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Summary

Nanofiltration is a pressure-driven process which is used to separate multi-valent ions and
small organic molecules from water. The driving force for this process is a hydrodynamic
pressure difference. Although the applications of nanofiltration membranes cover a broad field,
like for instance water softening and the instantaneous concentration and desalting of cheese
whey, the separation mechanism of these membranes is not exactly known. Most probably,
charge, affinity and size effects play a role in the separation.

In this thesis the separation mechanism of nanofiltration membranes has been investigated
using different characterization techniques. Both polymeric and ceramic membranes have been
used.

In Chapter 1 of this thesis an overview is given of characterization methods that may be used
for nanofiltration membranes. Retention measurements are often used as characterization
method, in which the separation of a model solute is determined. Both charged and uncharged
solutes can be used as a model solute. In case of charged solutes the charge as well as the size
of the solutes influence the separation, whereas in case of uncharged particles the solute size
and affinity between membrane and solute play a role. The separation of charged solutes is
determined by the membrane charge as well. To quantify the membrane charge characterization
techniques like titration, electrokinetic measurements and membrane potential measurements
can be used. .

In Chapter 2 both the distribution of solutes between membrane and solution and a theoretical
description of transport of solutes through the membrane have been described. The
concentration of solutes in the membrane may be different from that in the solution because of
steric hinderance and affinity effects. For charged systems, the Donnan potential can induce a
distribution between membrane and solution as well.

To describe the solute transport theoretically, the extended Nernst-Planck equation can be used.
This phenomenological equation does not require any assumption on membrane morphology.
Some numerical calculations have been performed with this equation to show the influence of
model parameters like the membrane charge, the membrane thickness and the diffusion
coefficients of the various components in the solution.

Chapter 3 describes the experimental data of retention measurements with different salt
solutions for various nanofiltration membranes. Retention measurements with single salt
solutions show that the nanofiltration membranes investigated can be divided in two categories,
i.e., membranes for which the charge effects determine the salt separation and membranes for
which charge effects determine partially the separation, besides size effects. The first category
has been subdivided in positively and negatively charged membranes. Measurements with salt
mixtures that consist of a mono-valent and bi-valent anion with a common cation or of a mono-
valent and bi-valent cation with a common anion show that with increasing concentration of the
bi-valent ion, the lower the retention of the mono-valent ion with the same valency will be.
Even negative retentions for these mono-valent ions have been found, both for the anion and
for the cation mixtures.



Retention measurements with saccharides and dendrimers have been described in Chapter 4.
Both solutes have been chosen as uncharged model solutes. Dendrimers, which are a new type
of molecules with a spherical shape, appear to be not very well applicable as model solutes for
separation measurements with nanofiltration membranes. This is mainly caused since their size
is pH-dependent.

Chapter 5 describes the results of streaming potential measurements that have been performed
to determine the surface charge of the membranes. These have been carried out along the
membrane surface and result in zeta potentials. The zeta potentials decrease at increasing
electrolyte concentration, whereas the kinetic surface charge densities of the membranes, which
is dependent on both the zeta potential and the ionic strength, increases. The increase of the
kinetic surface charge density can be described by assuming that ions adsorb at the membrane
surface according to a Freundlich isotherm. The fixed membrane charge that has been
calculated by this model is for all membranes small compared to the adsorbed charge.

The membrane surface charge has been estimated by titrations of the membrane toplayer as
well. All membranes contain small amounts of (weak) acidic groups.

Chapter 6 compares the experimental results of the retention measurements with saccharides
(Chapter 4) and salts (Chapter 3) and the theoretical calculations with these solutions. The
results of the saccharide retention measurements can be described well by the
phenomenological equation of Kedem and Katchalsky. However, it is not possible to determine
membrane pore sizes from the calculated parameters. ‘

The experimental results of the salt retention measurements with both single salt solutions and
salt mixtures can be modeled well by the extended Nernst-Planck equation. The modeling
results in a membrane charge and a membrane thickness. The negative retentions of chloride
ions in an anion mixture can be described by the model, however, the negative retentions of

. sodium ions in a cation mixture cannot.

The final chapter evaluates the different characterization methods from this thesis by comparing
the properties and parameters that have been determined by these techniques.
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Samenvatting

Nanofiltratie is een drukgedreven membraanproces dat toegepast wordt om multivalente ionen
en kleine organische moleculen uit water te verwijderen. Hoewel nanofiltratie talrijke
toepassingen kent, variérend van waterontharding tot de verwijdering van oliedruppels uit het
spoelwater van een boorplatform, is het precieze werkingsmechanisme van deze membranen
niet bekend. De scheiding vindt plaats op grond van verschillende mechanismen zoals een
zeefmechanisme, een oplos-diffusie-mechanisme en ladingseffecten, afhankelijk van het
membraan en de te scheiden opgeloste stoffen.

Het doel van het in dit proefschrift beschreven onderzoek is om het scheidingsmechanisme van
nanofiltratiemembranen te doorgronden door deze membranen op verschillende manieren te
karakteriseren. Hierbij zijn zowel polymere als keramische membranen gebruikt.

In het eerste hoofdstuk van dit proefschrift wordt een overzicht gegeven van mogelijke
karakteriseringsmethoden. Retentiemetingen zijn een veel gebruikte karakteriseringstechniek
waarbij de mate van de scheiding van modelstoffen door een membraan bepaald wordt. Als
modelstof kunnen zowel geladen als ongeladen deeltjes gebruikt worden. In het eerste geval
zijn de lading en de grootte van belang voor de scheiding. Ook de op het membraan aanwezige
lading speelt hierbij een rol. Om de grootte van deze lading te bepalen kunnen verschillende
methoden ingezet worden, zoals titratie, elektrokinetische metingen en membraanpotentiaal-
metingen. Voor het tweede geval zijn de grootte van de deeltjes en de affiniteit tussen de
deeltjes en het membraan van belang.

In Hoofdstuk 2 worden zowel de verdelingsevenwichten van deeltjes tussen het membraan en
de oplossing als de theoretische beschrijving van het deeltjestransport door het membraan
behandeld. De concentratie van deeltjes in het membraan kan afwijken van die in de oplossing
door het optreden van sterische hindering, door een verschil in affiniteit of door de Donnan
potentiaal die optreedt in het geval van geladen systemen. Om het deeltjestransport door een
nanofiltratiemembraan theoretisch te beschrijven kan de uitgebreide Nernst-Planck vergelijking
gebruikt worden. Het gebruik van deze fenomenologische vergelijking impliceert geen
vooronderstellingen over de morfologie van het membraan. Met deze vergelijking is een aantal
theoretische berekingen uitgevoerd om de invloed van parameters zoals de dikte van het
membraan, de lading van het membraan en de diffusiecoéfficiénten van de verschillende
componenten te onderzoeken.

In Hoofdstuk 3 worden experimentele resultaten van retentiemetingen met verschillende
zoutoplossingen voor een aantal nanofiltratiemembranen beschreven. Op grond van metingen
met een enkel zout, zijn de onderzochte nanofiltratiemembranen in twee categoriegn verdeeld: i)
membranen waarbij ladingseffecten bepalend zijn voor de zoutscheiding, ii) membranen
waarvoor ladingseffecten slechts mede bepalend zijn, naast de grootte-effecten. De eerste
categorie is verder opgesplitst in positief en negatief geladen membranen. Metingen met
zoutmengsels, bestaande uit een één- en tweewaardig anion met een gemeenschappelijke
kation, danwel een één- en tweewaardig kation met een gemeenschappelijke anion, wijzen uit
dat met toenemende concentratie tweewaardige ionen in het mengsel, de retentie van het
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éénwaardige ion met eenzelfde valentie afnam. Zelfs negatieve retenties voor deze éénwaardige
ionen zijn gevonden, zowel in het geval van het anion- als in het geval van het kationmengsel.
Retentiemetingen met sacchariden en dendrimeren worden in Hoofdstuk 4 beschreven. Beide
stoffen zijn gekozen als modelstof voor ongeladen moleculen. Dendrimeren, een nieuwe klasse
van moleculen met een bolvormige structuur, blijken niet geschikt te zijn als modelstof voor
scheidingsmetingen met nanofiltratiemembranen. Dit wordt vooral veroorzaakt doordat de
grootte van deze moleculen afhankelijk is van de pH.

In Hoofdstuk 5 worden de resultaten van stromingspotentiaalmetingen besproken op basis
waarvan de oppervlaktelading van de onderzochte membranen bepaald kan worden. De
stromingspotentiaalmetingen zijn uitgevoerd langs het membraanoppervlak en resulteren in
zeta-potentialen. Voor de zeta-potentialen geldt dat hoe hoger de zoutconcentratie des te lager
de zeta-potentiaal. Voor de kinetische opperviaktelading, die afhankelijk is van de zeta-
potentiaal en de zoutconcentratie, geldt dat deze juist groter wordt met toememende
zoutconcentratie. De afhankelijkheid van de kinetische oppervlaktelading van ionsterkte is
beschreven door aan te nemen dat ionen aan het membraanoppervlak geadsorbeerd worden
volgens een Freundlich-isotherm. De vaste membraanlading, die met behulp van dit model
berekend is, is voor alle membranen klein ten opzichte van de geadsorbeerde lading.

De lading van de polymere membranen waarmee stromingspotentiaalmetingen uitgevoerd zijn
is ook bepaald met titraties van de toplaag van het membraan. Op alle membranen blijken
{(zwak) zure groepen aanwezig te zijn, maar steeds in lage concentraties.

In Hoofdstuk 6 zijn de experimentele resultaten van de retentiemetingen met sacchariden
(Hoofdstuk 4) en zouten (Hoofdstuk 3) naast theoretische berekeningen aan deze systemen
gelegd. De resultaten van de saccharide-retentiemetingen kunnen goed beschreven worden met
de fenomenologische vergelijking van Kedem en Katchalsky. Het is echter niet mogelijk om
poriegrootten van de membranen af te leiden uit de berekende parameters.

De experimentele resultaten van de zoutscheidingsmetingen kunnen goed gemodelleerd worden
met de uitgebreide Nernst-Planck vergelijking. Dit geldt voor zowel de metingen aan
zoutoplossingen met een enkel zout als voor die met mengsels. De modellering resulteert in een
lading van het membraan en in een membraandikte. De negatieve retenties van chloride-ionen
in een anionmengsel kunnen met behulp van het model beschreven worden, de negatieve
retenties van natrium-ionen in een kationmengsel echter niet.

Het afsluitende hoofdstuk evalueert de verschillende karakteriseringsmethoden, die in dit
proefschrift beschreven zijn, door de bepaalde eigenschappen en parameters van de
nanofiltratiefiltratiemembranen met elkaar te vergelijken.
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CHAPTER 1

Characterization
of
nanofiltration membranes

ABSTRACT

Nanofiltration membranes can be used to separate multivalent ions and small organic molecules
from a solvent. The separation of these membranes is thought to be achieved by a combination
of size and charge effects.

Characterization of nanofiltration membranes can be performed by the investigation of the
separation mechanism, which may result in knowledge of the membrane morphology and
membrane charge. Retention measurements are a valuable tool to reveal the separation
characteristics of membranes. For this purpose both uncharged molecules and salts can be used
as model solutes. The pore size of the mesoporous membranes can be determined by
permporometry. The most important techniques to investigate the membrane charge are
titration, membrane potential measurements and electrokinetic measurements.



Chapter 1

1.1 INTRODUCTION

Membranes are selective barriers that can be used to separate mixtures, e.g., of liquids or
gases, into a concentrated and a diluted stream. The driving force for membrane separation is a
chemical potential difference between the two phases at each side of the membrane. This
potential difference can be the result of a pressure difference, a concentration difference, a
temperature difference, a difference in electrical potential or a combination of each. The driving
force is often used to classify membrane processes.

Liquid separation can be carried out by pressure-driven processes, like microfiltration,
ultrafiltration and reverse osmosis. These techniques have reached maturity and are state-of-
the-art technologies. A relatively new pressure-driven process is nanofiltration, which
separates organics with a low molecular weight and multivalent ions from a solvent. Although
nanofiltration membranes have been applied in several areas, such as in the field of water
softening, in the dairy and metal industry, the transport mechanism of these membranes has
not been fully understood yet [1,2].

In this chapter, firstly, the properties of nanofiltration membranes will be described. Then,
characterization methods for nanofiltration membranes will be discussed, which can give
insight in the mechanism of solute separation of these membranes.

1.2 PRESSURE-DRIVEN MEMBRANE PROCESSES

Membrane processes for liquid separation that use a pressure difference as a driving force can
be subdivided into four categories, i.e., microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) and reverse osmosis (RO). Although these separation techniques are
related to each other, each of them has its specific characteristics. The main features of the four
pressure-driven processes are summarized in Table 1.1.

Table 1.1: Characteristics of pressure-driven membrane processes

process pore size species to be retained type of transport
MF 0.05-10 pm bacteria, yeast convective

UF 2-100 nm macromolecules, colloids  convective

NF 0.5-3 nm low molecular organics, convective/diffusive

multivalent ions

RO not relevant ions convective/diffusive

Nanofiltration forms an intermediate process between ultrafiltration and reverse osmosis. A
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schematic drawing of the separation characteristics of nanofiltration membranes is given in
Figure 1.1.

water monovalent bivalent ions
ions and low MW
organics

Figure 1.1: Schematic drawing showing the separation characteristics of
nanofiltration membranes

Ultrafiltration membranes are porous membranes, which means that they have a distinct,
permanent porous network through which transport occurs [3]. Polymeric reverse osmosis
membranes have no macroscopic pore structure, but consist of a polymer network in which
solutes can be dissolved [4]. This solvent-swollen network may be considered as a porous
system comparable to dialysis membranes, although the structure of the latter is more loose
than that of nanofiltration membranes. Because of the flexibility of the polymer chains, the
pores in these membranes are neither fixed in place nor in time.

All ceramic and some polymeric nanofiltration membranes (for instance the cellulose acetate-
based nanofiltration membranes which are formed by annealing of ultrafiltration membranes)
are considered as porous, but several polymeric nanofiltration membranes are regarded as
‘dense’, which means that no fixed pores are present in the membrane. The latter membranes
consist of a network structure, that can be either charged or uncharged [5,6].

In several transport models for nanofiltration the pore size is used as parameter to describe the
morphology of the membrane [7-10]. However, this concept of pores may be considered as
hypothetical for several polymeric nanofiltration membranes {9]. Bowen and Mukthar
mentioned that the determination of an effective pore size by transport models should not mean
that those pores really exist in nanofiltration membranes. The hinderance to transport is the
same for ions passing through the polymer network of a specific membrane as for ions passing
through pores having these effective sizes.

1.2.1 Nanofiltration

Nanofiltration is a recently introduced term in membrane separation. In 1988, Eriksson was
one of the first authors using the word ‘nanofiltration’ explicitly [11]. Some years before,
FilmTec started to use this term for their NF50 membrane which was supposed to be a very
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loose reverse osmosis membrane or a very tight ultrafiltration membrane [12]. Since then, this
term has been introduced to indicate a specific domain of membrane technology in between
ultrafiltration and reverse osmosis. But the history of nanofiltration goes back further in time.
In 1970 Cadotte showed that reverse osmosis membranes could be made out of
polyethyleneimine and toluenediisocyanate, forming a polyurea. The NS100 membrane he
made was different in several aspects from the then existing reverse osmosis membranes. It
was the first reverse osmosis membrane not made by a phase inversion process using cellulose
acetate or polyamide. Furthermore, it was the first membrane showing a high salt retention
formed by interfacial polymerization. Compared to the cellulosic acetate reverse osmosis
membranes, the NS100 membrane showed a higher retention for small organic molecules and
a higher water permeability as well [13].

Other combinations of reactants resulted in the formation of interfacially polymerized
polyamide membranes with high water fluxes and high salt permeabilities as well. Riley and
co-workers at Fluid Systems UOP developed two polymeric membranes from polyepiamine,
that were both commercialized, one which was reacted with isophtaloyl chloride and the other
with toluenediisocyanate [14,15].

Later, membranes made out of piperazine, an amine monomer, combined with acylchlorides
showed good salt separation. Membranes formed from piperazine and different ratios of
isophtaloyl chloride (IPC)/trimesoyl chloride (TMC), were used for test runs with sea water
(3.5% NaCl, 102 atm., 25°C) and with brackish water (0.5% MgSOy, 13.6 atm., 25°C). The
results of these experiments are shown in Table 1.2.

As can be seen from this table, the change in the ratio diacyl/triacyl chloride had hardly any
influence on the salt retention of MgSOy, whereas the retention of NaCl dropped when the
molar fraction of isophtaloylchloride was decreased. The permeate flux showed a maximum as
a function of the ratio diacyl/triacyl chloride.

Table 1.2: Flux and retention data of different polypiperazineamide membranes [13]

Acyl halogene Sea water® . Brackish water?

ﬁ'actidn fraction Flux Salt retention Flux Salt retention
PC TMC (m3/m?2 day) (%) (m3/m? day) (%)

1 0 1.0 98 0.2 99.2

0.9 0.1 1.3 . 96 0.7 99.0

0.8 0.2 3.0 78 2.4 99.9
0.67 0.33 3.8 65 3.1 99.6

0.5 0.5 3.9 64 1.3 99.9

0 1 33 68 1.1 99.3

) enaci =3-5 W%; AP=102 atm.; T=25°C
) CMgs04 =0-5 w%; AP=13.6 atm.; T=25°C

The membrane made of only piperazine and trimesoylchloride exhibited low retentions for
monovalent anions (chloride) and high retentions for bivalent anions (sulphate), whereas no
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difference was found in retention between monovalent cations (sodium) and bivalent cations
(magnesium). This indicated that the NS300 membrane, as the membrane was called, was
selective for anions, caused by the negatively charged polypiperazine toplayer. According to
Cadotte, this negative charge could be the result of a partial hydrolysis of acylchloride into
carboxylic groups. The chemical structure of the NS300 membrane is shown in Figure 1.2.

COCI1 COCl1
OO

Cocl1

7N\

~fNH  NCO cot N/_\Nco COwfoe
AN NS ol

Cco COOH

:

Figure 1.2: Chemical structure of NS300 membrane, from piperazine and
trimesoylchloride [13]

Some of the earliest nanofiltration membranes, like the NF40 membrane of FilmTec, the
NTR7250 of Nitto-Denko and the UTC20 and UTC60 of Toray, are formed by a comparable
synthesis route as the NS300 membrane [6,13].

In general, interfacially polymerized membranes are made by impregnating a porous
ultrafiltration membrane, most often polysulfone, with a solution containing a monomeric
amine (liquidl + reactant A). Then, the substrate is put in contact with an organic solution
containing the acylchlorides (liquid2 + reactant B). By interfacial polycondensation a thin layer
is formed, the actual membrane. A schematic drawing of this process is shown in Figure 1.3.

liquid 1 + liquid 2 +
reactant A reactant B

porous impregnation immersion composite
UF support and reaction membrane

Figure 1.3: Schematic illustration of interfacial polymerization method
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Not only Cadotte, but also Jonsson and Kurihara described already in the seventies and early
eighties the characteristics of what is now called nanofiltration membranes [16-18]. They
classified these membranes as ‘open’, ‘medium tight’ or ‘low pressure’ reverse osmosis
membranes. The charged ultrafiltration membranes described by Bhattacharyya, Tsuru and co-
workers, Jitsuhara and Kimura showed at least in case of salt retention measurements the same
features as nanofiltration membranes [19-23]. All these membranes will be classified in this
thesis as nanofiltration membranes.

In the field of inorganic membranes, high water fluxes combined with moderate NaCl
retentions have been obtained by dynamically formed ZrO, membranes and by glass
membranes. Except for one case in which a dynamically formed zirconia layer was coated and
stabilized by a polyacrylic acid, these membranes were never used on a large scale [13,24-26].
Only recently, ceramic composite membranes with nanofiltration characteristics are available.
These membranes are reported to have pore sizes in the range of 0.5 to 2 nm, showing high
retentions for organics with a molecular weight larger than 500 g/mol, high retentions for
bivalent ions, and moderate retentions for monovalent ions [27-29]. The salt retentions are
resulting from charge interactions between the ions and the ceramic membrane, which consists
of charged particles with a surface potential dependent on the pH of the solution [30]. The
water permeabilities of these ceramic membranes are relatively low compared to the polymeric
nanofiltration membranes. _

Ceramic membranes have a porous structure, which remains stable irrespective of its
environment. Under moderate conditions, the size and amount of the pores is fixed, contrarily
to the swelling of a polymeric membrane which may depend on factors like electrolyte strength
and solvent type.

Ceramic nanofiltration membranes are composite membranes, consisting of a macroporous
support, with pores larger than 50 nm, and a microporous toplayer, i.e., pores smaller than 2
nm. Sol-gel processing is the main technique to make the ceramic toplayer. By this technique,
it is possible to make layers of orderly packed particles with a uniform size. These layers are
formed out of suspensions of precursor materials, sols, that are often electrochemically
stabilized [31]. Thin colloidal films can be formed by dipcoating or filmcoating. When drying
such a film, gelation will occur and after calcination, a membrane will result. Sol-gel
membranes can be made out of, e.g., alumina, zirconia, titania and silica [32].

Nanofiltration membranes are being used in several areas, e.g., in water treatment, in food,
textile and mining industries, see for instance [1,11,12,33-38]. Several membrane
manufacturers produce nanofiltration membranes. In Table 1.3 an overview of nanofiltration
membrane manufacturers is given, the membrane materials they use and the module
configuration they provide [39]. As shown in this table, manufacturers supply both polymeric
and ceramic nanofiltration membranes.
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Table 1.3: Nanofiltration membrane manufacturers, membrane materials and

configuration [39]
Manufacturer membrane material configuration
Advanced Membrane Technology SPSf/composite sW
Celfa CAf/comp. of PA-PST flat sheet
Desalination Systems CA/PA sW
Dow PA %%
Fluid Systems CA/PA SW
Hoechst CA/PES flat sheet/sw
Hydranautics composite SW
Membrane Systems Kiryat Weizmann ~ composite flat sheet/sw/tubular
Millipore PA flat sheet/sw
North Carolina SRT several materials flat sheet
NWW Acumem PSf swW
Osmonics CA/PA/propr.polymer sW
Osmota composite flat sheet/sw/tubular
PCI several polymers, ceramics tubular
Sempas PS{/PA sW
Stork Friesland PA tubular
TechSep zirconia
Toray PA, PES swW
Tri-Sep PA SW
US Filter SCT titania tubular
‘Wheelabrator PVDE/PS{/PAN/ceramics tubular
X-Flow PES sW

membrane material: CA: cellulose acetate, PA: polyamide, PAN: polyacrylonitrile, PES:
polyethersulfon, PSf: polysulfon, PVDEF: polyvinylidenefluoride, SPSf: sulfonated polysulfon,
configuration: sw: spiral wound

1.3 CHARACTERIZATION OF NANOFILTRATION

MEMBRANES

Different characterization methods can be used to compare nanofiltration membranes. These
methods provide information on structure and performance related properties of the
membranes. One of the aims of membrane characterization is to relate the morphological
properties of the membranes to their separation characteristics, although this often appears to
be difficult. When this relationship is known, the morphology of the membranes can be
changed to obtain better separation characteristics or to be adapted for specific applications.
Accurate characterization of membranes often poses problems because, in the first place, the
parameters determined may depend on the characterization method and on the process
conditions used and, in the second place, often a model for the membrane morphology is used
to interpret the experimental data, implying a certain membrane structure.

A difference should be made between polymeric and ceramic nanofiltration membranes, when
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selecting appropriate characterization methods for nanofiltration membranes. In case of a
ceramic membrane, the morphology remains unchanged, irrespective of its wet or a dry state.
In case of a polymeric membrane, a morphological change takes place due to swelling when a
dry membrane is immersed in water. When drying the swollen membrane, the morphology
may change again and often this occurs irreversibly, because of the high capillary forces that
play a role upon drying. Because of the dependence of the morphology of polymeric
nanofiltration membranes on their environment, these membranes should be preferably
investigated in the same state as in which they are applied, i.e., in the wet state. For ceramic
membranes, there is no preference for either wet or dry state characterization.

Nanofiltration membranes can be divided into two categories concerning their structures, as
mentioned before, i.e., porous membranes and membranes with a swollen-network structure.
Both types can be either charged or uncharged, although no uncharged porous membranes are
known that show nanofiltration properties.

The porous and the network-swollen nanofiltration membranes have the same separation
performance, although their mechanism is different. Uncharged solutes will be separated by a
sieving mechanism in case of porous membranes, whereas in case of a swollen network a
solution-diffusion type of mechanism will determine the transport. This is schematically
shown in Figure 1.4.

Qs

porous swollen

Figure 1.4: Schematic drawing of separation of uncharged molecules by
nanofiltration membranes. At the left-hand side a porous membrane and at the right-
hand side a membrane with a network swollen structure

A charged porous membrane will retain charged solutes by repulsién between the membrane

and the solute and, possibly, by sieving. In case of a swollen network, again a solution-
diffusion type of mechanism will cause separation, which is for a charged swollen network

combined with charge effects (see Figure 1.5).

Al A

porous swollen

Figure 1.5: Schematic drawing of separation of ions by nanofiltration membranes.
At the left-hand side a (negatively) charged porous membrane and at the right hand-
side a negatively charged membrane with a network swollen structure
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Because of the possible variations in membrane structure, the characterization of nanofiltration
membranes has similarities to both the characterization of (charged) ultrafiltration and reverse
osmosis membranes. In case of ultrafiltration membranes an important characteristic parameter
is the cut-off value, which indicates the molecular mass of molecules that are retained for more
than 90% by the membrane. For charged ultrafiltration membranes the surface charge density
or the ion exchange capacity are important parameters as well. Reverse osmosis membranes
are mostly characterized by performance related properties, of which the (overall) salt retention
is the most important. With respect to salt retention characteristics, nanofiltration membranes
can be classified as reverse osmosis membranes with a low retention. This retention is highly
dependent on the feed concentration, unlike in reverse osmosis.

To be able to compare different nanofiltration membranes, characterization techniques should
be used that can be applied for both porous charged membranes and membranes with a
charged or uncharged swollen network structure.

As the effective pore size of nanofiltration membranes is very small, at least smaller than 3 nm,
the interactions between molecules and pore walls become important. At this small scale it
should be noted that several macroscopic laws cannot be used anymore. For instance, the law
used to describe capillary condensation (Kelvin’s law) becomes without meaning if the pores
which are filled by condensate have dimensions smaller than the condensate molecular size.
Furthermore, if the Debije length of a certain electrolyte solution (which is a measure for the
distance over which the electric potential of ions extends with appreciable strength) is about as
large as the pore size, the equation which is used to relate electrokinetic phenomena to the
potential of a surface, the Helmholtz-Smoluchowski equation, cannot be used anymore. Even
the equation which is used to relate the solvent flux to different morphological membrane
parameters, the Poisseuille equation, cannot be used without assuming that the liquid viscosity
in these small membrane pores equals the bulk viscosity of the solvent.

Although the use of nanofiltration membranes has grown very fast during last years, until now
no extended studies have been carried out on characterization methods for these membranes.
Therefore, in this thesis several characterization techniques were compared and related to each
other, to obtain parameters describing or influencing the separation behavior of nanofiltration
membranes, irrespective of their morphological structure.

1.3.1 Characterization methods

In Table 1.4 a summary is given of characterization techniques available for nanofiltration
membranes with a different morphology. They will be discussed further in this section.
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Table 1.4: Characterization methods for nanofiltration membranes

Characterization method Characteristic
porous charged membranes swollen networks
solvent flux measurements ratio of porosity and solvent permeability

membrane thickness

retention measurements with

* uncharged molecules - pore size solute permeability
size hinderance factor
* electrolyte solutions " pore size solute permeability
’ membrane charge size hinderance factor
charge hinderance factor
membrane charge
(FE)SEM, AFM ' pore size overall structure
porosity defects
permporometry pore size -
porosity
gas adsorption/desorption pore size : surface area
surface area

charge determining method
* titration membrane charge (bulk) membrane charge (bulk)

* electrokinetic measurements .
- along membrane surface membrane charge (surface) membrane charge (surface)

- through membrane pore wall charge (surface) ] membrane charge (bulk)
* membrane potential membrane charge (bulk) membrane charge (bulk)
* membrane resistance membrane resistance (bulk) membrane resistance (bulk)

Retention measurements

The most often used characterization method for nanofiltration membranes are retention
measurements. Retention is a measure for the ability of a membrane to retain a certain solute
and is expressed as retention coefficient or rejection coefficient (symbol: R). A retention
coefficient of 1 refers to total exclusion, whereas a retention coefficient of 0 means that no
solute has been retained:

R=1-2 {1.1}
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with ¢, being the permeate concentration and c¢ the feed concentration.

Retention measurements can be carried out with different solutes and at different process
conditions. As nanofiltration membranes are applied for both the separation of (multivalent)
ions and that of low-molecular uncharged organics, retention measurements are often carried
out with model species representing these two categories. In case of ionic solutions either
single salt solutions or salt mixtures are used. Saccharides or polyethyleneglycols of different
molecular weight are often used as model solutes for uncharged species. ﬂ
The retention of a solute may be affected by process parameters as well. Important parameters
are the concentration of the solute and the pressure applied.

Uncharged solutes

Porous nanofiltration membranes behave in case of separation of uncharged molecules like
ultra- or microfiltration membranes. The separation takes place because of a sieving mechanism
and large particles can be separated from smaller ones. In case of nanofiltration membranes
with a swollen network structure a solution-diffusion mechanism will favor the transport of
smaller solutes above that of larger ones as well because their diffusion coefficient is higher,
resulting in a higher retention for the larger components.

The molecular weight cut-off may be used as a characteristic for nanofiltration membranes,
which has values in between 200 and 1000 g/mol. This cut-off value is defined as a parameter
that represents the molecular weight of the components that are retained for 90% by the
membrane [40]. This parameter is often used, especially for ultrafiltration membranes, but it
cannot be considered as an absolute parameter. The molecular weight cut-off varies with the
pressure applied, with the concentration of the solute and with the nature of the solute. The
influence of the type of solute on the retention was for instance shown by differences in
retentions between pesticides, between dextranes and polyethyleneglycols (PEGs) and between
polysaccharides and PEGs with similar molecular weight [41-43]. The different pesticide
retentions were attributed to the molecular shapes of these molecules, whereas the difference
between PEG and polysaccharides was caused by adsorption of the PEG molecules by the
membrane tested, while the polysaccharides were repelled by the membrane.

Retention measurements with molecules of different size but with similar interaction towards
the membrane can be used to determine a membrane pore size distribution. This (elaborate)
method was mainly used for ultrafiltration membranes, for instance by Nobrega, Aimar and
co-workers [44,45]. In case of nanofiltration membranes, generally, the mean pore size is
determined by this type of measurements and not its distribution [7,46,47].

Guizard and Larbot used retention measurements with dyes to determine the pore size [48,49].
In case of a dye retention of 100%, they concluded that all pores in the membrane were smaller
than the size of the retained solute. As the solvent fluxes remained constant, no adsorption was
thought to occur.

Pressure dependence
By increasing the operating pressure difference, the retention will increase until it reaches a
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plateau value. This is because the solvent flux through the membrane is linearly related to the
pressure difference applied, whereas the solute flux is both dependent on the concentration
difference over the membrane and on the solvent flux. When increasing the pressure
difference, the solvent flux increases relatively more than the solute flux. This causes a
decreasing permeate concentration and an increasing retention.

A schematic drawing of the limiting behavior of the retention, R, as a function of the préssure
difference applied, AP, is shown in Figure 1.6. The upper line in this figure (a) represents a
system with a maximum retention of 1, whereas in case of line (b) the plateau value of the
retention is lower than 1. '

@

AP

Figure 1.6: Schematic drawing of the dependence of the retention on the pressure
difference applied, AP

Concentration dependence

Several theoretical models predict different behavior of the retention dependence for uncharged
molecules on the concentration. A simple solution-diffusion model that is often used for
transport through reverse osmosis membranes does not predict any concentration dependence
of the solute retention. In this model it is assumed that the solute concentrations in the
membrane are small and therefore, coupling effects between the solvent and the solute flux can
be neglected.

