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Abstract

In this study, thin film composite(TFC) membranes wre prepared by nterfacial
polymerization on amicroporous polgthersulfone(PES) substrate. These membranes were
studied for salt separation by nanofiltration and ethylene glycol dehydration by pervaporation.
The nmembraneswith a layerby-layer structurebased onpolyethylenimine (PEI) and
trimesoylchloride(TMC) were prepared bgequential reactant depositions and reactidhs.
membrane properties can be tailot®d controllingthe number and sequence thie reactant
depositions In general,the PEfTMC membranes werenore permeable than the TMREI
membranesThe membrane formed by a single cycle of interfacial polymerization with 3.5 wt%
PEI and 0.7 wt% TMC had a positively charged surface and showed a good nanofiltration
performance; saltejections of 95.1% for Mggl 94.4% for MgS@®, 80.5% for NaSO, and
85.1% for NaCl with a pure water permeation flux of 24.5 Einhwere obtained at a feed
solute concentration &00 ppm and transmembrapeessure of 0.8 MPa gauge.
In another approactmonomeric amine piperazine (PIRas embedded into thmlymeric
amine PElas the amine reactant. Membranes with a sipblepolyamide layer were produced
by reactingTMC with mixed amines of PEI and PIfhcorporation ofl0 wt% PIP in PEI
resulted in &-fold increase in permeation flihiles t i | tl a ime¥41m6% MgCl rejection.
In addition, 2ply polyamide membranes wepgepared by two cycles of RPEMC and PIRP
TMC interfacial reactionsseparately. tlwas demonstrated that by properly contrgllithe
PIP/PEI concentration ratio, thep®/ polyamide membranes with both a higher permeation

flux and salt rejection than conventional singlg polyamide membranes could be produced.
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Chapter 1

| ntroducti on

1.1 Background

Membrane separation processes are used in a wide range of applisaenthey arenergy
efficient than conventional thermal separation proces&mssed on different separation
mechanisms and the size of separated particles, the widely used membrassew include
microfiltration, ultrafiltration, nanofiltration, reverse osmosis, pervaporamhgas separation.
Table 1.1 illustrates the general principles (e.g., driving force, pore size and substances to be
separated) of these membrane procegsmsmicrofiltration, ultrafiltration, nanofiltration and
reverse osmosis, the operation units have beenestlblished. Several experience companies
can offer the industrial membrai@sed filtration system. Pervaporation and gas separation are
two devel@ing industrial membrane separation technologéesmall number of plants have
been installed and the market size ingesxpandedAmong these processesanofiltration
(NF) and pervaporation are two important processes for liquid separation.

Nanofiltrationis a pressurgriven membrane process between reverse osni@€3 and
ultrafiltration (UF) and rejects molecules with sizes on the order of llhis used most often
for treating water wh a low content of ion (e.gsurface water anddsh ground watgmwith a
main purpose ofwatersoftening (emoval of multi valentatiors) and removal of disinfection

by-producs such as naturaind synthetiorganic mattes [Letterman, 1990 Nanofiltration is



also becoming more widely used in food mesing applications such as simultaneous
concentration and partial (monovalent ion) demineralizaifatairy products

The process of pervaporation involves a phase transition from the feed to the péomeate
the separation diquid mixtures That is,the liquidfeedcontacts onside of the membrane and
the vaporphase permeats removed from the other sid@he driving force for themass
transportis thevapor pressurelifferencebetween the feed solution and the permeate vapor.
The paration is baxl onthe difference inthetranspat rate of individual componenirough
the membranePervaporation is mainlysed forthe dehydration oforganic solvents (e.g.,
alcohols, ethers, esters, acids and glycoégpvery of trace amounts of organics fronueaus
solutions(e.g., removal of volatile organic compounds, recovery of ar@nd)separation of
organicorganic mixtures (e.g., methyl tdstityl ether/methanol, dimethyl carbonate/methanol)

[Baker, 2012

Table 11 General principles of different membrane processes

Membrane process Driving force Pore size (m) Separated substances
Microfiltration 10°-10" Suspended and emulsified solids, ye
Ultrafiltration 107-10° Colloids, proteins, bacteria
Nanofiltration 10%-10° Divalent salts, sugars

Reverse 0smosis op  10°-10% Monovalent salts
Pervaporation Non-porous ?g;i?ﬁgceoﬁ,fﬁuon’
organicorganic separation
Gas separation Non-porous ~ N2/Oz, Ha/Na, H/CHs, No/ alr,

CQO,/CH,, propylene/N separation

Most NF and pervaporatiomembranesre structurallyasymmetri¢c which can be divided

into two categories: integrally skinned membranes and composite membtateggally



skinned membraneare made fromthe same polymer materialsr both the skin layer and
support layerand these membranes ar@mally produced bythe phaseinversion processA
breakthroughin improving the membraneperformance was thdevelopmentof composite
membranes wére thesurface skin layer anthe poroussubstrate i@ formed separatelyfhis
way, a broad range gfolymer materials can hesedand differenformationprocedures can be
optimized for each layerthereby maximizing the membranegerformance. fie resulting
membranes have ultthin selective top laysrfor separation andhicroporous substratef®r
durability and compaction resistarnjétetersen, 1993

The composite membrane approach was initially developed to deposiymeic barrier
layer onto a microporous substratd-or example, a thickcellulose acetateeverse osmosis
membrane was placed time Millipore filter paper[Riley et al, 1967, leading to a decreased
vulnerability to compactionPoly (vinyl alcohol) was croséinked on top ofa porous
polyacrylonitrile (PAN) substratr the cehydration of caprolactafi@hanget al, 2007.

Interfacial polymerizationappears to be a promising method for prepatinigp film
compositg(TFC) membranesor nanofiltration The interfacially polymerized TFC membranes
also have been developfd pervaporation, especialfgr the dehydration of organic solvents
The barrier layes formed from interfacial polymerizationave a balanced hydrophilicity and
hydrophobicity as well as good membrane stabilitguch membranes can be based on
polyamide, polyurea angolyester, and polyamide membranes paeticularly promising for
water production salt rejection and organic solvent dehydrationin the reverse
osmoss/nanofiltration field,aliphatic polyamidemembranedend tohave low rejections and
modest fluxes,and aromatic polyamidemembranes, especiallfhose made fom 1,3

benzenediamine (yphenylenediamine(MPD)) and trimesoyl chlorid€TMC), arewidely used



[Cadotte, 198TaAromatic polyamidenembranenot only have digh rejection and high flux,
but can also withstandchlorine exposureip to 1000ppmth. In the pervaporation fieldpoth
aliphatic and aromatidFC polyamide membrandsave beerstudied and many temgds ae
madeto producemembrane with goodseparation performance for the dehydration of organic
solventgHuanget al, 200§.

The amine structures plagn important rolen the properties of theesulting polyamide
membranesPolyethylenimine (PEI) was usgdeviouslyasanaqueous reactant fanterfacial
polymerization In 19691970, Cadotte used branched REth a 3:4:3 ratio of primary:
secondary: tertiary amine graaipnd amolecular weight of 10,000 to 60,000 tbee interfacial
reaction, andhis led to the commercidlS-100 [Cadotte and Roxelle, 197Zadotte, 1977
Rozelleet al, 1977, RG-100 and PA300[Riley et al, 1977 compositemembrans. Presently
PEI still attracts significant interesfior fabricating NF membranesbased oninterfacial
polymerization Ru a a n 6 s[Yagg, B008Chiang, 200P studied fourNF membranes
formed fromPEI/TMC, PElterephthaloyl chlorideTPC), ethylenediamine (EDATMC and
diethylenetriamine (DETATMC, and t was found thathe PEI/TPC membrane daa pore
size similar to that of the EDA/TMC membrane butvith both ahigher salt rejection and
permeation fluxwhile he PE/TMC membraneéhad a pore size as larges 1.5 nnbut still had
a higher NaCl rejection thahe EDA/TMC membranavhosepore sizevas only 0.43 nm.This
special rejection character is derived from the flexible pendant amine groups of PEI. The amine
groups may drift inside the pores and interact with the ions, which will hinder the transport of
ions but have little effect on water peratien. A TFC hollow fiber NF membrane ém PEI
andisophthaloyl chloride (IPCvas fabricatedy Sunet al.[2012] and themembrane shoad

very highrejections (over 99%) for both positively and negatively charged dye molexsiles



well as ahigh rejection ér cephalexin over a wide pH randgeEl was chosen as the aqueous
phase reactant for interfacial polymerization on microporous polypropylene (PP) supports to
fabricate solventesistant TFC ultrafiltration [Korikov et al, 200§ and nanofiltration
membranegKosaraju and Sirkar, 20p8PEI/TMC TFC hollow fiber membrasehave also

been employed topervaporation for isappanol dehydratiofZuo et al, 2013 and their
pervaporation fluxwas reported to be highéranthat of aMPD/TMC membraneTherefore,

PEl is a promising amine reactarind we chose itor the fabrication of TFC membranes in

this study.

After the discovery of PElseveral monomeric amindsgd beertried and none of them
provide attractive salt rejectionntil Cadotte found that high rejection composite membranes
could be made by interfacial reaction of piperazif#) and IPC throughan optimization of
membrane preparatia@onditions[Cadotteet al, 1974. The first commercial membrane based
onPIPandTMC, named NS300,exhibited a high water flux and MgQ@ejection [Cadotteet
al.,, 1978 Cadotte, 1981b Several PIP/TMC commercial membranewere developed
following the NS-300 membrangincluding NF seriesmembranege.g., NF40, NF40HF and
NF-70) [Freeman and Stocker, 198Cadotteet al, 1988 Eriksson, 198B and XP series
membrans (e.g., XP20 and XP45) [Cadotteet al, 198§ made by FilmTec Corporatioh TR
series membrandg.g., NTR7100, NTR7250 NTR-729HF and NTR/39HF) [Kamiyamaet
al., 1984 Kawadaet al, 19871 made by NittoElectric IndustrialCompany and UTC series
membranes(e.g., UTG20, UTC-50 and UTG60) [Kurihara et al, 1985 Kurihara and
Himeshima, 1991 made by Toray Industrie3hus, PIP is also eactiveamine reactanand

was usedor interfacial polymerization in this study.



The interfacially polymerized nanofiltration membranegh very small poreshave the
potentid to be modified to the neporous pervapation membranesnspired by the adhesive
proteinsexcreed by marine musselsthe self-polymerized polydopaminéas also attracted
muchattentionfor modifications of various types of surfacesluding membransurface[Xi
et al, 2009 Karkhanechiet al, 2014. This selfpolymerized polydopamine agalsousedin
this studyto modify the selfmade polyamide nanofiltration membrane dgimple coating

methodfor pervaporation uses

1.2 Research objectives

The objectives of this research were to stubg TFC polyamide membranesbased on

interfacial polymerizatiorior salt separatiorby nanofiltration and ethylene glycol dehydration

by pervaporationThe research consisted of the followings:

(1) To developTFC nanofiltration membrarsebased on theeactantsysem of hyperbranched
PElandTMC by interfacial polymerizatiorfior salt separations

(2) To develop TFC nanofiltration membranes from polymeric amiR&Il imbedded with
monomeric amin®IPfor enhanced salt separations

(3) To investigatethe effects of chlorineexposureon the nanofiltration performancs the
multiple-layered polyamide composite membranes based on [(PEI/FRR/TMC)].

(4) To modify the PElbased polyamide coropite nanofiltration membrarie make it suitable
for pervaporativedehydration of dtylene glycolby depositingadditionallayers of sel-

polymerized polydopamine

1.3 Outline of the thesis

This thesis consists of seven chapters as follows:



Chapter 1 presents the backgrowfdhis study, including an introduction of theembrane
processe and material®f nanofiltration and pervaporation. Tlobjectives of this studware
alsodescribed

Chapter 2 presents literature reviewof nanofiltration and pervaporation. This chapter
briefly introduces théasiccharacteristics and mass transport of these two membrane processes.
This chapteralso provides the development and feature§BE membranes in nanofiltration
and pervaporationin addition, the approach of interfacial polymerizatitox membrane
preparaon is describedand theeffects of theparameters involved ithe procedure of
interfacial polymerizatioron the membrane propertiase discussed.

Chagper 3 studies the TF@olyamidemembranegrepared fromhyperbranched®EIl and
TMC. Membranes with a layeby-layer structure were prepared by a repeated sequence of
reactant depositions/reactions to improve the salt rejection. The effects of the number of cycles
of reactant deposition/reaction, the sequence of reactant deposition, the concentrations of the
reactant solutionsaandtemperature of thermal treatment on the membrane performance were
investigated. The influence of operating conditions on the membrane performance, including
the feed concentration and operating pressure, was also studied.

Chapter 4presents the development of TFC membranes fabricated from polymeric amine
PEI imbed@&d with monomeric amine PIP. évhbraneswith a single polyamidelayer were
prepared using a blend of PEI and PIP as the agueous phase reactant to react with TMC for
interfacal polymerization.The effects of the compositions of the amine mixtures on the
membrane performance were studied. Two series-plie2 polyamide membranes were
prepared(one with a PEI/TMGnnerlayer and a PIFMC outerlayer and the other with a

PIP/TMC innerlayer and a PETIMC outerlayer) bytwo cycles of interfacial polymerization.



The effects of the concentratoaf PIPPEIf otrh e f or dniaft i monleyodf mi @dre | ay e
the membrane performance were investigated.

The PEtbased polyamideasahi gh chl oraser sbelde flr@mgeg amouil
end ami net gNek ulpisnflaaoghe sami de boosm®m.n @lhéeprceés bHf
c h | oex moee manefiltration performance f ruhige-layered polyamide composite
membrane Theh!| or i ne r esibxatsermdc @ od fy atmh el eP Elle mbr anes
an addinti ernfadci al p @l Pmearnidz aThie@ b e r @odnf e ¢t h e
concentratioeo f MPEfPdtrhe f or chaffenewmf pahdamiheée nluanper
Pl P/ PdCyamil dgetreapon the chl ori nwe rsetewsdlidhided.nc e
effects of t he scihfolrudciang opHcohditthiedncdr iome n
conceminr §(pppm) and)oenx ptohsea tseeopnai mer by mance wer

Chapter 6 I nv efsitd agtait cers -ltdhsep td g a RIEd e nanof i
me mb r fagpee r v a p 0 s @ ysimplyndepositingadditional layers of selfpolymerized
polydopamine.The separation performance of thmodified membranes was evaluatéor
dehydration of ethylene glycolhe ef fects of the number and s
depositions on t he preerrset p d Theed | ofnf epca rsf oo fma h e
concenbopatabing tfeenPpe@ldandecm tgadnrelv apor ati on per
weré sbudi ed.

The general conclusiorad original contributions of this resear@te described in Chapter
7. Some recommendatiorfer future work are also proposeth order to have a clear

understanding of this thesisigure 1.1briefly describsthe structure of this thesis
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Chap2er

Literature Revi ew

Membrane technologiesre used in a wideange of applications and coviétre separationef
gaseous and liquid streammixtures Comparing to the conventional thermal separation
processege.g., distillation, sublimation or crystallization membrane processese energy
efficient since theylo not need contiraus heating or coolindn addition, membrane processes
are environmentty friendly sinceno chemical reactions involved Furthermoremembrane
processes argentle andmild processs and hence very effective for sepawvat of those
mixtures which camot operateunderthe harsh conditions

Nanofiltration and pervaporatiomre two promising processes for liquid separation.
Nanofiltration is a filtration process for the removal of multivalent ions and organic matters.
Pervaporation is a method for the separation of liquid mixtures by partial vaporization through
the membraneThis chapter intends to provide an overview of grgnciplesof nanofiltration
and pervaporation, including thmsiccharacteristics anthass transport. Thagevelopment of
thin film composite membranieased on interfacial polymerizatiarsedin nanofiltration and
pervaporation are also reviewdd. addition, a brief review of theprocedure ofinterfacial
polymerization ispresentedas it is the method used for preparing thin film composite
membranes in this study¥he effects of the parameters involvadheprocedure ofnterfacial

polymerization on the membrane propertiesadsediscussed
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2.1 Nanofiltration process

2.1.1Characteristics of nanofiltration

Nanofiltration (NF) is a presswdriven membrane process developed since the late 1970s as a
loose reverse osmosis (RO) procésgeneralNF has two distinct properti¢Rautenbach and
Gréschl, 199Q:

1. The pore size of the menaire corresponds to a faoular weight cut off of approximately
300500 g/mol Therefore, components witlighermolecularweightscan be separated from
solvents with smaller molecular weights

2. Because theiohensions of the pores are closethe size ofions charge interactianare
normally importantto the separation abns with different valenceshen the NF membrane
has a charged surface
Based on these propertigsanofiltrationis typically used for the eparation ofnorionic

component$aving differenimolecular weigld (e.g., virusesndbacteria) andons of different

valencesGenerally, nanofiltration membranes have a greater rejection to multivalent ions, but
less resistant tgpermeation ofmonovalent ions. A major advantage of nidtration over
reverse osmosis is its greater fluxes duégdigger pore size Also, it operates at a lower

pressure than reverse osmosis and hence costs less in module construction and fluid pumping.

2.1.2Mass transport in nanofiltration

The separa&n ability of membranes is based on the control of permeation rate of different
species. Generally, there are two models used to describe the mass transport through the
membrans. One is pordlow model, in which permeatiomccurs by the pressudgiven
convective flow through the pores and separation is based on the exclusion of permeants from

the pores. The other the solutiondiffusion model, in whichpermeants first dissolve in the
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membrane and then diffuse through the membbgna concentration gdeéent. The separation

is based on the difference in solubility and diffusivity of different permeants in the membrane.
The poreflow modelapplies tahe porous membrane suabmicrofiltration and ultrafiltration,

and the solutiordiffusion modelappliesto the norporous membrane such as reverse osmosis,
pervaporation and gas separatiomnifiltrationis anintermediate between ultrafiltration and
reverse osmosigindhence themass transport inanofiltrationis the transition between pere

flow and sol@ion-diffusion.

Pore-flow model

The separatiomechanisnof porous membranes canthe sevingfiltration takingplaceat the
membranes surface or the depth filtration taking place in the interior of the membranes. The
pore geometries greatly affect the masmsport through the membrari@ependhg on the
shapes and sizes of the pores in the membthadlux of water hrough a membrane can be
modeled using empirical equations based on the HRgé&euille or Carmaiozenyequatiors
[Mulder, 1997 as follows:
(a) HagerPoiseuilleequation

Consider anembrane hang a number of parallel cylindrical poreEhe flux through such a

membrane is given by
* - - (2.1)

whereJ is thevolumetric permeation flux of solvent througie membrangm®(mZ.s)), oP is

the pressuredifference across the membra(dPg, d is the viscosity otthe liquid solvent

(MPay), Uis the surface porosity, is the pore radius (m)Uis thetortuosity ofthe pores anda
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is the membrane thickness (. is the total resistance towards solvent flow'{rand equal
to the termy RO .

(b) CarmarKozenyequation

Formembranes which consist of closely packed sphéressolvent flux is given by

* — (2.2)

whereKck is the CarmaiKozeny constanwhich depends on the pore geometmdS;, is the

pore internal surface argarunit volume(m?m®). Based on th€armanKozenyequation Rm

isequal tatheterm+ @B p R TR.

Solution-diffusion model

Thetransport of moleculelsased on solutiediffusion mechanism involves three consecutive steps,
that is:(1) sorption of permearmto the upstream side of the membrai2g;diffusion of the sorbed
component through the membrane under a concentration mradre (3) desorption from the

downstream side of the membrgseeFigure2.1).

Upstream : Membrane | Downstream

® O]

Sorption
® O

O @
® O

e O

Figure 21 Schematic description of solutiediffusion mechanism
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The net transport of molecules occurs by the driving forces, such as gradient in pressure,

temperature and concentratiorhe overall driving force can be expressed as chemical potential

gradientand the fluxcan bedescribed by simple equation:
* , — (2.3

where de;/dx is the chemical potentiagradientof component i and iLis a proportional
coefficient related to this cheoal potental driving force.
Consider a anofiltration process involing two components, watdw) and salt(s), the flux of

water (J) and salt (§ through the membrarean be written alBaker, 2012

* | 3D A 2.4)

~

* - " A A (2.5)

whereD is thediffusion coefficient, K is the sorption coefficient, c is the concentration, v is the
molar volume,” is theosmotic pressurdl is calledthe water permeabiliy constamt and equal
to the tern® + A O T 4 B is called the saltransport paremetaand equal to the term

$ + To. The subscripts w and s represemtiter and salt, the term O andepresent the
positions of the feed and permeate interfagespectively The superscript L means liquid
phase.The rejection(r) which evaluates the aliji of the membran¢o separatesalt from the

feed solutioris given by

~

O p — pmrumb (2.6)

Based on thenass transport mechanisthere argwo basic types ofejectionmechanisms
for nanofiltration[Yaroshchuk, 1998

1. Steric exclusion mechanism
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This is similar to a sieving mechanism. There is a geometric exclusion of solute particles
bigger than the membrane pore size. A separatibatween different solutes can hence be
achievedbased on their sizes and shapes
2. Chargebased exclusion mechanis@onnan exclusion

Due to slightly charged nature of theost NFmembrans, solutes wittopposite chargeto
the membransurface(counterions) areelectrostaticallyattracted, while solutes with tlsame
charge (co-ions) are repelled. At the membrane surfacdistribution of caonsand counter
ions will occur, thereby causing an additional separation.

The difference between tiporeflow and solutiordiffusion mechanism Iin the relative
size andpermanence of the pords. fact, the boundarpetween gorous anda nonporous
membranas not always clearEven for thenon-porousmembranesthe pores are still present
onamoleul ar | evel in order to allow transport
be adequately described as free voluka. the porous membranes, the free volume elements
are relatively large, fixed and connected to one another. Their positionduonegodonot
fluctuate with the timescalef permeant motion. However, for thnporous membranes,
these free volume elemengppear and disappear dynamically hwihe timescale of the
permeant motion through the membraf®r nanofiltration membranes, hese pore sizes
between porous and n@orous membranes, boldrgefixed andsmall dynamic free volumes

exist. Thereforeit is necessary to interpret the mass transport mechanism from two aspects.

22Pervaporation process

The ter m 0 piedgivea fromrtha two siepgermeation through the membraaed
evaporatiorinto the vapor phasén this process, a feed liquid mixture contacts one side of the

membrane, the permeate is removed as a vapor from the other side. The driving force for
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pervaporation is thdifference in the partial presas of the components between the feed and
permeate side. In the laboratory, the partial pressure difference is usually maintained by a
vacuum pump on thpermeate side.

Pervaporation is effective feemovingtrace or minor amounts of the componendilute
solutions. Based on this, hydrophilic membranes are used for dehydratogaafc solvents
containing small amounts of watand hydropholu membranes are used fecovery of trace
amounts of aganics from aqueous solutiorBBervaporation is also used for tbeparation of
organicorganic liquid mixturessuch as the azeotropic mixtures (e.g., ethagolohexane,
methanolmethyl tbutyl ether) and isomers (e.g., xylenes).

Pervaporation membranese dense membranes and the mass transport in the membranes
can be described usinbe solutiondiffusion model.The membrane flux can be expressed as

[Baker, 2012
* — A — (2.7)

where P is the permeability coefficient, p
coefficient. The subscriptrepresentgomponet i.This equation separates the two contributions
to the permeation flux, the membrane contribufiodand the driving force contribution

A B ¥ 8Theseparatiorcapability of the membrane is evaluated by the separation factor:

T T
1 ¥ T

(2.8)

wherex represents the mole fraction asubscript j represent®mponet j.
The contribution of tis separation factor iderivedfrom two aspectsas shown irFigure
2.2 One isthe difference in volatilities of the components in the feed liquid when they

evaporate to form a saturatd vaos,,), and he other attributeso the difference in diffusion
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rate of the component vapdirough the membranél{en). The overallseparatior(U Jachieved

by the product otkyapandUnem i.€.,

1 1 4 (2.9)

To vacuum
system

ITI

Low pressure vapor

amem ’ s ---7:-*:1-;’ S
Saturated vapor
»
a
eva \ :
P Liquid feed

Figure 22 Schematic description of a conceptual pervaporation prd¥€gmans and Baker,
1993.

2. T3hin fil mmemmpaseste

Currently available nandfiltration and pervaporatiormembranesgenerally fall into two
categoriesintegrally skinnedasymmetric membranesntaning one polymer, and thifim
composite(TFC) menbranes consisting of two or more polymer lay&Esmparing to the
integrally skinnedasymmetric membrangthin film composite membranes have the potential
to obtain a high permeation rate and maintain a high selectivity.

Geneally a thin film compositenembrane consists of three layeas shown irFigure 2.3
[Kim et al, 2003. The ultrathin top layer is the $ective barrier responsible for tisepaation
This top layer is supported by microporous sulyer; which is usually an asymmetric

ultrafiltration or microfiltration membrane that provides a sufficiently smaositiface to
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supporta defectfree ultrathin top layer.This is further supported by norwoven reinforcing
fabric that providesadditionalmechanical strengtto the composite structurehile offering
little resistance to mass transport through the membiBexeral techniques can be used to
form the top layer of TFCincluding(1) solution casting, (dn situ graft polymerization and (3)

interfacial poymerization.

4— Microporous substrate
(20-50 pm)

Non-woven backing
(100 -200 pm)

Figure 23 Schematic of a thin film composite membrgiém et al., 2003.

2.3.1 Thin film composite membranes for nanofiltration

Solution casting is a simplmembrane formatiomethod widely used in lab remeh and
commercial productianSelf-polymerized polydopamine witktrong adhesion characteristics
was coated on polysulfone ultrafiltration substrate to fabricate the hydrophilic nanofiltration
membranes$Li et al, 2013. Poly(vinylalcohol) (PVA)[Jahanshalet al, 2010 and PVA/TIQ
[Pourjafaret al, 2013 were introduced on top by dip coating and tleasslinking with
glutaraldehyde.Sulfonated poly(ether ether ketone) (SPEEK) based composite membranes

were prepared by spitpating[Dalwani et al, 2011. The strong chelating agent diethylene
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triamine pataacetic acidDTPA) was spraycoated onpolyethersulfone RES substrateby
Borichaand Murthy[2009]to form a TFC NF membrane

In situ graft polymerization isanother methodto obtain tailormade membrarsewith
specific properties by introducing specific monomdiise suport membrane is exposed to an
irradiation source in the presenceaoinonomer in the vapor or solution state. The irradiation
souce may be any sources commonly used in chemistciyding low temperature plasma
UV irradiationor electrorbeam.Acrylic acid[Zhaoet al, 2004], styrene[Zhaoet al, 2005a
Chenet al, 2007 and Nvinylpyrrolidone [Zhao et al, 20058 have been used for graft
polymerization onto polyacrylonitrile (PAN) ultrafiltration membraney low temperature
plasma tdorm nanofiltration membraneSinglemonomer acrylic acid (AA)Qiu et al, 2003
and cemonomer AA and sodium allyl sulfonate (SARRiu et al, 2007 werealso used for
UV-induaed graft polymerizationon the surface of a polyetherketone (FEKF membrane
Sodium pstyrene sulfonate (NaSS) af@(acryloyloxy) ethyl)-trimethyl ammonium chloride
(AC) were used to prepare nanofiltration membraorsa polysulfone substrateby UV-
phaografting [Akbari et al, 200§4. Nylon-66, a typical semicrystalline polymewas cross
linked through electron beam irradiation to form nanofiltration membraypesggawatiet al.
[2009, 2012]

Although many routes are fealdlto make thirfilm composite nanofiltration membrage
interfacial polymerizations still of particular interestrom an industrial fabrication point of
view. In the early development of compmsimembrang Mogan wasprobably the first to
propose the use of interfacial polycondensation to form a thin palytager onto a substrate
[Morgan, 1965 This approach however did not work well for industrid fabrication until

Cadotte andco-workers optimied the membrandormation conditionghat led to successful
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development of series of commite membranes withigh fluxesby interfacial crosginking
of piperazine with trimesoyl chloride/isophthaloghloride mixture [Cadotteet al, 1976,
1978]

Depending on the monomers used in the interfacial polymerizatiensdlective layeof
thin film composite membranesn bea polyamide(formed through amine and acyl chlorjde
a polyurea formed by amineandcyanogei or a polyester(prepared from alcohol/phenol and

acyl chloride.

