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ABSTRACT

Membrane fouling due to natural organic matter (NOM) is the major issue in drinking
water treatment using low-pressure membrane processes (MF/UF). Fouling due to NOM is
more pronounced in the form of humic acid fouling, which is a degradation product of plant
and animal residues in the environment. According to previous studies it was reported that
humic acid fouling is mainly governed by cake formation mechanism which increases the total
hydraulic resistance and there by induces flux decline. We have analyzed humic acid cake,
formed on regenerated cellulose flat sheet membranes in different operating conditions like pH,
trans-membrane pressure, molecular weight cut-off (MWCO) of the membranes and humic
acid concentration to understand the fouling mechanisms. Different parameters like hydraulic
permeability and hydraulic resistance, percentage of flux decline, modified fouling index (MFI-
UF), streaming potential coefficients, and fractal dimensions of the surface cake were
determined in order to assess the nature and extent of fouling. Using a combination of these
macroscopic, microscopic and in situ tools, we have developed a new method for the analysis
of humic acid cake and there by to assess the nature, mechanisms, and consequences of fouling
due to NOM in low-pressure membrane processes. This method was applied to hollow fibers
(virgin and fouled by natural surface water), combined with membrane autopsy. We have also
conducted a pretreatment method for the removal of NOM using bentonite (mont-Al-CTAB).
Pre-treatment method using bentonite was effective by reducing the total hydraulic resistance
of the fouling layer.

Key words: low-pressure membranes, fouling, ultrafiltration, natural organic matter (NOM),

humic acid, cake formation, bentonite, fractal dimension.



RESUME

Les technologies & membranes sont en plein développement ; toutefois, les problemes
de colmatage limitent cette expansion. Les acides humiques présents dans les eaux naturelles
induisent des chutes de production des membranes et sont a 1'origine de fortes diminutions des
durées de vie des matériaux filtrants. L'objectif principal de ce travail a été¢ de développer une
approche originale du colmatage de membranes basses pression d'ultrafiltration (UF) en
cellulose régénérée. L'originalité de ce travail est de proposer plusieurs outils d'autopsie de
membranes a deux échelles, l'une macroscopique (par des mesures de perméabilité
hydraulique, dont sont déduites les résistances de colmatage et l'indice de colmatage MFI-UF)
et microscopique (par la détermination de la dimension fractale des particules d'acides
humiques et leurs agrégats déposés a la surface de la membrane). En utilisant une combinaison
de ces outils macroscopiques, microscopiques et in situ, nous avons développé une nouvelle
méthode pour 1'analyse un gateau d'acide humique et pour évaluer la nature, les mécanismes, et
les conséquences du colmatage de membranes basses pression. Cette méthode a été appliquée
aux fibres creuses (vierge et colmaté par l'eau de surface naturelle), combinées avec 1'autopsie
de membrane. De plus, un nouvel appareillage semi-automatique de la mesure du potentiel
d'écoulement permet également de réaliser des investigations a l'intérieur de la structure de la
membrane afin d'y déceler le cas échéant la présence de matiére organiques naturelles. La
derniére partie est consacrée a une étude de prétraitement réalisée avec .bentonite (mont-Al-
CTAB) a limiter le colmatage par MON. La méthode de prétraitement employant la bentonite
¢tait efficace en réduisant la résistance totale du gateau d’acides humiques.

Mots-clé: membranes a basse pression, colmatage, matiére organique naturelle (MON), acide

humique, formation du gateau, bentonite, dimension fractale.
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To say that water is a very precious resource may well be an understatement: water is
the most precious resource of all, on our earth. Availability of good quality drinking water is
extremely vital to mankind. During the last three decades, membrane filtration has emerged as
a separation technology for water treatment which is competitive in many ways with
conventional separation techniques, such as distillation, adsorption, absorption and extraction
etc. The key component in all membrane separation processes is the membrane itself. A
membrane can be described as a thin barrier between two bulk phases that permits the transport
of some components but retain others. A driving force is necessary to allow mass transport

across the membrane. A schematic drawing illustrating a membrane process is given in Fig 1.

Driving force
>

‘OQ o ©o

Feed | @ O O‘g OO — Permeate
ol YoX | ®- 0

Membrane

Figure I A schematic drawing illustrating a membrane process

Figl provides a general illustration of all types of membrane separation processes. The

actual separation mechanism can be based on the differences in the sizes of the permeating
components (sieving effect), or in the membrane affinity towards the feed solution constituents
(chemical effect). The solute chemical nature or electrical charges, as well as the vapour
pressure of the different components in a mixture often play an important role in membrane
separation processes. The two phases separated by the membrane, i.e., feed and permeate can
be present in the liquid or in the gaseous state. The driving force necessary for the transport is a

trans-membrane pressure gradient AP, a concentration or activity gradient (or chemical
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potential) Ac or Aa, respectively, an electrical potential gradient AE, or a temperature gradient

AT. Membrane separation processes can be classified as shown in Table 1.

Table I: Characteristics of membrane processes

membrane process driving feed permeate separation
force state state mechanism
microfiltration (MF) AP liq lig size
ultrafiltration (UF) AP liq lig size
nanofiltration (NF) AP liq lig size/affinity
reverse osmosis (RO) AP liq lig size/affinity
piezodialysis (PD) AP liq lig affinity
gas separation (GS) AP gas gas affinity/size
pervaporation (PV) AP liq gas affinity
dialysis (D) Ac liq liq size
osmosis (O) Ac liq liqg affinity
liquid membranes (LM) Ac liq lig chemical nature
electrodialysis (ED) AE liq lig charge
thermo-osmosis (TO) AT, Ap liq lig vapour pressure
membr. distillation (MD) AT, Ap liq liq vapour pressure

Low pressure membrane processes, namely ultrafiltration (UF) and microfiltration (MF),
play a major role in the production of drinking water, free of health hazards. These processes have
been increasingly used in drinking water treatment as an alternative technology to conventional
filtration and clarification in order to remove particles, turbidity, and microorganisms from surface
and ground water to meet stricter regulations established in drinking water quality (Cheryan,
1998). Moreover, during the last decade these membrane processes (due to the development of
immersed hollow fiber design, (Habarou , Ph D Thesis 2004 and references there in)), have found
increased applications in the treatment of domestic and industrial effluents (Membrane Bio

Reactors-MBR) and in the production of water suitable for reuse (Sridang et al. 2006)

One of the critical issues in the successful application of membrane systems for water

treatment is membrane fouling, which leads to increased operational and maintenance costs,
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increased energy consumption and ultimately affects the water quality output. Surface water
sources used for drinking water purposes always contain dissolved natural organic matter
(NOM), a complex mixture of organic compounds derived from the decay of plant and animal
material. NOM can be divided into humic and non-humic fractions. The heterogeneous mixture
of aquatic humic substances contains various aromatic and aliphatic components and
carboxylic and phenolic functional groups that determine the intensity of the charge of these

macromolecules.

NOM can adversely affect water treatment, the distribution and can cause several
drinking water quality problems. NOM challenges the water treatment process by transporting
metals and hydrophobic organic chemicals, thus making their removal difficult, as well as by
reacting with disinfectants and thus increasing their demand. The major water quality concern,
however, relates to residual NOM reacting with chlorine forming toxic, carcinogenic, and/or

mutagenic disinfection by-products (DBPs) (Kwon et al. 2005)

Another major concern with residual NOM in drinking water is its ability to support
bacterial growth in the drinking water distribution network. Bacterial growth may lead to
pathogen multiplication, can cause undesirable taste, colour and odour and contributes to
corrosion of pipe materials. The ability of residual NOM to support bacterial growth is
connected to the biodegradable fraction of NOM. Biodegradable NOM is generally measured
either as biodegradable dissolved organic carbon or as assimilable organic carbon (AOC). In
natural waters biodegradable dissolved organic carbon forming compounds typically consist of
large organic macromolecules such as humic and fulvic acids as well as of small organic
carbon compounds (Hong and Elimelech, 1997). Recently, NOM isolates/fractions; organic
colloids and hydrophobic, transphilic and hydrophilic fractions, polysaccharides and proteins
were investigated in low pressure membrane filtration (Laabs et al., 2006, Lee et al., 2006 and

Jarusutthirak et al., 2007)
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Because of the complexity of NOM and the diversity of the species, it is very difficult
to predict the fouling caused by NOM. One of the methods to asses fouling is by membrane
autopsy (Pontie ef al. 2005). Characterization of the membrane before and after fouling helps to
estimate the extent of fouling. Actually, there is a need to develop in situ tools to assess
fouling.

This thesis deals with the problem of fouling due to NOM, especially fouling caused by
humic acid of UF membranes in drinking water treatment. According to earlier studies,
membrane fouling by humic substances is influenced by the characteristics of humic substances
and that of the membrane, hydrodynamic conditions, and the chemical composition of the feed
water. Despite the myriad of studies on membrane fouling due to NOM and related
phenomena, the fundamental mechanisms involved are still not fully understood. It is reported
that humic acid fouling is mainly governed by cake formation mechanism, which plays a major
role in flux decline (Nystrom, 1996). We have conducted different fouling experiments by
varying different operating parameters like trans-membrane pressure, pH, molecular weight
cut-off (MWCO) of the membranes and humic acid concentration, on flat sheet regenerated
cellulose UF membranes to understand the fouling mechanisms. Different parameters like
hydraulic permeability and hydraulic resistance, Modified Fouling Index for Ultrafiltration
(MFI-UF) and streaming potential coefficients (SP) were determined in order to asses the
extend and consequences of humic acid fouling on UF membranes. Scanning electron
microscopic (SEM) images of the clean and fouled membranes were taken to understand the
morphological changes and it was found that the humic acid cake was organized in fractal
forms. Fractal dimensions of the images were determined from SEM images. Thus, fractal
geometry was used as a new fool to analyze the microstructure of the cake. The originality of
our work is based on a double approach on cake analysis on both macroscopic and microscopic
scales. As a macroscopic approach, the parameters like hydraulic permeability, percentage of

flux decline at constant pressure, modified fouling index (MFI-UF), resistance in series model
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were taken into account. Microscopic tools like SEM and fractal dimension helped us to
analyze the microstructure of the cake more effectively. Thus we have developed a new
approach in cake analysis to search solutions for humic acid fouling in drinking water
treatment. To complete this approach, trans-membrane streaming potential measurements was
carried out with a new home made apparatus developed in our laboratory which works with a
software namely profluid. 3.0.

We have also studied the effectiveness of a pre-treatment method for UF to decrease
NOM fouling. Pre-treatment was done with a modified bentonite,-a type of clay which occurs
naturally. We found that these naturally occurring materials can effectively decrease the fouling
to some extent.

We also carried out the membrane autopsy of virgin and fouled hollow fiber membranes
(fouled by real water NOM) which were subjected to morphological (SEM), topographical
(AFM) and chemical (Pyrolysis GC-MS) analyses along with charge related modifications
(Streaming potential and isoelectric point determination) and contact angle analysis.

This thesis is divided into the following sections:

-The first section is dedicated to state-of-the-art of the studied domain: bibliographic
references which illustrate our work were cited.

- The second one is dedicated to the experimental results followed by discussion.

-and the third section is about perspectives of our work followed by conclusions.
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A general overview of membrane processes for water treatment

There are many processes available for water treatment. The selection of a treatment
process is dependent on the water quality output, and therefore which solutes or particles to be
retained. Conventional treatment consists of different processes like clarification, coagulation,
flocculation, sand filtration, adsorption, distillation etc in order to attain the required water
quality. In water treatment processes, membrane technology has gained importance because a
membrane can remove contaminants - depending on the membrane, from bacteria, viruses,
suspended particles, macromolecules to dissolved organics and salts - and helps to provide high
quality drinking waters. The major pressure-driven membrane processes in the water treatment

industry are MF, UF, NF and RO.

Table 2 Membrane pore size and particles/solutes to be eliminated
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As can be seen in Table 2, membrane separation processes cover the entire size range from

suspended solids to mineral salts and organics.
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Of the process options considered, MF is the process with the largest pore size. It is
generally used to remove turbidity and suspended solids. MF can retain major pathogens
(cryptosporidium, giardia) and bacteria from feed water. A typical MF membrane pore size
ranges from 0.1-10 um. It is also common to be used as a pre-treatment method for RO and
NF.

UF is becoming increasingly popular in water treatment industry and can provide good
quality drinking water, because of its ability to remove turbidity, micro organisms including
viruses and macromolecules UF membranes are having a pore size range of 0.01-0.10 um. It
can remove macromolecules of nominal molecular weight cut-off (NMWCO) 1 k Da to 100 k
Da. MF membranes have been used for reducing turbidity/particles and larger micro organisms
(protozoa, bacteria) from natural waters while UF membranes have been applied for removing
inorganic and organic particles/colloids, and smaller microbes like viruses (Jacangelo and
Buckley, 1996). Similar to MF, UF also can be used as a pre-treatment method either to NF or

to RO.

RO and NF are mainly used in desalination applications of sea water or brackish water.
RO is primarily used in desalination or for waters where micro pollutants are difficult to
remove by other processes. However, in surface water treatment, full demineralisation is not
required, NF can also be used. NF is also attractive in the treatment of surface waters because
of its ability in softening and high rejection of organics and micro pollutants. Compared to RO
and NF, UF and MF are operated in low pressures and hence consume lower amount of energy.
Membrane fouling

A major challenge in membrane filtration is the contamination of membranes, which
greatly limits its performance. Contamination of membranes causes a higher energy use, a
higher cleaning frequency and a shorter life span of the membrane. Membrane contamination is

usually called fouling. According to Koros et al. (1996), the term fouling describes the
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“process resulting in loss of performance of a membrane due to the deposition of suspended or

dissolved substances on its external surface, at its pores openings or within its pores”.
Mechanisms of membrane fouling

There are different mechanisms to explain fouling in dead-end filtration. Depending on the

particle size and pore size of the membrane, fouling can be classified as shown in Table 3

Table 3 Constant pressure filtration laws for unstirred dead-end filtration (Cheryan, 1998)

Law Equation Description

Complete blocking Particles do not accumulate on each
V = Uk )(1_e-kCBt) other and particles arriving at the
(pore blocking) ORCB membrane will seal the pore

d particle =d pore

Particles do accumulate on each other
) ) and seal membrane pores,
Intermediate blocking

= + d particie = d pore
(long term adsorption) V=o/ks) In (11 ki 1 partict P

Particles deposit on internal pore walls,
decreasing the pore diameter,

Standard blocking

(pore constriction) t/V = (l/J()) + (kSB/ J()) t d particle <<dp0re

Particles are retained due to sieving

Cake filtration and form a cake on the surface,

_ 2 )
(boundary layer resistance) V= (kee/4 Jo) V + 1/, 4 partice >dpore

MF and UF membranes are porous membranes and they separate solutes mainly by size (steric)
exclusion. The accumulated molecules (in, on and/or near a membrane pore) cause flux decline
through the increased resistance of the fouled membrane. These filtration models are valid for
unstirred, dead-end filtration and complete rejection of solute by the membrane (but obviously

allowing pore penetration).

The complete blocking (pore blocking) model is valid for particles which are having
very similar size to the pores. Particles seal the pores and do not accumulate on each other.

The standard blocking (pore constriction) model describes pore blocking for particles
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which are much smaller than the pores. Particles pass through the pores and deposit on the
surface of the pores. The internal pore volume will decrease proportionally with the filtrate
volume. The intermediate blocking describes long term adsorption. Every particle reaching a
pore will contribute to blockage and particles accumulate on each other. The cake filtration
model describes the filtration of particles which are much larger than the pores and will be
retained, without entering the pores. The deposition of particles on the membrane surface
contributes to the boundary layer resistance. Included in this model is deposition due to
concentration polarisation.

Bowen et al. (1995) elucidated consecutive steps of membrane blocking in flux decline
during protein microfiltration- the smallest pores were blocked by all particles arriving at the
membrane for the initial blocking process, then the inner surfaces of bigger pores were
covered, and afterwards, some particles covered other pre-existing particles while others
directly blocked some of the pores, and finally, a cake layer started to build. Ho and Zydney
(2000) developed a mathematical model for elucidating initial fouling due to pore blockage and
subsequent fouling due to the growth of a protein cake or deposit over the initially blocked area
in MF membrane filtration. Continuous membrane filtration leads to flux decline by pore
blockage or cake/gel layer formation.

Pure water flux of a clean membrane under laminar conditions can be described by
Darcy’s law (Eqn. 1).

AP

J=——-
M.Rm

(1)

Where, J: Permeate flux (m/sec), AP: Trans-membrane pressure drop (kg/m?), i The absolute
viscosity of the permeate (kg/m-sec) and Ry, : The hydraulic resistance of the clean membrane
(m™)

The resistance in series model describes the flux of a fouled membrane (Eqn. 2). Ra is

resistance due to adsorption, Rc the cake resistance, and Rt the total hydraulic resistance.
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= AP _ AP
W(Rm+Ra+Rc) pRt

)

An empirical relationship often applied to account for trans-membrane pressure is Eqn (3)
which relates specific cake resistance, o to trans-membrane pressure to the power of a

compressibility coefficient (n) and a constant o,

o = 0o P" (3)

Natural Organic Matter (NOM)

Natural organic matter (NOM) is a heterogenecous mixture with wide ranges in
molecular weight (size) and functional groups and is formed by allochthonous input such as
terrestrial, vegetative debris and autochthonous input such as algae. NOM has been shown to
be aesthetically undesirable and imparts potential health impacts such as forming carcinogenic
compounds. In particular, the humic substances fraction of NOM with high aromaticity affects
disinfection-by-product (DBP) formation (Singer, 1999).