In case of an extended solution-diffusion model, in which both solvent and solute fluxes are
coupled, the retention decreases with increasing solute concentration, although this decrease is
only small [50]. These theoretical distinctions between the separation behavior were observed
experimentally as well. Schirg observed no concentration dependence of the retention for some
polysaccharides in the concentration range of 0.8 to 4 g/l [46]. However, Schneider determined
a concentration-dependent retention for organic components, like methanol, ethanol and
different glycols in the concentration range 1 to 170 g/l [50]. The relation between solute
concentration and retention could be described by the extended solution-diffusion model. Most
probably, these different relations between retention and solute concentration are caused by the
different solute concentration ranges.

12



Characterization of nanofiltration membranes

Electrolyte solutions

Whereas the sieving features of a nanofiltration membrane are important for the separation of
uncharged molecules, in case of ions both sieving features and the electrostatic repulsion
between the charged membrane and the solute may become important. Differences in retentions
of ions of comparable size will be determined by charge effects. Bi- or tri-valent ions with the
same sign of charge as the membrane surface will be more effectively repelled than monovalent
ions. The retention is mainly determined by the co-ion, i.e., the ion with a similar charge as the
membrane. In case of different counter-ions, i.e., ions with a charge opposite to the membrane
charge, the counter-ion with the lowest charge will show the highest retention.

Concentration dependence

Mostly, the retention of salts of nanofiltration membranes is strongly affected by the
concentration of the feed, see e.g., [7,18,51-54]. The higher the concentration of ions, the
lower the retention, which is characteristic for charged membranes [21]. The decrease in
retention is caused by a different equilibrium distribution of ions between membrane and
adjacent solution at higher ionic concentrations. This so-called Donnan equilibrium will be
discussed in more detail in Chapter 2. .
Some nanofiltration membranes show a nearly constant retention as a function of salt
concentration. In this case rather steric than charge effects will be rate determining [52].

Pressure dependence

The influence of the pressure difference on the retention for salt solutions is similar to that for
the uncharged solutes, since the Donnan equilibrium is not affected by pressure difference
applied. The retention will asymptotically increase with an increase in operating pressure
difference, until a limiting value is reached as shown in Figure 1.6.

Salt mixtures

In a salt mixture the specific characteristics of nanofiltration membranes become apparent.
Several authors showed that in case of salt mixtures with various co-ions, the retention of the
co-ion with the lowest charge decreased considerably compared to the retention in case of a
single salt solution, whereas the retention of the co-ion with the highest charge remained almost
constant [9,19,55-58]. However, in these cases not only the charge of the ions determined the
separation, but the differences in mobility of the ions played a role as well. The jon with the
lowest mobility was retained best. Both the influence of the charge and that of the mobility
influence the separation in the same direction.

At high concentrations of the highest charged ions even negative retentions of the lower
charged ions were observed. This means that when these latter ions are transported from the
feed to the permeate solution side, they move opposite to their concentration gradient, i.e.,
from a low to a high concentration. In retention experiments using mixtures with different
counter-ions, the ionic mobilities in the membrane determine the selectivity of the process [59].

Retention measurements with single salt solutions and salt mixtures may be interpreted in terms
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of morphological membrane parameters like the porosity-membrane thickness ratio, the
membrane charge density and the effective pore size [8,9,20,21]. Furthermore, retention
measurements with salt mixtures can give qualitative information on the separation mechanism.

Permporometry

Permporometry is a2 method which allows to determine the pore size distribution and the mean
pore size of a membrane [60,61]. By this technique only the active pores are determined. In a
permporometry measurement, the principle of capillary condensation is combined with the
diffusive transport of gases through the open pores of a membrane. Capillary condensation is a
phenomenon taking place in pores of a certain size, when the vapor pressure exceeds a certain
value. The relation between the vapor pressure and the radius of a capillary pore when
evaporation from a curved surface starts is given by the Kelvin equation:

m%:—gg—?—?cos(} {1.2}
where P and Py are the actual pressure and the saturation condensation pressure at temperature
T and 1 atm., respectively, y the surface tension between liquid and air, V01 the molar volume
of the liquid, 0 the contact angle, R the gas constant, T the temperature and ry the Kelvin-
radius.
In Figure 1.7 a schematic drawing of capillary condensation is shown. At a relative pressure of
zero, the pore will be open (a). An increase of this relative vapor pressure results in monolayer
adsorption at the pore wall (b). This mono layer is called the t-layer. Increasing the relative
vapor pressure even further, condensation will occur first in the largest pores (c). At a relative
vapor pressure of unity all pores will be filled with condensate (d).
By applying a partial pressure difference of a gas (mostly oxygen is used) over the membrane,
the transport of the gas will depend on the relative vapor pressure of the condensable liquid. At
low vapor pressures most pores will be opened and gas transport can occur. At higher vapor
pressures, some pores will be blocked by the condensate and as a result the amount of gas
passing the membrane will diminish.
tlayer

P/Py =0 P/Py << 1

(a) (b) (c) (d)
Figure 1.7: Schematic drawing of different stages of capillary condensation
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The condensable gas used in the permporometry experiments can be any gas, provided that it
has negligible interaction with the membrane, that it has a reasonable vapor pressure and a high
evaporation rate [61]. Cyclohexane, which can be considered as a Van der Waals-gas
consisting of hard spherical molecules, is often used as condensable gas [62].

By a permporometry measurement, the maximum pore size of the membrane can be
determined. Furthermore, qualitative information on the pore size distribution can be obtained
as well. An example of a pore size distribution obtained by permporometry is shewn in Figure
1.8. On the y-axis at the left, the total amount of oxygen diffusing through the membrane is
shown as a function of the pore size, r.. By differentiating this curve a pore size distribution
can be obtained, which is shown by the other curve.

pore
size
distribution

oxygen
flux

rk(nnn

Figure 1.8: Schematic illustration of the cumulative oxygen flux through a
membrane as a function of the pore size and the resulting pore size distribution,
obtained by permporometry

In case of polymeric membranes, permporometry may cause some problems, because during
the experiment the morphology of the membrane may change due to swelling [63].
Permporometry can be used to determine pores with radii down to about 1.5 nm. In case of
smaller pores, no quantitative interpretation of the data can be carried out, as the Kelvin law
cannot be applied anymore in the range of these small pore sizes.

Gas adsorption-desorption

Gas adsorption-desorption can be considered as a standard characterization technique for
porous inorganic materials. This method determines the pore area within a sample and from
that a mean pore size and a pore size distribution can be determined. Both the active and
inactive pores, i.e., pores that do and do not contribute to the transport through the membrane,
are measured by gas adsorption-desorption. The method has only been used for unsupported
ceramic membranes, i.e., gel films which have been calcined.

Gas adsorption-desorption is based on the difference between the vapor pressure above a
curved surface and that above a flat surface. Because of this difference a gas can condense in
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small pores at relative pressures lower than one. The volume of gas adsorbed at various vapor
pressures is measured in both the adsorption and desorption mode and the pore size and pore
size distribution can be calculated. Nitrogen is most often used as condensation gas at the
temperature of boiling nitrogen, i.e., 77K at 1 bar, although other gases, as argon and
carbondioxide, may be used as well, see e.g., [64-68]. Usually, hysteresis occurs between the
adsorption and desorption isotherm, because capillary condensation in the adsorption mode is
different from desorption. Due to a curved meniscus in the desorption mode (see Figure 1.7),
the condensate evaporates at lower pressures than it would condensate. The solvent curvature
causes a lowering of the relative vapor pressure above the meniscus. A typical isotherm for a
porous material with a uniform pore size distribution is given in Figure 1.9.
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Figure 1.9: Schematic drawing of an adsorption-desorption isotherm for a
macroporous material with a uniform pore distribution

The adsorption isotherm of materials containing pores with radii smaller than about 1 nm
significantly differs from the isotherm shown in Figure 1.9, as isotherms of systems with very
small pores do not show hysteresis, because of the absence of capillary condensation.

As the Kelvin equation cannot be used for the calculation of pore radii smaller than 1.5 nm,
other methods have been developed to determine smaller pore sizes, like the Dubinin and
Radushkevich method and the Horvith and Kawazoe method which are both based on the
adsorption potential in micropores [69-71].

Besides mathematical and physical problems to interpret nitrogen adsorption-desorption
measurements for materials with pore radii smaller than 1.5 nm, it should be considered that
the membrane samples have to be dry, what may be a serious draw-back in the case of
polymeric membranes. In literature, some gas adsorption-desorption measurements have been
described for the characterization of asymmetric polymeric membranes [72,73]. Since it is not
possible, like in case of ceramic membranes, to measure only the toplayer of an asymmetric
polymeric membrane, most surface area determined by gas adsorption is present in pores of
the sublayer, which pores do not have a large influence on the membrane performance [73].
Comparison of the mean pore sizes and pore size distributions obtained by gas adsorption-
desorption measurements of unsupported ceramic membranes and by permporometry
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measurements of supported membranes resulted in identical data [61]. These showed that gas
adsorption measurements of unsupported systems may give a good indication of the pore size
of supported ceramic membranes.

Microscopy

In general, microscopic techniques visualize the membrane structure and ‘give information on
morphological aspects like surface pore shape and size, their distributions, the porosity and the
cross-sectional structure [74].

In Scanning Electron Microscopy (SEM) a three-dimensional image of the sample is obtained
by radiation of the sample with an electron beam. The image is determined by the reflected,
secondary electrons. The resolution limit of SEM is about 5 nm. However, this is dependent
on the voltage of the high energy electron beam used and on the mass of molecules present in
the sample. Especially for polymeric membranes, low voltages should be applied to avoid
damage of the sample surface which, consequently, resuit in lower resolution.

Using SEM, the membrane surface should be conductive, because, otherwise, the electron
beam will charge the membrane material or even burn the sample. Therefore, a conductive
coating is applied, which may obscure the finer details in the picture [75]. In case of
nanofiltration membranes, SEM will only give information on the macroscopic structure of the
membranes, because the resolution of the method is too low to observe any pores, if present.
Defects in the toplayer may be observed as well.

Furthermore, because SEM is a vacuum technique, the sample is observed in a dry state, and in
case of some polymeric nanofiltration membranes the possibility of a morphological change of
the dried sample compared to the liquid-swollen membrane should be taken into account. ‘

Field Emission SEM achieves high resolutions (to about 1 nm) at relatively low beam energies.
This technique is until now not frequently used for nanofiltration membranes, most probably
because FESEM is a vacuum technique as well.

A relatively new microscopic technique is Atomic Force Microscopy (AFM). This method can
be applied to investigate the surface roughness of a membrane by scanning the sample surface
with a sharp tip at the end of a flexible cantilever. By moving this tip at a constant force or a
constant distance over the membrane surface, an image of the surface can be obtained. Unlike
(FE)SEM, AFM does not require a vacuum and samples can be measured in air or even in a
liquid. AFM has been mainly used to investigate the surface morphologies of ultrafiltration
membranes [76-80]. Most probably the size of the tip with a radius of 10 to 40 nm restricted
the resolution of this technique and, therefore, AFM has not been often used for the
characterization of nanofiltration membranes. Examination of AFM pictures may result in a
pore size distribution of a porous nanofiltration membrane, by determination of the diameters
of the pores at the membrane surface [81]. To obtain reliable information from AFM pictures a
good method should be used to distinct between pores and the surface roughness.
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Characterization methods related to the membrane charge

Different characterization methods for nanofiltration membranes can be applied which focus on
the membrane charge or related properties. Techniques to obtain information on the membrane
charge, its zeta potential or its electrical resistance are, for instance, membrane titration,
electrokinetic measurements, membrane potential measurements and electrical impedance
measurements.

Titration measurements

Membranes with fixed charged groups can be considered as insoluble acids or bases [82].
Titration is a way to obtain the concentration of charged groups in the membrane. The amount
of, for instance, fixed negatively charged groups is determined by adding a strong acid to the
membrane, bringing it in acidic form. Then, the membrane is titrated back by a strong base.

As titration is a bulk technique, all fixed charged groups in the membrane will be determined.

Membrane potential measurements

The membrane potential arises when a membrane separates two electrolyte solutions with
different concentrations. The potential is the sum of three separate potentials, i.e., two Donnan
potentials at both membrane-solution interfaces and the diffusion potential across the membrane
as shown in Figure 1.10. In this figore the potentials in a system with a symmetric membrane
in contact with two solutions is schematically drawn. Here it is assumed that the Donnan
equilibrium exists at the two interfaces of membrane and solution.

By a membrane potential measurement the permselectivity of a membrane can be measured.
Furthermore, insight can be obtained in membrane properties such as transport numbers of
ions [83-85], ionic diffusion coefficients [86,87] and membrane charge densities [20,85,88].

. membrane
Donnan Vo potential
potential (I) a ¢ Ay =y - y"
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Figure 1.10: Schematic drawing of various potentials in a symmetric membrane in
contact with two electrolyte solutions with different concentrations

If parameters like transport number and diffusion coefficients are determined from membrane

potential measurements with asymmetric membranes, a correction should be made for the
influence of the support layer. Pusch showed that the diffusion potential in the support layer
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may dominate the membrane potential [88]. The influence of the support layer was shown in
experiments of Jonsson and Benavente as well [83].

Electrokinetic measurements

If charged groups are present at a surface, the ions in the adjacent electrolyte solution will
arrange in a specific way near the charged surface, causing an electrical double layer that
contains mainly counter-ions. Electrokinetic measurements can be carried out by which the zeta
potential can be determined, which is the potential at the shear plane between the solution and
the membrane. In case of the characterization of nanofiltration membranes, two of these
electrokinetic measurements are frequently applied, i.e., electro-osmotic and streaming
potential measurements. In case of electro-osmotic measurements an electrical potential
difference is applied along a double layer, thereby inducing a solution flow. In case of
streaming potential measurements a liquid flow generates an electrical potential difference.
Electrokinetic phenomena can be generated both through and along a charged surface, i.e., the
charge at a pore wall or the charge at the membrane surface can be determined.

Electro-osmosis

Electro-osmosis is the transport of a liquid relative to a charged surface by an electric field [89].
The amount of transported liquid is proportional to the potential applied. The electro-osmotic
flow rate can be related to the zeta potential of the charged surface. This zeta potential is the
potential at the shear plane at a certain distance from the membrane surface, at about the
transition between the fixed adsorbed ions and the mobile ions (Stern plane). A schematic
drawing of the potential decrease within an electrolyte solution as a function of the distance
from the charged surface is shown in Figure 1.11.
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Figure 1.11: Potential decrease within a solution near a charged wall
Streaming potential measurements

A streaming potential is induced when ions within an electrical double layer are forced to move
along with a flow, thereby generating a potential difference. This potential, the streaming
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potential Eg,, is a linear function of the force applied, AP, as described by the Helmholtz-
Smoluchowski equation (e.g., [90,91]):

AEstr = € C
AP n 7\.0

{13}

where ( is the zeta potential, & the permittivity of the medium, 1} the viscosity, A the bulk
conductivity and r the radius of the pore or capillary. From equation {1.3} the zeta potential
can be obtained. Streaming potential measurements can be carried out both through the
membrane and along the membrane surface. In the former case, the charged pores of the
membrane can be considered as streaming channels for the electrolyte solution and,
consequently, pore characteristics are determined [92-94]. In the latter case, surface
characteristics are measured [95-97].

Investigation of the pH dependence of the zeta potential gives information on the acidic and
basic strength of the surface charge groups [92,98-100]. The dependence of the zeta potential
on the electrolyte concentration can provide information on the free energy of adsorption of
ions at the membrane surface and the preferential adsorption of ions at the surface [98-100].
These are dependent on the surface properties of the polymer, the type and kind of electrolyte
and the adsorption behavior of the solvent.

The interpretation of streaming potential measurements through the membrane is difficult in
case of nanofiltration membranes, firstly, because the Helmholtz-Smoluchowski equation
which is used to calculate the zeta potential from the streaming potential does not hold for pore
sizes as small as 1 nm, like in nanofiltration membranes, and, secondly, because the influence
of the support layer is not well incorporated.

The zeta potential is a well-defined parameter in case of a smooth surface [101]. In case of
roughness of the surface, like in case of a membrane surface, problems may occur in the
interpretation of the electrokinetic results, because of disturbances of the electrical double layer
[102].

Electrical resistance measurenients
Electrical resistance measurements, both direct and alternating current measurements, can be
performed to determine the electrical resistance to ionic transport [83,86,103].

1.4 OUTLINE

The main objective of this thesis is the characterization of both polymeric and ceramic
nanofiltration membranes by different techniques. Since nanofiltration membranes can have
various structures, characterization techniques are elaborated that can be used for uncharged as
well as for charged nanofiltration membranes, with either a porous or a swollen network
structure. This implies that techniques elucidating the membrane performance will have a
central role.

Chapter 2 describes the theory of solute transport through nanofiltration membranes. The
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extended Nernst-Planck equation is mainly used for this description.

In the experimental part emphasis is put on the separation of ions, polysaccharides and
dendrimers with nanofiltration membranes. Chapter 3 contains the retention measurements
with single salt solutions and salt mixtures, whereas in Chapter 4 saccharides and dendrimers,
which are molecules with a well-defined shape, are used as model solutes for the membrane
characterization. In case of the uncharged saccharides, the size of the molecules can be related
to the pore size or the density of the membrane matrix. The separation of ions is thought to be
affected by both size effects and by electrostatic interactions between membrane and ions. To
investigate this latter effect, the zeta potentials and surface charge densities of the membranes
are determined by streaming potential measurements as described in Chapter 5. The membrane
charge was measured by titration measurements as well.

In Chapter 6 the experimental results of the retention measurements with both electrolyte and
saccharide solutions are modeled by the theoretical concepts as shown in Chapter 2.

Finally, in Chapter 7 general conclusions from the different characterization techniques are
drawn.

SYMBOLS

c: concentration ‘ (mol/l)
Eg:  streaming potential (\%)

P: pressure (bar)

Pg: vapor condensation pressure at temperature T and 1 atm. (bar)

I pore radius (m)

Iy Kelvin radius ] (m)

R: retention B )

R: gas constant (J/mol.K)
T: temperature X
Vmel: molecular volume (m3/mol)
¥ surface tension . (N/m)

€ permittivity of the medium (A.s/V.m)
G zeta potential ™)

n viscosity (Pa.s)

0. contact angle -)

Ag:  bulk conductivity (@ m)
subscripts:

f: feed

p: permeate
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CHAPTER 2

Solute transport
< and
distribution equilibria

ABSTRACT

Solute transport through nanofiltration membranes can be described by a combination of the
concentration of solutes within the membrane and the solute flux equations.

The distribution equilibria which relate the solute concentration in the solution to that in the
membrane are different for uncharged and charged particles. In case of uncharged particles,
specific interactions or steric hindrance cause a solute distribution between membrane and
solution, whereas in case of charged particles and a charged membrane, the electric interactions
between ions and the membrane, or between the ions mutually, influence the distribution Qf
ions in the membrane strongly.

Phenomenological transport equations describe the flux of different components present in the
solution as a function of various driving forces, e.g., a concentration difference, a
hydrodynamic pressure difference or a electrical potential difference. To describe
multicomponent systems, i.e., Systems containing three or more solutes, the extended Nernst-
Planck equation can be used. Some theoretical calculations were carried out with this model to
investigate the influence of membrane parameters, such as membrane charge and charge
density and membrane thickness, and solution characteristics, such as the diffusion coefficients
of the components.
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Chapter 2

2.1 INTRODUCTION

The transport of molecules or ions through membranes can be subdivided in various stages.
Firstly, the solute should enter into the membrane phase from the feed side. Then, the solute is
transported through the membrane and finally, it desorbs at the permeate side.

To describe solvent and solute transport in different membrane structures adequately, different
models can be used. For instance, a microfiltration membrane is often modeled as a series of
parallel capillaries through which solvent and solute transport occurs. In case of an isotropic
membrane, the whole membrane contributes to the resistance to transport. In case of an
ultrafiltration membrane, which often has an asymmetric structure, the porous toplayer
determines the transport rate through the membrane. A reverse osmosis membrane is often
modeled as a barrier showing specific interactions with the permeating species and having a
certain resistance to transport. The transport through a reverse osmosis membrane can be
described by a solution-diffusion type of mechanism.

Since nanofiltration membranes may have different morphologies, either porous or solvent-
swollen, charged or uncharged, ceramic or polymeric, different theories can be used to
describe the transport through these membranes. Pore models describe the transport of solvent
and solute particles through membranes in terms of morphological membrane parameters, like
pore size, porosity, tortuosity and membrane thickness. In case of transport through solvent-
swollen systems, the membrane is often treated as a black box which is characterized by the
permeability coefficients of solvent and solute and by the extent of coupling between solvent
and solute flows.

In a complete description of transport of solutes through a membrane, both the fluxes through
the membrane and the distribution of solutes between membrane and adjacent solutions should
be considered. In this chapter, various equations to describe distribution equilibria will be
presented, followed by a discussion of various transport models. The overall transport of
solutes can then be described quantitatively by the use of a proper distribution coefficient
which is introduced in the flux equation.

2.2 DISTRIBUTION EQUILIBRIA

At the interfaces between the membrane and the permeate or feed solution, a discontinuity in
the concentration may be present as a result of steric or electrostatic effects or of specific
interactions, such as hydrophobic or hydrophylic interactions. To calculate the real
concentrations within the membrane, the distribution coefficients of the solutes between
solution and membrane should be taken into account.

Distribution coefficients resulting from steric effects are related to the decreased effective pore
area available for the permeation of solute molecules. The parameters that account for the steric
hindrance of solutes entering and passing a membrane are mostly related to the membrane pore
size or to the chemical nature of the solutes and the membrane material. The distribution
resulting from electrostatic effects is related to the Donnan equilibrium, which is dependent on
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the fixed charges which are present at the membrane surface.
2.2.1 Steric hindrance factors

The transport of charged and uncharged solutes through a membrane pore will be susceptible
to steric hindrance effects. When the solutes have sizes which are comparable to those of the
membrane pores or those of the interstices in the polymer network, their transport will be
retarded both by steric hindrance in case of solving into the membrane as well as by frictional
forces in case of transport through the membrane. These hindrance factors are of importance to
both diffusive and convective flows. This means that two correction factors can be introduced
to describe either the diffusive or the convective transport through a membrane: the steric
hindrance factor, Sy, or Sy, for diffusive or convective transport, respectively, and the wall
correction factor, f(A) or g(A). These latter factors are defined as the ratio between the frictional
resistance of diffusive transport of a particle through a pore and its free diffusion and the ratio
between frictional resistance of convective transport and free convection, respectively.

To describe the hindrance and wall correction factors, the membrane is assumed to be porous,
i.e., the membrane can be considered as a bundle of capillaries having all the same radius.

In case of diffusive transport the available pore area for transport decreases with increasing
solute size, as can be seen from Figure 2.1. The hindrance factor for diffusive transport, Sp,
equals the ratio of the available area, Ay, for transport for a solute with size rg,
Ag =7 (1p - 15 )?, and the total area for transport, Ay = T 13 :

Sp=(1-%’ (2.1)
with A =1, / rp and 1 is the radius of the solute and 1, the radius of the pore.

According to Haberman and Sayre, the wall correction coefficient, f, as a function of A, for A
< 0.8, is given by [1]:

3 5 6
£(1) = 1=2.105 0+ 2.0865 - L7068 1 + 012603 (2.2}
| 1-0.75857 A

effective
pore area

Figure 2.1: Steric hindrance of a particle for diffusive flow
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In case of convective flow the steric hindrance factor, Sg, equals:
2 4 '
SEg=21-A)"-(1-A) {2.3}

Equation {2.3} could be derived by dividing the convectional flow, ¢, for a solute with radius

Is within a pore with size ;!

Ip ~Ts

o= 2mrve(l -%)dr {2.4}
0 IP

by the total convectional flow through this pore:

Tp

o= 21crvo(1—%)dr (2.5}

I
o P

as shown in Figure 2.2. In these equations v is the velocity of the solution,

Figure 2.2; Steric hindrance of a particle for convective, Poisseuille, flow (after [2])

The wall correction factor for convective transport, g(A), for A < 0.8, can be written as [1]:

i- %— A% - 020217 A7
g ()= - | (2.6}
1-0.75857 A

As can be seen from equations {2.1} to {2.3} and {2.6}, the correction factors only depend
on the ratio of the particle size and the membrane pore size. This implies that interactions
between particle and membrane are not taken into account, neither in the steric hindrance
factors, nor in the wall correction factors. In this approach the molecules are treated as rigid
balls.
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2.2.2 Donnan distribution

The distribution of charged species between membrane and solution will be affected by
interactions between the (possible) charge at the membrane surface and the ions in the solution.
Furthermore, interactions between the different ions will influence this distribution as well.

© Vpon |©

v+ N

® ©
+

C i
o) ©
O S
solution | membrane’ solution membrane solution  membrane

(a) (b) (c)

Figure 2.3: Schematic drawings of (a) the excess of positive and negative charges
near the interface of a (negatively charged) membrane and the solution., b)
concentration profiles of anions and cations, c,. and c., in the membrane and (c) the
Donnan potential, Yp,,, near the interface

In case of a charged membrane, the concentration of co-ions, i.e., ions with the same charge as
the membrane, in the membrane will be lower than that in solution, whereas-the counter-ions,
which have the opposite charge, have a higher concentration in the membrane than in the
solution. Because of this concentration difference of the ions, a potential difference is
generated at the interface between the membrane and the solution, which is called the Donnan
potential. Because of this potential co-ions are repelled by the membrane, whereas counter-ions
are attracted.

Figure 2.3(a) schematically shows the excess of positive and negative charges near the
interface of a negative charged membrane and the solution, whereas in Figure 2.3(b) the
concentration profiles of the anions and cations within the membrane are shown. In this case
the concentration of the anion will be lower than that of the cations. Finally, in Figure 2.3(c)
the Donnan potential, which will be negative in case of a negatively charge membrane, is
shown.

A charged membrane in contact with a single salt solution

By contacting a charged membrane containing fixed charged groups with an ionic solution
containing the strong electrolyte AB, an equilibrium will establish between the membrane and
the solution. Assuming a membrane with a negative charge X™ and A being the cation and B
the anion, the equilibrium situation is shown in Figure 2.4.
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B «—>pgm
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Figure 2.4: Schematic drawing of the distribution of ions A and B between solution
and membrane with charge X

The distribution of ions between membrane and solution can be calculated by comparing the
electrochemical potential of the ions in the membrane with that in the solution. In the solution,
the electrochemical potential can be described by:

M= +RTha+zFy (2.7}
and that in the membrane:
NP =pd ™ +RTInal +7 F ym (2.8}

where T); is the electrochemical potential of the ions (J/mol), ;0 the reference state (J/mol), R
the gas constant (J/mol.K), T the temperature (K), z; the valence of the ions, F the Faraday
constant (A.s/mol), V¥ the electric potential (V) and a the activity of the solutes (-). The
superscript m refers to the membrane phase.

“In the derivation of the electrochemical potential, the difference in pressure between the
solution and the membrane is neglected. This assumption can be justified if the swelling of the
membrane is only small.

In equilibrium, the electrochemical potentials of the ions in the solution and in the membrane
should be equal, hence:

ni=n" {2.9}

Because of the presence of the fixed membrane charge X™, the ionic concentrations in the
solution will not be equal to those in the membrane. These concentration differences between
solution and membrane lead to a chemical potential difference across the membrane interface
and this difference will, on its turn, be compensated by an additional electrical potential across
the interface, the Donnan potential. As it is assumed that the reference chemical potentials of
solution and membrane are equal, the electrical potential differénce between solution and
membrane, which is called the Donnan potential, Ypop, can be written as by a combination of
equations {2.5}, {2.6} and {2.7}:
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Won = ¥ A _RTy 4 (2.10}

“v= 7 F an zF o an
with the subscripts i and j being the components i and j in the solution.
As the Donnan potential for the components in a certain solution is equal, it can be derived

from equation {2.10} that for a solution containing solutes A and B:
e Feg=(c M * ()" {2.11}

assuming diluted solutions, so aj = ¢;. In equation {2.11} v_and v, are the stoichiometric
numbers of the anion and cation, respectively. The relation between the stoichiometric numbers
and the valencies of the ions can be written as:

|za|vF=|zp| V" [2.12}
The conditions of electroneut.rality in the solution and in the membrane are:

|zalca=|zp|cB {2.13}

|zalc® =|zp|cF +|zx|cR {2.14}

where the concentration of the fixed membrane charge is indicated by cx™ and its valency by
Zx. .

Combining {2.11} with {2.13} and {2.14}, a relation between the distribution of co-ions B-
between the solution and the membrane can be derived as a function of the concentration of the
fixed membrane charge X™ [3]:

B _ | zg | cp (|zg|/|zal) (2.15)
B | |zp|cB +|zx|c}

The ratlo —B w111 be called the distribution coefficient of B.

More specifically, in cases of a mono-monovalent salt (such as NaCl), a bi-monovalent
(counter-co-ion) salt (such as CaCl, in case of a negatively charged membrane) and a mono-
bivalent salt (such as Na,SOy, in case of a negatively charged membrane), respectively, the
Donnan equilibria can be written as:,

c c

1-1) B=_—-B _ 2.16

( ) Cp C%1+C}ng { }
m 2

2-1) B= _2cg (2.17}
B | 2cf+cP '
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12 Eo /B (2.18}
B o +ci

Figure 2.5 shows the differences in co-ion distribution as a function of the feed salt
concentration, represented by equations {2.16} to {2.18}. For these calculations the
concentration of the negative fixed charges was chosen to be 102 mol/l.

As can be seen from this figure, a higher valence of the co-ion will cause a lower distribution
coefficient of the co-ion B between membrane and solution, whereas a higher valence of the
counter-ion will cause a higher distribution coefficient.

0.4

0.3 I- (2-1) salt

c /cB 02 kL

0.1 (1-1) salt

(1-2) salt
0 T
0 2 4 6 8 10

c (1 0* molll)

Figure 2.5: Distribution coefficient of co-ions between membrane and solution in
case of a negatively charged membrane, with cy™ = 10-2 mol/l, as a function of the co-
ion concentration in the feed

Summarizing, it can be seen from equation {2.15} that the Donnan equilibrium is dependent
on the following factors:

* salt concentration

* fixed charge concentration in the membrane

* valence of the co-ion

* yalence of the counter-ion

With an increase in salt concentration in the solution and a decrease of the fixed membrane
charge, the concentration of the co-ion B in the membrane increases. This decrease of co-ion
exclusion from the membrane often leads to a lower rejection of the salt, as the rejection of the
co-ion determines the rejection of the salt. The co-ion concentration in the membrane will
increase with increasing counter-ion valence and decreasing co-ion valence.

A charged membrane in contact with a salt mixture

In case of salt mixtures, the description of the Donnan equilibrium becomes much more
complex than for the single salt solutions which has been described above. However, a
hypothetical case in which an electrolyte AC is added to a salt solution AB may illustrate the
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influence of some parameters on the Donnan equilibrium, assuming that the co-ion C cannot
enter the charged membrane. In Figure 2.6 this system is schematically drawn.

A<—1>P AM

B +— % pgm

C
7:"Xm

Figure 2.6: Schematic drawing of the distribution of ions A and B between a
solution and a charged membrane. The solution contains the impermeable ion C, the
membrane has charge X™

To determine the Donnan equilibrium in this case, equation {2.11} and {2.14} can be used, as
both the relation of electroneutrality in the membrane will not change compared to the case of
the single salt electrolyte solution and the chemical potentials of the ions A and B in the
membrane and the solution will be equal, only equation {2.13} changes. The resulting
equation for the Donnan equilibrium is:

g |zalca EUEIND)
B _[PAIMA {2.19}

8\ |zp|cf +|zx|cR

The addition of AC to a solution of AB will cause an increase of the concentration of counter-
ions A in the solution, whereas the concentration of B in the feed solution remains constant. As
can be seen from equation {2.19}, this will cause a higher concentration of B ions in the
membrane and the Donnan exclusion will be less effective for component B. It is even possible
that the concentration of B in the membrane becomes higher than that in the solution which
may lead to negative rejections for B. Then, the ratio cg™/ cg > 1. When it is assumed that the
co-ion concentration in the permeate equals the co-ion concentration in the membrane and that
the valency of components A and B equals 1, negative retentions of component B can be found
if the concentration of A in the solution is much higher than the concentration of the fixed
charges.

