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Abstract 

1 

Abstract 

This dissertation investigates the influence of membrane characteristics on fouling 

and retention in nanofiltration. Laboratory-made nanoporous polyethersulfone 

membranes were studied, in addition to commercial nanofiltration membranes. A 

thorough physico-chemical characterization of the membranes allowed to 

distinguish two membrane classes, i.e., a polyamide and a polyethersulfone class. 

The pore size distribution in the skin layer of all commercial nanofiltration 

membranes was observed to be a bimodal instead of the well accepted log-normal 

function. Moreover, the cut-off did not correlate with the pore sizes, but rather with 

the ratio of the volume fraction of the large pores to the volume fraction of all 

pores. 

Which membrane characteristic has the largest influence on the performance, 

depended on the characteristics of the (aqueous) feed solution. In the case that the 

feed solution contained dissolved organic components, a low volume fraction of 

small pores was desirable to minimize fouling. In addition, a large surface charge 

and a high hydrophilicity were favourable for filtration of charged components. For 

minimal colloidal fouling, a hydrophilic membrane surface was also the most 

important selection criterion. The retention of organic components was determined 

mainly by the cut-off of the commercial nanofiltration membranes; during filtration 

of charged organic components, the interplay between membrane and component 

charge was also crucial. 

A case-study about recycling of wastewater in the carwash industry, indicated that 

a hydrophilic nanofiltration membrane with small pores should be selected, so that 

high permeate fluxes in combination with high retentions are obtained. Moreover, 

with this membrane, only a cleaning step with water appeared necessary to reach 

the original pure water flux. 
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Nederlandstalige samenvatting 

Invloed van membraaneigenschappen op vervuiling en retentie in 

nanofiltratie 

 

1 Inleiding 

Nanofiltratie is een drukgedreven membraanproces waarbij kleine organische 

componenten (groter dan 200 Da) en multivalente ionen uit waterige oplossingen 

kunnen verwijderd worden. Een van de grote problemen bij de industriële 

implementatie van nanofiltratie is het optreden van membraanvervuiling, wat leidt 

tot een daling van de permeaatflux doorheen het membraan. Deze fluxdaling dient 

geminimaliseerd te worden, aangezien de flux doorheen het membraan bepalend is 

voor de benodigde membraanoppervlakte (en dus de kostprijs) bij filtratie van een 

bepaalde afvalstroom. 

 

De doelstelling van dit werk was het bestuderen van de performantie (vervuiling en 

retentie) bij nanofiltratiemembranen op basis van de membraankarakteristieken. 

Dit zal toelaten om in een specifieke toepassing, het optimale membraan te 

selecteren. 

 

2 Materiaal en Methoden 

Tijdens de experimenten werd er gebruik gemaakt van een commerciële cross-flow 

nanofiltratie-eenheid op laboschaal (Amafilter, Test Rig PSSITZ), uitgerust met 

twee parallelle TZA 944 membraan modules. Met deze opstelling kan zowel de 

relatieve flux als de retentie van een bepaalde component bepaald worden. De 

relatieve flux is een maat voor de membraanvervuiling en is gedefinieerd als de 

verhouding van de permeaatflux (L m-2 h-1) tot de flux van zuiver water; de retentie 

geeft weer hoeveel percent van een component wordt tegengehouden door het 

membraan. Een andere belangrijke membraanparameter is de waterpermeabiliteit, 

die de flux geeft per eenheid druk (L m-2 h-1 bar-1). 
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In deze studie werden zowel commerciële als zelfaangemaakte (zie hoofdstuk 3) 

polymere membranen beschouwd. De membranen zijn dunne-film-composiet 

membranen, bestaande uit een dunne dense toplaag op een asymmetrische poreuze 

steunlaag. De volgende commerciële membranen werden geselecteerd: UTC20 

(toplaag van polypiperazine amide); NF270, Desal51HL en Desal5DL (toplaag van 

polyamide); N30F en NFPES10 (toplaag van polyethersulfon); en NTR7450 

(toplaag van gesulfoneerd polyethersulfon). 

 

3 Synthese van polyethersulfon membranen 

Een grondige kennis van membraaneigenschappen is noodzakelijk om 

membraanvervuiling beter te begrijpen. Aangezien de informatie gegeven door de 

membraanfabrikanten eerder beperkt is, werd er in deze studie geopteerd om zelf 

polyethersulfon membranen aan te maken met behulp van DIPS (Diffusie 

Geïnduceerde Fase Scheiding). Deze techniek houdt in dat een polymeeroplossing 

(van polyethersulfon (PES) opgelost in een solvent (N,N-dimethylformamide 

(DMF) of N-methyl-pyrrolidone (NMP)) wordt uitgestreken tot een dunne film op 

een steunlaag en vervolgens wordt ondergedompeld in een niet-solvent bad. Door 

een diffusiegedreven uitwisseling tussen solvent en niet-solvent, treedt er een 

fasescheiding op van de oorspronkelijk thermodynamisch stabiele 

polymeeroplossing in een polymeerrijke (de membraanmatrix) en een 

polymeerarme fase (de poriën).  

 

Synthese van membranen zonder steunlaag 

Voor polyethersulfon membranen zonder steunlaag werden verschillende 

synthesefactoren geoptimaliseerd voor het verkrijgen van een nanoporeus 

membraan. De bestudeerde synthesefactoren waren de polymeerconcentratie, de 

relatieve vochtigheid, toevoeging van verschillende componenten aan het niet-

solvent bad (bvb. alcohol) en aan de polymeeroplossing (bvb. niet-solvent, aceton), 

en de temperatuur van het niet-solvent bad. 

De experimentele resultaten geven aan dat het beste nanoporeus membraan 

verkregen werd met een polymeeroplossing bestaande uit 17 % PES/DMF of 26 % 

PES/NMP (Figuur 1) in een atmosfeer met een relatieve vochtigheid gelijk aan 
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40 % (Figuur 1) en een niet-solvent bad van gedistilleerd water op 293 K. Deze 

membranen vertoonden een goede reproduceerbaarheid, een permeabiliteit 

vergelijkbaar met commerciële nanofiltratiemembranen en een retentie van 99 % 

voor congo rood (negatief geladen component met moleculaire massa 697 Da). 

Ook het gebruikte solvent (DMF of NMP) had een invloed op de 

membraanstructuur, zoals blijkt uit het verschil in waterpermeabiliteit (Figuur 1). 
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Figuur 1: Invloed van respectievelijk de polymeerconcentratie en de relatieve 
vochtigheid (voor 17 % PES/DMF) op de waterpermeabiliteit (in dead-end) 

 

Synthese van membranen met steunlaag 

De optimale synthesefactoren werden vervolgens aangewend om polyethersulfon 

membranen aan te maken op een polymere steunlaag (FO2471 (PP/PE) of FO2413 

(polyester)): D13 en D71 (voor een polymeeroplossing van 32 % PES in DMF op 

respectievelijk FO2413 en FO2471), en N13 en N71 (voor een polymeeroplossing 

van 30 % PES in NMP op respectievelijk FO2413 en FO2471).  

De karakteristieken van deze membranen waren vergelijkbaar met deze van 

commerciële PES membranen (N30F en NFPES10), met uitzondering van de 

moleculaire gewichtscut-off (de moleculaire massa van een component met 90 % 

retentie, kortweg cut-off). Door de hogere cut-off van de zelfaangemaakte 

membranen (2000 Da in vergelijking met 1200 Da voor NFPES10) vertoonden 

deze membranen een lagere retentie voor raffinose (Tabel 1). Echter, voor negatief 

geladen componenten was de retentie vergelijkbaar; positief geladen componenten 

werden zelfs beter tegengehouden door de zelfaangemaakte membranen (vooral 

zichtbaar voor methyleenblauw). Een mogelijke verklaring hiervoor is de kleinere 

oppervlaktelading van de zelfaangemaakte membranen.  
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Tabel 1: Retentie (%) na twee uur filtratie in cross-flow met een 
voedingsconcentratie van 2 mmol L-1 (raffinose) of 0.2 mmol L-1 (andere 

componenten) 

component 

moleculaire 

massa 

(Da) 

lading 

(neutrale 

pH) 

N13 D71 NFPES10 

raffinose 504 0 28 33 58 

difenylaminosulfonzuur 271 - 82 75 87 

congorood 697 - 100 99 100 

methyleenblauw 320 + 80 80 32 

janusgroen 511 + 96 99 95 

 

4 Fysico-chemische karakterisatie van nanofiltratiemembranen 

Zowel de commerciële als de zelfaangemaakte membranen werden 

gekarakteriseerd naar chemische samenstelling en enkele fysische karakteristieken, 

die bepalend (kunnen) zijn in het verklaren van membraanvervuiling. Bovendien 

werd er een voor nanofiltratie nieuwe techniek toegepast, met name PAS (Positron 

Annihilatie Spectroscopie), waarmee het mogelijk is om een beeld te krijgen van 

de dikte en de poriëngrootte van de toplaag.  

 

Chemische karakterisatie van nanofiltratiemembranen 

Een combinatie van de resultaten verkregen met ATR-FTIR (“Attenuated Total 

Reflectance-Fourier Transform InfraRed”) en XPS (“X-ray Photoelectron 

Spectroscopy”) toonde aan dat de membranen kunnen onderverdeeld worden in 

twee verschillende klassen: een polyamide klasse (bestaande uit Desal51HL, 

Desal5DL en NF270) en een polyethersulfon klasse (bestaande uit N30F, 

NFPES10, NTR7450, N13 en D71). 

De structuur van de membranen uit de polyamide klasse is opgebouwd uit 

minimum drie lagen: (1) een dunne toplaag van polyamide, (2) een tussenlaag van 

poly(aryleensulfon ether) voor Desal5DL en NF270 of meer specifiek 

poly(fenyleensulfon ether) voor Desal51HL, en (3) een polyester steunlaag. Voor 

de polyethersulfon klasse werden slechts twee lagen geobserveerd: (1) een toplaag 
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van poly(fenyleensulfon ether) of de meer algemene structuur poly(aryleensulfon 

ether) in geval van NTR7450, en (2) een steunlaag van PP/PE of, in geval van 

NTR7450 en N13 een polyester steunlaag.  

 

Fysische karakterisatie van nanofiltratiemembranen 

Verscheidene fysische karakteristieken werden nagegaan voor de geselecteerde 

membranen, met name de cut-off, ruwheid, hydrofobiciteit en oppervlaktelading. 

De cut-off werd bepaald door het uitvoeren van filtratie-experimenten met een 

mengsel van polyethyleenglycolen, gevolgd door het fitten van de retentiecurve 

met het lognormaal model.  

Zowel non-contact (Figuur 2) als tapping mode AFM (“Atomic Force 

Microscopy”) werden gebruikt ter bepaling van de ruwheid: de resultaten voor 

beide modes waren vergelijkbaar (met hogere ruwheden verkregen in tapping 

mode AFM), op voorwaarde dat hetzelfde scangebied beschouwd werd. 

 
(a) NFPES10 

 
(b) Desal5DL 

Figuur 2: Driedimensionale beelden verkregen met non-contact mode AFM van (a) 
een glad membraan, NFPES10 en (b) een ruw membraan, Desal5DL op een 

scangebied van 3 µm x 3 µm 
 

De hydrofobiciteit van het membraanoppervlak werd nagegaan met behulp van de 

contacthoek en de faseverschuiving in tapping mode AFM, waaruit bleek dat een 

hydrofoob membraanoppervlak overeenkwam met een grote contacthoek en een 

kleine faseverschuiving. 

Een waarde van de zeta potentiaal (een maat voor de oppervlaktelading) werd 

verkregen door het uitvoeren van stromingspotentiaalmetingen in functie van de 

pH. Alle membranen zijn negatief geladen bij hoge pH en positief of neutral 

geladen bij lage pH. 
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Uit de resultaten van de fysische karakterisatie bleek dat dezelfde 

membraanklassen kunnen onderscheiden worden, aangezien de polyamide klasse 

de laagste cut-off en de meest ruwe en meest hydrofiele toplaag heeft.  

 

Positron Annihilatie Spectroscopie (PAS) 

De PAS techniek is gebaseerd op de studie van de annihilatiefenomenen na het 

implanteren van positronen in het membraan. Zowel de levensduur van de 

geïmplanteerde positronen (PALS, Positron Annihilatie Levensduur Spectroscopie) 

als de energiehuishouding van de annihilatie (S en R parameter) werden hierbij 

bestudeerd. De S parameter beschrijft de verbreding van de annihilatiepiek op 

511 keV (DBAR, “Doppler Broadening of the Annihilation Radiation”) en geeft 

dus een indicatie van de chemie op de plaats van annihilatie.  

De R parameter geeft de verhouding weer tussen 3 γ en 2 γ en bevat dus informatie 

over de grootte en de concentratie van de poriën: de lage porositeit in de toplaag 

van de membranen weerspiegelde zich in de lage waarde van de R parameter 

(Figuur 3) bij lage positronenergie. Op basis van het verloop van de R parameter, 

werd een positronenergie van 2 keV geselecteerd voor het uitvoeren van de PALS 

analyse op de toplaag van de commerciële membranen.  
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Figuur 3: R parameter (of de verhouding van 3 γ op 2 γ annihilatie) in functie van 

de positronenergie, en de correlatie tussen cut-off (Da) en I4 / (I4 + I3) (%) 
 

In PALS is vooral de pick-off annihilatie van o-Ps (ortho-positronium) van belang, 

aangezien deze levensduur (τ3) kan omgerekend worden naar een poriëngrootte 



Nederlandstalige samenvatting 

9 

(r3). De bijhorende spectrale intensiteit (I3) is een maat voor de volumefractie van 

deze poriën. De resultaten van de PALS analyse zijn samengevat in Tabel 2. Uit de 

PALS resultaten volgde dat de distributie van de poriëngroottes in nanofiltratie 

eerder een bimodale functie was (in plaats van een lognormale functie). Bovendien 

gaf PALS aan dat een membraan met een hogere cut-off (of dus ook een grotere 

r50) gekarakteriseerd werd door kleinere poriën (r3 en r4) in combinatie met een 

grotere volumefractie van de poriën (I3 en I4). De selectiviteit van een 

nanofiltratiemembraan werd dus niet bepaald door de poriëngrootte, maar eerder 

door de verhouding (Figuur 3) van de volumefractie van grote poriën (I4) tot de 

volumefractie van alle poriën (I3 + I4). 

 

Tabel 2: Selectieve samenvatting van de resultaten verkregen met PALS 
 r3 (nm) r4 (nm) I3 (%) I4 (%) cut-off (Da) r50 (nm) 

Desal51HL 0,155 0,375 35,4 3,0 190 0,24 

NFPES10 0,130 0,320 49,5 9,7 1200 0,46 

 

In de toplaag van de zelfgemaakte membranen daarentegen, waren drie 

verschillende poriëngroottes aanwezig. Hiervan kwam de grootste poriëngrootte (r5 

= 0,65 nm) wel overeen met de gemiddelde poriëngrootte tijdens filtratie (r50), 

aangezien deze membranen dichter bij ultrafiltratie aanleunen en het zeefeffect dus 

meer van belang wordt.  

 

5 Relatie tussen de karakteristieken en de performantie van 

nanofiltratiemembranen 

Zowel membraan- als voedingskarakteristieken bepalen de performantie van een 

membraan. Daarom werden drie verschillende voedingsoplossingen beschouwd: 

 - waterige oplossingen van opgeloste ongeladen organische componenten; 

 - waterige oplossingen van opgeloste geladen organische componenten; 

 - colloïdale dispersies. 
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Telkens werden filtratie-experimenten uitgevoerd en werd met behulp van 

meervoudige lineaire regressie nagegaan welke membraan- of 

voedingskarakteristiek de meeste invloed had op de membraanperformantie 

(relatieve flux en retentie). 

 

Filtratie van waterige oplossingen met opgeloste ongeladen organische 

componenten 

Filtratie- en adsorptie-experimenten werden uitgevoerd met 11 ongeladen 

organische componenten. De hydrofobiciteit van deze componenten (log P) bleek 

de belangrijkste variabele te zijn om de geadsorbeerde hoeveelheid en de retentie 

(Figuur 4) te verklaren. Ook bij de relatieve flux was deze variabele van belang. 

Dit impliceert dat met toenemende hydrofobiciteit, adsorptie en vervuiling 

toenemen terwijl de retentie afneemt.  

Wat de membraanvariabelen betreft, was de volumefractie van de kleine poriën (I3) 

uitermate belangrijk om fluxvermindering te minimaliseren (Figuur 4). De 

volumefractie van de grote poriën (I4) en de cut-off bepaalden respectievelijk de 

geadsorbeerde hoeveelheid en de retentie. 

De optimale membraankeuze gedurende filtratie van ongeladen organische 

componenten is dus een membraan met een lage volumefractie van poriën. 
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Figuur 4: Relatieve flux (%) en retentie (%) voor ongeladen organische 

componenten in functie van respectievelijk I3 en log P 
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Filtratie van waterige oplossingen met opgeloste geladen organische componenten 

Filtratie- en adsorptie-experimenten werden uitgevoerd met 13 geladen organische 

componenten bij pH 3 en 10. Net zoals bij de ongeladen organische componenten, 

had de volumefractie van de kleine poriën (I3) en de cut-off een invloed op 

respectievelijk de fluxvermindering en de retentie, als elke pH afzonderlijk werd 

beschouwd.  

Gedurende filtratie van geladen organische componenten, bleek tevens de 

hydrofobiciteit van het membraanoppervlak (met name de contacthoek, Figuur 5) 

cruciaal te zijn in de beschrijving van de fluxvermindering. Dit is in tegenstelling 

met de ongeladen organische componenten, waar de contacthoek enkel belangrijk 

bleek te zijn na uitsluiting van I3 en I4 uit de statistische analyse. Omwille van 

elektrostatische interacties tussen het membraan en de geladen organische 

componenten, waren tevens de lading van membraan en component invloedrijk. De 

moleculaire massa van de componenten was zelfs de meest cruciale variabele in de 

verklaring van de retentie (Figuur 6). 

De optimale membraankeuze tijdens filtratie van geladen organische componenten 

is dus een hydrofiel membraan met lage cut-off. 
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Figuur 5: Relatieve flux (%) voor geladen organische componenten in functie van 

de contacthoek bij pH 3 en pH 10 
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Figuur 6: Retentie (%) voor geladen organische componenten in functie van de 
moleculaire massa bij pH 3 en pH 10 

 

Filtratie van colloïdale dispersies 

Uit filtratie-experimenten met 4 verschillende colloïdale dispersies bleek dat de 

contacthoek de meest invloedrijke factor was bij colloïdale vervuiling 

(onafhankelijk van lading en grootte van colloïd) door de vorming van uniforme, 

dense cake laag (Figuur 7) op het membraanoppervlak. Enkel tijdens filtratie van 

kleine colloïden met behulp van ruwe membranen (Figuur 7), speelde “valley 

clogging” een secundaire rol in membraanvervuiling.  

De optimale membraankeuze tijdens filtratie van colloïdale dispersies is dus een 

hydrofiel, glad membraan. 

 

 

Magn 1 µm
60000x       Desal5DL vervuild
Magn 1 µm
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Magn 1 µm
60000x       Desal5DL vervuild  

N30F Desal5DL 
Figuur 7: Tweedimensionale beelden verkregen met SEM na filtratie van een 

Ludox CL dispersie (100 mg L-1, neutrale pH, geen toevoeging van zout) met N30F 
(een hydrofoob membraan) en Desal5DL (een ruw membraan) 
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6 Regeneratie van afvalwater van de carwash met nanofiltratie 

De implementatie van nanofiltratie om afvalwater in de carwash industrie te 

recycleren werd bestudeerd voor een typische automatische carwash. Omdat het 

afvalwater echter een complex mengsel is van verschillende componenten 

(waaronder surfactanten), werd de membraanperformantie eerst bestudeerd voor 

synthetische oplossingen van surfactanten. 

 

Filtratie van waterige oplossingen met surfactanten 

De fluxvermindering veroorzaakt door surfactanten was minimaal bij minimale 

adsorptie en indien de hydrofiele (geladen) kop van de surfactanten naar de 

oplossing was gericht waardoor het membraanoppervlak meer hydrofiel werd 

(Figuur 8). De minste fluxvermindering werd vastgesteld voor het anionisch 

surfactant (SDBS). Bij neutrale pH werd de meeste vervuiling vastgesteld voor het 

kationisch surfactant (cetrimide), omwille van de tegengestelde lading van 

membraan en surfactant. Zowel een hogere surfactantconcentratie als het 

toevoegen van een elektroliet hadden een nadelige invloed op de fluxvermindering. 

Een verandering van de pH kon zowel een positieve als een negatieve invloed 

hebben op de membraanperformantie: voor cetrimide werd de hoogste relatieve 

flux geobserveerd bij lage pH, terwijl een hoge pH gunstig was voor SDBS. 

 

 pH 3 pH 6 pH 10 

SDBS 

  

cetrimide 

  
Figuur 8: Schema van de oriëntatie van SDBS (anionisch) en cetrimide 

(kationisch) aan het membraanoppervlak in functie van de pH 
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Filtratie van afvalwater van een automatische carwash 

Momenteel wordt, met behulp van een cycloon, een lamellen- en een zandfilter, het 

afvalwater in de carwash gerecycleerd om de auto’s te spoelen. Om dit afvalwater 

ook te kunnen gebruiken tijdens het wasproces, is een verdere zuivering 

noodzakelijk, waarvoor nanofiltratie een oplossing kan bieden. Hiervoor is een 

membraan met een hoge waterpermeabiliteit, een hoge relatieve flux en een hoge 

retentie vereist.  

Dit werd het best verkregen met behulp van een hydrofiel membraan met kleine 

poriën (NF270, Figuur 9). Met dit hydrofiel membraan werd een permeaatflux 

bekomen van 45 L m-2 h-1 bar-1, die slechts 5 % van de oorspronkelijke 

concentraties aan surfactanten en organische componenten bevatte. Een bijkomend 

voordeel van dit membraan was dat een reiniging met water gedurende 15 minuten 

reeds voldoende was om de oorspronkelijk flux van zuiver water terug te bereiken. 

Geen verdere chemische reiniging was vereist en er werd ook geen beschadiging of 

degradatie van het membraan vastgesteld na reiniging. 
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Figuur 9: Evolutie van de relatieve flux (%) voor NFPES10 en NF270 gedurende 
filtratie van afvalwater van de carwash (verzameld na de zandfilter), gedurende 

reiniging met water en alkalische producten (enkel voor NFPES10), en gedurende 
een tweede filtratie met hetzelfde afvalwater 

 

Algemeen besluit 

Dit onderzoek geeft aan dat het type voedingsoplossing tijdens filtratie de keuze 

van het meest geschikte nanofiltratiemembraanaan sterk beïnvloedt. Naast 
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componenteigenschappen (zoals hydrofobiciteit en lading), gaf meervoudige 

lineaire regressie aan dat de volgende membraankarakteristieken dienen 

gecontroleerd te worden voor een minimale fluxvermindering: 

- de volumefractie van kleine poriën: tijdens filtratie van organische componenten; 

- de hydrofobiciteit van het membraanoppervlak: tijdens filtratie van organische 

componenten en colloïdale dispersies; 

- de oppervlaktelading: tijdens filtratie van geladen organische componenten; 

- de oppervlakteruwheid: tijdens filtratie van dispersies met kleine colloïden. 

Het retentiemechanisme van organische componenten bij NF was vooral 

afhankelijk van de cut-off en, bij geladen organische componenten, van de 

membraanlading. 

 

Om deze vaststellingen te kunnen uitbreiden naar andere membranen, is een 

grondige (fysico-chemische) karakterisatie van de beschouwde membranen 

noodzakelijk, zoals uiteengezet in deze studie. Ook de aanmaak van PES 

membranen bleek nuttig in vergelijking met de karakteristieken en de 

membraanperformantie van commerciële PES membranen. 

 

Bovendien bleek ook de beschouwde toepassing succesvol te zijn, aangezien de 

resultaten aantoonden dat nanofiltratie kan ingeschakeld worden om het afvalwater 

te recycleren in de carwash industrie. 
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1.1 Introduction 

Membranes play a central role in our daily life. To say it with the words of Bowen 

(Yamazaki, 1998): “If you are tired of membranes, you are tired of life.” Biological 

membranes are hardly used in industrial applications, but separations with 

synthetic membranes have become increasingly important.  

The heart of every membrane process is formed by the membrane itself, which can 

be considered as a permselective barrier or interface between two homogeneous 

phases (Figure 1.1). Separation is achieved because the membrane transports one 

component more readily than others due to differences in physical and/or chemical 

properties between the membrane and the permeating components. 

phase 1       membrane phase 2

driving force
∆C, ∆P, ∆E, ∆T

phase 1       membrane phase 2

driving force
∆C, ∆P, ∆E, ∆T  

Figure 1.1: Schematic representation of a two-phase system separated by a 
membrane 

 

Transport through the membrane only takes place when a driving force is applied 

to the feed. Possible driving forces are a pressure difference (∆P), a concentration 

difference (∆C), a temperature difference (∆T) or a difference in electric potential 

(∆E) across the membrane. Table 1.1 summarizes the different types of membrane 

processes and their respective driving forces (Mulder, 1996).  

 

Table 1.1: Overview of membrane processes and their driving force 
∆P ∆C ∆T ∆E 

microfiltration pervaporation thermo-osmosis electrodialysis 

ultrafiltration gas separation membrane distillation electro-osmosis 

nanofiltration dialysis   

reverse osmosis liquid membranes   
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As shown in Table 1.1, a large number of membrane processes are in use today. 

These processes have important advantages compared to traditional separation 

processes, such as continuous working mode, reduced energy consumption, easy 

scale-up and modular design of membrane installations allowing high flexibility 

(Mulder, 1996). Furthermore, no additional chemicals are required during the 

membrane process and combination with other separation techniques can lead to 

improved separations. The main disadvantages are loss of performance due to 

membrane fouling (section 1.4) and additional costs from membrane cleaning 

(which may need additional chemicals) and replacement. 

 

 

1.2 Pressure driven membrane processes and nanofiltration  

Pressure driven membrane processes are used to remove different types of solutes 

from a liquid feed stream. Generally, four different types are distinguished 

(Mulder, 1996): microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and 

reverse osmosis (RO). Figure 1.2 illustrates the separation possibilities of the four 

processes.  
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Figure 1.2: Schematic representation of microfiltration, ultrafiltration, 

nanofiltration and reverse osmosis 
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Microfiltration (MF) only retains particles by means of sieving. The average pore 

size ranges from 0.1 to 10 µm and low pressures (0.1 – 2 bar) are sufficient to 

obtain high permeabilities (> 50 L m-2 h-1 bar-1). Microfiltration is frequently used 

as a pre-treatment step for nanofiltration or reverse osmosis. 

 

Ultrafiltration (UF) retains both particles and macromolecules by the same sieving 

mechanism as MF. UF membranes are characterized by their molecular weight cut-

off (shortly cut-off), which is the molecular mass of a solute with 90 % retention. 

Components with a molecular mass above the cut-off have a high retention, 

whereas components with a molecular mass below the cut-off are retained only 

partially. The cut-off for UF lies typically between a few 1,000 and 100,000 Da, 

which corresponds with pore sizes between a few nanometer and 0.1 µm. 

Permeabilities between 10 and 50 L m-2 h-1 bar-1 are obtained with pressures 

between 1 and 5 bar. 

 

With reverse osmosis (RO) it is possible to retain small organic molecules and ions 

from a solution. As this process uses dense membranes which have a high 

hydrodynamic resistance, low permeabilities (0.05 – 1.4 L m-2 h-1
 bar-1) are only 

realized with high-pressure gradients (10 – 100 bar). Instead of sieving, separation 

is obtained due to sorption and diffusion through the membrane.  

 

Nanofiltration (NF) is situated between UF and RO. These membranes found their 

origin in the 1970s and the 1980s as modified RO membranes having high water 

fluxes. NF membranes require much lower pressures (5 – 20 bar) than RO, leading 

to significant energy savings. Moreover, NF combines a high permeability (1.5 – 

15 L m-2 h-1 bar-1) with a high retention of dissolved organic molecules with a 

molecular mass above 200 Da. The cut-off of NF is situated between 150 and 

1,000 Da. Due to charge interactions with the membrane, multivalent ions are also 

well retained.  

 

Several polymeric NF membranes, made of cellulose acetate (CA), polyamide 

(PA), polypiperazineamide (PPA), polyimide (PI) or polyethersulfone (PES), are 
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nowadays commercially available. These polymeric membranes, with the 

exception of cellulose acetate and polyimide (which form symmetric membranes), 

are all thin film composite membranes (TFC, Figure 1.3) (Mulder, 1996).  

 

 
Figure 1.3: Schematic representation of a thin film composite membrane 

 

This means that they have a thin dense top layer (tens to hundreds of nanometers) 

on an asymmetric support. The asymmetric support consists of a thin top layer (0.1 

to 0.5 µm) supported by a porous sub layer (50 to 150 µm). Due to their structure, 

TFC membranes combine the high selectivity of a dense membrane with the high 

permeation rate of a very thin membrane. The top layer or skin determines the 

transport rate, while the porous sub layer acts only as a support to give the 

membrane its mechanical strength. Moreover, the top layer and the sub layer are 

composed of different polymers, so that each layer can be optimized independently 

to obtain the optimal selectivity, permeation rate and chemical and thermal 

stability. 

 

Nanofiltration membranes are used in a wide range of applications: 

- water softening (Cyna et al., 2002; Schäfer et al., 2001); 

- removal of pesticides, endocrine disruptors and other organic 

micropollutants (Yoon et al., 2007; Nghiem et al., 2004); 

- treatment of wastewater from the textile industry (Akbari et al., 2006; 

De Florio et al., 2005; Lopes et al., 2005; Schoeberl et al., 2005); 

- purification of effluents from pulp and paper industry (Mänttäri et al., 

2006; Nuortila-Jokinen et al., 2004); 

- water reuse in the brewery sector (Braeken et al., 2004); 

- purification of pharmaceutical broths (Capelle et al., 2002); 

- purification of process water in the food industry (Jiao et al., 2004; 

Moresi and Lo Presti, 2003; Mänttäri and Nyström, 2004). 

top layer 

asymmetric 
support 
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1.3 Principles and definitions  

As described in section 1.1, a membrane process is defined as a separation process 

in which a feed stream (liquid or gas) is divided into two streams: a retentate 

stream and a permeate stream (Figure 1.4). Either the permeate or the retentate 

stream can be the desired product. In the case of purification of wastewater, the 

permeate is desired. 

 
Figure 1.4: Schematic representation of a membrane process 

 

The performance of a membrane process is characterized by three parameters: the 

selectivity, the flux through the membrane and the recovery (Koros et al., 1996; 

Mulder, 1996). 

For dilute aqueous mixtures, consisting of a solvent (water) and a solute, it is 

convenient to express the selectivity in terms of the retention towards the solute. 

The solute is partly or completely retained, while the solvent (water) molecules 

pass freely through the membrane. The retention (Ri) of component i can be 

calculated from its permeate (Cp,i) and feed concentration (Cf,i) by Equation 1.1. Ri 

is a dimensionless parameter and its value can vary between 100 % (component i 

completely retained) and 0 % (no retention of component i). 
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The flux is expressed as the volume flowing through the membrane per unit of time 

and per unit of membrane area (L m-2 h-1). The permeability (L m-2 h-1 bar-1) is 

defined as the flux per unit of pressure. A high water flux is preferable for an 

economic operation of the filtration process. 

 

retentate

permeate feed 
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The recovery, which is defined as the ratio of the permeate stream to the feed 

stream, is mainly used for the design of industrial applications rather than a 

membrane characteristic. The recovery can be varied by the module design and 

typical values for industrial plants are near 80 %.  

 

 

1.4 Flux decline and fouling 

The water flux through the membrane is an important parameter for the design of a 

nanofiltration unit. The membrane area, needed to process a given water stream, is 

determined by the amount of water passing through the membrane per unit of 

pressure and surface. This implies that a high water flux is desirable to maintain 

the investment cost for the membranes as low as possible.  

 

1.4.1 Mechanisms of flux decline 

A commonly used model to describe flux decline is the resistance-in-series model 

(Schäfer et al., 2005; Mulder, 1996). In this model the water flux (J) is written as a 

function of the driving force (∆P), the viscosity (η) and the total resistance (Rtot): 

totR
PJ
⋅
∆

=
η

                                (1.2) 

 

When filtering pure water, the total resistance (Rtot) involves only the membrane 

resistance (Rm). This resistance is an intrinsic membrane characteristic that does 

not change during filtration or by changing the feed solution. It reflects the 

minimal resistance of the system against mass transport and determines thus the 

maximal water flux at a given pressure. 

 

During filtration of a feed solution, the flux declines according to several 

mechanisms (Figure 1.5), like e.g., concentration polarization (Rcp), adsorption 

(Ra), formation of a gel layer (Rg) or a cake (Rc), or pore blocking (Rp). Flux 

decline can also be caused by the presence of specific interactions (Ri) between the 

membrane and the solute that can damage the membrane or change its properties.  
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Figure 1.5: Mechanisms responsible for flux decline (Mulder, 1996) 

 

All these individual resistances can be incorporated into a total fouling resistance 

(Rf), as formulated in Equation 1.3 (Schäfer et al., 2005). 

 
ipcgacpmfmtot RRRRRRRRRR ++++++=+=               (1.3) 

 

Concentration polarization (Rcp) is the process of accumulation of retained solutes 

in the membrane boundary layer, so that a high solute concentration at the 

membrane surface compared to the bulk solution is created. CP causes a reduction 

in flux predominantly due to the increased osmotic pressure or the formation of 

gels by retained organic components. Colloidal deposits can further increase CP by 

forming an unstirred layer that increases the boundary layer concentration. CP can 

be minimized by applying a turbulent flow on the feed side of the membrane, 

which was realized in this study by a high cross-flow velocity in the filtration 

experiments (around 6 m s-1).  

 

The osmotic pressure (∆π) is closely linked to CP, as an increased concentration of 

dissolved components at the membrane surface causes an increase in osmotic 

pressure. An osmotic pressure arises due to the concentration difference between 

feed and permeate side when dissolved components cannot pass through the 

membrane. As the osmotic pressure results in a decrease of the driving force, the 

permeate flux (Jp) should be corrected by a factor ∆P/(∆P-∆π). A rough calculation 

of the osmotic pressure (∆π) is provided by the Van ‘t Hoff equation: 

 
c 
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( ) TRCC ipif ⋅⋅−=∆ ,,π                  (1.4) 

where Cf,i and Cp,i are the concentration of component i in feed and permeate, 

respectively, R the universal gas constant and T the temperature. 

 

Adsorption (Ra) results in the attachment of components to the membrane pores or 

to the membrane surface due to hydrophobic, polar or charge interactions. When 

adsorption occurs in the pores, the net pore opening decreases, resulting in flux 

decline. If the whole cross-section of the pore is filled by the adsorbed component, 

pores can even become blocked.  

 

Formation of a gel layer (Rg) occurs when the concentration of solutes at the 

membrane surface reaches an upper limit, the gel layer concentration. This highly 

concentrated layer is in fact an extension of the concentration polarization 

phenomenon. The resistance against mass transport, exerted by the gel layer, is 

very high. However, as gel layer formation usually occurs during filtration of 

solutions containing macromolecules, it will not be considered further in this 

thesis. 

 

Formation of a cake layer (Rc) can occur during filtration of colloidal dispersions, 

due to accumulation of particles on the membrane surface. A necessary condition 

for the cake to be built up, is that the colloidal particles are larger than the pores. 

Otherwise, the particles will penetrate into the membrane pores, resulting in pore 

blocking. For synthetic solutions containing (un)charged organic components, this 

resistance is of no importance. 

 

Pore blocking (Rp) occurs when molecules of approximately the same size as the 

pore opening, fill the membrane pores and are prevented from further permeation, 

e.g., when the pore becomes narrower towards the end. Pore blocking does not 

only depend on the average pore size of the membrane, but also on the distribution 

of the pore sizes. When a single component solution is filtered, less flux decline is 

expected for a membrane with a wide pore size distribution, as only a fraction of 

the pores will be blocked.  
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Specific interactions (Ri), such as chemical binding of components to the 

membrane surface, can also influence the water flux. The most common 

interactions are, however, destructive and result in a flux increase instead of a flux 

decrease. This can be caused by the dissolving or the release of the top layer, so 

that the permeate can freely pass through the support layer. This phenomenon can 

only be prevented by avoiding solvents that are not compatible with the membrane 

material.  

 

1.4.2 Fouling 

Flux decline can be divided into a reversible and an irreversible fraction. The 

fraction of flux decline that is still present when pure water is applied as feed 

solution, is considered to be the irreversible part of flux decline or fouling (e.g., in 

the case a cake layer by colloidal particles is formed).  

The fraction of flux decline that is not present anymore when pure water is applied, 

is due to the immediate presence of the feed solution used and is reversible (e.g., 

concentration polarization). Therefore, it cannot be considered as fouling.  

 

 

1.5 Aim of this work and research approach 

The aim of this work is to study the influence of membrane characteristics on flux 

decline and retention during nanofiltration, as flux decline is still one of the main 

research topics in membrane processes (Drioli, 2002). The results of this work 

allow to select an optimal membrane in a specific application. Moreover, this work 

will provide useful information in the field of membrane development, about 

which membrane characteristics to control for an optimal membrane performance. 

 

The methods and materials used to this purpose are described in Chapter 2. Special 

attention is paid to the different membrane characterization techniques, as some of 

them are applied for the first time on nanofiltration membranes.  
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In addition to representative commercial nanofiltration membranes, laboratory-

made membranes are also included in this study. The main reason for doing this 

was the scarcity of information given by the membrane manufacturers: no details 

were provided about the synthesis process or about possible additives or post-

treatments. As this information is necessary to get a better insight into the 

performance of nanofiltration, synthesis of polyethersulfone membranes was 

carried out (Chapter 3). Both the search for optimal synthesis conditions as well as 

the characterization and performance of these laboratory-made polyethersulfone 

membranes were discussed.  

 

A methodology for the physical and chemical characterization of the (commercial 

and laboratory-made) nanofiltration membranes is described in Chapter 4. 

Although non-contact mode AFM (for determination of the surface roughness) or 

measurements of the contact angle or the streaming potential (for determination of 

the hydrophobicity or the surface charge, respectively) are well-known 

characterization techniques, it is important to assemble these values for different 

membranes using the same setup, as this enhances an accurate comparison between 

the membranes.  

Moreover, the surface roughness and the hydrophobicity of the membrane top layer 

were checked by a rather new method in nanofiltration: tapping mode AFM. PAS 

(Positron Annihilation Spectroscopy), on the other hand, is a novel characterization 

technique in the world of nanofiltration, in which the lifetime and the energy 

management of implanted positrons into the membrane are studied. In order to 

chemically characterize the top and support layer of the different membranes, 

ATR-FTIR and XPS were selected.  

 

These characterization results were used as input to study which membrane 

characteristic is the most crucial to optimize flux decline and retention (Chapter 5). 

However, as it is known in literature that fouling is an interplay between membrane 

and feed properties (Bellona and Drewes, 2005; Van der Bruggen and 

Vandecasteele, 2001; Vrijenhoek et al., 2001), the analysis was performed for 

three different feed solutions: 
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 - aqueous solutions containing dissolved uncharged organic components; 

 - aqueous solutions containing dissolved charged organic components; 

 - colloidal dispersions. 

For the dissolved organic components, previous work (Braeken, 2005; Van der 

Bruggen, 2000) already focused on the influence of the component properties on 

the membrane performance, so that for these two feed solutions attention is mainly 

paid to the membrane part of flux decline. However, for the colloidal dispersions, 

the influence of both membrane and colloid characteristics on membrane fouling 

was studied, and this in different conditions (i.e., with increasing colloid and salt 

concentration and at different pH). 

 

Chapter 6 describes a potential application of nanofiltration: recycling of 

wastewater in the carwash industry. Because the carwash wastewater is a complex 

mixture of several components (among which surfactants), the interpretation of the 

obtained filtration results was hampered. Therefore, this chapter focuses firstly on 

the flux decline caused by (synthetic) surfactant solutions in different conditions, 

representative for the carwash wastewater.  

