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STELLINGEN 

1 Na passieve adsorptie (membraan ondergedompeld in een polymeeroplossing) 

meten Kim et al. een hogere relatieve waterflux dan na convectieve 

behandeling van het membraan (ultrafiltratie van de polymeeroplossing). 

Door concentratie (polarisatie) van het geültrafiltreerde polymeer aan het 

membraanoppervlak als enige verklaring hiervoor naar voren te schuiven 

gaan de auteurs onterecht voorbij aan de verandering van de 

polymeerconformatie bij druk. 

K.J. Kim, A.G. Fane and C.J.D. Fell. The performance of ultrafiltration 
membranes pretreated by polymers. Desalination, 1988, 70, 229-249. 

2 De methode van Cabrai et al. om de performance van een holle vezel 

membraan-unit uit te drukken door een gemiddelde flux berekend via 

integratie, zonder de eindfiltratietijd en de vorm van de flux-versus-tijd-

curve weer te geven, houdt geen rekening met het feit dat membranen 

altijd een poriegrootteverdeling hebben. 

J.M.S. Cabrai, B. Casale and C. L. Cooney. Effect of antifoam agents and 
efficiency of cleaning procedures on the cross-flow filtration of microbial 
suspensions. Biotechnology Letters, 1985, 7, 749-752. 

3 De suggestie om het fractale concept toe te passen op de 

poriegrootteverdelingen van ultrafiltratiemembranen is weinig realistisch 

aangezien het concept alleen geldig is indien het aantal poriën N(r) met een 

bepaalde diameter r evenredig is met r"x (met x een reëel getal) over 

enkele decades in r. 

F. Petrus Cuperus. Characterization of ultrafiltration membranes. Pore 
structure and top layer thickness. Proefschrift Universiteit Twente, 1990. 

4 Met behulp van kleine hoek Röntgenverstrooiing moet het in principe 

mogelijk zijn de poriegrootteverdeling van ultrafiltratiemembranen te 

bepalen. 

5 Vervanging van de huidige tempereermethode in het chocolade-

kristallisatieproces door een eenvoudige koeltechniek gebruik makende van 

vetkristalkiemen zou het proces aanzienlijk economischer kunnen maken. 

T. Koyano, I. Hachiya and K. Sato. Fat polymorphism and crystal seeding 
effects on fat bloom stability of dark chocolate. Food Structure, 1990, 9, 
231-240. 



6 Bij de bepaling van poriegrootteverdelingen in ultrafiltratiemembranen 

kunnen de nadelen van transmissie-elektronenmicroscopie (grote risiko's om 

artefacten te krijgen bij het snijden) en deze van scanning-elektronen-

microscopie (te lage resolutie) overkomen worden door gebruik te maken 

van veld-emissie scanning-elektronenmicroscopie. 

K.J. Kim, A.G. Fane, C.J.D. Feil, T Suzuki and M.R. Dickson. Quantitative 
microscopic study of surface characteristics of ultrafiltration membranes. J. 

Membrane Sei., 1990, 54, 89-102. 

7 Alhoewel de Lorentz-verdeling nagenoeg onbekend blijkt te zijn bij fysisch-

chemici, biedt ze ook daar tal van mogelijkheden, getuige haar veelvuldige 

toepassing in de analytische chemie bij profiel-fitting. 

8 Een gemeenschappelijk beleid (en dus samengevoegde budgetten) in Frans-

Vlaanderen, Vlaanderen en Nederland op het gebied van cultuur, 

wetenschap, politiek, onderwijs en sociale zaken, zou gunstig zijn voor het 

gehele maatschappelijke leven in de genoemde gebieden. 

9 Een fundamentele en pretentieus-wetenschappelijke opstelling door 

commerciële onderzoeksinstellingen heeft een negatief effect op de 

toekenning van onderzoeksopdrachten door kleine en middelgrote 

ondernemingen. 

10 Het zou getuigen van een juiste ethiek als bij de te fotograferen 

berghelling, met of zonder beklimmers, een schietlood werd gehangen. 

M. Fontyn 

A membrane - foulant interaction study. 

Wageningen, 27 juni 1991. 



VOORWOORD 

Bij het totstandkomen van een proefschrift zijn altijd veel mensen betrokken. 

Dit wil zeggen dat ook dit voorliggende onderzoek slechts zover is gekomen 

door de hulp, daadwerkelijk en mentaal, van heel wat personen. Enkelen wil ik 

met name noemen. 

Het Biotechnion is een goede werkplek. Het lab op de zesde verdieping en 

later op het tweede bordes kende bijna altijd ruimtegebrek en dat is een 

stimulerende omgeving gebleken. In kamer 509, eerst nog leeg, maar spoedig 

vol, vond ik een goed klankbord. Dank jullie wel Nico, Wouter, Matthijs, 

Marcel, Lou, Henk en Monique. Bij Johan Weidring vond ik steeds een gewillig 

oor en een behulpzame hand. Tekenkamer, fotolocatie, magazijn, technische 

dienst, automatiseringsdienst en sekretariaat herbergen bekwame mensen. 

Op de vakgroep Fysische en Kolloïdchemie vond ik altijd mensen bereid om 

over typische moeilijkheden in het onderzoek te discussiëren. 

Zonder hulp en welwillendheid van Joop Weseman en dr. W.G. de Ruig (Rikilt) 

zouden er nooit ATR-IR-metingen uitgevoerd zijn. Met Markus Oldani (ABB, 

Baden, Zwitserland) heb ik tijdens geapprecieerde discussies van gedachten 

kunnen wisselen over XPS en ATR-IR aan membranen. De meettechnische en 

inhoudelijke kennis van Ed Biemond (Akzo Research Laboratoria Arnhem) van 

XPS en van David Johnson (The Centre for Surface and Materials Analysis, 

UMIST, Manchester) van FAB MS was van grote waarde voor het onderzoek. 

Dank jullie. 

In de membraan-vervuilings- en karakteriseringsclub hielden we gezellige en 

stimulerende bijeenkomsten over de voortgang van de onderzoeken. Toen waren 

dat Jan-Henk, Lowie, Erik, Gert, Petrus, Maarten, Carien en Jos. 

Marjo Broertjes, Gerard Bonekamp, Jean-Paul Vincken, Joop Stoots, Ben 

Deijkers, Cornelis Visser, Ellert Camminga, Mark Verhagen en Marian Geluk 

hebben als doctoraalstudenten een wezenlijke bijdrage geleverd bij de 

uitvoering van het onderzoek en het uitkristalliseren van ideeën. Dank jullie 

ook voor jullie enthousiasme. 



Voorwoord 

Eerste en laatste voorwaarde voor dit onderzoek waren Klaas van 't Riet en 

Bert Bijsterbosch. Zij zijn in 1984 gezamenlijk dit onderzoek gestart en bij 

het afronden ervan hebben zij veel doorzettingsvermogen getoond. Dank jullie, 

Bert en Klaas. Ik zal niet licht vergeten hoe jullie in jullie eigen vakgroep op 

jullie eigen manier mensen weten te motiveren. 

Het onderzoek beschreven in dit proefschrift werd uitgevoerd met de financiële 

steun van het IOP-membranen van het Ministerie van Economische Zaken. Als 

zodanig lag de uitvoering bij de Programma Commissie Membranen en Stichting 

Technische Wetenschappen. Akzo en Otarès hebben ook financieel bijgedragen. 
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CHAPTER 1 

INTRODUCTION 

1.1. GENERAL INTRODUCTION 

Membrane filtration has grown from a laboratory-scale technique in the 1960's 

to an industrial technology nowadays. Water purification, preconcentration of 

milk before spray drying, concentration of whole egg and egg white, removal 

of alcohol from wine, clarification of fruit juices, separation of valuable 

products from waste streams, combined reaction by enzymes and separation of 

substrates and products, are such diverse examples of process operations where 

membranes are widely employed. 