Figure 2.7 and 2.8 show the distribution coefficient of B ions between solution and membrane
as a function of the concentration of B in the solution for different concentrations of A and for
different concentrations of fixed membrane charge, respectively. The distribution coefficient is
calculated by equation {2.19}, assuming | z4 | =] zg| = 1.

As can be seen from Figure 2.7, the higher the concentration of A in the electrolyte solution,
the higher the ratio of the concentration of B ions between the membrane and the feed will be.
Low feed concentrations of B result in higher ratios of B ion concentrations between
membrane and solution as well. The fixed membrane charge is 1¥10-3 mol/l.
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Figure 2.7: Distribution coefficient of co-ions B between membrane and solution as
a function of the co-ion concentration in the feed in case of a salt mixture with different
concentrations of counter-ions A and a charged membrane with cy™ = 1*10-3 mol/l,
calculated according to equation {2.19}.] z4 |={zg|=1

The ratio of B ions between membrane and solution is shown in Figure 2.8 for different
concentrations of the membrane charge. The concentration of A is fixed at 1#10-3 mol/L.

10 g
1L me =le-4 M
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c / C N c" =1e3M
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Figure 2.8: Distribution coefficient of co-ions B between membrane and solution as
a function of the co-ion concentration in the feed in case of a salt mixture with different
concentrations of fixed membrane charges, cx™, and a fixed concentration counter-
ions A, ¢y = 1¥10-3 mol/l, calculated according to equation {2.19}. | z4 | =] z|=1

This figure shows that the distribution coefficient of B ions between membrane and solution
becomes higher in case of lower B concentrations in the solution, except for the highest
membrane charge, cx™ = 10-2 mol/l. Furthermore, a lower membrane charge results in higher
ratios of B between membrane and solution as well.

In conclusion, it can be stated that in case of a salt mixture, with the counter-ion A and the co-
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ions B and C, in contact with a charged membrane, a high distribution coefficient of the
permeable co-ion B between membrane and solution is enhanced by:

* low solution concentrations of B

* high solution concentrations of counter-ion A

* Jow membrane charge

An uncharged membrane in contact with a salt mixture

From Figure 2.8 it could be seen that the membrane charge strongly influences the distribution
coefficient of B. This coefficient becomes higher when the charge of the membrane decreases.
This means that in the limiting case of an uncharged membrane in contact with a salt mixture,
containing the permeable ions A and B and the impermeable ion C, a Donnan equilibrium
between solution and membrane will establish as well. Schematically, this is shown in Figure
2.9.

B<—>Bm

°

Figure 2.9: Schematic drawing of the distribution of ions A and B between a salt
mixture, containing the impermeable ion C, and a membrane

Again, the chemical potentials of the ions A and B in both phases should be equal. Therefore,
equation {2.11} holds. The conditions of electroneutrality in the solution and in the membrane
can be written as: '

|zalca=|zp|cp +|zc|cc {2.20}

|za|ck =|zp|cR {2.21}

When these relations are combined with equation {2.11}, the following expression for the
Donnan equilibrivm can be derived:

B _(lzsles +lzc|ec 2EIND (2.22)
B |zp|cf
It can be derived from equation {2.22} that the higher the concentration of the impermeable C-
ion in the solution, the higher will be that of B in the membrane. The impermeable anion will
‘pump’ the B ions in the membrane. This effect could be deduced as well from Figure 2.7.

37



Chapter 2

2.3 PHENOMENOLOGICAL TRANSPORT MODELS

2.3.1 Phenomenological model for a system with one
solvent and one solute

Transport of solvent and solute molecules through a membrane can be described in a
phenomenological way. In phenomenological models, only forces and their resulting fluxes are
considered, whereas the structure of the membrane is not a parameter in this model: the
membrane is treated as a black box.

The following relations for the fluxes of a solvent, J,, and a solute, Jg, through a membrane,
were derived by Kedem, Katchalsky and Spiegler [4-6]:

I="Ly(F-0d) (2.23}

with L, representing the permeability of the solvent, P the pressure applied, x the coordinate in
the flow direction, 7 the osmotic pressure and 6 the reflection coefficient, with0 <o < 1,

and
dcg —
Js=—Ls—;+(1—6)Jvcs {2.24}

with L being the solute permeability coefficient and ¢, the mean solute concentration of feed
and permeate.

The membrane performance is now characterized by three parameters, i.e., the solvent and the
solute permeability and the reflection coefficient.

In this phenomenological model the fluxes of solvent and solute are coupled by the second
term on the right hand side of equations {2.23} and {2.24}, which contain the reflection
coefficient G.

A parameter to characterize the selectivity of a membrane is the retention for a solute, R, which
equals:

R=1-2 {2.25)
Cr

with ¢ the feed concentration and ¢, the permeate concentration.
The retention can be related to the solvent flux, the solute permeability coefficient and the
reflection coefficient, by integration of equation {2.24}, followed by substitution of equation

{2.25} with ¢, = ;—S 6]:
v
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G (1-ePe)
R="2—_~2 2.26
l-cePe t !
with Pe being the Péclet number which equals:
Pe=-1, (111") 227}

andL = Ls , with Ax being the membrane thickness.

Ax
As can be calculated from equations {2.26} and {2.27}, at high solvent fluxes through the

membrane, J, — oo, the retention becomes equal to . This retention is called the limiting
retention. For nanofiltration membranes, this limiting behavior of the retention at high fluxes
has been observed experimentally [7-11]. Contrarily, for models describing the solvent and
solute flux independently, the limiting retention equals unity [10, 12,13].

For ¢ = 1, the retention becomes independent of the flux and it will for all cases be equal to the
reflection coefficient, R = G.

q
0.8 |- 0=0.999,L=1e5m/s
0.6
R L
0.4
0.2 0=0.75L=1e-5m/s
O i 1 ‘IJ_LLIJJ[ 1 Ill'illl 1 |||‘||||
107 10° 10° 10* 10°®
J (m/s)

Figure 2.10: Retention as a function of the solvent flux and of the reflection
coefficient according to equation {2.26} for two membranes, one with the
characteristics: 0 =0.999, L = 1*10-3 m/s and one with: 6=0.75, L = 1*10- m/s

Figure 2.10 shows a schematic drawing of the retention of a given solute as a function of the
flux according to equation {2.26} for two different reflection coefficients.

The solute permeability coefficient is equal for both cases, whereas the reflection coefficients
are ¢ = 0.999 and ¢ = 0.75, respectively. As can be seen from the figure, the retention
approaches 1 for large fluxes for the case of ¢ =0.999. In the other case, the retention as a
function of the flux approaches asymptotically to ¢ =0.75.

The phenomenological parameters ¢ and L can be related to the steric hindrance factors, Sg and
Sp and to the wall correction factors f(A) and g(A) which were presented in the corresponding
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section in this chapter. According to Nakao, the relation between the two models can be written
as [2]:

o=1-g(A)Sk {2.28}

L=Df(\)Sp (2.29}
Ax

with D being the diffusion coefficient and p / A x the ratio of the porosity and the membrane
thickness.

2.3.2 Extended Nernst-Planck model:
phenomenological model for a multi-component
System

The above described model can be applied for a system containing a solvent and a solute. Even
if more solutes are present that do not interact, this model can be used. But in case of a system
containing a solvent and more than two interacting solutes, it cannot be used anymore.

The extended Nernst-Planck equation is a phenomenological equation to describe transport of
multicomponent systems. Whereas in case of the phenomenological model for a two-
component system the two fluxes are the result of two driving forces, i.e., the pressure applied
and the concentration difference over the membrane, in case of the extended Nernst-Planck
relations, an electrical gradient is added as driving force. Therefore, three fluxes can be
described, i.e., that of the solvent, that of the solute and of the electric current. Here, only the
extended Nemnst-Planck equation for the solute flux will be used, which is obtained by adding
the three partial fluxes [14]:

dch
dx

dy™

Ji=Df dx

o %Ri—i +Kio Ty cm {2.30}
with J; being the solute flux, D; the chemical diffusion coefficient of i, ¢; the mean solute
concentration, x the coordinate in the flow direction, z; the valency, F the Faraday constant,
the electric potential, R the gas constant, T the temperature, J,, the solvent flux and Ki,c the
convective coupling coefficient. This latter parameter can be considered as the product of the
steric hindrance factor and the wall correction coefficient for convective transport,
Kic=Sf g (A ). The superscript m refers to the membrane phase.

The diffusion coefficient D;m equals the bulk diffusion coefficient corrected for the diffusion
hindrance coefficient and the wall correction factor.

The first term at the right hand side of equation {2.30} represents the diffusive contribution to
the solute flux, the second term the electric and the third term the convective contribution.
From equation {2.30} it follows that the concentration gradient of component i can be written
as:
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dc g .
71‘);—=Df§1( Kicef-cip ) -m=cf!

{231}

with ¢; , =T /1.

The electrical potential gradient in the extended Nernst-Planck equation is induced by
differences in the valencies and in the convective coupling and diffusion coefficients of the
various ions permeating through the membrane. To describe this potential the description given
by Bowen and Mukthar will be followed [15], [16].

To calculate the electrical potential gradient, it is considered that there is electroneutrality in the
feed and permeate solution:

Y zici=0 {2.32}
i

and in the membrane:

N (zeP)+zxcP=0 {2.33}

1

with cx™ being the fixed membrane charge concentration, and that no electric current is
passing the membrane:

Y Fz5=0 {2.34}
i

By multiplying equation {2.31} with the factor z; ¢;™, combined with the condition for
electroneutrality in the membrane, the electrical potential gradient over the membrane can be
written as:

n
dym é—fnz zi (KicclP-cip)
vV _Zii=l [2.35}
dx

n
Z Z?Ci
i=1

8

The electrical field in the membrane should be constant throughout the membrane, as can be
derived from the Poisson-Boltzmann equation. In its one dimensional form the Poisson-
Boltzmann equation is given by:

2 0
v % (2.36)

ax2

with p being the space charge and ¢ the dielectric constant. Because of electroneutrality in the
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membrane, the space charge in the membrane is zero indicating that the first derivative of the
potential to the distance is a constant.

Combining this set of equations, {2.30} to {2.35}, with the Donnan distribution given in
equation {2.37}, which is equal to equation {2.10} under ideal conditions:

Si- ¥Don A C 237}

the extended Nernst-Planck equation can be solved.

When the potential gradient over the membrane has to be calculated according to equation
{2.35}, the permeate concentrations of components i should be known. Therefore, all
calculations were carried out by choosing a permeate concentration which is used to calculate
the concentration within the membrane at the permeate side. This concentration is then used as
starting value for the numerical solution of the differential equation {2.31} by means of a
fourth order Runge Kutta procedure.

With this calculation procedure, a two component system (A and B) and a three component
system (A, B and C, respectively) were investigated. Components B and C are both negatively
charged, while component A is positively charged. Component B has a Jower negative valence
and a higher diffusion coefficient than component C. The values of the various parameters
within the model, i.e., Dy to D¢, Ky  to K¢ ¢ and z, to z¢ were taken from reference [15], in
which these values were determined for a mixture of Nat (component A), Cl- (component B)
and SO42- (component C) and are given in Table 2.1. The diffusion coefficient is calculated by
assuming a hindrance factor for diffusion which equals that for a pore with a radius of 1 nm.
The membrane was assumed to be negatively charged.

Table 2.1: Diffusion and convective hindrance coefficients and valencies of
components A, B and C, used in the numerical calculations

D; (109 m%fs) Kic () 7 ()

component A 0.84 0.967 1
component B 1.503 0.986 -1
component C 0.587 0.953 2

It should be realized that because of the calculation procedure, the permeate concentrations of
the components were kept constant, implying a small increase of the feed concentrations at
each solvent flux.

Figure 2.11 shows the effect of the concentration of negative charges at the membrane on the
retention of a single salt solution. From this figure it can be seen that the higher the membrane
charge, the higher the retention will be, as expected from the Donnan equilibrium. Because of a
higher membrane charge the concentration of co-ions within the membrane will be low, which
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causes a higher retention. The membrane thickness was chosen to be 105 m and the membrane
permeate concentration 0.005 mol/l. The solvent flux through the membrane was set constant
atJ, = 10-5 m/s.

R
L Ax=1e-5m
0.2 cp =0.005 mol/l
Jv =1e-5m/s
0 ! 1 ! | ' 1 AT | i
0 1 2 4 5

3
cx‘“ (mol/l)

Figure 2.11: Numerically determined retention for a single salt solution as a function
of the concentration of negative charges at the membrane. Ax = 10-5 m, cp = 0.005
mol/l, J,, = 107 m/s.

The retention also increases by an increase in the membrane thickness, as can be seen from
Figure 2.12. The curve in Figure 2.12 represents the retention of an electrolyte solution for a
negative membrane charge density of 0.1 mol/l, a permeate concentration of 0.005 mol/l and a
solvent flux J, = 10-> m/s. At a small membrane thicknesses the solute flux through the
membrane has a diffusive, electric and convective component. However, the higher the
membrane thickness, the lower the diffusive and electric contribution. At very high membrane
thickness, the solute flux is only dependent on the convective flow.

0.7
0.6
R 05 %
F c = 0.1 mol/l
0.4 c:p =0.005 mol/l
= 1e-5 m/s
0-3 1 l ! } 1 l 1 A_l ]
0 2 4 6 8 10
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Figure 2.12: Numerically determined retention for a single salt solution as a function
of the membrane thickness. cx™ = 0.1 mol/l, ¢, = 0.005 mol/l, J,, = 1 0 m/s.
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Figure 2.13 shows the retentions of components A, B and C within a mixture for a negatively
charged membrane. The permeate concentration of A is 0.0051 mol/l, whereas that of B is
0.0011 mol/l. As can be seen from the figure, all retentions increase with increasing flux
through the membrane. It can be seen from this figure, that the retention of component B
which is the most permeable co-ion with the lowest valence has a negative value at all solvent
fluxes. The presence of component C in the solution causes a considerable increase of the
transport of B, because ion B will preferentially permeate through the membrane in
combination with counter-ion A.

1
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0.5
R oL
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0.5 OOOO ¢ A (counter-ion)
o® O B {co-ion)
i o? x G (co-ion)
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Figure 2.13: Numerically determined retention curves for ions A, B and C within a

mixture as a function of the solvent flux. The membrane charge is 0.1 mol/l, Ax = 10-5
m.

The influence of a third ion and its diffusion coefficient on the retention of component B is
illustrated in Figure 2.14.
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Figure 2.14: Retention of component B as a function of the diffusion coefficient
coefficient of component C
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The retention of component B is the highest for the single salt solution containing only
components A and B. By adding a second co-ion with a lower diffusion coefficient and
valency than component B, the retention of B decreases, as can be seen from this figure. By
variation of the diffusion coefficient of component C from D¢ to 10¥D and keeping all other
parameters constant, the retention of component B increased, but it remains always lower
compared to the single salt solution. ’

From this figure it can be clearly seen that the changes in retention between:a co-ion in a single
salt solution and a salt mixture are dependent on the kind of second co-ion which has been
added to the mixture. Both its valence and diffusion coefficient will influence the retention.
With increasing negative valence and lower diffusion coefficient of the:second co-ion, the
transport of the first co-ion will be more favored.

The influence of the diffusion coefficient of the different components, D;, and that of the
convective coupling coefficients, Ki,c’ on the retention of components B and C was calculated,
by varying one parameter while keeping the others constant. The diffusion coefficient was
varied between D; and 10*D;, whereas the convective coupling coefficient was varied between
0 and 1. The results of these calculations are shown in Table 2.2. The retention was calculated
for solvent fluxes to a maximal value of 5*10-5 m/s, which are reasonable fluxes for
nanofiltration membranes.

Table 2.2: Influence of the diffusion coefficients, D;, and the convective hindrance
coefficients, Ki,c: of components A, B and C, on the retention of B and C.

parameter Rp Re
Do T T T
DB T d C
De T 0 l
KT T T
Kg ¢ T \
Kee \ T

T: increase, 1: decrease, c: constant

The increase of the diffusion coefficient of a certain component caused a decrease in retention
for the same component, due to the fact that the solute flux becomes higher in case of a higher
diffusion coefficient. A higher diffusion coefficient of component A results in lower fluxes of
the co-ions B and C. In case of a higher diffusion coefficient of component'C, the retention of
B increases as shown in Figure 2.14 because the transport of B becomes less favored
compared to that of C.

It is still not clear why the increase of the convective coupling coefficient of a certain
component resulted in higher retentions for that component, because it can be seen from
equation {2.30} that a higher coupling coefficient results in a higher solute flux of that specific
component.
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It was concluded from these numerical calculations that the influence of the diffusion
coefficients on the retention was much higher than that of the convective hindrance factors.
Variation of the latter parameter from 0 to 1, hardly showed any change in retention. The
retention is much more strongly dependent on the diffusion coefficient, as, for instance, could
be seen from Figure 2.14.

Because the effective diffusion coefficient is the product of the bulk diffusion coefficient times
a diffusive hindrance factor, it can be concluded from this that the influence of hindrance
factors on diffusive transport is much higher than that on convective transport. Variation of the
convective part of the extended Nernst-Plack equation does not show a very distinct influence
on the salt flux in the low solvent flux range, whereas that of the convective and electric part
does.

Figures 2.15 and 2.16 represent the influence of two membrane parameters, i.e., the
membrane thickness and the membrane fixed charge concentration, on the calculated retention
of components B and C. In Figure 2.15, the membrane charge was - 0.1 mol/l, the permeate
concentration of A was 0.0051 mol/l and that of B 0.0011 mol/l. The figure shows that the
membrane thickness does not have a large influence on the retention of component C.
However, the rejection of component B shows a large increase when the membrane thickness
becomes larger. This is caused by a decrease in the solute flux for component B at a larger
membrane thickness, which is comparable to that for a single salt solution (see Figure 2.12).

0.5 -

R o —e— R(B), Ax="1e-5m
—e— R(B), Ax=2.5e-5m
—a— R(B), Ax=5e-5m
05 —<¢— R(C), Ax=1e-5m
—o— R(C), Ax=2.5e-b5m
= —a— R(C), Ax =5e-5m

-1 M ! I ! | L | S|
0 1 4 5

2 3
J (10° m/s)

Figure 2.15: Retention as a function of the solvent flux for various membrane
thicknesses

At higher solvent fluxes, the retention of components B and C increased with higher
membrane charges as shown in Figure 2.16. The retention of component B showed a
minimum as a function of the solvent flux, which is caused by different extents of the
diffusive, electric and convective contributions to the overall solute flux as described by the
extended Nernst-Planck equation. The minimum indicates that the overall concentration
gradient in the membrane changes from positive to negative when going from low to high
solvent fluxes. In case of low solvent fluxes, the concentration gradient will be dominated by
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the electric gradient over the membrane. At higher solvent flux, the convective contribution
will dominate the solute transport.

The calculations were carried out with a permeate concentration of A of‘0.0051 mol/l, a
permeate concentration of B of 0.0011 mol/l and a membrane thickness of 1%10-5 m.

—— ¢.=0.025 mol/l .
0.5 X '
—o0— cx=0.1 mol/l
R ¢ ¢ —&— ¢ =1mol/
-0.5

R (B): closed symbols

H R (C): open symbols

_1 1 | 1 | 1 | L | 1 I 1

0 1 2 3 4 5 6
J @ 0° m/s)

Figure 2.16: Influence of the membrane charge on the retention of components B
and C.

2.4 CONCLUSIONS

The distribution of solutes between membrane and solution can be caused both by steric and by
electric interaction effects. The steric effects are caused by a decreased pore area available for
solute transport, because of the solute size. Furthermore, the presence of pore walls retards the
transport of solutes through the membrane. These two factors contribute in case of both
convective and diffusive flow, although not in the same way.

The Donnan equilibrium describes the distribution of ions between solution and membrane due
to electric interactions. In this chapter the influence on the ionic distribution of the valence of
co-and counter-ions, the amount of fixed membrane charge and the salt concentration in the
feed has been described.

Phenomenological transport theories consider transport as the result of several driving forces.
In the phenomenological model of Kedem, Katchalsky and Spiegler, the transport of solvent
and solute has been described as a function of the concentration difference and the
hydrodynamic pressure difference over the membrane. To determine the fluxes of the several
components in a multi-component system, the extended Nernst-Planck equation can be used,
which contains an electrical potential difference as an additional driving force. Some
calculations with the extended Nernst-Planck model showed an increase in salt retention by
both an increase in membrane charge and in membrane thickness. Furthermore, it was shown
numerically that the retention of one of the co-ions in a salt mixture could achieve a negative
value. At moderate membrane fluxes (J,, < 5*10-5 m/s) the convective contribution to the solute

47



Chapter 2

flux is only small compared to the diffusive and electric contribution. The retention of ions in
case of a feed salt mixture showed an increase with increasing membrane thickness. The
retention of the co-ion with the highest diffusion coefficient showed a minimum as a function
of the solvent flux. At high solvent fluxes the retention of the ions increased with increasing
membrane charge.
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SYMBOLS
a activity “)
A area (m?)
c: concentration (mol/)
D diffusion coefficient (m?2/s)
F: Faraday constant (A.s/mol)
f(A): wall correction factor for diffusive transport ©
g (A): wall correction factor for convective transport “
Ig: solute flux (mol/mZ.s)
Ty solvent flux (m/s)
K¢ convective coupling coefficient O]
L: =LJ/Ax,
solute permeability coefficient corrected for the membrane thickness  (m/s)
Lg solute permeability coefficient in two component system (% s)
Ly: solvent permeability coefficient in two component system (s/m)
P porosity ©
P pressure - (bar, N/mz)
Pe: Péclet-number ©
r radius (m)
R gas constant (J/molL.K)
R: retention ©
S hindrance factor [C]
T temperature (9]
vo: velocity at pore center (m/s)
X: coordinate in flow direction (m)
Ax: membrane thickness (m)
z: valence G
€: dielectric constant (A.s/V.m)
n: electro-chemical potential (J/mol)
A: ratio of solute size and pore size ©
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W chemical potential (I/mol)

v: stoichiometric number e}

b1 osmotic pressure (bar, N/m?)

p: space charge density (C/m3)

(ox reflection coefficient ©

¢: flow rate (m3/s)

\UH electrical potential » (\2)

subscripts:

D: diffusive

Don: Donnan

eff: effective

f: feed

E: convective

i species i

p: pore

p: permeate

s solute

v solvent

X: fixed membrane charges

+: cationic

- anionic

superscript:

m: membrane (phase)
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CHAPTER 3

Retention measurements
with electrolyte solutions

ABSTRACT

Retention measurements with single salt solutions of CaCl,, NaCl and Na,SO, revealed that
the rejection mechanism of commercial polymeric nanofiltration membranes investigated in this
study may be divided into two categories:

i) membranes for which Donnan exclusion seems to play an important role

ii) membranes for which retention is determined by both Donnan exclusion and by size effects.
In category i) both positively and negatively charged membranes were found.

Ceramic y-Al,O5 ultrafiltration membranes showed similar salt retention ibehavior as the
positively charged polymeric membranes. After modification of the Y-Al,O; membrane with
sodiumsilicate, the sign of the surface charge of the membrane reversed from positive to
negative at a pH of 6. The retention behavior of this modified membrane was completely
opposite to that of an unmodified y-Al,O; membrane.

The increase in retention with increasing pressure difference was in accordance with the
Kedem-Katchalsky-Spiegler relations.

Retention measurements with salt mixtures of mono- and bivalent ions showed a decrease in
retention of the monovalent ion to even negative values, whereas the bivalent ion showed a
constant or slightly increasing retention when increasing the ratio bi/monowalent ion. The
selectivity of the ion separation was investigated as well. It increased with increasing ion
concentration and with a larger fraction of the bivalent ion within the mixture.
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3.1 INTRODUCTION

One of the most important features of nanofiltration membranes is their ability to fractionate
ionic mixtures. A high retention for multivalent ions is frequently combined with a moderate
retention for monovalent ions. The separation of ions is determined by several factors, i.e., i)
the charge density of the co-ions, which is dependent on their effective size and valency, ii) the
interaction between the membrane charge sites with the counter-ions, iii) the swelling of the
membrane, iv) the salt concentration and v) the membrane fixed charge density [1].

The most direct method to characterize nanofiltration membranes is the determination of the
separation capability of the membranes. This is very well comparable to the actual separation
process.

Retention measurements can be carried out with model salt solutions of various composition,
which give a general indication of the membrane characteristics. Retention measurements with
solutions of salt mixtures give more insight in differences between nanofiltration membranes
than experiments with single salts.

Both experiments with single and mixed electrolyte solutions will be carried out with various
commercially available nanofiltration membranes and with some lab-made ceramic membranes.
Positively and negatively charged ceramic membranes will be tested in order to investigate the
influence of the sign of the membrane surface charge.

3.2 = THEORY

In case of single salt solutions the retention is determined by the distribution of the co-ions
between membrane and solution according to the Donnan equilibrium. When dealing with salt
mixtures, the diffusion coefficients and the (diffusive and convective) hindrance factors will
influence the separation as well. In this section, the main mechanisms of ion separation by
membranes will be summarized.

3.2.1 Donnan exclusion

If a charged membrane is in contact with an ionic solution, 2 Donnan equilibrium will be
established. These aspects were described in more detail in Chapter 2. This section
summarizes the main aspects of this theory [2-4].

Single salt solution

In case of a charged membrane in contact with an electrolyte solution, the distribution of ions
between membrane and solution will be unequal because of the presence of fixed charges
within the membrane. To compensate this unequal ionic distribution, a Donnan equilibrium
will establish between the solution and the membrane. In case of a diluted NaCl feed solution,
under ideal conditions, the distribution of the chloride ions between the feed solution and the,
for instance, negatively charged membrane (superscript m) at equilibrium is given by (see
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equation {2.16}):
By (cBr+cR)=cy {3.1}

With increasing salt concentration and a decreasing number of fixed membrane charges, the
concentration of the co-ions in the membrane phase increases as shown in equation {3.1}.
This decrease of co-ion exclusion leads to a lower salt rejection, because the exclusion of the
co-ion determines the rejection of the salt. As shown in Chapter 2, the higher the valence of the
co-ion, the higher the Donnan potential will be and, therefore, the lower the concentration of
co-ions in the membrane will be. A higher valence of the counter-ion has a reversed effect.

Salt mixture

If a second co-ion is added to the salt solution, the Donnan equilibrinm will change. For
instance, by adding Na,SOy to the NaCl solution, the system will contain more counter-ions
Na*, whereas the concentration of the chloride ions in the feed solution remains constant.

For the distribution of chloride ions between solution and membrane, it can be derived that
(see equation {2.19}), assuming that no sulfate ions can enter the membrane:

<& — _ CNa* (3.2}
Ccr o +cR

It can be seen that an increase in the sodium ion feed concentration at constant chloride ion feed
concentration and constant membrane fixed charges, results in an increase of the conceniration
of the chloride ions in the membrane. It is even possible that the chloride ion concentration in
the membrane becomes higher than that in the solution. ,

When the sulfate ions can enter the membrane to some extent, then the distribution coefficient
of CI- between membrane and solution will become smaller.

When an uncharged membrane is in contact with a solution containing ions that are able to pass
the membrane, for instance Na* and Cl-, and others that are not, like for instance SO42', an
equilibrium will be established between the solution and the membrane.

Under ideal conditions, in which the activity coefficients are assumed to be unity and the
concentration of the sulfate ions in the membrane equals zero, the following relation can be
derived, see equation {2.22}:

cer (cor +2 cgr ) =( o P (3.3}

From this equation, it can be seen that an increase in the SO42' concentration, without
changing the CI- concentration in the solution, leads to a higher Cl- concentration in the
membrane phase. Furthermore, a higher Cl- concentration in the solution will cause a higher
CI- concentration in the membrane phase as well.

When retention measurements are carried out with a mixture of SO4*- and Cl-, this means that
a higher concentration of SO42- in the feed solution will often cause a lower chloride ion
retention. In case of high concentrations of the (more) impermeable SO42- ion, the chloride
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ions may even be transported against their own concentration gradient. Then, negative
retentions can be observed.

A similar theoretical derivation can be given if instead of a mixture with an impermeable anion,
an impermeable cation is used, for instance CaZ+, If it is assumed again that Na* and Cl- are
able to pass the membrane then the distribution of ions between the solution and the membrane
can be given as:

ena (o +2 e ) = (e : (3.4}

In this case a higher Ca2+ concentration will ‘push’ the Na+-ions through the membrane.

For the derivation of equation {3.4} it was assumed that Ca2* cannot enter the membrane.
When a low concentration of these ions is present in the membrane, the amount of Na* in the
membrane will decrease consequently.

Although the Donnan equilibrium may affect the ionic retention in case of salt mixtures, it is
not the only determining factor, like it is in single salt solutions [5]. As shown in Chapter 2,
differences in diffusion coefficients add to the final retention as well. Generally, it can be
stated that for both co and counter-ions, the multiple charged ions are retained better within a
mixture than in a single salt solution, whereas the monovalent ions will be retained less.

The diffusion coefficients of the ions have an influence on both the diffusive and the electrical
contribution of the ion flux as shown by the extended Nernst-Planck equation. As an example
the relation between the diffusion coefficient and the electrical potential gradient will be
qualitatively illustrated for a mixture containing sulfate, chloride and sodium ions. The
diffusion coefficients of these ions have the following sequence: DSO4 <Dyy <DcpIna

solution with only sodium chloride, the electrical potential will be negative, because the
transport of-sodium ions has to be accelerated, whereas that of chloride ions should be slowed
down to achieve identical ion fluxes to maintain electroneutrality. Contrarily, in a solution with
sodium sulfate, the electrical potential will be positive, because the transport of the sulfate ions
should increase and that of the sodium ions decrease. In case of a mixture of sodium chloride
and sodium sulfate, the potential will be in between that of the single salt solutions. Therefore,
in a mixture with sulfate, chloride and sodium ions, the contribution of the electric potential to
the transport of chloride ions will be always higher than that in case of a single salt solution
and its transport through the membrane will, as a result, be higher. In case of sulfate ions, the
electrical component of the transport will be lower than in case of a single salt solution,
causing a diminished transport of sulfate ions.
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3.2.2 Transport throngh a membrane
Phenomenological model for single salt solutions

For the description of transport of the components of a single salt solution, the
phenomenological relations derived by Spiegler, Kedem and Katchalsky can be used as
described in Chapter 2 [6].

The solvent flux, Jy, is given by:

Iy=Lly(E-cdly (3.5)

with Ly being the permeability constant of the solvent, dP the pressure gradient applied across
the membrane, X the coordinate in flow direction, dm the osmotic pressure gradient across the
membrane and ¢ the reflection coefficient.

The solute flux, Jg, equals:

dc — :
Jyj=-Li=—=+(1-0)JcC {3.6}
S/ st vV ~s

with dcg being the solute concentration gradient over the membrane, Lg the permeability
constant of the solute and ¢, the average concentration.
The retention of the membrane, R, is defined as:

%%
R= = {3.7}

with c the concentration of the feed and c,, that of the permeate.
The relation between the solvent flux and the retention can be written as:

- ePe
rR=C (1 -¢Pe) {3.8}
1- o ePe
. _ (1-0) L . .
with Pe=-1J, T and L = =%, Ax being the membrane thickness.