NOM is difficult to quantify due to its complexity. For practical purposes, organic
matter is quantified by measuring organic carbon concentrations as total organic carbon (TOC),
particulate organic carbon (POC), and dissolved organic carbon (DOC). In general, total
organic matter (TOM), particulate organic matter (POM), and dissolved organic matter (DOM)
constitute approximately twice the mass of TOC, POC, and DOC. The boundary between POC
and DOC is 0.45 um; DOC is operationally defined as organic carbon passing through 0.45 pum

filtration (Thurman ez al., 1978).
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Figure 2 Distribution of dissolved organic carbon (DOC) in natural waters (Thurman, 1985).

As shown in Fig.2, 49% of total DOC is hydrophobic humic substances, mainly humic
acids. Twenty one percentage of the total DOC is hydrophilic humic substances (fulvic acids).

The rest are hydrocarbons, amino acids, carbohydrates and carboxylic acids (Thurman, 1985).

Humic and fulvic acids represent the major fraction of dissolved natural organic matter in
aquatic environments. They are responsible for natural water colour and for initiating
photochemical transformations of both organic compounds and trace metals (Schnitzer M.,
1978). Humic substances are typically characterized by physical and chemical heterogeneous
nature which derives from: (a) the absence of a discrete structural and supra-molecular level;
(b) the wide variety of sizes and shapes assumed in the solid and colloidal states; (c) the
occurrence of complex aggregation and dispersion phenomena in aqueous media and (d) the
various degrees of roughness and irregularity of exposed surfaces. These properties have an
important role in determining the physical, chemical and biological reactivity of humic
substances towards mineral surfaces, metal ions, organic chemicals, plant roots, and micro
organisms in soil.

Humic acids are thought to be complex aromatic macromolecules with amino acids, amino
sugars, peptides, aliphatic compounds involved in linkages between the aromatic groups. The

hypothetical structure for humic acid, shown in Fig.3, contains free and bound phenolic OH
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groups, quinone structures, nitrogen and oxygen as bridge units and COOH groups variously

placed on aromatic rings.
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Figure 3 Model structure of humic acid (Stevenson, 1982)

Many researchers suggest that humic substances might play a role in irreversible fouling of
membranes (Combe et al., 1999, Jones and O’Melia, 2000, Yuan and Zydney, 1999). Several
previous studies have demonstrated that NOM, and in particular humic acids, have a major
influence on the flux decline (Nystrom, 1996). Svinko et al., (1986) reported that when a
cellulose acetate membrane was filtered with humus water in a study with UF and RO,
membranes were fouled.

Membrane fouling by humic substances is influenced by the properties of humic substances
and the characteristics of membrane, the hydrodynamic conditions, and the composition of the
feed solution. A better comprehension of these factors is important to control fouling by natural
organic matter. Membrane pore size, charge and hydrophilic/hydrophobic character will also
affect membrane fouling. pH and ionic strength will also have an important role to play.
Hydrophobic interactions between the hydrophobic NOM fraction and a hydrophobic
membrane may cause more flux decline than that of hydrophilic membrane associated with

adsorptive fouling. However, recent studies suggest that neutrals and hydrophilic materials
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contribute more significant membrane flux decline. (Cho. et al., 1999, Amy, 1999, Lin et al.,
2000), and that low-aromatic hydrophilic neutral compounds determined the rate and extent of
flux decline (Fan et al., 2001, Carroll et al., 2000).

Many authors have described the properties of natural organic matter. For example,
D.Violleau et al. (2005) characterized two natural organic matter fractions, one hydrophobic
and other hydrophilic humic acid fraction to study the fouling properties of a polyamide
nanofiltration membrane. The authors discussed that the major differences in properties
between the hydrophobic and hydrophilic NOM arise due to the differences in their molecular
structure in terms of aromaticity. The authors also discussed about the effects of NOM on the
membrane surface charge. Besides hydrophobic/hydrophilic effects the electrostatic forces are
also to be taken into account in order to explain the fouling phenomena. It has been shown that
the irreversible fouling of a hydrophobic membrane (e.g. polysulfone, polypropylene) is more
significant due to chemical bonds with higher energy (Wiesner et al., 1996). The different
organic fractions have different hydrophobicities, molecular weights/sizes, and charge
densities. Thus, different interactions in membrane filtration are expected.

Bian et al. (1999) reported that UF membranes having 50 kDa to 200 kDa molecular weight
remove only large size of humic substances and pre-coagulation enhanced the removal
efficiency of humic substances. Maartens et al (1999) also suggested pre-treatment of feed
water to reduce fouling of polysulfone UF membranes caused by natural brown water. Wiesner
and Aptel (1996) reported that hydrophobic interactions might increase the accumulation of
NOM on membranes with adsorptive fouling. Previous researchers (Comb et al., 1998, Jones
and O’Melia, 1999) have indicated that NOM is responsible for membrane fouling by
interacting with the membrane surface and structure. Yuan and Zydney (1999) have found that
NOM adsorbed both inside the pores and on the membrane surface, and formed a gel layer. The
physical and chemical characteristics of humic acid can affect MF membrane fouling. For

example, Aldrich humic acid with less functional group (i.e. carboxylic acids) content caused
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more significant flux decline than Suwannee River humic acid, which is more negatively
charged and hydrophilic. The aromaticity of NOM can be an important factor in flux decline of
UF membranes while it affects NF membranes less (Cho et al., 1999). Her et al. (2000)
reported that significant flux decline is dependent on high DOC, high divalent cations (i.e., Fe
and Al), high alkalinity and low temperature in natural water for NF membranes.

Braghetta and co-authors (1997) described the relationship between ionic strength, pH and
flux decline. Low pH and high ionic strength caused compaction of membrane pores with a
concomitant reduction of pure water permeability, allowing the molecules to accumulate more
densely at the membrane surface by charge neutralization, and shifting macromolecules to a
smaller apparent macromolecular size range. These trends have been demonstrated for protein
fouling of hydrophobic UF membranes.

Metal ions affect flux decline during membrane filtration of humic substances. Hong
and Elimelech (1997) studied chemical and physical aspects of NOM fouling in nanofiltration.
Membrane fouling was increased with increasing electrolyte (NaCl), decreasing solution pH,
and addition of Ca”"; the rate of fouling is controlled by interplay between permeation drag and
electrostatic double layer repulsion in nanofiltration. The influence of calcium presence was
investigated by many researchers as well. Calcium induced charge neutralization by the
divalent cation interacting with the carboxylic functional groups of humic substances,
increasing deposition of NOM on membrane surface (Maartens et al., 1999, Cho et al., 2000,
Fan et al., 2001).

Her et al. (2002) investigated high performance liquid chromatography (HPLC), size
exclusion chromatography (SEC) with ultraviolet absorbance (UVA) and on-line dissolved
organic carbon (DOC) detectors. The on-line DOC detector is capable of providing molecular
weight distribution of non-aromatic carbon compounds as well as aromatic carbon compounds.
Huber et al. (1998) identified molecules (i.e. polysaccharides, humics, acids and amphiphilics)

contained in feed water for RO membrane treatment with liquid chromatography with high-
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sensitivity organic carbon detection. Lee et al. (2002) found that macromolecules (i.e.
polysaccharides and proteins) which have large size or molecular weight and low UV response
corresponded to the first peak of HPSEC-DOC/UV response were attributable to significant

low pressure membrane (MF/UF) fouling.

Colloidal substances and proteins also cause MF and UF membrane fouling by
deposition or forming of a cake/gel layer (Schafer et al., 2000, Ho, 2001). Waite et al. (1998)
suggested that the Carmen-Kozeny equation appeared to provide a reasonable description of
the proportional differences in specific resistances that might be expected for cakes formed
from aggregates of differing sizes and fractal dimensions in colloidal fouling. Jonsson et al.
(1995) calculated electrostatic interaction by the Poisson-Boltzmann equation, dispersion
forces and solid sphere interaction by the Carnahan-Starling equation in order to explain the
interaction between the particles and the concentration polarization phenomena in ultrafiltration

of colloidal dispersions.
Pre-treatment methods to limit NOM fouling

In MF or UF, organic matter may cause fouling by forming a cake on the membrane
surface, while dissolved material may cause fouling by adsorbing within the membrane pore
space. In both of the cases the total filtration resistance is related to the permeability of the
surface cake. The amount of material that adsorbed on the membrane surface or inside the
pores can be minimized by a number of ways. Chemical cleaning agents can remove the
deposited foulant and retrieve the membrane permeability. However, these are expensive, can
influence the retention properties of the membranes and, after lengthy use can cause severe
membrane damage and changes in membrane permeabilities (Maartense et al. 1998, 1999).
Backwash technique is used to remove a weakly adhered cake layer. Another option is to

prevent or minimise the foulant adsorption by pre-treatment of feed water. In this section

31



different modes of pre-treatments to control fouling due to NOM for low pressure membrane
processes are presented.

There are many pre-treatment methods used to minimize the effect of NOM fouling in
MF and UF. Some of them are coagulation, activated carbon adsorption, ozonation, etc. The
pre-treatment method employed is very much related to the raw water quality. Carroll et al.
(2000) found that coagulation can be used to improve NOM removal and minimize fouling in
MF of surface water. The authors also compared two different pre-treatment methods,
coagulation with alum and powdered activated carbon (PAC) adsorption. They remarked that
coagulation pre-treatment helped to reduce membrane fouling and also NOM removal. The
authors explained that coagulation pre-treatment selectively removed some fraction of NOM.
They attributed the fouling due to NOM after coagulation to fouling by neutral hydrophilic
substances. The reduction in the rate of fouling after coagulation could be caused by
aggregation of fine particles, incorporation of particles into flocs, or adsorption or precipitation
of dissolved materials into flocs (Weisner and Lainé, 1996). The extent to which the rate of
fouling is determined by colloidal or dissolved NOM will depend on the characteristics of both
the raw water and the coagulant used in any pre-treatment.

Maartense et al.(1999) suggested alteration of pH and application of metal ions as pre-
treatment techniques of feed water to reduce fouling of polysulfone UF membranes caused by
natural brown water (NBW). NBW with pH 7 was sustained at 69% of its original flux after
300 min of filtration whereas NBW with pH 2 was only 33%. The authors hypothesised that
the presence of AI’" and Ca*" in the NBW would help to block the functional groups of NOM
by forming large precipitated organic materials of metal ions and hence influenced the potential
of adsorptive behaviour of NOM on membrane. However, the results of their experiments
indicated that coagulation with metal ions could not prevent membrane fouling, on the contrary

caused more extensive fouling than the untreated solutions. They explained that the increased
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fouling was due to the greater adsorption of NOM onto the UF membrane caused by metal ion
complexes.

Schaffer et al. (2001) reported that coagulation can be used to increase NOM rejection.
In their experiment, FeCl; was used as the coagulant before microfiltration. The organics which
were retained by the membrane as precipitate of ferric oxyhydroxide caused membrane fouling
by pore blocking or by cake deposition.

Another chemical addition such as Powdered Activated Carbon (PAC) has been found
to reduce both cake deposition and dissolved organic carbon (DOC) adsorption. PAC helps to
improve hydraulic properties of the cake by increasing its permeability and reducing
compressibility. But some authors had reported that the presence of PAC particles increased the
fouling problems and caused severe flux decline (Lin ef al. 2000).

Lin et al. (2000) reported that the use of PAC as pre-treatment of humic substances or
in combination with different UF operating systems to reduce membrane fouling had a negative
effect. The PAC used in their study was not only effective in removing the molecular weight
fractions of humic acids but also caused worse fouling than the PAC non-treated solution.
Similar results were reported by Li et a/ (2004). In their study, a solution containing both NOM
and PAC induced a higher degree of fouling than a solution without PAC. The authors
remarked that the fraction of NOM that is not removed by PAC caused as much as or even
worse fouling that caused by solution without treated by PAC. PAC alone has not imposed
significant fouling on the membrane. Thus PAC pre-treatment would enhance the organic
removal but at the same time increased fouling.

Another chemical addition is the addition of naturally occurring clays such as
montmorillonite or bentonite. Zermane et al. (2005) used a pillared bentonite (mont-Al;;3-
CTAB) for adsorption of humic acid in synthetic seawater. The crude bentonite was extracted
from the Russel site in Algeria and pillared with an Al;; polymer (PCBA) and a surface active

agent (cetyl trimethyl ammonium bromide - CTAB). A kinetic study at pH 3 revealed a 60%
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elimination of humic substances within 30 minutes. Afterwards, it reached a maximum value of
70% for an equilibrium time of 3 hours. The authors remarked that the presence of the surface
active agent CTAB helped to better adsorb the organic matter.

M. W. Naceur et al. (2004) used the same clay (mont-Al;3-CTAB) for NOM adsorption
coupled with tangential flow microfiltration using mineral membranes. The authors found that
the retention of NOM obtained with the bentonite adsorption and microfiltration was much
higher than that obtained by the MF membrane alone. For MF alone they got retention of 60%
while with bentonite adsorption and MF the value of retention increased to 98%. It also should
be noted that the membrane fouling with bentonite adsorption was slightly higher than the
fouling caused by the solution of NOM alone. Thus this method of pre-treatment also provides
a rejection of NOM, and at the same time cause more membrane fouling due to the direct
adsorption of the NOM-metal-clay complex.

X. Peng et al. (2005) also used an aluminium polycation pillared bentonite for humic
acid adsorption from water. They reported that the adsorbent is very effective in removing
humic acid. The authors also noted that the zeta potential of the bentonite particles and the
solution chemistry of natural water also play a very important role in the adsorption of humic

acid.
Membrane autopsy tools

Fouling can lead to increase in operational and maintenance costs, increase in energy
consumption and ultimately affects the water quality output. To better understand the reason
for deteriorating membrane performance, operating conditions, feed water quality, pre-
treatment design and the chemicals in use must be considered. Even then, this information
alone may not be sufficient to resolve the problem. The only reliable method to understand the
true identity of a foulant is membrane autopsy (Pontié et. a/, 2005). Membrane autopsy is a

destructive procedure including physical, chemical, microbiological and microscopic
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examinations. Membrane autopsy can be used to identify, diagnose and predict fouling and
even prevent further consequences. Microscopy represents a powerful technique to visualize
directly the structural appearance of MF and UF. Optical microscopy (OM), transmission
electron microscopy (TEM), scanning electron microscopy (SEM), and atomic force
microscopy (AFM) have been used for membrane characterization.

SEM has been widely used for surface analysis. It produces topographical images of the
membrane surface, and direct, practical and instant structural membrane information (Zemane
and Zydney, 1996). Madaeni (1997) employed field emission scanning electronic microscopy
(FESEM) to provide better understand of critical flux mechanism in MF membrane filtration.
Lee et al. (2003) provided morphological analysis with SEM and AFM for low pressure
(MF/UF) membranes fouled by NOM. They addressed that membrane fouling was caused by
pore blockage and cake/gel layer formation with NOM and is affected by the roughness and
structure of membrane. Kim ef al. (1999) employed AFM for analyzing pore size with
comparison of SEM analysis. The pore diameters obtained from AFM were larger than those
obtained from SEM and AFM analysis is considered to be more accurate due to its non-coating
preparation of samples. Zeng et al. (2003) investigated surface morphology and nodule
formation mechanism of cellulose acetate membranes with AFM and found that temperature
and variation of the solvent environment are major factors for nodule formation on the
membrane. AFM was used to investigate surface pore structures of MF and UF membranes and
provided quantitative information on surface pore structure such as pore size, pore density and
porosity (Dietz, 1992, Bowen, 1996).

The measurement of contact angle explains the hydrophobicity/hydrophilicity of the
membrane surface. Previous research has shown that a hydrophobic membrane can be changed
in its hydrophobicity/hydrophilicity due to adsorption of foulants on the surface (Cho, 1998).
Esparza-soto et al. (2001) used fluorescence spectroscopy to study the behaviour of humic

substances in bio mass. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy

35



(ATR-FTIR) analysis provides valuable information related to the chemical structure of
foulants and membrane surface by reading functional groups of molecules. Jarusutthirak (2002)
and Her (2002) provided that the functional groups such as alcohol, amide which came from
polysaccharides and proteins, on fouled membranes by FTIR and those macromolecules cause
significant NF membrane fouling. Belfer et al. (2000) also investigated functional group of
modified polyethersulfone (PES) ultrafiltration membranes and adsorption of albumin on the
surface of membrane.

In our study we used different tools for membrane autopsy. A membrane was analysed
before and after fouling. Tools for membrane autopsy include physical, physio-chemical and
chemical tools. Physical tools include hydraulic permeability determination, scanning electron
microscopic (SEM) analysis and atomic force microscopic (AFM) analysis. Streaming
potential (SP) measurements and contact angle measurements come under physico-chemical
tools. One of the chemical tools we used was pyrolysis. This was done by a gas

chromatography/mass spectrometry system at 400° C.

Some analytical tools and their applications

Fractal Dimension theory and application

Euclidian geometry describes regular objects such as points, curves, surfaces and cubes
using integer dimensions 0, 1, 2 and 3 respectively. Associated with each dimension is a
measure of the object such as the length of a line, area of a surface and volume of a cube.
However, numerous natural objects, such as coast lines, rivers, lakes, and porous media are
disordered and irregular, which cannot be described by Euclidian geometry due to the scale-
dependent measure of length, area and volume. These objects are called fractals and their
dimensions are non integral and defined as fractal dimensions. A fractal object can be divided

into parts, each of which is similar with the whole. However, self-similarity in a global sense is
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seldom observed in actual applications. Numerous objects found in nature are not exactly self-
similarity, but statistical self-similarity, which implies that these objects exhibit the self-
similarity in some average sense. SEM images of the fouled surface cake were analyzed using
an image analyzer called /mage J. From the original SEM image, a threshold (binary) image is

generated with the help of the software as shown in Fig 4.