Polyamide TFC membranes

Polyamide (PA) is the mogbopular top layer for thinfilm composite membrarse The
commonly used reactive monomers are aliphatic/aromatic dianjng, piperazine (PIP)
[Cadotteet al, 19764, mphenylenediamine (MPO)Cadotte, 198JJaand pphenylenediamine
(PPD [Song et al, 2003) and acid chloride monomer®.g., trimesoyl chlorigd (TMC)
[Cadotteet al, 1976, 1978Cadotte, 198Taand isophthaloyl chloride (IPG)adotteet al,
1974). Figure 24 shows the chemistry involved in prepariMPD/TMC denser layer ig
interfacial polymerization.Tables 2.1 and 2.2 show the chemical structures of the
aminéalcohol/phenobnd acyl chlorideyanogemmonomers used respectively in the formation
of thin film composite membranes. Among these materid®D and TMC are most
commonly usedKang and Cao, 2012auet al, 2013.

There have been efforts to search for new monomers to improve membrane perfonmance.
view of the importance of hydrophilicity of the TFC membrane on its performance, a novel
amine monomer, 3;8iaminaN-(4-aminophenyl) benzamide (DABA) with three amino groups,
was synthesized and used together with diamine (MPD) in TFC membrane prej&véaingn

et al, 201Q. With an increase in the DABA content in the aqueous phase from 0 to 0.25%
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(w/v), the membrarse showed an increase in water flux from 37.5 to 55.4 f)mhile
maintaining a high salt rejection (about 98%) for a solution contain®@02pm NaCl at 2
MPa. It was revealed that the top membrane surface became more hydrophilic, smoother and
thinner as the DABA concentration was increased in the amine solution.

Chenet al.[2008] incorporateda water soluble amine sulfonated cardo poly(arylene ether
sulfore) (SPESNH,) with MPD as the aqueousreactant.Under the optimum preparation
conditions, the TFC membranes prepared frii@ amine solution containinGPESNH,
showed a remarkable increase in water permeability (51.24))nanda slightly decrease in
salt rejection (97.5% at,200 ppm NaCl, 2 MPa) as compared to membranes prepareéifrom
amine solutionwithout SPESNH, (37.4 L/(nfh) and 99%). The improvedpermeation flux
was attributed to thencreased hydrophilicity derived frolBPESNH, and the highsalt

rejection was due to the chain stiffness of the copolymer and high degree dinkiogs

HN _ Il
MPD + O/NH C@,CHNHUNH‘CQC&
+ ?:O o=cC
> NH (l)H

COCI 2\'

TMC \ﬁ

cloc cocl '}‘H

Figure 24 Polyamide barrier layer derivedoim MPD and TMC via interfacigdolymerization
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Table 21 Amine/alcohol/phenol monomers for TFC membrane preparation

Amine monomer Chemicalstructure

(abbreviation)

Reference

m-Phenylenediamine

H2N\©/NH2

(MPD)
. . / \
Piperazine HN NH
(PIP) —/

p-Phenylenediamine
(PPD)

3,5-Diamino-N-(4-aminophenyl)
benzamide (DABA)

Sulfonated cardo poly(arylene SN SOsNa
ether sulfone) (SPESH,) L,
1,3-Cyclohexanebis HZN/\O/\NHz
(methylamine) (CHMA)
NH,
m-Phenylenediamind-methyl
(MMPD) HoN CH;

22

[Cadotte, 1981a

[Cadotteet al, 1976

[Songet al, 2005

[Wanget al, 2014

[Chenet al, 2009

[Buchet al, 2009

[Yu et al, 20098

(Continued on next page)



(Table2.1 Continued)

Hexafluoroalcoheim-

phenylenediamine (HFAMPD)

Polyethyl@imine
(PEI)

m-Aminophenol
(MAP)

Hydroquinone

(HQ)

Bisphenol A
(BPA)

4 , -Bildydroxybiphenyl
(DHB)

Triethanolamine
(TEOA)

Methyl-diethanolamine
(MDEOA)

HO_ CF3 FsC_OH
F5C CF
3 H2 3
HoN C NH,

r\NHz |/\NH A~ NH2
NG N S S i YW — [Cadotte and Roxelle, 1972
0 Cadotte, 197:/Rozelleet
al., 19779

[Laetal, 201Q

HZN’\/N\/\NH2

HO\©/ NH,
HOOOH

[Mudahar, 1998Jayarani
and Kulkarni, 2000Jayarani
et al, 2004

[Mudahar, 1998Jayarani
and Kulkarni, 2000Jayarani
et al, 200Q

CHs

[Semaret al, 2010, 2011]
CHj
HO H
O [Kim et al, 1997
OH
H Tanget al, 2008 2010
Ho N ~0on [Tang ]
I
HO/\/N\/\OH [Tanget al, 2014
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Table 22 Acyl chloride/cyanogen monomers foFC membrane preparation

Acyl chloride monomer
(abbreviation)

Chemical structure
Reference

Trimesoyl chloride (TMC)

Isophthaloyl chloride (IPC)

1,3,5Cyclohexandricarbonyl
chloride (HTC)

3, 4Biphenyl triacyl chloride
(BTRC)

mm-Biphenyl tetraacyl
chloride (mmBTEC)

omBiphenyl tetraacyl
chloride (omBTEC)

CloC COCl

Cadotte19814a]

[Cadotteet al, 1974

CloC COCl

[Yu et al, 20098

COClI
CIOC\©/COCI
COClI

cloc
COCI [Li et al, 2007
cloc
cloc cocl
[Li et al, 2007 2008]
cioc cocl
cocl
cloc ‘ , cod [Li et al, 2008

CloC

(Continued on next page)

[Cadotteet al., 1976, 1978;



(Table2.2 Continued) COCI cocl

op-Biphenyl tetraacyl O O [Li et al, 2009
chloride (opBTEC)

CloC
Cloc
OCN
[Cadotte and Roxelle, 1972
Toluene diisocyanate (TDI) H,C NCO Cadotte, 197;/Rozelleet al,
1977
NCO
5-Isocyanateasophthaloyl [Liu et al, 2006a, 2006b,
chloride (ICIC) 2008, 2009]
Cloc OCl
Cloc CocCl o
[Arthur and Wilmington,
5-Chloroformyloxyisophthaloyl 1992; Zhouwet al, 2005; Liu
chloride (CFIC) et al, 2008b, 2009; Yet al,
OCOClI 2009a]

A major limitation of the commercial polyamide membraige membrane degradation by
chlorine, a common disinfectant used in water and wastewater treatment. In order to overcome
this problem,Buch et al. [2008] attempted to develop chloriftesistant NFmembranesy
interfacial polymeriation of 1,3cyclohexaneis (methylamine) (CHMA) in water with TMC
in hexane. The composite membranes with arortgtitoaliphatic PA top layers were then
exposed to NaCliNaCl mixed solution of various NaClO concentrations to test the impact of
chlorine on membrane properties. fomunately, the composite membrane failed to retain its
performance as both water flux and salt rejection decreased considerably upon exposure to
chlorine at 1 ppnior 24 h Compared to the CHMAMC membrangaromatiecycloaliphatic
PA membranes preparé@m m-phenylenediamind-methyl (MMPD) and cyclohexank, 3,5

tricarbonyl chloride (HTC) showed bettechlorine esistance at more than 3000 ppr@l[Yu
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et al, 20091. More recently, a new polyamide TFC membrane aikiigh chlorine resistance

was prepared via interfacial polymerization using high molecular weight hexafluoroalcohol
(HFA)-substituted aromatic diamine and TMCa et al, 201Q. As HFA is an electron
withdrawing group and sterically bulky, both the electronic and steric aspects tfevor
protection of the amide linkages and benzene rings against chlorine attack. An examination
with NMR spectroscopy showed that the HPA composite membrane suffered only minor
changes in its spectrum after 170hexposureat 500 ppm hypochlorous acid at @5. In
comparisonthe reference PAMPD/TMC) membranevas severely attacked by chlorine after
chlorine treatment, causing an irreversible damage to the membrane structure.

Besides the amine reactants, thieucture of acyl chloride alsaffects the memlne
propertesl n t he recent past, t wo n ebiphenhyl trimgylp he ny |
chloride ( B T R@Gipheny mettaacy clBodde FBTEQ), with more functional
groups were synthesized to prepare TFC membiramnest al, 2007. Due to thehigher cross
linking degree and chain stiffnesthe salt rejection of themembranes containing biphenyl
structures was superior to the traditional commercial MREC membrane, though its flux
was lower. The atomic force microscope (AFM) images showed that the/BAEQ
membrane exhibited a smoother surface than the/MA0 membrae.

A series of isomeric biphenyl tetraacyl chloride (BTEC) were synthebizedet al.[2008]
for formation of TFC membrarsevith MPD asthe amine monomer. The membrane prepared
from opBTEC demonstrated the highest permeability (54(enfly )), followed by membranes
prepared fromom-BTEC (50.0 L(m% )) and mmBTEC (31.7 L(m% )) when tested using
2,000 ppm NaCl solution at 2 MPa. The flux enhancemead considered tbe due to the

rougher surface of GBTEC membrane whichad bettercontact with water molecules. Very
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interestingly, the membrane of ®TEC did not suffer from aommonly observeé t r-afd fe 0

between permeability and selectivitythe NaCl rejection remained almost the sam&®1%).

Polyurea/Polyamide-urea/Polyamideurethane TFC membranes

Polyurea TFC membranes were prepared from PEI and toluene diisocyanatdGadojte
and Roxelle, 1972Cadotte, 1977 Rozelle et al, 1977 in the 1970s Such membrans
exhibited a bettethan 99% salt rejection aradvaterflux of 10.6 L{m?.h) when testedavith 3.5%
synthetic seawatet 10.4 MPagauge

Membrane fouling is common problenm practical applicationsin order to improve the
anti-fouling performance,polyamideurea composite membrasewere prepared from 5
isocyanateisophthaloyl chloride (ICIC) and MPDy Liu et al.[2006a, 2006p200&; ICIC is
a monomer with trifunctional groups containing be@OCI| and -N=C=0. The MPDICIC
membraneshowed a bettewater flux and salt rejectionthan the typical commercial
MPD/TMC membrane. The antifouling performance tfe resultant polyamiderea
MPD/ICIC membrane was tested with lake water and four simulated aqueous solutions
Comparedto the MFD/TMC membrane and ESPA membranec(ammercial polyamide RO
membrane from Hydranautics Corp MPD/ICIC membraneshowed better resistance to
fouling in all the tets due to itsfavorable hydrophilicity and smoother surface (the static
contact angle was 28,544.3 and 35.0, and the average roughness was 43.89 nm, 54.36 nm
and 160.2 nm for MPDCIC, MPD/TMC and E®A membranes, respectivelyip addition,a
comparien of fouling resistansebetweenpolyamide andpolyamideurea membranesalso
showed that polyamideurea membraneshad better aifiouling properties than polyamide
membranegJenkins and Tanner, 1998owever,due tothe urea bonds-f\HCONH-) and

pendant groups-lHCOOH), it is easier for Mhlorination reaction to take place the
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MPD/ICIC TFC membrane. Thughis membrane isless tolerant tochlorine than the
MPD/TMC TFC membrané¢Liu et al, 2009.

Polyamideurethaneformed byreaction of haloformyloxysubstituted acyl chloridevith an
aromatic polyamine is another approatchprepae thin film composite membranes with
improved solute rejection [Arthur and Wilmington, 1992 MPD/CFIC (-
chloroformyloxyisophthaloyl chloride) TFC membrarexhibiteda higherflux and rejection
than MPDTMC TFC membrangZhou et al, 2005. The resultingmembraneshowed a salt
rejecton of 99.4% and a flux 084.8 L/(m2.h) for a feed ageous solution containing 3.5 %t
NaCl at 5.9VIPa[Liu et al, 2008). When subjected heat treatmerfi.e., first heat treated at a
relatively low temperature for some time and then heat treated at a high tempehartiog
membrane formatigrthe water flux was enhanced to 4Zrh?.h) while the salt rejection was

essentily the samdYu et al, 20094.

PolyestefPolyesteramidel FC membranes

Compared tgolyamidethin film compositemembranes prepared by interfacialypoérization,

little work is done to usea similar techniqueto prepare other polymeric thifims based on

polyester and polyesteramid@olyesteramide membranese reported tdvavea low passage

for monovalent sadf andthe membranes synthesized frdme mixtures of MPD incorporating

with either maminophenol (MAP)hydroquinone (HQ) or bisphenol A (BPAhd TMChavea

high NaCl rejectionof 95-98% [Mudahar, 1998Jayarani ad Kulkarni, 2000 Jayaraniet al,

200Q. Similarly, thei nt er f aci al react i odhydrbxybiphenyt (BHB) mi x t u
and MPD with TMC resulted in a TFC membrane vatNaCl rejection of 96.5%Kim et al,

1997. The polyester membrasemay also be usedfor low pressureapplicationswhile

maintainng a reasonablealt rejection Mohammadet al. [2003] produced a polyester NF
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membrane from BPA and TMC with a NaCl rejection of about 48% and a water flux of about
38L/(m?.h) at a feed NaCl concentration of 0.01M and an operating pressure of 0.45 MPa. The
effect of chemical structure of bispi@ on thewater flux andsalt rejection was also studied,

and the results showed that the methyl substitutions resulted in a higher flux and lower
rejection whilea reversed trend was observed wiitle halogen substitution&wak et al,

1997.

In addition triethanolamine (TEOA), an environmentally friendlydeconomical monomer,
was also utilized to enhantlee TFC membrane performand@anget al, 200§. It is of great
interestto use TEOA as an ice monomer because its tertiary amino groups can be converted
into quaternary ammonium groups at certain feed Pids polyester composite membrane
prepared from TEOA and TMC was found to be particularly suitable for treating acidic
solutions At a lowfeed pH the amino groups othe membrane surface can charigeRsHN”
ard thenincreasehe hydrophilicity of the membraneresulting inanincreasedvater flux. As
an extension of this study, composite membranes were also prepared from- methyl
diethanolamme (MDEOA)[Tamg et al, 201Q. Membranes with different separation properties
were obtainedby adding LiBr in the aqueous phase

It was believedthat the incorporation of ester linkagg&ould increasethe oxidation
resistance of the membrane and thus significandseasehe membrane tolerante chlorine
attack [Mudahar, 1998 Jayarani and Kulkarni, 200Qlayaraniet al, 200Q Razdan and
Kulkarni, 2004. The highly negatilg chargel anduniform polyester skin layeformed from
BPA and TMCis alsoconsidered to b&elpful for improving fouling resistance tmegatively

chargel humic acid moleculefSemaret al., 2010, 2011]
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In general, TFanofiltrationmembranes have higher watenxies and solute rejections,
can withstand higher temperatures and larger pH variations, and are more immune to biological
attack and compaction. However, these membranes tend to be less chlorine resistant and more
susceptible to oxidation. Another importassue affecting the application of TFC membranes

is membrane fouling, and efforts are deé to improve their resistant®chlorine and fouling.

2.3.2 Thin film composite membranes for pervaporation

For pervaporation applicationthin film composite mmbranesalso have severahdvantages
over integrdy asymmetric membrangsespecially the permeation flux.The membrane
materials used in pergaration can beeither hydrophilic or hydrophobic depding on the
applications. Bdrophobic membranassed for removingolatile organic compounds (VOCS)
from waterareoften polydimethylsiloxanéPDMS)basedKim et al, 2002 Zhenet al, 2009.
The hydrophilic membranes are used for dehydratiorganic solventswhich arethe main
applications of pervaporaticat presentTherefore, hydrophilicompositemembranesre further

reviewed in the following.

Hydrophilic polymericTFC membranes

Poly(vinyl alcohol) (PVA) chitosan(CS), poly(acrylic acid)(PAA) and polyelectrolyte arthe
most widely use@ndintensively studied matersfor fabrication of hydrophilic pervaporation
membranesPVA/PAN and PVA/PES crosslinked composite membranes were fosetthe
dehydration of aprolactam (CPL]JZhanget d., 2007 Lin et al, 2013 and ethylene glycol
[Guo et al, 2008, respectively CSholy(tetrafluoroethylenefPTFE) and CS/PESomposite
membranesvere investigated for the process of isopropanol dehydrgtiaret al, 20078 and
ethanol dehydratioriChen et al, 2009, respectively The blending of PVACS was also

applied to form the selecev layer of composite membranes for dehydration of ethyl
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acetate/water mixturegZhu et al, 201Q. PAA can be used to fabricate the skin layer of
composite membranes for ethanol dehydraf@moi et al, 1992 Ohyaalet al, 1994 due to its
hydrophilictity. This polymer was also widely used as the polyanion to synthesize the
polyelectrolytescomposite membranes faehydrationof alcoholanddiol [Xu et al, 201Q

Zhanget al, 2013.

Interfacially polymerizedTFC membranes

Interfacial polymerization, which is a commonly used technique for the fabricztiB® and
NF membranes, haslso been extended to form thin film compeasimembranes for
pervaporation. The studies of interfacially polymerized TFC membranes for pervaporation
mainly focused on three aspects: (1) the effects of chemical structure @ntsgetspecially
the amine) on t membrane properties; (2Zhe effects of conditions of interfacial
polymerizationon the dehydration performance of the f#sg membranes; (3mproving the
membrane performance bytiaducinginorganiccomponent&rosslinker/nano particles

Four amines with different chemical structuresre used to react with TMC on the PAN
support membranes for tlehydration 0B0 wt% isopropanol solutioat 25°C [Huanget al,
200§. It was found hat the membrane formed froshmort aliphatic aminethylenediamine
(EDA) had thebest pervaporation performance witlpermeation ratef 250 g/(nf.h) and 77
wt% water content in permeate. The membrane formmeth faromaticamine MPD had a
moderate pervaporation performance witheameation ratef 180 g/(nf.h) and 71 wt% water
content in permeateWhile the membranes formed frorfong aliphatic aminel,6
hexanediamine (HDA)and alicyclic aminePIP showed poorpervaporation performance.
Similar results were obtained while using the interfacially polymerized TFC membranes for

dehydrating90 wt% tetrahydrofuramat 25°C [Huanget al, 2014, i.e, themembranemade
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from the short aliphatic amine 1g3aminopropane (DAPE) showed the highest selectivity
(99.9 wt% water in permeatefollowed bythe membrane formed from tlegomatic amine
MPD (83.1 wt% water irpermeate) while the membrane synthesized from the alicyclic amine
1,3-cyclohexanediamind CHDA) appeared a relatively low selectivity (69.9 wt% water in
permeate)

Optimizing the conditions of interfacial polymerization is another poinirgérestfor TFC
membranes. The commonly studied factors are the contact time and concentration of either
amine or acyl chlorideeactanfHuanget al, 2009, andthe annealing temperature atiche
[Huanget al, 2010a, 2010b]in addition, the coating method was also stud@dmembrane
formation, and thespin-coating isshown to be moréavorable thara simple dipcoating for
fabricating a dense and thin selective fij#n et al, 2013.

Introducing inorganic components, crdsgker or nano particlemto the polyamiddayer
may modify the membraneagperties hence enhance fhervaporatiorperformanceCh un g 6 s
group incorporated inorganic componer®glycidyloxypropytrimethoxysilane (GOTMS)
[Zuoet al, 2013 or nonafluorohexylmethyldichloro silane (ClI$guo and Chung, 20130or in
situ grafted thecrosslinker toluene 2,4iisocyanate (TDI)[Zuo et al, 2014 into the
polyamide selective layeaturing interfacial polymerization to overcome the swelling problem
Moreover,thenano NaX zewsvleirte embedideld i nto the poly
i mprove the dehyHRKatah iedandagOrlfS3or manc e

In summary, the specific features of each individual layer in a TFC membrane can be
tailored independently to obtain a compositembraneavith desirable properties. The téayer
of a TFCmembranecan be formed independently from a vast variety of chemical materials.

The hydrophilicity,permeation fluxand membrane stabilitgan be finetuned independent of
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the substrate. The microporous substrate is generally prepared ohaapnwoven fabric via
the phase inversion technique, and can thus also be tailored separately in order to minimize its

resistance to permeate flow while retaining an adequate mechanical stability

2. Wnterfaci al pol ymer iafatifonl mf ocro mproep
me mbr anes

Preparation of TFC membramé generallybased onriterfacial polymerizatiorusing two
monomers a polyfuncional amine dissolved in wateand a polyfunctional acid chloride
dissolved ina hydrocarbon solvent. By employing thapproach, an ultrathin polymeric layer
(300 - 400 nm) can bdormed and adhered t@ microporoussubstrate leadirg to a good
combination ofpermeability and selectivityThere aremany parametersinvolved in the
procedure ofnterfacial polymerizationincludingreactantype, reactant concentratiaeactant
deposition sequenandcuring condition Proper selectioand controlof theseparametersire

critical to developmembranswith goodseparation properties

2.4.1 Routesof interfacial polymerization

In general,the polymerization is carried ouisingtwo reactive monomers dissolved in two
immiscible solventsrespectively The two solventarein contact only aaninterface and this
allows the reaction to take place at the interfadegure 2.5 illustrates an interfacial
polymerizationprocessthat consists of a sequence of stepsmicroporous support igirst
impregnated with one of the solver{tssually the aqueolicontaining one of the reactants.
Then the impregnated support is immersedh@gdecond phase, containing the second reactant.
Sine the two phases are immiscible, a distinterface is created between them. Given that
the two monomers/reactants are reactive with each oéimer,due tothe limited partition

coefficient of reactastin thetwo opposite phase a very thin polymer layer is formeat the

33



interface between the two phas#sthe two monomersre highly reactivethe interfacially
formed layer is generally dense. The thin and dense film allows for a high flux and high
selectivity in membrane applications. After a certpariod ofreaction time, the two phases are
drainedand te interfacially formedmembranes then subje@d to heat treatmenb densiy

the polymeried layer and/or enhanabe adhesion othe ultrathin layer tothe surface ofthe
support membranerinally, the remaining unreacted monomers are washed away, leaving

behindathin selective film on the support

IP Laver Densified Final
4 IP Layer IP Layer
|
[ |
—_— — — = =
[ |
[
|
Microporous First Second Polymerized Heat Washing
Substrate Immersion Immersion Composite Treatment and Drying
Membrane

Figure 25 Interfacial polymerization process

2.4.2Parameters involved in interfacial polymerization

There are several paratees which can be varied duridgbrication of TFC membranes via
interfacial polymerization. Theelectionof the two reactants and the polymerization conditions
are the key factors ininterfacial polymerization.In order to engineer the ultimate membrane
morphology and performanca,great deal of researébcuseson these parameterselated to

interfacial polymerization.
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Reactant (monomerjype

The selective top layer is formed by teactants used in interfacial polymerization. Therefore,
the structurs ofthereactantstrongly nfluence the characteristics thie resultingmembranes.
Membranes made from aromatic diamines generalye denser polymer layerthan those
from aliphaticdiaminesandthese membramsghus allowfor a higher selectivity at the cost of a
lower flux [Petersen, 1993 Piperazine and its deratives areshown to begood aliphatic
amines to make high performanced membranefCadotteet al, 1979.

As mentioned beforegfforts have been mad® explorenew amines and acyl chlorides as
reactantsMost of these reactants are small molecules vathtively low molecular weighd
However, the behavior of polymeric amirfes useas aqueouseactantss expected to be very
different. Based on theommonly acceptediew of interfacial polymerization described by
Morgan [1965], interfacial polymerizatioractually occurs inthe organc phase rather than in
agueousphase Becausethe partition of acyl chloride in the aqueous phage highly
unfavorable the amine must diffuse into the organic phase to contact acyl chitwrideluce
interfacial polymerizationHowever, if the aqueougactant isa polymeric aminethere is an
evidencdg Cadotteet al, 1974 that the reactiomay takeplace in the aqueous phasgher than
in the organic phasbeecauseof the urfavorable partitionof bulky polymeric aminen the
organic phaseln addtion, the macrmolecular structures of polymeric aminefer other
advantages. Othe one handa large number of amine groups pro#igdbundanteactive sites
for interfacial polymerizationOn the other handhe macranoleculesdo not blockthe poref
the substratesThe modest reactivity of polymemakesthe reactionsmore controllable. All
thesesuggesthat polymeric aminemay be promisingreactants for inteafcial polymerization

to formthin film compositenembranswith botha high flux and ejection.
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Polyetylenimine (PEl)is afavorablepolymeric amindor usein interfacial polymerization
It has been used to reawtth toluene diisocyanate (TP[Cadotte and Roxelle, 197€adotte,
1977 Rozelleet al, 1977 to form polyurea TFCmembranes with high rejection This isa
milestonein the developmendf interfacially formedthin film composite membrarseCadotte
et al. [1981] compared the morphology @ PEI/IPC membrane with that ai PIFIPC
membraneusing a scanning electron microscopynd observedhat the PEI/IPC membrane
wasfairly smooth with some occasional longitudinal ridgekile the PIP/IPC membraread a
very rugged surface topographg addition, he composite membrane produced by polymeric
amines may havehree layersa barrier layerof dense polyamidenintermediate layer formed
by the insolbilization of unreacted PEland the substraté¢lowever,the PIP/IPC membrane
does not appear to have a cledermediatdayer. The intermediate zonie likely to decrease
the potential effects of discontinuities or defis of the substraten the salt rejectionf the
resulting membraneBartelset al. [1987] also showedthe differences between the packingf
nodulesformed by monomeric amine and polymeric aminedulesin the topmost layer
formed bydiethylene triaminglDETA) and TDIlwerevery closely packedyith a pore sizeof
roughly 50A, whereas the nodules BEI/TDI membranavere much loose having a pore size
on the order of 500 A. Moreover, thelatter membraneswere thicker (3000 A) than
DETA/TDI membrane$300A) at similar reaction conditions

Subsequent researevork further onfirmed that PEI/TMGnembrans had lager pore size
and thicker top layerthan DETA/TMC membrarsgYang, 2008 Chiang, 20098 It was found
that PElterephthaloyl chloridd TPC) membranehad botha higher permeation flux and salt
rejection than ethylenediamin&DA)/TMC membrangalthough these twenembranesad

similar pore size The PEI/TMCmembranas reported tdhave a pore sizef 1.5 nm buthas a
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higher NaCl rejection tharhé EDA/TMC membraneavith a smallerpore sizeof 0.43 nm
[Chiang et al, 2009. This intiguing charactestic was believed to derivefrom the
hyperbranched structucé PEI, whichallows some of the charged amine grotgdrift inside
the poresand interacting with the ions in the pathway. The drifting amines inatesee
rejection but hdlittle effect on water permeation.