Ax

Phenomenological model for salt mixtures

In case of a salt mixture the flux of each of the solutes, i, can be described by the extended
Nernst-Planck equation:

S dym
ggd—“; +Kic Jy o (3.9}

dcP
Jiz-D]in —d;( +C11:n

with J; being the solute flux, D; the chemical diffusion coefficient of i, c; its concentration, X

55



Retention measurements with electrolyte solutions

the coordinate in the flow direction, z; the valency, F the Faraday constant, yr the electric
potential, R the gas constant, T the temperature, J, the solvent flux and K; ; the convective
coupling coefficient. The superscript m refers to the membrane phase.

In this chapter the results of the retention measurements will be described qualitatively. In
Chapter 6, a quantitative description will be given, when the experimental results are compared
with the calculated data.

3.3 EXPERIMENTAL
3.3.1 Retention measurements
Single salt solutions

All polymeric and ceramic nanofiltration membranes available were preliminary characterized
with single salt retention measurements. These retention measurements were carried out with
three salts, CaCl,, NaCl and Na,S0y, (Merck, p.a.) respectively, at three different initial
concentrations, 0.001, 0.005, 0.01 M, respectively, at a constant feed pressure difference of 5
bar.

The water was demineralized by a Milli-Q-Plus unit. The pH value of the water varied between
5.6 and 6.2.

These retention measurements were carried out in a stirred dead-end filtration set-up, by which
the membrane flux was recorded automatically. The area of the membranes in the cells used for
the retention measurements is 38.5 cm2. The stirred permeation cell was pressurized by
nitrogen. The permeate is collected in a vessel which was placed on a balance. The mass
increase of the permeate on the balance was recorded in time by a computer.

Firstly, all membranes were permeated with water for four hours. Then, the feed solution was
changed from pure water to a salt solution. After a stabilization time of two hours the
concentration of the feed was measured and subsequently permeation samples were taken. Salt
retention measurements were started with the lowest concentration. The sequence of the salts
was CaCl,, NaCl and NaySOy, respectively. When electrolyte solutions were changed, the
membrane was flushed for at least two hours with pure water.

More extended retention measurements with single salt solutions were performed with some of
the membranes. In this latter case the experiments were carried out at four or five different
pressure differences and at different electrolyte concentrations. The pressure differences used
were in the range of 3 to 7 bars and the concentrations were 0.001, 0.005 and 0.01 M,
respectively. Five polymeric membranes were chosen for the extended measurements, ASP35,
NF45, UTC70, UTC90 and CTA-LP membranes and a ceramic y—A1203 membrane.

The concentrations of the single salt solutions were determined by conductivity measurements.

56



Chapter 3

Salt mixtures

For several membranes pressure-dependent retention measurements were carried out with salt
mixtures. The mixtures had either the same anion (CaCly/NaCl) or the same cation
(NaCl/NayS0,). For both types of mixtures three different concentrations were used, based on
either the cations or the anions, 0.001, 0.005 or 0.01M, respectively. Also the ratio of the
cations CaZ*/Na* and that of the anions Cl‘/SO42“, was varied; 1/9, 1/1, 9/1, respectively. The
pressure differences applied were in the range of 3 to 7 bar.

The concentrations of sodium and calcium ions in the -cation mixtures were determined by
atomic absorption spectroscopy (Spectra 10, Varian). The wavelength at which Ca®* was
determined was 422.7 nm. The burning gas was a mixture of N,O and acetylene within a
reducing flame. To determine the sodium ion concentration, a wavelength of 589.0 nm was
used. Air and acetylene were the burning gases within an oxidizing flame. To suppress
ionization of the sodium ions in the air-acetylene flame, 2000 ppm cesiumchloride was added
to all samples.

HPLC was used to determine the concentrations of the individual anions (pump: Waters,
Millipore 510; autosampler: Waters 717 plus; column: Waters IC-Pack anion; detector: Waters
conductivity meter 430). The eluens used was a mixture of 20 ml gluconate/borate buffer
solution, 20 ml n-butanol and 120 ml acetonitril in 1 liter of demineralized water.

3.3.2 Membranes
Both polymeric and ceramic membranes were used.

The following polymeric membranes were used:

* ASP35 ab¢ (Advanced Membrane Technology)

* MPF21; MPF32 (Kiryat Weizmann)

* UTC20; UTC60; UTC70 2; UTC90 &b (Toray)

* CTA-LP ab.c; TFCS (Fluid Systems)

* NF435 a,¢; NF70 (FilmTec)

*BQO1; MX07; HGO1; HG19; SX01; SX10 (Osmonics)
* 8040-LSY-PVD1 (Hydranautics)

* NF CA30; NF PES10 (Hoechst)

* WENO0505 (Stork Friesland).

The ASP35, UTC20, UTC60, UTC70, UTC90, CTA-LP, TFCS, NF45, NF70, BQO1,
MX07, HGO1, HG19, SX01, SX10, 8040-LSY-PVD1, NF CA30, NF PES10 and the
WENO0505 membrane were all kindly supplied by the manufacturers.

With all above mentioned membranes preliminary salt retention measurements were carried

out. The membranes marked with 2 were used for pressure-dependent retention measurements
" with single salt solutions, membranes with b for retention measurements with anion mixtures
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and membranes with ¢ for retention measurements with cation mixtures.

Ceramic membranes used were ¥-Al,O3 membranes and modified y-Al,O3 membranes.

The synthesis of the y-Al,O3 membrane was described by Uhlhorn et al. [7]. The supported y-
Al,O3 membrane was made by a sol-gel method and was sintered at a temperature of 600°C.
Modifications of the y-Al,O3 membrane were carried out to achieve both positively and
negatively charged membranes. Since y-Al,O5 membranes have an isoelectric point of 7-9,
they are positively charged when they are immersed in water with a pH of 6 [8]. To obtain
negative charges, the y-Al,O3 membranes were modified with sodiumsilicate. By adsorption
of the sodiumsilicate at the membrane surface, followed by calcination, it was tried to apply a
silica layer on top of the membrane. Since the isoelectric point of SiO; is around pH = 2-3, the
membrane surface charge should be negative when immersed in water [8]. '

The modification with sodiumsilicate was carried out by impregnation of the membranes for 16
hours in a solution of 1 w% sodiumsilicate in ultrapure water. Then, the membranes were
dried and heated to 400 °C for 3 hours (heating rate: 25 °C/hour). In some cases this treatment
was repeated. X-ray Photon Spectroscopy (Kratos XSAM 800 XPS) was used to characterize
the modifications of the y-Al,O3 membranes.

3.4 RESULTS
3.4.1 Salt retention measurements

Salt retention measurements with CaCly, NaCl and Na,SOy at a pressure difference of 5 bar

were carried out with all membranes mentioned in the Experimental Section. For the UTC60

membrane MgSOy4 was used instead of NaySOy. For the PES10 and PVDI membranes only

CaCl, and NaCl were used. In addition, the pure water permeability was determined for all the

membranes.

An overview of the results of these salt retention measurements is given in Appendix I and the
" water permeabilities are shown in Appendix II. The water permeabilities of all membranes

were in the range of 1.0 - 6.6 I/m2.h.bar.

The salt retention measurements showed that the behavior of most of the membranes could be

classified into two main categories:

i) membranes for which Donnan exclusion seemed to play an important role

ii) membranes for which retention was neither completely determined by Donnan exclusion nor

by size effects. ‘

The former category of membranes, for which Donnan exclusion determined the separation,
could be subdivided into two membrane types. The first type showed the following salt
retention sequence: R (N2;S0O,4) > R (NaCl) > R (CaCly,), which is typically for a negatively
charged membrane. In general, the retention of these membranes decreased with increasing
concentration. '
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The ASP35 membrane was an example of this category, as shown in Figure 3.1.
Other membranes of this type were: UTC70, HG01, HG19, BQO1 and WEN0505. For PVD1
and PES10 the NaCl retention was higher than the CaCl, retention, whereas for these

membranes no experiments with NaySO,4 were carried out. Both membranes could also be
classified within this type.

1

Na SO,

0.8 —

3 NaCl
0.6 '
R

0.4 -
0.2 -
I .\&
0 1 | it { 3
0 -0.005 0.01 0.015

¢ (mol/h)

Figure 3.1: Retention of different salts as a function of the feed concentration for a
ASP35 membrane. Pressure: 5 bar

The second type of membranes of category i) showed a salt retention sequence: R (CaCly) >R
(NaCl) > R (NaySO,), which was reversed compared to that of the first membrane type (See
Figure 3.2). This sequence is typical for positively charged membranes.

1

0.8 - CaCl2
0.6 —
NaCl
R L
0.4 —‘\Hﬁ
0.2 L Na, SO,
0 i I 1 | 1 | 1
0 0.005 0.01 0.015 0.02
¢ (mol/l)

Figure 3.2: Retention of different salts as a function of the feed concentration for a
MPF2] membrane. Pressure: 5 bar

The retention of this membrane type also decreased with increasing salt concentration.

The membranes of this type were MPF21 and MPF32. For a y—=Al,O3 ultrafiltration membrane

salt retention measurements were carried out at only one concentration, i.e., at ¢ = 0.005 M,
- but the observed salt retention sequence R (CaCl,y) > R (NaCl) > R (Na,SO,4) was similar to
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that of the above mentioned positively charged polymeric membranes. The retention of CaCl, -
was 0.90, whereas the membrane did not show any retention at all for NaySOy. The retention
of NaCl was in between, 0.57. ' )

The last category of polymeric membranes was classified according to the salt retention
sequence of R (NaySOy) > R (CaCly) > R (NaCl).

0.8 Na,SO,
R o6
] CaCl2
0. L
4 NaCl
0.2 OT‘_/;_O-.\IO ' I s
0 0.005  0.01 0.015  0.02
¢ (mol/l)

Figure 3.3: Retention of different salts as a function of the feed concentration for a
NF45 membrane. Pressure: 5 bar :

Figure 3.3 with NF45 as membrane represents an example of this category. Other membranes
of this category were TFCS, CTA-LP, UTC90, SX10, MX07 and CA30.

The results of the first two membrane types could be explained by the Donnan exclusion
theory. Both the high retention for sulfate ions and the low retention for the calcium ions for
the first class of membranes (negatively charged) and the high retention for the calcium ions
and the low retention for the sulfate ions for the second class of membranes (positively
charged) could be explained by the Donnan theory.

In case of the retention sequence R (Nay;SQOy4) > R (NaCl) > R (CaCly), the retention for the
bivalent anion was the highest, whereas that of the bivalent cation was the lowest. The
retention of the salt with a mono-mono-valent ion pair was in between the other two. If it is
assumed now, that the membranes of the first type are negatively charged, the high retention
for the sodium sulfate (bivalent co-ion, monovalent counter-ion) and the low(er) retention for
calcium chloride (bivalent counter-ion, monovalent co-ion) are in accordance to the Donnan
exclusion model. The decrease of the retention with increasing concentration is also in
agreement with this model, because the Donnan exclusion diminishes at high feed electrolyte
concentrations, like was shown in Chapter 2 [5]. In case of a higher ionic strength, the
membrane charge will be shielded to a large extent, resulting in a lower effective charge and
consequently a lower retention is obtained [9]. This type of retention sequence was observed
by several other authors as well and attributed to the negative charge of the nanofiltration
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membranes used [1,10,11].

The behavior of the second type of membrane could be explainéd in the same way, assuming
that the membranes are now positively charged. For the y-Al,04 membrane this was also the
case, since the isoelectric point of AlyOj5 is in the range of pH = 7-9. For positively charged
membranes the retention of the bivalent cation, Ca?*+, was the highest, whereas that of the
bivalent counter-ion (sulfate) was the lowest.

The results of the third class of membranes cannot be explained by Donnan exclusion, because
both the retention for the bivalent cation and that of the biv_alent anion were high. Neither could
the retention sequénce be explained by differences in size of the different ions. Although the
sizes of the hydrated sulfate and calcium ions are larger than those of the sodiumzand chloride
ions, the calcium ion is on its turn larger than the sulfate ion which is shown in Table 3.1. The
sizes of the ions are calculated from their diffusion coefficients by the Stokes-Einstein equation
[12]. So, in case of separation on base of size exclusion, the calcium ions would have shown
the highest retention. Not only size effects seemed to determine separation in this case.

Table 3.1: Diffusion coefficients in water and hydrodynamic radii for several ions

ion D (10 m%/s) @)
Nat 1.33 © 164
cr 2.03 1.07
Ca2+ 0.92 2.37
S0,2 1.06 2.05

Possibly, the retention behavior of the membranes of this category was determined by a
combination of both charge and size exclusion.It may also be possible, that both negative and
positive charges are present at the surface of the membranes of this class. The experiments
performed did not clarify any of these hypotheses. Nystrom et al. reported for a NF40
membrane (which was the predecessor of the NF45 membrane) a higher retention for MgCl,
than for NaCl [13]. They suggested that this was affected by the difference in sizebetween the
magnesium and sodium ions. A

Finally, there are some membranes that did not seem to fit in one of the categories. The SX01
membrane had equal retentions for NaySOy and for CaCl,, whereas the NaCl retention was
lower. The NF70 membrane had about the same retention for CaCl2 and NaCl, while the
Na;SOy retention was slightly higher. The same was found for the UTC60 ‘membrane,
although in this case MgSO, was used instead of NaySOy.

To investigate the influence of the membrane charge on the separation of the salts, two
different additional experiments were carried out with ceramic membranes. Firstly, the pH of
the sodium sulfate solution was changed from 6 to 10, passing the isoelectric point of the
Al,O3 and therefore, changing the membrane surface charge from positive to negative.
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Secondly, v- Al,O3 membranes were modified with silicate to achieve a negatively charged
surface.

When the pH was changed from 6 to 10, the retention of Na;SOy increased from 0 to 0.50.
This was achieved by the inversion of the surface charge from positive to negative, which on
its turn made Donnan exclusion more effective.

Whereas the unmodified y-Al,O3 membranes did not show any retention for Na,SOy at all at
pH=3.5, a 7-AlyO3 membrane modified with sodiumsilicate showed, initially, a retention of
0.75 for a 0.001M Na,SO4 solution. Then, the retention started to decrease and reached a
value of 0.64 after 4 hours of operation. After a total operatidn time of 13 hours, no retention
for NaySO,4 was observed anymore. Measuring the retention for CaCl, of this membrane
afterwards showed that it was identical to that of an unmodified y-Al,O5 membrane.

Using a membrane which was modified twice with sodiumsilicate, the retention of a 0.005M
Na;SOy solution was above 0.78 during 5.5 hours of operation. A retention measurement
with CaCl, confirmed again that the surface charge of the membrane had changed from
positive to negative, because no retention for CaCl, was found anymore, whereas the
unmodified ceramic membrane showed a retention higher than 0.90.

A 0.005M solution of NaCl showed retentions between 0.07 and 0.24, but in contrast to the
stable retention values in case of the unmodified membranes, the extent of the retention
decreased in time.

A final experiment with these sodiumsilicate modified membrane showed a continuous
decreasing retention for Na;SOy going from 0.40 to only 0.20.

It has been clearly shown that the modification with sodiumsilicate causes a reversal of the
membrane surface charge from positive to negative, although the membrane formed was not
stable in the solutions used in the above described experiments.

3.4.2 Flux dependent retention measurements
Single salt solutions

Figure 3.4 shows the NaySO, retention as a function of the solvent flux for a UTC70
membrane. This figure illustrates the behaviour of all membranes for all electrolytes: the higher
the solvent flux, the higher the retention. This is a general phenomenon, because an increase in
pressure difference causes a higher water flux, whereas the salt flux through the membrane is
mainly diffusion-driven and, therefdre, does not change that much, as can be seen from
equations {3.5} and {3.6}. Since the salt concentration in the permeate equals the ratio of the
salt flux and the water flux, it can be seen that the resulting retention will increase.
Furthermore, the figure shows again that the lower the salt concentration, the higher the
retention.

The curves in the figure are drawn according to equation {3.8}, with a fixed value for the
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membrane thickness normalized permeability and fitted values for the reflection coefficient .
Firstly, both the permeability and the reflection coefficient were fitted for each of the lines.
Secondly, the mean value of the permeability coefficient was calculated and the reflection
coefficient was fitted again. The value of the membrane thickness normalized permeability
coefficient determined was 1.01*10-7 m/s. The values of the reflection coefficient decreased
from a value of 1 in case of the 0.001M solution, to 0.87 in case of the 0.005M solution to
0.82 in case of the highest salt concentration.

0.95

0.9
R 0.85

0.8

(od
075 ¥5.01Mm
0.7 L 1 L | L | ) | ) | L
2 3 4 7 8

5 6
J (/m?h)
Figure 3.4: Na;SOy retention as a function of the solvent flux at several feed
concentrations. UTC70 membrane

Salt mixtures

Retention measurements with salt mixtures were carried out with various membranes: UTC90,
ASP35, CTA-LP and NF45.

For the UTC90, ASP35 and CTA-LP membranes the retention measurements were carried out
with a mixture of NaCl and Na,SO,. From the single salt retention measurements, the ASP35
membrane was characterized as negatively charged, whereas the CTA-LP and UTC90
membranes were from the second class of nanofiltration membranes for which both charge and
size seemed to play a role in separation.

For the ASP35, CTA-LP and NF45 membranes retention measurements were carried out with
a mixture of CaCl, and NaCl. The NF45 membrane was categorized as a membrane for which
charge was not the only determining factor concerning ion separation.

Experiments with NaCl/Na,SO,

The retentions of ClI” and 8042" are plotted in Figures 3.5 and 3.6 as a function of the solvent
flux for a UTC90 membrane, for various molar fractions of Cl- and 8042'.‘ The total
concentration of anions was 0.01M.

Figure 3.7 shows the chloride and sulfate ion retention as a function of the chloride fraction for
a CTA-LP membrane. :

It can be seen from Figures 3.5 and 3.7 that the retention for Cl™ drastically decreased by the
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addition of Na;SQ, to the NaCl solution for both the UTC90 and the CTA-LP membrane. In
case of UTC90, the retention decreased from around 0.80 for the chloride ions in a single salt
solution to a negative retention in the mixture with a ratio of chloride/sulfate of 1/9. In case of
the CTA-LP membrane the retention decreased even more drastically. For both membranes the
chloride ion retention became negative, which meant that the chloride ions were transported
against their own concentration gradient. The increased transport of chloride ions and the
decrease of that of the sulfate ions can be explained by the electrical potential gradient that will
occur because of the different diffusion coefficients of the ions.
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Figure 3.5: Retention of chloride ions using a feed mixture of CI” and SO 42‘ asa

7

Junction of the solvent flux for various ionic compositions. Membrane: UTC90.
Overall anion concentration = 0.0IM
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Figure 3.6: Retention of sulfate ions using a feed mixture of CI” and SO 42' asa
Junction of the solvent flux for various ionic compositions. Membrane: UTC90.
Overall anion concentration = 0.0IM

As shown in the theoretical section of this chapter, the electrical potential will diminish the
transport of the sulfate ions within a mixture containing chloride ions, whereas the chloride ion
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transport will be higher, both compared to the transport in case of a single salt solution.

The Donnan equilibrium may contribute as well to the decreasing chloride ion retention by the
addition of Na;SO,. Since the concentration of the sulfate ions in the membrane is very small,
an increase of the Na™ concentration in the feed will cause a higher CI- concentration in the
membrane as shown in equation {3.3}. In case of merely convective transport, this will cause
a higher chloride ion flux and, therefore, a decreasing rejection of the chloride ions could be
expected. :

1 2 2 2
| 2-
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Figure 3.7: Retention of chloride (m) and sulfate (A) ions using a feed mixture of CI”
and SO 42' as a function of the fraction, x, of chloride ions in the feed solution.
Membrane: CTA-LP. Overall anion concentration = 0.0IM, P = 5 bar

By increasing the solvent flux through the membrane, the chloride ion retention for all
fractions increased.

For the sulfate ions (see Figures 3.6 and 3.7), the retention increased when the sulfate fraction
in the feed solution was decreased, but this effect was only small. Furthermore, it could be
seen that the retention for the sulfate ion increased with increasing solvent flux through the
membrane, as was expected.

Summarizing the results, in a mixture the retention of the co-ion having the highest valency
and the lowest diffusion coefficient remained constant or increased a little compared to that in a
single salt solution, whereas the retention of the other co-ion with a low valency and a higher
diffusion coefficient decreased drastically. This behavior of co-ions in a mixture has been
observed before [14-20].

Although the retention data for the ASP35 membrane were somewhat different from those of
the UTC90 and CTA-LP membrane, the observed dependence of the retention of the chloride
and sulfate ions on their fractions in the feed solution was similar. The retention and selectivity
data of these three membranes are presented in [21]. ‘

The selectivity of the separation process can be calculated from the data shown in Figures 3.5
and 3.6. The selectivity for separation of compounds 1 and 2, Sy ,, can be defined as the ratio
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of components 1 and 2 in the permeate compared to that in the feed:

( Cp,1 )
Cp’z

b2 ( Ef-_l}
C2
with ¢, and c¢ being the concentration in the feed and permeate, respectively,
or:

1-R;
1-R,

Si2=

with R being the retention of each of the compounds. The selectivity, S, is always larger than
or equal to one. At a selectivity of one, no separation of the compounds has been achieved.
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Figure 3.8: Selectivity between CI” and SO 42' as a function of solvent flux for
different ratios CI'/SO /. Membrane: UTC90. Overall anion concentration = 0.01M

Figure 3.8 shows the selectivity as a function of the solvent flux through the membrane for
different ratios of C1/SO 42', whereas the total anion concentration remained constant at
0.01M. For the ion ratio CI7/SO 42‘ of 1/9 the selectivity increased with increasing solvent flux,
whereas for the other two ratios the selectivity remained constant. It appeared that the
selectivity of the CI/SO 42' increased when the ratio chloride/sulfate decreased. The
improvement of the selectivity with increasing sulfate fraction is caused by the decrease in
chloride ion retention when sulfate jons are added to the NaCl solution. The slight increase of
the sulfate ion retention at higher sulfate fractions contributed-as well to the increasing
selectivity. .

Figure 3.9 shows the selectivity of C1/SO 42‘ of UTC90 as a function of the solvent flux for
different total anion concentrations, keeping the ratio Cl‘/SO42‘ constant. By increasing the
concentration of anions, the selectivity increased as well, which was caused by the fact that the
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increase of the concentration had a stronger effect on the chloride ion retenﬂon than it had on
the retention of the sulfate ions.
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Figure 3.9: Selectiiiity between CI and SO42‘ as a function of solvent flux for
different concentrations anions. Membrane: UTC90. Ratio Cl‘/SO42': 1/9

Figure 3.10 shows the selectivity of the three membranes investigated as a function of the
solvent flux through the membrane. The ratio chloride/sulfate was 1/9 and the total anion
concentration 0.005M. The selectivity of the CTA-LP membrane was by far the highest,
whereas that of the ASP35 membrane was the lowest. When the selectivity for the chloride-
sulfate ion mixture was compared to the retention of the membranes for the single salt
solutions of sodium chloride and sodium sulfate, it could be stated that the CTA-LP membrane
combined a high retention for sodium sulfate with a low retention for sodium chloride, which
resulted in very high selectivities for the chloride/sulfate separation.
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Figure 3.10: Selectivity between CI” and 8042‘ as a function of solvent flux for

different nanofiltration membranes. Ratio Cl'/SO42“: 1/79. Anion concentration =
0.005M
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Comparison of the retentions for the single salt solutions of the UTC90 membrane with those
of the CTA-LP membrane, revealed that the main difference was a higher sodium chloride
retention for the UTC90 membrane. Therefore, the difference in selectivity between these two
membranes might be estimated from the differences in retentions between the sulfate and the
chloride ions in the single salt solutions. The higher this difference is, the higher the selectivity
that may be expected.

The retentions for sodium chloride in the single salt solution with the ASP35 and the CTA-LP
membrane were more or less comparable. Since the selectivity of the ASP35 membrane was
much lower than that of the UTC90 membrane, the difference in selectivity seems to be mainly
caused by the much higher retention for sodium sulfate in case of the UTC90 membrane.

Although the extent of the retention and selectivity was different for the three membranes
investigated, their qualitative behavior was the same. So, no qualitative difference was found
between the charged membrane ASP35 and the uncharged CTA-LP and UTC90 membranes.
The anion with the highest retention in the case of single salt solutions stays more or less
constant in a salt mixture. For all membranes tested sulfate was the best retained anion. The
retention of the other anion, in this case the chloride ion, decreased for the membranes tested.
The more sulfate ions the solution contained, the more the chloride ion retention was decreased
compared to the retention in the binary salt solution.

Experiments with NaCl/CaCl,

In case of the cation mixtures, the calcium ion retentions increased or remained stable
compared to the single salt solution. The sodium ion retention in the mixture decreased as the
fraction of calcium increased. This was the case for the CTA-LP and NF45 membrane, that
were characterized as membranes for which the charge was not the only determining factor in
separation, but for the negatively charged ASP35 membrane as well. For the CTA-LP and
NF45 membrane, the sodium ion retention became negative for low sodium fractions in the
feed. For these two membranes the separation behavior for the cation mixture resembled that
for the membranes investigated for the anion mixture. In case of retention measurements with
single salt solutions, the CTA-LP and NF45 membrane showed a higher retention for calcium
than for sodium chloride. In case of a mixture of these two cations, the retention of the ion
with the lowest diffusion coefficient remained constant, whereas that of the other ion
decreased. Therefore, the sodium ions were preferentially transported through the membrane
over the calcium ions, together with permeating chloride ions. This is shown in Figures 3.11
and 3.12.

Considering the electrical potential gradient that influences the ionic transport, in case of a
single salt sodium chloride solution, the electric field will be negative because the permeability
of the chloride ions is higher than that of the sodium ions. The transport of the sodium ions
will be accelerated and that of the chloride ions slowed down, until both are equal. In case of a
calcium chloride solution, the electrical potential will be even more negative. For a mixture of
sodium and calcium chloride, the electrical gradient will be in between, so the transport of the
sodium ions will be accelerated even more than it is in case of a single salt solution. This
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explains the decreased retentions for the sodium ions.

The retention of the calcium ions increased when the fraction of calcium in the feed solution
decreased. Only in case of the calcium fraction of 0.5 the retention was higher than that for the
fraction of 0.1. This might be caused by a measurement error.
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Figure 3.11: Retention of sodium ions using a feed mixture of Na* and Ca®* as a
Sfunction of solvent flux for different ionic compositions. Membrane: CTA-LP. Overall
cation concentration = 0.001M
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Figure 3.12: Retention of calcium ions using a feed mixture of Nat and Ca**asa
function of solvent flux for different ionic compositions. Membrane: CTA-LP. Overall
cation concentration = 0.01M

Although the negatively charged ASP35 membrane showed a higher retention for calcium
chloride within the single salt solution than for sodium chloride, the retention of calcium ions
within the cation mixture increased and that of sodium ions decreased. The decreasing sodium
ion retention and the increasing retention of the calcium ions as a function of the calcium
fraction are shown in the Figures 3.13 and 3.14, despite of some scattering in the data. The
. high calcium ion retention for the ASP35 membrane in case of a cation mixture is partially

69



Retention measurements with electrolyte solutions

caused by the Donnan potential at the membrane-permeate interface. Since the Donnan
potential is equal for all ions, it will cause a larger concentration decrease for calcium jons than *
for sodium ions, because of the higher VaIency of the former. This effect is illustrated by
equation {2.37}. Furthermore, the higher diffusion coefficient of sodium compared to calcium
favored the sodium transport.
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Figure 3.13: Retention of sodium ions using a feed mixture of Na* and Ca®* as a
function of solvent flux for different ionic compaositions. Membrane: ASP35. Overall
cation concentration = 0.00IM
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Figure 3.14: Retention of calcium ions using a feed mixture of Na+ and Ca®* as a function
of solvent flux for different ionic compositions. Membrane: ASP35. Overall cation
concentration = 0.001M '

The selectivity for the sodium/calcium separation of the CTA-LP membrane is shown in Figure
3.15. As can be seen, the selectivity was the highest when the ratio Na+/Ca2+ was low,
because in that case the sodium ions were forced against their own concentration gradient
through the membrane. As distinct from the selectivity of the anion mixtures for which the
selectivity remained constant or increased a little at higher solvent fluxes, the selectivity of the
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Nat/Ca2* separation decreased with increasing solvent flux for a Na*/Ca2* ratio of 1/9. For
the other two ratios the selectivity was not much influenced by the water flux. The selectivity
of the NF45 membrane resembles that of the CTA-LP membrane.
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Figure 3.15: Selectivity of Na*/Ca?* as a function of the solvent flux for different
ratios Nat/Ca?*+. Membrane: CTA-LP. Total anion concentration = 0.001M

The selectivity of the sodium/calcium separation of the ASP35 is much lower than that of the
CTA-LP and the NF45 membrane as shown in Figure 3.16. In case of high sodium fractions,
the selectivity becomes smaller than one, which means that calcium ions are transported
preferentially through the membrane above sodium ions.
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Figure 3.16: Selectivity of Na*/Ca®* as a function of the solvent flux for different
ratios Nat/Ca?*. Membrane: ASP35. Total anion concentration = 0.005M

An increase of the total cation concentration caused an increase of the selectivity for the CTA-
LP and the NF45 membrane. The selectivity behavior of the CTA-LP membrane is shown in
Figure 3.17. This increase is caused by the preferable sodium ion permeation through the
‘membrane in case of a higher cation concentration in the feed as explained .before in this
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section. An indication for the improvement of selectivity at higher ionic strengths could be
obtained from equation {2.22} that showed an increasing distribution coefficient of the more
permeable ion between membrane and solution with increasing concentration of the less
permeable ion. If the distribution of the less permeable ion is not increased to the same extent,
the selectivity will be higher at higher ionic strengths. For the ASP35 membrane the scattering
of the selectivity data was too high to draw conclusions concerning the influence of the
concentration.
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Figure 3.17: Selectivity of Na*/Ca®* as a function of the solvent flux for different
total cation concentrations. Membrane: CTA-LP. Ratio Na+/Ca?*= 9/1

For the CTA-LP membrane both cation and anion mixtures were separated. The highest
selectivity was found for the anion mixture, which was mainly caused by the higher retention
for the sulfate ions in the anion mixture compared to calcium ions in the case of the cation
mixture.

3.5 CONCLUSIONS

Salt retention measurements with nanofiltration membranes showed two different concepts
with respect to the mechanism of separation. For one class of membranes Donnan exclusion
seemed to be the determining mechanism. This first class could be further subdivided into two
groups: negatively charged membranes, which showed a salt retention sequence R (Nay,SQOy) >
R (NaCI) > R (CaCl,), and positively charged membranes with a salt retention sequence: R
(CaCly) >R (NaCl) > R (Na;SOy), both at pH = 5.5. A ceramic y- Al;O3 membrane showed
the same retention sequence as the positively charged polymeric membranes. For the second
type of nanofiltration membranes neither surface charge nor size effects fully determined the
separation. The retention sequence for these membranes was: R (Na;50,4) >R (CaCly) >R
(NaCl).

The modification of a y-Al,O3; membrane with sodiumsilicate was successful with respect to
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the change of the charge from positive to negative at a pH of 6. Initially, for the modified
membrane a high retention for Na,SO, was found, while all CaCl, passed the membrane.
However, these modified membranes appeared to be unstable in time and the retention for
Na,SO, decreased to zero, which was identical to the unmodified y-Al,O; membrane.

Retention measurements carried out at various pressure differences, i.e., at different solvent
fluxes through the membrane, showed that the retention increased with increasing solvent flux.

Retention measurements for UTC90, ASP35 and CTA-LP membranes with salt mixtures of
Na;SO4/NaCl showed a decrease in chloride ion retentions and an increase in sulfate ion
retentions with increasing sulfate fractions in the mixture, as could be expected from both the
diffusion potential and from the Donnan theory. Selectivity between chloride/sulfate increased
with increasing sulfate fraction and with the total anion concentration. In case of the cation
NaCl/CaCl, mixtures, the Na* retention decreased with the addition of Ca2*-ions for
membranes for which both charge and size effects determined the separation and for a
negatively charged membrane. For the former membranes, a high total concentration of cations
resulted in a high selectivity. In case of the negatively charged membrane, the Donnan potential
in combination with the difference in diffusion coefficients caused a high retention for the
bivalent cation compared to that of the monovalent cation. Therefore, although the calcium ion
concentration within the membrane is much higher than that of the sodium ions, sodium was
the preferentially permeating ion within the cation mixture. All membranes showed a higher
selectivity between Na*/Ca2" in case of a higher the calcium fraction.

