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ABSTRACT

This thesigeportson the synthesis and charactatign of various types of oxidised muilti
walled carbon nanotubes {(@WCNTs) modified polymeric membranesThese ©
MWCNT modified polymeric membranagere then assessed in terafgheir remediation
potential in particular for the removal of estrogenic hormones, dissolved proteins and salts
from brackish water sources. Thebfeated OMWCNT-based polyethersulfone (PES)
membranes were applied as (i) adsorptive membranes, (@cularsieving membranes

ard (iii) as membrane substrates for tHitm composite nanofiltrationNF) membrane

preparation

The research work commences with the preparation of MWCNTSs fazile catalytic
chemical vapour deposition method and theimeisal oxidation with strong acids in order

to introduce hydrophilic carboxyli¢ COOH) and hydroxyli(OH) surface functional group
moieties on the MWCNT outer walltrinsically, MWCNTs are chemically inert and tend

to form agglomerated nanoclusters (doewan der Waals interaction forces), which induce
further difficulties in their homogenous dispersion in polar solvesush( asN-methyl-2-
pyrrolidone and dimethgkcetamide) employed to dissolve the polymers in the siliuy.
introduction of these oxygecontaining moieties washerefore necessary to aid the
dispersion of MWCNTSs in organic solvents and for their enhanced interaction with PES and

sulfonated polysulfone (SPSf).

The PES/GMWCNT ultrafiltration (UF) membraneswvere producedvia a nonsolvent
induced phase separation (NIPS) method and employed ausloeptive removal afatural

hormone estrone (E1)The PES/GMWCNT UF membranesthus prepared were

viii



characterisg using SEM, AFM, zeta potential measurements and MWCO experintients
was found that the adsorption of E1 initially increased with an increaseMWGONT
content followed by aonstant declinerofurther increments. Moreover, the inclusion ef O
MWCNTSs (0.5wt.%) in the PESnmembrane matrix resulted in arcrease irthe maximun
adsorption capacitfpr E1 comparedo pristine PES membranieg., 31.25 mg/g adsorption
capacitywas achievedor PES/OMWCNT comparedto 23.81 mg/gfor bare PES UF
membraneBased on the correlation coefficients, the Freundlich isotherm providetea bet
fit for the adsorption data and tlalsorption kinetics followed the pseudsecond order
kinetic model. Interestingly, after five regeneration cyclesPlBB/OMWCNT membranes
were found to maintain similar adsorption efficienci€eke PES/@GMWCNT menbranes
thus prepared presenta viable approacfor the removal of natural hormones and other
endocrine disruptors present in watgstemscompared to the use of common adsorbents
such as activated carbon, which end up generating langerdas of chemicasludge that

requiredisposal in the environment.

The third part of the study focusedn the controlled formation of macrovoiftee
polyethersulfone/sulfonated polysoitfe (PES/SPSf) URmembranes with high water
permeabilities, mechanical strength and ifanting properties, in the presence of
O-MWCNTSs. To date themajority of polymeric nanocomposite membranasdified with

O-MWCNTs asnandillers, generally have fingelike structures and macrovoids in the
membrane sublayer. While the presence of fifigerstructures is favoured for the reduction

in mass flow resistance, their presemmuces mechanically wkaoints in the membrane
andreduces he nanocomposite membr aneandlongi@m hani c:
performance stability. As such macrowdide PES/SPSI/@MWCNT membranes were

fabricated viathe NIPS techniquesusing HO andpolyethyleneglycol (PEG 20 kDa) as



nonsolvent additres. TheSEM crosssectional imageshowed that afully spongelike
morphologyof the PES/SPSf membrane can be achieuedhe presence odlifferent
loadings of GMWCNTSs. This was attributable to the formatiorstfongethydrogen bonds
betweenthe SPSf poymer and non-solvent additivesi.e, H.O, PEG 20kDa and O
MWCNTs. The combination of the macrovoidfree morphology and homogenous
distribution of high mechanical strengthNDNCNTSs in the membrane matrigrovided
excellent mechanical strengtenhancementfor PEISPSf/OMWCNT membranes
Additionally, pure water flux initially increased from 588n%.hto 713 L/n?.h followed by
a declineto 578 L/nt.h upon further increments in -WCNT contents due to
agglomeration of @MWCNTs at higher loadingsThe fabricated PES/SPSHAWCNT
membraneslso displayed superior antifouling properties (FRR > 90%) and antibacterial
properties (99% bacterial killing ratio) agaiistcolibacteria The fabricatedupport fabrie
free PES/SPSTIGMWCNT UF membranesvith macrovoidfree sublayer morphologies
displayed attractive features for use as UF membranes in tteeptment stagesf water

treatment and as support substratesifepreparation of TFC membranes.

In general, pongelike and macrovoidree membranetsicturesare regardedas unfit for
use as support membranes for TFC menmdraneparationsince they increasethe
membrané sesistance @ water flow, thereby reducing thevemll TFC membrane
permeability. This assumtion has largelypeen basedn spongdike and macrovoidree
membranestructuresachieved through the use @ttremelyhigh polymer concentrations
particularlyusingpolysulfone PS{ polymer. Hence, the spongie structurs formedare
very dense and less porouslevertheless, the macraderee PES/SPS/IWCNT
membranes pauced irthis study, consisted of open cellular netwarikrostructure within

the membrane sublayer, whicbuld be visualised at highSEM magnifications.



This part of the worktherefore investigatedthe role of hydrophilic, macrovoidfree
PES/SPSand PES/SPS)-MWCNT assupport membranes on the performancef@ NF
membranes The TFC NF membrare were prepared viaan efficient interfacial
polymerization reactiorbetweenpiperazine (PIP)and trimesoyl chloride TMC). The
deposition of the polyamide thiiiim layer was confirmed by ATHETIR, SEM, AFM,
contact angle and zeta potentialaserements. Membrane performance results showed that
TFC NF membranefabricated on PES/SPSHRAWCNT support membrarsalisplayed a

35% improvement in pure water flux with comparable salt rejectiams thoseprepared
onbarePES/SPSf support membranes. Salt rejection followed the ordes®ONaMgSQ,

> NaCl,which istypical for negéively charged NF membranes. It was establisheadl the
presence of hydrophilic-®WCNTSs in the support membrane allowfed the formation of

a thin polyande layer on the top surface of the support membrane, which gave rise to
enhanced water permeability the TFC NF membranandthe possibility ofpolyamide
rejection layer within the support membrane pore chanrfi@sfurther improve the
performance of the TFC NF membranes, in particular, the monovalent/bivalent salt
selectivity, a mixture of PIP ar}4-diaminobenzene sulfonic acid,&-DABSA) at dfferent
weight ratios was prepared in the aqueous solution and reacted with TMC in the organic
phase solution. It was found that #edition of low monomer weight ratio of 2IABSA

in the amine mixture, kel to the generation of a sulfonated TFC NF memé with superior
membrane perforrmee in terms of pure water permeability (30.2/m2.h),
monovalent/bivalent salt selectivity NlaCl/N&SQs = 25.0) at low operating pressures

(3 bar) and salt concentrations in the range of brackish wateis wasattributableto the
combined presence of sulfonic acid groups on the membrane surface and the formation of
the thin polyamide layer Moreover, sulfonated TFC NF membranexhibited good

antifouling properties againbbvine serum albumirBSA), with FRR 0f96.4% aftethree

Xi



cycles of fouling andtleaning, with dairly stablemembrane performanceser a 18day
periodof pure water flux and N&Q rejection testinglndeed the use of anacrovoidfree
PES/SPSf/I@MWCNT support membrangid not only provie the mechanical strength for

the deposition offlTFC NF membrane, batisotheir open, cellular netwonkicrostructure,
combined with high hydrophilicity and large surface pore sizes were beneficial in the
reduction of polyamide layer thickness, and subsequénthe enhacement ofTFC NF

membrane performance.

The study providad insightful information on lesser known asmeadf OMWCNT
incorporated polymeric membranes, with regards to membrane structural configurations in
relation to themembranestructureperformance relationshipdt 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 resfim@hcies for low
molecularweight soluts, (ii) the combination of macrovoifree membrane morphology

with good dispersion of MWCNTSs in the polymer matrix is necessary to realise significant
enhancements ithemechanical propertiesf sulfonated membrane and (iigrmation of a

thin sulfonated polyamide layer on top tbe hydrophilic PES/SPST/MWCNT support
membrane is necgary to achieve high salt selectivignd allow for the sulfonated TFC NF
membrane to be operated at low pressures.

Key terms: carbon nantbes, polyethersulfone, sulfonated polysulfone, polyamide
composite membranestructural morphologymacrovoidfree structure,hydrophilicity,
antifouling, mechanical strengthhormones, desalination, monovalent/bivalent salt

selectivity
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CHAPTER 1
INTRODUCTION

1.1.Background and Problem statement

The global water crisis is a twfold crisiswhich encompasses water shortage and the deteriorating
water quality. Water shortage is associated with water stress due to the incregsalatiopo
growth and natural disastessich as recurring droughts, while the deteriorating water quality
aspect iselated to water pollution as a result of human, industrial and agricultural activities. Both
poor water quality and water shortagave anegativeimpacton the quality of life for human
beings, especially for the most vulnerablaisually women and chitdn in underdeveloped

countries.

As such, there is a growing demand for potable water sources worldwide but more specifically in
the subSaharan Africdl]. Moreover, the continual changes in human lifestyles and technological
advances made in industrprocesses, contributes to the introduction of bratfitional and newly
emerging contaminants into freshte 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 retareladbcrine
disrupting chemical (EDCs), antimicrobial growth inhibitors, pharmaceutasal personal health

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

run-off, wastewatetreatmentplant effluents andnegligentwastedisposal in the environment



which can result in leaching of these compds 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 ad human reproduction and developmierthe long ternj6]. In UK alone, several cas

of abnormalities and femirasion in reproductive systems of male fish species related to the
presence of EDCs in rivers\@been reported-9]. In addition, anumber of studies have already
identified the presence of EDCs in South African waters and wastewater Jdxd&3, which
makes t imperative to identify potentiahethods for their removal. Om®toriousclass of EDCs

is steroid hormones which can be further categorized mattoiral and synthetic estrogens
Examples of steroid hormones includstrone (E1), 1b-estradiol (E2), esbl (E3), 1 7-U
ethinylestradiol(EE2), mestranolnfey, testosteronet€y and progesterongi) [14]. Natural
hormones E1, E2 and E3 are responsible for maintaining the healfiraduetive tissues, skin,
breasts and brain cells in females, whereas synthetic hormonesneEgand pro are used as
contraceptivefl5]. Steroid hormones are excreted by humans in urine in a conjugated and inactive
form, but become reactivated by the bacteria present in water s¢LBteg/hile they occur at
relatively low concentrations (ng/L range) in water sourcesetig®crinedisrupting potency of
steroid hormonets several orders of magnitut@her than that of organic micropollutants such

as pesticides and alkyl phen§ls]. This fact validates further the need to seek alternative means
by which hormones can be remed from water sources. The mal hormoneEl, is the

breakdown product of E2 and EE2 in wastewaters and is therefore a suitable indicator for the



presence of estrogenic EDCkherefore, it was chosen in the present study for adsorption by

polymeric membranes.

Several measures to ingwe water quality and relieve strain on the limiteatav supply have been
introducedincluding the implementation of stringent legislations feermissible levels of
pollutants in water, water harvesting, and the repair of leakages in the piping sysfgomadte

efficient distribution of watef18]. However, these measures are only able to improve the quality
and use okxisting water resources #ocertain extent ando not lead to an increase in water
supplies The only methods that are capable of indrepsvater supply to beyond that which
currently available are water reuse and desalin§i®h 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 salitersv(seawater and brackish
water) using reverse osmosis (RO) membrane technologies have gained popularity over the years

as a means of providing freshwaf20, 21]

Reverse osmosisiembranes are preferable for desalination processes due to their intrinsically
small pore sizes (0130.6 nm) [10], which allows for effective removal of the'N@a.716 nm) and

ClI' (0.664 nm) ions while enabling the permeatidpure water molecules by solutialiffusion
mechanism. Nonetheless, full adaptation of membbased RO technologies in water
desalination processes is hindered by their high energy costs as a consequence of extremely high
operating pressures necesstryfilter 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 plld&]. Although major technological advances have



been made in recent years in the production of RO membranes with reduced energy consumption
for desalination process (from 8.0 kWh/rhto 3.4 kWh/nd), this energy consumption is still far
greater than the theoretical minimum energy of 1.06 kWhéguired for desalination of seawater

with a total dissolved solids (TDS) concentration of 35 000 may/la recoveryateof 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 areasyhile the desahation of brackish waters with 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 proagssspseses a

major threat to the ecosystem and species in the water. However, dsprshbptions forwaste

brines have been proposed, whicitlude deep well injection, solar evaporation in shallow
evaporation ponds to produce solid salts, andatiog of plants with high sality tolerance24-

26].

Nanofiltration (NF) membranes have been usedreat different kinds of waters including
groundvater, surfacewater, and wastewateNF membranealsodisplay attractivefeatures to be

used as pretreatment membranes during the desalination prg2&$selse use of NF membranes

as pretreatment membranes for RO desalination processes inlggriccprompted by the fact

that they are capable of removing turbidity, microorganisms, hardness, and a significant fraction
of dissolved salt$28, 29] With regards to the removal of dissolved salts, NF membranes are
capable of neatomplete removal of multivalent salts and reduction of monovalent salts by about

107 50%, depending on thgpe of NF membrane us¢80]. The effectiveness itheremoval of



dissolved salts by NF mabranes results in the reductioh feed salt concentrations, thereby
reducing the osntw 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 lasgale implementation of polymeric
membranes in general, in water treatment applications. Most of the commercial polymeric
membranes manuftured to date haveatisfactory permeation and rejection properties, but their
antifouling properties are inferi¢g81]. Fouling refers to the accumulation of organic, inorganic
particulate and microbiological matter on the surface of a membravithor the membrane pores

[32]. Consequentlhysevere membrane fouling causes partial obstruction inside the pores, resulting
in an increase in permeation resistgnaedich necessitas 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 redadtidne me mbr ane 6 s
[33]. Therefore, technological advances are neededet®lop and producemembranes with
fouling-resistant surfaces for prolonged use. Polyb@sed membranes can be made to be highly
selective and réstant to fouling through several surface modification techniques including
polymer grafting and coating, polymer blending and through the incorporation of functional
nanomaterial§22]. Converselymost of the membrane surface modification strategiesttetd
generation of highly permeablembranes which end upeing subject to th@ermeability

selectivity tradeoff, to the point of membrane separation becoming economically unviable.



In particular, he integration of nanenabled materials into membrabased technologies holds
promisefor the development of advanced nanocomposite membranes with superior properties; for
possible application in sea and brackish water desalinf2ildn Extensive research effortas

been done on the incorporatiai different types of carbon nanotube (CNT) incorporated
polymeric membranes for application in water remedid88r39]. TheseCNT-based membranes

take advantage of the infinitesimally small tube diameters and tubular structu@d®¢Ts for
enhancement ome mbr anes 6 sel ect [40,i41] WMoreoved CNVa dreewell f | u X €
known for their highly adsorptive properties, atomicamooth inner walls, antimicrobial and

self-cleaning properti¢42], properties that can be instrumdmtacombating 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 pro@jsésis 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 inng2®}alls
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 stiudigmessure that is

eqgual to the osmotic pressure of the concenfddte45] As such, membrane permeability cannot
reduce the applied pressure to be below the osmotic pressure oftbetcate. Whilst CNIbased
membranes may not directigfluence the energy efficien@f the desalination processes, they
can significantly i mprove the selectivity of
Amol ecul ar gatingo separation me c h difiusienm r at F
mechanis [46, 47] The molecular sieving mechanism of CNT membraoesrcoms the

selectivitypermeability tradeoff that current polymeric membranage prone toThis therefore



means that CNT membranes are able to filtertotal dissolved solids (typically various salt
compounds and mineralfspm sea or brackish water souredsile maintaining a high throughput
rate[43]. Moreover, the multifaceted nature of CNT membranes enablesniole opportunities
for use in water purification and treatment applications to improve the watetydoadicceptable

standards.

1.2. Justification of the study

Nanostructured carbons aliaanmocarbons such as graphene, carbon nanotubes (CNTs) and other
shaped carbon nanomaterials that can be easibtionalisedwith oxygenrcontaining moieties,

have the ptential to mitigate the selectivigermeability tradeff thatis well-known in polymeric
membranes, while reducing membrane fouling propensity largeextent In addition, CNF
incorporated membranes can contribute toweedsacing the capital outlapif desalination plants

and operating costsecessary to run the desalination process, due to the small membrane area
required to achieve maximum flux. the same light, the use of CNTsmembrane modification

for largescale applications is perceived asonomically unfavourabledue to the high
manufacturing costs of CNTs with additional costs for theistggatment prior taheir inclusion

in polymer matrice§21]. These factors arenvisaged to impose significant costs towards the
overall desalination process, unldle initial capital cost can be offset the savings from the
enhanced membrane permeabiliaes salt selectivitjdowever, as theaumber of industriascale
facilities for lowcost, bulk production of carbon nanotubes continues to grow, the price of carbon

nanotubess expected to further decreais the near futurgl8].



Over the years, great deal ofwork has been carried out in the field of CNT mbradtrix
nanocomposite membranes as highlightesuinsequent chapters of this the$ise studies have
demonstrated amongst others, the ability of @hdorporated polymeric membranes to display
high water fluxes, antifouling and antibiofouling membrane surfaces as a consequence of the
enhanced hydrophilic character of the membrane upoarporation of functional CNTSs.
Nonetheless, there have been conflicting findings with regards to reinfatmiiiges of CNTs in
polymer matrices. In this sense, some studies have reported on remarkable enhancement in
mechanical strength properties of théed-matrix membrane upon inclusion of CN[39, 49,

50], while an opposite trehhas been reported in others, particularly due to poor dispersion and
lack of interfacial bonding between the CNTs and the polymer matti%3]. SinceCNTs are
classified as one of the new generation nanomaterials for water reclamation and desgiiation
there is still a growig need for an wdepth probe and understanding of the role of CNTs in
polymeric membrane matrices and how the enhancement or deterioration in moeifidafane

properties eventuates

In this study, various types of catalytic chemical vapor depogi@d) prepared oxidizedhulti

walled carbon nanotube {@WCNT)-containing polymeric membranes were synthesized using
facile and established procedures dgnese GMWCNT-modified polymeric membranes were
theninvestigated for their effectivenessthmeremoval of the natural hormone estrone, dissolved
proteins and salt concentrations in the range of brackish waters. The study showcases the
potentiality of OMWCNT-modified polymeric membranes to be used as adsorptive membranes,
molecularsieving membranes ands support membrane substrates floe fabrication of

polyamide thirfilm composite nanofiltration membraneBhe pimary focusof the studywas on



the effectof O-MWCNTs on the membrane microstructure, as it forms the heart from which
membrane separati@nd permeability is regulated. The overall aim of the study was to provide
anin-depth understanding anterfacial interactions between the incorporate®M@CNTs and

the polymer matrix, which leads to observed changes and enhancements in modified membran
performancebehaviour The ultimaé goal of the study was to develap understanding of the
changes in membrane microstructure in the presenceMM@NTs and in the process, develop
membranes with promising features improving the quality of recyatewater and brackish

waters in order to bridge the witiaggap between the increasidgmand fowaterand the limited

supply.

1.3.Aims and objectives

This thesis aimgo investigate the role of -®IWCNTs in regulating themicrostructureof
polymeric membrags and its effects othe removal ofteroid hormongandsoluble proteinsaind
to prepare high flux thifilm composite nanofiltration (TFC NF) membranes with high

monovalent/bralent salt selectivity for lovpressure brackish water desalination.

The study seekgo answer the following research questions:

1 Can GMWCNT-containing ultrafiltration (UF) polymeric membranes be used for
adsorptive removal of low molecutareight steroid hormones?

1 Does the incorporain of functional GMWCNTSs lead to the enhancemt in pure water
flux and other surface membrane properties as a consequence of increased membrane

hydrophilicity?



1 Which factor(s) govern the enhancement wfechanical properties of mixedatrix
polymeric membranes containingMVCNTs?

1 Besides providingnechanical support, which othesles do OGMWCNTs play in the
support membrane layer during the deposition of the polyamide layer for the fabrication of
TFC NF membranes?

1 Can a TFC NF membrane with higermeability andnonovalent/bivalent salt selectivity

thanthatreported irtheliterature be efficiently prepared?

The research study objectives were as follows:

I.  To synthesiseand characteriseO-MWCNTSs via an efficientcatalytic chemical vapor
deposition (CCVD) method and incorporate thato polymeric membrane matrices \aa
nonsolventinduced phase separati(iPS) method.

. To demonstrate proof of concept for the inclusion eM@CNTs into polymeric
membrane matrices ftine removal of steroid hormonesingthenatural hormone estrone
as amodel

lll.  To modelthesteroid hormone adsorption process using kinetic and isotherm models, and
to investig&e the recyclability of @MWCNT-modified polymeric membranes.

IV.  To control the formation of macroveidee polymeric UF membranes with high water
permability, mechanical strength and antifouling properties in the presence of hydrophilic
O-MWCNTs.

V. To compare the performance of macroviyeke substrates (one containingMWCNTSs

and the other without) as support layers for TFC NF membranes.
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VI.  To evaluate theffectiveness of a mixed diamine monomer aqueous phase solution for
fabrication of high performance (high flux and monovalent/bivalent salt selectivity) TFC

NF membrandor low-pressure application.

1.4.Thesis outline

With the exception of Bapter 1, each @pter opens up with a separateoductorysection that
is relevant to the theme of the chapter. If similarities in the methodologies or chaadicterilata

exist, a relevant section in the respective chapter is eefesenced 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 sitglyalso discussed in

detail

Chapter 2 presents an overview of the manufacture, physiemital 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,
technologicahnd commercial perspiee. Thischapter has been publishedCisapter 8 in a book

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

Environmental Approach, Elsevier2017, pp. 30839.

Chapter 3 provides a dtailed literature review orthe work carried out tadate on
polyethersulfone/carbon nanotube (PES/MWCNT) miretrix membranes, with particular

emphasis on their synthesis and modification methtiasdifferent morphologicalstructures

11



displayedby the membranes and their influence on the resutt@nibrane performance, surface

and chemical properties as well as their applicatiomater and wastewatéeatment.

Chapter 4 reports on the adsorptive remowdillow molecularweight hormonestrane by large
pore size polyethersulfone/multialled carbon nanotube (PES/MWCNT) ultrafiltration (UF)
membranes. The effect of the incorporation eéf/@/CNTs on the adsorption capacity of the PES

membranes is evaluated.

Chapter 5 describes theontrolled famation of macrovoidree polymeric membrane substrates
with high water permeability, mechanical strength, antifouling and antibiofouling properties, in
the presence of hydrophilic-MWCNTs. The chapter has been publishedha Journal of

Membrane Sciences66, 018 288300.

In Chapter 6, a relation between sulfonated tfilm composite nanofillation membrane
performances anthe structural properties of macrovdige polymeric support membranes is
made. The use of mixetlamine monomers for the fabation of TFC NF is also investigated.
Contrary to popular beliefit is demonstratedhat spongdike and macrovoidree support
membranes are able to generdateC NF membranesvith high-water permeability andhigh
monovalent/bivalent salt selectivitfhe chapter has been publishedesalination 474 (2020

114176
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Chapter 7 presers overallconclusions and recommendations for future wBgkspectives on the
future direction of research involving the use of MWCNTSs for polymer membrane modification

and their use in water treatment applicatiaresalso given.

Appendicessection containsupplementary material and data to support findings from selected

chapters.
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CHAPTER 2
PROSPECTS AND STATEOF-THE-ART OF CARBON NANOTUBE MEMBRANES IN
DESALINATION PROCESSES

Summary of the chapter

This chapter presents an overview of the manufacture, physicochemical properteféeetick
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 beere nradhe 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 polymematixed

and vertically aligned CNT membranetsisishown 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 naotoxicology 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 nanotubeseverse 0smosiSWCNT, MWCNT, VA-CNT!

IN.N. Gumbi, T.G. Tshabalala, S.D. Mhlanga, B.B. Mamba, A.l. Schafer, E.N. Nxunizp{e& 8- Prospects
and Stateof-the-Art of Carbon Nanotube Membranes in Desalination Proce&esArafat, Hassan A, in:
Desalination Sustainability, Elsevier, 2017, pp.-339.
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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 ater to meet the growing global water demand. By undergoing various treatment
stages, these untapped water sources can be coc
water sources. Among all of these sources, seawater offers a very attraetivatist 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 convertesimdble and salty seawater into potable and
usable water [1]. Seawater desalination using membrased processes, particularly reverse
osmosis (RO) membranes, are highly favoured over thermally based processes, especially in
energystressed countriesebause 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 wateulesokec
permeate through a seipermeable membrane while preventing the passage of salts. Therefore,
seawater desalination using RO membranes remains an @ffcggnt reference point and a
standard of comparison for newer or evolving desalination téoties [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, ereffigyent, and coseffective membranes [5].
Indeed, this is a challengingstathat 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 technolageeselps guide future

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

Nanotechnologdenabled or simply narenabled membranes are increasingly gaining popularity

as promising candidates for desalination applications. Tteeseemabled 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 facstien using conventional membranes for water desalination, such
as high fouling propensity, tradadf 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 studiegtnabled 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 siuadjied CNTs (SWCNTSs) or

2i 25 nm formultiwalled CNTs (MWCNTS) [6]They are known to possess a unigue combination

of structural and physicochemical properties owing to their nanoscale dimensions: high-volume
to surface ratipsmall inner diameters, antinabial propertiesfrictionless 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, (i) excellent
hydrophilic andantifouling properties, (iii) controllable pore size diameters, and (iv) improved
selectivity and permeability T80]. Currently, there are different views in the research area

involving the use of newly emerging CNdsed membranes in desalination proees$hese
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diverse views are centred on whether Ghilsed 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 ulighthwater permeability of CNT
membranes is believed to hegmluce the amount of pressure or energy needed to drive pure water
molecules across the sepermeable membrane, whereas the energy consumption of a
desalination procesdriven by the applied opational pressure that must be higher than the
osmotic pressure of the concentrggp 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, mor@recisely, 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 concerotrétion

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 memebsairface [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 maximuwater flux while rejecting the transportation of salts. It is, however,

i mportant to emphasise that flux is not HAever )

that function better when operated at lower fluxes.

The CNTbased membranes may be dmged 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,
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thus limitingtheme mbr anesé pr ol onged use. Biological fc¢
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 agentslstock and

ozone to remove the adsorbed biofilm may be d
capable of degrading the polyamide layer on TFC membranes [1, 15]. Another limitation of
conventional TFC RO membranes involves the ultimate {offdbetween permeability and
selectivity; i . e., it is practically impossib

compromising permeability.