 

Each chapter starts with an introduction, in which the state of the art about the 

respective subjects is elucidated. 
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2.1 Nanofiltration experiments 

2.1.1 Filtration equipment 

Cross-flow filtration experiments were carried out on a laboratory scale filtration 

apparatus (Amafilter, Test Rig PSS1TZ, Figure 2.1a), equipped with two TZA 944 

membrane modules in parallel. Figure 2.1b shows a schematic representation of the 

cross-flow nanofiltration unit. 

 

 
(a) 

 
Figure 2.1: Cross-flow nanofiltration unit: (a) picture and (b) schematic 

representation of the cross-flow nanofiltration unit (1 = module 1; 2 = module 2;  
3 = feed tank; 4 = pump; 5 = flow meter) 

            (b) 
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The feed solution (3) is pumped to both membrane modules (1 and 2) by a three-

stage membrane pump (4). The volume of the feed solution was 10 L, including 

1.5 L in the tubes of the installation. Circular flat sheet membranes with a diameter 

of 9 cm and an effective filtration area (Amembrane) of 0.0059 m² were used in both 

membrane modules, of which the design is shown in Figure 2.2. 

 

 
Figure 2.2: Design of the membrane module of the cross-flow nanofiltration unit 
 

A constant feed composition was achieved by recycling the retentate and permeate 

stream to the feed tank. Samples of the feed and the permeate were taken to study 

the evolution of membrane performance as a function of time. During sampling, 

the permeate was collected in a graduated cylinder; the permeate flux (Jp) was 

calculated from the time (∆t) needed to obtain a certain permeate volume (Vp) by 

using Equation 2.1. As the permeate volume is always less than 20 mL and hence 

negligible compared to the feed solution of 10 L, the composition of the feed 

solution still remains constant.  

tA
V

J
membrane

p
p ∆⋅
=                  (2.1) 

 

The pressure across the membrane can be varied from 0 to 60 bar; in all 

experiments the pressure was equal to 8 bar. Feed and retentate pressures can be 

set by using manual valves; the permeate pressure is equal to atmospheric pressure. 

A small pressure loss occurs in the membrane module causing a pressure 

difference between feed and retentate; the driving pressure was calculated as the 

average of feed and retentate pressures.  
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In all experiments, the flow and temperature of the feed were 500 L h-1 and 293 K, 

respectively. Because of the heat transfer of the pump, the temperature of the 

circulating solution increases which implies that cooling was necessary to maintain 

a constant temperature. Cooling was performed with an electronic circuit 

(OMRON E5AJ), which opens a cooling water valve and induces flow in the 

cooling coil if the temperature exceeds the setpoint.  

 

For each experiment, a new membrane piece was used to eliminate the influence of 

previous experiments. Each membrane piece was firstly immersed in distilled 

water for at least 24 hours, to dissolve the conserving agents. Afterwards, the 

membrane was pressurized and the pure water flux was measured for each 

membrane piece (to take into account the variation between different membrane 

samples) after 15 minutes of filtration at 8 bar and at neutral pH. After switching to 

the feed solution, the permeate flux and the permeate concentration were 

determined after 15, 30, 45, 60, 90 and 120 minutes of operation. After two hours 

of filtration the experiment was stopped because, in most cases, both the permeate 

flux and the retention were stable.  

 

To compare flux decline between different membranes, relative fluxes (in %) were 

defined as the ratio of the permeate flux to the (respective) pure water flux. The 

reproducibility or the absolute error on the relative flux was determined as 4 %. 

Due to the low feed concentrations (section 2.5), osmotic pressure was negligible. 

Only in the case of filtration of (colloidal or surfactant) solutions in the presence of 

NaCl, the relative flux was corrected for osmotic pressure.  

 

To study the performance of the laboratory-made membranes without support layer 

(Chapter 3), batch experiments were performed with a dead-end filtration module 

(Sterlitech HP4750 Stirred Cell, Figure 2.3). This module can be used at pressures 

up to 69 bar for circular flat sheet membranes with a diameter of 4.3 cm and an 

effective filtration area of 0.00146 cm2. The feed solution of 300 mL is 

magnetically stirred to minimize concentration polarization. Pressure at the feed 
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side is supplied by an inert gas (N2). Permeate fluxes were calculated using 

Equation 2.1.  

 

 

 

 

 

 

 

Figure 2.3: Dead-end filtration module 
 

2.1.2 Selection of commercial membranes 

In addition to the laboratory-made membranes (Chapter 3), commercially available 

nanofiltration membranes were used in the experiments. These membranes were 

selected to cover the whole range of operation of nanofiltration (from ultrafiltration 

to reverse osmosis). A summary of the most important membrane characteristics, 

as given by the manufacturers, is given in Table 2.1.  

 

Table 2.1: Overview of the characteristics of the commercial membranes, as given 
by the manufacturers 

 manufacturer 
cut-off1 

(Da) 

permeability 

(L m-2 h-1 bar-1) 

max 

temp (K) 

pH 

range 

UTC20 Toray2 180 15 318 3-10 

NF270 Dow/FilmTec3 200-300 11 318 3-10 

Desal51HL GE Osmonics4 150-300 9 323 3-10 

Desal5DL GE Osmonics4 150-300 9 363 1-11 

N30F Nadir5 400 1-1.75* 368 1-14 

NTR7450 Nitto-Denko6 600-800 12 313 2-11 

NFPES10 Nadir5 1,000 5-10* 368 1-14 
1cut-off = molecular mass of a component with 90 % retention; 2Toray Ind. Inc., 
Tokyo, Japan; 3Dow/FilmTec, Edina, USA; 4GE Osmonics, Le Mee sur Seine, 
France; 5Nadir Filtration GmbH, Wiesbaden, Germany; 6Nitto-Denko, Basel, 
Switzerland; *test conditions at 40 bar, 293 K, stirred cell with 700 rpm 
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All membranes are thin film composite membranes. According to the information 

given by the manufacturer, UTC20 has a polypiperazineamide top layer; NF270, 

Desal51HL and Desal5DL have a crosslinked aromatic polyamide top layer; N30F 

and NFPES10 have a permanently hydrophilic polyethersulfone top layer; 

NTR7450 has a sulfonated polyethersulfone top layer. The chemical structures of 

the different membrane top layers are given in Figure 2.4a to 2.4c. 
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Figure 2.4a: Chemical structure of a polypiperazineamide top layer (UTC20) 
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Figure 2.4b: Chemical structure of a crosslinked aromatic polyamide top layer 

(NF270, Desal51HL and Desal5DL) 
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Figure 2.4c: Chemical structure of a sulfonated polyethersulfone top layer 

(NTR7450) 
 
 

2.2 Adsorption experiments 

Batch experiments were used to study adsorption of organic components on the 

membrane surface. In these experiments (Figure 2.5), the membrane top layer was 

exposed to 50 mL (V) of an aqueous feed solution containing uncharged or charged 

organic components in a concentration of 2 mmol L-1 or 0.2 mmol L-1, 

respectively. For the (colored) charged components, a lower feed concentration 

was selected because of cleaning problems of the equipment. Adsorption of the 

surfactants on the membrane surface was studied for a feed concentration of 

1.6 mmol L-1 (around 600 mg L-1). 

 

 
Figure 2.5: Setup used to measure the adsorbed amount on the membrane surface 

 

The concentration decrease of the organic components was determined after 

90 minutes. This duration was determined in a preliminary experiment where the 

adsorbed amount on the membrane surface (q) was measured as a function of time 

for all membranes. Saturation was obtained after approximately 90 minutes. The 

concentration difference before (Cf) and after 90 minutes (C) in a batch cell was 

determined. The concentration difference in a batch cell without the membrane 
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((Cf - Cb); Cb is the concentration after 90 minutes without membrane) was 

substracted to compensate for adsorption on the container walls or evaporation of 

the component of interest. The adsorbed amount per unit of membrane area (q) was 

calculated from V, Cf, Cb and the membrane surface (Amembane) using Equation 2.2. 

The relative error on the adsorbed amount, calculated by error analysis using 

various membrane pieces of a given kind, was lower than 15 %.  

( ) ( )[ ]
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)(               (2.2) 

 

The above described methodology was used to study the adsorbed amount on the 

membrane top layer. As diffusion of the feed components into the membrane is 

also an intrinsic phenomenon, sorption into the sub layer cannot be avoided. 

However, the fact that the adsorbed amount does not change anymore after 90 

minutes (Braeken, 2005), indicates that all available adsorption places are reached 

by the feed components. Moreover, diffusion of feed components through the 

membrane does not occur on a time scale of hours, but rather on a time scale of 

several days/weeks (Geens et al., 2005). 

 

 

2.3 Synthesis of polyethersulfone membranes 

Polyethersulfone (PES) from Solvay Belgium (Radel A-100) was used, which 

according to the manufacturer also contains titanium dioxide (0 – 6 w%) and 

carbon black (0 – 1 w%). This polymer was dissolved in two different solvents 

(N,N-dimethylformamide (DMF) or N-methyl-pyrrolidone (NMP)) by heavy 

stirring during several days to obtain a homogeneous solution. The viscosity of the 

polymer solutions was measured with a DSR (Dynamic Stress Rheometer from 

Rheometrics) in a nitrogen atmosphere at 303 K. 

 

A thin film of the polymer solution with a thickness of 150 µm was cast on a 

support with a filmograph (K4340 Automatic Film Applicator, Elcometer) at a 

speed of 20 mm s-1 in an atmosphere with controlled relative air humidity. The 
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support was either a glass plate or a glass plate with a non-woven support layer 

taped on it. The non-woven support layers FO2471 (PP/PE, air permeability at 

2 mbar: 300 dm3 m-2 s-1) and FO2413 (polyester, air permeability at 2 mbar: 

150 dm3 m-2 s-1) were obtained from Freudenberg Vliesstoffe KG (Germany). To 

prevent the polymer solution of intruding in the pores of these support layers, the 

support layer was wetted with the appropriate solvent prior to casting (Tsai et al., 

1995). The casting thickness was increased to 250 µm to obtain a defect-free 

membrane.  

 

The casted polymer film was immersed in a non-solvent bath of distilled water at 

293 K (unless otherwise mentioned), in which phase separation starts and the 

membrane is formed. The membrane was afterwards repeatedly washed with 

distilled water and wet stored. For each set of process parameters, three identical 

membrane sheets were synthesized and tested to obtain a mean value of the flux 

and the retention.  

 

  
(a) (b) 

Figure 2.6: Setup used to synthesize polyethersulfone membranes: (a) the 
filmograph and (b) the membrane box, in which an atmosphere with controlled 

relative air humidity could be established 
 

 

2.4 Membrane characterization techniques 

2.4.1 Atomic Force Microscopy (AFM) 

2.4.1.1 Theoretical background 

Atomic Force Microscopy (AFM) probes the surface of a sample with a sharp tip, 

located at the free end of a cantilever (Wiesendanger, 1994). Forces between the 
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tip and the sample surface cause the cantilever to bend. This cantilever deflection is 

detected optically by focusing a laser beam onto the back of the reflective 

cantilever. As the tip scans the surface of the sample, moving up and down with 

the contour of the surface, the laser beam is deflected off the attached cantilever 

into a dual element photodiode (the beam-bounce method). This photodetector 

measures the difference in light intensities between the upper and lower 

photodiodes and converts this signal into a voltage. This method enables a 

computer to generate a three-dimensional map of the surface topography.  

 

There are three commonly used AFM techniques: contact mode, non-contact mode 

and tapping mode. In contact mode, the tip scans the sample in close contact with 

the surface. This means that the interatomic force between the sample and the tip is 

repulsive with a typical value of 10-7 N. Problems with contact mode are caused by 

excessive tracking forces applied by the probe to the sample. Therefore, contact 

mode AFM cannot be applied to soft surfaces, such as polymeric membranes.  

 

In situations where tip contact might alter the sample, non-contact mode is used. In 

this mode the tip moves about 5 - 15 nm above the sample surface. Attractive 

interatomic forces between the tip and the sample are detected, and topographic 

images are constructed by scanning the tip above the surface. The attractive forces 

from the sample are, however, substantially weaker (10–13 N) than the forces used 

in contact mode. Therefore, the cantilever is driven to vibrate near its resonance 

frequency by means of a piezoelectric element and changes in the resonance 

frequency as a result of tip-surface force interaction are measured (dynamic 

detection method). Problems with non-contact mode can be caused by a 

contaminant layer (present on the sample) which interferes with the cantilever 

oscillation and results in a low resolution.  

 

Tapping mode AFM allows high-resolution topographic imaging of sample 

surfaces by alternately bringing the tip in contact with the surface to provide high 

resolution and then lifting it off the surface to avoid dragging the tip across the 

surface. Tapping mode imaging is again implemented by oscillating the cantilever 
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assembly at or near the cantilever’s resonance frequency using a piezoelectric 

crystal. The piezo motion causes the cantilever to oscillate with a large amplitude 

(typically greater than 20 nm) when the tip is not in contact with the surface. The 

oscillating tip is then moved towards the surface until it begins to gently touch, or 

tap the surface. During scanning, the vertically oscillating tip alternately contacts 

the surface and lifts off, generally at a frequency of 50,000 to 500,000 cycles per 

second. As the oscillating cantilever begins to intermittently contact the surface, 

the cantilever oscillation is reduced due to energy loss caused by the tip contacting 

the surface. The reduction in oscillation amplitude is used to identify and measure 

surface features.  

 

A powerful extension of tapping mode AFM is phase imaging. In phase imaging, 

the phase shift is derived from the difference in phase angle between the freely 

oscillating cantilever in air and the cantilever oscillation during scanning. The 

convention of phase scaling is based on the freely resonating cantilever in air. The 

phase shift is zero when there is no interaction between the tip or the cantilever and 

the sample surface. However, in the case of a tip - sample interaction, a phase lag 

is induced if the interaction is attractive and a phase advance appears if the 

interaction is repulsive. The phase shift is hence very sensitive to local variations in 

the material properties. Moreover, by using a hydrophilic silicon tip, one can 

observe whether the interactions between the tip and the sample are hydrophilic or 

hydrophobic. A hydrophilic surface interacts strongly with a hydrophilic tip, 

resulting in a large phase shift. A hydrophobic surface does not interact strongly 

with a hydrophilic tip, resulting in a small phase shift. 

 

AFM allows to image insulators and semiconductors as well as electrical 

conductors and has many applications (Santos and Castanho, 2004) such as 

analysing ionic crystals, DNA and RNA (Round and Miles, 2004; Wu et al., 2004), 

red blood cells (Zachee et al., 1996), etc. AFM has also been used to study the 

roughness of polymeric (Davey et al., 2004; Bowen et al., 2002; Freger et al., 

2002; Khulbe and Matsuura, 2000) and ceramic membranes (Vilaseca et al., 2004; 

Marchese et al., 2000). For ultrafiltration and microfiltration membranes AFM can 
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be used, not only to measure the roughness, but also to study the size and the shape 

of pores on the surface (Gumi et al., 2003; Väisänen et al., 2002; Huisman et al., 

2000; Ho et al., 1999).  

 

For the smaller pores of nanofiltration and reverse osmosis, however, great care is 

needed in the interpretation of pore diameters (obtained by AFM) because of 

convolution effects between the tip and the pore (Bowen and Doneva, 2000; Kwak 

et al., 1997). Another application of AFM in the membrane field is the direct 

measurement of the force of adhesion between a particle (like silica or polystyrene) 

and the membrane surface by immobilizing the particle at the end of the cantilever, 

which allows to predict fouling without process measurements (Bowen et al., 

2002; Hilal and Bowen, 2002; Bowen and Doneva, 2000).  

 

2.4.1.2 Experimental conditions 

Non-contact mode AFM was performed with an M5 AFM system (VEECO). The 

cantilever was made from Si with a spring constant of 3.2 N m-1 and a nominal tip 

apex radius of 10 nm. After scanning, the images were flattened with a second 

order polynomial approximation to remove AFM scanner-induced curvature and 

slope from the image. After flattening, the RMS roughness (Rrms, root-mean-

squared roughness) was calculated, which represents the standard deviation of the 

data: 
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where zn is a data point of the roughness profile, 
_
z  the average of all zn values 

within the given area and N the number of data points within the given area.  

 

Other definitions can also be used to characterize the roughness like the mean 

roughness (the mean value of the surface relative to the center plane) or the peak-

to-valley distance (the distance between the highest and lowest data point of the 

surface). However, these definitions are less accurate than the RMS roughness. In 

the peak-to-valley distance only two points of the scanned surface (i.e., the highest 
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and the lowest) are taken into account, which is not representative for the whole 

surface; the mean roughness is not able to distinguish between surfaces that differ 

in shape or spacing. Hence the RMS roughness is the most accurate and will be 

used in the rest of this thesis.  

 

Tapping mode AFM images as well as AFM phase images were obtained with a 

Nanoscope III scanning probe microscope (Digital Instruments, Santa Barbara, 

California). The SPM probe used was a SiO2 non-contact SPM probe 

(Nanosensors) with a spring constant of 40 N m-1, a resonance frequency of 

190 kHz and a typical radius of 10 nm. After scanning the images were flattened 

with a second order polynomial approximation and the RMS value of the 

roughness was calculated by Equation 2.3. The RMS value was also calculated for 

the phase shift Θ rms by using Equation 2.4. 
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where θn is a data point of the phase shift profile, 
_
θ  the average of all θn values 

within the given area and N the number of data points within the given area. 

 

For non-contact mode AFM as well as for tapping mode AFM, the analyses were 

carried out on a dry sample in an atmosphere with a relative humidity of 30 %. 

Measuring a dry sample has two advantages compared to measuring a wet surface: 

- It is easier to make a distinction between a hydrophobic and a 

hydrophilic surface by measuring a dry surface (with a hydrophilic tip). 

Only on a hydrophilic dry surface, the relative humidity will deliver an 

additional capillary force, which would not be present on a wet surface. 

Because of the absence of the capillary force when a wet surface is 

measured, it is not possible to distinguish between a hydrophobic and a 

hydrophilic surface.  

- Measuring a wet surface takes 5 to 10 times longer than measuring a dry 

surface.  
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For non-contact mode AFM as well as for tapping mode AFM, the roughness and 

the phase shift were measured for five different scan areas: 0.5 µm x 0.5 µm, 1 µm 

x 1 µm, 3 µm x 3 µm, 5 µm x 5 µm and 10 µm x 10 µm. The first scan was always 

made for the largest area (10 µm x 10 µm). Then the area was reduced until the 

smallest area (0.5 µm x 0.5 µm) was reached. In the case of non-contact mode 

AFM, each measurement was done three times on two different areas to obtain a 

mean value of the RMS roughness. The standard deviation of the different 

measurements was lower than 10 %.  

 

2.4.2 Contact angle measurements  

When a liquid droplet is applied on a membrane surface, the droplet will take a 

specific shape resulting in a specific contact angle with the membrane 

(Figure 2.7a). The value of the contact angle theoretically ranges from 0° to 180°. 

The higher the affinity between the water droplet and the membrane surface, the 

smaller the contact angle and the higher the degree of wetting. Contact angles 

measured with water are used to study the degree of hydrophilicity/hydrophobicity: 

hydrophilic surfaces show a small value for the contact angle, whereas 

hydrophobic surfaces show a large contact angle.  

 
 

 

 

 

 

(a)    (b) 
Figure 2.7: Contact angle measurements: (a) the principle and (b) the setup 

 

Contact angle measurements were performed with a Drop Shape Analysis System 

DSA 10 Mk2 (Krüss, Figure 2.7b) in a three-phase system consisting of the 

membrane surface, air and water droplets of 2 µL. The sessile drop method was 

chosen and the contact angle was measured in an equilibrium mode: a droplet of 

water is placed on the membrane surface, after which the contact angle between the 

droplet and the membrane surface is calculated. Each contact angle was measured 

water

membrane

air

θ water

membrane

air
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50 times and an average value was calculated. The contact angle of the wet, clean 

membrane was determined for all membranes. 

 

2.4.3 Determination of cut-off 

The cut-off is considered in literature as a measure for the size of the pores and is 

defined as the molecular mass of a component that is retained for 90% by the 

membrane. This parameter is often used, especially for ultrafiltration membranes 

(Aimar et al., 1990), but it cannot be considered as an absolute parameter. 

Although the cut-offs are specified by the manufacturer for the considered 

commercial membranes (Table 2.1), a comparison is hampered because the value 

of the cut-off strongly depends on experimental conditions (e.g., the pressure 

applied, the concentration and the nature of the feed solution) (Bellona et al., 

2004).  

 

Therefore, the cut-off was experimentally determined for each commercial 

membrane by filtration in the cross-flow setup with the same feed solution under 

the same conditions (293 K, 8 bar, 600 L h-1). As feed solution, a mixture of 

polyethylene glycols (PEG) with different molecular mass (from 150 to 3,000 Da) 

in a concentration of 1 g L-1 was selected (Cleveland et al., 2002). Analysis of the 

concentration of PEG in feed and permeate was done with Gel Permeation 

Chromatography (Shodex OHpak SB-803 HQ). By fitting the obtained retention 

curve with the log-normal model (Van der Bruggen et al., 2000b), the cut-off was 

calculated as the molecular mass of PEG with 90% retention. The relative error on 

the obtained values of the cut-off is lower than 10 %.  

 

2.4.4 Measurements of the streaming potential 

Measurements of the streaming potential are frequently used to characterize the 

charge properties of membranes. Membranes acquire a charge when brought into 

contact with an aqueous solution due to dissociation of functional groups or 

adsorption of ions from the solution. Because this surface charge is compensated 

by the attraction of counterions from the solution, an electrical double layer is 
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formed. When the ions within this electrical double layer are forced to move along 

with a flow, a streaming potential is generated.  

 

From the streaming potential (∆E), the zeta potential (ζ), which is defined as the 

potential at the plane of shear between the surface and the solution, is calculated by 

using the Helmholtz-Smoluchowski equation (Childress and Elimelech, 1996):  

RA
L

P
E

ro

1
⋅⋅

⋅⋅∆
⋅∆

=
εε

ηζ                  (2.5) 

where η is the viscosity of the solution, ∆P the applied pressure, εo the vacuum 

dielectric permittivity, εr the relative dielectric permittivity, L the channel length, A 

the channel cross-sectional area and R the channel resistance. 

 

The ratio L/A was determined using the Fairbrother and Mastin approach 

(Fairbrother and Mastin, 1924). For solutions with low surface conductivity (i.e., 

electrolyte concentration larger than 10-3 M), this ratio is given by: 

R
A
L

⋅= κ                   (2.6) 

where κ is the conductivity. With this expression, Equation (2.5) reduces to its 

usable form (Möckel et al., 1998; Kim et al., 1996; Nyström et al., 1989): 
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Streaming potential measurements can be carried out both through the membrane 

pores and along the membrane surface. However, the interpretation of 

measurements through the membrane is difficult in the case of nanofiltration 

membranes, because the Helmholtz-Smoluchowski equation does not hold for pore 

sizes as small as 1 nm (the ratio of pore radius to electrical double layer thickness 

must be large), and because the influence of the support layer is not well 

incorporated.  

 

The experimental setup is shown schematically in Figure 2.8. The electrolyte 

solution is pumped through the cell, which consists of two membranes with a 
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spacer in between. This way, only the charge characteristics on the exterior surface 

of the membrane were determined. The membrane samples had dimensions of 

76 mm x 26 mm and were glued on to glass plates. The applied pressure difference 

was set at 0.4 bar. The cell potential was measured continuously by two Pt 

electrodes. Data acquisition took place with a computer. When the valve at the 

inlet of the cell was closed, the solution stopped flowing through the cell (non-flow 

mode). The flow started again when the valve was opened (flow mode). The 

difference in potential between flow and non-flow mode gives the streaming 

potential.  
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Figure 2.8: Schematic representation of the experimental setup for the streaming 

potential measurements (1 = feed valve; 2 = Pt electrodes; 3 = glass plate;  
4 = membrane; 5 = vacuum pump) 

 

For the determination of the zeta potential, a 0.01 M KCl solution was used. The 

pH of the solution ranged from 3 to 12 and was set by adding NaOH and HCl. A 

lower pH would give difficulties in interpreting the data because of the high 

contribution of hydrogen ions to the conductivity of the solution. The streaming 

potential difference was measured 10 times and a mean value was calculated. The 

relative error on the measured values was below 10 %. Only around the iso-electric 

point (when the surface charge is very small), the relative error increased up to 

30 %. 

 

2.4.5 Positron Annihilation Spectroscopy (PAS) 

2.4.5.1 Theoretical background 

Positron Annihilation Spectroscopy (PAS) is a relatively novel technique in 

membrane science and is based on the study of the annihilation phenomena after 
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implanting positrons in the sample. Both the lifetime of the implanted positrons 

(Positron Annihilation Lifetime Spectroscopy, PALS) and the energy management 

of the annihilation (both Doppler Broadening of the Annihilation Radiation, DBAR 

and the Compton to peak relation or the R parameter) were studied. A summary of 

the PAS technique is given in Table 2.2. 

 

The energy of the incident positrons (E) determines the mean positron implantation 

depth (
_
z ) according to Equation 2.8: 

ρ

nECz ⋅
=

_                   (2.8) 

where C and n are constants and ρ the density of the polymer. The values of C and 

n are 2.8 mg cm-2 keV-n and 1.7, respectively (Algers et al., 2003). 

 

Table 2.2: Summary of the PAS technique 

 
type of 

annihilation 

lifetime 

(ns) 

DBAR at 

511 keV 

R 

parameter 

positron free 0.44 yes 2γ 

p-Ps self 0.124 no 2γ 

pick-off 1 – 6 yes 2γ 
positronium 

(Ps) o-Ps 
self 142 - 3γ 

 

Positron Annihilation Lifetime Spectroscopy (PALS) 

After injection of the positrons in the sample, the positrons either diffuse into the 

polymer and are annihilated as a free positron with an electron in about 0.44 ns 

(free positron annihilation), or capture an electron from the material and form a 

hydrogen-like quasi-stable atom, known as positronium (Ps). The para-Ps (p-Ps), in 

which the spins of two particles are antiparallel, has a mean lifetime of 0.124 ns 

(self-annihilation of p-Ps), whereas the ortho-Ps (o-Ps), in which the spins are 

parallel, has an intrinsic lifetime of 142 ns in vacuum (self-annihilation of o-Ps). In 

polymers, the o-Ps atom preferentially gets localized within the free volume 

cavities, where it moves in the internal regions and collides frequently with the 

molecules of the walls. During a collision, o-Ps may annihilate with an electron 
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other than its bound partner and with opposite spin, with the consequence that the 

(mean) o-Ps lifetime decreases from its value in a vacuum to the low ns-range (1-

6 ns, pick-off annihilation) (Jean et al., 2003). The smaller the cavity is, the higher 

the frequency of collisions and the shorter the o-Ps lifetime is. Assuming a 

spherical shape of the holes, the mean hole radius (ri) can be calculated from the 

mean o-Ps lifetime (τi) using the equation of Tau-Eldrup (Equation 2.9): 
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from which the volume of the pores (Vi) can be calculated using Equation 2.10: 

3

3
4

ii rV ⋅⋅= π                 (2.10) 

 

Equation 2.9 is derived from a semi-empirical model (Satyanarayana et al., 2006; 

Dlubek et al., 2005), which assumes that o-Ps is localized in an infinitely high 

potential well with radius ri + δr where ri is the hole radius. The empirically 

determined δr = 0.166 nm describes the penetration of the Ps wave function into 

the cavity walls (Dlubek et al., 2005; Jean et al., 2003). The spectral intensity 

associated with the o-Ps lifetime component is related to the volume fraction of 

these free volume cavities, if no Ps-quenching functional groups exist in the 

molecular structure, as is the case in the present study (Abbe et al., 1981).  

 

Compton to peak relation (R parameter) and Doppler Broadening of the 

Annihilation Radiation (DBAR) 

The different types of annihilation of the implanted positrons and positroniums do 

not only result in a different lifetime, but also in a different annihilation energy. 

Due to the requirement of conservation of energy, annihilation results in the 

formation of two γ rays at 511 keV. Only during self-annihilation of o-Ps, three γ 

rays are formed (Table 2.2), which predominantly contribute to the energy region 

below 511 keV.  
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The relation of 3γ to 2γ or the Compton to peak relation is represented by the R 

parameter. This parameter describes the fraction of the surface under the total low 

energy region (Compton region) of the annihilation spectrum to that under the 

511 keV line. The R parameter hence contains information about the size and the 

concentration of the different pores.  

 

Another parameter, the S parameter describes the line shape of the annihilation at 

511 keV. Due to the electron momentum in the propagation direction of the (two) γ 

rays, the annihilation line at 511 keV is broadened (DBAR). Therefore, the S 

parameter is defined as the ratio of the number of counts in a central window 

(511 ± 0.81 keV) to the total number of counts in the annihilation peak 

(511 ± 6.46 keV). This parameter hence probes the momentum distribution of the 

electrons surrounding the site of annihilation and is an indication for the chemistry 

and the structural defects at the site of annihilation.  

 

Applications of PAS 

In recent years, PAS has found increasing interest and growing application in 

studies of the local free (empty) volume cavities in polymeric materials. Such 

cavities play a crucial role in the general mechanical and rheological properties of 

polymers (Kilburn et al., 2005; Faupel et al., 2004; Algers et al., 2003; Dlubek and 

Alam, 2002; Cao et al., 1999). Concerning membrane characterization, PAS has 

mainly been used in the past to study membranes for gas separation (Kruse et al., 

2005; Winberg et al., 2005; Wang et al., 2004; Shimazu et al., 2003; Merkel et al., 

2002). Only a few manuscripts report on the use of PAS applied to reverse osmosis 

membranes (Kim et al., 2005; Shimazu et al., 2000) or pervaporation membranes 

(Satyanarayana et al., 2006). To the best knowledge of the author, PAS has not yet 

been applied to NF membranes.  

 

2.4.5.2 Experimental conditions 

The depth selective positron lifetime measurements (PALS) were performed using 

the lifetime setup of the magnetically guided positron beam at Washington State 

University (Szpala et al., 2002). The magnetically guided slow positron beam is 
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used to probe surfaces and thin films using positrons with an energy of 1 keV up to 

an energy of 60 keV. When a positron hits the sample, secondary electrons are 

created. The detection of these secondary electrons by the microchannel-plate 

detector creates the start signal while the detection of one of the annihilation γ’s by 

the photomultiplier tube creates the stop signal of the lifetime measurement. To 

avoid charging of the membrane samples, a 10 nm gold layer was deposited on the 

membrane surface.  

 

In order to decompose the lifetime spectra, a MATLAB program was available, 

which allows the use of a specific resolution function consisting of 2 identical 

Gaussian distributions which are shifted from each other by a few ns and of which 

the second distribution is only a fraction of about 9 % from the first distribution. 

During the analysis, the p-Ps lifetime was fixed to 0.124 ns (τ1) and the intensities 

of the different positronium components were analyzed using the constraint that 

Σ Io-Ps = 3·Ip-Ps. From the obtained o-Ps lifetimes (τi), the radii of the pores (ri), 

which are considered to be free volume elements, can be calculated using 

Equation 2.9. The relative error on the measured intensities and lifetimes was 

0.5 % and 5 %, respectively. 

 

In addition to the lifetime experiments, the energy of the annihilation radiation was 

studied using a high-purity Ge-detector with a resolution of 1.4 keV at 511 keV 

(Puglisi et al., 2001). The detector is situated perpendicular to the beam direction. 

At each selected energy, a spectrum was collected with approximately 1·106 counts 

in the total spectrum. This setup allows to determine the Doppler Broadening of the 

Annihilation Radiation (DBAR, given by the S parameter) and the ratio of 

annihilation in 3γ  to the annihilation in 2γ  (given by the R parameter).  

 

2.4.6 Attenuated Total Reflectance–Fourier Transform InfraRed (ATR-FTIR)  

In ATR-FTIR, the sample is exposed to infrared radiation with a wave number 

between 4,000 and 400 cm-1. Molecules absorb this radiation at characteristic 

vibration frequencies. An infrared spectrum represents the absorbance as a function 
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of the wave number; the observed peaks can be identified with the functional 

groups within a molecule. ATR-FTIR (Attenuated Total Reflectance, Figure 2.9) 

means that the sample with refractive index n1 is placed on a crystal with a (high) 

refractive index n2. If the relation of n1 to n2 is smaller than the sine of the 

reflection angle (Ɵ), the infrared radiation is not able to penetrate deeply into the 

sample (in contrast to FTIR, where the radiation passes through the sample).  

 

n1sample

crystal
n2Ɵ

n1sample

crystal
n2Ɵ

 
Figure 2.9: Principle of ATR-FTIR 

 

ATR-FTIR spectra were measured in a vertical ATR cell using a Bruker IFS66v/S 

vacuum FTIR spectrometer with an operating vacuum lower than 3 mbar inside the 

spectrometer. The internal reflection elements were KRS-5 IRE trapezoidal-shaped 

crystals (S.A.F.I.R., Belgium, 52 mm x 20 mm x 2 mm) with 25 internal 

reflections. Due to the fact that the crystal was not totally covered by the 

membrane, not all the reflections were active. The FTIR spectrometer was 

equipped with a liquid nitrogen cooled MCT detector and a KBr beam splitter. A 

total of 512 scans were signal averaged using an optical resolution of 2 cm-1.  

 

2.4.7 X-ray Photoelectron Spectroscopy (XPS) 

In XPS, the sample is exposed to an X-ray photon bombardment, resulting in the 

release of electrons due to the photoelectric effect. Subtracting the kinetic energy 

of the released electrons from the energy of the photons (hν, with h the Planck’s 

constant and ν the photon frequency), the binding energy of the core electrons (BE) 

is obtained. An XPS spectrum represents the number of photoelectrons as a 

function of the binding energy.  

 

Since the number of photoelectrons for a chemical element depends on the atomic 

concentration of that element in the sample, the atomic concentration percentages 

(Ci) were calculated from the photoelectron peak area (Ai) and the sensitivity factor 
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(Si) using Equation 2.11. The sensitivity factor is equal to 0.296 for C1s, 0.711 for 

O1s, 0.477 for N1s and 0.570 for S2p. 
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Moreover, because the binding energy is a constant for each chemical element 

(except for hydrogen and helium) and also depends on the chemical environment 

of this element, the different peaks were assigned by fitting to the different element 

core levels.  

 

XPS measurements were performed with a Perkin Elmer Phi ESCA 5500 system 

equipped with a monochromated 450 W Al Kα source, which emits at 1486.6 eV. 

The base pressure of the ESCA system was below 1·10-7 Pa. C1s, O1s, N1s and S2p 

core levels were collected at an analysis takeoff angle between membrane surface 

and analyzer of 54°. A flood gun was used for charge neutralization on the non-

conductive membranes. Before analysis, the membranes were sputtered during 

6 seconds to remove the contaminant layer on the membrane surface. The C1s core 

level taken at 285 eV (aliphatic carbon) is used as binding energy reference.  

 

The analysis of the binding energy was performed with the XPS Peak 4.1 program 

(XPS Peak 4.1, 2001). After subtracting a Shirley-type background from the 

signals, the recorded spectra were fitted with Gauss-Lorentz curves and with a 

similar FWHM (full-width half-maximum) for all peaks of one chemical element. 

For C1s, the binding energy region between 277 eV and 286 eV was studied. This 

implies that the π → π* shake-up satellite, characteristic for the presence of 

aromatic rings in the polymer, was neglected (Gardella et al., 1986).  

 

2.4.8 Scanning Electron Microscopy (SEM) 

In SEM, a two-dimensional image of the membrane surface or cross-section is 

obtained by radiation of the sample with an electron beam; the image is determined 

by the reflected, secondary electrons.  
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The setup used to visualize the (surface and cross-sections of the) laboratory-made 

membranes and the surfaces of the commercial membranes was a Philips Scanning 

Electron Microscope XL30 FEG with an accelerating voltage of 20 keV. To avoid 

charging of the membrane material by the electron beam, a conductive gold 

coating was applied on the samples. A clear cross-section was obtained by 

fracturing the membranes after immersing in liquid nitrogen.  

 

Cross-sections of the commercial membranes were visualized using a FEI Nova 

Nanolab dualbeam, which combines a high resolution Scanning Electron 

Microscope (FEG-SEM) with a Focused Ion Beam (FIB). With this setup, a small 

cross-section is made by scanning the sample with a gallium ion beam. To avoid 

damaging of the surface and in order to obtain a clean straight cut, a layer of 

platinum is deposited in situ on the membrane surface. To prevent charging of the 

samples during both FIB and SEM operation of the dualbeam, a thin (< 10 nm) 

gold layer was deposited on the membranes prior to loading of the samples into the 

dualbeam system. 

 

2.4.9 Differential Scanning Calorimetry (DSC) 

DSC measurements were performed with a DSC2920 of T.A. Instruments. The 

membrane samples (around 6 mg) were placed in aluminum pans, which were 

rinsed with nitrogen at 50 mL min-1. The testing procedure consists of heating from 

room temperature to 323 K, holding the temperature at 323 K for 15 minutes to 

remove the moisture, heating to 623 K, holding the temperature at 623 K for 

3 minutes and cooling to 273 K. Heating and cooling were done at a speed of 

10 K min-1.  

 

The upper limit of 623 K was determined to prevent degradation of the membrane 

and was based on TGA (ThermoGravimetric Analysis) measurements by using an 

SDT Q600. The membranes, placed in aluminum oxide pans, were heated at a 

speed of 5 K min-1. The pans were rinsed with nitrogen at a flow of 100 mL min-1. 
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2.4.10 Pre-treatment of membrane samples 

The described characterization techniques do not always allow to perform a 

measurement on a wet membrane, e.g., when the technique has to be performed in 

a vacuum atmosphere (e.g., XPS or SEM) or when the presence of water would 

complicate or hinder a reliable interpretation of the results (e.g., ATR-FTIR or 

PAS).  

Therefore, it was necessary to perform some characterization techniques on a dry 

membrane surface. Because the drying protocol also has an influence on the 

membrane structure, the membranes were all treated in the same way. Firstly, the 

membranes were placed in distilled water for at least 24 hours. This step is 

necessary to leach conserving agents out of the membrane. Afterwards, the 

membrane was taken with a pair of tweezers to avoid contamination of the top 

layer of the membranes and to dry them to the air in a separate room with the top 

layer up for at least 48 hours, prior to the characterization test. The characterization 

techniques were performed on several membrane pieces on several moments and 

gave rise to the same results, which implies that the drying procedure used was 

reproducible.  

 

 

2.5 Selection of feed components 

In the cross-flow setup, filtration experiments were performed with aqueous feed 

solutions, which contained either uncharged organic components (at neutral pH 

and in a concentration of 2 mmol L-1) or charged organic components (at pH 3 or 

pH 10 and in a concentration of 0.2 mmol L-1). For the (colored) charged 

components, a lower feed concentration was selected because of cleaning problems 

of the equipment. Filtration experiments were also performed with colloidal 

dispersions (in a concentration of 100 mg L-1) in different conditions. To study the 

applicability of nanofiltration to recycle wastewater in the carwash industry 

(Chapter 6), aqueous solutions with surfactants (in a typical concentration of 

40 mg L-1) were used as feed solution. Unless otherwise mentioned, the feed 

solution contained only one single component. 
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2.5.1 Selection of organic components (uncharged and charged) 

Uncharged organic components were selected in order to cover a large range of 

molecular mass (Mw) and hydrophobicity (log P), as summarized in Table 2.3. The 

chemical structure of the components is represented in Appendix I. 

 

Table 2.3: Characteristics of the selected dissolved uncharged organic components 
 Mw (Da) log P 

benzonitrile 103 1.54 

benzylalcohol 108 1.08 

p-tolualdehyde 120 2.26 

benzylidene acetone 146 2.04 

xylose 150 -1.98 

xylitol 152 -2.56 

3,4-methylnitrophenol 153 2.46 

3,5-dihydroxybenzoic acid 154 0.91 

4,3-chloronitrobenzaldehyde 185 2.17 

maltose 342 -5.42 

raffinose 504 -6.76 

 

The hydrophobic properties of an uncharged component are generally described by 

the octanol-water partition coefficient P, which represents the ratio of the 

concentration of a component in the octanol-phase to the concentration in the 

aqueous phase of a two-phase system at equilibrium. Since the measured values 

range from 10-4 to 10+8, the logarithm of the octanol-water partition coefficient is 

commonly used as a measure for the hydrophobicity of a component.  