Moreover, & mentioned inChapter 1,PEI has beeremployed asa reactant to fabricate
hollow fiber TFCby interfacial polymerizatiofor removalof organic matters from wat¢sun
et al, 2017, and dehydration asopropano[Zuo et al, 2013. It was also usefbr preparation
of solventresistant TFC ultrafiltratiorjKorikov et al, 200§ and nanofiltrationmembrane
[Kosaraju and Sirkar, 2008

Another pdymeric amine,polyvinylamine (PVAmM) has also attractedterest PVAM/IPC
[Yu et al, 2017 andPVAM/TMC [Liu et al, 20124 membranes were prepared ingerfacial
polymerization andboth membranes have amphoteric sugaggh anisoelectric point (IEP)
betweenpH 6.57.0. The membranesurfaceis relatively smooth. Theoot mean square
roughnes®f PVAM/IPC membrane i8.9 nm and that of PVAM/TMC is 4.5 nihhese values
aremuch lower than the reported roughness (more than 30ammaist polyamide membranes.
Besides PVAmM, poly(amidoamine) (PAMAM) dendrinj&villem et al, 1997 Li et al, 2004
is anothepotentially usefumaterial for interfaciapolymerization. The polymeric amine based
thin film composite membranes are of posityvehargeddue totheamine group, andthey are

expected to perform welibr treating acidic feedolutions

Steps involved inriterfacial polymerization

Conventionally interfacial polymerizatioms conducted by immersingsubstrate membrane in

anaqueous solution followed hgontact with arorganic solution which is immiscible with the
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first agueous solutiorBeveralvariants are available to carry out the interfapillymerization
andto improve the membrane formation

The first method iso change thedippingsequenceThat is the support membrang soaked
in the organic phasérst, following by soakingn the aqueous phas&his method is suitable
for hydrophobic substrateecause oits better contact with organic solut®af acyl chloride
thanwith aqueous soluti®of amine, leading to a stable awell-distributedpolyamide layer
This i r e v steps | thenterfacial polymerizationprocedurewere usedn a hydrophobic
electrospunpoly(vinylidene fluoride) (PVDF)nanofibroussubstratemembrane/Kaur et al,
2013. The polyamiddilm can be formean the PVDF substratéoy interfacial polymerization
with conventional dipping steps (i.e., aqueownganic) but the TFCmembranehaslittle salt
rejection.This is probably caused lfie hydrophobic nature of PVDdubstrate on whicthe
agueous monomer caat spread outiniformly onits surface There wee pin holes or defects
on themembranesurface and the membrane is unsuitable for filtration applicatiblasvever,
when the substrate was allowedctantact the organic phase reacthrst, the film showed a
rejection of 80.7% for 2000 ppm Mg%@nd 670% for 2000 ppm NaCl at a pressureOot8
MPa gauge with a flux of about0.51 and 0.52 I(m?.h). Similar approach waalso applied for
making hydrophilic solventstable TFC ultrafiltration membraneson a hydrophobic support
layers[Korikov et al, 20049. This reverse dipping sequence is atsmtable to introduce a
hydrophilic polyamide layer on the hydrophobic microfiltration substriatesder toincrease
the stabilitiesof supported liquid membrangkempermaret al, 1997, 1998]

Another variant procedure is to addligping stepbefore or after the conventionalo-step
processThe incorporation of multiwall carbon nanotub®\NTSs) into a thin film layer has

been explored to produce hydrophilic membranes for fast water transport. An improved
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interfacial polymerization processaw adopted by immersing the support membrane into an
organic phase prior to the conventional interfacial polymerization pratélss preparation of
theseMWNTSs incorporated TFC membrangd/u et al, 20100. It was observed thaheé
MWNTs were well embeddedthroughout the selective layer andetresulting thin film
nanocompositenembrane showedn increasd permeability and selectivity (4.5 (ohth ) at
0.6 MPa, 78% at 5 mmol/L N80O;) when compared with membrangrepared by
conventionalinterfacial polymerization(2.6 L{m ), 74%) without the prior immersion in
organic solvent

The method of @ing one moretepof amine immersion aftahe conventional interfacial
polymerization processvas used to preparegpolyamidéPVDF hollow fiber composite
nanofiltration membrangd.iu et al, 20074. After the conventionahterfacial polymerization
process, the membrane was submeiginin anaqueous solution contang piperazine and
triethylamine (TEA) fora very shortperiod oftime. Piperazinewas oneof the reactang, and
TEA was used for neutralizing the hydrochloric acid produced byntieefacial polymerization
reaction.Such a post treatment was showioteer water flux but enhance sa#jection It was
reported that the membranes synthesized from this apphaaidnsmoother surface sindbe
amine introducedh the second time would react with thiereacted acyl chloride groups the
surface[Zou et al, 201Q. The resultanmembranesurfaceshowedfewer6 | ¢ atk e 6 f ol d s
are the typical structuresof polyamide composite membranes preparedthmy traditional
interfacial polymerizationprocess. Furthermore, the presemmfeamino groups -NHy) on

surfacewould helpto improve theantifouling propertie®f the membranes.
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Reactant concentration

The reactant concentration, eitherthe agueous asrganic phase, is an important parameter
for interfacial polymerizationIn general the effects of reactant conceation on the salt
segparation and water flusnay be explained in terms of théectivethicknessand morphology
of the membraneThe polymerizationwill proceed slowlyat a low concentration of the
reactantsThis results in the formation affit hi hoasa d o0 withia lowshltrgjeetion
anda highwater flux. Withan increase in theoncentration of theeactans, the rate of the
polymerization increaseleadingto the formation ofa skin layerwith a thick andcompact
structure As a consequee, thesalt rejectionincreass, whereas thevater flux decrease
When the reactamoncentrations sufficiently high a further increase in reactant concentration
will decreasewater flux, but thesalt rejectionwill level off. Thissuggest that therds an
optimum concentration of reactanthis observation can be confirmed by experimental results
reported in literaturelranget al, 2008 Liu et al, 2008k Li et al, 2009k Kauret al, 2013.
However, there aresome exceptionsinder certain circumstance®hen the aqueous
reactand are polymeric amins, both water flux and salt rejection are higher at a higher
concentration of polyaminef.i et al, 2006 Yu et al, 201]. With an increased amine
concentrationthe rate of polymerizatiospeeds upHowever,the formedselective skin layer
will act as a barrier to the diffusion of acyl chlorifftem theorganc phase into the aqueous
phase, resulting in ainner barrier layer with loweresistance to water permeatiddn the
other hangdthere will be more unreacted amino groupstl@& skin layer of the membrane
formed ata higher concentration of polymeric ame, which can improve the hydrophilicity of
the resulting membrane. This is another reason for the rdyativgh permeability.In the
presence of watgthe amie functional groups will be changeid -RH;N" [Naylor, 1996. As

the numberof -RH:N" groupson the membrane surface increases, the electrostatic repulsion

40



betweenthe membrane surfacand cations inthe feed will be intensified, resulting in an
increase in salt rejection

Besides thereactantconcentration, thamolar ratio of aminéacyl chloride also hasa
significant effect on the permeation flux [Xie et al, 2013. Generally, interfacial
polymerizationcan be considergd involve two stages: anitral fast stagdor contactbetween
both monomers ahe oilwater interfacefollowed by a slow growth stage thatasntrolled by
the monomer diffusiofChai and Krantz, 1994reger, 200B Theinitial stage forms a dense
core barrier layethatis significantlythinnerthan he extendedbose layer formed latg¢Freger,
2009. At a high molar ratief amine/acyl chloride, thiargerdriving force for amine diffusion
into the organic phasesults in a thickebarrier layer causing dower permeate flux. When
the molar ratio of amine/gtchloride decreases, the membrane becomes thinneharftlx
tends to increase. Howevegmpared to membranes prepared using higher amine/acid chloride
molar ratios the polyamide layeralso becomeslensewhen the molaratio of amine/acyl
chloride tends tobe close to unityBerezkin and Khokhlov, 20Q06Thus, the molaratios of

amine/acyl chloride should be optimized in order to maximizeénmeate flux.

Post treatment

Heattreatments oftenused to facilitate the removal of residual orgasplvent from nascent
skin layerand to promote additional crebsking by dehydration of unreacted amine and
carboxyl groups.Heat treatmentconditions (temperature and time) havecensiderable
influence on thenembrangerformance.

There have been some studiesnidicate that the flux decreases and the rejection increases
after properheattreatmen{Raoet al, 1997 Zhanget al, 2014, during which process residual

solvent in themembrane is evaporated. In the meantithe, unreactednonomershave a
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chance to come into contact with each atihed he additional reaction resultsam increase in
the thickness odensity of the selective layeHowever, the permeationflux and thesalt
rejection can both increasdter heat treatmerttue to the loss of residual solvent in the film
andadditional crosdinking of the selective skin layerespectivelyLiu et al, 2008H.

Controling the degree of crodsking is important wherheat treatmens usedto enhance
the membrane propertiego achieve thisa two-stageheat treatmenprocessnay be used~or
instance, when the membrane was first heat treated at a relativelgngperature for given
period of timebefore the temperature was increasedhayher level for further heat treatment,
membrane performance washanced effectivelpyu et al, 20094. Thewater flux of the TFC
membrane increadeérom 34.8to 42.5L/(m?.h), while the salt rejectionemainedat avalue
larger thar@9%. The results indicate that creksking is necessagrbut should be managedao

certain degree order to achievan active layer witla high perneability andselectivity.
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Chapter 3

Thin f il mNEnmempborsd bheesned by i nterfa

pol ymerfizaiEiaod MC

3.1lnt roducti on

Given theimportanceof safe potable watemany technologietiave beendeveloped for
removing salt from seawater and brackish water. Membrane technologies have been
progressingapidly becaus®f theirnumerousadvantageée.g.,energy saving, environmentally
benig, and easy operatiany addition the procesdesign idflexible,and thee is nocomplex
instrumentationneeded Compared to reverse osmosignofiltration generally has higher
flux and a relatively lowr capital and operating costs while maintagnanhigh retentionto
multivalent ionc salts and organic molecules with molecular wesgitiove 300Therefore, NF
is considered to be a favorable process for salt sepaespm@tially when complete removal is
not needed

The aforementioned work @hapter 2 reveals that TFC membranes prepared from PEI have
unique characteristics that are derived from the maalecular structure of the PEThe lower
reactivity between the macromolecules and acyl chlorides makes the interfacial reaction
relatively sow andmore controllable than the fast reactions between small molecular amines
and acyl chlorides. It may be pointed out that almost all the TFC composite membranes based

on PEI reported in the literature are composed of one selective(lgyes | vy amiodl § u o e a

" Portions of this work have been published.iMembr. Scj.472 (2014) 14153.
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|l ayer) formed in a single step of I nterfacia

conventional i nterfaci al pol ymeri zation (S
membrane in one reactant yosutiaoe (coetactaqw
reactant solution (i .e., organi c) chapterc hwei s |

present a different approach basedbyoany esequce
assembly. Thi sonatlrloolwsanfdort abieltotreirngc of t he act
to meet various application requirements. For
reactant concentrations and reaction time i/
sequeht reactions), me mbr anes-bywiatyler| sdgal,ctdiere
active | ayers can be produced for different
TMC were used as the aqueous phealsyt haimd cdiraga ne
to produce nanofiltration membranes. The effe
reactant deposition on the membrane surface,
and heat treatment onwetrlee Iimevmbsrta geat ear ft oor nparno
t he me mbr ane f o-b yhaty iewrfacial b polymdrizator. T h e chemical
composi ti diry,dr e p hniobrcpehi otroyglmegssa n d charge propert
polyamide selectiwda I|ba-iF @AIMdRwretr &ec tc ham qalcBEEmMe s ur
SEM, AFM ande tsat rpeoMe@nwititg, thd influences of feed concentration and

operating pressure were also investigaleth e s epar ati on perfor mance

evaluated uennhgtifoersalpnrecsVgS@gia@dand( Na€l ). MgC

3.2 Experiment al

3.2.1 Materials

Mi croposbestf patyethersul fone (PES) membrane
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a mol ecul aof fweofg htO,cOu0t0 was uusbesd raast et hmee nsbu asnt
water permeabil ity %oi. bagprp)r.oxBrmearn ccH eyd 9o ILy & trh y
numkaevrer age mol ecul ar wetagletr agfe Imb, GCW | amd weai
was pur chaseAll dfrriocnh . SdTgincame siey I( T MC) was pur clt
Aesar, and sodium dodecyl sul fate (SDS) was
Chemical . Hexane was purchase@dJJfToBalCal eGbar
Company),( BMSOhemi c.806MeAmt) , CNeami c al Co.) anc
Chemical, Il nc) were used to characterize the

chemicals were of reagent grades.

3.2.2 Membrane preparation

The aqueous phase reactant solution was prepared by dissolvingldepnaned amount of

PEI in deionized water to form a homogeneous solution, and then sodium dodecyl sulfate
(SDS) was added as a surfactant. The organic phase reactant solution was obtained by
dissolving TMC in hexane. Unless specified otherwise, the ctratiems of PEI, SDS and

TMC in the solutions were 2.0 wt%, 0.1 wt% and 0.4 wt%, respectively. The pH of aqueous
phase solution was about 9.5. The PES substrate membrane used for interfacial polymerization
was presoaked in deéonized water overnight andashed thoroughly with denized water to

remove all preservatives in the membranes.

Preparation of TFC membranes with one polyamide layer

The water wet PES substrate was dried in air and then mounted in a cap device with the active
PES surface side up arlkde nonwoven fabric side down. The agueous solution of PEI was
poured into the cap device to contact with the surface of the PES substrate for 3 h. The excess
aqueous solution was removed by vertically positioning the membrane in the cap device for
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about2 h. Then the TMC solution was charged into the cap device to contact with the PEI
loaded PES substrate for 30 min during which period interfacial polymerization took place on
the substrate surface. After the excess organic solution of TMC was removedhgom
membrane surface, the membrane was placed in an oven at 95€ with forced air circulation for
20 min. Finally, the resulting membrane was washed and rinsed thoroughly wahizbsl
water before being tested for nanofiltration of the salt solutiohe.adsorption of PEI on the
membrane surface was shown to have reaeledibrium well within 3 h[Xu et al, 201(Q.
Thus a contact time of 3 h between PEI and the PES substrate was used in this study, and no
additional PEI deposition would occur if the membrane was in contact with the PEI solution for
a lorger period of time.

As both water and hexane could wet the PES substrat@téréacial polymerization was
also carried out with a reversed sequence of reactant depositions onto the substrate to determine
if this would improve the membrane performancevigw that TMC molecules have a greater
mobility than PEI macromolecules. This was done as follows. After air drying, the PES
substrate membrane was first wetted with the organic solution of TMC dissolved in hexane for
3 h, and then the excess solution wasioved from the surface of the PES substrate. After
evaporation of hexane solvent in air for 30 min, the substrate was allowed to contact the PEI
reactant in aqueous phase for 30 min. Finally, the membrane was subjected to the same heat

treatment and rge steps as mentioned above.

Preparation of TFC membranes with multiple polyamide layers

Il n order to i mprove the salt rejection of t
repeated t o-bbluayar ugpt rau dtawree, il.ee .|, ayreernsb r famrers
interfacial pol ymerization sequentially, one
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membrane is considered to have one depositio

solution. After degasitt ipdimasef, tthe gmeandmd nree a

depositions of the reactants, thereby f or mi
can be repeated to form membranes with mul:'t

of syntthteesi thng film composite membranes

n

Iy

Wi

sequenti al I nterfaci aHRigur@3dll yimer magt bensneins$ i eh

was no water rinsing or other treatmehbthebet

unreacted acyl chl oride groups would react

W €

creating a stable anchor to the PEI macr omol

of the mass transfer r epsoilsytneeary ezresdlf Imhétcphee

of PEI and TMC solutions used were 1.0 wt%

Throughout the multiple cycles of alternate deposition of aqueous and organic reactants
during membranes preparation, the reactant deposition time for thiayestwas kept at 3 h,
and the drying time was 2 h for the aqueous solution and 30 min for the organic solution. The
contact time between the two reactants (that is, the reaction time for the interfacial
polymerization) was kept at 30 min. Finally, themiwane was thermally treated at 95Gr
20 min before rinsing with déonized water, unless specified otherwise.

Depending on the sequence of reactant depositions and the number of inkerfacial
polymerizd layers formed in the composite membranes, membrane designations shown in
Table 3.1 were used in this studytor instance, membra@EI/TMC), represents a thin film
composite membrane comprising of a PES substrate and n interfacially polymerized layers

formed by sequential deposition of the aqueous PEI solution and the organic TMC solution,
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and (PEI/TMC)-PEI represents a (PEI/TMOnembrane with an additional surface deposition

of PEI.

the first cycle
A

o_cdo_co
NH, NH, NH; NH; NH, NH; NH, ¢

S A AN Ty T N
cl oc od o
<— Polyamide
IIIIIIL L t()player
the first the second
reactant phase reactant phase
PES Substrate PEI (PEI/TMC)

the second cycle

A
[ |

NH, NH, NH, NH, |NH2 rlez |NH1 C\I\OCI\\O c)—\\\o o g o, do gl n cycles
— PEL MC (PEUTMC)
—_— n
the first the second Continued
reactant phase reactant phase Interfacial Polymerization
(PEUTMC)-PEI (PET/TMC),

Figure 31 lllustration of thin filmcomposite membrane preparation procedure with multiple
cycles of reactant deposition and interfacial polymerization

3.2.3 Membrane characterization

The membrane surface was examined wusing an a
infraredcoeopekTIAR)R ( Ni col et Ar at ar 37-BTIFR I R s
analysis of the membraneam@impl e, i ZaoiSéerca g sh
resolution of the amplpaar atosalwaosf 43 2cmscans wer

for each sampl e.
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Table 31 Designation of membranes based on number and sequence of reactant depositions

No. of
reactant Membrane designation Descriptbn
depositions
PEI PES substrate with a surface deposition of PEI
1
T™MC . .
PES substrate with a surface deposition of TMC
(PEI/TMC) Thin film composite membrane formed by interfacial
polymerization of surface deposited PEI with TMC solutior
2
(TMC/PEI) Thin film composite membrane formed by interfacial
polymerization of surface deposited TMC with PEI solutior
Thin film composite membrane comprising of n interfacially
(PEI/TMC), polymerized layers from reaction of surface deposited PEI
with TMC solution
2n
Thin film composite membrane comprising of n interfacially
(TMC/PEI), polymerized layers from reaction of surface deposited TM(
with PEI solution
(PEI/TMC),-PEI Membrang PEI/TMC), deposited with PEI
2n+1
(TMC/PEI),-TMC Membrang TMC/PEI), deposited with TMC
'n is an integer

The surface hydrophilicity of the membrane was measured using a contact angle meter
(Camplus Micro, Tantec Inc.). The membrane samples were air dried at ambient temperature
prior to the contact angleneasurementsThe drop size (3l) of deionized water was
controlled by the microsyring&or each contact angle measurement, at least six readings from
different surface locations were taken, and the contact angles reported here are the average
valuesWe have a 98% confidence that the variation was shown to bie Wiio.

The surface charge property of the thin film composite membranes was studied with
streaming potential measurements using an Anton Rdarpotential analysis meter (Austria).

A KCI solution (0.001 M, pH = 2L1) was circulated through the measuring cell containing the
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membrane sample at 25€. The results presented are the average values based on at least three
repeated measurements.

The crosssectional and surface morphologies of the tlim composite membranes were
investigated using a field emission scanning electron microscopysENE) (Hitachi S4800,
Japan). For crosssectional amples the nornwoven fabric was first detached from the
composite membranand then théop layer (i.e, polyamide supported by PE®gs fractured
by asharpscalpel.Gold sputter coating isecessary for our neconductive membrane samples.
The surface roughness of the membranes was examined under atomic force microscopy (AFM)
(Park Scientific Instrument Autoprobe CT) in tapping mode. For each membrane sample, a
scan area of 4 &m 3surfade raughnessaobthe meneiGines esatudtedt h e

in terms of the root mean square roughness (RMS).

3.2.4 Separation performance measurements

The separation performance of the membrane was evaluated in terms of water flux and salt
rejection using a laboratoigcale deaand stirred test unit, lvch is shown irFigure 3.2in a
crosssectional viewT he membr ane was mounted in a stainl
permeation aredheffda&d56achkn was 250 mL, and t
agitated wusingFar maygewy iadg sutsjtrerdert he scal e b
positiona tso mkéa@api nggheate ansmembrane psressur
provided by a pressurized nitrogen gas.

Prior to a permeation test, the membrane was conditioned preesure with dénized
water at 1.0 MPa gauge for 1 h. After that, the permeation flux of pure water was determined,
followed by filtration experiments with salt solutions of MgWgSQ,, N&SO, or NaCl at a

feed concentration of 500ppm. The permeatiox (J) and salt rejection (r) were determined as:
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determined using a conductivity meter. For a
and salt rejection were found to be | ess thar
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the salt rejection was within 5%.
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Membrane 5
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—

Figure 32 Experimentalket up formembrane separatidests (1) N, cylinder, (2) gas regulator, (3)
controlling valve, (4) pressure gauge, (5) feed tank and membrane test cell, (6) magnetic stirrer, (7)
permeate collector
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3.3 Results and discussi on

3.3.1 Characterization of polyamide selective layer
Chemical composition of polyamide layer

The -ATRWRas employed to analyze the chemical

composi t e Figue@Bsrhaormes. tFhTel RATSRoectra of the pri st

two thin film compospotley amae ber atnoeps |waytehr of[nie.
( T MEEE | Boi PES support membrane, the aromatic bands at 1577 and 148&rerfrom

the benzene rings and C=C bond stretching, and the peak at 124 ctmaracteristic of the
aromatic ether band. The peak appearing at 291%isroharacteristic of the ether{&R) and

hydroxyl (ROH) groups arising from the additive poly(ethylene glycol) (PEG) used in
membrane preparation, and a more significant peak at 16B4israttributed to a primary

amide stretch coming from additiy®lyvinylpyrrolidone (PVP). These additives are normally

used in producing microporous membranes by the phase inversion process.

(

Compared to the PES subs'tamd el 5'4a%vpe mmeed ha n d

ATHETIR spectra fositkekemembnahebmcommpdsi ng
| ayer. This is expected because of the inter
polyamide skin | ayer. The chemical reaction

i s proyigusee3d iThhe two bahamsd at5456dGmicanr act er |

ami-de( C=0 stretchi-lnlg-H)bMaaddaond amedMhni dAn gr o

o

absorption bandobsaescedbad 1820 hemC=0- stret

COOH)ulrteisng from the hyd&rOLCllysi sThef bawddle ahl &

cmMare ascrH betdr ettoch@ng that -GH) meosf ThEBiDNt met hy
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enhancement gfeak strength around 3302 ¢im attributed to NH stretching derived ém the

amino groups-(\H,) of PEI.

Both thin film composite membranes (PEI/TMC) afMC/PEI) have characteristic peaks

of polyamide, PElI and TMC. This confirms the occurrence of interfacial polymerization

between PEI and TMC and the formation of anlidkages {CONH-) in the active skin layer,

regardless which reactant was deposited on the PES substrate first.

(@) PES Substrate
(b) (PEITMC)
(c) (TMC/PEI)

3302 2958 2846

(b) !

Absorbance

2917

— o,
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Figure 3SSATH TI R ectra of

S p
composite( mMd@bPBINE

Surface charge of the composite membrane

The charge

pot e Rigure83s.howset hepd@tential s
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Figure 34l nt er f aci albetowegamerRElatdmd TMC .for polyan
It is clearly shown that the PES substrate membrane is negatively charged. However, the
selective polyamide layer formed by depositions of the aqueous and organic reactants in either

a sequence of PHIMC (Figure 35(b)) or TMC-PEI (Figure 35(c)) is positively charged at a

pH below 7.5.In our nanofiltration test, the pH of salt solutions is 6.8. Therefore, the
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membranes are positively charged under this test conditl@positively charged surface of

the twocomposite membranes is caused by the unreacted primary amine of PEI.

30
(b) ® PES Substrate
2] 0 (PEITMC)
0 (TMC/PEI
© ( )
S
>3
g
=
g
e}
o
g
0
N
-30 -
-40 4

Figure 35 Surface £ta potential of (a) PES substrate) €composite membrane (PEI/TMC) and (c)
composite membrane (TMC/PEI) at various pH values (Test conditions: 0.001 M KClI, 25 €)

Surface morphology of the composite membrane

The surface morphol ogy of the Fignedbs matelsse wa s
cressesstion of PES substpaotlg aamdet campobsi ( & E m
the top surface of the membrane. The PES sub
thin and dense skin-l iakhe wulbmiay &igue Béja s sThHhoewmg e
composite membrane showed a clearly visible

PES substr at €igure 8&%b). s hlfthken c k mehdent ef f aci al | vy po
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nterfacial pol ymerization) ems Tahpeprioxd mai el §
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Figure 36 Crosssection images of (JES substrate and (b) composite membi@te/TMC),.

Figure 37 displays the surface images of composite membranes formed with 1 and 2 cycles

of interfacial polymerization with different reactant depositggguencesi.e., membranes

(PEI/TMC), (PEI/TMC),, (TMC/PEI) and (TMC/PEIl)). Also shown in the figure for

comparison is the surface image of PES substrate, which has a smooth surfaaefemith

granular particleand pore®n the surfacéFigure 37(a)). The composite membranes based on
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a PEITMC sequence of reactant deposition exhibit a valiege structure evenly distributed
on the surfacdseeFigure 37(b)). Doubling theinterfacially polymerized polyamide layer
makes the membrane surface denser but less uniform in the-wdfeystructure due to
polymer aggregation, as shownFHigure 37(c). When the sequence of reactant deposition is
reversed interfacial polymerizatio(i.e., deposition sequence of TMREI), the membranes
show noduladike structures that are irregularly distributed on the membrane surface, and the
nodules became bigger and more connected when an additional polyamide layer was assembled
on the membransurface(seeFigures 3.7(d) and (e). This indicates that the reactant deposition
sequence and the number of the interfacial reaction cycles have a direct impact on the
membrane structure.

AFM was also used for topological characterization of the memistanf@ce to complement
with SEM. The threel i mensi on al i mages of a 4 em I 4 &m
in Figure 38. The surface roughness of the membranes in terms of the root mean square
roughness is presentedTiable3.2. The result@re in ageement with the surface morphologies
observed from SEM. The surface of the PES substrate is rather(lpigume 38(a)), with a
roughness of only 10.9 nm. There are peaks and valleys on the swfattes composite
membrans, whether they are formed byterfacial polymerization with sequential depositions
of PEFTMC (Figures 3.8(b) and (c) or TMC-PEI (Figures 3.8(d) and (€). The composite
membranes showed a much rougher surface than that of the pristine PES substrate.
Interestingly, when the interfadi polyamide layer is doubled, the first polyamide layer did not
act as a prime coat to help produce a smoother second polyamide layer as one would expect. In
fact, the distance between the peaks and valleys becomes(kiggees 3.8(c) and (e). The

conmposite membranes fabricated by the THREI deposition sequence showed a larger
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distance between the peaks and valleys on the membrane surface, and in general they have

rougher surfaces than those of composite membranes fabricated by {h&@Eleposition

sequence.

