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ABSTRACT

Membrane technology is an indispensable treatment alternative for utilities with complex
water and wastewater management needs. There are a variety of state-of-art membrane
solutions for potable water treatment including removing disinfection by-product (DBP)
precursors, softening, écting as a physical barrier for virus, pathogens and bacteria
removal, and even converting brackish groundwater and other marginal sources into safe

drinking water.

One of the shortcomings of membrane technology is the propensity of the membranes to
become fouled. In other words, the permeate flux decreases with time and membrane
surface is covered by foulants such as natural organic matter (NOM) present in water
sources. Although there are different techniques used in fouling reduction, this thesis
focuses only on two approaches to solve this problem; they are membrane modification
and membrane cleaning. For the first approach, two types of surface modifying
macromolecules (i.e., hydrophobic nSMM and hydrophilic LSMM) were employed. The
key objective is to change the membrane surface characteristics to better retain the
foulant and enhance water permeation. A new casting technique (called as double-pass
casting method) was also developed to hopefully produce better defect-free membranes.
The second approach aimed at exploring the cleaning of fouled membranes' in terms of
cleaning apparatus, chemicals, p;otocols, frequencies and the effects of membrane
hydrophilicity (via additive incorporation). The membranes developed in this study were
evaluated and fouled by filtering raw Ottawa River water, so the principal foulant was

NOM.

Blending of nSMM made the polyethersulfone (PES) membranes more hydrophobic,
gave them a narrow pore size, and at the same time it hindered the penetration of water to
the permeate side. Among the five modification factors studied such as polymer
concentration, additive concentration, casting speed, thickness and post-treatment, only
the additive concentration impacted the membrane performance (i.e., DOC removal and
flux reduction) to a statistically significant level. The double-pass casting approach had a

statistically significant effect on membrane morphology (smoothness of the surfaces and
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cross-sectional structure), and also helped increase the permeate flux and the water
production but DOC rejection was lowered. It can be concluded that addition of nSMM
in membrane modification is not a good choice for the purpose of treating drink water.
The incorporation of LSMM showed a more promising result. The PES-LSMM
membranes had the highest flux resistance and highest TOC rejection (approximately
80%) in comparison with similar commercial ultrafiltration (UF) membranes. Besides
PES base polymer, the LSMM can be miscible with a lot of other base polymers such as
CA, PEI, PS, PVDF. Nevertheless, only PVDF membranes apparently had benefits from
this hydrophilic additive with high flux changes or water production.

Four types of UF cells have been evaluated in the cleaning stage including a stirred UF
cell, a SEPA cell, a single CF cell and a six-CF cell- in parallel system. The performance
of the first three single cells in terms of ﬂux was similar for the first testing cycle and
then deviated in subsequent cycles due to different degree of NOM deposition and the
ease of cleaning corresponding with different cell geometries. The six-cell-in-parallel
system behaved quite differently from the single cell CF system. Cleaning efficiency at
bench-scale had no significant difference regardless of cell type as long as a short
cleaning frequency (i.e., 30 min) was employed. However, the SEPA cell is
recommended for long-term cleaning test (several hours) since its design simulates better
a real spiral wound membrane module with feed spacers and permeate carriers on the
feed and permeate side of the membrane sheets, respectfully. The combination of
backwashing and chemical cleaning protocol gave the highest cleaning efficiency since
both reversible fouling and most of irreversible fouling was removed. When only
chemicals alone were used, the sodium tripolyphosphate seemed to be the most effective
reagent for both membranes with and without the LSMM additive. Overall, the

incorporation of the LSMM additive did not statistically enhance cleaning efficiency.
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RESUME

La technologie de membrane est une alternative de traitement indispensable pour les
utilités avec les eaux complexes et les besoins d'administration d'eaux usées. Il y a une
variété de solutions en ce qui concerne 1’utilisation de membrane d'état-d'art pour le
traitement d’eau potable incluant ’enlévement des produits dérivé par le désinfection
(DDP), I'adoucissement d’eau, la création d’une barriére physique pour I’enlévement de
virus, de pathogéﬁes et de bactéries et méme la conversion de 1’eau salé de la nappe

phréatique et d'autres sources marginales en eau potable.

Un des désavantages de technologic membraneuse est la prédisposition des membranes
de devenir pollué. Autrement dit, le flux de perméat diminu avec le temps et la surface
membraneuse deviennent couvertes par des particules en suspension comme la matiére
organique naturelle (NOM) présent dans les sources d'eau. Bien qu'il y ait de différentes
techniques utilisées dans la réduction de foulants, cette thése est concentrée seulement sur
deux approches pour résoudre ces problémes, ils sont la modification de membrane et le
nettoyage membraneux. Pour la premicre approche, deux types de surface qui modifies
les macromolécules (c'est-a-dire, nSMM hydrophobe et hydrophilic LSMM) ont été
employés. L'objectif principale est de changer les caractéristiques de la surface de la
membrane pour empécher [’encrassement et améliorer la perméabilité d’eau. Une
nouvelle technique de casting (appelé la méthode double passe) a été aussi développée
qui pourrait avec optimisme produire des meilleurs membranes sans défaut. La deuxiéme
approche visait & explorer le nettoyage de membranes polluées du point de vue de
'appareil de nettoyage, des produits chimiques, des protocoles, des fréquences et des
effets de membrane hydrophilic (via l'incorporation d’additive). Les membranes
développées dans cette étude ont été évaluées et polluées en filtrant de l'eau brute de la

Riviére d'Ottawa, donc le principal foulant était NOM.

Le mélange d’additive nSMM a tranformé les membranes polbyethersulfone (PES) plus
hydrophobe, a réduit la grandeur des pores, en méme temps affectant la pénétration d'eau

sur le coté des perméats. Parmi les cinq facteurs de modification étudiés comme la



concentration de polymére, la concentration d’additive, la vitesse de moulage, 1'épaisseur
et le post-traitement, seulement la concentration d’additive a eu un impact sur la
performance de la membrane (c'est-a-dire, I'enlévement de DOC et la réduction de flux) a
un niveau statistiquement significatif. La méthode double passe avait un effet
statistiquement significatif sur la morphologie membraneuse (l'aspect lisse des surfaces et
de la structure trans-a éléments) et a aussi aidé a augmenter le flux pénétre et la
production d'eau mais le refus de DOC a été baissé. Il peut étre conclu que 1'addition de
nSMM pour la modification de membrane n'est pas un bon choix pour le but de traiter de
l'eau potable. L'incorporation de LSMM a démontré un résultat plus prometteur. Les
membranes PES-LSMM avaient la plus haute résistance de flux et le plus haut refus de
TOC (environ 80%) en comparaison avec d’autre membranes d’ultrafiltration (UF)
commerciale semblable. En plus du polymére de base de PES, le LSMM peut étre
mélable avec beaucoup d'autres polyméres de base comme le CA, PEI, PS, PVDF. Quand
méme, seulement les membranes de PVDF avaient apparemment des avantages de cet
additif hydrophilic accompagnie par de hauts changements de flux ou de production

d'eau.