Gradual flux decline has always been one of the major drawbacks of membrane 

processes. This problem has been tackled in several ways, of which the change 

in configuration of membrane and feed from unstirred dead-end to stirred 

dead-end and cross-flow filtration is a typical example. Optimization of the 

flow channel, increasing the cross-flow velocity or decreasing the viscosity by 

increasing the temperature are then obvious measures. Backflushing [1, 2], 

pulsing the feed solution [3], using small electrical current pulses [4, 5] and 

rotating [6] and corrugated [7] membranes also enhance the mass transfer 

coefficient and thus the flux. 

Solution-treatment by prefiltration or feed hydrolysis, ion exchange or pH 

alteration are other ways of fighting the flux decrease. 

Most of the mentioned methods deal with the problem in a process-engineering 

way. The causes of the flux decline still remain present but are manifest to a 

lesser extent. 

As membrane processes are gaining further impetus, the problem of flux 

decrease requires more extensive investigation. Concentration polarization 

during separation and concentration on one hand and fouling of the membrane 

on the other are the two relevant aspects to be studied. Modelling of 

concentration polarization has traditionally obtained much attention from the 

engineering (macroscopic) side. However, studying the fouling problem in a 

physical chemical way was a new approach only introduced in the early 1980's. 

In this relation it is worth mentioning that chemical and physical treatment of 

the membrane surface has been shown to lead to flux enhancement [8-13]. The 

latter investigations have indicated interactions between the membrane and the 
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solutes in the feed to be the cause of the early stages of the flux decrease. 

The physical chemical way of investigating has since gained acceleration. 

This study aims at investigating physical chemical adsorption phenomena on 

membranes and the importance of the results for e.g. process engineering. 

1.2. DEFINING THE PROBLEM 

An illustrative example of the fouling problem relates to the foaming 

phenomena that are often encountered in large scale fermentation processes. 

Anti-foaming agents (AFAs) are used to reduce these problems. Also in the 

sugar refining industry can AFAs hardly be missed, like in the process of 

washing potatoes for starch production an AFA is continuously dosed. In all 

cases it appears over and again that the AFA probably influences the 

performance of a membrane process further downstream [2, 14-16]. The 

permeability of the membrane is frequently lowered and the retention 

behaviour altered. 

To test the hypothesis that AFAs are responsible for the flux problems, in the 

early stages of this project some orienting experiments have been performed. 

Solutions or dispersions of a number of AFAs were • ultrafiltered through 

different kinds of membranes (Figure 1). AFAs like Struktol SB 2087 and Union 

Carbide SAG 5693 hardly affect the permeability of the hydrophilic 

polyacrylonitril (PAN) membrane, but others like Struktol J 660 definitively 

have a fouling effect, under the conditions used in the experiment. On the 

other hand, Struktol SB 2087 and Union Carbide SAG 5693 used in combination 

with the hydrophobic polysulfone (PSf) membrane lead to unacceptably high 

resistances. J 660 has just the opposite effect again. Apparently, the 

hydrophobic/hydrophilic balance in the AFA, in relation to the same ratio on 

the membrane surface plays a decisive role. 

Figure 2 depicts the ultrafiltration of SAG 5693, siloxane and polypropylene 

glycol (PPG) 2000 on a PSf membrane. After 15 minutes the membrane is totaly 

useless when using SAG 5693 or PPG 2000', one of its constituents. Siloxane, 

the other constituent of SAG 5693, however, doesn't show any flux lowering 

effect. 

From these examples it appears that hydrophobicity/hydrophilicity of 

membranes as well as adsorbing solute very probably are of importance. This 

research aims at model studies of the physical chemistry of macromolecular 

adsorption to membrane materials and its importance for process engineering. 
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The observation that specific interactions between membranes and AFAs 

apparently control membrane permeability has led us to focussing on membrane 

fouling as an adsorption phenomenon. Concentration polarization and gel layer 

phenomena have not been investigated. 

K - Km 

0.3 0.4 
volume permeote 

total volume 

Figure 1. Relative resistance [(observed resistance R - membrane resistance 
Rm ) / Rm ] versus relative volume of permeate for some combinations of 
membranes and anti-foaming agents. C^FA = 2000 ppm. 
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R-R 

15 
time ( min ) 

Figure 2. Relative resistance versus time for an Amicon PM 10 PSf membrane 
in combination with some solutions (2000 ppm) of anti-foaming agents. 

1.3. MODEL SYSTEM AND CHARACTERIZATION TECHNIQUES 

For the reasons mentioned in relation to Figures 1 and 2 PPG was selected as 

one of the model compounds in this research project. Other model compounds 

have been chosen on the basis of their similarity in chemical structure with 

PPG. Polyethylene glycol (PEG) is the hydrophilic counterpart of PPG and 

block copolymers of ethylene oxide - propylene oxide (EO-PO-EO) are 

amphiphilic. 

PSf membranes are chemically and microbiologically resistant and in view of 

these properties widely used in practice. Therefore, the PSf membrane was 

selected as the model membrane. 

The elucidation of interaction phenomena has led to the use of spectroscopic 

techniques. These had to be techniques enabling the characterization of layers 

on a polymeric surface of only a few nanometers thickness, which led to the 
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choice of X-ray photoelectron spectroscopy (XPS), fast atom bombardment 

mass spectrometry (FAB MS) and attenuated total reflection infrared 

spectroscopy (ATR IR). 

Permeability properties were preferably to be displayed by pore size or pore 

size distribution (PSD). In particular, a method has been developed for 

comparing the permeability characteristics of pristine and fouled membranes. 

1.4. OUTLINE OF THIS THESIS 

This thesis is concerned with the elucidation of the surface structure of some 

selected membranes and with the interaction mechanisms between foulant and 

membrane. It has been structured in the following way. 

Chapter 2 is dealing semi-quantitatively with the influence of permeation and 

adsorption of model compounds on flux decrease. It is particularly relating the 

chemical composition of the foulants with that of the membrane. 

In chapter 3 a method for characterization of PSDs has been developed and 

the characteristics of pristine and fouled membranes are compared. Finally, 

the physical aspects of adsorption are elaborated on. 

Characterization of the pristine and fouled PSf membranes by advanced 

surface-sensitive spectroscopic techniques is discussed in chapters 4 and 5. 

Since also the chemical aspects of adsorption are discussed, chapter 5 

emphasizes the fouling problem from a molecular point of view. 

Finally, a general discussion is given in chapter 6. 
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CHAPTER 2 

CHARACTERIZATION OF POLYMERS ON ULTRAFILTRATION MEMBRANES BY 

PERMEATION AND ADSORPTION 

ABSTRACT 

Membrane fouling is a negative quality aspect of ultrafiltration that is often 

taken for granted. However, interpreting fouling phenomena in terms of the 

characteristics of membranes and solutes might quite well contribute to 

overcoming this problem. This study aims at investigating the effects of 

polymer adsorption on permeation through membranes and at quantitatively 

characterizing the interactions. Different types of membranes and solutes have 

been investigated. 

The molecular mass of the solutes appears to affect the adsorption resistance 

(Ra) as do the chemical natures of solute and membrane. Experiments with 

ethylene oxide / propylene oxide block copolymers indicate hydrophobicity to 

be of major importance. Expressing this characteristic in terms of the 

hydrophilic - lipophilic balance (HLB) does not provide a very useful 

parameter, although it illustrates the qualitative tendency of Ra to decrease 

with decreasing hydrophobicity of the polymer. 

Adsorption of methylene blue on an intact DDS GR61 membrane and on its 

polysulfone (PSf) active layer without support layer, demonstrates that 

adsorption in the pores must be accounted for. The adsorbed amount of 

polypropylene glycol (PPG) 1200 per geometric surface area (ra ' ) on the 

intact GR61 and on the PSf layer without support layer can be fitted by a 

Langmuir-type isotherm. Subtraction of both reveals the r a ' on the sublayer. 

The corresponding maxima in Ta' are 21 g.m"^geo for the entire membrane and 

10 g.m"2geo for the PSf layer. 