(a)
Mag=10.00 KX
F— 2pm

8

(b) ©

Mag=10.00 KX : Mag=10.00 K:X
— 1pm }——'—‘l 2 fim

(@)

Mig=10.00 KX ‘ Mag 10.00K X
¥ 2pm : ——4 2}m

Figure 37 Surface images (10,000%) of (a) PES substrate, (b) composite memiiraid@MC), (c)

composite membrane (PEI/TM£)d) composite membrane (TMC/PEI) and (e) composite
membrane (TMC/PE})
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Figure 38AFM i magem () 4 PERsabstrate ¢bmposi te( MEMHDTMES ,
( ccdmposite membran@EIl/TMC),, (d) composite membran@MC/PEI) and (e) composite
membrang TMC/PEI),.
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Table 32 Root mean square roughness of PES substrate and polyamide composite membranes
analyzed by AFM

Root mean square roughnes:
Membrane samples

(nm)
PES substrate 10.9
(PEI/TMC) 54.2
(PEI/TMC), 74.5
(TMC/PEI) 61.1
(TMC/PEI), 89.3

The latter observation can be explained based on the supramolecular assemblies during
membrane formation. When the macromolecules of PEI are first deposited on the PES substrate,
the amine groups are evenly distributed on substrate surface as determitmedbognched
polymer chains of the macromolecules. This helps develop a uniform reactive sites on the
substrate surface for subsequent interfacial reaction with TMC because of the anchored amine
groups. On the other hand, when the small molecules of TiMQleposited first, the local
concentration of TMC on the PES substrate varies because (1) unlike PEI which cannot enter
the small pores on the substrate due to its macromolecular size, the TMC solution will not only
wet the substrate surface but can etiter substrate pores easily, (2) when solvent hexane is
evaporated, the TMC molecules adhering to substrate surface cannot bridge the substrate pores,
which will lead to an uneven distribution of the TMC molecules microscopically because of the
nonuniformpore sizes of the substrate. As a result, nodular and nonuniform structures on the

membrane surface will be formed.
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3.3.2 Effects of membrane fabrication factors on nanofiltration performance

Effect of number of reactant depositions

The separati otnhcepempber manmembfanes with mul tirg

fabricated by interfacial polymerization wit

T MC sihso whiguie B9f otrhe pedrmhéal)i amdi enal (byej eespect

compari son, the separation performance of th

pressure of We. 21 sMRla dapaassthgd.i nes from O to 2 si

of reactant depositiomnmseat®Oant ade p dPEilrtei fohnusmb e

pol yami des Wetmbraadei ti onal reactant d erpeoasli t i 0|

pol yami de membranes, and we used solid |Iines.
As expected, the PES substrate has a very high permeability, with a flux of(&i#%).at a

transmembrane pressure of 0.2 MPa gauge. When coated with PEI, the permeation flux drops

dramatically to about 4 L/(fth) at a transmembrane pressure of 0.8 MPa gauge. It is

interesting to note that the permeation flux increased to about(#8.l)y at 0.8 MPa gauge

after the surface deposited PEI reacted with the TMC solution to form an interfacially

polymerized polyamide layefsee membranéPEI/TMC) in Figure 39(a)). After a second

cycle of interfacial polymerization, the membrapermeability was lowered by ~50%, as

shown by the permeation flux of membrane (PEI/TM&ith a further increase in the number

of sequential depositions of reactants PEI and TMC, the permeation flux began to decrease

slowly and eventually leveled off.
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Figure 39 Effects of number of reactant depositions on (a) permeation flux and (b) salt rejection
for membranes prepared by interfacial polymerization with a reactant deposition sequence of PEI
TMC. (Operating pressure: 0.8 MPa gauge, except for PES substratewdsdested at 0.2 MPa
gauge; Salt concentration: 500 pphemperature23 C).
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The fairly low permeation flux of PEdoated PES membrane indicates that the surface
deposition layer of PEI resulted in a substantially large resistance to mass transpad. This
because PEI was sufficiently adsorbed on the negatively charged surface of the PES substrate
because of the primary amine groups of PEIl. Upon heati®§C, PEI can be insolubilized
[Cadotteet al, 1974. The coated PEI would not only cover thaface of the PES substrate
but also diffuse into its pores that are big enough to accommodate the macromolecules,
resulting in a denser and thicker top layer and reduced pore size and porosity in the interior of
the substrate. Consequently, the permedliax decreased. However, when the surface coated
PEI macromolecules were allowed to react with TMC on the membrane surface to form a
polyamide layer, the PEI will be partially consumed by interfacial reaction with TMC. As a
result, the PEI molecules pesd in the pores of the PES substrate will migrate to the interface
under a concentration gradient, thereby forming a polyamide skin layer with the substrate pores
that are not significantly filled with the macromolecules in comparison withcB&ied PES.

This will lead to two opposite effects. While the formation of the dense skin layer will reduce
the membrane permeability, the less obstructed substrate pores relative to thatoatBel

PES tends to make the membrane more permeable. The latter agpeas to be more
dominant as théPEI/TMC) membrane showed a higher permeability than the PESatebst
coated with PEI (i.e.PElI membrang As expected, with additional cycles of sequential
depositions with PEI and TMC for interfacial polymerizationyltiple polyamide layers are

built up on the membrane surface, and the interior structure of the substrate is no longer
affected, resulting in a reduction in the permeation flux. However, the magnitude of the

reduction in the permeation flux gradually deases and eventually level off because the
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surface characteristics of the polymerized PEI/TMC layer does not favor the adsorption of
additional PEI macromoleculesggFigure 35).

As shown inFigure 39(b), there is an increase in the salt rejection with an increase in the
number of reactant depositions. The salt rejection is shown to follow the order of MgCl

MgSO; U NaCl > NaSQy. It is known that the rejection rate of a charged membrane to an

electrolye is not only determined by the pore size of the membrane, but also depends on the
electrostatic interactions between the membrane and the ionic feed sptatioshchuk, 1998
The Zeta potential measurements showed that thebBE#dpolyamide composite membranes
have a positively charged surface at the pH value (pH=6.5) of the test solutions, and they tend
to have a relatively higher rejection for salts having multivalent cations and monovalent anions
as a result of the Donnan exdlus between the cations and the membrane surface. Although
NaCl has a smaller molecular size than,®@,, the membrane shows a higher rejection to
NaCl than to Ng50O,, indicating that the electrostatic interaction is indeed more dominating
than the steribindrance of the permeating species in the thin film composite membranes.
Figures 3.10(a) and (b)show the permeation flux and salt rejection of multiplgered
polyamide composite membranes fabricated with a reversed sequence of reactant depositions
(i.e., TMGPEI). This series of membranes also exhibit a decreagnd as thPEI/TMC),
and (PEI/TMC),-PElI membranes as far as the permeation flux is concerned. However, with
sequential depositions of additional reactants TMC and PEI for interfadjyah@azation, the
decrease in the permeation flux followed almost a linear trend up to a total of 8 depositions of
the reactants (i.e., 4 cycles of interfacial polymerization) tested in this study. This is different

from thatfor membranes formed by tAé&1C deposition sequence.
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Figure 310 Effect of number of reactant depositions on (a) permeation flux and (b) salt rejection
for membranes prepared by interfacial polymerization in sequence ofFEIC(Operating

pressure: 0.8 MPa gauge, except for PES substrate which was tested &20galpe; Salt
concentration: 500 ppnTemperature23 C).
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The water permeation flux of a membrane is affected by surface hydrophilicity of the
membraneFigure 311 shows the contact angles of the two series of composite membranes
with multiple polyamide active layers. The contact angle of water on the PES substrate is 86?
and it drops to 71°%nd 78Cafter depositions witREI (i.e., PEImembrang and TMC (i.e.,

TMC membrang respectively. As expected, PEI macromolecules are more hydrophilic than
TMC molecules. With additional reactant depositions, the contact angles of water on both
series of membranes further decreased slightly due to hydrophilicity of the irtityfearmed
polyamide layer. However, membranes fabricated with the -RECdeposition sequence tend

to be less hydrophilic than those membranes fabricated with the reversed sequence of reactant

depositions (i.e., PETMC).

100
90 -
] ]
80 -
_ 704 9)
]
5 60-
c .
f 50 -
(@]
}E p
S 404
O J
30 -
20 -
] O PEI-TMC series membranes
104 o TMC-PEI series membranes
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Figure 311 Effect of number of reactant depositions on the surface hydrophilicity characterized by
contact angles
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When the PES substrate was first coated with TMC molecules, the membrane permeability
decreased in spite ofdight increase in the membrane hydrophilicity. After deposition with
PEI, the membrane surface becomes more hydrophilic due to formation of hydrophilic
polyamide lagr, and the membrane (i.€TMC/PEI)) became more permeable to water. When
additionalcycles of TMGPEI deposition were applied, the mass transfer resistance of the skin
layer continued to increase, resulting in a decrease in the permeation flux. Unlike hydrophilic
PEI macromolecules, TMC molecules are smaller and more hydrophobic, an&d3d(ption
onto a polyamide surface formed prior will not be affected significantly during the-bgyer
layer assembly of the polyamide skin, leading to a continuous decrease in water flux.

It may be noted that the TM€bated PES substrate showed a rathgh rejection to
MgSO, (91.95%) and NSO, (97.53%). This is not unexpected in consideration of
electrostatic interactions between the membrane surface and the Siduigst al., 2008 Li et
al., 2009)). The TMGcoated PES substrate membrane has a negatively charged surface due to
carboxylic groups produced from the hydrolysis of acyl chlorideslatively high rejection is
thus anticipated to salts having multivalent anions and monovalent cations. However, such a
membrane was found to be unstable for long term use as the TMCQuieslea the membrane
surface were gradually washed away in the feed solution over a prolonged period of time. A

further buildup of a polyamide skin layer is necessary to improve the membrane stability.

Effect of sequenceof reactant depositions

The absukts show that pol yami de composite me

PEI and TMC on a substrate surface. The two
deposition of PEI and then TMC or vice. versa
PETMC or -PEME resulted in membranes with dif
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Figlure 312 Effect of reactant deposition sequence on pure water permeatiqrT 8mperature:
23 C.

The difference in salt rejection between the two series of membranes appears to be more
complicated. With additional buildup of polyade layers on the PES substrate, the resulting
membranes show a better rejection to all the four solutes tested for both series of composite
membranes. For solutes Mg@nd NaCl, the membranes formed by the-PPHIC deposition
sequence had a better reject than the membranes formed with the reversed reactant
deposition sequence (i.e., TMREI). Due to abundant amine groups on the membranes formed
by the PEITMC deposition sequence, the membrane surface is more positively charged and
thus results in a higer rejection to MgGland NaCl. However, when the skin layer is thick
enough after a considerably large number of cycles of reactant deposition and polymerization,
the membranes formed by the two different sequences of reactant depositions will exhibit a

similar rejection to MgGland NaCl. On the other hand, for solutes Mga@d NaSO,, the
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membranes formed using the TMREI deposition sequence tend to have a higher rejection

than the membranes formed using a reversed reactant deposition sequence.
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Figure 313 Effect of reactant deposition sequence on salt rejection: (a) MgEQIMgSQ, (c)
Na, SOy, (d) NaCl(Operating pressure: 0.8 MPa gauge; Salt concentration: 500 Tpgmperature:
23 C).
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Effect of concentrationof reactantsolution

The concentration of the reactants is an i mp
influences the performance of resulting TFC
of t he agueous reactant and t her foorrgmaannicce  rwe
investigated, while maintaining a fixed conce
to be a moderate value based on a range of
' iterature for develo[fhnagng&heé B tarla@0Botn mem
al . 2012

Figure 315 shows the permeation flux and salt rejection of the composite membranes with
one interfacially formed polyamide layer by reaction of surface deposiEtdvRh TMC
solution (i.e.,(PEI/TMC)). At a reactant concentration of 0.5 wt% for PEI and 0.1 wt% for
TMC, the permeation flux reached ~45 L#(h) at a feed pressure of 0.8 MPa gauge. This
membrane exhibited a rejection of 82.8% to Mg@&hich is much higher than the membrane
rejection to theother three salts. The permeation flux declined and the salt rejection increased
with an increase in the reactant concentrations, and the decrease in the water flux and the
increase in the salt rejection became less significant when the reactant ctioosnware
sufficiently high. At a reactant concentration of 3.5 wt% for PEI and 0.7 wt% for TMC, the
formed membrane showed a rather high salt rejection (95.1% for M@Ch% for MgSQ

80.5% for NaSQ, and 85.1% for NaCl) with a water permeation fli24.5 L/(nf.h).
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Figure 315 Effects of reactant concentrations on (a) permeation flux and (b) salt rejection for
(PEI/TMC) membrane (Operating pressude8 MPa gauge, except for PES substrate which was
tested at 0.2 MPa gauge; Salt concentration: 500; ggmperature23 C).
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When the reactant deposition sequence was reversed, the resulting membrane showed a
similar trend in the separation performance mwlhiee reactant concentrations varied. This is

shown inFigures 3.16(a) and (b¥or permeation flux and salt rejection, respectively.
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Figure 316 Effects ofreactant concentrations on (a) permeation flux and (b) salt rejection for
(TMC/PEI) membrane (Operating pressure: 0.8 MPa gauge, except for PES substrate which was

tested at 0.2 MPa gauge; Salt concentration: 500; ggmperature23 C).
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Similar results hae been reported for other membrane sysf@ranget al, 2008 Liu et al,
2008h Li et al, 2009hn Kaur et al, 2013. At a low concentration of the reactants, the
pol ymerization reaction proceeds slowly, whi
resulting in a high ater flux and a low solute rejection. At higher reactant concentrations, a
thicker and more compact skin layer will be formed. As a result, the salt rejection increases
whereas the water flux decreases.

Comparing the flux data for the two series of membsa at a giveneactant concentration,
the (PEI/TMC) membranes aralways more permeable th§@MC/PEI) membranes in the
experimental range of the reactant concentrations investigated. However, no such a clear trend
can be observed for the salt rejectioas shown inFigure 3.7. The (PEI/TMC) membranes
have a better rejection to solutes Mg@nd MgSQ when the reactant concentration is
relatively low in the membrane preparation, and the opposite was observed at higher reactant
concentrations. Howeveroif solutes Ng5O, and NaCl,(PEI/TMC) membranesdve a better
rejection than(TMC/PEI) membranes at either a relatively low or a relatively hightaaac
concentration, but th¢TMC/PEI) membranes formed at a moderate reactant concentration

appear to be mie selective than the (PEI/TMC) membranes.

Effect of heat treatment temperature

Heat treatment is often used during membrane

organic solvent from nascent 4k ink idreghyyédy aatni do n

of unreacted amine and carboxyl groups. He a
membr ane stability and salt rej dra@to,nalpXf97 nt e
Zhaetwg, aklpl@2nd the ther mal treatment condition
to influence the membrane performance consi de
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Figure 317 Salt rejection of (PEI/TMC) an¢TMC/PEI) membranes formed at different reactant
concentrations(a) MgCh, (b) MgSQ; (¢) NaSO, and (d) NaCKOperating pressure: 0.8 MPa
gauge; Salt concentration: 500 pphemperature23 C).

To investigate the effects of heat treatment on the membrane performance, the PES substrate
membranes coated with PEI or TMC ahe (PEI/TMC) thin flm composite membranes were
subjected to heat treatmeand the separation performance of the membranes were evaluated.

Figures 3.18(a) and (b)show the permeation flux and salt rejections of PES substrate

memlrane coated with PEI (i.eREI membrangwith and without heat treatment @ € for

20 min The concentration of PEh the coating solutiomwas1.0wt%. An early study[Cadotte
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et al, 1974 suggested that PEI could be insolubilized by heat treatment. Upon heating, the PEI
coated layer otop of PES substrate will be densified, and the pore size will decrease, resulting
in a higher salt rejection and a lower water flux. However, the membrane rejectiopgSto,Na
was shown to be an exception. After heat treatment, the rejection,80ONwas lowered,
presumably due to the strong electrostatic interaction between PEI afidaB® weaker

repulsive effects to Nahan Md".
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Figure 318 Effect of heat treatment on permeation flux @)d salt rejection (b) fdPE

membrane (Operating pressufe8 MPa gauge; Salt concentration: 500 pmmperature23 C).
Figures 3.19(a) and (b)show the permeation flux and salt rejection of PES substrate coated

with TMC at a concentration di.2 wt%. After heat treatment at 9% for 20 min, the salt

rejection increased considerably but at an expense of reduced fluethdlass, the heat

treated PEI membrane is shown to be suitable to reject Mg@ile heat treatediMC

membrane is more suitable for MgS@nd NaSO, rejections. For soke NaCl, both heat

treated PElI an@dMC membranebavea similar rejection, but the former has a higher flux.
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Figure 319 Effect of heat treatment on permeation flux &y salt rejection (b) fofFMC B
membrane (Operating pressure: 0.8 MPa gauge; Salt concentration: 50Uepperature23 C).

The effects of heat treatmentemperature on the separation performancehof film
composite (PEI/TMCmembranswerestudiedas well Figures 3.20(a)and(b) showt he f | ux
and sal o P&jl ¢ MICY n metmbe atheed fherata periuvoed of 2
up to 115 AC. The concentr atsiodmus i ofnsPBEveraen® .1
0. wt %, respectivel vy, during t he interfaci al
fabricati on. This membrane was Ichtorseat menti novl
separation performance of the membrane becau

s h o whiguiie B15.
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Figure 320 Effects of heat treatment temperature on (a) permeation flux arshlifiejection for
(PEI/TMC) membrane (Operating pressure: 0.8 MPa gauge; Salt concentration: 500 ppm
Temperature23 C).
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Compared to membranes formed at room temperature, the pernfhaticdecreased by
heat treatment, and when the heat treatment temperature is high enough, a further increase in
the heat treatment temperature will yield an increase in the permeation flux. An opposite trend
in the salt rejections is observed for sekitMgCh, MgSQ, and NaSOs. These results are
consistent with the experimental dataztfanget al. [2012] who used piperazine and TMC to
form interfacially polymerized membranes. This suggests that the heat treatment of membranes
needs to be carried owtt appropriate temperatures in order to improve the membrane
performance. Proper heat treatment will facilitate interfacial polymerization and lead to a more
crosslinked structure, resulting in an increased rejection and a decreased flux. If, however, the
heat treatment temperature is too high, the polyamide skin layer will shrink. Because of its
ultrathin structure, the thermal shrinkage may cause defects in the skin layer, which
compromises salt rejection. An optimization of the heat treatment condivbich is a subject
of further study, will be needed to determine the most suitable parameters for membrane
fabrication.

It is interesting to note that unlike solutes Mg@NgSQ, and NaSQ, that involve divalent
cations or anions, the membrane rejectiorNaCl behaved differently as the heat treatment
temperature varied. The NaCl rejection did not change drastically over the range of heat
treatment temperature (2®5 C) tested. Nonetheless, it is shown that if the heating
temperature is high enough, tmembrane rejection to NaCl is also affected adversely.

The membranes were shown to be stable. There was no noticeable change in the membrane
performance after nanofiltration tests with various solutes. For instance, pristine membrane
PES(PEI/TMC), showeda water flux of 19.2 L/(thh) and MgC} rejection of 95%, and after

extensive tests with various solutes (e.g., NaCl, Mg8@ NaSQ, at different concentrations)
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for over 3 weeks, the membrane maintained essentially the same nanofiltration performance

(water flux 19.0 L/(r.h) and MgC} rejection of 95%).

3.33 Membrane performance at different operating conditions

Figures 3.21(a) and (b)showpermeatiorflux and salt rejection o (PEI/TMC) membraneat
different feed concentratisnThe concentrationsf PEI and TMC reactants in their solutions
were 2.0 wt% and 0.4 wt%, respectively, during the interfacial polymerization for composite
membrane fabricationAll the membranesused in this sectiowere formed underthese

reactants concentrations.
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Figure 321 Permeatiorflux (a) and salt rejection (lof a (PEI/TMC) membraneat different feed
concentratios (Operating pressure: 0.8 MPa gaugemperature23 C).
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Both permeatiorflux andsaltrejection decreased witm increag in the salt concentration
in the feed It is known that the osmotic pressure will increase with an increadée salt
concentration othefeed solutionFor the low concentratiosalt solutionthe osmotic pressure
" can be approximated using the Morse equdBmurirajan and Matsuura, 1985
A El 24 (3.3)
where i is the total number of moles of ions given by one mole of thensadt,the solute
moldity, Ris the gas constant, T is the temperatéea given temperature, with ewedl 000
ppm {.e., 1g/L) increasein the salt concentratiom the feed, theincrease in thesmotic
pressure follow the order of NaCl 3MgCl, > NaSO, > MgSQO,, as illustratedn Table 33.
However, thedecrease ipermeatiorflux followed the order oMgCl, > MgSQ, > NaSQO, &
NaCl (seeFigure 3.4(a)), and thedecrease irsalt rejectionfollowed the order oNaCl >
NaSO, > MgSO, a MgCl, (seeFigure 3.2(b)). Hence, thalecreases ipermeation flux and

salt rejection cannot be attributed merely todffects of osmotic pressure.

Table 3.3 Incrementof osmotic pressure increaseth every 1000 ppm increase the salt
concentratiorin the feedat a given temperature

MgCl, MgSO, NaSO, NaCl
i 3 2 3 2
Molecular Weight
95 120 142 58.5

(g/mol)
& /1000 3/95=0.03158 2/120=0.01667 3/142 =0.02113 2/58.5 =0.03419

To further study the effects of feed concentratiortt@membrane performancthe mass
transfer coefficient k and salt transport parameteB were evaluatedased on thdransport
equatiors proposed bysourirajan and Matsuufa985j:

! 07 0fo@mn330 (3.4)
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l'30 ANOD %) (3.5)

"— Mg Mm@ (3.6)

Em p @ 1 —— (37)

where A ispure water permeability constann¢l/m?.sMPa), PWP is pure water permeation
rate through given area of membrane surface (klyIh)is molecular weights of watgkg/mol),

Sis effective membrane ar¢a?), qP ispressurdlifference across the membrai\éPg), Ny is

mole permeatiorilux of waterthrough membranen(ol/nf.s), @ is mole fraction ofsalt, @ ,

@ and @ are mole fraction of feed solution, concentrated boundary solution and the
permeated product solution, respectiveligd) is osmotic pressurgMPa) corresponding to
mole fraction ofsalt@, B is salttransport parametém/s),} is molar density nol/m?), k is

mass transfer coefficient for tisalton the highpressue side of the membranm(s).

Figures 3.24a) and (b)show the values of k and at different feed concentrations far
(PEI/TMC) membane. The value of kreflects the concentration polaation on thdeedside
of the membranelhe data irFigure 3.2(a) indicatethat the values of k for MgS@nd MgCh
are smaller thathose forNaSQO, and NaCl, which explains thmore significanflux decline
for MgSQ, and MgC}. The quantities oB are characteristics of the membraaesalttransport
It is a function of he chemical nature of the sathembrane matied and thepore size on the
membrane surfacé lower value ofB indicates less saltansport through the membraaed
thus ahighersoluterejection FromFigure 3.22b), we can see that th@luesof B follow the
order of MgC} < MgSQO, < NaxSO, < NaCl, which was in accordance with tleversedrder in
salt rejectionshownin Figure 3.2{b). With anincreasein sat concentration in the feethe

value of B increass, which means moreatt will pass through the membrareading to a
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reduced salt rejectio Furthermorethere is dinear relationshipetweenog((B) andlog(feed
molality) for MgChL, Na&SO, and NaC| but not for MgSQ, as shown irFigure 3.22b). These

results are consistent wifeageret al.[1981].
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Figure 322 Values of mass transfer coefficient k (a) aadt ransport parameta (b) of a
(PEI/TMC) membrane at different feed concentrations (Operating pressure: 0.8 MPa gauge

Temperature23 C).
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Figures 3.3(a) and (b)show permeation flux and salt rejection of a (PEI/TMC) membrane
at different operating presses. As expected, the permeation fluxes increased linearly with an
increase in the operating pressure. For the (PEI/TMC) membrane, the value of A, which
measures the water permeability, is 0.54 (makvPa). This value is very close to the water
permeabity for the aqueous solute solutions due to the low solute concentrations in the feed.
In addition, the linearity also indicates that the thin film composite membranes are

mechanically stable under pressure, at least within the experimental range. studied
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Figure 323 Permeation flux (a) and sakjection (b) of dPEI/TMC) membrane at different
operating pressures (Salt concentration: 500 ;ppemperature23 C).
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The salt rejectioralsoincreased with an increase time operating pressur&.here are two
competingfactors dictating the separation behavadr the soluteswith an increase in the
operating pressure. Qheone hand, the water flux increaskse to thancreased driving forge
resulting in lower ion concentratioms the permeatespc al | ed 1 d.iAnthe etheref f ect
hand, more ions are transported from the bulk solution toward the membrane $yrface
convection as permeate flux increases, whig@mhances concentration polarization and
subsequently reduces iogjection[Seidelet al, 200]. Fromthe calculationthe valuesof k
are always large(8-154x10° m/s) within the experimentalrange Therefore, there is no
significant concentration polarizatioron the feed sideand tke Adilute effecd played a
dominantrole for the separation, hence resultingumncreasean thesalt rejectios.

The performance ahe (TMC/PEI) membrane at different feed concentrations is shown in
Figure 3.2. The permeation flux declisewith anincrease in feed concentration, and the flux

decrease followshe order of MgGl> NaClU MgSQO, > NaSOy. The most significantflux

decreaseas observed for solut®lgCl,, and itcan be also attributed to thelatively low value
of k. Thevariations inthe value of B with feed concentrations fahe (TMC/PEI) membrane

aresimilar to those fo(PEI/TMC) membrane.
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Figure 324 Permeation flux (a) ansalt rejection (bof a(TMC/PEI) membrane at different feed
concentrations (Operating pressure: 0.8 MPa gatligmperature23 C).

87



Figures 3.2a) and (b)show the permeation fluxand salt rejectionfor the (TMC/PEI)
membrane at different operating pressufidee effects of operating pressure on the membrane
performarce are similar to those fQPEI/TMC) membrane. The A value was determined to be

0.45 (mol/nf.s.MPa), and this membraiseless permeaé than thgPEI/TMC) membrane.
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operating pressures (Salt concentrati®®@0 ppm Temperature23 C).
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34Concl ®si on

Positively chafged polmpamide tmhlanmofil tration
by interfacial pol ymerization from polyethyl
me mbr anes wer e c hRaTrlafotneraiczte da nlbgyl sATmMe a @ t £e me n |
pot entdEBM ,a nFdEhé difétts of parametensvolvedin the membrane fabrication

on the separation performancetbé membranes were investigatedcludingt he number o

cycl es of r esaequeaae dDf redotapt depositiopenaentration of reactanénd

the temperature of heat treatmefithe i nfl uence of operating co
perfor mance, i ncluding the feed concehératio
foll owing conclusions can be drawn:

(1) clohmposite membranes-TM@bdepastsedi osi Bgqgae rPc
di stri butiadevarolrepyhol ogy on t he membrane sur
deposition seqREIn)ceyi(al. cked MmeMib r anes wi t h
nodul structures on the membrane surface.

(2) l ncreasing the number of cycl eyl aofferseqt
buil dup, thicker and more compact pol yamid
reactant depositioermbegnescésr-mbtl@ QQepoebet Pa
sequence were more permeabl e tPhEINn dneepnobsriatnie

sequence.

( 3) l ncreasing the reactant concentrations
|l ayers, resultiagion &l decrmedsad pecmeased
concentration of 3.5 wt% for PEI and 0.7 wt

hi gh sal't rejectih. (0% 108 O MyB@fggo0d MdD. 1% f o
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NaCl) with the |lwaxt eorf 2p2edr. mietaLt/(oth MPa feed pr
(4) Théitsyalnd sa@PEI /IrleNN@)ct pohy aomi de composi

i mproved by proper heat treatment. The per

increased aftehermal hgmbrameé eddastt 55AC. Ho w

temperature was too high, the salt rejectio
(5) Operating conditiongfluencel the separation performancehe permeation flux and salt

rejection decreased with ancnease in the salt concentration in the fded both

(PEI/TMC) and(TMC/PEI) membrang An opposite trendn the permeation flux and salt

rejectionwasobservedwhenthe operating pressumgas increased
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Chapder

Thin f il mNEmempborsantees f or med from j
ami REi mbedded with mPhé@miEMd c amin

4. 1 I ntroduction

The preparation of TFC nanofiltration membranes nwinly based on interfacial
polymerization,and many efforts have been made to tailor the structures and properties of
polyamidebased TFC membranes to improve the separation performance of the membranes.
One approach is to synthesize new monomers for TFC membrane formation based on
molecular design. &h new amine monomers (e.g-ahinoethyl piperazine propane sulfonate

[An et al, 2013, 2,5bis(4amino2-trifluoromethylphenoxy) benzenesulfonic adidiu et al,

20128, 4,4bis(4amino2-trifluoromethytphenoxy) bipheny#,4-disulfonic acid[Liu et al,

20128 , disulfonated bis[43-aminophenoxy)phenyl] sulfongXie et al, 2013) and acyl
chloride monomers e(g., cyclohexané&,3,5tricarbonyl chloride [Yu et al, 2009), 5
chloroformyloxyisophthaloyl chloriddLiu et al, 2009, isomeric biphenyl tetraacyl chloride

[Li et al, 200§) have been synthesized and used as the reactive monomers for interfacial
polymerization. Anotha approach is to tailor the membrane structures by such post
modifications as surface coatifig/u et al, 20104, radical graftindWei et al, 201Q, plasma
induced polymerizatiorfZou et al, 201] and ionimplantation[Mukherjeeet al, 2003.

Moreover, incorporatiomf titanium dioxide[Lee et al, 200§, lithium bromide[Tanget al,

" Portions of this work have been publishe®React. Funct. Polym86 (2019 168-183.
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2019 and poly(vinyl alcoholfAn et al, 2017 into the effective skin layer of the membrane
during interfacial polymerizationds also been carried out to enhance water permeability, salt
rejection and antifouling properties.