Quatre types de cellules UF ont été évalués dans 1’étape du nettoyage de membrane en
incluant une cellule UF remuée, une cellule SEPA, un cellule CF et un systéme "six
cellules en paralléle". La performance des trois premieres cellules en terme de flux était
semblable pour le premier cycle d’essai et a ensuite dévié dans les cycles ultérieurs en
raison du différent degré de déposition de NOM et a l'aisance de nettoyer en comparaison
avec les différentes géométries de cellule. Le systéme "six cellules en parallele” s'est
comporté tout a fait différemment du systéme avec le simple cellule CF. L’efficacité du
nettoyage a I'échelle de banc n'avait aucune différence significative sans tenir compte du
type de cellule aussi longtemps qu'une fréquence de nettoyage courte (c'est-a-dire, 30
minute) est employée. Pourtant, la cellule SEPA est recommandée pour le test de
nettoyage & long terme (plusieurs heures) puisque sa conception simule mieux un vrai
module en spirale enroulé, car la cellule SEPA contient des matériaux qui crées des
espaces entre le membrane et la cellule pour mieux tranférer le perméat. La combinaison

de backwashing et le protocole de nettoyage chimique a donné la plus haute efficacité de
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nettoyage puisque tout I'encrassement réversible et la plupart d'encrassement irréversible
a €té enlevé. Quand seulement les produits chimiques ont été utilisés, le sodium
tripolyphosphate a semblé étre 1'agent le plus efficace pour les deux membranes avec et
sans additif LSMM. En tout, I’incorporation de I’additif LSSM n’a pas amélioré 4 un

niveau statiquement significatif 1I’éfficacité du nettoyage.
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CHAPTER 1

INTRODUCTION

1.1 Background

Membrane technologies are presently playing an important role in water treatment in
many countries. Under certain circumstances, a membrane unit can replace an entire
conventional water treatment chain (Fig 1.1). The potential advantages of membrane
technologies include more reliable virus and protozoa removal, limited use of chemicals,
disinfection without forming disinfection by-products (DBPs), more compact systems

and potential for fully automated operation.

Feed 71

Rapid_Fiocculation Sedimentaw Disinfection
Conventional Water Treatment Process
Replaced
by

Feed

—

Pre-filtration Membrane Disinfection

Advanced Process

Figure 1.1. Comparison of conventional water treatment process and membrane
’ process

There has been an exponential increase in microfiltration and ultrafiltration systems in the
expansion of old water treatment plants and newly designed plants, which is significant
proof of its merits (Amy et al., 2007). The primary reasons for this growth have been
more reliable Giardia and Cryptosporidium control at competitive cost. Ultrafiltration

particularly has been the focus of much interest since (i) It deals with the separation of



fairly large molecules like proteins, starches and gums, and some natural organic matter

(NOM); (ii) It requires fairly low operating pressures (10-100 psig), which will lower -
equipment and pumping cost; (iii) No complicated heat transfer, heat-generating

equipment or condensers are needed and (iv) It can operate at ambient temperature

(Cheryan, 1986). Despite their many advantages, membrane processes still have to face

with one significant constraint: FOULING, the flux reduction with time. Fouling affects

the membrane’s effectiveness and lifespan. A number of strategies have been applied to

reduce the impact of fouling such as pretreatment, system operation optimization,

optimization of membrane module configurations, chemical or hydraulic washing and

membrane modification (Anselme and Jacobs, 1996).

The approach chosen for this study is to investigate improved resistance to fouling and

cleaning through membrane modification i.e., development of new membranes via-the

addition of various tailor-made polymeric additives. The two main groups of additives

are (hydrophobic) surface modifying macromolecules (SMMs) and hydrophilic surface

modifying macromolecules (LSMMs). The modification method using SMMs has

actually been developed since the early 1990s by Matsuura, Santerre, Narbaitz and

coworkers (Pham, 1995; Tang et al., 1996; Hamza et al., 1997; Ho et al., 2000;

Mosqueda-Jimenez, 2003; Rana et al., 2005; Nguyen, 2005; Kasemura et al., 1993).

Much of this work has focused on ultrafiltration membranes for the production of
drinking water from river water. Many SMMs/LSMMs have been synthesized to make

the membrane surfaces more hydrophobic or more hydrophilic. These additives were

incorporated to be compatible with polyethersulfone (PES) as a base polymer. However,

this is not a trivial matter as some casting solutions prepared with certain proportions of
PES and the surface modifying additives do not mix well and produce defective

membranes. In addition the compatibility of SMM/LSMM has not been evaluated in

conjunction with other base polymers. Moreover, no research on the efficiency of
cleaning of these surface modified membranes has been conducted so far. The casting

technique (single pass) used for making membranes has caused troubles sometimes with

colony of pinholes or defect membranes.



1.2 Hypothesis

This thesis focuses on exploring the capabilities of surface modified ultrafiltration

membranes and improving them. Based on the proposed work, the following hypotheses

are proposed:

The double-pass method, which is a modification from traditional casting
technique, will produce more defect-free PES membranes since the second pass
would cover defects such as any pinholes present.

The more hydrophilic LSMM-PES membranes will be easier to clean than the
hydrophobic SMM-PES membranes because of their smooth and water-liking
surfaces.

LSMM is a membrane additive that can also be used to improve membranes cast

using different base polymer such as PVDF, PS, PEI and CA.

1.3 Scope of the research

The study is divided into three stages in order to address these hypotheses:

Stage 1: Develop the best hydrophilic/hydrophobic PES-based membranes by
changing the LSMM/SMM percent and casting method, and then compare them
with the commercial UF membranes. The hydrophobic SMM-PES membranes
were developed to contrast with the hydrophilic LSMM-PES membranes and
determine the impact of hydrophilicity/hydrophobicity on cleaning efficiency
(during stage 2).

Stage 2: Assess the regeneration of modified membranes upon cleaning, in which
the best cleaning procedures, best apparatus and best cleaning chemicals would be
evaluated and disclosed.

Stage 3: Evaluate the performance of LSMM-blended UF membranes with

different base polymers in terms of membrane hydrophilicity and fluxes.

To achieve the above objectives, the following tasks need to be undertaken: membrane

preparation, membrane and water source characterization, and membrane testing. The

testing will concentrate on the evaluation of the change of membrane properties



(porosity, MWCO, hydrophobicity, charge, surface morphology) and membrane

performance (fluxes, NOM removal and water production).

1.4 Thesis organization

This thesis is organized as a paper-format thesis. The main results presented in Chapter 4

to Chapter 8, were prepared in a journal manuscript format.

Chapter 4 and 5 present the results of the first stage of the study, and also answer the first
two hypotheses. The purpose of this stage is to develop the best modified PES
membranes by incorporating LSMM/SMM additives into the casting solutions.
Evaluation of manufacturing conditions on the development of these membranes is
greatly concerned, for instance, concentration of additives, membrane thickness, casting
technique, casting speed, etc. Data on other effects of manufacturing conditions for
manufacturing hydrophobic nSMM membranes are presented in Chapter 4. The
manuscript shown as chapter 4 was submitted to Journal of Applied Polymer Science.
Chapter 5 proposes a new casting technique that would be able to overcome the hard-to-
cast solutions during the membrane manufacture. The manuscript shown as chapter 5 was

published by Journal of Membrane Science, Volume 323, Issue 1, 2008, 45-52.

In Chapter 6, the best experimental PES-LSMM membranes are compared with
commercially available UF membranes to explore how good our experimental
membranes are. Our modified membranes are evaluated in terms of characteristics and
performance with nine commercial membranes from Osmonics and Amicon. Part of this
chapter was presented in 2007 ACE Annual Conference and Exhibition held by American
Water Works Association in Toronto, Ontario, Canada, June 24-28, 2007. The
manuscript shown as chapter 6 was published by Water Quality Research Journal of

Canada, Volume 41, Issue 1, 2006, 84-93.

