin polyamide layer on the top surface of the support membrane, which gave rise to 

enhanced water permeability of the TFC NF membrane and the possibility of polyamide 

rejection layer within the support membrane pore channels. To further improve the 

performance of the TFC NF membranes, in particular, the monovalent/bivalent salt 

selectivity, a mixture of PIP and 2,4-diaminobenzene sulfonic acid (2,4-DABSA) at different 

weight ratios was prepared in the aqueous solution and reacted with TMC in the organic 

phase solution. It was found that the addition of low monomer weight ratio of 2,4-DABSA 

in the amine mixture, lead to the generation of a sulfonated TFC NF membrane with superior 

membrane performance in terms of pure water permeability (30.2 L/m2.h), 

monovalent/bivalent salt selectivity (‌NaCl/Na2SO4 = 25.0) at low operating pressures  

(3 bar) and salt concentrations in the range of brackish waters. This was attributable to the 

combined presence of sulfonic acid groups on the membrane surface and the formation of 

the thin polyamide layer. Moreover, sulfonated TFC NF membranes exhibited good 

antifouling properties against bovine serum albumin (BSA), with FRR of 96.4% after three 
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cycles of fouling and cleaning, with a fairly stable membrane performance over a 10-day 

period of pure water flux and Na2SO4 rejection testing. Indeed, the use of a macrovoid-free 

PES/SPSf/O-MWCNT support membrane did not only provide the mechanical strength for 

the deposition of TFC NF membrane, but also their open, cellular network microstructure, 

combined with high hydrophilicity and large surface pore sizes were beneficial in the 

reduction of polyamide layer thickness, and subsequently in the enhancement of TFC NF 

membrane performance. 

 

The study provided insightful information on lesser known aspects of O-MWCNT 

incorporated polymeric membranes, with regards to membrane structural configurations in 

relation to the membrane structure-performance relationships. It has been deduced that (i) 

the right combination of membrane surface characteristics and adsorbate solution chemistry 

is necessary for an open UF membrane to display reasonable removal efficiencies for low 

molecular-weight solutes, (ii) the combination of macrovoid-free membrane morphology 

with good dispersion of O-MWCNTs in the polymer matrix is necessary to realise significant 

enhancements in the mechanical properties of sulfonated membrane and (iii) formation of a 

thin sulfonated polyamide layer on top of the hydrophilic PES/SPSf/O-MWCNT support 

membrane is necessary to achieve high salt selectivity, and allow for the sulfonated TFC NF 

membrane to be operated at low pressures.  

Key terms: carbon nanotubes, polyethersulfone, sulfonated polysulfone, polyamide 

composite membrane, structural morphology, macrovoid-free structure, hydrophilicity, 

antifouling, mechanical strength, hormones, desalination, monovalent/bivalent salt 

selectivity  
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CHAPTER 1  

                                                        INTRODUCTION  

 

1.1. Background and Problem statement 

The global water crisis is a two-fold crisis which encompasses water shortage and the deteriorating 

water quality. Water shortage is associated with water stress due to the increase in population 

growth and natural disasters such as recurring droughts, while the deteriorating water quality 

aspect is related to water pollution as a result of human, industrial and agricultural activities. Both 

poor water quality and water shortage have a negative impact on the quality of life for human 

beings, especially for the most vulnerable ï usually women and children in underdeveloped 

countries. 

 

As such, there is a growing demand for potable water sources worldwide but more specifically in 

the sub-Saharan Africa [1]. Moreover, the continual changes in human lifestyles and technological 

advances made in industrial processes, contributes to the introduction of both traditional and newly 

emerging contaminants into freshwater sources. Contaminants of emerging concern (CECs) are 

either naturally occurring (or synthetic) chemicals and microorganisms which are generally not 

monitored in the environment but have the capability to cause known or suspected human health 

effects [2]. The CECs originate from various sources which include among others, the use of 

agrochemicals such as organochlorine pesticides, brominated flame retardants, endocrine 

disrupting chemicals (EDCs), antimicrobial growth inhibitors, pharmaceutical and personal health 

care products [3, 4]. The CECs can find their way into surface water sources through agricultural 

run-off, wastewater treatment plant, effluents and negligent waste disposal in the environment 
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which can result in leaching of these compounds into both groundwater and surface water sources 

[5].  

 

In particular, EDCs have emerged as a serious health concern as a result of their interfering with 

the normal functioning of the endocrine systems of humans and animals, and therefore affect 

animal and human reproduction and development in the long term [6]. In UK alone, several cases 

of abnormalities and feminisation in reproductive systems of male fish species related to the 

presence of EDCs in rivers have been reported [7-9]. In addition, a number of studies have already 

identified the presence of EDCs in South African waters and wastewater sources [10-13], which 

makes it imperative to identify potential methods for their removal. One notorious class of EDCs 

is steroid hormones which can be further categorized into natural and synthetic estrogens. 

Examples of steroid hormones include estrone (E1), 17-ɓ-estradiol (E2), estriol (E3), 17Ŭ-

ethinylestradiol (EE2), mestranol (mes), testosterone (tes) and progesterone (pro) [14]. Natural 

hormones E1, E2 and E3 are responsible for maintaining the health of reproductive tissues, skin, 

breasts and brain cells in females, whereas synthetic hormones EE2, mes and pro are used as 

contraceptives [15]. Steroid hormones are excreted by humans in urine in a conjugated and inactive 

form, but become reactivated by the bacteria present in water sources [16]. While they occur at 

relatively low concentrations (ng/L range) in water sources, the endocrine-disrupting potency of 

steroid hormones is several orders of magnitude higher than that of organic micropollutants such 

as pesticides and alkyl phenols [17]. This fact validates further the need to seek alternative means 

by which hormones can be removed from water sources. The natural hormone E1, is the 

breakdown product of E2 and EE2 in wastewaters and is therefore a suitable indicator for the 
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presence of estrogenic EDCs. Therefore, it was chosen in the present study for adsorption by 

polymeric membranes. 

 

Several measures to improve water quality and relieve strain on the limited water supply have been 

introduced including the implementation of stringent legislations for permissible levels of 

pollutants in water, water harvesting, and the repair of leakages in the piping systems to promote 

efficient distribution of water [18]. However, these measures are only able to improve the quality 

and use of existing water resources to a certain extent and do not lead to an increase in water 

supplies. The only methods that are capable of increasing water supply to beyond that which is 

currently available are water reuse and desalination [19]. As such, wastewater treatment industries 

treat and recycle the already used inadequate water and redistribute it for human consumption and 

for irrigation purposes. On the other hand, desalination of saline waters (seawater and brackish 

water) using reverse osmosis (RO) membrane technologies have gained popularity over the years 

as a means of providing freshwater [20, 21]. 

 

Reverse osmosis membranes are preferable for desalination processes due to their intrinsically 

small pore sizes (0.3 ï 0.6 nm) [10], which allows for effective removal of the Na+ (0.716 nm) and 

Clï (0.664 nm) ions while enabling the permeation of pure water molecules by solution-diffusion 

mechanism. Nonetheless, full adaptation of membrane-based RO technologies in water 

desalination processes is hindered by their high energy costs as a consequence of extremely high 

operating pressures necessary to filter saline feed waters through the membrane to obtain pure 

water on the permeate side, and in the case of seawater desalination, the incurred cost of pumping 

water from the sea to the desalination plant [18]. Although major technological advances have 
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been made in recent years in the production of RO membranes with reduced energy consumption 

for desalination processes (from 8.0 kWh/m3 to 3.4 kWh/m3), this energy consumption is still far 

greater than the theoretical minimum energy of 1.06 kWh/m3 required for desalination of seawater 

with a total dissolved solids (TDS) concentration of 35 000 mg/L, at a recovery rate of 50% [19, 

22]. However, the energy requirement for RO membranes is still far better than that of thermal-

based desalination processes. Seawater desalination is more beneficial for providing freshwater 

for coastal areas, while the desalination of brackish waters with a salinity of between that of 

seawater and freshwater, presents a viable option for alternative water supply for inland regions 

[23]. In both cases, the discharge of brine generated from the desalination process back into the 

environment remains a major hindrance towards implementation of these processes, as it poses a 

major threat to the ecosystem and species in the water. However, several disposal options for waste 

brines have been proposed, which include deep well injection, solar evaporation in shallow 

evaporation ponds to produce solid salts, and irrigation of plants with high salinity tolerance [24-

26].  

 

Nanofiltration (NF) membranes have been used to treat different kinds of waters including 

groundwater, surface water, and wastewater. NF membranes also display attractive  features to be 

used as pretreatment membranes during the desalination processes [27]. The use of NF membranes 

as pretreatment membranes for RO desalination processes in particular, is prompted by the fact 

that they are capable of removing turbidity, microorganisms, hardness, and a significant fraction 

of dissolved salts [28, 29]. With regards to the removal of dissolved salts, NF membranes are 

capable of near-complete removal of multivalent salts and reduction of monovalent salts by about 

10 ï 50%, depending on the type of NF membrane used [30]. The effectiveness in the removal of 
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dissolved salts by NF membranes results in the reduction of feed salt concentrations, thereby 

reducing the osmotic pressure and lowering the operating pressure (and energy costs) for the RO 

membrane desalination process. Nonetheless, the susceptibility of NF membranes to fouling limits 

their effective use. 

 

Membrane fouling is a major hurdle that limits the large-scale implementation of polymeric 

membranes in general, in water treatment applications. Most of the commercial polymeric 

membranes manufactured to date have satisfactory permeation and rejection properties, but their 

antifouling properties are inferior [31]. Fouling refers to the accumulation of organic, inorganic 

particulate and microbiological matter on the surface of a membrane or within the membrane pores 

[32]. Consequently, severe membrane fouling causes partial obstruction inside the pores, resulting 

in an increase in permeation resistance, which necessitates chemical cleaning using harsh 

chemicals to reverse fouling and restore membrane performance which in turn, leads to the 

deterioration of the membrane materials and a subsequent reduction in the membraneôs lifespan 

[33]. Therefore, technological advances are needed to develop and produce membranes with 

fouling-resistant surfaces for prolonged use. Polymer-based membranes can be made to be highly 

selective and resistant to fouling through several surface modification techniques including 

polymer grafting and coating, polymer blending and through the incorporation of functional 

nanomaterials [22]. Conversely, most of the membrane surface modification strategies lead to the 

generation of highly permeable membranes which end up being subject to the permeability-

selectivity trade-off, to the point of membrane separation becoming economically unviable.  
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In particular, the integration of nano-enabled materials into membrane-based technologies holds 

promise for the development of advanced nanocomposite membranes with superior properties; for 

possible application in sea and brackish water desalination [21]. Extensive research efforts has 

been done on the incorporation of different types of carbon nanotube (CNT) incorporated 

polymeric membranes for application in water remediation [33-39]. These CNT-based membranes 

take advantage of the infinitesimally small tube diameters and tubular structures of CNTs for 

enhancement of membranesô selectivity and water fluxes [40, 41]. Moreover, CNTs are well 

known for their highly adsorptive properties, atomically smooth inner walls, antimicrobial and 

self-cleaning properties[42], properties that can be instrumental in combating membrane fouling. 

 

The atomically smooth inner walls of CNTs have been found particularly attractive for use in well-

aligned carbon nanotube membranes fabrication for desalination processes [43]. This is due to the 

belief and understanding that the energy required to separate pure water molecules from a saline 

feed solution would be reduced as a result of high water fluxes through the CNT inner walls [20]. 

However, it has been demonstrated in several studies that the energy consumption of the 

desalination process is determined by the need to bring feed saline solution to a pressure that is 

equal to the osmotic pressure of the concentrate [44, 45].  As such, membrane permeability cannot 

reduce the applied pressure to be below the osmotic pressure of the concentrate. Whilst CNT-based 

membranes may not directly influence the energy efficiency of the desalination processes, they 

can significantly improve the selectivity of the membranes based on their ñmolecular sievingò or 

ñmolecular gatingò separation mechanism rather than the conventional solution-diffusion 

mechanism [46, 47]. The molecular sieving mechanism of CNT membranes overcomes the 

selectivity-permeability trade-off that current polymeric membranes are prone to. This therefore 
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means that CNT membranes are able to filter out total dissolved solids (typically various salt 

compounds and minerals) from sea or brackish water sources while maintaining a high throughput 

rate [43]. Moreover, the multifaceted nature of CNT membranes enables for ample opportunities 

for use in water purification and treatment applications to improve the water quality to acceptable 

standards.  

 

1.2. Justification of the study 

Nanostructured carbons alias nanocarbons such as graphene, carbon nanotubes (CNTs) and other 

shaped carbon nanomaterials that can be easily functionalised with oxygen-containing moieties, 

have the potential to mitigate the selectivity-permeability trade-off that is well-known in polymeric 

membranes, while reducing membrane fouling propensity to a large extent. In addition, CNT-

incorporated membranes can contribute towards reducing the capital outlay for desalination plants 

and operating costs necessary to run the desalination process, due to the small membrane area 

required to achieve maximum flux. In the same light, the use of CNTs in membrane modification 

for large-scale applications is perceived as economically unfavourable due to the high 

manufacturing costs of CNTs with additional costs for their pre-treatment prior to their inclusion 

in polymer matrices [21]. These factors are envisaged to impose significant costs towards the 

overall desalination process, unless the initial capital cost can be offset by the savings from the 

enhanced membrane permeabilities and salt selectivity. However, as the number of industrial-scale 

facilities for low-cost, bulk production of carbon nanotubes continues to grow, the price of carbon 

nanotubes is expected to further decrease in the near future [48]. 
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Over the years, a great deal of work has been carried out in the field of CNT mixed-matrix 

nanocomposite membranes as highlighted in subsequent chapters of this thesis. The studies have 

demonstrated amongst others, the ability of CNT-incorporated polymeric membranes to display 

high water fluxes, antifouling and antibiofouling membrane surfaces as a consequence of the 

enhanced hydrophilic character of the membrane upon incorporation of functional CNTs. 

Nonetheless, there have been conflicting findings with regards to reinforcing abilities of CNTs in 

polymer matrices. In this sense, some studies have reported on remarkable enhancement in 

mechanical strength properties of the mixed-matrix membrane upon inclusion of CNTs [39, 49, 

50], while an opposite trend has been reported in others, particularly due to poor dispersion and 

lack of interfacial bonding between the CNTs and the polymer matrix [51-53]. Since CNTs are 

classified as one of the new generation nanomaterials for water reclamation and desalination [54], 

there is still a growing need for an in-depth probe and understanding of the role of CNTs in 

polymeric membrane matrices and how the enhancement or deterioration in modified membrane 

properties eventuates.  

 

In this study, various types of catalytic chemical vapor deposition (CVD) prepared oxidized-multi 

walled carbon nanotube (O-MWCNT)-containing polymeric membranes were synthesized using 

facile and established procedures and these O-MWCNT-modified polymeric membranes were 

then investigated for their effectiveness in the removal of the natural hormone estrone, dissolved 

proteins and salt concentrations in the range of brackish waters. The study showcases the 

potentiality of O-MWCNT-modified polymeric membranes to be used as adsorptive membranes, 

molecular-sieving membranes and as support membrane substrates for the fabrication of 

polyamide thin-film composite nanofiltration membranes. The primary focus of the study was on 
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the effect of O-MWCNTs on the membrane microstructure, as it forms the heart from which 

membrane separation and permeability is regulated. The overall aim of the study was to provide 

an in-depth understanding of interfacial interactions between the incorporated O-MWCNTs and 

the polymer matrix, which leads to observed changes and enhancements in modified membrane 

performance behaviour. The ultimate goal of the study was to develop an understanding of the 

changes in membrane microstructure in the presence of O-MWCNTs and in the process, develop 

membranes with promising features for improving the quality of recycled water and brackish 

waters in order to bridge the widening gap between the increasing demand for water and the limited 

supply.  

 

1.3. Aims and objectives 

This thesis aims to investigate the role of O-MWCNTs in regulating the microstructure of 

polymeric membranes and its effects on the removal of steroid hormones and soluble proteins and 

to prepare high flux thin-film composite nanofiltration (TFC NF) membranes with high 

monovalent/bivalent salt selectivity for low-pressure brackish water desalination.  

 

The study seeks to answer the following research questions: 

¶ Can O-MWCNT-containing ultrafiltration (UF) polymeric membranes be used for 

adsorptive removal of low molecular-weight steroid hormones? 

¶ Does the incorporation of functional O-MWCNTs lead to the enhancement in pure water 

flux and other surface membrane properties as a consequence of increased membrane 

hydrophilicity?  
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¶ Which factor(s) govern the enhancement of mechanical properties of mixed-matrix 

polymeric membranes containing O-MWCNTs? 

¶ Besides providing mechanical support, which other roles do O-MWCNTs play in the 

support membrane layer during the deposition of the polyamide layer for the fabrication of 

TFC NF membranes? 

¶ Can a TFC NF membrane with high permeability and monovalent/bivalent salt selectivity 

than that reported in the literature be efficiently prepared? 

 

The research study objectives were as follows: 

I. To synthesise and characterise O-MWCNTs via an efficient catalytic chemical vapor 

deposition (CCVD) method and incorporate them into polymeric membrane matrices via a 

non-solvent induced phase separation (NIPS) method. 

II.  To demonstrate proof of concept for the inclusion of O-MWCNTs into polymeric 

membrane matrices for the removal of steroid hormones using the natural hormone estrone 

as a model. 

III.  To model the steroid hormone adsorption process using kinetic and isotherm models, and 

to investigate the recyclability of O-MWCNT-modified polymeric membranes. 

IV.  To control the formation of macrovoid-free polymeric UF membranes with high water 

permeability, mechanical strength and antifouling properties in the presence of hydrophilic 

O-MWCNTs. 

V. To compare the performance of macrovoid-free substrates (one containing O-MWCNTs 

and the other without) as support layers for TFC NF membranes. 
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VI.  To evaluate the effectiveness of a mixed diamine monomer aqueous phase solution for 

fabrication of high performance (high flux and monovalent/bivalent salt selectivity) TFC 

NF membrane for low-pressure application. 

 

1.4. Thesis outline 

With the exception of Chapter 1, each chapter opens up with a separate introductory section that 

is relevant to the theme of the chapter. If similarities in the methodologies or characterisation data 

exist, a relevant section in the respective chapter is cross-referenced accordingly. 

 

Chapter 1 introduces the purpose of the study by highlighting pertinent issues with regards to the 

worldwide water crisis. The justification, aims and objectives of the study are also discussed in 

detail. 

 

Chapter 2 presents an overview of the manufacture, physicochemical properties, and effective 

application of carbon nanotube (CNT) membranes in desalination technologies. Moreover, an 

assessment on the sustainability of CNT membranes in desalination systems is made from a social, 

technological and commercial perspective. This chapter has been published as Chapter 8 in a book 

entitled Hassan Arafat (Ed.), Desalination Sustainability: A Technical, Socioeconomic, and 

Environmental Approach, Elsevier, 2017, pp. 305-339. 

 

Chapter 3 provides a detailed literature review on the work carried out to-date on 

polyethersulfone/carbon nanotube (PES/MWCNT) mixed-matrix membranes, with particular 

emphasis on their synthesis and modification methods, the different morphological structures 
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displayed by the membranes and their influence on the resultant membrane performance, surface 

and chemical properties as well as their application in water and wastewater treatment.  

 

Chapter 4 reports on the adsorptive removal of low molecular-weight hormone estrone by large 

pore size polyethersulfone/multi-walled carbon nanotube (PES/MWCNT) ultrafiltration (UF) 

membranes. The effect of the incorporation of O-MWCNTs on the adsorption capacity of the PES 

membranes is evaluated. 

 

Chapter 5 describes the controlled formation of macrovoid-free polymeric membrane substrates 

with high water permeability, mechanical strength, antifouling and antibiofouling properties, in 

the presence of hydrophilic O-MWCNTs. The chapter has been published in the Journal of 

Membrane Science, 566, (2018) 288-300. 

 

In Chapter 6, a relation between sulfonated thin-film composite nanofiltration membrane 

performances and the structural properties of macrovoid-free polymeric support membranes is 

made. The use of mixed-diamine monomers for the fabrication of TFC NF is also investigated. 

Contrary to popular belief, it is demonstrated that sponge-like and macrovoid-free support 

membranes are able to generate TFC NF membranes with high-water permeability and high 

monovalent/bivalent salt selectivity. The chapter has been published in Desalination, 474, (2020) 

114176. 
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Chapter 7 presents overall conclusions and recommendations for future work. Perspectives on the 

future direction of research involving the use of MWCNTs for polymer membrane modification 

and their use in water treatment applications are also given. 

 

Appendices section contains supplementary material and data to support findings from selected 

chapters. 
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CHAPTER 2  

PROSPECTS AND STATE-OF-THE-ART OF CARBON NANOTUBE MEMBRANES IN 

DESALINATION PROCESSES 

 

Summary of the chapter 

This chapter presents an overview of the manufacture, physicochemical properties, and effective 

application of carbon nanotube (CNT) membranes in desalination technologies. A comprehensive 

discussion on the current knowledge pertinent to CNT exploitation in desalination is provided. It 

is demonstrated that considerable efforts have been made in the past decade towards the 

development of membranes incorporating nanocarbons, in particular CNTs, for desalination 

processes. Primary attention has been paid to the basic properties of CNT polymer mixed-matrix 

and vertically aligned CNT membranes. It is shown that solution transport properties and desirable 

chemical functionalities in CNTs necessitate high water fluxes as well as controllable salt 

rejection. Subsequently, the merits and challenges associated with these CNT membranes with 

regard to nanotoxicology and environmental remediation are analysed. Finally, an assessment of 

the sustainability of CNT membranes in desalination systems is made from a social, technological 

and commercial perspective. 

 

Keywords: desalination, carbon nanotubes, reverse osmosis, SWCNT, MWCNT, VA-CNT1 
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2.1. Introduction 

Over the years, the world has witnessed a shift toward research efforts aimed at the exploitation of 

unconventional and untapped water sources such as wastewater, seawater, and brackish 

groundwater in order to meet the growing global water demand. By undergoing various treatment 

stages, these untapped water sources can be converted into potable water and are regarded as ñnewò 

water sources. Among all of these sources, seawater offers a very attractive alternative source for 

freshwater since it can potentially provide an abundant and unlimited supply for various human, 

agricultural, and industrial needs, provided the salt is removed in a sustainable manner. 

 

Desalination technologies are used to convert undesirable and salty seawater into potable and 

usable water [1]. Seawater desalination using membrane-based processes, particularly reverse 

osmosis (RO) membranes, are highly favoured over thermally based processes, especially in 

energy-stressed countries, because of their lower energy consumption [2, 3]. Thermal desalination 

processes rely on the use of heat because of the need to evaporate water prior to condensation [4]. 

In contrast, in RO desalination technologies, pressure is applied to force water molecules to 

permeate through a semi-permeable membrane while preventing the passage of salts. Therefore, 

seawater desalination using RO membranes remains an energy-efficient reference point and a 

standard of comparison for newer or evolving desalination technologies [2]. One of the greatest 

issues existing in both seawater and brackish water desalination using currently available RO 

membranes is the lack of sustainable, robust, energy-efficient, and cost-effective membranes [5]. 

Indeed, this is a challenging task that requires innovative solutions with feasible implementations. 

Before attempting to correct these challenges, it is important to have adequate knowledge and 

understanding of the minimum amount of energy required to separate pure water from seawater. 
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For example, the theoretical minimum energy for desalination of seawater at 35 000 mg/L salt 

concentration and at a typical recovery rate of 50% was 1.06 kWh/m3 in 2011 [2]. This figure 

provides a benchmark for comparison with recently crafted technologies and helps guide future 

efforts aimed at reducing the energy demand for desalination processes [2].  

 

Nanotechnology-enabled or simply nano-enabled membranes are increasingly gaining popularity 

as promising candidates for desalination applications. These nano-enabled membranes rely on the 

incorporation of various types of nanomaterials into conventional polymeric membranes used in 

desalination or other processes such as ultrafiltration. The main aim of using nanomaterials is to 

overcome the challenges faced when using conventional membranes for water desalination, such 

as high fouling propensity, trade-off between their selectivity and permeability, as well their high 

energy consumption during the desalination process [5]. In particular, carbon nanotube (CNT)-

incorporated polymeric membranes are one of the most widely studied nano-enabled membranes. 

Carbon nanotubes consist of single or multiple layers of graphene sheets rolled into a tubular 

structure and can have diameters ranging from 1 to 2 nm for single-walled CNTs (SWCNTs) or 

2ï25 nm for multiwalled CNTs (MWCNTs) [6]. They are known to possess a unique combination 

of structural and physicochemical properties owing to their nanoscale dimensions: high volume-

to surface ratio, small inner diameters, antimicrobial properties, frictionless surfaces for rapid fluid 

flow, and many others [7]. The incorporation of CNTs into polymeric membranes has been shown 

to result in membranes with (i) improved mechanical and thermal stability, (ii) excellent 

hydrophilic and antifouling properties, (iii) controllable pore size diameters, and (iv) improved 

selectivity and permeability [8ï10]. Currently, there are different views in the research area 

involving the use of newly emerging CNT-based membranes in desalination processes. These 



21 

diverse views are centred on whether CNT-based membranes, particularly the vertically aligned 

(VA) CNT membranes, are capable of reducing the energy needs of the desalination processes 

owing to their ultrahigh water permeabilities [3]. The ultrahigh water permeability of CNT 

membranes is believed to help reduce the amount of pressure or energy needed to drive pure water 

molecules across the semi-permeable membrane, whereas the energy consumption of a 

desalination process driven by the applied operational pressure that must be higher than the 

osmotic pressure of the concentrate [2]. This factor suggests that regardless of how permeable a 

membrane may be, the applied pressure cannot be reduced to below the osmotic pressure of the 

concentrate or, more precisely, the osmotic pressure of the boundary layer forming at the 

membrane surface. Furthermore, it should be emphasised that operating at high water fluxes 

generally leads to high membrane fouling; that is, at high fluxes, the effective concentration of the 

solutes or foulants near the membrane surface increases. Subsequently, the rate of foulant 

deposition on the membrane surface increases [11], which is a result of the greater permeation drag 

force that is experienced by the foulant toward the membrane surface [12, 13]. Therefore, the 

ultrahigh permeability characteristic of CNT membranes could assist in the reduction of capital 

costs needed to run the desalination process, because of the reduced membrane area that will be 

required to achieve maximum water flux while rejecting the transportation of salts. It is, however, 

important to emphasise that flux is not ñeverythingò since there are many other membrane systems 

that function better when operated at lower fluxes. 

 

The CNT-based membranes may be leveraged in RO membrane material modification to 

overcome the issue of fouling or biofouling. Biofouling, which is caused by growth of biofilm on 

the surface of a thin film composite (TFC) membrane, hinders the performance of the membrane, 



22 

thus limiting the membranesô prolonged use. Biological foulants such as bacteria, fungi, and algae 

grow in large quantities on the membrane surface, thereby inhibiting permeation through the 

membrane surface [14]. On the other hand, the use of strong oxidising agents such chlorine and 

ozone to remove the adsorbed biofilm may be detrimental to the membraneôs structure as they are 

capable of degrading the polyamide layer on TFC membranes [1, 15]. Another limitation of 

conventional TFC RO membranes involves the ultimate trade-off between permeability and 

selectivity; i.e., it is practically impossible to further increase the membraneôs selectivity without 

compromising permeability. 

 

The CNT-based membranes possess antibacterial properties that are beneficial in combating 

biofouling upon direct contact with microorganisms. However, the antimicrobial mechanism of 

CNTs is not yet fully understood. Many authors present conflicting and diverse mechanistic 

models. For example, Vecitis et al. [16] proposed a three-step mechanism for SWCNTs that 

includes three sequential steps: (i) initial contact between SWCNTs and bacteria; (ii) perturbation 

of the membrane cell; and (iii) electronic structure-dependent bacterial oxidation. Several reports 

and reviews have been documented reporting on the use of CNTs in mitigating fouling in TFC RO 

membranes [17ï20]. However, most of these studies were tested only on bench-scale systems. 

There is therefore still a need for further development and upscaling of CNT-based membrane 

processes to accurately determine their benefits. Furthermore, membrane scientists argue that 

biocidal properties alone do not demonstrate that a membrane has a low fouling propensity. For 

instance, in a staged array membrane configuration, the destroyed microbes may necessitate an 

additional step for membrane cleaning. The issue of selectivity-permeability trade-off could be 

avoided in CNT membranes due to the ability of selectively adding functional group moieties at 
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the CNT pore openings that are capable of rejecting salt ions while maintaining ultrafast water 

transport inside the nanotubes [21, 22]. Such gate-keeper-controlled chemical interactions are 

unique for CNT-based membranes, as first demonstrated by Hinds et al. [21]. For example, the 

addition of biotin functional groups at the CNT opening reduced the Ru(NH3)6 3+ flux by a factor 

of 5.5, and this was further reduced by a factor of 15 when streptavidin was added to the biotin 

tether [21]. This result formed the basis for the separation or restriction of ionic flow from a 

solution containing an analyte of interest, and it can be used as a guiding tool for further control 

of pore dimensions. 

 

A number of studies on the potentiality of VA-CNT membranes in desalination processes have 

been based on molecular dynamic (MD) simulations and only very few report on their 

experimental feasibility. This is particularly so because of the complexities encountered in 

synthesis procedures for aligned CNT membranes, which are the most promising candidates, rather 

than mixed-matrix CNT membranes, for desalination based on the findings from simulation 

studies. These issues are discussed in greater detail later in this chapter. 

 

With such challenges, a great deal of work lies ahead before the full realisation and exploitation 

of CNT-based membranes for desalination applications can be achieved. This chapter presents an 

overview of the manufacture, physicochemical properties, and effective application of carbon 

nanotube (CNT) membranes in desalination technologies. Ultimately, this chapter seeks to 

summarise the current knowledge pertinent to CNT exploitation in desalination, explain the extent 

to which the fluid transport properties and chemical functionalities in CNTs necessitate high water 

fluxes, and describe the controllable salt rejection required for desalination. Factors that influence 
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the cost of CNT membranes, which ultimately translates to the cost of desalination using CNT 

membranes, are also discussed. Lastly and perhaps most importantly, the sustainability of CNT 

membranes as a solution to current desalination problems is evaluated. 

 

2.2. Types of CNTs used in membrane fabrication 

2.2.1. CNT configurations 

Since their discovery in 1991 by Iijima [23], carbon nanotubes have been widely studied and 

applied in various disciplines, including in the water treatment field as adsorbent materials or in 

membrane modification for the removal of a wide range of organic and inorganic pollutants from 

water and wastewater [24ï27]. This interest is due to a unique combination of the structural and 

physicochemical properties of carbon nanotubes: high volume-to-surface ratio; small inner 

diameters; antimicrobial properties; frictionless surfaces for rapid fluid flow; and many others [7]. 

The CNTs are commonly classified as SWCNTs or MWCNTs based on the number of cylindrical 

graphene sheets organised around the hollow nanotube core (Fig. 2.1). The SWCNTs consist of a 

single layer of graphene sheet rolled into a tubular structure and have diameters in the range of 1 

to 2 nm, whereas MWCNTs consist of multiple layers of graphene sheets with diameter sizes in 

the range of 2 to 25 nm [6]. Most of the research on CNT-incorporated membranes focuses on 

MWCNTs and very rarely on SWCNTs, even though these possess the smallest outer diameters. 

This is because MWCNTs are generally easy to prepare and align using conventional chemical 

vapour deposition (CVD) methods, and their manufacturing costs are lower than those of 

SWCNTs. This means that MWCNTs can be produced in the large quantities necessary for 

industrial-scale applications. 
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Figure 2.1 Sketches depicting structures of (a) SWCNT, (b) MWCNT and (c) N-CNT (bamboo-

shaped CNT). Reproduced with permission from [28]. 

 

Researchers have attempted to use heteroatom-doped CNTs in the form of nitrogen doped carbon 

nanotubes (N-CNTs) for polymer blend membrane modifications. These N-CNTs are typically 

produced by either post-synthesis modification of CNTs with a nitrogen-containing compound 

such as acetonitrile, melamine, and many others or by in situ incorporation of nitrogen during CNT 

growth [28]. The use of N-CNTs was intended to the compatibility and interaction between CNTs 

and the polymer material such as (PES) [29]. Performance results of this N-CNT/PES membrane 

revealed a superior compatibility between the N-CNTs and PES because of the high surface 

reactivity of N-CNTs compared with pristine CNTs. The differences in the structure of various 

forms of CNTs commonly used in membrane modification are shown in Fig.2.1. These include 

CNTs with typical tubular configurations and unique ñbamboo-shapedò orientations.  
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Although the use of SWCNTs in membranes would be ideal for sea and brackish water desalination 

because of their intriguingly small inner diameters, the challenge of vertically aligning SWCNTs 

remains a serious hindrance [30, 31]. It is also less expensive to manufacture MWCNTs than their 

single-walled counterparts; therefore, MWCNTs can be produced in large quantities. However, 

the inner diameters of most MWCNTs range between 3 and 10 nm [32], which means that they 

fall short of molecular separation applications where extremely small diameters would be more 

beneficial in achieving effective and efficient separation of molecular species. 

 

Park et al. [32] sought to substitute commercial UF membranes with VA-CNT membranes in 

water-purification applications. The authors discovered that the solute rejection of membranes was 

difficult to increase or control because it was difficult to further reduce the inner diameters of 

MWCNTs. Notwithstanding the concerns raised earlier, SWCNTs with diameters close to 1 nm 

were suggested as a probable solution for increasing salt rejection, provided that they undergo 

surface modifications to further reduce their pore size to just below 0.6 nm. This is because a 

hydrated Na+ is about 0.716 nm and Cl- 0.664 nm in size. 

 

2.2.2. CNT tip functionalisation and alignment 

Functional group moieties can be introduced with ease into the VA-CNT membranes. In particular, 

the CNT tips can be functionalised to reduce or control their pore size diameters. Park et al. [32] 

functionalised CNT tips of VA-CNT membranes with methacrylate groups by graft polymerisation 

to ñgateò the transport of solute compounds [33]. The modified membranes showed better water 

flux and antifouling properties than the commercial UF membranes. In addition, the solute 

rejection potential was greatly improved vis-à-vis the control VA-CNT membranes. Consequently, 
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the use of SWCNTs as membranes is of great interest because of their intriguingly small inner 

diameters (1ï2 nm) that can be useful for sea and brackish water desalination. However, as 

mentioned before, the challenge of aligning SWCNTs vertically remains a serious hindrance in 

their use as membrane filters. Filtration methods have previously been used successfully to align 

MWCNTs vertically. Recently, the same approach was adopted for the alignment of SWCNTs. 

Indeed, when shear forces are applied, they propagate the alignment of CNTs perpendicular to the 

filter substrate in the direction of flow [31]. Kim et al. [30] prepared VA-CNT membranes using 

a combination of methods, namely filtration and self-assembly of SWCNTs. In their study, 

functionalised SWCNTs were dispersed in tetrahydrofuran (THF) (Fig. 2.2, Step 1), and the 

suspension was filtered through a filtering media such as a polytetrafluoroethylene (PTFE) filter 

(in Step 2). Their findings showed that the filtration method used facilitated the vertical alignment 

of CNTs on a porous substrate and that the gas mixture transport through the prepared membranes 

was much faster than those predicted by Knudsen diffusion. As shown in Fig. 2.2, Step 3, the 

aligned SWCNT/filter is then spin-coated with a dilute solution of a high-mechanical-strength 

polymer to seal the structure, while allowing most of the nanotube ends to be slightly exposed 

above the polymer surface [30]. However, microscopic analyses of these membranes revealed that 

the SWCNTs are encapsulated with additional graphite layers, which signals that during the 

fabrication process, they are transformed from SWCNTs into MWCNTs. Alternatively, a polymer 

suspension containing CNTs can be injected into a mould cavity, a die, or a nano-channel to form 

a shape of interest. In this way, the CNTs will then change orientation by virtue of the flow that is 

induced by the shear forces applied [31]. 
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Figure 2.2 Schematic representation of the fabrication of VA-CNT membranes by filtration 

method. Reproduced with permission from [30]. 