Ra of the complete GR61 membrane does not show a linear relationship with 

the adsorbed amount. For the present case the Ta' in the, very porous sublayer 

is slightly higher than in the less porous PSf layer, but the more effective 

narrowing of the smaller pores in the PSf as compared to those in the porous 

sublayer causes the flux to be controlled by the PSf layer. 
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2.1. INTRODUCTION 

Membrane fouling is a phenomenon causing the pure water flux to hardly ever 

regain its original value. This aspect contributes negatively to the costs of 

ultrafiltration processes, which are high anyway. These costs are often taken 

for granted if the ultrafiltration unit meets the primary goals but, preferably, 

the costs should be reduced. 

Studies on laboratory scale have indicated that adsorption of the solutes that 

have to be filtered might be responsible for this fouling phenomenon and thus 

for the decreased permeate flux [1-7]. Hydrophobic forces are held responsible, 

but are not easy to assess quantitatively. 

The interaction between membrane and solute can be altered by changing the 

membrane surface composition. Presorption of polymers, surfactants and other 

compounds [4, 6, 8-12], chemical modification of the composing polymer [13] 

and plasma treatment [14] have been shown to be feasible in enhancing the 

membrane flux. However, their effect can only be predicted qualitatively. 

Characterization of membranes and fouling solutes is an important step in 

understanding the fundamental backgrounds [e.g. 15]. Quantitative measures for 

chemical interactions in practical systems have been developed in the field of 

bacterial adhesion [16-21]. The importance of bacterial adhesion in membrane 

fouling has also been displayed [22]. 

Interactions of polymers with surfaces can be quantified by such theoretical or 

empirical parameters as the Ç-potential, the hydrodynamic layer thickness Sn, 

the interfacial tension f, the heat of mixing of several compounds, the 

thermodynamic interaction parameter x, the contact angle and the wettability 

[23-27], These parameters can be measured or calculated for well-characterized 

adsorbants and for clean and homogeneous surfaces. Derived measures as the 

hydrophobic fragmental constant, the HLB (number or temperature) and the 

phase inversion temperature (PIT) [28-30] are applicable in more practical 

cases. However, they describe the complex membrane-solute interaction rather 

incompletely, if not poorly. 

The aim of this study is to investigate the effects of adsorption of different 

polymers on different types of membranes and the possibility of quantitatively 

characterizing the interactions in the selected model systems. Emphasis will be 

on effects that are additional to the sieving effect of ultrafiltration 

membranes. Permeation measurements and adsorption isotherms have been used 

as tools. These investigations should initiate more fundamental research with 

regard to the consequences of polymer adsorption on membranes. 
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2.2. MATERIALS AND METHODS 

2.2.1. Membranes 

Four types of membranes with molecular mass cut off values (MMCO) of 

20000 g.mol"1 have been used. Table 1 and Figure 1 comprise some of their 

features. The differences in the types of polymers are the basis for their 

selection. 

GR 61 PSf 

CH3 0 

\_>-i-H0-°-0"i 
CH, 0 

GS 61 SPSf 

so3H 

CA 600 CA \\ 

CH2(T 

— K o H / i 

IRIS 3038 PAN 

I 

SOf No" 
CH3-

, S 0 " CH, 

Figure 1. Chemical structure of the polymers used in casting the membranes. 
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Table 1. Some data on the membranes. 

Manufacturer 

Polymer type 

MMCO 

Sublayer type 

Batch 

R m (Nsm-3) 

GR61 PP 

DDS 
Nakskov, DK 

PSf 
(Udel) 

20000 

filter paper 
(non-woven) 

400-013 

1*1010 

GS61 PP 

DDS 
Nakskov, DK 

SPSf 
(Udel) 

20000 

filter paper 
(non-woven) 

104-02 

6*109 

CA600 

DDS 
Nakskov, DK 

CA 

20000 

219-005 

2 *1010 

IR1S3038 

Rhône-Poulenc 
Paris, F 

PAN copolymer 
[31] 

20000 

nylon 

3 *109 

2.2.2. Compounds 

Polypropylene glycol 

Polypropylene glycols (PPG) with four different molecular masses (MM) have 

been employed: 400, 1200 and 2000 (Fluka AG, Buchs, CH, 81350, 81370 and 

81380) and 4000 (Serva Feinbiochimica, Heidelberg, D, 46241, analytical grade 

for GC). PPG is uncharged. 

Polyethylene glycol 

Selected MMs of polyethylene glycol (PEG) were: 300, 1000, 1500, 3000 and 

20000 (Merck, Darmstadt, Schuchardt, D, Art. 807484, 807488, 807489, 819015 

and 9732). 

Block copolymers of ethylene oxide / propylene oxide 

Block copolymers of ethylene oxide (EO) and propylene oxide (PO) were 

obtained from ICI France S.A. (Clamart, F, Synperonic PE). They are also 

uncharged. Table 2 summarizes the MMs and the statistically most likely 

compositions of the EO/PO blocks and the PPGs and PEGs. 

Polyvinyl pyrrolidone 

Linear polyvinyl pyrrolidone (PVP) from BASF (Ludwigshafen, D, Kollidon Kl2, 

K17 and K25) with MMs of ca. 3200, 8000 and 17400 [32] was used. At pH = 7 

it is uncharged. 
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Table 2. Molecular mass of the EO ( M £ Q ) and PO (Mpg) parts of the PEGs, 
PPGs and Synperonic PE block copolymers and their statistically most 
probable configuration. 

Compound 

PEG 300 
1000 
1500 
3000 

20000 

PPG 400 
1200 
2000 
4000 

L42 
L43 
L44 

L72 
P75 
F77 

P84 

L92 

Mpo 

-

400 
1200 
2000 
4000 

1200 
1200 
1200 

2050 
2050 
2050 

2250 

2750 

M E O 

300 
1000 
1500 
3000 

20000 

-

300 
500 
800 

500 
2050 
4800 

1500 

700 

Configuration 

EO7 
EC-23 
EO34 
EO68 
EO455 

PO7 
PO21 
PO34 
PO 6 9 

EO3-PO21-EO3 
E 0 6 - P 0 2 i - E 0 6 

EO9-PO21-EO9 

E 0 6 - P 0 3 5 - E 0 6 

E0 23-P0 3 5 -E023 
E0 54-P035-E0 5 4 

EOi7-P0 39-E0 1 7 

E0 8 -P0 4 7-E0 8 

Polyvinyl alcohol 

Poval 105 polyvinyl alcohol (PVA) (Konam NV., Amsterdam, NL) is uncharged 

and shows little or no branching. MM (weight averaged) is 46500, as measured 

by gel permeation chromatography. The acetate content is yet 1.9 mol%, 

number averaged [33, 34]. 

Carboxymethyl cellulose 

AKU CMC LZ-853 (Akzo Zout Chemie, Industrial Colloids, Arnhem, NL) is a 

99.5% pure, anionic carboxymethyl cellulose (CMC) with a DP of 1000 (MM of 

220000) and a degree of substitution (DS) with the carboxymethyl groups of 

0.95. It is applied in the chemical and food industry as binder and stabilizer 

and for its rheological properties. 

Figure 2 shows the monomeric chemical structure of the compounds used. 
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Polypropylene glycol 

- ) - C H 2 — C H - 0 

CH3 

Polyethylene glycol 
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Figure 2. Chemical structure of the monomers of PPG, PEG, PVP, PVA, CMC 
and EO/PO. 

2.2.3. Resistance determination 

Resistances have been measured in a dead-end cell (Amicon, Grace & Co, 

Danvers, MA, type 8400) at 25°C and with constant stirrer speed. The effective 

membrane area was 4.18 *10"^ m^ and the trans-membrane pressure 4 *10-> Pa. 