Chapter 7 describes the results of Stage 2 which investigated the impact of membrane
modification on membrane cleaning. In this chapter, the assessment not only focused on

the impact of membrane modification but also the selection of bench-scale membrane



cleaning apparatus and cleaning frequency. This paper was submitted to the Journal of

Environmental Engineering (ASCE) for publication.

Finally, the results of the third stage are reported in Chapter 8 and also give a complete
answer for the third hypothesis. This chapter studies the impact of LSMM blending with
different base polymers to modify their hydrophilicity. The modified membranes were
compared in terms of flux and changes in hydrophilicity. This manuscript shown as

Chapter 8 was accepted for publication in Journal of Applied Polymer Science.

In addition, a summary of the whole research is conducted including the introduction of
the main additive (LSMM) that was used throughout the study; its synthesis procedure;
manufacture of LSMM-blended PES membranes; blending of LSMM with other base
polymers and cleaning. This is shown as Appendix S, Summary of the Project, and was
printed in the proceeding, 2008 IWA North American Membrane Research Conference in
Amberst, Massachusetts, USA, August 10-13, 2008. The presentation earned a $1000

award during the Student Competition.

As the results chapters are journal manuscripts, that have content limits, not all the
research results from the five years of doctoral research could be presented within the
results chapters, so 19 appendices were included. It should be noted that even though
some chapters have been published, their contents have modified slightly to meet the

requirement of thesis defense’s committee.



CHAPTER 2

LITERATURE REVIEW

The following literature review will discuss membrane processes and some related

matters, primarily fouling and cleaning.
2.1 Membrane processes
2.1.1 General

Compared with conventional separation processes, membrane separation processes are
often more capital and energy efficient (Ho and Sirkar, 1992). A membrane process
allows selective and controlled transfer of one species from one bulk phase to another
bulk phase separated by the membrane. According to Aptel and Buckley (1996), a
general classification of membrane processes can be obtained by considering the driving

forces (i.e., pressure, activity and electrical potential).

Among the pressure-driven operations across the membranes, there are four types of
processes namely reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF) and
microfiltration (MF) (Figure 2.1). In RO, the solvent of feed solution is transferred
through a dense membrane to retain salts and low molecular-weight (MW) solutes. To
produce “pure” water from a saline solution, the osmotic pressure of the solution must be
exceeded in the brine, for instance, the high pressure of 5-8 MPa is required for the
process to work. NF, also called low-pressure RO or membrane softening, lies between
RO and UF in terms of pressure requirement and selectivity. Its pressure requirement is
typicaily from 0.5 to 1.5 MPa and it is often employed for softening, color removal and
organics control. In water treatment, UF can be defined as a clarification and disinfection
membrane process in drinking water treatment. UF membranes are porous and remove all
types of microorganisms, including protozoa, bacteria and some viruses, and all types of
particles. However, the small solutes (<10 nm diameter) are not retained by UF. The
driving pressure of UF system is low (50-500kPa). Pressure in MF system is a bit less

than UF, however, they are more distinguished through pore sizes. Those of MF are



greater than 0.1um while UF pore sizes are generally from 0.01-0.1 pm. The similarity in
pressure requirements arises from the fact that many commercial UF membranes
purposely have pores of almost same size as MF membranes so that they have high fluxes
in order to be cost competitive. This arises because current drinking water standards do
not include standards for viruses or other contaminants which could be removed by UF
membranes, not by MF membranes. However, for some industrial application, such as

whey processing and milk treatment, there is a clear need for UF membranes.
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Figure 2.1. Ranges of separation (Kim and Elimelech, 2001)

There are three other types of membrane processes used particularly for gas separation:
gas permeation (GP), gas diffusion (GD) and pervaporation (PV). In these processes, the
driving force is activity difference across the membranes. On the other hand, dialysis

(DIA) and electrodialysis (ED) are used to purify liquids based on concentration or |
electrical potential differences as the driving forces instead of transmembrane pressure

differences.

Membranes can be also classified according to different criteria such as mechanism of
separation (i.e., difference in sizes, solubility and diffusivity or charges), morphology
(symmetric and anisotropic) - see Figure 2.2, geometry (flat and cylinder) and chemical

nature (organic or inorganic materials).
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Figure 2.2. Schematic diagrams of the principal types of membranes (Baker, 2004)

This study will focus mainly on ultrafiltration for water treatment because of its

increasing applications, and it is the current focus of our research group.
2.1.2 Preparation and materials

There are a number of techniques can be applied for preparation of membranes: sintering,
solution casting, melt -extruded film, stretching, track etching and template leaching for
isotropic membranes; coating, interfacial polymerization and phase inversion for
anisotropic membranes (Aptel and Buckley, 1996). Currently the most common type of
RO and NF membranes are thin film composite membranes, however they can also be
prepared with other techniques such as the phase inversion technique. MF and UF
membranes are single layer membranes as opposed to composites. The preparation of
composite membranes requires the preparation of the support layer and the creation of an

upper separation layer by coating and or interfacial polymerization. Sintering, stretching



and track etching are only used in the preparation of MF membranes Phase inversion is a
more common technique to make UF membranes. As stated above, UF membranes are
~our focus of this research, accordingly the following solely discusses the phase inversion

technique and materials for UF membrane fabrication.

There are two basic types of the phase inversion technique: the wet process (developed
by Loeb and Sourirajan, 1962) and the dry process (developed by Kesting, 1985). The
difference is that in the wet process, the casting solution is fairly concentrated and the
solvent is allowed to evaporate only partially, while in the dry process the casting
solution is diluted and the solvent can evaporate completely. Baker (2004) summarized
the simplest and most commonly used technique (i.e. the phase inversion in wet process)
as follows: A polymer is dissolved in a two-compdnent solvent mixture consisting of a
volatile solvent, in which the polymer is readily soluble, and a less volatile non-solvent.
The polymer solution is cast onto a glass plate. The film is left to stand for 10-100s to
allow the volatile solvent evaporate, after which the film is immersed in a water bath to
precipitate and form the membrane. This is also called polymer precipitation by water.
The membrane can be possibly post-treated by annealing in a bath of hot water. In the
case of polymer precipitation by solvent evaporation, the time required is longer since the
casting film is not immersed in the water right after casting but the precipitation of the
film continues until the membrane structure is completely formed. As the result,
membranes formed by solvent evaporation are only modestly anisotropic and have larger

pores (Baker, 2004).

One of the main problems of membrane making is membrane imperfection. Membranes
could have holes and/or colonies of pinholes. These defects affect significantly the
performance (e.g., solute rejection or fluxes) and also the membranes deteriorate faster.
Several methods have been introduced in the literature to modify the traditional phase
inversion technique. For instance, Pereira et al., (2001) investigated the simultancous
casting of two different polymer solutions to form the top and support layers of the
membrane, respectively. Polyetherimide and polyethersulfone were used as base
polymers. A polymer solution composed of Lewis acid and polyvinylpyrrolidone (PVP)

to form the support layer. In order to form the top layer, different polymer solutions



composed of a volatile component tetrahydrofuran (THF) were used. They concluded that
it was possible to promote adhesion of layers formed by different polymers résulting ina
stable membrane film. Willem (2006) cast two or more polymer solutions (one after
another, no waiting time) to produce membranes of multilayered structure. They claimed
that the multilayer microporous membrane was free of a dense interfacial layer between
layers. In addition, adjacent layers were inseparable and integral with one another, and
were free of macrovoids. Preparing these membranes on non-woven fiber support
allowed the formation of better controlled, higher integrity, multilayer microporous
membranes with improved fluxes. Certainly, there are more ways to improve membrane
performance and the selection of membrane preparation techniques depends on types of

membranes and casting solutions.