The CNTbased 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 tbtee mechanism for SW's that
includes three sequential steps: (i) initial contact between SWCNTSs and bacteria; (ii) perturbation
of the membrane cell; and (iii) electronic structdependent bacterial oxidation. Several reports
and reviews have been documented reportinpenise of CNTs in mitigating fouling in TFC RO
membranes [1i720]. However, most of these studies were tested only on lsadh systems.

There is therefore still a need for further development and upscaling ofb@d&d membrane
processes to accuratelytelemine 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 seleepgityeability tradeff 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 ioils mhintaining ultrafast water
transport inside the nanotubes [21, 22]. Such-gagpercontrolled chemical interactions are
unique for CNFbased membranes, as first demonstrated by Hinds et al. [21]. For example, the
addition of biotin functional groupat 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 M@NT membranes in desalination processes have
been based on molecular dynamic (MBmnulations 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 mixedmatrix 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-basednembranes 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 cls@gies 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 régectequired 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 assolution to current dedination problems is evaluated

2.2. Types of CNTs used in membrane fabrication

2.2.1.CNT configurations

Since their discovery in 1991 by lijima [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 orgamddnorganic pollutants from

water and wastewater [R47]. This interest is due to a unique combination of the structural and
physicochemical properties of carbon nanotubes: high vetorsarface ratio; small inner
diameters; antimicrobial propertiesictionless surfaces for rapid fluid flow; and many others [7].

The CNTs are commonly classified as SWCNTs or MWCNTSs based on the number of cylindrical
graphene sheets organised around the hollow nanotube core (Fig. 2.1). The SWCNTSs consist of a
single layr of graphene sheet rolled into a tubular structure and have diameters in the range of 1
to 2 nm, whereas MWCNTSs consist of multiple layers of graphene sheets with diameter sizes in
the range of 2 to 2Bm [6]. Most of the research on CNmcorporated mebranes focuses on
MWCNTs and very rarely on SWCNTSs, even though these possess the smallest outer diameters.
This is because MWCNTSs are generally easy to prepare and align using conventional chemical
vapour deposition (CVD) methods, and their manufactudogts are lower than those of
SWCNTs. This means that MWCNTs can be produced in the large quantities necessary for

industriatscale applications.
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A C

Figure 2.1 Sketches depicting structures of (a) SWCNTMMYCNT ard (c) NCNT (bamboe

shaped CNT). Bproduced with permissidrom [28].

Researchers have attempted to use heteredtg®ad CNTs in the form of nitrogen doped carbon
nanotubes (NCNTSs) for polyme blend membrane modifications. TheseCNTs are typically
produced by either postynthesis modification of CNTs with a nitrogeantaining compound

such as acetonitrile, melamine, and many others or by in situ incorporation of nitrogen during CNT
growth[28]. The use of NCNTs was intended to the compatibility and interaction between CNTs
and the polymer material such as (PES) [29]. Performance results of@NSTRPES membrane
revealed a superior compatibility between th&CNTs and PES because of thight surface
reactivity of NCNTs compared with pristine CNTs. The differences in the structure of various
forms of CNTs commonly used in membrane modification are showgi@.1. These include

CNTs with typical tubul ar stoapéda@uonriteohat aomns .
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Although the use of SWCNTSs 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]slaiso less expensive to manufacture MWCNTSs than their
singlewalled counterparts; therefore, MWCNTs can be produced in large quantities. However,
the inner diameters of most MWCNTSs range between 3 and 10 nm [32], which means that they
fall short of moleclar 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 witCNA membranes in
waterpurification 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
MWCNTSs. Notwithstanding the concerns raised earlier, SWCNTs with deaimelose 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 @664 m in size.

2.2.2.CNT tip functionalisation and alignment

Functional group moieties can be introduced with @as¢he 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 VACNT membranes with methacrylate groups by graft polymerisation
to fAgat eo ftsdluee campaumds [B3). The madified membranes showed better water
flux and antifouling properties than the commercial UF membranes. In addition, the solute

rejection potential was greatly improved-a@wis the control VACNT membranes. Consequently,
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the use of SWCNTs as membranes is of great interest because of their intriguingly small inner
diameters (12 nm) that can be useful for sea and brackish water desalination. However, as
mentioned before, the challenge of aligning SWCNTs vertically remaingcaisdindrance in

their use as membrane filters. Filtration methods have previously been used successfully to align
MWCNTSs vertically. Recently, the same approach was adopted for the alignment of SWCNTSs.
Indeed, when shear forces are applied, they pro@aiga alignment of CNTs perpendicular to the

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

a combination of methods, namely filtration and -ss$embly of SWCNTs. In their study,
functionalised SWCNTs werdispersed 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 veigoatent

of CNTs on a porous substrate and that the gas mixture transport through the prepared membranes
was much faster than those predicted by Keaddiffusion. As shown in FigR.2, Step 3, the

aligned SWCNT/filter is then spiooated with a dilute sotion of a highmechanicaktrength

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 encapsulatedtiwadditional graphite layers, which signals that during the
fabrication process, they are transformed from SWCNTs into MWCNTSs. Alternatively, a polymer
suspension containing CNTs can be injected into a mould cavity, a die, or-ahaamz| to form

a shap 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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4.2cm

Figure 2.2 Schematic representation of the fabrication of€NT membranes by filtration

method. Rproduced with permissidrom [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 ralfevplassage of

|l arge volumes of water while rejecting-the pe

based membranes and in particular the AT membrane systems have an enormous potential
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to improve the selectivity of RO membranes that are comymased in seawater desalination
processes, owing to their dynamic molecular sieving and separation mechanism [18]. There are
two common types of CNbased membranes: CNT mixathtrix membranes (CNT MMMSs),

which are typically mixed matrices of CNTs andxflde polymers, and VACNT membranes,
which could either be CNT fAstraws-dengyralighedudi ng
CNT arrays. Fig2.3 shows the typical differences in the structures, water transport, and solute
rejection of the two tygs of CNT membranes presented in this chapter. In theCMA
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
patof t he membranebds top | ayer, thereby contr.i
In latter sections, the differences of these CNT membrane types and the correlations between the
morphological structures and permeation properties thereof wilbrbbed and their water
transport and solute rejection capacities investigated. We will also explore their environmental

sustainability and commercial availability.

. (L]
N Carbon nanotube

o ¢ 4,0 molecule
chloride ion
® sodium ion

Figure 2.3 Water transport and solutejection of CNT membranes through (a) vertically
aligned CNT membranes and (b) CNT mixedtrix membranes.
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2.4.Fabrication processes for CNT membranes for desalination

Table 2.1 depicts the different fabrication techniques for ®BJed membranes normally utilised

in a desalination process. Work carried out by different workers fabricating CNT membranes is
compared and contrasted with respect to manufacturing procegmrismaterial used, CNT
alignment or nonalignmentharacterisatiotools used, and performance properties. For the VA
CNT membranes, the process normally entails synthesis €ENA arrays on a suitable substrate

by making use of the conventional C\ilethod 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 plae typically by a phaseversion method [35]. Although tremendous progress has been
made in the laboratorgcale production of CNT MMMs, experimental work involving the
fabrication of VACNT membranes is still in its infancy because the production sysiesns

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

Several reviews dedicated to CNésed membranes (MMMs and M@NT membranes) and their
potentiality in desalination applications have been docurderiter 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 fabrioatandfunctionalisatiorof CNT membranes for desalination
purposes and how CNT membranes compare in properties and perforbsdraseourwith
conventional membrane processes. These differences are tabulated in Table 2.2 and indicate that
unlike CNT MMMs (n 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
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among others, ultrafast water transport and-delining properties. CNTs have the abiliybe
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 andnétfbranes, 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 tha existing watetreatment 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]

Phaseinversion
mixed-matrix
method

(Celik et al., 2013 [8]

CNT membrane
type
Manufacture

Support

CNT configuration

Characterisation

Performance

»
m

VA-CNT membrane

CNT arrays grown on
a silicon wafer
substrate
Polystyrene infiltrated
into the CNT array
Spincoating and
removal of excess
polymer

HF acid used etch off
CNT film from
substrate
Waterplasma
oxidation to open
CNT tips.

—

l
- iy

Polystyrene

Vertically aligned

SEM, HRTEM,
porometer and
electrochemical
measurements

The presence of
CNTs increased
conductivity of the
membrane
Attachment of
biotin/streptavidin
moiety on the CNT
tip allowed for
gating or sievingf
Ru(NHs)e** ions.

VA-CNT membrane

CNT forest grown by wateassisted

CVD method

Wateretching to detach CNT ays
N-hexane introduced into @gown

CNT arrays and dried

CNTs collapse near to packing into a
rigid body upon liquid evaporation.

None

Vertically aligned

TEM, SEM, N desorption

experiments

Densely packed SWCNTs were

observed from SEM

N, gas diffusion is 2 orders of

VA-CNT membrane

SWCNTSs prepared by
arc discharge method
and treated with
HzSOJHNO3 acid
mixture.

Amine functionalised
SWCNTsdispersed in
THF.

Dope solution filtered
through a PTFE
membrane filter.

4z2cm

Polytetrafluoroethylene

Partial alignment

HRTEM, permeation
of gas mixtures

Rapid gas transport
through the CNT
membranes that

magnitude higher than predicted by deviates from Knudsen
Knudsen and-3 orders of magnitude diffusion.

higher than for composite membrane

CNT MMM

MWCNTSs treated in
HzSQ/HNO:; acid
mixture.

MWCNTSs sonicated
and NMP followed by
addition of PES
Dope solution casted
on glass plate and
immersed in
coagulation bath.

|/|/|/;|

<L

b

/e

None

Non-aligned

SEM, FTIR, Contact
angle goniometer,
crossflow filtration
experiments

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 thecdé production of CNT MMMs,
experimental work involving the fabrication of VBNT 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.
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Several reviews dedicated to Thhased membranes (MMMs and M@NT 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. e function of CNTs in the membrane technology arena was analyzed by looking
at the studies focusing on the fabrication amttionalisatiorof CNT membranes for desalination
purposes and how CNT membranes compare in properties and performance behavior wi
conventional membrane processes. These differences are tabulated in.Zahtki@dicate 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 outstaongiergies, including

among others, ultrafast water transport anddeHning 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) > 5071 500 27 50 <2 0.37 0.6 0.67 10 [20], [34],
(37]
Operating Pressure (bar) 0.17 2 <5 371 15 2971 100 0.71 2 [31], [39],
[40]
Pure water prmeability > 1000 107 1000 1.57 30 0.05i 15 >1000 [32], [39],
(L/(m2.h.bar) [41]
MWCO (Da) > 300 000 10007 1000, 1007 1000 100 100 [32], [42],
000 [43]
Membrane thickness (um) 5071 100 15071 300 x 0.05 0.17 0.2 0.6 10 [29], [44]
%NaCl rejection 20- 80 95->99 100 [45], [46]
Resistance to fouling and Poor. Poor. Poor. Poor. Very good. [24], [47]
biofouling Resistanceto  Resistancéo Resistance to Resistanceto CNTSs possess
fouling can be  fouling can be  fouling can fouling can be antimicrobial
improved improved be improved  improved properties.
through through through through Resistance can
membrane membrane membrane membrane be further
surface surface surface surface enhanced with
modification modification modification ~ modification membrane
with with with with surface
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hydrophilic hydrophilic hydrophilic hydrophilic functionalisatio

additives. additives. additives. additives. n.

Application Removal of Removal of Removal of Removal of Removal of [8], [37],
solid particles, viruses and multivalent monovalent organic [39], [48],
protozoa and colloids. ions, proteins, ions, micropollutants  [49]
bacteria. dissolved desalination,  and

organic water reuse, desalination
matter and ultrapure application.
hardness. water.

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 dve 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 ajjeviatin
the global water pollution problems on its own, which means that the existingtreatienent
technologies are not sufficient to provide 100% pure water. Therefore a combination of methods,
including those that have advanced from nanotechnology thrinveglise of carbon nanotube

membranes, can be a more viable approach.

Manawi and ceworkers [36] recently assessed the potentiality of caldased nanomaterials
(including CNTs, graphene, graphene oxide, carbon nanofibres, MXene, edebinied carbon,

and fullerenes) in membrane fabrication for water treatment and agggalinCarbon nanotubes
(CNTSs), 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 CNsTto effectively destroy bacterial cells upon direct contact.
Furthermore, VACNT 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 thpeseneiable membrane.

Indeed, Elimelech and Phillip [2] caution against the use @fbranes 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) FGINVA
membranes to be effectively used fongager 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 desalinion membrane modifi¢teons. 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 anidfecpis

points before commercialisation of this technology, such as considering economic and
environmental concerns with regard to the use of +wabled or, better yet, CNdased
polymeric membranes. Toward the end of their review, the authors enedwagronmentalists

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

hazards that these naroabled membranes may pose for humans.

Ahn et al. [3] documented the fabrication methods for @d$ed membranesd 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 VACNT membranes mainlinclude the complex fabrication processes

used, which makes tgraling of these membranes a challenge. For this reason, more efforts have
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been directed toward the exploitation of mixedtrix types of CNT membranes, even though they
exhibit more moderat@ater fluxes than VACNT 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 VACNT membranes andixed-matrix CNT membranes (adapted
from Ahnet al[3]).

VA-CNT membranes Mixed-matrix CNT membrane

CNTs are vertically aligned within th CNTs are irregularly arranged within tt

membrane polymer matrix

CNTs are densglpacked together Composite layers with polymer membrane ¢

nonwoven support

Water flux through the membrane is extrem Water flux through the membrane

fast reasonably fast

Functional groups can be convenien Low (or anti) fouling membranes
attached at the CNT tips or on threembrane

surface to prevent fouling

Complex fabrication procedures, less ec Fabrication processes are convenient, sin

effective and readily commercialisable

May need specially adjusted operation syst Operation similar to that of conventione

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 iimgptiie use of CNT membranes

for desalination has mainly been based on simulation studies. The properties and behaviour of
fluids when confined at narlength scales differ greatly from their behaviour in bulk form. For
example, in the macroscopic worltwould 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-amrkers [39] showed that despite their hydrophobic
nature, SVCNTs 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 moldouhed 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 channek Inside the channel, the hydrogeanded and methodically linked water molecules

or simply Awat er epidtedim &i@2.4aThesformhaton af éhese ordered ode
dimensional hydrogebonded water wires inside the CNTs and at the CNT ogsnirighly
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 interiorBnorgs 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 flownesatvithin 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. Nonethless, the flow rates remain comparable with those of transmembrane aquaporins

[43].

o\
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Figure 24Mo | ecul ar dynamic simulation depicting w

Wi r es 0 i nizedarnichae cadonihdngtubesefoducedvith permissionfrom [42].

Several macroscopic equations have been used to explain the relationship between fluid flow or
transport rate and the pore radius of the CNTs.dDtleese models is the n@lip Hagen Poiseuille

equaton which can be represented in Bdl. asfollows:

= (2.1)

whereQ,, srepresents the volumetric flow ragf is the pressure difference across the tube length

(L), pis the viscosity of water arlis the pore diameter
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This equation assumes that fluid flow inside the CNT tubes is laminar and that thesdijpsato

the boundary layei.€. the fluid velocity at the CNT walls is zef46]. However, several studies

on nanosized hydrophobic pores, such as those of CNT membranes have sfovdevigtions

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 M4k The slip lengthwhich
is merely the distance that the velocity profile can be estasgd with to reach zerig. 2.5) is

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

: S
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| /
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Couette cell geometry

Figure 2.5 lllustration of slip lengthat the liquid/solid interface. éproduced fronjl] of Further

reading section
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When Hagen Poiseuille formalism in equation 1 is corrected to includiasiigonditions, it can

be represented iBg. 2.2 as:

. d4 (%3 L
_ 3 t ‘Ls &P
QiT5 5 T (22)
whereLg s the slip length and is given Ig. (2.3) adollows:
— UYwal i
ST JU7 br (2:3)

andU,, 5 jsithe axial velocity at the wall aretU/dr is the radial velocity gradient at the wall.

Holt et al. [45] appliedrte slipflow formalism (Eq. 2.2to determine the flow through s@bnm

CNT membranes. The slip lengths that were hundreds of nanometres larger than the pore sizes and
were in the ordr 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 théibgliformalismcannot 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 costsggests, 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 sempermeable memhbne is governed by the solution osmotic pressure, i.e. osmotic
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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),,€8 (7,7) and (8,8) in war desalination
applications.The CNT performance was evaluated by ghting salt rejetion efficiency (see

Table 2.4)34]. The numbers denoted within parentheses describe the chirality and metallicity of
thecarbon nanotubes investigated; 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 nanotultleeametallic nature of
SWCNTs. The calculations showed that the CNTSs 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 membearand 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 indepth studies omvercoming 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 frgd2]).

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

C-C Internal H20 lons
(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+ 05 0.007 + 0.005
(8,8) 10.9 7.5 17.00 815+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 incorporatiofAeCNTs 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 controllabl@ore 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 CN‘based membranes is typically achieved using sirt@tarmiques to those

that are normally used to characterise conventional polpased membranes. The techniques
used include scanning electron microscopy (SEM), transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), atomic force microscopdH{M), streaming potential and surface

charge analysis, contact angle analysis, electrochemical impedance spectroscopy (EIS), thermal
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gravimetric analysis (TGA), attenuated total reflectiayurier transform infrared spectroscopy
(ATR-FTIR), X-ray photoeleton 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 struetof 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 membiare.sub
Depending orthe phasenversion kinetics that occur during membrane formation, the membrane
sublayer may consist of large fingéke structures (referred to as macrovoids) or it can consist

of a spongdike structure made up of many small pores. For example, ar twekffectively view

t he me mb r-aectiermldnorpholagy (8r internal structure), the membrane sample must be
freezefractured in liquid nitrogen followed by coating with either gold or carbon in order to impart
electrical conductivity [51]. The gorporation of CNTs into the polymer matrices is known to
significantly affect a membranedbds surface po
formation of CNT MMMs, the addition of small amounts of CNTs within the PES matrix enhanced
the phase garation 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 electromicroscopy (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. Ornigda limi
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 sigrilficenore 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 CNT$ismembrane 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 ofA-CNT membranes, TEM analysis is commonly the first technique applied,

in particular for the aprepared CNT arrays, prior to polymer infiltration, as TEM is capable of
probing the internal structure or morphology of these #ms®d membranes and caroalglicate
whether vertical alignment of CNTs has been achieved. Scanning electron microscopy (SEM) is
equally widely used to study the topography of-ZAT membranes. Unlike TEM analysis, SEM
examines the surface and produces an image that clearlysstatiie alignment of CNTs within

the membrane. The TEM and SEM images for@NTs and VACNT membranes prepared using
different methods are shown in Figs 2.6 and 2.7. In E&§). SEM crossectional images of PSf
membranes prepared from blending differ@mounts of MWCNTSs are shown. All MWCNT/PSf

membranes have similar substructures with fiddger internal pores. One noticeable difference
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from their substructures is the amount of MWCNTSs that have migrated to the top surface of the
membrane, to make thmembane surface hydrophilic. Fig.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 eamp rat
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 VBNTSs synthesised on stainlesteel mesbs are shown in Fig.

2.8.
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Figure 2.6. SEM crosssectional 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 Al to D1

46



are high magnification (20000%) images of A to D, showing the presence of MWCNTSs in the
surfacelayer of the membran&eproducedvith permission from [50].
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Figure 2.7 SEM micrographs for (a) CNT film (b) the middle of the CNT film, (c)-FIRM
micrographs for CNTs, and (d) patterned CNTs using a TEM grid prepsirggithe nanotemplate
method. Rproducedvith permissiorfrom [56].
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Figure 2.8 SEM micrographs of VACNT membranes (in different forms) prepd using the

filtration method. Rproducedvith permissiorfrom [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 irapes the mechanical strength of MMMs and

as such increases the | ife span of the membra
typically measured on a MicroStrain® analyser (LORD Sensing Systems, Williston, VT, USA) or
Instron analyser (InstronMassachusetts, 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 presuredriven 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 prégatied

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

a tensile strength of 119 %, 77% in Youngds mo
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have also demonstrated the advantages resulting from théfusetmnalised 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 particle$ Q00d2wnt%) 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 CNTSs.
Contact angle measurements are usually recorded Ifbrar 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 hydrophilicisce 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 ataafhme
foulants. Hydrophilicity is achieved by effectively mixing polymers with hydrophilic additives
such as highly functionalised CNTs and/or heteroatoped CNTs such as-8ibped CNTs [29]

and can be predicted easily by a decrease in contact angle.atreexample, when acid
functionalised CNTs are incorporated into PES membranes, a decline contact angle from

>71 °for bare PES membrane to <66r 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 nanotubased membranes. Atomic force microscopy generally priblees
internal structure of the membrane and provides information on the surface roughness
characteristics of the membrane and can also helpureeagembrane pore sizes. F&9 shows

that after the addition of surfaemgineered CNTto the cellulose agtate/polyethylene glycol
polymer matrix (PM), the membrane surface roughness increased along with an increase in CNT
loading up to 0.3 wt% (from PNCNT 1 to PMCNT 3). However, with further increments up to

0.4 wt% (PMCNT 4), the membrane surface becaneother. 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 loathy 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 lméchese

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 permission fronj3, 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 deteranigledtrokinetic
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 np@iériad this
measurement, zeta potential is measasea 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 spées 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 surfacewadtpgievent 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 characterisationtechniques

Other characterisation technigs used for membrane analysis include XPS and XRD
spectroscopy. Xay 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 most useful for studying the stability of the incorporated functionalised
CNTsinto 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 inhange
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 incorparditeitie membrane surface-rdy

powder diffraction (XRD), on the other hand, providefoimation 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 sustainaklity 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 atkWh/m3 at 50% recovery and is far greater than the theoretical minimum
energy required for desalination of 1.06 kwWh/m3 [2,33]. The minimum amount of energy required
to separate pure water from salty water is equal in magnitude but has an opposit¢hedret®

energy of mixing, and can be calculated in Eg. (4) as:

daG, w-RTlI a,dp "V,dp (2.9

whereads,,,; is the free energy of mixing is the ideal gas constaiitis the absolute temperature,
aw Is the activity of waterny is number of moles of water is the osmotipressure of seawater

andV,, is themolar volume of water.

The minimum energy can then be calculated from the integrati@ydfas follows:

Wo (d &G /dp), =R T a, (25)

Although the energy consumption of the RO desalination process has not yet reached the
theoretical limit, the use of highly permeable membranes sudbNasbased 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, -riesibant
membranes such as CNbhsed membranes are béaial in overcoming the high energy costs
associated with higpressure 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 &d$ed membranes is not ig
documented, because these materials are relatimely, 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 Environadéng e n cny CNT ftantaining
waste is considered as hazardous waste unl ess
the fabrication costs of CNbased membranes could potentially be driven up (when
environmentally benign processes are sought) and edpdfcibese membranes are scaledap
manufacturingFor example, currently the cost of 1.0 g of pristine MWCNTSs 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 MIM 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 enviednmen
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 misiingg CNT toxicity at the source prior to

their incorporation into other materials such as membranes [64] orqfaise systems such as
filters. Methods that have been suggested for CNT disposal includégnigierature 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 effortedezine this area

in order to create better solutions for the disposal of CNTs or-G&€d membranes in a

sustainable manner. These efforts will require active collaboration among materials scientists,
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industrialists, academics, and environmentalistg@deioto 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 énesguired 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 remuaitexd 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 wataity 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 aplited 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. ®olymeri
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 rejecéipacities has been a
continuous endeavour. Indeed, the incorporation of carbon nanomaterials, in particular CNTs or
the fabrication of VACNT membranes, is being applied to lower the cost of seawater desalination.
The incorporation of CNTs into polymerinembranes 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 aih 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 metokoanes

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 thateaaer the membranes enesfficient.

The £hematic diagram given in Fig.10 illustrates the potential performance and commercial
viability of CNT membranes with reference to other renabled membranes such as inorganic
nanomaterials incorporating meémanes, aquaporins, ceramics, and other nanostructured
membranes [45]. Indeed, V&NT membranes have highly enhanced performance prediction

(closer to aquaporins), yet commercialisation is still a long way off.
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membrane. Reproduced with permission fidimFurther reading

The use of integratesl/stems 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-&ilpegion stage, the effect of losving 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. Reseaschave 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 cdre stage of cuttingdge 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 perspectigs

The CNTbased 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 &zg, shape, and geometry). The
millimetre-long VA-CNTSs provide new openings for the transportation of water molecules through
tubes. However, CNFbased membranes exhibit several obstacles that must first be addressed
before they can be utilised effectiyéh 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 produ€NTgA

have not yet beescaled up [35]. In addition, when alternative methods such atismttarge 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 nanomatesaids 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 stren§tBNI membranes [88]. However, the
Aunbundlingd of CNTs can be achieved through
functional substituents, for exampl€OOH,-OH, andi NH2, (ii) non-covalent modification via
wrapping of watessoluble lineapolymers 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 solutierasting processes remains another overarching obstacle. The practice

of chemically functionalising CNTs or substitutional doping of CNTs #ssis 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 seelosdysimple, and efficient ways

of functionalising and/or dispersing CNTs in membranerices. 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 wea 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
membane 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 mixednatrix membrane configuration remains questioaalid 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 aitentespecially in cases where dispersion and chemical
bonding has not been achieved [46]. Therefore, if CNT polymer membranes are to be endorsed for
future largescale operations in waténeatment processes, the issue of nanomaterials leaching into
the water source must be thoroughly addressed and attempts must be made to preventAsaching.
mentioned in the previous sections, \CNT membranes have better prospects than CNT MMMs
when it comes to their performance in desalination processes and thetyligBgpplication.
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 fltixesigh 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 i€ NT membranes is the alignment

of large numbers of KTs with wellcontrolled 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 {68&lVArrays and
adequately fill these spaces, without tampering with the alignment of GQ¥¢Egarchers 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 impuwiibén 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 manmsnt [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 memlisaresmous. The key
guestion that remains is: can these CNT materials be commercialised fesdalg@pplications?
Commercialisation of these materials is important because CNT polymer membranes possess
enhanced selectivities. In contrast to convergiopolymeric 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

energyefficient and les 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 pe2@t8m in
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 membrana#isal 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 membras 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 conosrcan be resolved adequatéliiere are also issues regarding the
hazards of nanomaterials in the workplace, i.e. research laboratadguction facility, or
operation in which nanomaterials are processsell udisposed of, or recycldd.the absence of
scientific clarity about the potential health effects of occupational exposure to nanoparticles, a

need exists for guidance in deoisimaking abouhazards, 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 detidié scope of thevork carried to date on PESWCNT
membranes over the past 8 years, with particular emphasis on their synthesisdainchtion
methods, differemnorphological structures displayed by thembranes and how they impact the
resultant membrane performances well as their use imvater and wastewater treatment
Furthermore, the review aims to provide the reader with useful insights on the different roles
played byMWCNTSs in the modification of PEBased MMM fysicochemical properties; that is,

the inclusion of MWCNTSs 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: polyetherslfone, carbon nanotubes, mixethtrix membranes, ultrafiltration,

modification strategiesnorphological structutesurface 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 includdh bater shortage and deteriorating water
quality. Owing to their wide pore size range (250 pm), ultrafiltration (UF) membranes
particularly find use in the fractionation and {reatment stages of wastewater and seawater
desalination[1]. Membrane araised as a support substgafer the production ofthin film
composite (TFC) nanofiltration (NF) and reverse osmosis (RO) membranes, which are
consequently used ithe removal of smallesized contaminanf®]. In addition, the largepore

sizes of UF membranes allow for high water permeability anddperationalpressure thus

bringing a furher reduction in the operatingsts|3].