Resistance (Nsm"-*) is defined as the ratio of the trans-membrane pressure 

(Pa) to the flow through the membrane (m.s ). Membrane and adsorption 

resistances (Rm and Ra) were determined using distilled water. R m is the 

resistance of the pristine membrane and Ra that of the membrane with an 

adsorption layer. The ultrafiltration resistances (Ruf) were measured using a 

1 g.kg solution of the compound under consideration and a membrane with an 

adsorption layer. 
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2.2.4. Adsorption procedure 

The pristine membranes were tightened in a cell with the same configuration 

as the dead-end cell and were contacted with a 1 g.kg"1 solution of the 

compound during 24 hours, at 25°C, which leads to adsorption saturation. 

2.2.5. Specific surface area determination 

Small pieces of GR61 (with and without support layer) with known geometric 

(geo) surface area were shaken in a solution of methylene blue (MB) (J.T. 

Baker, Deventer, NL, laboratory grade, 2273) of a given concentration for 24 

hours. Depletion measurements (accomplished by measuring the extinction at A = 

664 nm) with a range of increasing MB concentrations provide the maximum 

adsorbed amount r a m a x (g.m~2). The specific surface area can then be 

calculated assuming an MB molecular area of 10_1° m , which is an average of 

vertical and flat oriented molecules [35]. 

2.2.6. Determination of PPG 1200 concentration 

Pieces of GR61 (without support layer) with known total surface area were 

shaken in a PPG solution for 24 hours, at 25°C. Depletion measurements were 

executed by a iodometric method [36]. A solution containing 2% (m:v) KI and 

0.05% (m:v) I2 (Merck, Darmstadt, D, p.a., Art 5043 and 4761) was mixed with 

the PPG (in a volume ratio 1:6). The resulting extinction at A = 500 nm was 

measured after 4 minutes. 

2.3. RESULTS AND DISCUSSION 

2.3.1. Adsorption as assessed by permeation measurements 

The block diagrams in Figure 3 give Rm (lower bar), Ra (middle bar) and Ruf 

(higher bar) for four different membranes and five different compounds. By 

comparing the pure water fluxes (Rm) of the different membranes, according to 

their manufacturers each having an MMCO of 20000, it is obvious that the 

MMCO offers little mainstay for characterizing the pure water flux through a 
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membrane. The observed differences are due to different manufacturers using 

different definitions, determination methods, membrane preparation techniques, 

materials, etc. 

R I Nsnf3) 

10' 

10' 

QR61 PSf GS 61 SPS f CA 600 CA IRIS 3038 PAN 

1400 

iuX^i 

50.0 

1. PEG 20000 
2. PPG 1200 
3. PVP 17400 

4. PVA 46500 

5. CMC 220000 

R(*109Nsm3) 

14)15. 

i tû ü 
m 

Figure 3. R m (lower bar), Ra (middle bar) and Ruf (upper bar) for different 
compounds on different types of membrane. Values are given in *lCr Nsm~-\ 

By comparing the various compounds it is also clear that MM alone can not 

explain the effects on adsorption and ultrafiltration (Ra and Ruf). The whole 

spectrum of interactions between polymer molecules themselves, polymer and 

membrane, polymer and solvent, and solvent and membrane is responsible for 

the effects observed during adsorption and ultrafiltration. Consequently, the 

solubility of the compound, its affinity for the membrane material and its 

ability to form aggregates, as well as the membrane material, its wettability by 

the solvent and the pore size distribution (PSD) are factors affecting Ra and 

Ruf-

Despite their tendency to get easily fouled, as shown in Figure 3, PSf 

membranes are widely used in industry because of their chemical and 

microbiological stability and temperature resistance. Therefore, the commercial 

GR61 PSf membrane was chosen as a model for further study. 
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Figure 4 shows the adsorption resistance (Ra) of GR61 for different MMs of 

PEG, PPG and PVP. As expected, an increase in MM of PPG causes Ra to 

increase. For PVP this increase in Ra is also manifest, but to a lesser extent 

than for PPG. Any influence of MM on Ra for PEG is absent though. An 

increase in MM can obviously result in an increase of Ra to an extent that is 

different for each of the adsorbing compounds. 

R a (Nsnf 3 ) 
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300 1500 20000 400 2000 3200 17400 

1000 3000 1200 4000 8000 

PEG PPG PVP 

Figure 4. Ra on GR61 for different MMs of PEG, PPG and PVP. 

Hydrophobic forces are frequently mentioned as being the main cause of 

interaction of dissolved compounds with a membrane. The results of Figure 4 

agree with this conception, as PPG is strongly hydrophobic, while PVP and 

PEG are more hydrophilic. To elaborate this hypothesis, block copolymers of 

EO and PO with a gradient in hydrophobicity have been studied. 

In Table 3 the EO and/or PO compounds are arranged according to total MM 

and expressing the corresponding Ra values. Oligomers of PO or EO with ca. 7 

units (PEG 300 and PPG 400) exhibit the same, low, Ra, which seems thus to 

be independent of the nature of the compound. In contrast, PPG 1200 (21 

monomers) shows a tenfold higher Ra than PEG 1000 or PEG 1500 (23 and 34 
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monomers respectively) despite their nearly similar chemical structure (only one 

additional CH3 group in the PO monomer). If 13 PO monomers of PPG 2000 are 

replaced by 9 EO units on each side of the PO block (EO9-PO21-EO9 or L44), 

thus retaining the same MM, the Ra drops with a factor 10. A smaller number 

of EO units on each side of PPG 2000 (EO6-PO35-EO6 or L72) already lowers 

the Ra on PSf with a factor 5. Even doubling the amount of EO units as 

compared to the amount of PO units (EO68 or PEG 3000 versus PO34 or PPG 

2000) does not cause Ra to rise above the value of PEG 300 and PPG 400. On 

the contrary, Ra for PEG 3000 is 100 times lower than for PPG 2000. 

Table 3. Ra, including its range, for compounds that have been arranged in 
terms of increasing MM. The last column expresses the corresponding HLB 
values. 

Compound 

PEG 300 
PPG 400 

PEG 1000 
PPG 1200 
PEG 1500 

PPG 2000 
L44 
L72 
PEG 3000 

L92 
P84 
P75 

MM 

(g.moP1) 

300 
400 

1000 
1200 
1500 

2000 
2000 
2550 
3000 

3450 
3750 
4100 

Ra 

(*1010 Nsm"3) 

0.16 
0.15 

0.17 
1.67 
0.20 

15.85 
1.68 
3.36 
0.16 

9.65 
2.52 
2.76 

Ra range 

(*1010 Nsm"3) 

0.05 
0.08 

0.04 
0.48 
0.12 

0.38 
0.82 
0.02 

0.77 
0.13 
0.19 

HLB 

(-) 

11.81 
8.45 

17.09 
6.35 

20.75 

4.40 
12.29 
8.21 

31.94 

7.73 
14.87 
19.43 

From Table 3 it can be concluded that a small change in PO number in the 

block copolymers (L44, L72, L92) can exhibit large effects on the Ra, and 

only a small amount of EO is necessary to alter drastically the adsorption 

tendency of PPG (PPG 1200, L44 and PPG 2000, L72, P75). This conclusion 

agrees with the hypothesis that hydrophobicity is an important aspect in 

polymer fouling of membranes. 

For block copolymers with a constant number of EO monomers but increasing 

PO content, a drastic increase in Ra is observed (Figure 5). The strongly 

decreased solubility in water and the affinity for PSf (thus the hydrophobicity) 

can be considered responsible for this increase. This is also demonstrated in 
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Figure 6, where an increase in the number of EO monomers at constant PO 

content causes a reduction in Ra of GR61. 

ME0(kg.mor1) 
Q. 0.5 
b. 1.5 

MP0(kg.mol ' ) 

Figure 5. Ra as a function of the MM of the PO part (Mpo) in the EO/PO 
compound. The constant MM of the EO part (MJTQ) 'S 0-5 and 1.5 kg.mol"1, 
respectively. 

With regard to the interpretation of polymer adsorption on membranes it can 

be remarked that descriptions for clean and well-characterized surfaces and 

polymers are available or these data can be determined reliably. Nevertheless, 

the inferred parameters can not be applied to membranes, since the surface 

chemistry of membranes is usually not known, surfaces are rough and porous 

and the characterization in terms of pore sizes is still a controversial subject. 