The values of log P were calculated on the basis of a group contribution method 

(Syracuse Research Corporation, 2003; Meylan and Howard, 2000), according to 

Equation 2.12: 

( ) ( )∑ ∑ +⋅+⋅= 229.0jjii ncnfPgol              (2.12) 

where fi is the fragment coefficient, ni the number of times a fragment occurs in the 

structure, cj the correction factor coefficient and nj the number of times a factor 
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occurs in the structure. The constant (0.229) is generated by the statistical analysis 

of Meylan and Howard (2000) for correspondence between the estimates and the 

experimentally measured values of log P. 

 

As an example, Table 2.4 indicates the calculation of log P for 3,4-

methylnitrophenol; the structure of 3,4-methylnitrophenol is given in Figure 2.10. 

The experimental value of log P for 3,4-methylnitrophenol (i.e., 2.48, as 

determined by Schwarzenbach et al. (1988)), corresponds well with the calculated 

value, as is also shown in Figure 2.11 for the other uncharged organic components. 

 

Table 2.4: Calculation of the logarithm of the octanol-water partition coefficient 
(log P) of 3,4-methylnitrophenol 

type number fragment description coefficient total 

fi 1 -CH3 [aliphatic carbon] 0.547 0.547 

fi 6 aromatic carbon 0.294 1.764 

fi 1 -OH [hydroxy, aromatic attach] -0.480 -0.480 

fi 1 -NO2 [nitro, aromatic attach] -0.182 -0.182 

cj 1 ring reaction → -NO2 with -OH 0.578 0.578 

constant  equation constant  0.229 

log P  2.456 

 
CH3HO

NO2 
Figure 2.10: Structure of 3,4-methylnitrophenol 

 

As the filtration experiments with dissolved charged organic components were 

performed at pH 3 and pH 10, the molecular mass (Mw) and the component charge 

at these pH values were used as selection criteria, as summarized in Table 2.5. The 

chemical structure of the charged components is represented in Appendix II. For 

these components, the value of log P was not determined as this parameter only 

correctly describes the partition coefficient of neutral components.  
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Figure 2.11: Correspondence between the calculated and the experimental values 

of log P 
 

Table 2.5: Characteristics of the selected dissolved charged organic components 
charge 

 
Mw  

(Da) pH 3 neutral pH pH 10 

serine 105 + 0 - 

isoleucine 131 + 0 - 

glutamine 146 + 0 - 

phenylalanine 165 + 0 - 

tryptophane 204 + 0 - 

diphenylaminosulfonic 

acid 
271 - - - 

neutral red 288 + + 0 

methylene blue 319 + + + + 

methyl orange 327 0 - - 

janus green 511 + + + 

patent blue 543 - - - 

eosine 645 0 - - - - 

congo red 696 0 - - - - 

 

The charge of the components was estimated at each pH based on their pKa values. 

As an example, Figure 2.12 shows the structure of the amino acid phenylalanine, 

which carries a weak acid carboxyl group (-COOH) and a weak basic amine group 

(-NH2). At pH 10, a larger fraction of the carboxyl group is dissociated as 

compared to the protonation of the amine group (pKa2 = 9.4), resulting in a 
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negative charge of phenylalanine. At pH 3, a larger fraction of the amine group is 

protonated than the dissociation of the acid group (pKa1 = 2.4), resulting in a 

positively charged component.  

In the case of eosine and congo red, the presence of two strongly acid groups is 

responsible for the double negative charge at neutral pH and pH 10. 

 

OH

O

NH2

 
Figure 2.12: Structure of phenylalanine 

 

In addition to these dissolved organic components, three surfactants were selected 

to study the applicability of nanofiltration in the carwash industry: an ethoxylated 

alcohol (neodol 91-5E, nonionic), sodium dodecylbenzenesulfonate (SDBS, 

anionic) and hexadecyltrimethylammonium bromide (cetrimide, cationic). These 

surfactants have a similar molecular mass, as given in Table 2.6. The chemical 

structure is represented in Appendix II.  

 

Table 2.6: Characteristics of the three selected surfactants 
 neodol SDBS cetrimide 

type nonionic anionic cationic 

Mw (Da) 387 348 364 

water 300 2,320 1,320 CMC 

(mg L-1) 0.1 M NaCl - 1,600 700 

 

For SDBS and cetrimide, the critical micelle concentration (CMC) was determined 

by conductivity measurements as a function of the surfactant concentration. 

Solutions with increasing surfactant concentration show increasing conductivity. 

Because only monomers contribute to the conductivity of the solution, the increase 

of the conductivity as a function of the surfactant concentration stops once the 

CMC is reached. From that point on, the monomer concentration is constant, while 

the number of micelles increases (Goodwin, 2004). The CMC was determined for 
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SDBS and cetrimide, both in distilled water and in the presence of 0.1 M NaCl, as 

indicated in Table 2.6. The value of the CMC of neodol was taken from Xiarchos 

and Doulia (2006). 

 

2.5.2 Selection and characterization of colloids 

Four different commercial colloidal dispersions were selected: VP Disp. W7520 

(20 w%) and Aerodisp W630 (30 w%) (from Degussa), and Ludox CL (30 w%) 

and Ludox HS-30 (30 w%) (from Sigma-Aldrich). According to the manufacturer, 

VP Disp. W7520 and Aerodisp W630 have a mean aggregate size of 120 nm and 

140 nm, respectively, while Ludox CL and Ludox HS-30 have a size smaller than 

100 nm. Not only the size, but also the composition of the colloids differs.  

VP Disp. W7520 and Aerodisp W630 are made of silica and alumina, respectively. 

Ludox HS-30 is a colloidal silica dispersion, while Ludox CL is a colloidal silica 

where each particle is coated with a layer of alumina. The colloid concentrations 

were determined with a turbidimeter (DRT-15CE, Scientific Inc.). 

 

2.5.2.1 Characterization of colloids 

The electrophoretic mobility (µ) of the particles was determined using a 

Zetasizer IIc instrument (Malvern) at 293 K. The colloid concentration was 

20 µL mL-1 in the case of Ludox HS-30 and Ludox CL, 4.4 µL mL-1 in the case of 

Aerodisp W7520 and 0.5 µL mL-1 in the case of Aerodisp W630. The pH was 

controlled by adding NaOH or HCl. The applied electric field was typically 

2,000 V m-1. The zeta potential (ζ) was derived from the electrophoretic mobility 

(µ) by using Equation 2.13 (Oshima, 2001): 
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where η is the viscosity, εo the vacuum dielectric permittivity, εr the relative 

dielectric permittivity, κ –1 the Debye length and a the radius of the colloid.  
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The hydrodynamic radius of the colloids was determined by Dynamic Light 

Scattering using the ALV/CGS-3 Compact Goniometer (ALV-GmbH, Germany). 

Measurements were performed on diluted colloidal solutions at a scattering angle 

of 90° and at a temperature of 295 K. Data analysis was performed by cumulant 

analysis. 

 

2.5.2.2 DLVO theory 

The total interaction energy (E) between colloids of radius a in a monovalent 

electrolyte can be calculated as the sum of the repulsion energy and the attraction 

energy by using the DLVO theory (Van der Meeren et al., 2004; Hoek et al., 2003; 

Brant and Childress, 2002; Howell et al., 1993), as formulated in Equation 2.14: 
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where d is the distance between colloids, R the universal gas constant, T the 

temperature, F the Faraday constant, ψ the surface potential, H the Hamaker 

constant and ( ) aadS ⋅+= 2 .  

 

The surface potential (ψ) is calculated from the zeta potential (ζ), which is 

generally considered to be the potential at 0.2 nm (∆x) from the surface (i.e., the 

plane of shear), by using the Eversole and Boardman equation: 
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The Hamaker constant (H) is calculated from the Hamaker constant of the colloid 

(H11) and the Hamaker constant of water (H22) as ( )22211 HHH −= . H11 is equal 

to 20106.6 −⋅ J or 20102.15 −⋅ J in the case of silica or alumina colloids, respectively 

(Médout-Marère, 2005), while H22 is equal to 20108.3 −⋅ J (Van der Meeren et al., 

2004).  
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The interaction energy (E) has to be compared with the driving force of the 

Brownian motion of the colloids, which is proportional to Tk ⋅ , with k the 

Boltzmann constant. When the ratio ( )( )TkE ⋅/  is larger than 20, no coagulation 

occurs and the stability of the dispersion is guaranteed. 

 

 

2.6 Chemical analysis of aqueous solutions 

Various analytical techniques were used to determine the solute concentration in 

both the filtration and the adsorption experiments. All feed solutions were prepared 

using distilled water. UV-VIS spectrophotometry was used to analyze samples 

containing components with aromatic ring structures. Samples containing 

saccharides, amino acids or surfactants need a pre-treatment reaction to form 

colored components, before analysis with the spectrophotometer was possible. The 

concentration of the organic component xylitol was analyzed using High 

Performance Liquid Chromatography (HPLC).  

For the application with carwash wastewater, a more extensive analysis was 

necessary. Both the suspended and settleable solids were determined; the COD 

(chemical oxygen demand) and BOD (biological oxygen demand) were used as a 

measure for the concentration of organic components.  

 

2.6.1 UV-VIS spectrophotometry 

A Shimazu UV-1601 double beam spectrophotometer was used to analyze the 

concentration of single aromatic components. Most of them were analyzed by 

measuring the absorption of UV-light, with exception of dyes which absorb light in 

the visible region. For each component, the light spectrum was scanned to find the 

wavelength with the highest absorption peak. At this wavelength, calibration 

curves were made (for each condition of pH and salt concentration), based on the 

law of Lambert-Beer, which assumes a linear relation between the solute 

concentration and the absorbance. 
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2.6.1.1 Analysis of saccharides  

The concentration of mono- and oligosaccharides, or their derivates, were 

determined colorimetrically by adding phenol and sulfuric acid to the samples. Due 

to a condensation reaction, an orange-yellow colored product was formed with an 

absorbance maximum between 470 nm and 490 nm (Dubois et al., 1956).  

The procedure consists of adding 1 mL of a 5 w% phenol solution to 1 mL of the 

sugar sample in a test tube. In a thermostatically controlled water bath at 303 K, 

5 mL of concentrated sulfuric acid (98 %) was added to the test tube, which was 

then covered with parafilm. After exactly 10 minutes the test tube was shaken; 

after exactly 30 minutes reaction, the absorption was measured at 485 nm with the 

spectrophotometer.  

 

2.6.1.2 Analysis of amino acids 

The concentration of amino acids was determined by the ninhydrin method. This 

spectrophotometric method is based on the formation of a blue color by reaction of 

ninhydrin and components having free amino groups (Colowick and Kaplan, 

1957).  

The procedure consists of adding 1 mL of the ninhydrin solution to 0.1 mL of the 

amino acid sample (at pH 5) in a test tube. The ninhydrin solution is a combination 

of two solutions and was prepared, e.g., for 50 samples, by adding 0.04 g of 

SnCl2.2H2O to 25 mL of a 0.2 M citrate buffer at pH 5 and by adding 1 g of 

ninhydrin to 25 mL of methyl cellosolve. The test tube was covered with an 

aluminum cap and the content was mixed. A rack of tubes was heated for 

20 minutes in an oil bath at 373 K. Afterwards, 5 mL of diluent (a mixture of equal 

volumes of water and n-propanol) was added to each tube and the content was 

mixed. The tubes were transferred to a dry rack and readings were taken on the 

spectrophotometer at 569 nm, starting 15 minutes after the tubes had been removed 

from the oil bath. The color is stable for at least one hour. 

 

2.6.1.3 Analysis of surfactants 

The concentration of nonionic surfactants in solution was determined by using a 

two phase titration with sodium tetrakis(4-fluorophenyl)borate (Tsubouchi et al., 
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1985). This method is based on the formation of cationic complexes between the 

nonionic surfactant and the positive sodium ion. The ionic pair of the cationic 

complex together with the anion tetrakis(4-fluorophenyl)borate, can be extracted in 

dichloroethane. At the end, when no free nonionic surfactants are present anymore 

to form an ionic pair with, the anion tetrakis(4-fluorophenyl)borate forms an ionic 

pair with the Victoria blue indicator as a result of which the color of the organic 

solution turns from red to purple.  

The methylene blue method was used for the analysis of anionic surfactants of the 

sulfonate type. Anionic surfactants can form a complex with the cationic dye 

(methylene blue) in acidic solution, which can be extracted with chloroform 

(Clesceri et al., 1989). The amount of formed complex can be determined 

spectrophotometrically at a wavelength of 653 nm.  

Cationic surfactants were determined with a cuvet test (Hach Lange, Germany). In 

this cuvet, a complex is formed between a cationic surfactant and bromophenol 

blue. This complex is extracted with chloroform and determined with the 

spectrophotometer at a wavelength of 413 nm. 

 

To determine the amount of surfactant in a mixture of surfactants (like e.g., in the 

wastewater of the carwash), each analysis method was checked for influences from 

the presence of other surfactants. Therefore, seven aqueous solutions with one or 

more surfactants were made and the concentration of each surfactant in each 

mixture was determined. The results are given in Table 2.7.  

 

The two phase titration for the determination of nonionic surfactants works well in 

the presence of anionic surfactants, as there is only a small overestimation of the 

concentration of nonionic surfactants in mixture 2 and 4. However, in the presence 

of cationic surfactants, the concentration of nonionic surfactants is overestimated 

largely, even if there is no nonionic surfactant present in the solution (mixture 3 

and 6). This should be taken into account when discussing the concentration of 

nonionic surfactants in mixtures of surfactants.  
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Table 2.7: Surfactant analysis in a mixture of surfactants 
real concentration (mg L-1) measured concentration (mg L-1) 

mixture 
nonionic anionic cationic nonionic anionic cationic 

1 10 0 0 10.6 0 0 

2 0 10 0 0.5 11.5 0 

3 0 0 10 23.7 0 11.5 

4 10 10 0 11.0 11.5 0 

5 10 0 10 33.0 0 11.5 

6 0 10 10 24.6 1.1 4.3 

7 10 10 10 36.0 0.9 4.4 

 

The analysis method for the anionic and cationic surfactants is not influenced by 

the presence of nonionic surfactants. Only when both anionic and cationic 

surfactants are present in the mixture (mixture 6 and 7), they interact with each 

other in the form of flakes. As these flakes are not determined by the respective 

analysis methods, a lower concentration of anionic and cationic surfactants is 

obtained in mixture 6 and 7. 

 

2.6.2 High Performance Liquid Chromatography (HPLC) 

HPLC is a chromatographic technique using a liquid as the mobile phase. 

Components are distributed between the stationary phase in the column and the 

mobile phase depending on their affinity for each phase.  

This technique was only used for the uncharged organic component xylitol, for 

which the analyses were carried out with a Waters TM 600S controller equipped 

with a Waters TM 626 pump. The column used was a Shodex RS pack KC-811 

column with a length of 300 mm and an inner diameter of 8 mm; this column is 

packed with ion-exchange resin gels of sulfonated styrene divinylbenzene 

copolymer. HPLC measurements for xylitol were performed at a temperature of 

313 K and with a flow of 1 mL min-1. As mobile phase, 0.1 v% H3PO4 was used; 

acetic acid was selected as internal standard. Detection occurred with a UV-

detector at a wavelength of 193 nm. 
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2.6.3 Determination of suspended and settleable solids, COD and BOD 

The suspended solids (in mg L-1) are those solids that can be separated from the 

wastewater with a filter of glass fibre (Whatmann GF/C) with pore sizes of 

0.45 µm (Norm NBN 366). The settleable solids (in mL L-1) are that part of the 

suspended solids that settle down in an Imhoff cone during a period of two hours 

(Norm NBN 312).  

 

The chemical oxygen demand (COD, in mg O2 L-1) is a measure for the degree of 

organic pollution in wastewater, as it expresses the amount of oxygen needed to 

oxidize chemically (with potassium dichromate) the organic matter present in the 

wastewater (Norm NBN T91-201). The biochemical oxygen demand (BOD, in 

mg O2 L-1) expresses the amount oxygen that micro-organisms need for the 

biochemical oxidation of organic biodegradable components in wastewater (Norm 

NBN 470).  

 

 

2.7 Statistical methods: multiple linear regression 

2.7.1 Principle of multiple linear regression 

In a multiple linear regression model, the response variable Y is expressed as a 

function of several independent variables x1, x2,…xp (Carbonez, 2004; Hubert, 

2004): 

),...,1(... ,,22,11 NiExbxbxbaY iippiii =+⋅++⋅+⋅+=            (2.16) 

where Ei is the residue and N the number of data.  

 

This regression model supposes that the variables xi are experimentally determined 

without a measurement error and that Ei is independent and normally distributed 

with a mean value equal to zero and a constant variance. The observed values Yi 

are considered as a spot check out of a normal population; the parameters a and b1, 

…, bp need to be estimated.  
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To check whether the obtained regression model is valid, it is necessary to study 

whether the parameters b1, …, bp are significantly different from zero. With (b1 = 

b2 = … = bp = 0) as null hypothesis and with the F test (Fp,N-p-1), the probability (p 

value) to find a more extreme value of F is calculated. If this p value is larger than 

0.05, the null hypothesis is accepted implying that all b parameters are equal to 

zero and that there is no regression.  

To test whether each bj (j = 1, …, p) parameter is equal to zero, the Student t test 

(tN-p-1) is useful. The null hypothesis is in this case formulated as (bj = 0). 

 

For multiple linear regression, the goodness of fit is represented by means of an 

adjusted correlation coefficient (ADJR²). This coefficient takes into account the 

number of independent variables and is calculated from the correlation coefficient 

(R²) using Equation 2.17.  

( )
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pNN
RADJR               (2.17) 

 

2.7.2 Selection of independent x variables 

Several independent x variables can be used to explain the response variable Y. 

However, it is necessary to compose a regression model with as few possible x 

variables with as much as possible information (high ADJR²).  

 

Starting from m x variables, an optimal subset of p x variables was obtained by 

using the stepwise selection method. This method starts from a model without 

variables and continues by adding variables to the model, according to a specific 

criterion. However, added variables do not remain necessarily into the model. 

When a variable is added, the stepwise selection method checks according to a 

specific criterion, if, among all variables already present in the model, no variable 

could be deleted from the model.  

The criterion used for adding or deleting variables is the F test, which is developed 

in the stepwise selection method to study if a group of x variables has a significant 

influence. 
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2.7.3 Diagnostics of the regression method 

When the multiple linear regression model is formulated with an optimal subset of 

p x variables, special data points need to be detected and minimized to enhance the 

reliability of this regression model (Rousseeuw and Leroy, 2003). Special data 

points can be classified into three categories.  

The first category consists of outliers, which are data points with a large residue 

(outlying in Y). Outliers have an absolute value of the studentized residual larger 

than 2; the studentized residual is defined as the relation of the residue (Ei) to the 

variance of the residue (sEi).  

The second category consists of leverage points, which are xi variables with a very 

large or very small value (outlying in X). As a measure of distance between xi and 
_
x  (the average of all xi values), the leverage hii is used. An observation xi is a 

leverage point, if his leverage hii is larger than ( )
N
p 12 +⋅ . 

The third category consists of influential data points, which combine a large 

residue with a very large or very small x value (outlying in Y and X). Therefore, the 

Cook’s distance (Ci) is defined as the distance between an observation Yi and a 

chosen regression model; an observation is influential if the Cook’s distance (Ci) is 

larger than the 50th percentile of the F distribution (Fp+1,N-p-1).  

If some of these special data points are found in the formulated regression model, 

the estimation of the model parameters is disturbed. Therefore, another regression 

model has to be searched for or the special data points (especially the influential 

data points) have to be deleted from the data set. 

 

In addition to the special data points, the collinearity of the x variables is studied. If 

one variable is a combination of other variables, this is reflected in a value of the 

variance inflation number (VIF) larger than 10. This problem can be solved by 

deleting or replacing variables.  
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2.7.4 Experimental conditions 

Statistical analysis was performed for the relative flux, the retention and the 

adsorbed amount (response variables Y) as a function of membrane and component 

properties (variables x) with the computer program SAS. The purpose was to 

formulate a multiple linear regression model, with the least number of variables in 

combination with the highest correlation coefficient (ADJR²) and without (too 

many) special data points or collinearity between the different variables. 
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3.1 Introduction 

As fouling is an interplay between the membrane and the feed components, it is 

important to have a good understanding of the properties of the membranes. 

However, information given by the membrane manufacturers is generally rather 

scarce; in some cases the composition of the top layer is not even known. 

Polyethersulfone and polyamide are among the most applied polymers for 

nanofiltration, but these may e.g., contain unknown additives. Therefore, 

laboratory-made membranes with a well-known composition were prepared and 

used for comparison with commercial membranes. 

 

Among the different membrane preparation techniques, asymmetric 

polyethersulfone membranes are commonly prepared by Diffusion Induced Phase 

Separation, DIPS (Zhang et al., 2005; Kim et al., 2002; Lin et al., 2002; 

Vankelecom, 2002; Kastelan-Kunst et al., 1996; McHugh and Miller, 1995). In this 

process, a thin layer of the polymer dissolved in an appropriate solvent is cast on a 

suitable support and phase separation is induced by a non-solvent. This phase 

inversion can be obtained in several ways (Osmonics Inc., 2000; Van de Witte et 

al., 1996; Gelman Sciences Inc., 1993; Petersen, 1993), of which immersion 

precipitation is most efficient. In this process, phase inversion is induced by 

immersing the polymer solution film in a non-solvent bath.  

 

Due to the immersion, a diffusion driven exchange between solvent and non-

solvent starts: the non-solvent diffuses into the polymer solution and the solvent 

diffuses into the non-solvent bath. Because of this diffusion process, the 

composition of the polymer solution changes and moves into the binodal region of 

the ternary phase diagram (composed of polymer, solvent and non-solvent, 

Figure 3.1), so that the polymer solution is separated into two phases: a polymer-

rich phase and a polymer-poor phase. At a certain stage during phase demixing, the 

polymer-rich phase solidifies, whereas the polymer-poor phase gives rise to the 

pores. 
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Both kinetics and thermodynamics play an important role during membrane 

formation and were for polyethersulfone extensively studied in literature (Baik et 

al., 2001; Barth and Wolf, 2000; Kim et al., 2000; Barton et al., 1997; Han et al., 

1995; Han and Bhattacharyya, 1994; Swinyard and Barrie, 1988; Tkacik and 

Zeman, 1987). Changing the preparation conditions influences hence both kinetics 

and thermodynamics, resulting in a different membrane structure and a different 

membrane performance.  
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Figure 3.1: Ternary phase diagram for Diffusion Induced Phase Separation 

(Mulder, 1996) 
 

For example, an increase in the polymer concentration leads to a lower porosity of 

the membrane and hence to a lower water flux (Mosqueda-Jiminez et al., 2004; 

Baik et al., 2001; Barth et al., 2000b). To increase the water flux, pore-forming 

agents, such as polyvinyl-pyrrolidone (Marchese et al., 2003; Han and Nam, 2002; 

Lafreniere et al., 1987), polyethylene glycol (Kim and Lee, 1998) or an acid 

(Chaturvedi et al., 2001; Linder and Kedem, 2001; Han et al., 1999) can be added 

to the polymer solution. When on the other hand a volatile component like acetone 

is added to the polymer solution, a denser top layer will develop, resulting in 

higher retentions (Barth et al., 2000b).  

 

Not only to the polymer solution, but also to the non-solvent bath, components like 

an alcohol (Han and Bhattacharyya, 1994; Swinyard and Barrie, 1988) or a solvent 

(Baik et al., 2001) can be added to change the membrane structure. Another factor 

that may influence membrane synthesis, is the temperature of the non-solvent bath: 

increasing this temperature may either lead to an increase (Chaturvedi et al., 2001) 
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or to a decrease (Spricigo et al., 2002) of the water flux depending on the polymer 

system studied. The polyethersulfone system is also sensitive to the relative air 

humidity (Han et al., 1995). By changing all these factors, an optimized membrane 

for a specific purpose can be obtained.  

 

From this literature overview, it is clear that up to now studies concerning 

membrane formation are rather focused on the principle of the formation process 

and on the influence of some preparation factors on the membrane structure 

without considering the membrane performance. Because the formation process of 

a membrane is a complex phenomenon, most studies are limited to the influence of 

only one or two preparation factors on the thermodynamics and kinetics of the 

formation process. If the influence on the membrane performance is at all studied, 

the studies are generally limited to a dead-end setup in which only the pure water 

flux and the retention of one specific component are measured.  

 

A thorough testing of the membrane performance in a cross-flow setup is currently 

missing. Also a thorough characterization of the membrane surface properties, 

which are important to explain fouling phenomena, can hardly be found in 

literature. Therefore, this chapter gives a systematic and complete overview of the 

synthesis of polyethersulfone membranes by the phase inversion technique, 

focusing on the membrane performance rather than on the formation process.  

 

In a first part of this chapter, several preparation factors were studied 

experimentally to find the optimal conditions to obtain a nanoporous 

polyethersulfone membrane. Membranes without support layer were chosen 

initially for two reasons: 

- At least one factor, the support layer, could be excluded. 

- These membranes without support layer could be tested in a dead-end 

setup that allows to test the performance of the membranes in a shorter 

time with a smaller piece of membrane.  

The knowledge gained in this first part can be (partially) used in the second part of 

the chapter, in which membranes on a support layer were prepared. These 
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membranes were then characterized and tested in detail for their performance in a 

cross-flow setup, both for uncharged and charged components, as listed in 

Table 3.1.  

 

Table 3.1: Summary of the properties of the components used to test the 
performance of the laboratory-made membranes 

 Mw (Da) charge at neutral pH 

raffinose 504 0 

diphenylaminosulfonic acid 271 - 

methyl orange 327 - 

congo red 697 - - 

neutral red 289 + 

methylene blue 320 + 

janus green 511 + 

 

 

3.2 Preparation of membranes without support layer 

Membranes were made on a glass plate without support to study the influence of 

different preparation factors to obtain the optimal conditions for a nanoporous 

polyethersulfone membrane. The preparation factors include a non-solvent bath of 

distilled water at 293 K, a relative air humidity of 40 % and no addition of 

components either to the non-solvent bath or to the polymer solution. As solvent, 

N,N-dimethylformamide (DMF) or N-methyl-pyrrolidone (NMP) were used. The 

influence of the polymer concentration and the relative air humidity were studied 

firstly. Then, different components were added to the non-solvent bath and to the 

polymer solution. Of the non-solvent bath, not only the influence of the additives, 

but also the influence of the bath’s temperature on the membrane performance was 

investigated.  

 

The purpose of the synthesis was to obtain a nanoporous polyethersulfone 

membrane. To verify if this criterion was fulfilled, the membrane performance (the 

pure water permeability and the retention of two components) was studied and 
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compared with the performance of commercial nanofiltration membranes. As it 

was the goal in this stage to obtain a quick view of the membrane performance, 

only aqueous solutions containing congo red and raffinose were selected as feed; a 

detailed study of the membrane performance is carried out in section 3.3.  

For the commercial membranes, the pure water permeability ranges between 1.5 

and 15 L m-2 h-1 bar-1 (Table 4.3). The retention of congo red (a negatively charged 

component) is about 98 % for all commercial nanofiltration membranes (Table 5.4 

and Table 5.5), while for raffinose (uncharged component) the retention differs 

strongly from membrane to membrane (Table 5.1). 

 

3.2.1 Influence of the polymer concentration  

The influence of the polymer concentration on the water permeability for both 

PES/DMF and PES/NMP membranes is shown in Figure 3.2. The pure water 

permeability decreases when the polymer concentration increases. 
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Figure 3.2: Influence of the polymer concentration on the pure water permeability 
(L m-2 h-1 bar-1) (dead-end measurements) 

 

This is explained by the observed increase in the viscosity of the polymer solution. 

For example, in the case of PES/NMP, the viscosity of a 26 % polymer solution 

was 2.15 Pa s, while a viscosity of 6.11 Pa s was measured for a 30 % polymer 

solution. This increase in viscosity hampers the diffusional exchange between 

solvent and non-solvent and leads to a higher polymer concentration at the 

interphase between polymer solution and non-solvent bath and hence to a lower 

porosity and a lower permeability of the membrane.  
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SEM images of the cross-section of a PES/DMF membrane with different polymer 

concentrations are shown in Figure 3.3. A comparison between these images 

indicates that a high polymer concentration results in a less porous membrane (top 

layer) with less fingerlike pores (called macrovoids).  

 

Magn 20 µm
3,000x       14 % PES/DMF
Magn 20 µm
3,000x       14 % PES/DMF
Magn 20 µm
3,000x       14 % PES/DMF  

Magn 20 µm
3,000x       17 % PES/DMF
Magn 20 µm
3,000x       17 % PES/DMF
Magn 20 µm
3,000x       17 % PES/DMF  

(a) 14 % PES/DMF 
[magnification: 3,000x] 

(b) 17 % PES/DMF 
[magnification: 3,000x] 

Magn 20 µm
2,000x    20 % PES/DMF
Magn 20 µm
2,000x    20 % PES/DMF
Magn 20 µm
2,000x    20 % PES/DMF  

(c) 20 % PES/DMF 
[magnification: 2,000x] 

Figure 3.3: Influence of the polymer concentration on the membrane structure 
[Figure (c) has a lower magnification due to its larger membrane thickness] 

 

The polymer concentration also influences the final thickness of the membrane. 

Starting from a 150 µm casting thickness, the final thickness of the membranes 

made with a 14 % PES/DMF and a 20 % PES/DMF solution is 50 µm and 60 µm, 

respectively. In both cases, a reduction in thickness is observed because the 

transport of non-solvent (distilled water) into the polymer solution (PES/DMF) is 

slower than the transport of the solvent (DMF) into the non-solvent (water). This 

phenomenon is related to the good miscibility of solvent and non-solvent and to the 

hydrophobic nature of the polymer, if water is used as non-solvent.  
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By increasing the polymer concentration and hence the viscosity, both the rate of 

solvent into the non-solvent and the rate of non-solvent into the polymer solution 

decrease, resulting in less contraction and hence in a thicker membrane. The same 

trend was observed for the PES/NMP membranes. 

 

The decreasing porosity with increasing polymer concentration has not only an 

influence on the permeability (as shown in Figure 3.2), but also on the retention of 

the membranes. For congo red (feed concentration = 0.02 mmol L-1), the retention 

increases from 91 % (for 20 % PES/NMP) to 99 % (for 26 % PES/NMP) and from 

93 % (for 16 % PES/DMF) to 99 % (for 17 % PES/DMF). The retention of 

raffinose (feed concentration = 2 mmol L-1) was in all cases very low (below 5 %). 

From these data, it was seen that there is a large difference between the retention of 

raffinose and congo red. This was explained by the fact that raffinose is uncharged 

while congo red carries a negative charge. Because the membrane surface is also 

negatively charged at neutral pH (section 3.3.2), congo red experiences a repulsion 

force, resulting in a high retention of this component.  

 

This paragraph proves that the polymer concentration has a large influence on the 

membrane performance and structure. To study the influence of the other 

preparation factors, an optimal polymer concentration was selected, namely 17 % 

PES in the case of DMF and 26 % PES in the case of NMP. These concentrations 

were chosen in such a way that a nanoporous structure was obtained: congo red 

was retained very well (99 %) and the water permeability was in the nanofiltration 

range (10 L m-2 h-1 bar-1 for 17 % PES/DMF and 19 L m-2 h-1 bar-1 for 26 % 

PES/NMP). 

 

3.2.2 Influence of the relative air humidity 

To study the influence of the relative air humidity on the water permeability, 15 

membranes were synthesized at relative humidities of 30, 50, 70 and 90 %, 

respectively. The results are given in Figure 3.4 for a 17 % PES/DMF membrane; 

the results for PES/NMP (not shown) were similar.  
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Figure 3.4 shows that a higher relative humidity gives rise to a larger variation 

(higher standard deviation) on the measured water permeability. In literature, 

Chaturvedi et al. (2001) reported that exposure to higher humidity gives more 

porous membranes with higher water permeation rates for the system PES/DMF 

and PES/NMP, but they tested only two different humidities (55 % and 90 %) and 

no standard deviations of the experimental water fluxes were given.  
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Figure 3.4: Influence of the relative air humidity on the pure water permeability 
(L m-2 h-1 bar-1) of a 17 % PES/DMF membrane. Each point represents the water 

permeability of a membrane at a specific relative air humidity. 
 

The relative humidity influences the membrane performance, as during the casting 

of the polymer solution to a film, the composition of the cast film varies by water 

vapour sorption. Water vapour sorption occurs rather than evaporation of the 

solvent, since DMF and NMP are highly hygroscopic and non-volatile solvents. 

Due to this water vapour sorption, phase separation occurs on some places on the 

membrane surface, prior to the phase separation that occurs when the cast film is 

placed in the non-solvent bath of distilled water. The relative humidity can thus 

solely have an influence on the top layer of the membrane surface, as the 

underlying layers of the membrane are only formed at the moment of immersion in 

the non-solvent bath. 

 

SEM images of the cross-section of the membranes at low and high relative 

humidity were similar and comparable with Figure 3.3b. A change in the top layer 

of the membrane should have an influence on the observed retentions, but the 
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effects were small: congo red is almost completely retained at all humidities, while 

the retention of raffinose is always very small (below 5 %). 

 

This paragraph proves that, to enhance the reproducibility, membranes should be 

prepared in an atmosphere with a low relative humidity. Because of the presence of 

a non-solvent bath of distilled water, there are restrictions on the minimal relative 

humidity. A relative humidity of 40 % could be maintained in all experiments.  

 

3.2.3 Influence of additives to the polymer solution  

Different components were added to the polymer solution, such as acetone (a 

volatile additive) or distilled water (non-solvent). No pore-forming agents were 

added, because according to literature (Marchese et al., 2003; Han and Nam, 2002; 

Chaturvedi et al., 2001; Han et al., 1999; Kim and Lee, 1998), these additives 

would drastically enlarge the pores resulting in undesired low retentions of both 

congo red and raffinose.  

 

When volatile components are added to the polymer solution, they can evaporate 

during the casting of the polymer film, resulting in the formation of a membrane 

with a top layer containing smaller pores (and hence lower permeabilities and 

higher retentions). Just as with the relative humidity, a volatile additive is thought 

to have only an influence on the top layer of the membrane. However, by adding 

up to 8 % acetone, the permeability for the 17 % PES/DMF membrane increased 

from 10 L m-2 h-1 bar-1 to 13 L m-2 h-1 bar-1 and there was no effect on the observed 

retentions of congo red and raffinose. So, adding acetone to the polymer solution 

did not provide a large improvement in the membrane performance. 

 

By adding water (non-solvent) to the polymer solution, the starting polymer 

solution (which is normally located in the stable region) moves closer to the 

unstable binodal region in the ternary phase diagram of the polymer system. By 

immersing this polymer solution in the non-solvent bath, only small amounts of 

water are needed for phase separation to occur. This results in the formation of a 

porous membrane with a thin top layer and hence with a high water permeability. 
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This phenomenon was observed for the 17 % PES/DMF system where the water 

permeability increases from 10 L m-2 h-1 bar-1 to 20 L m-2 h-1 bar-1 when 0.9 % of 

distilled water is added. As, at the same time the retention of congo red decreases 

from 99 % to 94 %, adding water to the polymer solution did not seem to improve 

the membrane performance.  

 

3.2.4 Influence of additives to the non-solvent bath and the bath temperature 

The influence of adding an alcohol to the non-solvent bath of distilled water was 

investigated for the PES/DMF and the PES/NMP system. Increasing the alcohol 

concentration (isopropanol or ethanol) in the distilled water bath from 0 % to 40 % 

causes a decrease in the water permeability for the 17 % PES/DMF membrane 

from 10 L m-2 h-1 bar-1 to 4 L m-2 h-1 bar-1. When the non-solvent bath consisted of 

pure isopropanol, the water flux was reduced to zero for both the PES/DMF and 

the PES/NMP system. Although the influence of adding alcohol to the non-solvent 

bath on the water permeability was remarkable, congo red was in all cases retained 

for 99 % (except for the case of a pure alcohol bath, where no flux was measured 

and hence no permeate sample could be collected).  

This phenomenon was explained in literature (Swinyard and Barrie, 1988) by the 

fact that, if an alcohol is used as non-solvent, the binodal region in the ternary 

phase diagram shrinks significantly. This implies that more non-solvent (alcohol) 

is needed to diffuse into the polymer solution before this solution reaches the 

binodal region and phase separation can occur. This results in a membrane with a 

thicker dense layer, which can explain the decrease of the water flux. 

 

A decrease of the water flux was also observed when the temperature of the 

distilled water bath for both the PES/DMF and the PES/NMP system was 

increased, as shown in Table 3.2. Increasing the bath temperature not only 

decreased the water permeability but also slightly decreased the retention of congo 

red.  

This effect can again be explained by the shrinkage of the binodal region in the 

ternary phase diagram, when increasing the bath temperature, as reported by 

Swinyard and Barrie (1988). Moreover, when the bath temperature increases, the 
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polymer solution becomes less viscous, resulting in an increased diffusivity of the 

solvent through both the internal polymer phase as well as through the interface 

between the developing membrane and the non-solvent bath. This results in a faster 

concentration of the polymer in the film, giving a thicker dense layer and hence a 

smaller flux. In addition, when the bath temperature is increased, the solubility of 

the polymer in the solvent increases, so that the polymer is kept in solution at a 

higher water concentration without phase separation and again a thicker dense film 

is generated. 

 

Table 3.2: Influence of the temperature of the non-solvent bath on the water 
permeability (L m-2 h-1 bar-1) and on the retention (%) of congo red (for a feed 

concentration of 0.02 mmol L-1) 
17 % PES/DMF 26 % PES/NMP 

temperature (K) 
permeability retention permeability retention 

285 13 99 24 99 

293 10 99 19 99 

320 3 94 1 92 

 

3.2.5 Influence of the solvent 

The solvent (DMF or NMP) also influences strongly the membrane performance. 

This effect was particularly obvious for the water permeability (as shown in 

Figure 3.2). The explanation for this large difference in water permeability was 

found in the membrane structure. Figure 3.5 presents SEM images of the cross-

sections and of the top layers of a 32 % PES/DMF and a 30 % PES/NMP 

membrane.  

 

From Figure 3.5 (left), it is seen that the PES/NMP membrane is thicker than the 

PES/DMF membrane (85 µm and 60 µm, respectively) and that the PES/NMP 

membrane has longer and narrower macrovoids in comparison with the PES/DMF 

membrane. Also the thickness of the top layer differs for both membranes 

(Figure 3.5 (right)), as the PES/NMP membrane has a top layer of about 0.5 µm, 

whereas a top layer of about 3 µm is observed for the PES/DMF membrane. When 
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SEM images of membranes prepared with a lower polymer concentration are 

studied, the same conclusions could be drawn.  

 

From this SEM study, it becomes clear that the PES/DMF membranes are 

characterized by a thicker top layer than the PES/NMP membranes. Because the 

water flux is inversely proportional with the thickness of a membrane (Hagen-

Poiseuille) and because the sub layer of the PES/DMF and the PES/NMP 

membranes is very porous with many macrovoids, the main resistance for the 

water flux is located in the top layer. So, the thicker the top layer, the more 

resistance and the lower the water flux, which was observed for the PES/DMF 

membranes.  