From the study in Chapter 8, appeared thapolyethylenimine (PEl)s areactiveamine
used in interfacial polymerizationand the PElbased TFC membranesshowed good
nanofiltration performanceln addition to PEl,piperazine (PIP)s anotherpopular amine
reactantfor fabrication of TFC membranellany efforts have been made on controlling and
optimizing the formation conditions of piperazibased membras and their properties
[Cadotteet al, 1979 Cadotteet al, 1981 Kamiyamaet al, 1986 Fibigeret al, 198§. The
commerciaked PIP/TMC membrane include NS300, NF, XP, NTR and UTC series
membranes, which have beementioned in Chapter. 1At present, the studies have been
expanded to produce novel nanofiltration membranes usingraliional amingWanget al,
201132013]

Both PEI and PIP performed well in interfacial polymerization for preparation TFC
membranesHowever, these two amines have their distinctive characteristics. Due to its
macromolecular structure, PEl has avéo reactivity. Therefore, the relatively slow rate of
interfacial reaction between PEI and an acyl chloride allows the membrane formation to be
controlled more easily. However, the effective layer of the resulting membrane tends to have a
loose structureas compared to membranes formed from molecular PIP and an acyl chloride.
Therefore, inthis chapter it was decided to use a blend of polymeric amine (PEI) and
monomeric amine (PIP) as the aqueous phase reactant and trimesoyl chloride (TMC) as the
organic phase reactant for interfacial polymerization. This approach has several potential

advantages: (1) the polymer links formed from PIP and TMC, which occurs faster than-the PEI
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TMC macromolecular links, will be embedded and anchored in the macromoleculemat
thereby enhancing the membrane stability, and (2) the properties of the membrane can be
tailored by adjusting the composition of the amine reactants. The sequence of reactant
deposition onto the substrate (i.e., armaagl chloride or acyl chloridamine) involved in the
interfacial polymerization was also studied to get an insight into the membrane formation.

It should be mentioned that RBased TFC membranes are generally positively chasged
Figure 3.5 while PIP-based polyamide layers are ag&gely chargedEriksson, 198B Due to
the Donnan exclusion, the RBhsed TFC membranes tend to have a higher rejection to salts
with multivalent cations and monovalent anions (e.ggCM) and a lower rejection to salts
having multivalent anions and monovalent cations (e.g.S®A. Therefore, an attempt was
also made in this study to develop NF membranes with-pives of polyamide layers
comprising of a positivekgharged PETMC polyamide layer and a negativetharged PIP
TMC polyamide layer Kigure 4.). The multiplelayered polyamide TFC membranes were
prepared by two cycles of interfacial polymerization, and two series of membranes (one with a
PEITMC underlayer and a PIHMC top-layer, and the other with a RIRMC underlayer
and a PEITMC top-layer) were prepared to investigate the effect of the membrane structure on
NF performance.

The surface properties of the membranes @hleemical composition, surfatsdrophilicity,
charge, and morphology) of the polyamide selective layer alstcharacterizednd he NF
performance of the membranes was evaluated using MMESQ, NaSO, and NaCl as

representative solute salts.
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Mg2* Na* SO, CI Mg?* Na* so,> Cr

Multiple -layered TFC membranes

Figure 41 Schematic diagram showing the structures-giy2 polyamide TFC membranes and ion
transport through the membranes

4.2 Experiment al

Piperazine (PIP) wapurchased from Sigmaldrich. Other materialsised were the same as
described in Chapter 3. Two series of TFC membranes were prepared ahapisr, i.e.,
membranes with a single polyamide layer and membranes with-plyvpmlyamide layerFor

the formation of single polyamide layer membrantse aqueous phase react
prepared by dissolving predetermined amounts
i n-idbeni zed water to form a homogenamusesdl uti

the total concentration of PEI and Pl P) was
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amine mixtures-Bve®r P&4oRP EBBIFREP®RI Ry PRIIP:

PEI-RI:Rs PRIRP BI-BRIR1 PRIR; PRIPy 0 PEIWT OTF di ffere
membr dames subscripts in the membrane designat
wt %) used i n the i dher fpaciod!l t el yangeureiozuast isoonl.L

The orgaeactahtssolrution was compghseeprofce@.ud

are the same as what was described in secti
polyamide | ayero in Chapter 3 except the tem,
The rifratce all pol ymerization was also carried w
reactants onto. ebhRPIBBIDxet rcahteemi c a l reactions b
(i .e., PEI and PI P) and TMC to f otrumr epsol ayraem|

i Il ustFrivgdea d i n

For the formation of twgply polyamide layer membranes, two cycles of interfacial
polymerization were proceedetihe PES substrate membrane was allowed to contact with an
aqueous solution of PEI and then with the TMC solution, thereby forming an interfacially
polymerized layer withPEI/TMC crosslink. Then the membrane was allowed to contact
sequentially with an agoes solution of PIP and TMC to form a second polyamide layer with
PIP/TMC crosslink. The membranes so formed with two plies of polyamide layers were
designated aq(PEI/TMC)-(PIP/TMC)]. The membrane formation could also start with
interfacial reaction bateen PIP and TMC, followed by interfacial polymerization of PEI/TMC,;

such membranes are designated as [(PIP/F\RE)/TMC)].
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Figure4.2 Interfacial polymerization between amine mixtures (i.e., PEI+PIP) and TMC for
polyamide formation
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The concentration of TMC in the salh was 0.3 wt% for @th interfacial reaction cycles.
The concentrations of PEI and PIP in their agueous solutions varied, but the total amine
concentration (i.e., the sum of PEI concentration and PIP concentration) was 3.0 wt% for
convenience of comparison with the singlg membranes formed with mixed arag1The
procedures are the same as what was descri bei
mul tiple polyami daenhild theytemparature of hé&h teeptrheatr was3also
changed to 75 €Based on the sequence of reactant depositions,astigns of the reactants,
and the number of interfacially formed polyamide layers in the composite membranes, the
designations of the membranes used in¢hepterare shown imable4.1

The membrane characterizatiofaiscluding ATR-FTIR, contact angleéest, Zeta potential,
FE-SEM and AFM) experimental set up and separation performamegsurementgre similar

as described in Chaptar

4. 3 Results and discussi on

4.3.1 TFC NF membranes with a single layer of polyamide
Chemical composition of polyamideyer

The ATRFTIR was employed to analyze the chemical composition of the top surface of the
composite membran& iug 4. shows the ATRFTIR spectra of the pristine PES substrate
and thin film composite membrangEsmed from PEI, mixed amines and P{Bompared to the

PES substratér iug 4e.(ap), two new bands at 1640 and 1545 cappeared on the ATR
FTIR spectra for membran®El; y TMCo ¢ (F iug 4 .(bP), which arecharacteristics of the
amidel (C=0 stretching)and and the amielé (N-H) band of the amide groupsCONH-)
formed fiom PEI and TMC. The band at 1610 ¢tiis associated with the hydrogeonded

C=0 of the amideFor membrangPIP; yTMCy¢ (F iug 4e. (8), there is only one band at
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around 189 cmi* for amidel (C=0 stretching) buho band was observed famidell (N-H).

This is consistent with the chemical structure of a tertiary ami@®NR-) without amidic

hydrogenformed from PIP and TMC.

Table 41 Designation oinembranes based on reactant deposition sequence, concentration of
reactant and the number of interfacially formed polyamide layers

Number of

polyamide layer

Membrane designation

Description

1-ply*

[PEL;dTMCq 4

One ply of polyamide layer formed from
interfacial reaction of surfaedeposited PEI
(solution concentration 3.0 wt%) with TMC

[(PELi PIR)/TMC, ¢

One ply of polyamide layer formed from
interfacial reaction of surfaegeposited amine
mi xture of PEI and PI
areconcentrations of PEI and PIP in the amine
solution, respectively

[PIPsdTMCq4q

One ply of polyamide layer formed from
interfacial reaction of surfaegeposited PIP
(solution concentration 3.0 wt%) with TMC

[TMC, ¢PEL

One ply of polyamide layer formed from
interfacial reaction of surfaegeposited TMC
with PEI (solution concentration 3.0 wt%)

[TMCo ¢ (PELI PIR,)]

One ply of polyamide layer formed from
interfacial reaction of surfaegeposited TMC
withanaminemixte ; fad and 0l
concentrations of PEI and PIP in the solution,
respectively

[TMC, ¢/PIPs g

One ply of polyamide layer formed from
interfacial reaction of surfaegeposited TMC
with PIP (solution concentration 3.0 wt%)

2-ply?

[(PEI/TMCo.5)-(PIR/TMCo 5)]

2-ply polyamide layer comprising of a first ply o
PEI/TMC crosslinks and a second ply of

Pl P/ TMC crosslinks;
concentrations of PEI and PIP in their solutions

[(PIP/TMCg 5)-(PEL/TMCy 3)]

2-ply polyamide layer comprising of a first ply o
PIP/TMC crosslinks and a second ply of
PEI/ TMC crosslinks;
concentrations of PIP and PEI in their solutions

The
2Th e

TMC comwesetdtiroat i
TMC c omwese 30tirfadri

on

omvery ply
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Figure 43ATHTI R spectra of (a)plPESpelubamirchd ec @ammo sii tn

me mbr ane SgZ_/oT('\b@s, I[(H%X'PIPOG)/TMCO ],6( d[(PEloe-P|P24)/TMCO ]6'3. nd ( e )
[PIP; JTMCy s

Surface hydrophilicty/hydrophobicity

The surface hydrophilicity of the membranes is evaluated with contact angle measurements.
F iug 4. showsthe contact angles of the polyamide nanofiltration membranes preimared
interfacial polymerzationfrom mixed amines of PEI and PIP at different compositions with a
reactant depositiorsequence of (PEI+PIAMC. It should be pointed out that the PES
substrate had a contact angle of 862and it dropped to 75%fter a polyamide layer was formed

onthe membrane surface. However, when the PIP concentration in the mixed amine increased
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from O to 3.0 wt% (that is, the PEI concentration decreased from 3.0 wt% to 0), there was no
change in the contact angle. This indicates that the surface hydroploliditye polyamide
surface layer formed by reacting TMC with the polymeric amine PEI, monomeric amine PIP,

or their mixtures at different compositions, is essentially the same.

PEI Concentration (wt%)
30 27 24 21 18 15 12 09 06 03 00

I ——_—
85 4
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2 .

<751$§§ * '
= §§§§ ¢ |
c

870-
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60 F—r———

S —
00 03 06 09 12 15 18 21 24 27 30
PIP Concentration (wt%)

Figure 44 Contact angle of water on the surface of singiie polyamide membranes prepared
from reaction of amine mixtures (i.e., PEI+PIP of different compositions) with TMC

Surface charge
The surface charge characteristics of the membranes were studied iroftetata potential.

Fiug 4 .(& shows the &ta potentials on the membrane surface measured at various pH
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values for the polyamide TFC NF membranes formed with PEI, PIP and their mi¥toes.

Fi g u r(ag wedcan5ind a certain pH valuewahich the membranes showed no net electrical
charge (i.e., Zeta potential of 0 MV). This pH values & isoelectric point$IEP) of the
membranes which are shown inFi g u r(®. The.ntembrane formed from TMC and
polymeric amine PEI (i.e., membraneElR/TMCy¢]), which has ansoelectric point of7.76,

is indeed positively charged at the NF performance testing conditions (pA=26.80n the

other hand, te membrane formed from TMC and monomeric amine PIP (i.e., membrane
[PIP;TMCog]) has anisoelectric pointof 4.51, and its surface is thus negatively charged
under the testing conditions. These results are in agreement with common observations. It is,
however, interesting to notice that when a small amount of PIP was present along with PEI fo
interfacial polymerization with TMC, the membrane surface became more positively charged.
Among the membranes tested, membrane [RPEIR, 3)/TMCy ¢ showedan isoelectric point

of 10.0. As the PIP content in the mixed amines continued to incrtbassoelectric poinof

the resulting membrane decreased.

The above results are not unexpectetias been illustrated iRigure 3.5that thePElbased
membrane surface has positive charglee to unreacted primary amines in polyaaid
membranesand simila results have also been reported recently by Chung anadiders[Sun
et al, 2013. When a small amount of PIP was present along with PEI for interfacial reaction
with TMC, the reaction between PIP and TM@Il occur preferentially over the PHIMC
reaction becauséhe small PIP molecules have digher reactivity andmobility than the
macromoleculaeminePEI. The polymer links formed by PIPMC will thus be embedded in
the branched PEI macromolecules, and the TN polyamide anchored in PEI will restrict

the mobiity of the polymer chains as well as the diffusivity of TMC molecules across the
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interface between the two reacting phases. As such, it becomes more difficult for TMC
molecules to access the amines in PEI chains. Therefore, more primary amines in B&I will
left unreacted, resulting in more positive charges on the membrane surface. THETIRTR
spectra for membranes [(RBITMCy ¢ (F iug 4e.(b3) and [PIRo/TMCqq (F iug 4e.(e) also
support the above hypothesis, as shown by the higher band intensity of thel 4G+
stretching) in [PIR/TMCp¢ membrane. However, when the PIP content is sufficiently high,
the contribution of negative surface charges fromPVE polyamide wvill be significant, and

the carboxyl groups-COQO) resulting from the hydrolysis of unreacted acyl chloridgQCl)

also contribute to negative charges on the membrane surface. It can thus be concluded that by
controlling the composition of the PIP/PEI xaid aminesthe TFC membranes can be tailored

to achieve desired surface charge properties (i.e., highly positive, neutral, or highly negative)

appropriate for target solutes.

Surface morphology

The surface morphologies of the membranes were examined BBHEEM, and they are

shown inF iug 4 .. Blembranes formed from PEI, PIP and mixed amines have different
surface morphologies. For instance, membrane;[(’BVIC, ¢] has a quite smooth and uniform

surface with occasional small debfB iug 4 .(a§), and a Ilairkged ditprau ccthu
formed on the membrane surface when the amine reactant contained 30 wit% of PIP (i.e.,
membrane [(PRh-PIPyg)/TMCog]) (F iug 4 .(bh). Two types of structures are observed on

the surface of membrane [(REBIPIP,1)/TMCy¢ which was formed with 70 wt% PIP in the

amine reactant: large ridgalley structures and small globular structu(esiug 4 .(c}.

When the reactant amine is PIP only, the membrane (i.e.;JPNCo¢) showed some

Apl analri ksehdarestdn itsisurfac iug 4e.(dp).
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AFM was used for topological characterization of the membrane surface to complement
with SEM. The thre@l i mensi onal scan i mages (nemn@amessi z e
are shown irF iug 4e.. The surface roughness in terms of the root mean square roughness is
listed in Table 4.2. These results are in agreement with the surface morphologies observed
under SEM. There are some small ceshaped structures dispersed on the surface of
membranelPEl;o/TMCy ¢ (F iug 4 .(a)), with a root mean square roughness of 22.9 nm.
Somesmall nodules appear on the surface of membj@td. 1-P1P, o)/ TMCo ¢ (F iug 4e.(b)),
which has a root mean square roughness of 18.5hare are more nodular structures on the
surface of membrangPEly o-PIP,.1)/TMCo ¢ (F iug 4e.(c)), andmembrangPIP; ¢ TMCy ¢
shows a nodular aggregated structure on the suffaceg 4e.(d}). The latter two membranes
have much rougher surfaces,tlwia root mean square roughness of 75.8 and 120.8 nm,
respectively.

For membrane [PElI/TMCyg|, the amine groups are evenly distributed on the polymer
chains as determined by its macromolecular structure, which may be attributed to the
uniformness of thaterfacially polymerized surface layer with relatively low roughness. When
the reactant amine is a mixture of PEI and PIP, the local ah reaction rate varies due to
the different reactivity and mobility of the amine sites in small molecules of aalP
macromolecules of PEI, resulting in an uneven structure on the membrane surface. At a low
PIP content in the amine mixture, the quantity of crosslinks between PIP and TMC is relatively
low, and they are embedded in the PElI macromolecules, resultingsmooth membrane
surface with a few patelike or nodular structures. When the PIP content in the amine mixture

is high enough, the momapidly formed PIPTMC crosslinks will be significant to affect the
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moreslowly occurring crosslinking between TMC aanhine groups in PEI, resulting in rough

surfaces with obvious ridgealley and even aggregated nodular structures.
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Figure 45 Surface charge properties for singly polyamide membranes: (a) Zeta potential at
various pH values, and (b) isoelectric point. Test conditions: 0.001 M KCI,.25€
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Figure4.6 Surface images (20,0008f singleply polyamide composite membranes: (a)
[PEI;d TMCo.l, (b) [(PEL.1-PIPy. g/ TMCq ], (C) [(PEk.o-PIP21)/TMCoq ], and (d) [PIRJ/TMCy g].
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Figure 47AFM i mages ( 10 sirglply polyamideccamposiief membranes: (a)
[PEI3. o TMCoq.d], (b) [(PEL.1-PIP.0)/ TMCo.l, (C) [(PEl.o-PIP2.1)/TMCo ], and (d) [PIR/TMCo .

Table 42 Root mean square roughnesses of shpdjepolyamidecomposite memianes based on

AFM

Membrane samples

Root mean square

roughnesgnm)
[PEl30/TMCo g 22.9
[(PEI.1-P1Py.0)/ TMCo g 18.5
[(PElo.gP1P,.1)/TMCo ¢ 75.8
[PIP3.oTMCo.q] 120.8
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Nanofiltration performance
Membranes prepared from a reactant depositsequence of (PEI+PIRTMC

The separation performance of the polyamide thin film composite membranes fabricated by
interfacial reaction between TMC and the amine mixtures with different compositions with a
reactant deposition sequence of (PEI+PIR)C is slfown inF iug 4e. irBterms of permeation
flux and salt rejection a& transmembrane pressure of 0.8 MPa gauge

When the reacting amine is PEI only, thembrandi.e., [PEkoJTMCyg) has a water flux
of 9 L/(m?.h), which is aboutwice the permeation flux of the membrane formed Vi#tF and
TMC (i.e., [PIP;TMCoq). When a mixed amine of PIP and PEI was used, the permeation
flux of the resulting membrane can be enhanced significantly. For instance, using 10 wt% of
PIP in the mixed ame for membrane preparation will increase the permeation flux of the
membrane (i.e., [[PEFPIPy.2)/TMCog)]) to 4347 L/(nf.h), depending on the solutes present
in the feed solutiondVhen a mixed amine of PIP and PEI was used, the monomeric amine PIP
and polymeric amine PEI behave quite differently in their interfacial reactions with TMC,
which makes the overall membrane formation mechanism more compliBaigakdless of the
type of the reactant amine, the interface between the aqueous phase aggrnephase is
believed to be the first locus of reaction between TMC and the amine. There has been evidence
to suggest that after initial interfacial reaction to form a thin layer of crosslinks, further
reactions between the two reactants will occur tgamthe organic phase because of highly
unfavorable partition coefficient of the acyl chloride in wdtdiorgan, 1965 However, for
polymeric amine, this will be difficult because of the low mobility of the macromolecules and
their unfavorable partition coefficient in the organic phfRetersen, 1993 With an amine
mixture of PEI and PIP, small molecules of RMll react with TMC quickly, and the

crosslinks so formed will hindahe diffusion of TMC molecules across the interface to react
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with the amine goups in PEI. This will make the slow reaction between TMC and PEI even
slower. In this case, theelective skinlayer will be dominated by PIPMC crosslinks
embedded in PEI which is more loosely crosslinked by TMC, resulting in a permeability that
would be higher than a membrane formed from TMC and PEI alone without PIP. However, as
one may expect, too much PIP in the amine mixture will form a deng@&NRIPcrosslink,
which will lower the permeation flux of the membrane. As showk g 4e.(a} when tle
PIP content in the reacting amine solution is sufficiently high, a further increase in the PIP
content will reducgermeability of the membrane.

Figure 4.8(b) shows that the rejection of the membranes to MgCjuite high (~95%), and
the PIP content ithe amine solution during membrane formation has little effect on MgCl
rejection. This high rejection of Mg&may be attributed partially to the positivetfiarged
membrane surfaces. Even membrfPk; y TMCy ¢, which has a negatively charged surface,
showed aVigCl; rejection of 90%; this membrane had a high degree of crosslinking of PIP and
TMC that makes the membrane dense enough to reject.M{€ttively, as shown by its low
permeation flux. The membranes showed a higher rejectidig®O, than toNaSO,, and
there is a similar trend in the effects of PIP content on the rejection of the membraneas to the
two solutesWith an increase in the PIP content in the amine reactant, the rejections of the
membranes to MgSandNa,SO, experienced a decreasitially and then increased when the
PIP content in the reactant amine was over 10 wt%. This is easy to understand based on the
surface charge and tightness of the skin layer. The Zeta potential on the membrane surface
indicates that incorporating a sinamount of PIP in the amine mixture makes the membrane
surface more positively charged, but the membrane skin layer is relatively loose because of the

limited amount of quickeacting PIP available in the amine solution, as shown by its higher
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water flux This will lower the membrane rejection &S0, more significantly thamMgSQO..
When the quantity of PIP in the amine reactant increases, the polyamide layer will be
increasingly crosslinked but less positively charged, which favors the membrane mejectio
MgSO, and NaSQ,. On the other hand, unlike the above solutes with divalent ibwes, t
rejection of the membranes to monovalent salt NaCl showed a continuous decrease with an
increase in the PIP content in the amine reactant. This appears to suggtst #lectrostatic
interaction between the membrane and the monovalent solute isid¢gsicant and the
membrane structures are in general not tight enough to retain this solute with a smaller
molecular size.

Presented imable 4.3 is a comparison omembrang(PEl, 4+-P1Pyg)/TMCp )] with some
PElbased NF membranes developed in laboratorief#rtiasedccommerciaNF membranes
in terms of water permeability and salt rejection. Membrane {(PEIP, )/ TMCy ¢)] exhibited
a moderate water permeabylibut a higher NaCl rejection. It is apparent that incorporating a
small amount of PIP in PEI for interfacial reaction with TMC would yield membranes with

both good permeation flux and solute rejection.
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Figure4.8 Effects of PIP concentration in the amine mixture on (a) permeation flux and (b) salt
rejection of the resulting singlely polyamide membranes prepared by interfacial polymerization
with areactant deposition sequence of (PEI+PTR)C. (Operating pressure, 0.8 MPa gauge; Salt
concentration, 500 ppm. Temperature, @B
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Table4.3 Comparison of NF performance of membranes developéuisrstudy* with other NF membranes

Pure Salt Rejecti|Feed S
Me mbr ane Per me a Concent Ref .
Mg Gl MgS,CNaSQ@ NaCcC
(LEth. M 9 g > (ppm)
[ ( RRIPs/ TME 50.6| 92 74 50 65 500 This wor
PETPQ terepht ha 310 95 91 75 61
1000 [Chi b g aPkO0O
PET MC 950 80 76 51 46
NS300 54.6 46 98 98 50 5000 | [Kami yeatmaa ]9
NF40 41.0 / 98 / 35 2000 [Eri ksspn,
NF4O0HF 60. 7 20 95 / 40 2000 |[Freeman and]
XP45 48.6 83 97. / 50 2000 [Cadecettt,em ]9 €
[(PEl,dTMCy ){PIP,JTMC, )k 12.2 98 94 6 8 78
[ ( BERI,BIT MG]e 10. 1| 94 92 72 55
500 This wor
[ PEM MG]6 8.9 95 82 6 8 75
[ Pd./PME]s 4.5 92 94 95 52

"Tewtmperwd3Ce
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Membranes prepared from a reactant deposition sequence of(FEG-PIP)

Polyamide composite membranes were also prepared by interfacial polymerization using a
reversed sequence of reactant depositions, that is, reactant TMC was deposited on the substrate
first, followed by the reactant amine (PEI+PIP)he separation performea of these
membranes is shown Figure 4.9. When the reactant amine was PEI, the resulting membrane
[TMCo¢PEkL still had a fairly good performance with a water flux @B L/((m>.h) at a
transmembrane pressure of 0.8 MPa gauge and solute rejedt@m&% for MgC}, 90.4% for
MgSO,, 58.2% for NaSO, and 66.2% for NaCl. However, when a mixture of amines was used,
the permeation flux ofhe membrandrst increased with an increase in the PIP content in the
amine mixture, and then decreased when the PIP content was high enough. A maximum
permeability was observed with membrane [TMPELsPIP,4)] among the membranes
prepared. An opposing trend svabserved for solute rejections of the membranes except for
solutes MgCJ and NaCl which decreased continuously vathincrease in thEBIP content in

the amine mixture.
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Figure 49 Effects of PIP concentration in the amine mixture on (a) permeation flux and (b) salt
rejection of the resulting singlely polyamide membranes prepared by interfacial polymerization
with a reactant deposition sequence of GNPEI+PIP).(Operating pressure, 0.8 MPa gauge; Salt
concentration, 500 ppm. Temperature, @B
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It may be mentioned that whéydrophilic polysulfone or polyethersulfone substrate is used
for fabrication of TFC membranes by interfacial polymerizattha,aqueous amine solution is
often deposited onto the substrate membrane followed by deposition of an organic solution of
acyl chloride to inducenterfacial polymerization on the substrate surface. The deposition of
the aqueous amine as the first reactartb a hydrophilic substrate favors the reactant loading
and adhesion on the substrate surface. However, with polymeric aminié sl beershown
that a reversed sequence of reactant depositions (i.e., TMC deposition first, followed by PEI)
could also be used to prepare TFC membranes with reasonably good rejpttioes al,

2014. In spite of the weak affinity between PESdaTMC, the low mobility and branched
structure of the PEI macromolecules were helpful to the formation of the polyamide layer fixed
and secured on the substrate. This attribute, however, will gradually diminish with an increase
in PIP content when an anainmixture of PIP and PEI is used, resulting in an increased
permeation flux and a decreased solute rejection.

To get a better idea about the separation performance of membranes prepared with the two
different sequences of reactant depositions, i.e., (RE)+RMC vs. TMG(PEI+PIP), thepure
waterpermeation flux and solute rejection of the membranes gibtied inFigures. 4.10and
11 for direct comparisons. It can be seen that at a PIP content of 0.6 wt% in tkeenairtimre,
the pure water permeatiotux of the membranes formed by the (PEI+PTRJC deposition
sequence are greater than those of membranes formed by the reverse sequence of reactant
depositions (i.e., TMEPEI+PIP)). While the membranes formed with both sequences of
reactant depositions @ similar rejections to Mggland MgSQ, the membranes formed by
the deposition sequence of (PEI+RIMIC have a higher rejection to &0, and NaCl than

membranes formed by the reversed reactant deposition sequence. In addition, at a higher PIP
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content n the mixed amine, the membranes formed by the (PEIFRN®) deposition
sequence exhibit lowgyure waterpermeabilities and higher solute rejections for all the four
salts tested than membranes formed by the reversed reactant deposition sequences It appea
that the aminacyl chloride deposition sequence for fabricating membranes using the PEI and
PIP mixtures with a small amount of PIP is appropriate, and therefore this sequence was used

in studies of multipldayered TFC membranes.
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Figure 410 Effect of reactant deposition sequence on pure water permeation flux, Temperature,
23 C.
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MPagauge; Salt concentration, 500 ppm. TemperatureCR3
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4.3.2 TFC NF membranes with a tweply of polyamide layer

Instead of using mixed amines of PIP and PEI, TFC membranes with-plytvpolyamide

layer were prepared by two cycles of interfacial polyeagions based on PHIMC and PIP

TMC reactions that occurred separately and sequentially. Theli@sof the polyamide layer

are not expected to be overlaid perfectly, but instead there will be significant interpenetrations
due to their ultrathin thiclesses. Depending on the reactant deposition sequences, two series of
membranes may be distinguished: [(PEI/TME)P/TMC)] and [(PIP/TMCYPEI/TMC)]. The

sum of PIP and PEI concentrations was maintained at 3 wt%. In analog to the above study of
amine compsitions on the membranes formed with mixed amines of PIP and PElI, the effects
of PIP to PEI concentration ratio used in preparing the-phyopolyamide layer on the
membrane performance were investigated here. For example, membrane/TMRED 3)-
(PIPy. o TMCy 3)], which was produced using 2.1 wt% of PEI and 0.9 wt% of PIP respectively to

form the two polyamide layers sequentially, has a PIP/PEI ratio of 0.9/2.1.