Consequently, data for membranes are either not existing or, at least, not very 

reliable. 

Because the parameters required for describing polymer adsorption are rather 

inaccessible in the case of membranes, it is worthwhile investigating more 

phenomenologically-oriented characterizations. Among these, the hydrophilic-

lipophilic balance (HLB) based on the employment of group contributions [30], 

is most widely used. 
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4 5 
ME0(kg.mor1) 

Figure 6. Ra as a function of the MM of the EO part ( M J Q ) m t n e EO/PO 
compound. The constant MM of the PO part (Mpg) is 1.2 and 2.0 k g . m o l , 
respectively. 

In this study the HLB of the adsorbing EO end PO polymers is calculated as 

7 + E(hydrophilic group number) - E(hydrophobic group number), according to 

the most general formula (summation of group contributions [24]). Group 

numbers of 0.33 and -0.15 have been calculated for the EO and PO monomers, 

respectively. 

Figure 7 gives the relation between Ra and HLB for the different compounds. 

For polymers with a comparable MM the Ra tends to decrease with increasing 

HLB, meaning with increasing hydrophilicity. No straightforward relation 

between HLB and Ra exists, however, as illustrated e.g. by the EO/PO block 

copolymers L92, L72 and PPG 400. Although they are characterized by almost 

the same HLB, their Ra on PSf is quite different. Apparently, the MM of the 

compounds is not sufficiently accounted for in the HLB to completely interpret 

the adsorption resistance on PSf. HLB does not give any information on the 

conformation of the EO/PO block copolymer in the solution nor at an interface 

like a polymeric membrane. 
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R Q ( N s m 

s PPG 20O0 

HLB 

Figure 7. Ra as a function of HLB. Different lines refer to compounds of 
similar MM. 

Nevertheless, the inference that at almost constant MM Ra tends to decrease 

with decreasing hydrophobicity and that increasing MM at constant HLB leads 

to an increase in Ra is useful. The degree of adsorption is determined by the 

hydrophobicity; the MM is determining the blocking of the membrane pores. 

Both aspects together determine the Ra. 

It has to be concluded that the effect of the chemical nature of compounds 

and membranes is not yet well quantifiable. HLB is not the only intrinsic 

quantity to characterize the adsorption effect of EO and/or PO polymers on 

the GR61 PSf membrane. In view of the fouling problem it is thus important to 

develop other methods for elucidating the geometrical and chemical 

characteristics of the membrane surface. A first attempt, in which several 

surface-selective spectroscopical techniques are combined, has already been 

published [37]. 
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2.3.2. Adsorption isotherms 

The MB method assesses the external surface area of the membrane together 

with that in the pores that are accessible for MB molecules. Monolayer 

adsorption and the absence of dimerisation of MB molecules are assumed. Van 

den Boomgaard et al. [38] have shown that this technique is useful for 

membranes. 

Two different experiments have been performed, one with the intact membrane 

(PSf and support layer) and one with the PSf layer only (the support layer can 

easily be removed). The intact GR61 membrane reveals a specific surface area 

of 2350 ± 200 m2.m"2geo, the PSf layer alone of 1800 ± 200 m2.m"2geo, 

indicating that MB adsorbs also on the support layer of GR61. 

These results emphasize that the total surface area of membranes by far 

exceeds their geometrical value. The major part of the surface area is located 

in the porous structure (of the PSf layer and the support layer). 

The adsorption isotherm of PPG 1200 on the PSf layer of the GR61 without 

support layer is shown in Figure 8, curve a. The adsorbed amount (ra) 

increases gradually with the equilibrium PPG concentration ([PPG]eq), but 

seems to level off. The adsorption isotherm for the complete GR61 membrane 

(Figure 8, curve b) is much steeper. 

ra ( mg. m' 

equilibrium concentration (g.kg" 

Figure 8. Adsorption isotherm for PPG 1200 a. PSf layer (1800 m2.m"2geo), 
b. GR61 (2350 m2.nT2geo). 
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In order to enable comparison with literature data both adsorption isotherms 

have been converted to isotherms of Ta' (the adsorbed amount per m2 

geometric surface area) as a function of [PPG]eq. Although, strictly taken, 

Langmuir adsorption isotherms only apply for simple systems (no polymers) 

with homogeneous surfaces, for monolayer adsorption and for saturation at 

high concentration both data sets have been linearized according to the 

Langmuir isotherm r a ' = (kf * [PPG]eq)/(l+k2 * [PPG]eq) (Figure 9, curves 

GR61 and PSf). If it is assumed that Ta' for GR61 equals the sum of Ta' of 

the PSf layer and that of the substructure, the Langmuir isotherm for the PPG 

adsorption on the support layer can be calculated (Figure 9, curve sub). Table 

4 summarizes the Langmuir characteristics for each layer. 

By way of comparison, protein adsorption on membranes as measured by e.g. 

van den Boomgaard et al. [38], Matthiasson et al. [1, 3], Hanemaaijer et al. 

[39] and Brink and Romijn [6] can be considered. For the intact GR61 

membrane for a-lactalbumin (a-la) r a ' m a x values of 1740 and 1100 mg.m"2geo 

have been observed [39 and 6, respectively]. For /3-lactoglobulin 09-lg) the 

reported values are in agreement, ca. 760 mg.m~2geo. The r a ' m a x values from 

literature [6, 39] are about 10 to 20 times lower than the maximum adsorbed 

amount of PPG 1200. PSf globules prepared by the phase inversion technique 

exhibited maximum protein adsorption densities of 3.2 and 2.9 mg.m"2 

respectively (at a pH of ca. 5 (i.e. the IEP)) [39]. If it is assumed that the 

surface of the PSf globules is non-porous and exhibits the same adsorption 

ra' ( g.m2geo 

equilibrium concentration (g.kg~ 

Figure 9. Constructed Langmuir adsorption isotherms for PPG on the intact 
GR61, the PSf layer and the sublayer. 
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Table 4. Langmuir characteristics for the complete GR61 membrane, the PSf 
layer alone and the substructure. 

GR61 PSf sublayer 

kf (kg.m~2geo) 

k 2 (kg.g-1) 

ra'max (g.m"2geo) 

95.33 

4.6 

21 

34.02 

3.4 

10 

62.63 

5.7 

11 

characteristics as the flat sheet (membrane), the specific surface area of the 

GR61 membrane (PSf) can be calculated and compared to that obtained with 

MB in this study. Values of ca. 340 [6] and 550 [39] and of ca. 260 m2.m"2geo 

are found for a-la and /8-lg, respectively. These have to be compared with the 

ca. 2000 m2.m~2geo obtained by the MB method. Apparently, the effective 

thicknesses of the adsorbed layer, a consequence of the MM of the adsorbants 

in combination with the solvent conditions, are such that the pores in GR61 

are less accessible for ß-\% than for MB and even more so for a-la. Also 

different pieces of GR61 can have different specific surface area. 

Matthiasson et al. [3] measured a r a ' m a x of 30 mg.m~2geo for BSA on GR61 

at pH 7, which is not the IEP. Even if it is taken into account that more BSA 

will adsorb at the IEP, that value is remarkably lower than usually observed 

for proteins. This may be due to BSA being a much larger molecule than a-la 

and ß-\%, so that adsorption of BSA can not take place in the smaller pores of 

the GR61 membrane. 

If the protein radius is approaching the pore radius, the largest part of the 

adsorption will be on the membrane surface, only a minor part taking place in 

the pores. 

All specific surface area determination methods reveal values that are much 

higher than corresponding with the external surface only. Obviously PPG 

adsorption takes place on top of the membrane surface as well as in the pores 

of the PSf and of the support layer. 

2.3.3. Adsorption resistance versus adsorbed amount 

Figure 10 represents Ra of the complete GR61 membrane versus the adsorbed 

amount per geometrical surface area. 