 

2.3.  Types of CNT composite membranes 

The CNT-incorporated membranes are promising tools for the treatment of conventional and 

emerging contaminants in water as well as for sea and brackish water desalination using RO 

systems. This option is due to the presence of nanoporous channels that allow for the passage of 

large volumes of water while rejecting the permeation of ñunwantedò species/ions. These CNT-

based membranes and in particular the VA-CNT membrane systems have an enormous potential 
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to improve the selectivity of RO membranes that are commonly used in seawater desalination 

processes, owing to their dynamic molecular sieving and separation mechanism [18]. There are 

two common types of CNT-based membranes: CNT mixed-matrix membranes (CNT MMMs), 

which are typically mixed matrices of CNTs and flexible polymers, and VA-CNT membranes, 

which could either be CNT ñstrawsò protruding from a nonporous polymer or high-density, aligned 

CNT arrays. Fig. 2.3 shows the typical differences in the structures, water transport, and solute 

rejection of the two types of CNT membranes presented in this chapter. In the VA-CNT 

membranes, the CNTs are arranged in an upright position (perpendicular) to the membrane surface. 

On the contrary, for mixed composite CNT membranes, CNTs are dispersed in the matrix forming 

part of the membraneôs top layer, thereby contributing to the hydrophilic and surface properties. 

In latter sections, the differences of these CNT membrane types and the correlations between the 

morphological structures and permeation properties thereof will be probed and their water 

transport and solute rejection capacities investigated. We will also explore their environmental 

sustainability and commercial availability. 

 

 

Figure 2.3 Water transport and solute rejection of CNT membranes through (a) vertically 

aligned CNT membranes and (b) CNT mixed-matrix membranes. 
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2.4. Fabrication processes for CNT membranes for desalination 

Table 2.1 depicts the different fabrication techniques for CNT-based membranes normally utilised 

in a desalination process. Work carried out by different workers fabricating CNT membranes is 

compared and contrasted with respect to manufacturing process, support material used, CNT 

alignment or nonalignment, characterisation tools used, and performance properties. For the VA-

CNT membranes, the process normally entails synthesis of VA-CNT arrays on a suitable substrate 

by making use of the conventional CVD method prior to the addition of an impermeable polymer 

such as polystyrene (as a support). On the other hand, the preparation of CNT MMMs involves the 

dispersion of CNTs in a solvent and mixing with a suitable polymer prior to casting the solution 

on a plate typically by a phase-inversion method [35]. Although tremendous progress has been 

made in the laboratory-scale production of CNT MMMs, experimental work involving the 

fabrication of VA-CNT membranes is still in its infancy because the production systems are 

challenging and onerous. These issues are dealt with appropriately in later sections of this chapter. 

 

Several reviews dedicated to CNT-based membranes (MMMs and VA-CNT membranes) and their 

potentiality in desalination applications have been documented. For example, Das et al. [34] 

comprehensively reviewed the potential role of CNT membranes in seawater and brackish water 

desalination. The function of CNTs in the membrane technology arena was analysed by looking 

at the studies focusing on the fabrication and functionalisation of CNT membranes for desalination 

purposes and how CNT membranes compare in properties and performance behaviour with 

conventional membrane processes. These differences are tabulated in Table 2.2 and indicate that 

unlike CNT MMMs (in which CNTs are mixed in either a MF, UF, or NF membrane matrix), VA-

CNT membranes are a unique membrane type because of their outstanding properties, including 



31 

among others, ultrafast water transport and self-cleaning properties. CNTs have the ability to be 

selectivity functionalised at their pore openings to enhance their salt rejection capacities and their 

ability to remove various micropollutants present in water. Thus CNT membranes have been 

envisaged as potential candidates to replace both RO and NF membranes, because CNT 

membranes offer minimal energy consumption by lowering the applied pressure to drive desalting 

of solutions [34]. However, no single method is capable of alleviating the global water pollution 

problems on its own, which means that the existing water-treatment technologies are not sufficient 

to provide 100% pure water. Therefore, a combination of methods, including those that have 

advanced from nanotechnology through the use of carbon nanotube membranes, can be a more 

viable approach. 
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Table 2.1 Different fabrication techniques for CNT membranes. 

 Polymer infiltration/ 

encapsulation 

(Hinds et al., 

2004)[21]  

Liquid -induced densification 

(Yu et al., 2009) [24]   
 

Self-assembly and 

filtration method  

(Kim et al., 2007) [30]  

Phase-inversion 

mixed-matrix 

method 

(Celik et al., 2011) [8]   

CNT membrane 

type  

VA-CNT membrane VA-CNT membrane VA-CNT membrane CNT MMM 

Manufacture CNT arrays grown on 

a silicon wafer 
substrate 

Polystyrene infiltrated 

into the CNT array 
Spin-coating and 

removal of excess 

polymer 
HF acid used etch off 

CNT film from 

substrate 
Water-plasma 

oxidation to open 

CNT tips. 
 

 

 
 

 

CNT forest grown by water-assisted 

CVD method 
Water-etching to detach CNT arrays 

N-hexane introduced into as-grown 

CNT arrays  and dried 
CNTs collapse near to packing into a 

rigid body upon liquid evaporation. 

 
 

 

 
 

 

 
 

 

 

SWCNTs prepared by 

arc discharge method 
and treated with 

H2SO4/HNO3 acid 

mixture. 
Amine functionalised 

SWCNTs dispersed in 

THF. 
Dope solution filtered 

through a PTFE 

membrane filter. 

 

MWCNTs treated in 

H2SO4/HNO3 acid 
mixture. 

MWCNTs sonicated 

and NMP followed by 
addition of PES 

Dope solution casted 

on glass plate and 
immersed in 

coagulation bath. 

 
 

Support Polystyrene None Polytetrafluoroethylene None 

CNT configuration Vertically aligned Vertically aligned Partial alignment Non-aligned 

Characterisation SEM, HRTEM, 

porometer and  
electrochemical 

measurements 

TEM, SEM, N2 desorption 

experiments 

HRTEM, permeation 

of gas mixtures 

SEM, FTIR, Contact 

angle goniometer, 
cross-flow filtration 

experiments 

Performance The presence of 

CNTs increased 
conductivity of the 

membrane 

Attachment of 
biotin/streptavidin 

moiety on the CNT 

tip allowed for 
gating or sieving of 

Ru(NH3)6
3+ ions. 

Densely packed SWCNTs were 

observed from SEM 
N2 gas diffusion is 2 orders of 

magnitude higher than predicted by 

Knudsen and 3-7 orders of magnitude 
higher than for composite membranes 

Rapid gas transport 

through the CNT 
membranes that 

deviates from Knudsen 

diffusion. 

Inclusion of CNTs 

into the PES 
membrane increased 

the membrane 

roughness, surface 
hydrophilicity, pure 

water flux and 

porosity. 

 

Although tremendous progress has been made in the lab-scale production of CNT MMMs, 

experimental work involving the fabrication of VA-CNT membranes is still in its infancy because 

the production systems are challenging and onerous. These issues are dealt with appropriately in 

later sections of this chapter. 

Ҍ 
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Several reviews dedicated to CNT-based membranes (MMMs and VA-CNT membranes) and their 

potentiality in desalination applications have been documented. For example, Das et al. [34] 

comprehensively reviewed the potential role of CNT membranes in seawater and brackish water 

desalination. The function of CNTs in the membrane technology arena was analyzed by looking 

at the studies focusing on the fabrication and functionalisation of CNT membranes for desalination 

purposes and how CNT membranes compare in properties and performance behavior with 

conventional membrane processes. These differences are tabulated in Table 2.2 and indicate that 

unlike CNT MMMs (in which CNTs are mixed in either a MF, UF, or NF membrane matrix), VA-

CNT membranes are a unique membrane type because of their outstanding properties, including 

among others, ultrafast water transport and self-cleaning properties. 

 

Table 2.2 Properties of different membrane processes used in water treatment (adapted from Das 

et al. [34]. 

 MF UF NF RO VA-CNT 

 

Ref 

Pore size (nm) > 50 ï 500 2 ï 50 < 2 0.3 ï 0.6 0.6 ï 10 

 

[20], [34], 

[37] 

Operating Pressure (bar) 0.1 ï 2 < 5 3 ï 15 29 ï 100 0.7 ï 2 

 

[31], [39], 

[40] 

Pure water permeability 

(L/(m2.h.bar) 

> 1000 10 ï 1000 1.5 ï 30 0.05 ï 15 >1000 

 

[32], [39], 

[41] 

MWCO (Da) > 300 000 1000 ï 1000, 

000 

100 ï 1000 100 100 

 

[32], [42], 

[43] 

Membrane thickness (µm) 50 ï 100 150 ï 300 0ͯ.05 0.1 ï 0.2 0.6  ï  10 [29], [44] 

%NaCl rejection - - 20 - 80 95 - > 99 100 [45], [46] 

Resistance to fouling and 

biofouling 

Poor. 

Resistance to 

fouling can be 

improved 

through 

membrane 

surface 

modification 

with 

Poor. 

Resistance to 

fouling can be 

improved 

through 

membrane 

surface 

modification 

with 

Poor. 

Resistance to 

fouling can 

be improved 

through 

membrane 

surface 

modification 

with 

Poor. 

Resistance to 

fouling can be 

improved 

through 

membrane 

surface 

modification 

with 

Very good. 

CNTs possess 

antimicrobial 

properties. 

Resistance can 

be further 

enhanced with 

membrane 

surface 

[24], [47] 
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hydrophilic 

additives. 

hydrophilic 

additives. 

hydrophilic 

additives. 

hydrophilic 

additives. 

functionalisatio

n. 

Application Removal of 

solid particles, 

protozoa and 

bacteria. 

Removal of 

viruses and 

colloids. 

Removal of 

multivalent 

ions, proteins, 

dissolved 

organic 

matter and 

hardness. 

Removal of 

monovalent 

ions, 

desalination, 

water reuse, 

ultrapure 

water. 

Removal of 

organic 

micropollutants 

and 

desalination 

application. 

[8], [37], 

[39], [48], 

[49] 

 

The CNTs have the ability to be selectivity functionalized at their pore openings to enhance their 

salt rejection capacities and their ability to remove various micropollutants present in water. Thus 

CNT membranes have been envisaged as potential candidates to replace both RO and NF 

membranes, because CNT membranes offer minimal energy consumption by lowering the applied 

pressure to drive desalting of solutions [34]. However, no single method is capable of alleviating 

the global water pollution problems on its own, which means that the existing water-treatment 

technologies are not sufficient to provide 100% pure water. Therefore a combination of methods, 

including those that have advanced from nanotechnology through the use of carbon nanotube 

membranes, can be a more viable approach. 

 

Manawi and co-workers [36] recently assessed the potentiality of carbon-based nanomaterials 

(including CNTs, graphene, graphene oxide, carbon nanofibres, MXene, carbide-derived carbon, 

and fullerenes) in membrane fabrication for water treatment and desalination. Carbon nanotubes 

(CNTs), in particular, were identified as promising candidates to overcome the issues of fouling 

(and in particular biofouling) that membranes used in RO desalination processes are often faced 

with. This is due to the ability of CNTs to effectively destroy bacterial cells upon direct contact. 

Furthermore, VA-CNT membranes were highlighted to be potentially useful in water desalination 

because of their remarkably fast fluid transport properties. In as much as high salt rejection is 
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desired during seawater or brackish water desalination, the desalination process used must still be 

able to generate reasonably pure water flux on the other side of the semi-permeable membrane.  

 

Indeed, Elimelech and Phillip [2] caution against the use of membranes with ultrahigh water 

permeability in seawater RO desalination processes because concentration polarisation as well as 

membrane fouling are exacerbated at high water fluxes [32]. (Author to check) For VA-CNT 

membranes to be effectively used for seawater desalination, a redesign of membrane modules will 

be required such that the preceding factors are taken into account. Goh et al. [5] wrote a 

comprehensive review that raises some important questions about the potentiality of nanomaterials 

in desalination membrane modifications. Questions about whether CNT polymeric membranes 

will be able to offer high performance and affordable desalination solutions were raised. 

Ultimately, this review encourages a thorough examination of all research areas and a priori focus 

points before commercialisation of this technology, such as considering economic and 

environmental concerns with regard to the use of nano-enabled or, better yet, CNT-based 

polymeric membranes. Toward the end of their review, the authors encouraged environmentalists 

to work closely with materials scientists in understanding and raising awareness of environmental 

hazards that these nano-enabled membranes may pose for humans. 

 

Ahn et al. [3] documented the fabrication methods for CNT-based membranes and speculated on 

their potential use in desalination processes. The fundamental differences between the two CNT 

membrane types are presented in Table 2.3. Clearly, the limitations that hinder the popularity and 

commercialisation of VA-CNT membranes mainly include the complex fabrication processes 

used, which makes up-scaling of these membranes a challenge. For this reason, more efforts have 
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been directed toward the exploitation of mixed-matrix types of CNT membranes, even though they 

exhibit more moderate water fluxes than VA-CNT membranes. In addition, CNT MMMs are made 

using fabrication procedures that are relatively simple, and therefore CNT MMMs are more likely 

to be commercialised sooner [3]. 

 

Table 2.3 Comparison of VA-CNT membranes and mixed-matrix CNT membranes (adapted 

from Ahn et al.[3]). 

VA-CNT membranes Mixed-matrix CNT membrane 

CNTs are vertically aligned within the 

membrane 

CNTs are irregularly arranged within the 

polymer matrix 

CNTs are densely packed together Composite layers with polymer membrane and 

non-woven support 

Water flux through the membrane is extremely 

fast 

Water flux through the membrane is 

reasonably fast 

Functional groups can be conveniently 

attached at the CNT tips or on the membrane 

surface to prevent fouling 

Low (or anti) fouling membranes 

Complex fabrication procedures, less cost-

effective 

Fabrication processes are convenient, simple 

and readily commercialisable 

May need specially adjusted operation system Operation similar to that of conventional 

membrane processes 

 

2.5. Solute transport properties of CNT membranes 

Molecular dynamic (MD) simulation has been one of the fundamental tools used by researchers to 

gain insights into the transport behavior of water molecules inside confined CNT channels [37]. 
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As mentioned earlier in this chapter, recent research work involving the use of CNT membranes 

for desalination has mainly been based on simulation studies. The properties and behaviour of 

fluids when confined at nano-length scales differ greatly from their behaviour in bulk form. For 

example, in the macroscopic world, it would be unexpected for water (a polar compound) to be 

able to enter and interact with the constricted and hydrophobic CNT pores [38]. However, the first 

MD simulation studies by Hummer and co-workers [39] showed that despite their hydrophobic 

nature, SWCNTs can be rapidly filled and emptied with water molecules (forming a column of 

five water molecules in length inside a nanotube). Furthermore, the filling and emptying of the 

CNTs with water molecules can be properly controlled such that water molecules do not remain 

constricted inside the tubes [39].  

 

One other notable feature associated with CNT fluid transport, as reported by Hummer et al. [39], 

is that of the changes in the structural configuration of water molecules when inside a confined 

CNT channel. Inside the channel, the hydrogen-bonded and methodically linked water molecules 

or simply ñwater wiresò are formed, as depicted in Fig. 2.4. The formation of these ordered one-

dimensional hydrogen-bonded water wires inside the CNTs and at the CNT openings highly 

resembles those that are formed during water transport by biological channels such as 

transmembrane protein aquaporins [40, 41]. Other similarities between CNT channels and the 

biological aquaporin channels include their hydrophobic interiors or linings that enable near 

frictionless and fast water transport [40, 42]. Kalra et al. [43] used MD simulation to study 

molecular transport of water through CNT membranes under the influence of an osmotic gradient. 

The authors demonstrated that the flow rates within the CNT pores are extremely fast and 

independent of the length of the nanotubes. It was found that the flow inside these nanotubes was 
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almost frictionless and was restricted only by the events at the entry and exit points of the CNT 

pores. Nonetheless, the flow rates remain comparable with those of transmembrane aquaporins 

[43]. 

 

 

Figure 2.4 Molecular dynamic simulation depicting water configuration or formation of ñwater 

wiresò in differently sized armchair carbon nanotubes. Reproduced with permission  from [42]. 

 

Several macroscopic equations have been used to explain the relationship between fluid flow or 

transport rate and the pore radius of the CNTs. One of these models is the non-slip Hagen Poiseuille 

equation which can be represented in Eq. 2.1 as follows:  

 

Q
HP
=
 ́  
d

2

4

8ɛL
. 
æP

L
          (2.1) 

where Q
HP

 represents the volumetric flow rate, æP is the pressure difference across the tube length 

(L), µ is the viscosity of water and d is the pore diameter.  
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This equation assumes that fluid flow inside the CNT tubes is laminar and that there is no-slip at 

the boundary layer (i.e. the fluid velocity at the CNT walls is zero [46]. However, several studies 

on nanosized hydrophobic pores, such as those of CNT membranes have shown major deviations 

from this assumption, with flow enhancements that are orders of magnitude higher than predicted 

by the continuum Hagen Poiseuille model.  

 

MD studies on CNT pores reveal that water molecules move freely with large slip inside the CNT 

walls due to the atomically smooth and hydrophobic interiors of CNTs [44]. The slip length which 

is merely the distance that the velocity profile can be extrapolated with to reach zero (Fig. 2.5), is 

normally used when describing the slip flow of molecules inside CNT walls  

 

 

Figure 2.5 Illustration of slip length at the liquid/solid interface. Reproduced from [1] of Further 

reading section. 
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When Hagen Poiseuille formalism in equation 1 is corrected to include slip-flow conditions, it can 

be represented in Eq. 2.2 as: 

Q
Slip
=
 ́  
d

2

4

+ 4 (
d

2
)
3

. LS

8ɛL
. 
æP

L
          (2.2) 

 

where LS is the slip length and is given by Eq. (2.3) as follows: 

 

LS = 
Uwall  

dU/Dr
            (2.3) 

 

and Uwall is the axial velocity at the wall and dU/dr is the radial velocity gradient at the wall. 

 

Holt et al. [45] applied the slip-flow formalism (Eq. 2.2) to determine the flow through sub-2-nm 

CNT membranes. The slip lengths that were hundreds of nanometres larger than the pore sizes and 

were in the order of the overall size of the system were calculated [45]. When the same equation 

was used to calculate slip length for polycarbonate membranes with 15 nm pore sizes, the slip 

length was about 5 nm. These findings therefore suggest that slip-flow formalism cannot be used 

to describe flow through CNT pores in the 1 to 2 nm size regimes due to confinements in length 

and partial wetting of the CNT surface [9]. 

 

The extremely fast water transport of CNT membranes is therefore favourable for filtration 

purposes such as NF and RO. However, in the case of RO desalination, the efficiency of the process 

is determined by three critical factors, namely capital costs, energy costs, and the system operation 

costs [10]. Whilst there are many speculations on the potentiality of CNT membranes to greatly 

reduce the energy costs of RO desalination processes, the minimum energy required to pump water 

through a semi-permeable membrane is governed by the solution osmotic pressure, i.e. osmotic 



41 

pressure difference between seawater and freshwater [11]. Nonetheless, the high water fluxes of 

CNT membranes can greatly reduce the capital costs due to the small membrane area required to 

achieve maximum flux, without necessarily impacting on the energy consumption of the 

desalination process [11]. 

 

In an MD simulation study, Corry [42] simulated water conduction and suitability of differently 

sized CNTs with armchair type chirality (5,5), (6,6), (7,7) and (8,8) in water desalination 

applications. The CNT performance was evaluated by calculating salt rejection efficiency (see 

Table 2.4) [34]. The numbers denoted within parentheses describe the chirality and metallicity of 

the carbon nanotubes investigated; i.e. the manner in which the grapheme sheet has been rolled up 

to form a carbon nanotube [12]. The armchair configuration describes the shape of the hexagons 

making up the tube as one moves around the body of the nanotube and the metallic nature of 

SWCNTs. The calculations showed that the CNTs led to salt rejection ranging from 100% for (5,5 

and 6,6) to 95% and 58% for the wider tube (7,7 and 8,8). Additionally, when the salt rejection 

efficiencies of the simulated CNT membranes and those of commonly used RO membranes were 

compared, the membrane comprising of (7,7) nanotubes could be expected to obtain 95% 

desalination at a flow rate that is over 1 500 times that of existing RO membranes [5]. Therefore, 

more in-depth studies on overcoming the energy costs of desalination processes using CNT 

membranes are crucial in order fully realise their applicability in water purification and 

desalination applications. 
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Table 2.4 Water and ion conductance of nanotubes under 209 MPa Pressure at 250 mM ion 

concentration (reproduced from [42]). 

Size Diameter (Å) Run lengths (ns) conductance pt pns 

C-C Internal  H2O Ions 

(5,5) 6.6 3.2 10.00 10.4 ± 0.4 0.0 

(6,6) 8.1 4.7 20.00 23.3 ± 0.3 0.0 

(7,7) 9.3 5.9 25.00 43.7 ±  0.5 0.007 ± 0.005 

(8,8) 10.9 7.5 17.00 81.5 ± 1.2 0.137 ± 0.025 

(6,6) long 8.1 4.7 10.00 23.4 ± 0.5 0.0 

 

From the discussions above, it is evident that the incorporation of VA-CNTs into polymeric 

membranes has important implications in terms of their transport and separation properties. This 

is because CNTs provide among others the ease of chemical functionalisation and doping, low 

friction, biocompatibility and controllable pore sizes necessary for rapid water transport and 

required solute rejection. 

 

2.6. Characterisation tools for CNT-based membranes 

2.6.1. Introduction to techniques used to probe CNT Membranes 

Characterisation of CNT-based membranes is typically achieved using similar techniques to those 

that are normally used to characterise conventional polymer-based membranes. The techniques 

used include scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

high-resolution TEM (HRTEM), atomic force microscopy (AFM), streaming potential and surface 

charge analysis, contact angle analysis, electrochemical impedance spectroscopy (EIS), thermal 
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gravimetric analysis (TGA), attenuated total reflection-Fourier transform infrared spectroscopy 

(ATR-FTIR), X-ray photoelectron spectroscopy, and many others [48]. It is of vital importance 

that the different techniques used for the analyses correlate with one another for effective 

clarification of the morphology and properties of the prepared membrane. 

 

2.6.2.  Microscopic Investigation of CNT membranes 

The incorporation of CNTs into membrane matrices is known to drastically transform the 

morphology of the membranes [49]. These changes can be detected easily by studying the surface 

properties as well as the internal structure of the membrane (Fig. 2.5) [50]. Depending on where 

the SEM image is taken on the membrane, it is possible to visualise and distinguish between the 

pores located on the top surface of the membrane and those located in the membrane sub-layer. 

Depending on the phase-inversion kinetics that occur during membrane formation, the membrane 

sub-layer may consist of large finger-like structures (referred to as macrovoids) or it can consist 

of a sponge-like structure made up of many small pores. For example, in order to effectively view 

the membranesô cross-sectional morphology (or internal structure), the membrane sample must be 

freeze-fractured in liquid nitrogen followed by coating with either gold or carbon in order to impart 

electrical conductivity [51]. The incorporation of CNTs into the polymer matrices is known to 

significantly affect a membraneôs surface porosity. Celik et al. [8] reported that during the 

formation of CNT MMMs, the addition of small amounts of CNTs within the PES matrix enhanced 

the phase separation process, thus giving rise to the formation of larger membrane pore sizes. 

Furthermore, CNT inclusion has been reported to greatly influence the hydrophilicity, surface 

roughness, and mechanical strength of the MMMs [52, 53]. 
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Transmission electron microscopy (TEM) is also a suitable technique for probing the internal 

structure of membranes containing nanomaterials such as CNTs. Therefore, information on the 

membrane thickness, pore sizes, and CNT density is obtainable from TEM analysis. Only a limited 

number of reports are available in which TEM has been used to structurally investigate the internal 

morphology of CNT/polymer membranes, particularly CNT MMMs.  This is because the 

preparation of polymeric samples for TEM analysis tends to be significantly more complex 

because it involves preparing thin slices of the materials at cryogenic temperatures using a 

microtome [54]. However, the information obtained from TEM or HRTEM images is valuable and 

provides information about the dispersion of CNTs in the membrane matrices, their pore sizes, and 

distribution. Transmission electron microscopy could be used to study how chemical 

functionalisation or heteroatom doping (with either N or P) of CNTs affects dispersion in the 

membrane [55]. 

 

In the analyses of VA-CNT membranes, TEM analysis is commonly the first technique applied, 

in particular for the as-prepared CNT arrays, prior to polymer infiltration, as TEM is capable of 

probing the internal structure or morphology of these nano-based membranes and can also indicate 

whether vertical alignment of CNTs has been achieved. Scanning electron microscopy (SEM) is 

equally widely used to study the topography of VA-CNT membranes. Unlike TEM analysis, SEM 

examines the surface and produces an image that clearly establishes the alignment of CNTs within 

the membrane. The TEM and SEM images for VA-CNTs and VA-CNT membranes prepared using 

different methods are shown in Figs 2.6 and 2.7. In Fig. 2.6, SEM cross-sectional images of PSf 

membranes prepared from blending different amounts of MWCNTs are shown. All MWCNT/PSf 

membranes have similar substructures with finger-like internal pores. One noticeable difference 
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from their substructures is the amount of MWCNTs that have migrated to the top surface of the 

membrane, to make the membrane surface hydrophilic. Fig. 2.7(a) and (b) show SEM and TEM 

images for a CNT film with a height of about 2.2 mm (obtained under the CVD growth conditions: 

acetylene/argon composition ratio of 200/500 sccm, growth temperature of 810 °C, and ramp rate 

of 810 °C/min). The TEM micrographs presented in the figure show two graphene walls as well 

as patterned CNTs obtained via the nanotemplate method, in which a TEM grid was used as a 

mask [56]. The SEM images of VA-CNTs synthesised on stainless steel meshes are shown in Fig. 

2.8. 
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Figure 2.6. SEM cross-sectional images of MWCNT/PSf blend membranes with different 

loadings of MWCNTs; (A) 0 wt%, (B) 1.0 wt% (C) 2.0 wt%, and (D) 4.0 wt%. Images A1 to D1 
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are high magnification (20000×) images of A to D, showing the presence of MWCNTs in the 

surface layer of the membrane. Reproduced with permission from [50]. 

 

 

Figure 2.7 SEM micrographs for (a) CNT film (b) the middle of the CNT film, (c) HR-TEM 

micrographs for CNTs, and (d) patterned CNTs using a TEM grid prepared using the nanotemplate 

method. Reproduced with permission from [56]. 
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Figure 2.8 SEM micrographs of VA-CNT membranes (in different forms) prepared using the 

filtration method. Reproduced with permission from [2, Further reading]. 

 

2.6.3. Mechanical strength analysis 

The role of CNTs on improving the mechanical strength of MMMs polymeric membranes is 

widely documented [57, 58]. Inclusion of CNTs improves the mechanical strength of MMMs and 

as such increases the life span of the membranes. Membranesô mechanical strength properties are 

typically measured on a MicroStrain® analyser (LORD Sensing Systems, Williston, VT, USA) or 

Instron analyser (Instron, Massachusetts, USA). It is important for a membrane to have a 

sufficiently high mechanical strength in order to withstand transmembrane pressure during 

filtration. These measurements are very important particularly because CNT MMMs are tailor-

made for pressure-driven processes. Maphutha et al. [59] showed that excellent mechanical 

properties can be obtained by the systematic incorporation of CNTs into a membrane material. A 

CNT composite membrane with polyvinyl alcohol used as a barrier layer was prepared for the 

purpose of removing oil from wastewater, and a 7.5% concentration of CNTs was found to produce 

a tensile strength of 119%, 77% in Youngôs modulus and 285% in toughness [59]. Other works 
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have also demonstrated the advantages resulting from the use of functionalised CNTs as additives 

(or fillers) in polymeric membranes. The ultimate tensile strength, mean modulus, and tensile 

strain were found to increase when small amounts of CNT particles (0.02ï0.04 wt%) were added 

to suitable polymers [29]. 

 

2.6.4. Contact angle analysis 

Surface contact angle analysis is used extensively in membrane technology to measure the 

hydrophilicity, surface energy, and surface tension of polymeric membranes containing CNTs. 

Contact angle measurements are usually recorded from 10 or more places on the membrane 

surface, and an average value is reported. This is done in order to obtain reproducible data 

representative of all the membrane surface properties. The ultimate goal is to fabricate membranes 

that are highly hydrophilic since they are generally desirable for desalination applications. Such 

membranes are less susceptible to fouling than their hydrophobic counterparts [50] because of the 

formation of a strong hydration layer on the membrane surface that prevents the attachment of 

foulants. Hydrophilicity is achieved by effectively mixing polymers with hydrophilic additives 

such as highly functionalised CNTs and/or heteroatom-doped CNTs such as N-doped CNTs [29] 

and can be predicted easily by a decrease in contact angle values. For example, when acid 

functionalised CNTs are incorporated into PES membranes, a decline in the contact angle from 

>71 °for bare PES membrane to <60° for 4 wt% MWCNT/PES composite membranes is observed 

[50]. 
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2.6.5.  Atomic force microscopy (AFM) analysis 

Atomic force microscopy (AFM) analysis is a technique for analysing membrane surfaces and 

therefore provides information complementary to SEM and TEM analyses on the surface 

properties of carbon nanotube-based membranes. Atomic force microscopy generally probes the 

internal structure of the membrane and provides information on the surface roughness 

characteristics of the membrane and can also help measure membrane pore sizes. Fig. 2.9 shows 

that after the addition of surface-engineered CNTs into the cellulose acetate/polyethylene glycol 

polymer matrix (PM), the membrane surface roughness increased along with an increase in CNT 

loading up to 0.3 wt% (from PM-CNT 1 to PM-CNT 3). However, with further increments up to 

0.4 wt% (PM-CNT 4), the membrane surface became smoother. The reason for the reduction in 

surface roughness is due to the reduced electrostatic interaction between the CNTs and the polymer 

matrix, thus leading to partial positioning of CNTs in the matrix, which then leads to smooth 

surfaces. As the loading was increased to 0.5 wt%, the surface roughness started to increase again 

because of the formation of CNT agglomerates and clusters within the membrane matrix. The 

major issue with very rough membrane surfaces is that they are prone to fouling because of the 

ease of attachment of foulants [50]. This is due to the increase in charged sites on the membrane 

surface. 
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Figure 2.9 AFM topographic images depicting changes in surface structure of cellulose 

actetate/polyethylene glycol polymer matrix (PM). Reproduced with permission from [3, Further 

reading]. 

 

2.6.6. Streaming potential and surface charge analysis 

Information relating to the surface charge of CNT polymer membranes is important for 

understanding how a particular membrane will behave toward target pollutants in water, especially 

charged species/ions. The surface charge of a membrane can be determined via electrokinetic 

analysis [60]. Electrokinetic effects occur due to the interaction between a charged solid surface 

and the electrolyte rather than the inherent charge characteristics of the material [61]. In this 

measurement, zeta potential is measured as a function of pH. The inclusion of CNTs in membranes 

has a major effect on the surface charge of the membranes. However, the values obtained vary 

with the concentrations of CNTs added to the membrane and the type of chemical groups and/or 

heteroatom species attached to the CNTs. When the membrane charge is known, the behaviour of 
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the pollutants present in water or wastewater toward the membrane surface can be predicted. It has 

been shown that electrostatic repulsions between the membrane surface and pollutants prevent the 

occurrence of fouling on the membrane surface [62] suggesting that CNTs can be used as materials 

for manufacturing membranes that have outstanding antifouling properties. 

 

2.6.7.  Other characterisation techniques 

Other characterisation techniques used for membrane analysis include XPS and XRD 

spectroscopy. X-ray photoelectron spectroscopy (XPS) is normally used for surface chemical 

analysis of the CNT membranes and to study the chemical bonding environments within the CNTs 

and heteroatoms; XPS is most useful for studying the stability of the incorporated functionalised 

CNTs into the membrane surface and matrix. The change in ratio of elemental concentrations can 

be monitored before membrane operation and several days of operation. A large change in 

elemental ratio is indicative of the fact that some of the elements may have been washed off during 

operation and that they are not stably attached or incorporated into the membrane surface. X-ray 

powder diffraction (XRD), on the other hand, provides information on the crystallinity, atomic 

structure, and crystallite size determination of membranes. Other conventional and unconventional 

instrumental techniques used to study membranes in general are presented elsewhere [49, 50]. 

 

2.7.  Environmental sustainability of CNT membranes 

2.7.1. Energy demand 

The energy demand for a desalination process is set up by the need to bring feed water to a pressure 

that is equal to the osmotic pressure of the concentrate. Currently, the energy consumed by RO 
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desalination stands at 2 kWh/m3 at 50% recovery and is far greater than the theoretical minimum 

energy required for desalination of 1.06 kWh/m3 [2,33]. The minimum amount of energy required 

to separate pure water from salty water is equal in magnitude but has an opposite sign to the free 

energy of mixing, and can be calculated in Eq. (4) as: 

 

dæGmix= -RT lnawdnw  ́sVwdnw          (2.4) 

where æGmix is the free energy of mixing, R is the ideal gas constant, T is the absolute temperature, 

aw is the activity of water, nw is number of moles of water, ́s is the osmotic pressure of seawater, 

and Vw is the molar volume of water.  

 

The minimum energy can then be calculated from the integration of (2.4) as follows: 

 

Wo = (-dæGmix/dnw)P, T= -RTlnaw        (2.5) 

 

Although the energy consumption of the RO desalination process has not yet reached the 

theoretical limit, the use of highly permeable membranes such as CNT-based membranes is 

expected to alleviate this problem. However, this will not directly influence the reduction of the 

energy necessary for desalination processes to occur [2]. Nonetheless, fouling-resistant 

membranes such as CNT-based membranes are beneficial in overcoming the high energy costs 

associated with high-pressure requirements essential in order to drive pure water molecules 

through a fouled membrane. 
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2.7.2. Disposal 

As with other nanoparticles, disposal of CNTs and/or CNT-based membranes is not widely 

documented, because these materials are relatively new, and most researchers and 

environmentalists are still trying to study their impact on human health and the environment as 

well as their disposal issues. According to the UK Environmental Agency, ñany CNT containing 

waste is considered as hazardous waste unless evidence suggests otherwiseò [63]. This signals that 

the fabrication costs of CNT-based membranes could potentially be driven up (when 

environmentally benign processes are sought) and especially if these membranes are scaled up for 

manufacturing. For example, currently the cost of 1.0 g of pristine MWCNTs is greater than $100. 

Although this seems high, because of their high surface area, very small amounts of CNTs are used 

as additives in CNT MMM fabrication processes. Furthermore, as newer methods of production 

are being developed, the price of CNTs is expected to gradually decrease. However, Brehm (2008) 

at the Massachusetts Institute of Technology (MIT) suggested that incorporating environmental 

objectives during the synthesis stage of novel materials (such as CNTs) can bring about a drastic 

change in both industrial and environmental practices, that is, preventing problems rather than 

reacting to them [64]. This is a viable approach to minimising CNT toxicity at the source prior to 

their incorporation into other materials such as membranes [64] or point-of-use systems such as 

filters. Methods that have been suggested for CNT disposal include high-temperature incineration 

[65] and vitrification or the encapsulation of CNTs into glass or ceramic structures [63]. 

Vitrification is a relatively new method that is still under development and is therefore considered 

as an alternative disposal technique for the future [63]. Clearly, more efforts are needed in this area 

in order to create better solutions for the disposal of CNTs or CNT-based membranes in a 

sustainable manner. These efforts will require active collaboration among materials scientists, 
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industrialists, academics, and environmentalists in order to pinpoint the potential risks associated 

with these new materials and to come up with better disposal methods [66]. 