The choice of materials required for porous membranes (e.g., UF membranes) are not
only determined by the flux, rejection, reproducibility and recovery (after fouling) but
also by their chemical and thermal properties (Mulder, 1996). Two main groups often
mentioned in the literature are inorganic (metal, ceramics, glasses, etc.) and organic
(polymeric). Inorganic membranes generally have superior mechanical, chemical and
thermal stability relative to organic membranes; however, they are brittle, more
expénsive and not as compact. Thus, organic membranes are far more commonly used

than inorganic membranes.

The selection of a base polymer for the organic membranes is not arbitrary, but rather
based on very specific properties, originating from structural factors (Mulder, 1996).
According to Zeman and Zydney (1996), to be successful in membrane manufacturing,
the polymer must: (i) have suitable properties for the target application; (ii) be compatible
with the selected membrane formation technology; (iii) be available and affordable and
(iv) be a good membrane former. UF membranes are generally prepared from amorphous
polymer which can generate, regulate and control the small pore sizes with relative ease
(Anselme and Jacobs, 1996). In contrast, MF membranes are often made of crystalline
polymers, which show high chemical resistance, thermal stability and compact less due to
the hindrance of free rotation of polymer segments. Mulder (1996) discussed several

classes of polymers that could be employed for the manufacture of MF and UF
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membranes including: polycarbonates (PC), polyethylene derivatives, cellulose and its
derivatives, polyamides (PA), and polysulfones (PS)/polyethersulfoneS (PES).
Manufacturing techniques will be dictated by the types of membranes, e.g., UF
membranes are generally prepared by the phase inversion technique as opposed to

sintering or track-etching used for MF membranes.

Polycarbonates have excellent thermal and mechanical properties, thus, they are suitable
for a track-etching technique. As a result, they are more appropriate for MF membranes
(Mulder, 1996).

Polyethylene  derivatives such as  poly(vinylidene-fluoroethylene) (PVDF),
polytetrafluoroethylene (PTFE), polypropylene (PP) are all hydrophobic and highly
crystalline polymers. They exhibit good to excellent chemical and thermal stability.
PVDF is resistant to most inorganic and organic acids and can be used in a wide pH
range. It is resistant to oxidizing environments including ozone, which is used in water
disinfection. Although PVDF is not as good as PTFE in term of these properties; it is
preferable in use because of its high solubility in such solvents as dimethylformamide

(DMF) and dimethylacetamide (DAMc) (Mulder, 1996).

Cellulose and its derivatives, e.g., cellulose acetate (CA) and cellulose nitrate (CN), on
the other hand, are very hydrophilic and have a largeb degree of crystalinity. They are
more attractive as membrane materials due to their low adsorption tendencies; hence,
they are easier to clean after being fouled. Countering their outstanding membrane
properties is that cellulose derivatives are very sensitive to thermal, chemical and

biological degradation.

Polyamides also show good chemical, thermal and hydrolytic stabilities. While aromatic
polyamides are mostly used in reverse osmosis, the aliphatic polyamides are commonly

used in MF/UF. However, they have low compatibility with other polymers and solvents.

Polyetherimide (PEI) is an amorphous thermoplastic characterized by high heat
resistance, high strength and excellent electrical properties that remain stable over a wide

range of temperatures , It also has excellent processability. Moreover, PEI is a high
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performance engineering thermoplastic. It has high Strength and rigidity at elevated
temperatures, long term heat resistance, dimensional stability and good electrical
properties. Like other amorphous, high temperature resins, PEI has outstanding
dimensional stability and is inherently flame retardant. PEI resists chemicals, such as

hydrocarbons, alcohols and halogenated solvents (Nunes and Peinemann, 2001).

Polysulfones and polyethersulfones are very important polymers, which are not only used
as basic materials for UF membranes but also as support materials for composite
membranes (i.e., NF and RO). These polymers possess very good chemical stability and
high glass transition temperature. PS polymers are more hydrophobic and more suitable
when mechanical strength and thermal stability are prime requirements. The main
limitation of PS; as well as PES, is the apparent low-pressure limit. As the result, PS and
PES are strongly compacted at high pressures, resulting in flux decrease even with non-
fouling solutions. PES is slightly more hydrophilic than PS and shows high compatibility
with other polymers (Zeman and Zedney, 1996). Since the main chain of 'PES is
relatively simple, it has a high capacity for modification. PES, therefore, is often selected
as the host polymer in modified membranes. PES can withstand chlorine contact to 200
mg/] for short periods of time for cleaning or solutions with pH values between 1 to 13
and temperatures up to 75°C. In addition, PES is commercially available and relatively
inexpensive. It is the most widely used polymers for manufacturing UF membranes
(Hamza et al., 1997). However, one known disadvantage of PES is its high fouling

potential due to the relatively hydrophobic characteristics.
2.2 Membrane characterization

Membrane characteristics are certainly very important factors in membrane process
performance. Exploration of solute-membrane interactions to have a better perception of
fouling phenomenon at membrane surfaces or imprdvements in surface modification
techniques can not be made without an in-depth knowledge of the chemical and physical
properties of membranes. Several techniques, such as contact angle measurement,

electrokinetic measurement, solute transport test, bubble point test, atomic force
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microscopy (AFM) and scanning electron microscopy (SEM), can be employed to

determine surface membrane properties, as discussed next.
2.2.1 Hydrophilicity

Contact angle measurement is considered to be the simplest surface analysis technique. It
is still the most convenient index of membrane hydrophilicity if measuring methods and
times are kept consistent (Amy et al., 2001), the surface of solid is smooth, chemically
homogenous and rigid (Chan, 1994) and water is used as a testing liquid. The lower the
values of contact angles, the more hydrophilic membranes are. Advancing contact angles
have been used commonly to assess the hydrophilicity since they reflect directly the
degree of affinity to water of membrane surfaces. It characterizes the ability of a given
liquid to spread on a surface caused by the active force exerted by the solid on the liquid.
PES membranes have been proved rather hydrophobic with advancing contact angles of
approximately 70 (Pham, 1995; Mosqueda-Jimenez, 2003; Nguyen, 2005). Adding
hydrophobic surface molecules increased the contact angles remarkably e.g., more than
110 degrees (Pham, 1995; Ho et al., 2000). In contrast, incorporation of hydrophilic
additives into PES membranes made them more hydrophilic with contact angles of about
50 degrees (Dang et al., 2006). Hydrophilic membranes, e.g. cellulose acetate membranes,
have been proved to achieve more water production, less adsorption and easier cleaning
(Zeman and Zydney, 1996). It appears hydrophilicity may have positive impacts on
membrane fouling fnitigation. The fouling mechanism may be revealed by checking
contact angle before and after the membranes are fouled and cleaned. Nabe et al. (1997)
found that the contact angles increased after being fouled with Bovine serum albumin
(BSA) suggesting protein adsorption to the membrane surfaces. However, it was found
that cleaning of various types of membranes fouled with river water either increased or
decreased the contact angles and the contact angles of all membranes after cleaning
became more uniform. This suggested the occurrence of NOM adsorption in which some
foulants penetrated into and stayed in the membrane pores without being removed by

NaOH cleaning (Dang et al., 2006).
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2.2.2 Charge