Amongst the several currently available polymers, polyethersulfone (PES) has become the
polymer of choice for the fabrication of laborategale and industriagdcale UF meioranes and

other membrane types. Thisdse 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 adiis5]. Furthermore, PES can be easily processed into
various configurations and modules. Despite possessing several advantages and thenefits,
hydrophobic nature dPESmakes it prae to fouling, thus limiting the lontgrm application of
PESbased UF membranes in water filtratidgfrouling of UF membranes is typically caused by
hydrophobic interactions between the foulants present in the feed solution and the membrane
surface, whicheads to adsorption of proteins and particulate matter on the membrane surface and

within the membrane poré€Big. 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 the membrane (the foulants are commonly
hydrophobic) can be greatly reduced by making the surface of the membrane hydfdjphikc

this end, several research strategies have been directed towards the improvement of the hydrophilic
propeties of PES. These strategies, which are detaildtkitatter section of this chapténclude

but are not limited to, hydrophilic polymer blending, plasma oxidation and incorporation of
nanomaterial additives (also called nanoadditiy8s)3]. Exanples of nhanomaterials that have

been used as additives incluclrbon nanotubes (CNTSs), grapbegraphene oxide (GO) as well

as inorganic nanoparticles (e.g. titanium dioxide gJ,iGilicon dioxide (SiQ), iron oxide (FgO3)

and silver (Ag) nanoparticlgs
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The incorporation of nanoadditivesto conventional polymeric materials provides an efficient
alternative approach for the enhancement of the functionalities, surface properties and overall
performance of these polymers. Modification of PiESed ramlranes with nanoadditives has

been shown to produce membranes possessing the dual physicochemical properties of the
nanoadditive and polymeric PES compondd®]. For example, the incorporation of CNTs
possessing dierent surface functionalitiesisio PES polymeric membrane megs has been

widely employed in the production of PES/CNT mixmdtrix membranes (MMMs), with the aim

of improving the structural and performance properties of the PES UF membrane such as
hydrophilicity, mechanical strength, permeability, selectivityvai as antifouling propertiel®,

15-22].

The use of CNTs in the modification of PES membranes and many other pdigsset
membranes is driven largely by their excellent physicochemical properties such as high aspect
ratio, low density, high mechanical strength and stiffness, superior adsqmiperty and high
flexibility [23, 24] Additionally, the use of CNTs as nanofitiein PES membrane matrices has
specificallypeen demonstrated to address the two challenges related to: (i) permealattivity
tradeoff; and (ii) fouling encountered during membrane filtration applicatjgas However, it

is important to note that intrinsically, CNT surfaces are chemically inettligaly to form
agglomerates oclusters due to van der Waals interaction forces between the nanotubes.
Ultimately, the existence of van der Waals forces resuihherently weak interactions and poor
interfacial adhesion between the CNand 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. Suchonrcompatible dispersion process gives rise to il
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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 stlayer structure prepared from CNiundles will therefore
consist of norselective voids in the sdhyer, 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, surfacunctionalisationof CNTs with functional group moieties or hyper
branched polymers, which could pdiefly transform the hydrophobicity of CNTs in a significant

way and thus carry over the desired hydrophobicity propetdythe target hydroghc structure,

is necessary. Thadoption of such a strategy has an added benedddriessingther unintende

and undesirable challenges associated with the entanglement and agglomeration of f#5CNTs

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 solf\@@jts
Moreover, the hydrophilic properties brought about by the surface oxidation of CNTs reduces the
tradeoff between permeability and selectivity resultiingm the electrostatic repulsidg5]. A
reduction in the electrostatic repulsion implies that a negatively charged contaminant in feed water
will be prevented from attachirigto a membrane surface by electrostatic repulsion forces while
water will be strongly attracted and efficiently traodpd through the PES/CNT mix@alatrix

membrang25].
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From the discussion above, it is evident thetuniform dispersion of CNTs in organic solvents

and polymer matrices is a critical issuattitannot be overlooked if higierformance MMMs
containing these cylindrical carbons are to be prepared. In theritjapd studies where
functionalised or oxidied CNTs are used for the modification of PES membranes,-wailéd

carbon nanotubes (MWCNTs)sing chemical vapour deposition (CVDgre used instead of
singlewalled carbon nanotubes (SWCNTSs). This is bee@$D-synthesisedMWCNTs @an be
produced in very large quantities and relatively cheagtgn compared with their SWCNTs
counterparts. In addition, MWCNTSs retain some of the desirable characteristics of CNTs that are
required for membrane modificatifii7], [30]. Recent advances in the seajeof MWCNTS have

also lowered the prices of MWCNTSs hyfactor of 2 or dver the pastiecadg31].

For reasons mentioned above, aprapch involving the use of MWCNTSs (instead of SWCNTS)

in the modification of PE®ased membranes has been adopted for this research study. Such an
approach forms part of a research strategy predicating that carbon nanomaterials and other
nanotechnologypased 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 MWCNTSs in the modification of

menbranes.

In the previous chapter, the different carbon nanechdse=d membrane typese( vertically
aligned CNT membraness-a-vis MMM CNT membranes), their prospects and sustainability as
a solution towards addressing some of the current problemsasdowith water desalination,

were discussed in detailed. The current knowlgeigeainingto CNT exploitation in desalination
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was summarised and the extent to which the fluid transport properties and chemical functionalities
in CNTs necessitate high wateuxes and controllable salt rejection required for desalination were
discussed. In order to build on what was discussed in the previous chapter, this literaturesreview i
focused on any progress madehe research work relating titve fabrication,functionalisation

and applications in water treatment of PES/MWGhbiBed MMMs. Specifically, the review
commences with a detailed discussibagpects relating to synthetic procedures for acogse

target membranes, wipecial attention being paid tow themorphological structuresffect the
properties and performance of the resultant target membrarfagther important objective of

this literature review was to show the current state of knowledge in relation to the underlying theme
of this study, amelyhow the competitive effect of the two important membrane propertees (
hydrophilicity andmorphological structuref membranesimpacts on the performance of the
PES/MWCNT membraneThe review concludes with a discussion on the various applications of

PES/MWCNT based MMMs from a water treatment perspective.

3.2.Synthesis procedures for prepang PES/MWCNT mixed-matrix membranes

The main purpose of the adaptation of nanotechnologmsinbrane fabrication and modification

is to control the membrane microstructure and performance properties so that the membrane is
tailor-made for a particular purpose. For examtile UF membranes fabricated usitige phase
inversionprocess generallydve an asymmetric structure comprising of a skin layer, a porous sub
layer and support structure. On the other hand, the interfaddigherisatiormethod used for the
fabrication of NF and RO membranes allows for the addition of an active thin film arf the
asymmetric structure. Each of the layers the thinfilm and support layers) comprising the thin

film composite membrane struce can be independently optimds to control the resultant
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membrane performan¢82]. Moreover, the nanomaterialan be added either in the support layer
or thinfilm layer or in both layers in order to induce an improvement of the structural and
performance properties ttie membrane. The structural differences between an asymmetric and

thin-film composite membrane are illustratedHig. 3.2.

(b)
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*— NONWOVEN
SUPPORT
. ' FABRIC

Figure 3.2 Crosssectional depiction of: (a) an asymmetric structure; and (bYittnmcomposite

membrane structure.eRroduced with permission frof&3].

This section details the synthesisd modification procedures that are generally adopted for the
fabrication of PES/MWCNT MMMs and how the membrane structure obtained in the presence of
functionalisedMWCNTs influences the physicochemical properties and performance behavior of
the targetmembrane. The most commonly employed procedures for the fabrication of
PES/MWCNT fabrication i(e. phaseinversion method, interfaciapolymerisationand spray

assisted layeby-layer assembly) are discussed in detail in the followingsadtions.

3.2.1.Phaseinversion by immersion precipitation

Thephaseinversionmethod has become a useful technique for the preparation of various types of

membranes with desired configuratiomsorphological structureand performance properties.
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Thephaseinversionprocess an be induced by a nesolvent, vapour or temperature chaf@#.
The nonsolvent induced phase separation (NIPS) method (also called immersion precipitation
method) is commonly used for the fabrication of REBSed MMMs that contain functionalised

MWCNTSs[13, 16] The various steps involved in thbaseinversionprocess are depicted kig.

3.3.
I/// ! &Jr o é -
O-MWCNTs DMACc PES Casting solution

N ORYAGR

\ , W ___, Coagulation bath
N\«

" <4 ‘
non-solvent)

J; non-solvent in-flux
Casting/ J, solvent out-flux

polymer solution !‘.‘ast polymer solution on glass plate/ \Coagulation stage /

Figure 3.3 Phasenversionby immersion precipitation process fmeparation 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 negligibnsare strong polymesolvent
interaction[35]. Based on the polymer type and the desired membrane morphology, different
temperatures are used when diggg the polymer in the selectelvent. In some cases, the
polymer is dissolved at room temperat{8€]. Typical temperatws used for complete dissolution

of the PES range from 60 to 80 [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 soluticsuppat fabric or directlinto 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 intaca-solventcoagulation bath. Awon
solventthat is miscible with ta solvent but immiscible with the polymer should be used. Contact
between the polymer solution and tihen-solvent(as shown in Step 4) will cause the polymer to
precipitate due to solvemonsolventexchangeKig. 3.3.)[37]. During this process, two types of

phase transitions take place, namely:

(1) liquid-liquid phase separation, in whichetttompletely miscible polymer solution
crosses the binodal boundary layer to enter thepiase region in the phase diagram;
and

(i) solidification, as a result of the increase in viscosity of the polymer solution to a certain

value, thereby restricting teovement of polymer chains.

At this point, the polymer solution solidifies in order to fix the membrane microstru@a}e

Since the polymer film solidifies during the solwemn-solventexchange, the miscibility of the
solvent andnonsolventis important[39]. The key factors that infance the phase separation
kinetics and the resultant membrane structure include the polymer concentration, the choice of

solventnon-solventsystem, the composition of the polymer solutioe. the presence afion
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solventadditives in the dope solution), the coagulation bath temperature and the conditions under
which the solution is cast €. relative humidity and solvent evaporation prior to immersjdf).
A comprehensive review on how each of these factors influencgh#seinversionprocess has

been undertaken by @en et al [39].

As previously mentioned, thghaseinversionmethod is also used for the preparation of PES UF
membranes containing nanomaterial additives such as MWCNTSs. 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 amh-solvent(non-solventinflux and sdvent outflux expressed

as J and J, respectively, in Step AiFig. 3.3[13, 18, 25]while forming part of the solidified
polymer membrane film. Therefore, the presence of these functionalised MWCHNdrssadvent
additives in the PES casting solution has a major influendbekinetics of the phaseparation
process and the resultant membrane morphology. The increased demixing rate results in: (i) the
formation of suHayer with fingerlike structures and macrovoids; (ii) reduced skin layer
thickness; and (iii) large suate pore§l3, 16, 20, 29]The mechanism of formation and evolution

of fingerlike structures during the coagulation process are discussed in detail in subsequent
sections. In this regard and as showfkig 3.3a, PES/MWCNT membranes prepared using the
phaseinversionmethod have an asymmetric structure consisting of two layers, namely: a dense or
thin skin layer and a porous sldyer with macroporefl6]. The top layer is formed first at the
interface where the casting solution amahsolventcome into contact. The ratio abn-solvent

inflow to solvent outflow is fundamental for the structural formation of dipddyer{38].
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The presence of long fingéike and macrovoid structures in the membranelayeér is viewed as

ideal as they act as microchannels, which allogfree flow of water molecules. Therefore, the
presence of longfiigerlike 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 fingelike 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 yocoralbated through the

use of support fabrics during the polymer solution coating stage of membrane formation.
Therefore, it is still possible to generate a macroyiied PES membrane structure in the presence

of MWCNTSs by: (i) allowing the solvent to eparate 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)
useof 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 eibtioatéd
membranes. However, tredoption of only one of these strategies womake the resulta
membrane substructureery dense thus leading to extremely low fluxes. We have previously
demonstrated the possibility of creating smlpporting, macrovoifee PES membrane
substructures in the presence of oxidised MWCNTs with redmyp high water fluxes and high
mechanical strengtf28]. The formation of such macroveftke PES membrane substructures is
ascribed to the existence of hydrogen bonding interactions amongst the high moleogitear

polyethylene glycol, water and oxidisednsolventMWCNTs additives in the PES/sulfonated
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palysulfone casting solution, which result in the formation of an open porous spke@eoss

sectional structure.

81



Table 3.1 A summary of the structural properties and performance of PES/MWCNT membranes prepphedaiaversionmethod

for water treatment applications

Base polymer + Polymer Nanoadditive Membrane *Membrane sub-layer structure *Membrane Ref
solvent, magulation | concentration type/process performance
bath temperature

PES + DMAc, DI 20wt.% PAA-MWCNTSs, UF
H20 @ 20°C

PWF = all modified [19]
membranes had highe
water flux than bare
PES (25 31 L/n?.h)

@ 4 bar

Rejection of whey
proteins = 97%

FRR = 95%

PAAM-MWCNTSs,

PAC-MWCNTs

PES + DMAc, DI 20wt.% PAA-MWCNTs NF
H20 @ room temp.

PWF =40 L/IM.h @ 4 | [20]
bar

Rejection NaSOs =
80%,

NaCl = 52%
FRR =97%

82



PES + DMAc, DI 18wt.% PCL-MWCNTs UF PWF =61 L/.h @ 8 | [22]
H20 (temp. not bar
specified) Rejection C&" = 27%

Rir (%) = 88.9%
PES + DMAc, DI 16 wt.% NH2-MWCNTs UF PWF =184 L/Im2.h @ | [41]
HO0 @ 25°C 3 bar

Rejection BSA =

x 86.5%

FRR = 46%,

Rt =90.2%
PES + DMAc, DI 18wt.% COOH-MWCNTs NF PWF =x 7 L/Im?.h @4 | [13]
H20 @ 20°C bar

Rejection NaSOs =

80%

FRR = 87.7%,

Rir (%) = 12%
PES + NMP, DI HO | 20wt.% COOHMWCNTSs UF PWF = 40 L/m?.h [16]
(temp. not specified) @3.5 bar

Rejection NOM =

x 50%
PES +DMAc 18wt.% PSSMWCNTs NF PWF = 145 L/nt.h [42]

@3.5 bar

Rejection dye = 99%
at 800mg/I dye feed
solution
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PES + DMAc, DI
H0 @ 10°C

19wt.%

SLSMWCNTs

UF

PWF =500 L/hh @
1 bar

Rejection BSA =
x 97.5%

FRR = 89.9%

(43]

PES + DMAc, DI
H20 @room temp.

15wt.%

Pb  (Il)  imprinted
MWCNTs

UF

PES + DMF, DI HO
@ 25°C

16wt.%

COOHMWCNTSs,

OH-MWCNTSs

UF

PWF = 320 L/n?.h
@ 1 bar
Adsorption PB* =
14.15 mg/g

FRR = 93%
(adsorption), 96%
(desorption)

(44]

OWF =115 L/M.h @
2 bar, for COOH
MWCNTs

OWF =93.8 L/IM.h @
2 bar for OH
MWCNTs

(21]

PES + DMF, DI HO
(temp. not specified)

17 wt.%

PVP-MWCNTSs

UF

PES+ DMAc, DI
H20 (temp. not
specified)

18wt.%

COOHMWCNTs

NF

PWF =270 L/hh @1
bar

Rejection BSA =
96.4%,

FRR = 95%, Rir (%) =
4.8%

[45]

PWF = 42.7 L/Ih
@4 bar

Rejection NaSOs =
87.2%,
Rejection MgS@=
72.7%,

Rejection NaCl =
24.7%

[46]
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DI H:0 @ 25°C

bar

Rejection BSA =
99.9%,

FRR = 92%

PES + DMAc, DI 16 wt.% PMTAC- MWCNTSs, UF PWF = 464.6 L/hh [47]
H20 (temp. not @0.5 bar
specified) PEGMA-MWCNTs Rejection BSA =
96.2%,
FRR =91.4%
Bacterial killing:E.
coli =99%, S. aureus
=99%
PES + DMF, DI HO | 16wt.% SBMA-MWCNT UF (c)PES/SBMA@CNT(1.00) PWF =x 150 L/n%.h [48]
(temp. not specified) @1 bar
Rejection BSA =
x 100%,
FRR =98.9%
PES/SPSf + DMAc, | 22wt.% COOHMWCNTSs UF PWF =560 L/Im.h @1 | [28]

*All figures used in théTable 3.1have been repduced 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 anonsolventbath[49]. The structure of membranes prepariedch phaseinversionmethod

results from a phase change of an initially stable polymer solution that has been brought to an
unstable state. Tihis end, the state and equilibrium composition of polymer solutions can be
well depicted using ternary phase diagrdb@]. Phase diagrams are constructed in order to

study the thermodynamics of membrane formation.

As shown inFig. 3.4 a phase diagram is represented by a trigi3§e Whereas each corner

of the triangle represents one of three components (palysukent, andonsolven), any

point within the triangle is representative of a mixture of the three compoi®9its
Furthermore, phase diagrams can be divided into three re§ign8 @)namely: (I) onephase
region where all components are miscible; (Il) fpftase region, where the system separates
into a polymeirich (polymer matrix) and polymegyoor phase (pores); and (Ill) a solidification
region where solidiquid demixing occur$51]. The mutual affinity betwen solvent andon
solventaffects the position of the binodal curve in the phase diagram. If the affinity between
the solvent andon-solventis very high, the binodal curve will gravitate towards the polymer
solvent axis in the phase diagram, and tesssolventwill be required to induce liquiiquid

phase separation for pore format{®7, 39] In a ternary phase diagram, the binodal curve is
fixed at a constant temperature. However, in the presenceafsolvent additive such as
polyethylene glycol (PEG) in the polymer solution, the binodal curve moves toward the
polymer/solvent axi§52]. This means that the precipitation rate increases, and instantaneous

demixing is as a result accompanied by the formation of fikigempores and macrovoids.
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Therefore, the final membrane morphology is strongly related to the initial casting solution

compodgion, the position of the binodal curve and the precipitation [&8h

Polymer

. binodal
composition path

Polymer-rich
phase

tie line

Polymer-
poor phase

Solvent Nonsolvent

Figure 3.4 Schematic representation of a ternary phase diagram.

In order to onstruct a phase diagram, clepdint determination experiments are conducted
whereby a polymer solution is titrated againstoa-solventfor the system; the ergbint of
which is determined visually based on the formation of a turbid/cloudy so[&64&nThe more
nonsolvent(water)needed for thend point to be reached, the greater the shift of the binodal
curve towards the polyme&@n-solventaxis on the phase diagram. The opposite is true when
less amount ohon-solventis required for the titration engoint. As already stipulat, the
closeness of the binodal curve to the polys@rent axis is associated with instantaneous
demixing and the formation of fingdike membrane morpholog®n the other hand, delayed

demixing results due to binodal curve shifting farther away floerpblymersolvent 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, thape solution rheology is affected, and this

in turn changes the precipitation kinetics duigseinversion[55]. In this regard, the effect

of nonsolventadditives on the thermodynamic stability of the polymeric casting solution can
then be predicted from the cloud ipioexperiments. However, cloymbint determination
experiments cannot be used to predict the effettindétionalisedMWCNTSs on the resultant
membrane morphology of PHE&&sed polymer solutions since the polymeric casting solutions
that contains the MWCNTSs are dar&loured which makes it impossible to vially observe

the formation of a turbid solutioni.€. when the engboint of the titration has been reached).
However, itis possible to carry out cloyabint titrations and construct ternary phase diagrams

for other metal nanopatrticle incorporated PES inamed56].

3.2.1.2.PESMWCNT membrane configurations: Flat-sheet versus hollowibre

Thephaseinversionprocess mentioned in the preceding section can be adapted for preparation
of modified PES based membranes possessing bothitat and hollovibre configurations.
The images of MWCNT polymer composite membranes withstiaet and hollowibre

configurations are shown Fig. 3.5.
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Figure 3.5 Photographic images of-@MWCNT containing polymer composite membranes
with different configurations (a) flasheet and (b) hollow fiber membrane. Reproduced with

permission fronj28, 57]

In both configurationsan increase in the intensity of the greyish coloiuthe membranes is
observedwhen the MWCNT content is increased. Usually, the-dtaet configuration is
suitable for l&-scale applications and optiratson of the casting solution composition that is
necessary to generate a particular membrane steustiitable for a specific use. Fromsthi
optimised composition, hollofbre membranes can then be prepdff]. Compared to fia
sheet membranes, these holliitove membraes are more desirable for largeale applications

owing to their large module area or volume and high resistance to prgs3ure

As shown irFig. 3.3 the procedure for the fabrication of fietieet membranes using titease
inversionprocess is quite straightforward and requires minimal operatianesmd apparatus
(casting knife with adjustable gap height, glass support substrate and coagulatioinbath).
contrastnumerous factors need to be considered for the fabrication of Hidlewnembranes.
These factors include the rapadaseinversionkinetics and the interfacial mass transfer during
the spinning proces$9]. Other additional spinning parameters that need to be taken into
account for the fabrication of holloflore 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)dbpe
extrusion rate; (v) the length of the -gap; and (vi) takeip speed[4]. However, the
fundamental thermodynamic and kinetic rules of polymeric casting solutimdsfor both
membrane configurations. For example, when MWCNT incorporated alumina/PES hollow
fibore membranes were prepared by Fen@l [60], it was established that an irese in the
MWCNTSs content ledo 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 structre. Although cofigurations weredifferent, the surface and cressctional

morphologies of PES/MWCNmembranesvere found to b¢éhe same.

3.2.2.Interfacial polymerisation

The interfacialpolymerisation(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 tfilm composite (TFC) membranes. The IP process
generally involves the immersion of a microporous support membrane into an agueous
polyamie 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
agueous phase solution so that the reaction occurs at the interface betweensiletions

[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 followingfitmndeposition is
necessary to complete the interfacial reaction and to ensure adequatéinkingsof the
polyamide film, which subsequently influences the permeability, selectivity and stability of the

membrang51]. A schematic depiction of the entire IP procedure is showimgin3.6
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The polyamide film issynthesisedby reacting the amine and acyl chloride functionalities of

the diamine and diacid monomers, as showrign 3.7.

e 1. PES/MWCNT UF membrane placed inside a
%" . frame containing non-woven fabric

2. Immerse support in the aqueous solution for 2 min

v
lel II

3. Immerse in organic solution (TMC in n-hexane) for
Imin

4. Heat in the oven for 4min at 70°C, to ensure cross-

23 Poh o

T.‘FC‘ NE memﬁrar;é

Figure 3.6 Schematic diagram of the interfacpalymerisatiormethod.

(aqueous phase)

PIP T™C O Polyamide

(organic phase) / (product)

Figure 3.7 Interfacialpolymerisatiorreaction 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
ROapplications. For example, the standard IP reaction between piperazine (PIP) in the aqueous
phase with trimesdychloride (TMC) in the organic phase is commonly used for the formation

of TFC NF membranes, while the TFC RO membranprepared using-pherylenediamine

(MPD) and TMC[61]. The TFC FO membranes can be prepared using either PIP or MPD as

agueous monomers and TMC as the organic phase monomer.

One of the key advantages of TFC membranes prepéele IP process is that each layer
(support layer and active polyamideydas) can be individually optimél to achieve a
membrane with the desired selectivity and permeability properties while providing good
mechanical strength and compression resistge To this end, functionalised MWCNTs
typically find application in the modification of the active polyamide layer (dispersed in either
agueous or organic phasfg3] or in the enhancement of the mechanical strength and
permeability of the support substrate. A comparative study on the effect of the PES/IMWCNT
substrate with neat PES substrates on the performance of the resultant TFC FO membrane
fabricatedvia the IP process vgaundertaken by Wargt al [64]. Thatstudy established that

the TFC FO membrane prepared from the PES/MWCNT UF substrate displayed a superior
performance ingrms of water permeability and salt rejection (97% NaCl rejection) compared
to the membrane fabricated using neat PES substrates (78% NaCl rejection) and the
commercial HTiderived TFC FO membrane (89% NaCl rejection). The superior performance
of the PES/MVCNT UF derived membrane was ascribed to the porous structure of MWCNT
that was incorporateito the PES support, which resulted in significantly decreased internal

concentration polarisation and higher water I64].
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A similar study by Soet al [65] compared the performance of TFC RO membranes fabricated

on PES/MWCNTSs substrates to that fabricated on pristine PES substrates, and found that the
functionalisel 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 hyaphilicity, enhanced pore properties and more negatively charged surface of the

PES/MWCNT substrate$ig. 3.8 [65].

Na*
Alginate — @ Cr

-
o, ry \H
H,0 H,0
\% PA dense layer

PES/fCNT porous layer

RIS R PET fabric
v
g : Functionalized carbon nanotubes (fCNT)

——p . Water flow

----- » : Potential water flow

Figure 3.8 Schematic diagram of TFC RO membraneifaied on PES/fMWCNT substrate.

Reproduced with permission frof@5].

Choi et al [66] investigated howunctionalisationof TFC membrane witla PES/MWCNT
substrate affects the performance of the resultant TFC membrane towards seawater desalination
andwastewater reclamation using the forward osmosis proBedative to the pristine TFC
membrane, the study reported a 72% increase in the waterof 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 electrostaticsrepuffects caused by
the negatively charged membrane surface, was recorded during the organic matter fouling test

[66].

3.2.3.Spray-assisted layetby-layer assembly

Sprayassisted layeby-layer (LbL) is a membrane surface modification technique in which
polyelectrolyte (cationic and anionic) solutions are alternatively deposited anetimbrane
substrate to create multiyers on the membrane surface. The sjssisted LbL procedure
allows for the deposition of highlgrdered and densepacked multilayersnto a large

substrate area, while maintaining light transmittg6dg.

Liu et al [68] has fabricated PES/CNT membranes with improved antifouling properties using
the LbL technique. Brieflyananionic solution consisting of poly(sodiurstyrenesulfonate)
(PSS) and oxidised MWCNTs amdcationic solution consisting ebusively of poly(diallyt
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 spraleposited with anionic ahcationic solution polyelectrolyte
multilayers. Between each deposition step, the PES substrate was rinsed with DI water before
the assembly of the next layer. The PSS/IMWCNT layer served both as the initiating and
terminating layer. Furthermore, the PSSU@NTs were attacheihto the PES substrate via
hydrogen bonding, while the cationic PDDA layer interacted thitlSS/MWCNTSs layer via
electrostatic and van der Waals forfg8]. The configuration o$prayassisted layeby-layer

for the modifcation of PES membrane is shownhiny. 3.9.
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R s”.