 

2.7.3. Toxicity of CNT membranes 

Although desalination processes have been identified as a potential solution to global water 

scarcity [80], the economic implications associated with these processes, in general, are too high 

for underdeveloped and developing countries. The typical construction of desalination plants 

requires a massive capital expenditure. In addition, a huge amount of energy is required for 

pumping water from the sea into a desalination plant, leading to high daily operating costs. Since 

seawater desalination is a highly specialised field, personnel working on these projects are usually 

highly skilled engineers who are remunerated competitively. As such, input costs in these projects 

are astronomical. Over the past decade, attempts to lower the cost of desalination in developed 

countries have proved successful, with the price of desalinated water reaching $2.10/m3 [81]. 

According to a review by Ghaffour et al. (2013), the parameters that influence the total capital and 

operational costs of a desalination plant include electric power availability, desalination process 

configuration, plant size and its component design, raw water quality and required water quality 

and other consumables [81]. In a CNT membrane desalination plant, the parameters are expected 

to be similar. However, the CNT cost parameter is factored in separately. Therefore, in order for 

CNT membranes to be fully adopted in desalination processes, the cost per volume of saline water 

treated by these membranes would need to be the same or even lower than the current costs of 

desalination processes. In the end, cost is always the dominating and deciding factor. Polymeric 

membranes used for seawater desalination have evolved over time. By 1969, cellulose acetate 

(CA) membranes had immerged as the best membranes for desalination purposes [82]. However, 
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the quest for desalination membranes with high flux and high rejection capacities has been a 

continuous endeavour. Indeed, the incorporation of carbon nanomaterials, in particular CNTs or 

the fabrication of VA-CNT membranes, is being applied to lower the cost of seawater desalination. 

The incorporation of CNTs into polymeric membranes has been shown to produce remarkably 

enhanced membrane properties such as flux, recovery, antifouling, and salt rejection [5]. It is 

expected that CNTs will lead to lower energy requirements when pumping seawater across a 

membrane in order to obtain freshwater. Fouling of membranes is reported to drive up the energy 

costs, as a result of the requirements of high pressures necessary to drive pure water molecules 

across a fouled membrane. Therefore, the inclusion of carbon nanomaterials in membranes to be 

used for desalination processes is envisaged to eliminate the deposition of microorganisms on the 

membrane surfaces which can contribute to membrane fouling [83]. As such, the presence of CNTs 

in polymeric membranes brings about properties that can render the membranes energy-efficient. 

The schematic diagram given in Fig. 2.10 illustrates the potential performance and commercial 

viability of CNT membranes with reference to other nano-enabled membranes such as inorganic 

nanomaterials incorporating membranes, aquaporins, ceramics, and other nanostructured 

membranes [45]. Indeed, VA-CNT membranes have highly enhanced performance prediction 

(closer to aquaporins), yet commercialisation is still a long way off. 
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Figure 2.10 Potential performance versus commercial viability of nanotechnology-enabled 

membrane. Reproduced with permission from [4, Further reading]. 

 

The use of integrated systems has been shown to be one of the ways by which energy costs can be 

minimised. Seawater has high osmotic pressure because of the presence of divalent ions, for 

example. By subjecting the seawater feed through a pre-filtration stage, the effect of lowering the 

osmotic pressure of the feed can be explored [84, 85]. The ability to fabricate membranes with 

improved surface properties by incorporating CNTs will further reduce the capital expenditure 

required for the running of desalination plants. Researchers have already projected that the use of 

CNT membranes in a desalination plant would offer a significant cost reduction of up to 22% and 

chemical cost savings of up to 76% [86]. Therefore, the use of CNT technologies to bring down 

costs will be at the centre stage of cutting-edge research until the scientific community considers 

the safety measures discussed in previous sections or provides proof that the potable water 

generated using CNT membranes is safe and acceptable. 
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2.8.  Challenges and future perspectives  

The CNT-based membranes are perceived as robust and ideal materials for the generation of 

freshwater during filtration and desalination processes. This perception is based on the advances 

made in the synthesis of CNTs of various morphologies (e.g., size, shape, and geometry). The 

millimetre-long VA-CNTs provide new openings for the transportation of water molecules through 

tubes. However, CNT-based membranes exhibit several obstacles that must first be addressed 

before they can be utilised effectively in desalination processes. The conventional methods for the 

production of CNTs (such as CVD) have insurmountable shortcomings [50]. One such 

disadvantage is that CNT manufacturing processes and in particular those for producing VA-CNTs 

have not yet been scaled up [35]. In addition, when alternative methods such as arc-discharge and 

laser ablation are utilised in CNT synthesis on an industrial scale, the process becomes very costly. 

The distinctive properties of CNTs can be useful when these nanomaterials have been 

homogeneously dispersed in a polymer solution [87]. Inherently, CNTs tend to cluster into bundles 

or agglomerates because of the presence of van der Waals interactions within the CNT lattice, 

which can further compromise the mechanical strength of CNT membranes [88]. However, the 

ñunbundlingò of CNTs can be achieved through (i) covalent modifications via the attachment of 

functional substituents, for example ïCOOH, -OH, and ïNH2, (ii) non-covalent modification via 

wrapping of water-soluble linear polymers around the CNTs [89], and (iii) by mixing CNTs under 

shear force such as ultrasonication [90]. Although CNT functionalisation is a challenging and 

laborious exercise, it leads to more stable surface modification, which is vital in attaining CNTs 

that can be dispersed with ease in the membrane matrices [10]. The tendency of CNTs to 

agglomerate during solution-casting processes remains another overarching obstacle. The practice 

of chemically functionalising CNTs or substitutional doping of CNTs assists in obtaining 
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membranes with excellent surface properties [86]. To keep the fabrication costs of CNT 

membranes to a minimum, further research is needed to seek low-cost, simple, and efficient ways 

of functionalising and/or dispersing CNTs in membrane matrices. Therefore, further research to 

find ways of simplifying the engineering processes and to understand the membrane science should 

continue to be pursued. Membrane fouling is an inevitable occurrence where the application of 

CNT polymer membranes in water treatment is concerned. The degree of fouling is further 

influenced by the conditions of the feed water that is undergoing treatment [10]. Even though 

CNTs possess antimicrobial properties that may be beneficial in averting biofilm formation on a 

membrane surface, the big issue still remains the staged array membrane configurations and the 

influence of the destroyed microorganisms on subsequent membrane filtration steps. Furthermore, 

having CNTs in mixed-matrix membrane configuration remains questionable and is said to render 

all the attractive and desirable features of CNTs useless because the majority of the CNT mass is 

buried in the bulk polymer matrix [17]. The probability of CNTs leaching out from a polymer 

membrane is another issue requiring attention, especially in cases where dispersion and chemical 

bonding has not been achieved [46]. Therefore, if CNT polymer membranes are to be endorsed for 

future large-scale operations in water-treatment processes, the issue of nanomaterials leaching into 

the water source must be thoroughly addressed and attempts must be made to prevent leaching. As 

mentioned in the previous sections, VA-CNT membranes have better prospects than CNT MMMs 

when it comes to their performance in desalination processes and the diversity of application. 

However, their fabrication processes may be a limiting factor in that they hinder widespread 

exploitation as a result of the complexities in the process and thus incapability of producing 

reproducible membrane samples. Even though fluxes through the individual nanotube are high, 

fluxes per square centimetre are limited because of the low porosity of CNTs. This is a serious 
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limitation for their applications. Another great challenge in VA-CNT membranes is the alignment 

of large numbers of CNTs with well-controlled morphology and geometry across the entire 

membrane structure. For instance, during the polymer infiltration step, it is difficult to find a 

deposition process that will be able to conform to the spaces between the VA-CNT arrays and 

adequately fill these spaces, without tampering with the alignment of CNTs. Researchers need to 

design an etching process that will selectively open the nanotube ends without producing voids in 

the membrane structure. The challenge is to remove impurities within the VA-CNTs while 

maintaining the original integrity of the nanotubes. Because they are tiny particles instead of ions 

or molecules for which a system of risk assessment already exists, CNTs pose distinctive 

challenges for risk assessment and management [91]. A deep understanding of these nanomaterials 

is still required in order to prevent and eliminate the probability of hazards emanating from these 

nanomaterials in water treatment [91]. This level of understanding will be of significant help to 

exponentially increase research and development activities of composite membranes containing 

CNTs.  

 

The VA-CNT membranes provide new prospects for the transportation of liquids and the 

separation of unwanted species. Clearly, the potential for CNT membranes is enormous. The key 

question that remains is: can these CNT materials be commercialised for large-scale applications? 

Commercialisation of these materials is important because CNT polymer membranes possess 

enhanced selectivities. In contrast to conventional polymeric membranes, CNT polymer 

membranes have outstanding advantages, such as higher flux and higher salt rejection [86]. In view 

of these outstanding properties, a drive toward commercialisation of these materials (which are 

energy-efficient and less susceptible to fouling) should be undertaken. Over the past decade, 
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challenges pertaining to the application of CNTs revolved around the high cost of CNTs. However, 

the cost has since dropped from $200 per gram in 1999 to between $50 and $100 per gram in 2013, 

making it affordable to use CNTs in different materials [92]. The affordability of CNTs would 

make the scaling up of CNT polymer membranes a possible task [93]. The realisation of the 

ultrafast transport of molecules within tubes of CNT membranes is critical at this stage. 

 

2.9.  Conclusions 

The merits and challenges associated with the use of CNTs in membrane systems in desalination 

were systematically analysed. During the past decade considerable efforts have been made towards 

the development of membranes containing carbon nanomaterials to overcome the fouling, high 

energy demand, unselective separation of dissolved contaminants and low permeation. There is 

clear evidence that the use of CNTs in membrane systems is on the rise and will continue to be 

investigated and attempted to be implemented at industrial scale for the foreseeable future, 

provided that the health concerns can be resolved adequately. There are also issues regarding the 

hazards of nanomaterials in the workplace, i.e. research laboratory, production facility, or 

operation in which nanomaterials are processed, used, disposed of, or recycled. In the absence of 

scientific clarity about the potential health effects of occupational exposure to nanoparticles, a 

need exists for guidance in decision-making about hazards, risks, and controls. 
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CHAPTER 3  

POLYETHERSULFONE/CARBON NANOTUBE MI XED-MATRIX MEMBRANES FOR 

WATER TREATMENT: CURRENT STATUS AND FUTURE PROSPECTS  

 

Summary of the chapter 

This review discusses in great detail the scope of the work carried to date on PES/MWCNT 

membranes over the past 8 years, with particular emphasis on their synthesis and modification 

methods, different morphological structures displayed by the membranes and how they impact the 

resultant membrane performance, as well as their use in water and wastewater treatment. 

Furthermore, the review aims to provide the reader with useful insights on the different roles 

played by MWCNTs in the modification of PES-based MMM physicochemical properties; that is, 

the inclusion of MWCNTs into the PES matrices does not; in all cases yield significant 

improvements in membrane performance and structural properties. Summary remarks and future 

perspectives conclude the review. 

 

Keywords: polyethersulfone, carbon nanotubes, mixed-matrix membranes, ultrafiltration, 

modification strategies, morphological structure, surface properties 
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3.1. Introduction 

Membrane separation technology has emerged as a promising technological solution for 

addressing the worldwide water crisis, which includes both water shortage and deteriorating water 

quality. Owing to their wide pore size range (2 ï 50 µm), ultrafiltration (UF) membranes 

particularly find use in the fractionation and pre-treatment stages of wastewater and seawater 

desalination [1]. Membrane are used as a support substrates for the production of thin film 

composite (TFC) nanofiltration (NF) and reverse osmosis (RO) membranes, which are 

consequently used in the removal of smaller-sized contaminants [2]. In addition, the larger pore 

sizes of UF membranes allow for high water permeability and low operational pressure thus 

bringing a further reduction in the operating costs [3].  

 

Amongst the several currently available polymers, polyethersulfone (PES) has become the 

polymer of choice for the fabrication of laboratory-scale and industrial-scale UF membranes and 

other membrane types. This is due to its excellent mechanical properties, good thermal stability, 

operation over a broad range of temperature and pH values, as well as good chemical resistance to 

aliphatic hydrocarbons, alcohols and acids [4, 5]. Furthermore, PES can be easily processed into 

various configurations and modules. Despite possessing several advantages and benefits, the 

hydrophobic nature of PES makes it prone to fouling, thus limiting the long-term application of 

PES-based UF membranes in water filtration. Fouling of UF membranes is typically caused by 

hydrophobic interactions between the foulants present in the feed solution and the membrane 

surface, which leads to adsorption of proteins and particulate matter on the membrane surface and 

within the membrane pores (Fig. 3.1)[6].  
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Figure 3.1 Schematic depiction of membrane fouling in UF membranes. 

 

It is well known that the attachment of the foulants into the membrane (the foulants are commonly 

hydrophobic) can be greatly reduced by making the surface of the membrane hydrophilic [7]. To 

this end, several research strategies have been directed towards the improvement of the hydrophilic 

properties of PES. These strategies, which are detailed in the latter section of this chapter, include 

but are not limited to, hydrophilic polymer blending, plasma oxidation and incorporation of 

nanomaterial additives (also called nanoadditives) [8-13]. Examples of nanomaterials that have 

been used as additives include carbon nanotubes (CNTs), graphene, graphene oxide (GO) as well 

as inorganic nanoparticles (e.g. titanium dioxide (TiO2), silicon dioxide (SiO2), iron oxide (Fe2O3) 

and silver (Ag) nanoparticles). 
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The incorporation of nanoadditives into conventional polymeric materials provides an efficient 

alternative approach for the enhancement of the functionalities, surface properties and overall 

performance of these polymers. Modification of PES-based membranes with nanoadditives has 

been shown to produce membranes possessing the dual physicochemical properties of the 

nanoadditive and polymeric PES components [14]. For example, the incorporation of CNTs 

possessing different surface functionalities into PES polymeric membrane matrices has been 

widely employed in the production of PES/CNT mixed-matrix membranes (MMMs), with the aim 

of improving the structural and performance properties of the PES UF membrane such as 

hydrophilicity, mechanical strength, permeability, selectivity as well as antifouling properties [9, 

15-22]. 

 

The use of CNTs in the modification of PES membranes and many other polymer-based 

membranes is driven largely by their excellent physicochemical properties such as high aspect 

ratio, low density, high mechanical strength and stiffness, superior adsorptive property and high 

flexibility [23, 24]. Additionally, the use of CNTs as nanofillers in PES membrane matrices has 

specifically been demonstrated to address the two challenges related to: (i) permeability-selectivity 

trade-off; and (ii) fouling encountered during membrane filtration applications [25]. However, it 

is important to note that intrinsically, CNT surfaces are chemically inert and likely to form 

agglomerates or clusters due to van der Waals interaction forces between the nanotubes. 

Ultimately, the existence of van der Waals forces results in inherently weak interactions and poor 

interfacial adhesion between the CNTs and the polymeric membrane materials. In addition, the 

hydrophobic nature of the CNTs makes it difficult for the CNTs to adequately disperse in the 

solvent and membrane matrix. Such a non-compatible dispersion process gives rise to intra-CNT 
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agglomeration, which ultimately leads to a decline in the overall compatibility between the CNT 

and the membrane structural matrix. 

 

The resultant PES/CNT MMM sub-layer structure prepared from CNT bundles will therefore 

consist of non-selective voids in the sub-layer, which leads to a reduction in the mechanical 

strength of the membrane brought about by an inefficient stress transfer to individual nanotubes 

[26, 27]. Therefore, surface functionalisation of CNTs with functional group moieties or hyper-

branched polymers, which could potentially transform the hydrophobicity of CNTs in a significant 

way and thus carry over the desired hydrophobicity property into the target hydrophilic structure, 

is necessary. The adoption of such a strategy has an added benefit of addressing other unintended 

and undesirable challenges associated with the entanglement and agglomeration of the CNTs [25, 

28].  

 

The hydrophilic or polar characteristic associated with the CNT surface is responsible for 

facilitating interfacial binding between the polar CNTs and the polar organic solvents [29]. 

Moreover, the hydrophilic properties brought about by the surface oxidation of CNTs reduces the 

trade-off between permeability and selectivity resulting from the electrostatic repulsion [25]. A 

reduction in the electrostatic repulsion implies that a negatively charged contaminant in feed water 

will be prevented from attaching into a membrane surface by electrostatic repulsion forces while 

water will be strongly attracted and efficiently transported through the PES/CNT mixed-matrix 

membrane [25].  
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From the discussion above, it is evident that the uniform dispersion of CNTs in organic solvents 

and polymer matrices is a critical issue that cannot be overlooked if high-performance MMMs 

containing these cylindrical carbons are to be prepared. In the majority of studies where 

functionalised or oxidised CNTs are used for the modification of PES membranes, multi-walled 

carbon nanotubes (MWCNTs) using chemical vapour deposition (CVD) are used instead of  

single-walled carbon nanotubes (SWCNTs). This is because CVD-synthesised MWCNTs can be 

produced in very large quantities and relatively cheaply when compared with their SWCNTs 

counterparts. In addition, MWCNTs retain some of the desirable characteristics of CNTs that are 

required for membrane modification [27], [30]. Recent advances in the scale-up of MWCNTs have 

also lowered the prices of MWCNTs by a factor of 2 or 3 over the past decade [31].  

 

For reasons mentioned above, an approach involving the use of MWCNTs (instead of SWCNTs) 

in the modification of PES-based membranes has been adopted for this research study. Such an 

approach forms part of a research strategy predicating that carbon nanomaterials and other 

nanotechnology-based products have the potential to significantly transform and improve 

conventional water treatment technologies and systems such as membrane technologies. This 

research is therefore anchored on the various applications of MWCNTs in the modification of 

membranes. 

 

In the previous chapter, the different carbon nanotube-based membrane types (i.e. vertically 

aligned CNT membranes vis-à-vis MMM CNT membranes), their prospects and sustainability as 

a solution towards addressing some of the current problems associated with water desalination, 

were discussed in detailed. The current knowledge pertaining to CNT exploitation in desalination 



75 

was summarised and the extent to which the fluid transport properties and chemical functionalities 

in CNTs necessitate high water fluxes and controllable salt rejection required for desalination were 

discussed. In order to build on what was discussed in the previous chapter, this literature review is 

focused on any progress made in the research work relating to the fabrication, functionalisation 

and applications in water treatment of PES/MWCNT-based MMMs. Specifically, the review 

commences with a detailed discussion of aspects relating to synthetic procedures for accessing the 

target membranes, with special attention being paid to how the morphological structures affect the 

properties and performance of the resultant target membranes. A further important objective of 

this literature review was to show the current state of knowledge in relation to the underlying theme 

of this study, namely how the competitive effect of the two important membrane properties (i.e. 

hydrophilicity and morphological structure of membranes) impacts on the performance of the 

PES/MWCNT membrane. The review concludes with a discussion on the various applications of 

PES/MWCNT based MMMs from a water treatment perspective.  

 

3.2. Synthesis procedures for preparing PES/MWCNT mixed-matrix membranes 

The main purpose of the adaptation of nanotechnologies in membrane fabrication and modification 

is to control the membrane microstructure and performance properties so that the membrane is 

tailor-made for a particular purpose. For example, the UF membranes fabricated using the phase-

inversion process generally have an asymmetric structure comprising of a skin layer, a porous sub-

layer and support structure. On the other hand, the interfacial polymerisation method used for the 

fabrication of NF and RO membranes allows for the addition of an active thin film on top of the 

asymmetric structure. Each of the layers (i.e. the thin-film and support layers) comprising the thin-

film composite membrane structure can be independently optimised to control the resultant 
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membrane performance [32]. Moreover, the nanomaterials can be added either in the support layer 

or thin-film layer or in both layers in order to induce an improvement of the structural and 

performance properties of the membrane. The structural differences between an asymmetric and 

thin-film composite membrane are illustrated in Fig. 3.2. 

 

 

Figure 3.2 Cross-sectional depiction of: (a) an asymmetric structure; and (b) thin-fi lm composite 

membrane structure. Reproduced with permission from [33]. 

 

This section details the synthesis and modification procedures that are generally adopted for the 

fabrication of PES/MWCNT MMMs and how the membrane structure obtained in the presence of 

functionalised MWCNTs influences the physicochemical properties and performance behavior of 

the target membrane. The most commonly employed procedures for the fabrication of 

PES/MWCNT fabrication (i.e. phase-inversion method, interfacial polymerisation and spray-

assisted layer-by-layer assembly) are discussed in detail in the following sub-sections. 

 

3.2.1. Phase-inversion by immersion precipitation  

The phase-inversion method has become a useful technique for the preparation of various types of 

membranes with desired configurations, morphological structures and performance properties. 
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The phase-inversion process can be induced by a non-solvent, vapour or temperature change [34].  

The non-solvent induced phase separation (NIPS) method (also called immersion precipitation 

method) is commonly used for the fabrication of PES-based MMMs that contain functionalised 

MWCNTs [13, 16]. The various steps involved in the phase-inversion process are depicted in Fig. 

3.3. 

 

  

Figure 3.3 Phase-inversion by immersion precipitation process for preparation of UF membranes. 

 

In the first step, the target polymer such as PES is first dissolved in a solvent possessing good 

polymer miscibility; good miscibility basically means that the difference between the solubility 

parameters of the polymer and solvent should be negligible to ensure strong polymer-solvent 

interaction [35]. Based on the polymer type and the desired membrane morphology, different 

temperatures are used when dissolving the polymer in the selected solvent. In some cases, the 

polymer is dissolved at room temperature [36]. Typical temperatures used for complete dissolution 

of the PES range from 60 to 80 °C [16, 28]. 
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For Step 2, the prepared polymer solution is allowed to settle under vacuum conditions to allow 

the removal of any gas bubbles produced during the dissolution stage. Ultrasonication over a 

predetermined duration is usually employed as an alternative method for degassing the casting 

solution. The degassing step is crucial in order to avoid the formation of pinholes and defects on 

the membrane. Step 3 involves coating the degassed solution on a support fabric or directly into a 

glass substrate using a casting knife that has been set at a predetermined thickness. The coating 

process is followed by immersion of the polymer into a non-solvent coagulation bath. A non-

solvent that is miscible with the solvent but immiscible with the polymer should be used. Contact 

between the polymer solution and the non-solvent (as shown in Step 4) will cause the polymer to 

precipitate due to solventïnon-solvent exchange (Fig. 3.3.) [37]. During this process, two types of 

phase transitions take place, namely:  

 

(i) liquid-liquid phase separation, in which the completely miscible polymer solution 

crosses the binodal boundary layer to enter the two-phase region in the phase diagram; 

and  

(ii)  solidification, as a result of the increase in viscosity of the polymer solution to a certain 

value, thereby restricting the movement of polymer chains.  

 

At this point, the polymer solution solidifies in order to fix the membrane microstructure [38]. 

Since the polymer film solidifies during the  solvent-non-solvent exchange, the miscibility of the 

solvent and non-solvent is important [39]. The key factors that influence the phase separation 

kinetics and the resultant membrane structure include the polymer concentration, the choice of 

solvent-non-solvent system, the composition of the polymer solution (i.e. the presence of non-
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solvent additives in the dope solution), the coagulation bath temperature and the conditions under 

which the solution is cast (i.e. relative humidity and solvent evaporation prior to immersion) [40]. 

A comprehensive review on how each of these factors influences the phase-inversion process has 

been undertaken by Guillen et al. [39].  

 

As previously mentioned, the phase-inversion method is also used for the preparation of PES UF 

membranes containing nanomaterial additives such as MWCNTs. In this method, the MWCNTs 

are first dispersed in an appropriate solvent by ultrasonication prior to addition of the polymer 

[29]. During the coagulation step, the hydrophilic functionalised MWCNTs enhance the rate of 

exchange between the solvent and non-solvent (non-solvent influx and solvent outflux expressed 

as J1 and J2, respectively, in Step 4 in Fig. 3.3 [13, 18, 25] while forming part of the solidified 

polymer membrane film. Therefore, the presence of these functionalised MWCNTs as non-solvent 

additives in the PES casting solution has a major influence on the kinetics of the phase-separation 

process and the resultant membrane morphology. The increased demixing rate results in: (i) the 

formation of sub-layer with finger-like structures and macrovoids; (ii) reduced skin layer 

thickness; and (iii) large surface pores [13, 16, 20, 29]. The mechanism of formation and evolution 

of finger-like structures during the coagulation process are discussed in detail in subsequent 

sections. In this regard and as shown in Fig. 3.3.a, PES/MWCNT membranes prepared using the 

phase-inversion method have an asymmetric structure consisting of two layers, namely: a dense or 

thin skin layer and a porous sub-layer with macropores [16]. The top layer is formed first at the 

interface where the casting solution and non-solvent come into contact. The ratio of non-solvent 

inflow to solvent outflow is fundamental for the structural formation of the top layer [38].  
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The presence of long finger-like and macrovoid structures in the membrane sub-layer is viewed as 

ideal as they act as microchannels, which allow the free flow of water molecules. Therefore, the 

presence of long finger-like and macrovoid structures effectively reduces flow resistance across 

the membrane. In the majority of studies where MWCNTs have been used as additives or 

nanofillers, the finger-like morphology of macrovoids is almost inevitable.  Whereas this 

morphology is preferable since it offers low resistance to water flow, the macrovoids and finger-

like structures are mechanically weak points and lead to reduced mechanical strength of the 

membrane. Nonetheless, the issue of low mechanical strength is normally combated through the 

use of support fabrics during the polymer solution coating stage of membrane formation. 

Therefore, it is still possible to generate a macrovoid-free PES membrane structure in the presence 

of MWCNTs by: (i) allowing the solvent to evaporate prior to immersion of the coated glass plate 

into the coagulation medium; (ii) addition of solvents such as propanol or isopropanol (which have 

a low affinity for the solvent of choice to dissolve the polymer) in the coagulation bath; and (iii) 

use of extremely high polymer concentrations. Although all of these strategies can be carried out 

in the absence of support fabrics, they can yield high mechanical strength of the fabricated 

membranes. However, the adoption of only one of these strategies would make the resultant 

membrane substructure very dense thus leading to extremely low fluxes. We have previously 

demonstrated the possibility of creating self-supporting, macrovoid-free PES membrane 

substructures in the presence of oxidised MWCNTs with reasonably high water fluxes and high 

mechanical strength [28]. The formation of such macrovoid-free PES membrane substructures is 

ascribed to the existence of hydrogen bonding interactions amongst the high molecular-weight 

polyethylene glycol, water and oxidised non-solvent MWCNTs additives in the PES/sulfonated 
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polysulfone casting solution, which result in the formation of an open porous sponge-like cross-

sectional structure.  
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Table 3.1 A summary of the structural properties and performance of PES/MWCNT membranes prepared via phase-inversion method 

for water treatment applications 

Base polymer + 

solvent, coagulation 

bath temperature 

Polymer 

concentration 

Nanoadditive  Membrane 

type/process 

*Membrane sub-layer structure **Membrane 

performance  

Ref 

PES + DMAc, DI 

H2O @ 20 °C 

20 wt.% PAA-MWCNTs, 

 

PAAm-MWCNTs, 

 

PAC-MWCNTs 

 

 

 

UF 

 

 

 

PWF = all modified 

membranes had higher 

water flux than bare 

PES (25 ï 31 L/m2.h) 

@ 4 bar  
 

Rejection of whey 

proteins = 97% 
 

FRR = 95% 

[19] 

PES + DMAc, DI 

H2O @ room temp. 

20 wt.% PAA-MWCNTs NF  

 

PWF = 40 L/m2.h @ 4 

bar 
 

Rejection Na2SO4 = 

80%,  
 

NaCl = ͯ 52% 
 

FRR = 97% 

[20] 
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PES + DMAc, DI 

H2O (temp. not 

specified) 

18 wt.% PCL-MWCNTs UF 

 

PWF = 61 L/m2.h @ 8 

bar 
 

Rejection Cd2+ = 27% 
 

Rir (%) = 88.9% 
 

[22] 

PES + DMAc, DI 

H2O @ 25 °C 

16 wt.% NH2-MWCNTs UF 

 

PWF = 184 L/m2.h @ 

3 bar 
 

Rejection BSA = 

8ͯ6.5% 
 

FRR = 46%, 
 

 Rt = 90.2% 

[41] 

PES + DMAc, DI 

H2O @ 20 °C 

18 wt.% COOH-MWCNTs NF 

 

PWF =  ͯ 7 L/m2.h @4 

bar 
 

Rejection Na2SO4 = 

80% 
 

FRR = 87.7%,  
 

Rir (%) = 12% 

[13] 

PES + NMP, DI H2O 

(temp. not specified) 

20 wt.% COOH-MWCNTs UF  

 

PWF = ͯ  40 L/m2.h 

@3.5 bar 
 

Rejection NOM =  

5ͯ0% 
 

[16] 

PES +DMAc 18 wt.% PSS-MWCNTs NF 

 

PWF = ͯ  14.5 L/m2.h 

@3.5 bar 
 

Rejection dye =  ͯ99% 

at 800mg/l dye feed 

solution 

[42] 
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PES + DMAc, DI 

H2O @ 10 °C 

19 wt.% SLS-MWCNTs UF 

 

PWF = 500 L/m2.h @ 

1 bar 
 

Rejection BSA = 

9ͯ7.5% 
 

FRR = 89.9% 

[43] 

PES + DMAc, DI 

H2O @ room temp. 

15 wt.% Pb (II) imprinted-

MWCNTs 

UF 

 

PWF = ͯ 320 L/m2.h 

@ 1 bar 
 

Adsorption Pb2+ = 

14.15 mg/g 
 

FRR = 93% 

(adsorption), 96% 

(desorption) 

[44] 

PES + DMF, DI H2O 

@ 25 °C  

16 wt.% COOH-MWCNTs, 

 

OH-MWCNTs 

UF 

 
 

OWF = 115 L/m2.h @ 

2 bar, for COOH-

MWCNTs 
 

OWF = 93.8 L/m2.h @ 

2 bar for OH-

MWCNTs 
 

 

[21] 

PES + DMF, DI H2O 

(temp. not specified) 

17 wt.% PVP-MWCNTs UF 

 

PWF = 270 L/m2.h @1 

bar 
 

Rejection BSA = 

96.4%,  
 

FRR = 95%, Rir (%) = 

4.8% 

[45] 

PES + DMAc, DI 

H2O (temp. not 

specified) 

18 wt.% COOH-MWCNTs NF 

 

PWF = 42.7 L/m2.h 

@4 bar 
 

Rejection Na2SO4 = 

87.2%,  
 

Rejection MgSO4 = 

72.7%,  
 

Rejection NaCl = 

24.7% 

[46] 
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PES + DMAc, DI 

H2O (temp. not 

specified) 

16 wt.% PMTAC- MWCNTs, 

 

PEGMA-MWCNTs 

UF 

 

PWF = 464.6 L/m2.h 

@0.5 bar 
 

Rejection BSA = 

96.2%,  
 

FRR = 91.4% 
 

Bacterial killing: E. 

coli  = 99%,  S. aureus 

= 99% 

[47] 

PES + DMF, DI H2O 

(temp. not specified) 

16 wt.% SBMA-MWCNT UF  

 

PWF =  ͯ 150 L/m2.h 

@1 bar 
 

Rejection BSA = 

1ͯ00%,  
 

FRR = 98.9% 

 

[48] 

PES/SPSf + DMAc, 

DI H2O @ 25 °C 

22 wt.% COOH-MWCNTs UF 

 
 

PWF = 560 L/m2.h @1 

bar 
 

Rejection BSA = 

99.9%,  
 

FRR = 92%  

[28] 

  

*All figures used in the Table 3.1 have been reproduced with permission from cited references. 

**Membrane performance results are based on the best performing composite membrane in the series.  

 

 

.  
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3.2.1.1. Phase diagrams for predicting the structural properties of membranes 

Phase diagrams and thermodynamic expressions for the chemical potentials in the system are 

necessary for proper description of the diffusion process when a coated glass plate is immersed 

in a non-solvent bath [49]. The structure of membranes prepared via a phase-inversion method 

results from a phase change of an initially stable polymer solution that has been brought to an 

unstable state. To this end, the state and equilibrium composition of polymer solutions can be 

well depicted using ternary phase diagrams [50]. Phase diagrams are constructed in order to 

study the thermodynamics of membrane formation.  

 

As shown in Fig. 3.4, a phase diagram is represented by a triangle [39]. Whereas each corner 

of the triangle represents one of three components (polymer, solvent, and non-solvent), any 

point within the triangle is representative of a mixture of the three components [39]. 

Furthermore, phase diagrams can be divided into three regions (Fig. 3.4) namely: (I) one-phase 

region where all components are miscible; (II) two-phase region, where the system separates 

into a polymer-rich (polymer matrix) and polymer-poor phase (pores); and (III) a solidification 

region where solid-liquid demixing occurs [51]. The mutual affinity between solvent and non-

solvent affects the position of the binodal curve in the phase diagram. If the affinity between 

the solvent and non-solvent is very high, the binodal curve will gravitate towards the polymer-

solvent axis in the phase diagram, and less non-solvent will be required to induce liquid-liquid 

phase separation for pore formation [37, 39]. In a ternary phase diagram, the binodal curve is 

fixed at a constant temperature. However, in the presence of a non-solvent additive such as 

polyethylene glycol (PEG) in the polymer solution, the binodal curve moves toward the 

polymer/solvent axis [52]. This means that the precipitation rate increases, and instantaneous 

demixing is as a result accompanied by the formation of finger-like pores and macrovoids. 
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Therefore, the final membrane morphology is strongly related to the initial casting solution 

composition, the position of the binodal curve and the precipitation path [53]. 

 

 

Figure 3.4 Schematic representation of a ternary phase diagram. 

 

In order to construct a phase diagram, cloud-point determination experiments are conducted 

whereby a polymer solution is titrated against a non-solvent for the system; the end-point of 

which is determined visually based on the formation of a turbid/cloudy solution [54]. The more 

non-solvent (water) needed for the-end point to be reached, the greater the shift of the binodal 

curve towards the polymer/non-solvent axis on the phase diagram. The opposite is true when 

less amount of non-solvent is required for the titration end-point. As already stipulated, the 

closeness of the binodal curve to the polymer-solvent axis is associated with instantaneous 

demixing and the formation of finger-like membrane morphology. On the other hand, delayed 

demixing results due to binodal curve shifting farther away from the polymer-solvent axis 
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The membrane formation process is governed by both thermodynamic and kinetic factors. The 

use of additives in polymeric solutions changes the dope solution composition and therefore 

affects its thermodynamic stability. Moreover, the dope solution rheology is affected, and this 

in turn changes the precipitation kinetics during phase-inversion [55]. In this regard, the effect 

of non-solvent additives on the thermodynamic stability of the polymeric casting solution can 

then be predicted from the cloud point experiments. However, cloud-point determination 

experiments cannot be used to predict the effect of functionalised MWCNTs on the resultant 

membrane morphology of PES-based polymer solutions since the polymeric casting solutions 

that contains the MWCNTs are dark coloured, which makes it impossible to visually observe 

the formation of a turbid solution, (i.e. when the end-point of the titration has been reached). 

However, it is possible to carry out cloud-point titrations and construct ternary phase diagrams 

for other metal nanoparticle incorporated PES membranes [56]. 

 

3.2.1.2. PES/MWCNT membrane configurations: Flat-sheet versus hollow fibre 

The phase-inversion process mentioned in the preceding section can be adapted for preparation 

of modified PES based membranes possessing both flat-sheet and hollow fibre configurations. 

The images of MWCNT polymer composite membranes with flat-sheet and hollow fibre 

configurations are shown in Fig. 3.5.  
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Figure 3.5 Photographic images of O-MWCNT containing polymer composite membranes 

with different configurations (a) flat-sheet and (b) hollow fiber membrane. Reproduced with 

permission from [28, 57]. 

 

In both configurations, an increase in the intensity of the greyish colour of the membranes is 

observed when the MWCNT content is increased. Usually, the flat-sheet configuration is 

suitable for lab-scale applications and optimisation of the casting solution composition that is 

necessary to generate a particular membrane structure suitable for a specific use. From this 

optimised composition, hollow fibre membranes can then be prepared [58]. Compared to flat-

sheet membranes, these hollow fibre membranes are more desirable for large-scale applications 

owing to their large module area or volume and high resistance to pressure [58].  