Surface charge

The Zeta potentials on the membrane surface measured at variare pkeserd in Figure

4.12(a) and the isoelectric points are showrigure 4.12(b) For convenience of comparison,

the properties of membranes [RETMCy ¢ and [PIRJTMCo ¢ (representing limiting cases

of 0 and infinity in the PIP to PEI concentration oatwere also shown in the plots. As the
PIP/PElI concentration ratio increased, thsoelectric point decreased. evhbrane

[(PEly.d TMCy 5)-(PIP, #/TMCy.3)] showed an isoelectric point of 6iidicating that there were

still sufficient unreacted amine grasigrom PEI in producing the first ply of polyamide to
render the membrane surface positively charged even at a PIP concentration that was much

higher than the PEI concentration.
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Figure 412 Surface charge properties foiply polyamide membranes: (a) Zeta potential at
various pH values, (b) isoelectric point. Test conditions: 0.001 M KCI, 25 €
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Surface morphology

Figure 413 shows the scanning electron microscopic images of the surfaces of three
membranes [(PEL/TMCo2)-(PIPogdTMCo3)], [(PElLgTMCoa)-(PIP.sTMCo3)] and
[(PElo.d TMCo.3)-(PIP,/TMCo3)]. Their threed i mensi onal 10 em [ 10
are shown irlFigure 414, and the surface roughnesses ofrtft@mbranegare presented ifable

44.

The SEM images revealed thiatp a-t c ke 0 structures appeared
of membrane[(PEl./TMCg3)-(PIPodTMCo3)] (Figure 413(a)), and nany small globular
structures were formed on the surface of membf@El, s TMCy 3)-(PIPLsTMCo.3)] (Figure
4.13(b)). Membrane [(PEJyTMCg2)-(PIP,#/TMCo3)] showed both largeand small ridge
valley structuregFigure 413(c)). These results are in agreent with the surface morphologies
observed under AFM. There are many small esimgped structures on the surface of
membrane [(PRI/TMCy3)-(PIPydTMCy3)] (Figure 414(a)). More small coneshaped and
nodular structures emerged on the surface of maml(®EL s TMCy 3)-(PIP.TMCy 3)], and
they were connected with each other to form a large area of aggregated str{fatynes
4.14(b)). The aggregated structure was more obvious for the membrane JREC 3)-
(PIP,.J/TMCy3)] (Figure 4.14(c). Membrane [(PEI/TMCg.3)-(PIPydTMCo3)] had a surface
roughness of 20.8 nm, which is similar to membrHeiel; y TMCo 3 (22.9 nm). The surface

roughness data ifable4.4 appear to suggest that the uneven structures and roughnesses on the

membranes maly come from the PIFMC crosslinks.
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Figure 413 Surface images (20,000%) ofRly polyamide composite membranes (a)
[(PEIl2.2/TMCy.3)-(PIPy.d TMCy.3)], (b) [(PEL.5STMCy3)-(PIP1.s TMCy 3)], and (c) [(PEd.JTMCy.3)-
(PIP,J/TMCy 3)].
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Table 44 Root mean square roughnesses-@iy2 polyamide compositenembranes based on AFM

Membrane samples Root mean square
roughnesgnm)
[(PEL.//TMCy3)-(PIPy o/ TMCyq 3)] 20.8
[(PELSTMCo.3)-(PIPLSTMCo.3)] 53.5
[(PEl.dTMCo.39)-(PIP/ TMCo.3)] 93.0

Nanofiltration performance

The tweply polyamide TFC membranes can be formed by interfacial polymerization through
the reactant deposition sequence of (PEI/TNRIP/TMC),resulting in membranes with a first
ply of PElFbased polyamide layer and a second ply oftbdBed polyamide layer. Alternatively,
the membrane may have a first ply of Bi&sed polyamide layer and a second ply oflpdsled
polyamide layerusing a reactantdeposition sequence of (PIP/TM@EI/TMC). The
separation performance of both types of membranes was studied.

Figure 415 showed the permeation flux and salt rejection of[{(R&I/TMC)-(PIP/TMC)]
series of membrane€ompared tsingleply PEFbasedbolyamide membrane [PEJTMCg g,
the permeation flux of-ply polyamide membrane [(PE/TMCy 3)-(PIPyd TMCy 3)] was about
50% lower. This means that the presence of the second ply of the PIP/TMC polyamide layer,
though formed at a low PIP concentoati contributed significantly to the mass transport
resistanceHowever, the permeation fluxes of thgB polyamide membranes increased with
an increase in the PIP/PEI ratio up to a value of 2.33 (i.e., 2.1/0.9), beyond which the
membrane permeability banto decrease with a further increase in PIP/PEI ratio. This is
understandable because the first ply of -B&ed polyamide layer became thinner and less

dense with an increase in the PIP/PEI ratio, while the opposite was true for the second ply of
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PIP-based polyamide layer. At a low PIP/PEI ratio, the permeation flux of the membrane would
be determined by the first ply polyamide layer, but when PIP/PEI ratio was high enough, the
second ply polyamide layer would be more dominating.

There is generally aadeoff between the membrane permeability and solute rejection. For
instance, [(PRI4/TMCy3)-(PIP.¢d TMCy.3)] membrane showed a lower flux but a higher solute
rejection than the singlely polyamide membrane [P/ TMCy¢. Nevertheless, the data in
Figure 415 demonstrate that at a proper PIP/PEI ratio, membranes (e.g., membrane
[(PElp.d TMCo.3)-(PIP,4TMCo3)]) with both a high permeation flux and salt rejection than
conventional singkply polyamide membranes could be produced using thl 2approab.

The data of permeation flux and salt rejection for thgly2 polyamide membrane
[(PElod TMCo2)-(PIP.4TMCp3)] and singleply polyamide membranes ([(Pft
PIP, 2)/TMCy3)], [PELJTMCoe)] and [PIRJTMCyg)]) were also shown ifrable 4.3 for
convenience of comparison with other nanofiltration membranes. -phedbproach is shown
to be advantageous.

The separation performance epB/ polyamide membranes comprising of a first ply of-PIP
based polyamide layer and a second ply ofPdSed polgmide layer is shown iRigure 416.
Compared to singlply PElbased polyamide membrangPIPy¢dTMCq 3)-(PEL4/TMCy 3)]
showed a higher permeation flux and a lower solute rejection. In generalpthe@yamide
membranes had a lower permeation filnan those ly polyamide membranes with a first ply
of PEVTMC crosslinks and a second ply of PIRIC crosslinks. Nevertheless, the membrane
showed a more favorable rejection t0,8@, and NaCl when the PIP/PEI ratio is relatively

high.
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Figure 415 Effects of PIP/PEI ratio on (a) permeation flux and (b) salt rejection of {hlg 2
polyamidemembranes comprising of a first ply of PEI/TMC crosslinks and a second ply of

PIP/TMC crosslinks. Identities of the membranes were labeled. Operating pressure, 0.8 MPa gauge;
Salt concentration, 500 ppm. Temperature, @23
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The separation performance of thepl2 polyamide membranes (i.e[(PEI/TMC)-
(PIP/TMC)] and [(PIP/TMCYPEI/TMC)]) at given PIP and PEI concentrations during the
formation of the two plies as well as the singlg polyamide membranes formed with a mixed
amine of PIP and PEI (i.e., [(PPIP)/TMC)] is compared irFigures 417 and B. The
following general observations may be made. At a low PIP/PEI concentration ratio, the single
ply polyamide membranes formed with mixed amines of PIP and PEI have apugéevater
permeation flux than the-@ly polyamide membranes. However, with an increase in the
PIP/PEI concentration ratio, the singlly polyamide membrane became close to [(PEI/TMC)
(PIP/TMC)] in terms ofpure watempermeation flux, but still higher &#m thepure wateiflux of
[(PIP/ITMC}(PEI/TMC)]. For the 2ply polyamide membranes, [(PIP/TMQREI/TMC)]
tended to have a highguure waterflux than [(PEI/TMC}PIP/TMC)] at a low PIP/PEI
concentration ratio, and the opposite held at a high PIP/PEI moaten ratio. All the
membranes showed a Mg@jection of greater than 90%. For the other three solutes;ghe 2
polyamide membranes showed a higher rejection than the membrane having -plgiofle
polyamide layer. Especially, [(PIP/TMEPEI/TMC)] exhibited a good rejection to b0, at
a relatively high PIP/PEI concentration ratio.

These results suggest thidte membranes can be tailored by adjusting the number of
deposited polyamide layers, the sequence of reactant depositions, and the comspOsti
mixed amines) and concentrations of the reactants during the interfacial polymerization.
Factorial design experiments may be used to optimize the membrane fabrication conditions for
nanofiltration treatment of target solutes in order for the brame to work out its full potential.

It should be pointed out that similar to the singlg membrane, if the deposition sequence

was reversed (i.e., deposition of TMC prior to deposition of an amine), whether following a
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sequence of TMC/PHMC/PEI or TMC/PEFTMC/PIP, the resulting membrane had a poor
salt rejection, presumably due to poor spreading and adhesion of fidvtfCthe organic

solution ontaca hydrophilic substrate surface
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Figure 417 A comparison of permeation fluxes of pure water in three types of membranes:-Single
ply polyamide membrane [(PERIP)/TMC], and 2ply polyamide membranes [(PEI/TMC)
(PIP/ITMC)] and [(PIP/TMC)(PEI/TMC)]. Operating pressure, 0.8 MPa gauge; Salt concentration
500 ppm. Temperature, 2G.
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44Concl usi ons

Thin film composite nanofiltration membranes with a siAgle and tweply polyamide layer

were fabricated by terfacial polymerization using polymeric amine polyethylenimine and

monomeric amine piperazine. The following conclusions can be drawn from the study:

Q) I ncorporation of a small amount of PI'P in
increaseatitbe Pplwuxewhile still maintaining

2 Thepl2y pol yami de membranes showed a higher

sinmlly of pol yamide | ayer. At a | opM yPI P/ P

polyami de membrtaneas xfealr merd nes of PI P and

per meation -pluxpohgpamttde fhembr anes. However

2ply polyamide membranes with both a highe

conventiohgypmildgl| membranes could be produc

B)For -phg pol yami de menibPrEadn/ eTsMC) ] ( BIhRPo/wleMC)a hi
[ ( PEI { PM®)Y TMC) ] at a |l ow PIP/PEI concentr
observed at a high PIP/PEI concentration r

4 Botb ©6hngl epol yami de membranes formed with

thepl? polyamide membranes formed separatel

rejection of gr epdtye rp otl yaami @@ %.meTMmbe ahes t en

rejecta@nSQba N Mgbon tipe ysipodglyami de membr an
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Figure 51 Chlorination mechanisms of the fully aromatic polyamide membranes: {A) N
chlorination; (A) and (B) ring chlorination by Orton rearrangemé@) direct ring chlorination
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me mbr anes were studied.

The effects of the chlorioancemsfrcotnider ¢ miner,
sol utiexmpoasmdoen ¢ttihmme nanofiltration pestfuwdinead.ce
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di val ent cat( e hiowlhadeadil)t aMg CiitHe 6m&@8mbr ane r ej ec
representative ,sMglSyuaed SRav@lr,e Mgy@ll uat ed. The
chemical composition, surface morphol ogy and
chl orine exposure wer#&ThRSEMEh aArFaMc taenrdi zcealn t bay:

tests, respectively.

5. 2 Eixmpent al

5.2.1 Materials, membrane preparation, characterization andseparation performance
measurements

The c¢chlorine solution was prepared from a
solution (NacCl O, 6% available eé&l ofi neh,e REH
solution were controldlA¢edrdore hNaOHg( EILIl e d 17 %l a ks
Other materials used were the same as descrilibd previous chapters

The multiplelayered pofamide nanofiltration membranesere prepared \b sequential
interfacial polymerization from PEI/TMC and PIP/TM@hich has been described in the
previous chaptersTo investigate the effects of the PIP concentration used in interfacial
polymerization on the chlorine resistance of the membranply, ®lyamide membranes with
a PEI/TMC inneflayer and a PIP/TMC outer layer were prepared. The concentration of TMC
solution used was 0.3 wt%. The concentrations of PEI and PIP were varied, while maintaining
a constant total amine concentration of 3.0 wt%hativo cycles of interfacial polymerization
(that is, the sum of PEI concentration used in the first cycle of interfacial polymerization and
PIP concentration in the second cycle was 3.0 wt%). For comparison purposes, membranes
were prepared with the folldng reactant compositions: [(PEITMCy3)]. (i.e., PIP/PEI

concentration ratio 0), [(PEYTMCoa3)-(PIR.JTMCy3)] (i.e., PIP/PEIl ratio 2) and
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[(PElp.d TMCo.3)-(PIP.4/TMCy3)] (i.e., PIP/PEI ratio 4).The subscripts in the membrane
designations denote the reactant concentration (in wt%) used in the interfacial polymerization.
In addition, membranes comprising of one PEI/TMC inner layer and multiple PIP/TMC
polyamide outer layers were prepared to ingeté their chlorine resistance. The
concentrations of PEI and TMC used for the first cycle of interfacial polymerization were 1.0
wt% and 0.2 wt% respectively. For subsequent cycles of PIP/TMC interfacial polymerizations,
different concentrations of PIP @A MC (but at a constant PIP/TMC concentration ratio of 5)
were used. Such membranes were designatdP&s$ ¢/ TMCo2)-(PIR/TMC,),], where the
subscripts x and y denote the concentrations (in wt%) of PIP and TMC, and n is the number of
PIP/TMC layersThe total amine concentration was also maintained as 3.0 wt% for comparison.

Throughout the membrarmeparation process, the reactant deposition time and drying time
for PEI, PIP and TMC, the heat treatment time and temperature were all the same as4AChapter
The designations for membranes used in this study are summarizaiolé®.1.

The membrane characterizations (including AFRR, contact angle test, FEEM and
AFM), experimental set up and separation performance measurements are similar as described

in the previous lcaptes.

5.2.2Chlorine treatment

The membranes were i mmersed in NaCl O soluti ol
of the solutions were adjusted to 4, 7 and
exposure time was 1 h.

The chlorination intensity is customarily measured with the product of chlorine
concentration and exposure time in the unit of (ppm.h). In order to elucidate whether such a

composite parameter was adequate to measure chlorine attack to the membranditibmalad
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series of experiments were carried out at a chlorine solution at pH of 7. One was at a constant
chlorine concentration of 50 ppm for different exposure time (corresponding to chlorination
intensities of 50- 3,000 ppm.h), and the other was at»aedi chlorination intensity of 2000
(ppm.h) with varying chlorine concentrations and exposure time (e.g., 10 ppm for 200 h, 20
ppm for 100 h, and 8000 ppm for 0.25 Rar a given membrane sample, the variations in the
permeation flux and salt rejectiomere found to be less than 2% in duplicate chlorine

treatments.

5.3 Resul' t and di scussi on

5.3.1 Use of PIP/TMC outer layers to improve membrane resistance to chlorine
Surface composition

The chemical compositions of the membrane su
anal yzed -RTsIiRn,g aART1 Re spAER t r &iugreef bssh gown sitn ne
chloring( REEBMG2M( B ET MJ{ PAd/RPT MQslanf ( P BT MQ7]

[ ( Rl MChgdme mbr anes.
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Table 51 Designation of membranes (based on reactant deposition sequence, concentration of reactant and the number of interfacially

formed polyamide sublayers) as well as water fluxes and solute rejections of pristine membranes

Membrane designation

Description

Pue water flux

Solute rejections

[L/(m?.h)]
2-ply polyamide layer formed from interfacial MgCl,: 96.6%
reaction of surfaceleposited PEI (solution 176 MgSQOy: 94.6%
[(PEIL S TMCy 3)]2 concentration 1.5 wt%) and TMC (solution ' Na,SOy: 77.9%
concentration 0.3 wt%) NaCl: 86.4%
2-ply polyamide layer comprising of a first ply of . o
PEI/TMC crosslinks and a second ply of PIP/TM mggg _9;3'533
[(PEIlLdTMCy 2)-(PIP,d TMCy 3)] crosslinks; amine concentrations is 1.0 wt% for 13.04 9 o 2
U Na,SOy: 65.8%
and 2.0 wt% for PIP, and TMC concentration is ( NaCl: 66.5%
wt% P 00970
2-ply polyamide layer comprising of a first ply of . o
PEI/TMC crosslinks and a second ply of PIP/TM mggg ,998432&
[(PElyd TMCy 2)-(PIP, 4/ TMCy 3)] crosslinks;amine concentration is 0.6 wt% for PE 10.32 9 N
. Na,SO;,: 67.5%
and 2.4wt% for PIP, and TMC concentration is 0, NaCl: 78.0%
wit% - (070
2-ply polyamide layer comprising of a first ply of . o
PEI/TMC crosslinks and a second ply of PIP/TM mggg ,9;3?;68&
[(PEIlLdTMCy )]-[(PIP2.d TMCy 4)] crosslinks;amine concentration is 1.0 wt% for PE 11.12 9 DY
. NaSO;,: 63.7%
and 2.0 wt% for PIP, and TMC concentrations ar NaCl: 63.7%
0.2 and 0.4 wt% for the two plies, respectively T
3-ply polyamide layecomprising of a first ply of . o
PEI/TMC crosslinks and 2 plies of PIP/TMC mggg '8894.1863
[(PElLdTMC;9)]-[(PIPLyYTMCg )] crosslinks; amine concentration is 1.0 wt% for Pl 14.64 NgSO4.' 68. 00/0
and 1.0 wt% for PIP, and TMC concentration is >t D6.UY0
0 NaCl: 53.1%
wit%
4-ply polyamide layer comprising of a first ply of
PEI/TMC crosslinks and 3 plies of PIP/TMC MgCl,: 83.3%
crosslinks; amine concentration is 1.0 wt% for Pl MgSQOy,: 82.1%
[(PELJTMCo2]-[(PIRs#/TMCodls | 534 0.67 wids for PIP, and TMC concentration is 8.24 Na,SOy: 79.3%
0.13 wt % except for the first ply for whithe NaCl: 35.3%
TMC concentration is 0.2 wt%.
"Test conditi onG,: tTreampemeamhirane& 3pressure 0.8 NFfa .6
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For pristine membrane [(PE¥TMCy3)]», there are two bands at 1640'¢rand 1550 cit
that are characteristic of the amidéC=0 stretching) band and the amildéN-H) band of the
amide groups-CONH-) formed form PEI and TMC. The band at 16107cisi related to the
hydrogenbonded C=0 of the amide groufgSkrovaneket al, 1986 Belfer et al, 199§. It is
observed that after chlorine treatment the band intensity at 161@dually decreases and
eventually disappears when the chlorination intensity is sufficiently strong, and that the band at
1640 cmi* shifts to 1650 cm for the chlorine treated [(PEYTMCo3], membrane. These
changes are presumably due to titamsformation of hydrogen bonding carbonyl (C(30,
at 1640 crit) to norhydrogen bonding carbonyl (C(=®)CI, at 1650 crif) [Kwon and Leckio,
2006h Kang et al, 2007 Buch et al, 2008 Ettori et al, 2017 resulting from thebroken
hydrogen bonds between C=0 aneHNgroups It has been reported that the amihband of
the membranes will shift to lower wavenumber and the intensltydecrease after chlorine
treatment [Belferet al, 1998; Kwon and Leckie, 2006a, 2006b; Kaetgal, 2007; Doet al,
2012a, 2012b; Xwet al, 2013] Howe v er , t hereds i nivbasdifdrl e ¢ h
chlorinated membranes in present study. Thigésumably due to the polymeric structures of
amine (PEI in this study), which may influence the sensitivity for detection the chénge o
amidell characteristic peak [Yet al, 2011, Liuet al, 2012a; Wet al, 2014, 2015].

It is interesting that the pristimeembrane [(PEl/TMCy 3)-(PIP.4TMCy 3)] showed only a
band at 1629 cthfor amidel (C=0O stretching) but no band is observed for artid@-H).
This is consistent with the chemical structure of a tertiary amide wtithaving amidic
hydrogen formed from PIP and TMC. The disappearance of the dimiileH) band also
indicates that the PHlased polyamide inner layer of the membrane is fully covered by the

PIP-based polyamide outer layer. In contrast to the spectraigelsaobserved for membrane
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[(PEIlLgTMCy 3)]> due to chlorine treatment, there is no noticeable change in theFATRR
peaks for [(PEJ¢TMCo3)-(PIP.4TMCq 3] membraneSimilar observations were obtained by
Do et al. [2012a] for the commercial PIP baseanofiltration membrane (i.e., NF270hese
results suggest thahe outer layer formed at a relatively high PIP concentration is dense
enough to helphe PEtbased polyamide inner layer against chlorine attack.

Membrane [(PEIJ/TMCy 2)]-[(PIPys7TMCo 13)]3, which has 3ply PIP/TMC outer sublayers
formed at a relatively low PIP concentrati@howed no obvious change in chemical structure
on its surface when it wasibjected to &hlorine treatment at 500 ppm x1 h. However, when
the chlorination stregth was increased to 3000 ppm x 1the characteristic band of amitle
(C=0 stretching) shifted from 1629 &nio 1638 crit and the band intensity decreased, which
is believed to a result of the bond cleavage of the amide grohpsnvisible change of amide
Il from PEI/TMC crosslinks may be also ascribed to the influence of polymeric structure of PEI,
and the top deposited PIP/TMC crosslinksaddition, the band intensities at 1441 cend
1414 cni corresponding to the C=Crstching of the aromatic ring also decreased. Since no
aromatic amine was used for the interfacial polymerization, this spectral change was caused by

the degradation of the aromatic ring from the polyethersulfone (PES) substrate.
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Figure 52 ATR-FTIR spectra of membranes (a) [(RETMCy.3)]2, (b) [(PEly.d/ TMCy.3)-
(PIP, 4 TMCg 3)] and (c) [(PEL.JTMCq.2)]-[(PIPy.s/TMCy.13)]s: pristine and chlorinated atH 7.
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Surface morphology

The surface morphology of theFmgmbshaones twaes
surface images of a few pristine and chlorin
types of structures, i nlcil wedd ngt sumatl U-v edbeldbe v &
structures, were obser VyddEI MG theembs wrrmigae(e o f
5.(3) After chl orine treatment at 500 ppm |
(Fiug e(®. 3When the chiwadmad i 2000 ngemsli ty h, t
became quite smooth and wunifor m, and the top
(Fiug e()XpS@i ce[ 2damdu. e[t2GRdBso observed the disa
skin layer from t RTeMCs ufpFpCo rrte viearyseer ofsomo sNIBD me m
chlorination conditions (pH 7, O 10,000 ppm. |
from two aspectki.n Fliaywdar, itrhea bBFCi me misr ane i ¢
by physical adhesion and mechanicalBairnteeérrsl oc
198BBn the multilayered TFC me malrsanntebse psetned iread

bet ween the polyamide sublTdyersst riemgt he ome mihi

bet ween the polyamide skin | ayer and the PI
membr ane swelling and the. Souctil2iDtOyapefr vede ay
reduction in the ductility of polyamide film
penetrate into the membrane and destroy the 1

strong enough. On thehotohemehamad, baesakr omhg ¢
confir med -FblTyl Rt hsepeATtR a di scussed above) and |

chains.
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Figure 53 Surface images (20,000%) &) pristing (b) chlorinated:500 ppmx1 h, (c) chlorinated:
3000 ppmx 1 h for [(PEIl, s TMCy 3)], membrang(d) pristing (e) chlorinated500 ppmx1 h, (f)
chlorinated:3000 ppmx 1 h for [(PEly.¢/ TMCg.3)-(PIP, 4TMCy 3)] membraneand(g) pristine (h)
chlorinated:500ppmx1 h, (i) chlorinated:3000 ppmx 1 h for [(PEIl, ¢/ TMCy.)]-
[(PIPy.67TMCy.13)]3s membranechlorinatedat pH 7.

For membrang(PEly ¢ TMCy 3)-(PIP.4TMCy3)], the surface othe pristine membrane
|l ooked compact with many g-l okebasRigaréaTdpt ase
After exposure to chlorine at 500 ppm x 1 h, loose cellular structures appeared on the

membrane surfacd-igure 5.3€)). When the chloriation intensity was increased to 3000 ppm

I 1 h, gl obul ar st r uecltiukreeds , s tsrmuacl tl u rdeesb rw esr ea nddi

142



the membrane surfacd-igure 5.3f)). Compar ed the surface morpho
membr pRE/BTMGs Chap} er[(/FTEMG)(Fi g )) 3d(rads ET MJs
( PA/RT MQs{Fi g.) ,3 (idt suggests that the PEI/ TMC cr
l ayer with high PEI concelhayeat iwint lfi . ew, PBL O
(i .e., 1.5 wt %), ar-lei kedk edtyr wwcot ufroersm tThheer e @
structures may c o me fTheo surfade |nferphDIddE of onerabsasd | n k s
[(PElo.d TMCy3)-(PIP.4TMCy3)] indicatesthat the PEbased polyamide inndayer can be
well covered by the PHBased polyamide outer layer in membrane [(REMC.3)-
(PIP,.4TMCy3)]. Theloose cellular structuresf chlorine treated membrane 220 ppm x1 h
was presumably due to the collapse of the polymer chains causeddsrate degree of
chlorine degradation, while tiep a-t chke 6 structures observed af/
of chlorine (e.g., 3000 ppm x 1 h) indicated that when the chlorine treatment intensity was
sufficiently high, the Plfhased polyamide outeryler would be degraded and the inner PEI
based polyamide layer would also be affected. However, it may be pointed out that the
PIP/TMC crosslinks are shown to be more resistant to chlorine than PEI/TMC crosslinks.
Unlike membrang(PEl,. s TMCy 3)]2, there vas no peeling off of the polyamide skin layer from
membrang(PEly ¢ TMCo.3)-(PIP..4TMCy 3)]. This is another indication that applying an outer
polyamide sublayer based on PIP/TMC crosslinks on top of an inner polyamide sublayer based
on PEI/TMC improveshe chlorine resistance of the membranes.

In view that at given membrane formation conditions, the use of an additional PIP/TMC
sublayer would decrease the membrane permeability, it was thus decided to use lower amine
concentrations when fabricating merabes with multiple PIP/TMC sublayers in order to

minimize the reduction in membrane permeability. was found thatthe membrane
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[(PElLoTMCo 2)]-[(PIPy.67TMCo.139)]3, Which consists of 3 PIP/TMC sublayers, hagmilar
changes on the surfao®rphology de to chlorine treatmeiEigures 5.3(g), (h) and fips the
membrang(PEly.¢ TMCo 2)-(PIP,4TMCo 3)].

The AFM analyses of the membrane surface are in agreement with the SEM observations.
The surface roughness data are showrTable 5.2. For purpose of illustrationfigure 54
shows the surface images of pristine and chlemeated [(PEJ¢/TMCo3)-(PIP.4/TMCy3)]
membranesThere were som@olymer aggregates on the surface of the pristeanbrane
(Figure 5.44@)), with aroot mean square roughness of 190.4 nm. After exposure to chlorine at
500 ppm for 1 h, some nodular structures showed up on the membrane @tidace 5.4b))
and the membrane surface became smoother (rough8essm). With a further increase in
the dhlorine exposure intensity 8,000 ppm %1 hthe nodular structures became smaller and
more scattere(Figure 5.4c)), while the membrane surface roughness remained essentially the

same.