During the adsorption process the PPG 1200 has to diffuse • through the PSf 
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layer before it reaches the support layer. However, the more effective 

narrowing of the smaller pores in the PSf layer than of those in the porous 

sublayer causes the flux to be controlled by the first. So adsorption in the 

pores of the support layer is not the determining factor of the Ra. 

To further assess the importance of PPG adsorption with regard to flux 

decrease and membrane fouling, a better characterization of the (distribution 

of the) pores is desirable. This can be accomplished by selecting appropriate 

calibration compounds and permeation conditions [40]. If the membrane and its 

pores are characterized in this way, fluxes after adsorption and fouling can 

probably be predicted. 

At all events, these permeation and adsorption experiments demonstrate that 

the performance of a membrane is dependent of the chemical and physical 

interactions occurring between the membrane itself and the solute. 

Ra(NsirT 

10lQi 

10' 

10e 

I —i r 
10 15 

ra'(g.m"2 geo) 

Figure 10. Ra as a function of the adsorbed amount of PPG 1200 for GR61. 
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2.4. CONCLUSIONS 

From ultrafiltration experiments with several high-molecular compounds on 

various types of membranes it is obvious that sieving is only one aspect of the 

process. Probably even more important, adsorption phenomena as governed by 

the chemical nature of the membrane and the adsorbing compound determine 

the resistance to flow. This second aspect is not easily comprised in a 

characteristic parameter, however. Nevertheless, at constant MM, Ra tends to 

decrease with increasing HLB, illustrating that it can be most useful to have 

detailed knowledge on the physical chemical properties of the membrane 

surface and the compounds to be filtered. 

The specific surface area, as determined by adsorption of MB reveals values of 

2350 and 1800 m^.m"2geo f0r the complete GR61 membrane and the PSf layer, 

respectively. These values are characteristic for highly porous materials. 

Adsorption of PPG 1200 on the PSf layer thus occurs to a lesser extent than 

on the intact GR61. Linearization of the experimental adsorption data 

according to a Langmuir-type isotherm reveals saturation at 10 and 

21 g.m'^geo respectively. The very porous support layer adsorbs to a greater 

extent than the skin and the more porous part under the skin of the PSf 

layer. PPG adsorption takes place on top of the membrane surface as well as 

in the pores of the membrane. 

In the present case, the relation between Ra and r a ' is not linear, in contrast 

to what has been reported for other systems. Although the amount adsorbed in 

the support layer may be higher than in the PSf layer, the effect on the flux 

of the latter is dominant due to the smaller pores. Consequently, for a better 

understanding of fouling of ultrafiltration membranes, also knowledge of their 

porosity or PS(D) is of utmost importance. 
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CHAPTER 3 

PORE SIZE DISTRIBUTION MEASUREMENTS OF PRISTINE AND FOULED 

POLYSULFONE MEMBRANES: METHOD DEVELOPMENT, MEMBRANE 

CHARACTERIZATION AND ADSORPTION MECHANISM 

ABSTRACT 

Dextrans were selected to characterize the pore size distributions of pristine 

and fouled polysulfone membranes in terms of retention curves. The 

measurements were standardized such that adsorption, configuration and 

concentration polarization effects were minimized. 

To convert retention curves into pore size distributions (PSDs) a simple model 

is employed. It assumes that the Hagen-Poiseuille relation holds, that pore 

blocking by dextran is excluded, that a homogeneous solution is present above 

the membrane and that the PSDs show a long tail Lorentz distribution. 

The reproducibility of the PSD for any particular piece of DDS GR61 PP 

membrane is very good, whereas large variations are observed among different 

pieces of membrane. The implication is that data on fouled membranes always 

have to be related to those of the same sample in the pristine state. 

Adsorption of polypropylene glycol (PPG) results in an alteration of the PSD: 

the centre shifts towards larger pores, the distribution becomes wider and the 

total number of pores decreases. Small pores are supposedly blocked by PPG 

and become excluded from permeation, whereas pores of intermediate size do 

not seem to be affected. PPG adsorption inside the large pores causes pore 

narrowing and flux reduction. It can be concluded that PPG adsorbs on top of 

the polysulfone membrane as well as on the walls inside the larger pores. 

3.1. INTRODUCTION 

The literature on fouling of ultrafiltration membranes strongly emphasizes the 

engineering aspects of the phenomenon. Observed flux declines are usually 

described in terms of such models as only comprising empirical parameters. 

Attempts to understand the molecular background and to relate aspects of 

physical and polymer chemistry with the process descriptions, however, 

gradually emerged during the last few years [1-4]. Better characterization of 
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the membranes has become an important issue in this approach. Especially 

physical and chemical characterizations of pristine and fouled membranes are 

very useful in this respect. 

Physical characterization in terms of molecular mass cut-off (MMCO) 

determination and pore size (PS) or pore size distribution (PSD) measurements, 

has received detailed attention in literature [5-9]. However, MMCO data, 

usually provided by the manufacturers, appear to be less useful in this respect. 

A membrane can be characterized by its PS(D), e.g. by using N2 adsorption-

desorption pore volume determination, thermoporometry, Hg porosimetry and 

permeation of macrosolutes. Many factors, such as drying of the membrane and 

the process conditions during the permeation, can affect the results and should 

be taken into account. Therefore, the experimental method, the calibration 

compounds and the process conditions must be reported together with the 

results. This problem has already duly been elaborated in literature [10-17]. 

In this paper the physical characterization of pristine DDS GR61 PP 

polysulfone (PSf) ultrafiltration membranes as well as of these membranes 

being fouled by adsorption of polypropylene glycol (PPG) is reported. This 

characterization was accomplished by permeation of macrosolutes (dextrans). 

The chemical characterization of these fouled and pristine membranes has been 

accomplished by surface spectroscopy [18, 19]. The first objective of this study 

is to select a proper macrosolute and to standardize the process conditions for 

the PSD measurements. The macrosolute has to be usable for the pristine as 

well as for the PPG fouled membranes. The second objective is to get a better 

understanding of the physical mechanism of fouling by adsorption on the 

membrane by modelling the PSD change. 

3.2. SELECTION OF THE CALIBRATION COMPOUND 

It is obvious that the calibration compounds have to meet strict requirements. 

Preferably the compound is monodisperse or has at least a well known 

molecular mass distribution (MMD) (a). It must be applicable as received from 

the manufacturer, rather than having to spend time in purifying and 

characterizing the compound. It must be readily available in a wide range of 

molecular mass (MM) and at acceptable prices (b). Furthermore, it should not 

form aggregates (c), has to be of a rigid spherical form (d) and should not 

show affinity for the membrane (e). These last three requirements can be 

largely met by choosing the appropriate solvent and proper process conditions. 
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If membranes fouled with an adsorption layer have to be characterized, an 

additional requirement is that the calibration compound should not show any 

affinity for the foulant on the membrane (f). Several possible calibration 

compounds have been considered, such as proteins, dextrans, polyethylene oxide 

(PEO), polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA) and polyvinyl 

acetate (PVAc). 

(a) (b) Molecular Mass Distribution, Availability 

Only proteins are monodisperse, the other compounds showing various degrees 

of polydispersity (as expressed in Mm /M n , mass averaged MM/number averaged 

MM). PEO standards for HPLC, e.g., show an M m /M n of ca. 1.1. These 

standards are very pure, but costly. Other, more bulky, PEOs have broad 

MMDs (Mm /M n in the order of 10-100) and contain impurities. Dextrans are 

available in different MMDs, with polydispersities ranging from 1.5 to 20 and 

at acceptable prices. Due to these reasons PEO has not been selected. 

(c) Association 

Globular proteins sometimes show association behaviour, as has also been 

observed for PEO and PVP. Polyethylene glycol 20000, e.g., associates to 

clusters of 100 molecules or more if the temperature is raised [20]. On the 

other hand, at low concentration polarization levels and under favourable 

conditions for fractionation no significant physical interactions are observed 

between dextrans of similar size [21, 22]. Association and dissociation 

phenomena of dextrans can also be prevented by employing dilute salt solutions 

[23, 24]. For dextrans with MM larger than 2000, the x interaction parameter 

of the polymers with water is strongly dependent on concentration, but almost 

independent of the MM of dextran [24], For these reasons PVP and PEO have 

not been used as the calibration compound. 