 

As shown in Fig. 3.3, the procedure for the fabrication of flat-sheet membranes using the phase-

inversion process is quite straightforward and requires minimal operation, space and apparatus 

(casting knife with adjustable gap height, glass support substrate and coagulation bath). In 

contrast, numerous factors need to be considered for the fabrication of hollow fibre membranes. 

These factors include the rapid phase-inversion kinetics and the interfacial mass transfer during 

the spinning process [59]. Other additional spinning parameters that need to be taken into 

account for the fabrication of hollow fibre membranes include: (i) the structure and dimension 
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of the spinneret; (ii) polymer dope viscosity; (iii) flow rate of the bore fluid; (iv) the dope 

extrusion rate; (v) the length of the air-gap; and (vi) take-up speed [4]. However, the 

fundamental thermodynamic and kinetic rules of polymeric casting solutions hold for both 

membrane configurations. For example, when MWCNT incorporated alumina/PES hollow 

fibre membranes were prepared by Feng et al. [60], it was established that an increase in the 

MWCNTs content led to an increase in the casting solution viscosity which was subsequently 

accompanied by a reduction in the number of large macrovoids in the membrane cross-

sectional structure. Although configurations were different, the surface and cross-sectional 

morphologies of PES/MWCNT membranes were found to be the same. 

 

3.2.2. Interfacial polymerisation  

The interfacial polymerisation (IP) process is generally used for the deposition of an active 

thin-film polyamide layer on top of a support membrane substrate (usually polysulfone or PES 

membrane) in order to generate thin-film composite (TFC) membranes. The IP process 

generally involves the immersion of a microporous support membrane into an aqueous 

polyamine solution for a specific period of time followed by an immersion into an organic 

phase polyacid solution. The organic phase solution selected should be immiscible with the 

aqueous phase solution so that the reaction occurs at the interface between the two solutions 

[33]. A thin polyamide film layer is then deposited on the surface of the support substrate within 

a few minutes of the reaction. The heating or curing step following thin-film deposition is 

necessary to complete the interfacial reaction and to ensure adequate cross-linking of the 

polyamide film, which subsequently influences the permeability, selectivity and stability of the 

membrane [51]. A schematic depiction of the entire IP procedure is shown in Fig. 3.6.  
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The polyamide film is synthesised by reacting the amine and acyl chloride functionalities of 

the diamine and diacid monomers, as shown in Fig. 3.7. 

 

 

Figure 3.6 Schematic diagram of the interfacial polymerisation method. 

 

 

Figure 3.7 Interfacial polymerisation reaction between TMC and PIP for the formation of the 

polyamide film. 
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The type of the aqueous and organic phase monomers that react at the top of the support 

substrate is important as it determines whether the final TFC membrane will be used for NF or 

RO applications. For example, the standard IP reaction between piperazine (PIP) in the aqueous 

phase with trimesoyl chloride (TMC) in the organic phase is commonly used for the formation 

of TFC NF membranes, while the TFC RO membrane is prepared using m-phenylenediamine 

(MPD) and TMC [61]. The TFC FO membranes can be prepared using either PIP or MPD as 

aqueous monomers and TMC as the organic phase monomer. 

 

One of the key advantages of TFC membranes prepared via the IP process is that each layer 

(support layer and active polyamide layer) can be individually optimised to achieve a 

membrane with the desired selectivity and permeability properties while providing good 

mechanical strength and compression resistance [62]. To this end, functionalised MWCNTs 

typically find application in the modification of the active polyamide layer (dispersed in either 

aqueous or organic phase) [63] or in the enhancement of the mechanical strength and 

permeability of the support substrate. A comparative study on the effect of the PES/MWCNT 

substrate with neat PES substrates on the performance of the resultant TFC FO membrane 

fabricated via the IP process was undertaken by Wang et al. [64]. That study established that 

the TFC FO membrane prepared from the PES/MWCNT UF substrate displayed a superior 

performance in terms of water permeability and salt rejection (97% NaCl rejection) compared 

to the membrane fabricated using neat PES substrates (78% NaCl rejection) and the 

commercial HTI-derived TFC FO membrane (89% NaCl rejection). The superior performance 

of the PES/MWCNT UF derived membrane was ascribed to the porous structure of MWCNT 

that was incorporated into the PES support, which resulted in significantly decreased internal 

concentration polarisation and higher water flux [64].  
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A similar study by Son et al. [65] compared the performance of TFC RO membranes fabricated 

on PES/MWCNTs substrates to that fabricated on pristine PES substrates, and found that the 

functionalised TFC membranes showed enhanced water permeability (90% enhanced water 

flux in the brackish water reverse osmosis process) and higher organic fouling resistance 

compared to the bare TFC membrane. The enhanced performance was attributed to the 

increased hydrophilicity, enhanced pore properties and more negatively charged surface of the 

PES/MWCNT substrates (Fig. 3.8) [65].  

 

 

Figure 3.8 Schematic diagram of TFC RO membrane fabricated on PES/fMWCNT substrate. 

Reproduced with permission from [65].  

 

Choi et al. [66] investigated how functionalisation of TFC membrane with a PES/MWCNT 

substrate affects the performance of the resultant TFC membrane towards seawater desalination 

and wastewater reclamation using the forward osmosis process. Relative to the pristine TFC 

membrane, the study reported a 72% increase in the water flux of the PES/MWCNT-

functionalised TFC membrane, which was attributed to the enhanced hydrophilicity of the 

PES/MWCNT substrate. Moreover, an 8% decline in the water flux of the PES/MWCNT 
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functionalised TFC membrane, emanating from the electrostatic repulsive effects caused by 

the negatively charged membrane surface, was recorded during the organic matter fouling test 

[66]. 

 

3.2.3. Spray-assisted layer-by-layer assembly  

Spray-assisted layer-by-layer (LbL) is a membrane surface modification technique in which 

polyelectrolyte (cationic and anionic) solutions are alternatively deposited on the membrane 

substrate to create multi-layers on the membrane surface. The spray-assisted LbL procedure 

allows for the deposition of highly-ordered and densely-packed multilayers into a large 

substrate area, while maintaining light transmittance [67].  

 

Liu et al. [68] has fabricated PES/CNT membranes with improved antifouling properties using 

the LbL technique. Briefly, an anionic solution consisting of poly(sodium 4-styrenesulfonate) 

(PSS) and oxidised MWCNTs and a cationic solution consisting exclusively of poly(diallyl-

dimethyl ammonium chloride) (PDDA) were prepared individually in deionised water by 

means of ultrasonication. Commercial PES membranes were then vertically positioned and 

their surface alternatively spray-deposited with anionic and cationic solution polyelectrolyte 

multilayers. Between each deposition step, the PES substrate was rinsed with DI water before 

the assembly of the next layer. The PSS/MWCNT layer served both as the initiating and 

terminating layer. Furthermore, the PSS/MWCNTs were attached into the PES substrate via 

hydrogen bonding, while the cationic PDDA layer interacted with the PSS/MWCNTs layer via 

electrostatic and van der Waals forces [69]. The configuration of spray-assisted layer-by-layer 

for the modification of PES membrane is shown in Fig. 3.9. 
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Figure 3.9 Spray-assisted layer-by-layer deposition method used for the preparation of 

polyelectrolyte multilayer PES/MWCNT membranes. Reproduced with permission from [69]. 

 

3.3. Morphological structures of PES/MWCNT membranes  

During the phase-inversion process, a one-phase polymer solution is separated into two phases; 

a solid polymer-rich phase (from which the membrane structure is formed) and a liquid 

polymer-poor phase (from which the membrane pores are generated) [70]. There are two 

classical cross-sectional membrane morphologies that PES/MWCNT MMMs fabricated via 

phase-inversion methods may possess, namely: (i) finger-like structures with macrovoids; or 

(ii) sponge-like morphology (discussed briefly in Section 3.1). Whereas low precipitation rates 

during the coagulation process generally yield membranes with sponge-like structures (known 

as type I membranes), high or fast precipitation rates give rise to membranes with finger-like 

structures or macrovoids (known as type II membranes). Type II membranes generally have 

low salt rejections rates but high fluxes by virtue of their finger-like sub-layer structure [71]. 

The finger-like morphology is commonly achieved for asymmetric PES based MMMs 
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membranes fabricated in the presence of MWCNTs via the phase-inversion process while the 

sponge-like morphology is seldom achieved. In the section that follows, the formation 

mechanism and the factors that influence the formation of each of the mentioned cross-

sectional structures will be discussed. 

 

3.3.1. Finger-like structures with macrovoids versus sponge-like structure 

3.3.1.1.  Evolution of finger-like structure and macrovoids  

Reuvers et al. [71] classified two possible types of cross-sectional membrane morphologies as 

type I membranes (i.e. membrane structures that are formed from delayed onset of liquid-liquid 

demixing), and type II membranes (membrane structures that are formed from instantaneous 

liquid-liquid demixing). Whereas no macrovoids are formed for type I membranes, macrovoids 

are always formed for type II membranes except in cases where the polymer concentration or 

non-solvent concentration in the casting solution exceed a certain minimum value [71]. The 

cross-sectional sub-layer of membranes formed by immersion precipitation is generally made 

up of finger-like structures or macrovoids.  

 

Apparently, no uniform view exists within the research community on the presence of finger-

like structures and macrovoids in the membrane sub-layer. Some researchers are of the opinion 

that their presence makes a positive contribution towards the ultrafiltration processes since the 

finger-like channels limit the flow resistance thus resulting in improved permeability of the 

membrane [39]. On the other hand, the presence of macrovoids in the membranes substructure 

is thought to be an undesirable structural irregularity that results in the weakening of the 

membrane and skin rupture, particularly under high pressure operations [34, 72]. Most 

published studies on the incorporation of functionalised MWCNTs into polymeric membrane 
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matrices, especially PES based membrane systems aimed at improving structural properties 

and performance of the membrane, have reported on the formation of finger-like structures and 

macrovoids in the membrane sub-layer (Table 3.1). The improvement in the structural 

properties and performance of the membranes is attributed to the hydrophilic nature of oxidised 

MWCNTs; that is, the rate of exchange between solvent and non-solvent is increased during 

the phase-separation process. As already stated, the presence of these finger-like structures and 

macrovoids tends to limit the mechanical strength properties of the MWCNT modified PES 

MMMs, more specifically for membranes fabricated in the absence of a support fabric, even 

though the incorporated O-MWCNTs may possess reinforcement properties. Therefore, the 

presence of finger-like structures and macrovoids may lead to membrane failure when the 

membranes are operated under high pressures. To this end, in the absence of support fabrics, 

an open, porous, spongy membrane structure that is macrovoid-free is highly desirable since it 

is mechanically stable and allows for good water permeability. The initiation of macrovoids in 

the membrane substructure has been linked to the nucleation of droplets of the polymer-poor 

phase in the immersed polymer solution. Based on this assumption, macrovoids are formed 

when some or all of the nucleated droplets expand to very large dimensions; however, the 

growth of droplets in the sponge-like substructure is stopped rapidly upon immersion of the 

polymer solution in the non-solvent coagulation bath[73]. 

 

3.3.1.2.  Mechanisms of macrovoid formation  

According to Guillen et al. [37], finger-like macrovoids in the membrane substructure are 

formed by convective flow of non-solvent into the polymerïsolvent solution. This convective 

flow arises from interfacial energy gradients at the polymer solutionïnon-solvent interface. 

Furthermore, convective non-solvent flow into the polymer solution is hindered by the 
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formation of a surface skin layer or viscous gel layer within the polymer solution film, which 

gives rise to the formation of a membrane layer with shorter or no finger-like structures and 

macrovoids. On the other hand, large finger-like macrovoids propagate the membrane cross-

section only when non-solvent convective flow into the polymer solution film exceeds viscous 

hindrance forces, that is, when a good solvent, ample supply of good non-solvent and polymer 

solution of relatively lower viscosity are used [37]. Therefore, the state of the polymer solution 

prior to immersion in the coagulation bath is critical for determining the final membrane 

morphology. Therefore, determining or measuring the rheological properties of the casting 

solutions, particularly the viscosity prior to casting membrane and immersion into coagulation 

bath, is vital.  

 

As proposed by Matz [74], a further understanding of the kinetics and membrane formation 

mechanisms taking place during the phase-inversion process can be attained through direct film 

observation with the assistance of a light transmission microscope. For analysis with light 

transmission microscope, a drop of polymer solution is thinly spread between glass slides and 

contacted with a non-solvent coagulant (usually water). Thereafter, the rate of precipitation is 

monitored under an optical microscope and recorded photographically. Carbon black particles 

or phenolphthalein are sometimes added to the casting solution, to enhance the visualisation of 

the currents and movements in the casting solutions and precipitation media [70]. Feng et al. 

[75] used the same technique to study the formation mechanisms leading to the morphological 

structure of sulfonated polyphenylenesulfone UF membranes possessing various compositions 

of the polyethylene glycol (PEG 400 Da). The sPPSU polymer solutions containing PEG 

displayed slower precipitation rates than polymer solutions without PEG (PEG0) (Fig. 3.10). 

The initiation of macrovoids was also found to be delayed by the addition of PEG into the 

polymer solutions.  
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Figure 3.10 Phase-inversion phenomena of sPPSU/NMP dope solutions modified with various 

compositional contents of PEG 400 Da: (A) 0 wt.% (PEG0), (B) 2 wt.% (PEG2), (C) 4 wt.% 

(PEG4) and (D) 8 wt.% (PEG8) in water. Reproduced with permission from [68]. 

 

The delay in the macrovoid initiation for various compositions of PEG was attributed to slower 

phase separation resulting from high solution viscosity, which effectively hinders the 

diffusional exchange between the solvent and non-solvent. At sufficiently high PEG 

composition (i.e. PEG8 in Fig. 3.10), an increase in the viscosity was found to facilitate the 

formation of the macrovoid-free structure [75]. It is important to note that the microscope 

visualisation technique enables real time measurement of void formation to be undertaken. 

Other than using only a small amount of material, this technique can also be used for the rapid 

evaluation of novel polymer-solventïadditive-non-solvent combinations. However, similar to 

cloud-point determination experiments, it is difficult to observe film formation in opaque 

polymer solutions (such as PES/MWCNT polymer solution) when using the microscope 

visualisation technique [37]. An alternative technique for measuring the precipitation rate has 

been suggested by Noel and Monnerie [76]. It involves measurement of the time from when 
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the polymer-coated glass plate is immersed in the coagulation bath to the time when the 

solution turns opaque or separates from the glass plate [76]. 

 

3.3.1.3. Formation of sponge-like structures 

As mentioned in the earlier sections, membrane cross-sectional morphology is determined by 

the polymer precipitation kinetics; rapid precipitation produces finger-like pores while a slow 

precipitation rate produces sponge-like structure. When the in-flux of the non-solvent from the 

coagulation bath and the out flux of solvent are nearly equal in magnitude, the net flux becomes 

small, and the polymer solution is slowly exposed to the non-solvent. Slow exposure of the 

polymer solution to non-solvents results in a slow precipitation rate and the formation of 

sponge-like pores. However, rapid precipitation is achieved when the magnitude of in-flux of 

the non-solvent far exceeds that of the net flux, thus leading to the production of finger-like 

pores [77].  

 

Hollow fibre membranes and sometimes flat-sheet membranes possessing sponge-like  

cross-sectional structures are highly preferable in order to withstand the vigorous stretch and 

vibration occurring during the operation and chemical backwashing of the membrane [52]. 

According to Peng et al. [78], factors that may potentially aid macrovoid formation include 

non-solvent moving front, precipitation front, surface weakness, flow instability, capillary 

flow, moisture sorption and low viscosity. With such knowledge in mind, several strategies 

involving the suppression of macrovoid formation in the membrane sub-layer have been 

proposed. These strategies include: 
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I. Selection of solvent-non-solvent pair with low miscibility  ï solvent-non-solvent 

pairs with very good miscibility such as DMAc and water or n-propanol are most 

likely to form membranes with large macrovoids. The difference in solubility 

parameters between the solvent and non-solvent pair can give an indication of the 

type of microstructure that the membrane will assume. If the difference between 

solubility parameters of the solvent and non-solvent is high, the non-solvent 

diffuses more easily into the polymer solution, leading to an increase in the 

exchange rate between solvent and non-solvent [79]. 

II.  Increasing polymer concentration in the casting solution ï increasing the 

polymer concentration leads to an increase in casting solution viscosity thereby 

delaying the exchange rate between solvent and non-solvent during the coagulation 

stage and thus leading to the suppression of macrovoids. 

III.  Increasing solvent evaporation time ï increasing the evaporation time prior to 

immersion of coated glass plate into the coagulation bath leads to the formation of 

a more concentrated polymer region near the airïpolymer solution interface, thus 

resulting in the formation of a dense skin layer with fewer macrovoid structures 

[80]. 

IV.  Adding a non-solvent to the polymeric casting solution or introducing organic 

additives such as poly(vinyl pyrrolidone) (PVP), PEG, or nanomaterial additives 

such as MWCNTs [37] - the presence of the non-solvent additives in the casting 

solution increases the viscosity of the casting solution, and other additives (e.g. high 

molecular-weight PEG) have the ability to improve pore interconnectivity thus 

leading to the elimination of macrovoids. 
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The factors described above seem to suggest that the elimination of macrovoid formation is 

necessary for a reduction in the fluidity of the casting solution, which leads to the inhibition of 

the diffusion exchange between solvent and non-solvent in the coagulation bath and ultimately 

the lowering of the phase-inversion rate [81]. However, any substantial increase in the polymer 

concentration as a means of increasing the viscosity of the dope solution may lead to 

operational difficulties because high polymer concentrations tend to give rise to other issues 

such as increased dense layer thickness and substructure resistance, which subsequently reduce 

membrane flux [82, 83]. Therefore, a sole increase in the polymer solution viscosity may not 

be an appropriate and cost-effective approach for eliminating macrovoids in the membrane 

sub-layer. In other words, other factors such as decreasing the casting knife gap height (to 

decrease polymer solution thickness) and using different casting solutions or coagulation bath 

temperatures should be considered for the suppression of macrovoids.  

 

It should be noted that the effect of the above-mentioned processing variables on the resultant 

membrane structure supersede those of the added nanoadditive. For example, Farahani et al. 

[84] investigated the effect of the polymer concentration on the structure of the PES membrane 

in the presence of several nanoadditives including OH-MWCNTs and COOH-MWCNTs. It 

was found that PES nanocomposite membranes fabricated using 15 wt.% polymer 

concentration displayed higher porosity and macrovoid formation in their substructure 

compared to membranes fabricated using 18 wt.% [84]. The observed results were attributed 

to the occurrence of a faster exchange rate between solvent and non-solvent at lower polymer 

solution viscosity. Furthermore, an additional increase in the loading of the nanoadditive at the 

two polymer concentrations evaluated failed to change the morphology of the membrane to 

sponge-like structure. On account of this, membrane synthesis conditions are usually optimised 

prior to the inclusion of MWCNTs or other nanoadditives. Thereafter, the functionalised 
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MWCNTs are incorporated into the optimised bare PES membrane in order to enhance the 

membrane performance. The processing variables that impact on the suppression of 

macrovoids and membrane structure are discussed in more detail in the following section. 

 

3.3.1.3.1. Effect of casting solution thickness on membrane structure 

The membrane cross-sectional morphology, especially the formation of macrovoids, is also 

dependent on the thickness of the cast solution. Vogrin et al. [85]  established that macrovoids 

only appeared when the casting knife was set at a gap height thickness of 500 µm; compared 

to  no macrovoids forming  at lower gap height thicknesses of 150 µm and 300 µm. Li et al. 

[86] suggested  that this occurrence is linked to the critical structure-transition thickness (Lc) 

of the membranes; i.e., the membrane structure possesses a macrovoid-free structure at gap 

height thickness levels that are lower than the Lc.  

 

The Lc indicates a transition of the membrane morphology from a sponge-like to a finger-like 

structure when the membrane thickness is increased. This means that for a given dope solution 

there exists an Lc below which the membranes will show a fully sponge-like cross-sectional 

structure as well as an Lc above which the membranes exhibit mainly finger-like macrovoid 

structure [86]. Similar findings have also been reported by Feng et al. [86], whereby the 

sulfonated polyphenylenesulfone (sPPSU) polymer solutions were casted by varying the 

casting knife gap height from 100 µm to 200 µm [87]. The membrane morphology transitioned 

from a fully spongy structure to a combination of sponge and finger-like structures when the 

thickness of the cast solution was increased (Fig. 3.11). These results suggest that, apart from 

increasing the casting solution viscosity by merely keeping all other membrane formation 

parameters unchanged and reducing the thickness of the cast film of a given polymeric solution 
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to below the critical structure-transition thickness of the system, a sponge-like morphology can 

be obtained.  

 

 

Figure 3.11 SEM images of the flat-sheet membranes cast from 26% 2.5sPPSU polymer 

solution with the casting gap height of (A) 100 µm (B) 150 µm and (C) 200 µm. Reproduced 

with permission from [87]. 

 

3.3.1.3.2. Addition of solvent into the coagulation bath 

Careful selection of a coagulant for use in a particular polymer/additive/solvent system during 

phase separation process can yield an asymmetric membrane with or without macrovoids. 

Mulder [51] has reported that the selection of solvent/non-solvent system with low miscibility 

generally leads to the formation of a dense membrane structure with no macrovoids. Wang et 

al. [52, 88] have observed that finger-like membranes were transformed into sponge-like 

structures upon replacement of the water coagulant with alcohols. In order to obtain delayed 

onset of liquid-liquid demixing (to form type I membranes, without macrovoids) for casting 

solution with increased non-solvent content, the amount of the solvent in the coagulation bath 

will have to be increased [50]. According to Smolders et al. [49], for a ternary phase system 

consisting of cellulose acetate/acetone/water, a slight increase in the amount of water (non-

solvent) added to the dope solution resulted in the transition from delayed onset of demixing 
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(with no macrovoids in the substructure) to instantaneous demixing that is accompanied by the 

formation of macrovoids. The addition of a specific minimum amount of non-solvent to the 

dope solution was sufficient to induce instantaneous demixing (the formation of type II 

membranes). On the other hand, in the ternary system of cellulose acetate/dioxane/water, an 

increase in the amount of solvent (dioxane) added to the coagulation bath led to the suppression 

of macrovoids (transition from type II to type I membranes) [49]. 

 

3.3.1.3.3. Addition of non-solvent additives  

The addition of non-solvent additives to the dope solution has been shown to play an important 

role in the formation of a membrane structure that possesses improved separation performance 

[89]. In fact, the use of non-solvent additives in polymeric casting solutions is considered to be 

one of the most important parameters that controls the overall membrane morphology [52]. Xu 

et al. [52] investigated the individual influences  of ethanol, methanol, n-propanol and water as 

non-solvent additives in the PES/NMP polymer solution. It was found that the morphology of 

the PES UF hollow fibre membrane changes slowly from long and wide finger-like structure 

through a thin finger-like structure to the sponge-like structure when the ethanol concentration 

in the dope solution was increased to 25 wt.% [4]. An appropriate amount of non-solvent 

additive in the dope solution apparently enhances the formation of macrovoids whereas a high 

loading of the non-solvent additive suppresses their formation due to a delayed demixing that 

occurs during membrane growth process [71, 90]. This suggests that, in addition to the presence 

of non-solvent in the dope solution, membrane morphology is strongly influenced by the 

amount of non-solvent used. PEG and PES Aare some of the most commonly used additives 

in polymeric casting solutions due to their ability to form pores during phase separation 

process. Since PEG is a weak non-solvent for polymers, its addition to the dope solution 
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reduces the solvency of the solvent while the ratio of polymer to solvent increases thus affecting 

the membrane formation process [55, 91]. An investigation by Arthanareeswaran et al. [92] of 

the effect of varying the concentrations of PEG 600 Da on the performance of PSf/sulfonated 

poly(ether ketone) (SPEEK) blend membrane has revealed that the addition of PEG 600 Da 

enhances the rate of exchange between the additive and non-solvent, which in turn leads to the 

formation of large macrovoids in the membrane sub-layer [92]. In addition, whereas pure water 

flux and MWCO of the membrane were found to increase with the content of the PEG 600 Da, 

the hydrolytic permeability as affected in a negative way (i.e. it decreased) [92]. Due to their 

lower mobility in the coagulation bath, Ma et al. [91] assert that an increase in the molecular 

weight of PEG leads to a higher number of PEG molecules being permanently trapped in the 

membrane matrix upon successful completion the solvent and non-solvent exchange process. 

As a consequence, contact angles measured for the membrane were found to be smaller thus 

improving the membranesô hydrophilicity [91]. The addition of hydrophilic additives, such as 

PEG, to the casting solution has a dual effect on the membrane morphology. Therefore, not 

only does PEG facilitate the formation of macrovoids brought about by the intensification of 

thermodynamic instability of the casting solution, it also aids the suppression of macrovoids 

arising from increasing viscosity of the casting solution and improving pore interconnectivity 

[93]. 

 

As already discussed, in instances where functionalised MWCNTs were used as non-solvent 

additives in PES casting solutions, a preponderance of finger-like structures in the membrane 

sub-layer with macrovoids was noticeable [13, 15, 16, 94]. The formation of finger-like 

structures in the membrane sub-layer has been strongly linked to the hydrophilic nature of 

functionalised MWCNTs, which leads to a rapid exchange between the solvent and non-solvent 

during the coagulation stage. However, any further increases in the MWCNT loading lead to 
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the casting solutions becoming viscous, thus favouring a delay in the phase separation process 

that results in a reduction in the number of finger-like structures. This phenomenon concurs 

with results first reported over 30 years ago by Reuvers [71] and Smolders et al. [49], which 

propounded that the resultant membrane morphology is composed of either finger-like 

structures, a fully sponge-like structure or a combination of both membrane morphologies, 

depending on the loading of non-solvent additive in the casting solution. 

 

3.3.1.3.4. Coagulation bath temperature 

When a polymeric dope solution that is cast at high temperatures (6ͯ0 ï 80 °C) is cooled down 

to room temperature prior to immersion into the non-solvent coagulation bath, liquid-liquid 

phase separation is induced prior to immersion in the non-solvent coagulation. This means that 

a decrease in the temperature of the casting solution leads to the formation of many nuclei, 

which cause phase separation before the non-solvent influx and thus inhibiting the formation 

of finger-like membrane morphology [38]. It has already been established that the formation 

of macrovoids occurs under rapid precipitation conditions, and the precipitation is often more 

rapid at high temperatures [93]. This means that the temperature of the coagulation bath also 

plays a significant role in determining the final membrane morphology. Furthermore, it is 

common knowledge that any increase in the temperature is accompanied by a decrease in the 

solution viscosity (as a consequence of the increase in kinetic energy of molecules). If the same 

notion is applied to the membrane formation processes, a decrease in the casting solution 

viscosity would most likely lead to instantaneous demixing, thus promoting the formation of 

membranes with finger-like structures and macrovoids. This phenomenon has also been 

confirmed by Zheng and co-workers [95] after studying how the viscosity of the polysulfone 

casting solution and the resultant membrane structure is inþuenced by casting solution and 
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coagulation bath temperatures. In that study [95], it was reported that an increase in the casting 

solution or coagulation bath temperatures led to a decrease in the viscosity of the casting 

solution; such a decrease in the viscosity subsequently led to the generation of large finger-like 

structures in the membrane sub-layer.  

 

3.4. Influence of PES/MWCNT cross-sectional structure on membrane performance as 

measured by permeability and selectivity 

An enhancement of pure water flux and permeability of most PES/MWCNT MMMs is 

associated with the presence of finger-like structures in the membrane sub-layer [13, 16, 19]. 

Based on 3D simulation results generated by Shi et al. [96], finger-like macrovoids in UF and 

NF membranes have the lowest tortuosity and therefore exhibit the lowest flow resistivity. 

Moreover, it has been experimentally proven that the water permeance for the sponge-like 

membrane was much lower than that of finger-like membranes [96]. According to Lee et al. 

[97], the water flow velocity through finger-like macrovoids is nearly ten-fold higher than 

through the sponge-like regions, which exist between finger-like macrovoids. It has also been 

demonstrated that when the dense sponge-like regions constitute a larger portion of the support 

layer volume, a high pressure drop across a support layer is likely to occur, resulting in low 

water fluxes across the membrane [97]. During the fabrication of TFC membranes, when the 

sponge-like structure and closed macrovoid become predominant in the support layer, the 

overall water flux of the membrane can be reduced [97].  

 

Yip et al. [77, 98] and Wang et al. [77, 98] suggested that an ideal support substrate for a TFC-

FO membranes should be comprised of a combination of sponge-like and finger-like structures; 

that is, a thin layer of sponge-like structure near the top edge of membrane cross-section with 
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a fully finger-like structure underneath. Nevertheless, FO tests undertaken by Widjojo et al. 

[77, 98] have proven that the degree of hydrophilicity of membrane substrates is in fact a much 

stronger contributor to the enhancement of the water flux. Although the TFC membrane tested 

in the study by Widjojo and coworkers consisted of a fully sponge-like morphology, it 

displayed highest water flux (33.0 L/m2.h) reported in literature and salt flux (15 L/m2.h) 

compared to the TFC membrane with part finger-like structures in the membrane sublayer. 

 

It is worth highlighting that a fully sponge-like structure with anti-fouling properties is 

desirable for long-term membrane stability. In contrast, Ghosh and Hoek investigated the 

impact of membrane support structure on the performance of TFC membranes and reported 

that more permeable and hydrophilic supports produced low permeability TFC membranes, 

whereas the highly porous and relatively hydrophobic supports produced more permeable TFC 

membrane [2]. However, Widjojo and co-workers [120] reported contradictory results; 

showing that porous, hydrophilic supports yield highly permeable TFC membranes. 

 

It is quite clear that a big question still remains unanswered: is it the membrane hydrophilicity 

or presence of finger-like structures in the support layer that drives the improvement of the 

permeability of the TFC membranes? We are of the view that, as opposed to a dense sponge-

like structure, a fabric-free support membrane structure with an open porous sponge-like 

morphology is beneficial for the enhancement of TFC membrane permeability and long-term 

performance stability. 
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3.5. Modification strategies for PES/MWCNT mixed-matrix membranes 

Surface modification or outer-wall functionalisation of MWCNTs with different functional 

groups such as ïCO2H, ïOH, ïNH2, ïSO3H, or ïCONH2 is conducted to aid their dispersion 

as well as their interaction and compatibility with the solvent and the polymer. Such 

modification strategies facilitate the transformation of ordinary MWCNTs into multifunctional 

materials capable of being used in various reactions and processes. To this end, the 

incorporation of modified MWCNTs or the blending of PES polymeric matrix with hydrophilic 

polymers enable the surface properties of the resultant PES membrane to be altered with the 

aim of bestowing hydrophilic properties on this PES membrane that reduce its susceptibility to 

fouling. All of the surface modification strategies discussed in the following sub-sections share 

a common approach and goal namely incorporation of hydrophilic materials in the hydrophobic 

PES membrane matrix. 

 

3.5.1.  Functionalisation of MWCNTs prior to inclusion in the PES matrix  

3.5.1.1. Oxidation of MWCNTs to MWCNT -COOH and MWCNT -OH 

Oxidation of raw MWCNTs with strong acids or other oxidative media, allows for their 

purification and rids them of residual metal catalyst particles, amorphous carbon, and 

hydrocarbon gases used in their preparation. The oxidation process simultaneously introduces 

carboxyl (ïCO2H) and hydroxyl (ïOH) functional groups into the outer walls of the MWCNTs 

[99, 100]. Not only does the presence of ïCO2H and ïOH moieties endow the MWCNTs and 

ultimately the PES membrane with hydrophilic properties, but under alkaline conditions, they 

undergo deprotonation, become negatively charged and also impart the same negative charges 

into the membrane surface. During the coagulation stage of membrane formation, 
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functionalised MWCNTs migrate spontaneously to the membrane-water interface to alter the  

membrane surface properties such as hydrophilicity, surface charge and roughness [13, 16]. A 

negatively charged membrane surface has an added advantage in terms of solute retention 

mechanism in addition to size-exclusion mechanism; that is, negatively charged solutes or 

contaminants are prevented from settling into a negatively charged membrane surface based 

on electrostatic repulsion interactions, thus leading to high solute retention. Furthermore, in the 

case of salt retention, the Donnan exclusion mechanism comes into play, whereby a negatively 

charged membrane surface will have higher rejection values for divalent anions and 

monovalent cations than monovalent anions and divalent cations; the opposite is true for 

positively charged membranes [101].  

 

Acid functionalisation is usually carried out under reflux conditions, whereby the desired 

amount of MWCNTs is refluxed (130 °C in a silicone oil bath) in a mixture of H2SO4 and 

HNO3 with mass ratio of around 3:1. Thereafter, the resultant acid functionalised MWCNTs 

are washed with plenty of distilled water until a neutral pH of the washing solution is obtained 

(equal to distilled water pH). Finally, the washed functionalised MWCNTs are dried in an oven 

at 120 °C [102, 103]. 

 

Generally, acid functionalisation of MWCNTs with oxygen-containing functional groups form 

the basis of which other subsequent functionalisation strategies such as amination 

(functionalisation with amine groups) or polymer grafting stem from. In essence, the new 

functional group or polymeric moiety is simply attached to the MWCNT via the reactive sites 

such as the carboxyl (ïCOOH) and hydroxyl (ïOH) functional groups present on the side-walls 

of the MWCNT (Fig. 3.12).The acid treatment process opens up the nanotube end caps, and 



112 

 

shortens the nanotube length. Shorter nanotubes have an advantage of being uniformly 

dispersed in the membrane matrix and along the membrane surface. 

 

 

Figure 3.12 Schematic representation for functionalisation of MWCNTs. Reproduced with 

permission from [104]. 

 

Using hydrothermal treatment of pristine MWCNTs in a potassium hydroxide solution, it is 

also possible to exclusively prepare hydroxyl functionalised MWCNTs (MWCNT-OH) that do 

not possess ïCO2H groups [105]. Briefly, following ultrasonication of pristine MWCNTs in a 

potassium hydroxide solution, the resultant suspension was autoclaved and heated at 180 °C 

for 2 h. Thereafter, the resultant MWCNT-OH was purified by washing with deionised water 

until a neutral pH of the washings was obtained. As far as the modification of the PES 

membrane is concerned, a comparative performance analysis of MWCNTïCO2H incorporated 

and MWCNTïOH incorporated PES membranes was undertaken by Dehkordi et al. [21]. The 

study revealed that, at a low nanoadditive content, the ïCO2H-MWCNT/PES membrane 

displayed higher permeability compared to its MWCNTïOH counterpart [21]. The difference 
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in permeability was attributed to the difference in structural the geometries of the two 

functional groups (i.e. ïCO2H and ïOH) present in the membranes. Unlike the linear geometry 

of the ïOH groups, the bent molecular geometry associated with the ïCO2H groups allows for 

the formation of cavities between the PES polymeric chains and ïCO2H-MWCNTs where the 

solvent is initially trapped. Outward diffusion of solvent during phase-separation process 

leaves behind empty spaces thus forming a porousïCO2H-MWCNT/PES membrane structure 

with high permeability. 

 

3.5.1.2. Amination of MWCNTs to NH 2-MWCNTs 

Amine (-NH2) functionalisation of MWCNTs offers a wide range of reaction applications since 

the -NH2 functional group is highly reactive, possesses a wealth of chemistry and can therefore 

be reacted with many chemicals and polymers [104]. As already highlighted in section 4.1.1., 

acid functionalisation of MWCNTs with ïOH and ïCO2H groups forms the basis from which 

other forms of MWCNTs modification stem from. This also holds true for amine 

functionalisation of MWCNTs. As shown in Fig. 3.13a, the initial step in the -NH2 modification 

of MWCNTS involves acid treatment of MWCNTs to introduce the carboxylic acid group 

moieties (-CO2H). Upon attachment of the -CO2H into the MWCNTs, the -CO2H is reacted 

with an amine-containing precursor (in this case polydopamine (PDA) dissolved in DMF 

solvent was used as a precursor) to produce the desired ïNH2-MWCNTs. The exact mechanism 

for the amination reaction, which is depicted in Fig. 3.13b, involves a transfer of electrons 

between an -NH2 and ïCO2H. Another commonly used strategy for the amination of MWCNTs 

is the acetylation of the carboxylic acid group of the of the MWCNT-CO2H using thionyl 

chloride (SOCl2) followed by reaction with a diamine [18, 106]. The NH2-MWCNTs 

functionalised PES membranes prepared by Vatanpour et al. [18] displayed a significant 
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improvement in the antifouling properties of the membranes, which was ascribed to the 

generation of a more negatively charged surface possessing high hydrophilicity and lower 

surface roughness. Similar results involving higher BSA rejection, reduced surface roughness 

and improved antifouling properties compared to the neat membrane have been reported by 

Rahimpour et al. [41] following incorporation of the NH2-MWCNTs into the PES matrix. 