Figure 4 SEM image of fouled membrane surface and the threshold image

Box counting method

One of the most common methods for calculating the fractal dimension of a self-similar
fractal is the box counting method (Fig. 5). By covering a structure with boxes of length € the

fractal dimension, FD is given by
InN=-(FD).In€ 4),

where N is the number or count of boxes. The absolute value of the slope is taken as the fractal

dimension; FD (B. B. Mandelbrot, 1982)

1246
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Figure 5 plot of log (count) with log (box size) illustrating the box counting method
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MFI theory and application

MEFTI parameter gives an idea of the fouling potential of the feed. It is based on cake filtration
mechanism, as reported by Schippers et al. (1980).

The equation is given as,

L_HRn KBy g vFLy )
vV APS  2APS

Where, t is the filtration time, p is the water viscosity, AP is the trans-membrane pressure, S is
the surface area and / is the fouling index which depends upon the specific resistance of the

cake a and the particle concentration Cy, (Eqn. 6).

I=0 Gy (6)
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Figure 6 t/V vs V graph for the determination of MFI, a cake formed on a polysulfone UF membrane
for the filtration of NOM (K. Kecili Thesis, 2006).

As shown in Fig. 6, filtration occurs usually in three stages: (i) the first part is the blocking
of the pores, (ii) the second part is the gradual formation of the cake and (iii) the third part is
the compression of the cake. When there is a formation of an incompressible cake, the relation
between t/V and V is showed to be linear and the slope of the linear relation will give the
indicator MFI which corresponds specifically to the fouling potential of the feed solution. The

results of the test are thus a series of measurements of time with cumulated permeate volumes.
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The classical Silt Density Index (SDI) is not based on a distinction between filtration
mechanisms occurring during the test and therefore cannot model flux decline in membrane
systems. Moreover, there is no linear relationship between the index and particle concentration.
Conversely, MFI is based on cake filtration and can be used to model flux decline in membrane
systems. In addition, MFI index is linear with the concentration of particles in feed water

(Schippers et al., 1980).
Streaming potential theory and application

Commonly, to describe mass transfer in UF, the size exclusion model is used.
Nevertheless, in certain conditions (low molecular weight cut-off membranes) the property of
the electrical double layer near the pore walls is an important part of the pore volume.
Therefore, the membrane electro-kinetic properties (i.e. streaming potential and surface
conductivity) play an important role. When an electrolyte solution is forced to flow through a
capillary, an electrical potential is generated which is known as streaming potential (SP). SP
measurement gives information about the charge related modifications on the surface/ inside
the pores of a membrane.

Electrical double layer and streaming potential

The electrical double layer model was first introduced by Stern (1924), by combining
the Helmholtz and the Gouy-Chapman models. According to Stern about one molecule
distance the presence of a layer, Stern layer, is considered. The oppositely charged ions in this
layer can decrease the surface potential linearly. Besides, there is another layer which consists
of the other scattered ions. Here, the potential decrease is not linear, but approaches to zero as
shown in Fig. 7, which means that the ion concentration decreases with the increase in distance

and reaches to the normal concentration of the solution.

The electrical charge on the solid surface (S ) is the electrical charge in the Stern layer.

The effect of electrolyte concentration on the double layer thickness and can be best understood

39



in terms of the zeta potential. Zeta potential (§) is the electric potential that exists at the "slip
plane" (order streaming plane) - the interface between the hydrated particle and the bulk

solution. It is the measurable potential of a solid surface and also called electro-kinetic

potential.
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Figure 7 Schematic representation of the double layer and potential drop across the double layer,
surface charge, Stern layer, and diffuse layer of counter ions

There are four basic types of electro-kinetics effects. Theoretically, each can be utilized to

evaluate the zeta potential for a given set of conditions.

1. Electrophoresis: dealing with mobility of a charged colloidal particle suspended in an

electrolyte in which a potential gradient is set up.

2. Electro-osmosis: denoting a movement of liquid in a capillary or in a system of

capillaries (porous plug) under an applied potential.

3. Sedimentation potential: determining the magnitude of the potential developed by a
dispersion of particles settling under the influence of gravity.

4. Streaming potential: concerned with the magnitude of induced electric potential,

generated by a flow of liquid in a single capillary or in a system of capillaries.
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According to Helmholtz-Smoluchovsky equation (Eqn. 7), the streaming potential can be

linked to the zeta potential by the equation:

Ap = Zo AP 7
ux

Where A¢ is the trans-membrane potential difference, AP is the trans-membrane pressure, €, the
permittivity, {, the zeta potential; W ,the dynamic viscosity; %, the ionic conductivity of KCl
(0,001 M, pH=6,5), the electrolyte solution; and A¢/AP, the coefficient of streaming potential.

From the measurements of variations of potential differences between two Ag/AgCl
electrodes vs. trans-membrane pressure, it is possible to follow the charge evolution of pore
walls of the membrane, because the trans-membrane potential difference per unit pressure is
directly proportional to the zeta potential of the filtration medium. SP is the more simple way
to determine the charge carried by a porous material, as reported recently (K. Kecili, 2006,
Patent (2006) Pontié et al.).

The use of Helmholtz-Smoluchovski equation is restricted to high ionic strengths (Debye
length, k' should be less than 3 nm) in large capillaries (pore radius, rp higher than 1.5 nm). If
such SP measurements are made across the surface of a membrane, calculation of the zeta
potential from the basic experimental data is generally unambiguous. However, the calculation
requires more care if measurements are made with a flow through a membrane. In this case, an
electrical double layer is formed in between the charged membrane pore walls and the adjacent
electrolyte solution. It was shown that Eqn. 7 can be used to the limit of the ratio k™ / rp around
10 in the case of high charge density. Thus a correction should be made to Helmholtz-
Smoluchovsky equation with regard to narrow capillaries which takes into account of the
double layer thickness on the interface. In the case of MWCO under 100 kDa with a
concentration of electrolyte 0.001M, k™ will be double the size (9.7 nm) of the pore radius and

overlapping of double layers will occur. Then Eqn (7) will not be valid for the calculation of
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absolute zeta potential but permits a qualitative measurement of the charge. So, we have to

specify that our study was focalized on streaming potential (SP) measurements.

Summary

In this bibliographic chapter, a general overview of membranes used for the production
of drinking water was presented. The problem of membrane fouling, and mechanisms of
membrane fouling were reviewed. Importance of low pressure membrane processes and fouling
of MF/UF membranes due to NOM were also mentioned. Factors which affect fouling due to
humic substances, like the properties of humic substances (size and charge of the particles, pH,
hydrophobic/hydrophilic nature and combination with metals) as well as the properties of the
membrane (pore size, zeta potential, hydrophobic/hydrophilic nature) were also reviewed.
Membrane autopsy tools -which help to diagnose the true identity of the foulants-, were

incorporated. Finally some pre-treatment methods to limit NOM fouling were also presented.
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C-MATERIALS AND METHODS
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Membranes

and modules

Flat-sheet membranes used in our study are listed in the table given below (Table 4).

Table 4 Characteristics of flat-sheet membranes

Membrane Material Type MWCO

YM 100 Regenerated cellulose Flat-sheet 100 kDa
UF

YM 30 Regenerated cellulose Flat-sheet 30 kDa
UF

YM 10 Regenerated cellulose Flat-sheet 10 kDa
UF

Amicon 8200 model filtration cell which operated in dead-end mode, without stirring

was used. The system used for filtration is shown in Fig. 8. The filtration cell was connected to

a N, gas source to induce pressure. Permeate was collected and the flux was measured. The

effective surface area of all the membranes was 29 cm®. All experiments were carried out at

room temperature (20 °C).

+

Filtration cell —]
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Figure 8 Schematic diagram of UF system for filtration with flat-sheet membranes
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pH and conductivity measurements
The pH and conductivity of the solutions were determined using a pH meter (PHG301) and

conductimeter (CDC866T), which were purchased from Radiometer analytical.

Elimination of chemicals
The virgin membranes were subjected to washing with ultra pure water prior to

filtration to eliminate chemicals, like glycerine and sodium azide. These chemicals were added
by the membrane manufacturers to prevent drying of the membranes during transportation.

The procedure used for washing of membranes is as follows. Membrane disc was kept
in a Petri dish containing ultra pure water with glossy side (active layer) downward. Water in
the Petri dish was changed four times, each every half an hour. Then it was mounted on the
filtration cell and filtered with ultra pure water at a pressure of 2 bars. Conductivity of
permeate was checked each time. Filtration with ultra pure water was continued until the
permeate conductivity was the same as that of the feed solution (~0.7uS/cm).

After the elimination of unwanted chemicals, hydraulic permeability coefficient (Lp)
and Streaming potential (SP) of the virgin membrane were determined. The trans-membrane

pressure range used for our study was from 0.5 to 3.0 bars.

Streaming potential and IEP measurements

Ag/AgCI
electrode

Filtration cell

manometers

L1l
—

i Membrane ‘

Figure 9 A schematic representation and Photography of the system of streaming potential and IEP
measurements

Fig. 8 shows the general filtration system for UF using flat-sheet membranes. To this

system two Ag/AgCl electrodes were introduced (as shown in Fig. 9) which in turn connected
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to a millivoltmeter (PHM250 from Radiometer Analytical, France). Fig. 9 shows a photograph

of the system used for SP and IEP measurement using software denoted as profiuid 3.0.

This millvoltmeter with high impedance was connected to a PC, via a RS232. The
software (denoted as proFluid 3.0) was developed in University of Angers in collaboration
with NEOSENS (Toulouse, France). For each trans-membrane pressure value a corresponding
potential difference was indicated on the milli-voltmeter and also on the PC. The same
experiment was conducted under different pressures (from 0.5 to 3 bars, with 0.5 bar
increment). SP and the correlation coefficient R* were automatically generated. A mean

average value of 1 mV/bar is attached to each SP measurement.

The sign of the SP directly gave the sign of the net charge of the membrane, i.e., the
global charge behind the shear plane. We connected the positive potential to the feed and the
negative to the permeate, then from the slope we obtained directly the sign of the membrane
pore walls and consequently the charge density of the membrane pore walls. SP measurements

under different pH were carried out to measure the isoelectric point (IEP).

Humic acid (HA) solutions and fouling experiments

HA solutions of different concentrations (5 mg/L, 10 mg/L, 50 mg/L) were prepared by
dissolving humic acid (purchased Sigma Aldrich, Acrés Organics ) in ultra pure water (Milli Q
Water System, Millipore, France). No purification or pre-filtration of the HA samples were
conducted prior to filtration through membranes. NaOH 0.1 M and HCI1 0.1 M solutions were

used to adjust the pH of the humic acid solution. All the reagents used were of analytical grade.

Pure water permeability and charge (SP) of the virgin membranes were measured prior to the
fouling experiments. Two liters of HA solution was filtered through a membrane under
constant pressure in one batch of filtration experiment. Permeate Flux was followed with time

during the entire batch of experiment. At the end of the experiment, fouled membrane
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permeability with ultra pure water and the SP were determined to asses the extent of fouling.

Modified fouling index (MFI) was also calculated from the flux vs. time data.

FESEM analysis

Virgin and fouled membranes were subjected to FESEM analysis to understand the
morphological variations with fouling. The apparatus used was JSM-6301F from JEOL.
Images obtained were from secondary electrons under 3-5 keV with magnifications situated
between 100 and 20000. Membranes were dissected and glued to a carbon support. Finally
carbon of 2 nm thickness was deposited by evaporation under vacuum (BAL-TEC MED 020

Balzers Lichentstein apparatus).

Fractal dimension determination

Two dimensional Fractal dimensions (FD) were determined using Image J software from the
SEM images. From the original SEM images, a threshold image is generated with the help of
the software and using the box counting method, fractal dimension is determined. Two
dimensional Fractal dimensions will be having values in between 1 and 2. The method to

determine fractal dimension is explained in figures 4 and 5.

We have also studied some virgin and fouled hollow fibre membranes. The fibres were
fouled by real water NOM (Tampa bay water, USA). Hollow fibre membranes used in our

study are detailed in Table 5.
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Table 5 Properties of hollow fiber membranes

Membrane Material Type Pore size

(um)
UF

A- Hydranautics PES In-- Out 0.015
UF

B - Zenon PVDF Out--In 0.035
UF

C- Norit PES In--Out 0.015

All the hollow fibres were ultrafiltration membranes. The membranes, A-Hydranautics

and C-Norit was of the same material, polyethersulfone (PES). Both of these membranes were

of in-out configuration. The membrane, B-Zenon was made of polyvinylidenefluoride (PVDF)

with out-in configuration.
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C- FUNDAMENTAL STUDIES CONDUCTED
WITH FLAT-SHEET MEMBRANES IN DEAD-
END ULTRAFILTRATION
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Preliminary studies
Ultrafiltration can effectively remove macromolecules, suspended matter, micro

organisms and provide good quality drinking water. The problem of fouling due to humic
substances is the main issue that limit the application of UF in drinking water treatment. Each
component of the feed stream will react differently with the membrane: conformation, charge,
zeta potential, pH of the solution, hydrophobic/hydrophilic interactions and other factors will
have a significant role in fouling of membranes. So it is very important to understand the role
of membrane material properties, the role of solute properties and the role of operating
parameters (like pH, trans-membrane pressure, MWCO, solute concentration etc.) to limit and
control fouling.

In this study we used regenerated cellulose YM 100 membranes which are very
hydrophilic and quite ideal for water treatment. YM 100 membranes were subjected to Aldrich
humic acid filtration of 5 mg/L, at a pH of 6.7. The system used for filtration is given in the

Fig. 8.
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Figure 10 Evolution of flux with time during the filtration of 5 mg/ L HA at a constant pressure of 2
bars for RC 100 kDa membrane
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Permeate flux at constant pressure was plotted with filtration time as given in Fig. 10.
At constant pressure, the flux of pure water remained the same and that of humic acid declined
so quickly in the first few seconds of filtration, then became gradual and reached a steady state.
At the end of the experiment, the decrease of the flux from the initial value was 90%. The flux
decline was attributed to the deposition of HA particles on the membrane surface which

gradually formed a cake.

Fig 11 shows the variations of pure water permeability values of the virgin membrane,
after adsorption with humic acid (in contact with the solution for 2 hrs) and after filtration with
humic acid at a constant trans-membrane pressure of 2 bar. The pure water permeability
obtained was 390 L. m™. h™'. bar’" After adsorption, permeability value decreased to 380 L. m’

> h'. bar" and after fouling, it was decreased to 122 L. m. h™'. bar'as shown in Fig. 10.
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Figure 11 Variations of pure water permeability values of the virgin clean membrane, after adsorption
with Aldrich humic acid (5 mg/L, pH 6.5) and at the end of filtration with the HA cake

From the clean permeability value, intrinsic membrane resistance, R, was
calculated as 0.92 x 10" m™. Following the resistance in series model (Eqn 2)
adsorption resistance (R,) and resistance due to fouling (R.) was also determined. The

Ra value was determined as 0.02 x 10'> m™and fouling layer resistance was determined as 2.01
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x 10" m™ (Table 3). The fouling layer was analyzed with the help of SEM images (fig. 11) and
found that it was formed a cake on the membrane surface, which increased the total hydraulic

resistance, Rt, as reported elsewhere. (Nystrom ez al. 1998).

Table 6 Resistance values of the YM 100 membrane before and after filtration with humics

Resistance
values | Membrane resistance (R,,) | Adsorption resistance (R,) | Cake resistance | Total resistance
(x10"2 m™) (Ro) Ry
100 k Da 0.92 £ 0.05 0.020 £ 0.001 2.01+£0.1 2.95+0.15

From Table 6, cake resistance contributed 68% to the total resistance which further

explains that cake formation was the cause of the fouling.

Figure 12 SEM images showing (a) the clean membrane surface, (b) fouled membrane surface, (c)a
cross section of a humic acid cake and (d) the magnification of the cake

Fig 12 demonstrates the SEM images of YM100 membrane in the virgin and fouled
states. The fouled membranes showed the presence of humic acid deposit which was the cause

of flux reduction. The image (Fig 12 (c)) also shows a cross section of the humic acid cake.

52



When the microstructure of the humic acid cake was analyzed, it showed fractal structures, as
shown in Fig. 12 (d). Waite et al. (1999) reported the fractal nature of the aggregates formed on
the surface of a membrane. Meng et al. (2005) also reported that fouling layer formed on an

MBR is having a fractal nature and fractal dimension can be used to analyze cake formation.

il D =1,52

log N
w

log €

Figure 13 A double logarithmic plot showing the evolution of log N with logée. The absolute value of the
slope gave the fractal dimension FD

We have determined the fractal dimension of humic acid cake surface and that of the magnified
structures (Fig 12 (b) and 12(d)). FD was calculated using the box counting method as
explained in the previous chapter. The slope of the double-logarithmic graph (Fig.13) gave the
FD of the image in two dimensions as 1.52.

Two and three dimensional fractal dimensions of YM 100 fouled surface and the humic
acid cake were determined as 1.52 + 0.02 and 2.52 + 0.02, respectively. These values
corresponds to a mechanism of deposition, namely particle-cluster aggregation underlying
diffusion limited cluster aggregation (DLCA) (Witten et al., (1983), Meakin, 1983). Typical
Fractal dimension of DLCA is 1.75 in two dimension and 2.51 (Fig. 14) in three dimension
which is in agreement with our results. Witten et al. reported that particle cluster aggregation

has been shown to lead to flocs with a well defined fractal dimensionality of 2.51 in three
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dimensions and 1.51 in two dimensions. N. Senesi et al. (1997) reported that humic acid
suspensions in aqueous medium are susceptible to exhibit fractal structures. The authors also
found that the value of FD can also change according to different operating conditions like
humic acid solution concentration, pH and ionic strength. That work was also based on SEM

observations.