I. Spraying process II. D eposition process IIL 1-bilayer membrane
n*cycles § Layer1 PSS/MWCNTs Wait Rinse by DI Dry
(bilayers) 5 |ayer 2 PDDA Wait Rinse by DI

B e ——

=P Spraying time(Sec) €=
*The prepared membrane denoted as PES-(PSS/MWCNTs-PDDA)n, n=3.5 and 6.5

Figure 3.9 Sprayassisted layeby-layer deposition method used for the preparation of

polyelectrolytemultilayer PES/MWCNT membraneseproduced with permission frofé9].

3.3.Morphological structures of PES/MWCNT membranes

During thephaseinversionprocess, a onphase polymer solution is separated into two phases;
a solid polymerich phase (from which the membrane structure is formed) and a liquid
polymerpoor phase (from which the membrane pores are genefd@@d)There are two
classical crossectional membrane morphologies that PES/MWCNT MMMs fabricated via
phaseinversionmethods may possess, hamely: (i) finljlee structures with macrovoids; or

(ii) spongelike morphology (tscussed brieflyn Section 3.1 Whereasdw precipitation rates
during the coagulation process generally yield membranes with spikagtructures (known

as type | membranes), high or fast precipitation rates give rise to membranes withikenger
structures or macvwids (known as type Il membranes). Type Il membranes generally have
low salt rejections rates but high fluxes by virtue of their fidder sublayer structurd71].

The fingerlike morphology is commonly achieved for asymmetric PES based MMMs
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membranes fabricated in the presence of MWCNTs$haphaseinversionprocess while the
spongelike morphology isseldom achieved. In the s#ion 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 spongdike structure

3.3.1.1. Evolution of finger-like structure and macrovoids

Reuverset al [71] classified two possible types of cressctional membrane morphologies as

type | membanes i e. membrane structures that are formed from delayed onset ofliquid
demixing), and type Il membranes (membrane structures that are formed from instantaneous
liquid-liquid demixing). Whereaso macrovoids are formed for type | membranesgiovoids

are always formetbr type 1l membranes except in cases where the polymer concentration or
nornsolventconcentration in the casting solution exceed a certain minimum péllileThe
crosssectional suddayer of membranes formed by immersion precipitation is generally made

up of fingerlike structures or macrovoids.

Apparently,no uniform view exists within the research comiiyion the presence of finger

like structures and macrovoids in the membranel@yér. Some researchers are of the opinion
that their presence makes a positive contribution towards the ultrafiltration processes since the
fingerlike channels limit the flev resistance thus resulting in improved permeability of the
membrang39]. 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 oper@éng2] Most

published studie on the incorp@ation of functionalised MWCNTsto 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 ofliikeggtructures and
macrovoids in the membrane sldyer (Table 3.). The improvement in the structural
properties and performance of the membranes is attributed to the hydrophilic nature of oxidised
MWCNTSs; that is, the rate of exchange between solvenhandolventis increased during

the phaseseparation process. As already stated, the presence of thesdikmgeuctures and
macrovoids tends to limit the mechanical strength properties of the MWCNT modified PES
MMMs, more specifically for membranes fabricated in theesoe of a support fabric, even
though the incorporated-MIWCNTs may possess reinforcement properties. Therefore, the
presence of fingelike structures and macrovoids may lead to membrane failure when the
membranes areperated undemnigh pressures. Toithend, in the absence of support fabrics,

an open, porous, spongy membrane structure that is macifoseis highly desirable since it

is mechanically stable and allows for good water permeability. The initiation of macrovoids in
the membrane substructuhas been linked to the nucleation of droplets of the polpoer

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 ofdroplets in the spongée substructure is stopped rapidly upon immersion of the

polymer solution in th@on-solventcoagulation baff73].

3.3.1.2. Mechanisms of macrovoid formation

According to Guillenet al [37], fingerlike macrovoids in the membrane substructure are
formed by convective flow afion-solventinto the polymeirsolvent solution. This convective
flow arises from interfacial energy gradients at the polymer solutmmsolent interface.

Furthermore, convectivaonsolvent 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 short@o fingerlike structures and
macrovoids. On the other hand, large fintjlee macrovoids propagate the membrane cross
section only whemon-solventconvective flow into the polymer solution film exceeds viscous
hindrance forces, that is, when a geotivent, ample supply of goewbrsolventand polymer
solution of relatively lower viscosity are us@]. 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, @rticularly the viscosity prior to casting membrane and immersion into coagulation

bath, is vital.

As proposed by Matf74], a further understanding of the kinetics and membrane formation
mechanisms taking place during fifeag-inversionprocess can be attained through direct film
observation with the assistance of a light transmission microscope. For analysis with light
transmission microscopa drop of polymer solution is thinly spread between glass slides and
contacted with aonsolventcoagulant (usually waterThereafter, the rate of precipitation is
monitored under an optical microscope and recorded photographically. Carbopdrtabés

or phenolphthalein aometimes added to the casting solution, to enhance the visualisation of
the currents and movements in the casting solutions and precipitation[#@dBenget al

[75] used the same technique to study the formation mechanisms leadingnargihelogical
structureof sulfonated polyphenylenesulfone UF membranes possessing vanmopesitions

of the polyethylene glycol (PEG 400 Da). The sPPSU polymer solutions containing PEG
displayedslower precipitation rates than polymer solutions without PEG (PH&G§) 3.10.

The initiation of mamvoids wasalso found to be delayed by the duoioh of PEG into the

polymer solutions.
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Figure 3.10 Phasenversionphenomena of SPPSU/NMP dope solutions modified with various
compositional contents of PEG 400 Da: (A% (PEGO0), (B) 2wt.% (PEG2), (C) 4wt.%
(PEG4) and (D) 8vt.% (PEGS) in water. Bpraduced with permission from [68]

Thedelay in the macrovoid initiation for various compositions of PEG was attributed to slower
phase separation resulting from high solution viscosity, wihatfectively hinders the
diffusional exchange between the solvent amshsolvent At sufficiently high PEG
composition ite. PEG8 in Fig.3.10), an increase in the viscosity was found to facilitate the
formation of the macrovoiftee structurd75]. It is important to note that the microscope
visualisation technique enables real time measurement of void formation to be undertaken.
Other than using ogla small amount of material, this technique alobe used for the rapid
evaluation of novel polymegolvent additivenon-solventcombinatons. However, similar to
cloud-point determination experiments, it is difficult to observe film formation in opaqu
polymer solutions (such as PES/MWCNT polymer solution) when using the microscope
visualisation techniqug7]. An alternative technique for measuring the precipitation rate has

been suggested by Noel and Monn¢rig]. It involves measurement tfie time from when
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the polymercoated glass plate is immersed in the coagulation bath to the time when the

solution turns opaquer separates from the glass plgté].

3.3.1.3.Formation of spongelike structures

As mentioned in the earlier sections, membrane eestsonal morphology is determined by
the polymer precipitation kinetics; rapid precipitation produces fitigempores while a slow
precipitation rate produces spoHdee structure. When the 4fiux of the nonsolventfrom the
coagulation bath and the dlux of solvent are nearly equal in magnitude, the net flux becomes
small, and the polymer solution is slowly exposed torttvesolvent Slow exposure of the
polymer solution tononsolvens resultsin a slow precipitation rate and the formation of
spongelike pores. However, rapid precipitation is achieved when the magnitudédlox iaf

the nonsolventfar exceeds that of the net flux, thus leading to the production of fitkger

pores[77].

Hollow fibre membranes and sometimes {iteet membranes possessing spdikge
crosssectional 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 Penget al [78], factors that may potentially aid macrovoid formation include
nontsolventmoving front, precipitation front, surface weaknefiew instability, capillary

flow, moisture sorptiorand low viscosity. With such knowledge in mind, several strategies
involving the suppression of macrovoid formation in the membrandaseb have been

proposed. These strategies include:
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Selection ofsolventnon-solventpair with low miscibility i solventnon-solvent

pairs with very good miscibility such as DMAc and water grapanol are most
likely to form membranes with large macrovoids. The difference in solubility
parameters between the solventlaon-solventpair can give an indication of the
type of microstructure that the membrane will assume. If the difference between
solubility parameters of the solvent amonsolventis high, thenonsolvent
diffuses more easily into the polymer solutioteading to an increase in the
exchange rate between solvent and-solvent[79].

Increasing polymer concentration in the casting solutioni increasigy the
polymer concentration leads to an increase in casting solution viscosity thereby
delaying the exchange rate between solvennamnesolventduring the coagulation
stageand thus leading to the suppression of macrovoids

Increasing solvent evaporationtime 1 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 thigpalymer solution interface, thus
resulting in the formation of a dense skayer with fewer macrovoid structures
[80].

Adding a non-solventto the polymeric casting solutionor introducing organic
additives such as pddinyl pyrrolidong (PVP), PEG, or nanomaterial additives
such as MWCNT$37] - the presence of theon-solventadditives in the casting
solution increases the viscosity of the casting soluéind,other additives (e.g. high
molecularweight PEG) have the abilityo improve pore interconnectivity thus

leading to the elimination of macrovoids.
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The factors descrédd above seem to suggest that éhmination of macrovoid formation is
necessary for a reduction in the fluidity of the casting solution, which leakls tohibition of

the diffusion exchange between solvent aagsolventin the coagulation bath and ultimately

the lowering of thgghaseinversionrate[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 highlymer concentrations tend to give rise to other issues
such as increased dense layer thickness and substructure resistance, which subsequently reduce
membrane flu§82, 83] Therefore, a sole increase in the polymer solution viscosity may not
be an appropriate and caftective approach for eliminating macrovoids in the membrane
sublayer. In other words, other factors suah decreasing the casting knife gap height (to
decrease polymer solution thickness) and udiffgrentcasting solutiosor coagulation bath

temperatures should be considered for the suppression of macrovoids.

It should be noted that the effect of tHmae mentioned processing variables on the resultant
membrane structure supersede those of the added nanoadditive. For example, &ashhani
[84] investigated the effect of the polymer concentration on the structure of the PES membrane
in the presence of several nanoadditives includingNDMCNTs and @OHMWCNTSs. It

was found that PES nanocomposite membranes fabricated usingt. %% polymer
concentration displaygke higher porosity and macrovoitbrmation in their substructure
compared to membranes fabricated usingvL8o [84]. The observed results were attributed

to theoccurrence of a faster exchange rate between solvemicargblventat lower polymer
solution viscosity. Furthermore, an additional increase in the loading of the nanoadditive at the
two polymer concentrations evaluatizadled to change thenorphology ofthe membrane to
spongelike structure On account of this, membrane synthesis conditions are usually optimised

prior to the inclusion of MWCNTs or other nanoadditives. Thereafter, the fuatted
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MWCNTSs are incorporated into the optiratsbare PES memdme 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 structe

The membrane crosectional morphology, especially the formation of macrovoids, is also
dependent on the thickness of the cast solution. Vegah [85] established that macrovoids

only appeared when the casting knife was set at a gap height thickness of 500 um; compared
to no macrovis forming at lower gap height thicknesses of 150 um and 300 pet.dli

[86] suggested that this occurrence is linked to the critical strudtarsition thicknessLE)

of the membranes;e., the membrane structure possesses a macrnegdstructure at gap

height thickness levels that are lower thanlLibe

ThelLc indicates aransition of the membrane morphology from a spélilgeto a fingerlike

structure when the membrane thickness is increased. This means that for a given dope solution
there exists mLc below which the membranes will show a fully spotige crosssectiona
structure as well as drc above which the membranes exhibit mainly fintjee macrovoid
structure[86]. Similar findings have also been reported by Feh@l [86], whereby the
sulfonated polyphenylenesulfone (sPPSU) polymer solutions weredchst varying the
casting knife gap height from 100 pum to 200 [8%]. The membrane morphology transitioned

from a fully spongy structure to a combination of sponge and fililkggeestructures when the
thickness of the cast solution was increaded. 3.1). These results suggest thapart 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 structurgansition thickness of thgystem, a spongée morphology can

be obtained.

Figure 3.11 SEM images of the flasheet membranes cast from 26% 2.5sPPSU polymer
solution with the casting gap height of (A)@@m (B) 150 um and (C300 um. Reproduced
with permission fronj87].

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 solvemt¥solventsystem with low miscibility
generally leads to the formation @flense membrane structure with no macrovoids. Véang

al. [52, 88] have observed that fingdike membranes were traformed into spongkke
structures upon replacement of the water coagulant with alcohols. In order to obtain delayed
onset of liquidliquid demixing (to form type | membranes, without macrovoids) for casting
solution with increasedon-solventcontent, tike amount of the solvent in the coagulation bath

will have to be increas€l®0]. According to Smolderst al [49], for a ternary phase system
consisting of cellulose acetate/acetone/waeslight increase in the amount of wateorg

solven) 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 macrovals. The addition of a specific minimum amountofsolventto the

dope solution was sufficient to induce instantaneous demixing (the formation of type Il
membranes). On the other hand, in the ternary system of cellulose acetate/dioxane/water, an
increasen the amount of solvent (dioxane) added to the coagulation bath led to the suppression

of macrovoids (transition from type Il to type | membrarjds].

3.3.1.3.3 Addition of non-solventadditives

The addition ohon-solventadditives 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 afon-solventadditives in polymeric casting solutionsiensidered to be

one of the most important parameters that controls the overall membrane morps2]oxy

et al [52] investigated the individual influences of ethanol, methamptppanol and water as
nonsolventadditives in the PES/NMP polymer solution. ItsMfaund that the morphology of

the PES UF hollowfibre membrane changes slowly from long and wide fifder structure
through a thin fingelike structure to the spongdge structure when the ethanol concentration

in the dope solution was increased ®2t.% [4]. An appropriate amount afon-solvent
additive in the dope solution apparently enhances the formation of macrovoids whereas a high
loading of thenon-solventadditive suppresses their formation due to a delayed demixing that
occurs during membrane growth procgds 90] This suggests that, in addition to the presence

of nonsolventin the dope solution, membrane morphology is strongly influenced by the
amount ofnon-solventused. PEG and PES Aare some of the most commontlyadsbtives

in polymeric casting solutions due to their ability to form pores during phase separation

process. Since PEG is a wea&nsolventfor polymers, its addition to the dope solution
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reduces the solvency of the solvent while the ratio of polynmsait@nt increases thus affecting

the membrane formation procds8, 91] An investigation by Arthanareeswareinal [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 additiveoarsblvent which in turn leads to the
formation of large macrovoids in the membranelsyer[92]. In addition, whezas 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{ decreased]92]. Due to their

lower mobility in the coagulation bath, M# 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 solvenhamdolventexchange process.

As a onsequence, contact angles measured for the membrane were found to be smaller thus
i mproving the mempPi].dineadddion bfndnophipcradditiies; suchas
PEG, to the casting solution has a dual e¢ftecthe membrane morphology. Therefore, not
only does PEG facilitatthe 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 usedsadvent
additives in PES casting solutions, a preponderance of fiikgestructures intte membrane
sublayer with macrovoids was noticeab]&€3, 15, 16, 94] The formation of fingelike
structures in the membrane dalyer has been strongly linked to the hydrophilic nature of
functionalised MWCNTSs, which leads to a rapid exchange between the solventresalvent

during the coagulatiostage. However, any furthercareases in the MWCNT loadingad to
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the casting solutions becoming viscous, thus favouring a delay in the phase separation process
thatresults ina reduction in the number of fingkke structures. This phenomenon concurs

with results first repoed over 30 years ago by Reuvgf$] and Smolderst al [49], which
propounded that the resultant membrane morphologgommposed of eithefinger-like
structures, a fully spongéke structure or a combination of both membranephologies,

depending on the loading nbn-solventadditive in the casting solution.

3.3.1.3.4Coagulation bath temperature

When a polymeric dope solution that is cast at high temperatud@s @0 °C) is cooled down

to room temperature prior to immersion int@ tiorrsolventcoagulation bath, liquidiquid

phase separation is induced prior to immersion imtimesolventcoagulation. This means that

a decrease in the temperature of the casting solution leads to the formation of many nuclei,
which cause phase seption before theon-solventinflux and thus inhibiting the formation

of fingerlike membrane morphologi8]. It has already been established that the formation

of macrovoids occurs under rapid precipitation conditions, and the precipitation is often more
rapid at high temperaturg¢d3]. 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 increds 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 fingdike structures and macrovoids. This phenomenon has also been
confirmed by Zheng and emorkers[95] after studying how the viscosity of the polysulfone

casting solution and the resultant me mbr ane
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coaguation bath temperatures. In thatudy[95], it was reported thanincrease in the casting
solution or cagulation 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 lardidénger

structures in the membrane salyer.

3.4.Influence of PES/IMWCNT crosssectional structure on membrane performance as

measured by permeability and selectivity

An enhancement of pure water flux and permeability of most PES/IMWCNT MMMs is
associated with the presence of findjilkee structures in the membrane dalyer[13, 16, 19]

Based on 3D simulation results generated bye§hl [96], fingerlike 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-lggonge
membrae was much lower than that of fingéte membrane$96]. According to Leeet al

[97], the water flow velocity through fingdike macrovoids is nearly tefold higher than
through the sponglike regions, which exist between fingldte macrovoids. It has also been
demonstrated thathen the dense spontike 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 membrd8&]. During the fabrication of TFC membranes, when the
spongelike structure and closed macrovoid become predominant in the support layer, the

overall water flux of the membrane can be red&&jl

Yip et al [77, 98]and Wanget al [77, 98]suggested that an ideal support substrate for a TFC
FO membranes should be comprised of a combination of siegend fingetlike structures;

that is a thin layer of spongkke structure near the top edge of membrane esestion with
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a fully fingerlike structure underneath. Nevertheless, FO tests undertaken by Watjaljo

[77, 98]have proven that the degreehgdrophilicity 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 spdikgemorphology, it
displayed highest wtar flux (33.0 Um?.h) reported inliterature and salt flux (15 b#.h)

compared to the TFC membrane with part firljjer structures in the membrane sublayer.

It is worth highlighting that a fully spongie structure with antfouling properties is
degrable fa longterm membrane stability. In contraghosh 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 ceworkers [120] reported contdictory 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 fingdike structures in the support lay#irat 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 fabrifree support membrangtructure with an open porowspongelike
morphology is beneficial for the enhancemehTFC membrane permeability and letegm

performance stability.
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3.5. Modification strategies for PES/MWCNT mixed-matrix membranes

Surface modification or outevall functionalisationof MWCNTs with different functional

groups such asCOxH, i OH, 1 NH>, 1 SOG:H, ori CONH. 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 MWCNTSs into multifunctional
materials capable of beingsed in various reactions and processes. To this end, the
incorporation of modified MWCNTSs 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 bestowig hydrophilic propertie®n thisPES membranthatreduce its susceptibility to
fouling. All of the surface modification strategies discussed in the followingecitions share

a common approach and goal namebprporaton of hydrophilic materials ithe hydrophobic

PES membrane matrix

3.5.1. Functionalisation of MWCNTSs prior to inclusion in the PES matrix

3.5.1.1.0xidation of MWCNTs to MWCNT -COOH and MWCNT -OH

Oxidation of raw MWCNTs with strong acids or other oxidative media, allows for their
purification and ridsthem of residual metal catalyst particles, amorphous carbon, and
hydrocarbon gases uskttheir preparation. The oxidation process simultaneously introduces
carboxyl { COH) and hydroxyl {OH) functional groupsto the outer walls of the MWCNTSs

[99, 100] Not only does the presencei@@O.,H andi OH moieties endow the MWCNTSs and
ultimately the PES membrane with hydrophilic properties, but under alkaline conditions, they
undergo deprotonation, become negatively charged and also impart the same neggtge cha

into the membrane surface. During the coagulation stage of membrane formation,
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functionalisedMWCNTSs migrate spontaneously to the membresager interface to alter the
membrane surface properties such as hydrophilicity, surface charge and ro{bBneS8s A
negatively charged membrane surface has an aaldeshtagen terms ofsolute retention
mechanism in addition to skaxclusion mechanism; that is, negatively charged solutes or
contaminants are prevented from settlinp a negatively charged membrane surface based

on electrostatic repulsion interactions, thus leadinggb bolute 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 asicand divalent cations; the opposite is true for

positively charged membranfg<1].

Acid functionalisationis usually carried out under reflux conditions, wheré¢hy desired
amount of MWCNTSs igefluxed (130°C in a silicone oil bath) in a mixture of.2BQs and

HNOs with mass ratio of around 3:1. Thereafter, the resultantfaoictionalisedMWCNTSs

are washed with plenty of distilled water until a neutral pH of the washing solution is obtained
(equal to distilled water pH). Finally, the washedctionalisedMWCNTsare dried in an oven

at 120°C [102, 103]

Generally, acidunctionalisatiorof MWCNTSs with oxygercontaining functional groups fim

the basis of which other subsequentunctionalisation strategies such as amination
(functionalisationwith amine groups) or polymer grafting stem from. In essence, the new
functional group or polymeric moiety is simply attached to the MWCNT via théiveasites

such as the carboxylCOOH)and hydroxyl {OH) functional groups present on the sidalls

of the MWCNT Fig. 312).The acid treatment process opens up the nanotube end caps, and
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shortens the nanotube length. Shorter nanotubes have an advahtagieg uniformly

dispersed in the membrane matrix and along the membrane surface.
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Figure 3.12 Schematic representation famctionalisationof MWCNTs. Reproduced with
permission fronj104].

Using hydrothermal treatment of pristine MWCNTSs in a potassium hydroxide solution, it is
also possible to exclusively prepare hydrduyictionalisedMWCNTs (MWCNT-OH) that do

not possessCO;H groups105]. Briefly, following ultrasonication of pristine MWCNTSs in a
potassium hydroxide solution, the resultant suspensienawtoclaved and heated at 180 °C
for 2 h. Thereatfter, the resultant MWCNIH 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 perfocamanalysis of MWCNITCO;H incorporated

and MWCNT OH incorporated PES membranes was undertaken by DeldtaUj21]. The

study revealed that, at a low nanoadditive content,i b&H-MWCNT/PES membrane

displayed higher permeability compared to its MWGKIH counterparf21]. The difference
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in permeability was attributed to the difference in structural the geometries of the two
functional groupsi(e.i COH andi OH) present in the membranes. Unlike the linear geometry
of thel OH groups, the bent molecular geometry associated withGfeH groups allows for

the formation of cavities between the PES polymeric chain$ @@dH-MWCNTs where the
solvent is initially tapped. Outward diffusion of solvent during phasparation process
leaves behind empty spaces thus forming a pof@sH-MWCNT/PES membrane structure

with high permeability

3.5.1.2.Amination of MWCNTSs to NH >-MWCNTSs

Amine (-NH2) functionalisatiorof MWCNTSs offa's a wide range of reaction applications since
the-NH> functional group is highly reactive, possesses a wealth of chemistry and can therefore
be reacted with many chemicals and polynj&egl]. As already highlighted in section 4.1.1.,
acidfunctionalisatiorof MWCNTSs withi OH andi CO;H groups forms the basis from which
other forms of MWCNTs modification stem from. This also holds true for amine
functionalsationof MWCNTSs. As shown iffrig. 3.13, the initial step in theNH2 modification

of MWCNTS involves acid treatment of MWCNTSs to introduce the carboxylic acid group
moieties {COxH). Upon attachment of th&€OH into the MWCNTSs, the CO:H is reacted
with an aminecontaining precursor (in this case polydopamine (PDA) dissolved in DMF
solvent was used as a precursor) to produce the déblHdMWCNTS. The exact mechanism
for the amination reaction, which is depictedFig. 3.1, involves a transfer of ettrons
between aANH2 andi COH. Another commonly used strategy for the amination of MWCNTSs
is the acetylation of the carboxylic acid group of the of the MWE&NXEH using thionyl
chloride (SOGJ) followed by reaction with a diamin§l8, 106] The NH>-MWCNTs

functionalised PES membranes prepared by Vatanppowal [18] displayed a significant
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improvement in the antifouling propest of the membranes, which wascribed to the

generation of a more negatively charged surface possessing high hydrophilicity and lower

surface roughness. Similar results involving higher B§Action, reduced surface roughness

and improved antifouling properties compared to the neat membrane have been reported by

Rahimpouret al [41] following incorporation of the NHMWCNTSs into the PES matrix.
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Figure 3.13 (a) Procedure for aminfinctionalisationof MWCNTSs; and (b) mechanism for

aminefunctionalisatiorof MWCNTSs. Reproduced with permission frofl].

3.5.1.3.Polymer-functionalised MWCNTSs (by polymer grafting and polymer wrapping)

An ideal mixedmatrix nhanocomposite membrane should be agglomerittenTo 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

hyperbranched polymeristo the outer wallsof the MWCNT. Choiet al [107] havereported
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that the grafting ofcarboxylic acidterminated hyperbranched poly(etiik@tone)into the
MWCNT surface enablesheir dispersion in polar solvents even at a low degree of
functionalisation Daraeiet al [20] has conducted a water dispersibility test between raw
MWCNTs and polyacrylic acid (PAA) modified MWCNTSs by ultrasonicating in wéfég.

3.14 shows that the PAA modified MWCNTSs remail dispersed in the solution omesek
following ultrasonicationywhereaghe raw MWCNTSs began to separate and precipdatef
solution within 30 mis following ultrasonication. These results provide evidence that the
presence of polar functional groups PAA attached to the outer walls of the MWCNT

improves the dispersibility and hydrophilic properties of MWCNTgvater as a hydrophilic

medium

Figure 3.14 Digital photographs showing the appearance of (A) raw MWCNTs and (B) PAA
modified MWCNTSs in water: (i) 30 min; (ii) 1 day; and JiiL week after ultrasonication.
Reproduced with permission frof0].

Although incorporate into a different polymer than PES, similar results (Fig. 15) have also
been reported by Zhao and-wworkers[14] when hypetbrancled poly(amine ester) (HPAE)
functionalisedMWCNTSs 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 MWCNIHPAE or raw MWCNTSs are homogeus when flasks were placed
vertically on the bench. éWwever, only the MWCNIHPAE washomogeneously 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 ¢fag. 3.19 [14]. Theobserved results

were attributed to the hydrophilic side chains of HPAE being stretched out into the solvent thus

providing homa@enous dispersion of MWCNTs the membrane matrid4].

Figure 3.15 Digital photographs showinthe dispersion of MWNTs and MWNHRPAE in
DMF (a and b) and in PVDF casting solutions: (c and €) MWENPRE dispersion and (d

and f) raw MWQNT dispersion. Rproduced with permission frofh4].