 

 

Figure 3.13 (a) Procedure for amine functionalisation of MWCNTs; and (b) mechanism for 

amine functionalisation of MWCNTs. Reproduced with permission from [41].  

 

3.5.1.3. Polymer-functionalised MWCNTs (by polymer grafting and polymer wrapping) 

An ideal mixed-matrix nanocomposite membrane should be agglomeration-free. To fulfil this 

requirement, several types of MWCNT surface modification strategies (apart from acid 

functionalisation) have been adopted. One of these strategies involves the introduction of  

hyper-branched polymers into the outer walls of the MWCNT. Choi et al. [107] have reported 
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that the grafting of carboxylic acid-terminated hyperbranched poly(ether-ketone) into the 

MWCNT surface enables their dispersion in polar solvents even at a low degree of 

functionalisation. Daraei et al. [20] has conducted a water dispersibility test between raw 

MWCNTs and polyacrylic acid (PAA) modified MWCNTs by ultrasonicating in water. Fig. 

3.14 shows that the PAA modified MWCNTs remained dispersed in the solution one week 

following ultrasonication, whereas the raw MWCNTs began to separate and precipitate out of 

solution within 30 mins following ultrasonication. These results provide evidence that the 

presence of polar functional groups of PAA attached to the outer walls of the MWCNT 

improves the dispersibility and hydrophilic properties of MWCNTs in water as a hydrophilic 

medium.  

 

 

Figure 3.14 Digital photographs showing the appearance of (A) raw MWCNTs and (B) PAA 

modified MWCNTs in water: (i) 30 min; (ii) 1 day; and (iii) 1 week after ultrasonication. 

Reproduced with permission from [20]. 

 

Although incorporated into a different polymer than PES, similar results (Fig. 15) have also 

been reported by Zhao and co-workers [14] when hyper-branched poly(amine ester) (HPAE) 

functionalised MWCNTs were used as hydrophilic nanoadditives for the modification of the 

PVDF UF membranes. It was established from the study that the PVDF casting solutions 
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containing either MWCNT-HPAE or raw MWCNTs are homogenous when flasks were placed 

vertically on the bench. However, only the MWCNT-HPAE was homogeneously dispersed in 

solution at the bottom of the flasks when both flasks were tilted. The raw MWCNTs on the 

other hand precipitated out of solution within one day (Fig. 3.15) [14]. The observed results 

were attributed to the hydrophilic side chains of HPAE being stretched out into the solvent thus 

providing homogenous dispersion of MWCNTs in the membrane matrix [14]. 

 

 

Figure 3.15 Digital photographs showing the dispersion of MWNTs and MWNT-HPAE in 

DMF (a and b) and in PVDF casting solutions: (c and e) MWCNT-HPAE dispersion and (d 

and f) raw MWCNT dispersion. Reproduced with permission from [14]. 

 

3.5.1.4. MWCNT/hybrid nanocomposites as new generation materials for PES 

modification 

Nanohybrid materials formed between MWCNTs and other nanomaterials have features that 

promise to make these nanohybrids the next generation of materials for membrane 

modification. This is because of the existence of the synergy between the two types of 
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nanomaterials, which allows the structural and performance properties of the resultant 

membrane to be improved upon inclusion of the nanohybrid in the membrane matrix. 

Individual nanomaterials may sometimes not possess or fully exude the desired properties for 

promising next-generation anode material that the target nanohybrid materials possess due to 

agglomeration resulting from the Van der Waals forces of interaction between the individual 

nanomaterials. For example, in the case of a nanohybrid formed between O-MWCNTs and 

GO, the introduction of O-MWCNTs has been shown to prevent the stacking of individual GO 

sheets, thus preventing their agglomeration. As previously discussed elsewhere in this chapter, 

the improvement in nanoadditive dispersion within the polymer matrix is accompanied by 

effective enhancements in the structural and performance properties of the membrane. In the 

next sub-sections, progress made on the use of MWCNT nanohybrids in PES-based UF 

membrane modification for various applications is explored. 

 

3.5.1.4.5. MWCNT/GO or MWCNT/graphene  

It is known that nanohybrid formation between MWCNTs and GO allows for a cost-effective 

and environmentally friendly solution towards solution-phase processing of both nanomaterials 

[108]. The method for synthesis of MWCNT/GO is relatively simple and straight forward and 

involves ultrasonication of MWCNT powder in diluted GO dispersion in water [108]. To study 

the stability and dispersion of the nanohybrid material, ultravioletïvisible (UVïVis) 

spectroscopy and zeta potential analyses are amongst the characterisation techniques that are 

generally employed.  The more negative the zeta potential value becomes, the higher the 

stability of the mixed hybrid solution [109]. Moreover, higher zeta potential values indicate 

higher electrostatic repulsion between charged particles in the dispersion and reduced 

overlapping areas [109]. Chatterjee et al. [110] investigated the effect of MWCNT/graphene 
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nanohybrid on the mechanical properties of an epoxy composite, and established that the 

resultant improvement in mechanical strength was due to the combination of high aspect ratio 

of MWCNTs and larger surface area of the graphene nanoplatelets. Additionally, for the full 

realisation of the reinforcing capabilities in the composites, it was established that the ratio of 

the nanomaterials consisting the hybrid nanofiller mixture is an important factor to consider. 

Homogenous distribution of the MWCNTs and GnP consisting the nanohybrids can be 

observed from the TEM image in Fig. 3.16. 

 

 

Figure 3.16 TEM image showing the distribution of MWCNT/GnP nanohybrids for a 

MWCNT:GnP ratio of 9:1. Reproduced with permission from [110]. 

 

Zhang et al. [111] investigated the synergistic effects of the different ratios of O-MWCNT/GO 

nanofiller on the fouling control capacity of PVDF UF membranes. The UVïVis results 

showed that the suspension of OMWCNTs can be effectively stabilised using GO sheets. At 

an O-MWCNT/GO ratio of 5:5 in the PVDF matrix, the membrane hydrophilic properties were 

greatly enhanced due to the homogeneous dispersion of GO and OMWCNTS in the casting 

solution. Moreover, the increase in dispersion of both nanomaterials facilitated an increase in 

the affinity between the castings solution and coagulant thus leading to an enhancement of the  

solventïnon-solvent exchange rate, which ultimately resulted in the formation of large 
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macrovoids in the membrane substructure [111]. The increased permeability observed for the 

membrane is associated with the presence of the reported large macrovoids in the substructure. 

Zhang et al. [112] prepared nanohybrids from functionalised graphene (f-G) and functionalised 

MWCNTs (f-MWCNTs) and investigated the effect of the nanohybrid on the  electrical 

conductivity and tensile modulus of PES composites membranes. The results showed that the 

tensile strength modulus of the 5 wt.% (f-G:f-MWCNT)/PES composite membrane 

(nanohybrid ratio of 1:1) increased by 16.5% from that of 5 wt.% f-G/PES composite 

membrane and by 50.6% from that of 5 wt.% f-MWCNTs/PES composite membrane, 

respectively [112]. Moreover, the electrical conductivity of the 5 wt.% f-G:f-MWCNT/PES 

composite membrane (nanohybrid ratio of 1:1) was found to be 2.2 times higher than that of 

the 5 wt.% f-G/PES composite membrane  and 8.9 times higher than that of 5 wt.%  

f-CNTs/PES composite membrane. It is evident from the studies discussed above that the 

incorporation of MWCNT/GO or MWCNT/graphene nanohybrids in polymeric membrane 

matrices especially PES, PSf and PVDF leads to enhanced dispersion in the polymer matrix, 

thus enabling further enhancement in the structural and performance properties of the 

membrane compared to when individual nanoparticles are used. 

 

3.5.1.4.6. MWCNT/TiO 2 polymer membranes 

In their respective individual capacities, MWCNTs and TiO2 nanoparticles have proven to be 

additives of choice for the enhancement of polymeric membrane properties such as 

hydrophilicity, permeability and antibacterial activity. However, nanohybrid formed between 

TiO2 and MWCNTs enables the joint photocatalytic properties of TiO2, reinforcing abilities of 

MWCNTs and the compatibility of functionalised MWCNTs with polymer matrices as well as 
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good hydrophilicity of both nanomaterials to be exploited and applied in the modification of 

the properties membrane. 

 

Recently, the effect of TiO2 nanoribbons/multi-walled carbon nanotubes (TNRs/MWCNTs) on 

the physicochemical and performance properties of the PES membranes during the desalination 

of brackish water was investigated by Shaban et al. [113]. Following preparation using the 

hydrothermal method, the TNRs were then used as catalysts for the growth of MWCNTs using 

the CVD method. The fabricated TNR/MWCNT nanohybrids displayed superior reinforcing 

capabilities in the PES matrix as well as salt retentions greater than 90% in synthetic brackish 

water solutions when compared with individual nanomaterials. In another study, MWCNTs 

coated with TiO2 nanoparticles were prepared and embedded in a PES membrane matrix by 

Vatanpour et al. [94] with the view to bolster performance and anti-biofouling properties of the 

membrane. The TiO2 nanoparticles were synthesized by precipitation of the TiCl4 precursor on 

the acid oxidised MWCNTs prior to incorporation into the PES matrix. The results showed that 

the addition of TiO2/MWCNTs led to significant improvements in the pure water flux of the 

PES blend membranes. Interestingly, although the PES membrane modified exclusively with 

TiO2 nanoparticles displayed a lower pure water flux, they displayed higher hydrophilicity 

relative to the PES membrane containing the TiO2/MWCNTs. This behaviour can be associated 

with agglomeration of TiO2 nanoparticles, which causes plugging of the membrane pores [94]. 

The coating of TiO2 nanoparticles on the surface of oxidised MWCNTs apparently prevents 

their agglomeration due to compatibility of functionalised MWCNTs with the polymer matrix.  

Similarly, ZnO-coated MWCNTs for the modification of the performance and antibiofouling 

properties of PES membrane were prepared by the same research group [114]. In addition to 

the incorporation of the ZnO/MWCNT into the nanocomposite leading to marked 

improvements in membrane hydrophilicity and pure water flux, the antibiofouling properties 
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of the membrane tested against activated sludge were also greatly enhanced. Such 

improvements were attributed to the effectiveness of the ZnO nanoparticles to destroy the cell 

membrane and damage the cell morphology, which consequently leads to a reduction in 

biofouling. Additionally, upon irradiation with UV light, the protein fouled 

ZnO/MWCNT/PES membranes were able to photocatalytically destroy organic contaminants 

thereby reducing fouling [114]. The photocatalytic mechanism of degradation involving the 

ZnO/MWCNT is shown in Fig. 3.17. The ZnO/MWCNT/PES membrane prepared in this study 

are promising candidates for application in membrane bioreactors (MBR). 

 

 

Figure 3.17 Schematic illustration of photocatalytic activity of ZnO coated MWCNTs. 

Reproduced with permission from [114]. 

 

3.5.1.5. Polymer grafting and polymer blending of PES 

Surface graft polymerisation is an efficient method for increasing the hydrophilicity and 

selectivity of PES membranes. The graft polymerisation technique has also been demonstrated 
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to be capable of converting a UF membrane into an NF membrane owing to the formation of a 

membrane surface with small pore sizes and high salt rejection [20, 115]. The grafting process 

involves a chemical attachment of either hydrophilic or water-soluble polymers into the 

membrane surface. For the grafting process to take place, the membrane surface should already 

possess polymerisation sites to which a stable graft layer can be attached. These reactive sites 

can be generated by treatment of the membrane surface with UV or gamma ray irradiation. 

However, such treatment methods may be detrimental to the structural integrity of the 

membrane support system, especially under weakly controlled conditions. In this regard, 

several researchers have explored the use of milder and gentler methods for creating these 

reactive sites on the surface of the PES membrane. For example, Daraei et al. [19, 20] 

investigated the combined effect of the inclusion nanoadditives (PAA-g-MWCNTs) on the 

PES membrane matrix and surface grafting of polyacrylic acid (PAA). The results showed that 

grafting of the PAA into PAA-g-MWCNT/PES mixed-matrix membrane support, led to 

superior water fluxes, improved reusability, high antifouling properties and efficient salt 

rejections relative to the PAA-g-MWCNT/PES produced without grafting [20]. This suggests 

that modified MWCNTs located within the PES membrane matrix offers reactive sites for the 

attachment of PAA. In addition to the presence of the hydrophilic additive (PAA-g-MWCNT) 

in the PES membrane support, the grafting of the PES membrane surface leads to more 

enhanced hydrophilicity.  

 

Polymer blending as a means of improving the hydrophilic properties of hydrophobic 

membrane matrices has an advantage over the use of nanomaterial additives as it is relatively 

simple and capable of being applied on an industrial or commercial scale. Over the years, 

blending of PES with sulfonated polymers has become popular since it is aimed at improving 

the hydrophilic properties of membranes and, subsequently, the membrane performance 
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properties relating to permeability and selectivity. Sulfonated polymers such as sulfonated 

polysulfone (SPSf), sulfonated polyetheretherketone (SPEEK), sulfonated polyethersulfone 

(SPES), sulfonated polyphenylsulfone (sPPSU) have all been used for blending with PES [116-

120]. Before blending the polymers, an important aspect that needs to be taken into 

consideration is the inter-miscibility or -compatibility of the polymers. According to Ng and 

MacKnight [121], poor compatibility between the polymers generally leads an irregular 

membrane surface as well as a membrane structural defects resulting from the self-assembly 

of the individual polymers. It is noteworthy that the presence of sulfonic acid groups (-SO3H) 

in sulfonated polymers allows for the hydrogen bonding interaction with the sulfonyl groups (-

SO2) of the PES chains thus improving their compatibility. 

 

In order to evaluate the compatibility between two polymers, the Schneier theory and 

differential scanning calorimetry (DSC) analysis were adopted. According to the Schneier 

theory (Eq. 3.1), the compatibility between polymers is evaluated based on the calculation of 

the mixing enthalpy (ȹHm) from FloryīHuggins theory. An ȹHm value that is above 0.01 

cal/mol suggests that the blend system is incompatible, while an ȹHm value lower than 0.01 

cal/mol is indicative of a compatible blend system. 
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where ȹHm is the enthalpy of mixing, subscripts 1 and 2 denote polymers 1 and 2, respectively; 

X is the weight fraction of the polymer in the blend (therefore, X1 + X2 = 1); M is the molecular 

weight of the repeating monomer unit (g/mol); ɟ and ŭ are the respective density (g/cm3) and 

solubility parameters ((cal/cm3)1/2) of polymers 1 and 2. 
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Li et al.[117] used the Schneier theory to evaluate the compatibility between PES and PSf 

versus PES and SPSf. Based on the ȹHm values calculated for various weight ratios, the results 

showed) that the PES/SPSf system was compatible at all the evaluated ratios (i.e. all the ȹHm 

values were below 10x10-3 cal/mol) (Fig. 3.18). On the other hand, the PES/PSf system on the 

other hand, was found to be only compatible at specific weight ratios (i.e. when PES/PSf mass 

ratio was less than 95:5wt/ wt or higher than 22:78 wt/wt). It was therefore concluded that the 

PES/PSf blend system is partly compatible. These findings seem to suggest that blending of 

the two hydrophobic polymers (PES and PSf) leads to partial compatibility between the 

polymers and the formation of a heterogeneous solution [117]. On the other hand, the strong 

inter-molecular hydrogen bonding interaction between the SPSf and PES chains are thought to 

lead to better phase mixing and system compatibility between SPSf and PES [117]. 

 

 

Figure 3.18. Mixing enthalpies of PES/PSf and PES/SPSf blend systems. Reproduced with 

permission from [117]. 
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Experimentally, the compatibility or miscibility of polymers can be evaluated by DSC analysis; 

the appearance of a single thermal glass transition (Tg) peak at a temperature that is 

intermediate between those of pure components suggests that the polymer system is miscible 

[122]. As shown in Fig. 3.19(a), for the majority of weight ratios tested for the PES/PSf system, 

more than one Tg peak appeared at ͯ185 and ͯ 228 °C. In contrast, only a single Tg peak was 

detected at ͯ  228 °C for all the weight ratios tested for the PES/SPSf system.  Therefore, the 

DSC results provided further evidence that the PES/SPSf system was indeed compatible at the 

majority of weight ratios tested. Furthermore, it is also evident from the DSC results that the 

hydrophobic PES/PSf system undergoes phase separation resulting from the strong repulsion 

between the two hydrophobic polymers thus making them partially compatible. 

 

 

Figure 3.19 DSC thermograms of (a) PES/PSf and (b) PES/SPSf at different weight ratios. 

Reproduced with permission from [117]. 
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3.6. Properties of PES/MWCNT membrane 

3.6.1. Surface roughness 

Rough membrane surfaces are prone to fouling due the increased availability of sites for the 

attachment of foulants on the membrane surface [7]. The addition of functionalised MWCNTs 

into PES membranes affects surface the roughness and ultimately the antifouling properties of 

the membrane. The addition of NH2-MWCNTs into the PES matrix has been reported to 

initially increase the surface roughness of the membrane; however, further 1 wt.% loadings of 

the NH2-MWCNTs decreased the surface roughness of the membrane [41]. Reasons behind the 

observed results are based on the fact that the introduction of hydrophilic NH2-MWCNTs 

initially enhances the phase-separation process during membrane formation leading to the 

generation of large pore sizes and high porosity; i.e. high porosity and large pore sizes of the 

membrane increases the membrane surface roughness. However, any further increases in the 

loading of the NH2-MWCNTs promote increases of the viscosity of the casting solution. This 

viscosity increase results in a delay in the demixing process during membrane formation and 

the formation of small surface pores, which in turn give rise to smoother surfaces. Similar 

results have also been reported by Daraei et al. [20].  

 

In contrast, Vatanpour et al. [13] reported an initial reduction in the surface roughness when 

the oxidised MWCNTs was incorporated into the PES. However, this decrease in the surface 

area was accompanied by a drastic increase in the surface area when with further increments 

in the nanoparticle loading were effected. Interestingly, another reduction of the surface 

roughness was observed at the highest MWCNTs loading of 0.4%. The initial reduction in the 

surfaces roughness was linked to regular collocation of MWCNTs in the membrane matrix at 

low nanoparticle loading, which is due to low electrostatic interactions among the MWCNTs 
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that led to the generation of a smooth membrane surface. However, at higher nanoparticles 

loading, the observed increase in roughness was due to the formation of large surface pore sizes 

and the agglomeration of MWCNTs. 

 

Although the studies discussed above [20, 41 vs 13] reported opposing trends in surface 

roughness upon the inclusion of functionalised MWCNTs, a marked improvement in the 

antifouling properties of PES membranes containing functionalised MWCNTs was reported 

(i.e. relative to the pristine PES membrane). A possible explanation for the observed behaviour 

is that membrane surface hydrophilicity seems to be contributing hugely towards antifouling 

properties compared to surface roughness. This explanation can be substantiated by the fact, 

although the PES membrane generally has a smooth surface that makes it less prone to fouling, 

its hydrophobic nature (water contact angle  ͯ70°) counteracts the fouling effect and critically 

reduces the flux recovery ratio of the membrane [19]. Therefore, it suffices to conclude that a 

combination of increased hydrophilicity and decrease in surface roughness for MWCNTï

modified PES membranes increases reversible fouling.  

 

3.6.2. Surface charge 

The influence of membrane surface charge on the antifouling properties of the membrane is 

dependent on the charge state of foulants in the feed solution. This is because the electrostatic 

repulsive forces that exist between the like-charged membrane surface and foulants prevent the 

deposition of the foulants on the membrane surface thus leading to a reduction in the fouling 

of the membrane [7]. Therefore, for neutral solutes or foulants, the membrane surface charge 

will have a minimal effect on the overall antifouling properties of the membrane. 

 



128 

 

When hydrophilic-modified PES-based membranes come into contact with aqueous solutions 

over a wide pH range (particularly from neutral to basic pH), they acquire a negative surface 

charge due to the dissociation of ionisable surface functional groups or the adsorption of ions 

from the solution. Although protein molecules such as bovine serum albumin (BSA), which 

are generally responsible for PES membrane fouling, have an isoelectric point at pH 4.9, they 

become negatively charged at neutral pH (7ͯ) [123]. Therefore, when antifouling filtration 

experiments are conducted under neutral conditions, a strong electrostatic repulsion force 

between both negatively charged BSA molecules and MWCNT-functionalised PES membrane 

surface is responsible for preventing proteins adsorption on the surfaces of the blended 

membranes, thus improving the antifouling properties of the membrane [13, 15, 18]. 

 

Surface modification of PES-based membranes with zwitterion functionalised MWCNTs or 

hydrophilic polymers is much more favourable for the enhancement of antifouling properties 

of the PES membrane compared to the use of conventional negatively charged membrane 

surface. Shi et al. [124] prepared tertiary amine-modified PES (TA-PES) from cationic amine 

and anionic sulfonic groups to fabricate a TA-PES UF membrane via phase-inversion method, 

and found that the resultant membrane displayed superior anti-protein-fouling properties and 

desirable ultrafiltration performance. Compared to MWCNTs functionalised with singly 

charged moieties, which only target pollutants possessing a specific charge, incorporation of 

zwitterion-functionalised MWCNTs into a polyamide nanocomposite membrane yielded a 

membrane that is capable of rejecting both negatively and positively charged ions during the 

water desalination process [125]. Zwitterion-functionalised membrane surfaces have also been 

found to promote the prevention of cell adhesion and biofouling [126]. The incorporation of 

zwitterionic poly(sulfobetaine methacrylate) (PSBMA) modified MWCNTs into the PES 

matrix via the phase-inversion method produced a modified membrane with superior 
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antifouling properties towards BSA [48]. A measurement of the interaction force between the 

membrane surface and the BSA-immobilized AFM tip revealed an interaction force for the 

unmodified PES membrane (16 nN) that is higher compared to that of the SBMA-CNT/PES 

membrane surface (10 nN). The high interaction force was attributed to hydrophobic properties 

of the PES; the formation of a strong hydration layer by the PSBMA functional groups limits 

the interaction of the membrane with the foulant. 

 

3.6.3. Surface hydrophilicity in relation to pure water flux in PES/MWCNT membranes 

As already mentioned in the previous section, membrane surface hydrophilicity is one of the 

highly desired properties in membranes for combating fouling and enhancing the pure water 

flux of the membrane. The concept of the improvement of antifouling properties arising from 

the hydrophilic surfaces is based on the fact that a strong hydration layer is created on the 

membrane surface, which drives off the settlement of foulants on the membrane surface [127] 

(Fig. 3.20). In a nutshell, the hydration layer acts as a protective screen for minimising the 

chances of the foulant attaching on the membrane surface. Contact angle measurements are 

generally conducted to evaluate the hydrophilicity of membrane surface. Whereas a decline in 

the contact angle of a modified membrane is indicative of improvements in membrane surface 

hydrophilicity, an increase in the contact angle suggests that the membrane surface is becoming 

hydrophobic [7]. Other than the membrane surface chemistry, the contact angle values are also 

affected by surface roughness, porosity and pore size [84]. 
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Figure 3.20 Schematic representation of a hydrophilic PES/MWCNT membrane surface.  

 

It has aptly been demonstrated that the incorporation of functionalised MWCNTs or polymer 

blending of PES leads to significant improvements in the surface hydrophilicity of an otherwise 

hydrophobic PES-based polymer membranes thereby improving its pure water flux. Surface 

hydrophilicity and membrane morphology have a strong influence on the membrane 

performance, particularly on the pure water flux. Both properties have similar but sometimes 

different effects on the membrane water flux; they impart similar effects in the sense that an 

increase in hydrophilicity and/or membrane pore size leads to an increase in the pure water 

flux. However, a hydrophilic membrane that consists of small-size surface pores, with a dense 

or thick skin layer will have low pure water flux or permeability [14, 41]. According to the 

Hagen-Poiseuille equation (Eq. 3.2), pure water flux is directly proportional to the pore size. 

The ultimate membrane structural parameter that has a dominating influence of on pure water 

flux of the membrane is its membrane pore size or pore size distribution. 
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where Q
HP

 represents the volumetric flow rate (L/s); ЎP is the pressure difference (Pa); across 

the L is tube length (m2); Һ is the viscosity of water (Pa.s); and d is the pore diameter (m). 

 

Whilst hydrophilicity and membrane structure are major drivers of the pure water flux 

enhancement, pore plugging is an important aspect that is seldom addressed. Pore plugging has 

a major influence on the membrane pure water flux when nanoadditives such as functionalised 

MWCNTs are incorporated into polymer matrices. It occurs as a consequence of the presence 

of functionalised MWCNTs at higher loadings in the membrane matrix leading to 

agglomeration. It has already been established from previous research works that the presence 

of hydrophilic MWCNTs in the polymeric casting solution enhances the phase-separation 

process leading to the generation of larger pore sizes; MWCNTs migrate spontaneously to the 

membrane/ water interface to improve the membrane surface properties, including surface 

hydrophilicity.  

 

However, while surface hydrophilicity is improving, an additive material occupying certain 

locations or pores within the membrane surface and matrix is now present; pores that were 

otherwise vacant in the pristine and unmodified membrane. Pore plugging becomes severe and 

greatly impacts the membrane performance when high loadings of nanoadditives or MWCNTs 

are incorporated into the membrane matrix [41, 128]. In a study undertaken by Bai et al. [129], 

whereby different surface functionalised MWCNTs (-COOH-MWCNTs and PEG-MWCNTs) 

were incorporated into the PES UF membrane, it was shown that the pure water flux of all the 

modified membranes was always slightly below that of the pristine PES regardless of the 

nanoadditive content used (Fig. 3.21). The observed reduction in pure water flux was attributed 

to membrane pore plugging and constrictions of the water channels in the membrane 

substructure by the presence of MWCNTs. 
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Figure 3.21 Pure water flux of pristine and modified PES UF membranes at different trans-

membrane pressures. Reproduced with permission from [129]. 

 

3.6.4. Antifouling and antimicrobial properties  

Apart from the selectivity/permeability trade-off issue that limits membranes, membrane 

fouling is another major hindrance that limits long-term applicability of membranes due to 

permeate flux reduction, diminished selectivity and frequent chemical cleaning that ultimately 

destroys the membrane material. Membrane fouling in UF membranes can be either reversible 

or irreversible. Whereas reversible fouling involves loose adsorption of foulants or proteins 

molecules on the membrane surfacesthat can be easily removed by hydraulic cleaning, 

irreversible fouling is caused by firm entrapment of foulants on the membrane surface pores 

and it cannot be remediated by simple cleaning methods [130, 131]. The hydrophobic 

interaction between the membrane surface and foulant provides the basis for the irreversible 

type of membrane fouling [132]. The desirable characteristics for all membrane processes and 
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membranes is to have maximum flow rate, maximum solute rejection, minimal fouling and 

minimum operating costs [133]. When irreversible fouling has taken place, the membrane can 

no longer be used and has to be discarded. This therefore increases the process operating costs.  

 

In an effort to combat the escalation of operating costs emanating from fouling, several research 

efforts have been aimed at the development of PES-based membranes with less fouling 

propensity. Various modification strategies have been adopted for this purpose. Being a 

hydrophobic membrane material, PES is prone to irreversible fouling; therefore, the 

incorporation of hydrophilic MWCNTs into PES membrane matrices or the polymer blending 

of PES has become necessary in order to combat fouling. In addition to hydrophilicity, other 

membrane parameters that influence the propensity for membrane fouling include surface 

roughness and surface charge [7]. All these parameters and factors that influence membrane 

fouling have been discussed in detail in the previous sections. 

 

Silver nanoparticles (AgNPs) are some of the most widely used nanomaterial additives for 

modifying the antimicrobial properties of the membrane owing to their relatively low cost and 

robust antibacterial characterisation [134]. Moreover, AgNPs are capable of enhancing surface 

hydrophilicity of membranes due to their strong affinity for water molecules [47]. Despite the 

advantages associated with AgNPs, their tendency to be corroded by oxygen reduces their 

antibacterial efficiency, thus limiting their long-term antibacterial applications. In this regard, 

research on the use of alternative nanomaterials with antimicrobial properties (e.g. 

functionalised MWCNTs) has been undertaken [47]. Yang et al. [47] prepared PMTAC 

modified MWCNTs and PEGMA modified MWCNTs and incorporated them into PES UF 

membrane matrix at different weight ratios with a view to improve the antibacterial properties 

of the membrane. The modified PES membranes were reportedly very effective against 99% 
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of both Escherichia coli and Staphylococcus aureus bacteria, while limiting adhesion of dead 

bacteria on the membrane surface [47]. When antibacterial hybrid nanoadditives consisting of 

AgNP-decorated MWCNTs were incorporated into the PES UF membrane matrix via phase-

inversion method, an increase in the AgNP/MWCNT content resulted in an increase in the 

antibacterial activity of the composite membrane against Escherichia coli and Staphylococcus 

aureus bacteria [135]. It appears that the mechanism of the observed antibacterial activity is 

linked to the release Ag+ from the membrane, which led to the deformation of the bacterial cell 

membrane and structure [135]. The SLS-MWCNTs prepared by Wang et al. [43] for inclusion 

into the PES matrix produced a modified membrane that did not initially display excellent 

antibacterial properties against Escherichia coli. It was reasoned that the SLS-MWCNTs were 

buried in the membrane matrix and could not appear on the membrane surface to make direct 

contact with bacterial cells [43]. However, the antibacterial properties were significantly 

improved upon application of an electric field (Fig. 3.22). The improved antibacterial activity 

is ascribed to bacterial cell damage induced by H2O2 that was formed from the two-electron 

oxygen reduction reaction. Apparently, MWCNTs have large specific surface areas that 

facilitate electron transfer and diffusion, thus promoting the oxygen reduction reaction that 

produces large amounts of H2O2 [136].  
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Figure 3.22 Synergistic antibacterial effect between hybrid SLS-PES membrane and electric 

field against E. coli. Reproduced with permission from [43]. 

 

3.6.5. Porosity and pore size  

Before discussing the effect of the addition of functionalised MWCNTs into PES-based 

membrane matrices, it is important to first distinguish between porosity and pore size in 

membranes, as both terms are sometimes wrongly used. Membrane porosity referrers to a 

fraction of the total volume that is taken up by the pore space; membrane pore size on the other 

hand refers to the size or diameter of the pores (with regards to surface pores) or the ratio of 

pore length to diameter (for internal pores). In Fig. 3.23, the difference between both membrane 

morphological properties is further explained by means of sketches, and their influence on 

membrane performance indicators is also depicted. Ideally, a membrane that is best suited for 

water treatment applications should  have high porosity and small pore sizes, i.e., large number 

of pores that are relatively small in size [92]. Such a membrane is capable of avoiding to a large 

extent the permeability-selectivity trade-off that applies to membranes. This is because the 

small pore sizes favour the rejection of solutes while the large number of pores is beneficial for 

the improvement of flux. While an enhancement in membrane porosity contributes towards the 

improvements of membrane permeability, it has been shown that membranes with comparable 
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porosities can have widely different performances, depending on their cross-sectional 

morphologies [96]. 

 

 

Figure 3.23. Schematic diagram of membrane porosity versus membrane pore size and their 

effect on membrane performance indicators.  

 

The overall bulk porosity of the membrane can be determined by measuring the mass of wet 

and dry membrane samples and the thickness of the wet membrane. Excess water droplets on 

the surface of the wet membrane are carefully removed by a light dabbing of the membrane 

pieces with filter paper prior to weighing the membrane. Thereafter, the membrane samples are 

dried under vacuum and weighed again. To obtain reliable and reproducible membrane porosity 

results, measurements can be performed with at least three different pieces of the membrane 

type. The porosity Ů of the membrane (%) can be calculated using Eq. 3.3 as follows: 
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where Ů is the porosity of membrane, Ww is the weight (g) of the wet membrane, Wd is the 

weight (g) of dry the membrane, ɟw is the density of pure water (g/cm3), A is the membrane 

area (cm2) and ŭ is the thickness of membrane (cm). 

 

The addition of polymeric additives such as PVP or PEG as pore-forming agents in the PES 

polymeric casting solutions has been shown to promote the formation of surface pores in the 

membrane, the size of which increases proportionally with the molecular weight and 

concentration of the incorporated nanoadditive [137-139]. In principle, large surface pore sizes 

lead to enhanced membrane permeability, which is accompanied by reduced solute rejection.  

 

In the majority of studies where functionalised MWCNTs have been incorporated into hybrid 

PES membranes, water flux has been found to increase in proportion to the amount of 

MWCNTs up to a certain point in terms of a specific concentration added. This is because the 

hydrophilic additive is capable of increasing bulk membrane porosity and membrane pore sizes 

during the membrane formation process. Nevertheless, the agglomeration of MWCNTs at 

higher loadings is always deemed a limiting factor with regards to the extent to which porosity 

and pore sizes of the membrane are increased; this is as a consequence of counteracting pore-

formation process [45]. 

 

Both the separation performance and the permeate flux are affected by the membrane pore size. 

The effect of pore size on separation performance is obvious, in that solutes larger than the 

pore size are prevented from passing through while solutes of smaller size than the membrane 

pores simply pass through the membrane. It is important to note that membranes do not have 
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pores of a single size range but rather a distribution of pore sizes. Therefore, rejection of a 

solute will depend on whether the solute approaches a small or a large pore. Nonetheless, even 

if the pores were of uniform size, there would still not be a sharp cut-off or rejection since the 

hydrodynamic and shape effects would ensure that some particles, which are smaller than the 

pore size, would still be rejected by the membrane. 

 

3.6.6.  Mechanical properties 

One of the major aims of incorporating MWCNTs into PES-based membrane matrices is to 

improve the mechanical strength properties of the composite membrane so that the structural 

integrity of the membrane remains intact when the membrane is subjected to various pressures 

during hydraulic cleaning. Using tensile strength, Youngôs modulus and elongation at break 

(fracture strain) measurements, several studies have demonstrated an enhancement of the 

mechanical strength of polymeric membranes when specific weight ratios of MWCNTs have 

been incorporated within the PES-based membrane matrix [28, 60, 64, 140]. The well-

dispersed MWCNTs intertwined within the polymer matrix act as bridges, thereby improving 

interfacial interactions amongst polymeric chains and those between the MWCNTs and the 

polymer matrix. There are four main requirements for effective reinforcement of the polymer 

composite by the nanofiller, and these include: (a) large aspect ratio; (b) good dispersion; (c) 

alignment; and (d) interfacial stress transfer [27]. Therefore, the dispersion of MWCNTs is a 

critical factor that needs to be addressed in order to realize a significant improvement in the 

reinforcement properties of the composite membrane. Poor dispersion and agglomeration of 

MCNTs in the polymer matrix has been shown to result in a reduction of mechanical strength 

and modulus of the composite membrane. Moreover, the mechanical properties of the 

composites are significantly influenced by interfacial interactions between MWCNTs and 
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polymer matrices [141]. The role of the MWCNTs in the composites is that when external 

stress is applied on the composite as a whole, part of those stresses can be transferred to the 

MWCNTs thus allowing the nanoparticles to take a larger part of the load (Fig. 3.24). 

 

 

Figure 3.24 TEM observation of crack nucleation and propagation in MWCNT-polystyrene 

thin films as induced by thermal stresses. Reproduced with permission from [142]. 