FD = 2.51

Figure 14 A theoretical three dimensional model showing particle-cluster aggregation comes under
diffusion-limited aggregation

In our study, the aggregates formed are having a complicated multi-branched structure. Paul
Meakin reported that diffusion limited deposition on fibres and surfaces may also result in open
dendrite structures with a “fractal” nature. Meng et al. (2005) studied the microstructure of a
cake formed during microfiltration and found that the porosity of the cake and the FD values
obtained were inversely proportional. Thus as a microscopic approach, fractal dimension can

be used as a parameter to describe cake formation and there by flux decline, as described later.
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Figure 15 Evolution of t/V with V for RC 100 k Da membrane during the filtration of Aldrich humic
acid 5 mg/L, pH 6.7

Modified fouling index (MFI —UF) is a parameter which purely depends on cake
formation mechanism. MFI value was calculated from the slope of the linear portion of the t/V
with V plot (Fig. 14) as reported by Schippers ef al. (2003). MFI value was determined as 1650
s/L*in our study.

To understand the effect of charge on NOM membrane fouling mechanisms we
developed a new home made streaming potential apparatus (Thekkedath et al. 2007). The SP of
the virgin and fouled RC 100 k Da membrane are determined as indicated in Figures 16. It is
found that the AQ/AP is linear according to Helmholtz Smoluchovsky equation (Eqn. 7). It is
found that the clean membrane posses a SP value -27 mV/bar which further indicate that the

membrane is negatively charged, as reported elsewhere (Pontie ef al. 1999).

We have determined the streaming potential of the membrane before and after filtration
with humic acid under fixed pH conditions (Fig. 16) (pH=6.5). Figure 16 illustrates the
variation of potential difference (mV) vs. trans-membrane pressure (bar) obtained using the
homemade SP measurements design. SP values obtained both for clean and fouled membranes

are compared.
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Figure 16 Evolution of potential difference with pressure for a membrane of RC 100 k Da before and
after filtration with HA 5 mg/ L, pH 6.7; KCI = 0.001 M.

Indeed, the sign of the streaming potential directly yields the sign of the net charge of
the membrane, i.e., the global charge behind the shear plane. The charge of the clean RC 100 k
Da membrane was-27 mV/bar and that for the fouled membrane was shown to be —13 mV/bar.
From these values, we can conclude that after the cake elaboration on the surface of the

membrane, the charges carried by the membrane pore walls have drastically reduced.

This modification of internal pore charge is attributed to the penetration of lower sized
(lower than the minimum average size) humic acid fractions into the membrane pores which
caused fouling inside the membrane, as reported recently by Violleau ef al. (2005) The authors
characterized the molecular weight of humic acid fractions and found that humic acids in their
study were having molecular weights 1570 and 1040 Da, which is very low. Further
experiments have demonstrated that NOM fractions are capable to penetrate inside NF

membrane pores and can change their internal charges.
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Figure 17 The distribution of mean particle size (nm) and zeta potential for Aldrich humic acid (5
mg/L) in different pH (zetasizer Malvern Co. Inc.).

Fig 17 shows the mean particle size distribution and zeta potentials for different pH
values for Aldrich humic acid. As the size of the humic acid particles at pH 6.7 in our study is
240 nm and the average pore size of the membrane is 10 nm, it should be impossible to have
fouling inside the pores. But from our SP results it is proved that one portion of humic acid
particles which are having particle sizes less than 10 nm (or lower MW fractions) have entered

into the membrane pores and changed the charge of the membrane.

We also determined the Isoelectric point (IEP) of the clean membrane and fouled
membrane (Fig. 18). This represents the pH dependence of streaming potentials (A¢/AP) for
clean and fouled membranes. The electrolyte used was 0.001 M KClI solution. The streaming
potentials appear to be sensitive to pH shifting as expected. The isoelectric point (IEP), i.e., the
particular pH for which the net charge on the membrane surface (and also, the streaming
potential) is zero, is found to be close to 2.3 for the clean membrane and 1.8 for the fouled
membrane. The IEP value of the clean membrane was different with that found by Pontié et al.
(1999). The authors found an IEP value of 3.4 for virgin RC 100 kDa membrane. This

difference can be explained by lot-to lot membrane variability.
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Figure 18 Evolution of SP with pH for the determination of IEP for clean RC 100 kDa membrane and
that fouled by HA (Aldrich 5 mg/L, pH 6.7, filtration at constant AP = 2 bars), [KCI] = 107 M.

Fig. 18 shows the variation of SP with different pH. The SP curves are not symmetric
with respect to the pH range due to the ionic strength effect. In general, the SP decreases as the
ionic strength of the treated solution increases due to the phenomenon of double layer
compression (Sbai et al. 2003)]. In fact, as the protons concentration can be neglected with
respect to that of K' ions at pH greater than 3.5. The ionic strength of the solution is fixed by
concentration of KCI solution. Between pH 2.0 and 3.5 the ionic strength of the solution is
fixed by both KCI solution and by protons (H") concentrations. At pH less than 2.0 the ionic
strength of the solution is fixed only by the concentration of protons. By comparing the
streaming potential values of the clean membrane and those of the fouled one (Fig.17) we can
see that the membrane charge decreases with the formation of the HA cake. Thus, the decrease
of membrane charge can be attributed to penetration of low molecular weight fractions of HA
inside the pores.

Partial conclusion 1
Humic acid particles, aggregated on the RC-UF membrane and analysed by SEM

demonstrated that the fouling layer appears to have a fractal nature with a fractal dimension of
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D = 2.51. Then, as a microscopic approach, fractal dimension can be used as a new parameter
to describe cake layer formation. As macroscopic tools MFI-UF value and cake resistance
value (Rc) can be used to explain cake formation mechanism. SP measurements helped to
understand the charge related modification on/inside the pores. These results suggest that this
microscopic tool, fractal dimension, should be linked to any of the macroscopic parameters
(flux decline with time, MFI, cake resistance) associated with cake formation. The variations of
operating parameters like solution pH, molecular weight cut-off of the membranes,
concentration of humic acids as well as trans-membrane pressure can be helpful to deduce the

relation between these macroscopic and microscopic parameters.
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Role of solution pH on fouling

Regenerated cellulose YM 100 membranes were subjected to humic acid filtration at constant
pressures of 2 bars, at different solution pH. Acros humic acid solutions, at a concentration of 5
mg/L, in three different pH values (pH 6.7, pH 3 and pH 9.5) were used for the experiment.

The results obtained are summarized in Table 7.

Table 7 Permeability, resistance values and MFI values obtained during the filtration of humic acid
solutions at different pH, pH 3, pH 6.7and pH 9.5. Acros [HA] = 5 mg/L, AP = 2 bars, T =20° C, YM
100 membranes.

Parameters pH3 PH 6.7 pH 9.5
Lp clean 597 £ 100 597 £ 50 597 £ 50
(L. m~h". bar™)
Lp fouled 210+ 20 155+ 25 297 + 30
(L.m~h". bar™)
Flux decline at the 68 88 53
end of filtration (%)
0.60 = 0.03 0.60+£0.03 0.60+£0.03
Rnx 107 m™
1.12 £0.05 1.72 £0.05 0.62 £0.03
R.x 102 m™!
R;x 10”7 m’ 1.72 +0.05 2.32+0.05 1.22+0.05
MFI (s/L?) 544 £ 55 1358 £ 100 490 £ 50

It shows that all the three initial clean membranes have same the hydraulic permeability
values (597 L. m™. h™'. bar") and thus the same membrane resistance values (0.60 x 10 > m™).
Regarding the fouling layer resistance or cake layer resistance, R., the highest value is

determined for the membrane fouled with humic acid at pH 6.7 and the lowest for the
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membrane fouled with humic acid at pH 9.5. In the case of pH 6.7 filtration, R, contributed

74% to the total hydraulic resistance, R;.

In acidic pH, (pH 3) R. contributed 65% to R;, which is also a considerable amount. In

basic pH, (pH 9.5) R; contributed only 51% to R..

Figure 19 shows the evolution of normalized flux with filtration time and filtered
volume during constant pressure filtration of humic acids. Greatest amount of flux decline is
occurred for humic acid filtration at pH 6.7 (88%) and the lowest for filtration at pH 9.5 (53%)).
Many authors (Nystrom et. al, 1998) described that the highest degree of fouling during humic
acid filtration was occurred at acidic pH. Surprisingly, in our case, we found that the greatest
flux decline was occurred at neutral pH (pH 6.7) and the lowest amount of fouling at pH 9.5.

At acidic pH, (pH 3) the flux decline was intermediate (68%).
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Figure 19 Normalized flux with time and Normalized flux with volume for humic acid 5 mg/L solutions
at pH 3, pH 6.7 and at pH 9.5. AP =2 bar, T = 20° C.

Foulant sizes may strongly affect fouling mechanisms in membrane filtration systems.

If foulants have comparable or smaller sizes than the membrane pores, pore blocking may
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occur. However, if the foulants are generally much larger that the membrane pores, they cannot

enter the pores and a cake layer may be formed on the membrane surface.
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Figure 20 pH titration graph of Acros humic acid. The particle size(nm) and the zeta potential(mV)
values for different pH ranges form zetasizer Malvern Co. Inc.

The YM 100 membrane is having an approximate pore diameter of 10 nm, and Acros
humic acid particles are having a minimum average size of 250 nm and a maximum average
size of 2500 nm (Fig.20) as determined from zetasizer experiment (Malvern corporation).
Conventionally, a particle cannot pass through the pores of 100 kDa membrane in the above-
mentioned pH ranges. From that an assumption is made that, the only mechanism that can
increase the fouling layer resistance is cake layer formation. But to completely understand the
fouling mechanisms during humic acid fouling the charge related modifications were also be

taken into account.
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Figure 21 Streaming potential (SP) values for YM 100 membranes, before filtration with humic acid,
after filtration with humic acid solutions at pH 3, pH 6.7, and pH 9.5. [KCI] = 0.001 M, pH 6.5 for SP
measurements.
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SP measurements were carried out according to Helmholtz-Smoluchovsky equation
(Egn. 7). Potential difference (mV) values with corresponding AP values were plotted and the
slope of the curve gave directly the SP value or charge of the membrane in mV/bar. Clean
regenerated cellulose membrane was having a charge of -46 mV/bar (Fig. 21). The IEP of the
clean membrane was determined as 1.8 (Fig. 17). At 6.99 and 9.26 pH values, the Acrés HA
particles are having no apparent physical charge, or they are in the isoelectric point.

For a protein, flux is the lowest at the IEP and is higher as the pH is moved away from
the IEP. Changes in the pH affect the solubility and confirmation of the feed components
(Cheryan, 1998). In our case, greatest amount of fouling occurred at neutral pH, which can be
explained by the fact that, humic acid particles were very close to their isoelectric point and
hence the deposition of the humic acid particles on the surface/inside the pores were intensified
due to lack of electrostatic repulsion. The charge of the membrane after fouling with humic
acid at pH 6.7 became less negative (-18 mV/bar) (Fig. 21) which can also be explained by the
same phenomenon. Another possible reason is that the cake layer, which formed on the active
layer of the membrane, itself acted as another membrane; the global charge exerted by the
electrical double layer was screened and appeared apparently less negative.

Even though we assumed that the HA particles could not enter the pores of the
membrane due to sterric hindrance, from the SP values we can see that lower sized fractions of
humic acid particles (which are lower than the minimum average particle size) did enter the
pores as reported else where (Violleau et al., 2005). Hong and Elimelech, (1997) reported that
the initial permeate flux decline on an NF membrane was due to the pore penetration of
Suwannee River humic acid, which was further confirmed by a decrease in TOC rejection at
low pH.

Modified fouling index for ultrafiltration (MFI-UF) is a parameter to analyze the
particulate fouling potential of the feed solution. MFI-UF is determined from the slope of the

linear portion of the t/V vs. V curve and is expressed in s/L*. MFI-UF is a parameter based on
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cake formation mechanism. From Table 7, MFI values are the highest for pH 6.7 which is in
agreement with the percentage of flux decline at the end of filtration. Thus MFI-UF parameter
also underlines the fouling capacity of the humic acid solution at a pH 6.7.

The shape and conformation of the particles also change according to change in pH. At
higher pH, the humic acid macromolecules are having a smaller macromolecular configuration
due to the reduced inter chain electrostatic repulsion and thus they can pass easily through the
membrane pores (Hong et al. 1997). The authors also attributed this to a lower rejection of
NOM by the studied NF membrane. This phenomenon can be attributed to the 68 % flux
decline at the end of the filtration at pH 3 of YM 100 membranes. With decreasing pH, more
carboxylic groups of NOM become protonated, resulting in a reduction in the charge of the
humic macromolecules. And as a result, the humic acid particles were increasingly adsorbed to
the pores of the membrane and also caused pore plugging, which is obvious from the fouled
membrane SP values.

Several studies have focused on identifying which fraction of NOM contributed the
most to membrane fouling (Jucker and Clark, 1997). The general census was that the
hydrophobic fraction of NOM tends to adsorb favourably on to the membrane surfaces than
hydrophilic fraction. Typically, the hydrophobic nature of NOM increases with increasing
molecular weight and decreasing acidity. Nilson and Digiano (1996) observed increased
fouling with increased molecular weight of particles. So, in our study at pH 3, the more
hydrophobic macromolecules of HA aggregates were readily adsorbed to the hydrophobic cake
layer, already formed on the membrane surface, and resulted in a more compact and dense
fouling layer.

All these parameters used in our study like hydraulic permeability or hydraulic
resistance and flux decline with time are macroscopic parameters to describe the properties of
the cake layer. For a clearer and more accurate picture, we were focused towards some

microscopic parameters like fractal dimension (FD) of the surface cake from SEM images.
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Figure 22 SEM images showing the membrane surfaces of YM 100 membranes fouled by humic acid
solutions at (a) pH 6.7, (b) pH 3 and (c). pH 9.5

From the SEM images (Fig. 22), FD values of the humic acid cake formed at different
pH were determined. FD values for membranes fouled by HA at pH 6.7, HA at pH 3 and HA at
pH 9.5 were determined as 1.57 £ 0.01, 1.62 + 0.01 and 1.52 + 0.01 respectively. A highest FD
value was reported for membrane fouled by HA at pH 3 and the lowest for the membrane
fouled by HA at pH 9.5. A higher value of fractal dimension indicates a lower value of
permeability in the fouled state (or a dense and compact cake layer) (Aimar et al. 2005) and a
lower value of FD indicates lower flux decline (or a loose and thin fouling layer). Meng ef al.
(2005) used fractal analysis to analyze the cake layer formed in membrane bioreactors (MBR).
The authors found that a lower value of fractal dimension corresponds to a lower value of

porosity or higher value of permeability which was also coherent with our results.

Most recently, a study (Li et al. 2008) was conducted on membrane bio-reactor (MBR)
fouling and the authors concluded that biological constituents and the morphological properties
of activated sludge contributed to the fouling layer resistance. They also concluded that
membrane fouling resistance increased exponentially with fractal dimension values of the

fouled membrane surface which is also coherent with our results.
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Figure 23 Schematic description of the effect of pH on the conformation of HA macromolecules in
solution and on the membrane surface.

As described in Fig. 23, basic pH is favourable to minimize NOM fouling because of
the presence of a thin and loosely packed fouling layer. A lower value of fractal dimension was
observed for the cake formed at pH 9.5 (1.52) and a higher value of FD (1.62) was found for
cake formed at pH 3 which indicated a dense cake layer. Thus fractal dimension was

considered as a microscopic parameter to estimate membrane fouling.

Partial conclusion 2

Our results demonstrated that the feed solution pH greatly influences the fouling
phenomena due to NOM. The highest amount of humic acid fouling on regenerated cellulose
YM 100 membranes has occurred at neutral pH, then on acidic pH and the lowest amount of
fouling at basic pH. Streaming potential measurements (in situ tool) helped us to show that
humic acid particles had entered the membrane pores. This also suggests that the electrostatic
double layer interactions play a very important role in the phenomenon of NOM fouling.
Fractal dimension of the cake showed a relationship with permeability. A higher value of FD

indicated a densely packed cake layer, and a lower value of FD indicated a loosely packed cake
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layer. Thus, we have developed a new combined approach with both macroscopic and
microscopic analyses, for the characterization of the humic acid cake layer. Macroscopic
parameters like total hydraulic resistance, flux decline with time and modified fouling index
and microscopic parameters like scanning electron microscopy and fractal dimension helped us
to well characterize the fouling occurred at different pH on a regenerated cellulose UF

membranes.
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Role of membrane molecular weight cut-off (MWCOQO) on fouling

Filtration experiments were done using YM series regenerated cellulose membranes

provided by Millipore, (France) with MWCO of 10, 30 and 100 kDa. These membranes are

having approximate pore sizes of 1.0 £ 0.5 nm, 4 £ 1 nm and 10 £ 3 nm as obtained from the

manufacturer, Millipore. Filtration was carried out with a filtration system described in Fig. 8.