Table 52 Root mean square roughnedshep r i st i ne affad PHPEYFTMGya)t e d
(PIP,/TMCp3)] membraneaenal yzed by AFM

Chlorination Root mean square
condition roughnesgnm)
0 190.4
500 ppm x1 h 68.4
3000 ppm x1 h 67.4
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Figure5.4 AFM images (2m x20 em) of (a) pristing (b) chlorinated500 ppmx1 h, (c)
chlorinated:3000 ppmx 1 h for [(PEly.d/ TMCg.3)-(PIP, 4 TMC, 3)] membranechlorinatedat pH 7.
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NF performance

To evaluate the nanofiltration performance

nor mali zed permeation flux and solute reject:
salt rejectiaomeatedhmemmthrd asted naefel ahé verit ot itre
Fiug éshowanotrmal i zed pdr enmewnabteearn efsl uaxf t er ex p o s
at di fferent 10 /8TtNeQ)s |t [ 16/ BTEM QA [P MEMQ3] and

[ ( REBT MQ{ PJA/RT MQ3] . The nejmali npad of t he me mb
Mg Gl Mg, SeGN&@and NacCl aFrieg .h®™mme imater fl ux and

of the pristine mebbdeanes are shown in

| O [(PEI/TMC )-(PEI /[TMC )]
74 O [(PEI /TMC,,)-(PIP, /TMC )]
A [(PEI, /TMC )-(PIP,,/TMC )]

Normalized Flux of Pure Water
SN
L

T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Chlorine Intensity (ppm.h)

Figure 55 Normalized flux of pure water for membranes [(PETMCg 3)]2, [(PElL.JTMCy 3)-
(Pleo/TMCog)] and [(PEI)s/TMCQ3)-(P|P24/TMCO3)], chlorinated at pH 7
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Figure 56 Normalized rejections of (a) Mg&l(b) MgSQ, (c) NaSO, and (d) NaCl for
membranes [(PEFTMCy 3)]2, [(PEh.J/TMCy.3)-(PIP..o/ TMCo 3)] and [(PEb.¢/TMCy 3)-
(PIP, 4 TMCy3)], chlorinatedat pH 7.

For membrane [(PEHTMCy.3)]2, the water flux experienced a 50% decrease initially when
the membrane was subjected to chlorine treatment at 50 ppm x 1 h, and then increased
substantially (more than 5 times) when the chlorination intensitgased to 1000 ppm x1 h.

After that, a further increase in the chlorination intensity resulted in a more moderate increase

in the water flux. Membrane [(PEJTMC,3)-(PIP.oJTMCy3)] showed a slight decrease in
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water flux when exposed to chlorine at §fhpx 1 h, and then increased to 1.5 times that of the
pristine when the chlorination intensity was increased to 2500 ppm x 1 h. Membrane
[(PEly.d TMCo.3)-(PIP..4/TMCy 3)] showed a similar trend, and the membrane flux was affected
by the chlorine exposuress significantly.

As for the solute rejection, all the three membranes showed a decreasing trend in the
membrane rejections to MgGind NaCl with an increase in the chlorination intensity. Among
the three membranes, membrane [(RHIMC,.3)-(PIP.4TMCq3)] was affected by chlorine
least significantly; chlorine treatment at a high intensity of 3000 ppm x1 h resulted in only a 20%
reduction in NaCl rejection and a 3% reduction in Mg@jection. Interestingly, this
membrane showed an improved rejecttonsolutes MgS® and NaSQ, after exposure to
chlorine as compared to the pristine membraridowever, both the membranes
[(PElLTMCo3)]2 and [(PELJTMCq3)-(PIP.dTMCp3)] showed a fluctuated trend of
rejections to solutes MgS@nd NaSO, after exposure to chlorine.

The declines in both the membrane flux and rejection to Ma&l NaCl at a low intensity
of chlorine exposure are believed to result from conformational deformations of the polyamide
chains. It has been shown that the intesuolar hydrogen bonds will be disrupted and the
symmetry of the polyamide network wile destroyed by fghlorination[Avlonitis et al,, 1992;
Kwon and Leckie, 2006a, 20068[he conformational changes of the polymer chains due to
partial destruction of # polyamide rigid structure will enhance the free volume and flexibility
of the polymer, making it easier for the solutes to pass the membrane. On the other hand, the
polymer chains are more vulnerable to collapse under prdséuom and Leckio, 2006b and
compaction of the membrane barrier layer under operating pressure (which was 0.8 MPa in the

present study) will lad to a decrease in membrane permeability. In addition, membrane
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exposure to a low concentration chlorine at pH 7 can make the membrane surface more
hydrophobic (which will be shown later), and this will also tend to decrease the water flux
[Koo et al, 1984. However, at a high intensity of chlorine exposure, polyamide will be
hydrolyzed, resulting in an increase in the water flux. The hydrolysis is expected to influence
solute rejections differently, depending on the nature efsthlutes.The degradation of the
crosslinked structure will in general decrease the salt rejection. However, from the observations
of the decreased isoelectrical points in previous stu#ie® and Leckie, 2006d)o et al.,

2012a, 2012b; Xwet al, 2013], it has been confirmed that the surface of the chlorinated
membrane will become more negatively charged, presumably due to the inhibition of
NH,"/NHs" groups and increase of CO@roups. This relatively negatively charged surface
favors the rejectiorof multivalent anionic solutes (i.e., Mg$@nd NaSQ), which may
explain the different behavior of the membranes to reject different solutes, as shéguren

5.6.

Based on the flux and rejection data showrFigures 5.5 and 5.6, it is evident thathe
chlorine tolerance of membrane was improved by using the PIP/TMC outer Tay&rrther
investigate the protective effect of Pb@sed polyamide outer layers against chlorine,
membranes with different numbers of PIP/TMC sublayers were prepared d@ed fes
nanofiltration performanceé=igures 5.7 and5.8 show thenormalized pure water fluand solute
rejections, respectively, fanembranes [(PEYTMCy2)]-[(PIP..d TMCg.4)], [(PElL.dTMCo)]-
[(PIPLdTMCy2)]2 and [(PELJTMCo2)]-[(PIPo6/TMCop.19]s. Their water flux and solute
rejection before chlorine exposure are showmable5.1. The permeation flux increased with
an increase in the intensity of chlorine exposure, and the impact of chlorine on the membrane

permeability is in the order of PELJTMCo2)]-[(PIP..dTMCo4)] < [(PELJTMCy2)]-
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[(PIPLdTMCy2)]2 < [(PEL.JTMCo.2)]-[(PIPy64TMCy 19]s. Their rejections to MgGland NaCl
decreased with increased chlorine exposure intensity, while the opposite was observed for
NaSQy, rejection Apparently, exposure of the membrane to chlorine is not always detrimental
to the membrane performance, and one may take advantage of the chlorine treatment to
improve both permeation flux and solute retention for certain feed systems (e.8C:Na
soluions). For MgSQ rejection, here was only 8% decline for the membranes
[(PElLdTMCo2)]-[(PIP,dTMCo 4] and [(PELJTMCg2)]-[(PIP1.odTMCo2)]2, and 5% decline

for the membrane [(PEYTMCo2)]-[(PIPys/TMCy13]3 Wwhen the chlorine exposure intensity

was3000 ppm x1 h.

8
O [PEL ,/TMC,,]-[PIP,,/TMC, ]
-1 O [PEI,,/TMC,,] - [PIP,,/TMC,,],
A [PEI ,/TMC,,] - [PIP,,/TMC__.],
6 -
5

Normalized Flux of Pure Water

0 — T T 1

I I v
0 500 1000 1500 2000 2500 3000 3500

Chlorine Intensity (ppm.h)

Figure 57 Normalized flux of pure water for membranes [(PETMCg.)]-[(PIP..d TMCy.4)],
[(PE|1dTMCQz)]'[(PlP]_o/TMCOZ)]Z and [(PEL(}/TMCO2)]-[(P|P067/TMC013)]3, chlorinated at pH 4
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Figure 58 Normalized rejections of (a) Mggl(b) MgSQ,, (c) NaSO,and (d) NaCl for
membranes [(PEWYTMC 2)]-[(PIP..d TMCg.4)], [(PElL.d TMCo 2)]-[(PIP1.dTMCy 5)]> and
[(PE']_()/TMCog)]-[(P|P067/TMCO13)]3, chlorinated at pH 4
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Figure5.9 Normalized flux of pure water for membrane [(RETMC.2)]-[(PIP..d TMCq.4)],
chlorinated at pH 4, 7 and 9
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Figure5.10 Normalized rejections of (a) Mg&l(b) MgSQ, (c) NaSO,and (d) NaCfor
membrane [(PEIYTMC,.)]-[(PIP, ¢/ TMCg 4)], chlorinated at pH 4, 7 and 9

These results can be explained in the following. The reactivity of chlorine in the solution
depends on the pnd so does the degradation of polyamide membranes. At pH <7.5, which is
equal to the pKa of the hypochlorous acid (HCIO), the protonated species (HCIO) is
predominant, and at a pH higher than the pKa, the deprotonated speciés willlbe
predominantas shown irFigure 511 [Ettori et al, 2011 Xu et al, 2013. Hypochlorousacid

(HCIO) is known to be more reactive than hypochlorite ions {Clihus, at a lower acidic pH
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condition, the membrane will be degraded more significantly. Severe degradation of polyamide
membranes by chlorine at pH 4 has also been observed by [iharget al, 2007 Gu et al,

2012 Xu et al, 2013. At an alkaline pH, CIOwill be the major chlorine species which are not
strongly reactive to degrade polyami@viceet al, 2003. However, an alkaline environment

(pH > 7) favors the chlorinmduced hydrolysis because of the abundant Gidups available,

and a high alkaline pH willdcilitate the hydrolysigDo et al, 2012. This is because the
active chlorine (HCIO in this case) attacks the eleetranc h N at oms of CI N bo
weakened as the shared pair of electrons are drawn to the N[&omisal, 20123, resulting

in positively charged C atoms. These electrophiles will be stabilized by the nucleopHilin OH

the solution. As such, the chloriireduced hydrolysis of polyamide will be enhanced by OH
However, it should be mentioned that in the absenashloirine, the membrane may still be
hydrolyzed at proper acidic or alkaline conditions. This is supported by the solute rejection data
of the membrane after exposure for 1 h to chlefire acidic or alkaline solutions with
different pH values, as shown Figure 512, where the normalized rejection is the solute
rejection of the membrane after alkaline or acid treatment in the absence of chlorine relative to
the solute rejection of the pristine membrane. The membrane rejection,3@:Nacreased

when sbjected to either acidic or alkaline treatments because of @@Quced on the

membrane surface from hydrolysis.
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Figure5.11 Percentage chlorine in water (25€C) presents at different states as a function of pH
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Figure 512 Normalized rejections of Mggl MgSQ,, Na&SO, and NaCl for membrane
[(PEILJTMCq2)]-[(PIP,.d TMCy 4)] treated withc h | ofr ri goketiors at different pHs
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The change in contact angle on the membrane after chlorine exposure at pH 4, 7 and 9 is
shown inFigure 513. At a given pH, the contact angle decreased with an increase in the
chlorination intensity, except in a small rangel@# chlorination intensities (250 ppm.h).

There are two opposing effects on the membrane hydrophilicity caused by the chlorination
process. While the hydrophobic chlorine atoms bound to the membrane surface will decrease
the surface hydrophilicity, thearboxylic groups produced by hydrolysis will tend to increase

the surface hydrophilicity. The latter will be dominant when the chlorination intensity is high
enough. The membrane chlorinated at pH 4 appeared to be more hydrophilic than the
membrane chlonated at pH 9, presumably due to chloramines and other derivatives from the

end amine groups reacting with chlorine at a higH $élceet al, 2003.

Contact Angle (°)

40 Ll I

I i I i I i I i I i
0 500 1000 1500 2000 2500 3000 3500
Chlorine Intensity (ppm.h)

Figure 513 Contact angle of membrane [(RBITMC, 2)]-[(PIP..d TMCq 4], chlorinated at pH 4, 7
and 9
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5.3.3 Effects of chlorine concentration and exposure time on membrane degradation

Il n eval uatriersg st aimembmane s, the chlorine in

product of the total chl orine concentration

t e

perceive that the chlorine solution concentr

to rt hiempact s on membr ane degradation are

CO

chlorination protocols were wused for-1gompar

invol ved membrane exposures to chloritmentsol u
exposure time of 1 h, and-2t)he nsveod ovredd prreontba caml
to chlorine at a fixed concentration of 50 pj}
solutions weFkFiegsél A adllpsHh oW rfespectively the n
sol ut e rej ecttiroenast edf me mbhydD BGAH € PICTPNEG,] as a

function of chlorine intensity expressed in (

Generally, the membrane under th Bhlorination protocol showed ar¢ger magnitude in
the flux increase and better normalized rejections to all four tested solutesitThagparent
that the chlorine intensity (ppm.h) is not a unique parameter to measure the impact of
chlorination on the membrane. The impact of chiation is mainly determined by the rate and
duration of the chlorination process. The chlorine concentration affects the rate of the
degradation reaction, and theoretically there is no guarantee of a first order reaction in view of
the different chlorinatio mechanisms involved. As such, the chlorine concentration and
chlorination time will have different effects on the membrane degradation, though the impact
will be increasingly significant at an increased chlorine concentration (i.e., faster reaction rate)
or for a prolonged duration of exposure. This analysis is consistent with the obsenvea
trendof the permeation flux with respect to chlorine concentration for a constant exposure time

(Figure 514, protocol P1). On the other hand, it is generdtlglieved that the hydrogen bonds
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between C=0 and N groupscan brealat a low to moderate chlorine intensity, and chemical
cleavage of amide linkages will begin to occur when chlorine oxidation is powerful enough
[Glateret al, 1994 Kwon and Leckio, 200Gb It is thus understandable that for experimental
protocol R2, in spite of the constant chlorine concentration (50 ppm) used, there was a
nonlinear change in the permeation flux with chlorination timigufe 514, protocol R2). This

is also in greement with the contact angle of the membrane presentadure 516, where

the chlorine concentration for a fixed exposure time is shown to affect the membrane surface

more significantly than the chlorination time at a given chlorine concentration.
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35 L] L] L] L] L] L]
0 10 20 30 40 50 60 (h)

50 !5 !50 !50 150 ! 50 ! 50 (ppm)

(50 ppm) A

3090 P-2: variable T (L - 60 hours) xFixed C

(NaCIO)

Normalized Flux of Pure Water

@ P-1: Variable C (Nacio) (50 - 3000 ppm) xFixed Time (1 hour) ~
0.5 —— —
0 500 1000 1500 2000 2500 3000 (ppm)
P 1 P 1 Pl Pl P 1 P 1 11 (h

Chlorine Intensity (ppm.h)

Figure 514 Normalized flux of pure water for membrane [(PETMC,.,)]-[(PIP,.o/ TMCg.4)],
chlorinated by P1 and P2, at pH 7
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Figure 516 Contact angle of membrane [(RBITMCy.,)]-[(PIP..¢ TMCy.4)], chlorinated by PL
and R2, at pH 7

To further illustrate that the effects of chlorine concentration and exposure time are not
equivalent with respect to membrane chlorination, the membranes was treated at different
chlorine concentrations arekposure time while maintaining a fixed chlorination intensity of
2000 (ppm.h) at pH Figure 517 shows the nanofiltration performance of the membrane after
chlorine treatment. It is clearly shown that the chlorination intensity in (ppm.h), which is a
composite parameter based on the product of chlorine concentration and chlorination time, is
inadequate to characterize the chlorination conditions over a broad range. In other words, both
chlorine concentration and exposure duration are significant fartthoencing membrane

chlorination, but their joint effects cannot be quantified by a simple multiplication of the two.
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The data in the figure also clearly showed that chlorine exposure of the membrane increased
the permeation flux, whereas the soluteagpms would increase or decrease, depending on the
charge properties of the solutes. The variations in the membrane performance are also reflected
in the hydrophilicity of the membrane surface, as showfigare 518. It may be hypothesized

that the memiane surface is quite sensitive to chlorine, even at low concentrations. When the
chlorine concentration is sufficiently high (e.g., 8000 ppm), severe cleavage of the amide bonds
may occur even for a short period of chlorine exposure, resulting in aicagnifeduction in

the solute rejection. Nonetheless, it is important to notice that exposure of the membrane to
chlorine at low concentrations can enhance the permeation flux effectively without a significant
loss in solute rejections for MgCand MgSQ (and, to a lesser extent, NaCl), whereas the
membrane retention to B8O, will also be enhanced. This suggests that chlorine treatment of
membranes under proper conditions can be exploited to improve the nanofiltration performance

of the membranes.
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Figure 518 Contact angle omembrane [(PEIYTMC,)]-[(PIP,.o/ TMCy 4)] chlorinated under
2000 (ppm.h) with different chlorine concentration and exposure time, at pH 7

5.4 Concl usi ons

The effects of chl orine exposure oahatrhgeednar
pol yami de me mbr aneThwerpgeriisnveret igmd edhl or i nai
character iFaé R-SIEYMEATARFM and contact he gdsfef ameta s
of the chlorination conditions (pH, chlorine
performanceTlerfolslt owi g . concl usions can be d
(1) Composite membranes comprising of a B&$ed polyamide inner sublayerdaa PIR

based polyamide outer sublayer were fabricated via laydayer sequential interfacial
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polymerization, and the chlorine resistance of the membranes was improved by the outer
sublayer based on PIP/TMC crosslinks.

(2) In general, membrane chlorimat resulted in an increase in membrane permeability,
whereas the solute rejection could increase or decrease, depending on the charge properties
of the solutes.

(3) The water flux of the membrane was enhanced effectively after chlorine treatment at low
concentrations without compromising solute rejections for Mg@dd MgSQ (and, to a
lesser extent, NaCl); the membrane retention ofSR was actually enhanced by the
chlorine treatment. This suggests that chlorination under proper conditions may be
exploited to improve the nanofiltration performance of the membranes.

(4) At a given chlorine concentration, the effect of membrane chlormatms intensified at
either alkaline or acidic pHs as compared to membrane chlorination at pH 7.

(5) The customarily used chlorination intensity (ppm.h), a composite parameter based on the
product of chlorine concentration and chlorination time, was instegas a standalone
parameter to characterize the chlorination conditions. Caution should be exercised in using
this parameter as the extent of membrane chlorination is not a linear function of the

chlorine concentration.
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Chapéer

Modi ficpbobl pamb@e mbr ane -wol hmeeli £ e
pol ydopameneap adreahtyidwead ti lonl ene gl vy

6. 1 I ntroducti on

Thin film composite (TFC) membranes prepared by interfacial polymerization are generally
usedfor reverse osmosis (RQBarorfa et al, 2012 Zhao and Ho, 2034or nanofiltration(NF)

[Wu et al, 2014 2015]. The aforementioned work Chapter 2reveals that polyamide TFC
membraneshold promise forpervaporationas well However, the monomers need to be
selected and themmembrane formatioprocedures need to be tailorem produce rambranes

with desired propertiefRRather thardevelopng new reactive monomers or tailog interfacial
polymerizationconditions modification of the polyamide TFC membrane based on its inherent
propertiesappears tte easieto accomplishAlbo et al [2014] treateccommercial RQ(SWCS5,
ESPA2 and CPA5) membranes by different solvent immersion and drying me@ess the
membraneswvere evaluatedfor isopropanol dehydratioby pervaporationXu et al [2010]
assembled polyelectrolytes onto an interfiycigpolymerized polyamide membrane for
dehydration of ethylene glycohAnd Zhanget al [2013] further improved the stability of the
polyelectrolyte membranes. Therefore, attempt was made tonodify our polyamide
nanofiltration membranefor pervaporatia uses. Surface coating is a facial and versatile
method for surface modification because of a simmatactbetweenthe membrane surface
andthe solution. Inspired by the adhesive proteins secreted by mussels for attachment to wet

surfacegWaite and Tanzer, 1981polydopamine has been ersivdy used in surface coatings
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by taking advantage atfs good adhesion to a wide rangé surfacesas well as its good
stability and durability in variousnvironments (except in stromdkaline solutios (pH >13))
[Leeet al, 2007 Bernsmanret al, 2009 Xi et al, 2009. The good adhesive property derives
from its spontaneous sgiblymerization ability at an oxidative and slightly basic pH condition
In the application of membranes, polydopamine can be used for the formation of the selective
skin layer ormerely for the surface modification. @nposite membranes formed by simply
coating polydopamine oasubstratdhave been used fdine dehumidification of propylene gas
[Panet al, 2009, pervaporative desulfurizatidini et al, 20094 and salt separatidi.i et al,
2013. The antifouling properties of the commercial RO membrafteasemsett al, 2013
Karkhanechiet al, 2014 and the permeation flux of the commercial ultrafiltration (UF)
membraneg Xi et al, 2009 were repoted to have beeimmproved by surface coating of
polydopamine.

Based onprior work about TFC pervaporation membranes and the properties of
polydopamine, in this work, we modified the polyamide nanofiltration membranesaie
them suitable fopervaporatia applicatiors by depositing the seffolymerized polydopamine.
The polydopamine can be the outer layat is depositednto a polyamide layepre-formed
by interfacial polymerization. It can also actasansition layer between the substrate and the
polyamideif deposited before the polyamide layer formation bynterfacial polymerization.
This approach has several potential advantages: (1) the process of interfacial polymerization for
the polyamide layeformation has been studied in details in our previcheptersso that the
properties of the polyamide layer can be eastytrolled andtailored, (2) the membrane
properties can be tailored by interfacial polymerization and polydopamine deposition

independently, (3) e polydopamine deposition issample process which does not need any
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catalyst, organic solvent or rigorous conditions, (4) the catechol groups of dopamine can react
with amines under oxidizing conditions via Michael addition or Schiseb@action$Burzio
and Waite, 2000LaVoie et al, 2009, which will enhance thanchorig of the polydopamine
layeronto thepolyamide layer and further improve the membrane stability. In the present work,
the effects of the number and sequence of the polydopamine depositions on the pervaporation
performancef the resulting membranesll be studied.

The separation performance of the formed membranes was evdhatieel dehydration of
ethylene glycol. Ethylene glycol sommerciallyproduced from hydrolysis of ethylene oxide
in the presence of large amount of excess water. It is usad astifreeze in automobiles,
deicing agenfor aircrafts and absorbent to scrub water vapor in naturahdastry. All these
applications involve separation of water frahe spentethylene glycol. Although ethylene
glycol and water do not form azeotrope over the entire composition range, its high boiling point
(197.3€) makes the separation of water from ethylene glycol enénggnsiveif multi-stage
evaporation or distillatioms used From anenergyconsumption standpoinpervaporation will
be more competitive than distillation, especially at relatively low water concentrations in the
feed. In this study, the effects of feed water concentration and operating temperature on the
pervaporation performance were investigated. Since many chemical processes and gas
processing generate waste streams containing mixed organic/inorganic solutes, so the
pervaporation performance of the membrane for the ternary system ethylene
glycol/water/irorganic salts wilalsobe examined. The effects of the salt contents (NaCl in this
study) in the feeédndthe operating temperature on the dehydration performance of the ternary

system ethylene glycol/water/NaCl will bevestigated
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6.2 Experimental

6.2.1 Materials

Dopamine hydrochloride and tris(hydroxymethyl)aminomethane (Tris) were purchased from

SigmaAldrich.Et hyl ene gl y cforlo maVsWR ulricth@ageeasiioiuen slol ut
of ethylesedgaygcdleeds i n per wapmraateido nb ye xlplee
ethylene gl 9gciotedvi wettebre nd th eplr eOd Me e n tnrad teir 0 rad .s

the same as used before.

6.2.2 Membrane preparation

The composite membranes consistagbolyamide layer andne or more polydopamine layer

The polyamide layer was formed by interfacial polymerization from polyethylenimine (PEI)
and trimesoyl chloride (TMC) usingREI cacentration o#4.0 wt% andTMC concentratiorof

0.8 wt%. The procedures of interfacial polymerization to form a single polyamide layer have
been describeth Chapter 3and the chemical reaction between PEI and TMC to fdhe
polyamidehas beenillustrated inFigure 34. The polydopamine layewas formed by self
polymerizationof dopamineand a possible mechanism for oxidative sptilymerization of
dopamine is presented igure 6.1[Xi et al, 2009 Li et al, 2012. Dopamine was dissolved

in a 15 mM Tris buffer (pH=8.8pat a concentrationof 0.4 wt%. The selpolymerized
polydopamine layers can be formeither after or before the formation of the polyamide layer
The deposition time was 24 h and 5 h respectively for the polydopamine layer formed after and
before the polyamide layeAfter the formationof a polydopamine or polyamidtayer, the
membrane was washed and rinsed thoroughly wiiowieed water and thetmermally treated

at 75€C for 20 min. Figure 62 shows the process of synthesizing the thin film composite
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membranes bythe sequential steps of polydopamine apdlyamide formation byself
polymerization andnterfacial polymerizationrespectively

It should be mentioned that tensure the skin layer formatioccured only on the surface
of the PESside the substrate wa® mounted so as to keep ®PES surfacexposedThis way,
the deposition solutions only contacted with the PES surface and theamnauwe substructure
of thenonwoven fabricwould not be blocked by the macromolecules.

The polyamide layer and polydopamine lagex designated s A PAO and APDO,
Based on the sequence and the number of the depositions in the compositamasthe

designations of the membranes used in this study are shovable6.1.