 

[magnification: 2,000 x] [magnification: 16,000 x] 
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(a) 32 % PES/DMF 
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Magn 2 µm
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(b) 30 % PES/NMP 

Figure 3.5: SEM images of (a) 32 % PES/DMF and (b) 30 % PES/NMP with a 
zoom on the top layer 

 

The presence of the thicker top layer in PES/DMF membranes was explained both 

by thermodynamics and kinetics. By performing viscosity measurements, it 

became clear that the DMF solution is less viscous than the NMP solution 
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(4.81 Pa s for 32 % PES/DMF versus 6.11 Pa s for 30 % PES/NMP). This lower 

viscosity of the PES/DMF solution increases the diffusivity of DMF versus NMP 

through both the polymer solution as well as through the interface between the 

developing membrane and the non-solvent bath. DMF also has a higher enthalpy of 

solution in water than NMP as was seen from DMF’s solubility parameter 

(50.7 (J mL-1)0.5 versus 47.3 (J mL-1)0.5 for NMP).  

These two facts imply that DMF has a higher gradient into the water phase than 

NMP and that the transport of DMF into water is faster than the transport of NMP 

into water, while the uptake of water into both polymer solutions is more similar. 

This will result in a faster concentration of the polymer in the PES/DMF film, 

giving a thicker dense top layer.  

 

3.2.6 Conclusion 

By changing the preparation conditions for PES membranes (without support 

layer), it is proven that the polymer concentration and the relative humidity are the 

most important preparation factors to obtain a reproducible membrane with a good 

performance. The choice of the solvent also plays an important role in the 

formation of the membrane.  

This knowledge will be used in the study of the synthesis of polyethersulfone 

membranes on a support layer, which allows to study the performance of the 

membranes in a more realistic way. However, when polyethersulfone membranes 

are prepared on a support, the influence of this support layer on the membrane 

performance also has to be taken into account (Aerts et al., 2006). 

 

 

3.3 Preparation of membranes on a support layer 

Two different support layers (FO2413 and FO2471) and two different solvents 

(DMF and NMP) were used, resulting in four different types of membranes. To 

prevent the polymer solution of intruding in the pores of the support layers, the 

support layer was wetted with the appropriate solvent prior to casting. As non-

solvent, a distilled water bath at 293 K was used. No components were added to 
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the non-solvent bath or to the polymer solution. During casting of the polymer 

solution, the relative air humidity was 40 %. After synthesis, the membranes were 

characterized and tested for their performance in the cross-flow setup.  

 

3.3.1 Influence of the polymer concentration 

Figure 3.6 shows the influence of the polymer concentration on the water 

permeability for the four different membranes. Just as without support layer 

(paragraph 3.2.1), the water permeability decreases with increasing polymer 

concentration. Besides the polymer concentration, the support layer used is also 

important, as the more porous support FO2413 gives rise to a higher water 

permeability than the denser support FO2471. This effect is also reported by Barth 

et al. (2000b) and explained by Aerts et al. (2006) by the shrinkage effect. Due to 

the fact that the polymer solution can intrude more in the more porous support 

FO2413, shrinkage of the polyethersulfone film is less, resulting in a higher water 

permeability. 
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Figure 3.6: Influence of the polymer concentration on the water permeability  

(L m-2 h-1 bar-1), measured in cross-flow 
 

To characterize and to test the performance of the membranes, an optimal polymer 

concentration should be selected, so that a reasonable water flux is combined with 

a good retention of an uncharged component (raffinose). In the experiments, it was 

observed that the retention of raffinose increases with increasing polymer 
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concentration, e.g., from 23 % in the case of 20 % PES to 31 % in the case of 34 % 

PES when PES/DMF membranes were cast on FO2413.  

So, a high polymer concentration would be advantageous for the retention, but 

disadvantageous for the water permeability. There are also practical limitations, as 

a very high polymer concentration would result in a very viscous solution. This 

hampers the defect-free casting of the solution on the support layer.  

 

Taking into account these practical limitations and the experimental values of the 

water permeability and the retention, the optimal concentrations were determined 

as 32 % PES for DMF and 30 % PES for NMP. The membranes prepared with 

these concentrations will be studied in the rest of the manuscript and will be 

referred to as: D13 and D71 (for a 32 % PES/DMF solution cast on FO2413 and 

FO2471, respectively) versus N13 and N71 (for a 30 % PES/NMP solution cast on 

FO2413 and FO2471, respectively). Their water permeability was determined as 

17.0 and 22.2 L m-2 h-1 bar-1 for N71 and N13, respectively, while D71 and D13 

have a water permeability of 4.7 and 9.4 L m-2 h-1 bar-1, respectively. The retention 

of raffinose (feed concentration = 2 mmol L-1) was almost equal for all membranes 

and was about 27 % (as described in more detail in paragraph 3.3.3.1).  

 

A comparison between the membranes without support layer (paragraph 3.2) and 

with support layer (this paragraph) indicates that the latter ones have higher water 

permeabilities and also higher retentions of uncharged components. The good 

retention of raffinose was explained by the higher polymer concentrations used for 

making membranes on the support layer. The difference in water permeability was 

related to the way the membranes are placed in the non-solvent bath.  

 

When casting on a support layer, this support is taped on a glass plate and the 

casting solution is then applied as a wet film. By immersing the solution in non-

solvent, phase separation occurs and propagates from the top surface of the wet 

film into the bulk, forming an integrally skinned dense layer on the top surface of 

the remaining porous structure. On the other hand, when the wet film is cast 

directly on the glass plate and then immersed in the non-solvent bath, the 
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membrane may rapidly lift of the glass plate with a considerable amount of solvent 

remaining in the membrane. With non-solvent (or distilled water in this case) on 

both sides of the developing membrane, a solvent gradient on the backside of the 

membrane is also established. A less porous layer will hence be formed on the 

backside of the asymmetric membrane, which in combination with the (very dense) 

top layer results in a lower water flux.  

 

This mechanism was confirmed by comparing SEM images of membranes made 

from a 32 % PES/DMF or a 30 % PES/NMP solution on a glass plate (Figure 3.5) 

or on a support layer (Figure 3.7). A comparison between Figure 3.5 and 3.7 

indicates that the backside of the membranes made on a glass plate is less porous 

than the backside of the membranes made on a support. In the latter case, the 

macrovoids appear all through the polyethersulfone layer towards the support 

layer.  

 

Magn 20 µm
2,000x    32 % PES/DMF on FO2413
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Magn 20 µm
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Magn 20 µm
1,500x    30 % PES/NMP on FO2413  

[magnification: 2,000x] 
(a) D13 

[magnification: 1,500x] 
(b) N13 

Figure 3.7: SEM images of the cross-sections of the polyethersulfone layer of (a) 
D13 and (b) N13 

 

Figure 3.7 again shows the difference in membrane structure when using DMF or 

NMP as solvent. The influence of the solvent, when making a membrane on a 

support layer, is however twofold. Firstly, there is an influence when the solvent is 

used to dissolve the polymer, which was clearly seen in Figure 3.7. Secondly, 

when making a membrane on a support layer, the solvent is also used to wet the 

support layer prior to casting, so that intruding of the polymer solution in the pores 
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of the support layer is prevented. Mostly, the same solvent as the one used to 

dissolve the polymer, is used.  

When different solvents are applied, the water permeability will be influenced. For 

instance, when wetting the support layer with DMF prior to casting a PES/NMP 

solution, the water permeability decreases for N71 from 17.0 to 11.2 L m-2 h-1 bar-1 

and for N13 from 22.2 to 10.2 L m-2 h-1 bar-1. In contrary, when casting a 

PES/DMF solution on a support layer wetted with NMP, the water permeability 

increases from 4.7 to 6.3 L m-2 h-1 bar-1 for D71 and from 9.4 to 10.7 L m-2 h-1 bar-1 

for D13.  

Apparently, using DMF as solvent either to dissolve the polymer or to wet the 

support layer has a disadvantageous effect on the water permeability. Using NMP 

as solvent however seems to have an advantageous effect on the water flux.  

 

3.3.2 Characterization of the membranes 

Table 3.3 summarizes the characteristics of the four laboratory-made membranes 

on a support layer. The characteristics of two commercial polyethersulfone 

nanofiltration membranes (NFPES10 and N30F) are also included in Table 3.3 for 

reference (as described in more detail in Chapter 4).  

 

Table 3.3: Characteristics of the laboratory-made membranes and commercial 
polyethersulfone nanofiltration membranes 

 N71 N13 D71 D13 NFPES10 N30F 

permeability 

(L m-2 h-1 bar-1) 

17.0 

(± 3.4) 

22.2  

(± 3.1) 

4.7 

(± 1.4) 

9.4 

(± 2.6) 

15.4 

(± 2.8) 

3.8 

(± 0.8) 

contact angle (°) 
67 

(± 3) 

67 

(± 3) 

73 

(± 2) 

73 

(± 2) 

72 

(± 4) 

88 

(± 2) 

roughness1 (nm) 3.7 4.4 3.9 3.7 2.4 3.4 

pH 4 -7 -4 -3 -2 -2 -5 

pH 7 -12 -10 -13 -8 -12 -15 

zeta 

potential 

(mV) pH 10 -17 -14 -13 -12 -15 -18 

cut-off (Da) 2,200 2,100 2,000 1,900 1,200 680 
1 roughness measured in non-contact mode AFM on a scan area of 3 µm x 3 µm 
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To test the reproducibility, 15 different membrane samples were prepared; the 

water permeability was measured for each sample. The standard deviations on the 

water permeability (given in Table 3.3) were not significantly different from the 

commercial membranes, which indicate that the laboratory-made membranes are as 

reproducible as the commercial membranes.  

Contact angle measurements were performed to study the hydrophobicity of the 

membrane surfaces. Table 3.3 shows that the commercial membrane N30F has the 

most hydrophobic membrane surface, while the hydrophobicity of the other 

membranes is comparable. 

The roughness of the membrane surface is visualized in Figure 3.8 for D71 and 

N13. As can be seen from Table 3.3, the roughness values are similar for all 

membranes. NFPES10 has the smoothest membrane surface.  

 

 
(a) D71  

(b) N13 
Figure 3.8: Non-contact mode AFM images of (a) D71 and (b) N13 on a scan area 

of 3 µm x 3 µm 
 

From the behavior of the zeta potential as a function of pH, it becomes clear that 

all polyethersulfone membranes are negatively charged at high pH and that this 

negative charge diminishes when the pH decreases. The iso-electric point, defined 

as the pH for which the net charge of the membrane is equal to zero, is located 

around 3 for all membranes. This behavior of the charge as a function of the pH 

can be explained by the adsorption of anions or by the presence of sulfonic groups 

( −− 3SO ) on the surface. These sulfonic groups are strongly acidic and are 

completely dissociated at a pH above 2.  
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The fact that the hydrophobicity, the surface charge and the roughness are almost 

similar for the laboratory-made and the commercial membranes indicates that the 

top layer of all membranes is composed of the same polymer. However, there is a 

difference between the laboratory-made and the commercial membranes as was 

seen in the cut-off. The cut-off or the molecular mass of polyethylene glycol with 

90 % retention, is higher for the laboratory-made membranes (about 2,000 Da). 

The lower cut-off of the commercial membranes can probably be explained by 

different preparation conditions or the presence of additives during synthesis or by 

a post-treatment after synthesis. 

 

3.3.3 Testing of the performance of the membranes 

The performance of the laboratory-made membranes was tested in a cross-flow 

setup, by filtering a feed solution of uncharged (feed concentration = 2 mmol L-1) 

and charged components (feed concentration = 0.2 mmol L-1) during two hours. 

For the (colored) charged components, a lower feed concentration was selected 

because of cleaning problems of the equipment. To have a reference, the same 

experiments were repeated for the commercial membranes.  

 

3.3.3.1 Evaluation of the retention of laboratory-made membranes 

The results of the retention after two hours filtration for both the laboratory-made 

and the commercial membranes are summarized in Table 3.4. A difference in 

retention of the laboratory-made membranes, depending on the charge of the 

component, was observed. The uncharged component raffinose has the lowest 

retention, which is due to the absence of charge interactions between the 

component and the membrane surface. The higher cut-off of the laboratory-made 

membranes in comparison with the commercial membranes causes the retention of 

raffinose to be lower for the laboratory-made membranes.  

 

When the components carry a negative charge, the retention increases 

considerably, even for small components like diphenylaminosulfonic acid (Mw = 

271 Da) or methyl orange (Mw = 327 Da). Strong repulsion forces between the 

negatively charged membrane and the negatively charged component can explain 
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this phenomenon. These repulsion forces are even so strong that the retention of 

the laboratory-made membranes is only a little lower than the one of the 

commercial membranes, in spite of the higher cut-off of the former ones. For 

congo red, a large negative component (Mw = 697 Da), the same retention was 

observed for the different membranes after two hours filtration. 

 

Table 3.4: Retention (%) after 2 h of filtration in cross-flow with a feed 
concentration of 2 mmol L-1 (raffinose) or 0.2 mmol L-1 (other components) 

 N71 N13 D71 D13 NFPES10 N30F 

raffinose 22 28 33 26 58 75 

diphenylaminosulfonic acid 84 82 75 74 87 93 

methyl orange 55 55 72 69 76 88 

congo red 100 100 99 99 100 99 

neutral red 72 75 55 76 50 61 

methylene blue 79 80 80 79 32 35 

janus green 96 96 99 98 95 95 

 

However, this was not the case during the whole duration of the filtration 

experiment. The retention of congo red by the commercial membrane N30F was 

only 70 % after 15 minutes of filtration and reaches a stable value (of 100 %) only 

after one hour. In contrast, the retention of the laboratory-made membranes was 

already stable from the beginning of the experiment. Also for 

diphenylaminosulfonic acid, a very low retention of 30 % and 55 % was observed 

for N30F and NFPES10, respectively, during the first hour of filtration. This 

phenomenon was not only observed for negatively charged components, but also 

for positively charged components like janus green. Unlike the stable retention of 

the laboratory-made membranes, janus green was only retained for 40 % and 80 % 

by N30F and NFPES10, respectively, in the beginning of the filtration experiment. 

Only after 90 minutes, a stable value of the retention (95 %) was observed.  

 

Another remarkable phenomenon is that janus green, even after reaching a stable 

retention, is less retained by the commercial membranes than by the laboratory-
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made membranes. Five percent of janus green is passed through the commercial 

membranes, while D71 and D13 let pass only one or two percent of janus green. 

For N71 and N13 a retention of 96 % or a passage of 4 % of janus green was 

measured. This discrepancy between the commercial and the laboratory-made 

membranes gets even larger when filtering small positively charged components 

like neutral red (Mw = 289 Da) or methylene blue (Mw = 320 Da). Especially for 

methylene blue, this effect is remarkable: methylene blue is retained only for 32 % 

or 35 % by the commercial membranes, while retentions up to 80 % were 

measured for the laboratory-made membranes.  

 

This remarkably higher retention of positively charged components by the 

laboratory-made membranes was explained by studying the surface charge of the 

membranes, before and after the membrane has been in contact with the feed 

solution. The same procedure was performed in literature by Susanto and Ulbricht 

(2005). Surface charge measurements were performed for the unused membrane 

and for the same membrane after immersion during two hours (i.e., the duration of 

a cross-flow experiment) in a feed solution of 0.2 mmol L-1 of methylene blue or 

janus green. For janus green, the surface charge of the membrane after 15 minutes 

immersion was also measured. The data are given in Figure 3.9 for D13 and N30F; 

the results were similar for the other membranes. Because the filtration 

experiments were performed at near neutral pH (pH 6), the discussion is limited to 

this pH.  

 

Figure 3.9a shows that for methylene blue, no difference in surface charge is 

observed between the unused and the immersed membrane. This effect is seen both 

for the commercial and the laboratory-made membranes. Starting from Figure 3.9a, 

the lower retention of methylene blue by the commercial membranes could be 

explained by the large negative surface charge. Between the positively charged 

component and the negatively charged surface, an electrostatic attraction force 

acts, resulting in an increased concentration of the component at the membrane 

surface and hence in a lower retention. Because the laboratory-made membranes 

are less negatively charged than the commercial membranes, the attraction force 
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between component and surface is smaller and hence a higher retention of 

methylene blue is obtained.  

 

For janus green (Figure 3.9b), the surface charge of the commercial membrane 

N30F did not change during the first 15 minutes. Only after two hours, the 

membrane surface became less negatively charged, probably due to adsorption of 

janus green. In contrast, no decrease in the surface charge of the laboratory-made 

membranes was observed. The surface charge of D13 remained almost the same 

after 15 minutes immersion and even became a little more negatively charged after 

two hours immersion. The latter is probably due to inaccuracies during measuring.  
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Figure 3.9: Zeta potential as a function of pH for D13 and N30F, before and after 

immersion in (a) methylene blue and (b) janus green 
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From the observations given in Figure 3.9b, two conclusions can be drawn. The 

first conclusion is that the time dependency of the surface charge corresponds to 

the time dependency of the retention of janus green. As mentioned previously, low 

retentions of janus green for the commercial membranes were observed during the 

beginning of the filtration, because the membrane surface is then still very 

negatively charged. Only after two hours, when the surface has become less 

negative, the electrostatic attraction force between component and surface 

diminishes resulting in a higher retention. Unlike the commercial membranes, the 

laboratory-made membranes had a stable high retention from the beginning of the 

filtration, which is in agreement with the fact that almost the same surface charge 

was observed before and after immersing these membranes in a solution of janus 

green. A second conclusion that was drawn from Figure 3.9b, is that the surface 

charge of both the commercial and the laboratory-made membranes is almost equal 

after immersion during two hours in janus green. This could explain the similar 

retention of janus green for these membranes.  

 

From this description of the influence of the component charge on the retention, it 

is clear that the laboratory-made membranes have the highest retention for charged 

components, independently of the sign of the charge. In contrast, the retention for 

the commercial membranes is dependent on the sign of the component charge as 

the lowest retention was observed for small positively charged components. 

Besides the influence of the component charge, there is also an influence of the 

molecular mass as larger components are better retained.  

The only exception to this is methyl orange, which shows a too small retention for 

its molecular mass for all membranes. The lower retention can possibly be 

explained by its molecular geometry (Appendix II); this topic is not further 

considered in this thesis, but is in literature (Santos et al., 2006) already observed 

for uncharged organic components. 

 

3.3.3.2 Evaluation of the relative flux of laboratory-made membranes 

The relative fluxes and the permeate fluxes (measured after two hours filtration) 

for both the laboratory-made and the commercial membranes are summarized in 
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Table 3.5. Because the relative flux is defined as the ratio of the permeate flux to 

the pure water flux, the relative flux is a measure for the degree of flux decline 

(due to the presence of the solute). The flux decline of all membranes for all feed 

solutions is in the same order, with some exceptions.  
 

Table 3.5: Relative flux (a, in %) and permeate flux (b, in L m-2 h-1) after 2 h of 
filtration in cross-flow with a feed concentration of 2 mmol L-1 (raffinose) or 

0.2 mmol L-1 (other components) 
 N71 N13 D71 D13 NFPES10 N30F 

raffinose 70 86 58 71 63 42 

diphenylaminosulfonic acid 69 72 79 81 53 29 

methyl orange 70 53 59 7 59 34 

congo red 36 85 32 75 55 43 

neutral red 56 54 63 11 49 17 

methylene blue 52 52 84 63 60 57 

janus green 55 52 83 60 53 46 

(a) 
 

 N71 N13 D71 D13 NFPES10 N30F 

raffinose 9.6 15.8 1.9 7.2 8.7 1.6 

diphenylaminosulfonic acid 9.1 14.4 4.8 7.0 9.3 1.0 

methylene blue 8.2 12.1 3.2 5.5 10.5 1.5 

(b) 
 

For example, raffinose and diphenylaminosulfonic acid have lower relative fluxes 

for the commercial membranes in comparison with the laboratory-made 

membranes. However, the low relative flux of diphenylaminosulfonic acid for the 

commercial membranes was not observed during the whole duration of the 

filtration experiment: only after one hour, the permeate flux decreased 

considerably.  

Very low permeate fluxes were also observed when filtering methyl orange or 

neutral red solutions with D13 or N30F. Especially for D13, specific interactions 

between these components and the membrane caused the flux through the 

membrane to decrease by 90 %. Of the tested positively charged components, 
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neutral red was the only one resulting in a strong flux decline on some membranes. 

This implies that the good retention of the positively charged components by the 

laboratory-made membranes does not result in more flux decline, as the degree of 

flux decline is comparable for the laboratory-made and the commercial 

membranes. The D71 membrane even showed the highest relative flux for 

methylene blue and janus green in comparison with the other membranes. The 

highest (absolute) permeate fluxes (Table 3.5b) were observed for N13 and N71. 

 

 

3.4 Conclusion 

Nanoporous polyethersulfone membranes with a performance similar to 

commercial membranes can be prepared using the phase inversion technique. A 

compromise between a high retention of a reference component (congo red or 

raffinose) and a high water permeability was obtained through proper choice of the 

concentration of the polymer. The relative air humidity during casting should also 

be as low as possible to improve the reproducibility. Besides these two preparation 

factors, it was shown that the membrane structure and hence the membrane 

performance are strongly dependent on the casting solvent, as PES/NMP 

membranes have a higher water permeability than PES/DMF membranes.  

 

The physical characteristics of these laboratory-made membranes were similar to 

the characteristics of commercial polyethersulfone nanofiltration membranes, with 

exception of the cut-off. In spite of the higher cut-off for the laboratory-made 

membranes, the retention of charged components was remarkably high. This 

phenomenon was in particular observed when filtering small, positively charged 

components. In spite of these high retentions, the flux decline for the laboratory-

made membranes was comparable to the commercial membranes, which in 

combination with the higher pure water permeability, leads to higher permeate 

fluxes. The fact that there is more and more pure permeate flux, makes the 

laboratory-made membranes interesting when filtering aqueous solutions of 

charged components. 
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4.1 Introduction 

Membrane fouling is an interplay between feed composition, membrane 

characteristics and operating conditions. The former two are interrelated, as the 

composition of the feed determines which membrane characteristics are crucial to 

prevent fouling (Chapter 5). For example, an aqueous solution containing organic 

components (e.g., pesticides) should be filtered with a nanofiltration (NF) 

membrane with a low hydrophobicity (Bellona et al., 2004; Kiso et al., 2001). 

Membrane fouling can be minimized by a good choice of operating conditions. 

Using a cross-flow setup with a high feed velocity (Hoek et al., 2002) and an 

optimal cleaning frequency (Ang et al., 2006; Wang et al., 2005) can already 

reduce some of the negative effects of fouling. Both the composition of the feed 

and the operating conditions have to be optimized in each particular case. The 

membrane characteristics, on the other hand, can be determined independently 

from the application, with the advantage that this information can then be applied 

in future membrane fouling studies.  

 

This chapter describes a methodology for the physical and chemical 

characterization of nanofiltration membranes. In addition to some physical 

characteristics (cut-off, roughness, hydrophobicity and surface charge), the 

porosity and the chemical composition of the membrane top layer are discussed. 

Seven typical commercial NF membranes (UTC20, NF270, Desal51HL, 

Desal5DL, N30F and NFPES10) were selected, of which the characteristics given 

by the manufacturers are summarized in Table 2.1. These membranes are all thin 

film composite membranes, which means that they consist of a thin top layer (e.g., 

polyethersulfone or polyamide) on top of a porous support, made from different 

polymers. In this chapter, the top layer is further divided into an upper part, called 

the skin layer, and into a lower more porous part, called the sub layer.  

 

For reference, two laboratory-made membranes with well-known chemical 

composition are also included: D71 and N13 (Chapter 3, section 3.3). D71 is 

synthesized by casting a top layer of polyethersulfone, dissolved in N,N-
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dimethylformamide (DMF), on the support layer FO2471 (made of PP/PE); N13 is 

composed of a top layer of polyethersulfone, dissolved in N-methyl-pyrrolidone 

(NMP), and a polyester support layer (FO2413). 

 

Although in literature, membrane fouling is mostly related to well-known physical 

characteristics (like e.g., the roughness, the hydrophobicity or the surface charge), 

the influence of both the porosity and the chemical composition of the membrane 

should not be underestimated. The porosity of the top layer of a membrane 

determines to which extent e.g., organic foulants can intrude into and block or foul 

the pores.  

Information about the chemical composition is also crucial for the fouling 

phenomenon for several reasons. Firstly, the chemical composition of the top layer 

is (directly or indirectly) related to the physical characteristics. The polymer (or 

monomer) used has a direct influence on e.g., the surface charge, while it 

determines indirectly the choice of the membrane preparation technique and hence 

e.g., the thickness of the top layer. Secondly, fouling is in some cases dependent on 

specific interactions between the feed components and the membrane surface; 

these specific interactions are not taken into account in the (more general) physical 

characteristics.  

 

 

4.2 Chemical characterization of nanofiltration membranes 

The chemical composition of top and support layer of the selected commercial and 

laboratory-made membranes was studied with two different techniques: ATR-FTIR 

(Attenuated Total Reflectance - Fourier Transform InfraRed) and XPS (X-ray 

Photoelectron Spectroscopy). In ATR-FTIR, molecular vibrations are studied by 

exposing the membrane to infrared radiation (section 2.4.6), while in XPS the 

chemical composition is deduced by exposing the sample to X-rays and measuring 

the kinetic energy of the emitted electrons (section 2.4.7). 
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4.2.1 ATR-FTIR Spectroscopy 

ATR-FTIR spectra of the top layer of the laboratory-made membrane D71 and of 

the commercial membranes Desal5DL, Desal51HL and NTR7450 and ATR-FTIR 

spectra of the support layers FO2413 and FO2471 are given in Figure 4.1. As it 

was the goal to obtain general information about the polymer structure, the peaks 

in the spectra were not analyzed individually, but rather compared with spectra of 

known polymers in literature (Pavia et al., 1996; Hummel and Scholl, 1978). 

 

The spectrum of the top layer of D71 (Figure 4.1a) was identical to the spectrum of 

the other laboratory-made membrane N13 (not shown) and to the spectra of N30F 

and NFPES10 (not shown). These commercial membranes (N30F and NFPES10) 

only had an additional peak at 1670 cm-1, which may originate from additives (e.g., 

a copolymer like polyvinylprimidone, as reported by Wang and Chung (2005b) and 

Ernst et al. (2000)) or from residual products (e.g., solvent, as reported by 

Pihlajamäki et al. (1998)) used during membrane synthesis. Comparing these 

spectra with the spectra given by Hummel and Scholl (1978), indicates that the top 

layer of all four membranes (D71, N13, N30F and NFPES10) is composed of 

poly(phenylenesulfone ether), as given in Figure 4.2a. 

 

The spectrum of the top layer of the commercial membrane NTR7450, made of 

sulfonated polyethersulfone (Table 2.1) according to the manufacturer, shows 

some differences with the former spectra: the peaks at 1500 cm-1 and at 1150 cm-1 

are split, between 900 cm-1 and 800 cm-1 three peaks are visible (instead of two 

peaks for D71) and between 720 cm-1 and 650 cm-1 only very small peaks are 

visible. These differences are all indications that the top layer of NTR7450 is 

composed of a more hydrophobic polyethersulfone, generally called 

poly(arylenesulfone ether), as shown in Figure 4.2b and reported also by 

Pihlajamäki et al. (1998). 

 

The spectra of Desal51HL and D71 are very similar, although their top layer is 

composed of a different polymer (Table 2.1). The only difference between the two 

spectra is an additional small peak at 1630 cm-1, which can be, according to Freger 
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et al. (2002), assigned to the presence of polyamide (amide I peak). Desal5DL, 

another commercial membrane with a top layer made of polyamide, also shows 

this additional peak at 1630 cm-1. However, the spectrum of Desal5DL resembles 

more the spectrum of NTR7450 instead of D71, as indicated in Figure 4.1a. The 

spectrum of NF270 (not shown) was similar to Desal5DL.  
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Figure 4.1: ATR-FTIR spectra of (a) the top layer of Desal5DL, Desal51HL, 
NTR7450 and D71 and (b) the support layers FO2413 and FO2471 
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Figure 4.2: Chemical structure of (a) poly(phenylenesulfone ether) and (b) 
poly(arylenesulfone ether) 

 

The fact that the spectra of these membranes (Desal51HL, Desal5DL and NF270) 

are not typical for polyamide, possibly means that the infrared radiation penetrates 

too deep (typically around 1 µm, according to Freger et al. (2002)) into the 

membrane for the polyamide top layer to be seen exclusively. Commercial 

polyamide membranes are traditionally made by the interfacial polymerization 

process, which results in a very thin top layer (around 50 nm) in contrast to the 

thicker top layer of polyethersulfone membranes obtained by the phase inversion 

process. 

 

The ATR-FTIR spectra of the two known support layers (FO2471 and FO2413) are 

shown in Figure 4.1b. The spectra of the support layers of the commercial 

membranes (not shown) were compared with these two spectra to derive their 

composition. As indicated by the peaks at 1465 cm-1 and 720 cm-1, FO2471 is 

composed of PP and PE, which was also the case for the support layers of D71, 

N30F and NFPES10. FO2413 is characterized by peaks at wavenumbers of 

1700 cm-1 and 1230 cm-1, which can be assigned to the presence of polyester. The 

other (large) peaks at 1100 cm-1, 1000 cm-1 and 720 cm-1 probably indicate the 

presence of ionic sulphate groups ( )−− 3RSO  in the polyester. The support layers of 

N13, Desal51HL, Desal5DL, NTR7450 and NF270 (not shown) are also (mainly) 

composed of polyester, as their spectra were similar to the spectrum of FO2413.  
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4.2.2 X-ray Photoelectron Spectroscopy (XPS) 

Performing XPS measurements has the advantage that the X-rays do not penetrate 

too deeply into the membrane. Using an analysis takeoff angle between membrane 

surface and analyzer (θ) of 54° in XPS, 95 % of the emitted electrons comes from 

an escape depth nmd e 5.7sin3 =⋅⋅≤ θλ , considering a value for the mean free 

path (λe) of the C1s electrons in polyamide of 3.2 nm (Ariza et al., 2002; Ariza et 

al., 2000). This implies that the chemical information obtained through XPS 

originates only from the top layer of the nanofiltration membranes.  

This is also seen from Table 4.1, in which the atomic concentration percentages of 

C1s, O1s, N1s and S2p of the different membranes are given. As shown in Table 4.1, 

the percentages of C1s and O1s are comparable for all membranes in contrast to the 

percentages of N1s and S2p. The membranes with a top layer of polyamide (NF270, 

Desal51HL and Desal5DL) obviously have a higher percentage of N1s, while the 

polyethersulfone membranes (N30F, NFPES10, D71 and N13) have more S2p than 

N1s in their top layer.  

 

Table 4.1: Atomic concentration percentages (%) of C1s, O1s, N1s and S2p obtained 
by XPS on commercial and laboratory-made membranes 

 C1s O1s N1s S2p 

NF270 72.0 17.0 10.9 0.1 

Desal51HL 75.9 12.6 10.7 0.8 

Desal5DL 72.4 17.6 9.5 0.5 

NTR7450 72.1 19.2 5.2 3.5 

N30F 79.9 14.4 1.8 3.9 

NFPES10 77.3 16.8 2.4 3.5 

D71 77.0 16.3 2.6 4.1 

N13 79.7 14.4 2.3 3.6 

 

The atomic concentration percentages of these membranes agree well with other 

data reported in literature (Kim et al., 2005; Benavente and Vazquez, 2004; 

Wavhal and Fisher, 2002). Small amounts of sulfur (nitrogen) in polyamide 

(polyethersulfone) membranes are in literature (Benavente and Vazquez, 2004; 
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Pihlajamäki et al., 1998) attributed to environmental contamination or residual 

products from membrane manufacturing (like e.g., preservatives). Only for the top 

layer of NTR7450 both elements are present, with even more N1s than S2p. This 

nitrogen can originate from a post-treatment of the membrane or from additives 

used during the synthesis process. 

 

More information about the chemical environment of carbon, oxygen, nitrogen and 

sulfur is obtained by deconvoluting the respective XPS spectra. The results of the 

different contributions are given in Table 4.2 for three typical commercial 

membranes: NFPES10 (comparable to N30F, D71 and N13), NTR7450 and 

Desal51HL (comparable to Desal5DL and NF270).  

 

Table 4.2: Binding energies (BE, in eV) and peak areas (%) for C1s, O1s, N1s and 
S2p XPS spectra for three selected commercial membranes 
NFPES10 NTR7450 Desal51HL 

 
BE area BE area BE area 

assignment 

285 74 285 68 285 66 C-C 

285.7 15 285.7 13 - - C-S 

286.9 12 286.7 14 286.2 25 C-O, C-N 
C1s 

- - 288.3 4 287.9 9 C=N, O=C-N, C=O 

532.1 62 531.9 65 531.7 75 
C=O, O=C-N, C-O, 

O=S=O O1s 

533.4 38 533.4 35 533.3 25 H···O=C-N, O=C-O 

N1s - - 400.2 100 399.9 100 C-N, C=N, O=C-N 

168.3 60 168.3 75 - - O=S=O 
S2p3/2 

164.2 40 164.3 25 - - -S- 

 

For all membranes, the core level C1s spectrum contains a major peak at 285 eV 

(reference energy), associated with aliphatic/aromatic C-C bonding. For NFPES10, 

two minor components with a shift of 0.7 eV and 1.9 eV (relative to the reference 

energy at 285 eV) are attributed to the carbon-sulfur and carbon-oxygen groups, 

respectively (Figure 4.3a). These components are also found for NTR7450, 
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together with an additional smaller component at a 3.3 eV shift, which forms an 

indication for the presence of a double bond between carbon and nitrogen and 

between carbon and oxygen. Due to the absence of sulfur in the top layer of 

Desal51HL, the contribution of the carbon-sulfur group at a shift of 0.7 eV is 

missing.  

The O1s spectrum is for all membranes deconvoluted into two different components 

(Figure 4.3b), while the N1s spectrum for NTR7450 and Desal51HL only contains 

one major peak at 400 eV. In literature, similar deconvolutions for the C1s, O1s and 

N1s peaks were performed by Kull et al. (2005), Benavente and Vazquez (2004), 

Wavhal and Fisher (2002) and Beamson and Briggs (1992). 

289             286             283 
binding energy (eV)      

C-C

C-S
C-O

289             286             283 
binding energy (eV)      

C-C

C-S
C-O

       
536          534         532         530

binding energy (eV)

C=O, C-O
O=S=O

O=C-O

536          534         532         530
binding energy (eV)

C=O, C-O
O=S=O

O=C-O

 
                 (a) C1s       (b) O1s 

Figure 4.3: Deconvolution into different components for (a) the C1s and (b) the O1s 
peak for NFPES10 

 

For NFPES10 and NTR7450, the S2p spectrum is composed of two separate peaks 

at a distance of 4 eV from each other. Each of these S2p peaks is deconvoluted in 

two peaks, i.e. 2p3/2 en 2p1/2, with a typical doublet separation of 1 eV and with a 

fixed relation between their peak surfaces of 2:1 (Beamson and Briggs, 1992). The 

S2p3/2 peak at 168 eV and 164 eV is assigned to sulfur present in a sulfone group 

and in a sulfide group, respectively. The fact that there is a sulfide group means 

that the sulfone group in the top layer of the membranes is transformed during 

sputtering of the membrane surfaces (section 2.4.7), as was concluded also by 

Marletta et al. (1991) and Kaul (1987). XPS measurements without sputtering 

indeed indicated only one doublet with 2p3/2 at 168 eV, which proves the presence 

of a sulfone group in the polymer of the top layer. 
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4.2.3 Conclusion 

Combining the results of ATR-FTIR with XPS permits to determine the overall 

chemical composition of the membranes. Two different membrane classes could be 

distinguished: a class of membranes with a polyamide top layer (Desal51HL, 

Desal5DL, NF270) and a class of membranes with a polyethersulfone top layer 

(N30F, NFPES10, NTR7450, D71, N13).  

The membrane structure of the first class consisted of (minimum) three layers: (1) 

a thin top layer of polyamide, (2) an intermediate layer of poly(arylenesulfone 

ether) in the case of Desal5DL and NF270 or more specifically 

poly(phenylenesulfone ether) in the case of Desal51HL, and (3) a polyester support 

layer.  

For the second membrane class, only two layers were observed: (1) a top layer of 

poly(phenylenesulfone ether) or the more general poly(arylenesulfone ether) in the 

case of NTR7450, and (2) a support layer of PP/PE or, in the case of NTR7450 and 

N13, a support layer of polyester. In this second membrane class, small chemical 

differences were observed between the commercial and the laboratory-made 

membranes, which were attributed to the use of additives or post-treatments by the 

manufacturers.  

 

 

4.3 Physical characterization of nanofiltration membranes 

Several physical characteristics of the commercial and laboratory-made 

membranes were studied. In addition to the cut-off, the membrane surface was 

characterized for roughness, hydrophobicity and surface charge. An overview of 

the results of these characterization techniques is given in Table 4.3. The porosity 

and the thickness of the skin layer using PAS is discussed in section 4.4.  

 

4.3.1 Determination of the cut-off 

In literature, the cut-off is considered as a measure for the size of the pores and is 

defined as the molecular mass of a component with 90 % retention. The cut-off is 

strongly dependent on the component used and the filtration conditions.  
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Table 4.3: Overview of the physical characteristics of the commercial and laboratory-made membranes 
 UTC20 NF270 Desal51HL Desal5DL NTR7450 N30F NFPES10 D71 N13 

cut-off1 (Da) 160 170 190 260 310 680 1,200 2,000 2,100 

cut-off2 (Da) 180 200-300 150-300 150-300 600-800 400 1,000 - - 

water permeability 

(L m-2.h-1.bar-1) 

10.3 

(± 1.2) 

8.3 

(± 0.5) 

11.4 

(± 1.1) 

3.7 

(± 0.9) 

5.7 

(± 1.0) 

3.8 

(± 0.8) 

15.4 

(±2.8) 

4.7 

(± 1.4) 

22.2 

(±3.1) 

NC-AFM2 4.6 4.2 5.9 9.8 1.5 3.4 2.4 3.9 4.4 roughness 

(nm) T-AFM3 5.6 - 6.4 13.2 2.1 3.9 2.2 - - 

contact angle 
36 

(± 4) 

27 

(± 4) 

47 

(± 4) 

44 

(± 3) 

70 

(± 4) 

88 

(± 2) 

72 

(± 4) 

73 

(± 2) 

67 

(± 3) 
hydropho-

bicity 

(°) 
phase shift 

T-AFM3 4.1 - 6.6 3.6 2.3 1.8 3.0 - - 

pH 4 5 -2 -4 -1 -3 -5 -2 -3 -4 

pH 7 -8 -19 -14 -18 -17 -15 -12 -13 -10 

zeta 

potential 

(mV) pH 10 -17 -24 -17 -21 -19 -18 -15 -13 -14 
1cut-off, as experimentally obtained by using a mixture of PEG; 2cut-off, as given by the manufacturer; 3NC-AFM: non-contact mode 
AFM on 3 µm x 3 µm; 4T-AFM: tapping mode AFM on 3 µm x 3 µm 
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Therefore, the cut-off was determined for each membrane in the same conditions 

(293 K, 8 bar, 600 L h-1) with the same feed solution (mixture of polyethylene 

glycols (PEG)), as described in section 2.4.3. By plotting the observed retention for 

each PEG in the mixture against its molecular mass, a retention curve was 

obtained. Fitting this curve with the log-normal model (as was done also by Van 

der Bruggen et al. (2000b)) led to the determination of the cut-off (i.e., the 

molecular mass of PEG with 90 % retention). The experimental data and the fitted 

model are shown in Figure 4.4 for some commercial membranes.  

 

The experimental cut-offs (summarized in Table 4.3) agree well with the cut-offs 

given by the manufacturer (Table 2.1 and repeated in Table 4.3), with the 

exception of N30F and NTR7450, which have a higher and lower cut-off, 

respectively, than specified by the manufacturer.  
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Figure 4.4: Determination of the cut-off by fitting the retention curve with the log-
normal model 

 

4.3.2 Determination of the surface roughness 

The surface roughness was analyzed by non-contact mode and tapping mode AFM 

(section 2.4.1) on five different scan areas. The results are given in Table 4.4 and 

are of the same order of magnitude as the roughness values observed in literature 

(Bowen et al., 2002; Bowen and Doneva, 2000).  

From these results it is seen that the scanned area plays a significant role: the larger 

the scanned area, the higher the roughness. Figure 4.5 illustrates this effect for 
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Desal5DL, for which the surface roughness is visualized with non-contact mode 

AFM on four different scan areas.  