3.5.1.4AMWCNT/hybrid nanocomposites as new generation materials for PES

modification

Nanohybrd 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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nanomateria, which allows the structural and performance propertiesh® resultant
membrane to be improvedpon inclusion of the nanohybrid in the membrane matrix.
Individual nanomaterials may sometimes not possess or fully éRadesired properties for
promishg nextgeneration anode material that the tamggmohybrid materials possetise to
agglomeration resulting from theah der Waals forces of interaction between the individual
nanomaterials. For example, in the ca$& nanohybrid formed betweenMWCNTs and

GO, the introduction of WCNTs 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 pelymatrix is accompanied by
effective enhancements in the structural and performance properties of the membrane. In the
next subsections, progress made on the use of MWCNT nanohybrids inbB&s UF

membrane modification for various applications is esgaio

3.5.1.4.5MWCNT/GO or MWCNT/graphene

It is known that nanohybrid formation between MWCNTs andaB@ws for a coseffective

and environmentally feindly solution towards solutigphase processing of both nanomaterials
[108]. Themethodfor synthesis of MWCNT/GO is reliakly simple and straight forward and
involves ultrasonication of MWCNT powder in diluted GO dispersion in wa@s]. To study

the stability and dispersion of the nanohybrid materidtraviolet visible (UViVis)
spectroscopy angeta potential analyses are amortgstcharacterisatiotechniques that are
generally employed. The more negative the zeta potential value becomes, the higher the
stability of the mixed hybrid solutiof109]. Moreover, higher zeta potential values indicate
higher electrostatic refsion between charged particles in the dispersion and reduced

overlapping areafl09]. Chatterjeeet al [110] investigated the effect of MWCNT/graphene
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nanohybrid on the mechanical propertefsan epoxy composite, argstablished that the
resultant improveent in mechanical strength waise tothe combination of high aspect ratio

of MWCNTSs and larger surface area of the graphene nanoplatelets. Additionally, for the full
realisation of the reinforcing capabilities in the compositesas 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 nanobytaid be

observed from the TEM image kig. 3.16

Figure 3.16 TEM image showing the distribution of MWCNT/GnP nanohybridr a
MWCNT:GnP ratio of 9:1. Bproduced with permission frojh10].

Zhanget al [111] investigated the synergistic effects of the different ratios-8A@CNT/GO
nanofiller on the fouling control capacity of PVDF UF membranes. Thé\WiB/results
showed that the suspension of OMWTSs can be effectively stabiéd using GO sheet#t

an OMWCNT/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 narerak facilitated an increase

the affinity between the castings solution and coagulant thus leading to an enhancement of the

solveni nonsolvent exchange rate, which ultimately resulted in the formation of large
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macrovoids in the membrane substruc{irEl]. The increased permeability observed for the
membrane is associated with the presence of the reported large macrovoids in the substructure.
Zhanget al [112] prepared naroybrids fromfunctionalisedyraphene (G) andfunctionalised
MWCNTs (FMWCNTSs) 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 Wt.% (f-G:f-MWCNT)/PES composite membrane
(nanohyrid ratio of 1:1) increased by 16.5% from that ows% f-G/PES composite
membrane and by 50.6% from that ofwl.% f-MWCNTSs/PES composite membrane,
respectively{112]. Moreover, the electrical conductivity of thews.% f-G:f-MWCNT/PES
composite membrane (nanohybrid ratio of 1:1) was found to be 2.2 times higher than that of
the 5wt.% f-G/PES composite membrane and 8.9 times higher than thatwif%
f-CNTs/PES composite membrane. It is evident from the studies discussedthhbthe
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 psodrtibe

membrane compared to when individual nanoparticles are used.

3.5.1.4.6 MWCNT/TIO 2polymer membranes

In their respective individual capacitiddWCNTs and TiQ nanoparticles have proven to be
additives of choice for the enhancement of polymeric membrane properties such as
hydrophilicity, permeability and antibacterial activity. Howevsnohybrid formed between

TiO2 and MWCNTSs enables the joint photocatalytioggerties of TiQ, reinforcing abilities of

MWCNTs and the compatibility dlinctionalisedMWCNTSs 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.

Recenly, the effeciof TiO2 nanoribbons/multvalled carbon nanotubes (TNRs/MWCNTS) on

the physicochemical and performance properties of the PES membranes during the desalination
of brackish water was investigated by Shabail [113]. Following preparation using the
hydrothermal method, the TNRs were then used as catalysts for the growth of MWCNTSs using
the CVD method. The fabricated TNR/MWCNTanohybrids 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 SMWENTSs
coatedwith TiO2 nanoparticles were prepared and embeddedRES membrane matrix by
Vatanpoutet al [94] with the view to bolster performance and drtifouling properties of the
membrane. The Tighanoparticles were synthesized by precipitation of thes i@cursoion

the acidoxidisedMWCNTSs prior to incorporatiomto the PES matrix. The results showed that

the addition ofTiO2/MWCNTS led to significant improvements in the pure water flux of the
PES blend membranes. Interestingly, although the PES membrane thedilasively with

TiO2 nanoparticles displayed a lower pure water flux, they displayed higher hydrophilicity
relative to the PES membraoentaining th&iOo/MWCNTSs. This behaviour can be associated
with agglomeration of Ti@nanoparticles, which causesigging of the membrane porfst].

The coating of Ti@ nanoparticles on the surface m{idisedMWCNTSs apparently prevents

their agglomeration due to compatibilityfohctionalisedMWCNTs with thepolymer matrix.
Similarly, ZnO-coated MWCNTSs fothe modification ofthe performance and antibiofouling
properties of PES membrane were prepared by the same researcfil@4jum addition to

the incorporation of the ZnO/MWCNT nto 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 wse 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 foulin§l14]. The photocatalytic mechanism of degradation involving the
ZnO/MWCNT is shown irFig. 3.17.The ZnO/MWCNT/PES membrane prepared in this study

are promising candidates for application in membtaoeeactors (MBR).
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Figure 3.17 Schematic illustration of photocatalytic activity of ZnO coated MWGN

Reproduced with permission frophl4].

3.5.1.5.Polymer grafting and polymer blending of PES

Surface graftpolymerisationis an efficient method for increasing the hydrophilicity and
selectivity of PES membranéghe graftpolymerisatiortechnique has also been demonstrated
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to be capable of converting a Wiembranento anNF membrane owing to the formation of a
membrane surface with small pore sizes and high salt rej¢20pt15] The grafting process
involves a chemical attachmieof either hydrophilic omwatersoluble polymersinto the
membrane surface. For the grafting process to take place, the membrane surface should already
possespolymerisatiorsitesto which a stable graft layer can be attached. These reactive sites
can ke 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 undeakly controlled conditionsin 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, Blaee|19, 20]
investigated the combined effect tbfe inclusion nanoadditives (PAA-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 edficient salt
rejections relative to the PAGMWCNT/PES produced without graftirfgd0]. This suggests

that modified MWCNTS located within the PES membrane matrix offers reactive sites for the
attachment of PAA. In adddh to the presence of the hydrophilic additive (PgMWCNT)

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 adslitiieeselatively

simple and capable of being applied on an industrial or commercial scale. Over the years,
blending of PES with sulfonated polymers has become popular sincéniieid at improving

the hydrophilic propertiesof membranesand, subsequently, the membrane performance
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properties relating to permeability and selectivity. Sulfonated polymers such as sulfonated
polysulfone (SPSf), sulfonated polyetheretherketone (SPEER#fhnated polyethersulfone
(SPES) sulfonategolyphenylsulfone (sPPSU) have all been used for blending with BBS

120]. Before blending the polymers, an important aspect that needs to be taken into
consideration is the intaniscibility or -compatibility of the polymers. According to Nond
MacKnight [121], poor compatibility between the polymegenerally leads an irregular
membrane surface as well as a membrane structural defects resulting from-dissesalbly

of the individual polymers. It is noteworthy that the presence of sulfonic acid gr&@s#i]

in sulfonated polymers allows for the mgden bonding interaction with the sulfonyl groups (

SO) of the PES chains thus improving their compatibility.

In order to evaluate the compatibility between two polyméhns, Schneier theory and
differential scanning calorimetry (DSC) analysis were adopted. According to the Schneier
theory(Eg. 3.1), the compatibility between polymers is evaluated based on the calculation of
the mixing enthalpycoHim f r om F I or y TAH gyl gralue ghat tis lalgover 0y01
cal/mol suggests that the blend system is incompatible, whilg Bhraalue lower than 0.01

cal/mol is indicative of a compatible blend system.

1/2
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wherem H s 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 (thereforet X2 = 1); M is the molecular
weight of the repeating monomer unitrtwl) ; } ara medespective density @) and

solubility parameters ((caiin®)*?) 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 omit¢ malues calculated for various weight ratios, the results
showed) that the PES/SPSf system was compatible at all the evaluated.eatiisi{ecpH m
values were below 10xfCal/imol) (Fig. 3.18. On the other hand, ¢0PES/PSf system on the
other hand, was found to be only compatible at specific weight ragowlien PES/PSf mass

ratio was less than 95:5wt/ wt or higher tlZgh78wt/wt). It was thereforeoncluded 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 Baigeneous solutioid17]. On the other hand, the strong
inte-molecular hydrogen bonding interactioetween the SPSf and PES chains are thought to

lead to better phase mixing and system compatibility between SPSf and S
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Figure 3.18. Mixing enthalpies of PE®/Sf and PES/SPSf blend systemepi®duced with
permission fronj117].
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Experimentally, the compatibility or miscibility of polymers can be evaluated by DSC analysis;
the appearance of a single thermal glass transifig) peak at a temperature that is
intermediate between those of pure components suggests that the polymer system is miscible
[122]. As shown irFig. 3.19(a), for the majority of weight ratios tested for the PES/PSf system,
more than ond@g peak appeared’atl85 and 228°C. In contrast, only a singlég 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 restltheh
hydrophobic PES/PSf system undergoes phase separation resulting from the strong repulsion

between the two hydrophobic polymers thus making them partially compatible.
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Figure 3.19 DSC thermograms dfa) PES/PSf and (b) PES/SPat different weight ratios.

Reproduced with permission frofhl7].
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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 surfé@kcerhe addition of functionalised MWCNTSs

into PES membranes affeagurfacetheroughness and ultimately the antifouling properties of

the membrane. The addition of BHMWCNTSs into the PES matrix has been reported to
initially increase tk surface roughness of the membrane; however, furtihefdloadings of

the NH--MWCNTSs decreased the surface roughness of the memdrnReasons behind the
observed results are based on the fact that the introduction of hydrophgitAWNTSs

initially enhances the phasseparation process ding membrane formation leading to the
generation of large pore sizes and high porosiyhigh porosity and large pore sizes of the
membrane increases the membrane surface roughness. However, any further increases in the
loading of the NBFMWCNTSs promae 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 havelso been reported by Daratial [20].

In contrast Vatanpouret al [13] reported an initial reduction in the surface roughness when

the oxidised MWCNTs was incorporatado the PES. However, this decrease ie 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 MWCNTSs loading of 0 4é&4nifial reduction in the
surfaces roughness was linked to regular collocation of MWCNTSs in the membrane matrix at

low nanopatrticle loading, which is due to low electrostatic interactions among the MWCNTs
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that led to the generation of a smooth membramiase. However, at higher nanoparticles
loading, the observed increase in roughness was due to the formation of large surface pore sizes

and the agglomeration of MWCNTSs.

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 contairiurgtionalisedVMWCNTs 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 cabdtangiated by the fact,
although the PES membrane generally has a smooth surface that makes it less prone to fouling,
its hydrophobic nature (water contact arglé0°) counteracts the fouling effect and critically
reduces the flux recovery ratio of trembrand19]. Therefore, it suffices to conclude that a
combination of increased hydrophilicity and decrease in surface roughness for MWCNT

modified PES membranes increases reversible fouling.

3.6.2.Surface charge

The influence of membrane surface charge on the antifpplioperties 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-tkerged membrane surface and foulants prevent the
deposition of the foulants dhe membrane surface thus leading to a reduction in the fouling

of the membrang7]. Therefore, for neutral solutes or foulants, the membrane surface charge

will have aminimal effect on the overall antifouling properties of the membrane.
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When hydrophiliemodified PESbased membranes come into contact with agueous 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 adsbrption 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)([123]. Therefore, when antifouling filtration
experiments are cduacted under neutral conditions, a strong electrostatic repulsion force
between both negativebharged BSA molecules and MWCMNinctionalised PES membrane
surface is responsible for preventing proteins adsorption on the surfaces of the blended

membraneghus improving the antifouling properties of the membifd3e 15, 18]

Surface modification of PEBased membranes with zwitteriumctionalised MWCNTS or
hydrophilic polymers isnuch more favourable for the enhancement of antifouling properties
of the PES membrane compared to the use of conventional negatively charged membrane
surface. Shet al [124] prepared tertiary amiamodified PES (TAPES) from cationic amine

and anionic sulfonic groups to fabricate a-PES UF memlame viaphaseinversionmethod,

and found that the resultant membrane displayed superigpratginfouling properties and
desirable ultrafiltration performance. Compared to MWCNTs functionalised with singly
charged moieties, which only target pollutaptssessing a specific chay@ecorporation of
zwitterionfunctionalised MWCNTsnto a polyamide nanocomposite membrane yielded a
membrane that is capable of rejecting both negatively and positively charged ions during the
water desalination procefk25]. Zwitterionfunctionalised membrane surfaceséalso been

found to promote the prevention of cell adhesion and biofo(lia§]. The incorporation of
zwitterionic poly(sulfobetaine methacrylgt§ PSBMA) modified MWCNTsinto the PES

matrix via the phasenversion method produced a modified membrane with superior
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antifouling properties towards BSA8]. A measurement of the interaction force between the
membrane surface artdle BSA-immobilized AFM tip revealed an interaction force for the
unmodified PES memhbne (16 nN) that is higher comparedhat of the SBMACNT/PES
membrane surface (10 nN). The high interaction force was attributed to hydrophobic properties
of the PES; the formatn of a strong hydration layer by tRSBMA 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 preparising 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[8@Thce

(Fig. 3.20. In a nutshell, the hydration layer acts as a protective séoeeninimising 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 indicathimprovements in membrane surface
hydrophilicity, an increase in the contact angle suggests that the membrane surface is becoming
hydrophobid7]. Other than the membrane surface chemistry, the contact angle values are also

affected by stface roughness, porosity and pore $84.
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Figure 3.20 Schematic representation of a hydrophilic PES/MWCNT membrane surface.

It has aptly been demonstrated that the incorporatidanationalisedMWCNTSs or polymer
blending of PES leads to significant improvements in the surface hydrophilicity of an otherwise
hydrophobic PE®ased polymer membranes thereby improving its pure water flux. Surface
hydrophilicity and membrane morphology have a stronfijuéence 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 membrapere size leads to an increase in the pure water
flux. However, a hydrophilic membrane that consists of ssiadl surface pores, with a dense

or thick skin layer will have low pure water flux or permeabiit#}, 41] According to the
HagenPoiseuille equation (Eq. 3, pure water flux is directly proportional to the pore size.
The ultimate membrane structural parameter thaaldasminating influence of on pure water

flux of the membrane is its membrane pore size or pore size distribution.
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whereQ,, ;represets the volumetric flow rate (UsYP is the pressure difference (Pa); across

thelL is tube length (9); his the viscosity of water (Pa.s); adds the pore diameter (m).

Whilst hydrophilicity and membrane structure are major drivers of the pure water flux
enhancement, pore plugging isiarportant aspect that is seldom aded. Pore plugging has

a majornfluence on the membrane pure water flux when nanoadditives such as falmxin
MWCNTSs are incorporatechio polymer matrices. It occurs as a consequence of the presence

of functiondised 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 MWCNTSs in the polymeric casg solution enhances the phassparation
process lading 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 mateoccupying 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 bagfimgs of nanoadditives or MWCNTSs

are incorporatethto the membrane matridl, 128] In a study undertaken by Betial [129],

whereby different surfadenctionalisedMWCNTs (COOHMWCNTs and PEGMWCNTS)

were incorporatethto the PES UF membrané, 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 usekig. 3.2). The observed reduction in pure water flux was attributed

to membrane pore pluggy and constrictions of the water channels in the membrane

substructure by the presence of MWCNTSs.
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Figure 3.21 Pure water flux of pristine and modified PES UF membranes ateiiff trans

membraneressures. &roduced with permission frofh29].

3.6.4.Antifouling and antimicrobial properties

Apart from the selectivity/permeability traddf issue that limits membranes, membrane
fouling is another major hindrance that limits letegm applichility 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 foulingvolves loose adsorption of foulants or proteins
molecules on the membrane surfacesthat can be aasilgved 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 metip88, 131] The hydrophobic
interaction between the membrane surface and foulant provides the basis for the irreversible

type of membrane foulind.32]. The desirable characteristics for all membrane processes and
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menbranes is to have maximum flow rate, maximum solute rejection, mirigukshg and
minimum operatingosts[133]. When irreversible fouling has taken place, tiembrane can

no longer be used and has to be discarded. This thenefoeases the process operatogts.

In an effort to combat the esation of operatingosts emanating from fouling, several research
efforts have been aimed at the development of-P&®d membranes with less fouling
propensity. Various modification strategies have been adopted for this purpose. Being a
hydrophobic membrane material, PES psone to irreversible fouling; therefore, the
incorporation of hydrophilic MWCNT®to 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 udghce the propensity for membrane fouling include surface
roughness and surface chafgg All these parameters and factors that influence membrane

fouling have been discussed in detail in the previous sections.

Silver nanoparticles (AgNPs) are sontetloe most widely used nanomaterial additives for
modifying the antimicrobial properties of the membrane owing to their relatively low cost and
robust antibacterial characterisat{d@34]. Moreover, AgNPs are capable of enhancing surface
hydrophilicity of membranes due to their strong affinity for water moleddi&s Despite the
advantages associated with AgNPs, their tendency to be corroded by oxygen reduces their
antibacteial efficiency, thus limiting their longerm antibacterial applications. In this regard,
research on the use of alternative nanomaterials with antimicrobial properties (e.qg.
functionalised MWCNTSs) has been undertadi@]. Yang et al [47] prepared PMTAC
modified MWCNTs and PEGMA modified MWCNTs and incorporated theto PES UF
membrane matrix at different weight ratios with a view to imprthe antibacterial properties

of the membrane. The modified PES membranes were reportedly very effective against 99%
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of bothEscherichia colandStaphylococcus aureumacteria, while limiting adhesion of dead
bacteria on the membrane surf§4€é]. When antibacterial hybrid nanoadditives consisting of
AgNP-decorated MWCNTsvere incorporatethto the PES UF membrane matrix vignase
inversionmethod, an increase in the AQNP/MWCNT content resulted in an increase in the
antibacterial activity of the composite membrane ag&ssherichia colandStaphylococcus
aureusbacteria[135]. It appearghatthe mechanism of the observed antibacterial actigity i
linked to the release Adrom the membrane, which led to the deformation of the bacterial cell
membrane and structufg35]. The SLSMWCNTSs prepared by Wanegt al [43] for inclusion

into the PES matrix produced a modifietembrane that did not initially display excellent
antibacterial properties agairisscherichia colilt was reasoned that the SMBNVCNTSs were
buried in the membrane matrix and could not appear on the membrane surface to make direct
contact with bacteriatells [43]. However, the atibacterial properties were significantly
improved upon application of an electric fiekd. 322). The improved antibacterial activity

is ascribed to bacterial cell damage induced b®-Hhat was formed from the twelectron
oxygen reduction eaction. Apparently, MWCNTs havdarge specific surface areas that
facilitate electron transfer and diffusion, thus promoting the oxygen reduction reaction that

produces large amounts of®b [136].
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Figure 3.22 Synergistic antibacterial effect between hybrid SRS membrane and electric

field againstE. coli. Reproduced with permission fro3].

3.6.5.Porosity and pore size

Before discussing the effectf the addition of functionalisedMWCNTSs into PESbased
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; mengmansize 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)ig. 323, the difference between both membrane
morphological properties is further damed by means of sketches, and their influence on
membrane performance indicators is also depidtieglly, a membrane that is best suited for
water treatment applications should have high porosity and small pore.siziesge number

of pores thaare relatively small in siZ®2]. Such a membrane is capable of avoidinglézge

extent the permeabilitgelectiviy tradeoff that applies to membranes. Thssbecause 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-secigmnal

morphologieg96].

= Low porosity
Big pore sizes

= High porosity
Small pore sizes

@ Foulant
* Moderate to high flux, low rejection *  Moderate flux, high rejection
* High surface fouling propensity *  Low surface fouling propensity O Membrane pore

= Low porosity
Small pore sizes

= High porosity
Big pore sizes

*  Low flux, high rejection * High flux, low rejection
* High surface fouling propensity * High surface fouling propensity

Figure 3.23. Schematic diagram of membrane porosity versus membrane pore size and their

effect onmembrane 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 calef@moved 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, measurementsnche performed with at least three different pieces of the membrane

t ype. Th ofthe menmbrmrie (%an ke calculatedsing Eq. 3.3s follows:
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U ( %Ms 100% (3.3)

} ,Au
whereUis the porosity of membrankV is the weight (g) of the wet membrangy is the
weight (g) of dry the membrangy is the density of pure water (g/épA is the membrane

area (cm) andtiis the thickness of membrane (cm).

The addition of polymeric adives such as PVP or PEG as p@oening 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 gorporated nanoadditij&37-139]. In principle, large surface pore sizes

lead to enhanced membrane permeability, which is accompanied by reduced solute rejection.

In the majority of studiesvhere functionalised MWCNTSs have been incorporatéaihybrid

PES membranes, water flux has been found to increase in proportion to the amount of
MWCNTSs up to a certain point in terms of a specific concentraiiloied. This is because the
hydrophilic addive 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 whichyporosit
and pore sizes of the membrane are increased; this is as a consequence of counteracting pore

formation procespi5].

Both the separation performance and the permeate flux are affected by the membrane pore size.
The effect of pore size on separation performaaaabvious, 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 ranget 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 sharpftot rejection sine 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$ofPESbased membrane matricestdas

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. U sd eloggatiorean lvgak e st |
(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 PHfaised membrane matri28, 60, 64, 14Q] The welt
dispersed MWCNTSs 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 requirementseftective reinforcement of the polymer
composite by the nanofiller, and these include: (a) large aspect ratio; (b) good dispersion; (c)
alignment; and (d) interfacial stress trang&f]. 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 agttone

MCNTSs 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 lestWwdWCNTs and
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polymer matriceg141]. The role of the MWCNTSs in the composites is that when external
stress is applied on the composite as a whole, part of thoseestrase transferred to the

MWCNTSs thus allowing the nanopartisléo take a larger part of the log@eg. 3.24).

500 nm

Figure 3.24 TEM observation of crack nucleation and propagation in MWidlystyrene

thin films as induced by thermal stresses. Reproduced with permissiofil#2m

The presence of defects in the structuréuottionalisedMWCNTSs reduces the mechanical
strength of these nanoparticles. The defects in the structure of MWCNTSs originate from the
oxidation process that occurs during surfagetionalisatiorof the particles to introduce the
TOH, TCOy andi COH groups. Unfortunately, these defects inducing functional groups,
which are located on the surface of MWCNTSs, are essential to aid interaction of the MWCNTSs
with the polymer. The aspect ratio is anothetdathat 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, gitgene and GO nanoparticles hasaapect ratio in

the rangef 207 40,when compared with that of MWCNTghich is above 1 0QGuchalow

aspect ratio for GO requires relatively high levels of the nanopartiolde added tthe
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polymer matrix in order to reaksa percolated network structure with prominent mechanical

reinforcemenf{l144].

While the presence of MWCNTs in PH@&sed membrane matrices bestowsproved
mechanical strength properties dhe membrane with improved mechanicatesgth
properties, the membrane morphology plays an equally important role in determining the
resultant mechanical strength of the membrane. For example, the djgeng®erphology is

likely enhance the mechanical strength ofrtlembrane when compared wihe finger-like
substructure. It has already been pointed out in earlier sections thatlilkegetructures and
macrovoids are mechanically weak points in the membrane structure, which reduce the overall
mechanical strength of the membrane. Previaudiess have reported that the incorporation of
MWCNTSs into the membrane matrix generally leads to the formation of a fiilgercross
sectional structure with macrovoids (the size of which increases with an increase in the
composition of MWCNT)13, 16, 20, 29, 145]Thaefore, in order to fully realessignificant
enhancements in the mechanical strength properties of thebde8 membranes, a
combination of spongkke morphology with homogeneously distributed MWCNTSs in the

matrix is, as reportedypGumbiet al [28], is necessary.

3.7. PES/IMWCNT membrane performance indicators

Apart from membrane surface characteristics, other factors that influence the fouling
propensity of a membrane system include feed compositiofirganent process used and
proper adjustment of operating conditions that produest l&uling [4, 19]. In addition,
hydrodynamic parameters such as cift®s 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 foces experienced by the merabesurface leading to the deposition of a cédker [4,

19]. According to Fielcet al [146], critical flux for the membrane filtration process can be
considered as the flux just below which depositidn the membrane begins to occur leading
to the formation of a cake laygt46]. It has been found that an increase in transmembrane
pressureencourages the formation of irreversifidelling due to an increase in the amount of
protein transported to the membrane surfageonvection147, 148] It is known that the
protein deposit formed under high pressure operation becomes tightly hatonthe
membrane surfamaking it as a result difficult to remove and thus contributing towards
irreversible fouling[149]. Therefore, correct selection of the initial transmembrane pressu
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 cosfBtamather than a constant

pressure for antifouling experiments of PES based membjrbd@ls

Parameters that are generally used for assessing fouling include flux recovefyR&idl{e
degree ototal flux loss caused by total fouling, reversible fouling ratioK), irreversible

fouling ratio(R). The flux recovery ratio can be calculated using the following equation.

FRR (%) = jl *100 (3.4)

wl

where J1 is the initial pure water flux andwlis pure water flux of the cleaned membrane.

The fouling resistanceapability of the membrane can be described in terms of the total fouling

ratio (R, reversible fouling ratioR;) and irreversible fouling rati(R;) as follows:
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R, (¢6)= 2 V_ﬂJ" (35)
R, (96) = 2 ;VlJp (36)
R, (%)= % 3.7)
R =R, +R, (3.8)

where Jz is the initial pure water flux;wd is pure water flux of cleaned membrane; ants J

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 Vaués.

Flux decline during fouling tests in the dead filtration setup, can beaused by several
factors, including adsorption betwegnie membrane and foulants in the feed solutions, cake or
gelformation, concentration polaagon, and membrane hydraulic resistance. The resistance
in-series model is useful for the analysis of filecline[150] and can be described by the

following equation as:

= TMP
¢ R

(3.9)

tot
wherelJ is the flux (Um?.h); TMP s the transmembrane pressure (MRa3; the viscosity of

water at room temperature (1.005%1Ras); andRyt is the total filtration resistance.
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The resistanc@n-series model combines various resistancescthage flux decline as follows:
Rtot =R, +Rg+RC + Ra (3.10)
where Ry is the membrane hydraulic resistan&g;is the cake layer resistandg; is the

concentration polaraion resistance; an&a is the adsorption resistance. The following

equations can be used to calculate these various types of resistances:

TMP

R = (3.12)
€ ‘Jmem

R, = ™P R, - R, (3.12)
€ ‘]pore
TMP

Ra:—- Rm (313)
€ ‘Jirr

whereJmemis pure water flux measured through a clean membdgpewater flux measured
after the fouling stage; arililr is water flux measured after the fouling stage and cleaning off

the gel layer.