 

The presence of defects in the structure of functionalised MWCNTs reduces the mechanical 

strength of these nanoparticles. The defects in the structure of MWCNTs originate from the 

oxidation process that occurs during surface functionalisation of the particles to introduce the  

ïOH, ïCO2
- and ïCO2H groups. Unfortunately, these defects inducing functional groups, 

which are located on the surface of MWCNTs, are essential to aid interaction of the MWCNTs 

with the polymer. The aspect ratio is another factor that plays a major role in increasing the 

critical threshold necessary to establish a percolated particle network in the polymer matrix 

[143]. A 1 nm thick layer of graphene, graphene and GO nanoparticles has an aspect ratio in 

the range of 20 ï 40, when compared with that of MWCNTs which is above 1 000. Such a low 

aspect ratio for GO requires relatively high levels of the nanoparticles to be added to the 
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polymer matrix in order to realise a percolated network structure with prominent mechanical 

reinforcement [144].  

 

While the presence of MWCNTs in PES-based membrane matrices bestows improved 

mechanical strength properties on the membrane with improved mechanical strength 

properties, the membrane morphology plays an equally important role in determining the 

resultant mechanical strength of the membrane. For example, the sponge-like morphology is 

likely enhance the mechanical strength of the membrane when compared with the finger-like 

substructure. It has already been pointed out in earlier sections that finger-like structures and 

macrovoids are mechanically weak points in the membrane structure, which reduce the overall 

mechanical strength of the membrane. Previous studies have reported that the incorporation of 

MWCNTs into the membrane matrix generally leads to the formation of a finger-like cross-

sectional structure with macrovoids (the size of which increases with an increase in the 

composition of MWCNT) [13, 16, 20, 29, 145]. Therefore, in order to fully realise significant 

enhancements in the mechanical strength properties of the PES-based membranes, a 

combination of sponge-like morphology with homogeneously distributed MWCNTs in the 

matrix is, as reported by Gumbi et al. [28], is necessary. 

 

3.7.  PES/MWCNT membrane performance indicators  

Apart from membrane surface characteristics, other factors that influence the fouling 

propensity of a membrane system include feed composition, pre-treatment process used and 

proper adjustment of operating conditions that produce least fouling [4, 19]. In addition, 

hydrodynamic parameters such as cross-flow velocity, transmembrane pressure and operating 

below critical flux of the membrane should be taken into account so as to reduce the permeation 
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drag forces experienced by the membrane surface leading to the deposition of a cake-layer [4, 

19]. According to Field et al. [146], critical flux for the membrane filtration process can be 

considered as the flux just below which deposition into the membrane begins to occur leading 

to the formation of a cake layer [146]. It has been found that an increase in transmembrane 

pressure encourages the formation of irreversible fouling due to an increase in the amount of 

protein transported to the membrane surface by convection [147, 148]. It is known that the 

protein deposit formed under high pressure operation becomes tightly bound into the 

membrane surface making it as a result difficult to remove and thus contributing towards 

irreversible fouling [149]. Therefore, correct selection of the initial transmembrane pressure 

can greatly contribute towards minimising membrane fouling because the critical flux will not 

be exceeded. To this end, it is more ideal to work under constant-flux rather than a constant-

pressure for antifouling experiments of PES based membranes [146].  

 

Parameters that are generally used for assessing fouling include flux recovery ratio (FRR), the 

degree of total flux loss caused by total fouling (Rt), reversible fouling ratio (Rr), irreversible 

fouling ratio (Rir). The flux recovery ratio can be calculated using the following equation. 

 

100*
J

J
(%)FRR

w1

wc=           (3.4) 

where Jw1 is the initial pure water flux and Jwc is pure water flux of the cleaned membrane. 

 

The fouling resistance capability of the membrane can be described in terms of the total fouling 

ratio (Rt), reversible fouling ratio (Rr) and irreversible fouling ratio (Rir) as follows: 
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where Jw1 is the initial pure water flux; Jwc is pure water flux of cleaned membrane; and Jp is 

the solution flux of the foulant. 

 

The FRR is an important indicator of membrane reusability after fouling and cleaning had taken 

place. Therefore, an excellent antifouling membrane has high FRR and low Rt values.  

 

Flux decline during fouling tests in the dead-end filtration setup, can be caused by several 

factors, including adsorption between the membrane and foulants in the feed solutions, cake or 

gel formation, concentration polarisation, and membrane hydraulic resistance. The resistance-

in-series model is useful for the analysis of flux decline [150] and can be described by the 

following equation as: 

 

totRɛ

TMP
J=             (3.9) 

where J is the flux (L/m2 .h); TMP is the transmembrane pressure (MPa); ɛ is the viscosity of 

water at room temperature (1.005x10-3 Pas); and Rtot is the total filtration resistance. 
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The resistance-in-series model combines various resistances that cause flux decline as follows: 

 

aRRRRR cgmtot +++=          (3.10) 

where Rm is the membrane hydraulic resistance; Rg is the cake layer resistance; Rc is the 

concentration polarisation resistance; and Ra is the adsorption resistance. The following 

equations can be used to calculate these various types of resistances: 
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where Jmem is pure water flux measured through a clean membrane; Jpore water flux measured 

after the fouling stage; and Jirr  is water flux measured after the fouling stage and cleaning off 

the gel layer.  

 

3.8. Performance of PES/MWCNT membranes in water treatment applications  

The PES/MWCNT-based membranes have found use in various applications in the water 

treatment sector such as: (i) membranes for the pretreatment of wastewater and seawater for 

the removal of dissolved proteins and organic matter; (ii) adsorptive membranes for the 

removal of heavy metals and emerging pollutants from water; and (iii) supports membranes for 

the fabrication of TFC RO for application in brackish or seawater desalination. 
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The potential application of various carbon nanotube based membranes including 

PES/MWCNT MMMs in water desalination has been discussed in detail elsewhere [151] and 

in preceding chapters. The pre-treatment of seawater and the water produced during the shale 

drilling both make use of UF membrane technology [43]. In addition to desalination 

applications, PES/MWCNT membranes have found use in the removal of emerging pollutants 

and heavy metal ions from water, oil/water separation and in many other applications [152]. 

 

Lee et al. [1] investigated the application of PANI-MWCNT/PES membranes in the pre-

treatment stage of seawater reverse osmosis (SWRO) process in the removal of low molecular-

weight dissolved organic matter (LMW-DOMs). Results of their study revealed that the PANI-

MWCNT/PES membranes displayed a superior permeability (321.3 L/m2.h.bar), which was 

four times higher than that of the pristine PES membrane [1]. Moreover, a 66% removal 

percentage rate of LMW-DOM was reported when 0.5 g/L of PAC was used in combination 

with a PANI-MWCNT/PES membrane possessing a high permeate flux of 600 L/m2.h.bar. 

 

The application of nitrogen-doped MWCNTs (N-CNTs) incorporated into PES membranes in 

the removal of emerging pollutants from water sources (EMPs) has been reported by Wanda et 

al. [153]. The fabricated N-CNT/PES blend membranes displayed superior and effective 

removal capabilities towards a selection of EMPs, with the highest (99.20 ï 99.92%) and lowest 

(84.61ï87.21%) percentage removal rates being achieved for galaxolide and caffeine, 

respectively. The high percentage removal rates for galaxolide was ascribed to the large surface 

area (94.3 ± 0.60 m2/g) and high porosity 0.37 ± 0.03cm3/g) of the 0.01 wt.% N-CNT/PES 

blend membrane, which subsequently led to a substantial increase in the number of sorption 

sites for the target pollutants. 



145 

 

 

The application of SWCNT-COOH/PES UF membranes in the adsorptive removal of 

bisphenol A (BPA) and nonylphenol (NP) has been investigated by Kaminska et al. [154]. 

Using filtration experiments, the pore sizes of the fabricated SWCNT/PES UF membranes were 

found to be considerably large for the retention of the targeted pollutants; however, both static 

and dynamic adsorption experiments were still carried out. The study revealed that by 

increasing the SWCNT-COOH loading on the PES membranes, the membrane became more 

hydrophobic thus enabling high adsorptive removal of BPA ( ͯ78% removal) and NP (ͯ85% 

removal) via hydrophobic-hydrophobic interactions. However, very high SWCNT contents 

(0.5 wt.% SWCNT-COOH of  relative to the PES concentration) lead to a decreased efficiency 

rate in the removal pollutants due to an increase in the porosity, which reduces the number of 

adsorption sites available on the membrane surface [154]. In another study, the ability of 

commercial PES membranes towards the adsorption and retention of BPA and 17ɓ-estradiol 

(E2) was investigated [155]. The retention experiments were carried out in the presence and 

absence of natural organic matter (NOM) and SWCNTs (experimental set-up used is shown in 

(Fig. 3.25). Results of this study have shown that the adsorption of hydrophobic pollutants in 

the feed tank prior to membrane filtration was responsible for their overall retention. 

Furthermore, depending on the membrane area, the adsorption of BPA increased by 10ï40% 

in the exclusive presence of SWCNTs when a contact time of 3 h was used [155].  
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Figure 3.25 Experimental set-up of SWCNTs-UF membrane testing unit used by Heo et al. 

Reproduced with permission from [155]. 

 

Investigated. When the use of MWCNT/PES membranes as substrates for the fabrication of 

TFC FO membranes was investigated, Wang et al. [64] found that the PES composite substrate 

containing MWCNTs displayed excellent FO performance (high salt rejection and high water 

permeability) compared to the commercial PES membrane substrate. Additionally, the 

presence of MWCNTs led to an improvement in the mechanical strength properties of the 

composite membrane. The fabricated membrane displayed promising features for practical use 

in FO applications. Although slightly different from PES, PSf membranes containing acid 

treated MWCNTs were prepared by Kim and coworkers [134] and used as support substrates 

for TFN membranes with AgNPs in polyamide layer. It was found that TFN membranes 

containing 5.0 wt.% of MWCNTs in the support layer displayed a 23% improvement in the 

pure water permeability compared to the TFN membrane that did not have MWCNTs as part 

of their composition. The improvement in the permeability was attributable to the diffusive 
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channel effects of MWNTs [134]. Other properties such as surface hydrophilicity and 

antibacterial and antibiofouling properties were accordingly enhanced.  

 

The studies discussed in this section highlight some of the important applications of 

PES/MWCNT membranes in water treatment. With currently used polymeric membranes 

seemingly having reached a point where it is challenging to improve the separation 

performance by mere optimisation of the synthesis parameters, the incorporation of 

functionalised MWCNTs offers new possibilities and enhancement in the properties of 

membranes.  

 

3.9. Outlook and future perspectives 

The use of PES/MWCNT MMMs in water treatment applications is steadily gaining popularity 

due the promising features that these membranes display. These features include enhanced 

permeabilities, high mechanical strength, improved adsorptive capacities as well as antifouling 

and antibiofouling properties that allows for membrane recyclability. Progress on work 

undertaken on PES/MWCNT composite membranes for water treatment applications in over 

the past eight years can be is illustrated in Fig. 3.26 which shows an increase in the number of 

papers published annually. The fabricated PES/MWCNT membranes have been mainly used 

in wastewater treatment applications, including oil-water separation as well as the removal of 

soluble proteins, organic dyes and targeted micropollutants and other pollutants during water 

desalination.  

 

This review has demonstrated that the cross-sectional structure of PES/MWCNT membranes 

is at the heart of the enhancement of membrane performance and structural properties. 
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However, the debate is ongoing regarding the desired membrane morphology required for the 

enhancement of the properties associated with the performance of PES/MWCNT MMMs. 

Generally, membranes formed by phase-inversion processes in the presence of hydrophilic 

additives such as functionalised MWCNTs possess a finger-like morphology with macrovoids 

located in the membrane sub-layer. While other applications require the presence of finger-like 

channels to limit the resistance to water flow, the presence of these finger-like channels in the 

membrane substructure reduces mechanical strength properties and long-term stability of the 

membrane. Support fabrics (woven and non-woven) are commonly used for the restoration of 

the mechanical integrity of the membranes; however, the use of support fabrics is known to 

induce resistivity to water flow in osmotically driven membrane processes [156, 157].  

 

 

Figure 3.26 Number of research papers published between the years 2010 ï 2018 on the subject 

of PES/MWCNT MMMs for various water treatment applications (Search results obtained 

upon entering the following keywords on Web of Science and Scopus: ñcarbon nanotube 

polyethersulfone composite membranes for water treatmentò). 
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Phase-inversion and interfacial polymerisation methods, which are discussed in detail in this, 

review remain the methods of choice in all studies cited due to simplicity of operation and the 

ease of incorporation of MWCNTs into the PES membrane matrices. Modification strategies 

of PES membranes involving either the incorporation of functionalised MWCNTs or MWCNT 

nanohybrids or polymer blending processes have been thoroughly reviewed. It has been 

reiterated throughout this review that nanoadditive dispersion in the PES matrix is crucial for 

the realisation of maximum enhancement of the properties of the membrane. As far as polymer 

blending with PES is concerned, compatibility of the polymers is essential. The Schneier theory 

enables first-hand evaluation of polymer compatibility prior to synthesis. To date, exciting 

results relating to the improvement of the structural and performance properties of PES-based 

membranes have been obtained through the adoption of the mentioned strategies. However, 

there is still ample room for improvements to the existing modification strategies and/or the 

development of other surface modification strategies which is anticipated in the near future. 

 

Toxicity concerns which pertain to the use of MWCNTs in water treatment applications cannot 

be overlooked. While the addition of MWCNTs yields incredible physicochemical properties 

in membranes, there is still this fear that their presence is likely to cause more harm than good 

particularly because their toxic effects in the environment are not fully understood. Perceptions 

of MWCNTs leaching into the water sources during filtration thereby causing secondary 

contamination are continuing. However, the few toxicity studies that have been carried out 

have demonstrated that the toxicity of MWCNTs depends upon the type of MWCNTs, size or 

dimension, presence of impurities, synthetic method used and physical state (i.e. dispersed or 

agglomerated) [158, 159]. In general, agglomerated MWCNTs are viewed as being more toxic 

compared to well-dispersed MWCNTs. It has been reiterated throughout the review that 

pristine MWCNTs tend to agglomerate easily via van der Waals forces of interaction and are, 
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therefore, likely to be more toxic than functionalised MWCNTs. Therefore, controlling the 

dispersion of MWCNTs in polymer matrices through the adaptation of various methods of 

functionalisation discussed in this review and/or incorporating them at very low contents could 

be a step towards reducing their toxic effects. Another major hurdle that limits large-scale 

applications of MWCNTs is the costs associated with MWCNTs. When choosing to use 

MWCNTs as nanoadditives for membrane modification, researchers are often faced with the 

challenging task of justifying their use since the high costs of MWCNTs have the potential to 

increase the overall operating costs of membrane filtration. Nonetheless, it is envisaged that 

the attractive features and physicochemical properties of MWCNTs modified with various 

surface moieties will continue to drive up the demand for MWCNTs which will propel the need 

for more research into cost-effective methods of producing MWCNTs. The high cost of 

implications of MWCNTs are currently driven by the fact that the manufacturing processes 

employed are only capable of producing a few grams in quantity of MWCNTs per single run 

which requires about 800 °C to operate.  As such, much research focused on developing 

economical processes for the mass production of MWCNTs at lower costs currently being 

undertaken.  

 

Based on their attractive structural and performance features, the future of PES/MWCNT 

membranes looks promising. Nonetheless, even better improvements in membrane properties 

could be realised if the alignment of functionalised MWCNTs within the PES membrane matrix 

can be effectively controlled. Vertically aligned MWCNTs can provide an additional pathway 

for the transport of water molecules, thereby increasing membrane permeability and 

subsequently reducing the required operating pressure. Therefore, more research into scalable 

and cost-effective fabrication methods of aligned functionalised MWCNT/PES membranes is 

needed. Multi -walled carbon nanotube membranes possessing the aligned geometry have the 
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potential to introduce new structural and performance properties thereby introducing another 

dimension to the way in which water is treated. 
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CHAPTER 4  

POLYETHERSULFONE/MULTI -WALLED CARBON NANOTUBE 

ULTRAFILTRATION (UF) MEMBRANES FOR ADSORPTIVE REMOVAL OF 

NATURAL HORMONE ESTRONE  

 

Summary of the chapter 

This chapter report on the adsorptive removal of natural hormone estrone (E1) by large pore-

size polyethersulfone/multi-walled carbon nanotube (PES/MWCNT) ultrafiltration (UF) 

membranes. The PES/O-MWCNT membranes were prepared via conventional non-solvent 

induced phase-separation method, in which oxidised MWCNTs (O-MWCNTs) were 

homogenously dispersed in the PES matrix. Membrane surface and morphological features 

presumed to have significant influence on E1 removal, were characterised using scanning 

electron microscopy (SEM), atomic force microscopy (AFM), zeta potential measurements and 

molecular weight cut-off (MWCO) experiments. The incorporation of O-MWCNTs resulted in 

a 20% increase in the membrane adsorption capacity; adsorption initially increased with an 

increase in O-MWCNT content followed by a decline upon further increments in O-MWCNT 

loading. Langmuir maximum adsorption capacity increased by 30% in the presence of 0.5wt.% 

O-MWCNTs in PES membranes (31.25 mg/g) in comparison to bare PES UF membrane (23.81 

mg/g). The adsorption kinetics followed the pseudo-second-order kinetic model and the 

Freundlich isotherm provided a better fit for the adsorption data. After five adsorption-

regeneration cycles, the PES/O-MWCNT membranes maintained almost the same adsorption 

efficiency, a property that is ideal for repeated use. Results obtained in this study provided 

evidence that the right combination of membrane surface characteristics and adsorbate solution 

chemistry is necessary for an open UF membrane to display reasonable removal efficiencies 

for low molecular-weight solutes such as E1.  
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Keywords: estrone; multi-walled carbon nanotubes; mixed-matrix membrane; adsorptive 

interactions; hydrogen-bonding; ˊ-ˊ interactions 

 

4.1. Introduction  

4.1.1. Techniques for the removal of estrogenic EDCs from water systems 

As early as 1965, Stumm-Zollinger and Fair were among the first researchers to demonstrate 

that several steroid hormones are unlikely to be removed by conventional wastewater treatment 

processes and raised concerns regarding their possible adverse effects in municipal wastewater 

and receiving water bodies that eventually supply drinking water [1]. Since then, numerous 

studies have been carried out which have confirmed this fact, while advanced technologies 

such as ozonation, ultraviolet irradiation and membrane filtration have been shown to be 

capable of enhancing their removal [2-7]. Steroid hormones generally find their way into 

wastewater, natural surface waters and groundwater through excreted human urine [8]. The 

excreted hormones in urine are predominantly in an inactive form, and become reactivated by 

enzymes produced by bacteria present in water sources [9]. The problem with the presence of 

these estrogenic hormones and several other organic micropollutants in water bodies is that 

they are endocrine-disrupting compounds (EDCs) in humans and in animals [10]. This means 

that they are capable of interfering with the endocrine system by mimicking the natural body 

hormones and triggering responses by blocking receptors thus preventing hormone responses 

[11].  

 

The difficulty in removing hormones from water sources lies in the fact that they occur at 

extremely low concentrations and that their sizes or molecular weights are very small (268 ï 

315 Da) [11]. Therefore, in pursuit of selecting a removal method for hormones in water 
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sources, their small sizes need to be taken into account. As such nanofiltration (NF) and reverse 

osmosis (RO) membranes are obvious candidates for the removal hormones, owing to their 

small membrane pore sizes. Numerous studies have since been carried out and have 

demonstrated the ability of high-pressure NF and RO membranes for the retention of hormones 

and other EDCs via size exclusion or adsorption mechanism or combination of both 

mechanisms [6, 12-15].  

 

Apart from the characteristics of the membrane used, other physicochemical properties of 

hormones such as the magnitude of their octanolïwater partition coefficients (log Kow) also 

influences the extent of their removal by membranes [16]. The log Kow value is used to express 

the hydrophobicity of organic solutes. Organic solutes with log Kow > 2.5 are expected to be 

hydrophobic, while those with log Kow < 2.5 are presumably hydrophilic [13]. Seemingly, log 

Kow values can be correlated with hydrophobic-hydrophobic interactions as the most likely 

separation mechanism to take precedence when hydrophobic membranes are used. Yoon et al., 

investigated the removal of EDCs and pharmaceuticals and personal care products (PPCPs) of 

various physicochemical properties, by NF (thin-film aromatic polyamide) and UF (sulfonated 

PES) membranes [7]. It was reported by these authors that although bigger in pore size, UF 

membranes were capable of retaining mostly hydrophobic EDCs and PPCPs due to 

hydrophobic-hydrophobic adsorption, whereas retention by NF membranes occurred by a 

combination of both hydrophobic-hydrophobic adsorption and steric exclusion mechanisms. 

Another study by Sheng et al. [17], investigated the removal efficiencies of different water 

treatment technologies including UF membranes with MWCO = 100 kDa, powdered activated 

carbon (PAC) and coagulation (COA) and a combination of these technologies for various trace 

pharmaceuticals (e.g. acetaminophen, bezafibrate, caffeine, carbamazepine, etc.) of less than 

0.4 kDa in size from water. The authors reported that when UF membrane filtration process 
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was used alone, the average removal of trace pharmaceuticals was about 29%, whereas the 

combination of UF and PAC, led to an increase in average removal efficiency up to 90.3%. 

The increase in observed retention after the combination of the two treatment technologies was 

attributed to the fact that trace pharmaceuticals were initially adsorbed into the surface PAC, 

thereby forming PAC clusters which could then be easily filtered by the UF membrane [17]. 

As such, by virtue of their porous nature, the key mechanism by which UF membranes are 

capable of removing organic micropollutants in water systems is predominantly by membrane 

surface adsorption, which is in turn associated with the solute compound hydrophobicity (log 

KOW). 

 

Powdered activated carbon (PAC) and granular activated carbon (GAC) are commonly used 

adsorbents during the pretreatment stages of wastewater and seawater desalination [18]. 

Nonetheless, several studies have compared the adsorption capacities of activated carbon for 

various organic micropollutants to those of single-walled carbon nanotubes (SWCNTs) and 

multi-walled carbon nanotubes (MWCNTs). It has been found that CNTs are more effective 

for the adsorption of pollutants than AC due to their fibrous shape, large surface area-to-volume 

ratio and shorter equilibrium times [19, 20]. Moreover, AC has low adsorption affinity for low 

molecular-weight organic compounds, while CNTs strongly adsorb the majority of  these 

compounds due to the diverse CNT-contaminant interactions including hydrophobic effect, 

“  “ interactions, hydrogen bonding, covalent bonding, and electrostatic interactions [21, 

22]. Kumar and Mohan [23], investigated the removal of natural and synthetic steroid hormone 

estriol (E3) and 17a-ethynylestradiol (EE2) by MWCNTs as adsorbents. It was reported that 

the adsorption of hormones was largely dependent on adsorbate concentration and pH of the 

solution. Whilst AC is capable of removing organic micropollutants to certain extents, large 
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amount of chemical sludge is generated due to the usage of relatively high adsorbent dosage. 

The sludge produced is deemed to be a serious environmental concern [24]. 

 

Therefore, an approach to reduce the chemical dosage of adsorbents by developing membrane 

material with enhanced removal capacity for organic micropollutants, and with low energy 

requirements must be investigated. The present study investigated the adsorptive removal of 

the natural hormone estrone (E1) by making use of an integrated system that combines 

polyethersulfone membranes with different loadings of O-MWCNTs (in order to prepare 

PES/O-MWCNT UF membranes). Polyethersulfone (PES) is a hydrophobic polymer with 

adsorptive capabilities for retaining hydrophobic steroid hormones [11]. However, the 

incorporation of O-MWCNTs was investigated for further enhancement of the adsorptive 

capacity of the PES UF membrane for hormones. Kaminska et al. [25], investigated the removal 

of micropollutants (bisphenol A and 4-Nonylphenol) in synthetic wastewater using PES NF 

nanocomposite membrane incorporated with carboxyl-functionalised SWCNTs. The authors 

reported that an increase in SWCNT content led to an increase in micropollutant removal due 

to the increase in membrane hydrophobicity. Although natural hormones generally occur at 

low concentrations in water sources compared to other micropollutants, the endocrine-

disrupting potency of hormones is several orders of magnitudes higher than that of organic 

micropollutants such as pesticides and alkyl phenols [26, 27]. This fact alone makes it 

worthwhile to investigate other alternative methods by which hormones can be removed from 

contaminated water sources. The E1 hormone was selected as a target micropollutant in this 

study due to its high persistence, high potency and moderate concentrations in wastewaters 

[12]. Moreover, E1 is a degradation product of the 17ɓ-estradiol (E2) hormone [5], and will 

therefore give an indication on the potential removal of other estrogenic hormones alike. Very 
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little has been reported on the removal efficiencies of natural hormones such as E1 by UF 

membranes.  

 

4.1.2. Theory on membrane separation mechanisms 

The retention of solutes or organic micropollutants in contaminated water sources by 

membranes  occurs by one or a combination of the following mechanisms; (i) steric hindrance 

(or size exclusion), (ii) electrostatic interaction and (iii) hydrophobic-hydrophobic interactions 

(or adsorption) [13] as depicted in Fig. 4.1. With the steric hindrance mechanism, solutes larger 

than the pore sizes of the membranes are prevented from passing through while those smaller 

than the membrane pore sizes, simply permeate through the membrane. The electrostatic 

interaction mechanisms take precedence when charged organic solutes are subjected to a 

charged membrane surfaces [11]. Here, the Coulombôs law of attraction is followed, whereby 

negatively charged organic solutes are highly rejected by negatively charged membrane 

surfaces as a consequence of electrostatic repulsion. Verliefde et al. [28], further demonstrated 

that the rejection of positively charged organic solutes by negatively charged membranes is 

lower than that of neutral organic solutes. This was attributable to electrostatic attraction 

between the negatively charged membrane and positively charged solute. On the other hand, 

hydrophobic-hydrophobic interactions, predicts that when hydrophobic membranes are used 

for solute separation, the hydrophilic solutes are better rejected than hydrophobic solutes as a 

consequence of hydrophobic solutes easily partitioning into the membrane matrix through the 

formation of H-bonds, thereby diffusing to the permeate side [13]. Initially, hydrophobic 

solutes easily adsorb into hydrophobic membrane surfaces which may lead to an 

overestimation of observed rejection values [10, 29]. It is therefore essential that saturation of 

the membrane with the solute of interest is carried out first, in order to obtain accurate 
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membrane retention capacity. Once membrane saturation has reached equilibrium, the rejection 

of hydrophobic solutes by hydrophobic membranes will be lower than that of hydrophilic 

solutes.  

 

Figure 4.1 Membrane separation mechanisms. 

 

The purpose of the present study was to evaluate the E1 adsorption behaviour of O-MWCNTs 

and PES/O-MWCNT UF membranes using low-concentration E1 solutions. The main 

emphasis was on the development of adsorptive PES membranes as hosts for O-MWCNTs 

adsorbents. The effect of O-MWCNT content in the PES matrix, membrane surface 

characteristics, membrane area, contact time and solution pH on the E1 removal capacity was 

investigated.  
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4.2. Experimental  

4.2.1.  Materials 

Polyethersulfone (PES) (Veradel 3000P) was kindly supplied by Solvay Advanced Chemicals 

(Belgium), while N-methyl-2-pyrrolidinone (NMP) and 55% nitric acid (HNO3) were 

purchased from Sigma-Aldrich, Germany. Multi-walled carbon nanotubes (O.D. x I.D. x L= 

10 nm ± 1 nm × 4.5 nm ± 0.5nm × 3- ~6 ɛm) were produced in-house via a catalytic chemical 

vapour deposition (CVD) method (Appendix B. supplementary materials section). PEG (10, 

20, 35 kDa) and PEO (100, 200 kDa) were purchased from Sigma-Aldrich, Germany. 

Radiolabelled [2,4,6,7-3H] estrone (E1) hormone solution (3.48 TBq/mmol) was purchased 

from PerkinElmer. The E1 stock solution concentration was 10 µg/L. MilliQ type 1 water 

(>18.2 MÝ/cm at 25 °C) was used for the dilution of the E1 stock solution to the required 

concentrations (0, 0.1, 1, 10, and 100 ng/L). Commercial Millipore Biomax® PES membrane 

(PBQK 50205) was supplied by Merck Millipore. 

 

Table 4.1 Physicochemical properties of estrone (E1) 

Molecular structure  Molecular 

weight 

(g/mol) 

Water 

solubility 

(mg/L) 

Octanol-

water 

partition 

coefficient 

(log Kow)[3, 30] 

pKa [3] Diameter 

(nm)[12] 

 

270.37 30 3.13 10.5 0.8 
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4.2.2.  Membrane preparation 

Pristine PES and MWCNT modified PES membranes were synthesized using non-solvent 

induced phase separation method (NIPS). Briefly, weighed amounts of O-MWCNTs were 

ultrasonicated in NMP solvent until homogeneously dispersed. This was followed by the 

addition of 16 wt.% of PES in solution. The mixture was then stirred at 60 °C for 12 h to ensure 

complete dissolution. The polymer solution formed was then cooled and degassed overnight 

under vacuum conditions to remove of any bubbles formed during stirring. The polymer 

solution was then cast directly on a glass plate using an adjustable casting knife set at a film 

thickness of 150 µm, followed by immediate immersion into a water coagulation bath. The 

nascent membrane was then washed several times with deionised water at room temperature 

and stored in deionized water at 4 °C. Pristine PES membranes were labelled as M0, whilst 

PES membranes containing 0.1 wt.%, 0.5 wt.% and 1.0 wt.% of O-MWCNTs were marked as 

M1, M2 and M3 respectively (Table 4.2). 

 

Table 4.2 Composition of the casting solutions for the preparation of PES/O-MWCNT 

membranes. 

Membrane Concentration (wt.%) Viscosity (MPa.s) 

PES NMP O-MWCNTs 

M0 15.0 

15.0 

15.0 

15.0 

85.0 

84.9 

84.5 

84.0 

0.0 

0.1 

0.5 

1.0 

1465 ± 1.05  

M1 1615 ± 1.22  

M2 1885 ± 1.13  

M3 1945 ± 1.45  
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4.2.3.  Membrane characterization 

Attenuated total reflectance Fourier transform-infrared (ATRïFTIR) spectrometer (Perkin 

Elmer, Germany) was used to assess the functional groups present on the surface of PES blend 

membranes. Scanning electron microscopy (SEM) (JEOL JSM ï IT300) was used to study the 

surface and cross-sectional morphology of the membranes. Dried membrane samples were 

sputter-coated with gold (5 nm coating) and freeze-fractured in liquid nitrogen (to avoid 

structure collapse) for viewing of the ross-sectional morphology. Coating of samples with a 

conductive layer of metal inhibits sample charging thus improving the imaging process. The 

size of the surface pores was analysed and processed using Image J software and the results are 

reported in Table 4.3. Atomic force microscopy (AFM WITec Alpha 300) was used to study 

the roughness parameters, namely roughness average (Sa) and root mean square roughness (Sq) 

of the dried composite membranes. Measurements were carried out in non-contact mode under 

a scan size of 5 µm x 5 µm. Water contact angle measurements were carried out using a Krüss 

Drop shape analyzer, (DSA3OE, Krüss GmbH, German) for the evaluation of the 

hydrophilic/hydrophobic membrane properties based on the sessile-drop method. In total, six 

measurements were taken at different locations on the membrane surface and the average value 

is reported. The contact angle values reported were recorded within the first 3 s of the adherence 

of the water droplet on the membrane surface. The thickness of membranes was measured 

using a digital micrometer (Schut Geometrical Metrology, Trossingen, Germany). Thickness 

measurements were taken from at least five different positions on the membranes and the 

average result is reported. 

 

The SurPASS Electrokinetic Analyser (Anton Paar GmbH, Austria) was used to determine the 

zeta potential and isoelectric point values of composite membranes at various pH values. A 
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background electrolyte solution of 10 mM KCl was used during measurements. The zeta 

potentials (z) were calculated using the Helmholtz-Smoluchowski Eq. 4. as:  

 

ȹP.Ů

ȹV.ɖŭ
ɕ=           (4.1) 

where ȹV is the measured streaming potential (V), ɖ is the electrolyte viscosity (Pa.s), ŭ is the 

electrolyte conductivity (S/m), ȹP is the applied pressure (Pa), and Ů is the permittivity of 

water.  

 

Filtration experiments were conducted using stainless steel stirred cells with an active 

membrane area of 38.48 cm2, internal diameter of 7 cm and a cell capacity of 900 mL. The feed 

pressure, solution temperature and mass of permeate were monitored continuously and data 

collected were recorded on the computer using LabVIEW Version 2014 software (National 

Instruments Corporation, Austin, Texas, USA). Membrane coupons were soaked in 10 mM 

NaCl solution for 1 h prior to use, followed by 1 h compaction with MilliQ water. Pure flux 

(Jw) was calculated according to Eq. (4.2) as: 

 

tA

V

w1J
³

=           (4.2) 

where V is the volume of permeate (L), A is the effective membrane area (m2) and t is the 

permeation time (h).  

 

A minimum of three membrane coupons for each membrane type, were tested for pure water 

flux at different pressures and the average of the three values was expressed in the graph of 

pure water flux versus transmembrane pressure (Fig. 4.6). 
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Molecular weight cut-off (MWCO) is defined as the molecular weight of neutral solute for 

which the rejection of the membrane is 90% [31]. The experiments to determine the MWCO 

for the approximation of membrane pore sizes, were conducted using 20 mg/L of polyethylene 

glycol (PEG) and polyethylene oxide (PEO) solutes of different molecular weights. A new 

membrane coupon was used for each molecular weight of PEG tested. Membrane solute 

rejection R (%) was calculated using Eq. 4.3: 

 

( )100
Cf

Cp
1R(%) ³-=          (4.3) 

where Cp and Cf  are solute concentrations in the permeate and feed solution. 

 

The flow rate was maintained at 0.4 g/L during the MWCO determination to ensure that all 

membranes were operated under the same flux of 114.94 L/m2. h. The MWCO results reported 

are based on 15% recovery of the permeate to avoid interferences from adsorption or fouling 

of tested solutes on the membrane surface at higher recoveries which could mask the true 

rejection of the membranes. The feed and permeate concentrations were measured using the 

Sievers M9 Total Organic Carbon (TOC) analyzer (GE Sievers M9 TOC Analytical 

Instruments Inc., Boulder, CO, USA). The relationship between Stokes radius and molecular 

weight of PEG [32] can be expressed according to Eq. 4.4 as: 

 

0.557
M

3
10X16.73r
-

=        (4.4) 
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4.2.4. Static adsorption experiments 

Static adsorption experiments were carried out in a New BrunswickÊ InnovaÈ 43R Incubator 

Shaker (Eppendorf Inc., Enfield, CT, USA) at an agitation speed of 260 rpm and a constant 

temperature of 20 °C. The PES/O-MWCNT membranes were rinsed with MilliQ water and 

placed in a conical flask containing 250 mL of E1 solution (100 ng/L) inside followed by 

agitation. Membrane areas evaluated ranged from 4 to 36 cm2. Sample aliquots of 2.5 mL were 

drawn using a 5 mL micropipette, at predetermined time intervals and stored in 20 mL glass 

vials. Thereafter, 1 mL of sample solution was drawn from each vial and mixed with 1 mL of 

liquid scintillation solvent (Ultima GoldÊ LLT, Perkin Elmer, Inc., Shelton, CT USA) in a 10 

mL scintillation glass vial. The concentration of hormones in each vial was then measured 

using Liquid scintillation counter (LSC; 2550 TR/AB, Packard, USA). A control solution of 

E1 solution (without any membrane) mixed with the scintillator solution was also analyzed. 