 

Table 4.4: RMS roughness (nm) of the top layer of the commercial membranes, 
measured with non-contact mode AFM (NC) and tapping mode AFM (T) on 

different scan areas 
0.5 µm x 

0.5 µm 

1 µm x    

1 µm 

3 µm x  

3 µm 

5 µm x  

5 µm 

10 µm x 

10 µm 

 

NC T NC T NC T NC T NC T 

UTC20 2.2 - 2.6 2.8 4.6 5.6 4.8 4.8 6.8 8.8 

NF270 2.1 - 2.8 - 4.2 - 4.6 - - - 

Desal51HL 2.6 3.7 3.0 5.9 5.9 6.4 6.2 9.3 11.2 11.8 

Desal5DL 5.2 6.8 5.7 10.8 9.8 13.2 10.9 13.9 12.8 14.7 

NTR7450 0.8 0.5 0.9 0.7 1.5 2.1 1.8 2.3 3.1 3.2 

N30F 1.3 0.9 2.5 1.6 3.4 3.9 3.9 4.1 5.5 4.9 

NFPES10 0.8 0.8 1.3 1.1 2.4 2.2 2.7 2.5 3.8 3.5 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.5: Non-contact mode AFM images of Desal5DL for four different scan 
areas: (a) 0.5 µm x 0.5 µm, (b) 1 µm x 1 µm, (c) 5 µm x 5 µm, (d) 10 µm x 10 µm 
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This phenomenon of increasing roughness with increasing scan area is related to 

the dependency of the roughness on the spatial wavelength of the scanned area or 

the frequency. For a small surface area, only the roughness of the ‘higher’ 

frequencies is measured. When scanning a larger surface area, the roughness 

caused by additional lower frequencies also has to be taken into account. This 

results in a higher roughness value when scanning a larger surface area. Or, in 

other words, when the scan size is changed, it is possible to measure a different 

surface topography resulting in a different roughness. 

 

Therefore, it is crucial that the same scan size range is used when comparing the 

surface roughness of different samples. Considering the same scan range in 

Table 4.4, it becomes clear that, for non-contact mode as well as for tapping mode 

AFM, NTR7450 and NFPES10 are the smoothest membranes, while Desal5DL has 

the roughest top layer. In order to visualize the difference in roughness, non-

contact mode and tapping mode AFM images of a very smooth (NFPES10) and a 

very rough membrane (Desal5DL) are shown in Figure 4.6 and 4.7, respectively. 

 

 
(a) NFPES10 

 
(b) Desal5DL 

Figure 4.6: Non-contact mode AFM images of (a) a smooth membrane, NFPES10 
and of (b) a rough membrane, Desal5DL on a scan area of 3 µm x 3 µm 

 
Although non-contact mode and tapping mode AFM predict the same order of 

roughness for the different membranes, tapping mode AFM leads to a larger 

difference between the roughness values of the different membranes. For example, 

on a scan area of 0.5 µm x 0.5 µm, Table 4.4 indicates that the roughness varies 

from 0.8 nm to 5.2 nm in non-contact mode and from 0.5 nm to 6.8 nm in tapping 

mode AFM. A comparison between the roughness values, obtained in both AFM 
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modes, e.g., on a scan area of 0.5 µm x 0.5 µm, is also visualized in Figure 4.8. For 

the smoother membranes, the roughness measured in tapping mode AFM is smaller 

than in non-contact mode, while the opposite is observed for the rougher 

membranes Desal51HL and Desal5DL.  

 

 
(a) NFPES10 

 
(b) Desal5DL 

Figure 4.7: Tapping mode AFM images of (a) a smooth membrane, NFPES10 and 
of (b) a rough membrane, Desal5DL on a scan area of 3 µm x 3 µm 
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Figure 4.8: Comparison between the roughness values (nm) measured in non-
contact mode and in tapping mode AFM for a scan area of 0.5 µm x 0.5 µm, 

together with the bisector of the graph 
 

This phenomenon is intrinsic to the measuring method in tapping mode AFM, 

where the tip (attached to the cantilever) taps the scanned surface in contrast to 

non-contact mode AFM, where the distance between the tip and the surface is 

approximately 10 nm. When a contaminant layer (e.g., a few monolayers of 

condensed water) covers the surface, an AFM operating in tapping mode penetrates 

this layer to image the underlying surface. In non-contact mode, however, the 
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AFM tip cannot penetrate the contaminant layer and hence images the surface of 

the contaminant layer. This also implies that, although tapping mode AFM is more 

time consuming, it gives more realistic results than non-contact mode AFM. An 

additional advantage of tapping mode AFM is the simultaneous measurement of 

the phase shift (section 4.3.3).  

 

4.3.3 Determination of the surface hydrophobicity 

Determination of the contact angle is a well-known method (Roudman and 

DiGiano, 2000) to study the hydrophobicity of a membrane surface. Table 4.3 lists 

the measured contact angles and shows that NF270 and UTC20 are the most 

hydrophilic membranes while N30F has the most hydrophobic membrane surface.  

 

An alternative method to study the hydrophobicity of a membrane surface is by 

using tapping mode AFM. While the reduction in oscillation amplitude of the AFM 

tip was used for the roughness study, the hydrophobicity of the membrane surface 

was deduced from the phase shift of the AFM tip (section 2.4.1). This phase shift is 

derived from the difference in phase angle between the freely oscillating cantilever 

in air and the cantilever oscillation during scanning. The phase shift is zero when 

there is no interaction between the tip or the cantilever and the membrane. 

However, in the case of a tip-membrane interaction, a phase lag is induced if the 

interaction is attractive and a phase advance appears if the interaction is repulsive. 

Areas in a phase image exhibiting a phase lag with respect to the free oscillation 

are shown darkened, regions of advanced phase are lightened. Figure 4.9 shows a 

two-dimensional phase image of NFPES10 and Desal51HL.  

 

The results of the measured RMS phase shifts for the different membranes and for 

the different scan areas are given in Table 4.5. Because the AFM measurements 

were carried out with a hydrophilic silicon tip, one can observe whether the 

interaction between the tip and the sample is hydrophilic or hydrophobic. A 

hydrophilic surface interacts strongly with a hydrophilic tip, resulting in a large 

phase shift. A hydrophobic surface only interacts weakly with a hydrophilic tip, 

resulting in a small phase shift.  
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(a) NFPES10  (b) Desal51HL 

Figure 4.9: Phase images of (a) NFPES10 and (b) Desal51HL for a scan area of 
3 µm x 3 µm 

 

Table 4.5: RMS phase shift (°) obtained with tapping mode AFM on the top layer 
of the commercial membranes on different scan areas 

 
0.5 µm x 

0.5 µm 

1 µm x  

1 µm 

3 µm x  

3 µm 

5 µm x  

5 µm 

10 µm x 

10 µm 

UTC20 - 2.2 4.1 8.0 6.6 

NF270 - - - - - 

Desal51HL 4.6 4.4 6.6 2.9 9.5 

Desal5DL 1.7 2.5 3.6 3.7 6.5 

NTR7450 1.3 1.4 2.3 3.2 5.2 

N30F 0.9 0.9 1.8 3.0 3.6 

NFPES10 1.7 2.9 3.0 2.8 6.8 

 

From Table 4.5, it becomes clear that NTR7450, N30F and NFPES10 are 

characterized by a more hydrophobic top layer as given by the smaller phase shift 

(small interaction between membrane and tip). More interaction (and hence larger 

phase shifts) occurs between the tip and the other membranes (Desal5DL, 

Desal51HL and UTC20).  

Similar to the RMS roughness (Table 4.4), the RMS phase shifts increase with 

increasing scan area. This can be explained by the fact that with increasing scan 

area, the roughness and hence the contact area between tip and sample increase. 

This implies that there can be more interaction between tip and sample, resulting in 

a larger phase shift. 
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A comparison between the phase shifts and the contact angles (Figure 4.10) 

confirms the expectation that a large contact angle corresponds to a small phase 

shift. The only exception is Desal51HL, which shows a very large phase shift (for 

all scanned areas) compared to the contact angle, indicating a very strong specific 

interaction between the hydrophilic silicon tip and the Desal51HL membrane.  
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Figure 4.10: Comparison between the RMS phase shift (measured in tapping mode 

AFM on a scan area of 3 µm x 3 µm) and the contact angle 
 

4.3.4 Determination of the surface charge 

In addition to the roughness and the hydrophobicity, the top layer of each 

membrane is characterized for surface charge. The zeta potential as a function of 

pH is given in Figure 4.11; the values at pH 4, 7 and 10 for all membranes are 

summarized in Table 4.3.  

 

-25

-20

-15

-10

-5

0

5

10

2 4 6 8 10 12

pH

ze
ta

 p
ot

en
tia

l (
m

V
)

UTC20 NFPES10 Desal51HL N30F NTR7450 Desal5DL
 

Figure 4.11: Zeta potential (mV) as a function of pH for the different commercial 
membranes 
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At low pH, the membranes are slightly positively charged and they become 

negatively charged at high pH. This behavior of the surface charge as a function of 

pH is also observed for other membranes in literature (Fievet et al., 2004; Schaep 

and Vandecasteele, 2001; Kim et al., 1996). As indicated in Figure 4.11, the iso-

electric point, i.e., the pH at which the net charge of the membrane is equal to zero, 

is located between 3 and 4 for all the membranes. Only the UTC20 membrane with 

a polypiperazineamide top layer, has an iso-electric point close to pH 5. 

 

This behavior of the charge as a function of pH can be explained, for membranes 

with a top layer of polyethersulfone (NFPES10, N30F, NTR7450, D71 and N13) 

by the adsorption of anions or by the presence of sulfonic groups ( −− 3SO ) on the 

surface. These sulfonic groups are strongly acidic and are completely dissociated at 

a pH above 2.  

The other membranes (UTC20, NF270, Desal51HL and Desal5DL) have a top 

layer of polyamide and possesses both carboxylic and amine functional groups on 

the membrane surface (Figure 2.4a and 2.4b). Carboxylic groups (-COO-) are 

weakly acidic and are not dissociated at low pH, while amine groups give the 

membrane surface a positive charge in acid medium ( +− 3NH  is only weakly 

charged, while –N+R3 is completely dissociated and thus positively charged over 

the entire pH range). 

 

4.3.5 Conclusion 

The results of the physical characterization indicate the presence of the two same 

membrane classes as those identified by chemical characterization (section 4.2.3), 

i.e., a polyamide class (Desal51HL, Desal5DL, NF270 and UTC20) and a 

polyethersulfone class (N30F, NFPES10, NTR7450, D71 and N13). The 

membranes of the polyamide class have the lowest cut-off and the roughest and 

most hydrophilic membrane surface.  
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4.4 Positron Annihilation Spectroscopy (PAS) 

To study the porosity of the top layer of different membranes, PAS measurements 

(section 2.4.5) were performed to obtain the energy of annihilation (given by the S 

and the R parameter) and the lifetime of the implanted positrons (given by the 

PALS results).  

 

4.4.1 S parameter  

The S parameter is a tool to characterize the line shape of the Doppler Broadening 

of Annihilation Radiation (DBAR) at 511 keV and forms an indication for the 

chemistry and the structural defects at the site of annihilation.  

Figure 4.12 shows the evolution of the S parameter as a function of the positron 

energy (0 - 60 keV) for the commercial and the laboratory-made membranes. For 

positrons with a low energy, which annihilate in the top layer of the membranes, 

the S parameter is rather similar for all membranes, indicating that the polymers 

used in the top layer of the different membranes have the same affinity for the 

formation of positronium. Only for the commercial membrane Desal5DL and for a 

positron energy below 5 keV, the S parameter is very small. For very low positron 

energy (below 1 keV), many variations in the S parameter are detected for all 

membranes due to surface effects (or the back diffusion of positronium and 

positrons near the surface), as studied by Bas et al. (2004) and Cao et al. (1999). 
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Figure 4.12: S parameter (derived from DBAR measurements) as a function of the 
positron energy for the commercial and the laboratory-made membranes 
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The difference in pore size between top and support layer was clearly seen in the 

increase of the S parameter from low to high energy. It is also interesting to note 

that a similar evolution of the S parameter for D71 at a positron energy above 40 

keV (i.e., increasing S parameter with increasing energy) was observed for the 

commercial membranes N30F and NFPES10. This indicates that the support layers 

of these membranes are similar, as already concluded from the ATR-FTIR 

measurements (section 4.2.1). The evolution of the S parameter also shows that the 

support layer of N13 is similar to the one of the other commercial membranes 

(NTR7450, NF270, Desal5DL and Desal51HL).  

 

4.4.2 R parameter 

The R parameter or the relation of 3γ to 2γ describes the fraction of the surface 

under the total low energy region (Compton region) of the annihilation spectrum to 

that under the 511 keV line and contains information about the size and the 

concentration of the different pores.  

Figure 4.13 shows the evolution of the R parameter as a function of the positron 

energy (0 - 30 keV) for the commercial and the laboratory-made membranes. At 

low positron energy (above 0.5 eV), the R parameter is very small, which forms an 

indication of the small porosity of the skin layer. The R parameter subsequently 

increases and then again decreases with increasing energy. The increase in R is an 

indication for the increase in porosity in the transition of the dense skin layer to the 

porous sub layer. The decrease in R is rather due to positronium related phenomena 

than to a decreased porosity, as explained in more detail by Jean et al. (2003).  

 

From the evolution of the R parameter as a function of the positron energy, the 

thickness of the skin layer of the different membranes was compared. The 

transition between skin and sub layer is, however, not observed sharply in 

Figure 4.13. This is explained in literature (Algers et al., 2003; He et al., 2003; 

Dlubek and Alam, 2002) not only by the fact that positronium diffuses in the 

membrane, but primarily by the fact that the positron has an implantation-stopping 

profile.  
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Figure 4.13: R parameter (or the ratio of 3γ to 2γ annihilation) as a function of the 
positron energy for the commercial and the laboratory-made membranes 

 

If the transition between skin and sub layer is approximated by the positron energy 

at half of the slope between the regions of small and large R parameters, and 

assuming the densities are similar, Figure 4.13 indicates that the commercial 

membranes with a top layer of polyethersulfone (NFPES10 and N30F) have a 

thicker skin layer than Desal51HL, Desal5DL and NF270.  

This can be explained by the different preparation processes for both types of 

membranes. As already indicated in section 4.2.1, polyethersulfone membranes are 

traditionally prepared by phase inversion while interfacial polymerisation is used to 

prepare polyamide membranes. Because the latter technique results in a thinner top 

layer, the skin layer (or the upper part of the top layer) can also be thinner. This is 

however not the case for the commercial membrane NTR7450, for which the 

thickness of the skin layer is situated between Desal5DL and NF270. Also for the 

laboratory-made membranes D71 and N13, the skin layer is very thin, especially in 

comparison with the commercial polyethersulfone membranes N30F and 

NFPES10. 

 

SEM images of the cross-sections of the different membranes were used to study 

visually the difference in porosity between skin and sub layer and also the 

thickness of the skin layer. Figure 4.14 shows SEM images of the membranes 

NFPES10 and NF270, both on a scale of 3 µm and 100 nm. On the images with a 

scale of 3 µm, a platinum layer, which was needed to protect the surface of the 
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membranes during the FIB cross-sectioning, was seen. These images clearly 

indicate the difference in porosity of the sub layers of both membranes.  

Zooming in on the skin layer of the membranes (images with a scale of 100 nm) 

reveals the thickness of the skin layer to be 190 nm for NFPES10 and only 25 nm 

for NF270. The thickness of the skin layers of the other membranes is situated 

between these two extremes.  
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Figure 4.14: SEM images of the cross-sections of the commercial membranes (a) 
NFPES10 and (b) NF270, with a zoom on the skin layer 

 

In addition to the evolution of the porosity and the thickness of the skin layer, the R 

parameter also gives useful information about the selection of the positron energy 

for the PALS measurements. As it was the aim of PALS to determine the lifetime 

of the positrons in the skin layer of the membranes, a positron energy 

corresponding with an implantation depth (Equation 2.8) situated in the skin layer, 

should be selected.  

Figure 4.13 indicates that a positron energy of 2 keV matches this condition for the 

commercial membranes, except for NF270, for which it was not possible to 

100 nmAuPt 100 nm100 nmAuPt 100 nm100 nmAuPt 100 nm100 nmAuPt
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perform PALS measurements because of the very thin skin layer. For the 

laboratory-made membranes D71 and N13, a positron energy of 1 keV was 

selected for the lifetime experiments.  

 

4.4.3 Positron Annihilation Lifetime Spectroscopy (PALS) 

Typical positron lifetime spectra for a commercial (NTR7450) and a laboratory-

made (N13) membrane are shown in Figure 4.15. Such a spectrum is a sum of 

decaying exponentials corresponding to the number of positron states in the 

material, convoluted with the instrumental resolution function (that is responsible 

for the initial increasing part of the spectrum).  
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Figure 4.15: Typical positron annihilation lifetime spectra for a commercial 

(NTR7450) and a laboratory-made (N13) membrane 
 

The lifetime spectra for the commercial membranes were analyzed in terms of four 

(mean) lifetime components: τ1 due to p-Ps annihilation (0.124 ns), τ2 due to free 

positron annihilation (around 0.44 ns), τ3 and τ4 due to o-Ps annihilation. The latter 

two lifetimes are the most relevant, as τ3 and τ4 can be converted into pore radii r3 

and r4 or pore volumes V3 and V4 using Equation 2.9 and 2.10, respectively. Each 

lifetime also has an intensity Ii. Because the formation probability of positronium is 

similar for the different membranes (section 4.4.1), the intensity (I3 and I4) 

corresponds with the volume fraction of the involved pores. The relation of the 

intensity I3 and I4 to the pore volume V3 and V4 is a measure for the number of 

pores with size r3 and r4, respectively. The results for the lifetimes, the pore sizes 

and the intensities are given in Table 4.6.  



Physico-chemical characterization of nanofiltration membranes 

 119 

Table 4.6 shows two different types of pores: pores in which the positronium 

shows a lifetime shorter than 1 ns (τ3) and pores in which the positronium shows a 

lifetime longer than 2 ns (τ4). In literature (Dlubek et al., 2005), an intermediate 

lifetime of around 1 ns in polymers is attributed to the formation of o-Ps in the 

existing crystals of the polymer. To check whether the short lifetimes (τ3) in this 

study are a result of the crystallinity of the polymer, or rather an indication for the 

presence of small pores, DSC measurements were performed. If the short lifetimes 

are due to the (semi-)crystallinity of the polymer in the top layer, a crystallinity 

peak of the top layer should be observed during the DSC experiment.  

 

Table 4.6: The results of the PALS analysis performed on commercial 
nanofiltration membranes (τ1 = 0.124 ns and τ2 around 0.44 ns) 
 Desal51HL Desal5DL NTR7450 N30F NFPES10 

τ3 (ns) 0.94 0.90 0.78 0.81 0.82 

τ4 (ns) 3.20 3.51 2.50 2.48 2.39 

r3 (nm) 0.155 0.150 0.125 0.130 0.130 

r4 (nm) 0.375 0.395 0.330 0.325 0.320 

I1 (%) 12.9 6.9 15.8 20.7 19.8 

I2 (%) 48.7 72.6 36.9 17.3 21.1 

I3 (%) 35.4 18.8 43.1 53.7 49.5 

I4 (%) 3.0 1.7 4.2 8.3 9.7 

I3/V3 2,271 1,330 5,271 5,838 5,381 

I4/V4 13.59 6.59 27.92 57.75 70.71 

 

Figure 4.16 shows a DSC measurement of a support layer (FO2471) and of a 

commercial membrane (NFPES10). As the top layer of NFPES10 is thin in 

comparison with the support layer, the two measurements almost look the same: 

during heating, two melting peaks were observed due to melting of PE (at 130 °C) 

and PP (at 160 °C), while during cooling, the peak at 115 °C corresponds with the 

crystallization of PE and PP (ATHAS Data Bank, 1994).  

The glass transition temperatures of PP and PE are situated below 0 °C (typically 

around –18 °C and –100 °C, respectively) and are hence not visible in Figure 4.16. 
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However, when both measurements are compared in more detail, a difference at 

220 °C is revealed, which is due to the glass transition of polyethersulfone, 

forming the top layer of NFPES10. No melting peak or crystallinity peak 

(Blackadder et al., 1979) of polyethersulfone was observed in Figure 4.16.  

This was explained by the fact that phase inversion (used for preparation of 

polyethersulfone membranes) is a very fast process, which implies that the polymer 

has no time to form crystals. This means that, for the interpretation of the PALS 

data, the short lifetimes (τ3) are not a result of the crystallinity, but rather an 

indication for the presence of small pores.  
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Figure 4.16: DSC measurement of a support layer (FO2471) and a commercial 

membrane (NFPES10), with zoom on 220 °C 
 

Considering both the small (τ3) and the large pores (τ4), Table 4.6 indicates that 

Desal51HL and Desal5DL are characterized by a larger pore size (r3 and r4) and a 

smaller volume fraction of the pores (I3 and I4) in comparison with the other 

commercial membranes. The relation of the intensity to the pore volume (Ii/Vi) 

forms an indication for the number of pores, for which Table 4.6 proves that much 

more small pores (I3/V3) are present than large pores (I4/V4) and that the 

membranes Desal51HL and Desal5DL are characterized by less pores (both small 

and large ones) in comparison with the other commercial membranes. This means 

that, taking into account that the lifetime is related to the smallest diameter of a 

pore, both pores are available for water (water has a typical molecular diameter of 
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0.275 nm (Beckstein and Sansom, 2004)). As a consequence, the cut-off seems not 

to be correlated with the size of the pores (section 4.4.4).  

 

Starting from these PALS data, the porosity of the top layer of the membranes can 

be defined in several ways. Either the number of large pores (I4/V4) or the total 

number of pores (I3/V3 + I4/V4) can be used as a measure for the porosity, or the 

volume fraction of the large pores (I4) and the small pores (I3), or the volume 

fraction of all pores (100-I2). As porosity is mostly defined as the fraction of pores 

within a given volume (Mulder, 1996), it is best presented by the values of the 

intensities (I3 and I4). The highest porosity is observed for the skin layer of 

NFPES10 and N30F, while the skin layer of the commercial membrane Desal5DL 

is the least porous. 

 

The same lifetime analysis could be carried out for the laboratory-made 

membranes N13 and D71. However, as these membranes have a very thin skin 

layer (Figure 4.13), a lower positron energy (1 keV instead of 2 keV for the 

commercial membranes) was selected for the PALS experiments to make sure that 

the porosity of the skin layer (and not the porosity of the sub layer) was studied. 

The obtained lifetime spectra could only be fitted using five different lifetimes, of 

which τ1, τ2, τ3 and τ4 were similar to the lifetimes of the commercial membranes 

(Table 4.6). However, only the longest lifetime (τ5 = 10 ns) could be determined 

accurately, because of the poor resolution function at low energy (seen as an extra 

bump in Figure 4.15 for N13). This lifetime, which corresponds with a pore size of 

0.65 nm, forms an indication for the presence of very large pores in the skin layer 

of these laboratory-made membranes. 

 

4.4.4 Comparison between cut-off and pore sizes obtained by PALS 

Table 4.7 summarizes the results of the pore sizes from PALS (r3, r4 and r5) and 

the results from the filtration experiments with PEG (cut-off and r50). As described 

in section 4.3.1, the cut-off or the molecular mass of PEG with 90 % retention, was 
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obtained by fitting the retention curve (retention as a function of molecular mass of 

PEG: Figure 4.4) with the log-normal model, according to Equation 4.1: 
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where σ is the retention of PEG with molecular mass *
wM  and SMw a measure for 

the distribution of the pore sizes. 

 

Table 4.7: Summary of the results obtained by PALS (r3, r4 and r5) and obtained by 
filtration experiments with PEG (cut-off and r50) for the commercial and the 

laboratory-made membranes  
 Desal51HL Desal5DL NTR7450 N30F NFPES10 D71 

r3 (nm) 0.155 0.150 0.125 0.130 0.130 ~ 0.14 

r4 (nm) 0.375 0.395 0.330 0.325 0.320 ~ 0.35 

r5 (nm) - - - - - 0.65 

cut-off 

(Da) 
190 260 310 680 1,200 2,000 

r50 (nm) 0.24 0.30 0.28 0.39 0.46 0.65 

 

The retention curve can also be calculated as a function of the Stokes-Einstein 

radius of PEG (rPEG), by using Equation 4.2 (Tam and Tremblay, 1991). The 

Stokes-Einstein radius is only an approximation of the effective radius of PEG, as 

it represents the radius of a hard sphere that diffuses at the same rate as PEG. 

3.0262.0 −⋅= wPEG Mr                  (4.2) 

 

By fitting this retention curve in the same way with Equation 4.3, a value of the 

mean pore size (r50) was obtained for each membrane.  
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where σ is the retention of PEG with radius rc and Sp a measure for the distribution 

of the pore sizes. The mean pore size represents the size of a molecule with 50 % 

retention and was used for comparison with r3, r4 and r5. 
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Concerning the commercial membranes, no correlation was observed between the 

pore sizes determined by PALS (r3 and r4) and the cut-off (or r50): membranes with 

the lowest cut-off even have the largest pore size (r3 and r4). On the other hand, 

Figure 4.17 indicates a correlation between the cut-off and the ratio I4 / (I4 + I3), 

which is the volume fraction of the large pores to the total volume fraction of all 

pores. The correlation was also confirmed by performing a statistical analysis of 

the cut-off (as a function of all membrane characteristics) with linear regression 

using the computer program SAS.  
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Figure 4.17: Correlation between cut-off (Da) and I4 / (I4 + I3) (%) for commercial 

nanofiltration membranes 
 

These observations have consequences for the understanding of the transport 

mechanism through nanofiltration. As nanofiltration is situated in between 

ultrafiltration and reverse osmosis, both the sieving mechanism by size exclusion 

as in ultrafiltration (like reported by Ren et al. (2006)) and solution - diffusion as in 

reverse osmosis (like reported by Paul (2004)) play a role. Up to now, most models 

in literature that describe nanofiltration (Santos et al., 2006; Wang and Chung, 

2005b; Hilal et al., 2004; Bowen and Welfoot, 2002b) consider it to be more a 

sieving process, a transition model between pore flow and solution-diffusion is 

recently introduced by Robinson et al. (2005).  

The results of this section indicate that the mechanism of nanofiltration is not 

governed by the absolute size of the pores, but rather by the relation between the 

different pores. The presence of more and more smaller pores to the total porosity 

hinders the transport of molecules through the membrane exponentially. 
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For the laboratory-made membranes (D71 and N13), the largest pore size obtained 

from PALS (r5) is equal to the mean pore size obtained from the filtration 

experiments (r50). As these membranes are already closer to the ultrafiltration 

region, the sieving mechanism becomes more important, resulting in a similarity 

between the PALS and the filtration experiments. 
 

 

4.5 Conclusion 

Characterization of the membranes has indicated that all membranes were 

constructed of different layers with a different chemical composition. For the first 

membrane class (the polyamide class), at least three layers were present in their 

membrane structure: a thin top layer of polyamide, an intermediate layer of 

polyethersulfone and a support layer of polyester. No intermediate layer was 

observed for the second membrane class (the polyethersulfone class); their 

membrane structure consisted only of a poly(arylenesulfone ether) top layer and a 

support layer (PP/PE or polyester).  

 

This chemical composition is related to the physical characteristics and the results 

of the PAS experiments as it was shown that the polyethersulfone class has the 

highest cut-off, the smoothest and most hydrophobic membrane surface and the 

thickest skin layer. The difference between the two membrane classes can also be 

confirmed statistically by using principal component analysis or cluster analysis; 

however, such an analysis falls behind the scope of this thesis.  

In the skin layer of the commercial membranes, two different pore sizes were 

observed for all commercial membranes with pore sizes between 0.125 – 0.155 nm 

and 0.320 – 0.395 nm, respectively (depending on the membrane type). This 

indicates that the pore size distribution in nanofiltration is not a log-normal 

function, as usually assumed, but rather a bimodal function. Moreover, the cut-off 

of the commercial membranes correlates with the ratio of the volume fraction of 

the large pores to the volume fraction of all pores, indicating that transport through 

nanofiltration membranes depends more on the relation between the different pores 

than on the absolute pore sizes. 
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Adapted partly from: J. Membr. Sci. 289 (2007) 220-230 
J. Membr. Sci. 278 (2006) 418-427 
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5.1 Introduction 

In order to understand and to explain membrane performance on the basis of 

membrane characteristics (Chapter 4), the experimental filtration results were 

statistically analyzed by multiple linear regression. This allows to select the most 

influential membrane and component characteristic(s) to explain and to describe 

membrane performance. As membrane performance depends highly upon the feed 

solution, three different types of feed solutions are considered in this chapter: 

- filtration of aqueous solutions containing dissolved uncharged organic 

components; 

- filtration of aqueous solutions containing dissolved charged organic 

components; 

 - filtration of colloidal dispersions. 

 

To evaluate the membrane performance, both the adsorbed amount, the relative 

flux and the retention were considered. Although the permeate fluxes are also very 

crucial (e.g., in the design of a nanofiltration unit), the goal of this chapter was to 

focus on membrane fouling which is represented by the relative flux. Therefore, 

the relative flux (and not the absolute permeate flux) was included in the statistical 

analysis.  

To obtain a sufficiently large data set, the statistical analysis was also not 

performed separately for the two membrane classes, but for all commercial 

nanofiltration membranes together. 

 

 

5.2 Nanofiltration performance during filtration of aqueous 

solutions containing dissolved organic components 

A partial or total retention of individual organic pollutants (such as pesticides 

(Shaalan et al., 2007; Kiso et al., 2001), endocrine disrupting components or 

pharmaceutical residues (Yoon et al., 2007; Nghiem et al., 2005)) is becoming an 

important concern during water and wastewater treatment with nanofiltration. The 
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main limitation, however, remains permeate flux decline as a function of time, as a 

result of membrane fouling.  

 

In literature, it is suggested by several researchers that fouling during filtration of 

dissolved (uncharged) organic components is mainly related to adsorption on the 

membrane material (Braeken et al., 2005c; Violleau et al., 2005; Van der Bruggen 

et al., 2002). Both phenomena were explained on the basis of the component 

properties as a correlation was found between the octanol-water partition 

coefficient (log P) and adsorption; adsorption is also related to the dipole moment 

and the water solubility (Van der Bruggen et al., 2002). Concerning the membrane 

characteristics, the hydrophobicity of the top layer is believed to cause the most 

flux decline (Susanto and Ulbricht, 2005; Song et al., 2004; Kimura et al., 2003; 

Van der Bruggen et al., 2002).  

When filtering charged organic components, electrostatic attraction or repulsion 

forces between the component and the membrane influence the degree of fouling. 

A necessary condition for this is that the membrane surface charge is large enough; 

otherwise hydrophobic forces overcome the electrostatic forces resulting in more 

fouling of hydrophobic membranes (Mänttäri et al., 2000). 

 

Physical sieving by pores is believed to be one of the main driving factors in the 

retention of organic components, with a molecular mass larger than the cut-off of 

the membranes (Bellona et al., 2004). For smaller uncharged components, 

molecular mass in combination with log P determine the retention (Agenson et al., 

2003): hydrophobic (small) components are not well retained by nanofiltration 

membranes. As these components have less polar groups than hydrophilic 

components, they are less solvated. Due to their smaller size, they can enter more 

easily in the membrane pores and permeate through the membrane (Braeken et al., 

2005b). For these hydrophobic components, an influence of adsorption on retention 

was also observed in literature (Kimura et al., 2003; Nghiem et al., 2002), as a 

breakthrough in permeate concentration occurred, after saturation of the 

membrane, resulting in a lower retention in steady state.  
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For charged components, both size exclusion and electrostatic interactions are 

responsible for separation (Mänttäri et al., 2000; Van der Bruggen et al., 1999; 

Nyström et al., 1995). 

 

This section aims to determine the most influential membrane characteristic(s) to 

explain adsorption, relative flux and retention of both uncharged and charged 

components on commercial nanofiltration membranes, as such a systematic and 

complete analysis is currently missing in literature. Therefore, in each case, a 

multiple linear regression model (section 2.7) was formulated with the adsorbed 

amount, the relative flux or the retention as response variable (Y) and with both 

membrane and component characteristics as input variables (x1, …, xp). The goal of 

this statistical analysis was to obtain a regression model with the least number of 

variables in combination with the highest correlation coefficient (ADJR²). 

 

5.2.1 Filtration of aqueous solutions containing dissolved uncharged organic 

components 

Table 5.1 summarizes the adsorbed amount, the relative flux and the retention (Y) 

during the experiments with dissolved uncharged organic components at neutral 

pH. Table 5.1 also indicates the molecular mass (Mw) and the hydrophobicity 

(log P) of each component, which were used as component variables (x) to 

formulate the regression model.  

The molecular mass is an easy to determine and available parameter to describe the 

size of a component (Van der Bruggen et al., 1999). Other parameters, such as the 

Stokes diameter, the equivalent molecular diameter, the molecular width, a 

calculated molecular diameter or shape were not included.  

The hydrophobicity of a component can also be expressed by its water solubility or 

dipole moment. However, these parameters are less useful than log P (Braeken, 

2005): the water solubility is infinite for certain components, whereas the dipole 

moments are usually determined in apolar solvents. These dipole moments differ 

significantly from those in water and are therefore not representative.  
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Table 5.1: Summary of the adsorbed amount (AD, in mmol m-2), the relative flux (RF, in %) and the retention (R, in %) during 
experiments with dissolved uncharged organic components (feed concentration = 2 mmol L-1, neutral pH,  

values of relative flux and retention after 2 hours of filtration) 
Desal51HL Desal5DL NTR7450 N30F NFPES10 

 
Mw 

(Da) 
log P 

AD RF R AD RF R AD RF R AD RF R AD RF R 

benzonitrile 103 1.54 8.3 88 5 9.8 99 12 9.9 63 8 14.8 44 6 13.7 69 1 

benzylalcohol 108 1.08 4.8 11 9 2.5 80 8 3.9 32 17 7.2 11 13 7.5 1 12 

p-tolualdehyde 120 2.26 8.9 76 6 7.2 53 14 9.8 50 8 14.1 38 23 14.5 43 5 

benzylidene acetone 146 2.04 9.2 61 17 5.1 85 18 7.5 35 15 14.9 17 15 18.1 27 6 

xylose 150 -1.98 1.6 81 85 2.4 100 100 0 58 71 0 35 47 0 44 23 

xylitol 152 -2.56 - 99 85 - 97 42 - 73 15 - 77 18 - 88 6 

3,4-methylnitrophenol 153 2.46 10.7 33 0 1.6 75 5 4.5 43 9 16.1 25 12 18.3 40 0 

3,5-dihydroxybenzoic acid 154 0.91 1.1 49 33 0.2 67 44 0.3 28 28 2.1 34 4 2.9 13 9 

4,3-chloronitrobenzaldehyde 185 2.17 11.8 36 14 2.3 100 14 6.9 23 8 15.0 12 40 17.5 16 7 

maltose 342 -5.42 0 87 94 0.8 84 100 0 64 78 0 34 64 0.8 59 38 

raffinose 504 -6.76 0 72 93 1.3 81 100 0 74 90 0 42 75 1.3 63 58 

Note: the italic values are outliers or leverage points for the regression models, formulated in section 5.2.1 
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The membrane variables (x) used are summarized in Table 5.2; for the experiments 

with the uncharged organic components, only the values at pH 6 were taken into 

account. As a measure for the porosity of the top layer, the volume fraction of the 

large (I4) and the small (I3) pores measured with PAS were selected. The results of 

non-contact mode AFM on a scan area of 3 µm x 3 µm and the contact angles 

represent the roughness and the hydrophobicity of each membrane, respectively. 

Values of the zeta potential were used to characterize the charge properties of the 

membrane.  

 

Table 5.2: Summary of the membrane characteristics at different pH values, used 
in the statistical analysis of the experiments with dissolved (un)charged organic 

components or colloidal dispersions 
 Desal51HL Desal5DL NTR7450 N30F NFPES10 

pH 3 220 290 - 590 1,300 

pH 6 190 260 310 680 1,200 
cut-off 

(Da) 
pH 10 220 270 - 630 1,300 

I3 (%) pH 6 35.4 18.8 43.1 53.7 49.5 

I4 (%) pH 6 3.0 1.7 4.2 8.3 9.7 

pH 3 5.0 9.5 1.2 1.7 2.0 

pH 6 5.9 9.8 1.5 3.4 2.4 roughness1 (nm) 

pH 10 8.5 13.3 1.2 2.1 2.0 

pH 3 46 46 66 80 69 

pH 6 47 44 70 88 72 contact angle (°) 

pH 10 35 47 71 82 66 

pH 3 12.0 4.1 3.2 2.9 9.6 

pH 6 11.4 3.7 5.7 3.8 15.4 

water 

permeability 

(L m-2 bar-1 h-1) pH 10 10.7 4.1 4.9 2.5 15.1 

pH 3 4 7 1 1 1 

pH 6 -13 -17 -15 -14 -10 
zeta potential 

(mV) 
pH 10 -17 -21 -19 -18 -15 

1 roughness measured in non-contact mode AFM on a scan area of 3 µm x 3 µm 
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5.2.1.1 Adsorption of uncharged organic components 

From the results in Table 5.1, it becomes clear that the most adsorption occurred 

for N30F and NFPES10: hydrophobic, smooth membranes with a high cut-off and 

a porous top layer (indicated by a large value of I3 and I4).  

 

The empirical correlation that provided the best fit of the experimental results for 

the adsorption of dissolved uncharged organic components was formulated with 

multiple linear regression (based upon 50 data points) as:  

4

2

12.0073.062.078.0 IogPlogPlamountadsorbed ⋅+⎟
⎠
⎞

⎜
⎝
⎛⋅+⋅+=        (5.1) 

in which log P, (log P)² and I4 explained 56 %, 11 % and 7 %, respectively, of the 

experimental results (ADJR² = 72 %). The square root was needed to obtain 

positive values of the adsorbed amount.  

 

From Equation 5.1, it was concluded that the hydrophobicity of the component 

(log P) clearly influences the adsorbed amount, in correspondence with literature 

(Van der Bruggen et al., 2002). This is shown in Figure 5.1a.  

Among the membrane characteristics, the volume fraction of the large pores (I4) 

and not the contact angle is the most influential. Excluding I4 from the statistical 

analysis, results in the cut-off to be the most influential membrane characteristic. In 

other words, the cut-off is an alternative parameter to describe the effect of pore 

size on adsorption, but the relation is less univocal. The volume fraction of the 

small pores (I3) is a further possible parameter, again less univocal as a descriptor 

for adsorption. 

 

Figure 5.1b and 5.1c show the adsorbed amount as a function of I4 and the contact 

angle, respectively, for a selection of uncharged components. A first group of 

components was selected based on their similar molecular mass and increasing 

hydrophobicity: xylose (log P = -1.98), 3,5-dihydroxybenzoic acid (log P = 0.91), 

benzylidene acetone (log P = 2.04) and 3,4-methylnitrophenol (log P = 2.46). The 

selection of the second component group was based on their similar 
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hydrophobicity and increasing molecular mass: xylose (Mw = 150 Da), maltose (Mw 

= 342 Da) and raffinose (Mw = 504 Da).  
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Figure 5.1: Adsorbed amount (mmol m-2) of dissolved uncharged organic 
components on Desal51HL, Desal5DL, NTR7450, N30F and NFPES10 as a 

function of (a) log P, (b) I4 and (c) the contact angle 
(feed concentration = 2 mmol L-1, neutral pH) 

 

The influence of I4 on the adsorbed amount (Figure 5.1b) can be explained by the 

fact that if many large pores are present in the top layer of a membrane, organic 

components can adsorb both on the membrane surface and onto the pore walls, 

resulting in a high adsorption. Moreover, the membranes with the most adsorption 

(N30F and NFPES10) also have the thickest top layer (section 4.4.2), which in 

combination with its high porosity implies that the organic components can indeed 



Relation between characteristics and performance of nanofiltration membranes 

133 

adsorb in the membrane. For the other membranes, made of polyamide, the top 

layer is less porous (section 4.4.3) and also very thin, so that adsorption mainly 

occurs on the membrane surface. In contrast with the conclusions of Kimura et al. 