No stirring was employed in any of the experiments. Humic acid was purchased from Acrds

organics. Humic acid particle sizes and zeta potentials were determined at different pH ranges

(Fig. 20) 5mg/L solution of humic acid was prepared in ultra pure water having conductivity

less than 1uS/cm. Experiments were carried out at solution pH 6.7 at constant pressure of 2

bars. The results obtained for each of the experiments are summarized in Table 8

Table 8 Permeability, resistance values, MFI values obtained during the filtration of Acros humic acid
5 mg/L at pH 6.7 with different MWCO (100 kDa, 30 kDa and 10 kDa) RC membranes

P t
arameters YM 10 YM 30 YM 100
Lp clean 28+3 167+ 17 597 + 50
(L.m™h". bar")
Lp fouled 20+2 83+8 155+ 16
(L.m>h". bar™)
Flux decline of at 22 59 85
the end of constant
pressure filtration
(%)
Ry, x 107 m’ 12.86 + 0.65 2.15+0.1 0.60 + 0.03
R.x 10" m’! 5.14+0.25 2.1940.1 1.72 +0.05
Rix 102 m’!
18+0.9 4344021 2.32+0.12
MFI (s/L?) 4585 + 460 997 + 175 1324 + 135

Hydraulic permeability (Lp) coefficients are in a decreasing trend with decreasing

MWCO because of the decrease in pore size. YM 100 membrane is having a Lp value 597 L.
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m>h™. bar’, YM 30 membranes with a Lp of 167 L.m2h™. bar' and YM 10 membranes are
having a Lp value of 28 L.m™>h™". bar in the clean state. Membrane resistance, Rm, found to
be increasing with decreasing MWCO.

After filtration with humic acid solution ([HA] = 5mg/L, pH= 6.7) at a constant
pressure of 2 bars, the flux decreased 22%, 59% and 85% for 10 kDa, 30 kDa and 100 kDa
respectively (Fig. 24). Hydraulic permeability of each membrane was determined with pure
water after fouling with humic acid. It was found that the Lp values were decreased drastically

due to fouling (Table 8).
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Figure 24 Normalized flux with filtration volume for the filtration of 5 mg/L humic acid solution at pH
6.7, AP = 2 bars, T = 20° C for 100 k Da, 30kDa and 10kDa regenerated cellulose membranes.

After 2L of filtration with humic acid, higher MWCO membrane showed the highest flux
decline, i. e, 85% for YM 100, 59% for YM 30 membrane and only 22% for the YM 10
membrane.

Fig 24 demonstrates evolution of flux with time for the three different MWCO

membranes. We can see that, even though YM 100 membrane possessed a greater initial flux,
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it declined so quickly and severely during the first few minutes, which can be attributed to
initial concentration polarization or pore adsorption of the large aggregates to the pores. As the
average size of the humic acid particles was determined as ~300 nm (Fig. 20), there is no
possibility for the humic acid particles to enter the pores of all the three MWCO membranes.
So the only possible mechanism which can increase total hydraulic resistance is cake
formation. Researches on humic acid fouling of microfiltration membranes has suggested that
the convective transport and deposition of large aggregates on the membrane surface

dominated the fouling by humic substances (Yuan and Zydney, 1999 ; Jones and O’Melia,

2000)
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Figure 25 Evolution of flux with time for YM 100, YM 30 and YM 10 membranes during the filtration of
Acrés humic acid in a concentration of Smg/L at a pH 6.7. AP = 2 bars, T = 20°C.

It was shown that initial fouling occurred as the result of aggregate deposition, which
could catalyze subsequent fouling, even by feed solutions that had been pre-filtered to remove
aggregates. (Aoustin e. al., 2001) They also showed that the role of larger aggregates was

shown to be less significant for smaller molecular weight cut-off membranes. So for YM 100
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membranes, the initial sharp flux decline can be attributed to the deposition of large aggregates
by which complete pore blockage, or pore constriction had occurred, followed by cake
formation. In our study with the YM 30 membrane, the initial severe flux decline is less
significantly observed comparatively to 100 kDa membrane. Flux decline from the initial value
at the end of the filtration experiment was 59%. For the 10 kDa membrane, flux decline at the
end of the experiment was only 22% which did not show much flux decline comparing with the
other membranes.

Membrane resistance value, Rm, was found to be increasing with decreasing
MWCO. Total hydraulic resistance was found to increase with decrease in MWCO. For 10
kDa, the R, value was 12.86 x 10 12t , for 30 k Da it was found to be 2.15 x 10 " m™ and
for 100 k Da that was 0.60 x 10 "> m™ . Lower the MWCO, lower the hydraulic permeability
values become, and that is the reason why we found higher membrane resistance values with
lower MWCO. For 10 k Da, we determined R, as 5.14 x 10 > m" | for 30 k Da it was
determined as 2.19 x 10 "> m™ and for 100 kDa it was 1.72 x 10 " m™ . It is interesting to
note that cake resistance contributed 29%, 50% and 74% to the total resistance, Ry for 10 kDa,
30 kDa and 100 k Da membranes respectively.

From these resistance values, it is clear that fouling due to cake layer was more
predominant in 100 kDa. In 30 kDa, both of the two resistance components were having equal
importance. In 10 kDa, the membrane resistance was the predominant one. Lower flux indeed
decreased the amount of fouling by reducing the possibility pore penetration. As suggested by
Aoustin et al. (2001), higher flux of 100 kDa membrane could cause severe concentration
polarization and membrane solute interaction, resulting in greater amount of fouling. This also
demonstrates that flux is a critical parameter in membrane fouling.

To further investigate which fouling mechanism is operative, the charge related
modifications on the membrane were also taken into account. Results obtained for streaming

potential measurements are summarized in the Table 9.
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Table 9 Experimental results of streaming potential measurements of clean and fouled membranes of
YM 100, YM30 and YM 10 membranes KCIl 10° M, pH6.5, T=20°C

Streaming potential,
SP (mV/bar) KC110° M, 10 kDa 30 kDa 100 kDa
pH 6.5, T =20° C

Clean membrane
-7+0.5 17+ 1 46+ 5

Fouled membrane
-6.4+0.5 -18 £ 1 -18+3

The results showed (Table 9) that for 10 and 30 kDa membranes there is no
practical change in the SP values. For 100 kDa, there was a noticeable difference in the SP
measurements between the clean and the fouled states. This further emphasizes on the fact that
in 100 kDa membrane, fouling was happened due to pore penetration of lower molecular
weight (smaller than the minimum average particle size) particles of humic acid. In 10 k Da
and 30 kDa, because of their smaller pore size, particles are retained, which in a long run,
resulted in the formation of a cake to decrease the flux.

Modified fouling index (MFI) values at constant pressure were determined from the
slope of the t/V vs. V curve. The results show that MFI values increased with MWCO.
Boelarge et al. (2000) reported that, MFI is independent of MWCO. As a Contradicton, in our
results we found that MFI values depend on molecular weight cut-off of the membrane (Table
8). For 10 kDa, MFI was determined as 4585 * 460 s/ L’ , for 30 kDa as 997 + 100 s/ L? and
for 100 kDa as 1324 + 135 s/L* . MFI value also points towards the low fouling potential of the
solution on YM 30 membrane. Reason for the increasing tendency of MFI value on YM 10 can
be explained in terms of flux. Flux for the tighter YM 10 membrane was so low that it took
more time to permeate the same volume. So the YM 10 membrane was in contact with the

solution for a higher amount of time, which in turn can cause a higher adsorption of particles.
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This could simply increase the cake mass and also the resistance. That is the reason why MFI
value is the highest for 10 kDa membranes.

To analyze the microstructure of the humic acid cake we have done the
measurement of fractal dimension (FD) of the surface cake. We have determined the fractal
dimension of the fouled membranes of YM 10, YM 30 and YM 100. The FD values were
determined as 1.81, 1.62 and 1.57 for YM 10, YM 30 and YM 100 membranes respectively.
Fouled membranes FD values were in a decreasing trend with increasing MWCO or, in other

words, fractal dimension increased with decrease in permeability as shown in Fig. 26.
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Figure 26 Evolution of fractal dimension values with fouled (membranes fouled by HA 5 mg/L at pH

6.7, AP = 2 bars, T =20°C) membrane permeability values and fractal dimension variation with
MWCO.

Fig. 26 shows the variation of permeability with fractal dimension and variation of FD
value with MWCO. From these fractal dimension values, it can be correlated that a higher
value of fractal dimension corresponds to a lower value of permeability. Meng et al. (2005)
investigated the fouling of membrane bioreactors (MBR) due to cake formation using fractal
theory (Meng et al. 2005, Meng et al. 2006). They found that fractal dimension has a linear
relationship with cake porosity. According to their observations, permeability increased as FD
decreased which is also coherent with our results.

To complete the analysis of the cake, SP measurements were done for the virgin and

the fouled membranes. SP results showed that there is no practical difference in the global
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charge of the membranes of 30 kDa and 10 kDa membranes. 100 kDa membrane showed a
significant difference in the surface charge before and after fouling. Before fouling, 100 kDa
membrane’s charge was -46 mV/bar. Upon fouling, it has changed to -18 mV/bar. At pH 6.7,
humic acid particles are closer to their isoelectric point. This can be attributed to the diminution
of the total charge of the fouled membranes.
Partial conclusion 3

Humic acid fouling was studied with different MWCO membranes. It was shown
that tighter membranes were less fouled compared to larger MWCO membranes. Out of the
three MWCO s used in our study, the 100 kDa membrane showed the highest degree of fouling
and the 10 kDa membrane showed the lowest degree of fouling. But one of the problems
encountered in the 10 kDa membrane filtration was the low permeate flux. Cake resistance and
the membrane resistance were equally dominant in the 30 kDa membrane. So applying proper
operating conditions like trans-membrane pressure and careful selection of solution pH and
ionic strength, we can produce better performance from the YM 30 membrane. Fractal
dimension showed a correlation with hydraulic permeability as well as with MWCO. Thus
combining macroscopic and microscopic approaches, we have characterized the humic acid

cake on the membrane.
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Role of trans-membrane pressure on fouling

Trans-membrane pressure is one of the very important factors that affect fouling.
Regenerated cellulose 30 kDa (coded as YM 30) membranes were subjected to humic acid
filtration at constant pressures of 1 bar, 2 bars and 4 bars. Acr6s humic acid solution, at a
concentration of 5 mg/L at a pH 6.7 was used for the experiment. The results obtained are

summarized in Table 10.

Table 10 Permeability, resistance values and MFI values obtained during humic acid filtration at
different trans-membrane pressures HA Acros 5 mg/L, pH 6.7

Parameters AP 1 bar (a) | AP 2 bar (b) | AP 4 bar (¢)
L,(L.m>h"bar") Clean 140 + 15 162 + 15 162+ 15
% of flux decline 63 60 83
L,(L.m™h"bar") Fouled 60+5 83+8 50+5
R, X 10 ? m-1 257+005 | 223+005 | 2.23+0.05
R, X 10 ¥ m-1 343+0.05 | 2.12+0.05 | 4.92+0.05
R, X 10 ?m-1 6+ 0.05 434+0.05 | 7.15+0.05
MFI (s/L%) 951 + 48 1031 + 52 1882 + 100

It can be seen that the pure water flux after fouling is the highest for filtration at
constant pressure of 2 bars (in column b) and that the lowest for filtration at a constant pressure
of 4 bars. For filtration at constant pressure of 1 bar the flux is intermediate. From the table
given above, we can see that after filtration at constant pressure of 4 bar, the pure water
permeability has decreased from 162 L. m™. h'. bar” to 50 L. m™. h™. bar™". In the study of 2 bars
constant pressure filtration, the pure water permeability decreased from 162 L. m™. h™'. bar” to 83
L.m> h™'. bar”. For 1 bar constant pressure filtration, it decreased to 60 L. m>. h. bar" from 140

L.m> h'. bar'.
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Figure 27 Evolution of pure water flux with trans-membrane pressure for membranes fouled with humic
acid Acros Smg/L, at pH 6.7(a) after filtration with HA at constant pressure of 2 bars (b) after filtration
with HA at constant pressure of 1 bar (c) after filtration with HA at constant pressure of 4 bar

Fig. 27 shows the measurement of pure water permeability values after fouling.
Observing the curves of Fig. 27, we can see that there is a region which is pressure dependent
and another region which is independent of pressure. Up to 2.5 bars the flux depends on
pressure. Starting from 2.5 bars, the value of flux becomes independent of the trans-membrane
pressure. Flux reaches a limiting value known as limiting flux. Limiting flux is the highest for
membrane fouled at 2 bars constant pressure and the lowest for membrane fouled at 4 bars

constant pressure.

Analyzing the resistance values (Table 10), we can see that, the intrinsic membrane
resistance, Ry, is similar for all the clean membranes because the pure water permeability
values for each membrane were similar. In the case of fouling layer resistance or cake layer
resistance, R, the value obtained after 4 bar constant pressure filtration is the highest which
indicates greatest extent of fouling due to humic acid. The R. value obtained after 4 bar

constant pressure filtration is 4.92 x 10™'? m™, that for 2 bar constant pressure filtration is

2.12 x10"* m™ and that for 1 bar constant pressure filtration is 2.57 x 10> m™'. These values

indicate that the fouling caused by humic acid at 4 bars is the highest and that at 2 bars is the
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lowest. Moreover, Rc contributed 57%, 49 % and 69% and to the total resistance, R; in the
cases of 1 bar constant pressure filtration, 2 bars constant pressure filtration and 4 bars constant
pressure filtration respectively. This also underlines the dominance of cake resistance in 4 bars

constant pressure filtration which caused the greatest amount of fouling.
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Figure 28 Evolution of normalized flux with filtration volume during humic acid filtration through
YM30 membranes at constant pressure of 1bar, 2 bars and 4 bars. [HA] = 5 mg/L; pH = 6.7 T= 20° C.

Fig. 28 shows the evolution of normalized flux with filtration volume during filtration
of Acros humic acid at constant pressures of 1 bar, 2 bars and 4 bars. From the curves, we can
observe that the flux decrease is the highest during 4 bar constant pressure filtration. For 2 bars
and 1 bar, flux decline at the end of the experiment was practically the same. At the end of 4
bars constant pressure filtration, the flux decreased 83% and at the end of 1 bar and 2 bars it
showed a flux decline of 63% and 60% respectively. Combining this fact with the resistance
values, we can say that the highest amount of fouling happened at 4 bars constant pressure
filtration, and the lowest at 2 bars constant pressure filtration. As the pressure increases, the
cake resistance, which is directly connected to the specific cake resistance, & increases, which

explains the highest fouling, caused during the filtration of HA solution at a constant pressure
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of 4 bars (Eqn 3). An empirical relationship often applied to account for trans-membrane
pressure is Eqn 3 which relates specific cake resistance, o to trans-membrane pressure to the
power of a compressibility coefficient () and a constant 0.

Modified fouling index, a parameter which gives information about the particulate
fouling potential of the solution was used in our study. From Table 7, it was found that MFI
increases with increase in pressure. Boelarge et al. (1998) analyzed the pressure dependence of
MFI and found that the founig index, 7, in the MFI-UF equation is dependent on pressure.
Boelarge et al. found that a higher applied pressure gave a higher MFI value, which is also
coherent with our results. Thus, a higher MFI-UF value at 4 bar filtration furthermore
emphasizes the severe fouling happened during filtration.

In the equation of MFI (Eqn 5 and Eqn. 6), the term fouling index, 7 is directly
proportional to the specific resistance of the cake, o and the particle concentration Cy,_ So, we
have determined the factor of compressibility (#) from MFI (which is directly related to o) and
different trans-membrane pressure values. For incompressible cakes, n is zero and the higher
the value of n, the more compressible the cake. In our case, the value of n was determined as
0.49 (results not shown), i. e, the cake is compressible.

High pressure indeed increased the possibility of pore penetration. To understand
completely the fouling mechanism undergoing, the charge and size of the particles were also sh
taken into account. Foulant sizes may strongly affect fouling mechanisms in membrane
filtration systems. If foulants have comparable or smaller sizes than the membrane pores, pore
blocking may occur. However, if the foulants are generally much larger than that of the
membrane pores, they cannot enter the pores and a cake layer may be formed on the membrane
surface. In our case, the YM30 membrane is having a pore diameter ~4 nm and the particles of
humic acid in solution is having an average size of 300 nm at pH 6.7. Conventionally, a particle

cannot pass through the pores of 30 kDa membrane at this specific pH. From that we assume
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that the only mechanism that can induce fouling could be cake layer formation. But to
understand it completely the charge related modifications should also be taken into account. To
understand the charge related modifications, we have carried out the streaming potential

measurements.

Table 11 Experimental results of streaming potential measurements of clean and fouled membranes of
YM30 membranes

Streaming potential,

SP (mV/bar) KC110* M, AP 1 bar AP 2 bars AP 4 bars
pH 6.5, T=20°C

Clean YM 30 -15+1 -17+1 18 +1

Fouled YM 30 -14+0.5 -18+1 -13+0.5

Streaming potential measurement was carried out in the trans-membrane pressure range
of 0.5 to 3 bars, with 0.001 M KCI at a pH of 6.5. Streaming potential coefficients, determined
from A¢ versus AP curves are summarized in Table 11. For fouled membranes after 1 and 2
bars constant pressure filtration, no practical difference in SP values was observed. But after 4
bars constant pressure filtration, the SP values of the membrane has changed from -17 mV/bar
to -13 mV/bar in between the clean and the fouled states. The humic acid particles at pH 6.7 are
having a zeta potential of -20 mV (Figure 20) and the resulting charge on the membrane should
be more negative. But the global charge of the membrane has become less negative. This can
be explained by the fact that at 50 mg/L, due to the fact that the dense cake layer formed on the
membrane, itself acted as another membrane and totally screened the potential exerted by the
electrical double layer. Thus the total charge appeared less negative.