OH o ohat 0X1dat10n
e
ox1dat10n c\\Z’c‘“O

eVeI‘s . OH >
NH NHz disp,
2 UtatIOH

dopamine dopamine-quinone

NH,
HN N7

cross-linking O
— (2

HO OH HO OH HO OH
polydopamine

Figure 61 The possible mechanism of dopamine gmifymerization[Xi et al, 2009 Li etal.,
2017.
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Figure6.2 Schematic diagram showing the procedure to prepare thin film composite nmembra
[PD],-[PA]-[PD]. by polydopamine deposition and interfacial polymerization

Table 61 Designation of membranes based on the sequence and the number of the depositions

é\leuprggﬁiro%]; Membrane designation Description
0 PES PESsubstrate
1 [PA] One ply of polyamide formed on the substrate
) One ply of polyamide and one ply of polydopamine forn
2 [PA]-[PD] on the substrateequentially
) One ply of polyamide and two plies of polydopami
3 [PA]-[PDI. formed on the substrasequentially
) ) One ply of polydopamine, one ply of polyamide and t
4 [PDI-[PA]-[PDI. plies of polydopamine formed on the substsdquentially
5 [PD],-[PA]-[PD], Two plies of polydopamine, one ply of polyamide and t

plies of polydopamine formed dhe substrateequentially
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6.2.3 Membrane characterization

ATHETIL RESEMand contact angle ¢RrReasmi cfadr caomgloysz
mor phalnyg gr opoifl imehntby anearsartftacesame a®ke descr |
sorption uptakes of pureater and pure ethylene glycol in the active layer of the composite
membrane were measured to study the effect of preferential sorption on the pervaporation
performance. After drying in a vacuum oven at 80€C for 1 day, the PES substrate (weight W

and thecomposite membrane (weight;Y\samples of the same area were immersed in the same

liquid at room temperature to reach sorption equilibrium. Then the weights of the membrane
samples (W for the substrate and Wor the composite membrane) were determineitidy

after gently blotting away the excess liquid on the surface. Since the weight of the dry skin

layer (We-W;) was very small and could not be accurately determined, the swelling degree of

skin layer by the liquid sorbent, which was equal toHWs)-(W.-W1)]/(W2-W,), was difficult

to evaluate. It was thus decided to use the water to ethylene glycol sorption uptake ratio
(mol/mol) [which is equal to (62/18)(¥WW3s)wate/(Wa-W3)gyco] t0 measure the selective

sorption of the two liquid in the membranéni§ way, the liquid uptake in the porous substrate

of the composite membrane was rightfully separated because it was the permeant sorption in

the active skin layer of the membrane that was relevant to pervaporation. Note the molar
sorption uptake ratio wassed as it characterizes the solubility selectivity pertaining to the

membrane permeability

6.2.4 Pervaporation

Figure 63 is a schematic diagram of the experimental set up for pervaporation tests. The
membrane was mounted in a permeation cell witteffective area of 212cn?. The feed

solution was pumped from the feed tank to the membrane sudadethe retentate was
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circulated back to the feed tank. The permeate side was evacaradetthe permeate pressure
was maintained below 1.7 kPa absol(tee permeate vapevasall condensed and collected in

a cold trap immersed in liquid nitrogen. The permeability and selectivity of the membrane were

evaluated in terms of permeation flux (J) anc
o (6.1)
T
6.2
1 - (62)

whereQ is the quantity of permeatg)(collected overtime interval t (h), Sis the effective

area of the membrane §nand8 and8 are the mass fractisnof water in the feed and
permeate, respectively. The permeate composition was analyzed nefthcometer (ATAGO,
Japan), equipped with a digital thermal meter ancreulaing water bath (HAAKE FE 2,
Germany).The calibrations of ethylene/water mixtures were attached in Appendikh€.

partial permeation flux of water anchgtene glycol can bealculatedrom the total permeation

flux and the permeate composition, that igwed=J8 and ¢c = J(1:8 ). The permeation

was considered to have reached steady state when the permeation flux and permeate
composition became constant. Generalig, $steady state of permeation was attained within 3 h
after a pervaporation run was initiated. The removed water by membranes was compensated by

adding thesameamount water into feed to maintain the constant feed composition.
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Figure 63 Schematic diagram of experimentsétup for pervaporation

The effectsof feed water concentration (620 wt%) and operating temperature &5 C)
on the membrane performance were studied. The operating temperature was controlled using a
thermal/water bath. The influences of inorganic salt on the performance of the membranes
[PD].-[PA]-[PD], were studied by adding various amaurdf NaCl into the ethylene
glycol/watermixtures. Dehydrations oéthylene glycol/water/NaGhixtures were perfonedat
differentcontens of NaCl and water concentrati®rAfter a pervaporation run fatehydrations
of ethylene glycol/water/NaCl mixture)e membrane was thoroughly washed by circulating
pure wateron the feed side for 2 h, followed kyervaporationof pure water at room
temperaturdor 3 hto washaway any salt fronthe membranelhe pervaporation data reported
were an average value of at least two measurements and the experimental error in the

measurements was ~5%.
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6. 3 Resul't and di scussi on

6.3.1Modification of TFC polyamide membranes with polydopamine
Effects of polydopamine depositions on pervaporation performance

The water concentration in the permeate and total permeationdiiuthe dopaminefree
polyamide membrane and polydopammedified membranes are shownFigure 64 for the

separatiorof water from ethylene glycalt 38 € at a feedvater concentration of 9.5 wt%.
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Figure6.4 Effects of the numbeof layers depositeth the membranéas shown in Table 6.1)n

(a) water concentration in permeate and (b) total permeation flux. €@agosition 9.5 wt%
water + 90.5 wt% ethylene glygolemperature: 38 €
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The data inFigure 6.4show that the membrane [PA] exhibited a total permeation flux of
100 g/(nf.h) and a water concentration of 51 wt% in the permeate. This membrane is intended
for nanofiltration and its skin layer is not dense enough to yield a relatively high selectivity in
pervaporation. However, the polydopamine deposition improves the membrane selectivity
substantially. With only one layer of polydopamine deposited on the outer surface of the
polyamide membrane, the water content in the permeate increases to 85 wt%. Mjezs af
polydopamine were deposited on the surface of the polyamide membrane, the water content in
the permeate continues to increase to 89 wt%. From the above pervaporation data, it appears
clear that the deposition of polydopamime on the outer sukt@temprove the membrane
selectivity. On the other hand, since the substrate used for preparing the polyamide
nanofiltration membranes is a microporous PES ultrafiltration membrane, it may be
hypothesized that if the pore size of the substrate can eaded by depositing a layer of
polydopamine as a gutter layer between the substrate and the interfacially formed polyamide, a
further improvement in the pervaporation performance of the resulting composite membrane
may be achieved. To demonstrate thisceg,membrane$PD]-[PA]-[PD], and [PD}-[PA]-
[PD].were prepared by depositing polydopamine onto the PES substrate before the polyamide
layer was formed by interfacial polymerization and this is followed by additional polydopamine
deposition on the outer surface of the membrane. As showigume 6.4(a)the water content
in the permeate continues to increase to 92 wt% and 96 wt% with memprajdgBA]-[PD].
and [PD}-[PA]-[PD],, respectively, which confirms that the pervaporation performance can be
further improved by adding a polydopamine gutter lagethe membrandt may be pointed
out that due to its rigid supramolecular structure, while polydopamine can be hydrated in

aqueous solutions (which is desirable for pervaporative dehydration of solvents), polydopamine
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films may crack upon drying undergh internal stresses [Yang and Zhao, 2011]. Therefore,
instead of forming a thicker [PD] layer on top of a [PA] sublayer, the [PA] sublayer was
sandwiched by the [PD] sublayers in the above membranes in anticipation that this would
improve the membrane &iéty.

It is interesting to notice fronkigure 6.4b) that the total permeation flux also incremse
when the polydopaminelayer is incorporated into the membrae#gheras a gutter layer for
polyamideformation or as an outer surfalayer. Based on the solutiahffusion model, the
permeability ofa component (i.e., water or ethylene glycol) is affected by both the selective
sorption onto the membrane surface and the molecular diffusion through the meniaeime.
polydopamine layer gmsited (either as theuter layeror the gutter laygronto the membrane
will increase the resistance to mass transfer due to the increased diffusion path that both water
and ethylene glycol need to pass through. However, as showigure 6.%a), the lower
contact angles of the modified membranes indicate that the deposited polydopamine layers,
especially on the outer surface, will improve the affinities of both water and ethylene glycol to
the membranes. The sorption uptakes of water also sendeenthe membranesremodified
as shown irFigure 6.3b). These results mean that the increased diffusion resistagzbe
compensated by the enhanced solubility, resulting in an indreflsgpermeation flux.

The partial flwes of water and ethgine glycolin the polyamide membrane arttle
polydopamine modified membranase shown inFigure 6.6 It is interesting to note that the
added polydopamine layers have a negative effect on the permeation of ethylene glycol but a
positive effect on the pemmation of water. Thignay be explained by the solutieghffusion
model. Froma sorption point of view, the lower contact angles of ethylene glycol than that of

water show in Figure 6.%a) reveal thatboth the polyamide surfacandthe polydopamine
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surfacehave a better affinity to ethylene glycol than to water. This is not surprising since
ethylene glycol has moreOH groupsthan water andhusthere is astrong affinity between
ethylene glycol and the polyme®imilar resultshave been observed previous stucs for
poly(N,N-dimethylaminoethyl methacrylate)/polysulfone composite membrgbBeset al,
2008. However,the preferential sorption of water or ethylene glycol in the membranes is
affected by the affinity betweethe membrane and the permeatiagd thedifference in the
molecular sizegHuang, 1991l Considering the latter effedhe smaller water molecules will
diffuse in the membrane fastét.appears that theffect of molecular size on the preferential
sorption is more dominating thanathof affinity, resulting inan increasedwater/ethylene
glycol sorption uptake ratjoas shown irFigure 6.5(b) This dominatingeffect is becoming
more significant when the film bemnes denserfHuang, 199L Thus, the increased
polydopmine depositions tend tesult ina denser skin layer of the membraleading to the
increasedsorptionselectivity of water over ethylene glycdh addition, fom a diffusion point

of view, the permeation of the smaller water molecules is favored over the larger ethylene
glycol moleculesFigure 6.6showsthat the partial flugsof water and ethgne glycolin the
polyamide membraneare very close The polydopamine modified membranskowed a
substantially higher water flux than ethylene glycol, amith the increased number of
polydopamine deposition, the total permeation flux is mainly determgethe water flux.
Figure 6.7shows the separation factoof the polyamide membrane atide polydopamine
modified membrane<Llearly, an increase in the membrane selectivity was achieved by the
deposition of the polydopamingther asan outer layeor asa gutter layer The separation

factor of membranfPD],-[PA]-[PD]. is 219 when the feed water concentration is 9.5 wt%.
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Generally, hydrophilic membranes amaiitable for solvent dehydration sincevater
preferentially permeates through the membrane. However, due to the strong hydrophilicity of
the diol compound, ethylene glycol alseslaahigh affinity to hydrophilic material The results
from a previous study[Du et al, 200§ andthe present study show thé#t the skin layer is
denseenough, a good performance in the dehydration of ethylene glycol can still be obtained
usinga highly hydrophilic membran&herethe selectivityis derived fromthe difference irthe
permeantiffusivity. As a resultthe deposition of polydopamine eitheraasouter layeor asa
gutter layerwill improve the membrane selectivity for the separation of water from ethylene
glycol by pervaporatiorin the following,membrangPD],-[PA]-[PD]. was selected for further
studes to evaluate the effects of feed water concentration, operating temperature and NacCl
contents in the feed on the separation performance. It should be pointed out that thed-proof
concept study was aimed to demonstrate the feasibilitgodifying polyamide nanofiltration
membranesfor pervaporationapplicatiors by simply depositing polydopaminento the
polyamide nanofiltration membraneThe membrane modification condition®.g., the
concentration ofdlopamine, the deposition time and the number of dopgmine/polyamide
layers) were not optimized and the separation data presented here do not represent the best

membrane performance that could be obtained.

Chemical composition

The chemical composition of the top surface for the composite membrasesnaigzed by
ATR-FTIR. Figure 6.8shows the ATRFTIR spectra of the pristine PES substrate and thin film
composite membranes with polydopamine/polyamide depositions. Compared to the PES
substrate, several new peaks appeared on the TR spectra for [PPmembrane: 3310 cth

(N-H/O-H stretching), 1640 cth(overlap of C=C resonance vibration in aromatic ring and N
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H bending vibration), 1505 cf(N-H scissoring), 1368m* (phenolic GH bending) and 1170
cm?® (phenolic GO stretching). These new adsorptiqpeaks prove the existence of
polydopamine layer on the PES substrate membrane. For membrangdHRP]the peaks at
1651 cm‘and 1545 ciare characteristics of amidéC=0 stretching) band and amitigNi

H) band of the amide group$GONHi). The pek around 1650 cthbecomes broa for
membrane [PD}[PA]-[PD] since it overlaps withcharacteristicpeals of C=C resonance
vibration, NH bending vibration and C=0 stretching vibration. The band intesasit 3310
cm’® and 1650 cm increasewith an increasein the polydopaminedeposition layers. In
addition, we can see that the PES substrate is white, and the membrane became brown when
deposited with 1 layeof polydopamine, and the color turned to be darker with additional
polydopamine deposition®ll the above result€onfirm that polydopamine and polyamide

have beenleposited on thsubstratesurface.

Surface morphology

The surface morphologies of the membranes were examined usi8§¥MB-igure 6.9shows

the surface images of PES substrated athin film composite membraneswith
polydopamine/polyamide depositionss described in Chapter 3, the PES substrate shows a
relatively flat and smooth surfacBigure 6.9(a). It is obviousto see the small patdtke and

large fractalike aggregatedtructureson the surface of [PD] membraffegure 6.9(b), which

proves the deposition of polydopamine on the substrate. However, the polydopamine
deposition is not evenly distributed on the surface, and one layer polydopamine dep®sition
not dense enouglo fully cover thesurfaceof substrateAfter one mordayer ofpolydopamine
deposition and one layer of polyamide formed on the surface, membrangPRDhppearsa

dense morphologyFigure 6.9(c), and thesurface ofsubstrate is almost fully covered by the
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top depositionsWith further deposition of polydopamine, membrane [PIBIA]-[PD] shows a
much denser and more compact surface than membrane-[f4)] (Figure 6.9(d). For
comparison, the surface image of membrgP®] (formed from 4.0 wt% PEI and 0.8 w}%
were also shown irFigure 6.9€). Clearly, both two polydopamine modified composite

membranes show denser and more compact surface than this dofremimpmlyamide

membrane.
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Figure 68 ATR-FTIR spectra of (a) PES substrate dhith film composite membranes: (b) [PD],
(c) [PDL-[PA] and (d) [PD}-[PA]-[PD].
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6.3.2 Pervaporation performance of membrane [PD}[PA]-[PD].
Effect of feed concentration

To investigate twhad ernfclomeremnda rati 6eedon the p
[ PR[IPAIPDflor the dehydration of ethyl ene gl yoc
carried outf eaetd 3wBat AC se@mgiemgr dtrioomn 0.5 t o
concenrtaragea oinsalo fi nitnpdauessttociu learhlyy ene gl ycol re
tonatur al gas dehydr atFRiwgne 4bQys). e tahngydh ewwdt) egl y c o
concenstirnattihoen gpred mehé et ot alaspear mean ¢ toino nf | @ix
concentration.

At a feed water concentration of 0.5 wt%, the water concentration in the permeate is 81 wt%.
The total permeation flux increases almost linearly with an increase in the feed water
concentration.This trend was also observad other studieson hydrophilic conposite
membranes for dehydration of ethylene glyjctl et al, 201Q Hu et al, 2013. An increase in
feed waterconcentration increasehe driving force for weer permeation. Duéo the high
hydrophilictity of themembranepolymer, the free volume in the polymer increases and the
polymer chains become more flexible, thomaking the permeant molecules to penetrate
through the membranmore easily For comparison with conventional distillatiahe vapor
liquid equilibrium (VLE) data for ethylene glycol/water mixtui€®erry and Green, 19p@ere
also plotted inFigure 610(a). It is clearthat pervaporatie separation wittmembrane [PD}
[PA]-[PD], is more seletive than distillation fodehydration of ethylene glycol, espebyaht

relatively low feed water concentrations.
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Figures 611(a) and (bshowthe partial fluxesof water and ethylene glycat differentfeed
water concentratia The partial flux of water is approximately proportional to feed water
concentrationwhile the partial flux of ethylene glycol increases slightly when the feed water
concentration increas from 0.5 wt% to 4.0 wt% and theremairs almost constanivhen
further increasing the feed water content. Inkdimary mixture of water and ethylendygol, an
increase in watecontentmeans a decrease in the content of ethylene glyomlthus the
driving force for ethylene glycopermeation decreaseBlowever, an increased feed water
concentration Wil make the membrane more swollemich facilitates the permeability of
ethylene glycol in spite afs reduced driving force. Nertheless, this trend will not continue
indefinitely if the feed water concentratiors high enough.The separation factor of this
membranevaries with feed water concentratipres shown inFigure 612. A tradeoff
relationship between the permeation flux and separation fectdyserved for this membrane.
At 0.5 wt% wateln feed,the separation factor is relatively high (i.e, 992). It drtop388 wien
feed water concentratids reduced t®.4 wt% Above 4.0 wt% feed watera further increas

in thefeedwater contenwill not decreas¢he separation factor significagt
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Figure6.11 Effects of feed water concentration on partial permeation fluxes of (a) water and (b)
ethylene glycol through membrafeD],-[PA]-[PD],, Temperature: 38C.
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Figure6.12 Effects of feed water concentration on separation factor for separation of water from
ethylene glycol using membraifeD],-[PA]-[PD]., Tempeature:38 °C.

Effect of operating temperature

Temperature is an important parameter in pervaporation sinceuémafs the solubility and
diffusivity of the permeating speci@&s the membrane as well as driving force for permeation
Figure 613 showsthe partial flues of water and ethylene glycol through membrane [PD]
[PA]-[PD], at various temperatures ranging from=5C. It is shown that both the permeation
fluxes of water and ethylene glycol increase with an increase in temperature. Generally,
elevating the temperature will increase the thermal motion of the polymer chairiun
increasing the free volume inside theembrane, therebincreasingthe diffusivity of the
permeant in the membrane. In addition, the vapor pressures of water and ethylene glycol will

both increase with an increase in temperattimes increasing thdriving force for the mass
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transport through the membrane. All these factors ®ilhancethe permeation flux. The
temperature dependence of the permeation flux appears to flow an Arrhenius type of

relationship,
* * A@gPD— (6.3)

where E; is the apparentactivation energy for permeatipnwhich represents the overall
temperature dependenoé permeation flux The apparentactivation energies for water and
ethylene glycol at different feed water concentrations are showahie6.2. Thedatain Table

6.2 show thatat a givenfeed water concentration, tlagparentctivation energydr ethylene
glycol permeation is larger #m that ér water permeation(i.e., Egthyiene glycoy™ Eswater)-
Compared to watgpermeation ethylene glycol has a larger molecular size and lower driving
force (i.e., lowempartial vapor pressurevhich make it more difficult to transport thragh the
membrane, thus having higher activation energy.The apparentactivation energy was
calculated from the slopaf the Arrhenius plotsThe temperature affects the permeation flux of
ethylene glycol more significagtthan it does for wateilhis explains thegeneral decreasing
tendency of the separation factor with an increase in temperasushown irFigure 614. In
addition, over the temperature range tested, the feed water concentration has little effect on the
permeation flux of ethylene glgt but enhanes the permeation flux of water, which results in
a slight decreas in the separation factoat a relativelyhigh feed water contentas shown in

Figure 614.
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Figure 613 Effects oftemperature on partial permeation fluxes of water and ethylene glycol
through membrane [PRJPA]-[PD], at different feed water concentrations.

Table 62 Theactivation energy based on permeation flux)(&d membranpermeance (g for
water and ethylene glycol at different feed water concentrations

Water Ethylene glycol
Feed water
concentration (wt%) Ej;(kJ/mol) Ep(kJd/mol) E;(kJ/mol) Ep(kJ/mol)
0.48 15.85 -28.57 28.64 -39.71
1.14 22.51 -25.93 28.73 -40.32
4.34 29.17 -15.51 32.77 -30.95
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Figure6.14 Effects of temperature on separation factor for separation of water from ethylene
glycol using membrane [PB]PA]-[PD]..

It should be pointed out that thepparentactivation energy based on permeation flux
characterizes the overall temperature dependence of permeatiowtilak, has accounted for
the effects of temperature on theuing force for mass transporin order to evaluate the
influence of the émperature on the membrane permeability, the membrane permeance was
estimated in analog to gas permeation using permeation flux normalized by drivingoforce
permeation and the temperature dependence of the membrane permeance was also found to

follow an Arrhenius relationship,

Oa —— O0TaADD— (6.4)
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where (R9 is the permeance of the membrantisghe saturated vapor pressure that can be

calculated from the Antoine equatipWaws et al, 2009, 2 i s the activity

liguid phase which can be calculated by the Wilson equ@@onehling and Onken, 197, 7"

is the permeateapor pressured and@ are the mole frazins in the feed and permeate
respectively, k is the activation energy based on membrane permeability, and subscript i
represents component kigure 615 shows the membrane permeance as a function of the
reciprocal of temperature. Theg, #alues determirgefrom the Arrhenius plotsfor water and
ethylene glycol at different feed water concentrations are showabile6.2. It appears that the
temperature has a negative impact on the membrane permefabilitgth water and ethylene
glycol. Based on the solutiediffusion model, the membrane permeability is determined by the
solubility and diffusivity. Asa first approximatiofiFeng and Huang, 196

Ep=Ep+ @H (6.5)
where b is the activation energy for diffusion anplH is the heat of sorption. The diffusion
processneed energy thus the value ofpES positive. However, the sorption process is often
exot her mi ¢ andsistnegativev @he negative fvaluep ¥ &iggest that the
exothermic sorption pr gowmsvaghythe difusionmprecgss (i.e,Vv e
positive value of E). That is to say, the reduction in solubility overweighs the increase in
diffusivity, resulting in a decrease in the meane permeability. Therefore, the observed
increase in permeation flux is mainly caused by the increase in driving force. Moréhaver,
negative temperature dependerafethe permeance of ethylene glycol appetarde more
significant than that of water.dwever, asliscussed before, the increasg@ermeation flux for

ethylene glycol is more obvious than that for watdkenraising the temperature. These two
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opposite trends suggest that the increased driving force caused by the increased terhpsrature

amore significant effect foethylene glycopermeatiorthanpermeation ofvater.
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Figure 615 Effects of temperature on permeance of water and ethylene glycol through membrane
[PD],-[PA]-[PD]. at different feed water concentrations

At a giventemperature, the permeance of water through the membrane is higher than that of
ethylene glycglas shown inFigure 615. This can be ascribed to the smaller size of water
which diffuses through the mefiranemore easily Similar observations were also obtained by
Wanget al [2011b] who used polybenzimidazole (PBI)/polyetherimide (PEI) membranes for
the dehydration of ethylene glycol. Furthermoes increag in the feed water concentration

tends toincreasethe permeance of ethylene glycelhile the opposite is true for wateks
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discussed irbection6.3.2( A Ef f ect of f eadigherdeechvwatermnconceattatioo n 0 )
would make the membrane more swollen that fat## the permeability of eglene glycol.
However, the water molecules tend to form clusters at higher contents, making them more
difficult to diffuse [Hirai and Nakajima, 1989 Similar results were also obserwith other
hydrophilic membrargfor dehydration of ethylene glycfiHu et al, 2013.

The overall separation in pervaporatioay be approximated witbelective evaporation of
the liquid and selective permeation through the membj@éhgnans and Baker, 1993The
selectivity of the membrane fpermeatio water to ethylene glycol, i.e., the permeance ratio of
water to ethylene glycplis shown to be in the range of 1-3B9 within the studied
temperature and feed water concentration ran@emparing the permeance ratio with the
relatively high overall sparation factor (i.e., 357601), it is clear that the contribution of the
selective evaporation is more significant than that of the selective permeation. This is not
surprisingin view of the large difference in the volatilitie$ the two permeant$iowever, the
selective permeation through the membrane is also important airg@od separation is

achieved byhe mutualcontribution of selective evaporatiand selective permeation

Effect of NaCl contents in feed

Many chemical processes and gas preiogs generate waste streams containing mixed
organic/inorganic solutesyhich will interact with the membrane surface and influence the
separation performance. Up to now, only a few stiailressethe effects of salts in the feed
mixtures on the membrarperformance for the dehydration of organic solv@reisleret al,
1956 Misraet al, 1973 Shahet al, 1999 Yanget al, 2014. In the pesent study, the effects
of NaCl in the feedand temperature on thperformance ofmembrane [PD}[PA]-[PD]. for

dehydratiorof ethylene glycoln the presence ddaClwerestudied.
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Figures 616(a) and (b)show the wate concentration in thepermeate and the total
permeation fluxas a function of NaCl content in the fe€éar convenience of discussiahge
salt concentration in the feed was expressed in terms of molality (i.e., the number of moles of
NaCl per kg of the water/ethylene glycol solvent), while the water and ethylguel gl
concentrations in the feed mixtures are on afsadt basis.With an increase in theNaCl
concentration I n t he whatereahtentmin xhe parmeate and the e 0 s
increasng trend ismore significant atower water concentratisnn the feed However, the
total permeation flux decreases with an increase inl Maftent in the feed mixturdzigure
6.17 shows the partigbermeationfluxes of water and ethylene glycait differentfeed NaCl
concentratioa It is not surprising to see that both permeation fluxes of water and ethylene
glycol decrease withan increag in NaCl content in the feed, and the reduction is more
significant for ethylene glycol than for water, especiatylowerfeed water concentrations
Similar results were also observed Hegisleret.al [195 and Misraet.al [1973 who used

cellulosefilms for the dehydration of ethanol and methanol, respectively.
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Figure6.17 Effects of NaClmolality in the feed mixtureon partial permeation fluxes of water
andethyleneglycol through membrane [PRJPA]-[PD],, Temperature: 38 T

The coupling effectbetween permeatingomponerg in the feed mixture often exist in
pervaporation. For binary mixtures of ethylene glycol/water, the presence of water will increase
the permeton of ethylene glycol due to the increased swelling of the membrane and the
interaction between ethylene glycol and water. However pteeenceof NaCl in the feed
solution will make the situation much different. Firstly, the strong pptdar interadbns
between NaCl and water will decrease the activity of water and make it less evaparative,
thus decrease the permeation flux of waber.the other handhe stronger interactions can also

result in ashielding effect of water which weaksgthe inteactions between ethylene glycol and
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water, andreduca the swelling of the membrane. Therefore, the facilitating effect of veater

the permeation of ethylene glycol will be depressed, resultiregdacreased permeation of
ethylene glycol. Moreover, itsi believed that thie are interactiondetweena charged
membrane surfacand the inorganic ionfBall, 201Q, which makes the membrane surface
more hydrophilic. During the pervaporation process, the NaCl molecules either adhere to or
become trapped in the membraalene with the permeation of water and ethylene glytioé

good interactions between water and NaCl make the water molecules easily pass through the
membrane whereaghe poor interactions between ethylene glycol and Nelj restrict the
passage for ethylene glycol molecules. This explains the relativelyficagih permeation
reduction of ethylene glycol and the increased water content in the permeate. Based on the
analysis above, it is understatde thatthere is a gradual increase in separation factor due to
presence oNaCl in the feed mixturesas shown irFigure 618. Similarly, the increase the
separation factor is more significant for the feed mixtures at a lower water content. Ghearly,
presence of NaCl alters tipermeabilityof water and ethylene glycol in the mbrane due to

the different NaClwater and NaCekthylene glycol interactions. The separation factor is
influenced by both the salt concentration and the ratio of water/ethylene glycol in the feed, and

the effects of these two variables are interrelated.
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Figure 618 Effects of NaClmolality in the feed mixtures on separation fachor separation of
waterfrom ethylene glycol using membrane [BPPA]-[PD],, Temperature: 38 T

The effects of temperature on the membra@dormance for taternaryfeed mixtures (i.e.,
ethylene glycol/water/NaMere also investigatedkigure 619 shows the logarithmic flles
of water and ethylene glycol for the feeds with different NaCl concentrations through
membrane [PD}[PA]-[PD]. asa function of the reciprocal of temperature ranging from 25
55 €. Here the feed water concentration was fixed at 1.14 \({#g&ttfree basis) Generally,
both the permeation fluxes of water and ethylene glyootease with an increase in
temperaturebut decrease with an increase time NaCl content in the feed. Similarly, the

apparenfactivation energies JHor permeationcan be calculatettom the slopes of the plgts
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and they are present@u Table6.3. An increase irthe salt concentration in the feadtreases
EswatenWhile Ejetmylene gycondecreasedt is well knownthat inorganic saltgan decrease the
activity of water and increase the activity of organic compounds in the mpurawski ard
Krajewski, 2007 Martiez et al, 2013. The activity coefficients predictagsing Aspen Plus
shown inTable 6.4, demonstratehis trend. The changgin the activities of the permeating
components in the feedue to addition ofNaCl help usto understand the change thfe
apparentactivation energy fothe permeation ofvater and ethylemglycol. In addition, it can
be observedhat the effect of temperature on the permeation flux of water becomes more
significantat a highelNaCl contentin the feed.The activity and mobility of NaCl is enhanced
by increasing the temperature, resulting in a more significant facilitating efbecthé
permeation of water. Therefore, thater content in the permeatereass with temperature,
resulting in an increased separation facasrshown ifrigures 620(a) and (b)

This [PD],-[PA]-[PD], membrane was shown to be stable. There was noeabie change
in the membrane performance after pervaporation test with various feed matditferent
temperaturegor a prolonged period of experimentor example, this membrane showed a
total permation flux of 53.7g/(m?.h) and avater/ethylene Igcol separation factor of 662 far
feed containing 1.14 wt% watésaltfree basis)and after extensive tests with varsofeed
mixtures (e.g., binargthylene glycol/watesolutionsand ternary ethylene glycol/water/NacCl
solutions with different compoisions) at different temperatures for over 3 months, the
membranamaintained essentiallyne same pervaporation performanagh atotal permention
flux of 57.8 g/(n’.h) and aseparation factor of 640 farfeed containing 1.25 wt% watésalt

free basig
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Figure 619 Effects of temperature on partial permeation fluxes of water and ethylene glycol

through membrane [PRJPA]-[PD], at different feed NaCl concentrations, Begater
concentration1.14 wt%(saltfree basis)

Table6.3 Apparentactivation energy based on permeation flux)(®r water and ethylena t
di fferent feed NaClwadoemrc emtnrcetnicaltbcsebassee 1. 14 wt %

Feed NaCimolality E, (kd/mol)
x10° Water Ethylene glycol
0 22.51 28.73
2.564 29.28 18.27
5.128 33.61 16.48

202
































































