(2003), the contact angle is not a good descriptor for the adsorption of uncharged 

organic components, as it does not allow to describe the difference in adsorption 

between NTR7450 and NFPES10 (given by the bump in Figure 5.1c). 

 

5.2.1.2 Relative flux of uncharged organic components 

Table 5.1 indicates that the lowest relative fluxes occur for N30F and NFPES10, 

for which in section 5.2.1.1 also the highest amount of adsorption was observed. 

This means that adsorption of dissolved uncharged organic components is related 

to flux decline, as visualized in Figure 5.2.  
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Figure 5.2: Relative flux (%) as a function of the adsorbed amount for dissolved 
uncharged organic components (feed concentration = 2 mmol L-1, neutral pH) 

 

Although the same membranes (N30F and NFPES10) have the highest amount of 

adsorption and the lowest relative fluxes, linear regression (based upon 55 data 

points) showed that flux decline is not influenced by the same (membrane) 

variables as adsorption. The empirical mode equation providing the best fit was: 

ogPlIfluxrelative ⋅−⋅−= 10.349.107.113 3
               (5.2) 

in which I3 and log P explained 45 % and 13 %, respectively, of the experimental 

results (ADJR² = 56 %). 
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In contrast to adsorption, where the component hydrophobicity (log P) was the 

most influential variable, flux decline is determined mainly by the volume fraction 

of small pores (I3, shown in Figure 5.3a). The volume fraction of the large pores 

(I4, shown in Figure 5.3b) or the membrane hydrophobicity (shown in Figure 5.3c) 

cannot fully explain the experimental results of flux decline. This can be explained 

by the fact that small pores, present in the top layer of a membrane, can more 

easily be blocked totally by organic components (and especially by hydrophobic 

organic components, Figure 5.3d) in comparison with large pores, which implies 

that a membrane with a high value of I3 is more susceptible to flux decline. 
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Figure 5.3: Relative flux (%) of dissolved uncharged organic components for 
Desal51HL, Desal5DL, NTR7450, N30F and NFPES10 as a function of (a) I3, (b) 

I4, (c) the contact angle and (d) log P  
(feed concentration = 2 mmol L-1, neutral pH) 
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If, however, I3 was excluded from the statistical analysis, linear regression pointed 

out that the volume fraction of the large pores (I4) explains the most the results of 

relative flux. Excluding both I3 and I4 results in the contact angle to be the most 

influential membrane characteristic.  

 

5.2.1.3 Retention of uncharged organic components 

The experimental retentions (Table 5.1) indicate that dissolved uncharged organic 

components are the best retained by Desal51HL and Desal5DL, which are 

hydrophilic membranes with a low cut-off and a slightly porous top layer (low 

values of I3 and I4). The other membranes (NTR7450, N30F and NFPES10) show a 

lower retention for these components.  

 

Formulating a linear regression model (based upon 55 data points) for the retention 

data yields: 

offcutogPlretention −⋅−⋅−= 002.071.073.5               (5.3) 

in which log P and cut-off explained 65 % and 8 %, respectively, of the 

experimental results (ADJR² = 72 %). The square root was needed to obtain 

positive values for the retention.  

 

Similar to the adsorbed amount, the hydrophobicity of the component is the most 

crucial variable for the retention data in the regression model: the lowest retention 

was observed for hydrophobic components (Figure 5.4a). This is explained in 

literature (Braeken et al., 2005b) by the fact that hydrophobic components have 

less interaction with the water phase (through which these components permeate 

more in the membrane phase) and are less solvated with water molecules in 

comparison with hydrophilic components.  

 

This implies that hydrophobic components give rise to a high amount of adsorption 

(Figure 5.1a) in combination with a low retention, as visualized in Figure 5.4b. 

This is explained in literature by the breakthrough effect (Braeken et al., 2005b; 

Kimura et al., 2003), which means that an adsorbed component, after (quick) 
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saturation of the membrane, can pass through the membrane by diffusion and/or 

convection. 
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Figure 5.4: Retention (%) of dissolved uncharged organic components for 

Desal51HL, Desal5DL, NTR7450, N30F and NFPES10 as a function of (a) log P, 
(b) the adsorbed amount, (c) the molecular mass and (d) the cut-off  

(feed concentration = 2 mmol L-1, neutral pH) 
 

Although it is expected that the molecular mass also plays a role in the description 

of the retention, it is not indicated by multiple linear regression as one of the most 

influential parameters. As shown in Figure 5.4c, retention increases with increasing 

molecular mass. However, there is a bump around 150 Da, which appears from the 

difference in retention between hydrophilic and hydrophobic components with a 

similar molecular mass (e.g., xylose and 3,4-methylnitrophenol, respectively). 



Relation between characteristics and performance of nanofiltration membranes 

137 

Moreover, as the larger components (such as maltose or raffinose) are 

characterized by a very small value of log P in combination with high experimental 

retentions, linear regression selected log P as the most influential component 

variable. The presence of experimental retention results for large, hydrophobic 

components might possibly change this conclusion; however, these components are 

hard to find due to their limited water solubility.  

 

The cut-off, derived from PEG retention measurements (section 4.3.1), is the most 

relevant membrane characteristic to describe the retention of uncharged organic 

components (Figure 5.4d). This was also concluded by Kimura et al. (2003). The 

volume fraction of the large pores (I4) was the most influential membrane variable 

when the cut-off was excluded from the regression model. 

 

5.2.1.4 Conclusion for uncharged organic components 

The selection of membrane and component variables by multiple linear regression 

for uncharged organic components is summarized in Table 5.3. The hydrophobicity 

(log P) of uncharged organic components plays a major role to explain the 

adsorbed amount and the retention of commercial nanofiltration membranes. Log P 

is also of importance when the relative flux is considered. This implies that with 

increasing hydrophobicity, adsorption increases while the relative flux and the 

retention decrease.  

 

Table 5.3: Summary of membrane and component variables, selected by multiple 
linear regression to explain the adsorbed amount, the relative flux and the 

retention of dissolved uncharged organic components  
 adsorption relative flux retention 

membrane I4 I3 cut-off 

component log P log P log P 

Note: the bold values are the most crucial variables 

 

Concerning the membrane variables, the volume fraction of the small pores (I3) is 

extremely important to minimize flux decline. The volume fraction of the large 

pores (I4) and the cut-off determine the adsorbed amount and the retention, 
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respectively. As described in section 4.4.4, the cut-off correlates with the ratio of 

the volume fraction of the large pores (I4) to the total volume fraction of all pores 

(I4 + I3). This implies that, although not the same membrane variables are 

important when considering the adsorbed amount, the relative flux or the retention, 

membranes with a high volume fraction of (small and/or large) pores are 

characterized by a high amount of adsorption, a low relative flux and a low 

retention.  

 

Figure 5.2, Figure 5.4b and Figure 5.5 show the relative flux and the retention as a 

function of the adsorbed amount and the relative flux as function of the retention, 

respectively. The regression model for NTR7450, shown in these figures, is 

obtained by combining Equations 5.1, 5.2 and 5.3. This implies that, when 

purification of wastewater is the goal of the membrane process, membranes with a 

low volume fraction of pores (e.g., Desal51HL or Desal5DL) should be selected as 

they combine a high retention with a high relative flux. In this case, the presence of 

hydrophobic components in the wastewater can worsen the picture. 
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Figure 5.5: Relative flux (%) as a function of the retention for dissolved uncharged 

organic components (feed concentration = 2 mmol L-1, neutral pH)  
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5.2.2 Filtration of aqueous solutions containing dissolved charged organic 

components 

Table 5.4 and 5.5 summarize the adsorbed amount, the relative flux and the 

retention (Y) during the experiments with charged organic components at pH 3 and 

pH 10, respectively. Table 5.4 and 5.5 also indicate the molecular mass (Mw) and 

the charge of each component at both pH values, which were used as component 

variables (x) to formulate the regression model. No influence of pH is assumed on 

the molecular mass. 

 

The membrane variables at pH 3 and pH 10, which are used in multiple regression, 

are summarized in Table 5.2. Taking into account the relative fault on the cut-off 

(i.e., 10 %), no significant influence of pH was observed, in agreement with 

literature (Ozaki and Li, 2002). The volume fractions of (both small and large) 

pores at pH 3 and pH 10 were assumed to be equal to the values at pH 6, as it was 

not possible to obtain a value of I3 or I4 at low or high pH due to the limited access 

to the PALS setup.  

 

Table 5.2 also indicates that the top layer of the polyethersulfone membranes 

(NTR7450, N30F and NFPES10) is the roughest and the most hydrophobic at 

neutral pH, as was also observed by Mänttäri et al. (2006b). In spite of the more 

hydrophilic character at pH 3, a decrease of the water permeability was observed 

for NTR7450 and NFPES10 at this pH. When changing the pH, the polyamide 

membranes (Desal51HL and Desal5DL) are less susceptible to variations in the 

contact angle (only Desal51HL becomes more hydrophilic at pH 10), although the 

roughness of these membranes increases with increasing pH. The behavior of the 

zeta potential as a function of pH is already described in section 4.3.4: the 

membranes were positively and negatively charged at pH 3 and pH 10, 

respectively. 
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Table 5.4: Summary of the adsorbed amount (AD, in mmol m-2), the relative flux (RF, in %) and the retention (R, in %) during 
experiments with dissolved charged organic components at pH 3 (feed concentration = 0.2 mmol L-1,  

values of relative flux and retention after 2 hours of filtration) 
Desal51HL Desal5DL NTR7450 N30F NFPES10 

pH 3 
Mw 

(Da) 

com-

ponent 

charge 
AD RF R AD RF R AD RF R AD RF R AD RF R 

serine 105 + 0.8 68 89 0 132 26 1.5 33 50 2.4 51 20 2.6 36 17 

isoleucine 131 + 0.6 94 92 2.1 106 59 0 32 76 1.5 75 34 0 51 19 

glutamine 146 + 0 59 97 0 112 39 1.2 27 75 0.2 47 40 0 49 18 

phenylalanine 165 + 4.4 77 93 1.5 68 39 3.7 33 46 1.1 59 31 2.2 66 14 

tryptophane 204 + 0.7 81 95 0.4 92 36 1.0 20 45 0 55 9 1.3 61 5 

diphenylaminosulfonic acid 271 - 5.0 56 74 1.8 151 31 1.9 47 83 3.7 23 40 2.8 53 56 

neutral red 289 + 4.1 93 90 7.1 46 80 41.1 5 88 7.9 40 16 7.6 31 17 

methylene blue 320 + 0 89 95 0 37 62 0.3 8 95 0.3 72 22 2.5 45 23 

methyl orange 327 0 1.5 69 95 0 73 90 9.5 36 82 8.5 25 84 0 52 67 

janus green 511 + 0 96 99 5.5 33 97 6.5 29 99 3.4 46 98 3.8 71 97 

patent blue 544 - 5.8 97 92 0.2 97 93 4.5 14 80 6.1 74 36 5.8 42 35 

eosine 646 0 0 47 100 0 99 88 0.2 55 87 0.3 15 97 1.4 15 93 

congo red 697 0 1.4 78 84 0 102 93 0 81 96 0.8 27 95 0 39 96 

Note: the italic values are outliers or leverage points for the regression models, formulated in section 5.2.2 
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Table 5.5: Summary of the adsorbed amount (AD, in mmol m-2), the relative flux (RF, in %) and the retention (R, in %) during 
experiments with dissolved charged organic components at pH 10 (feed concentration = 0.2 mmol L-1,  

values of relative flux and retention after 2 hours of filtration) 
Desal51HL Desal5DL NTR7450 N30F NFPES10 

pH 10 
Mw 

(Da) 

com-

ponent 

charge 
AD RF R AD RF R AD RF R AD RF R AD RF R 

serine 105 - 0 63 89 1.5 128 52 0 70 39 1.6 56 59 2.0 69 35 

isoleucine 131 - 1.6 77 92 0 127 39 2.3 98 39 0.3 41 55 3.4 77 34 

glutamine 146 - 0 60 87 0 131 31 0.6 89 31 1.0 82 52 0 98 29 

phenylalanine 165 - 4.7 90 95 0.8 138 84 2.9 82 91 1.3 60 86 0 84 85 

tryptophane 204 - 0.8 95 96 0.5 152 91 0.2 110 91 0.3 64 92 0.6 85 77 

diphenylaminosulfonic acid 271 - 4.3 109 99 1.5 111 95 2.1 84 97 2.9 63 97 2.5 78 92 

neutral red 289 0 1.1 86 79 9.5 126 66 22.6 32 76 12.7 42 68 17.9 47 46 

methylene blue 320 + 9.4 58 99 1.4 29 100 1.7 8 96 19.3 41 100 0.4 44 81 

methyl orange 327 - 0 77 99 0 32 97 0.5 42 99 0.3 40 92 1.6 20 89 

janus green 511 + 0 89 89 0 34 100 2.8 41 97 2.4 21 100 0.6 31 95 

patent blue 544 - 2.7 91 99 0.4 122 96 1.9 86 96 3.9 62 98 4.1 51 97 

eosine 646 -- 7.9 77 99 1.4 114 100 1.7 94 100 1.5 59 97 1.7 51 99 

congo red 697 -- 0.7 81 97 0.6 101 96 0.7 101 97 1.3 40 96 0.7 39 99 

Note: the italic values are outliers or leverage points for the regression models, formulated in section 5.2.2 
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5.2.2.1 Adsorption of charged organic components 

The experimental results of the adsorbed amount at pH 3 (Table 5.4) and pH 10 

(Table 5.5) indicate that charged organic components do not adsorb much on the 

membrane surfaces. This was also stated by Kimura et al. (2003). Even no 

difference in adsorbed amount was observed, when component and membrane are 

equally or oppositely charged.  

 

For example, the positively charged component janus green and the negatively 

charged component patent blue show the same low amount of adsorption at pH 10. 

A very high amount of adsorption, comparable with the adsorption of hydrophobic 

uncharged components (Table 5.1), is only observed in some specific cases:  

 -neutral red on NTR7450 at pH 3 and pH 10; 

 -neutral red on N30F and NFPES10 at pH 10; 

 -methylene blue on N30F at pH 10. 

As neutral red and methylene blue have a rather similar component structure 

(Figure 5.6), it may mean that in these cases a specific interaction occurs between 

the components and the polyethersulfone membrane surfaces. 

 

N

N
H

N+
CH3

CH3

CH3

NH2

Cl-

         

N

S N+
CH3

CH3

Cl-

N
H3C

CH3  
 (a)      (b) 

Figure 5.6: Structure of (a) neutral red and (b) methylene blue 
 

Because the charged organic components do not adsorb sufficiently on the 

nanofiltration membranes (with exception of neutral red and methylene blue), it 

was not possible to obtain a valuable regression model (residues were not normally 

distributed). This is also visualized in Figure 5.7 for a selection of charged 

components. Both small and large components were selected carrying a positive, a 

negative or no charge at pH 3 and pH 10 (if available). Figure 5.7 shows that no 

correlation could be observed between the adsorbed amount and I4 (which was the 

most important membrane characteristic for the adsorption of uncharged organic 
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components in section 5.2.1.1). The very low adsorption also implies that, in 

contrast with uncharged organic components, adsorption will not play a significant 

role in the flux decline or the retention of these charged organic components. 
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Figure 5.7: Adsorbed amount (mmol m-2) of dissolved charged organic 
components on Desal51HL, Desal5DL, NTR7450, N30F and NFPES10 at (a) pH 3 

and (b) pH 10 as a function of I4 (feed concentration = 0.2 mmol L-1) 
 

5.2.2.2 Relative flux of charged organic components 

The lowest relative fluxes at pH 3 and pH 10 were obtained for N30F and 

NFPES10 (Table 5.4 and 5.5), just as in the case with the uncharged organic 

components (section 5.2.1.2).  

The high relative fluxes of Desal5DL were removed from the data set (influential 

data points), so that the following linear regression model was obtained for the 

experimental results both at pH 3 and pH 10 (based upon 117 data points):  

rgeachcomponent

anglecontactrgeachmembrane
fluxrelative

⋅−

+−=

58.5

163759.1074.33
             (5.4) 

in which the membrane charge, the contact angle and the component charge 

explained 18 %, 8 % and 4 %, respectively, of the experimental results (ADJR² = 

28 %). 
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To increase the adjusted correlation coefficient (ADJR²), a regression model was 

formulated separately at pH 3 (based upon 61 data points) and pH 10 (based upon 

56 data points), respectively. 

3

95.126361206.1:3
Ianglecontact

fluxrelativepHat −+=               (5.5) 

in which the contact angle and I3 explained 33 % and 11 %, respectively, of the 

experimental results (ADJR² = 41 %). 

 

3

05.901523

62.1254.22:10

Ianglecontact

rgeachcomponentfluxrelativepHat

++

⋅−=
              (5.6) 

in which the component charge, the contact angle and I3 explained 23 %, 11 % and 

6 %, respectively, of the experimental results (ADJR² = 36 %). 

 

The relative fluxes at pH 3 and pH 10 are shown in Figure 5.8 as a function of 

membrane and component characteristics. Starting from the regression models at 

each pH separately (Equations 5.5 and 5.6), the hydrophobicity of the membrane 

surface (the contact angle) is the most influential membrane characteristic for flux 

decline at pH 3 and pH 10 (Figure 5.8a), which is consistent with the finding in 

literature (Song et al., 2004) that a more hydrophobic top layer gives rise to lower 

relative fluxes. Similar to the uncharged organic components, the volume fraction 

of the small pores (I3) also has a negative influence on flux decline (Figure 5.8b).  

 

When linear regression was applied only on the values of the relative fluxes at 

pH 3 (Equation 5.5), no component characteristic appears into the model. This 

implies that the same relative fluxes were predicted for one membrane, 

independently from the molecular mass or the charge of the component 

(Figure 5.8c). At pH 3, this assumption can be motivated by the fact that the 

membrane surfaces carry only a small positive charge at pH 3, so that electrostatic 

interactions between the membrane and the charged components are weak.  
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However, due to the larger membrane surface charge at pH 10 (in absolute value), 

electrostatic interactions become more important, as suggested by the presence of 

the component charge as explaining variable in Equation 5.6. Figure 5.8c on the 

right-hand shows that positively charged components are more susceptible to flux 

decline than negatively charged components, which can be explained by 

electrostatic attraction forces between the negatively charged membrane surface 

and the positively charged components. 
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Figure 5.8 (to be continued): Relative flux (%) of dissolved charged organic 
components for Desal51HL, Desal5DL, NTR7450, N30F and NFPES10 at pH 3 

(left) and pH 10 (right) as a function of (a) the contact angle, (b) I3, (c) the 
component charge and (d) the membrane surface charge  

(feed concentration = 0.2 mmol L-1) 
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Figure 5.8 (continued): Relative flux (%) of dissolved charged organic components 
for Desal51HL, Desal5DL, NTR7450, N30F and NFPES10 at pH 3 (left) and 
pH 10 (right) as a function of (a) the contact angle, (b) I3, (c) the component 

charge and (d) the membrane surface charge  
(feed concentration = 0.2 mmol L-1) 

 

Just as in the case of uncharged organic components (Equation 5.2), the membrane 

charge does not determine the flux decline when only the relative fluxes at one pH 

are considered. If the relative fluxes at both pH 3 and pH 10 are considered 

(Equation 5.4), the membrane charge (Figure 5.8d) in combination with the 

component charge, comes into the picture. Teixeira et al. (2005) came to similar 

conclusions. This means that the difference in flux decline between pH 3 and 

pH 10 can be explained by electrostatic interactions between membrane and 
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component. Lower relative fluxes were obtained at pH 3, as shown in Figure 5.8 

and also observed by Mänttäri et al. (2000). 

 

5.2.2.3 Retention of charged organic components 

The highest retentions at pH 3 and pH 10 were observed for Desal51HL (Table 5.4 

and 5.5). This was also the case when filtering dissolved uncharged organic 

components (section 5.2.1.3).  

Performing multiple linear regression on the retention values at both pH 3 and 

pH 10 (based upon 130 data points) yields: 

( )
rgeachmembraneoffcut

Mnlretention w
54.18505313.2675.82 −

−
+⋅+−=   (5.7) 

in which ln(Mw), the membrane charge and the cut-off explained 31 %, 16 % and 

7 %, respectively, of the experimental results (ADJR² = 53 %). 

 

Equation 5.7 indicates that it can be shown by multiple linear regression that the 

membrane charge (Figure 5.9a) is the most important membrane characteristic to 

describe the retention of charged organic components. As shown in Figure 5.9, 

charged components are better retained at pH 10 than at pH 3. Bellona and Drewes 

(2005) and Qin et al. (2003) concluded the same from their experimental results. 

Just as in the case with the dissolved uncharged organic components 

(Equation 5.3), the cut-off is an important membrane characteristic to describe the 

experimental retention results (Figure 5.9b).  

 

A comparison between the retention results of an uncharged and a charged 

component with the same molecular mass indicates that the highest retention is 

observed for charged components. Van der Bruggen et al. (1999) and Timmer et 

al. (1998) came to similar conclusions. For example, for glutamine (negatively 

charged at pH 10) and benzylidene acetone (uncharged), which are components 

with the same molecular mass (i.e., 146 Da), the retention with NFPES10 is 29 % 

(Table 5.5) and 6 % (Table 5.1), respectively.  
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Although the component charge plays a role in retention, Equation 5.7 pointed out 

that, for nanofiltration membranes at pH 3 and pH 10, the component charge is less 

influential than the molecular mass. Independent of the component charge, a higher 

retention was observed for larger components (Figure 5.9c). This was also 

observed by Schaep et al. (1998). 
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(b)  
Figure 5.9 (to be continued): Retention (%) of dissolved charged organic 

components for Desal51HL, Desal5DL, NTR7450, N30F and NFPES10 at pH 3 
(left) and pH 10 (right) as a function of (a) the membrane surface charge, (b) the 

cut-off and (c) the molecular mass (feed concentration = 0.2 mmol L-1) 
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(c) 
Figure 5.9 (continued): Retention (%) of dissolved charged organic components 

for Desal51HL, Desal5DL, NTR7450, N30F and NFPES10 at pH 3 (left) and 
pH 10 (right) as a function of (a) the membrane surface charge, (b) the cut-off and 

(c) the molecular mass (feed concentration = 0.2 mmol L-1) 
 

5.2.2.4 Conclusion for charged organic components 

The selection of membrane and component variables by multiple linear regression 

for charged organic components is summarized in Table 5.6. Just as in the case of 

the dissolved uncharged organic components (Table 5.3), the volume fraction of 

the small pores (I3) and the cut-off have an influence on flux decline and retention 

of the nanofiltration membranes (at one pH value), respectively.  

 

Table 5.6: Summary of membrane and component variables, selected by multiple 
linear regression to explain the adsorbed amount, the relative flux and the 

retention of dissolved charged organic components at pH 3 and pH 10 
relative flux 

 
pH 3 pH 10 pH 3 and 10 

retention  

pH 3 and 10 

contact angle contact angle charge charge 
membrane 

I3 I3 contact angle cut-off 

component - charge charge molecular mass 

Note: the bold values are the most crucial variables 

 

However, when filtering dissolved charged organic components, the 

hydrophobicity of the membrane surface is crucial to describe flux decline, in 
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contrast with the uncharged components (where the contact angle came only into 

the picture after excluding both I3 and I4 from the statistical analysis). Due to 

electrostatic interactions between the membrane and the charged components, both 

the component charge and the membrane surface charge have an influence on the 

membrane performance. The molecular mass was the most crucial variable to 

explain the retention results for charged organic components. 

 

This implies that, for purification of wastewater, the best membrane performance 

(high relative flux in combination with a high retention) can be obtained by 

selecting a hydrophilic membrane with a low cut-off in combination with a feed 

solution composed mainly of large, negatively charged components.  

 

 

5.3 Nanofiltration performance during filtration of colloidal 

dispersions 

5.3.1 Introduction 

Colloidal particles are ubiquitous in natural waters. Colloids cover a wide size 

range, from a few nanometers to a few micrometers. Aquatic colloids comprise 

clay minerals, colloidal silica, iron, aluminum, and manganese oxides, organic 

colloids and suspended matter, and calcium carbonate precipitates (Norde, 2003). 

In membrane water treatment processes, fouling by these colloidal particles is one 

of the major categories of performance deterioration. Despite the vast efforts to 

reduce membrane fouling by improving membrane properties, optimizing 

operational conditions and pretreatment of the feed water, fouling is unavoidable 

(Liikanen et al., 2002; Shaalan, 2002).  

 

Therefore, understanding fouling phenomena is critical for the development of 

membrane-based water treatment technologies. Depending on the relative size of 

colloidal particles and membrane pores, fouling may occur due to either 

accumulation of particles on the membrane surface and build-up of a cake or by 
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penetration within the membrane pores (Lee et al., 2005; Tarabara et al., 2004; 

Warczok et al., 2004; Elimelech et al., 1997; Zhu and Elimelech, 1997). This 

section focuses on the former aspect of colloidal fouling, which occurs for 

nanofiltration (NF) membranes.  

 

As fouling is an interplay between membrane and feed solution, the characteristics 

of both the membrane and the colloids, together with the feed solution chemistry, 

are needed to explain and to control membrane fouling. For the membrane 

characteristics, it is assumed in literature that colloidal fouling is related to the 

roughness of the membrane surface (Hoek et al., 2003; Vrijenhoek et al., 2001; 

Elimelech et al., 1997; Zhu and Elimelech, 1997). Because of the ridge-and-valley 

structure of rough membrane surfaces, colloids are thought to be preferentially 

transported into the valleys (path of least resistance), which results in “valley 

clogging” and hence in a more severe flux decline in comparison with smooth 

membranes. However, other researchers (Van der Bruggen et al., 2004; Van der 

Bruggen et al., 2004b) did not observe any correlation between colloidal fouling 

and surface roughness, and the surface hydrophobicity seemed to be the most 

critical membrane characteristic to control colloidal fouling. Another important 

membrane property is reported to be the permeability (Costa and de Pinho, 2005; 

Zhang and Song, 2000; Zhu and Elimelech, 1997), since a higher flux can bring 

more colloids to the membrane surface in a given time period, resulting in a faster 

growth of the cake layer.  

 

For the colloid characteristics, both the size, the charge and the concentration of 

the colloids may influence fouling. An increase in colloid concentration mostly 

leads to an increase in fouling (Singh and Song, 2005; Chun et al., 2002; Zhang 

and Song, 2000; Zhu and Elimelech, 1997), while larger colloids either cause more 

(Zhang and Song, 2000) or less (Tarabara et al., 2004; Yiantsios and Karabelas, 

1998) fouling in comparison with smaller colloids.  

 

For the solution chemistry, adapting the pH changes the charge of both membrane 

surface and colloids and hence the electrostatic interaction forces between 
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membrane and colloid on the one hand and between colloids on the other hand 

(Van der Meeren et al., 2004; Faibish et al., 1998). In addition, the ionic strength 

of the solution is also a critical parameter that affects membrane fouling, as the 

fouling potential increases with ionic strength (Lee et al., 2005; Singh and Song, 

2005; Lee et al., 2004). The increase is attributed to the compression of the double 

layer formed around the colloids at increased strength. This well accepted theory 

has been reported to be true for silica particles larger than 50 nm (Singh and Song, 

2005). 

 

From this literature overview, it appears clearly that membrane fouling by colloids 

is influenced by many factors. Up to now, fouling phenomena are studied by 

considering only a limited number of fouling factors with (mostly) only one 

membrane in combination with (mostly) only one colloidal dispersion.  

This study aims to investigate several representative NF membranes (Desal51HL, 

Desal5DL, NTR7450, N30F and NFPES10) when filtering several colloids (VP 

Disp. W7520, Aerodisp W630, Ludox CL and Ludox HS-30, section 2.5.2) with a 

different solution chemistry. This approach not only allows to obtain a (qualitative) 

global fouling study in which both membrane and colloid characteristics are 

emphasized, but it also allows to check whether the same membrane characteristics 

are determining during filtration of these representative colloidal dispersions. This 

reinforces not only the reliability of the conclusions made, but it also facilitates the 

selection of a proper membrane during filtration of an arbitrary colloidal dispersion 

(e.g., in a specific application).  

 

5.3.2 Characterization of the colloids 

The zeta potential of the different colloids as a function of pH is given in 

Figure 5.10, together with the approximate borders of the colloid stability region. 

These borders are taken in this case at about ± 30 mV (in conditions of very low 

ionic strength), as it is suggested in literature (Rabinovich-Guilatt et al., 2004) that 

such an absolute value of the zeta potential is needed to ensure the colloid stability 

by electrostatic repulsion according to the DLVO theory.  
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Figure 5.10: Zeta potential (mV) as a function of pH for the different colloids 
 

Figure 5.10 clearly shows the difference in colloid composition. The two silica 

colloids (VP Disp. W7520 and Ludox HS-30) are negatively charged at a pH above 

3. These results correspond with the results from Van der Meeren et al. (2004) and 

Kosmulski (2003). The other two colloids (Aerodisp W630 and Ludox CL) are 

positively charged at low and intermediate pH, have an iso-electric point between 

pH 8 and 9 and are negatively charged at high pH. At high pH, however, the zeta 

potential is low inside the colloid instability region, implying that aggregation is 

possible. The iso-electric points of both the alumina colloid (Aerodisp W630) and 

the alumina-coated silica colloid (Ludox CL) correspond well with literature data 

(Van der Meeren et al., 2004; Kuan et al., 2000; Zhu and Elimelech, 1995). 

Comparing Figure 5.10 with Figure 4.11 also indicates that the colloid zeta 

potentials are substantially larger in magnitude than the membrane zeta potentials 

at intermediate pH. 

 

The hydrodynamic radii of the colloids at different pH conditions and in different 

NaCl concentrations are given in Table 5.7. At intermediate pH, it is clear that for 

Ludox CL and Ludox HS-30, the radii are much smaller than for Aerodisp W630 

and VP Disp. W7520. Changing the pH or adding NaCl had no significant 

influence on the colloid size, with exception of Ludox CL and Aerodisp W630 at 

high pH, where severe coagulation took place close to their iso-electric point 

(Figure 5.10). Although for the same reasons, some coagulation could be expected 

for Ludox HS-30 and VP Disp. W7520 at low pH, this was not observed. A 



-Chapter 5- 

154 

possible explanation could be that the zeta potentials of these colloids at low pH 

are very close to the borders of the colloid stability region (e.g., Ludox HS-30 at 

pH 3 in Figure 5.10), so that still some electrostatic repulsion forces occur between 

these silica colloids. 

 

Table 5.7: Hydrodynamic radius (nm) of the different colloids as a function of pH 
and NaCl concentration 

 Ludox CL Aerodisp W630 Ludox HS-30 VP Disp. W7520 

pH 3 30 77 10 68 

pH 5 28 84 8 69 

pH 10 233 104 8 68 

0.05 M NaCl 41 80 9 67 

0.1 M NaCl 42 85 9 67 

 

Combining Figure 5.10 with Table 5.7 indicates the differences between the four 

selected colloids. At neutral pH, VP Disp. W7520 and Aerodisp W630 are large, 

negatively and positively charged colloids, respectively, whereas Ludox HS-30 and 

Ludox CL are small, negatively and positively charged colloids, respectively.  

 

5.3.3 Influence of membrane characteristics on colloidal fouling 

Figure 5.11 presents the evolution of the relative flux as a function of filtration 

time for the different membranes when filtering a 100 mg L-1 Ludox CL 

dispersion. Similar observations were made for the other colloids (not shown). 

Figure 5.11 shows that after 15 minutes of filtration the relative flux already 

becomes stable for all membranes, except for NTR7450.  

 

The stable relative flux as a function of filtration time implies that the colloid 

fouling cake on the membrane surface is formed instantaneously and that no cake 

growth takes place. This was also observed by Chun and Park (2004) and by Van 

der Bruggen et al. (2004b). Only for NTR7450, the fouling cake on the membrane 

surface seems to grow as a function of time, as reflected by the continuously 

decreasing relative flux. The decrease of the relative flux for NTR7450 was 
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observed to be similar with all colloidal dispersions, except for VP Disp. W7520 

for which a stable relative flux was observed.  
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Figure 5.11: Evolution of the relative flux (%) as a function of filtration time for 
Ludox CL (feed concentration = 100 mg L-1, neutral pH, without salt addition) 

 

The results for the relative fluxes after two hours of filtration with a colloid 

concentration of 100 mg L-1 are given in Table 5.8. The lowest relative fluxes were 

observed for the more hydrophobic polyethersulfone membranes NTR7450, N30F 

and NFPES10. Because of the continuous decrease of the relative flux as a function 

of filtration time (Figure 5.11), NTR7450 showed the lowest relative fluxes except 

when filtering VP Disp. W7520. In that case, the relative flux remained stable as a 

function of filtration time as mentioned before. As the fouling results of NTR7450 

were outliers among the other membranes, this membrane has been left aside in the 

following discussions. 

 

The more hydrophilic membranes Desal51HL and Desal5DL have the highest 

relative fluxes and no significant difference was observed between these 

membranes when filtering large colloids (Aerodisp W630 and VP Disp. W7520). 

However, the small colloids (Ludox HS-30 and Ludox CL) foul these membranes 

in a different way: the lowest relative fluxes were found for Desal5DL. As the 

characteristics of Desal51HL and Desal5DL are very similar except for their 

roughness (Desal51HL is smoother, Table 4.3), this implies that the surface 

roughness also plays a (secondary) role in the fouling phenomenon. 
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Table 5.8: Relative fluxes (%) after 2 hours of filtration with colloidal dispersions 
for the different commercial nanofiltration membranes (feed concentration = 

100 mg L-1, neutral pH, without salt addition) 
 Desal51HL Desal5DL NTR7450 N30F NFPES10 

Ludox CL 90 70 34 60 68 

Aerodisp W630 87 91 51 50 69 

Ludox HS-30 96 84 19 82 89 

VP Disp. W7520 96 95 92 92 87 

 

These results indicate that the hydrophobicity of the membrane surface is the most 

important parameter for colloidal fouling. The surface roughness has a minor 

influence and only when filtering small colloids. However, it should be kept in 

mind that this conclusion is based only on two different types of nanofiltration 

membranes, i.e., polyethersulfone and polyamide membranes. Other polymers 

(e.g., polyimide) or other types of membranes (e.g., anorganic membranes) are not 

considered in this study.  

 

No influence on the fouling results was observed for the cut-off, the surface charge 

or the water permeability. This is illustrated by the different fouling degrees of 

Desal5DL and NTR7450 (nearly the same cut-off), Desal51HL and N30F (similar 

surface charge at neutral pH), and Desal51HL and NFPES10 (similar 

permeability). To check the influence of the permeability in more detail, the 

hydraulic resistance due to fouling (Rf, section 1.4.1) is calculated using 

Equation 5.8 and summarized in Table 5.9. 
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                 (5.8) 

where ∆P is the applied pressure, η the viscosity, Jp the permeate flux and Jw the 

pure water flux of the membrane used. 

 

Because of the low initial permeability, higher resistances due to fouling (after two 

hours of filtration) were observed for Desal5DL, N30F and NTR7450. Just as with 

the relative flux, a different resistance due to fouling was observed for membranes 
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with the same permeability (Desal51HL and NFPES10). However, as the amount 

of solution filtered can also be critical in fouling phenomena, resistances due to 

fouling were also calculated after collection of a permeate volume of 100 mL 

(case 2). The resistances due to fouling were in both cases very similar, except for 

NTR7450 (Figure 5.11).  

 

Table 5.9: Fouling resistance (m-1) of the different membranes after two hours of 
filtration of colloidal dispersions (case 1) and after collection of 100 mL permeate 

(case 2) (feed concentration = 100 mg L-1 of Ludox CL,  
neutral pH, without salt addition) 

 Desal51HL Desal5DL NTR7450 N30F NFPES10 

case 1 4·1012 40·1012 161·1012 53·1012 8·1012 

case 2 4·1012 36·1012 100·1012 52·1012 7·1012 

 

To visualize the fouling effects, SEM images of the membrane surfaces were taken 

before and after fouling, as illustrated in Figure 5.12 for the membranes Desal5DL 

and N30F in combination with Ludox CL. For the rough membrane Desal5DL, the 

(small) colloids are situated mainly in the valleys of the surface after filtration; i.e., 

“valley clogging” has taken place. However, in the case of N30F, the colloids are 

distributed over the entire membrane surface due to hydrophobic interactions 

between the colloids and the membrane surface and a uniform, dense cake layer is 

formed. Research by Brant and Childress (2002) led to the same conclusion. 

 

The resistance of this cake layer seems to be larger than the resistance of “valley 

clogging” by the small colloids, since the hydrophobic membrane N30F has a 

lower relative flux than the rough membrane Desal5DL (Table 5.8). Due to the 

absence of hydrophobic interactions (no dense cake layer) and due to the presence 

of a smooth surface (no “valley clogging”), the highest relative flux during 

filtration of small colloids was found for Desal51HL.  

 

However, the similar relative flux of Desal51HL and Desal5DL after filtration of 

large colloids indicates that the effect of “valley clogging” by large colloids is very 

small (as described in more detail in section 5.3.4.2). Hydrophobic interactions 
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between colloids and the membrane surface (e.g., N30F) seem to be the most 

influential and also the only fouling mechanism in the case of filtration of large 

colloids; “valley clogging” only seems to play a (secondary) role in the case of 

filtering small colloids.  

 

clean  
[magnification: 60,000x] 

fouled  
[magnification: 60,000x] 
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(a) Desal5DL 
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(b) N30F 
Figure 5.12: SEM images of the surfaces of (a) Desal5DL and (b) N30F, in clean 

and in fouled state (after filtering a dispersion of Ludox CL of 100 mg L-1 at 
neutral pH without salt addition) 

 

In addition to SEM, non-contact mode AFM experiments were performed to obtain 

a topographic image and to calculate the roughness of the membrane surface before 

and after fouling. The RMS roughness of Desal5DL and NFPES10 before and after 

filtration with colloidal dispersions are given in Table 5.10 for two different scan 

areas (1 µm x 1 µm and 3 µm x 3 µm). A comparison between both scan areas 

shows that the roughness is the highest on the largest scan area (3 µm x 3 µm) in 

all cases, as discussed in section 4.3.2.  
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Table 5.10: RMS roughness (nm) of Desal5DL and NFPES10 for the clean surface, 
after filtration with water and after filtration with different colloidal dispersions on 

two different scan areas (feed concentration = 100 mg L-1,  
neutral pH, without salt addition) 

Desal5DL NFPES10 

 1 µm x 

1 µm 

3 µm x 

3 µm 

1 µm x 

1 µm 

3 µm x 

3 µm 

clean 5.7 9.8 1.3 2.4 

water 9.8 11.8 1.8 2.6 

Ludox CL 9.7 10.8 2.7 2.7 

Aerodisp W630 8.1 9.1 8.2 6.1 

Ludox HS-30 6.0 9.3 2.6 2.9 

after 

filtra-

tion 

with 
VP Disp. W7520 8.9 12.1 8.7 11.9 

 

To check whether the roughness increases or decreases after filtration with 

colloidal dispersions, an appropriate reference should be selected. Table 5.10 

indicates that the roughness increases (for both scan areas) after filtration with 

distilled water when compared to the clean unused membrane. A possible 

explanation for this could be the change in compaction of the membrane, caused by 

the applied pressure, through which the membrane surface gets more and 

deeper/higher valleys/hills. Therefore, the only appropriate reference is the 

roughness value after filtration with distilled water.  

 

Typical AFM images of Desal5DL and NFPES10 after filtration with water and 

after filtration with Aerodisp W630 are shown in Figure 5.13. For Desal5DL, a few 

of the large Aerodisp W630 colloids are found in the valleys of the membrane 

surface, but the effect is rather limited. This sharply contrasts with NFPES10, for 

which the membrane surface is changed drastically after colloidal fouling.  