The concentration of hormones in each vial was then determined by liquid scintillation (LS) 

counting technology 10 min and measured in triplicate. The E1 concentration in each sample 

was calculated from a linear regression performed on calibration standards (0, 1, 10 and 100 

ng/L). Sampling time intervals used were 0.25, 0.5, 1, 2, 6, 8, 24 h. The percentage of E1 

removed was calculated using Eq. 4.5: 

 

100)

0C

tC
(1removedE1% ³-=        (4.5) 

where Ct is the sample concentration in ng/L at time t and C0 is the initial sample concentration 

(in ng/L). 
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In the case of E1 adsorption by O-MWCNTs, different amounts of O-MWCNTs (1, 2, 6, 8 and 

10 mg) were added into the conical flasks containing the E1 solution, and sample aliquots 

drawn at predetermined time intervals were filtered through a commercial PES membrane 

(PBQK 50kDa, pore diameter ḙ 13.9 nm) prior to mixing with the scintillator solution. The 

commercial membrane was saturated with E1 solution prior to filtration of sample aliquots. 

The adsorbed amounts per unit membrane area (ng/cm2) were calculated through the difference 

between the initial and pseudo-equilibrium concentrations at 72 h.  

 

The logarithm of the partition coefficient (log K) of E1 between the membrane and the bulk 

solution was evaluated per unit volume of membrane [33] using Eq 4.6: 

b
C

Q
loglogK =          (4.6) 

where K is the partition coefficient (dimensionless), Q is the amount of E1 adsorbed per unit 

membrane volume (ng/L) and Cb is the concentration of E1 in the bulk solution (ng/L). The 

Langmuir and Freundlich models were employed for data fitting of the membrane adsorption 

isotherms of E1 as shown in the equations below: 

 

Langmuir equation:  

 

boq

1

oq

eC

eq

eC
+=           (4.7) 

where Ce is the equilibrium concentration (ng/L), qe is the equilibrium adsorbed amount per 

unit membrane area (ng/cm2), qo is the maximum adsorption capacity (ng/L) and b is the 

binding energy constant (L/ng). An essential characteristic of the Langmuir isotherm is the 

dimensionless separation factor (RL) which defines the favourability of an adsorption process 
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(RL = 0 suggests that the process is irreversible, RL < 1 indicates a favourable adsorption 

process, RL = 1 indicates that the process is linear and RL > 1 indicates that the adsorption 

process is unfavourable) [34]. The dimensionless factor (RL) can be calculated using Eq. 4.8 as 

follows: 

 

oCb1

1
LR

+
=           (4.8) 

 

Freundlich equation (linearised form):  

elogC
n

1
FlogKelogq +=         (4.9) 

where qe is the equilibrium loading (mg/g), KF is the Freundlich adsorption capacity parameter 

in relation to the adsorption capacity of the sorbent (ng/cm2) (ng/L))1/n and 1/n is an empirical 

constant indicating the Freundlich adsorption intensity (dimensionless). Ce is the equilibrium 

concentration (ng/L). 

 

Data collected from the investigation of the effect of contact time on E1 adsorption were fitted 

using the pseudo-first-order and pseudo-second-order kinetic model using Eq. 4.10 and 4.11 as 

follows: 

 

t1klnqeqe)ln(qt -=-         (4.10) 
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2

+=          (4.11) 

where k1 (1/min) is the rate constant for pseudo-first-order and k2 (g/mg.min) is the rate constant 

for pseudo-second-order rate kinetic model, qt is the amount of E1 adsorbed at a given time, t 

(mg/g) and qe is equilibrium adsorption capacity (mg/g). 

 

The study was conducted using an E1 solution at a concentration of 100 ng/L and optimum 

membrane area for each membrane sample. About 2.5 mL of aliquots were taken from the 

suspensions at different time intervals. 

 

4.2.5.  Regeneration of PES/O-MWCNT membranes 

To determine the reversibility of the adsorption process, a 25 cm2 of each of the membranes 

after 72 h contact time with E1, were soaked in an ethanol/water mixture (1:1) and shaken for 

30 min [35]. This was followed by rinsing with MilliQ water and drying at room temperature. 

Dried membrane samples were stored in the desiccator overnight. The E1 adsorption 

experiments were re-conducted in the incubator shaker at an agitation speed of 260 rpm and at 

a constant temperature of 20 °C. Sample aliquots were only drawn out of the flasks only after 

72 h contact time with E1. The adsorption-regeneration process was repeated five times. The 

regeneration efficiency was calculated using Eq. 4.12 as: 

 

100x
oq

eq
(%)efficiencyonRegenerati =      (4.12) 

where qe is the adsorption capacity of the regenerated membrane and qo is initial adsorption 

capacity of membrane. 
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4.3. Results and discussion 

4.3.1. FTIR analysis of PES/O-MWCNT membranes  

Fig. 4.2 shows the ATRïFTIR spectra of the PES blend membranes containing various loading 

of O-MWCNTs. All the membranes were found to exhibit the characteristic sulfonyl group 

bands in the regions  ͯ1235 and 1136 cmī1 due to the asymmetric and symmetric stretching 

vibrations of the ïS=O groups of the PES polymer chains [36]. The PES membranes containing 

O-MWCNTs have a broad band in the region 3ͯ400 cmī1  due to the presence of ïOH 

functional groups and an additional band at 1643 cmī1 due to asymmetric stretching of the ï

C=O groups [37]. It can be also seen from the figure that the intensity of both ïOH and ïC=O 

bands is higher for membrane M3 containing the highest loading of O-MWCNTs. The 

appearance of these peaks suggests that O-MWCNTs were adequately incorporated into the 

PES matrix and did not leach out of the polymer solution during the coagulation process. 

Moreover, their presence is essential for enhancing the hydrophilic properties of the PES 

membrane. 
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Figure 4.2 FTIR spectra of PES/O-MWCNT membranes. 

 

4.3.2. Morphological characterisation of PES/O-MWCNT membranes  

The SEM surface and cross-sectional images of PES/O-MWCNT membranes are shown in Fig. 

4.3. It can be visually observed from the surface images that all the membranes studied have 

an open-porous surface morphology. It was found that the addition of O-MWCNTs led to a 

gradual decrease in membrane pore size from 25.9 ± 0.01 nm for M0 to 19.3 ± 0.03 nm for M1 

and 17.4 ± 0.09 nm for M2 (Table 4.3). However, upon further increments in O-MWCNT 

content, the surface pore sizes for M3 slightly increased to 21.3 ± 0.11 nm, although still 

relatively below those of M0. The observed phenomenon from SEM surface images can be 

correlated with their corresponding cross-sectional images. Clearly, the finger-like macrovoid 

morphology of M0 undergoes a transition into a less open sub-layer morphology with fewer 

macrovoid structures in the membrane sublayer of M1, M2 and M3 upon increments in O-

MWCNT content.  
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Generally, the incorporation of low amounts of hydrophilic O-MWCNTs into polymer matrices 

enhances the phase-separation kinetics during membrane formation, leading to the creation of 

finger-like and macrovoid structures in the membrane sublayer. The size and number of these 

unique structures reduces upon further increments in nanoadditive loading [36, 38]. However, 

an opposite trend was obtained in this study, whereby the inclusion of O-MWCNTs (at all 

loadings) in the PES matrix led to a reduction in pore sizes and suppressed the formation of 

macrovoid structures. This can be explained by the fact that although the presence of 

hydrophilic MWCNTs enhances phase separation, their presence also increases the polymer 

solution viscosity, leading to a delay in solvent/non-solvent demixing, thus leading to a 

generation of dense and less porous membrane structure. At high O-MWCNT loadings, 

membrane pore clogging occurs, thus reducing the surface pore size [39]. Expressing the O-

MWCNT loading with respect to the polymer concentration can assist in further understanding 

the observed morphology. As such, the content of O-MWCNTs with respect to PES used in 

the study ranged from 0.66 ï 6.67 wt.%. This is a relatively high nanoadditive loading 

compared to what has been previously used in other studies (0.03 ï 0.09 wt.% by Sengur-

Tasdemir et al.; 0.25 ï 0.5 wt.% by Saranya et al.; and 0.22 ï 0.55 wt.% by Vatanpour et al.) 

to modify structural and surface properties of PES/MWCNT membranes [36, 40, 41]. This 

demonstrates that the O-MWCNT content has a significant effect on the resultant membrane 

internal morphology and microstructure.  
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Figure 4.3 SEM surface and cross-sectional images of PES/O-MWCNT membranes: (a) M0, 

(b) M1, (c) M2 and (d) M3. 

 

Atomic force microscopy (AFM) was used to investigate the changes in membrane surface 

roughness upon inclusion of O-MWCNTs in the PES matrix. The average arithmetic roughness 
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(Sa) and root mean square roughness (Sq) values initially decreased upon the incorporation of 

O-MWCNTs for M1 and M2 followed by an increase for M3 containing the highest O-

MWCNT loading (Table 4.3). This initial decline in surface roughness of membranes can be 

attributed to the increase in viscosity of the casting solution upon inclusion of O-MWCNTs, 

leading to the inhibition of the exchange rate between solvent and non-solvent, resulting in the 

formation of smoother membrane surface [38]. Moreover, the formation of smaller-size surface 

pores as established from SEM analysis, contributes towards the reduction in membrane 

surface roughness. However, at higher loadings, bundling and agglomeration of O-MWCNTs 

occurs due to increased van der Waals interactions leading to the formation of rougher 

membrane surface [36, 42].  

 

Membrane thickness initially decreased by about 7% upon the inclusion of 0.1 wt.% of  

O-MWCNTs for membrane M1. However, with further increments in O-MWCNTs content, 

the membrane thickness was found to increase for membranes M2 and M3 compared to that of 

bare PES membrane (M0). This initial decline in membrane thickness can be attributed to the 

partial enhancement in phase-separation kinetics at lower O-MWCNT contents in the PES 

matrix, leading to reduced membrane thickness. However, at higher loadings of O-MWCNTs, 

the viscosity of the casting solutions increases leading to delayed demixing process (i.e. the 

rate of non-solvent influx into the polymer solution decreases) resulting in the formation of 

thicker membranes [43]. The membrane thickness results obtained are congruent with findings 

from SEM cross-sectional images of the membranes.  
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Table 4.3 Roughness parameters, average surface pore size and thickness of PES/O-MWCNT 

membranes. 

Membranes 

 

Roughness 

parameters  

Average 

surface pore 

size (nm) 

Membrane 

thickness 

(µm) 

MWCO 

(kDa) 

SA (nm) 

 

SQ (nm) 

 

M0 19.8 ± 0.01 24.6 ± 0.13 25.9 ± 0.01  70.8 ± 0.13 95.8 

M1 12.0 ± 0.05 17.2± 0.02 19.3 ± 0.03  66.0 ± 0.21 91.6 

M2 11.2 ± 0.01 15.3 ± 0.04 17.4 ± 0.09 74.0 ± 0.11 88.1 

M3 24.2 ± 0.08 32.2 ± 0.11 21.3 ± 0.11 77.0 ± 0.19 81.7 

 

4.3.3. MWCO characterisation of PES/O-MWCNT membranes  

Molecular weight cut-off (MWCO) is a measure of the pore size of membranes and is defined 

as the molecular weight of a neutral solute that is retained at 90% by the membrane [44, 45].  

In addition to the physical characterisation of membrane pores by microscopic evaluation, 

permeation and solute rejection studies in terms of the MWCO of membrane were conducted 

and the results are shown in Fig. 4.4. It can be seen that the addition of O-MWCNTs to the PES 

matrix led to a decrease in MWCO of the nanocomposite membranes. The MWCO of 

membranes progressively declined from ~96 kDa for M0 to ~82 kDa for M3. The decrease in 

MWCO of the membrane can be attributed to the formation of less open sublayer morphology 

as established from SEM analyses, due to the presence of high O-MWCNT loadings in the PES 

matrix. The presence of high (0.5 and 1.0 wt.%) O-MWCNT loadings increased the viscosity 

of PES casting solution, leading to delayed solvent/non-solvent demixing during the phase-
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inversion process, thereby significantly reducing the surface pore size. As expected, the 

MWCO has a linear relationship with the pore size of the membrane. Similar findings were 

also reported by Saranya et al., whereby a decrease in MWCO of PES membranes containing 

functionalised MWCNTs was obtained as a consequence of selective transport channels being 

introduced by the presence of functionalised MWCNTs [40].  

 

 

Figure 4.4 Molecular weight cut-off profiles of PES/O-MWCNT membranes. 

 

4.3.4. Contact angle and pure water flux measurements of PES/O-MWCNT membranes 

To study the changes in surface hydrophilicity upon inclusion of O-MWCNTs in the PES 

matrix, contact angle measurements were carried out. It is shown in Fig. 4.5 that the contact 

angle values initially decreased for membranes M1 and M2 followed by an increase for M3.  

A decline in contact angle value for M1 and M2 from that of M0 suggests that the hydrophilic 

properties of the membrane surface are enhanced by incorporation of hydrophilic O-MWCNTs 
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[46]. It is understood that during phase separation of the membrane formation process, 

hydrophilic O-MWCNTs migrate spontaneously to the membrane-water interface to reduce the 

interfacial energy, thereby making the membrane surface hydrophilic [38, 47]. Additionally, 

the contact angle values measured for M1 and M2 do not differ much (with only a 2° decline), 

suggesting that only a small amount of O-MWCNTs is sufficient to improve membrane surface 

hydrophilicity. The increase in contact angle at higher O-MWCNT loadings can be linked to 

the formation of agglomerates or clusters of O-MWCNTs, which become irregularly positioned 

in the PES matrix for M3, thus increasing membrane surface roughness. The increase in surface 

roughness leads to higher contact angle values measured. Therefore, contact angle 

measurement results are in agreement with the roughness data from the AFM analysis.  

 

Figure 4.5 Contact angles of PES/O-MWCNT membranes. 
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to the membrane surface and increases the thickness of the pure water layer deposited on the 

membrane surface [50, 51]. The effect of applied transmembrane pressure on pure water flux 

of PES/O-MWCNT membranes was evaluated (Fig. 4.6). The plot of the pure water flux versus 

pressure displayed a linear relationship, and the inverse of the slope is the intrinsic membrane 

hydraulic resistance (Rm) [52]. The pure water fluxes of M1, M2 and M3 containing of  

O-MWCNTs were lower than that of M0 at all applied pressures. For example, at 1 bar, the 

pure water flux declined from 405.4 L/m2.h for M0 to 296.8 L/m2.h, 201.6 L/m2.h and 148.7 

L/m2.h for M2, M3 and M4. The decline in pure water fluxes of membranes containing  

O-MWCNTs can be attributed to their smaller surface pore sizes, and low MWCO values 

compared to those of the pristine PES membrane. Although membranes containing O-

MWCNTs displayed improved surface hydrophilicity, it is the membrane pore sizes that had a 

dominating effect on the resultant pure water flux or permeation properties of the membrane 

as predicted by the Hagen-Poiseuille theory [53]. Moreover, the higher Rm values of 0.03, 0.05 

and 0.06 bar/l.m-2.h-1 for M1, M2 and M3 compared to that of M0 (0.02 bar/l.m-2.h-1) are as a 

result of their compact, and less porous membrane structure. Therefore, PES membranes 

containing O-MWCNTs are likely to have higher stability under prolonged operation compared 

to the bare PES membrane as a consequence of their compact structure and higher hydraulic 

resistance. 
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Figure 4.6 Effect of transmembrane pressure on pure water flux of PES/O-MWCNT 

membranes.  

 

4.3.5. Zeta potential of PES/O-MWCNT membranes 

The surface charge on the membrane is generated from the interaction of surface functional 

groups with the aqueous environment and therefore, the pH value of the electrolyte solution 

used plays a crucial role in determining the charge assumed by the membrane [54]. 

Measurement of the zeta potential of a membrane surface assist in the prediction of the 

electrostatic interaction between the membrane surface and the aqueous environment. Zeta 

potential values of prepared membranes as a function of electrolyte pH are presented in Fig. 

4.7. All the membranes have positive surface charges at lower pH (< 2.5) and then assume a 

negative charge at higher pH values (> 3). This is because under alkaline conditions, sulfonic 

acid groups of the PES backbone and the carboxyl groups of incorporated O-MWCNTs 

undergo dissociation to generate negatively charged ions. At low pH values, adsorption of 
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membranes containing O-MWCNTs (M1, M2 and M3) have more negative zeta potentials than 

M0; the zeta potential values become more negative as the content of O-MWCNT is increased. 

For example, at pH of ͯ 10, the zeta potential value is -49 mV for M0, -54 mV for M1, -56 

mV for M2 and -61 mV for M3.  

 

The isoelectric points (IEP), i.e., the pH at which the net charge of the membrane is zero, of 

the zeta potential curves is found to shift to lower pH values with an increase in O-MWCNT 

loading in the PES matrix i.e. from 2.80 for M0 to 2.58 for M1, 2.40 for M2 and 2.31 for M3. 

The increase in negative charge as well as the shift in IEPs to lower pH values for M1 ï M3 

can be attributed to the presence of acidic functional groups of O-MWCNTs on the surface of 

the PES membrane. It was established from contact angle measurements that during membrane 

formation, hydrophilic O-MWCNTs migrate to the membrane-water interface to improve 

surface properties of the membranes as reported in other studies [25, 55]. The shape of the zeta 

potential curves is characteristic of amphoteric surfaces with acidic and basic functional groups 

[56, 57]. 
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Figure 4.7 Surface zeta potential as a function of electrolyte pH for PES/O-MWCNT 

membranes. 

 

4.3.6.  Removal of natural hormone estrone (E1)  

It has been established from SEM analysis and from MWCO determination experiments that 

the pore sizes of the prepared PES/O-MWCNT membranes are much larger (typically between 

82 ï 96 kDa) than the size or molecular weight of the target micropollutant E1 (which is 270 

Da). As such, the removal of E1 molecules by size exclusion mechanism cannot be possible 

using the prepared UF nanocomposite membranes. The two other possible mechanisms to 

investigate are removal by hydrophobic interactions and electrostatic interactions. Nonetheless, 

when considering the log Kow value for E1 which is above 2.5, it is expected that the hormone 

will interact with the membranes by hydrophobic-hydrophobic interactions. As such, the effect 

of O-MWCNT content on the PES matrix and the role of solution pH in the adsorption of E1 

were studied.  
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4.3.6.1. Effect of membrane area and O-MWCNT content on E1 adsorption 

Batch adsorption experiments allow for rapid investigation of solute adsorption on membrane 

surface and/or pores without having to carry out filtration experiments [33]. Fig. 4.8 shows the 

adsorption of E1 by PES membranes containing various loadings of O-MWCNTs as a function 

of membrane area after 72 h contact time. Several generalisations can be drawn from the figure. 

Firstly, E1 adsorption increases with an increase in membrane area used, with optimum 

adsorption for each membrane type obtainable for the 25 cm2 membrane area (Fig. 4.8). No 

significant increases in E1 adsorption were obtained above 25 cm2. This is due to the increase 

in the number of available sites for adsorption of hormones on larger membrane area. Secondly, 

E1 removal increased with an increase in O-MWCNT loading in the PES matrix. For example, 

as shown in Fig. 4.8, for 25 cm2 of membrane used, E1 removal increased from 59% for M0 to 

74% for M1, 80% for M2 and 68% for M3. It is important to note that pristine PES membrane 

(M0), displayed a reasonable adsorption capacity of 59% to due to the hydrophobic-

hydrophobic interactions between the hydrophobic E1 (log KOW value of E1 is above 2.5) and 

a hydrophobic PES membrane. The hydrophobic segments of E1 and PES interact in aqueous 

media and in the process, water molecules are displaced from the interacting surface (Fig. 4.9) 

[58]. In a separate experiment, E1 adsorption by PES based O-MWCNT membranes was 

compared to that of polysulfone (PSf) based O-MWCNT membranes. It was found that E1 

adsorption by PES based membranes was higher than those achieved by PSf/O-MWCNT 

membranes (Fig. S4.1). Schäfer and coworkers [11] investigated the difference in estradiol 

(E2) sorption on variety of polymer materials including amongst others PES and PSf. It was 

reported that PES is a highly adsorbing polymer compared to PSf even though PSf is more 

hydrophobic (higher contact angle) than that of PES. The chemical structure of PSf consists of 

isopropylidene groups (-C(CH3)2) in addition to the sulfonyl (-SO2-) and the ether (-O-) groups 
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that PES also consist of, which causes the polymer to be nonpolar and hydrophobic (Fig S4.2). 

On the other hand, PES has the highest number of sulfonyl moieties in the repeating polymer 

chain compared to PSf hence the higher affinity for water. Therefore, the increase in adsorptive 

capacity of PES although less hydrophobic than PSf can be attributed to the likelihood of the 

formation of hydrogen bonds between -SO2- groups of PES and ïOH and ïC=O groups of E1. 

 

In the case of PES membranes containing O-MWCNTs (M1, M2 and M3), hydrophobic 

interactions are not the main mechanism for enhanced E1 adsorption as the FTIR analysis and 

contact angle measurements have already shown that the membranes have a hydrophilic 

character. Other workers have reported that the large surface area-to-volume ratio of  

O-MWCNTs enhances the adsorption of polyaromatic hydrocarbons, pesticides and natural 

organic matter [59]. The presence of O-MWCNTs with large surface areas in the active skin 

layer is also responsible for enhanced adsorption of E1 by membranes M1 and M2. However, 

at higher loadings (M3), O-MWCNTs form by agglomerations and clusters leading to a 

reduction in specific surface area available for adsorption. Similar results have also been 

reported by others [25, 60]. In addition, hydrogen bonding interactions between ïOH and ï

C=O groups of E1 with ïCOO- groups of O-MWCNTs also contribute towards the 

improvement in hormone adsorption of membranes M1, M2 and M3 under neutral conditions 

(Fig. 4.10). Moreover, the presence of O-MWCNTs in the PES matrix introduces an additional 

E1 adsorption mechanism; the ˊ-ˊ electronïdonor-acceptor interactions with E1, i.e., aromatic 

rings of E1 containing the ïC=O groups are electron acceptors, while graphene sheets of O-

MWCNTs become electron donors (high ˊ-system polarisability) [61]. According to Hunters 

and Sanders, it is in fact the properties of atoms in the regions of intermolecular contact 

between two materials that control the strength and geometry of the ˊ-ˊ interactions, rather 

than the overall molecular oxidation or reduction potentials [62]. This suggests that the 
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resultant strong net ˊ-ˊ interactions occur as a result of ˊ-sigma attractions overcoming any 

possible ˊ-ˊ repulsions. Moreover, the incorporation of O-MWCNTs in the PES matrix creates 

a compact membrane structure with smaller-size surface pores, which increases the surface 

area available for hormone adsorption.  

 

 

Figure 4.8 E1 adsorption on PES membranes containing various loadings of O-MWCNTs after 

72 h contact time as a function of membrane area. Experimental conditions: 100 ng/L solution 

of E1, pH ͯ 6, at 20 °C, 260 rpm. 
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Figure 4.9. Hydrophobic interactions between E1 and PES membrane (M0). 

 

 

Figure 4.10. Hydrogen bonding interactions between E1 and PES/O-MWCNT membranes. 
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The partition coefficients (log K) of E1 between PES/O-MWCNT membranes and bulk 

solution as a function of membrane area are represented in Fig. 4.11. It can be seen that for all 

PES membrane types, log K remains fairly constant as the membrane areas are increased from 

4 ï 36 cm2. This suggests that pseudo-equilibrium state was reached for all membrane types 

[33]. Moreover, the log K values of M0 (59.10 ï 104.91) were lower than those of PES 

membranes containing O-MWCNTs, M1 (73.43 ï 141.82), M2 (100 ï 179.56) and M3 (61.70 

ï 122.06). The increase in log K values in the presence of O-MWCNTs is indicative of the 

favourable partitioning of E1 hormone between the solution and the modified PES membranes, 

thereby contributing towards the enhancement of E1 adsorption.  

 

 

Figure 4.11 Comparison of partition coefficients of E1 between the PES/O-MWCNT 

membranes and the bulk E1 solution. Experimental conditions: 72 h contact time, 100ng/L E1 

solution,pH ͯ 6, at 20 °C, 260 rpm. 
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4.3.6.2.  Effect of contact time on E1 adsorption 

Over the course of time, the mass of E1 adsorbed into the membranes increased until a steady 

state was reached after 72 h (Fig. 4.12). The E1 adsorption was found to increase by 39% for 

M0 and 59% for M2 with the increase in contact time from 0.5 h to 24 h. This is due to an 

increase in continued adsorption of E1 hormone into the membranes with time and the presence 

of highly adsorbing O-MWCNTs with large-surface area, in the skin layer of PES/O-MWCNT 

membranes. However, compared to the adsorption into free-standing O-MWCNTs, the rate of 

E1 adsorption was much faster on free-standing O-MWCNTs, with the equilibrium reached 

after a contact time of 6 h. Moreover, a higher adsorption efficiency (96 ± 1.7 %) was achieved 

with O-MWCNTs. This is because with free-standing O-MWCNTs, a large surface-area of  

O-MWCNTs is available for contact and adsorption of E1 molecules, whereas in a mixed-

matrix membrane configuration, fewer O-MWCNTs become available for contact with E1 

molecules.  This means that a portion of the O-MWCNTs migrate to the PES membrane skin 

layer to enhance the membrane surface properties while some remain in the membrane sublayer 

and matrix. As such, further research on increasing the availability of O-MWCNTs through 

spatial localisation of O-MWCNTs in the membrane active layer, while minimising leaching, 

is necessary, in an effort to make full use of the highly adsorptive properties of O-MWCNTs. 

 

Pseudo-first-order and second-order kinetic models were used to study the adsorption kinetics 

followed by PES/O-MWCNT membranes during the adsorption of E1 from aqueous solutions. 

Based on the linear correlation coefficients (R2) of both models given in Table 4.4, pseudo-

second-order kinetic model provided a better fit for the adsorption data (higher R2 values 

compared to those of pseudo-first-order model). Moreover, the rate constant values obtained 

for the pseudo-second-order kinetics were higher than those of pseudo-first-order kinetics, 
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further confirming that the adsorption of E1 by PES membranes containing different loadings 

of O-MWCNTs favoured pseudo-second order kinetics. This suggests that chemisorption of 

E1 onto evaluated membranes is the rate limiting step [34]. 

 

 

Figure 4.12 Time-dependent E1 removal by O-MWCNTs and by PES membranes containing 

various loadings of O-MWCNTs. Experimental conditions: 25 cm2 membrane area, initial E1 

concentration of 100 ng/L, pH ͯ 6, at 20 °C, 260 rpm. 

 

 

 

 

 

 

 

 

 

0 10 20 30 40 50 60 70 80

0

20

40

60

80

100

 

 

%
 E

1
 a

d
s
o

rb
e

d

Time (h)

 4 mg O-MWCNTs

 M1

 M2

 M3

 M4



199 

 

Table 4.4 Kinetic model parameters for E1 adsorption by PES/O-MWCNT membranes. 

Kinetic model Parameters Membrane type 

M0 M1 M2 M3 

Pseudo-first-order  k1 (min-1) 8.40E-4 7.73E-4 4.98E-4 8.65E-4 

 qe (mg/g) 0.298 0.458 0.470 0.432 

 R2 0.974 0.951 0.959 0.929 

Pseudo-second-order k2 (g/mg.min) 0.018 0.007 0.008 0.006 

 qe (mg/g) 0.578 0.746 0.828 0.716 

 R2 0.999 0.998 0.998 0.984 

 

Fig. 4.13 shows isotherm data fittings of E1 adsorption by PES/O-MWCNT UF membranes 

using Langmuir and Freundlich isotherms. The Langmuir isotherm is based on the assumption 

that a monolayer of adsorbate molecules is formed on active sites of the adsorbent and no other 

molecules can adsorb into the monolayer while Freundlich model is based on multilayer 

adsorption of solutes [63]. The fitting parameters of Langmuir and Freundlich isotherm model 

used are listed in Table 4.5. It can be seen from Table 4.5 that the maximum adsorption capacity 

(q0) increased by 30% in the presence of O-MWCNTs in the PES matrix, i.e. from 23.81 mg/g 

for M0 to 31.25 mg/g for M2. Evaluation of the dimensionless separation factor values suggests 

that the adsorption process was favourable for all PES-based membranes evaluated (RL values 

< 1). Based on the linear correlation coefficient (R2) values obtained from both models, the 

Freundlich isotherm gives a better correlation since the R2 values for all membranes are Ó 0.9. 

As such, adsorption of E1 hormone follows the Freundlich isotherm suggesting that more than 

one layer of hormone attaches on the membrane active sites, and that the already adsorbed 

layers interacts with incoming hormones. Moreover, the Freundlich adsorption capacity 
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parameter (KF) for membranes containing O-MWCNTs is higher than that of pristine PES 

membrane (M0), indicating a greater affinity of E1 hormone for PES/O-MWCNT membranes. 

A higher KF value is indicative of greater hormone adsorption capacity [64]. Heterogeneous 

adsorption on the prepared membranes can be further substantiated by the fact the 1/n values  

are > 1 which suggests that the more E1 hormone present on the polymeric membrane material, 

the greater the enhancement of free-energy of further sorption (Table 4.5) [64].  

 

 

Figure 4.13 Isotherm data fitting for adsorption of E1 by PES/O-MWCNT membranes (a) 

linear regression form of Langmuir isotherm and (b) linear regression form of the logarithmic 

form of the Freundlich isotherm. Experimental conditions: 72 h contact time, 100 ng/L solution 

of E1, pH 6ͯ, at 20 °C, 260 rpm, and no background electrolyte was used. The data were 

obtained from Figure 4.8. 
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Table 4.5 Langmuir and Freundlich fitted parameters for E1 adsorption by PES/O-MWCNT 

membranes. 

Fitted isotherm Parameters Membrane type 

M0 M1 M2 M3 

Langmuir qo (mg/g) 23.8 25.6 31.2 25.6 

 b (L/mg) 0.008 0.015 0.016 0.009 

 RL 0.546 0.404 0.376 0.525 

 R2 0.99 0.95 0.91 0.79 

Freundlich  KF (mg/g)(L/mg)1/n 0.62 3.25 3.89 1.37 

 1/n 1.67 1.25 1.33 1.53 

 R2 0.99 0.98 0.99 0.99 

 

In summary, PES/O-MWCNT membranes showed improved adsorption of E1 hormone even 

though their pore sizes are large ( ͯ90 kDa) compared to those of typically used NF or RO 

membranes (ͯ 200 ï 400 Da) for hormone removal [11]. Pressure requirements and ultimately, 

energy consumption follows the order RO > NF > UF > MF, which means that RO/NF 

membranes offer almost complete removal of small-size solutes, but less convenient because 

of high energy requirements [65]. Therefore, in addition to the presence of high adsorbing  

O-MWCNTs in the membrane matrix, the large pore sizes of the PES/O-MWCNT allowed E1 

access to internal adsorption sites.  
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4.3.6.3.  pH dependence of E1 adsorption by PES/O-MWCNT membranes 

It has been shown from Sections 4.3.6.1 and 4.3.6.2 that under neutral pH conditions; a 

micropollutant of smaller size than the pore size of the membrane used, can be removed by the 

membrane as a consequence of hydrophobic interactions, hydrogen bonding interactions and 

-́ˊ interactions. In this section, the influence of solution pH on E1 removal by PES membranes 

containing various loadings of O-MWCNTs is investigated. Zeta potential measurements 

discussed in Section 4.3.5., have already demonstrated that a change in pH of the solution has 

a direct effect on a charge assumed by the membrane due to the dissociation of functional 

groups on the active sites on the membrane. It can be seen from Fig. 4.14 that an increase in 

solution pH below the pKa value of E1 led to a slight increase in E1 adsorption by all 

membranes evaluated, with the highest increase of 66% for M0, 77% for M1, 86% for M2 and 

73% for M3 obtained at around pH 9. Above pH 10, a slight decline in percentage of E1 

adsorbed was observed. The initial increase in adsorption can be linked to hydrogen bonding 

interaction between the the ïOH groups of E1 and the ïCOO groups or-S=O groups on the 

PES membrane surface. This is because at a pH below the pKa value of E1 (= 10.5), E1 

hormone is undissociated and in possession of all protons necessary to form hydrogen bonds 

with the negatively charged membrane surface. However, at a pH above the pKa value of E1, 

the ïOH groups of E1 undergo deprotonation and the hormone becomes negatively charged 

[11]. It was established from zeta potential measurements that M2 becomes negatively charged 

under alkaline conditions. Therefore, the slight decrease in adsorption above pH 10 is 

attributable to charge repulsion, as E1 carries a similar charge as the membrane surface. Similar 

results have also been reported by other researchers [16, 63]. Therefore, in addition to hormone 

removal through hydrophobic interactions, electrostatic interactions between the membrane 

surface and the charged hormone can also enhance the removal capacity of the membrane. The 
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results obtained on pH dependence of E1 adsorption by PES/O-MWCNT membranes allow for 

the establishment of the dominant adsorption mechanism. If hydrogen bonding were the 

dominant mechanism responsible for E1 adsorption, then the removal of E1 would increase 

drastically at lower pH values. This is because from zeta potential measurements, it was 

established that membranes are positively charged or protonated at lower pH values (-COO 

groups of O-MWCNTs exists as ïCOOH, -S=O of PES chain transitions to ïSO2H) and E1 

has not undergone dissociation, i.e., the -OH groups of E1 are still intact. As such, the extent 

of hydrogen bonding between the membrane surface and E1 would increase. However, the 

results obtained and given in Fig. 4.14 ran contrary to this fact. Hence, it can be assumed that 

the observed increase in E1 adsorption is dominated by ˊ-ˊ interactions between PES/O-

MWCNT membranes and E1.  

 

 

Figure 4.14 Influence of pH on E1 removal by PES/O-MWCNT membranes. Experimental 

conditions: 72 h contact time, 25 cm2 membrane area, initial E1 concentration of 100 ng/L, at 

20 °C, 260 rpm. 
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4.3.6.4. Regeneration of PES/O-MWCNT membranes 

Fig. 4.15 shows the regeneration efficiencies of PES membranes containing various loadings 

of O-MWCNTs after five adsorptionïregeneration cycles using ethanol/water solvent mixture. 

High regeneration efficiencies were observed for PES membranes containing O-MWCNTs, 

namely 90% for M1, 95% for M2 and 91% for M3 after five cycles, while the bare PES 

membrane, M0 was found to have a regeneration efficiency of 83%. The observed results are 

due to strong partitioning of E1 in the ethanol-water solution based on its high octanol-water 

partition coefficient (log Kow = 3.13), leading to enhanced desorption from the membrane 

material [35]. Moreover, the ïOH groups in ethanol could destabilise the existing hydrogen 

bond interactions between E1 and ïS=O groups or E1 and -COO groups of the PES/O-

MWCNT polymer backbone, thereby displacing adsorbed E1 into the ethanol-water solution. 

The SEM surface images of membrane M2 (Fig S4.3) after five regeneration cycles show that 

there was no significant change in membrane surface compared to that of M2 in Fig.4.3. 

Furthermore, the FTIR spectra of M2 after five regeneration cycles still have the same 

characteristic functional groups identified for M2 prior to E1 adsorption (Fig S4.3). The results 

obtained suggest that the adsorption of E1 into PES/O-MWCNT membranes is reversible and 

that the regeneration process used did not cause any damage to the membrane material. 

 

In a separate experiment, Milli-Q water was used instead of the ethanol/water solvent mixture 

at 20 °C for desorption of E1 from membrane M1. It was found that the regeneration efficiency 

of M1 was below 5%, even though the washing time was increased beyond 30 min (Fig. S4.4). 

The results suggest that PES/O-MWCNT membranes are stable in water and that the adsorbed 

E1 molecules will have low leachability into the treated water.  
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Figure 4.15 Regeneration efficiency of PES/O-MWCNT membranes. Experimental 

conditions: 72 h E1 contact time, ethanol/water (1:1) washing solvent, 25 cm2 membrane area, 

initial E1 concentration 100 ng/L, 20 °C, 260 rpm. 

 

4.4. Limitations of the study and further work  
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adsorption capacities than those currently achieved in the study. Moreover, the effect of E1 

solution chemistry i.e., varying solution ionic strength and the presence of competing organic 

compounds such as natural organic matter, for adsorption sites on PES/O-MWCNT 

membranes, still needs to be evaluated in greater detail. Prolonged regeneration cycles of the 

membranes should be investigated and the search for greener, recyclable washing solvents for 

estrone needs to be conducted.  