3.8.Performance of PES/MWCNT membranes invater treatment applications

The PES/MWCNTFbased membranes have found use in wariapplications 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 pollutémais 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 assed in detail elsewhefEs1] and

in preceding chapters. The greatment of seawater and the water produced during the shale
drilling both make use of UF membrane technoldg®]. 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 applifE5i2hs

Lee et al [1] investigated the application of PAMIWCNT/PES membranes in the pre
treatment stage of seawater reverse osmosis (SWRO) process in the rerfoovaholiecular
weight dissolved organic matter (LMADWOMSs). Results of their study revealed that B¥eNI-
MWCNT/PES membranes displayed a superior permeability (321.3H.bar), which was
four times higher than that of the pristine PES membféaheMoreower, a 66% removal
percentage rate of LMVIDOM was reported when 0.5 g/L of PAC was used in combination

with a PANFMWCNT/PES membrane possessing a high permeate flux of 660hLixar.

The application of nitrogedoped MWCNTSs (NCNTSs) incorporateihto PES membranes in

the removal of emerging pollutants from water sources (EMPs) has been reported bytWanda
al. [153]. The fabricated BCNT/PES blend membranes displayed superior and effective
removal capabilities towards a selection of EMPs, with the highest (99202%) and lowest
(84.6187.21%) percentageemoval rates being achieved for galaxolide and caffeine,
respectively. Theigh percentageemoval rates for galaxolide was ascribed to the large surface
area (94.3 + 0.60 ffg) and high porosity 0.37 + 0.03éfy) of the 0.0Iwt.% N-CNT/PES
blend membrane, which subsequently led to a substantial increase in the ntisdrption

sites for the targetollutants.
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The application of SWCNTOOH/PES UF membranes in the adsorptive removal of
bisphenol A (BPA) and nonylphenol (NP) has been investigated by Kamétska[154].

Using filtration experimentshe pore sizes of the fabatedSWCNT/PES UF membranes were
found to be considerably large for the retention of the targeted pollutants; hobathestatic

and dynamic adsorption experiments were still carried out. The study revealed that by
increasing the SWCNTOOH loading onhe PES membranes, the membrane became more
hydrophobic thus enabling high adsorptive removal of BPA&% removal) and NP 85%
removal) via hydrophobtbydrophobic interactions. However, venigh SWCNT contents
(0.5wt.% SWCNT-COOHof relative to the BS 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 sulfes4]. In another study, the ability of
commercial PES membanes towards the adsor ptestradiol and
(E2) was investigatefll55]. The retention experiments were carried out in the presence and
absence of natural organic matter (NOM) and SWCNTs (experimentgb sised is shown in

(Fig. 3.25. Results of this study hawhown 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 increased0By 10

in the exclusre presence of SWCNTs wharcontact time of 3 h was usfdb5].
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InvestigatedWhen the use of MWCNT/PES membranes as substrates for the fabrication of
TFC FO membranes was investigated, Weingl [64] found that the PES composite substrate
containing MWCNTSs displayed excellent FO performance (high salt rejection and high water
permeability) compared to the commercial PES membrane substrate. Additionally, the
presence of MWCNTSs led to an improvement in the mechanical strength properties of the
composite membrane. The fabricated membrane displayed promising features for psetical

in FO applications. Although slightly different from PES, PSf membranes containing acid
treated MWCNTs were prepared by Kim and cowork#8gl] and used as support substrates
for TFN membranes with AgNPs in polyamide layer. It was found that TFN membranes
containing 5.0 wt.% of MWCNTSs in the support layer displayed a 23% improvement in the
pure water peneability compared to the TFN membrane that did not have MWCNTSs as part

of their composition. The improvement in the permeability was attributable tdiftbsive
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channel effects of MWNT4134]. Other properties such as surface hydrophilicity and

antibacterial and antibiofouling properties were accordingly enhanced.

The studies discussed in this sectibighlight 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 optisstion of the syntbsis 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 recyclabilitpgiess on work
undertaken on PES/MWCNT composite membranes for watdémieea applications in over

the past eighyears can be is illustrated kig. 3.26which shows an increasetime number of

papers published annually. The fabricated PES/MWCNT mambrhave been mainly used

in wastewater treatment applications, includingvamlter separation as well as the removal of
soluble proteins, organic dyes and targeted micropollutants and other pollutants during water

desalination.

This review has demonsteal that the crossectional structure of PES/MWCNT membranes

is at the heart of the enhancement of membrane performance and structural properties.
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However,thedebate is ongoingegardingthe desired membrane morphology required for the
enhancement of thproperties associated with the performance of PES/MWCNT MMMs.
Generally, membranes formed phaseinversionprocesses in the presence of hydrophilic
additives such asinctionalisedMWCNTSs possess a fingéike morphology with macrovoids
located in the mmbrane sultayer. While other applications require the presence of filiger
channels to limit the resistance to water flow, the presence of theselfkegelnannels irthe
membrane substructure reduces mechanical strength properties aterhorsgbility of the
membrane. Support fabrics (woven and-wmven) 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 memlagmocesseld 56, 157]
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Figure 3.26 Number of research papers published between the year$ 2018 on the subject

of PES/IMWCNT MMMs for various water treatment applicatioB8sarch results obtained

upon entering the followingteywords on Web of Science astopusficar bon nanot
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Phaseanversionand interfaciapolymerisatiormethods, which are discussed in detail in this,
review remain the methods of choice in all studies cited due to simmifadyeration and the
ease of incorporation of MWCNTigto the PES membrane matrices. Modification strategies
of PES membranes involving either the incorporatidinottionalisedMWCNTs or MWCNT
nanohybrids or polymer blending processes have been thoyougliewed. It has been
reiterated throughout this review that nanoadditive dispersitmeiRESmatrix is crucial for

the realistion of maximum enhancement of the properties of the membrane. As far as polymer
blending with PES is concerned, compatilitf the polymers is essential. The Schneier theory
enabledfirst-hand evaluation of polymer compatibility prior to synthesl® date exciting
results relating to the improvement of the structural and performance properties-b&&deS
membranes have ée obtained through the adoption of the mentioned strategies. However,
there is stillample room for improvements the existing modification strategies and/or the

developmenof other surface modificatiostrategiesvhich is anticipated ithe near futue.

Toxicity concernsvhich pertairto theuseof MWCNTS in water treatment applications cannot

be overlooked. While the addition of MWCNTSs yieidsredible physicohemical properties

in membranes, there is still this fear that their presence is likejuse more harm than good
particularly because their toxic effects in the environment are not fully understood. Perceptions
of MWCNTSs leaching into the water sources during filtration thereby causing secondary
contamination are continuing. However, the floxicity studies that have been carried out
have demonstrated that the toxicity of MWCNTSs depends upon the type of MWCNTS, size or
dimension, presence of impurities, synthetic method used and physicai.stalisersed or
agglomerated)158, 159] In general, agglomerated MWCNTSs are viewed asgomore toxic
compared to weltlispersd MWCNTSs. It has been reiterated throughout the review that

pristine MWCNTSs tend to agglomerate easily via van der Waals forces of interaction and are,
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therefore, likely to be more toxic thdanctionalisedMWCNTSs. Therefore, controllinghe
dispersionof MWCNTSs in polymer matrices through the adaptation of various methods of
functionalisatiordiscussed in this review and/or incorporating them at very low contents could
be a step towards reducing their toxic effects. Another major hurdle that limitsstatge
applications of MWCNTs is the costs associated with MWCNTs. When choosing to use
MWCNTSs as nanoadditives for membrane modification, researchers are often faced with the
challenging task of justifying their use since the high costs of MWCNTSs have tiripbto
increase the overall operatingsts 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 MWENHich will propetheneed

for more research into cesftfective methods of producing MWCNTs. The highstcof
implications of MWCNTSs areurrently driven by the fact that the manufacturing processes
employed are only capable of producing a few grantgiantity of MWCNTS per single run
which requires about 800C°to operate. As such, much research $eduon developing
economical processes for the mass production of MWCNTSs at lower costs currently being

undertaken.

Based on their attractive structurahd performance featurethe future of PES/MWCNT
membranes looks promising. Nonetheless, even better improvements in membrane properties
could be realised if the alignment of functionalised MWCNTSs within the PES membrane matrix
can be effectively contr@d. Vertically aligned MWCNTSs 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 costeffedive fabrication methods of aligned functionalised MWCNT/PES membranes is

neededMulti-walled carbon nanotulieembranes possessing the aligned geometry have the
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potential to introduce new structural and performance properties thereby introducing another

dimensionto the wayin 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 repoxin the adsorptive removal of natural hormone estrone (E1) by large pore
size polyethersulfone/mukwalled carbon nanotube (PES/MWCNT) ultrafiltration (UF)
membranes. The PESMWCNT membranes were prepared via conwaral nonsolvent
induced phasseparation method, in whicloxidised MWCNTs (OMWCNTS) were
homogenously dispersed in the PES matrix. Membrane surface and morphological features
presumed to have significant influence on E1 removal, whesacterisg using scanning
electrox microscopy (SEM), atomic force microscopy (AFM), zeta potential measurements and
molecular weight cubff (MWCO) experiments. The incorporation ofMWCNTS resulted in

a 20% increase in the membrane adsorption capacity; adsorption initially increaseoh wit
increase in GMWCNT content followed by a decline upon further increments-MWCNT

loading. Langmuir maximum adsorption capacity increased by 30% in the preseneet 860.5
O-MWCNTSs in PES membranes (31.25 mg/g) in comparison to bare PES UF me@3r8ie

mg/g). The adsorption kities followed the pseudsecondorder kinetic model andhe
Freundlich isotherm provided a better fit for the adsorption data. After five adserption
regeneration cycleshe PES/OGMWCNT membranes maintained almost the satsorption
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 ttaglispasonable removafficiencies

for low molecularweight solutes such as E1.
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4 .1.Introduction

4.1.1.Techniques for the removalof estrogenic EDCs from water systems

As early as 1965, Stumiollinger 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 concernsrdigg their possible adverse effects in municipal wastewater
and receiving water bodies that eventually supply drinking wWaterSince 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 remo\at7]. Steroid hormones generally find their way into
wastewater, rtaral surface waters and growvater through excreted humamine [8]. The
excreted hormones iurine are predominantly in amactive form, and become reactivated by
enzymes produced by bacteria present in water sol@c€bhe problem with the presence of
these estrogenic hmones and several other organic micropollutants in water bodies is that
they are endocrindisrupting compounds (EDCs) in humans and in anifdéls 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 brmones from water sources ligsthe fact that they occur at
extremely low concentrations and that their sizes or molecular weights are very small (268

315 Da)[11]. Therefore, in pursuit of selecting a removal method for hormones in water
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sources, their small sizesatkto 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 dity 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

mechanism$s, 12-15].

Apart from the characteristics of the membrane used, otiggiqnchemical properties of
hormones such as the magnitude of their octavater partition coefficientsidg Kow) also
influences the extent of their removal by membrdh6ék Thelog Kow value is used to express

the hydrophobicity of organic solutes. Organic solutes WoighKow > 2.5 are expected to be
hydrophobic, while those witlog Kow < 2.5 are presumably hydrophilit3]. Seeminglylog

Kow Values can be correlated with hydrophebydrophobic interactions as the most likely
separation mechanism to take precedence when hydrophobic membranes are usetdalyoon
investigated the removal of EDCs and phaceuticals and personal care prod (PPCPs) of
various physicohemical properties, by NF (thfiim aromatic polyamide) and UF (sulfonated
PES) membrandgd]. It was reportedyy these authorthat although bigger in pore size, UF
membranes were capable of retaining mostly hydrophobic EDCs and PPCPs due to
hydrophobiehydrophobic adsorption, veineas retention by NF membranes occurred by a
combination of both hydrophobitydrophobic adsorption and steric exclusion mechanisms.
Another study by Shengt al [17], investigated the removal efficiencies of different water
treatment technologies including Wkembranes with MWCO = 100 kDppwdered activated
carbon (PAGand 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 wateilhe authorgeported that when UF membrane filtratiprocess
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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 effiaiprioy90.3%.

The increase in observed retention after the combination of thedatoent technologies was
attributed to thedct that trace pharmaceuticals wanigially adsorbednto the surface PAC,

thereby forming PAC clusters which could then be easily filtered by the UF menjidne

As such, by virtue of their porous nature, the key mechanism by which UF membranes are
capable of removing organmicropollutants 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
adsobents during the pretreatment stages of wastewater and seawater desdlii&tion
Nonetheless, several studies have compared the adsorption capacities of activated carbon for
various organic micropollutants to those of singkdled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNTS). It has been found that CNTs aee affective

for the adsorption of pollutants than AC due to their fibrous shape, large surfate-apiane

ratio and shorter equilibrium tim¢s9, 20] Moreover, AC has low adsdrpn affinity for low
molecularweight organic compounds, while CNTs strongly adsbmajority of these
compounds due to the diverse Ciddntaminant interactions includinlgydrophobic effect,

“ " interactions, hydrogen bonding, covalent bonding, and electrostatic interg@igns
22]. Kumarand Moharj23], investigated the removal of natural and synthetic steroid hormone
estriol (E3) and 17athynylestradiol (EE2) by MWCNTSs as adsorbents. It was reported that

the adsorption of hormones was largely dependent on adsorbatntation 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 seapusonmental concefji24].

Therefore, an approach to redule chemical dosage of adsorbents by developing membrane
material with enhanced removal capacity éwganic micropollutants, and wilbw enegy
requirements must be investigatddhe present study investigatéwe adsorptive removal of

the natural hormone estrone (E1) by making use of an integrated system that combines
polyethersulfone membraseavith different loadings of @MWCNTs (in order toprepare
PES/OMWCNT UF membranes)PolyethersulfongdPES is a hydrophobic polymer with
adsorptive capabilities for retaining hydrophobic steroid hormdté$ However, the
incorporation of GMWCNTs wasinvestigatedfor further enhancement of thedsorptive
capacity othePES UF membrane for hormones. Kaminskal [25], investigated the removal

of micropollutants (bisphenol A andMonylphenol) in synthetic wastewater using PES NF
nanocomposite membrane incorporated with carbixyttionalisedSWCNTs The authors
reported that an increase in SWCNT content lechtmerease 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 sevaseders of magnitudes higher than that of organic
micropollutants such as pesticides and alkyl pheffs 27] This fact alone makes it
worthwhile to investigate other alternative methods by which hormones can be removed from
contaminated water sources. The Elnmame was selected as a targetropollutant in this

study due to its high persistence, high potency and moderate concentrations in wastewaters
[12]. Moreover, E1 is a degradation producttloé 1 7-éstradiol (E2) hormonfbs], and will

therefore give an indication on the potehtemoval 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 retentionof solutes or organic micropollutants in camtinated 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) hydropholydrophobic interactions

(or adsorption)13] as depicted ifrig. 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 mechanismsake precedence when charged organic solutes are subjected to a
charged membrane surfadég]. Here, the Coul ombés | aw of at
negatively charged organic solutes are highly rejected by negatively charged membrane
surfaces as a consequence oftetestatic repulsion. Verliefdet al [28], further demonstrated

that the rejection of positively charged organic solutes by negatively charged mesibrane
lower than that of neutral organic solut@his was attributable telectrostatic attraction
between the negatively charged membrane and positively charged Sbiutee other hand,
hydrophobichydrophobic interactiongredicts that when hydrophobic membranes are used

for solute separation, the hydrophilic solutes are better rejected than hylimpblutes as a
consequence of hydrophobic solutes easily partitioning into the membrane matrix through the
formation of Hbonds, thereby diffusing to the permeate ditig]. Initially, hydrophobic

solutes easily adsorbnto hydrophobic membrane surfaces which may lead to an
overestimation of observed rejection val{Es, 29] It is therefore essential that saturation of

the membrane with the solute of interest is carried out finsprder 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.
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Figure 4.1 Membrane separation mechanisms.
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The purpose of the present study was to evaluate the E1 adsorption behaviddWE T s

and PES/@MWCNT UF membranes using leeoncentration E1 solutions. The main

emphasis wasn the develpment of adsorptive PES membranes as hosts fIWWICNTs

adsorbents. The effect of -AWCNT content in the PES matrix, membrane surface

characteristics, membrane area, contact time and solution pH B tieenoval 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-methyt2-pyrrolidinone (NMP) and 55% nitric acid (HNP were
purchased from Sigmaldrich, Germany. Multiwalled carbon nanotubes (O.D1.PD. x L=
10nmz1mnmx45nm+0.5nm x3 6 sveng produced Hnouse via a catalytic chemical
vapourdeposition (CVD) methodAppendix B. supplementary materials section). PEG (10,
20, 35 kDa) and PEO (100, 200 kDa) were purchdsech SigmaAldrich, Germany.
Radiolabdled [2,4,6,7H] estrone (E1) hormone solutiq®.48 TBg/mmol) was purchased
from PerkinElmer. The E1 stock solution concentration was 10 pg/L. MilliQ type 1 water
(>18. 2 MYICxwas usdad fo2the dilution dhe E1 stock solutin to the required
concentrations (0, 0.1, 10, and 100 ng/L). Commercildillipore Biomax® PES membrane

(PBQK 50205) was supplied by Merck Millipore.

Table 4.1 Physicochemical properties of estrone (E1)

Molecular structure Molecular Water Octanol- pKal¥l Diameter
weight solubility  water (nm)t2
(g/mol) (mg/L) partition
coefficient
(log Kow)[3: 201

270.37 30 3.13 105 0.8
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4.2.2. Membrane preparation

Pristine PES and MWCNT modified PES membranes were synthesized ushsglvent
induced phase separation method (NIPS). Briefly, weighed amountsMdVONTs were
ultrasonicated in NMP solvent until homogeneously dispersed. This was followed by the
addition of 16wt.% of PES in solution. The mixture wHsen stirred at 60C 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 stirringpdimer
solution was then cast directly on a glass plate using an adjustable casting knife set at a film
thickness of 150 um, followed by immediate immersion into a water coagulation bath. The
nascent membrane was theashed several times with deiomiswater at room temperature

and stored in deionized water at@ Pristine PES membranes were labelled as MO, whilst
PES membranes containing @viL%, 0.5wt.% and 1.0wt.% of O-MWCNTSs were marked as

M1, M2 and M3 respectivelyT@ble 4.3.

Table 4.2 Composition of the casting solutions for the preparation of PERSAICNT

membranes.
Membrane Concentration (wt.%) Viscosity (MPa.s)
PES NMP O-MWCNTs
MO 15.0 85.0 0.0 1465+ 1.05
M1 15.0 84.9 0.1 1615+ 1.22
M2 15.0 84.5 0.5 1885+ 1.13
M3 15.0 84.0 1.0 1945 + 1.45
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4.2.3. Membrane characterization

Attenuated total reflectance Fourier transfanfiared (ATR FTIR) spectrometer (Perkin
Elmer, Germany) was used to assess the functional groups preiemtsonface of PES blend
membranes. Scanning electron microscopy (SEM) (JEOLIJBX00) was used to study the
surface and crossectional morphology of the membranes. Brieembrane samples were
sputtercoated with gold (5 nm coating) and fredesctured in liquid nitrogen (toavoid
structure collapse) foviewing of therosssectional morphologyCoating of samples with a
conductive layer of metal inhibits sample charging thus improving the imaging process. Th
size of the surface pores wasalysed andorocessed using Image J software tedresultare

reported in Table 4.3. Atomic force microscopy (AFM WITec Alpha 300) was used to study
theroughness parameters, nantelyghnesaveragé€Sa) and root mean square roughness (Sq)

of thedried composite membranes. Measurements were carried outgontatt mode under

a scan size of 5 um x 5 um. Water contact angle measurements were carried caKu$asg

Drop shape analyzer, (DSA3QKKruss GmbH, German) for the evaluation of the
hydragphilic/hydrophobic membrane properties based on the sessjpemethodIn total, $x
measurements were taken at different locations on the membrane surface and the average value
is reported. The contact angle values reported were recorded withinttBesfakthe adherence

of the water droplet on the membrane surface. The thickness of membranes was measured
using a digital micrometer (Schut Geometrical MetrolofigssingenGermany). Thickness
measurements were taken from at least five differentipositon the membranes and the

average result is reported.

TheSurPASS 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 eleabtyte solution of 10 mM KCI was used during measurements. The zeta

potentials £) were calculated using the HelnmitzeSmoluchowski Eq. 4as:

g= PV (4.1)
PP .
where @V is the measured streaming poalteenti al

electrolyte conductivity (81), pPi s t he applied pressure (Pa),

water.

Filtration experiments were conducted using stainktse®el stirred cells with an active
membrane area of 38.48 grinternal diametenf 7 cmand a cell capacityf 900 mL The feed
pressure, solution temperature and mass of permeate were monitotiadarsty and data
collected weraecorded on the computesing LabVIEWVersion 2014software(National
InstrumentsCorporation, Austin, Texas, U3AMembrane coupons were soaked in 10 mM
NacCl solution for 1 h prior to use, followed by 1 h compaction with MilliQ water. Pure flux

(Jw) was calculated according Ex. @.2) as:

;.= 4.2
Wl A3t (')

whereV is the volume of permeate (LA is the effective membrane area?jrandt is the

permeation time (h).

A minimum of three membrane coupons &ach membrane type, were tested for pure water
flux at different pressures anket average of the three valuessvexpressed in the graph of
pure water flux versus transmembrane pres@tice 4.6)
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Molecular weight cubff (MWCO) is defined as the molelem weight of neutral solute for
which the rejection of the membrane is 9(B4]. Theexperiments to determine th&WCO

for the approximation of membrane pore sizes, were conducted using/R®f polyethylene
glycol (PEG) and polyethylene oxide (PEO) solutes of different molecular weights. A new
membrane coupon was used for eacblecular weight of PEG tested. Membrane solute

rejectionR (%) was calculated using Eq. 4.3

R(%)=( 1- % )3 100 (4.3

whereC, andC;s are solute concentrations in the permeate andseletion.

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.$4H./he MWCO results reported

are based on 15% recovery of the permeate to avoid interfereaneadsorption or fouling

of tested solutes on the membrane surface at higher recoveries which could mask the true
rejection of the membranes. The feed and permeateestrations were measured usihg

Sievers M9 Total Oganic Carbon (TOC) analyzer (GE &kers M9 TOC Analytical
Instrumentdnc., Boulder, CO, USA The relationship between Stokes radius and molecular

weight of PEF32] canbe expessed according to Eq. 44:

- 3. 0.557
r=16.73X10 M (4.4)
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4.2.4.Static adsorption experiments

Static adsorption exgsiments were carried outimfaie w Br uns wi ¢ k Hncubatan o v a E

Shaker Eppendorfinc., Enfield, CT USA) at an agitation speed of 260 rpm and a constant
temperature of 20 °C. The PESMDNCNT membranes were rinsed with MilliQ water and
placed ina conical flaskcontaining250 mL of E1 solution (100 ng/L) inside followed by
agitation. Menbrane areas evaluated ranged from 4 to 36 $ample aliquots of 2.5 mL were
drawn usinga 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 witlofi m
liquid scintillation solvent | t i ma LI pRerttiEImer)nc., Shelton, CTUSA)in a 10

mL scintillation glass vial. The concentration of hormones in each vial was then measured
using Liquid scintillation counter (LS@550 TR/AB, Packard, USAA control solution of

E1 solution (without any membrane) mixed with gemtillator solutionwas also analyzed.

The concentration of hormones in each vial was then determined by liquid scintillation (LS)
counting technology0 min and measured in triplteaThe 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 Bdp:

C
% Elremoved= (1- C—t)3 100 (4.5)
0

whereC: is the sample concentration in ng/L at time t @3ads the initial sample concentration

(in ng/L).
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In the case of E1 adsorption byMDNVCNTSs, different amounts of MWCNTSs (1, 2, 6, 8 and

10 mg) were added into the conical flasks containiregEl solution, and sample aliquots
drawn at predetermined time intervals were filtered through a commercial BE®rane
(PBQK 50kDa, pore diameter 13.9 nm) prior to mixing wittlthe scintillator solutionThe
commercial membrane was saturated with E1 solution prior to filtration of sample aliquots.
The adsorbed amounts per unit membrane area (Agiere calculated through the difference

between the initial and pseugguilibrium 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 membf&8¢using E4.6.

logK = IogCg (4.6)

b
whereK is the partition coefficient (dimensionles§),s the amount of E1 adsorbed per unit
membrane volume (ng/L) arc, is the concentration of E1 in the bulk solution (ng/The
Langmuir and Freundlich models were employed for data fitting ofmti@brane adsorption

isotherms of E1 as shown in the equations below:

Langmuirequation

C C 1

€ =€, - (4.7)
de do dob

whereCeis the equilibrium concentration (ng/Lge is the equilibrium adsorbed amount per
unit membrane area (ng/énao is the maximum adsorption capacity (ng/L) and the

binding energy constant (Lgh. An essential characteristic of the Langmuir isotherm is the

dimensionless separation fact®& X which defines théavourability of an adsorption process
177



(R. = 0 suggests thahe process is irreversibldy. < 1 indicates afavourableadsorption
processR. = 1 indicates that th@rocess is linear ang. > 1 indicates that the adsorption

process isinfavourable[34]. The dimensionless factdr() can be calculated using E48 as

follows:
1
R, =
L "1+bCq (48)
Freundlichequation (linearised form)
_ 1
logge =logK g + - logCe (4.9)

wheregeis the equilibrium loading (mg)gKr is the Freundlich adsorption capacity parameter
in relation to the adsption capacity of the sorbemd/cn?) (ng/L))'" and1/nis an empirical
constant indicatinghe Freundlich adsorption intensiifhensionless Ceis the equilibrium

concentratior{ng/L).
Data collected frontheinvestigation of the effect of contact #non E1 adsorption wefited

usingthe pseuddirst-orderandpseudesecondorder kinetic model using E4.10 and4.11 as

follows:

In(at- ge)=Inge- kit (4.10
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t 1 t
— = +— (4.11)
qt k,d. 4.

wherek: (1/min) is therate constant for pseudwst-order ande (g/mgmin) is therate constant
for pseudesecondorder rate kinetic modety is the amount of E1 adsorbed at a given time,

(mg/g) andge is equilibrium adsorption capacity (mg/g).

The study was conducted usiag E1 solution at a concentration1d¥O ng/L and optimum
membrane area for each membraamgle. About 2.5 mL of aliquots were taken from the

suspensions at different time intervals.