 

These visual observations are also reflected by the roughness values in Table 5.10: 

the roughness either decreases or increases for both scan areas due to colloidal 

fouling of Desal5DL or NFPES10, respectively. The decrease in roughness for 

Desal5DL was explained by the presence of colloids in the valleys of the surface, 
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through which the AFM tip ‘sees’ less deep valleys on the membrane surface, 

which results in a lower roughness value. The membrane surface of NFPES10 

becomes rougher after filtration with colloids due to the formation of a cake layer, 

of which the presence is confirmed both by SEM (Figure 5.12) and AFM 

(Figure 5.13) images.  

 

after filtration with water after filtration with Aerodisp W630 

  
(a) Desal5DL 

  
(b) NFPES10 

Figure 5.13: Non-contact mode AFM images of (a) Desal5DL and (b) NFPES10 
on a scan area of 3 µm x 3 µm, after filtration with water (left) and after filtration 

with Aerodisp W630 (right) (feed concentration = 100 mg L-1,  
neutral pH, without salt addition) 

 

5.3.4 Influence of colloid characteristics on colloidal fouling 

5.3.4.1 Influence of colloid charge 

The influence of colloid charge on fouling was understood by comparing the 

relative fluxes of Ludox CL and Ludox HS-30 on the one hand and 

Aerodisp W630 and VP Disp. W7520 on the other hand (Table 5.8). The size of 

the colloids is in both cases comparable (Table 5.7), implying that the influence of 

colloid size can be neglected. Table 5.8 indicates that the negatively charged 

colloids (Ludox HS-30 and VP Disp. W7520) foul the membranes less than the 
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positively charged colloids (Ludox CL and Aerodisp W630, respectively), 

NTR7450 with Ludox CL and Ludox HS-30 being the only exceptions.  

 

This lower fouling tendency was explained by electrostatic repulsion forces 

between the negatively charged colloids and the negatively charged membrane 

surfaces at neutral pH. The influence of the colloid charge is in particular observed 

for the hydrophobic membranes N30F and NFPES10, although their surface 

charges (and hence electrostatic forces) are similar to the charges of the other 

membranes. A possible explanation for this can be the hydrophobicity of the 

colloids, since it is mentioned in literature (Brant and Childress, 2002) that alumina 

or alumina-coated colloids are more hydrophobic than silica colloids. Therefore, 

Ludox CL and Aerodisp W630 would experience more hydrophobic interactions 

than Ludox HS-30 and VP Disp. W7520, and this especially in combination with a 

more hydrophobic membrane surface like N30F or NFPES10.  

 

5.3.4.2 Influence of colloid size 

The influence of colloid size on fouling was understood by comparing the relative 

fluxes of Ludox CL and Aerodisp W630 on the one hand and Ludox HS-30 and 

VP Disp. W7520 on the other hand. These colloids are in both cases similarly 

charged (Figure 5.10), implying that the influence of colloid charge can be 

neglected. Table 5.8 indicates that the small colloids (Ludox CL and Ludox HS-30) 

have lower relative fluxes than the large colloids (Aerodisp W630 and 

VP Disp. W7520, respectively), which is especially visible for the rough 

membrane Desal5DL. In section 5.3.3, this was attributed to the phenomenon of 

“valley clogging”, which seems to occur preferentially for small colloids.  

 

The difference in hydrodynamic forces between large and small colloids can also 

explain this phenomenon. An analogy was made with media filtration, in which a 

suspended particle has to leave the streaming pattern of the filtered water to reach 

the surface of a grain. As described by Crittenden et al. (2005), this can happen by 

diffusion (small colloids) or impaction (large colloids). Although the streaming 

patterns in nanofiltration run along the membrane surface instead of through the 
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medium (as in media filtration), the principle is analogous to media filtration. By 

means of diffusion, small colloids can reach and get attached to the membrane 

surface. In the case of a rough membrane, these colloids are released more 

difficultly and hence “valley clogging” occurs. The impaction of large colloids, on 

the other hand, is counteracted by the high feed velocity applied in the membrane 

module. This implies that the probability of a large colloid to reach the membrane 

surface is lower than the probability of a small colloid, through which “valley 

clogging” mainly occurs for small colloids.  

 

The colloid size does not only have an influence on the membrane – colloid 

interactions, but also on the colloid – colloid interactions as given by the DLVO 

theory (Van der Meeren et al., 2004; Hoek et al., 2003; Brant and Childress, 2002). 

With this theory, the relation of the total interaction energy between colloids (E) to 

the driving force of the Brownian motion of the colloids (k·T) is calculated 

(section 2.5.2.2) and given in Figure 5.14 for the different colloids.  
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Figure 5.14: DLVO interaction energy diagram of different colloids at pH 6  

(electrolyte concentration = 0.3 mol m-3 and 293 K) 
 

The interaction energy between colloids is influenced by both the size, the 

(absolute value of the) surface charge density and the surface composition of the 

colloids. The most repulsion is observed between the Aerodisp W630 colloids, as 

these colloids are large (Table 5.7) and have a large surface charge (Figure 5.10).  
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Figure 5.14 also indicates that the least repulsion is observed between the smallest 

colloids (Ludox CL and Ludox HS-30), which possibly explains their “valley 

clogging” on rough membranes. Between the large colloids, the repulsion forces 

are much larger which means that the probability that two large colloids come 

together in a small valley on a rough membrane is much smaller.  

 

The DLVO theory can also be applied to study the interaction energy between a 

surface (in this case the membrane) and colloids, as described by Hoek and 

Agarwal (2006) and Bhattacharjee and Elimelech (1997). Unlike the DLVO 

analysis for colloid-colloid interactions, the calculation of membrane-colloid 

interactions requires extensive computational work and the value of (currently) 

unknown data (e.g., Hamaker constant of a membrane). This analysis is beyond the 

scope of this thesis. 

 

5.3.4.3 Influence of colloid concentration  

In addition to colloid size and charge, the colloid concentration also plays a role in 

membrane fouling. Figure 5.15 presents the relative fluxes for NFPES10 and 

NTR7450 after filtration of the colloidal dispersions in different concentrations. 

The results for the other membranes were comparable to the results for NFPES10. 

The role of the colloid concentration on membrane fouling is limited for NFPES10, 

as the relative flux does not change with increasing concentration. This agrees with 

the observations of Chun and Park (2004). Only for VP Disp. W7520, a higher 

colloid concentration causes more membrane fouling.  

 

The opposite tendency is, however, observed for NTR7450, for which membrane 

fouling decreases with increasing concentration for all studied colloids. The reason 

why this membrane forms an exception is not clear; the combination of the small 

pore size with the high hydrophobicity probably causes this uncommon 

phenomenon. NTR7450 is also the only membrane where a decrease of the relative 

flux as a function of time was observed in all experiments (except for VP Disp. 

W7520, section 5.3.3).  
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(a)     (b) 

Figure 5.15: Influence of the colloid concentration on the relative flux (%) of 
NFPES10 and NTR7450 after filtration of (a) Aerodisp W630 and Ludox CL and 

(b) VP Disp. W7520 and Ludox HS-30 (neutral pH, without salt addition) 
 

As the colloid concentration only has a minor influence on fouling (except for 

NTR7450), a sufficiently large data set was obtained for multiple linear regression 

to verify the influence of the different membrane characteristics on colloidal 

fouling (as described in section 5.3.3). Both the membrane (Table 5.2) and the 

colloid characteristics at neutral pH (i.e., size (Table 5.7) and zeta potential 

(Figure 5.10)) were used as input variables.  

 

The low relative fluxes of NTR7450 were removed from the data set (influential 

data points), so that the following model was obtained based upon 62 data points:  

roughness

rgeachcolloid
anglecontactfluxrelative

⋅−

−⋅−=

96.1

03.50964.067.134              (5.9) 

in which the contact angle, the colloid charge and the membrane surface roughness 

explained 32 %, 28 % and 7 %, respectively, of the experimental results (ADJR² = 

66 %).  

 

This statistical analysis confirms that, in addition to colloid characteristics, the 

membrane hydrophobicity in the first place (Figure 5.16a) and the roughness in the 

second place (Figure 5.16b) are the most relevant membrane characteristics. 
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(a)     (b) 

Figure 5.16: Relative flux (%) of different colloidal dispersions for Desal51HL, 
Desal5DL, NTR7450 and NFPES10 as a function of (a) the contact angle and (b) 

the roughness (feed concentration = 100 mg L-1, neutral pH, without salt addition) 
 

5.3.5 Influence of solution chemistry on colloidal fouling 

5.3.5.1 Influence of pH 

The influence of pH on the relative flux for the different colloidal dispersions is 

shown in Figure 5.17 for Desal51HL and NFPES10. The results for the other 

membranes (N30F and Desal5DL) were comparable. A distinction has to be made 

between the alumina and the silica colloids.  
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(a)     (b) 

Figure 5.17: Influence of pH on the relative flux (%) after filtration of (a) Aerodisp 
W630 and Ludox CL and (b) VP Disp. W7520 and Ludox HS-30  

(feed concentration = 100 mg L-1, without salt addition) 
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For the alumina colloids (Ludox CL and Aerodisp W630, Figure 5.17a), the lowest 

relative flux was observed at pH 6 because of electrostatic attraction forces 

between the negatively charged membrane and the positively charged colloid. At 

pH 3 and 10, electrostatic repulsion forces between the equally charged membranes 

and colloids result in less fouling. This implies that the observed coagulation of the 

alumina colloids at pH 10 (Table 5.7) does not give rise to the formation of 

significant deposits on the membrane surface, but rather to the formation of very 

porous fractal aggregates, in agreement with the results of Van der Meeren et al. 

(2004).  

For NFPES10 (and also for N30F, not given), Figure 5.17a indicates a difference 

between the relative fluxes of the alumina colloids at pH 3 and pH 10. This was 

explained by the fact that the iso-electric point of these membranes is close to 

pH 3, so that only limited interaction forces between the membrane surface and the 

colloids occur. Due to the strong repulsion forces between the alumina colloids at 

pH 3 (shown for Ludox CL in Figure 5.18), fouling is, however, limited.  
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Figure 5.18: DLVO interaction energy diagram of Ludox CL and Ludox HS-30 at 
different pH values (electrolyte concentration = 0.3 mol m-3 and 293 K) 

 

For the silica colloids (Ludox HS-30 and VP Disp. W7520, Figure 5.17b), the 

relative fluxes increase with increasing pH. This was explained by the fact that, not 

only the membrane, but also (and especially) the colloid surface gets more 

negatively charged. As there is no influence of membrane charge on fouling 

(section 5.3.3), the increase in relative flux with increasing pH is related to the 

(major) increase in colloid charge. This results in stronger electrostatic repulsion 
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forces between the membrane surface and the colloids on the one hand and 

between the colloids on the other hand (Figure 5.18) and hence in less fouling. 

 

5.3.5.2 Influence of salt concentration 

Table 5.11 presents the relative fluxes of Desal51HL, N30F and NFPES10 after 

filtration of solutions with different salt concentrations, with and without the 

addition of colloids. Both in the absence and the presence of colloids, the relative 

flux of Desal51HL decreases, while the relative flux of N30F and NFPES10 

increases with increasing salt concentration.  

 

Table 5.11: Relative fluxes (%) for Desal51HL, N30F and NFPES10 as a function 
of NaCl concentration (M) after filtration of NaCl solutions without colloids and 

after filtration of NaCl solutions with Ludox HS-30 and Aerodisp W630 
(feed concentration = 100 mg L-1, neutral pH) 

no colloid Ludox HS-30 Aerodisp W630 
M NaCl 

0.01 0.05 0.1 0 0.05 0.1 0 0.05 0.1 

Desal51HL 89 90 82 96 85 78 87 93 81 

N30F 64 91 101 82 86 93 50 92 94 

NFPES10 96 104 106 89 96 94 69 94 94 

 

In the absence of colloids, the explanation for the decreasing flux of Desal51HL on 

the one hand and the increasing flux of N30F and NFPES10 on the other hand with 

increasing salt concentration is twofold, starting from the basis that an increasing 

salt concentration leads to a thinner electrical double layer of the membrane. Due 

to the obtained shielding effect of the membrane charge, the repulsion in the pores 

decreases, which results in lower fluxes, observed for Desal51HL (Table 5.11). 

 

However, for membranes with larger pores (N30F and NFPES10) the 

electroviscous effect comes into the picture, as described in literature by Huisman 

et al. (1997). This effect is dependent on the membrane pore size (i.e., larger pore 

sizes give larger electroviscous effect) and is based on the fact that, with increasing 

salt concentration, the thinner double layer and the smaller membrane charge offer 

less resistance to water passage which hence results in higher (relative) fluxes. This 
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implies that the lowest relative flux should be expected for a feed solution without 

salt addition, in contradiction with the results of Table 5.11. The electroviscous 

effect hence forms only a partial explanation for the behavior of N30F and 

NFPES10. To understand this phenomenon better, additional experiments should 

be performed, which however falls behind the scope of this work.  

 

The discussion about the difference in behavior of the relative flux for Desal51HL 

on the one hand and N30F and NFPES10 on the other hand is also supported by the 

data, shown in Figure 5.19. The pore size of Desal51HL is independent of the salt 

concentration (as given by the constant sugar retention). However, for N30F, the 

sugar retention decreases with increasing salt concentration; the same phenomenon 

is also observed by Bargeman et al. (2005). This indicates that the pores of N30F 

seem to get larger. Whether this is related to a real increase in pore diameter or 

rather to a decrease in pore hydration, is not clear from these experiments. 
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Figure 5.19: Retention (%) of raffinose and maltose for Desal51HL and N30F as a 
function of NaCl concentration after filtration of NaCl solutions without colloids 

(neutral pH) 
 

In the presence of colloids, Table 5.11 indicates that the behavior of the relative 

flux is similar to the behavior of the relative flux without colloids. However, a 

comparison between the relative fluxes in both situations reveals that the colloids 

cause an extra fouling resistance in addition to the salt (as indicated by the lower 

relative fluxes in the presence of colloids and NaCl). 
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5.3.6 Conclusion for colloidal dispersions 

The hydrophobicity of nanofiltration membranes seems to be the most influential 

factor in colloidal fouling, independent of colloid size or charge. Only when small 

colloids are filtered with rough membranes, “valley clogging” plays an additional 

secondary role in membrane fouling. Therefore, the optimal membrane choice to 

minimize fouling is a membrane with a hydrophilic, smooth surface.  

For the influence of the colloids, the least membrane fouling was observed (at 

neutral pH and without the addition of salt) for large, negatively charged colloids. 

The colloid concentration does not play any role in the case of filtering small or 

positively charged colloids; only during filtration of large, negatively charged 

colloids, the colloid concentration should be as low as possible for a minimal 

fouling result. Depending on the pore size of the membrane, increasing the ionic 

strength of the solution (at neutral pH) could also be advantageous to minimize 

colloidal fouling. 

 

 

5.4 General conclusion 

The performance of (polyethersulfone and polyamide) nanofiltration membranes 

depends on both membrane and feed properties, as it was shown that changing the 

type of the (aqueous) feed solution implies the selection of another optimal 

membrane.  

To minimize fouling of nanofiltration membranes, a low volume fraction of small 

pores (I3) is desirable if the feed solution contains dissolved uncharged or charged 

organic components. In the latter case, it was shown that a large surface charge and 

a high hydrophilicity are also favourable. A hydrophilic membrane surface was 

also the most important selection criterion for minimal colloidal fouling. Only 

during filtration of small colloids, a (hydrophilic) nanofiltration membrane with a 

smooth top layer is required.  

Not only the membrane, but also the feed characteristics control the degree of 

fouling. Hydrophilic components guarantee the best results during filtration of 

dissolved uncharged components at neutral pH, while negatively charged 
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components guarantee the best results during filtration of dissolved charged 

components at high pH. For a given membrane, minimal fouling is obtained in the 

case of large, negatively charged colloids.  

 

The retention of dissolved organic components is determined mainly by the cut-off 

of the nanofiltration membranes, which correlates with the relation of the volume 

fraction of the large pores to the total volume fraction of the pores. If the dissolved 

organic components are uncharged, their hydrophobicity should be low for a 

maximal retention.  

 

These results indicate that for each type of feed solution, a specific membrane 

needs to be selected. However, a real waste water can be a mixture of several 

dissolved (un)charged organic components and colloids. Due to interactions 

between these components, the membrane performance can improve or get worse. 

This means that filtration experiments with (representative) mixtures of 

components need to be performed in the future to fine-tune the understanding of 

membrane performance in real applications. Moreover, experiments with other 

nanofiltration membranes (other polymeric ones or anorganic ones) are needed to 

extend the conclusions made to the whole nanofiltration world.  
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6.1 Introduction 

Water is one of the most valuable raw materials on earth. It is necessary to life and 

seems to be inexhaustible. The earth surface is covered for 70 % with water, of 

which 97 % is seawater and more than 2 % is ice. Taking into account polluted 

water and water on very deep places, only 0.003 % of the total amount of water is 

available for drinking water supply. But like every raw material, water or the “blue 

gold” is not inexhaustible. Water scarcity has to be handled both through rational 

water consumption as well as through water re-use and water recycling in the 

industry. In Flanders, the industry counts for 60 % of the total water consumption. 

By using new technologies, such as nanofiltration, a large amount of water can 

possibly be saved. In this chapter, the application of nanofiltration for water 

recycling in the carwash industry is investigated.  

 

A carwash is defined as a non-domestic installation for external cleaning of cars. 

Three types of carwashes occur: the roll-over (in which the washing installation 

moves over the car), the automatic carwash (in which the car is pulled through the 

washing installation) and the self-carwash. In Belgium, e.g., the (around 400) 

automatic carwashes have the highest capacity (on average 30,000 cars a year) in 

combination with the highest water consumption (on average 400 L a car) 

(Huybrechts et al., 2002). As the problem of water recycling is the most prominent 

in this type of carwash, a typical automatic carwash was selected in this study 

(section 6.3.1).  

The carwash industry is conscious of the need of water recycling, as in some 

European countries water recycling in carwashes is already regulated by law. In 

Germany and Austria, a recycling percentage of minimal 80 % is imposed, while in 

the Netherlands and the Scandinavian countries, a maximal fresh water 

consumption of 60 - 70 L a car is enforced. Also in Belgium, a recycling 

percentage of 70 % will be needed in the future to obtain an environmental license 

(Huybrechts et al., 2002). Nowadays, nearly 15 % of the Belgian carwashes 

already purifies and re-uses 55 % of the wastewater by using different techniques 

such as sand filtration, adsorption or biological treatment. However, these systems 
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are not satisfactory enough to recycle wastewater in high-quality applications like 

for example in the main washing process. A possible solution could be the 

introduction of membrane processes. 

 

In literature, membrane research in the carwash industry is limited to the use of 

ultrafiltration (Hamada and Miyazaki, 2004; Urbanski et al., 2002; Jönsson and 

Jönsson, 1995). The main problems when using ultrafiltration were membrane 

fouling (resulting in very low permeate fluxes) and very low retentions for small 

components (like surfactants or COD), which do not allow to recycle the 

wastewater. As the second problem is intrinsic to ultrafiltration, more attention was 

given in literature to the first problem, i.e., membrane fouling. Panpanit and 

Visvanathan (2001) tried to decrease membrane fouling by adding bentonite to the 

wastewater. An experimental comparison between the performance of different 

ultrafiltration and nanofiltration membranes also pointed out that applying 

nanofiltration to recycle wastewater would result in less fouling in combination 

with higher retentions (Karakulski and Morawski, 2003; Panpanit et al., 2000).  

 

This chapter aims to test the (short-term) performance of nanofiltration membranes 

when filtering wastewater of a typical automatic carwash during a working day. 

Because the carwash wastewater is, however, a complex mixture of several 

components (among which surfactants), the interpretation of the fouling results is 

hampered. Therefore, this chapter focuses firstly on the flux decline of various 

nanofiltration membranes caused by (synthetic) surfactant solutions in different 

conditions, representative for the carwash wastewater.  

 

 

6.2 Surfactant fouling of nanofiltration membranes 

6.2.1 Introduction 

Surfactants are a class of industrially very important amphiphilic substances, 

consisting of a hydrophilic head-group to which a hydrocarbon chain is connected. 

One of the characteristic properties of amphiphilic substances is that they tend to 
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assemble at interfaces. They are therefore often referred to as surface-active agents. 

Another characteristic property of amphiphilic substances is the formation of large 

aggregates (micelles). In these micelles, the hydrophilic heads are directed towards 

the aqueous solution, while the hydrophobic tails are turned to the inside. 

Surfactants are categorized into four groups depending on the charge of the head-

group: nonionic, anionic, cationic and zwitterionic surfactants. 

 

In literature, membrane fouling during filtration of surfactant solutions is studied 

mainly in the case of ultrafiltration. The phenomenon of decreasing permeate flux 

as a function of time (at constant pressure) is thought to be caused by concentration 

polarisation and adsorption (Byhlin and Jönsson, 2002; Rögener et al., 2002). 

Concentration polarization can be minimized by applying a turbulent flow in the 

membrane module (Urbanski et al., 2002). Adsorption on the other hand is 

dependent on the solution chemistry and on both membrane and surfactant 

properties (Bandini, 2005; Gomes et al., 2005; Paria and Khilar, 2004; Matsui et 

al., 2002). In the case of nonionic surfactants, a more hydrophobic membrane 

surface and/or surfactant result in more adsorption and hence in more membrane 

fouling. In the case of ionic surfactants, not only the hydrophobicity but also the 

charge of the membrane and the surfactant are important characteristics to explain 

the adsorbed amount and membrane fouling (Doulia et al., 1997; Jönsson and 

Jönsson, 1991). In the absence of micelles, the retention of surfactants in 

ultrafiltration is very low (Kowalska et al., 2004). In applications where an almost 

complete retention is required (Wendler et al., 2002; Meindersma and Kuczynski, 

1996), nanofiltration instead of ultrafiltration is preferred.  

 

Fouling studies during nanofiltration of surfactant solutions are rather scarce in 

literature. Wendler et al. (2002b), Yeom et al. (2000) and Archer et al. (1999) 

studied the performance of different nanofiltration membranes during filtration of 

an anionic surfactant. Archer et al. (1999) concluded that the best separation of an 

anionic surfactant can be achieved by a strong hydrophilic, negatively charged 

nanofiltration membrane. Yeom et al. (2000) came to the same conclusion by 

comparing the performance of negatively, positively and uncharged membranes in 
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the presence of anionic surfactants. Cornelis et al. (2005) focused on the 

nanofiltration of nonionic surfactants; their study indicated that adsorption of 

nonionic surfactants on the membrane surface and in the membrane pores is the 

main mechanism of membrane fouling. A systematic and thorough fouling study of 

nanofiltration with surfactant feed solutions is currently lacking in literature.  

 

The aim of this study is to determine and to explain membrane fouling of different 

nanofiltration membranes when solutions of different types of surfactants in 

different conditions are filtered. As in some studies in literature, a relation between 

membrane fouling and adsorption is assumed (Cornelis et al., 2005; Van der 

Bruggen et al., 2002; Mietton-Peuchot and Ranisio, 1997), static adsorption 

experiments were performed for each solution to check this statement. After the 

adsorption experiments, the hydrophobicity of the membrane surface was 

determined again to get an idea about the orientation of the adsorbed surfactants 

(Dutschk et al., 2003). Since surfactants can adsorb either by their hydrophobic 

tails or by their hydrophilic heads (Jönsson and Jönsson, 1991), the top layer of the 

membrane may become more hydrophilic or hydrophobic. 

 

Three different types of surfactants were selected: an ethoxylated alcohol 

(neodol 91-5E, nonionic), sodium dodecylbenzenesulfonate (SDBS, anionic) and 

hexadecyltrimethylammonium bromide (cetrimide, cationic) of which the 

characteristics and the structures were summarized in Table 2.6 and Appendix II, 

respectively. The membranes NFPES10, NTR7450, Desal51HL and NF270 were 

selected for this study. As already discussed in Chapter 4 (Table 4.3), NFPES10 

and NTR7450 have the most hydrophobic top layer; NFPES10 also has the highest 

cut-off and the smallest charge at neutral pH. NF270 is the most hydrophilic 

membrane with the lowest cut-off. The surface charge of NF270 at neutral pH is 

very large and comparable to the surface charge of NTR7450. The characteristics 

of Desal51HL are situated between the other membranes. 

 

Firstly, (adsorption and filtration) experiments were performed to study the 

influence of the type of surfactant on fouling and surfactant retention. The fouling 
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degree of the membranes was presented by the relative flux (section 2.1), which is 

defined as the ratio of the permeate flux to the respective pure water flux. The 

effect of increasing surfactant concentration and the effect of adding electrolyte to 

the solution were also studied. Experiments at different pH were then carried out, 

as both the membrane charge and the surfactant charge depend on the pH of the 

solution. In all cases, the difference in performance between the different 

nanofiltration membranes was explained by the difference in membrane 

characteristics. 

 

6.2.2 Effect of the type of surfactant  

The performance of the nanofiltration membranes was studied when filtering a 

feed solution of neodol, SDBS or cetrimide. As it is mentioned in literature (Van 

der Bruggen et al., 2002) that flux decline is related to the adsorbed amount, the 

results of the adsorption experiments are described firstly. 

 

6.2.2.1 Effect of the type of surfactant on adsorption and hydrophobicity 

The results of the adsorption experiments for a feed solution of 600 mg L-1 of 

neodol, SDBS or cetrimide at neutral pH (without addition of NaCl) are 

summarized in Table 6.1. In the adsorption experiments, a feed volume of 50 mL 

with a concentration of 600 mg L-1 is exposed to a membrane surface of 

19.625 cm2, which implies that around 40.8 mmol m-2 surfactant is present and 

available for adsorption. Comparing the adsorbed amount (Table 6.1) with this 

total amount available for adsorption reveals that the highest adsorption observed 

(cetrimide-NF270) corresponds with half of the surfactant amount, available during 

adsorption. 

 

Table 6.1: Adsorbed amount (mmol m-2) of the surfactants neodol, SDBS and 
cetrimide (feed concentration = 600 mg L-1, neutral pH, without salt addition) 

 NF270 Desal51HL NTR7450 NFPES10 

neodol 0.7 7.4 5.9 14.0 

SDBS 0.0 1.5 2.6 2.6 

cetrimide 23.0 14.0 17.7 19.1 
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For the nonionic surfactant neodol, adsorption is influenced by hydrophobic 

interactions rather than electrostatic interactions. Neodol adsorbed the most on 

NFPES10, as the top layer of this membrane is the most hydrophobic. A further 

explanation for the high adsorption on this membrane is that neodol can fold its 

chains and can penetrate and adsorb in the large pores of NFPES10. Although 

NTR7450 has the same hydrophobicity as NFPES10, neodol adsorbs less on 

NTR7450 due to the lower cut-off of this membrane. The most hydrophilic 

membrane NF270 has the lowest adsorption for neodol. Similar conclusions were 

taken by Cornelis et al. (2005) and Doulia et al. (1997). 

 

In contrast to neodol, electrostatic interactions play an important role in the 

adsorption of SDBS and cetrimide. SDBS adsorbs significantly less than cetrimide 

and neodol on all membranes, due to repulsive interactions between this anionic 

surfactant and the negatively charged membranes. Electrostatic attractions between 

cetrimide and the membranes cause a very high adsorption. These electrostatic 

attractions are even stronger than the hydrophobic interactions of neodol, as 

indicated by the higher amount of adsorption of cetrimide on all membranes 

(Table 6.1).  

 

A comparison between the different membranes shows that NF270, NFPES10 and 

NTR7450 have the most adsorption for cetrimide. This was explained by the 

largely negative surface charge, in the case of NF270 and NTR7450. The high 

adsorption of cetrimide on the hydrophobic membrane NFPES10 indicates that in 

addition to electrostatic interactions, hydrophobic interactions are also important. 

 

After the adsorption experiments, the hydrophobicity of the membrane surface was 

determined again to study the orientation of the adsorbed surfactants on the 

membranes. The contact angles before and after adsorption are given in Table 6.2. 

Since it is known in literature (Jönsson and Jönsson, 1991) that surfactants can 

adsorb either by their hydrophobic tails or by their hydrophilic charged heads, the 

top layer of the membrane may become more hydrophilic or hydrophobic.  
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Table 6.2: Contact angles (°) of the different membranes before and after 
surfactant adsorption (feed concentration = 600 mg L-1, neutral pH,  

without salt addition) 
 NF270 Desal51HL NTR7450 NFPES10 

pure water 27 47 70 72 

neodol 29 36 57 78 

SDBS 29 35 65 77 

cetrimide 33 40 71 60 

 

Table 6.2 indicates that the membrane surface of Desal51HL and NTR7450 

becomes more hydrophilic after adsorption of SDBS and neodol, in spite of the low 

adsorption of the former. The increase in hydrophilicity after adsorption of neodol 

and SDBS was explained by hydrophobic and electrostatic repulsive interactions 

with the membrane surface, respectively. This implies that the hydrophobic tails of 

the surfactants are oriented towards the membrane surface and that the hydrophilic 

(charged in the case of SDBS) heads are oriented towards the aqueous phase, 

resulting in a more hydrophilic membrane surface (Figure 6.1).  

 

However, both for neodol and SDBS, the top layer of NFPES10 becomes more 

hydrophobic after adsorption. A possible explanation for this could be that neodol 

positions itself parallel with the membrane surface (as was also suggested by 

Jönsson and Jönsson (1991)), so that maximal interactions between the 

hydrophobic tails and the hydrophobic membrane surface could take place 

(Figure 6.1). The same phenomenon also occurs for SDBS, due to the high 

hydrophobicity of NFPES10 on the one hand and to the small negative surface 

charge on the other hand. Due to the very low adsorption of neodol and SDBS on 

NF270 (Table 6.1), no significant difference in contact angle (Student t test) was 

observed.  

 

For cetrimide, one would expect that the hydrophilic positively charged heads of 

this surfactant would orient to the negative membrane surface, resulting in a more 

hydrophobic surface. However, Table 6.2 indicates that the membrane surface of 

Desal51HL and NFPES10 becomes more hydrophilic when exposed to a solution 
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of cetrimide. This can be explained by the concept of hemimicelle formation. As 

described by Paria and Khilar (2004), Childress and Elimelech (1996) and 

Somasundaran and Fuerstenau (1966), hemimicelles are two-dimensional 

aggregates that form at the solid-solution interface above the critical hemimicelle 

concentration (lower than CMC). They are a result of surfactant ions associating 

with each other to remove their hydrocarbon chains from the bulk water and, 

hence, to reduce the free energy of the system. 

 

 pH 3 pH 6 pH 10 

Desal51HL, 

NTR7450 
NFPES10 

neodol 

 

  

 

Desal51HL, 

NTR7450 
NFPES10 

SDBS 

 

  

 

Desal51HL, 

NFPES10 
NF270 

cetrimide 

 
  

 

Figure 6.1: Proposed scheme of the orientation of neodol, SDBS and cetrimide on 
the membrane top layer at different pH 

 

The formation of these hemimicelles for cationic surfactants on negatively charged 

surfaces was already visualized in literature using AFM imaging (Nishimura et al., 

1995; Radmacher et al., 1994). Because the surfactant concentration used in the 
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present case (600 mg L-1) is high enough (Childress and Elimelech (1996) 

proposed the mechanism of hemimicelle formation already at a concentration of 

only 35 mg L-1), hemimicelle formation could explain the increased hydrophilicity 

of the membrane surface after adsorption of cetrimide (Figure 6.1).  

Only for NF270 a more hydrophobic surface was obtained after adsorption of 

cetrimide. This could mean that hemimicelle formation does not occur in this case 

because of the largely negative surface charge, which pulls all positively charged 

heads to the top layer of NF270. For NTR7450, hemimicelle formation (resulting 

in a more hydrophilic surface) and the strong attraction between cetrimide and the 

negative surface (resulting in a more hydrophobic surface) counteract, so that no 

significant difference in contact angle was observed.  

 

6.2.2.2 Effect of the type of surfactant on fouling and retention 

Relative fluxes and surfactant retentions obtained after two hours of filtration of a 

40 mg L-1 feed solution of neodol, SDBS or cetrimide are given in Table 6.3.  

 

Table 6.3: Relative flux (a, in %) and surfactant retention (b, in %) after filtration 
of a solution of 40 mg L-1 of neodol, SDBS or cetrimide 

 (neutral pH, without salt addition) 
 NF270 Desal51HL NTR7450 NFPES10 

neodol 88 86 30 55 

SDBS 95 87 91 62 

cetrimide 68 89 1 81 

(a) 
 

 NF270 Desal51HL NTR7450 NFPES10 

neodol 86 84 41 23 

SDBS 100 98 97 91 

cetrimide 89 97 17 21 

(b) 

 

For neodol, the lowest relative fluxes were observed for the hydrophobic 

membranes NTR7450 and NFPES10. NTR7450 has the lowest relative flux in 
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comparison with NFPES10, in spite of the lower adsorption and the smaller contact 

angle after adsorption for NTR7450. The very low relative flux for NTR7450 can, 

however, be explained by the fact that the cut-off of NTR7450 (310 Da) is of the 

same order of magnitude as neodol (387 Da), which results in a strong pore 

blocking effect during filtration. This was also observed by Cornelis et al. (2005) 

and Van der Bruggen et al. (2002). The relative flux of Desal51HL and NF270 

during filtration of neodol is high and comparable, as both membranes have a 

hydrophilic top layer and a low cut-off, through which adsorption in the pores is 

minimized. The low cut-off of Desal51HL and NF270 also causes a very high 

retention of neodol (Table 6.3b). The lowest retention is observed for NFPES10, 

the membrane with the highest cut-off.  

 

It can be concluded that for neodol, only the hydrophobicity and the cut-off of the 

membrane are important to explain flux decline and retention. However, when 

filtering ionic surfactants, electrostatic interactions with the membrane surface and 

hence the membrane surface charge are important to understand the membrane 

performance. A comparison between the relative flux of neodol and SDBS 

(Table 6.3a) indeed indicates that less flux decline is observed for SDBS. Due to 

these electrostatic repulsive interactions, SDBS is also retained more than neodol 

for all membranes (Table 6.3b). 

 

During filtration of SDBS, the lowest relative flux is observed for NFPES10, 

which can be explained by a combination of several phenomena. Firstly, NFPES10 

has the smallest surface charge at neutral pH. The repulsion forces between the 

membrane surface and SDBS are hence very small, as a result of which the 

surfactants can easily block the membrane pores. Secondly, the top layer of 

NFPES10 is very hydrophobic and even becomes more hydrophobic after 

adsorption (Table 6.2), which is favourable for hydrophobic interactions to occur. 

Adsorption also occurs in the pores of NFPES10 during filtration due to the high 

cut-off.  

The relative flux of Desal51HL when filtering SDBS is higher than for NFPES10, 

but lower than for NTR7450 and NF270. The former was explained by the larger 
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surface charge, the lower cut-off and the smaller contact angle for Desal51HL in 

comparison with NFPES10.  

The highest relative flux for SDBS is observed for the two membranes with the 

largest surface charge at neutral pH: NTR7450 and NF270. Although both 

membranes have the same surface charge and hence the same strong repulsion 

forces, there is a small difference between the relative flux of NTR7450 and 

NF270, as NTR7450 has a lower relative flux. This was explained by the higher 

cut-off (more pore blocking) and the larger contact angle of NTR7450 after 

adsorption (more hydrophobic interactions). Just as with neodol, the lowest 

retention for SDBS was observed for NFPES10 (high cut-off and small surface 

charge). The other three membranes show a very high and similar retention for 

SDBS. 

 

Electrostatic attractive interactions become relevant when filtering an aqueous 

solution of cetrimide. Table 6.3a indicates that complete pore blocking occurs for 

NTR7450 (relative flux only 1 %). This was explained by two effects. Firstly, the 

molecular mass of cetrimide is close to the cut-off of NTR7450 (cf. neodol), so that 

a large influence on the permeate flux was expected. Secondly, because of the 

large surface charge of NTR7450, large electrostatic attraction forces occur 

between the membrane surface and the surfactant resulting in a high amount of 

adsorption (Table 6.1). Although NF270 has the same surface charge as NTR7450, 

a higher relative flux is observed for NF270 due to the lower cut-off (less pore 

blocking).  

The highest relative fluxes for cetrimide were observed for the membranes with the 

smallest surface charge at neutral pH: Desal51HL and NFPES10. The higher 

relative flux for Desal51HL in comparison with NFPES10 follows from the higher 

hydrophilicity (before and after adsorption, Table 6.2) and from the lower 

adsorption (Table 6.1).  

Table 6.3b shows that the retentions of cetrimide are the lowest for NFPES10 and 

NTR7450, due to the high cut-off (especially for NFPES10) and to the attraction 

between the negative surface and the cationic cetrimide (especially for NTR7450). 

In spite of the large surface charge, NF270 still has a relatively high retention for 
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cetrimide because of the low cut-off. Desal51HL with a low cut-off and a small 

membrane surface charge at neutral pH, has the highest retention for cetrimide. 

 

It can be concluded that the type of surfactant has an important influence on 

adsorption and hence on membrane flux decline. Neodol shows the lowest relative 

fluxes for the most hydrophobic membranes (NTR7450 and NFPES10), while the 

membranes with the largest surface charge (NTR7450 and NF270) foul the most 

and the least when filtering cetrimide and SDBS, respectively. Pore blocking plays 

a secondary role. 

 

6.2.3 Effect of the surfactant concentration  

Filtration experiments were performed with aqueous solutions containing different 

concentrations of surfactant in the range of 20 mg L-1 to 70 mg L-1. These 

concentrations were selected on the basis of the composition of wastewater in the 

carwash industry (Stubbe, 2006). It should also be noticed that the concentration 

range of neodol, SDBS and cetrimide is below the critical micelle concentration 

(CMC, Table 2.6), so that the presence of micelles could be neglected.  

 

The surfactant concentration has an influence on membrane flux decline. Because 

adsorption generally increases with increasing concentration and because of the 

relation between adsorption and relative flux (section 6.2.2), the relative flux 

decreases with increasing surfactant concentration. In literature, this was also 

reported by Kavitskaya (2005) and Van der Bruggen et al. (2002). This is given in 

Figure 6.2a for the hydrophilic membrane Desal51HL after filtering neodol, SDBS 

and cetrimide. The results for the other membranes (not given) were comparable.  

 

The influence of increasing concentration on the retention is given in Figure 6.2b 

for NFPES10 (a hydrophobic membrane with a high cut-off); the results for the 

other membranes were comparable. Taking into account the 10 % error on the 

retention (due to the complex chemical analysis of the surfactants), it was 

concluded that the retention of SDBS and cetrimide does not change significantly 

and that the retention of the nonionic surfactant neodol decreases with increasing 
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concentration, as is already stated in general in literature (Bellona et al., 2004) for 

uncharged organic components. 
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Figure 6.2: Influence of the surfactant concentration on (a) the relative flux (%) 
(shown for Desal51HL) and on (b) the surfactant retention (shown for NFPES10) 

(neutral pH, without salt addition) 
 

6.2.4 Effect of the addition of salt  

Salts can be present in the wastewater of the carwash industry, especially during 

wintertime. The influence of salts in wastewater was simulated by adding NaCl to 

the 40 mg L-1 solutions of neodol, SDBS and cetrimide. The presence of sodium 

chloride changes both the membrane and the surfactant characteristics. For the 

surfactants, a decrease in electrostatic repulsions between the charged heads allows 

to form micelles at lower concentrations, as indicated by the lower CMC of SDBS 

and cetrimide in Table 2.6.  

 

6.2.4.1 Effect of the addition of salt on adsorption and hydrophobicity 

Table 6.4 compares the results of the membranes NF270, Desal51HL and 

NFPES10 for the static adsorption experiments and the hydrophobicity after 

adsorption of a surfactant solution with and without 0.1 M NaCl. These 

experiments were not performed with NTR7450, due to problems with availability 

of this membrane.  

For the nonionic surfactant neodol, no influence of NaCl is expected. However, 

Table 6.4 indicates that the adsorption of neodol increases. This is explained in 

literature (Doulia et al., 1997) by an increased hydrophobicity of nonionic 
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surfactants in the presence of salts. As it is commonly (Braeken et al., 2005c) 

accepted that more adsorption occurs for more hydrophobic components, 

adsorption of neodol in the presence of salt can be larger.  