One of the main causes of fouling is particle-particle and particle-membrane interactions.
It has been shown that if membrane has the same type of charge as the
particles/molecules in the solution, it is less apt to be fouled (Brink and Romijn, 1990,
Gekas and Hallstrom, 1990; Meireles et al., 1991; Golander and Kiss, 1988). Charge of
membranes can be measured in terms of Zeta potential, the electrical potential at the
actual shear plane between the charged surface and the bulk solution. Measurement of
membrane surface charge can be based on four phenomena (4 electrokinetic methods): (i)
Electrophoresis, (ii) Electroosmosis, (iii) Sedimentation potential (Dorn effect) and (iv)
Streaming potential (Letterman et al., 1999). Electrophoresis is effective for the study of
powder dispersions so it only can be used after grinding the membrane, but the newly
formed surface will likely differ considerably from the original surface. Electroosmosis is
the transport of water through a capillary under the influence of a potential gradient. In
this method, the charge is determined based on the slope of the flow rate versus applied
current graph. Sedimentation potential is the potential difference caused by the
sedimentation of particles in the field of gravity or in a centrifuge, between two identical
electrodes at different levels. This method is not suitable for application in membrane
technology. Streaming potential is found by applying a pressure (AP) across a porous
medium and by measuring the resulting electrical potential (AE) with electrodes in the
bulk electrolyte solutions on either side of the porous medium. Electroosmosis and
streaming potential have been shown to be more relevant for membrane analysis (Fievet
et al., 2000). Even so, electroosmosis yielded greater zeta potential values then those
determined by streaming potential measurement for identical pH and ionic strength. This
suggested the location of the shearing plane depends on the eleétfokinetic methods used
(Fievet et al., 2000; Szymczyk et al., 1998). In addition, several other methods have been
tried to characterize membrane-solution interface, i.e., membrane potential Er, (Fievet et
al., 2000; Sbai et al., 2003); electrolyte conductivity measurement Apore (Szymezyk et al.,
1999; Fievet et al., 2000; Sbai et al., 2003); electroviscous effect (Huisman et al., 1998;
Fievet et al., 2003; Sbai et al., 2003) and by measurement of salt retention (Huisman et
al., 2000; Martinez et al., 2002).
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For UF membranes, the streaming potential reflects more the potentials of membrane
pores than of the membrane surface (Childress and Elimelech, 1996). The charges to.be
considered in transfer analysis are those along the pore walls. Classical measurement
methods have to be adapted to the specificity of porous membranes and particularly to
ultrafiltration membranes as their average pore sizes (~10 nm) and their average fluxes
are low. Pore streaming potential is induced when the electrolyte solution flows through
the membrane whereas surface streaming potential (for RO and NF) is the induced
potential when the electrolyte solution flows tangential to the membrane (Childress and
Elimelech, 1996). Membranes can have positive or negative charges while NOM’
‘charges are mostly negative. Thus, quantification of the charge of membranes helps
decide if NOM-membrane electrostatic interactions are favorable (in the case of a
positively charged membrane) or opposed/unfavorable (in the case of a negatively
charged membrane). Shim et al. (2002) concluded the fouled membrane that had
adsorbed with negative charge NOM exhibited a greater negative surface charge. After
cleaning, the positive charges increased since some NOM was removed. The charges of
PES membranes with hydrophilic and hydrophobic additives have not been explored yet

and still a question.
2.2.3 Molecular weight cutoff

MWCO of the membrane (defined as the molecular weight that yields 90% solute
separation) is generally determined by the solute transport method. This method measures
the separation of several non-adsorbing solutes (polyethylene glycols, PEG, or dextran)
of known molecular sizes to ascertain the sizes of membrane pores. The solute
separation, f, in percent is computed based on the solute concentrations in the permeate
and in the bulk of feed solutions assuming the effect of concentration polarization on
separation is negligible (Singh et al., 1998). The plot of solute separation versus solute
diameter (straight line on log-normal probability paper) gives the values of mean solute
size and solute geometric standard deviation or mean pore size, geometric standard
deviation and MWCO of the membranes. This approach ignores the dependence of solute
separation on steric and hydrodynamic interactions between solute and pores (Singh et

al.,, 1998). The MWCOs determined from the above method (i.e., based on actual
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rejection-values using PEG or dextran) however were often lower than the data provided
by the manufacturers (Kim et al., 1994; Cho et al., 2000) and different from the effective
MWCOs (actual rejection size). One of the reasons is due to restricted diffusion of
molecules with different sizes through membranes. Thus, it was expectedly that although
95% of NOM in Ottawa River water had molecular weights less than 30 kDa, only 70%
of NOM rejection was achieved with the membranes whose MWCOs were about 50 kDal
(Nguyen, 2005). The effects of electrostatic repulsion, hydrodynamic operating
conditions and type (structure) of probe molecules might also contribute for this result
(Cho et al., 2000). MWCO therefore is not truly a precise indicator for membrane
evaluation of solute rejection. It, however, can relatively indicate the range of membrane
pores and the solutes it will separate. For that reason, this characteristic is still used to

determine the approximate pore sizes within newly-developed membranes.
2.2.4 Pore size, porosity, pore size distribution

Values of the average pore size, porosity and pore size distribution can be obtained by
several techniques including solute transport, atomic force microscopy (AFM) and the
bubble point method. The solute transport was described in detail in the section 2.2.3.
The bubble point is a widely-recommended method for measuring pore sizes and testing
the integrity of the membranes (Cheryan, 1986). This method, nevertheless, had a limited
use since its key assumption of a iero contact angle is not achieved. The air usually
passed through the largest pore on membrane surface first, thus this technique was really
a measure of the largest pore size (Cheryan, 1986). The pore sizes also can be measured
via AFM. They, however, were about 2-4 times higher than those by solute transport
method (Khayet et al., 2002; Singh et al., 1998). The difference was explained by the
characteristics of the two methods. The pore sizes obtained from a solute separation
corresponded to a minimal size of the pore constriction experienced by the solute as
passing through the pores, while pore sizes measured by AFM corresponded to the pore
entrances which were of funnel shape and had maximum open at the entrance (Bessieres
et al.,, 1996). Of the three methods, the solute transport seems to be the most reliable
technique and followed by AFM. |
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Efficient membranes should have pores smaller than target solute molecules and high
pore density (Alsari et al., 2001) so that they can remove more contaminants such as

humic substances from water, and yet achieve high permeation fluxes.
- 2.2.5 Image of membranes- roughness

The study of the skin layer morphology of synthetic polymeric membranes can help to
elucidate the separation mechanism, since the pore structure and especially surface
images determine the intrinsic permeation properties. Scanning Electron Microscopy
(SEM) is known to be a powerful tool for interpreting the relationship between
membrane surface morphology and fouling phenomena. The principles of this method are
detailed by Chan (1994). A key limit of SEM is that high-resolution SEM, which requires
high-energy electrons, can cause structural and chemical changes at polymer surfaces. To
minimize beam damages, membrane samples must be coated with a heavy metal, such as .
gold, platinum or palladium. Even so, the coating process itself may be destructive and
obscure finer details. Consequently, the structure of an ultrafiltration or microfiltration
membrane, as revealed by scanning electron microscopy, may not be identical to that
which existed prior to its conversion into a specimen suitable for SEM examination.
Despite this limit, SEM has still been used in a number of studies in membrane fields
because of its simple and clear three-dimensional images of surfaces (Ulbricht and
Belfort, 1996; Tang et al., 1996). In contrast to SEM, AFM can be performed on wet
ultrafiltration membranes (Fritzsche et al., 1992) so it gives better and more reliable
results. Upon using AFM, membrane roughness can be quantified through the
measurement of the mean roughness, R,, which represents thé value of surface relative to
the center plane for which the columns enclosed by the images above and below this
plane are equal.