(d) Rigid Spheres 

If proteins were to serve as calibration compounds, they must be globular in 

order to behave as rigid spherical molecules in the filtration. For each protein 

with a specific MM, the appropriate solvent quality conditions would have to 

be established separately, as well as several experiments would have to be 

performed to obtain the whole retention curve. 
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Literature about solvent quality [25, 26] and molecule structure [24, 27] does 

indicate that dextran molecules (5% branched via a-(l—>3)-linkages) can be 

regarded as spheres. Dextran conformation in solution is essentially unaffected 

by addition of electrolytes, at least at 25°C [28]. Solutions of hydrolyzed 

dextrans are Newtonian and do not show flow birefringence. Dextran T70 and 

T40 (Pharmacia Fine Chemicals) do not exhibit any orientation under flow 

conditions at 0.5% (m:m) in water [29], Although at high pressures deformation 

can possibly occur [16], at pressures below 0.1 *10^ Pa no deformation is 

observed [30]. For the present purpose dextrans can be considered to behave 

as hard spheres. 

(e) Adsorption 

Because we aim at pore size determination of PSf membranes, the calibration 

compounds should not adsorb onto this material under ultrafiltration 

conditions. It is well-known that proteins do exhibit high adsorption 

resistances on PSf, due to their amphiphilic character [2, 31, 32]. Dextrans do 

not reveal any adsorption on a hydrophobic material such as polycarbonate 

Nuclepore membranes [30]. It is therefore expected that dextran will not 

adsorb on PSf. 

(f) Affinity for Foulant 

The calibration compound selected for PSD determination must not interact 

with the adsorbed PPG layer either. The most appropriate calibration compound 

will thus have to be essentially hydrophilic, because PPG is hydrophobic. In 

this respect dextran is a better compound than proteins. 

In view of the considerations presented in this section, dextran was selected 

as the most suitable calibration compound. 
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3.3. MATERIALS AND METHODS 

3.3.1. Ultrafiltration 

Membrane 

De Danske Sukkerfabrikker (DDS) GR61 PP membranes, made up of Udel PSf 

(polyethersulfone + bisphenol A) [33], were investigated. The support layer of 

these membranes consists of cellulose. The MMCO value as quoted by the 

manufacturer is 20000 g.mol" . The experimentally measured pure water 

membrane resistance R m can range from 0.4 to 1.3 *10'" Nsm"^. Further 

information on the chemical structure can be found in Fontyn et al. [18]. 

Calibration Compound 

Dextran is a biopolysaccharide produced by Leuconostoc mesemeroides strain 

B512 [34, 35]. The MMDs for the different T fractions as provided by the 

manufacturer (Pharmacia Fine Chemicals, Uppsala, S) were used (Table 1). 

Table 1. Properties of dextran fractions. Mass averaged MM (Mm) and number 
averaged MM (Mn) in *10^ g.mol"1, intrinsic viscosity [ij] (20°C) in ml.g"1. 

Dextran 

T10 
T20 
T40 
T70 
T110 
T2000 

M m 

9.9 
22.3 
35.6 
73.4 

101.0 
1751.0 

Mn 

5.7 
15.0 
19.8 
42.4 
62.0 

305.8 

[V] 

9.0 
14.8 
19 
26 
31 
70 

M m /M n 

1.74 
1.49 
1.80 
1.73 
1.63 
5.73 

Foulant 

Polypropylene glycol (PPG) (Fluka AG, Buchs, CH, 81370) with an average MM 

of 1200 was used. PPG can be considered a model compound for an anti-

foaming agent, having hydrophobic properties but being soluble in water. 

Adsorption Procedure 

A pristine GR61 PSf membrane was tightened in a cell and exposed to a 

1 g.kg"1 aqueous solution of the compound at 25°C. After 24 hours the soluti­

on was replaced by pure water, allowing the measurement of the overall resis­

tance, which equals the sum of Rm and the adsorption resistance Ra. 
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Permeation Procedure 

A GR61 PSf membrane, either or not fouled, was installed in an Amicon 

(Grace, Danvers, MA) stirred cell type M8400, with an effective membrane area 

of 4.18 *10~^ m^. Total volume amounted to 350 ml and the stirrer speed was 

kept constant. Pressure was controlled by a manometer. Flow was continuously 

measured. 

3.3.2. Gel Permeation Chromatography 

Columns 

The MMDs of the ultrafiltered dextran fractions were assessed by employing 

Bio-Gel® TSK 40-XL and TSK 30-XL gel filtration HPLC columns in series (7.8 

x 300 mm) (Bio-Rad, Richmond, CA) [36]. As a guard column, Bio-Gel® TSK 

Guard was installed between injection and columns. The volume of the total 

system is 22.1 ml, the void volume is 11.7 ml. 

Elution Procedure 

Samples of 20 /il were injected (Knauer, Berlin, D, injection valve) and trans­

ported to the columns at 1.0 ml.min"' (Knauer HPLC pump type 64.00). Detec­

tion of the signal after separation (30°C) was established by a refractive index 

detector at 40°C (Erma Optical Works Ltd, Tokyo, Japan, type ERC 7510). The 

elution liquid was a 0.05 M potassium acetate (KAc) (Merck, Darmstadt, D, Art 

4820) / acetic acid (HAc) (id., Art 58) buffer with a pH of 5.0. 

Data were processed, via an integrator (SP 4290, Spectra Physics, San Jose, 

CA), in a PC. 

3.4. SELECTION OF PROCESS CONDITIONS 

The conditions for dextran permeation must be such that no adsorption on the 

PSf membrane (membrane resistance unaltered by adsorption) and no 

deformation of dextrans take place and that concentration polarization levels 

are kept at a minimum. The selection was performed on the basis of 

experimental measurements of the different parameters, as given below. 
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3.4.1. Adsorption 

Molecular Mass (Distribution) 

The adsorption and ultrafiltration resistances Ra and Ruf of Dextran T fracti­

ons of various MM are compared in Figure 1. Ra (insert) is almost equal for 

the different fractions. The average Ra of 2.8 *109 Nsm"3 (± 1.0 *109) is only 

a small addition to the pure water membrane resistance R m of 10.3 *109 

Nsm~3. xhe flow through the GR61 membranes is thus hardly affected by the 

adsorption of any Dextran T. However, this increase in resistance will change 

the pore size distribution (PSD) to a small extent. The ultrafiltration on the 

other hand is obviously influenced by the size of the dextrans. To prevent the 

influence of adsorption during retention measurement only the first few ml of 

permeate, thus only two or three minutes permeation, were used. Adsorption 

can be ignored during this short period of time. 

0.6 0.8 
volume permeate 

total volume 

Figure 1. Ra and Ruf as a function of relative permeate volume for different 
Dextran T fractions. 

Because the manufacturer estimates the MMCO value of the GR61 at 20000 

g.mor1 , for the PSD measurement a mixture of dextrans with MMDs ranging 

around this value must be selected. To cover the whole pore size range a 
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mixture of Dextrans T10:T40 in a ratio of 2:3 (m:m) was chosen. The MM 

ranges between 5000 and 100000 g.mol"', covering dextran Stokes radii between 

ca. 1.8 and ca. 8.4 nm [21, 22, 24]. 

pH and Ionic Strength 

Gel permeation chromatography (GPC) or size exclusion chromatography (SEC) 

of dextrans require ionic strengths (I) lower than 0.1 M and a pH of ca. 5 

[37, 38]. In this way adsorption of dextrans on the column matrix is avoided 

and any acidic fractions of the dextrans are eluted at the same elution volume 

or MM as the neutral fractions. In view of the GPC analysis a KAc / HAc 

buffer of I = 0.05 M at pH = 5 is selected as the solvent in the PSD 

measurement [38]. These solvent conditions do not affect Ra and Ruf and 

therewith the result of the PSD measurement. 