 

Table 6.4: Adsorbed amount (q, in mmol m-2) and contact angle (θ, in °) for 
NF270, Desal51HL and NFPES10 after exposure to a feed solution of 600 mg L-1 

of neodol, SDBS and cetrimide with and without 0.1 M NaCl (at pH 6) 
NF270 Desal51HL NFPES10 

 
q θ q θ q θ 

neodol 0.7 29 7.4 36 14.0 78 

neodol 0.1 M NaCl 3.0 28 6.6 36 18.5 76 

SDBS 0.0 29 1.5 35 2.6 77 

SDBS 0.1 M NaCl 0.0 24 0.6 34 0.0 73 

cetrimide 23.0 33 14.0 40 19.1 60 

cetrimide 0.1 M NaCl 8.0 41 8.8 29 5.8 59 

 

It is also mentioned in literature (Paria and Khilar, 2004) that, for ionic surfactants 

after addition of an electrolyte, adsorption increases or decreases depending on 

whether the charge of the membrane surface is equal or opposite to that of the 

surfactant. Table 6.4 indeed indicates that for cetrimide, the adsorption decreases in 

the presence of NaCl, while for SDBS the adsorption remains very low and 

constant. In spite of the constant adsorption of SDBS, the membrane surfaces 

become more hydrophilic. This was explained by the weaker repulsion forces 

between the heads of the surfactants, which allows a better packing of the 

surfactants on the membrane, resulting in a more hydrophilic surface (Figure 6.1).  

 

Also for cetrimide, the membrane surfaces (with exception of NF270) become 

more hydrophilic. This was explained by the presence of salt, as not only the 

attraction forces between the surfactants and the membrane surface (which resulted 

in a lower amount of adsorption), but also the repulsion forces between the charged 

heads of the surfactants decrease. In the case of Desal51HL and NFPES10, 

hydrophobic interactions between the tails of the surfactants become more 
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important in the formed hemimicelles (Figure 6.1), so that more hydrophilic heads 

of cetrimide orient towards the aqueous phase, resulting in a more hydrophilic 

membrane surface (in comparison with cetrimide without salt addition).  

The absence of hemimicelles in the case of NF270 (section 6.2.2.1) causes the 

decreased amount of surfactants on the surface (as indicated by the lower 

adsorption) to orient more parallel to the membrane surface giving rise to a more 

hydrophobic surface. This phenomenon can be compared with the adsorption of 

neodol and SDBS on NFPES10 at neutral pH (Figure 6.1).  

 

6.2.4.2 Effect of the addition of salt on fouling and retention 

The influence of the salt concentration on the relative flux for Desal51HL (after 

correcting for the osmotic pressure) and on the surfactant retention for NFPES10 is 

given in Figure 6.3. The results for the other membranes were comparable. 
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 (a)     (b) 
Figure 6.3: Influence of the salt concentration on (a) the relative flux (%) (shown 

for Desal51HL) and on (b) the surfactant retention (shown for NFPES10) 
(neutral pH, feed concentration = 40 mg L-1) 

 

For the nonionic surfactant neodol, no significant difference in relative flux or 

surfactant retention is observed by adding salt to the surfactant solution, in 

correspondence with Archer et al. (1999).  

Both for SDBS and cetrimide, the relative flux and the surfactant retention 

decrease with increasing salt concentration. For SDBS, the decreased repulsion 

forces between the membrane and the surfactant in the presence of NaCl allow a 

better packing of the surfactants on the membrane surface and in the membrane 

pores, resulting in more pore blocking and hence in more flux decline. For 



Regeneration of carwash wastewater by nanofiltration 

 187 

cetrimide, the relative flux also decreases because of the weaker electrostatic 

attraction forces, in spite of the lower adsorption and the increase in hydrophilicity 

in the presence of NaCl (Table 6.4). 

 

6.2.5 Effect of pH of the surfactant solution  

Several surfactants are used in the carwash industry, some of which are very 

alkaline or acid, which makes that the pH of the wastewater can deviate from 

neutral pH. A lower or a higher pH influences strongly the membrane performance, 

as the membrane surface charge and hence the electrostatic interactions are 

dependent on pH.  

To characterize these influences, experiments were performed with 40 mg L-1 

solutions of SDBS and cetrimide at different pH. The presence of a sulfonic group 

( −− 3SO ) in SDBS and an ammonium group (-N+R3) in cetrimide (Appendix II) 

causes the charge of these surfactants to be pH independent. 

 

6.2.5.1 Effect of pH of the surfactant solution on adsorption and hydrophobicity 

The adsorbed amounts and the contact angles after adsorption of SDBS and 

cetrimide at different pH are given in Table 6.5 for NF270, Desal51HL, NTR7450 

and NFPES10. For reference, the contact angles at different pH of the unfouled 

membranes were also included (Table 5.2). No pH effect on the contact angle of 

the unfouled membrane NF270 is observed. The hydrophilicity increases at pH 10 

and pH 3 for Desal51HL and NTR7450, respectively, while NFPES10 becomes 

more hydrophilic both at pH 10 and at pH 3. These results are needed as reference 

to compare with the contact angles at different pH after adsorption of SDBS and 

cetrimide. 

 

Table 6.5 indicates that adsorption of SDBS decreases and that the hydrophilicity 

of the membrane surface increases with increasing pH. This was explained by 

electrostatic attraction forces between the positive membrane surface and SDBS at 

low pH and by electrostatic repulsion forces between the negative membrane 

surface and SDBS at high pH (Figure 6.1).  
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Table 6.5: Adsorbed amount (q, in mmol m-2) and contact angle (θ, in °) after 
exposure to a feed solution of 600 mg L-1 of SDBS and cetrimide at different pH 
(without salt addition). For reference, the contact angles at different pH of the 

unfouled membranes are also included. 
NF270 Desal51HL NTR7450 NFPES10 

 
q θ q θ q θ q θ 

pH 3 - 29 - 46 - 66 - 69 

pH 6 - 27 - 47 - 70 - 72 unfouled 

pH 10 - 30 - 35 - 71 - 66 

pH 3 4.1 55 2.9 54 3.4 72 3.3 77 

pH 6 0.0 29 1.5 35 2.6 65 2.6 77 SDBS 

pH 10 0.0 25 0.0 33 0.5 47 0.8 62 

pH 3 6.6 32 2.7 27 0.4 62 0.2 58 

pH 6 23.0 33 14.0 40 17.7 71 19.1 60 cetrimide 

pH 10 13.9 58 15.6 49 3.8 69 13.3 63 

 

The opposite trend was expected for the positively charged surfactant cetrimide. At 

low pH, electrostatic repulsion forces result in less adsorption and a more 

hydrophilic surface, as given in Table 6.5. It is expected that at high pH, when the 

membrane surface charge is very large, electrostatic attraction forces cause the 

adsorption to increase. However, Table 6.5 indicates that the adsorption decreases 

from pH 6 to pH 10. This was explained by the fact that the formation of 

hemimicelles is hindered (Figure 6.1). The positive surfactants are so strongly 

attracted to the membrane surface at pH 10 that no second layer was formed. The 

increase in hydrophobicity from pH 6 to pH 10 seems to support this hypothesis. 

The same phenomenon of hindered hemimicelle formation and increased 

hydrophobicity was also observed for NF270 at neutral pH (section 6.2.2.1).  

 

However, it should be kept in mind that the presented hypotheses are based only on 

contact angle measurements, which are in the context of this chapter useful to get a 

first idea of the orientation of the surfactants. To verify the presented mechanisms, 

another technique (like for example AFM) should be selected.  
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A comparison between the contact angles of the unfouled and fouled membranes 

indicates that the behavior of the contact angle in the presence of a surfactant is 

different from the behavior of the contact angle as a function of the pH of the 

unfouled membranes. This implies that the observed changes in contact angles are 

not the result of the intrinsic effect of pH on hydrophobicity. 

 

6.2.5.2 Effect of pH of the surfactant solution on fouling and retention 

The relative fluxes and the surfactant retentions after two hours filtering of a 

40 mg L-1 solution of SDBS and cetrimide at different pH are given in Figure 6.4 

for Desal51HL and NFPES10. The results for the other membranes were 

comparable. In the absence of surfactants (Table 5.2), the relative flux stays close 

to 100 % with varying pH. Only for NTR7450 and NFPES10 at pH 3, a lower 

relative flux of 59 % was observed. As these lower relative fluxes at pH 3 were not 

observed for neither SDBS nor cetrimide, it was concluded that the measured 

changes in the relative fluxes are a result of surfactant interactions with the 

membranes. 
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Figure 6.4: Influence of pH on (a) the relative flux (%) (shown for Desal51HL) 

and on (b) the surfactant retention (shown for NFPES10)  
(feed concentration = 40 mg L-1, without salt addition) 

 

Considering SDBS, the relative flux increases with increasing pH due to the 

decrease in adsorption and the increased hydrophilicity (Table 6.5). Figure 6.4a 

shows the opposite trend for cetrimide. The decrease in flux from pH 3 to pH 6 

was explained by the higher amount of adsorption and the more hydrophobic 

membrane surface at pH 6. However, from pH 6 to pH 10, two opposite effects 



-Chapter 6- 

 190 

occur: a decrease in adsorption and an increase in hydrophobicity. It seems that the 

second effect is the most important one, as the flux decreases from pH 6 to pH 10.  

 

In spite of the different types of electrostatic forces between the membrane surface 

and SDBS, the retention of SDBS does not change significantly with pH. SDBS is 

retained very well, independently of the pH of the feed solution. For cetrimide, 

Figure 6.4b indicates that the retention decreases slightly with pH due to the strong 

electrostatic attraction forces between this surfactant and the membrane surface at 

high pH.  

 

6.2.6 Effect of a mixture of surfactants  

During the washing process in a carwash, different types of surfactants are used, 

which all are mixed into the wastewater. Furthermore, in a carwash, groundwater 

or tap water is used instead of distilled water. To study the effect of a mixture of 

surfactants and the effect of tap water on the performance of nanofiltration, 

filtration experiments with two different mixtures were performed. Mixture 1 

contains 20 mg L-1 neodol, 20 mg L-1 SDBS and 20 mg L-1 cetrimide dissolved in 

distilled water, mixture 2 contains the same components dissolved in tap water 

(with a hardness of 41 °F). Filtration experiments were done for the hydrophilic 

membrane NF270 and the hydrophobic membrane NFPES10, of which the results 

are given in Table 6.6.  

 

Table 6.6: Relative flux (%) and retention (%) for NFPES10 and NF270 after 
filtering a mixture of surfactants in distilled water (mixture 1) and in tap water 

(mixture 2) (feed concentration = 20 mg L-1 of each surfactant,  
neutral pH, without salt addition) 

retention (%) 
 

relative 

flux (%) neodol SDBS cetrimide 

NFPES10 1 79 - - 
mixture 1 

NF270 8 95 73 98 

NFPES10 2 65 - 79 
mixture 2 

NF270 26 93 80 94 

-: analysis not possible due to small permeate volume 
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Comparing the relative fluxes in Table 6.6 with the ones in Table 6.3a shows that 

(much) more flux decline occurs when filtering a mixture, due to several reasons. 

Firstly, the total concentration of surfactant is higher in the mixture, which results 

in a lower relative flux as described in section 6.2.3. Secondly, not only 

interactions between the membrane and the surfactants, but also between the 

different surfactants occur resulting in more pore blocking and hence in more flux 

decline. For example, the presence of both SDBS and cetrimide in the mixture 

results in a neutralisation effect in the form of (visible) flakes, which can block the 

pores severely. From Table 6.6, it becomes also visible that mixture 2 (in tap 

water) fouls less than mixture 1 (in distilled water). 

 

Comparing the retentions in Table 6.6 with the ones in Table 6.3b indicates that the 

retention of a surfactant is dependent on the presence of other surfactants: the 

retention of SDBS is lower, while the retention of cetrimide and neodol is higher in 

the mixture than in the one-component-solution. The difference in retention of 

SDBS and cetrimide was explained by the interactions between these two 

surfactants. As SDBS and cetrimide carry an opposite charge, they are associated 

in the mixture. Due to this connection, SDBS is pulled through the negative 

membrane by cetrimide (resulting in a lower retention of SDBS), while cetrimide 

is hindered to pass through the membrane by the negative SDBS (resulting in a 

higher retention of cetrimide). The higher retention of neodol in the mixtures can 

be explained by the presence of the other surfactants, which block the pores 

already so much, that neodol has more difficulties to pass through the membrane. 

However, this higher retention should be interpreted taking into account the 

analytical overestimation of the concentration of neodol in mixtures 

(section 2.6.1.3). 

 

6.2.7 Conclusion 

Surfactant solutions cause flux decline of nanofiltration membranes, but this flux 

decline depends strongly on the type of surfactant and feed conditions. To reduce 

membrane flux decline to a minimum, adsorption of the surfactant has to be 
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minimized and the surfactants should orient in such a way that the membrane 

surface becomes more hydrophilic (Figure 6.1).  

The least flux decline is observed for SDBS. At neutral pH, cetrimide fouls the 

membranes the most because of the opposite charge of membrane and surfactant. 

Furthermore, the surfactant concentration plays a crucial role, as the membrane 

performance decreases with increasing concentration. The presence of electrolytes 

also has a negative influence on the membrane performance. Changing the pH can 

have both a positive as well as a negative influence on the relative flux depending 

on the surfactant type: for cetrimide the least flux decline is observed at low pH, 

while a high pH is favourable for SDBS.  

 

 

6.3 Applicability of nanofiltration in the carwash industry 

6.3.1 Description of the selected carwash 

To study the applicability of nanofiltration in the carwash industry, a typical 

carwash was selected. This carwash, situated in Leuven (Belgium) with a capacity 

of 36,000 cars a year, is an automatic carwash, in which the car is pulled through 

the washing installation.  

 

6.3.1.1 Use of surfactants 

Different surfactants are used depending on the washing program and on the stage 

in the washing process. The anionic surfactant Turtle Wax HP11 is used in several 

stages during the washing of the car: in a low concentration for the initial manual 

soaping of the car, in a higher concentration when the car is hosed with the high-

pressure spraying pistol before entering the washing installation and finally in a 

very high concentration in the washing brushes.  

A rim cleaner is used to hose the rims, before entering the washing installation. 

Depending on the washing program, an alkaline rim cleaner from Rumler (cheap 

washing program) or an acid rim cleaner (more expensive washing program) is 

employed.  



Regeneration of carwash wastewater by nanofiltration 

 193 

The Turtle Wax HP20/21/22 or Triple Shine is also an optional surfactant, which is 

applied by the washing brushes and provides extra glow.  

At the end of the washing program, the wax is provided to the car. Depending on 

the washing program, a cheap wax (Turtle Wax HP19 Poly Glaze) or an expensive 

wax (Cherry Polish) can be chosen. Both waxes are dissolved in ultrapure water to 

avoid dirty spots on the car. In the carwash, ultrapure water was obtained by the 

use of ion exchange. This technique was preferred to reverse osmosis, because of 

the low amount of deionised water needed.  

 

From these surfactants, the Turtle Wax HP11, the rim cleaner from Rumler and the 

Triple Shine occur in the highest concentrations in the wastewater. Besides the 

filtration of the wastewater, pure solutions of these three surfactants were filtered 

to study their individual effect on membrane fouling.  

 

6.3.1.2 Actual wastewater purification installation 

A schematic presentation of the actual wastewater purification installation for the 

selected carwash is given in Figure 6.5.  

 
Figure 6.5: Actual wastewater purification installation of the carwash 

 

The wastewater flows, together with the circulation water from the rinsing arch, to 

the first tank of 10 m3. A flow of 1.5 m3 h-1 water leaves this tank to the 

purification installation, which is composed of a cyclone, a laminated filter and a 

sand filter. To obtain a good sedimentation in the laminated filter, a coagulant 
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(Sachtofloc, Brenntag, Germany) is added. The residue from the laminated filter 

together with the coagulant arrive finally in the sewer. After the laminated filter, 

the water is collected in tank 3, from which the water is pumped to the sand filter. 

This sand filter removes sand particles, as they are abrasive resulting in undesired 

scratches on the cars. After the sand filter, water is collected in tank 4, from which 

the recycled water is pumped to tank 2. Tank 2 also receives the overflow of 

tank 1; the overflow of tank 2 on its turn arrives in the sewer. From tank 2, water is 

pumped with a flow of 15 m3 h-1 to the rinsing arch, after which the circulation 

water flows back in tank 1.  

 

The recycled water is currently only used to rinse the cars in the rinsing arch after 

the washing process. This means that 160 L fresh water is still needed for one car. 

To obtain this fresh water, the carwash uses groundwater. As the use of 

groundwater will become more and more restricted in the future, the carwash is 

searching for solutions to diminish the amount of groundwater needed. One 

solution is to use the recycled water not only during the rinsing, but also during the 

washing of the cars. Additional water purification is therefore needed, which can 

possibly be obtained by nanofiltration.  

 

6.3.2 Analysis of the wastewaters 

Wastewater was collected on several days (March, 2006) on two different places in 

the water purification: after the cyclone and after the sand filter (Figure 6.5). The 

analysis results for these wastewaters and for the three surfactants, that occur in the 

highest concentrations in the wastewater (Turtle Wax HP11, Triple Shine and the 

rim cleaner from Rumler) are given in Table 6.7, together with the Flemish 

standards. 

 

It was seen that the wastewater composition varies with time over one week: on 

Monday, the wastewater was most fouled, while the least fouling was observed on 

Friday. The fouling degree of the wastewater was related to the number of cars 

washed on the respective days (35 cars on Friday versus 135 cars on Monday). 
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Table 6.7: Analysis results for the wastewaters, collected on several days after the cyclone (C) and after the sand filter (SF), and for the 
three surfactants, that occur in the highest concentrations  in the wastewater (Turtle Wax HP11, Triple Shine, rim cleaner from Rumler) 

together with the Flemish standards 
Monday Saturday Friday 

 Flemish standards 
C SF C SF C SF 

HP11 
Triple 

Shine 

rim 

cleaner 

suspended solids (mg L-1) < 60 mg L-1 136 140 94 126 78 60 0 0 0 

settleable solids (mL L-1) < 0.5 mL L-1 3.5 3.5 6.0 5.5 1.0 1.0 0 0 0 

COD (mg O2 L-1) < 125 mg O2 L-1 296 382 351 347 248 208 2,720 4,760 51,000 
20
5BOD  (mg O2 L-1) < 25 mg O2 L-1 109 140 95 102 75 63 513 898 9,620 

pH 6.5 < pH < 9 7.6 7.6 7.5 7.6 7.6 7.5 7.5 7.7 12.7 

conductivity (mS cm-1) < 1 mS cm-1 1.1 1.1 1.0 1.0 0.8 0.8 0.7 1.0 28.6 

nonionic surfactants (ppm) 50 51 37 39 29 32 27 450 13,000 

anionic surfactants (ppm) 2.3 2.5 0.7 0.8 0.8 0.7 42.6 9.9 0.1 

cationic surfactants (ppm) 

sum < 3 ppm 

4.0 3.7 4.2 4.3 - 1.7 0.2 531 90 
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However, no influence of the sand filter on the composition of the wastewater was 

observed, as the wastewaters after the cyclone and after the sand filter are almost 

similar. This was attributed to the current uncontrolled dosage of the coagulant in 

the laminated filter (Figure 6.5), which makes that suspended and settleable solids 

are still present after the sand filter. As these solids have a negative influence on 

the membrane performance, the wastewater was firstly filtered with a cellulose 

filter (MN 713 ¼, Macherey-Nagel, Germany) before nanofiltration, to minimize 

the suspended and the settleable solids in the feed solution. There was no influence 

of the cellulose filter on the other wastewater characteristics. 

 

Both the COD and the BOD are too high to discharge the wastewater in surface 

water. The ratio between COD and BOD is on average 3.3, which is only slightly 

higher than for domestic wastewater (COD/BOD = 2.5). The pH of the 

wastewaters is almost neutral and lies within the acceptable region. A comparison 

with the conductivity of tap water (0.75 mS cm-1) indicates that the conductivity of 

the wastewaters is only slightly higher. The lower conductivity on Friday was 

explained by the higher night temperatures, as a result of which less salt was 

present on the roads and hence on the cars.  

 

For the interpretation of the surfactant concentrations, the discussion about the 

analysis methods should be taken into account (section 2.6.1.3 and Table 2.7). This 

means that the concentration of nonionic surfactants in the wastewater is 

overestimated (due to the presence of cationic surfactants) and that the low 

concentrations of anionic and cationic surfactants were explained by the fact that 

these two surfactants form neutral complexes with each other (which cannot be 

determined by the analysis methods).  

 

For the three surfactants that occur in the highest concentrations in the wastewater, 

a remarkably high value of COD and BOD was noticed, especially for the strongly 

alkaline rim cleaner. This rim cleaner also has a very high conductivity and an 

extremely high concentration of nonionic surfactants. Table 6.7 indicates that the 

surfactant HP11 is mainly composed of anionic surfactants, which corresponds 
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with the information given by the manufacturer (HP11 is composed for 75 – 95 % 

of the anionic surfactant sodium olefin sulfonate). The highest concentrations of 

nonionic and cationic surfactant are observed for Triple Shine, as this surfactant is 

mentioned (by the manufacturer) to be composed of quaternary ammonium 

components and lauramide oxide (and various other components).  

 

6.3.3 Filtration experiments of the different wastewaters 

Filtration experiments during a period of 9 hours were performed with the 

membranes NF270 and NFPES10 (Table 4.3) for the wastewaters after the cyclone 

and after the sand filter. This time span was chosen to simulate the operation of a 

nanofiltration membrane during a whole day in the carwash. Both the relative 

fluxes and the retentions were stable after 9 hours filtration: the relative fluxes 

stayed almost constant after 6 hours filtration (Figure 6.6), while the retentions 

were already stable after one hour filtration. This knowledge was used when 

filtering the three surfactants, which occur in the highest concentrations in the 

wastewater, as these filtration experiments were ended after 6 hours filtration.  
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Figure 6.6: Evolution of relative flux (%) for the membranes NF270 and NFPES10 
during filtration of the wastewater after the sand filter on Friday, during cleaning 
with water and with alkaline products (only for NFPES10) and during the second 

filtration with the same wastewater 
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6.3.3.1 Fouling results during filtration of carwash wastewater 

The relative fluxes are given in Table 6.8. The relative fluxes after cleaning will be 

discussed in section 6.3.4; the wastewater taken after the sand filter on Friday 

(SF (2)) is filtered a second time after the membrane cleaning, as will also be 

discussed in section 6.3.4. These relative fluxes were already corrected for the 

osmotic pressure (retention of conductivity was 25 % for NFPES10 and 75 % for 

NF270).  

 

Table 6.8: Relative flux (%) for the membranes NF270 and NFPES10 after 
filtering the wastewater (both after the cyclone (C) and after the sand filter (SF)), 
after filtering Turtle Wax HP11, Triple Shine and the rim cleaner from Rumler,  

and after cleaning 
NF270 NFPES10 

 after 

filtration 

after 

water 

cleaning 

after 

filtration 

after 

water 

cleaning 

after 

alkaline 

cleaning 

C 92 99 34 57 78 
Monday 

SF 84 95 49 71 115 

C 89 100 56 93 111 
Saturday 

SF 87 105 57 83 115 

SF 90 101 56 86 111 
Friday 

SF (2) 91 - 63 - - 

HP11 90 121 61 124 - 

Triple Shine 92 105 27 76 106 

rim cleaner 51 134 56 35 86 

 

Table 6.8 indicates that the relative flux of NFPES10 is lower than the relative flux 

of NF270. This was explained by the fact that NFPES10 has a more hydrophobic 

top layer and a higher cut-off. For the filtration experiments on Monday, when the 

wastewater was the most fouled (Table 6.7), lower relative fluxes were observed 

for NFPES10. The absolute permeate fluxes were comparable for both membranes 

(around 50 L m-2 h-1). 
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For the relative fluxes for HP11, Triple Shine and the rim cleaner, the highest 

relative fluxes were found when filtering HP11, since HP11 is mainly composed of 

anionic surfactants. As the pH of the wastewater is situated around 7.5, 

electrostatic repulsion forces occur between the membrane surface and the anionic 

surfactants, resulting in less pore blocking and less flux decline (section 6.2.2.2). 

Another reason for the higher relative flux of HP11 in comparison with the other 

two surfactants (Triple Shine and the rim cleaner), is the lower total concentration 

of surfactants in the wastewater, as it is known that the relative fluxes decrease 

with increasing surfactant concentration (section 6.2.3).  

 

The hydrophilic membrane NF270 is less sensitive to flux decline from Triple 

Shine than NFPES10. This was explained by the fact that Triple Shine is composed 

of very hydrophobic components (information given by the manufacturer), which 

mainly cause strong flux decline on hydrophobic membranes, in this case on 

NFPES10 (section 5.2.1).  

The lowest relative fluxes were found for both NFPES10 and NF270, when 

filtering the rim cleaner from Rumler. Hypothetical explanations are the high 

concentration of nonionic and cationic surfactants, the large amount of organic 

components (as indicated by the large value of COD and BOD) and the high 

conductivity of this wastewater (Table 6.7). All these parameters give rise to a low 

relative flux, as discussed in section 6.2. As this alkaline rim cleaner has the most 

negative influence on membrane flux decline, it should be avoided during the 

washing process and be replaced by another (less fouling) rim cleaner.  

 

6.3.3.2 Retention results during filtration of carwash wastewater 

The retentions of surfactants and COD at the end of the filtration are given in 

Table 6.9; the wastewater taken after the sand filter on Friday (SF (2)) is filtered a 

second time after the membrane cleaning, as will be discussed in section 6.3.4. The 

highest retentions were observed for NF270, consistent with the fact that this 

membrane has the lowest cut-off. The anionic surfactants are best retained 

(section 6.2.2.2), followed by the nonionic and cationic surfactants.  



-Chapter 6- 

 200

 

 

Table 6.9: Retentions of the surfactants and COD (%) for the membranes NF270 and NFPES10 after filtering the wastewater (both after 
the cyclone (C) and after the sand filter (SF)), and after filtering Turtle Wax HP11, Triple Shine and the rim cleaner from Rumler 

NF270 NFPES10 

surfactants surfactants  

nonionic anionic cationic 
COD 

nonionic anionic cationic 
COD 

C 98 98 97 78 51 85 50 36 
Monday 

SF 99 98 99 100 43 83 37 47 

C 98 93 98 95 54 71 48 65 
Saturday 

SF 97 95 95 95 45 79 51 49 

SF 97 94 100 98 50 80 27 70 
Friday 

SF (2) 98 94 - 98 54 80 - 76 

HP11 93 85 - 91 91 53 - 78 

Triple Shine 98 99 96 76 46 87 70 55 

rim cleaner 93 100 83 88 30 100 71 33 
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For the surfactant and COD retentions when filtering HP11, Triple Shine and the 

rim cleaner, some differences with the results of the real wastewater (after cyclone 

and sand filter) become visible, especially for NFPES10 (the membrane with the 

highest cut-off). When filtering a solution of HP11, a significantly higher and 

lower retention for the nonionic and anionic surfactants, respectively, was 

observed. This was explained by the high concentration of anionic surfactants 

present in the feed solution (Table 6.7), as an increase in concentration leads to a 

decrease in the retention. Due to the strong electrostatic repulsions between the 

anionic surfactants and between the surfactants and the membrane surface, the 

nonionic surfactants are also prevented to pass through the membrane 

(section 6.2.6), as indicated by the high retention. 

 

In the solution of Triple Shine and the rim cleaner, a high concentration of 

nonionic and cationic surfactants was detected (Table 6.7). This results in an 

expected low retention of the nonionic surfactants, but in an unexpectedly high 

retention of the cationic surfactants. A possible explanation could be that these 

cationic surfactants form micelles in the feed, which are (because of their size) 

better retained. Also for Triple Shine and the rim cleaner, a very low COD 

retention is obtained, due to the very high COD of the feed solution.  

 

6.3.4 Cleaning procedure 

After filtration during one working day, the membranes were cleaned to recover 

their initial performance. The cleaning was done in two steps, as was proposed by 

Weis et al. (2003). Firstly, the reversible part of flux decline was removed by 

rinsing with water. Secondly, some chemical cleaning was needed to remove the 

irreversible part of flux decline (fouling). After these two steps, the original pure 

water flux (or a relative flux of 100 %) should be obtained. Chemical cleaning was 

done with the alkaline P3-Ultraperm 091 WT product and the acid P3-Ultraperm 

075 WT product (Henkel). Several cleaning procedures were tested. The optimal 

cleaning procedure consists of a rinse with water during 15 minutes at 8 bar and 

293 K, followed by an alkaline chemical cleaning of pH 12.9 (1 % solution of P3-



-Chapter 6- 

 202 

Ultraperm 091 WT) during 30 minutes at 4 bar and 313 K. After each cleaning 

step, the pure water flux was again determined at 8 bar and 293 K. 

 

The results of this cleaning procedure are given in Table 6.8 and Figure 6.6. For 

NF270, the rinse with water was already sufficient to remove the reversible flux 

decline, as also observed by Cornelis et al. (2005). However, for the hydrophobic 

membrane NFPES10, an additional alkaline cleaning is required. According to the 

manufacturer, the membrane will not be damaged by this alkaline solution, as 

NFPES10 is stable until pH 14 (Table 2.1). Table 6.8 shows that the initial pure 

water flux of the NFPES10 membrane is again obtained after these two cleaning 

steps. An additional chemical cleaning with the acid Ultraperm product is therefore 

not necessary.  

 

After cleaning with water (and with the alkaline Ultraperm product in the case of 

NFPES10), membrane fouling is completely removed. Table 6.8 indicates that the 

relative flux is even higher than 100 %, which means that the pure water flux after 

cleaning is higher than the original pure water flux. This phenomenon was also 

observed by Cornelis et al. (2005). As a high relative flux was particularly the case 

for NFPES10 after alkaline cleaning, it is possible that the alkaline product has 

adsorbed on the membrane surface resulting in a more negatively charged 

membrane surface and hence in stronger repulsion forces between the membrane 

surface and distilled water.  

 

To check whether the membranes are not damaged during cleaning, a filtration 

experiment with the same wastewater was performed with the cleaned membranes 

to control if the degree of fouling and the retentions were the same before and after 

cleaning. The results of the relative flux and the retention after filtering the 

wastewater (taken after the sand filter on Friday) with the cleaned membranes are 

shown in Table 6.8 and 6.9, respectively (named as SF (2)). The results indicate 

that both the relative flux and the retention of surfactants and COD are the same 

during the first and second filtration (after cleaning). This proves that the 

membranes are not damaged during cleaning.  
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6.4 Conclusion 

The experimental results indicate that nanofiltration can be applied to recycle 

wastewater in the carwash industry. For good operation, a high water permeability, 

a high relative flux and a high retention are required. For this purpose, a 

hydrophilic nanofiltration membrane with small pores should be selected, like 

NF270. With this membrane, permeate fluxes of 45 L m-2 h-1 are obtained that 

contain less than 5 % of the original concentrations of surfactants and organic 

components. Another advantage of this hydrophilic membrane is that the original 

pure water flux was obtained after cleaning with water during only 15 minutes. No 

further chemical cleaning is needed. It is also shown that after cleaning, the 

membrane is not damaged.  

If nanofiltration would be implemented in the future to recycle wastewater in the 

carwash industry, it is advised to keep the concentration of the surfactants as low 

as possible and to make a study of the composition of the individual surfactants. 

Surfactants composed of a very high concentration of nonionic or cationic 

components, should be avoided or replaced by other less fouling surfactants.  
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Summary and General Conclusions 

A breakthrough of nanofiltration (NF) in new applications is hampered by the 

phenomenon of membrane fouling which results in an undesirable flux decline. 

From the literature, it is known that membrane fouling is an interplay between 

different parameters: the feed composition, membrane characteristics and operating 

conditions. The latter can be controlled by using a cross-flow setup in combination 

with a high feed velocity and an optimal cleaning frequency. The former two 

parameters (i.e., feed composition and membrane characteristics) are interrelated, 

as the composition of the feed determines which membrane characteristics are 

crucial to prevent fouling. 

 

The aim of this work was to study the membrane performance (i.e., flux decline 

and retention) on the basis of membrane characteristics. In a first part, 

representative NF membranes were characterized thoroughly for both chemical and 

physical properties.  

 

Commercially available NF membranes from different manufacturers and with a 

wide range of properties were selected: UTC20 (Toray), NF270 (DOW/FilmTec), 

Desal51HL and Desal5DL (GE Osmonics), N30F and NFPES10 (Nadir), and 

NTR7450 (Nitto-Denko).  

In addition to these commercial membranes, nanoporous polyethersulfone (PES) 

membranes were prepared by DIPS (Diffusion Induced Phase Separation). These 

membranes have a well-known composition of the top layer (i.e., PES), in contrast 

to the scarce information given by the manufacturer about the commercial 

membranes.  

 

Optimizing the preparation conditions during synthesis led to four different types 

of membranes: D13 and D71 (for a 32 % PES/DMF solution cast on FO2413 and 

FO2471, respectively), and N13 and N71 (for a 30 % PES/NMP solution cast on 

FO2413 and FO2471, respectively). As non-solvent, the best results were obtained 

for a distilled water bath at 293 K in combination with a relative humidity of 40 % 
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during casting of the polymer solution and without addition of components to the 

non-solvent bath or to the polymer solution.  

Under these conditions, PES membranes with a good reproducibility and a water 

permeability comparable with commercial NF membranes, were obtained. For N13 

and N71, even a higher water permeability was observed. 

 

The roughness, the hydrophobicity and the behavior of the surface charge as a 

function of pH of the top layer of these laboratory-made membranes were 

comparable with commercial membranes, in contrast to the cut-off (i.e., the 

molecular mass of a component with 90 % retention).  

In spite of the higher cut-off for the laboratory-made membranes, the retention of 

charged components was remarkably high and especially during filtration of small, 

positively charged components. This was explained by the smaller negative surface 

charge (less electrostatic attraction forces) of the laboratory-made membranes. In 

spite of the higher retentions, flux decline for the laboratory-made membranes was 

comparable to the commercial membranes, which in combination with the higher 

water permeability (for N13 and N71), leads to higher permeate fluxes. 

 

The laboratory-made and the selected commercial NF membranes were 

characterized for their chemical composition and for some physical characteristics, 

which (possibly) play a role in membrane fouling. PAS (Positron Annihilation 

Spectroscopy), a relatively novel characterization technique in nanofiltration, was 

also applied on the different membranes.  

 

Chemical characterization of top and support layer was performed with ATR-FTIR 

(Attenuated Total Reflectance – Fourier Transform InfraRed) and XPS (X-ray 

Photoelectron Spectroscopy), which allowed to distinguish two different 

membrane classes: 

- a class of membranes with a polyamide top layer (Desal51HL, Desal5DL and 

NF270), which consisted of (minimum) three layers: a thin top layer of polyamide, 

an intermediate layer and a polyester support layer; 
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- a class of membranes with a polyethersulfone top layer (N30F, NFPES10, 

NTR7450, D71 and N13), which consisted of (minimum) two layers: a top layer of 

poly(phenylenesulfone ether) or the more general structure poly(arylenesulfone 

ether) in the case of NTR7450, and a support layer. In this second membrane class, 

small chemical differences were observed between the commercial and the 

laboratory-made membranes, which were attributed to the use of additives or post-

treatments by the manufacturers.  

 

The physical characteristics studied were cut-off, surface roughness (determined by 

non-contact and tapping mode AFM, Atomic Force Microscopy), surface 

hydrophobicity (determined by tapping mode AFM and contact angle 

measurements), surface charge (determined by measurements of the streaming 

potential) and thickness of the top layer (determined by PAS). The same membrane 

classes were distinguished for these characteristics, as the polyamide class has the 

lowest cut-off and the roughest, thinnest and most hydrophilic top layer.  

 

In this top layer, the pore size distribution was observed by PALS (Positron 

Annihilation Lifetime Spectroscopy) to be a bimodal instead of the well-accepted 

log-normal function, with pore sizes between 0.125 – 0.155 nm and 0.320 –

0.395 nm (depending on the membrane). Moreover, the cut-off did not correlate 

with the pore size, but rather with the ratio of the volume fraction of the large pores 

to the volume fraction of all pores. This indicates that transport through NF 

membranes depends more on the relation between the different pores than on the 

absolute pore size. 

 

In a second part, the membrane characteristics of the commercial NF membranes 

were, by means of multiple linear regression, coupled to the experimental results of 

relative flux (i.e., relation of permeate flux to pure water flux), retention and 

adsorbed amount, obtained during experiments with three different feed solutions: 

 - aqueous solutions containing dissolved uncharged organic components; 

 - aqueous solutions containing dissolved charged organic components; 

 - colloidal dispersions. 
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It was concluded that in order to minimize fouling during filtration of aqueous feed 

solutions containing dissolved organic components, a membrane with a low 

volume fraction of small pores in the top layer should be selected. When the 

organic components are charged, a membrane with a large surface charge and a 

high hydrophilicity is also favourable. Not only the membrane, but also the feed 

characteristics control the degree of fouling: the best results during filtration of 

dissolved uncharged or charged components were obtained with hydrophilic or 

negatively charged components, respectively.  

Dissolved organic components were best retained by membranes with a low cut-

off. In addition, uncharged organic components should be hydrophilic and large to 

obtain a high retention, while the interplay between membrane and component 

charge is crucial during filtration of dissolved charged organic components. 

 

To minimize fouling during filtration of colloidal dispersions, the hydrophobicity 

of the membrane surface should be minimal. Only when small colloids are filtered, 

a hydrophilic and smooth membrane was needed to prevent the phenomenon of 

“valley clogging”. For the colloid characteristics, the least membrane fouling was 

observed (at neutral pH and without the addition of salt) for large, negatively 

charged colloids. Depending on the pore size of the membrane, increasing the ionic 

strength of the solution (at neutral pH) was also advantageous to minimize 

colloidal fouling.  

 

The results indicate that for each type of feed solution, a specific membrane needs 

to be selected. However, interactions between different components (like e.g., in a 

real wastewater) were not taken into account. This implies that filtration 

experiments with (representative) mixtures of components are still needed to fine-

tune the understanding of membrane performance in real applications. Moreover, 

experiments with other nanofiltration membranes (other polymeric ones or 

anorganic ones) are needed to extend the conclusions made to the whole 

nanofiltration world.  
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Another suggestion for further research is membrane modification. For example, 

PES membranes have a better thermal and chemical stability but also a higher 

hydrophobicity, which is shown to be disadvantageous for membrane fouling. 

More hydrophilic PES membranes can be obtained by making the polymer more 

hydrophilic (e.g., by sulfonating or by adding a more hydrophilic polymer during 

the synthesis process) or by making the membrane surface more hydrophilic (e.g., 

by grafting).  

On the other hand, the polyamide membranes have the advantage of being 

hydrophilic, but the disadvantage of being rough (which causes problems during 

filtration of small colloids). This can (possibly) be solved by changing the 

preparation conditions during interfacial polymerisation.  

 

The results of the present study were applied to evaluate wastewater recycling in 

the carwash industry with NF. For that purpose, filtration experiments were 

performed, firstly with synthetic surfactant solutions. It was concluded from these 

experiments that, to reduce membrane fouling to a minimum, adsorption of the 

surfactants should be minimized and that the surfactants should orient in such a 

way that the membrane surface becomes more hydrophilic. The latter can be 

realized by a proper choice of membrane and surfactant in combination with the 

right conditions of pH and ionic strength.  

During filtration of carwash wastewater, the best results were obtained with a 

hydrophilic membrane with small pores, as this gives a high permeate flux which 

contains only a small fraction of the initial concentrations of surfactants and 

dissolved organic components. An additional advantage of such a membrane is that 

a cleaning step with water during 15 minutes was already sufficient to reach the 

original pure water flux.  
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Appendix I: Chemical structure of uncharged organic 

components 
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Appendix II: Chemical structure of charged organic components 
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