SEM images of the fouled surface cake were analyzed using an image analyzer called
Image J. From the original image, a threshold (binary) image is generated with the help of the

software. Fractal box count method is applied to calculate the two dimensional fractal
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dimension (FD). The FD values for 1 bar, 2 bars and 4 bars constant pressure filtration were
determined as 1.70, 1.62 and 1.84 respectively. Aimar et al. (2005) reported that in dead end
filtration, a higher value of fractal dimension corresponds to a lower value of permeability or

higher value of hydraulic resistance.
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Figure 29 Evolution of fractal dimension with cake layer resistance. Membranes fouled with 5 mg/L
solution of Acros humic acid at pH 6.7. Filtration was carried out in three different trans-membrane
pressure, 1 bar, 2 bar and 4 bar at 20 ° C.

Figure 29 shows linearity of resistance values with fractal dimension. Thus fractal
dimension can be used as a new approach to analyze fouling and cake formation. A higher

value of fractal dimension represents a lower value of permeability for a humic acid cake.

Partial conclusion 4

Fouling experiments with Acrds humic acid at different trans-membrane pressures were
carried out. It was found that the highest degree of fouling was happened at 4 bars and the
lowest degree of fouling was caused at 2 bars. In all the three trans-membrane pressures, cake
formation was the dominant fouling mechanism. But in the case of 4 bar constant pressure

filtration, some extend of pore penetration was also happened which is confirmed from the SP
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values. MFI values were found to be increasing with trans-membrane pressure which also
confirmed the higher extent of fouling occurred at 4 bar. FD values of fouled cake surfaces

showed a linear relation with cake resistance, Rc.
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Role of humic acid concentration on fouling

Filtration of humic acid was carried out in three different concentrations, Smg/L, 10
mg/L and 50 mg/L. Membranes used was regenerated cellulose flat-sheet type having a
molecular weight 30 k Da (YM30). Humic acid solutions (Acrds) were prepared in ultra pure
water with concentrations of 5 mg/L, 10 mg/L and 50 mg/L at a pH 6.7. Filtrations were
carried in Non-stirred mode in an Amicon 8200 model cell which has a capacity of 200 ml
and a diameter of 63.5 mm. All experiments were done at room temperature (20° C). The

results are reported in the Table 12.

Table 12 Permeability, resistance values and MFI values obtained during the filtration of humic acid
solutions at pH 6.7, different concentrations, 5 mg/L, 10 mg/L and 50 mg/L. AP = 2 bars, 30k Da
Regenerated cellulose membranes (YM 30)

Parameters 5 mg/L 10 mg/L 50 mg/L
Lp clean 167 +17 167+ 17 167+ 17
(L.m>h". bar")
Lp fouled 83+8 35+3 27+3
(L.m2h". bar")
Flux decline at the end 59 76 94

of constant pressure
filtration (%)

2.15+ 0.1 2.15+0.1 2.15+0.1
R, x 10” m?!
. 2.19+0.1 8.44 +0.43 11.19+0.56
R.x 10" m
Rix 10” m’ 434+0.2 10.59 + 0.59 13.34 + 0.67
MFI (s/L?) 997 + 100 2749 + 300 4086 + 400

Hydraulic permeability values were found to be the same (167 L.m™h™. bar™) for all
the YM 30 membranes and hence the same membrane resistance (2.15 x 10 12 m™) values.
Cake resistance values were in an increasing trend with increasing concentration of humic acid.

As the concentration of humic acid increases, the total mass of the cake on the membrane
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increases. Thus the specific resistance of the cake increases which depends on the
concentration of particles. Increase in the fouling layer resistance can be attributed to increase
in the concentration of humic acid particles. For Smg/L the cake layer resistance, R, was only
2.19 x 1072 m'l(SO% total hydraulic resistance, R;) and when the concentration was increased
to 10 mg/L, Re increased to 8.44 x 107 m™ (79% of Rt). When the concentration was again
increased to 50 mg/L, cake resistance increased to 11.19 x 107> m™ (84% of Rt). Clearly, it

demonstrates that the cake layer resistance is dependant on particle concentration.
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Figure 30 Variation of pure water flux with trans-membrane pressure for 30 kDa YM 30 membranes,
after filtration with different concentration o f Acros humic acid (5 mg/L, 10 mg/L, 50 mg/L) at pH 6.7,
AP =2 bar, T=20°C

Fig 30 shows the pure water flux after fouling for each concentration of humic acid.
Regarding the limiting flux (value of flux from which permeation is independent of trans-
membrane pressure) values, it can be seen that up to, AP = 2.5 bar, flux depends on pressure.
From 2.5 bars onwards, even on an increment of pressure, flux remained the same. The flux
was limited because of the formation of the cake and fouling. Limiting flux for fouled
membrane after 5 mg/L solution filtration was found to be 240 L. m™ h™' , that for membrane

fouled with 10 mg/L solution was found to be 85 L. m™. h™' and that for membrane fouled with
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50 mg/L solution was determined as 42 L. m™. h™. This underlines the fact that increase in

concentration of particles will increase fouling.
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Figure 31 Normalized flux with filtration volume during the filtration of 5 mg/L, 10 mg/L and 50 mg/L
concentrations of Acros humic acid solutions at pH 6.7, AP = 2 bars, T = 20° C for 30kDa regenerated
cellulose membranes.

Fig 31 shows the normalized fluxes with cumulated volume during the filtration of
humic acid in three different concentrations. Flux reduction was the highest for 50 mg/L
solution, followed by 10 mg/L solution and the least flux reduction was found for 5 mg/L
solution of humic acid. At the end of 50 mg/L humic acid filtration, flux reduction was 94%,
which can be attributed to a dense humic acid cake layer. After 10 mg/L filtration, the flux
declined to 76% from the initial value. After filtration with Smg/L solution, flux reduced to
59% from the initial value. Each time, same volume of solution was filtered through each
membrane.

As the concentration of the solution increases, the specific cake resistance of the
cake, which depends on the total mass of the cake, is also increased. Fractal dimension of the
surface of the membrane after fouling with 50 mg/L humic acid was determined as 1.90. A
higher value of fractal dimension points towards a thick and dense cake layer with very less

porosity. Fractal dimension for 10 mg/L was determined as 1.72 which is also a. dense cake,
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but more porous than the cake formed after filtration with 50 mg/L solution. For 5 mg/L, FD
value was found to be 1.62 which is comparatively lower than the above mentioned FD values.
This means that the cake formed after filtration with 5 mg/L was comparatively more
permeable. Meng et al. (2005) reported similar results for membrane bio reactors (MBR). The
authors reported that cake formed on the surface of a membrane is having fractal nature with a
fractal dimension in the range of 1.975 to 1.995. The authors explained that as the fractal
dimension value increases it indicates a less permeable or less porous cake. They have also
correlated cake resistance with fractal dimension. In our study, we found that cake resistance
increases with increase in fractal dimension which also corresponds to decrease in
permeability. Thus it also shows that fractal dimension may be a useful parameter to describe
cake permeability.

Modified fouling index is a parameter which depends purely on cake formation
mechanism (Schippers et al., 1980). It is determined from the slope of the linear portion of t/V

with V curve as shown in the following figure.
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Figure 32 Evolution of t/V with V during the filtration of Acros humic acid solutions at pH 6.7 in
different concentrations (a) 50 mg/L, (b) 10 mg/L and (c) 5 mg/L ; AP = 2 bar, T =20°
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Observing the curves Fig 32, we can see that for (a) 50 mg/L, there are three distinct
portions, of which the first one corresponds to adsorption of particles to the membrane surface,
the second one to cake formation and the third one to cake compaction or cake clogging.
Boelarge et al. (S. F. E. Boelarge et al., 1998) reported that MFI-UF value has a linear
relationship with particle concentration. The MFI value determined for 50 mg/L was 4086 s/L*.
For 10 mg/L, the MFI value obtained was 2479 s/L*and for 5 mg/L, it was 997 s/L*. The lower
value of MFI for 5 mg/L indicates the lower fouling potential of the solution and the higher
value of MFI for 50 mg/ L, indicates the highest fouling potential of the solution.

Streaming potential measurements helped us to analyze the charge related modifications
of the cake (Table 13). Clean membrane had a SP of -17 mV/bar. When it was fouled by 5
mg/L, the charge remained practically the same. But when it was fouled by 10 mg/L solution of
HA and 50 mg/L solution of HA, the SP values had changed to -10mV/bar and -11 mV/bar
respectively. This can be attributed to the dense cake formed on the membrane surface. The
cake itself acted as another membrane due to the high rejection of organic matter, and screened

the charge exerted by the electrical double layer on the shear plane.

Table 13 Streaming potential values for clean and fouled (by 5 mg/L, 10 mg/L and 50 mg/L solutions of
Ha at pH 6.7) YM 30 membranes. KCl = 0.001 M, pH 6.5, T =20 ° C.

Membrane SP (mV/bar) KC1=0.001 M, pH
6.5, T=20°C

Clean YM 30 -17 £ 2

Fouled by 5 mg/L HA -17.5 £ 2

Fouled by 10 mg/L HA -10 £ 1

Fouled by 50 mg/LL HA -11 £ 1
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Partial conclusion 5

From this study with different concentration of humic acid solution, we have found that
as the concentration of the solute increased, membrane solute interactions were also increased,
or in other words fouling was also intensified. Flux decline with time, cake resistance and
modified fouling index found to increase with increase in solute concentration. Fractal
dimension values were also in an increasing trend with increase in solute concentration, which
indicated a dense humic acid cake. Thus, in this study we have combined macroscopic
parameters like hydraulic permeability or hydraulic resistance, modified fouling index and
microscopic parameters like fractal dimension to characterize the humic acid cake formed on a
membrane of ultrafiltration. Streaming potential measurement which is an in-situ parameter
helped us to study the membrane-solute interactions more effectively. Thus our work provides

a new approach to study cake properties and cake formation mechanism.
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D- PERSPECTIVES
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Pre-treatment to minimize NOM fouling

To minimize the effect of humic acid fouling we have done adsorption with a naturally
occurring clay, namely montmorillonite (or bentonite). Membrane used was 100 kDa RC (YM
100). To 5 mg/L solution of bentonite, 2g/L concentration of modified bentonite (mont-Al-
CTAB) (Zermane et al. 2005, Naceur et al. 2004) was added and stirred for 3 hrs to reach

equilibrium. To compare the effect of adsorption, flux vs. time graph was plotted as shown in

Fig.28.
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Figure 33 Evolution of flux with time and normalized flux with filtration volume during the filtration of
humic acid and humic acid+ bentonite suspension. pH of humic acid 6.7, AP = 2 bar, T =20 °C.

Fig. 33 shows the normalized flux with time and normalized flux with filtration volume
both for HA alone and HA-+bentonite. It can be seen that, solution of humic acid alone has
caused more flux decline than HA+bentonite suspension. This can be attributed to the
formation of complexes by humic acid particles with the inorganic groups (metal ions) present
in bentonite. With humic acid alone, the flux decline was 75%. But with HA-+bentonite
suspension, the flux decline was found to be 50%. The 50% flux decline occurred during the
filtration of HA +bentonite can be attributed to metal ion -HA complex adsorption to the

membrane surface (Naceur ef al. 2004, Cheknane et al. 2006)).
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Figure 34 Evolution of pure water flux with trans-membrane pressure for virgin RC 100 membrane,

membrane fouled by HA (Acros Smg/L, pH 6.7, AP = 2 bar T = 20°C) and HA+bentonite(mont-Al-

CTAB 2g/L) suspension.

The hydraulic permeability values obtained after filtration with HA + bentonite was

found to be greater than that obtained for HA alone (Fig. 34). From this, following the

resistance model, the resistances were calculated. R, was found to be 0.67 x 10 2 mand after

Rc for humic acid cake alone was found to be 1.67 x 10 '> m™. But the value of Ryentonite Was

found to be 0.45 x 10 "> m™. Thus in HA+ bentonite filtration, the total hydraulic resistance was

found to be lower than that due to HA alone, Ryentonite Was found even lower than the membrane

resistance.
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Figure 35 Evolution of potential difference (mV) with trans-membrane pressure (bar) for virgin

membrane, membrane fouled by HA (Acros 5 mg/L, pH -.7, AP = 2 bar,T =20°C ) and HA+ bentonite
(mont-Al;;-CTAB 2g/L) Electrolyte KCL 0.001M, pH 6.5.
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Charge related modifications were analysed with the help of SP as shown in Fig 35. For
the virgin membrane, the charge was determined as -45 mV/bar. When it was fouled by HA,
the charge was changed to -18 mV/bar. But when it was filtered with HA+ bentonite, the global
charge of the membrane has become positive. This can be attributed to the inorganic groups
present in bentonite (A", Ca ™", Mg2+ , Si0; etc) which formed complexes with HA particles

and changed the total charge carried by the membrane.
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Figure 36 Evolution of t/V with V for the determination of MFI -UF. [HA] = 5mg/L, pH =6.7,4P =2
bar, [mont-Al;; CTAB] = 2g/L

Modified fouling index (MFI —UF) was determined with HA alone and with
HA+bentonite (Fig 36). The value of MFI-UF for HA alone was found to be 1358 + 140 s/L?
for HA alone and that for HA+bentonite was found to be 594 + 60 s/L*. This indicated that for
HA+bentonite system, the particulate fouling potential of the feed was lowered. This can be
attributed to the lowering of specific resistance of the cake, a, which was further confirmed by

a lowering of R, in presence of bentonite.
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Partial conclusion 6

Filtration of humic acid alone and HA+ bentonite suspension at a constant trans-membrane
pressure of 2 bar was conducted in order to study the pre-treatment efficiency of bentonite. It
was shown that in presence of bentonite, the cake resistance have considerably reduced
comparing to the value of cake resistance inpresence of HA alone. In the case of HA, cake
resistance was the dominant factor of the total resistance, but with HA + bentonite, cake
resistance was found to be even lower than the membrane resistance, Ry,. This result opens
interesting perspectives to the utilization of UF coupled with bentonite for the elimination of

NOM from sea water before passing to RO desalination.
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AWWAREF project (CONFIDENTIAL RESULTYS)

The second part of the perspectives of our work deals with “Natural Organic Matter
Fouling of Low Pressure Membrane Systems”. This work was included in a project (RFP n°
2952) of the AWWARF (American Water Work Association and Research Foundation), with
the Principal Investigator: James C. Lozier (P.E. CH2M HILL) and the Co-Principal
Investigators were Gary Amy, (University of Colorado, USA) and J.P. Croué (Poitiers

University, France) and M. Ponti¢ (Angers university, France).

In this study we analyzed three UF membranes in the form of hollow fibers : A,
hydranautics Polyethersulfone (PES) UF membrane; B, Zenon Polyvinylidene fluoride (PVDF)
UF membrane: C, Norit (PES) UF membrane We conducted SEM, contact angle, and SP
experiments before and after fouling with natural water in order to determine morphology
aspects of the surface, FD, hydrophilicity of the surface and the charge and the IEP of the

membranes before and after fouling

FESEM analysis results

Hollow fibres were cut into three different pieces in order to observe external surface, internal

surface and the transverse section as shown in Fig. 37.

Figure 37 Pieces of one fibre cut in order to see the exterior and interior surfaces and the circular
transverse section of the membranes inside SEM chamber
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Figure 38 External surface of A- Hydranautics (PES) and C- Norit (PES) membrane in a magnification
of 5000 in the clean state.

As shown in Fig. 38 pores of membrane A appear to be smaller than that of membrane C. To
analyze them more precisely, the FD values were calculated. For membrane A, the FD value
was determined as 1.35 and for membrane C, it was determined as 1.52. Thus the difference in
morphology was made clearer with FD determination. These membranes are PES ultrafiltration
(UF) membranes with In-Out configurations. FESEM analysis of the interior surface of these

membranes are also performed which is indicated in Fig. 39.

= A263"320KY

Figure 39 Internal surfaces of both A-Hydranautics and C-Norit membranes in a magnification of 5000

The interior morphology of these fibers did not appear to be similar. For interior suface of
membrane A, FD value was determined as 1.31and that for membrane C was determined as
1.52. Thus fractal dimension can be used as a new tool to analyze the morphologies of

membranes along with SEM analysis.
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Figure 40 FESEM image of cross section of membranes A, B & C in a magnification of 500

Fig 40 shows the cross section of the hollow fibres. Membrane B appeared to be lower in
thickness than that of the other two PES membranes. Membrane characteristics obtained from
FESEM observations are listed in Table 14. It has been observed that both the PES membranes
are having the similar inner diameter values and slightly different outer diameter values. The

thickness values varied from 130 to 200.

Table 14 Membrane characteristics from FESEM observations

Membrane Material Outer Diameter Inner Diameter Thickness
(um) (um) (um)
Hydranautics PES 1050 725 200
A
Zenon PVDF 821 479 131
B
Norit PES 1172 735 158
C
AFM results

AFM characterisations have been performed in order to understand the difference in
topography of the membranes. The resulting roughness for 1 scan (10x10 um?), is reported in
Table 15. The roughness parameter (Ra) was automatically calculated by the AFM apparatus
itself. The mean roughness is the mean value of surface related to the central plane and that of

the plane for which the volume enclosed by the image above and below is equal.
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Table 15 Average roughness (Ra) of samples A, B and C

Membrane A B C
Field analyzed 10x10 wm? 10x10 pm® 10x10 pwm?
Ra (nm) 49 18 40

Concerning the virgin UF membranes, the lower roughness is observed for the

membrane B which is made of PVDF. Furthermore, membranes A and C are very similar due

to the fact that they are made of the same material, PES.

SP and IEP determination

Streaming potential measurement is a powerful tool which helps to characterize the active layer

of the membrane. It helps us to determine the charge related modifications of the membranes.

The system used for the determination of Streaming potential is shown on Fig. 37. Streaming

potential measurements were carried out both for clean membranes and fouled membranes.