When comparing the retention data of the single salt solutions with those of the salt mixtures,
the membrane which had the higher retention for the bivalent ion in case of a binary solution
(for the sulfate or calcium ion), showed the highest selectivity.
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SYMBOLS

c: concentration (mol/l)
D: diffusion coefficient (m%s)
f: diffusive wall correction factor &)

g convective wall correction factor &)
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T flux (m/s) or (mol/m?.s)
L =L/Ax,
solute permeability coefficient corrected for the membrane thickness  (m/s)

Lg: solute permeability coefficient in two component system (m?%/s)

Ly: solvent permeability coefficient in two component system (s/m)

p porosity Q)

P: pressure (bar, N/mz)

Pe: Péclet-number O]

I radius (m)

R: retention @)

Sp: hindrance factor for diffusive transport O]

Sg: factor for convectional transport O]

X: coordinate in direction of transport (m)

As =15/1, @)

b1 osmotic pressure (N/m?2)

G reflection coefficient “

Ax: membrane thickness (m)

subscripts:

f: feed

) permeate

p: pore

s: solute

v solvent
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APPENDIX 1

Salt retention measurements with

All experiments were carried out at AP=5 bar

CLASS I), NEGATIVELY CHARGED MEMBRANES:

different nanofiltration membranes

UTC70

c(103molly | RG) ¢ (103 moll) | R () ¢ (10-3 mol/l) R()
CaCl, NaCl Na,SO,

1.08 0.91 1.53 0.943 1.10 0.966
6.31 0.897 - 6.36 0.936 6.1 0.953
11.0 0.886 11.0 0.919 11.5 0.929
ASP35

¢ (103 mol) | R ¢ (103 mol) | RG) ¢ (103 mol/l) R()
CaCl, NaCl Na,SO,

1.78 0.14 2.1 0.75 1.76 0.95
5.45 0.52 6.4 0.612 8.9 0.93
9.7 0.38 12.0 0.534 14.6 0.876
HGO1

¢ (103 moll) | R ¢ (103moll) | R () ¢ (10-3 mol/l) R
CaCl, NaCl Na,SO,

1.1 0 0.971 0.018 1.16 0.293
5.0 0.01 4.97 0.029 5.48 0.109
9.6 0.01 9.37 0.024 9.92 0.045
HG19

¢ (103mol/)) [ R(G) ¢ (103 mol/l) [ R() ¢ (10-3 mol/l) R()
CaCl, NaCl Na,SO,

1.1 0 1.0 0.313 1.01 0.805
4.9 0 5.04 0.11 5.35 0.437
95 0 937 0.082 10.0 0.269
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BQO1

c (103 mol1) | RO ¢ (103 mol/l) | R c(103mo) |RO)
CaCl, NaCl Na,SO,

1.17 0.19 - - 3.0 0.95
5.98 0.08 1824 0.57 12.1 0.90
11.2 0.03 15.5 0.49 22.8 0.75
WFNO0505 ,

¢ (103mol) | R() ¢ (103 mol/) | RO ¢ (103 mol/l) R()
CaCl, NaCl Na,SO,4

0.76 0.03 1.88 0.41 1 0.59
- - 6.91 0.35 5 0.57
- - 12.9 0.30 1 0.51
PES10

¢ (103 mor) | RO ¢ (103 moln) | RO

CaCl, NaCl

1 0.15 1.35 0.39

5 0.07 33 0.31

10 0.01 7.50 0.19

PVDI

c(103mol) | RO ¢ (103 mol) | RG)

CaCl, NaCl

1.17 0.18 0.99 0.55

6.64 0.16 5.13 0.39

13.4 0.16 9.9 0.26

CLASS I), POSITIVELY CHARGED MEMBRANES:

KW32

¢ (103moly | RG) ¢ (103 mol) | RG) ¢ (103 mol/I) R()
CaCl, NaCl Na,SO,

1.46 0.951 1.87 0.774 1.09 0.396
6.54 0.946 9.4 0.555 5.37 0.318
14.6 0.881 12.1 0517 10.5 0.283
KW21

c(103mol) | RO ¢ (103mol) | RO ¢ (103 mol/L) RGO
CaCl, NaCl Na,SO,

1.88 0.938 1.47 0.774 1.22 0.425
8.2 0.914 6.6 0.524 6.15 0.323
15.9 0.849 11.9 0.47 11.1 0.312
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CLASS ID):

TFCS :

¢ (103moln) | RG) ¢ (103 mol)) | RG) ¢ (103 mol/l) R()
CaCl, NaCl Na,SO,

1.40 0.804 1.41 0.696 1.37 0.94
6.64 0.827 6.43 0.72 6.98 0.928
13.4 0.83 12.2 0.705 13.1 0.914
CTA-LP

¢ (103 mol) | RG) c(103mol/) | RG) ¢ (10-3 mol/l) INQ)
CaCl, NaCl Na,SO,

1.3 0.668 1.41 0.592 1.26 0.975
6.7 0.789 5.61 0.43 5.9 0.958
1.29 0.804 11.2 0.443 12.3 0917
UTC90

¢ (103 mol) | R() ¢ (103 moi) | R ¢ (10-3 mol/l) R()
CaCl, NaCl NaySO,

1 0.963 1.14 0.868 1.11 0.985
5 0.926 5.84 0.844 5.74 0.931
10 0.924 12.1 0.804 10.4 0.911
SX10

¢ (103moll) | R ¢ (103 moll) | R() ¢ (10-3 mol/l) R()
CaCl, NaCl Na,SO,

1.25 0.856 1.34 0.851 1.48 0.978
6.88 0.890 5.92 0.778 6.85 0.966
12.6 0.847 12.2 0.697 13.8 0.918
MXO07

¢ (103 mol) | RG) ¢ (103 moll) | RO ¢ (10-3 mol/l) R
CaCl, NaCl Na,SO,

2.03 0.83 1.56 0.27 2.37 0.97
8.54 0.75 6.6 0.20 9.32 0.96
14.6 0.57 12.3 0.24 18.6 0.98
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NF45

¢ (103 mol/)) | R ¢ (103mol/l) | R c(10%mor) | RO
CaCl, NaCl Na,SO,

2.71 0.64 1.70 0.28 2.5 0.87
8.73 0.60 6.41 0.30 1.0 0.90
15.8 0.50 11.2 0.25 15.0 0.91
CA30

¢ (103 mol) | RG) ¢ (103 mol) | RG) ¢ (103 mol/l) R()
CaCl, NaCl Na,SO,

0.716 0.291 1.50 0.29 2.32 0.91
5.0 0.304 5.27 0.132 9.2 0.704
13.9 0.353 10.2 0.129 13.9 0.643
OTHERS:

SX01

c(103mol) | RO ¢ (103 moll) | RG) ¢ (10-3 mol/1) R
CaCl, NaCl Na,SO,

1.15 0.854 1.19 0.714 1.37 0.926
6.47 0.926 5.26 0.537 6.23 0.956
14.5 0.866 11.0 0.484 13.0 0.88
NF70

¢ (103 mol) | R(C) ¢ (103moll) | R ¢ (103 mol/l) R
CaCl, NaCl Na,SO,

1.32 0.84 1.19 0.88 1.12 0.93
6.63 0.85 6.85 0.83 6.86 0.97
16.1 0.77 13.8 0.78 13.1 0.91
UTC60

c(103mol) | RG) ¢ (103 mol) | RCG) ¢ (103 mol/l) R()
CaCl, NaCl MgSO,

1 0.44 1.14 0.66 1 0.94
5 0.56 4.69 0.56 5 0.84
10 0.57 9.3 0.53 10 0.51
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CHAPTER 4

Retention measurements with
saccharide and dendrimer solutions

ABSTRACT

Saccharides and dendrimers were used as model solutes for retention measurements with
different nanofiltration membranes.

Saccharides showed higher retentions than the dendrimer molecules, although the latter were
larger.

The retention measurements with CN- and NH,-terminated dendrimers having the same
number of endgroups revealed that differences in size were not the only determining factor for
separation. The retention of the amine-terminated dendrimers was always higher than that of
the nitrile-terminated dendrimer. Measurements with fully protonated dendrimers showed a
higher retention as well. The dendrimer retention measurements were difficult to interpret since
their size is pH-dependent.
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4.1 INTRODUCTION

The investigation of the effect of solute size on membrane retention can be carried out with a
series of uncharged solutes, differing in size but with comparable interaction with the
membrane. For ultrafiltration membranes, this type of experiments is often carried out with a
series of polymers, varying in molecular weight. In case of nanofiltration membranes,
(poly)ethyleneglycols or (poly)saccharides are often used for this purpose [1-4].

In this chapter experiments will be described with three different saccharides, glucose, sucrose
and raffinose, which vary in molecular size from 3.7 to 5.8 A, whereas their molecular masses
range from 180 to 594 g/mol.

The second type of model solutes used in retention measurements were dendrimer molecules.
These dendrimers were chosen because of their well-defined size, ranging from 4.5 to 13.5 A
solute radius, and their spherical shape.

4.2 THEORY
4.2.1 Solute tramsport
The equations used to describe the transport of saccharides and dendrimers through the

membrane were already shown in Chapter 2. The main aspects of the theory will be shortly
described here. The solvent and solute flux can be written as [5]:

= 1. (9P _sdn

Jo=-Ly( o) {4.1}
Js=-L —dc5+(1—0)J c {4.2}
S S 1 v Vs .

with Iy, the solvent flux, Jg, the solute flux, Ly the permeability constant of the solvent, Lg
that of the solute, dP the pressure gradient across the membrane, x the coordinate in direction
of the transport, dr the osmotic pressure gradient, ¢ the reflection coefficient and ¢ the mean
concentration of the solute.

The retention of the membrane, R, is defined by:

Cf-Cp
R=—— 4.3
= {43)
with cf being the concentration of the feed and cp, that of the solute in the permeate.

The equations {4.1}, {4.2} and {4.3} can be combined to [5]:
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_o(l-eP)
1-cePe

R {4.4}

with Pe=-J,- 1= and 1= Ls,
L Ax

Equation {4.4} allows to calculate the reflection coefficient and the solute permeability
coefficient at a specific feed concentration, using these two parameters to fit the relation
between the retention and the solvent flux. In contrast to the reflection coefficient, the retention
is dependent on the pressure difference applied. »

The reflection coefficient and the permeability coefficient of the solute are material properties in
the pore model as proposed by Nakao [6]. As shown in Chapter 2, it is assumed in this model
that the membrane contains pores. However, the determination of an effective pore size does
not imply the existence of distinct pores in nanofiltration membranes according to Bowen and
co-workers. They assumed the hindrance of transport of a molecule through a membrane
matrix equal to that of transport through pores with a specific pore size [7].

The reflection coefficient can be written as a function of the hindrance factor for convective
transport, Sg, and the convective wall correction factor, g, as a function of A, which is the
ratio of solute size and pore size, (A = rg/ rp with rg being the radius of the solute and ry, the
radius of the pore):

o=1-g(M)Sg - (4.5}
Sk and g(A) were defined by equations {2.3} and {2.6}.

The permeability of the solute is related to the diffusion coefficient of the solute, D, the
hindrance factor for convective transport, Sy and the diffusive wall correction factor, £, as a
function of A. It can be written as: ‘

L=Df(A)Sp-& {4.6}
Ax

Sp and f(A) were defined by equations {2.1} and {2.2}, whereas p/Ax is the membrane
porosity divided by its thickness.

Describing the transport of solvent and solute molecules by the equations shown above, it is
assumed that the hindrance of transport is only caused by steric hindrance and no interaction
between the molecules and the membrane is assumed.

In this chapter, the results of both saccharide and dendrimer retention measurements will be
described qualitatively. In Chapter 6 of this thesis the results of the retention measurements
with the saccharides will be discussed into more detail using the equations mentioned above.
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4.2.2 Dendrimers

Dendrimers are a new type of molecules that have a well-defined, highly branched structure.
These molecules are formed from a central core. By repetitive synthesis steps, identical
building blocks react with this core, forming a spherical, three-dimensional configuration [8-
10]. An example of the sequential growth of a dendrimer molecule is shown in Figure 4.1.

ook e B

Figure 4.1: Stepwise growth of a dendrimer molecule

The stepwise formation of dendrimers can be controlled and therefore, the chemical and

physical properties of the dendrimers as well as their size can be regulated.

Dendrimers are now commercially available in low quantities from DSM. This company

produces dendrimers from diaminobutane as the core molecule and acrylonitrile as the building

blocks [11,12]. To every primary amine group, two equivalents of acrylonitrile are added and

this gives the nitrile-type of dendrimer. Hydrogenation of the nitrile group to a primary amine

group leads to the amine type of dendrimer. Then again acrylonitrile can be added to form a

next generation of the dendrimer. The reaction scheme to form the first generation of the nitrile’
and the amine-terminated dendrimer is shown in Figure 4.2.

NH, N N\NH; + 4 __/C=N —>

N=C C=N
NN\ AN pad

a4 N

H,

—_—

NH- /\/\ /\/\ NH2
NH» \/\/N\/\/\N\/\/ NH2

Figure 4.2: Synthesis steps of the first generation of a nitrile- and amine-terminated

C=N

polypropyleneimine dendrimer used
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Dendrimers seem to be a rather good model species for the characterization of nanofiltration
membranes, because both their size and their shape seem to be well-defined. The dendrimer
size is in the same order of magnitude as that of the (imaginary) pores in nanofiltration
membranes, being one or two nanometers, whereas their shape is more or less spherical. This
can be seen in Figure 4.3 that shows the chemical structure of a dendrimer with 32 amine
endgroups.

Nﬂk / } N N "
NHz\S ’\/\ N iN /\/N - l/( NH,
NHzJJN N/\/\N% ) i/\/\ N/IN \/\"Nﬂz
NE T\ /\/'_ % (( _\/\ /N
ot N\/L )) i el M,

TN AT

 NH: NH, NH, NH

Figure 4.3: Chemical structure amine-terminated polypropyleneimine with 32
endgroups, DAB-dendr-(NH,) 3

One of the main problems in using dendrimers as a model species was the quantitative

determination of the concentration. In the experimental part the procedure will be described to
determine the dendrimer concentration in aqueous solutions.

4.3 EXPERIMENTAL

4.3.1 Saccharides

In the retention measurements, glucose, sucrose and raffinose (Merck, p.a.) were used.
Saccharide retention measurements were performed with several nanofiltration membranes at a

fixed concentration and one pressure difference. Ultrapure water was used as solvent. For
‘some membranes, retention measurements were carried out at various pressures, i.e., solvent
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fluxes as well.

The radii of the saccharides were calculated with the Stokes-Einstein relation from the
diffusion coefficients of these molecules in water [13]. The molecular masses, My, diffusion
coefficients, D, and hydrodynamic radii are given in Table 4.1.

Table 4.1: Molecular mass, diffusion coefficient and radii of saccharides used in

retention measurements
saccharide M,y (g/mol) D (10-10 m%/s) [13] radius (A)
glucose 180.2 6.73 3.24
sucrose 3423 5.21 4.19
raffinose 504.5 4.34 5.03

The saccharide concentration was determined by HPLC measurements (Waters 610 Fluid Unit;
column: Waters, KS801; detector: Waters 410 Differential Refractometer, T = 50°C, ¢ = 1
ml/min).

4.3.2 Dendrimers

The dendrimers used in the retention experiments are polypropyleneimine dendrimers (DSM,
Fine Chemicals) with both amine and nitrile end groups. The chemical names of these
dendrimers are:

1,4 diaminobutane {4}: (1-azabuty]jdene)x4 : propionitrile and
1,4 diaminobutane {4}: (I-elzabutylidene)"‘4 : propylamine,

where x is the cascade number for each generation (x =4, 8, 16, 32 or 64, respectively). The
names of the dendrimers will be abbreviated as DAB-dendr-(CN), and DAB-dendr-(NH,),.
The main characteristics of the dendrimers used are summarized in Table 4.2. The volumes
and radii reported are determined by viscosity measurements. For DAB-dendr-(CN), these
were measured in acetone, for DAB-dendr-(NH,), in D,O.

For both dendrimer types ultrapure water was used as solvent. The NH,-terminated
dendrimers were well soluble in water, whereas the CN-terminated dendrimers were only
soluble to a certain extent. It should be realized that the size of the nitrile-terminated dendrimers
shown in Table 4.2 was determined in acetone. The size of these molecules in water will
probably be smaller, because of low interaction between water and the nitrile-terminated
dendrimer.
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Table 4.2: General features of polypropyleneimine dendrimers used in experiments

(information by DSM)
Generation MW (g/mol) theoretical volume (;\3)3‘) radius (A)
endgroups
0.5 300 4 CN 478 4.9
1 317 4 NH, 948 6.1
1.5 741 8§ CN 1477 7.1
2 773 8 NH, 2824 8.8
2.5 1622 16 CN 3663 9.6
3 1687 16 NH, 6947 11.8
3.5 3385 32CN 7869 12.3
4 3514 32NH, 15872 15.6
4.5 6910 64 CN 16523 15.8
5 7166 64 NH, 32367 19.8

2); Determined by viscosity measurements, for DAB-dendr-(CN), in acetone, for DAB-dendr-(NHj), in D7 O.
Information by DSM.

The concentration of DAB-dendr-(NH,), used was approximately 1 g/l and for the DAB-
dendr-(CN), 0.2 to 0.5 g/l. In water both dendrimer types will behave as a base. In case of an
amine-terminated dendrimer both its amine (primary) endgroups and the tertiary amine groups
in the interior of the molecule will be possibly charged, whereas in case of the nitrile-
terminated dendrimer the tertiary amine groups inside the molecule will be charged.

To analyze the dendrimers qualitatively, UV absorption appeared to be the most appropriate
technique. The measurements were carried out with a Philips PU 8720 UV/Vis Scanning
Spectrophotometer with a deuterium lamp as radiation source. The temperature in the
instrument was thermostated at 21°C.

UV absorption measurements showed that all dendrimers had one single absorption peak with
the base in the wavelength range of 190 to 250 nm and with the top at about 210 nm. One of
the main problems was the shift in the maximum of the absorption peak with changing
dendrimer concentration. This shift was always larger than 15 nm in the concentration range of
0.02-0.4 g/l. The change in the maximum of the absorption peak (lower concentrations
resulted in lower wavelengths) sometimes caused a maximum absorption at a wavelength
lower than 190 nm. In that case the extent of absorption could not be determined, as a
wavelength of 190 nm is the minimum wavelength at which UV absorption can be detected.
Since it was assumed that the wavelength shift was caused by a variation in pH, the dendrimer
solutions were buffered with a tris-hydroxymetyl-aminobutane / HCI buffer (tris-buffer) with
pH=8 to prevent the shift. The buffer does not absorb UV light in the wavelength range
investigated. For the buffered dendrimer solution the decrease of the absorption maximum was
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only 5 nm. The influence of the buffer on the wavelength of the maximum absorption is given
in Figure 4.4. The concentration of buffer which was added to the samples after the retention
measurement was 20 mM.

215

210 ;.,W
o

205 —

(nm) 200 without buffer
195

190

185 L 1 ) | ! [ 1
0 0.1 0.2 0.3 0.4

c (g/l)
Figure 4.4: Wavelength (A) of the UV absorption peak at different concentrations of
DAB-dendr (CN)g without and with tris-buffer (pH=8)

The dendrimer samples purchased from DSM contain between 0.2 and 30 weight percent
water, some methanol (Iess than 0.1 w%) and cobalt (9-258 ppm) which is used as a catalyst
in the synthesis.

4.3.3 Membranes

The polymeric membranes which were used for saccharide and dendrimer retention
measurements are:

* ASP35 a(Advanced Membrane Technology)

* MPF21; MPF32 (Kiryat Weizmann)

* UTC60; UTC70, UTC902 (Toray)

* CTA-LP?; TECS (Fluid Systems)

* NF452 (FilmTec)

* BQO1, MX07 {Osmonics) !

* CA30, PES10 (Hoechst)

Advanced Membrane Technology, Toray, Fluid Systems, FilmTec, Osmonics and Hoechst
kindly supplied the membranes.

With these membranes saccharide retention measurements were carried out at one pressure
difference (5 bar). The ceramic membrane used was a y-Al,O5 ultrafiltration membrane, which
was made at our laboratory. The procedure of the formation of this membrane was given in
Chapter 3.

With the membranes marked with 2, solvent flux dependent retention measurements were
performed as well.

The dendrimer retention measurements were carried out with PES10, CA30, UTC20 (Toray),
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ASP35 and NF45 membranes and a ceramic y-Al,O3 membrane.
4.3.4 Retention measurements

The retention measurements were carried out using stirred dead-end cells as described in
Chapter 3. The pressure differences applied were in the range of 3 to 7 bar.

The area of the membranes in the cells used for the retention measurements is 38.5 cm?. The
solvent was demineralized water filtered by a Milli-Q-Plus unit.

Firstly, all membranes were equilibrated by filtering pure water for two hours at a hydrostatic
pressure difference of 7 bar. Then, the feed solution was changed from pure water to a
saccharide or dendrimer solution. After a stabilization time of two hours the concentration of
the feed was measured and subsequently permeation samples were taken. Thereafter, the
pressure difference was increased and stabilization times of one hour were used.

In between retention measurements with different saccharides or dendrimers, the membrane
was flushed for at least two hours with pure water.

Saccharide solutions

Preliminary retention measurements as well as solvent flux-dependent retention measurements
were carried out with saccharide solutions. In case of the preliminary retention measurerments
the saccharide concentration used was 1 g/l, whereas the pressure difference applied was 5
bars. For some membranes flux-dependent retention measurements were carried out as well,
applying pressure differences in the range of 3 to 7 bars. In this case the concentration was 2
g/l

Firstly, the retention of glucose was determined, followed by sucrose and raffinose.

Dendrimer solutions

Dendrimer retention measurements were started with the smallest available dendrimers (x = 4)
in the pressure difference range of 3 to 7 bar. These were followed by retention measurements
with a dendrimer with a higher molecular weight. Firstly, different generations of dendrimers
with CN-endgroups were measured, then different generations of dendrimers with NHj-
endgroups. When the retention for a dendrimer of a certain generation (i.e., generation = X)
was higher than 0.97, the retention of the dendrimer with a generation of X+1 was not
determined anymore, because the absolute error in the determination of the dendrimer
concentration was 0.04. ‘

Some experiments were carried out to investigate the influence of the dendrimer concentration
on the retention. The concentrations used were 0.4, 1.2 and 2.0 g/l DAB-dendr-(CN)g.

Since the pH of the solution might influence the charge of the dendrimers, their size and the
charge of the membrane, retention experiments were carried out at different pH values.
Experiments were carried out with buffered solutions, having pH values of 6 and 8,
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respectively. To obtain a value of pH=6 a phosphate buffer was used and for pH =8 a
trisbuffer (tristhydroxymetyl)aminomethane/HCI). The phosphate buffer was used to
investigate the retention of the dendrimers at their equivalence points that were determined by
titration. The pH of the equivalence point was 5.8 for the nitrile-terminated dendrimers (X=64)
and 6.0 for the amine-terminated ones (X=64).

Furthermore, experiments were carried out at a pH value of 3 to investigate the protonated
dendrimers. This pH was obtained by addition of HCI to the dendrimer solution.

To check the influence of the buffers and the acid on the membrane, the pure water flux
through the membrane was compared with the solvent flux obtained for the buffered or acidic
dendrimer solution. When the solvent flux through the membrane changed drastically using
these solutions, experiments were not continued, because in that case the membrane may be
modified by either buffer or acid because of adsorption or chemical destabilization.

4.4 RESULTS
4.4.1 Saccharide retention measurements

The saccharide retention measurements were carried out with different polymeric nanofiltration
membranes and a ceramic y-Al,O5 membrane, as mentioned in the Experimental Section. The
results of all saccharide retention measurements at a pressure difference of 5 bar are shown in
Appendix II.

For the membranes investigated, the saccharides showed an increasing retention with an
increasing molecular weight. The larger the molecules, the more the transport through the
membrane will be hindered and therefore, the retention will increase.

glucPse sucrose raffinose
1 |

1 i
r CTA-LP
0.8
0.6 — NF45
R i A
0.4 —
oo L Y -A|203
r ASP35
0 i I 1 i | 1
0.2 0.3 0.4 0.5 0.6

r, {(nm)

Figure 4.5: Saccharide retentions as a function of the radius of hydration for a
ASP35, a ¥Al,03, a UTC70 and a NF45 membrane. Concentration: 1 g/l, pressure
difference: 5 bar
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For some membranes the retention had already reached a high retention level for glucose (R >
0.95) and hardly any increase was observed for the larger molecules sucrose and raffinose.
This is the case for the membranes: UTC60, UTC70 and TFCS. Other membranes showed a
distinct improvement of retention between glucose and sucrose, e.g., the MPF21, MPF32,
CTA-LP, MX07 and NF45 membranes. For some of the membranes the retention for
raffinose was still less than 0.90.

Some examples of saccharide retention as a function of the hydrodynamic radius of these
molecules are shown in Figure 4.5.

Figure 4.6 shows the saccharide retentions of a CTA-LP membrane at different solvent fluxes.
As can be seen the retention increases with increasing solvent flux as can be expected from
equation {4.4}, and approaches an asymptotic limit. The theories describing the retention of
the saccharides as a function of the solvent flux have been discussed in more detail in Chapter
2. The flux-dependent saccharide retentions of the other membranes investigated showed a
similar behavior. '

| raffinose A/(A”A/ﬂ

0.95 sucrose

R 09 -

0.85 -
- glucose

0.8 ] I 1 l 1 I 1 I 1 | 1
0 5 10 15 20 25 30
J (I/m?h)
Figure 4.6: Saccharide retentions as a function of the solvent flux for a CTA-LP
membrane. Feed concentration: 2 g/l

4.4.2 Retention measurements with dendrimer solutions
NF45 membrane

Unbuffered solutions

In case of the NF45 membrane the clean water flux that was determined in between retention
measurements with dendrimer solution was almost equal to the clean water flux determined
prior to the retention experiments.

The dependence of the retention on the concentration and on the solvent flux was investigated
for DAB-dendr-(CN)g. Neither the solvent flux nor the retention were significantly dependent
on the concentration in the range of 0.5, 1.2 and 2.0 g/l. Therefore, retention measurements
were carried out at one feed concentration.
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The relation between solvent flux and retention for four different nitrile-terminated dendrimers
(8CN, 16CN, 32CN and 64CN) is shown in Figure 4.7. Only the retention for the DAB-
dendr-(CN)g was significantly lower than that of the other dendrimers. The extent of retention
for this molecule was in the range of 0.85 and seems to increase with increasing solvent flux.
For the other dendrimer molecules the retention seemed to increase with solvent flux as well,
but some caution should be taken into account since the absolute error in the retention values is
approximately 0.04. The pH for these solutions was in between 8.4 and 9.9, going from the
highest to the lowest generation.

1 = —A—8CN

I Wg‘f —— 16CN

© —5—32CN

095 - ——0o 8o —m— 64CN

R 09|
0.85 |- /W
0.8 1 I —1 l 1 L 1 ' 1
10 15 20 25 30 35
J (/mh)

Figure 4.7: Retention of DAB-dendr-(CN), as a function of the solvent flux for a
NF45 membrane. pH=8.4-9.9

Figure 4.8 shows the retention for DAB-dendr-(NH,)g and DAB-dendr-(NHj);6. The third
generation of the amine-terminated dendrimers (16NH,) showed a retention of 1. Therefore,
experiments with higher generations were not carried out.
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Figure 4.8: Retention of DAB-dendr-(NH,), as a function of the solvent flux for a
NF45 membrane. pH=10.6
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The pH’s of both solutions were approximately 10.6. Also in this case, it should be realized
that the absolute error in the retention values is about 0.04.

Using a NF45 membrane, the retentions for the dendrimers with NH,-endgroups are higher
than for the CN-terminated dendrimers. This might be caused by the differences in size
between the NH,- and the CN-terminated dendrimers. According to Table 4.1 the size of an
amine-terminated dendrimer of a certain generation is always larger than that of a nitrile-
terminated one. Furthermore, it should be considered that the volume of the CN-terminated
dendrimers was determined in acetone and not in water which was used in the retention
measurements.

08 L dendrimers
R L
carbohydrates
0.6 —
0.4 1 I‘ 1 | ]
0. 1 1.
0 5rh (hm) 5

Figure 4.9: Comparison of the retentions for different saccharides and CN-
dendrimers for a NF45 membrane at a pressure difference of 5 bar.

Figure 4.9 compares the retentions for four CN-terminated dendrimers as a function of their
molecular size with the retentions for the various saccharides (glucose, sucrose and raffinose).
Both experiments were carried out at the same pressure difference of 5 bar. The pH of the
dendrimer solutions is about 9.5, whereas the pH of the saccharide solutions is about 6. As
can be seen‘in this figure, the retentions for the saccharides are higher than those of the
dendrimers, although it should be considered that the dendrimer size was not determined in
water. Probably, these higher retentions for the saccharides are caused by differences in
interaction between the membrane and the dendrimers, and between the membrane and the
saccharides. Furthermore, the deformation of the saccharide and dendrimer molecules in a
shear field may differ.

Buffered solutions 4

To investigate the influence of pH on the retention of dendrimers, experiments were carried out
at pH=6 and pH=8. Prior to the retention measurements with buffered dendrimer solutions,
solvent fluxes were measured of aqueous solutions containing the trisbuffer and the phosphate
buffer (both without dendrimer). These measurements were carried out to investigate the
influence of the presence of the buffer and that of the pH on the solvent flux. Although the
solvent fluxes of both buffer solutions were about 20% lower than the pure water flux, the
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flux decrease was considered small enough to carry out retention measurements with buffered
dendrimer solutions. The differences in solvent flux between the solutions with pH=6 and
pH=8 were negligible. The decrease of solvent flux might be caused by the adsorption of a
secondary layer of buffer components at the membrane surface.

In case of the amine-terminated dendrimers a precipitate was formed when the buffer was
added, which might be a reaction product between the dendrimer and the buffer, and no
retention measurements were carried out with this solution.

In case of the nitrile-terminated dendrimers, retention measurements at pH=6 and a pressure
difference of 5 bar showed, at least for the two smallest generations, a higher retention than for
the unbuffered solution. This is shown in Figure 4.10, which compares the retentions of the
dendrimers with the same hydodynamic radii (rj,) at different pH values.

1 o A
0.95
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| —~—pH=6
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0-8 1 I 1 ‘ 1 ‘ ! l 1
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Figure 4.10: Comparison between retentions for different generations of CN-
terminated dendrimers at different pH-values for a NFA5 membrane. AP = 5 bar

Finally, retention measurements were carried out with buffered dendrimer solutions at pH=8
and a pressure difference of 5 bar. All CN-terminated dendrimérs showed a retention of 1,
i.e., a higher retention than in case of the unbuffered solution and than in the buffered solution
at pH = 6. These results are shown in Figure 4.10 as well. The retention of the dendrimers in
the buffered solutions may be affected by a possibly formed layer of buffer molecules.

The retention values of the amine-terminated dendrimers at pH = 8 showed an increase with
increasing generation, i.e., hydrodynamic radius 1y, as plotted in Figure 4.11. The retention of
the buffered dendrimer solution was lower than that of the unbuffered one. Probably, this may
be caused by the pH of the solution. The natural pH of the amine-terminated dendrimers is
10.7, which means that in the buffered solution the pH is more than 2 pH points lower.
Addition of the trisbuffer to either the amine-terminated or the nitrile-terminated dendrimers
showed a distinct difference. In case of amine endgroups the retention became lower by
addition of the buffer, in case of the nitrile endgroups the retention became higher.
Investigations with other membranes might give insight in the mechanism causing these
differences.
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Figure 4.11: Comparison of the retentions for different generations of NH. -
terminated dendrimers at different pH's for a NF45 membrane. AP = 5 bar

Newkome and co-workers [14] showed that the size of their polyacid dendrimers was pH-
dependent. Changing from low pH via neutral to basic (pH=3 — pH=7 — pH=13), the radius
of the smallest dendrimer changed from 0.82 to 1.23 to 1.18 nm, respectively. These radii
were determined by diffusion coefficients from 2D-NMR spectroscopy. The differences were
even larger for higher generations of the dendrimer. Possibly, differences in dendrimer size at
different pH play a role as well in our experiments.