Surface roughness is usually related to many other parameters. Singh et al. (1998) found
that roughness became higher when MWCO increased since high MWCO membranes
had less tightly packed nodules/aggregates in the skin layer. The same trend was
observed by many other researchers (Fritzsche et al., 1992; Bessieres et al., 1996). Hirose
et al. (1996) found that an increase in surface roughness resulted in a higher water

permeation flux and a decreased the tendency to foul since a rougher surface might create
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more turbulent flow conditions adjacent to the membrane surface. However, it was not
always the case. Several researchers concluded that the smooth membranes gave the
higher initial and final fluxes (Nabe et al., 1997; Dang et al., 2006). Assuming no other
factors are at play, membranes that have higher roughness should retain more foulants
since it is‘ easier for them to accumulate in the valleys within the rough membrane
surfaces. It was shown by Nabe et al. (1997) that the average roughness of membranes
reduced after adsorbing protein. They also observed that the cleaning index, used as a
measure of performance, was worse for smooth membranes than that for much rougher

ones.
2.3 Membrane fouling

Today’s membranes have five to ten times the flux and better selectivity than membranes
available 30 years ago (Baker, 2004). As the result of these improvements, the main

factor determining system performance is membrane fouling.
2.3.1 Fouling mechanisms

As to reduce fouling phenomenon as well as decrease the cost for recovery of membrane
performance, an understanding of fouling mechanisms is important. Mechanisms leading
to membrane fouling were described in detail by many researchers (Hermia, 1982;
Bowen et al.,, 1995; Anselme and Jacob, 1996). Basically, there are four different
physical-based types of fouling: complete blocking of the pores (pore plugging),
intermediate blocking (long term adsorption), cake filtration or boundary layer resistance
and standard bldcking or pore constriction (direct adsorption) (Figure 2.3). Complete
blocking occurs when each particle arriving to the membrane blocks entirely one or more |
pores with no superposition of particles. Intermediate blocking takes place as each
particle settles on other previously-arrived particles already blocking some pores or
directly blocking some membrane areas. During cake filtration, each new foulant particle
adheres to (or rests on) one or more previously arrived foulant particles that are already
blocking some pores. However, in cake filtration there is no direct contact between the
newly arrived foulant particles and the membrane surface. When each particle arriving to

the membrane is deposited into the internal pore walls, leading to a decrease in-the pore
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volume, it is called standard blocking. Given these descriptions and that there will be an
uneven distribution of different membrane pore sizes as well as solute molecular sizes, it
is clear that all the above mechanisms may predominate at various times for a filtration
cycle. For the first three mechanisms, the solute molecules are bigger than membrane
pore sizes, thus fouling occurs outside of pore walls. For the standard blocking, however,
the particles (solute molecules) deposit along the pore walls since they are smaller than

membrane pores.
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Figure 2.3. Four types of fouling mechanisms (A) complete blocking, (B)

intermediate blocking, (C) cake filtration, (D) standard blocking. (Bowen et al.,
1995)

Identification of the controlling fouling mechanism is often conducted via modelling the
flux reduction using mathematical methods. Several models have been developed based
on these four basic fouling mechanisms to calculate the flux reduction of each in terms of -
Jy/Jo, where Jo, J, are the initial and final filtrate fluxes, respectively. Hermia (1982)
reviewed and compared these different models for dead-end filtration as in Table 2.1.

These models assume that a single type of fouling controls the filtration behaviour. In
reality, fouling on membranes is sometimes more complicated and can be caused by a

combination of these mechanisms.
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Table 2.1 Four different fouling-estimated models

Model | Constant Equation
Complete blocking Ay A7 ,C J,
Kblock = = I}v . J_ = exp( K block )
Intermediate blockin o, . AP J,
s Kinter = —+= (1 + Kmter )—1
ll'lleer o JO
Cake filtration 2a...J C J, 12
K — cake” 0™~b v 1+Kca AN
cake Rm Jo ( ke )
Standard blocking a,,A,C, J, -2
(or pore constriction) | Ky p—?g‘— . J_ =(1+K )
7 p O °

Jy is filtrate ﬂux,‘Jo is initial filtrate flux through the clean membrane; Ky, is constant in
complete blocking model, 0y, provides a measure of the pore blockage efficiency, Kiuer is
constant in intermediate blocking model, 0er is blocked area per unit filtrate volume; K, is
~constant in pore constriction model, 0. is pore constriction efficiency; K . is constant in cake

Sfiltration model, 0.u. is specific cake resistance,

Accordingly a number of dual mechanism models have been developed (Kilduff et al.,

2002; Mosqueda-Jimenez et al., 2006). It may be composed of surface fouling and
internal fouling (Figure 2.4).

Cotipidal or
‘fp;rticulale material

@ BULK SOLUTION
a——

Surface
- touling

Figure 2.4. Schematic representation of fouling on membranes (Baker, 2004)
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Surface fouling is the deposition of solid material on the membrane that consolidates over
time. This fouling layer can be controlled by high turbulence, regular cleaning and using
hydrophilic or charged ‘membranes to minimize adhesion to the membrane surface. This
is generally reversible. Internal fouling is caused by penetration of solid material into the
membrane, which results in plugging of the pores. Internal fouling is generally

irreversible (Baker, 2004).
2.3.2 Types of foulants

Almost every component in the feed stream can foul a membrane to some extent
(Cheryan, 1986). They are so called foulants. Basically, there are two main types:

inorganic foulants and organic foulants.
2.3.2.1 Inorganic foulants

A wide range of inorganic species can cause fouling including calcium sulphate, calcium
carbonate, calcium phosphate, silica, metal oxides and hydroxides (particularly of iron
and aluminum), colloidal sulphur, and other inorganic particulates (Zeman and Zedney,
1996). On one hand, they interact with the membrane directly and precipitate on/within
the porous structure of the membrane. Dissolved metal precipitation, which leads to the
formation of an iron oxide and manganese cake on the membrane, is the phenomenon
that has been identified most frequently in operating treatment plants (Anselme and
Jacobs, 1996). On the other hand, they contribute to the ionic strength of the solution,
which in turns affects the conformation and dispersion of other organic foulants and leads
to faster organic fouling (Cheryan, 1986). For instance, calcium salts can bind to
negatively charged groups on the membrane by electrostatic effects, resulting in a “salt

bridge” between the membranes and proteins, which will lead to faster flux reduction.

To control precipitation or flocculation, adjustment of the physical parameters, such as
pH and temperature, is the best strategy since they relate to the salt solubility. As the
temperature increases, the solubility of mineral salts often decreases, so it increases the
chance of deposition. More favourable permeation rates can be achieved at high

temperature with decreasing feed viscosity (Wiesner and Aptel, 1996). Nonetheless, the
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only way to overcome the conformation and dispersién of other organic foulants is to add
- chemicals. Aluminium and iron coagulants are often added to surface water prior to
hollow fibre MF or UF treatment to improve particle and organic rejection. Calcium-
sequestering reagents, such as EDTA or citrates, were also added to the feed water prior
to UF for the removal of whey proteins (Cheryan, 1986). Increase in pH in this case could

result in greater fouling because the salts are more stable.
- 2.3.2.2 Organic foulants

NOM and proteins are the two types of organic foulants most cited recently in the
literature. Protein is found to be a major foulant in ultrafiltration of food and biological
systems (Cheryan, 1986). They tend to have high concentrations at the membrane surface
as being rejected by the membrane and easily form a “gel” to hinder the permeating
through the membrane. In protein fouling, it is very important to consider simultaneously
the effects of pH, ionic strength and naturé of salts because pH and ionic strength relate
to changes in the protein packing density associated with electrostatic repulsive forces

between charged proteins within the deposit (Zeman and Zedney, 1996).