4.2.5. Regeneration of PES/GMWCNT membranes

To determine the reversibility of the adsorption procas§ cnt of eachof the membrans

after 72 h contact time with E1, were soaked in an ethanol/water mixture (1:1) and shaken for
30 min[35]. This was folbwed by rinsing withMilliQ water and drying at room temperature.
Dried membrane samples were stored in the desiccator overnight. The E1 adsorption
experiments were feonducted in the incubator shaker at gitaion speed of 260 rpm and at
aconstant temperatureof 20 °C. Sample aliquots were only drawn out of the flaskyg after

72 h contact time with E1. The adsorpti@generation process was repeated five times. The

regeneration efficiency was calculated using£&#y as:

Regeneratin efficiency (%) = € x 100 4.12)
do

wheregeis the adsorption capacity of the regenerated membrangoasdnitial adsorption

capacity of membrane.
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4 .3.Results and discussion

4.3.1.FTIR analysis of PES/GMWCNT membranes

Fig. 4.2 shows thATRI FTIR spectra of the PES blend membranes containing various loading
of O-MWCNTSs. All the membranesvere found toexhibit the characteristic sulfonyl group
bands in the regions 1235 and 1136 cintdue to the asymmetric and symmetric stretching
vibratiors of thei S=O groups of the PES polymer chdB8]. ThePES membranes containing
O-MWCNTSs have a broad band in the regio8400 cmi ! due to the presence ®fOH
functional groups and an additional band at 1643 {chne to asymmetric stretching of the
C=0 groupg37]. It can be also seen from the figure that the sitgrof bothi OH andi C=0
bands is higher for membrane M3 containing the highest loading-MWQNTs. The
appearance of these peaks suggests tHdiW@CNTs were adequately incorporatedo the

PES matrix and did not leach out of the polymer solution dutiegcoagulation 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 PESIMWCNT membranes.

4.3.2.Morphological characterisation of PES/OMWCNT membranes

The SEM surface and cressctional images of PES/WCNT membranes are shownkig.

4.3 It can be visually observed frothe surface images that dthe membranes studied have

an operporous surface morphologi. was found that the additioof OMWCNTS led to a
gradual decrease membrane pore size from 25.9 £ 0.01 nm for MO to 19.3 £ 0.03 nm for M1
and 17.4 £ 0.09 nm for M2 (Table 4.3). However, upon further incrementsMiWCGNT
content,the surface pore @8 forM3 slightly increased to 21.3 + 0.11 nm, although still
relatively below those of MO. The observed phenomenon from SEM surface images can be
correlated with their corresponding cressctional images. Clearly, the fingéee macrovoid
morphology ofMO undergoes a transition into a less openlaybr 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 hydrophii@/CNTs into polymermatrices
enhances the phaseparation 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 natiwaddading[36, 38] However,

an opposite trend was obtained in this study, whereby the inclusioAMMVONTSs (at all
loadings) in the PES matrix led to a reduction in pore sizes and suppressed ttefooh
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 solveottsolvent demixing, hus leading to a
generation of dense and less porous membrane structure. At FMW@NT loadings,
membrane pore clogging occurs, thus reducing the surface pof@%izExpressing the O
MWCNT loading with respect to the polymer concentratian assist in further understanding

the observed morphology. As such, the content-dI\WCNTSs with respect to PES used in

the study ranged from 0.66 6.67 wt.%. This is a relatively high nanoadditive loading
compared to what has been previously used in other studiesi(Q.0® wt.% by Sengur
Tasdemiret al; 0.257 0.5wt.% by Saranyaet al; and 0.22 0.55wt.% by Vatanpouret al)

to modify structural andusface properties of PES/MWCNT membrarj@é, 40, 41] This
demonstrates that the-KMWCNT cortent has a significant effeon the resultant membrane

internalmorphology and microstructure.
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Top surface Cross-section

SEM HV: 200 KV WO: 14.66 mm
SEM MAG: 5.31 kx Det: 58

Figure 4.3 SEM surface and crossectional images of PES/MWCNT membranes: (a) MO,
(b) M1, (c) M2 and (d) M3.

Atomic force microscopyYAFM) was used to investigate the changes in membrane surface

roughness upon inclusion ofAWCNTSs in the PES matrix. The average arithmetic roughness
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(Sa) and roomean square roughng$) values initially decreasegbon the incorporation of
O-MWCNTs for M1 and M2 followed by an increase for M3 containitigg highest G
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 inclusiodVdVONTSs,

leading to e inhibition of the exchange rate between solvent anéalwent, resulting in the
formation of smoother membrane surf§@®]. Moreover theformation of smallessizesurface

pores as established from SEM analysis, contributes towards the reduction in membrane
surface roughness. However, at higher loadings, bundling and agglomeratio\WiCGDITs

occurs due to increased van der Waals interastleading to the formation of rougher

membrane surfad@6, 42]

Membrane thickness initially decreased by about 7%nugne inclusion of 0..wt.% of
O-MWCNTs for membrane M1. However, with further increments tM@CNTs content,

the membrane thicknesss found to increager membranes M2 and M3 compared to that of
bare PES membrane (MO0). This initial decline in membrane thickness can be attribbted to t
partial enhancement in phaseparation kinetics at lower-WCNT contents in the PES
matrix, leading to reduced memheathickness. However, at higher loadings dfi&/CNTs,

the viscosity of the casting solutions increases leading to delayed demixing precess (

rate ofnonsolventinflux into the polymer solution decreases) resulting in the formation of
thicker membaneg43]. The membrane thickness results obtained are congruent with findings

from SEM crosssectional images of the membranes.
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Table 4.3 Roughness parameters, average surface pore size and thickness oMRESKI

membranes.

Membranes Roughness Average Membrane MWCO
parameters surface pore thickness (kDa)
SA (nm) SQ (nm)  size (nm) (um)

MO 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+0.04 174+£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 cubff (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 mefddratg

In addition tothe physical characterisatiorof membrane pores by microscopic evaluation,
permeation and solute rejemti studies in terms dhe MWCO of membrane were conducted

and the results are shownkig. 44. It can be seethat the addition of (MWCNTSs to thePES

matrix led to a decrease in MWCO of the nanocomposite membranes. The MWCO of
membrans progressively dclined from ~96 kDa for MO 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 hiy@NT loadings in the PES
matrix. The pesence of high (0.5 and @.%) O-MWCNT loadings increased the viscosity

of PES casting solution, leading to delayed solvemsolventdemixing during thegphase
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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 Sarang al, whereby a decrease in MWCO of PES membranes containing
functionalisedMWCNTSs was obtained as a consequence of selective transporetshbaimg

introduced by the presencefahctionalisedMWCNTSs [40].
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Figure 4.4 Molecular weight cubff profiles of PES/@MWCNT membranes.

4.3.4.Contact angle and pure water flux measurements of PESMOMIWCNT membranes

To study the changes in surface hydrophilicity upon inclusion -MV@CNTSs in the PES
matrix, contact angle measurements were carried out. It is shofxig.id5 that the contact
angle values initially decreasér membranes M1 and M2 followed by an increase for M3.
A decline in contact angle value for M1 and M2 from that of MO suggestshthai/tirophilic

properties of the membrane surface are enhanced by incorporation of hydropWViisaDITs
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[46]. It is understood that during phase separation of the membrane formation process,
hydrophilic OMWCNTSs migrate spontaneously teetmembranavater interface to reduce the
interfacial energy, thereby making the membrane surface hydro[88liet7] Additionally,

the contact angle values measured for M1 and M2 do not differ mutthofy a 2° decline),
suggestinghat only a small amount of-@WCNTSs is sufficient to improve membrane surface
hydrophilicity. The increase in contact angle at higgg"WCNT loadings can be linked to

the formation ohgglomerates or clusters@fMWCNTSs, which become irregularly positioned

in the PES matrix for M3, thus increasing membrane surface roughness. The increase in surface
roughness leads to higher contactglanvalues measured. Therefore, contact angle

measurement results are in agreement with the roughness datadlRM analysis.

%

Figure 4.5 Contact angles of PES/MWCNT membranes.
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It is often reported that an increase in surface hydrophilicity of a membrane is desired and
favourablefor the improvement of membrane pure water fJdxX-49]. This is because an

increase irthe hydrophilic character of the membrane helps to attracts water molecules closer
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to the membrane surface and increases the thickness of the pure water layer deposited on the
membrane surfad®0, 51] The effect of applied transmembrane pressure on pure water flux

of PES/GMWCNT membranes was evaluatédd. 46). The plot of the pure wat8ux versus
pressure displayed a linear relationship, and the inverse of the slope is the intrinsic membrane
hydraulic resistanceR{m) [52]. The pure water fluxes of M1, M2 and M3 containing of
O-MWCNTSs were lower than that of MO at all applied pressures. For example, at 1 bar, the
pure water flux declined from 405.4 L#rh for MO to 296.8 L/mih, 201.6 L/m.h and 148.7

L/m?.h for M2, M3 and M4 The decline in pure water fluxes of membranes containing
O-MWCNTSs can be attributetb their smaller surface pore sizes, dods MWCO values
compared to those of thpristine PES membrane. Although membranes containing O
MWCNTSs displayed improved surfadydrophilicity, it is the membrane pore siZestthad a
dominating effect orthe resultant pure water flux or permeation properties of the membrane
as predicted by the Hagétoiseuille theorys3]. Moreover, the highdRmvalues of 0.03, 0.05

and 0.06 bar/l."a.h* for M1, M2 and M3 compared to that of MO (0.02 barf.m?') are as a

result of their compact, and less porous theane structure. Therefore, PES membranes
containing GMWCNTSs are likely to have higher stability under prolonged operation comhpare

to thebare 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 PIESAMCTNT

membranes.

4.3.5.Zeta potential of PES/GMWCNT 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 menfiita
Measurement of the zeta potential of a membrane surface assist in the prediction of the
electrosatic interaction between the membrane surface and the aqueous environment. Zeta
potential values of preparedembranes aa function of electrolyte pH are presented-ig.

4.7. All the membranes have positive surface charges at lower pH (< 2.5) ands$hereaa
negatve charge at higher pH values 3} This is because under alkaline conditions, sulfonic
acid groups of the PES backbone and the carboxyl groups of incorpordéBfGINTSs
undergo dissociation to generate negatively charged ions. At low pldsyadsorption of

cations from the electrolyte solutionto the membrane surface takes pl§28]. Indeed,
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membranes containing®@WCNTs (M1, M2 and M3) have more negative zeta potentials than
MO; the zeta potential values become more negative asntentof OMWCNT is increased.
For example, at pH of 10, the zeta potential value-49 mV for M0,-54 mV for M1,-56

mV for M2 and-61 mV for M3.

The isoelectric pointflEP), i.e., the pH at which the net charge of the membrane is zero, of
the zetgootential curves is found to shift to lower pH values with an increaseNtW@NT

loading in the PES matrixe. from 2.80 for MO 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 \alhés f M3

can be attributed to the presence of acidic functional groupsMWCNTs on the surface of
thePES membrane. It was established from contact angle measurements that during membrane
formation, hydrophilic GMWCNTs migrate to the membramweater nterface to improve
surface propertiesf the membranes as reportedtherstudies[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 PBESMCNT

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 PEMW/CNT membranes are much larger (typically between

8271 96 kDa) than the size onolecular weight of the targeticropollutant E1 (Mich 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 electrostatiagtions. Nonetheless,

when considering the logdl value for E1 which is above 2.5, it is expected that the hormone
will interact with the membranes by hydrophchbigdrophobic interactions. As sudhg effect

of O-MWCNT content orthe PES matrix ande role of solutn pH in the adsorption of E1

werestudied.
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4.3.6.1.Effect of membrane area and GMWCNT content on E1 adsorption

Batch adsorption experiments allow for rapid investigation of solute adsorption on membrane
surface and/or pores without having oy out filtration experimen{83]. Fig. 48 shows the
adsorption of E1 by PES membranes containargpus loadings of MWCNTSs as a function

of membrane area after 72dbntact time. Several generali®ns can be drawn from the figure.
Firstly, E1 adsorption increases with an increase in membrane area used, with optimum
adsorption for each membrane ¢ypbtainable for the 25 édhmembrane ared{g. 48). No
significant increases in E1 adsorption were obtained above 25 bis is due to the increase

in thenumber of available sites for adsorption of hormones on larger membrane area. Secondly,
E1 removaincreased with an increase iRNDNVCNT loading in the PES matrix. Fexample,

as showrin Fig. 48, for 25 cntof membrane used, E1 removal increased from 59% for MO to
74% for M1, 80% for M2 and 68% for M3. It is important to note that pristine PES raemb

(M0), displayeda reasonable adsorption capacity of 59% to due to the hydrophobic
hydrophobic interactions between the hydrophobic E1Klegvalue 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 Sigfat®)(

[58]. In a separate experiment, E1 adsorption by PES baddiVONT membranes was
compared to that of polysulfone (B$fased GMWCNT membranes. It was found that E1
adsorption by PES based membranes was higher than those achieved biVR&INT
membranes (Fig. S4.1). Schafer and coworket$ investigated the difference in estradiol

(E2) sorption on variety of polymer materials incluglimamongst others PES and PiBivas
reported that PES is a highly adsorbing polymer congpar®Sf even though PSf is more
hydrophobic (higher contact angle) than that of PES. The chemical structure of PSf consists of

isopropylidene groupsC(CH3)) in addition to the sulfonyl-§O;-) and the etherQ-) groups
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that PES also consist of, which causes the polymer to be nonpolar and hydrophobic (Fig S4.2).
On theotherhand PES has the highest number of sulfonyl moieties in the repeating polymer
chain compred to PSf hence the higher affinity for water. Therefore, the increase in adsorptive
capacity of PES although less hydrophobic than PSf can be attributezlitelihood ofthe

formation of hydrogen bonds betwe&0;- groups of PES andOH andi C=0 goups of E1.

In the case of PES membranes containin @CNTs (M1, M2 and M3), hydrophobic
interactions are not the main mechanism for enhanced E1 adsorption as the FTIR amhlysis a
contact angle measurements have already shown that the membranes Kdvephilic
character. Other workers have reported that the large surfacdoargame ratio of
O-MWCNTs enhances the adsorption of polyaromatic hydrocarbons, pesticides and natural
organic mattef59]. The presence of MWCNTSs 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 andusters leading to a
reduction in specific surface area available for adsorption. Similar results have also been
reported by otherf25, 60] In addition hydrogenbonding interactions betwed®H andi

C=0 groups of E1 withiCOO groups of GMWCNTs also contribute towards the
improvement in hormone adsorption of membranes M1, M2 and M3 under neutral conditions
(Fig. 410). Moreover, the presence ofl@WCNTSs in the P matrix introduces an additional

E1 adsorpti on-" med¢ kdonokasaptor irntehaetions with Eile., aromatic

rings of E1 containing theC=0 groups are electron acceptors, while graphene sheets of O
MWCNTSs become eleatrn d o n o rsgsterfi polamglhility) [61]. According to Hunters

and Sandersit is in fact the properties of atoms in the regions of intermolecular contact
betweenwo materi al s that control-- theptetaemnhigoms,

than the overall molecular oxidation or reduction potenti@®. This suggests that the
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resultantsong #eti nt er act ir@rsu |-sigmaaitracticnsvera@aming any
possitblrepul sions. Mor e o-MWCECNTs in thedES nmatthocregtesr at i ¢
a compacimembrane structure with smakgize surface pores, which increases thefate

area available for hormone adsorption.
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Figure 4.8 E1 adsorption on PES membranes containing various loading®¥ONTs after
72 h contact timas a function of membrane ar&perimental conditions: 100 ngéolution
of E1, pHx 6, at 20 °C, 260 rpm.
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Figure 4.10. Hydrogen bonding interactions between E1 and PE®YCNT membranes.
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The partition coefficients (lodk) of E1 between PESHMIWCNT membranes and bulk
solution as a function of membrane area are represenkegl. ih11. It can be seen that for all
PES membrane types, l6gremains fairly constant as the membrane areas are increased from
47 36 cnt. This suggests that pseudquilibrium state was reached for all membrane types
[33]. Moreover, theog K values of MO (590 1 10491) were lower than those of PES
membranes containing-MWCNTs, M1(734371 14182), M2 (100F 17956) and M3 (6170

T 12206). The increase ilog K values in the presence of/M@MWCNTSs is indicative othe
favourablepartitioning of E1 hormone between the solution and the modified PES membranes,

thereby contributing towards the enhancement of E1 adsorption.
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Figure 4.11 Comparison of partition coefficients of E1 between the PH@WWCNT
membranes and the bulk E1 solution. Experimental conditions: 72d&cttme, 100ng/L E1
solutionpHx* 6, at 20 °C, 260 rpm.
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4.3.6.2. Effect of contact time on E1 adsorption

Over the course dfme, the mass of E1 adsorbietb the membranes increased until a steady
state was rezned after72 h Fig. 412). The E1 adsorptiorwas found to increadey 39% for

MO 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 adsorptiofE1l hormonénto the membranes with time and the presence
of highly adsorbing @MWCNTswith largesurface arean the skin layer of PESK®WCNT
membranes. However, compared to the adsorptiorfree-standing GMWCNTS, the rate of

E1 adsorption was mhcfaster on frestanding GMWCNTSs, with the equilibrium reached
aftera contact time of 6.iMoreover, a higher adsorption efficiency (96 + 1.7 %) was achieved
with O-MWCNTSs. This is because with fretanding GMWCNTS, a large surfaearea of
O-MWCNTs is available for contact and adsorption of E1 molecules, whereas in a-mixed
matrix membrane configuration, fewerMMWWCNTs become available for contact with E1
molecules. This means that a portion of thI@WCNTs migrate tathe PES membrane skin
layer to elnance the membrane surface properties while some remain in the membrane sublayer
and matrix. As such, further research on increasing the availabilityMYMZNTs through
spatial locakation of COMWCNTSs in the memiane active layer, while minimisy leachng,

is necessary, in an effort to make full use of the highly adsorptive propertiesIég§CNTSs.

Pseuddfirst-order and secondrder kinetic models were used to study the adsorption kinetics
followed by PES/EMWCNT membranes during the adsorption of Ednfraqueous solutions.
Based on the linear correlation coefficierf®)(of both modelgjivenin Table4.4, pseudo
secondorder kinetic model provided a better fit for the adsorption data (highemlues
compared to those of pseufist-order model)Moreover, the rate constant values obtained

for the pseudsecondorder kinetics were highahanthose of pseudérst-order kinetics,
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further confirming that the adsorption of E1 by PES membranes containing different loadings
of O-MWCNTSs favouredpseudesecond order kinetics. This suggests that chemisorption of

E1 onto evaluatednembranes is the rate limiting st&d].
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Figure 4.12 Time-dependent E1 removal byRAWCNTs and by PES membranes containing
various loadings of MWCNTSs. Experimental conditions: 25 émmembrane area, initial E1
concentratiorof 100 ng/L, pH 6, at20 °C, 260 rpm.
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Table 4.4 Kinetic model parameters for E1 adsorption by PEBMYCNT membranes.

Kinetic model Parameters Membrane type
MO M1 M2 M3
Pseudsdfirst-order ki (min') 8.40E4 7.73E4 4.98E4 8.65E4
e (Mg/g) 0.298  0.458  0.470 0.432
R? 0.974 0.951 0.959 0.929

Pseudesecondorder ko (g/mg.min 0.018 0.007 0.008 0.006
Qe (Mg/g 0.578 0.746  0.828 0.716

R? 0.999 0.998 0.998 0.984

Fig. 413 shows isotherm data fittings of E1 adsorption by PEHSY@CNT UF membranes

using Langmuir and Freundlich isotherrme Langmuir isotherm is based on the assumption

that a monolayer of adsorbate molecules is formed on active sites of the adsorbertthad no
molecules can adsorinto the monolayer while Freundlich model is based on multilayer
adsorption of solutd§3]. The fitting parameters of Langmuir and Freundlich isotherm model
used are listed iable 4.5 It can be seen frofable 4.8hatthemaximum adsorption capacity

(qo) increased by 30% in the presenc®eM\WCNTs inthe PES matrix, i.e. from 23.81 mg/g

for MO to 31.25 mg/fpr M2. Evaluation ofhedimensionless separation factor values suggests

that the adsorption process Wasourablefor all PESbased membranes evalua(&d values

< 1). Based on theniear correlation coefficientf) values obtained from both models, the
Freundlich isotherm gas abetter correlation sinceti®v al ues for al | me mb r |
As such, adsorption of E1 hormone follote Freundlich isotherm suggesting that mtiran

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 () for membranes containing-@WCNTSs is higher than that of gtine PES
membrane (MO0), indicating a greater affinity of E1 hormone for PEMY@OCNT membranes.

A higher Kr value is indicative of greater hormone adsorption capfé#ly Heterogeneous
adsorption on the prepared membranes can be further substantiated by the fact the 1/n values
are > 1 which suggests that therm&1 hormone present on the polymeric membrane material,

the greater the enhancement of fezergy of further sorptiorm@ble 4.5 [64].
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Figure 4.13 Isotherm data fitting for adsorption of E1 by PESfWCNT 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, 108aigibn

of E1, pH* 6, at 20 °C, 260 rpmand no background electrolyteas used The data were
obtained frontigure4.8.
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Table 4.5 Langmuir and Freundlich fitted parameters for E1 adsorption by RESUKGNT

membranes
Fitted isotherm Parameters Membrane type
MO M1 M2 M3

Langmuir 0o (Ma/9 238 256 312 256
b (L/mg) 0.008 0.015 0.016 0.009
R 0.546 0.404 0.376 0.525
R 099 095 091 0.79

Freundlich Kr (mg/g)(L/mg*" 062 325 389 137
1/n 1.67 1.25 1.33 1.53
R? 0.99 098 0.99 0.99

In summary, PES/@WCNT membranes showed improved adsorption of E1 hormone even
though their pore sizes are largeq90 kDa) compared to those of typically used NF or RO
membranes ( 2007 400 Da)for hormone removdlL1]. Pressure requirements and ultimately,
energy consumpn follows the order RO > NF > UF > MF, which means that RO/NF
membranes offer almosbmplete removal of smadiizesolutes, but less convenient because
of high energy requiremenig5]. Therefore, in addition to the presence of high adsorbing
O-MWCNTSs in the membrane matrix, the large pore sizes of the RESYONT allowed E1

access to internal adsorption sites.
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4.3.6.3. pH dependence of E1 adsorption by PES/MWCNT membranes

It has been shown fromeStions 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 baneliagtions and

- interactions. In this section, the influe
containing various loadings of -MIWCNTSs is investigated. Zeta poteal measurements
discussed in &ction 4.3.5., have already demonstrateddhatiange 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 seefkifyohl4 that an increase in
solution pH belowthe pKa value of Elled to a slight increase in E1 saiption by all
membranes evaluatedith the highest increase of 66% for MO, 77% for M1, 86% for M2 and

73% for M3 obtainedat around pH 9. Above pH 10, a slight decline in percentage of E1
adsorbedvas observedThe iniial increase in adsorption can be linked to hydrogen bonding
interaction between the thé@H groups of E1 and thieCOO groups 65=0 groups on the

PES membrane surface. This is because @tl belowthe pKa value of E1 (= 10.5), E1
hormone is undissociatehd in possession of all protons necessary to form hydrogen bonds
with the negatively charged membrane surface. Howevampldtabovethe pKa value of E1,

thei OH groups of E1 undergo deprotonation and the hormone becomes negatively charged
[11]. It was established from@eta 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
resultshave also been reported by othesearchex{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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resultsobtainedon pH dependence of E1 adsorption by PESI&CNT membraneslew for

the establishment of the dominant adsorption mechanism. If hydrogen bomeiaghe

dominant mechanism responsible for E1 adsorption, then the removal of E1 would increase
drastically at lower pH values. This is because from zeta potential regssus, it was
established that membranes are positively charged or protonated at lower pH ¥&R@s (

groups of GMWCNTSs exists ag§ COOH, -S=0 of PES chain transitions t&OH) and E1

has not undergone dissociatioe,, the-OH groups of E1 are stilhtact. As suchthe extent

of hydrogen bondindpetween the membrane surface and E1 would increase. Howlever,
resultsobtained and given iRig. 414 rancontrary to this fact. Hence, it can be assumed that

the observed increase in E1 adsorption is doait e d-° biynt'eracti ons bet w

MWCNT membranes and E1.

100
® MO
o M1
g0d | © m2
v M3
D ., ¢ ° 0 .
Jg 804 & &
) o © o
© 0] o O
© 704 © v Vv ©
LL Vi v
X n | 4
o 60 - - - | [ |
n
50 T T T T L] T
2 4 6 8 10 12

pH

Figure 4.14 Influence of pH on E1 removal by PESMDNCNT membranes. Experimental
conditions: 72 h contact time, 25 €émembrane area, initial E1 concentratafril00 ng/L,at
20 °C, 260 rpm.
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4.3.6.4.Regeneration of PES/GMWCNT membranes

Fig. 4.15 shows the regeneration efficiencies of PES membranes containing various loadings
of O-MWCNTs after five adsorptidmegeneration cyclaessing ethanol/water solvent mixture.
High regeneration efficienciesere observed for PES membranes containifld\@CNTS,
namely90% for M1, 95% for M2 and 91% for M3 after five cycles, whihe bare PES
membrane, MO was found to hazeegeneration efficiency of 83%. The observed results are
due to strong partitioning of E1 in the etham@ter solution based on its high octamater
partition coefficient (logkow = 3.13), leading to enhanced desorption from the membrane
material[35]. Moreover, tha OH groups in ethanol could destasglithe existing hydrogen
bond interactions between E1 an8=0 groug or E1 andCOO groups of the PES/O
MWCNT polymer backbone, thereby displacing adsorbed E1 into the etvatex solution.

The SEM surface imag®f membrane M2 (Fig S4.3) after five regeneration cycles show that
there was no significant change in menmerasurface compared to that of M2 in Fig.4.3.
Furthermore, the FTIR spectra of M2 aftevefiregeneration cycles still hathe same
characteristic functional groups identified for M2 ptioE1 adsorption (Fig S4)3The results
obtained suggeshat theadsorption of Einto PES/OMWCNT membranes is reversible and

that the regeneration process used did not cause any damage to the membrane material.

In a separate experiment, MilQ) water was used instead of the ethanol/water solvent mixture
at 20 °C fo desorption of E1 from membrane M1. It was found that the regeneration efficiency
of M1 was below 5%, even though the washing time wasasebeyond 30 min (Fig. S4.4).
The resul suggesthat PES/GMWCNT membranes are stable in water and that therbed

E1 molecules will have low leachability into the treated water.
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Figure 4.15 Regeneration efficiency of PESKWCNT membranes. Experimental
conditions: 72 h E1 contact time, ethanol/water (vd3hing solvent, 25 chmembrane area,
initial E1 concentration 100 ng/L, 20 °C, 260 rpm.

4.4.Limitations of the study and further work

Chemical adsorption of Eihto PES/IOMWCNT membr anes via hydroget
interactions provides an alternative medor the removal of low concentration of E1 from

water sources. Moreover, the stability of-&isorbed PESIMWCNT membranes in water

at room temperature and the effective regeneration of the membrane material after successive
adsorptiordesorption cycles are particularly desirable for potential application in the
treatment of real ater samples. Howeverfew aspectstill need to be addressed in the study

in greater detail Firstly, there is a need tlurther investigate, the membrane preparation

methals that can increase the availability of the incorporatddV@CNTs for maximum

contact with estrone molecules. Such preparative methods should ensure maximum exposure

of O-MWCNTSs while minimsing leaching. This will ensure rapid removal of estrone at highe
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adsorption capacities than those currently achieved in the study. Moreover, the effect of E1
solution chemistry.e., varying solution ionic strength and the presence of competing organic
compounds such as natural organic matter, for adsorption sitePE@IOMWCNT
membranes, still needs to be evaluatedreater detailProlonged regeneration cycles of the
membraneshould be investigatemhd the search for greener, recyclable washing solvents for

estrone needs to be conducted.