CA30 membrane

Figure 4.12 shows the retention as a function of solvent flux for a CA30 membrane. As can be
seen the membrane showed the highest retention of the largest dendrimer.
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Figure 4.12: Retention of CN-terminated dendrimers as a function of the solvent
flux for a CA30 membrane. (4CN: pH=7.3-7.5; 8CN: pH=9.1-9.6; 16CN: pH=9.6-
9.9) :
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Figure 4.13 shows the difference in retention of a CA30 membrane between a 4-CN and a 4-
NH, dendrimer solution. The retention of the dendrimer with 4 functional amine groups was
much higher than that of the CN-terminated dendrimer. Probably, the differences in retention
were partially caused by the size differences of the molecules and partially by different
interactions between molecules and membrane.
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Figure 4.13: Retention of CN and NHj-terminated dendrimers with 4 functional

endgroups as a function of the solvent flux for a CA30 membrane.(4CN: pH=7.3-7.5;
4NH,: 10.8-11.3)

Figure 4.14 shows the retention of a 4-NH, dendrimer solution as a function of the solvent
flux at a pH value of 10.8-11.3 and at a pH value equal to 3. It can be seen that the retention
becomes higher at the lower pH at a given solvent flux value. This might partially be explained
by the protonation of the dendrimer at low pH, which may cause some enlargement of the
molecule. Another explanation for the extremely high retention at pH=3 might be that the
membrane has obtained a positive charge because of the low pH. Then, the high retention
might be caused by an increase in the electrostatic repulsion from the membrane surface.
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Figure 4.14: Retention of 4-NH, dendrimer as a function of solvent flux for a CA30
membrane at pH = 3 and pH = 10.8-11.3
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Figure 4.15 shows a comparison between the retention of various CN-terminated dendrimers
and the polysaccharides for the CA30 membrane. Like in case of the NF45 membrane, the
retention of the dendrimers of comparable size is lower than that of the saccharides. Compared
to the retention of raffinose, which is the largest saccharide molecule, the retention of the 4-CN
dendrimer is very small. As the 4-CN dendrimer is only slightly charged, it is not clear what
effects cause the large difference in retention between these solutes with equél size. Possibly,
the dendrimer molecules show more deformation during the retention measurements than the
saccharides, thereby causing a lower retention. )
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Figure 4.15: Comparison of the retentions for different saccharides and CN-

dendrimers for a CA30 membrane at a pressure difference of 5 bar.

ASP35 membrane

For the ASP35 membrane, the water fluxes in case of both the 4-CN and the 4-NH, dendrimer
solutions decreased considerably compared to the pure waterflux, to about 20% of the initial
extent.

Adjustment of the pH to 3 increased the water flux to the extent of the pure water flux before
using filtering the dendrimer solutions as can be seen in Figure 4.16. '
As shown in Chapter 3, the ASP35 membrane was characterized as a negatively charged
membrane. In case of the basic dendrimer solutions, the positively charged dendrimers and the
negatively charged membrane will interact strongly, what may result in the solvent flux
decline. Possibly, the solvent flux increase at low pH values is caused by a decrease in
dendrimer adsorption at the membrane surface because the surface charge of the membrane
will be less (or no more) negative. '
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Figure 4.16: Retention of CN and NHj-terminated dendrimers with 4 endgroups as
a function of the solvent flux for a ASP35 membrane. 4CN: pH=7.3-7.7; 4NH,: 9.2-
10.3)

PES10 membrane

Compared to the pure water flux of a PES10 membrane, the water flux of a DAB-dendr-(CN)g
solution decreased to around 4% of the original value. For a DAB-dendr-(CN)g, solution the
solvent flux even approached zero. In both cases the stabilization of the water flux was very
slow.

It was observed that the pure water flux, which was measured after a dendrimer retention
measurement, reached after a certain period of time the same value as before the retention
measurement.

For the DAB-dendr-(CN)g an apparent retention was found of -0.04, whereas for the retention
of DAB-dendr-(CN)g¢4 an even more negative value was obtained, -0.60.

Both the solvent flux decline and the apparent negative retention seem to indicate a strong
interaction between the dendrimers and the membrane. Like the ASP35 membrane, the PES10
membrane was classified as negatively charged (see Chapter 3). Its negative surface charge
will attract the positively charged dendrimers, thereby causing an additional resistance to
transport through the membrane.

UTC20 membrane

For the UTC20 membrane, the retentions for the smallest dendrimer (4-CN) were high, up to
0.97. The retentions for the 4-NH,-terminated dendrimer and the 4-CN dendrimer solution at
pH=3 were that high as well. No experiments were carried out with larger dendrimers.

v-Al,O3 membrane

A v-Al,O3 membrane was tested with DAB-dendr-(NH,)g, (CN)g and (CN); 4 solutions at an
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applied pressure difference of 5 bar. The amine-terminated dendrimer showed a retention of
0.17. For the dendrimer with 8 CN endgroups, the retention was 0.10, for that with 16
endgroups 0.65. The water flux in the dendrimer retention experiments was as high as the pure
water flux. This indicates that no modification of the y-Al,O3 membrane occurred because of
the high pH values of the dendrimer solutions. Since the pH values of the dendrimer solutions
are around 11 and 9.4 for the 8-NH, and 8-CN solution, respectively, the y-AlyO3 membrane
will be negatively charged in these solutions. The pH value of the 16-CN solution is about 8,
which is in the same range as the isoelectric point of Al,O5 that is reported to be in the pH
range of 7-9. [15]. Therefore, the retention of this latter dendrimer can be caused only by size
exclusion, in case of an uncharged membrane, or by a combination of size and electrostatic
exclusion, in case of a positively charged membrane.

From the retention measurements with dendrimers it may be concluded that the lower
generations of these molecules can be used for the characterization of nanofiltration
membranes. However, it should be a first requirement to determine the exact sizes of these
molecules within the solutions which are used for the retention measurements.

As mentioned before, the size of the dendrimers can be dependent on their environment. [14].
It was tried to measure the dendrimer size with Transmission Electron Microscopy (TEM) and
Small Angle X-ray Scattering (SAXS) but none of these methods were successful. With TEM
no individual dendrimer molecules could be observed. In case of SAXS the concentrations
which were used in solution were too small for detection of the dendrimer size. The only result
from the SAXS measurements was that the shape of even the largest dendrimers was not
spherical.

4.5 CONCLUSIONS

The retention for (poly)saccharides seems to be determined by size effects. The higher the
molecular weight of the solute, the higher the retention. An increase in the solvent flux through
the membrane causes a higher retention.

Retention measurements with dendrimers showed an increasing retention with increasing
dendrimer generation. For a NF45 membrane, the retention was independent of the
concentration.

Dendrimers with different endgroups, CN or NH,, showed for both the NF45 and CA30
membrane a much higher retention for the amine-terminated dendrimers than for the nitrile-
terminated ones. Probably, differences in interactions between membrane and dendrimer cause
the differences in retentions. At a pH of 3, where the dendrimers are thought to be fully
protonated, the retention for a CA30 membrane was much higher than at a neutral pH of
around 7.5. The membrane surface might have become slightly positively charged at that pH,
resulting in the high retentions for the positively charged dendrimers.

In case of the NF45 membrane, the retention increased using buffer solutions for the nitrile- -
terminated dendrimers. In case of pH = 8, the dendrimer retention was 1, whereas for pH=6,
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the retention is always above that of the unbuffered solution. This might be caused by
differences in dendrimer size at the different pH values or by the formation of a layer of buffer
molecules at the membrane surface. In case of the amine-terminated dendrimers the retention
decreased for a solution which was buffered at a pH of 8.

Comparing the retention results of dendrimers and polysaccharides for the NF45 and the CA30
membrane, it appeared that, in case of approximately the same sizes, the dendrimer retention
was lower compared to the saccharide.

The negatively charged membranes ASP35 and PES10 showed a high solvent flux decrease,
when using the dendrimer solutions. Most probably, this is caused by the strong interaction
between the negatively charged surface and the positively charged dendrimers.

Because no appropriate method was found to determine the size of the dendrimers in aqueous
solutions at different pH values, the results of the dendrimer retention measurements were
difficult to interpret in a quantitative way.
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SYMBOLS
c: concentration (mol/1)
D: diffusion coefficient . (m2/s)
f(A): wall correction factor for diffusive transport -)
g (A): wall correction factor for convective transport O]
T solute flux (mol/mZ2.s)
Ty solvent flux (m/s)
L: =L/Ax,
solute permeability coefficient corrected for the membrane thickness  (m/s)
Ly: solvent permeability coefficient in two component system (m?/s.bar)
Lg: solute permeability coefficient in two component system (m?%/s)
p: porosity (G
P: pressure ] (bar, N/mz)
Pe: Péclet-number Q]
I radius (m)
R: retention “)
S: hindrance factor ©
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T: temperature X

X: coordinate in flow direction (m)

Ax: membrane thickness (m)

A: ratio of solute size and pore size “)

bR osmotic pressure (bar, N/m?2)

o reflection coefficient C)

o: flow rate (m3/s)

subscripts:

D: diffusive

f: feed

F: convective

p: pore

p: permeate

s: solute

v: solvent
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APPENDIX I

Water permeabilities and sugar retentions

Membrane ‘Waterperm. R (%) R (%) R (%)

(1/m2.h‘bar) glucose (AP=5 bar) sucrcose (AP=5 bar) raffinose (AP=5 bar)
WENQ0505 1.0 - - -
NF45 3.9 61 96 98
NFE70 1.3 - - -
MPF21 6.6 14 93 99
MPF32 2.8 77 96 98
ASP35 43 7 30 42
SX01 2.1 - - -
SX10 2.8 - - -
HGO01 37 - - -
HG19 1.2 - - -
BQO1 6.2 7 26 50
MX07 4.3 89 99 99
CTA-LP 2.3 89 97 98
TFCS 43 98 - 97
UTC60 2.2 9”2 94 92
UTC70 1.2 94 93 94
CA30 4.0 29 59 73
PES10 2.3 8 15 29
PVD1 2.0 - - -
Alumina 1.3 26 47 71
-: not determined
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CHAPTER 5

Characterization of
nanofiltration membranes
by streaming potential measurements

ABSTRACT

Streaming potential measurements were carried out with various electrolyte solutions flowing
along the membrane surface to investigate the influence of salt type and concentration on the
zeta potential and the surface charge density of various polymeric nanofiltration membranes
and a ceramic y-Al,O3 membrane. The zeta potential decreased at increasing electrolyte
concentration, while the kinetic surface charge density of the membranes increased. The
polymeric membranes showed a negative zeta potential, while that of the ceramic membrane
was positive. For some membranes the various electrolyte solutions used showed different
zeta potentials, showing specific ionic adsorption, but for other membranes the zeta potential at
the certain ionic strength did not depend on the type of salt.

The kinetic surface charge densities were generally the highest for sodium sulfate solutions
compared to sodium and calcium chloride solutions.

The kinetic surface charge density was described by a Freundlich isotherm, which showed the
influence of both the (fixed) membrane charge and the adsorption of ions on the surface
charge. Generally, the fixed membrane charge was small compared to the charge density
resulting from the adsorbed ions. The occurrence of this low membrane surface charge was
confirmed by titration, which showed that the polymeric nanofiltration membranes contained
negative charges, but only in small amounts.
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5.1 INTRODUCTION

The separation of ions by nanofiltration membranes is thought to be achieved by both the size
of the ions and by electrical interactions between membrane and ions. Whereas in Chapter 4
the influence of the size of the solutes on the separaticn was emphasized, this chapter will
focus on the electrical interactions between membrane and ions, and more specific on the
charges present at the membrane surface and on the ions at the interface.

As shown in Chapter 3, the charges at the membrane surface can exert repulsive forces on the
ions in the feed, thereby causing a retention. To compare the effects of size and of charge on
the separation features of nanofiltration membranes, the origin of the membrane charge must
be identified and quantified.

The electrostatic interactions between membrane and ions can be investigated in different
ways. Separation experiments have been performed, in which parameters like salt
concentration and membrane flux have been changed, and these measurements were used for
the estimation of the membrane charge [1-3]. The membrane charge density could be
determined by membrane potential measurements [2,4,5]. Furthermore, electrical impedance
measurements have been carried out giving information about the resistance to electrolyte
transport through the membrane [6].

Streaming potential measurements is another technique to determine the membrane charge
density [7-9]. In this chapter, the results of this technique will be described. When the
streaming potentials are known, zeta potentials and kinetic surface charge densities of
nanofiliration membranes can be estimated. The streaming potential measurements were carried
out along the membrane surfaces, instead of through the membrane, with different types of
ions at various concentrations. It is assumed that the charge density at the outer membrane
surface is representative for that throughout the active toplayer.

5.2 THEORY
5.2.1 Membrane charge

Membranes that are put in contact with an aqueous electrolyte solution can obtain a charged
surface by several mechanisms, such as the dissociation of fixed charged groups, the
preferential adsorption of one type of ions or both mechanisms.

In case of polymeric membranes, charged groups are, e.g., carboxylic, amine and sulfonic
groups. Ceramic membranes may contain ionizable groups as well. Most metal oxides are
amphoteric, which means that they can either react as a weak acid or as a weak base,
dependent on the pH [10]. Reactions that may take place at the surface are:

AIOH + H* == AIOH*,
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AIOH <= AlO- + H*
RCOOH == RCOO- + H+
RSO;H == RSO; + H*
RNH; + H* <= RNH/*

Membrane surfaces may also change the surface charge by adsorption of ions from the
solution. If the adsorbing ions have a charge opposite to the surface, then adsorption is
dominated by electrostatic attraction. Generally, it is not very easy to distinguish whether the
charge on a surface is caused by reaction of surface groups or by adsorption.

5.2.2 Electrical double layer

If a surface is brought in contact with an electrolyte solution, an electrical double layer may be
formed at the interface. In case of dissociation of chemical groups at the surface, the
distribution of ions in the solution will be influenced. Near the surface, the majority of ions
will have an electric charge opposite to the membrane charge, whereas further away from the
surface, the amount of positively and negatively charges will be equal again. Since the system
as a whole requires electroneutrality, the solution adjacent to the surface will carry the same
amount of charges as present at the surface.

Helmholtz was one of the first who described electrical double layer phenomena. In his model
it is assumed that the charge of the surface was compensated in one layer of counter-ions
adjacent to the interface. The layer is assumed to be fixed near the interface. A schematic
drawing of this model is shown in Figure 5.1(a).

membrane  solution membrane  solution membrane | solution
o B R R -+
..+ ++ - + = "
- F B - + +
+ L+ -
- + -
-+ . - + - |+
+ + . + . +- -
o + - + - t o4
+ +
I + - -+ - |+
fixed mobile fixed mobile
(a) (b) (c)

Figure 5.1: Schematic drawing of different double layer models, (a) Helmholtz
model, (b) Gouy-Chapman model, (c) Stern model

In the Gouy-Chapman model, see Figure 5.1(b), a statistical distribution of mobile ions in the

solution is assumed, which obeys the Poisson-Boltzmann relation. One of the main problems
with this model is that it treats the ions as point charges, which theoretically leads to very high
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concentrations of ions in the vicinity of the charged surface. Furthermore, no ordering effects '
are taken into account. Stern combined the Helmholtz and the Gouy-Chapman model and
assumed that the double layer existed of a layer of counter-ions which is fixed to the surface,
the Stern layer, and a diffuse, mobile layer in which the ions are distributed according to the
Poisson-Boltzmann relation, like in the Gouy-Chapman model. A schematic drawing of the
Stern model can be seen in Figure 5.1(c).

v : v, Yy
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Figure 5.2: Schematic drawing of potential distributions as a function of the distance
from the surface for (a) Helmholtz model, (b) Gouy-Chapman model and (c) Stern
model. Y0 is the surface potential and Y2 is the Stern potential.

Double layer models may give insight in the potential distribution in a solution near a charged
surface. Figure 5.2 shows the potentials, y, according to the various models as a function of
the distance from the surface, x. The potential at the surface is called y9. In the Helmholtz
model, the double layer is considered to be equivalent to a parallel plate condenser, as shown
in Figure 5.2(a), and therefore, the potential in the double layer decreases linearly with the
distance. According to the Gouy-Chapman model, the potential in the double layer decreases
exponentially and approaches to zero, see Figure 5.2(b). In the Stern model, a linear decrease
of the potential occurs within the Stern layer having a thickness d. The potential at the Stern
interface between the fixed and the diffuse part of the double layer is called yd. Within the
diffuse part of the double layer, the potential follows an exponential decrease according to the
Gouy-Chapman model (Figure 5.2(c)).

In Figure 5.3 the model of Stern, which is the most realistic approach, is worked out in more
detail. Here, different potentials are indicated: the surface potential, 0, the potential at the
Stern plane, W9, and the electrokinetic or zeta potential, {. All these potentials are defined with
respect to the potential at infinite distance from the surface. Although the surface potential is an
important parameter, the potential at the Stern surface is more relevant. This potential is the
actual potential influencing the behavior of the charged species. However, since the Stern-
potential cannot be measured directly, consequently the electrokinetic or zeta potential is mostly
used. The zeta potential represents the potential at the surface of shear between surface and
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solution plane, at a plane close to the Stern layer. In literature it is very common to assume the
Stern potential to be identical to the zeta potential [11]. This zeta potential (£) is shown in
Figure 5.3 as well. The zeta potential can be determined by electrokinetic measurements, like
streaming potential and streaming current measurements, electro-osmosis and electrophoresis.

potential

v
¢ b1
Wd/e T
K
/ AN distance from surface

Stern plane  plane of shear

Figure 5.3: Schematic drawing of potential decrease as a function of the distance
Jrom the surface in an electrolyte solution

The zeta potential is related to the phenomena that play a role between a charged surface and
charged particles. The potential at the shear plane is determined by both the membrane surface
potential and the fixed ions within the double layer and therefore, the zeta potential provides
information on these two parameters.

The double layer thickness, k-1, is defined as the thickness of the diffuse layer, where the
potential has decreased to a value of Y¥e, with e the natural number.

potential

(¢]

1}

distance from surface

shear plane

Figure 5.4: Schematic drawing of potential decrease as a function of the distance
from the surface in electrolyte solutions with different concentrations, ¢

Figure 5.4 shows the potential decrease as a function of the distance from the charged surface
for electrolyte solutions with different concentrations. The concentration of solution 1 is lower
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than that of 2, which is lower than that of 3. The higher the electrolyte concentration is, the
higher the potential decrease within the solution will be, since more ions are present in the
solution which may compensate the surface charge. This implies that the zeta potential will
decrease with an increasing electrolyte concentration as well.

5.2.3 Streaming potential

Electrokinetic effects result from the influence of the hydrodynamic movement of one of the
parts of the electrical double layer on the electric field, or vice versa, the influence of the
electric field on the relative movement between parts of the double layer. In case of an interface
between a solid surface and an adjacent solution two types of electrokinetic phenomena can be
observed. Firstly, an electric field is applied which causes the movement of either the solution
or the solid. The former phenomenon is called electro-osmosis, the latter electrophoresis.
Secondly, movement of a charged surface relative to an adjacent electrolyte solution may cause
an electric field. When the solution moves relative to the surface, a streaming potential will
occur, whereas the movement of the solid within the solution is called the sedimentation
potential. In this chapter the streaming potential will be elaborated into more detail.

By applying a hydrodynamic pressure on an electrolyte solution that is in contact with a
charged capillary a flow of the solution will result which consequently causes a streaming
potential. This streaming potential is the potential difference over the capillary at zero net
current. Figure 5.5 schematically illustrates the origin of the streaming potential.
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Figure 5.5: Schematic representation of the streaming potential..(a): double layer at
charged surface, (b) generated streaming current, I, by a pressure applied,

(c) accumulation of ions causing steaming potential, E, (d) induced leak current, Iy, by
streaming potential. [12]
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If a hydrodynamic force is applied on an electrical double layer, then a streaming current will
be generated due to transport of counter-ions, which are present in the double layer (Figure
5.5(a) and (b)). The accumulation of counter charges downstream generates a streaming
potential across the capillary (Figure 5.5(c)) which on its turn causes a conduction current
through the capillary in the reverse direction (Figure 5.5(d)). In steady state, the strearmng
current equals the conduction current.

Measurement of a streaming potential can provide the zeta potential (€) and from this parameter
the kinetic surface charge density (c9) at the hydrodynamic shear plane can be calculated. The
streaming potential is defined positive for a higher potential at the high pressure side.

The relation between the streaming potential, AE,, and the pressure difference applied, AP, is
given by (e.g., [11,13]):

ABgy _ el
AP M (Ao+2Ae/1)

(5.1}

where { is the zeta potential, £ the permittivity of the medium, 1 the viscosity, Aq the bulk
conductivity, A the surface conductivity and r the radius of the pore or capillary. In case of a
channel, r is equal to half the width of a slit. v

At electrolyte concentrations smaller than about 0.001M, the surface conductivity becomes
important [13]. At concentrations above 0.001M, equation {5.1} reduces to:

Ay _ 2§ (5.2}
AP nig

In case of smaller concentrations, when the surface conductivity plays a role, equation {5.1}
should be applied. Because it is difficult to measure the surface conductivity directly, the actual
resistance of the electrolyte solution, RCXP, across the slit or pore can be measured. By
comparing this value with the resistance that can be calculated from experiments at high
concentrations, Ry, where the surface conductivity can be neglected, equation {5.1} can be
written as [13]:

ABgyr _ €€ Rexp
AP n Ao R

(5.3}

Equation {5.1} to {5.3} can be applied when the thickness of the double layer, k-1, is much
smaller than the radius of the pore or half the width of the slit through which the solution
streams.

The streaming potential theory has been derived for the case of a perfectly smooth surface,
while in case of membrane surfaces some roughness will always be present. Although in
principle, the inner regions of the double layer could only be described in a correct way by an
extended characterization of the membrane interface, we will assume the membrane surface to
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be smooth.

Streaming potential measurements can be carried out through a membrane and along a
membrane surface. Mostly, streaming potential measurements are performed through porous
membranes. In that case an electrical double layer is formed by the charged membrane pore
walls and the adjacent electrolyte solution. By comparison of the streaming potential of various
membranes, for instance before and after adsorption of protein or other species, changes in the
pore characteristics have been determined [14-16]. Streaming potential measurements along
surfaces can be determined by fixing two charged surfaces opposite to each other at a certain
distance, thereby creating a slit with charged walls. Hereby, the surface characteristics of a
membrane can be measured (see, e.g., [12,17,18]).

For both types of streaming potential measurements, through and along membranes, equations
{5.1} to {5.3} can be applied. .

Two problems should be considered when streaming potential measurements through pores
are carried out with nanofiltration membranes. Since nanofiltration membranes are not
isotropic, it should be confirmed that the streaming potential which is measured through the
membrane is the streaming potential of the active toplayer only and not of the support layer that
does not contribute to the separation. Furthermore, the theoretical interpretation of the
streaming potential through nanofiltration membranes is very difficult, because the Helmholtz-
Smoluchowski equation can only be used when k- is much smaller than the radius of the
pore. If pores are present in nanofiltration membranes, their radius will be around 1 to 2 nm,
whereas the double layer thickness in a mono-mono-valent electrolyte solution with a molarity
of 0.1M is about 1 nm. At lower concentrations it becomes even larger, so the Helmholtz-
Smoluchowski equation cannot be used anymore.

Streaming potential measurements along a nanofiltration membrane provide information on the
surface characteristics which are thought to be representative for the active toplayer of the
membrane. Because of this argument and the problems with the streaming potential
measurements through nanofiltration membranes, streaming potential measurements were
carried out along the membrane surface.

Various origins of charge can be observed with respect to a charged membrane and an
electrolyte solution. When adsorbing ions are present in the Stern layer, three different
contributions to the total charge of the system can be distinguished. Firstly, the fixed charges
at the membrane surface, QO0, secondly, the charges of the Stern layer, QS, and finally, the
charges within the diffuse part of the electrical double layer, Qd. Since electroneutrality is
required, the total charge of the electrical double layer equals zero.

Assuming that the diameter of the pore or the width of the slit through which the solution is
streamed is much larger than the double layer thickness, 11, the relation between the surface
charge density (G) of each of the layers can be written as:

%+c5+09=0 {5.4}
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The surface charge density is not always confined to an infinitely thin layer, but can have a
certain thickness. This may, for instance, be the case for the membrane surface charge density,
00, which can be located somewhere near the membrane surface. The surface charge density
of the diffuse part of the double layer, o4, is the total charge present within a column with a
certain area normal to the membrane surface. For a flat surface, the surface charge density at a
distance x from the surface can be written as:

Gd(x)=f p(x)dx ' (5.5}

where p(x) is the space charge density at a place x normal to the surface.
From this equation, it can be derived that the surface charge density at a plane at a distance x
from the surface equals [11]:

sinh (2E_y (x))

o(x)=-exy(x)—2RT h, {5.6})
arT V()

with € being the permittivity of the medium, ¥ the reciprocal Debije length, W ( x } the potential
distribution as a function of distance x, z the valency, R the gas constant, T the temperature
and F the Faraday constant.

For a solution containing a mono-mono-valent electrolyte, the surface charge density at the
shear plane, 9, or the kinetic surface charge density, with a potential equal to { can be written
as:

inh F
Gd=~8KCS—L§R—TQ— {5.7}
'2RTC

which reduces for small potentials (W s 50 mV) to:

Y (5.8

©l

The Debije length, 1’1, can be calculated according to:

Kl = eRT (5.9}
2F21
with1=05 Y, 2 c;,
i

with I being the ionic strength, z; the valency and c; the concentration of species i.
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In case of electrolyte solutions containing ions with different valencies, the kinetic surface
charge density can be obtained from [11]:

o4=-(sign{)V2ZecRT 4/ vsexp (- 2L ) +v exp (- 2L 0)-vy-v.
RT RT

{5.10}

with v the stoichiometric number, z, and z_ the valency of the cation and the anion,
respectively, and (sign §) the positive or negative sign of the {-potential.

5.3 EXPERIMENTAL
5.3.1 Streaming potential measurements

The set-up to determine streaming potentials was almost identical to that described by Van
Wagenen and Andrade [19]. With this set-up, streaming potentials can be measured along a
surface.

Figure 5.6 shows a schematic drawing of the cell which was manufactured by Mr. van Beek
from the Agricultural University of Wageningen (The Netherlands). The membrane samples
are glued upon glass plates (microscope slides). The dimensions of the membrane samples are
76 * 26 mm.

L streaming
fluid in channel fluid out

Pt-

electrode \ l \

Pt-
electrode

membranes
glass plates

Figure 5.6: Schematic illustration of the streaming potential cell

The cell consists of two Plexiglas parts containing sample channels that hold the glass slides
with the membranes glued on top. Clamps hold both cells parts together. Under the glass
slides silicon rubber sheets can be applied to prevent leakage at the interface between cell and
glass slide. The cell parts are separated by a Teflon sheet which serves two functions: spacing
between sample plates and leak prevention. In case of polymeric membranes this was 200 pm
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thick, whereas in case of ceramic membranes a 50 wm thick sheet was used. Platina black
electrodes are inserted into the chambers at both ends of the cell.

The driving pressure can be applied in both directions and consequently the electrolyte solution
can pass through the channel from the left to the right or from the right to the left. The pressure
difference was varied in the range of 0 to 0.25 bar and was monitored with an accuracy of
0.01 bar. Streaming potential measurements were repeated at least six times by measuring at
decreasing pressure.

The streaming potential was measured using a digital multimeter (Simpson, Model 464,
Simpson Electric Company, Elgin), which had an internal impedance of 10 GQ.

The concentrations of the electrolyte solutions used were in the range of 10 to 0.01 M for the
three salts used: NaCl, CaCl, and Na;SO4 (Merck, p.a.). The streaming potentials were
measured from low to high concentration. For évery electrolyte fresh membranes were used.
Electrolyte conductance was measured by a conductivity meter (Microprocessor Conductivity
Meter LF 537, WTW). The pH of the electrolyte bulk solutions was measured by a pH meter
(691 pH Meter, MetrOhm). Demineralized water filtered by a Milli-Q-Plus unit (conductivity
60 nS/cm) was used as solvent.

The temperature of the system was kept at 20-23°C and the pH of the electrolyte solutions was
kept at 6 = 0.3. '

5.3.2 Titration

The polymeric membranes that were used for the streaming potential measurements were
titrated to determine the concentration of fixed charges in the membrane or the ion exchange
capacity. Therefore, the toplayer and, in some cases, an intermediate layer were separated from
the supports of these membranes. The toplayer and intermediate layer were used for titration.
50 mg of the membrane was immersed in water, and subsequently, the polymer was titrated by
a 0.01M NaOH solution. The titrations were carried out with a MetrOhm 716 DMS Titrino
automatic titration set-up.

No blanc titrations were carried out, so only the total amount of acidic gronps was determined.
Titration is a bulk technique by which the space charge density of the material is obtained,
contrarily to the streaming potential measurements by which the surface charge density can be
obtained.

5.3.3 Membranes

The following commercially available polymeric nanofiltration membranes were used for this
research: ASP35 (Advanced Membrane Technology), NF45 (Dow-FilmTec), CTA-LP (Fluid
Systems), UTC90 (Toray) and a ceramic y-Al,O5 membrane. The y-Al,O3 membrane was
prepared on a glass plate. This plate was dipped in a boehmite-PV A sol (see Chapter 3), dried
and then calcined at 600°C. For the y-Al,O3 membrane only some measurements were carried
out.

According to the information of the manufacturers, the ASP35, NF45 and UTC90 membranes
are weakly negatively charged membranes at a pH of 6, whereas the CTA-LP membrane is
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non-charged. The ASP35 membrane is made of polysulfone, the NF45 and UTC90
membranes are interfacially polymerized polyamide membranes and the CTA-LP membrane is
a cellulose triacetate membrane. The y-Al,O3 membrane has a positive charge at this pH.

5.4 RESULTS
5.4.1 Titration

The concentrations of acidic groups of the four polymeric membranes determined by titration
are shown in Table 5.1. These experiments showed that the membrane surface charge density
is only small when compared to values reported for the titration of charged ultrafiltration,
charged composite reverse osmosis and ion exchange membranes, which had ion exchange
capacities of 1.08 mmol/g, 1 mmol/g and 0.6 to 2.8 mmol/g, respectively [2,20,21]. The
concentrations of fixed charged groups at the nanofiltration membrane surfaces are 10 to 300
times smaller. The relative error in the concentration of acidic groups is about 1%.

Table 5.1: Concentrations of fixed charge and formal membrane surface charge
densities at several polymeric nanofiltration membranes determined by titration

membrane acidic groups (mmol/g) o (Asim?)
ASP35 0.108 371
NF45 0.017 37.7
UTC90 0.040 78.7
CTA-LP 0.014 54.6

The surface charge density was calculated by multiplying the acid concentration by the mass
per area of the toplayers of each of the membranes. By calculating the membrane surface
charge density in this way, it is assumed that all acidic groups are concentrated at the surface of
the membrane. The surface charge density obtained by titration will be indicated by the term
formal surface charge density.