In drinking water treatment, NOM however has been implicated as a mayor foulant
(Hong and Elimelech, 1997). The presence of NOM in the water appears to reduce the
sensitivity of permeate flux to pH while also reducing the permeate flux at all values of
pH due to adsorptive fouling (Wiesner and Aptel, 1996). NOM is composed of both
humic and non-humic substances corresponding to the hydrophobic and hydrophilic
components. Humic substance accounts for a large part of the organic matter in water.
They are amorphous, brown or black, hydrophilic, acidic, polydisperse substances of
molecular weights ranging from hundreds to tens of thousands (Schnitzer and Khan,
1972). Based on their solubility in alkali and acid, the humic substance can be divided
into three main fractions: (i) humic acids, which are soluble in pH>2; (ii) fulvic acids,
which are soluble in all pH; and (iii) the humin fraction which is not soluble at all. It has
been suggested that the three humic fractions are similar to each other in structure but
they differ in molecular weight, ultimate analysis and functional group content. The non

humic substances contain such fractions as hydrophilic acids, proteins, amino acids,
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polysaccharide and carbohydrates. The polysaccharide fraction of NOM determined by
pyrolysis-GC/MS or LC-OCD was proved by many researchers one of the principal
foulants of UF membranes (Mallevialle et al., 1989; Kimura et al., 2004 and Kennedy et
al., 2005a). In addition to their effect on membrane fouling, the NOM has been shown to
play a key role in the cohesion of colloids deposited on membranes. Analysis of the
organic foulants in natural waters and their relative concentration in the cake formation
suggest that polyphenolic compounds, proteins and polysaccharides bind together

colloids and may cement the cake to the membrane surface (Wiesner and Aptel, 1996).

The degree of NOM-membrane interactions can be affected by NOM properties (NOM
concentration, humic/non-humic fraction, molecular weight distribution, charge),
membrane properties (physical structure, surface/pore charge, hydrophobicity), ion
competitions and operating conditions (Cho et al., 1999). Scientific research incorporates
a ﬁumber of chemical and physical methods for the characterization of NOM. Analyses
of humic substances by chemical methods include ultimate analysis and functional
groups (deterrhining carboxyl groups, total hydroxyls, phenolic hydroxyls, alcoholic
hydroxyls, carbonyls, methoxyls, etc. in humic substances). Physical characterization
methods are less complex and consist of spectroscopic analysis, electrometric titrations,
molecular weight measurements, viscosity, electron microscopic examination and

thermal analysis.
2.3.3 Fouling control

As fouling significantly affects membrane performance and the cost of water treatment,
fouling control has received a great deal of attentions in the past several decades. Some of
the major fouling minimization tactics are pretreatment, operation conditions adjustment,
cleaning and materials modification. Within the scope of this study and as a key point of

this thesis, only the last two techniques will be discussed in details as separate sections.
2.4 Membrane cleaning

Regular cleaning is very much a part of the operation of a membrane plant. However, the

kind of cleaning methods used, how frequently they are required and how they are related
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to operating parameters should be assessed on a case-by case basis to ensure maximum

recovery of membrane performance.

2.4.1. Apparatus for cleaning \
There are possibly two main modes of operation used in cleaning experiments: cross-flow
and dead end as the ones used in permeation tests. In the cross-flow geometry the feed
flow is parallel to the membrane and perpendicular to the filtrate flow, resulting in three
different streams: feed, permeate and retentate. Whereas dead-end devices only have a
feed and permeate stream and the main flow direction is perpendicular to the membrane

surface (Pellegrino, 2000).

By far, the most widely used lab apparatus to assess the cleaning of flat sheet membranes
has been the dead-end cells, i.e., stirred batch UF cells from Amicon (Mufioz-Aguado et
al., 1996; Tran-Ha et al., 1998;> Kuzmenko et al., 2005). Crossflow cells have also been
utilized in fouling and cleaning evaluations, especially the ones from Nitto Denko
Corporation (Kimura et al., 2004; Shon et al., 2007) and the SEPA CF cell from GE
Osmonics (Bodzek and Konieczny, 1998). The SEPA cell has been designated by the
USEPA as the standard cell for evaluating the potential of membrane processes as part of
the Information Collection Rule (ICR) (Mosqueda-Jimenez et al., 2003). Cleaning has
also been performed by just soaking for a day the membrane coupons in glass vessels
filled with chemical solutions (Arnal et al., 2008). Except for the last method, flat sheet
membrane cleaning evaluations have been conducted using standard membrane filtration
apparatus. Another cross-flow (CF) cell designed by Sourirajan and Matsuura (1985) has
yet been tried for cleaning studies. This type of CF cell has been used extensively in our
lab for permeation tests (Mosqueda-Jimenez et al., 2004cd; Rana et al., 2005; Dang et al.,
2008). The cleaning performance would alter to some extent when different cells are
utilized according to their different designs. So far there has been no direct comparison of
the impact of the test cell type on the effectiveness of a given cleaning strategy.
Accordingly there is not a bench-scale membrane system that is considered standard for

membrane cleaning studies.

24



2.4.2. Cleaning protocols and chemicals

Cleaning or regeneration of membranes can be achieved by using physical, chemical,
electrokinetic and ultrasonic methods. Physical methods include foam-ball swabbing of
tubular membranes, hydrodynamic, backwashing, pure water flushing, air flushing, gas-
liquid flushing, reverse flow, hot water treatment or a combination of these methods.
Whereas, chemical methods mainly use various alkalis (sodium hydroxide, sodium
hydrochlorite, sodium sulphite, aldehyde solution), acids (oxalic acid, citric acid,
hydrochloric acid-citric acid-ammonium fluoride), surface-active agents (sodium
percarbonate and potassium percarbonéte), enzymes, detergents (perborate, complexing
agents EDTA), disinfectants, etc. (Deqian, 1987). Electrokinetic methods are applied in
some cases (wastewater treatment) in which high voltage (>100V) is pulsed in short
interval or long duration. Combined physical and chemical methods have received more
attention recently since they perform high quality cleanings. Anselme and Jacobs (1996)
~ proposed potential cleaning methods for the following specific fouling mechanisms:
e For cake formation: hydraulic techniques such as flushing, backwashing
e For NOM adsorption: Chemical cleaning techniques are sometimes found
difficult to break down completely the foulants. This type of fouling is slowly
reversible because it requires desorption of the organic molecules.