4.5.Conclusion

Theadsorptive removal of natural hormone E1 by PEBMYCNT mixedmatrix membranes,
was investigated by conducting batch adsorption experiments. FESIONT membranes
were first synthesexd andcharacterisg using various surface and membrane performance

techniques and the following results were obtained:

(1) SEM images indicated that membrane microstructure changes with the
O-MWCNTSs content in the PES matrixe.themembrane morphology transitioned
from an operporous fingedike morphology for bare PES membheatoa dense
and less porous substructure for PES membraith the highest loading of ©
MWCNTSs.

(i) Isoelectric points of PESI®IWCNT membranes shdtdto lower pH values with
an increase in MWCNT loading due to the presence of negatively charged acidic
functional groups of MMWCNTSs on the PES membrane surface.

(i)  Molecular weight cubff (MWCO) determination results of PESKAWCNT were
in agreement with SEM results, in that the membrane pore sizes slightly decreased

with an increase in MWCNT content.
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(iv)  Theprepared PES/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 flaver membrane surface

hydrophilicity.

Adsorptive removal of E1 increased with an increase-MVWCNT content followed by a
decline with further increments. The enhancement in E1 adsorption under neutral pH
conditions was attributable to (i) the preseathighly adsorbing @MWCNTs in PES matrix

(large surface arem-volume ratio of GMWCNTS), (ii) hydrogen bonding interactions
between PES/IMWCNT and E1-" amcht éracd)i ons bet ween
O-MWCNTs and aromatic rings of E1. Studyintgetinfluence of pH on E1 adsorption by
PES'IOMWCNT membranes prov-idehwtevadenoces tWwate
adsorption mechanism instead of hydrogen bonding. The adsorption kinetics of E1 by
PES/OMWCNT membranes followed the pseuslecondorda kinetic model. The E1
adsorptiorrateby thePES/OMWCNT membranes was slow as equilibrium was only reached
after 24 h. The Freundlich isotherm provided a better fitheadsorption data than the
Langmuir isothermThe PES/OMWCNT membranes maintainddgh adsorption capacities

after five adsorptiommegeneration cycles as evidenced by regeneration efficieocasove

90%. The SEM and FTIR analysis provided evidence thia¢ continuous adsorptien
regeneration cycles did not induce any damage to thebnage 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 pespes E1, by large

poresizePES UF membranes.
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CHAPTER 5
MACROVOID -FREE PES/SPSF/GMWCNT ULTRAFILTRATION MEMBRANES
WITH IMPROVED MECHANICAL STRENGTH, ANTIFOULING AND
ANTIBACTERIAL PROPERTIES

Summary of the chapter

Macrovoidfree polyethersulfone/sulfonated polysulfone (PES/SPSf) ultrafiltration (UF)
membranes containiraxidisedmulti-walled carbon nanotubes{@WCNTSs) were fabricated

via a nonsolvent induced phasseparation method using®PEG 20kDa as a nesolvent
additive. The results shaal that the fully spongdike morphology of the PES/SPSf
membranes could be achieved as the content-BMBCNTSs in the casting solutions was
increased, due to the formation of strong hydrogen bonds between SBSPEG 20k@a and
O-MWCNTSs. Such morphology provided excellent mechanical strength properties with the
highest of 4.02 + 0.08 MPa obtained for the membrane containingt®d O-MWCNTSs.
Microscopic analysis revealed homogenous distribution dI\@CNTs in the PES/SPSf
mixed-matrix membranes. Moreover, pure water flux initially increased from 598 to 7£3 L/m
h followed by a decline to 590, 560, 553 and 5784lnas the content of ®IWCNTs was
increased from Wt.% to 0.005, 0.01, 0.03, 0.05 and W%, respectivelyA rejection of >

99% for bovine serum albumin (BSA) was achieved by membranes containingt®0&-
MWCNTSs. The water flux recovery ratio of membranes containlV@CNTs was found to

be higher (> 90%) than that of pristine PES/SPSf (75%) even afteetbads fouling and
cleaning stage. Furthermore, it was found that only 85%. @oli bacteriawere killed by
pristine PES/SPSf, compared to 99% by PES/SPSf membrane with the higW®8CQT
loading. The fabricated flagheet membranes display attractive features for use as UF

membranes in the pteeatment stage of water treatment.
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5.1. Introduction

Pressuralriven 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 pl@jesThe 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 neidin@$ 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 occsilaaresult of the creation of a strong hydration

layer that hinders the attachment or adsorption of particulates on the membraneg4jrface

One of the commonly used strategies aimed at improving membrane surface hydrophilicity is
polymer blending, also referred to as graftingiapss where a hydrophobic polymer is mixed
with a hydrophilic polymer at particular weight ratio(s) provided that the two polymers are of
reasonable compatibilitip]. 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 membrangg]. The Stineiertheory is often used to assess the compatibility between two
polymers, wherein a molar enthalpy of mixirsg il ingreater than 0.01 cal/mol suggests that
the polymers are immiscible and therefore incompatible with each other weekeahat is
lowerthan 0.01 cal/mol suggests that the polymers are miscible at those weigHbilatioga

study by Li and ceworkers, polyethersulfone (PES), a commonly used polymer in membrane
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fabrication, was blended with sulfonated polysulfone (SPSf) and the eff&@RSf on the
compatibility, membrane morphology and performance of PES was invest[§htdtiwas

slown t hat PES and SPSf are entirely miscible
and that the sulfonic acid groups ofSPSf allowed for improvements in membrane surface
hydrophilicity, which subsequently led to significantly high water fluxes ant foagling
resistance[5]. Several other research groups have also reported on the improvements in
membrae surface hydrophilicity which subsequently led to enhanced membrane performances

as a result of the presence of sulfonated polymers such afr§R8ffonated polyethersulfone

(SPES)[8, 9] and sulfonated polyphenylene sulfone (sPP$1], in polymer blend

membranes.

Despite the advantages presented above, highly sulfonated pslyien used alone, or at
higher contents during fabrication of polymer blends, give rise to membranes with high
swelling ratios and therefore, compromised mechanical strength propétfie$his occurs
because the introduction of highly polar sulfonic acid groups in the polymer matrix decreases
the aggregative state ofettpolymer, thereby expanding the polymer matrix and increasing
polymer chain mobility, making the material more flexifil@]. For example, Widjojet 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, Fanget al, showed that lower fréion (10% compared to 30%) and higher
molecularweights (110 000 and 141 000nwl) of SPES used in the polymer blend are
preferable for achieving higher membrane mechanical strength prop@}tiés addition to

this, the membrane morphology, in particular the membrane-seati®nal structure plays a
fundamental role in controlling the mechanical strength properties of a membrane. It has been

shown that sulfonated polymer blend membranes tleafree of macrovoids and fingéke
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structures in their membrane slalyer exhibit higher mechanical strength properties than their
macrovoidcontaining counterparig, 13, 14] While the exstence 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 pres§iisg

Recent years have witnessed an exponential growth on the use of nanostructured materials,
such as graphene oxide (GO), carbon nanotubes (Chi@g)um dioxide (TiQ) 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 waledlled carbon nanotubes WCNTS) 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, ype water permeability, antifouling and antibiofouling
properties. Indeed, in all of these studies, the presencd®dMCNTs has been shown to lead

to significant enhancement in membrane structural and surface profiditiss, in particular,

due to the hydrophilic nature of theMDNVCNTSs. Unfortunately, the addition of-®IWCNTSs

has been found to lead to the generation of a membrane morphology witHikeguctures

and/or macrovoids that span the entire membrane-sexd®on, due to their hydrophilic nature
[19-25]. As already highlighted, such morphology tends to compromiseminehanical
strengthof the membrane even through theNDVCNTSs incorporated may possess strong
reinforcement properties. This means that upon subjection to external stresses, the load is
predominantly transferred to the-MMWCNTs in the composite rather than being shared

between the @ymer matrix and the MWCNTSs
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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 @rito immersion into the coagulation bath. Whilee t
adoptionof 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, aasting solution composition that allows for the formation of a
macrovoidfree  UF membrane, with high mechanical strength properties, without a
compromise in high water permeabilities, in the presence-WMICNTs in the membrane

matrix, is desirable. Furemore the optimal properties of the polymearbon nanotube
interface required in order to obtain significant imy@ments in tensile strength haveen
established. Sulfonated polyrglend UF membranes have been prepared numerous times, as
PES/SPSf, BS/SPES or as sulfonated polymers alone such sPPSU and have been shown to
display attractive features, including spo#ige sublayer structures which eliminate
mechanically weak macrovoids in the membrghe]. Although spongdike structures have

been obtained for these sulfonated polymendide tensile strength valuesere usually low

(61, [71, [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 tendie strength and antibacterial properties using/@CNTs as nanoadditives. To
achieve this, PES/SPSf blend membranes were prepared with and witMMGDITs via a
nonsolvent induced gelation phaseparation method used previoufty. The performance

of the prepared membranes was investigated by pure water flux and repédtammnne serum
albumin (BSA). The contact angles of the membranes were measured to evaluate the surface

hydrophilicity while the surface morphology and crgsstional structures were studied using
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diverse microscopic and spectroscopic technighesompehensive investigation was also
carried out to determinthe 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 ttreation of a stable hydraulic environment and

long-term mechanical stability without the use of a support fabric.

5.2. Experimental

5.2.1. Materials

PolyethersulfondPES (Veradel® 3000P, Mw = 62,000 g/mol) was supplied by Solvay
Advanced Polymers (Belgium) ar®@PSf (25% degree of sulfonation) was purchased from
Yanjin Technology Co. Ltd, Tianjin (Chinayolyethyleneglycol (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 funthmurification, whilebovine serum albumin
(BSA) (Mw = 68 000 g/mol) was purchased from Beijing Probe Bioscience Co. Ltd (China).
Reverse osmosis water was used as thesotwent additive and coagulation bafscherichia

coli (E. coli, ATCC8739, grammegative) was suppliethy 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 synthesisdubirse, via nebuled spray

pyrolysis method of toluene and ferrocene mixture, using a procedure described elsewhere
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[26]. The synthesised MWCNTSs collected were further oxidised by treatment with 35% HNO
under reflux, to olatin OCMWCNTSs. SeeAppendix BSupplementary Material section fibre

detailed procedure on the synthesis elma@racterisationf O-MWCNTSs.

5.2.3. Membrane preparation

All the membranes were prepared by a -solvent induced phasseparation method,
following a previously reported procedurd. Briefly, weighed amounts of PES, SPSf, and

PEG were dispersed in DMAc solvent. Wates@)was then added dropwise as a-solvent

additive in the casting solution at\@.%. For casting solutions containing-MWCNTS,

weighed amounts of MWCNTs were first disprsed 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 78&Ion a hot plate equipped with a stirrer. The
solutions formed werallowed 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
2000 Om, and i mmediately immersed in the water
few minutes, membranes peeled off from the glass plate and were pladedsinveatebath

at room temperaturé @5 °C) in order to wash off any residual solvent adtlitives. 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 polywe&ht ratio of 84:16 was
maintained throughout the membrane systems, based on previoy$}yarida total polymer

concentration of 2t.% was used. The concentratigwmt.%) of PEG 20kDaised was based

on the PEG20kDa content that gave optimal water flux and BSA rejection values in the
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presence of MMWCNTSs (see Supplementary material section). Membranes were labelled as
MO to M5, to represent the increase iIAIMWCNT loading in the dope &ations and those

prepared in the absence of PE®RA were labelled as M0 and M51 (e Tables.1).

Table 5.1 Composition of casting solutions for PES/SPSIM@/CNTs membrane blends
Membrane PES SPSf DMAc H:2:0 PEG O-MWCNTs O-MWCNTs*

@ (9 (9) (9) @ () (Wt.%)
MO 924 176 39 4 10 O 0
M1 9.24 176 39 4 10  0.0025 0.005
M2 924 176 39 4 10  0.005 0.01
M3 924 176 39 4 10  0.015 0.03
M4 924 176 39 4 10  0.025 0.05
M5 9.24 176 39 4 10  0.050 0.1
MO-1 924 176 39 4 0 0 0
M5-1 924 176 39 4 0 0.050 0.1

*The concentration of MWCNTSs is calculated via plus method

5.2.4.Membrane characterisation

A digital rotational viscometdNDJ-8S, Hengping Instrument Compai®hanghai China) was
usedto measure the viscosity of PES/SPSf and PES/SR@WNT casting solutions, at a

shear rate of 10 dat differenttemperatures

Membrane surface and cressctional morphology was studied using field emission scanning

electron microscope (FESEMitach S4800, Japan). For analyses of membrane <€ross
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sectional morphology, vacuudried membranes were freefzactured in liquid nitrogen
followed by coating with gold. Atomic force microscopy (AFM: WiTec Alpha3@@f used

to analyse the surface topography asughness of the prepared membranes. Small squares of
the prepared membranes (approximately ¥)emere cut and glueihto a glass substrate. The
surface roughness parameters of the membramegxgressed in terms of tmeughness

averaggSa) andlie oot mean squarnq)values

Transmission electron microscofEEM) analysis was performed on a FEI Teéha(T12)

Spirit transmission electron microscoppevating at 120 kV. The MWCNT samples were
dispersed in methanol by ultrasonication and loaxteda copper grid. For imaging of mixed

matrix membrane, the membrane samples having an approximate thickness of 100 um were
embedded with epoxy resin, thereafter ultrathin sections of approximately 100 nm were cut in

a Leica ultramicrotome anamounted a a copper grid for analysis.

Attenuated total reflectance Fourier transfanfiared (ATRiIFTIR) spectrometer
(Perkirelmer, Germany) tased toassess functional groups present on the membrane surface.
Water ontact angle measurements were carried outngsa contact angle goniometer
(DSA30E Kriiss GmbH, Hamburg, Germanysessile 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 be membrane surfachn 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 antMVWICNT modified PES/SPSf
composite membranes were analysed by measuring tensileusmegsSAXSpace small and

wide-angleX-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 instrumenth@ncheasurements taken at a
speed of 2 mm/min. Therosssectionakrea (mm) 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 aadefage value was reported.

The tickness of the membranes (wet membranes) was dessnby using a digital
micromegr. Membrane porosity was determined according to andrtyweight method. First,

the membrane samples stored in deionised waternemr@ved 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.51) as:

O ( %9\’%3 100% (5.1)

whereUis the porosity of membran®\, is the weight (g) of THE wet membran& is the
weight (g) of dry the membrangy is the density of pure water (g/&A is the membrane

area (cm) andtiis the thickness of membrane (cm).

The mean pore radius was calculated using the Gué&ibordi Ferry equatior27]:

2.9-1.79). 7 B!
rm:\/( U. a q?F 62

wherermis the mean pore radium (nhm)js the membrane porosjty is the water viscosity
(8.9x10 “Pa.s),Lmis the membrane thickness (nQ),is the volume of permeated water per
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unit time (n¥/s), ais the effective area of the membrang)m and &P is the ope

(MPa).
5.2.5.Membrane performance tests

To evaluate the performance of membranes, pure watenfeasurements were carried out
using a seHmade crosslow filtration system with an effective membrane area of 12.57 c¢cm
Firstly, membranes were compacted for 1 h at 0.15 MPa using deionised water to obtain a
stable flux. The pressure was reduce@l.ioMPa in order to collect permeate samples for pure

water flux measurements. Pure flul4) was calculated according to E§.3) as:

lez V
A3t

(5.3)

whereV is the volume of permeate (L} is the effective membrane area?jrandt is the

permeation time (h).
Membrane solute rejection was investigated using BSA as model solutes at 1g/L. The BSA
concentration was measured by Ultravielsible (UV-Vis) spectophotometer (Tianmei
UV1102, Shanghai, China) at 280 nm.
Membrane solute rejection R (%) was calculated using5): (

C
RO9)=(1- 22 ) 100 54

whereCp andCf are solute concentrationstime permeateral 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 @ted for 60 min. After each fouling stage, the fouled membranes
were thoroughly washed with deionised water,
denoted asw. measured under the same operating conditions. The water flux recovery FRR

(%) was catulated using Eq5(5):

FRR(%)= jﬂs 100 (5.5)

wl

The antibacterial properties of MO (withoutMDNVCNTs) and M5 membranes (with the
highest GMWCNT loading) were evaluated by a shake flask test usirgpli bacteriaas the

model Gam negative bacteria. The bacteria were cultivated in liquid lysogeny (uBjh
consisting of beef extract (5 g), peptone (10 g), and NaCl (10 g) at pH4=and then placed

in an incubatosshaker overnight at 37 °C. Thereafter, 1 mL ofheoliovernight culture was

used to inoculate a flask containing 50 mL of freshly preg 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 dncoupons were immersed into the bacterial suspension
(10 mL, 1 x 16 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 &#abtdi cells
wasestimated bygounting 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 pldteecteria killing ratio or steriliation ratio) and wasalculated by

Eq. 6.6):
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Bacteriakiling ratio (% ~Ne-Ns; 469 5.6
N (5.6)
B

where Ny 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 OMWCNTSs in PES/SPSf matrix

The solubility parameters of common solvents used for the dispersion of MWCNTSs and some
membrane materials are listed in Table 5.2. The MWCNTSs have good dispersion in solvents
withahighdi sper si ve component (ud), but precipit
(tp) or h tbgohn dlh ywdr ocgopenmp o ne n't (uh) (as shown
hydrophobic nature [26]. Therefore, based on the above explan#t®npolar solvent
dimethylacetamide (DMACc) was selected the solvenfor dispesion of OMWCNTS in this

study Due to the small difference between the solubility parameters betideiAc and

PES, the DMAc is also a good solvent for dissolving PES/SPSf blend mixtimesmaller

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 FEg 28]

Solvents Solubility parameters (MPal-9)

Ud Up Un Ut
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 MWCNTSs 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 kig. 5.1(a) and 5.1b), that the casting solutisncontaining
O-MWCNTs remained stable and homogenously mixed in solution even after 4 week of
preparation and storage at room temperature. idisates goodlispersion and interfacial
bonding between WWCNTs and the polymer solutioMoreover, visual bservation of the
mixed-matrix PES/SPSf membranes containing different loadings -MV@CNTs clearly
showedthat the added WMWCNTs are homogenously distributed on the membrane surface
and that the colour intensity increases with content afléigdb.Ic). This suggests that the
incorporatedO-MWCNTSs incorporated migrate spontaneously to the membrane surface
thereby contributing towards the improvement of membrane surface prof9ties similar
behaviourhasalso been reported by othexsearchies whenfunctionalisedMWCNTs were

incorporatednto thePES membrane matr[19, 22]
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Figure 5.1 Digital photographs of PES/SPSH@WCNT casting solutions (a) taken
immediately after preparation, (b) taken after 4 weeks of preparation and (c) photograph

showing the physical appearance of PES/SRSNRCNT membranes.

To further confirm the presence and distribution eMWCNTSs in the PES/SPSf membrane
matrix, the membrane containing the highesWi@®/CNT loading (M5) was observed by TEM
imaging. For comparison, a TEM image oMWCNTs was acquiredH{g.5.2. In Fig.5.2b)

it can be seen th#te incorporated GMWCNTSs are present in the membranatnix, at low
contents visxvis the polymer material. This is expected sincevit.06 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 segmemtanflemendr

agglomeration. The good distribution ofNDNVCNTs in thePES/SPSf matrix will facilitate
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improvements in membrane strucl properties, in particulathe enhancement of membranes

mechanical strength, as envisaged in this study.

Figure 5.2 TEM images of (aO-MWCNTs and (b) microtomed specimen of PES/SPSf/O
MWCNT membrane (M5).

5.3.2.Viscosity measurements

The PES/SPST casting solutions containing different loadings-MM@CNTs were prepared

via a nonsolvent induced phasseparation method and their viscositiesrevdetermined at

different temperatures (45 to 6C) at a shear rate of 0.1'.sViscosity is an important

parameter for casting solutions since it affects the phase separation kinetics and therefore the
final membrane morphology. It can be seeRim5.3 that an increase in-®WCNT content

from 0. wt.% for MO to 0..wt. % for M5 led to an increase in the viscosity of the casting
solution. For example at 45 , the wviscosity
mPa s for M2, 1320 mPa s for M3, 8@ Pa. s for M4 and 1350 mPa s for M5. This increase

in viscosity can be linked to the formation of multiple hydrogen baedérst between the

COOH groups of MWCNTSs, the HO molecules and the sulfonic ack6Q:H) groups as

229



substituents of the PEfolymer chains and secondary hydrogen bonding interactions are
formed between the sulfonic (O=S=0) groups of the PES chai@sahd the COOH groups

of O-MWCNTs (Fig. 5.4). The formation of these hydrogen bonds restricts the mobility of
polymer chains hare the increase in the viscosity of casting solution viscosity. Moreover, as
higher amounts of @MWCNTSs leads to an increase in the number of hydrogen bonds forming
between the components of the casting solution also increases. Generally, an increase in th
viscosity of the casting solution leads to a decline in the diffusion rate between solvent and
nonsolvent during the phase separation process. This further leads to a delayed demixing of
solvent and nossolvent and subsequently the suppression of maisvn the membrane
sublayer, formation of a denser structure and enhanced mechanical strength pf8peids

The influence of viscosity on membrane morphology is discussed in Section 3.4. Additionally,
it was found that all castg solutions display a similar trend of a decline in viscosity with
increments in temperature (from 45 to ). For example, for membrane M5, the viscosity
valueswere found to declinfom 1357 >1127 > 1002 > 935 mPa s at45 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/SRTNT casting

solutions.

Figure 5.4 Hydrogen bonding interaction between SPSONd OMWCNTSs.
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5.3.3.ATR- FTIR analyses of PES/SPSf an®@ES/SPSf/OGMWCNT membranes

In order to study the functional groups present on the membrane surfaces,TARRnalysis
was carried out. The ATIRTIR spectra of all flasheet membranes are showrig. 5.5.All
spectra show distinctive peaks &8435 cm' corresponding toOH stretching vibrations, 2879
cmit for -C-H stretchx 1643 cmt for the -C=0 of the GMWCNTs and in the same range
x 1235-1250 cmt, 1000- 1072 cm! and 1119 1150 cm' corresponding to the asymmetric
and symmetric stretching ©60sH and O=S=0 groups of SPSf polyni8r 32, 33] Fig. 5.5
shows that @MWCNTSs consist of a broad peak around 3500'ate toi OH stretching
vibrations, and a peak at 1600 ¢mhich can be attributed to th€=0 stretching vibration of
the carboxylic aid group. Theseidentified chemical functional groupsenable further
interaction of GMWCNTs with the polymer matrix. Moreover, all the FTIR spectrahef
PES/SPSf membranes containingMWCNTs (M1 to M5), exhibit broad OH functional
group peak in the same region (~3500%nwhich is absent in the spectrum of pristine
PES/SPSf membrane (Fig. 5.5). This confirms successful incorporatiosMWONTs and
thear interaction with thei SO; groups of the PES/SPSf membrane matrix. Moreover, the
intensity ofthei OH absorption band for the PES/SPSMOVCNT membranes increases with
O-MWCNT content, suggesting that hydrogen bonding has taken place betwé&Othieof
the polymer, HO and the GMWCNTs. TheATR-FTIR spectrgprovidedevidence that the
increase in the viscosity of the casting solution with incrementsMWICNT content is due

to the formation of hydrogen bonds within the polymer matrix

232



-SOzH SO, -SOz;H

M4 .cH
M3 L | A
& e
~ Iy
MO o WW

O-MWCNTs

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'l)

Figure 5.5 ATR-FTIR spectra of PES/SPSf and PES/SPSMMYCNT membranes.

5.3.4. Morphological studies

The SEM surface and cressctional images of membranes MM5 prepared by varying the
O-MWCNT loading are shown ifig.5.6 All the membranes exhil®t similar top surface
SEM images with no visible pores even at high magnifications of 50,000. Moreover, an
increase in @MWCNT loading did not change the cressctional morphology of the
membrane,i.e. the spongdike morpholoy was maintained even at higherNOVCNT
loadings. The hydrogen bonding interaction betweeRW\@CNTSs, high moleculaweight

PEG 20kDa, BO molecules and the polymer matmvas found to benuch stronger and
dominant over any other individual influenceparted by GMWCNTSs alone in the membrane
structure. Typically, because of their hydrophilic natureM@CNTs enhance the phase

separation process by increasing the affinity of the polymer solution for theohamt (water)
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during the coagulation procekeading to the creation of a membrane structure with filikgger
structures in the sulayer[23, 27, 34, 35] This claim was further substantiated by preparing
two casting solutios; labelled MOL and M51 in Table 5.1. We found that in the absence of
O-MWCNTSs, the membrane crasgction structure of MAQ is fully spongdike, whereas the
inclusion of OMWCNTSs transforms the membrane morphology of-M fully fingerlike

(Fig. 57). If the rate of norsolvent (water) influx in the polymer solution during the solvent
nonsolvent exchange process exceeds that of solvent outflow, the resultant membrane
structure is likely to consist of fingdike structures, the opposite is true fgpongelike

morphology[36, 37]

Careful examination of the crosgctional SEM images at higher magnifications (Fig. 5.6),
shows that whilall 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. Sieti@riourbased

on the ability ofPEG to increase pore interconnectivity has also been reported bytathies

[13, 38] Firstly, the interstitial spaces between the interconnected pores are more open for M1
in comparisn to those of MO, following which they become less open and more compact for
M2, M3 and M4 and then open again for M5. This is because the add&/CNTs are
hydrophilic in nature, and initially enhance the phasparation process. However, their
influence on the overall phase separation process is eventually surpagbedpbgsence of

high moleculasweight PEG and water as naolvent additives. This results in the final
membrane morphology being completely spehkge with an open cell internal struce. The
cellular structurewvere found to becue less open with further increments rMWCNTSs due

to partial aggregation of MWCNTSs at higher loadings. The observed patterns in membrane

234



internal morphology play a significant role in membrane permegalahid selectivity and

mechanical strength properties.

In our case, the addition of both high molectiaright PEG 20kDa and 2 in the presence

of O-MWCNTSs assisted in the formation of a membrane structure with noiilkgestructures

and macrovoidsThe PEG 20kDa improves pore interconnectivity thus preventing the
formation of macrovoids; whereas®l 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 molecul@ight PEG20kDa assisted

in the formation of porous, open cellular internal structures with interconnected pores. Boom
et al [39], ealier used a model for mass transfer to invggg# the role of high molecutar
weight additives in membrane formation, particularly on the mechanistic pathway that is
responsible for characteristic structures for RdMtaining membrane3he findings of hat

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 containifgrhigecular 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[&®atrix

40]. In addition to increasingasting 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 arsblvemt exchange processes
because ofts 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 tprior

immersion into the coagulation bath is critical in determining the ultimate membrane
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morphology. Therefore, it is vital to determine thecosityof the casting solutiongrior to

casting the membrane and immersion into the coagulation bath.

Figure 5.6 SEM surface and crosectional images of PES/SPSIMDNCNT membranes:
MO, M1, M2, M3, M4 and M5.
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