Following the SP values for different pH, we determined the isoelectric point (IEP) of the

membrane. On IEP, SP or membrane charge vanishes.
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Figure 41 Evolution of SP with pH for the determination of IEP of clean Hydranautics PES

membrane.[KCI]
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The IEP values obtained for clean PES membranes were similar (2.8 £+ 0.5) as indicated

in Fig. 41 and Table 16. Both the membranes A and D are made of the same material and

exhibited the same value of IEP. Even though both the membranes are having the same IEP,

the membrane charges determined at normal pH were not the same.

Table 16 IEP/Membrane charge values for clean membranes

Membrane Material SP (mV/bar) IEP
KCl=2.10*M
pH 6.5, T =20°C
Hydranautics A PES -190+5 28+0.5
Zenon B PVDF -80+5 No iep
Norit C PES -126+5 2.8+0.5

For Hydranautics (PES) membrane, the charge obtained was -190 mV/bar and for Norit (PES)

membrane the charge obtained was -126 mV/bar. For PVDF membrane we could not determine

the IEP. In all the range of pH values, the membrane was negatively charged.

Pyrolysis Results (GC/MS at 400° C)
Pyrolysis of clean membranes was realized using Gas chromatography/mass spectrometry at

400° C.
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Fig. 42 shows the pyrrochromatogram of PES membrane, D-Norit. SO, and phenol are
produced from the thermal degradation of the polymer. Pyrrolidinone is a product added by the
manufacturer to make the membrane more hydrophilic. Hydroxypropanaone is produced from
the thermal degradation of glycerine which is a preservative, to prevent drying during

transportation.
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Figure 43 Pyrochromatogram of virgin Hydranautics PES membrane.

As shown in Fig. 43, Hydranautics is similar to Norit except in the fact that it contains lower
amount of glycerine. All other groups like phenol, sulphur dioxide are found in Norit also

which is generated from the membrane material, polyethersulfone.
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Figure 44 Pyrochromatogram of virgin Zenon PVDF membrane.

This pyrochromatogram (Fig. 44) showed the presence of highly hydrophilic products in the

membrane. Presence of carbohydrates should also be considered.
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Results for contact angle measurements.

Contact angle measurement helped us to analyze the hydrophilicity/hydrophobicity. Total
wetting of Hydranautics (A) and Norit (C) membranes didn’t allow the measurement of the
contact angle. Zenon clean membrane showed contact angles 63°.

Fouled fibre autopsies

FESEM Analysis
We analysed one fouled fibre (Zenon PVDF) which is fouled by Tampa bay water NOM. Fig.
45 shows the clean fibre the deposit of NOM on the fibre, which also shows the external

surface of the membrane in a magnification of 5000.

Figure 45 External surfaces of clean and fouled of Zenon PVDF showing the NOM in a magnification
of 500 and 5000
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Fig. 45 shows the SEM images of virgin and fouled fibres of Zenon PVDF. SEM images
showed the presence of NOM on fouled fibers. To understand the morphological differences
more accurately, we have determined the fractal dimension of the virgin and fouled surfaces
(x5000). The virgin membrane surface FD was determined as 1.33 and that for fouled
membrane surface was determined as 1.52. Thus the structural changes are made clearer with
the help of FD.

We have also analysed the inner side of the fibre B (Fig.46). We could not see any

fouling inside the membrane, which confirmed the “out-in” configuration of the membrane.

Figure 46 FESEM image of the Inner side of the fouled Zenon PVDF membrane x 500

FESEM analysis is a very useful analytical tool, which helped us to diagnose the
changes in morphology caused by fouling.

Contact angle measurements

After fouling, the contact angle increased from 84° (virgin) to 90° (fouled) which
indicated the hydrophobic nature of the NOM

SP measurements and IEP determinations for Fouled fibres

Fig.47 shows the IEP values before and after fouling. In the clean state the membrane
was negatively charged in all the pH ranges. But in the fouled state, there was an apparition of
[EP. The value obtained was 5 = 0.5. This can be explained by the modification of the global

charge of the membrane due to the deposition of NOM on the surface/inside the pores.
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Figure 47 Evolution of SP with pH for Zenon PVDF membrane before and after fouling.

The IEP displacement (Fig. 47) can be attributable to the presence of positively /neutrally
charged groups of NOM deposited inside the fibre, as reported elsewhere (Violleau et al.
2005). Further experiments were conducted in order to determine the chemical nature of those
foulants (results not shown).
Partial Conclusion 7

Membrane Autopsy of clean and one fouled membranes were done. SEM, AFM,
streaming potential and IEP measurements and contact angle measurements were performed.
SEM analysis of clean membranes showed that the PES membranes are having similar
morphology and PVDF membrane is having a different morphology. We analysed one fouled
fibre of Zenon PVDF and it showed the NOM deposits on the exterior surface and not in the
interior which confirms the out-in configuration of the fibre. AFM analysis of clean membranes
was done to understand the topography. It also confirmed the similarity between Hydranautics
and Norit membranes as observed in SEM (both are PES membranes). Zenon PVDF membrane
posses lower roughness in the clean state. From contact angle measurements, all the clean
membranes are having hydrophobic character (63-84°). Contact angle measurements of Zenon
PVDF showed a contact angle of 90° after fouling, which showed the hydrophobic nature of

the NOM (fouled by Tampa bay water). SP and IEP measurements showed the charge related
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modifications on the clean membranes and fouled membranes. All the clean membranes were
negatively charged. Apparition of IEP on the fouled Zenon membrane showed the presence of

neutral or positively charged groups in NOM.
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In the first publication (a) presented a preliminary study of fouling due to humic acid
on a flat sheet regenerated cellulose 100 kDa membrane used for ultrafiltration (UF). Humic
acid used was Aldrich in a concentration of 5 mg/L at a pH 6.7. It is reported that humic acid
fouling is mainly governed by cake formation. The originality of the work lies in a double
approach on cake analysis at both microscopic and macroscopic scales. Extend of fouling was
analyzed in terms of percentage of flux decline with time, resistance in series, modified fouling
index for ultrafiltration (MFI-UF) etc. We obtained that the cake resistance contributed 52% to
the total resistance, which was higher than that of the membrane resistance. Adsorption
resistance (membrane in contact with the solution for 2 hrs) contributed only 2% to the total
resistance. From FESEM images, it was found that the humic acid cake is well organized, and
particularly in fractal forms. The fractal dimension (FD) of the cake was determined using
fractal box counting method. The value of fractal dimension in three dimensions for clean and
fouled humic acid cake for 100 kDa membrane was determined as 2.52 in three dimensions.
Theoretically a FD value of 2.51 corresponds to particle-cluster aggregation coming under
diffusion - limited aggregation (DLA). The classical slit density index (SDI) and the new
modified fouling index (MFI-UF) were obtained also proved the presence of the cake. Trans-
membrane streaming potential measurement (SP) was carried out to complete this approach
which helped us to differentiate pore penetration from cake formation. Thus an original
approach combining macroscopic and microscopic parameters for the analysis of humic acid
cake formed on membrane was developed, for a better understanding of membrane fouling due
to NOM in drinking water treatment.

The second publication (b) was focused on membrane autopsies conducted on hollow
fibre membranes with which real raw surface water was filtered. Another study was a
characterization of two different humic acid fractions, hydrophobic (denoted as HPOA) and

transphilic or non-humic (TPIA) which were isolated from Blavet river (France) using a
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polyamide flat sheet nanofiltration membrane (commercial name NF -55). A large panel of
analytical tools, including scanning SEM, AFM, contact angle measurements, electron
spectroscopy for chemical analysis (ESCA) and pyrolysis by gas chromatography/mass
spectrometry (GC/MS) was used in this study. Complementary information was obtained from
the analyses feed water, permeate and backwashed water solutions (DOC, UV 254, HPSEC,
total amino acids, total amino sugar, hardness and alkalinity). Results showed a severe flux
decline for MF membranes comparing with UF membranes. Also, out of the MF membranes,
PVDF membrane (appeared rougher more hydrophobic than PS, appeared more negatively
charged) showed higher flux decline than MF PS. GC/MS showed more light to the suspicion
(from SEM and AFM) that there was bio-fouling in MF PVDF. Analysis of backwash water
also confirmed the presence of bacteria. The comparison of the affinity of both the NOM
fractions were verified with polyamide membrane using hydraulic permeability measurements,
contact angle measurements, streaming potential measurements and NaCl permeation
measurements. HPOA was retained inside the pores compared to TPIA which was adsorbed on
the surface. Furthermore, membrane acidic-basic properties were amplified after deposition of
foulants because of the sorption of monovalent and divalent ions.

Third publication (c¢) is a review which reports all the analytical tools used for
membrane autopsies in sea water feeds. We have given a detailed account of different types of
new pre-treatment possibilities before seawater reverse osmosis (RO) such as ultrafiltration
(UF), microfiltration (MF), nanofiltration (NF) and membrane bioreactors (MBR). The last part
gives an account of brine disposal, reuse of RO modules and a discussion about fresh water

price is also presented.
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F-GENERAL CONCLUSION
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Our objective was to characterize the humic acid cake formed on flat sheet
ultrafiltration membranes to understand the fouling phenomena occurring during drinking
water treatment.

As a preliminary study, regenerated cellulose 100 kDa membranes were subjected to
humic acid fouling and the results showed that the cake resistance is the dominant part in total
hydraulic resistance which confirmed the fouling mechanism of cake formation. Moreover,
SEM images of the humic acid cake revealed well organized fractal structures. Thus as we have
used this microscopic parameter along with the macroscopic parameters like percentage of flux
decline with time, hydraulic permeability (before and after fouling), resistance of the cake and
modified fouling index for a better analysis of fouling. Furthermore, trans-membrane streaming
potential measurements were also done (before and after fouling) to analyze the charge related
modifications on the membrane due to fouling.

We have carried out different fouling experiments with varying operating parameters
like pH of the solution, MWCO of the membrane, trans-membrane pressure and humic acid
concentrations.

The results of different pH experiments showed that the highest degree of fouling
happened at neutral pH (pH 6.7) and the lowest degree of fouling happened at basic pH (pH
9.5). The results were explained in terms of particle size, charge and conformation of the humic
acid particles in different solution pH. At neutral pH, the humic acid particles were very close
to their isoelectric point (IEP for Acrés humic acid 6.99) and the presence of neutrally charged
particles in solution intensified the fouling process because of a lack of electrostatic repulsion.
At higher pH, the humic acid macromolecules were having a smaller macromolecular
configuration because of the reduced inter chain electrostatic repulsion. Smaller particles can
form a more thickly packed cake, which was confirmed from the highest fractal dimension

value at acidic pH. A lowest value of fractal dimension was observed at basic pH, which
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further indicated a thin and loosely packed cake (confirmed from lower FD values), which was
the cause of the lowest fouling at pH 9.5.

Fouling studies with three different MWCO (100 kDa, 30 kDa and 10 kDa) of
regenerated cellulose membranes were carried out in order to understand the role of MWCO in
fouling. It was shown that the tighter membranes were less fouled comparing with the higher
MWCO membranes. Out of the three MWCOs used in our study, the 100 kDa membrane
showed the highest degree of fouling and the 10 kDa membrane showed the lowest degree of
fouling. But one of the problems encountered in the 10 kDa membrane filtration was the low
permeate flux. Cake resistance and the membrane resistance were equally dominant in the 30
kDa membrane. So applying proper operating conditions like trans-membrane pressure and a
careful selection of solution pH and ionic strength, we can produce better performance from the
30 kDa membrane. Fractal dimension showed a correlation with hydraulic permeability as well
as with MWCO. It was found that, fractal dimension decreased with decrease in permeability.

Trans-membrane pressure is one of the very important factors affecting fouling. Fouling
experiments with 5 mg/L. Acrds humic acid showed that the highest degree of fouling was
happened at 4 bars constant pressure filtration and the lowest degree of fouling was caused at 2
bars constant pressure filtration. In all the three trans-membrane pressures, cake formation was
the dominant fouling mechanism. But in the case of 4 bars constant pressure filtration, some
extend of pore penetration was also happened which is confirmed from the SP values. MFI
values were found to be increasing with trans-membrane pressures which also confirmed the
higher extent of fouling occurred at 4 bars. FD values of fouled cake surfaces showed a linear
relation with cake resistance, Rc.

Fouling studies with humic acid Acrds in three different concentrations (5 mg/L, 10
mg/L and 50 mg/L) were conducted. We have found that as the concentration of the solute
increased, membrane solute interactions were also increased, or in other words fouling was also

intensified. Flux decline with time, cake resistance and modified fouling index were found to
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increase with increase in solute concentration. Fractal dimension values were also in an
increasing trend with increase in humic acid concentration.

Thus we have developed a new approach in humic acid cake analysis combining both
macroscopic and microscopic parameters. The originality of our work lies in the combination
of macroscopic and microscopic parameters for a better understanding of humic acid cake
formation and a better understanding of membrane fouling in drinking water treatment.
Macroscopic parameters like percentage of flux decline with time, MFI-UF, resistance in series
were applied along with microscopic parameters like fractal dimension and SEM images. To
complete this approach, trans-membrane SP measurements (in situ tool) were also conducted
with a newly developed SP apparatus, which worked with software profluid 3.0, helped us to
better understand the fouling phenomena, due to humic acid cake formation.

As an extension of this study, effectiveness of a pre-treatment method was studied. Pre-
treatment was done with a naturally occurring clay namely bentonite. It was found that in
presence of bentonite, the cake resistance as well as the total hydraulic resistance were
considerably decreased comparing to the filtration with humic acid alone. Thus, the pre-
treatment was effective and can be employed to sea water before passing to RO desalination to
remove NOM.

This method was extended to hollow fibre membranes coupled with membrane autopsy.
The fibres were fouled with real water NOM (Tampa bay water, USA). SEM, AFM, streaming
potential and IEP measurements and contact angle measurements were performed. Fractal
dimension determination of clean and fouled external surfaces of the fibre helped us to analyze
the morphological changes due to NOM deposition more precisely.

An original approach combining macroscopic, microscopic and in situ tools helped us
to better characterize the humic acid cake formed on UF membranes. Thus our study gives a
new insight into NOM fouling in low-pressure membrane processes dedicated to drinking

water treatment.
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Le travail de thése de M®"® Anju Thekkedath a été réalisé sous la direction du Professeur
Maxime Pontié, au sein du Groupe Analyse et Procédés de I'université d’Angers. Le mémoire
est rédigé en anglais selon un plan assez original : 78 pages exposent le travail réalisé, elles
sont suivies de 14 pages de perspectives qui constituent un projet AWWAREF confidentiel, puis
3 publications issues de ce travail et parues dans des revues internationales a comité de lecture,

une conclusion générale de 3 pages et enfin 95 références bibliographiques.

Le mémoire est organis¢ en 4 parties

A- Introduction (5 pages)

B- Etude bibliographique (16 pages)

C- Etudes fondamentales avec des membranes planes utilisées en filtration frontale (40 pages)
D- Perspectives (14 pages)

Introduction : Les objectifs scientifiques et techniques de la thése sont clairement exposés dés
I’introduction. Il s’agit de contribuer a la compréhension du colmatage de membranes
d’ultrafiltration en cellulose régénérée (RC) par la matiére organique naturelle (NOM) présente
dans des eaux naturelles a potabiliser, qui est un verrou scientifique et technique du procédé
considéré.
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Les membranes en cellulose régénérée, avec les membranes en polysulfone, sont les
plus utilisées a 1’échelle industrielle pour ces applications, d’ou I'intérét de 1’étude proposée.
Les membranes choisies sont sous forme plane et utilisées en cellule non agitée alors que 1’on
utilise des membranes fibres creuses, généralement immergées, a 1’échelle industrielle.
L’auteur aurait avantageusement pu évoquer les difficultés qui pourraient étre rencontrées pour
la transposition d’une géométrie a 1’autre et discuter également du role possible de I’agitation.

La complexité de la NOM fait que, comme toujours dans les milieux complexes, la
modélisation du colmatage a priori n’est pas possible et par suite la prédiction des flux en
cours de production non plus. De nombreux travaux existent dans ce domaine, qui n’ont pas
encore permis la totale compréhension des phénoménes fondamentaux qui régissent le
colmatage ce qui manque pour une meilleure maitrise des opérations industrielles. La démarche
méthodologique proposée est fondée sur la filtration de solutions modeles d’acides humiques
dans I’eau ultrapure, qui sont une partie identifiée de la NOM responsable du colmatage des
membranes.

L’approche proposée ici s’inscrit dans une démarche moderne et multi-échelles ou
analyses macroscopiques et microscopiques se complétent, en ayant recours a différentes
techniques d’analyses sophistiquées telles que I’AFM et la mesure de potentiel d’écoulement
(utilisant un pilote et un logiciel ? mis au point au laboratoire). L’analyse des dimensions
fractales du dépdt a partir des clichés de microscopique électronique a balayage (MEB) est
originale et pertinente. Selon une démarche désormais devenue classique, 1’auteur cherche a
tirer partie des autopsies destructives de membranes colmatées. Elle utilise les techniques citées
ci-dessus ainsi que la mesure d’angle de contact pour suivre I’évolution de la balance
polaire/apolaire de la surface membranaire avant et apreés colmatage.

La partie B introduit les notions utiles a I’étude qui va suivre :

- les équations nécessaires pour décrire le colmatage des membranes (modele des

résistances en série, modeles de blocage des pores, index de colmatage modifi¢ (MFI))

- le potentiel d’écoulement pour caractériser les charges de surface des membranes. I est
introduit avec précision et je suppose qu’au plan expérimental ce seront des mesures a travers

les pores des membranes et non pas en surface car ce n’est pas clairement explicité ici.