 

4.5. Conclusion 

The adsorptive removal of natural hormone E1 by PES/O-MWCNT mixed-matrix membranes, 

was investigated by conducting batch adsorption experiments. PES/O-MWCNT membranes 

were first synthesised and characterised using various surface and membrane performance 

techniques and the following results were obtained: 

 

(i) SEM images indicated that membrane microstructure changes with the  

O-MWCNTs content in the PES matrix, i.e. the membrane morphology transitioned 

from an open-porous finger-like morphology for bare PES membrane to a dense 

and less porous substructure for PES membranes with the highest loading of O-

MWCNTs. 

(ii)  Isoelectric points of PES/O-MWCNT membranes shifted to lower pH values with 

an increase in O-MWCNT loading due to the presence of negatively charged acidic 

functional groups of O-MWCNTs on the PES membrane surface.  

(iii)  Molecular weight cut-off (MWCO) determination results of PES/O-MWCNT were 

in agreement with SEM results, in that the membrane pore sizes slightly decreased 

with an increase in O-MWCNT content.  
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(iv) The prepared PES/O-MWCNT membranes became more hydrophilic as the content 

of O-MWCNTs was increased. However, pure water flux decreased 

correspondingly. This finding revealed that membrane pore sizes had a dominant 

effect on resultant membrane pure water flux over membrane surface 

hydrophilicity.  

 

Adsorptive removal of E1 increased with an increase in O-MWCNT content followed by a 

decline with further increments. The enhancement in E1 adsorption under neutral pH 

conditions was attributable to (i) the presence of highly adsorbing O-MWCNTs in PES matrix 

(large surface area-to-volume ratio of O-MWCNTs), (ii) hydrogen bonding interactions 

between PES/O-MWCNT and E1 and (iii) ˊ-ˊ interactions between graphene sheets of  

O-MWCNTs and aromatic rings of E1. Studying the influence of pH on E1 adsorption by 

PES/O-MWCNT membranes provided evidence that ˊ-ˊ interactions were the dominant 

adsorption mechanism instead of hydrogen bonding. The adsorption kinetics of E1 by  

PES/O-MWCNT membranes followed the pseudo-second-order kinetic model. The E1 

adsorption rate by the PES/O-MWCNT membranes was slow as equilibrium was only reached 

after 24 h. The Freundlich isotherm provided a better fit to the adsorption data than the 

Langmuir isotherm. The PES/O-MWCNT membranes maintained high adsorption capacities 

after five adsorption-regeneration cycles as evidenced by regeneration efficiencies of above 

90%. The SEM and FTIR analysis provided evidence that the continuous adsorption-

regeneration cycles did not induce any damage to the membrane material. The study herein 

will be beneficial for quantitative predictions of the adsorptive removal of other organic 

compounds or hormones which have similar physical and chemical properties as E1, by large 

pore-size PES UF membranes. 
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CHAPTER 5  

MACROVOID -FREE PES/SPSF/O-MWCNT ULTRAFILTRATION MEMBRANES 

WITH IMPROVED MECHANICAL STRENGTH, ANTIFOULING AND 

ANTIBACTERIAL PROPERTIES  

 

Summary of the chapter 

Macrovoid-free polyethersulfone/sulfonated polysulfone (PES/SPSf) ultrafiltration (UF) 

membranes containing oxidised multi-walled carbon nanotubes (O-MWCNTs) were fabricated 

via a non-solvent induced phase-separation method using H2O-PEG 20kDa as a non-solvent 

additive. The results showed that the fully sponge-like morphology of the PES/SPSf 

membranes could be achieved as the content of O-MWCNTs in the casting solutions was 

increased, due to the formation of strong hydrogen bonds between SPSf, H2O, PEG 20kDa and 

O-MWCNTs. Such morphology provided excellent mechanical strength properties with the 

highest of 4.02 ± 0.08 MPa obtained for the membrane containing 0.1 wt.% O-MWCNTs. 

Microscopic analysis revealed homogenous distribution of O-MWCNTs in the PES/SPSf 

mixed-matrix membranes.  Moreover, pure water flux initially increased from 598 to 713 L/m2 

h followed by a decline to 590, 560, 553 and 578 L/m2 h as the content of O-MWCNTs was 

increased from 0 wt.% to 0.005, 0.01, 0.03, 0.05 and 0.1 wt.%, respectively. A rejection of > 

99% for bovine serum albumin (BSA) was achieved by membranes containing 0.05 wt.% O-

MWCNTs. The water flux recovery ratio of membranes containing O-MWCNTs was found to 

be higher (> 90%) than that of pristine PES/SPSf (75%) even after the second fouling and 

cleaning stage. Furthermore, it was found that only 85% of E. coli bacteria were killed by 

pristine PES/SPSf, compared to 99% by PES/SPSf membrane with the highest O-MWCNT 

loading. The fabricated flat-sheet membranes display attractive features for use as UF 

membranes in the pre-treatment stage of water treatment. 
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5.1.  Introduction  

Pressure-driven membrane processes have been applied extensively to address deteriorating 

water quality caused by the presence of both traditional as well as newly emerging pollutants 

in water [1, 2]. However, the membrane performance tends to be limited largely by fouling; as 

a consequence of the deposition of organic, biological and colloidal substances on the 

membrane surface and within the membrane pores [3]. The membrane surface (top layer or 

skin layer) plays a key role during the separation process, as it is the initial contact point with 

the feed solution. Therefore, by modifying membrane surface properties such as hydrophilicity, 

surface charge and roughness, membrane fouling can be minimised. Of the known surface 

modification strategies, improving membrane surface hydrophilicity is theorised to have a 

central function in controlling the fouling behaviour of membranes. The antifouling behaviour 

of hydrophilic membranes is believed to occur as a result of the creation of a strong hydration 

layer that hinders the attachment or adsorption of particulates on the membrane surface [4]. 

 

One of the commonly used strategies aimed at improving membrane surface hydrophilicity is 

polymer blending, also referred to as grafting, a process where a hydrophobic polymer is mixed 

with a hydrophilic polymer at particular weight ratio(s) provided that the two polymers are of 

reasonable compatibility [5]. It is essential to ensure that the two polymers are of adequate 

miscibility in order to bring about significant improvements in structural and surface properties 

of the membrane [6]. The Schneier theory is often used to assess the compatibility between two 

polymers, wherein a molar enthalpy of mixing (æHm) greater than 0.01 cal/mol suggests that 

the polymers are immiscible and therefore incompatible with each other whereas æHm that is 

lower than 0.01 cal/mol suggests that the polymers are miscible at those weight ratios [6]. In a 

study by Li and co-workers, polyethersulfone (PES), a commonly used polymer in membrane 



216 

 

fabrication, was blended with sulfonated polysulfone (SPSf) and the effect of SPSf on the 

compatibility, membrane morphology and performance of PES was investigated [5]. It was 

shown that PES and SPSf are entirely miscible at all weight ratios with æHm < 0.01 cal/mol 

and that the sulfonic acid groups ofSPSf allowed for improvements in membrane surface 

hydrophilicity, which subsequently led to significantly high water fluxes and high fouling 

resistance [5]. Several other research groups have also reported on the improvements in 

membrane surface hydrophilicity which subsequently led to enhanced membrane performances 

as a result of the presence of sulfonated polymers such as SPSf [7], sulfonated polyethersulfone 

(SPES) [8, 9] and sulfonated polyphenylene sulfone (sPPSU) [10], in polymer blend 

membranes.  

 

Despite the advantages presented above, highly sulfonated polymers when used alone, or at 

higher contents during fabrication of polymer blends, give rise to membranes with high 

swelling ratios and therefore, compromised mechanical strength properties [11]. This occurs 

because the introduction of highly polar sulfonic acid groups in the polymer matrix decreases 

the aggregative state of the polymer, thereby expanding the polymer matrix and increasing 

polymer chain mobility, making the material more flexible [12]. For example, Widjojo et al., 

reported that the sPPSU membrane substrate which had the highest degree of sulfonation  

(5 mol.%) showed the weakest mechanical strength among all polymer weight ratios evaluated 

[10]. Similarly, Fang et al., showed that lower fraction (10% compared to 30%) and higher 

molecular weights (110 000 and 141 000 g/mol) of SPES used in the polymer blend are 

preferable for achieving  higher membrane mechanical strength properties [8]. In addition to 

this, the membrane morphology, in particular the membrane cross-sectional structure plays a 

fundamental role in controlling the mechanical strength properties of a membrane. It has been 

shown that sulfonated polymer blend membranes that are free of macrovoids and finger-like 
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structures in their membrane sub-layer exhibit higher mechanical strength properties than their 

macrovoid-containing counterparts [7, 13, 14]. While the existence of macrovoids reduces flow 

resistance during filtration processes, their absence in membranes is highly favoured as they 

are weak mechanical points which may lead to membrane collapse, particularly when the 

membranes are operated under high pressures [15].  

 

Recent years have witnessed an exponential growth on the use of nanostructured materials, 

such as graphene oxide (GO), carbon nanotubes (CNTs), titanium dioxide (TiO2) and several 

other nanomaterial hybrids, in membrane surface modification, enhancement of the membrane 

structure and subsequently improvement in the membrane performance behaviour. Several 

studies have used oxidised multi walled-walled carbon nanotubes (O-MWCNTs) in polymeric 

mixed-matrix membranes, particularly for UF and NF applications with the aim of improving 

or enhancing membrane physicochemical and performance properties such as mechanical 

strength, hydrophilicity, porosity, pure water permeability, antifouling and antibiofouling 

properties. Indeed, in all of these studies, the presence of O-MWCNTs has been shown to lead 

to significant enhancement in membrane structural and surface properties [16-25], in particular, 

due to the hydrophilic nature of the O-MWCNTs. Unfortunately, the addition of O-MWCNTs 

has been found to lead to the generation of a membrane morphology with finger-like structures 

and/or macrovoids that span the entire membrane cross-section, due to their hydrophilic nature 

[19-25]. As already highlighted, such morphology tends to compromise the mechanical 

strength of the membrane even through the O-MWCNTs incorporated may possess strong 

reinforcement properties. This means that upon subjection to external stresses, the load is 

predominantly transferred to the O-MWCNTs in the composite rather than being shared 

between the polymer matrix and the O-MWCNTs  
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Possible strategies that can be and have been adopted towards the elimination of macrovoids 

in the presence of CNTs include the addition of solvents such as isopropanol in the coagulation 

bath [10] or solvent evaporation prior to immersion into the coagulation bath. While the 

adoption of these strategies often lead to the elimination of macrovoids, they often result in 

severe reduction in pure water permeability due to the formation of a dense membrane 

structure. Therefore, a casting solution composition that allows for the formation of a 

macrovoid-free UF membrane, with high mechanical strength properties, without a 

compromise in high water permeabilities, in the presence of O-MWCNTs in the membrane 

matrix, is desirable. Furthermore, the optimal properties of the polymer-carbon nanotube 

interface required in order to obtain significant improvements in tensile strength have been 

established. Sulfonated polymer-blend UF membranes have been prepared numerous times, as 

PES/SPSf, PES/SPES or as sulfonated polymers alone such sPPSU and have been shown to 

display attractive features, including sponge-like sublayer structures which eliminate 

mechanically weak macrovoids in the membrane [7, 8]. Although sponge-like structures have 

been obtained for these sulfonated polymer blends, tensile strength values were usually low 

([6], [7], [8].  

 

The aim of the current study is to improve the desirable characteristics for PES/SPSf 

membranes (high water flux, solute rejection, and antifouling properties) while also improving 

their tensile strength and antibacterial properties using O-MWCNTs as nanoadditives. To 

achieve this, PES/SPSf blend membranes were prepared with and without O-MWCNTs via a 

non-solvent induced gelation phase-separation method used previously [7]. The performance 

of the prepared membranes was investigated by pure water flux and rejection of bovine serum 

albumin (BSA). The contact angles of the membranes were measured to evaluate the surface 

hydrophilicity while the surface morphology and cross-sectional structures were studied using 
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diverse microscopic and spectroscopic techniques. A comprehensive investigation was also 

carried out to determine the antifouling and antibacterial properties of PES/SPSf modified 

membranes. Our results shed light on the development of UF membranes with fully sponge-

like morphology and good permeability for the creation of a stable hydraulic environment and 

long-term mechanical stability without the use of a support fabric.  

 

5.2. Experimental  

5.2.1.  Materials 

Polyethersulfone (PES) (Veradel® 3000P, Mw = 62,000 g/mol) was supplied by Solvay 

Advanced Polymers (Belgium) and SPSf (25% degree of sulfonation) was purchased from 

Yanjin Technology Co. Ltd, Tianjin (China). Polyethylene glycol (PEG) (Mw = 20 000 g/mol) 

was purchased from Tianjin Kermel Chemical Reagent Co. Ltd. (China). All the materials were 

dried in an oven at 70 °C for 24 h before use. Dimethyl acetamide (DMAc) was purchased 

from BASF (Germany) and used without further purification, while bovine serum albumin 

(BSA) (Mw = 68 000 g/mol) was purchased from Beijing Probe Bioscience Co. Ltd (China). 

Reverse osmosis water was used as the non-solvent additive and coagulation bath. Escherichia 

coli (E. coli, ATCC8739, gram-negative) was supplied by Tianjin Medical University. Beef 

extract, peptone and agar powder were provided by Tianjin Sanjiang Chemical Technology 

Co, Ltd. 

 

5.2.2.  Preparation of O-MWCNTs  

Multi -walled carbon nanotubes (MWCNTs) were synthesised in-house, via nebulised spray 

pyrolysis method of toluene and ferrocene mixture, using a procedure described elsewhere 
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[26]. The synthesised MWCNTs collected were further oxidised by treatment with 35% HNO3 

under reflux, to obtain O-MWCNTs. See Appendix B Supplementary Material section for the 

detailed procedure on the synthesis and characterisation of O-MWCNTs.  

 

5.2.3.  Membrane preparation 

All the membranes were prepared by a non-solvent induced phase-separation method, 

following a previously reported procedure [7]. Briefly, weighed amounts of PES, SPSf, and 

PEG were dispersed in DMAc solvent. Water (H2O) was then added dropwise as a non-solvent 

additive in the casting solution at 8 wt.%. For casting solutions containing O-MWCNTs, 

weighed amounts of O-MWCNTs were first dispersed in DMAc solvent by ultrasonication 

prior to the addition of polymers. The compositions of the casting solutions are shown in Table 

5.1. The mixture was then stirred for 8 h at 70±1 oC on a hot plate equipped with a stirrer. The 

solutions formed were allowed to settle and cool to room temperature followed by degassing 

under vacuum overnight. The solutions were then cast on a glass plate by using an automated 

membrane applicator (Elcometer 4340, England), with the casting knife set at a gap height of 

200 Õm, and immediately immersed in the water coagulation bath maintained at 25 . After a 

few minutes, membranes peeled off from the glass plate and were placed in a freshwater bath 

at room temperature (ͯ25 oC) in order to wash off any residual solvent and additives. The 

prepared membranes were all kept in deionised water for 24 h prior to testing and analyses. 

Every membrane sheet was inspected under light to detect defects, such as thin spots and 

pinholes. It should be noted that an optimal PES/SPSf polymer weight ratio of 84:16 was 

maintained throughout the membrane systems, based on previous work [5], and a total polymer 

concentration of 22 wt.% was used. The concentration (wt.%) of PEG 20kDa used was based 

on the PEG20kDa content that gave optimal water flux and BSA rejection values in the 
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presence of O-MWCNTs (see Supplementary material section). Membranes were labelled as 

M0 to M5, to represent the increase in O-MWCNT loading in the dope solutions and those 

prepared in the absence of PEG20kDa were labelled as M0-1 and M5-1 (see Table 5.1). 

 

Table 5.1 Composition of casting solutions for PES/SPSf/O-MWCNTs membrane blends. 

Membrane PES 

(g) 

SPSf 

(g) 

DMAc 

(g) 

H2O 

(g) 

PEG 

(g) 

O-MWCNTs 

(g) 

O-MWCNTs* 

(wt.%) 

M0 9.24 1.76 39 4 10 0 0 

M1 9.24 1.76 39 4 10 0.0025 0.005 

M2 9.24 1.76 39 4 10 0.005 0.01 

M3 9.24 1.76 39 4 10 0.015 0.03 

M4 9.24 1.76 39 4 10 0.025 0.05 

M5 9.24 1.76 39 4 10 0.050 0.1 

M0-1 9.24 1.76 39 4 0 0 0 

M5-1 9.24 1.76 39 4 0 0.050 0.1 

*The concentration of O-MWCNTs is calculated via plus method 

5.2.4. Membrane characterisation 

A digital rotational viscometer (NDJ-8S, Hengping Instrument Company, Shanghai China) was 

used to measure the viscosity of PES/SPSf and PES/SPSf/O-MWCNT casting solutions, at a 

shear rate of 10 sī1 at different temperatures. 

 

Membrane surface and cross-sectional morphology was studied using field emission scanning 

electron microscope (FESEM, Hitachi S4800, Japan). For analyses of membrane cross-
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sectional morphology, vacuum-dried membranes were freeze-fractured in liquid nitrogen 

followed by coating with gold. Atomic force microscopy (AFM: WiTec Alpha300) was used 

to analyse the surface topography and roughness of the prepared membranes. Small squares of 

the prepared membranes (approximately 1 cm2) were cut and glued into a glass substrate. The 

surface roughness parameters of the membranes are expressed in terms of the roughness 

average (Sa) and the root mean square (Sq) values.  

 

Transmission electron microscope (TEM) analysis was performed on a FEI TecnaiÊ (T12) 

Spirit transmission electron microscope operating at 120 kV. The O-MWCNT samples were 

dispersed in methanol by ultrasonication and loaded into a copper grid. For imaging of mixed-

matrix membrane, the membrane samples having an approximate thickness of 100 µm were 

embedded with epoxy resin, thereafter ultrathin sections of approximately 100 nm were cut in 

a Leica ultra-microtome and mounted on a copper grid for analysis.  

 

Attenuated total reflectance Fourier transform-infrared (ATRïFTIR) spectrometer 

(PerkinElmer, Germany) to used to assess functional groups present on the membrane surface. 

Water contact angle measurements were carried out using a contact angle goniometer 

(DSA30E Krüss GmbH, Hamburg, Germany) sessile drop method to evaluate membrane 

hydrophilicity.  The contact angle values reported were recorded after the first 3 s of the 

adherence of the water droplet on the membrane surface. In total, six readings were taken from 

different spots on the membrane surface and the average value was reported 

 

The mechanical properties of pristine PES/SPSf and O-MWCNT modified PES/SPSf 

composite membranes were analysed by measuring tensile stress using SAXSpace small and 

wide-angle X-ray scattering (SAXS/WAXS) system (Anton Paar GmbH, Graz, Austria) with 
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an integrated TS 600 tensile stage. The dried membrane samples (10 mm wide and 50 mm 

long) were mounted on the sample holder of the instrument and the measurements taken at a 

speed of 2 mm/min. The cross-sectional area (mm2) of each membrane sample was determined 

from membrane thickness and width prior to mounting on the sample stage. Three 

measurements were taken for each membrane type and the average value was reported. 

 

The thickness of the membranes (wet membranes) was determined by using a digital 

micrometer. Membrane porosity was determined according to a dry-wet weight method. First, 

the membrane samples stored in deionised water were removed and lightly dabbed with a filter 

paper to remove excess water followed by weighing. The wet membrane was then dried under 

vacuum (at a temperature of 60 °C) for 24 h and weighed. Membrane porosity was calculated 

according to Eq. (5.1) as: 

 

100%
Aŭɟ

WW
Ů(%)

w

dw ³
-

=       (5.1) 

where Ů is the porosity of membrane, Ww is the weight (g) of THE wet membrane, Wd is the 

weight (g) of dry the membrane, ɟw is the density of pure water (g/cm3), A is the membrane 

area (cm2) and ŭ is the thickness of membrane (cm). 

The mean pore radius was calculated using the GueroutïElfordïFerry equation [27]: 
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=        (5.2) 

where rm is the mean pore radium (nm), ‐ is the membrane porosity, – is the water viscosity 

(8.9×10ī4 Pa.s), Lm is the membrane thickness (m), Q is the volume of permeated water per 
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unit time (m3/s), a is the effective area of the membrane (m2), and æP is the operating pressure 

(MPa). 

5.2.5. Membrane performance tests 

To evaluate the performance of membranes, pure water flux measurements were carried out 

using a self-made cross-flow filtration system with an effective membrane area of 12.57 cm2. 

Firstly, membranes were compacted for 1 h at 0.15 MPa using deionised water to obtain a 

stable flux. The pressure was reduced to 0.1 MPa in order to collect permeate samples for pure 

water flux measurements. Pure flux (Jw1) was calculated according to Eq. (5.3) as: 

 

tA

V
Jw1

³
=           (5.3) 

where V is the volume of permeate (L), A is the effective membrane area (m2) and t is the 

permeation time (h). 

Membrane solute rejection was investigated using BSA as model solutes at 1g/L. The BSA 

concentration was measured by Ultraviolet-visible (UV-Vis) spectrophotometer (Tianmei 

UV1102, Shanghai, China) at 280 nm.  

 

Membrane solute rejection R (%) was calculated using Eq. (5.4): 

( )100
Cf

Cp
1R(%) ³-=         (5.4) 

where Cp and Cf are solute concentrations in the permeate and feed solution, respectively. 
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The antifouling propensity of membranes was investigated using BSA as a model protein 

foulant. The overall fouling process included three pure water filtration stages and two fouling 

stages. Each stage was operated for 60 min. After each fouling stage, the fouled membranes 

were thoroughly washed with deionised water, thereafter the water flux of ñcleanò membranes 

denoted as Jw2 measured under the same operating conditions. The water flux recovery FRR 

(%) was calculated using Eq. (5.5): 

 

100
J

J
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w1

w2³=         (5.5) 

 

The antibacterial properties of M0 (without O-MWCNTs) and M5 membranes (with the 

highest O-MWCNT loading) were evaluated by a shake flask test using E. coli bacteria as the 

model Gram negative bacteria. The bacteria were cultivated in liquid lysogeny broth (LB) 

consisting of beef extract (5 g), peptone (10 g), and NaCl (10 g) at pH = 7ͯ.4 and then placed 

in an incubator-shaker overnight at 37 °C. Thereafter, 1 mL of the E. coli overnight culture was 

used to inoculate a flask containing 50 mL of freshly prepared LB. The mixture was then 

cultured at 37 °C in an incubator shaker for another 5 h to obtain a bacterial suspension in the 

exponential growth phase. In order to further evaluate the antibacterial performance against  

E. coli , the membrane (5 cm2) coupons were immersed into the bacterial suspension  

(10 mL, 1 × 106 CFU/mL) in sealed bottles and the mixtures in the bottles were shaken in an 

incubator shaker at 120 rpm and 37 °C for 6 h. After that, the number of viable E. coli cells 

was estimated by counting the colony forming units (CFUs) on the agar plates. The bactericidal 

activity was expressed as the ratio of colonies on the control plate to the number of colonies 

counted on the sample plate (bacteria killing ratio or sterilisation ratio) and was calculated by 

Eq. (5.6): 
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where NB and NS are the number of colonies on the control plate and the sample plate, 

respectively. Each membrane sample was measured three times. 

 

5.3. Results and discussion 

5.3.1. Dispersion of O-MWCNTs in PES/SPSf matrix  

The solubility parameters of common solvents used for the dispersion of MWCNTs and some 

membrane materials are listed in Table 5.2. The MWCNTs have good dispersion in solvents 

with a high dispersive component (ŭd), but precipitate in solvents with high polar component 

(ŭp) or high hydrogen-bonding component (ŭh) (as shown in Table 5.2) due to their 

hydrophobic nature [26]. Therefore, based on the above explanation, the polar solvent 

dimethylacetamide (DMAc) was selected as the solvent for dispersion of O-MWCNTs in this 

study. Due to the small difference between the solubility parameters between of DMAc and 

PES, the DMAc is also a good solvent for dissolving PES/SPSf blend mixtures. The smaller 

the difference between solubility parameters of solvent and polymer, the stronger the polymer-

solvent interaction [28]. 
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Table 5.2 Solubility parameters of different solvents and PES [19, 28]. 

Solvents Solubility parameters (MPa0.5) 

 ŭd ŭp ŭh ŭt 

DMAc 16.8 11.5 10.2 22.7 

NMP 18 12.3 7.2 22.9 

DMSO 18.4 16.4 10.2 26.6 

DMF 17.4 13.7 11.3 24.8 

PES 17.6 10.4 7.8 21.9 

 

The dispersion of O-MWCNTs in the casting solution was evaluated by determining the 

stability of the casting solution immediately after preparation as well as after 4 weeks of 

preparation. It can be seen in Fig. 5.1(a) and 5.1(b), that the casting solutions containing  

O-MWCNTs remained stable and homogenously mixed in solution even after 4 week of 

preparation and storage at room temperature. This indicates good dispersion and interfacial 

bonding between O-MWCNTs and the polymer solution. Moreover, visual observation of the 

mixed-matrix PES/SPSf membranes containing different loadings of O-MWCNTs clearly 

showed that the added O-MWCNTs are homogenously distributed on the membrane surface 

and that the colour intensity increases with content added (Fig.5.1c). This suggests that the 

incorporated O-MWCNTs incorporated migrate spontaneously to the membrane surface 

thereby contributing towards the improvement of membrane surface properties [29]. A similar 

behaviour has also been reported by other researchers when functionalised MWCNTs were 

incorporated into the PES membrane matrix [19, 22].  
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Figure 5.1 Digital photographs of PES/SPSf/O-MWCNT casting solutions (a) taken 

immediately after preparation, (b) taken after 4 weeks of preparation and (c) photograph 

showing the physical appearance of PES/SPSf/O-MWCNT membranes. 

 

To further confirm the presence and distribution of O-MWCNTs in the PES/SPSf membrane 

matrix, the membrane containing the highest O-MWCNT loading (M5) was observed by TEM 

imaging. For comparison, a TEM image of O-MWCNTs was acquired (Fig.5.2). In Fig.5.2(b) 

it can be seen that the incorporated O-MWCNTs are present in the membrane matrix, at low 

contents vis-à-vis the polymer material. This is expected since 1.0 wt.% of O-MWCNTs were 

added compared to 22 wt.% of PES/SPSf polymer. Moreover, they are irregularly distributed 

in the membrane matrix and exist as individual tubes, with fewer segments of entanglement or 

agglomeration. The good distribution of O-MWCNTs in the PES/SPSf matrix will facilitate 
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improvements in membrane structural properties, in particular, the enhancement of membranes 

mechanical strength, as envisaged in this study.  

 

Figure 5.2 TEM images of (a) O-MWCNTs and (b) microtomed specimen of PES/SPSf/O-

MWCNT membrane (M5). 

 

5.3.2. Viscosity measurements 

The PES/SPSf casting solutions containing different loadings of O-MWCNTs were prepared 

via a non-solvent induced phase-separation method and their viscosities were determined at 

different temperatures (45 to 60 °C) at a shear rate of 0.1 s-1. Viscosity is an important 

parameter for casting solutions since it affects the phase separation kinetics and therefore the 

final membrane morphology. It can be seen in Fig.5.3 that an increase in O-MWCNT content 

from 0. wt.% for M0 to 0.1 wt. % for M5 led to an increase in the viscosity of the casting 

solution. For example at 45 , the viscosity of M0 was 837 mPa s, 1045 mPa s for M1, 1195 

mPa s for M2, 1320 mPa s for M3, 1330 mPa. s for M4 and 1350 mPa s for M5. This increase 

in viscosity can be linked to the formation of multiple hydrogen bonds i.e. first between the -

COOH groups of O-MWCNTs, the H2O molecules and the sulfonic acid (-SO3H) groups as 
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substituents of the PES polymer chains and secondary hydrogen bonding interactions are 

formed between the sulfonic (O=S=O) groups of the PES chains, H2O and the -COOH groups 

of O-MWCNTs (Fig. 5.4). The formation of these hydrogen bonds restricts the mobility of 

polymer chains hence the increase in the viscosity of casting solution viscosity. Moreover, as 

higher amounts of O-MWCNTs leads to an increase in the number of hydrogen bonds forming 

between the components of the casting solution also increases. Generally, an increase in the 

viscosity of the casting solution leads to a decline in the diffusion rate between solvent and 

non-solvent during the phase separation process. This further leads to a delayed demixing of 

solvent and non-solvent and subsequently the suppression of macrovoids in the membrane 

sublayer, formation of a denser structure and enhanced mechanical strength properties [30, 31]. 

The influence of viscosity on membrane morphology is discussed in Section 3.4. Additionally, 

it was found that all casting solutions display a similar trend of a decline in viscosity with 

increments in temperature (from 45 to 60 °C). For example, for membrane M5, the viscosity 

values were found to decline from 1357 > 1127 > 1002 > 935 mPa s at 45 °C, 50 °C, 55 °C and 

60 °C respectively. The decline in viscosity can be attributed to the increase in kinetic energy 

of molecules at high temperatures, which leads to an increase in polymer chain mobility. 
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Figure 5.3 Effect of temperature on viscosity of PES/SPSf and PES/SPSf/O-MWCNT casting 

solutions. 

 

 

Figure 5.4 Hydrogen bonding interaction between SPSf, H2O and O-MWCNTs. 
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5.3.3. ATR- FTIR analyses of PES/SPSf and PES/SPSf/O-MWCNT membranes 

In order to study the functional groups present on the membrane surfaces, ATR-FTIR analysis 

was carried out. The ATR-FTIR spectra of all flat-sheet membranes are shown in Fig. 5.5. All 

spectra show distinctive peaks at 3ͯ435 cm-1 corresponding to ïOH stretching vibrations, 2879 

cm-1 for -C-H stretch, ͯ 1643 cm-1 for the -C=O of the O-MWCNTs and in the same range 

1ͯ235 -1250 cm-1, 1000 - 1072 cm-1 and 1119 - 1150 cm-1 corresponding to the asymmetric 

and symmetric stretching of ïSO3H and O=S=O groups of SPSf polymer [8, 32, 33]. Fig. 5.5 

shows that O-MWCNTs consist of a broad peak around 3500 cm-1 due to ïOH stretching 

vibrations, and a peak at 1600 cm-1 which can be attributed to the -C=O stretching vibration of 

the carboxylic acid group. These identified chemical functional groups, enable further 

interaction of O-MWCNTs with the polymer matrix. Moreover, all the FTIR spectra of the 

PES/SPSf membranes containing O-MWCNTs (M1 to M5), exhibit broad ïOH functional 

group peak in the same region (~3500 cm-1) which is absent in the spectrum of pristine 

PES/SPSf membrane (Fig. 5.5). This confirms successful incorporation of O-MWCNTs and 

their interaction with the ïSO3 groups of the PES/SPSf membrane matrix. Moreover, the 

intensity of the ïOH absorption band for the PES/SPSf/O-MWCNT membranes increases with 

O-MWCNT content, suggesting that hydrogen bonding has taken place between the ïSO3H of 

the polymer, H2O and the O-MWCNTs. The ATR-FTIR spectra provided evidence that the 

increase in the viscosity of the casting solution with increments in O-MWCNT content is due 

to the formation of hydrogen bonds within the polymer matrix 
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Figure 5.5 ATR-FTIR spectra of PES/SPSf and PES/SPSf/O-MWCNT membranes. 

 

5.3.4.  Morphological studies  

The SEM surface and cross-sectional images of membranes M0 ï M5 prepared by varying the 

O-MWCNT loading are shown in Fig.5.6. All the membranes exhibited similar top surface 

SEM images with no visible pores even at high magnifications of 50,000. Moreover, an 

increase in O-MWCNT loading did not change the cross-sectional morphology of the 

membrane, i.e. the sponge-like morphology was maintained even at higher O-MWCNT 

loadings. The hydrogen bonding interaction between O-MWCNTs, high molecular-weight 

PEG 20kDa, H2O molecules and the polymer matrix was found to be much stronger and 

dominant over any other individual influence imparted by O-MWCNTs alone in the membrane 

structure. Typically, because of their hydrophilic nature, O-MWCNTs enhance the phase-

separation process by increasing the affinity of the polymer solution for the non-solvent (water) 
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during the coagulation process leading to the creation of a membrane structure with finger-like 

structures in the sub-layer [23, 27, 34, 35]. This claim was further substantiated by preparing 

two casting solutions; labelled M0-1 and M5-1 in Table 5.1. We found that in the absence of 

O-MWCNTs, the membrane cross-section structure of M0-1 is fully sponge-like, whereas the 

inclusion of O-MWCNTs transforms the membrane morphology of M5-1 to fully finger-like 

(Fig. 5.7). If the rate of non-solvent (water) influx in the polymer solution during the solvent-

non-solvent exchange process exceeds that of solvent outflow, the resultant membrane 

structure is likely to consist of finger-like structures, the opposite is true for sponge-like 

morphology [36, 37]. 

 

Careful examination of the cross-sectional SEM images at higher magnifications (Fig. 5.6), 

shows that while all the membranes consist of an interconnected network pore structure, the 

interstitial spaces between the porous internal structures become less open as the content of  

O-MWCNTs is increased and the structure becomes more compact. Similar behaviour based 

on the ability of PEG to increase pore interconnectivity has also been reported by other studies 

[13, 38]. Firstly, the interstitial spaces between the interconnected pores are more open for M1 

in comparison to those of M0, following which they become less open and more compact for 

M2, M3 and M4 and then open again for M5. This is because the added O-MWCNTs are 

hydrophilic in nature, and initially enhance the phase-separation process. However, their 

influence on the overall phase separation process is eventually surpassed by the presence of 

high molecular-weight PEG and water as non-solvent additives. This results in the final 

membrane morphology being completely sponge-like with an open cell internal structure. The 

cellular structures were found to become less open with further increments in O-MWCNTs due 

to partial aggregation of O-MWCNTs at higher loadings. The observed patterns in membrane 
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internal morphology play a significant role in membrane permeability and selectivity and 

mechanical strength properties.  

In our case, the addition of both high molecular-weight PEG 20kDa and H2O in the presence 

of O-MWCNTs assisted in the formation of a membrane structure with no finger-like structures 

and macrovoids. The PEG 20kDa improves pore interconnectivity thus preventing the 

formation of macrovoids; whereas H2O increases casting solution viscosity and brings dope 

solution viscosity closer to the binodal composition where the suppression of macrovoids is 

favoured [38]. Fig. 5.6 shows that the addition of high molecular-weight PEG 20kDa assisted 

in the formation of porous, open cellular internal structures with interconnected pores. Boom 

et al. [39], earlier used a model for mass transfer to investigate the role of high molecular-

weight additives in membrane formation, particularly on the mechanistic pathway that is 

responsible for characteristic structures for PVP-containing membranes. The findings of that 

study showed that for quaternary systems (consisting of a polymer, solvent, additives and non-

solvent), the spinodal decomposition mechanism is followed which can be an explanation for 

the high interconnectivity of the pores in membranes containing high molecular weight PVP. 

In their study, the interconnected pores were in fact a continuous polymer (PES) lean phase 

intertwined by a continuous polymer (PES) rich phase which forms the membrane matrix [39, 

40]. In addition to increasing casting solution viscosity and improving pore interconnectivity 

thereby eliminating macrovoid formation, PEG of high molecular weight such as PEG20kDa, 

becomes trapped in the membrane matrix after the solvent and non-solvent exchange processes 

because of its lower mobility in the coagulation bath. Consequently, the entrapped residual 

PEG molecules in the membrane matrix contribute towards the improvements of membrane 

hydrophilicity. It is our thought, therefore, that the state of the polymer solution prior to 

immersion into the coagulation bath is critical in determining the ultimate membrane 
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morphology. Therefore, it is vital to determine the viscosity of the casting solutions prior to 

casting the membrane and immersion into the coagulation bath.  

 

 

Figure 5.6 SEM surface and cross-sectional images of PES/SPSf/O-MWCNT membranes: 

M0, M1, M2, M3, M4 and M5. 

 




















































































































































