Temperature 

All experiments were performed at 25°C. 

Concentration 

Although ultrafiltration resistances increase immediately even at low concentra­

tion values, the adsorption resistance is only affected at concentrations 

higher than 2 g.kg"'. An optimal concentration of the dextran solution would 

be one that is lower than 2 g.kg . 

3.4.2. Concentration Polarization and Deformation 

Concentration and Pressure 

Table 2 illustrates that the ultrafiltration resistance increases at increasing 

pressures which might be due to concentration polarization and dextran 

deformation. However, the pressure used during adsorption measurement does 

not significantly affect the adsorption capacity of T70 on PSf. 

At constant concentration and fixed MM, lowering the pressure difference 

reveals an increased retention and a steeper retention curve (Figure 2). At a 

constant pressure of 0.1 *10^ Pa, decreasing the concentration from 5 to 1 

g.kg"' also causes a steeper retention curve and a shift towards higher 

retentions. At a pressure of 0.5 *10^ Pa, however, alterations in the retention 

curve are not significant (Figure 2). The corresponding ultrafiltration 

resistances increase with increasing concentration and pressure. 
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Table 2. Ra and Ruf (at volume permeate/total volume = 0.3) of GR61 at 
different transmembrane pressures AP. Dextran T70; c = 1 g.kg"1; pH = 7; 
I = 0; Rm = 5.04 *109 Nsm"3. 

0.1 0.5 

AP (*105 Pa) 

1.0 1.5 2.0 4.0 

Ra 

(*109 Nsm"3) 
0.54 0.01 1.40 0.98 0.66 

R u f at Vp/V t=0.3 1.44 1.53 3.06 4.92 7.35 
(*109 Nsm"3) 

1.52 

20.50 

R ( - ) 
1.0 

0.8-

0.6-

0.4-

0.2-

0 - -V-
103 10' 10D 10° 

Mm (g.mol-1) 

Figure 2. Retention (R) curve of GR61 for the dextran mixture under different 
conditions of concentration and pressure (g.kg"' and *105 Pa respectively) a. 
C=5 / AP=0.1, b. C=5 / AP=0.5, c. C=5 / AP=1.0, d. C=l / AP=0.1 and e. C=l / 
AP=0.5. 

From these results it ensues that pressure and concentration must be as low as 

possible. Considering detection limits and the accuracy in pressure control, a 

pressure of 0.5 *10^ Pa, and due to accuracy in GPHPC a dextran 

concentration of 5 g.kg"' were finally selected. 
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3.4.3. Selection of conditions 

Table 3 summarizes the conditions selected in retention measurements. 

Table 3. Standardized process conditions for retention measurement. 

Calibration compound mixture of Dextran T10 and T40 in a ratio of 2:3 (m:m) 
Concentration 5 g.kg-1 

Temperature 25°C 
Solvent KAc / HAc 
pH 5.0 
I 0.05 M 
AP 0.5 *105 Pa 

The first 3 ml of the dextran permeate through the GR61 was always 

discarded. A subsequent sample of 5 ml was collected and analysed by HPGPC 

to determine the MMD of the permeated dextrans. 

3.5. MODELLING OF PORE SIZE DISTRIBUTION 

In studying membrane fouling it is of utmost importance to trace the 

narrowing or blocking of pores, the corresponding shift in pore sizes and the 

alteration of the membrane surface. This can be accomplished by the 

conversion of observed retention curves into PSDs, a process that requires 

models for the flux decrease and for the physical structure of the membrane. 

The choice of these models is not really critical, since we are dealing only 

with the relative differences between pristine and fouled membranes. 

Therefore, the following simple assumptions have been made. The flow through 

a pore is proceeding according to Hagen-Poiseuille [39], corresponding with 

cylindrical pores of a length equal to the thickness of the active membrane 

layer. Hydrodynamic lag (steric hindrance) is accounted for according to Ferry 

[40], excluding the effects of adsorption and of pore blocking by the 

calibration compound and assuming a homogeneous solution above the 

membrane. The overall retention of dextran molecules of a given size through 

pores of different sizes is the weighted sum of the retention coefficients 

through all pore sizes separately. The pore sizes are supposed to be long tail 

Lorentz distributed [41]. 
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For the conversion of the MM of dextrans into effective hydrodynamic radii rs 

(effective radii for pore penetration) several equations exist. ICassotis et al. 

[42], using the results of Granath [21], formulated rs (A) = 0.4253 *MM0-45. 

This equation is valid for dextrans in water at 20°C. Basedow et al. [23] 

established that the effective hydrodynamic radius (radius for pore penetration) 

complies with the equation rs (Â) = 0.115 * M M " ' " ' (water and dilute salt 

concentrations, 25°C). Significant differences between both equations only show 

up for MMs exceeding 10^, values that were not involved in this study. For 

convenience reasons the equation of Kassotis et al. has been used. 

Figure 3 schematizes the consecutive steps in the calculation of the PSD from 

the MMDs generated from GPC and the retention data. 

MMD R,MM 

Co 

. r, = 0.4253 * MM°' 

Retention datai R.r, 

iteration (b,m,h) 

|_bz»Mrp-m) 

jr.r„i.AP 

B.|i.L 
. *dN„ 

-R -££- 2 : 
Fitted retention curve] R,r 

I Best fit 

1 
|PSD| 

b,m,h 

Np/dr,rp 

Cp concentration permeate C0 concentration mixture 

b width at half height m centre 

h height \i viscosity 

L pore length J flow 

Figure 3. Scheme of the elaboration from MMDs to PSD. 
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3.6. RESULTS 

3.6.1. Pristine membranes 

Typical retention data from repeated measurements of a GR61 PSf membrane 

have been fitted according to the scheme given in Figure 3. The best fit 

(Figure 4) reveals a Stokes radius at R = 0.5, rs 0.5, of 2.65 nm. The shape of 

the curve can be characterized by a, the mathematical mean of the Stokes 

radii at retentions 0.25 and 0.75. It gives an impression of the steepness of the 

retention curve. For the typical curve in Figure 4, a is 2.93 nm. 

R ( 
1.01 

0.8-

0.6-

0.4 

0.2 

Figure 4. Experimental and fitted retention curve for a pristine GR61. 
j m = 3.49 *10"6 m.s -1 . 

Conversion of the best fit into a PSD (Figure 5) shows a distribution around 3 

nm and a width at half height, b, of 0.5 nm. The maximum frequency of the 

number of pores Np(max)/dr in this particular membrane at 3 (± 0.05) nm is 

1.2 *10'2 nm"1. The total number of pores Np(total) is calculated by 

integrating the PSD from 0 to 10 nm and appears to be 9.1 *10 , 

corresponding to 2.2 *10^ pores.m"^. 
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Figure 5. PSD for a pristine GR61. 
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Comparison of the obtained PSD with literature data for the same type of 

membrane is hardly possible. Only Hanemaaijer et al. [32] obtained a 

"characteristic" pore size (rp , their own definition) of ca. 9 nm, which is of 

the same order of magnitude. However, using the overall flux and the 

mentioned rp , this corresponds with a N p (total) of 2.7 *Kr° pores.m"2, 

which is a factor 1000 higher than calculated according to our model. In their 

analysis, another piece of membrane and other calibration compounds and 

process conditions were used. Moreover, other assumptions were made in 

calculating the PS(D). These results for the pristine membrane illustrate that 

they should only be interpreted relatively, in combination with those for the 

fouled membrane. 

The inaccuracy in the measurement of the retention coefficient of a given 

membrane (same type, same batch, same cut) is ± 0.08, meaning that no signi­

ficant differences in the best fit for the retention curve are obtained. Conse­

quently, the PSD of one piece of membrane appeared to be reproducible. 

In contrast, different pieces of membrane of the same type and batch can 