- la NOM. Il est plusieurs fois indiqué que la composition de la NOM est complexe, mais
aucune des formules (pourtant utiles a la compréhension des interactions physico-chimiques)
des acides humiques, fulviques n’est proposée. De méme 1’auteur fait référence a une large
gamme de taille des constituants de la NOM sans précision sur les valeurs limites qui

permettraient de comprendre le choix de I’UF.

- les procédés a membranes sont tres brievement décrits. Par contre la bibliographie sur les

applications UF/MF (et un peu NF) au traitement de 1’eau a potabiliser est bien documentée.
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L’auteur insiste également sur les prétraitements physico-chimiques possibles de 1’eau avant
ultrafiltration et leurs impacts sur le colmatage. Elle souligne les résultats antagonistes publiés
en particulier dans le cas des ajouts de charbon actif (sans effet sur le colmatage quand ils sont
seuls en suspension), mais sans donner son analyse personnelle de ces résultats (on sait par

exemple que le Procédé¢ Cristal est développé a grande échelle, mais il n’est pas mentionné...).

- la théorie sur les dimensions fractales est présentée. J’aurai aimé¢ comprendre ici
comment I’auteur envisage de I’utiliser dans son travail, car il n’est présenté aucun lien avec la
filtration, bien que de la bibliographie sur ce point apparaisse succinctement dans la discussion
de la partie C. Il m’a finalement semblé¢ au fil de la lecture du manuscrit que plus 2D- FD est
¢levée plus le dépot est compact (page 74) mais j’ai parfois cru comprendre le contraire (page
44) ou lorsque I’on compare FD d’une membrane neuve (FD= 1.33) que je suppose plus
« dense » que le dépot a la méme membrane, mais colmatée (FD= 1.52) (page 91).Un effort de

clarification est nécessaire pour la version définitive du manuscrit.

- les techniques analytiques, principalement macroscopiques, pour réaliser les autopsies
sont citées mais sans détails utiles qui permettraient au lecteur de comprendre ce que 1’on peut

en attendre ; introduction aux techniques généralement bien venues dans des chapitres de thése.

Finalement, je considere que la plupart des notions nécessaires a la compréhension de 1’étude
sont introduites selon une démarche classique dans une publication, mais d’une fagon trop
bréve a mon golit pour un manuscrit de theése. Ce chapitre nécessiterait, a mon avis, des

compléments dans une version définitive.

Il n’y a pas de chapitre Matériels et Méthodes dans ce manuscrit ce qui constitue un
manque important & mon avis. Par exemple il faut attendre la page 49 pour savoir que la
membrane RC est une YM100 et la page 58 pour savoir qu’elle est fabriquée par Millipore et

avoir ses caractéristiques...
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L’auteur renvoie le lecteur a la littérature sans lui donner les clefs de ses expériences (dont les
incertitudes sur certaines mesures qui sont pourtant décisives pour les commentaires ultérieurs).
I1 semble qu’une partie de cette these ait été concernée par la mise au point d’un pilote de
mesure de potentiel d’écoulement. Sachant la difficulté que ce type de travail représente, il est
dommage que ce ne soit pas mentionné de fagon plus détaillée dans le manuscrit. Finalement,
je considére comme un manque important, I’absence d’un chapitre expérimental qui aurait
rendu le manuscrit auto-suffisant au lieu de renvoyer a des publications qui, certes, explicitent
certains points, mais ne permettent pas de juger du recul de la candidate sur ces différents

aspects qui, a mon sens, sont fondamentaux pour un expérimentateur.

La partie C constitue le cceur du travail de la these, elle fait ’objet de 5 sous-parties.

La premieére partie résume les expériences préliminaires réalisées en filtration frontale
sans agitation sur une membrane de 29 cm” en cellulose régénérée de seuil de coupure 100
kDa. La solution mod¢le est constituée d’acides humiques (Aldrich) a 5 ppm dans de 1’eau pure
(pH 6.7). Le modele des résistances en série permet de montrer que le colmatage de la
membrane est principalement di a la formation d’un gateau et que le colmatage par adsorption
des HA est assez faible ce qui était escompté en raison de la forte hydrophobicité¢ des HA et de
I’hydrophilie de la membrane. La description du colmatage est ensuite approfondie par
I’utilisation de 2 techniques :

- la mesure du potentiel d’écoulement (SP) révele la diminution de la charge des pores
de la membrane, variation occasionnée par le colmatage en profondeur par les HA (-27 mV bar’
"4-13 mV bar', KCl 1 mM, pH 6.7). La mesure de la taille des HA conduit & des valeurs entre
220 et 290 nm et ne permettrait pas d’expliquer ce colmatage en profondeur. Je me demande si
ces mesures de taille correspondent a des HA libres ou a des agrégats solubles, ce dernier cas
permettant alors de comprendre le transfert de HA a travers les pores de la membrane.

- la caractérisation du dépot par ses dimensions fractales conduit a une proposition de
type DLCA, c'est-a-dire une couche compacte obtenue par agrégation de particules sous une
forme dite « cluster de particules » par-dessus laquelle s’agrégent des particules sous une forme
moins compacte (ou plus poreuse) dite « agrégation sous forme de cluster de particules limitée
par la diffusion ». Cette description est intuitivement satisfaisante et en accord avec d’autres
propositions de la littérature.

La seconde partie ¢tudie le réle du pH de la solution modele de HA sur le colmatage
de la membrane RC. Le colmatage de la membrane est fonction du pH : il est plus important a
pH 6.7 (réduction du flux -88%) qu’a pH 3.0 (-68%) ou pH 9.5 (-53%). Afin de mieux analyser
le phénomene, au plan fondamental, les potentiels d’écoulement des membranes colmatées ont
été déterminés ainsi que la taille des HA.

- Les figures 12, 15 et 16 proposent des valeurs de SP qui ne me semblent pas toujours
étre les mémes, et ce point devrait étre clarifié pour faciliter la compréhension de la discussion
(Par exemple SP# 0 mV bar™ a pH 6.7 fig. 12 et SP # -30 mV bar’', fig 15, peut étre ne s’agit il
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pas de la méme membrane... ? De méme les tailles oscillent entre 220 et 300 nm fig 12 et 250
et 2500 nm fig 15...Y a-t-il eu une filtration 0.45um dans le premier cas et pas le second... ?).

- La dimension fractale 2D-FD a été déterminée a partir des clichés MEB des dépots
aux différents pH. FD # 1.6 dans les trois cas (1.57, 1.62, 1.52 pour pH 3.0, 6.7, 9.5,
respectivement). D’apres le Tableau 4, les MFI a pH 3.0 et 9.5 me semblent concordants (544
et 490 s L2, + 50(55), respectivement) et par suite je suppose que les FD pourraient 1’étre
¢galement. La soutenance orale pourra étre 1’occasion de discuter ce point.

La troisiéme partie ¢étudie le role du seuil de coupure de la membrane RC sur le
colmatage par les HA. Trois membranes en RC ont été utilisées YM10, YM30 et YM100, de
seuil de coupure MWCO 10, 30 et 100 kg mol™, respectivement. Je suis surprise de la petite
taille de pores annoncée en particulier pour la YM10 (1 nm) qui n’est manifestement pas une
membrane de NF, de méme que la YM100 (10 nm) sachant que des membranes minérales M1-
Orelis de MWCO 150 kDa ont des pores de 100 nm...L’étude est réalisée a 2 bar et pH 6.5-6.7
qui correspond au pH pour lequel le colmatage par les HA est le plus sévere et également au
cas réel du traitement d’eau de surface.

- Bien qu’a base de RC les 3 membranes neuves ont des caractéristiques différentes :
elles sont toutes chargées négativement mais les valeurs de SP varient : -7, -17 et -46 mV bar™,
la charge étant d’autant plus forte que MWCO est €levé. Apres colmatage les membranes 30 et
100 kDa présentent les mémes SP (-18 mV bar') mais les membranes 10 kDa et 30 kDa ont
conserveé leur charge initiale.

- Les résultats montrent que la perte de flux, diie au colmatage par les HA, est d’autant
plus importante que le MWCO est élevé. (-85%, -48%, -22%). 1l est intéressant de souligner
que la perméabilité des membranes en fonctionnement varie entre 20 et 155 L h! m bar™ alors
que les perméabilités initiales étaient beaucoup plus éloignées (de 28 4 597 L h”' m™ bar™). Ces
mesures montrent bien que ce sont les HA qui imposent la perméabilité plus que le MWCO de
la membrane elle-méme.

- La dimension fractale FD du dépo6t diminue (de fagon non linéaire) avec MWCO. Cela
signifie-t-il que le dépdt est plus compact avec une membrane de faible taille de pores, dans
lesquels les HA ne pénétrent pas, qu’avec des membranes plus ouvertes ou les HA sont (peut
étre) susceptibles de pénétrer ?

La quatriéme partie ¢tudie le role de la pression transmembranaire (PTM de 1 a 4 bar)
sur le colmatage d’'une membrane RC 30 kDa par une solution modele de HA a 5 ppm a pH
6.7. Les résultats montrent que le colmatage irréversible est plus important aprés UF a 4 bar.
Cependant I’ordre relatif des résultats aprés UF a 1 et 2 bar est troublant (colmatage
irréversible plus important a 1 bar qu’a 2 bar) et mériterait d’étre commenté plus en détail.
Dans la mesure ou SP (avant et apreés colmatage, respectivement) est identique pour les 3 essais
les variations sont discutées en terme de compression possible du dépdt, mais les valeurs de o
(résistance spécifique du gateau) et celles du facteur de compressibilité (n) ne sont pas fournies
ce qui est dommage puisqu’il est écrit qu’elles ont été calculées.

Finalement une relation empirique linéaire est alors proposée entre FD et la résistance de
colmatage dlie au dépot : la résistance est d’autant plus importante que FD est petite et on
aimerait connaitre la variation de FD avec n.

La cinquiéme partie ¢tudie le role de la concentration en HA (5, 10 et 50 ppm) sur le
colmatage de la membrane RC 30 kDa a pH 6.7. Le colmatage irréversible de la membrane par
les HA est mis en évidence par la mesure de SP pour les concentrations élevées en HA (SP # -
10 mV bar’') mais pas avec la solution & 5 ppm, ce qui laisse supposer que dans ce cas la
surface des pores n’est pas encore totalement saturée par HA au contraire des solutions plus
concentrées.

Le colmatage global ainsi que le colmatage irréversible sont d’autant plus importants que la
concentration en HA est ¢élevée. Le MFI et FD augmentent avec la concentration en HA.
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L’application du modele du gel qui est tentée ici me semble discutable, compte-tenu de la
faible corrélation obtenue (figure 28).

La partie D décrit les perspectives de ce travail sous la forme d’un projet de TAWWARF
(American Water Work Association and Research Foundation) traitant de différentes
membranes fibres creuses et utilisant des HA ou parfois une eau réelle (Tampa Bay water,
USA). Je ne commente pas de fagon détaillée cette partie compte tenu de sa confidentialité,
mais elle est clairement orientée vers la valorisation des résultats décrits ci-dessus et implique
plusieurs partenaires internationaux.

Ce projet utilise des analyses complémentaires comme 1’AFM, I’évaluation de 1’hydrophobicité
de surface par mesure d’angle de contact et I’analyse des composés issus de la pyrolyse de la
membrane neuve, par chromatographie en phase gazeuse couplée a un détecteur spectrometre
de masse (GC-MS) qui est le seul détecteur structural permettant d’identifier, sans ambigiiité,
les différents constituants. Cette dernieére analyse serait probablement intéressante si elle était
réalisée sur membrane colmatée pour identifier les HA responsables du colmatage irréversible.

La conclusion dresse en 3 pages un bilan succinct du travail effectué et des conclusions et qui
s’en dégagent, les perspectives ayant ét¢ largement détaillées dans la partie D.

En conclusion, ce travail de thése constitue un apport a la compréhension du colmatage des
membranes en cellulose régénérée par des substances humiques lors de la filtration d’eaux de
surface. Le choix méthodologique d’utiliser des membranes planes permet la mise en ceuvre de
techniques d’analyses multiples et adaptées qui seraient d’un emploi plus délicat avec une
géométrie fibre creuse. La mise au point d’analyse en ligne demeure cependant un enjeu
important pour une production durable et on peut espérer y parvenir avec les mesures du
potentiel d’écoulement bien qu’elles soient particulierement délicates a maitriser et nécessitent
encore probablement de la mise au point. Au plan fondamental, 1’utilisation de dimensions
fractales pour décrire des dépots plus ou moins denses et compressibles est originale et
pertinente. Les relations empiriques proposées sont une premicre étape dans 1’utilisation de FD
qui pourra sans doute étre encore développée dans le futur.

Certains passages du manuscrit devront étre clarifiés dans une version définitive pour en
faciliter la lecture et la soutenance orale sera I’occasion de les préciser.

Les résultats de ces travaux ont été valorisés sous la forme de plusieurs publications parues
dans des journaux internationaux a comité de lecture, jointes au corps du manuscrit.“J ’émets
¢ _Anju

Y

donc un avis favorable a la soutenance de thése de doctorat de M
THEKKEDATH.

Rennes, le 15 novembre

Murielle Rabiller-Baudry
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Université d’Angers — Ecole Doctorale
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Rapport de Pré-soutenance de la Thése de Mme Marie Anju
" THEKKEDATH

Mrs. Marie Anju THEKKEDATH’s PhD Pre-Defense Report

Mrs. Marie Anju THEKKEDATH submitted her PhD thesis in English on “Efude de
colmatage de membranes d'ultrafiltration par les matiéres organiques naturelles:
Intensification de la production d’eau destinée & la consumation humaine” for reviewing
and approval to present her research work to obtain the PhD Degree from Angers
University, Ecole Doctorale d’Angers, Spécialité: Chimie Analytique. The Thesis was
prepared under the supervision of Professor Maxime PONTIE, Angers University,
France.

The aim of this work was to investigate the fouling problem in ultrafiltration membranes
in drinking water treatment applications and test their resistance to natural organic matier
(NOM) fouling especially humic acid (HA) foulants and its control.

The thesis consists of three main parts. After an overview and state of the art of
membrane fouling due to NOM and the different methods to characterize and analyze the
foulants, the experimental results and their discussion were clearly presented in the main
part of the document, Finally, a pretreatment method was used to minimize NOM fouling
and some important results from American Water Work Association and Research
Foundation (AWWARF) project were presented in perspectives. The Author included
two papers published in Desalination and one paper in Chimie Joumnals of Elsevier before
presenting the conclusions.

The Thesis is of good quality and presented very interesting results but it is poorly
written with a lot of grammar and typing mistakes except iniroduction and conclusion
which are aceceptable. Furthermore, different formats are used in the different figures,
lables, titles and most of the paper contents. Mme THEKKEDATH should be more
careful in presenting her results. For example, in figure 22, the flux in plotted versus
transmembrane pressure for different pressures! The fact that English is not the author’s
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native language may not be a good excuse for the poor quality of presentation especially
in discussion and interpretation. Mme Marie Anju should extensively revise the entire
thesis before providing the final version to the University library.

The bibliography part could be improved by presenting some information and details on
different types of fouling and foulants, especially particulate fouling due to NOM.

The influence of the different operational parameters mainly pH of solution, membrane
molecular weight cut-off (MWCO), transmembrane pressure and HA concentration, on
the transient filtration rate were presented. However, it is not mentioned why feed
temperature was always kept constant. It might be one of the most important parameters
which influence the flux.

The double approach on surface analysis at both macroscopic and microscopic scales is
very interesting. The physico-chemical approach strengthens the filtration mechanisms
explanation since HA particles might change their charge by changing some operating
parameters.

Fractal dimension of the cake and streaming poicntial measurements conducted with in~
situ apparatus gave an excellent and additional approach to the interpretation. However,
the author did not take this opportunity to correct the contradiction between the results of
the two approaches. In the text, sometimes it is stated that there is no penetration of HA
particles within the membrane pores (standard fouling) because the mean particle size is
much bigger than the membrane pore size and sometimes il is sated that there is an
internal blocking. This contradiction could be avoided by the author since she got an
extensive results supported by SEM images. The main reason of this contradiction is that
the anthor is comparing the mean particle size with the membrane pore size which, in my
opinion, has no meaning. The pore size should be compared to the smallest particle size
of I1A; hence, the mean particle size represented in figures 12 and 15 should be replaced
by the particulate and NOM size distribution to compare and understand the flux decline
due to irreversible fouling of the membrane potes and reversible fouling with cake
deposition formation protecting the internal texture of the membrane. Then, most
probably there is penetration of the smallest HA particles in the membranc pores since
earlier works showed HA pass through the pores even in NF membranes. The analysis of
the permeate quality can confirm this result. It is also interesting to check the HA particle
size vanation with pH because it might be the raison for the obtained lowest flux at pH
6.7.

The different fouling phenomena were well explained by investigating the deposit formed
on the membrane surface and the calculations of the specific cake resistance. The use of
the modified fouling index (MFI-UF) also helped to understand the flux decline. But, it is
regrettable for not correlating it with silt density index which is widely used in the
industry and it is a standard for most of the membrane manufacturers.

Other specific and general comments will be sent to Mme THEKKEDATH to incorporate
them in the final version of the thesis.
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In conclusion, due to the interesting results presented in this thesis and the originality of
the approaches used in the interpretation, T do recommend to present this work as PhD
thesis of Angers University.

Compte tenu de I'intérét du rravail et de son originalité & utiliser plusieurs outils
d’autopsie & I’échelle macroscopique et microscopigue, je suis trés favorable a la tenue
de la soutenance de Mme Marie Anju pour 1'obtention du grade de Docteur de
!"Université d'Angers.

An mlerrzanonal institution, headquarter Muscat
Sultanate of Oman
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