5.4.2 Streaming potential measurements

The streaming potential measurements showed that the streaming potential increased with
increasing pressure and decreasing electrolyte concentration. This is in agreement with the
theoretical considerations. If a higher pressure is applied, the accumulation of counter charges
downstream will be larger as schematically shown in Figure 5.4, and consequently, the
streaming potential which compensates this accumulation will be larger as well. In case of a
concentration increase, the thickness of the double layer will diminish, which results in a
smaller streaming potential. An example of a streaming potential measurement can be seen in
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Figure 5.7, where the streaming potential is plotted as a function of the pressure difference
applied for various NaCl concentrations for a NF45 membrane.
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Figure 5.7: Streaming potential as a function of the applied pressure for different
concentrations of NaCl. Membrane: NF45

The streaming potentials found for all polymeric membranes were negative, whereas those of
the -Al,O3 membrane were positive at a pH of 6. The ASP35 membrane was characterized as
a negatively charged membrane, according to the salt retention measurements described in
Chapter 3. In case of non-specific ion adsorption, a negative surface charge mostly will show
a negative streaming potential. The NF45, CTA-LP and UTC90 membranes were
characterized neither as negatively charged nor as positively charged membranes, based on the
salt rejection measurements. Their negative streaming potentials seems to concur with the
negative streaming potential observed for uncharged polymeric films and membranes as
reported before [7,22]. .
For the y-Al,O5 membrane the positive streaming potential was in accordance with the result
from the retention measurements, described in Chapter 3, indicating a positively charged
surface for this membrane at a pH of 6.

The use of different electrolytes of identical ionic strength resulted in different streaming
potentials. By equation {5.3}, the corresponding zeta potentials were calculated. The Figures
5.8 and 5.9 show the zeta potentials for four polymeric membranes. The zeta potentials were
all negative and showed a decrease with an increase in ionic strength, because the potential in a
concentrated electrolyte solution will decrease faster (like schematically shown in Figure 5.4).

For the ASP35 membrane, the zeta potentials measured for the sulfate solution were lower
than those measured for the sodium and calcium chloride solutions, whereas the values for
both chloride solutions were comparable. For the NF45 membrane, the highest zeta potentials
were measured with a NaySO, solution. The zeta potentials measured with NaCl were lower,
whereas those measured with CaCl, were the lowest. The zeta potentials measured for the
CTA-LP membrane showed very similar results for the various salts, which might be caused
by comparable interactions of the three electrolyte solutions with this membrane. In case of the
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UTC90 membrane, the zeta potentials for the various salts were comparable as well, although
the zeta potential at low concentrations of the calcium chloride solution was much higher
compared to the other electrolytes.
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Figure 5.8: Zeta potentials for a ASP35 (a) and a NF45 membrane (b) measured
with different electrolyte solutions at various concentrations
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Figure 5.9: Zeta potentials for a CTA-LP (a) and a UTC90 membrane (b) measured
with different electrolyte solutions at various concentrations

The interpretation of the zeta potentials measured along the membrane surfaces may have been
complicated by the swelling behavior of the membrane toplayer as well. This effect may
influence the decrease of the electrical potential in another way than the kinetic effects that play
a role, like the position of the shear plane. Differences in swelling may be accomplished by
different types of electrolytes and by different concentrations. A highly swollen toplayer can,
for instance, contain more ions than a slightly swollen layer, which may result in a steeper
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potential decline within the swollen layer for the former case. Since the shear plane will be
located at more or less the same distance from the outer surface for both layers, the zeta
potential will be smaller for the highest swollen toplayer. In literature this was observed for
dialysis membranes, for which the membranes with the highest degree of hydrophylicity, i.e.,
the highest swelling, showed the lowest zeta potential [18].

The kinetic surface charge densities calculated from the streaming potential measurements by
equations {5.7} and {5.10} are shown in Figure 5.10. For the various electrolytes a
comparison is made between the different polymeric membranes. As can be seen from this
figure, the kinetic surface charge densities of the membranes increased with increasing
electrolyte concentration. The surface charge density of the ASP35 membrane was the highest,
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Figure 5.10: Kinetic charge density for different polymeric nanofiltration
membranes measured with different electrolyte solutions at various
concentrations. (a) NaCl, (b) CaCly, (c) NapSOy

119




Chapter 5

The surface charge densities measured with NaCl (Figure 5.10 (a)) were almost identical to the
kinetic surface charge densities measured with CaCl,.The surface charge densities measured
with NaySO, were very similar for the ASP35 and the NF45 membrane. The surface charge
density of the UTC90 membrane strongly increased at ionic strengths higher than 3 mM.
Again, the CTA-LP membrane showed the lowest kinetic surface charge density.

When comparing the kinetic surface charge densities shown in Figure 5.10 for the various
electrolytes at the same ionic strength, the surface charge densities determined with sodium
sulfate were higher than those with the chloride solutions for all polymeric membranes except
for the ASP35 membrane. Most probably, this is caused by differences in interaction between
the membrane material and the sodium sulfate and the chloride solutions. Later in this chapter,
the differences between the kinetic charge densities determined with the various electrolytes
will be discussed in more detail.

As shown in Figure 5.10, the kinetic surface charge density became higher with increasing
electrolyte concentration. Since the extent of this surface charge density increased,
consequently, the sum of the surface charge density of the membrane and that of the Stern
plane should become more negative, to obey the electroneutrality condition of the system
(equation {5.4}). Since the membrane charge density is assumed to be constant, the Stern
surface will become more negative with increasing electrolyte concentration, which may be
caused by the adsorption of anions [12,18,23,24].

To describe the adsorption of ions at the Stern plane, adsorption isotherms can be used, by
which the number of adsorbed ions can be determined. For this purpose, the Freundlich
adsorption isotherm can be applied, which describes adsorption at heterogeneous surfaces like
those of membranes, i.e., which have different regions at the membrane surfaces with
different adsorption energies. It is an empirical isotherm that relates the surface charge density
and the concentration of adsorbed ions with a power law [9]:

oS (c.)=ach (5.11}

with a and b being constants and c_ the concentration of anions in solution. Although the
Freundlich isotherm is an empirical relation, several authors have tried to correlate the
constants a and b to parameters like the number of adsorption sites at the membrane surface
and the mean Gibbs’ free energy of adsorption [7,9,25].

The total charge density at the membrane surface, the Stern plane and the shear plane can be
obtained by combination of equations {5.4}, {5.11} and {5.7} for a mono-mono-valent
electrolyte solution and {5.4}, {5.11} and {5.10} for an asymmetric electrolyte solution,
respectively:

electrolyte solution containing mono-mono-valent salt:

; F
smh(ZRTC)=
E_¢

2RT

o%+acb-gx{ {5.12}
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electrolyte solution containing ions with different valencies:

o%+ach-(signl{)V2ZecRT W/wexp(- ?$C)+v_exp(—%—,§{)-v+»v_ =0

{5.13}

In the derivation of these equations, the difference between the Stern plane and the shear plane
is not accounted for. It might be possible to obtain an expression for the surface charge density
of the layer in between these two planes by the division of the Stern layer in an inner and out
Helmholtz plane, but this would complicate the calculations in a tremendous way [26].
Furthermore, it should be realized that the membrane surface charge is assumed to be constant.
This assumption will be discussed later in this chapter.

To discriminate between the actual charge of the membrane and the adsorbed charges,
equations {5.12} and {5.13} were fitted to the experimental data, assuming the kinetic surface
charge as the sum of the membrane surface charge and the adsorbed charge according to the
Freundlich isotherm. As an example Figure 5.11 shows the kinetic charge density of a ASP35
membrane as a function of the anion concentration for a NaCl, a Na;SO,4 and a CaCl, solution.
The solid line within this figure is drawn according to equation {5.4} in combination with
equation {5.11}. It was possible to fit the kinetic surface charge densities to the anion
concentrations for all combinations of membranes and electrolytes in the same way as shown in
Figure 5.11, except for the NaySO, solution in case of the NF45 membrane.

For the ASP35 membrane, the various electrolytes showed the same kinetic charge density at a
certain anion concentration. The other three membranes showed a difference between the
relation of the kinetic charge density and the anion concentration for the chloride and the sulfate
solutions, indicating different adsorption characteristics of both anions. The relation between
the charge density and the anion concentration was equal for both sodium and calcium chloride
solutions. Since the anion for both electrolytes is chloride, this is in accordance with the
observation that adsorbing anions within the Stern layer cause the increase in the kinetic surface
charge density.

Table 5.2 summarizes the results of the fitting of the three parameter model, according to
equation {5.12} and {5.13}. The surface charge densities calculated for the membrane surfaces
are in the range of -7.0¥1074 to 8.9%1075 A.s/m2, which are small compared to the values of
the determined kinetic charge densities as shown in Figure 5.10. Since the fitted values of the
membrane surface charge densities are small and dependent on the types of electrolyte used, no
conclusions will be drawn from these data. It can be concluded that in case of a constant
membrane surface charge density, the kinetic surface charge density of the membrane increases
because of the adsorption of anions in the Stern layer.

‘When comparing the results for the adsorption of chloride and sulfate, the values of parameter a
were higher for sulfate adsorption in case of the CTA-LP and the UTC90 membrane, whereas
for the ASP35 membrane, this parameter was equal for the adsorbing anions.
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Figure 5.11: Kinetic surface charge density of a ASP35 membrane as a function of
the anion concentration in case of different electrolyte solutions. The line is fitted
according to equations {5.12} and {5.13}
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According to Calvo and Benavente the ratio between parameter a and the valence of the anion
can be linearly related to the amount of adsorption sites present at the membrane surface [251,
[9]. In that case, the amount of adsorption sites of the CTA-LP membrane is equal for chloride
and sulfate ions, while for the ASP35 membrane the amount of adsorption sites for the sulfate
ions is half that for the chloride ions. In the former case, a sulfate ion might occupy one
adsorption site, like a chloride ion, whereas in latter case, the sulfate ion occupies two
adsorption sites, where the chloride ion needs only one. The energetically most favorable
configuration will depend on the membrane material. In case of the UTC90 membrane, the
amount of adsorption sites is higher for the sulfate ions than for the chloride ions. It is not clear
yet how this might be explained on a microscopic level. ,

Following the approach of Calvo, the parameter b is inversely proportional to the mean Gibbs’
free energy of adsorption, which is negative for all cases calculated in this chapter [9,25]. As
can be seen the differences between the parameters b determined for chloride and sulfate
adsorption are not very high in case of the ASP35 and CTA-LP membrane, which are the
membranes showing the highest and the lowest kinetic charge density, respectively. This
indicates the importance of the amount of adsorption sites for the adsorption isotherm.
Comparing the chloride adsorption for the different membranes, it can be seen that for the
ASP35 membrane both the high amount of adsorption sites, related to a high value of parameter
a, and the high negative value of the mean free energy of adsorption, related to a small value of
b, resulted in high kinetic surface charge densities. The main difference between the NF45 and
the ASP35 membrane was the smaller amount of adsorption sites for the former, whereas the
CTA-LP and UTC90 membrane showed both less adsorption sites and smaller negative
adsorption energies, which lead to less ionic adsorption.

The interpretation of the constants a and b from the Freundlich isotherm in terms of adsorption
sites and adsorption energy, like shown in the previous section, should only be done with great
care. Although this interpretation relates the constants of the power law with physical
parameters, the empirical basis of the Freundlich isotherm should always be considered.

The main assumption to interpret the increase of the kinetic surface charge density in terms of
electrolyte adsorption is that the increase is only caused by the increasing amount of adsorbed
charge, whereas the membrane surface charge is assumed to be constant as a function of the
electrolyte concentration. Following this approach, the influence of the dissociation rate of the
acidic groups in the membrane is neglected. It is, for instance, known that the pK, values of the
ionizable groups of polyelectrolytes can change with ionic strength [27,28]. Marinsky showed
that the pK, values of polyacrylic acid changed drastically when changing the electrolyte
concentration [27].

No experiments have been carried out to check the hyypothesis that for the membranes used the
dissociation constant of the acidic groups is not influenced by the ionic strength. Most
probably, in case of the sulfonic acid groups, the dissociation rate will be independent of the
ionic strength. However, if carboxylic groups are present, like in case of the interfacially
polymerized polyamides, then the pK, value may range roughly from 4.5 to 7, i.e., from
completely dissociated to almost fully undissociated.

However, no conclusions can be drawn concerning the influence of the acidic groups with
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respect to the charge density. Depending on the kind of ionizable groups present at the
membrane surface and on the mean Gibbs’ free energy of adsorption, the kinetic surface charge
density will probably be influenced by either the dissociation rate of the charged groups or by
the adsorption of ions at the surface or by a combination of each.

The large differences between the values of the formal surface charge densities determined by
the titrations and the kinetic surface charge densities of the streaming potentials measurements
may result from the fact that titration is a bulk technique, whereas in case of the streaming
potential measurements the surface characteristics (and in fact the characteristics of the shear
plane) are determined, which depend on the membrane material and the ions used [29].
Because in case of titration all charged groups present in the sample are attributed to the
surface, the formal surface charge density will always be higher the value obtained from the
streaming potential measurements when only the charges present at the surface are measured.
Furthermore, the bulk properties of membranes can be considerably different from those at the
surface as shown by Takagaki and co-workers [30].

When calculating the kinetic surface charge density by equation {5.6} and {5.9}, one of the
main assumptions is that the Stern plane equals the shear plane. However, the shear plane may
be located at a distance further away from the surface than the Stern plane. Then, the charge of
the diffuse part of the double layer which is in between the Stern and the shear plane is not
accounted for. This results in an underestimation of the sum of the surface charge density of
the membrane surface and that of the Stern layer, explaining partly the lower membrane surface
charge density determined with the streaming potential measurements.

5.5 CONCLUSIONS

The streaming potential measurements showed that both streaming and zeta potentials decreased
with increasing salt concentration. For all polymeric membranes the zeta potential determined
was negative, whereas for the ceramic membrane a positive value was found.
The zeta potentials measured with different electrolytes of the same ionic strength were almost
.identical for the CTA-LP membrane and for the UTC90 membrane as well. The interpretation
of zeta potential data was complicated by the influence the swelling behavior of the membrane
may have.
The surface charge densities were the highest for the ASP35 membrane and the lowest for the
CTA-LP membrane. Furthermore, for all membranes both chloride solutions gave comparable
results for the kinetic surface charge densities, whereas the surface charge density determined
with sodium sulfate was remarkably higher than that with the chloride solutions for all
membranes except the ASP35 membrane.
Assuming the kinetic surface charge to be equal to a constant membrane surface charge density
and a surface charge density of the Stern layer that could be described by a Freundlich
isotherm, the calculated surface charge density at the membrane surfaces investigated was small
and especially at higher electrolyte concentrations it was negligible compared to the adsorbed
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charges. Anion adsorption seemed to be the major contribution to the surface charge density.
(In almost all cases anion adsorption could be described with a Freundlich adsorption
isotherm.) Titration showed that the membrane space charge density was small, in the order of
10 to 100 times smaller than the values reported in literature for charged ultrafiltration and
reverse 0osmosis membranes.
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SYMBOLS

a constant (A.s.m/mol)
b: constant -

[ -concentration (mol/l)
E: potential (\%)

F: Faraday constant (A.s/mol)
I ionic strength (mol/I)

I: current (A)

P: pressure (N/mz, bar)
Q charge (A.s)

I radius, half width (m)

R: gas constant (J/K.mol)
R: resistance Q)

T: temperature X)

X: coordinate normal to surface (m)

z valency “

€ dielectric constant (A.s/V.m)
& zeta potential W)

I viscosity (Pa.s)
xl:  Debije length (m)

A conductivity (Ql/m)
v: stoichiometric number )

[oR space charge density (A.s/m3)
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(o4 charge density (A.sfm?)

v potential )

subscripts:

d diffuse

exp: experimental

L: leak

s: surface

s, str:  streaming

S: Stern

th: theoretical

- anion

+: cation

0: bulk

Superscripts:

0: at membrane surface

d: diffuse

S: Stern
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CHAPTER 6

Retention measurements:
comparison of
theory and experiments

ABSTRACT

The theoretical description of the transport of both saccharides and ions through nanofiltration
membranes is compared with experimental data.

Saccharide retentions can be described well by phenomenological flux equations for a solution
consisting of a solvent and a solute, resulting in a specific permeability and reflection
coefficient for each combination of membrane and saccharide.

The extended Nernst-Planck equation in combination with the Donnan equilibrium has been
used to model the flux-retention experiments for the salt solutions. The numerical calculations
resulted in a good agreement between theory and experimental data and acceptable values for
the fixed charge densities have been determined. The effective membrane thicknesses
calculated were higher than those observed by Scanning Electron Microscopy. The occurrence
of negative retentions of the chloride ions in a chloride/sulfate mixture was described
adequately by the model. The negative retentions of sodium ions in a sodium/calcium mixture
could not be described appropriately.
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6.1 INTRODUCTION

The experimental results of retention measurements with salt solutions, saccharides and
dendrimers were discussed in Chapter 3 and 4. In this chapter the results of the
phenomenological models as described in Chapter 2 will be compared to the experimental
retention data. In the case of the dendrimers both size and actual charge are not well defined
and, therefore, the theoretical interpretation of the retention data will be restricted to the
saccharide and the salt retention experiments.

Firstly, the theoretical predictions and the experimental results for the retention measurements
with the saccharides will be presented and, secondly, the comparison for retention
measurements with the salt solutions will be shown.

6.2 EXPERIMENTAL

The retention measurements which will be discussed here were carried out with saccharide and
electrolyte solutions. The retention measurements were carried out in a stirred cell, whereas the
hydrostatic pressure difference applied was in the range of 3 to 7 bar. Ultrapure water was
used as solvent.

In case of the saccharide solutions, glucose, sucrose and raffinose (Merck, p.a) were used
with a concentration of 1 or 2 g/l.

The electrolyte retention measurements were carried out with NaCl, CaCl,, Na,SO,4 and with
mixtures of NaCl/CaCl, and NaCl/ NaySO,. The concentrations used were 0.001, 0.005 and
0.01M.

The membranes used for the saccharide retention measurements were the CTA-LP (Fluid
Systems), ASP35 (Advanced Membrane Technology), NF45 (FlmTec), UTC90 (Toray) and
CA30 (Hoechst Celanese) membrane, those for the electrolyte retention measurements CTA-
LP, ASP35, NF45, UTC90 and UTC70 membranes (Toray) and a ceramic y-Al,03
membrane.

6.3 RESULTS

6.3.1 Saccharide retention measurements

The experimental data for the flux-dependent retention measurements with saccharide solutions
were fitted with equation {4.4} to obtain values for the reflection, G, and solute permeability
coefficient, L:

o (1-ePe)
1-c ePe

R {6.1}
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(1-0)

with Pe = - J, , and with R being the retention, ¢ the reflection coefficient, Pe the
Péclet number and J,, the solvent flux.

The experimental data for a CA30 membrane are shown in Figure 6.1, whereas the
corresponding theoretical data are represented by the curves in this figure. As can be seen from
this figure, a good agreemient was found between the experimental data and the theoretical
retention data as predicted by the phenomenological equations.

1
i raffinose
0.8 i /A/A,,Ar—&—ﬁ—”
sucrose
R os |
lucose
0.4 - g
oo b L 111

0 10 20 30 40 50 60
J (/m’.h)
Figure 6.1: Saccharide retention as a function of the solvent flux for CA30
membrane (A, O, +: experimental data; solid line: theoretical fit)

The flux-dependent saccharide retention measurements were carried out with the membranes
CTA-LP, ASP35, NF45, UTC90 and CA30. For all membranes the reflection coefficient
increased in the following sequence: ¢ (glucose) < G (sucrose) < o (raffinose), whereas the
solute permeability coefficient decreased: L (glucose) > L (sucrose) > L (raffinose). The mean
values of these parameters are shown in Table 6.1. In case of the ASP35 membrane the
retention data were too scattered to be interpreted. The reason for these scatterec;i results is still
unclear.

Table 6.1: Reflection and solute permeability coefficients determined for several
saccharides for different nanofiltration membranes

CTA-LP NF45 UTC90 CA30
[ Q) L (m/s) G (-) L (m/s) o) L (m/s) J6) L (m/s)
glucose 0.892 4.35e-7 0.881 5.53e-7 0.936 4.99¢-8 0.548 3.18e-6
sucrose 0.981 1.05e-7 0.984 1.71e-7 0.994 2.22e-8 0.799 1.22e-6
raffinose 0.992 2.85e-8 0.984 1.02e-8 0.957 2.72e-9 0.883 4.56e-7
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The differences between the membranes based on glucose retentions are illustrated in Figure -
6.2. The lower retention for the saccharides for the CA30 membrane is caused both by a low
reflection coefficient and a high permeability coefficient. In case of the UTC90 membrane, the
high retention is affected by a high reflection coefficient and a low solute permeability. The
differences between the CTA-LP and the NF45 membrane are only small.

0.9 — D/D/D’DP/D
0.8

I f —0— CA30
0.7 —1+— CTA-LP

R L —<o— NF45

0.6 - —A— UTC90
0.5
0.4 Q/O/O/D/O
0.3 1 f 1 l 1 [ 1

0 10 30 40

20
J (Umh)

Figure 6.2: Glucose retention as a function of the solvent flux for different
nanagfiltration membranes (O, O, A, O: experimental data; solid line: theoretical fit)

The reflection and solute permeability coefficient were related to the ratio of solute radius and
pore radius which was used in the steric hindrance model, according to equations {2.29} and
{2.30}. A combination of these equations results in a membrane pore radius. By a
combination of the equations {2.27}, {2.29} and {2.30}, the retention, R, can be described
as:

R (1-¢P) (1-5 () Sp 623
1- (1-g(A) Sp)ePe
with
pe=-_ 8MSE {631

£ SpD(e/Ax)

and with f(1) and g(A) being the wall correction factors for diffusive and convective transport
respectively, Sp and S the steric hindrance factors for diffusive and convective transport, A =
rs / rp with rg the radius of the solute and r, the radius of the pore, p the porosity and Ax the
membrane thickness. The ratio of the porosity and the membrane thickness, p/Ax, was
determined by solvent permeability measurements:
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81
2oy, 2L (6.4}
Ax 13 AP

with T being the tortuosity of the membrane, which was assumed to equal unity, and 13 the
viscosity of the solvent.

Since the relations for the wall correction and steric hindrance factors (equations {2.1}, {2.2},
{2.3} and {2.6}) are valid for A < 0.8, it was tried to fit only the data of the CA30 membrane
to the equations {6.2} and {6.3}. By minimizing the difference between the theoretical and the
experimental retention values, a value of 0.723 nm for the pore size of the CA30 membrane
was found. Except for determining one common pore size for all saccharides, it was also tried
to find the best pore radius for each of the saccharides.

raffinose
0.75 +
R 05 |-
L glucose
0.25 |- —olL
- - - various r
------ common r
0 1 lg\; l 1 L 1 ‘ 1 l !
0 10 20 30 40 50 60
J (/m’h)
Figure 6.3: Theoretical saccharide retentions as a function of the solvent flux for
CA30 membrane

However, as can be seen from the combinations of the Figures 6.2 and 6.3, neither the fitting
of the flux-retention data with only one value of the pore radius, nor with various values of the
pore size for the different saccharides resulted in a good correlation between the retentions
calculated with this model and the experimental data. The solid lines in this figure are those
which have been calculated with the reflection and permeability coefficients according to
equation {6.1} and which showed a good agreement with the experimental data as illustrated
by Figure 6.1. The curves with the small dashes are calculated with a common pore radius and
those with the larger dashes are calculated with a specific pore radius for each saccharide. As
can be seen from Figures 6.2 and 6.3, the agreement between the experimental results and the
theoretical predictions according to equations {6.2} and {6.3} was poor, for both a common
or a variable pore radius. This may result from the invalidity of the equations for the wall
hindrance factors and wall friction factors which were derived for systems consisting of much
larger pores and much larger solutes compared to the system investigated here [1].
Furthermore, the validity of the pore concept in this approach can be questioned.
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6.3.2 Electrolyte retention measurements
Single salt solutiomns

The diffusion coefficients of the ions, the sign of the fixed charge density of the membrane,
the permeate concentration of the ions and the solvent flux were input parameters used for the
calculations by the set of equations {2.30} to {2.37}, which will be shown in this chapter.
These calculations resulted for a certain membrane-electrolyte solution system in a
corresponding membrane charge, a membrane thickness, a concentration profile within the
membrane, an electrical gradient and in two Donnan potentials at either side of the membrane.
An example of the concentration gradients of the sodium and chloride ions in a negatively
charged nanofiltration membrane is shown in Figure 6.4. These profiles were calculated by the
extended Nernst-Planck equation as presented in Chapter 2. The membrane has a fixed charge
density of 5.4 *¥10-2 mol/l, whereas the electrolyte feed concentration is 1.53 *10-3 mol/l. The
concentrations within the membrane are shown on a logarithmic scale. The concentration of the
co-ion within the membrane is very small, whereas that of the counter-ion nearly equals the
membrane fixed charge concentration. The decrease of the sodium concentration across the
membrane cannot be observed on the logarithmic scale used in this figure. The distribution of
ions between membrane and solution were calculated with the equation for the Donnan
equilibrium (equation 2.37).

¢ (mol/m?) 12 c

10'
c= 1.53 mol/m®

T m_ 3
10°  ¢,"=54mol/m ¢ =0.28 mol/m®
P

107
10° c,
10°
feed membrane permeate

Figure 6.4: Concentration gradients of Cl- and Na* in a negatively charged
membrane with a fixed charge of 0.054 mol/l.

To calculate the theoretical curves, the chemical diffusion coefficients of the sodium and
chloride ions were assumed to be 0.84*10°9 and 1.503*10-2 m?/s, respectively. An overview
of the diffusion coefficients of each of the ions is shown in Table 6.2. These, effective,
diffusion coefficients, Degy, ;, for the components i were calculated by multiplying the bulk
diffusion coefficients of the ions, Dy ;. by the diffusive steric hindrance factors, K 4,
which were found in literature [2]:
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Dett, ; = Ky,g Dok, i (6.5}

The steric hindrance factor for diffusion was assumed to be equal to that in a pore with a radius
of 1 nm.

Table 6.2: Ionic diffusion and diffusive hindrance coefficients used in the numerical

calculations
Dy (10°° m2/s) Kig©) Degg ; (10 m%s)
Na* 1.33 0.633 0.84
cl- 2.03 0.740 1.50
Ca2+ 0.92 0.543 0.50
S04% 1.06 0.553 0.59

The experimental and theoretical retentions of a 0.001M NaCl solution are shown in Figure
6.5 as a function of the solvent flux for four nanofiltration membranes. The curves represent
the calculated values while the points are the experimental values. For all membranes the
experiments have been performed at the same hydrostatic pressures. The highest solvent flux
was achieved at a pressure difference of 7 bar.

1

M UTC90
0.8
0.6
R
0.4
0.2
0
0 510° 110° 1.5 10°
J (10° m/s)

Figure 6.5: Experimental and theoretical values for retention of a 0.00IM NaCl
solution as a function of the solvent flux. Theoretical curves (solid lines) have been
calculated by equations {2.30} to {2.37)}

The values of the membrane charge and membrane thickness determined by equations {2.30}
to {2.37} for six membranes for an 0.001M NaCl solution are shown in Table 6.3. The
calculations were carried out assuming a negative membrane charge for the polymeric
membranes and a positive charge for the ceramic membrane. It should be realized that the
values determined for the membrane thicknesses and charges are effective parameters.

135



Chapter 6

When the calculated membrane charge density and thickness from this table are compared with
the resulting retentions as shown in Figure 6.5, it can be seen that both the smaller membrane -
thickness and the lower membrane charge contribute in case of the NF45 membrane to the
lower NaCl retention. The high retention of the UTC90 membrane is mainly due to the high
membrane charge.

Table 6.3: Calculated membrane thickness and membrane charge for different
nanofiltration membranes in case of 0.00IM NaCl solution

membrane Ax (105 m) cx™ (mol/l)
ASP35 3.26 - 0.054
NF45 1.47 - 0.020
CTA-LP 3.60 - 0.034
UTC90 4.12 - 0215
UTC70 11.2 - 0.088
1-Al)O4 5.78 +0.025

The calculated membrane thickness and charge depend on the diffusion coefficients of the ions
used. For the calculated retentions it was assurned that the diffusion coefficients of the sodium
and chloride ion were equal in all membranes.

The membrane thicknesses calculated can be compared to the membrane thicknesses which
were observed by Scanning Electron Microscopy (SEM). Because the NF45, UTC90, UTC70
and y-Al,O3 membrane are composite membranes, the thickness of the toplayer of these
membranes can be determined relatively easily. According to the SEM measurements, the
toplayer thicknesses of these membranes are 0.35, 1.2, 4.8 and 8 um, respectively. These
values are much smaller than the membrane thicknesses calculated. This difference in
membrane thickness may result from the fact that the calculated thickness is an effective
parameter, which comprises different factors for the resistance of solute transport, like for
instance the resistance of the support layer and the membrane tortuosity. Furthermore, the
choice of the diffusion coefficient of the ions will influence the calculated membrane thickness
as well. The ASP35 and CTA-LP membrane were not considered because it was difficult to
determine the thickness of the active layer of these asymmetric membranes.

The influence of the diffusion coefficients on the calculated membrane thickness and charge is
shown in Table 6.4, for a NF45 membrane and a 0.001M NaCl solution. The thickness and
the charge of the membrane were calculated for diffusion coefficients of the chloride and
sodium ion which were both 10% higher and 10% lower than their original values. As can be
seen, a lower diffusion coefficient causes a lower calculated membrane charge and a higher
membrane thickness.

When interpreting the membrane charges and thicknesses calculated by the model, this
influence of the diffusion coefficients on these parameters should be considered. For instance,
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in case of the UTC90 membrane, it might be that the value of the membrane charge is affected
by the ionic diffusion coefficients. Since this membrane is tighter than the other membranes
investigated, as can be concluded from Figure 6.5, the hindrance of diffusion may be higher
and, therefore, the effective diffusion coefficient smaller. Then, consequently, the membrane
charge will be lower as well.

Table 6.4: Influence of the diffusion coefficients of the ions on the calculated
membrane thickness and membrane charge for NF45 membrane

D AX (105 m) ex™ (mol/l)
D 1.5 0.020
1.1*D 1.0 0.031
0.9* D 2.3 0.012

The calculated retention curves for NaCl solutions with different feed concentrations and a
CTA-LP membrane are shown in Figure 6.6. Both the membrane charge and membrane
thickness resulting from these calculations increased with increasing electrolyte concentration.
The same behavior was observed for other combinations of membrane-electrolyte solution.
The increase in the membrane charge with increasing electrolyte concentration seems to be
analogous to the increase in the kinetic surface charge density with increasing salt
concentration which was found by the streaming potential measurements shown in Chapter 5,
although in that case surface charge densities were determined and in this case space charge
densities. In literature, this phenomenon has been observed by several authors (e.g., [2,3]).
However, it is not clear how the ionic concentration could influence the membrane thickness,
so this is just a result of the fitting procedure. To improve the insight in the calculation
procedure, the calculations of the membrane thickness and membrane charge were then
performed in two stages. Firstly, for a certain electrolyte concentration the membrane charge
and membrane thickness were determined. Secondly, the mean value of the membrane
thickness was calculated for a specific electrolyte in case of different concentrations and the
corresponding membrane charges were determined. The curves calculated with a fixed value of
the membrane thickness and a varidble value of the membrane charge at different NaCl
concentrations are shown in Figure 6.6 as well, showing reasonable agreement with the
experimentally determined values. The mean effective membrane thickness for the CTA-LP
membrane was found to be 5.47%10-5 m, whereas the negative membrane charge varied from
0.026 to 0.099 mol/l with increasing electrolyte concentration.

Since the CTA-LP membrane has an asymmetric structure, most probably the properties of this
membrane, like the charge density, are functions of the membrane cross-section. Therefore,
the calculated parameters should be considered as effective values, which can be assigned to
membrane with a symmetric structure and a homogeneously distributed membrane space
charge density.

137



Chapter 6

O b— 1 1)
4 6 8 10

J (10° m/s)

Figure 6.6: NaCl retention as a function of the solvent flux for different electrolyte

concentrations. Membrane: CTA-LP. Solid lines: calculation with variable membrane

charge and membrane thickness, dashed lines: calculation with variable membrane

charge and constant membrane thickness

For the ASP35 membrane, the flux-retention curves of NaCl and CaCl, solutions were
compared. (Figure 6.7). As can be seen from this figure, the agreement between the calculated
curves and the experimental data is good. The membrane thickness and membrane charge
determined for 0.001M NaCl and CaCl, solutions were almost equal at the same feed
concentration. The calculated negative membrane charge for the NaCl solution was 0.054
mol/l, the membrane thickness was 3.3¥102 m. In case of CaCl,, these parameters were
0.064 mol/l and 3.6*10-5 m, respectively. The difference in Donnan potential was the main
difference between the behavior of the two solutions and this will have a large impact on the
retention. The Donnan potential of the NaCl solution at the feed solution-membrane interface
was about -95 mV, whereas in case of the CaCl, solution it was -43 mV. Because of the small
concentration gradient within the membrane the calcium concentration at the permeate side is
not much lower than that at the feed side, which results in a Donnan potential of -46 mV. For
the sodium chloride solution, the concentration decrease of the ions-within the membrane is
much higher, which results in a calculated Donnan potential at the permeate side of -138 mV.
This large difference in Donnan potential between the two interfaces caused the larger decrease
of the sodium ion concentration and resulted in a high retention compared to that of the calcium
ions.

However, the agreement between membrane parameters calculated from retention
measurements with different electrolytes was not found for all membranes. For instance, in
case of a UTC90 membrane, the membrane charge and the membrane thickness determined for
a 0.001M NaCl solution differed significantly from that for a 0.001M NaySQy solution. Both
the membrane charge and the membrane thickness were more than twice as high in the former
case (NaCl: negative membrane charge: 0.215 mol/l, thickness 4.1¥10-5 m; Na,SOy: negative
membrane charge: 0.075 mol/l, thickness 2.0#10-5 m).

The calculation of the membrane charge and membrane thickness for the NF45 and CTA-LP
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membrane and a CaCl, solution resulted in negative membrane charges which were higher
than 1 mol/l. These are very high values that differ significantly from the values determined
from the NaCl retention measurements as shown in Table 6.3. However, it should be
mentioned that these membranes had CaCl, and Na;SOy, retentions which were higher than
that of NaCl, which cannot be explained assuming a negatively charged membrane.

0.8 - NaCl
0.6 |
R L
0.4
02 L CaCl2 |
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Figure 6.7: NaCl and CaCl, retentions as a function of the solvent flux.
Concentration: 0.001M. Membrane: ASP35. Solid lines are drawn according to the

numerical model

Salt mixtures

The model which was outlined in Chapter 2 was used to interpret the experimental data for the
retention measurements with the anion and cation mixtures.

Figure 6.8 shows schematically the concentration profiles of sodium, chloride and sulfate ions
within a negatively charged membrane.
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Figure 6.8: Concentration gradients of sodium, chloride and sulfate ions in a
negatively charged membrane and in adjacent solutions
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The membrane has a fixed charge of 0.0074 mol/l, whereas the feed contains 0.0005M NaCl
and 0.0005M Na,SO,. As can be seen from Figure 6.8, the concentration of bivalent sulfate in
the membrane is much lower than that of the other co-ion which has a lower valency, i.e., the
chloride ion. This difference is caused by the Donnan potential which induces a larger
concentration decrease at the membrane-solution interface in case of a multi-valent co-ion. The
decrease of the sodium ion concentration across the membrane cannot be observed because of
the logarithmic scale.

The experimental results of retention measurements with anion mixtures, performed with a
UTC90 membrane, are shown in Figure 6.9. The chloride and sulfate ion retentions were
determined for different compositions of the feed mixture. For these experiments the overall
anion concentration was 0.01M, while changing the ratio of the chloride and sulfate ions.

R(Cl) CI/S04=1/9
R(SO4) Cl/S04=1/9
R(CI) CI/SO4=1/1
R(SO4) Cl/SO4=1/1
R(CY) CI/SO4=9/1
R(SO4) CI/S04=9/1

’ 1 l

¢OomM[eO

1.5 —
0 110°  210° 310° 410°
J (m/s)
Figure 6.9: Cl- and SO % retention as a function of the solvent flux for different
ionic compositions in a NaCl/Na;SO 4 mixture. Membrane: UTC90. Overall anion
concentration: 0.01M. Solid lines are calculated.

The curves are drawn according to the set of equations presented in Chapter 2. As can be seen
from Figure 6.9, the retentions of both chloride and sulfate ions could be described well by
this model. Even the negative retentions of the chloride ions were predicted adequately.
Differences in the relative contributions of the convective, diffusive and electric potential
induced fluxes to the overall fluxes of the ions cause the minima in the flux-retention curves
for the chloride ions. At low solvent fluxes the diffusive and electric potential induced fluxes
determine the overall transport of ions, whereas the convective flux becomes the most
important part at high fluxes.

To gain insight in the phenomenon of negative retention, chloride ion concentration profiles
within the membrane have been calculated for anion mixtures with two different ratios of
chloride and sulfate ions, 1/1 and 1/9, respectively. The overall anion concentration was
0.01M. As can be seen in Figure 6.10 (a), the chloride ion retention is positive for the former
case, whereas it is negative for the latter case.
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Figure 6.10 (a): Concentration gradients of chloride ions in a negatively charged
membrane and in adjacent solutions for an anion mixture with a molecular ratio of 1/1
and 1/9 chloride/sulfate. Total anion concentration: 0.0IM. (b): Corresponding
potentials with Ay, the Donnan potential and Ay™ the potential difference within
the membrane

The negative fixed charge density was chosen to be 0.150 mol/l and the membrane thickness
1¥10-4 m.

The potential profiles for these two ratios are shown in Figure 6.10(b). For both ratios 1/1 and
1/9 chloride/sulfate the Donnan potentials between the permeate side and the membrane were
higher, -100 and -104 mV, respectively, than those between the feed side and the membrane
which were - 56 and - 64 mV, respectively. The negative Donnan potentials cause a decrease
of the chloride ion concentration in the membrane compared to that in the feed. The higher
Donnan potential at the permeate side of both mixtures is caused by the decrease of the ion
concentration across the membrane. For the ion ratio chloride/sulfate 1/9, the higher Donnan
potential at the feed side is caused by the higher concentration of sulfate ions, which increases
the Donnan potential for a negatively charged membrane as has been shown in Chapter 2. The
electric field within the membrane is constant as mentioned before. The potential over the
membrane had a positive sign and was more or less equal for both chloride/sulfate ratios, i.e.,
3.7 mV. As Figure 6.10 shows, the concentration of chloride ions in the permeate will be
higher than that in the solution, i.e., a negative solute retention will be found.

For the cation mixtures the description of the experimental flux retention data was more
difficult than for the anion mixtures. Figure 6.11 shows the experimentally and theoretically
determined retentions of the sodium, calcium and chloride ions for the ASP35 membrane in
case of an overall cation concentration of 0.01M and a Na+/Ca2+ ratio of 1/9.
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Figure 6.11: Na*, Ca?* and CI- retention as a function of the solvent flux.
Membrane: ASP35. Overall anion concentration: 0.01M, ratio Nat/ Ca?*: 1/9. Solid
lines are calculated

The negative fixed membrane charge density determined was 0.735 mol/l and the membrane
thickness 5.2 *10-5 m. This membrane charge density is much higher than that determined for
a 0.001M NaCl solution as shown in Table 6.3. An explanation for this discrepancy cannot be
given yet.

The model correctly described the retentions of the different ions of this mixture and predicied
the retention of the calcium ions to be higher than that of the sodium ions. This result was
different from that of the retention of sodium and calcium ions in a single salt solution, where
the calcium ion retention was lower than that of the sodium ions (see Figure 6.7). The Donnan
potentials determined for the experiments as shown in Figure 6.11 were about -48 mV at the
feed side and -52 mV at the permeate side. The potential drop in the membrane was about 3
mV. The potentials across the membrane are shown in Figure 6.12(b).

The higher retention for the calcium ions is mainly determined by the difference in Donnan
potential at the feed and at the permeate side. The higher Donnan potential at the permeate side,
which is caused by the lower electrolyte concentration in the membrane at the permeate side,
affects the relative concentration decrease for the calcium ions diffusing from feed to permeate
phase more than that for the sodium ions. This is a result of the higher valency of the calcium
ion (the solute distribution can be written as: 9_0"1 =exp (- % A\;/DOH), see Chapter 2).

c
Figure 6.12(a) shows the concentration profiles of the sodium, calcium and chloride ions

within the membrane. Because of the negative membrane charge, the concentrations of both
calcium and sodium ions were higher within the membrane than in the solution. The
concentrations of both cations remain more or less constant across the membrane thickness.
The calculation of the membrane charge for other combinations of a membrane and a cation
mixture sometimes resulted in unrealistic high values of this parameter, such as a negative
membrane charge of 6.3 mol/l. As observed before, the membrane charge is influenced by the
choice of the diffusion coefficients. When these are lower than the values used in this thesis,
the corresponding membrane charge will be lower as well.
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Figure 6.12(a): Concentration gradients of sodium, calcium and chloride ions in a
negatively charged membrane and in adjacent solutions. Overall anion concentration:
0.0IM, ratio Nat/ Ca?+: 1/9. (b): Corresponding potentials, with Ayp,,; the Donnan
potential and A" the potential difference within the membrane

In case of the cation mixtures, negative retentions of sodium ions were observed (see for
.instance Fig 3.11), like for chloride ion in case of the anion mixtures. However, these negative
retentions could not be described adequately by the model as presented in Chapter 2. It is not
clear yet what causes the discrepancy between the model and the experimental results for this
specific case.
To achieve a negative retention for a positively charged ion within a negatively charged
membrane, the concentration gradient of this ion in the membrane should be higher than the
difference between the changes in concentration at either side of the membrane which are
caused by the Donnan potentials. Since the Donnan potential at the permeate side will be larger
than that at the feed side, because of the lower electrolyte concentration at the permeate side in
the membrane, the concentration gradient in the membrane should be positive:

m
%w (6.4}
SO
. d y™
;—;(Ki,c cgn—ci,p)-ﬁ,?cgn?‘{—w (6.5}
i

(see equation {2.29}). In case of a negative membrane charge, the sodium ion concentration in
the membrane will be higher than that in the permeate, so the first term at the left-hand side of
equation {6.5} will be positive. Because the second term at the left-hand side will be positive
as well, this means that a positive concentration gradient will result if the first term is larger
than the second term. Only in that case, a negative retention may result.
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6.4 CONCLUSIONS

The relation between the retention of saccharides and the solvent flux could be described very
well by the phenomenological relations for a system consisting of one solvent and one solute.
The calculated reflection coefficients of the various saccharides increased with increasing
molecular weight of the molecules, whereas their permeability coefficient decreased. It was not
possible to relate the reflection coefficient and the permeability coefficient to a membrane pore
size, since the pore model used did not describe the experimental results adequately.

The extended Nernst-Planck equations resulted in good agreement between the theoretical and
experimental retentions for both single salt solutions and salt mixtures. The calculations
resulted in negative fixed membrane charge densities of 0.215 to 0.02 mol/l for the polymeric
nanofiltration membranes investigated and a positive fixed charge density of 0.025 mol/l for
the ceramic y-Al,O; membrane. The calculated effective membrane thicknesses were in the
range of 1¥10- to 1*¥10-4 m. These thicknesses are rather high compared to those observed by
SEM, which may result from the fact that effective thicknesses have been calculated, which
include different factors that cause resistance to solute transport. The values of the membrane
charge and thickness calculated are dependent on the diffusion coefficients of the ions used.
The negative retention of the chloride ions in a mixture with sulfate could be described well by
the extended Nernst-Planck equation. Furthermore, the model predicted a higher retention for
the calcium ions than for the sodium ions in a cation mixture in the case of a negatively charged
membrane. The same retention behavior was experimentally found.

The negative retentions of sodium ions in a cation mixture could not be explained.
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SYMBOLS

c: concentration (mol/l)
D:  diffusion coefficient (m?2/s)
F: Faraday constant (C/mol)
f(A): wall correction factor for diffusive transport O]

g (\): wall correction factor for convective transport O]

Iy solvent flux (m/s)
K;g4: diffusive coupling coefficient O]

L.  =LyAx

solute permeability coefficient corrected for the membrane thickness  (m/s)

144



Retention measurements: comparison ...

Lg: solute permeability coefficient in two component system (m2/s)

p: porosity Q)

P: pressure (bar, N/m2)

Pe: Péclet-number o)

I radius (m)

R: gas constant (J/mol.K)

R: retention 6]

S: hindrance factor (8]

T: temperature X

AX: membrane thickness (m)

z valence ©)

n: viscosity . (Pa.s)

A: ratio of solute size and pore size )

o reflection coefficient -

T8 tortuosity O]

\UH potential W)

subscripts:

D: diffusive

Don: Donnan

eff: effective

f: feed

E: convective

i: species i

p: pore

p: permeate

s: solute

X: fixed membrane charges

superscript:

m: membrane (phase)
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CHAPTER 7

Conclusion:

comparison of
characterization techniques
for nanofiltration membranes

ABSTRACT

In this thesis various techniques have been described to characterize nanofiltration membranes.
This final chapter is aimed to relate and compare these different methods.

Parameters calculated from electrolyte retention measurements were compared with
experimentally determined properties, such as the Donnan potential with the zeta potential and
the calculated charge density with the titrated charge density.

The influence of the electrolyte concentration on the membrane charge density was shown for
both the streaming potential and the electrolyte retention measurements.

Finally, the electrolyte retentions measured for four polymeric nanofiltration membranes were

compared and related to experimentally determined properties, like the kinetic surface charge
density, the titrated charge density, the glucose retention and the solvent permeability.
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7.1 INTRODUCTION

The characterization of membranes gives insight in the transport mechanism of solutes through
a membrane and may give information about the relation between structure and separation
properties.

In case of nanofiltration membranes, a variety of membrane structures exist. Charged as well
as uncharged, porous as well as solvent-swollen, polymeric as well as ceramic, and all these
different membranes may have comparable separation performances. For each of the
membranes a certain combination of exclusion effects and transport phenomena determines the
solute transport and separation.

When the characteristics of different nanofiltration membranes are compared, it should be
realized that these membranes may have very different morphologies. Therefore, the
characterization of nanofiltration membranes can be carried out preferably by methods which
determine performance related properties. Membrane parameters, like fixed charge density and
thickness, may then be estimated from these characterization methods, such as the electrolyte
retention measurements as was shown in Chapter 6. However, this does not imply that
characterization methods which determine membrane structural parameters, like pore size and
pore size distribution, are not suitable for nanofiltration membranes. For instance, in case of
permporometry, the pore size distribution of a membrane is measured. However, when the
pore size is smaller than 2 nm or the membrane does not have any fixed pores because of its
network morphology, no pore sizes can be calculated using capillary condensation theories.
This is different from the calculation of pore sizes from, for instance, the saccharide retention
measurements as shown in Chapter 6. In this case, membrane pores were assumed to be
present, but this does not imply that the membrane really should have pores to achieve this
separation.

In this thesis several characterization methods for nanofiltration membranes have been used,
like saccharide and electrolyte retention measurements, titration and streaming potential
measurements. In this final chapter, these characterization methods will be compared. Firstly,
the Donnan potentials which were calculated from the electrolyte retention measurements will
be compared with the zeta potentials determined by the streaming potential measurements.
Secondly, the membrane charge measured by titration will be related to the calculated values
from the retention measurements. Furthermore, the dependence of the membrane charge on the
electrolyte concentration will be investigated for the streaming potential and electrolyte
retention measurements. Finally, the results of the salt retention measurements will be
compared to the charge densities as calculated from the streaming potential measurements. The
results of the saccharide retention measurements will be included in this discussion as well.

7.2 DONNAN AND ZETA POTENTIALS

In a stationary situation, different equilibria exist between solutes in the bulk solution and in
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the membrane. When ions in combination with a charged membrane are considered, a Donnan
equilibrium exists between the ions in the bulk and the mobile ions in the membrane. This
Donnan equilibrium is both dependent on the membrane charge and on the concentration and
kind of electrolyte. Furthermore, an equilibrium distribution exists between the ions in the
solution and the ions adsorbed at the membrane surface. These phenomena are influenced by
the adsorption energies of the ions at the surface and by electrostatic interactions between
membrane surface and ions. Because of these adsorbed ions, the membrane may behave in the
same way as if these adsorbed charges would have been fixed charges, therefore, influencing
the Donnan equilibrium.

Not only different distribution equilibria near the membrane-solution interface can be
distinguished, but also different potentials, which correspond to these distribution equilibria.
Two important potentials near this interface are the Donnan potential and the zeta potential. The
former can be situated exactly at, or a little inside, the membrane, whereas the latter lies at the
shear plane between the fixed and the diffusive part of the double layer, just at a small distance
from the membrane surface within the solution. The Donnan potential provides information on
the electric charges inside the membrane, whereas the zeta potential mainly gives information
on the charge at the membrane surface. In Figure 7.1, the potential distribution within a
membrane and the adjacent electrolyte solutions is schematically shown. The Donnan potential
reflects the unequal ionic distribution between the membrane and the bulk solution in case of a
charged membrane and represents the resulting potential difference. The zeta potential is
induced by the ionic distribution within the solution near a charged surface and equals the
potential difference between the potential at the shear plane of membrane and electrolyte
solution and that of the bulk.

shear plane
| potential gradient
—————————————— il —$ in membrane
i -
Donnan |
otentia
P ial ¢ | Donnan
potential $—l : potential
' NE
| | potential
| |
solution ! membrane ! solution

Figure 7.1: Schematic drawing of the potential distribution in a membrane-electrolyte
solution system, showing the zeta ({) and Donnan potentials (Ayp,,)

Figure 7.2 shows the Donnan and zeta potentials for a ASP35 membrane in contact with NaCl
solutions of various concentrations. Both potentials were negative in the concentration range
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investigated and both decrease with increasing electrolyte concentration. The Donnan potential
is always higher than the zeta potential, which indicates that a higher charge will be present
within the membrane than at the shear plane between membrane and electrolyte solution. Since
the potential within the Stern-layer will decrease because of adsorbed ions in this layer (as can
be seen from Figure 5.3), it is expected that the Donnan potential would be higher than the zeta
potential.
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Figure 7.2: Donnan, AWp,,, and { potentials as a function of the NaCl feed
concentration for a ASP35 membrane

For the other membranes and electrolyte solutions investigated the sign of the Donnan and zeta
potential was always the same, i.c., negative for the polymeric membranes and positive for the
ceramic membrane. However, the difference between both potentials for these membranes was
even more pronounced than for the ASP35 membrane.

The difference between the Donnan and the zeta potential, which was in most cases more than
50 mV, showed the large discrepancy between the potential which is measured just outside the
membrane and the potential which influences the ionic distribution over membrane and
electrolyte solution. If the calculated values of the Donnan potentials are correct (they are
influenced by the choice of the ionic diffusion coefficients), then it can be concluded that the
zeta potentials do not show a good agreement with the potential within the membrane. In that
case, electrokinetic measurements-by which zeta potentials are obtained do not seem a very
appropriate technique to determine the (Donnan) potential of nanofiltration membranes which
influences the ion selectivity.

Of course, it should be considered that the calculation of the membrane charge from the
retention measurements results in a charge which is assumed to be homogeneously distributed
over the membrane, so no differences in charge density are thought to exist as a function of the
membrane thickness. This can be a cause of the differences between zeta and Donnan potential.

Differences between the charges at the surface and charges inside the membrane, i.e., between
the zeta and the Donnan potential, were shown by Takagi and co-workers as well [1]. They
attributed these differences to the different mechanisms to may play a role at the surface or
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within the membrane, for instance, the dissociation of ionic groups that may cause the surface
charge, or adsorption of ions that can influence the effective charge within the membrane.

7.3 MEMBRANE CHARGE

Membrane charge can result from two factors, i.e, from the fixed charged groups present in the
membrane material and from the adsorption of ions within the membrane or at the membrane
surface. Titration experiments and retention measurements with low concentrations of
electrolytes give insight in the first phenomenon and information on the bulk properties of the
membrane may be obtained. Ionic adsorption can be investigated by the determination of the
membrane charge as a function of the electrolyte concentration.

7.3.1 Titrated and calculated membrane charge density

The bulk membrane charge density was determined by two different characterization methods.
By titration experiments the membrane charge was measured directly. It gives the concentration
of acidic groups of the various polymeric membrane materials. In case of the electrolyte
retention measurements, the membrane charge was calculated from the experimental data. The
membrane charge density which was calculated for a 0.001M NaCl solution was compared to
the results of the titration measurements. The membrane charge determined for the lowest
electrolyte concentration used in the retention measurements was chosen, since ion adsorption
at the membrane surface was thought to be minimal. The results of the membrane charge
determination of both methods are summarized in Table 7.1.

The density of most polymers is around 1 kg/dm3.

As can be seen from this table, the order of magnitude of the membrane space charge density is
equal for the titration and the retention experiments. However, only in case of the NF45
membrane the values are more or less comparable. The membrane charge density of the UTC90
membrane calculated from the retention measurements is very high compared to the titration
results, which may be affected by the (high) ionic diffusion coefficients used in the calculation.

The difference between the membrane charge density of the ASP35 membrane and that of the

Table 7.1: Membrane charge density, cx™, determined by titration and by retention
measurements with 0.001M NaCl

membrane cx™ (mol/kg) cx™ (mol/l)
(titration) (retention)
ASP35 0.108 0.054
NF45 0.017 0.020
UTC90 0.040 0.215
CTA-LP 0.014 0.034
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CTA-LP and NF45 membranes determined by titration is larger than that in case of the retention
measurements.

Comparing the results for the titration and the retention measurements, it should be realized that
in case of titration all ionizable groups have been determined, whereas in case of the retention
measurements the amount of charged groups at pH = 6 has been obtained. Therefore, the
membrane charge density obtained by titration was expected to be higher than that obtained
from the retention measurements. However, this is not the case for three of ‘the membranes
shown in Table 7.1. Possibly, the estimation of the ionic diffusion coefficients within the
different membranes causes this discrepancy.

7.3.2 Membrane charge density and electrolyte concentration

Both streaming potential measurements and electrolyte retention measurements resulted in
membrane charges which were measured at different electrolyte concentrations. In case of the
streaming potential measurements the surface charge density (amount of charges per area) at the
shear plane was measured, whereas in case of the retention measurements the space charge
density was calculated (amount of charges per volume).

The increase of the surface charge density at the shear plane between membrane and electrolyte
solution was assumed to be enhanced by an increase in ion adsorption with increasing salt
concentration (see Chapter 5). This ion adsorption could be described, in almost all cases, by a
Freundlich isotherm. In case of the electrolyte retention measurements the membrane space
charge could be determined for only three concentrations. These membrane charges are shown
in Figure 7.3 as a function of the electrolyte concentration for some membrane-electrolyte
systems.

10° ¢
c m
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(mol/m’) —&— UTC90, NaCl

—a— UTC90, NEIZSO4
—o— CTA-LP, NaCl
——— NF45, NaCl

101 | I 1 1 1 1L | ] {

T ¢ (molm?) 1°
Figure 7.3: Membrane charge densities, cx™, as a function of the anion
concentration, c, for different nanofiltration membranes and different electrolytes. The

lines refer to values calculated by equation {7.1}

As can be seen from Figure 7.3, the membrane charge density increased with increasing
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concentration. Since the negative charge of the membrane became higher, it was assumed that
the anions adsorbed at the membrane material. Like in case of the surface charge densities
calculated from the streaming potential measurements, it was tried to relate the anion
concentration with the membrane charge by a Freundlich isotherm :

cB=ach {7.1}

with cx™ the membrane charge, c_ the anion concentration and a and b being constants. In this
case it was assumed that all charges present in the membrane were adsorbed charges. It should
be realized that describing the charge densities in terms of ion adsorption, the influence of the
ionic strength on the dissociation rate of the acidic groups in the membrane has been neglected.
The lines in Figure 7.3 are drawn according to this equation. Because only three membrane
charge densities were calculated from the retention measurements, it is difficult to draw
conclusions about the agreement between the Freundlich isotherm and the experimental relation
of the anion concentration and the membrane charge. Therefore, the constants a and b for the
Freundlich isotherm in this case will not be compared to those calculated from the streaming
potential measurements. From these two tybes of membrane charge densities it should be
considered that the streaming potential measurements result in surface charge densities,
whereas in case of the retention measurements space charge densities are calculated.

Moreover, a comparison between these two membrane charge densities would have been
difficult, since the assumptions which were used to describe both, i.e., the increase of the
kinetic surface charge density and that of the calculated membrane charge density, as a function
of the electrolyte concentration were different. In case of the kinetic surface charge density, the
membrane charge density was assumed to be constant, whereas the variation in the kinetic
surface charge density was attributed to ion adsorption at the surface. In case of the calculated
membrane charge density, as shown in Figure 7.3, it was assumed that the membrane charge
was homogeneously distributed over the membrane. The overall membrane charge density
varies with the electrolyte concentration because ion adsorption is assumed to occur everywhere
in the membrane and not only at its surface. Therefore, the surface and the space charge density
can only be adequately compared, if the assumptions concerning ion adsorption are equal for
both charge densities.

7.4 ELECTROLYTE RETENTION

The membrane charge and membrane thickness as calculated from electrolyte retention
measurements can give an indication for the differences in separation behavior between the
membranes investigated. When the membrane charge and thickness are known, the
contributions of the convective, the diffusive and the electric transport to the overall solute
transport can be determined. However, since the ionic diffusion coefficients were assumed to
be identical in all membranes, the influence of the ionic size on the separation was not explicitly
taken into account. Because some diffusive hindrance was expected, the effective diffusion
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coefficients which were used in the model calculations were smaller than the ones within
solution. In this section the electrolyte retentions of the ASP35, UTC90, NF45 and CTA-LP
membranes will be compared and possible explanations for the differences in behaviour will be
given based on the kinetic charge densities as determined from the streaming potential
measurements, the titrated membrane charges, the saccharide retentions and the solvent
permeabilities.

ASP35 and UTC90 membrane

‘When comparing the retention of an 0.001M NaCl and Na,SO, solution for the ASP35 and the
UTC90 membrane, it can be seen from Table 7.2 that the UTC90 membrane shows both a
higher NaCl and a higher Na;SO, retention. The retentions were measured at the same
hydrostatic pressure difference, AP = 7 bar. The difference in retention between NaCl and
NaySO,4 might be attributed to the higher charge for this membrane as can be seen from Table
7.1.

Table 7.2: NaCl and Na,SO 4 (0.001M) retentions for ASP35 and UTC90 membrane

ASP35 UTC90
R (NaCl) 0.82 0.93
R (Na,S0,) 0.90 0.98

By comparing the glucose retentions and the kinetic surface charge densities which were
determined by the streaming potential measurements with the electrolyte retentions, an
alternative explanation for the higher retention of the UTC90 membrane could be found. In this
way, the membrane charges calculated from the electrolyte retention measurements, which are
influenced by the choice of the ionic diffusion coefficients, are not considered.

The kinetic surface charge densities determined for the UTC90 membrane were lower than
those for the ASP35 membrane, as shown in Chapter 5, which indicated that charge effects
were smaller for the UTC90 than for the ASP35 membrane. Since the solvent permeability was
much lower for the UTC90 than for the ASP35 membrane (L, (ASP35) = 4.3 /m2.h.bar; L,
(UTC90) = 2.3 /m2.h.bar), differences in the hindrance of solute transport were assumed to
influence the electrolyte separation for the UTC90 membranes more strongly. This is supported
by the retention measurement with glucose that showed a much higher value for the UTC90
membrane (R > 0.85) than for the ASP35 membrane (R < 0.15). Figure 7.4 shows the
retention for the various saccharides for both membranes as a function of their radius. As a
comparison the range of ionic radii is shown in this figure as well. Although the radii of the
ions are much smaller than those of the saccharides, it can be seen from this figure, that most
probably, the steric hindrance of solute transport will be smaller in case of the ASP35
membrane than for the UTC90 membrane. This implies a higher ion diffusion coefficient in the
ASP35 membrane. Therefore, the high retention of NaCl and Nay,SO4 of the UTC90
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membrane may be the result of both size and charge effects, although the size effects seem to be
most important. The electrolyte retention of the ASP35 membrane will be influenced more by
charge than by size effects. The very low retention for CaCl, for this negatively charged
membrane, R (0.001M CaCl,) < 0.30, and the larger influence of the electrolyte concentration
on the retention seem to indicate the relatively small importance of the size of the hydrated ions.
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Figure 7.4: Retention of saccharides as a function of their radius for a ASP35 and a

UTC90 membrane. The range of sizes of the hydrated ions investigated is indicated by
the shaded area.

ASP35, CTA-LP and NF45 membrane

The membrane charge densities for the CTA-LP and NF45 membrane were always smaller than
that of the ASP35 membrane, irrespective of the characterization method used. The saccharide
retentions of the former membranes were much higher than those of the ASP35 membrane.
Therefore, it was concluded that size effects for electrolyte separation were more important,
whereas charge effects were less important in case of the CTA-LP and the NF45 membrane
compared to the ASP35 membrane. This qualitative conclusion was supported by the salt
retention measurements given in Chapter 3, which characterized the ASP35 membrane as a
negatively charged membrane and the other two membranes as membranes for which both size
and charge effects determined the salt separation.

UTC906, CTA-LP and NF45 membrane

The main factor influencing the high salt retention for the UTC90 membrane, compared to the
CTA-LP and NF45 membrane, seems to be the low solute transport rate through this
membrane. The low glucose permeability (see Table 6.1) for the UTC90 membrane is an
indication for this low salt transport, whereas the low solvent permeability which was
determined by the pure water flux measurenients shows a large resistance for membrane
transport as well. The different membrane charges determined by the different characterization
techniques provide no information on the relative influence of the membrane charge on the
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electrolyte retention for these membranes.
CTA-LP and NF45 membrane

For the NF45 membrane, a large difference was found between the retention of NaCl and
CaCl, and NaySOy (see Table 7.3). For the CTA-LP membrane these differences are much
smaller. It is not clear yet what causes this difference between these membranes. Neither the
membrane charges which were determined by the different techniques, nor the retention
measurements with the saccharides or the solvent permeabilities showed a distinct difference
for the CTA-LP and the NF45 membrane, although the differences in NaCl retention are
obvious.

Table 7.3: NaCl, CaCl, and Na,SO4 (0.001M) retentions for NF45 and CTA-LP
membrane

R(NaCl)  R(CaCl))  R(NaySO,)

NF45 0.52 0.90 0.91
CTA-LP 0.79 0.88 0.99

7.5 CONCLUSIONS

The characteristics of the nanofiltration membranes investigated in this work were compared
with each other in this chapter.

The Donnan potentials calculated from the electrolyte retention measurements and the zeta
potentials which resulted from the electrokinetic measurements showed that the Donnan
potentials were always higher than the zeta potentials. Both the Donnan and the zeta potential
had a negative charge for the polymeric membranes, whereas they were positive for the y-
Al,O3 membrane. Both potentials decreased with increasing electrolyte concentration.

The membrane charge densities calculated from the electrolyte retention measurements and
those determined by titration were of the same order of magnitude. Differences between these
values may result from the chosen value of the diffusion coefficients of the ions which
influence the membrane charge density calculated from the retention measurements. The
membrane charge density for both the retention and the streaming potential measurements
showed an increase with increasing electrolyte concentration, which could be described in both
cases with a Freundlich isotherm. However, since only three concentrations were investigated
for the retention measurements, no conclusions could be drawn from this relationship.

The electrolyte retention for the ASP35 membrane was mainly attributed to the influence of
electrostatic interactions between ions and the membrane. In case of the UTC90, CTA-LP and
NF45 membrane, the solute size effects were thought to determine the separation. The UTC90
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membrane showed the highest salt retention of the membranes compared, which was due to a
low solvent and solute permeability. i

SYMBOLS

a,b:  constant O]
c concentration (mol/l)
r radius (m)
R: retention )
¢ zeta potential )
i potential (W%
subscripts:

Don:  Donnan

X: fixed membrane charges

- anion

superscripts:

m: membrane
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