¢ For materials precipitation: chemical cleaning and backwashing

Backwash has been found to be one of the most effective methods for controlling fouling
in particular for hollow fiber (HF) membranes, while it has limited uses in only a few
spiral wound membranes (i.e., membranes from TriSep Corporation). In general, a
backwash pump is employed to reverse the permeate flow from the permeate side at an
effective backwash pressure. Water pulsing or flushing on the other hand can be
conducted from both sides. Depending on membrane types, module designs and other
processing conditions, the flow direction will be selected. As a simple and non-corrosive
method, backwashing or backflushing has been tried with many types of membranes and
with various types of foulants. When using commercial membranes (KOCH Carbo-cor
and ceramic membranes) for the treatment of wastewater composed of fresh water and

seawater, Peng (2002) found that backflushing was more effective with Carbo-cor
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membranes than for ceramic ones. With Carbo-cor membranes, cleaning with 1% NaOH
together with air backflushing gave the highest flux recovery. Non-chemical cleaning
methods; such as hot water flushing, air backflushing and pressured steam, were found
effective in regenerating membrane flux for large pore Carbo-cor membranes. The
duration of physical cleaning in HF is often from few seconds to 2 minutes after a
filtration cyclé of 30 min to 1 hour. The specific durations depend on types of feed water

and the membrane modules.

In chemical cleaning, the choice of cleaning agents and cleaning conditions (pH,
temperature and contact time) depended not only on the type of components deposited,
but also on the chemical and thermal resistance of the membrane, the module and the rest
of the equipment (Tragardh, 1989). Sometimes materials other than the membrane itself
are the limiting factors. Cleaning agents are often circulated without pressure to prevent
deeper penetration of the foulants into the membranes. Chemicals are often selected
depending on specific foulants. Tragardh, (1989) concluded that if the problem was
bacteria contamination, sodium hypochlorite (at maximum concentration of 200 ppm
chlorine at normal temperature) or 5% hydrogen peroxide were recommended. Whereas
if the problem was fouling layers of fat, oil or grease, non-ionic surfactants with anti-
foaming properties (max. 1% water solution) were effective. Two percent (2%) solution
of citric acid or a commercial cleaning solution of NOXOL 500 should be used for
~ cleaning membranes fouled by divalent ions in waste feed or hard water. Other
commercial cleaning agents such as NOXOL 735 or 771, on the other hand, worked well
cleaning the precipitates of oxides, carbonates, phosphates or sulphates. The chemical
and thermal resistance of membranes vary greatly depending on the primary polymer
within the membrane. Polysulfone membranes are resistant to solutions with pH ranging
from 1-13 and temperatures up to 80°C and quite resistant to oxidizing agents, such as
hypochlorite. On the other hand, cellulose acetate membranes could be used only at
temperatures up to 30-40°C and in the pH rang 3-8. Polyamides were strongly attacked
by chlorine-containing cleaning agents. Generally, Tragardh (1989) recommended a
cleaning cycle with following steps: (1) Product (foulants) removal from the system; (2)
Rising with pure water; (3) Cleaning in one or more steps; (4) Rinsing with pure water;

- and (5) Disinfection.
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Fouling by NOM adsorption is difficult to reverse or is slowly reversible because it
requires desorption of the organic molecules. The use of oxidizing shocks (chlorine for
instance) during membrane backwashing or chemical washing generally makes it
possible to limit loss of membrane permeability. However, it has been shown. that
hydrophilic polymeric membranes are less sensitive to this type of cleaning than
hydrophobic membranes since chemical bonds in the later are of higher energy and
therefore are more difficult to break, even with chemical cleaning techniques (Mallevialle
et al., 1989; Laine et al., 1989). Maartens et al. (1998) tried different cleaning methods
with HF UF membranes in the removal of humics in natural brown water. The
membranes were cleaned for different time intervals depending on the cleaning regime, at
100 kPa, 30°C. The alkaline cleaning solution combined with 0.1% Triton X100 (with
NHj;) had a marked higher cleaning effect after the membrane was used for NOM
removal (color réjection). The explanation for this was that the Triton X100 not only
removed the foulants, but also adsorbed onto the membrane to cause a more open pores
or create a more flexible membrane structure with a higher pure water permeation (PWP).
Cleaning with strong chelating agents, such as EDTA, could most effectively remove the
NOM fouling layer and restored permeate flux (Hong and Elimelech, 1997). This
improvement was caused by disrupting the fouling layer structure through a ligand
exchange reaction between EDTA and NOM-calcium complexes. Lee et al. (2001)
reported that 0.1M NaCl solution was fairly effective in flux recovery in comparison to
acid or alkaline reagent. However, Kimura et al. (2004) found that the foulants could not
be desorbed significantly by NaCl solutions. They recognized that the oxidizing agent
(NaClO) exhibited the best cleaning performance, then followed by NaOH and oxalic
acid. The difference might be due to different sources of NOM and types of membranes.
Table 2.2 summarizes several cleaning methods used in the literature for hollow fibre and

flat sheet membranes.
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2.5 Membrane surface modification
2.5.1. General

Membrane modification is a fundamental approach since it centers on chemical
development of a membrane materials so that membrane surfaces are less susceptible to
fouling while the operational process is unchanged. Many surface modifying techniques
have been researched including plasma surface modification technique (Ulbricht and
Belfort, 1996), surface fluorination (Borisov et al., 1997), chemical coating (Dickson et
al., 1998; Prakash et al., 2003; Chen and Tsai, 2004), chemical grafting (Wang et al.,
2000; Zhao et al., 2005) or surface-active additives (Kasemura et al., 1993; Pham, 1995;
Tang et al.,1996; Ho et al., 2000; Hamza et al., 1997; Mosqueda-Jimenez, 2003; Nguyen,
2005). Each method has its benefits and its disadvantages. The surface hydrophilicity of
PS or PES membranes increased as treatment with water plasma and with He plasma,
grafting with hydrophilic polymers such as 2 hydroxy-ethyl-methacrylate (HEMA) and
acrylic or methacrylic acids or adding hydrophilic surface modifying macromolecules
(LSMM 400, LSMM 600). These modifications in some cases enhanced permeability,
decreased molecular-weigh cutoff of membranes and increased contaminant removal.
Plasma and fluorination techniques, however, can not be easily controlled and may cause
irreversible damage (Ulbricht and Belfort, 1996). Chemical coating and grafting require
specific conditions which somewhat limit their use. Another disadvantage of many of
these modification techniques is that they are complicated and require more than one step
in the preparation process, usually making membranes then modifying their surface.
Thus, an ideal technique should offer such characteristics as: (i) modification is limited to
the surface without damaging it; b) the bulk properties of the polymer are kept relatively
intact; ¢) only one step is required to obtain modified membranes. Blending the surface-
active additive in the casting solution has presented almost all these characteristics and
has been successfully used by Kasemura et al. (1993) as well as Matsuura, Santerre,
Narbaitz and coworkers. Performance of surface-active additives and their impact on
cleaning efficiency is the central focus of this thesis, thus they will be discussed more in

detail in following section.

30



2.5.2. Surface Modifying Macromolecules (SMM and LSMM)

Surface modifying molecules (SMM), which are surface-active polymeric additives, have
been manufactured and applied since the early 1990s (Kasemura et al., 1993; Hester and
Mayes, 2002; Matsuura, Santerre, Narbaitz and coworkers). The characteristic of SMMs
is that they are hydrophobic polymeric macromolecules and have a lower surface free
energy than that of the base polymer; therefore, they have the ability to migrate

preferentially toward a polymer-air interface (Fang, 1997).
Q00O 0OOOO@ Air-Surface

t, >t

Figure 2.5. Migration of SMM to the membrane surface (Fang, 1997)

SMMs are blended with the casting solution containing the base polymer PES and a
solvent (other additives may also be added); membrane is cast in air with the casting
solution using wet or dry/wet phase inversion technique. During casting, SMMs
preferably migrate to membrane surface and change the properties of membrane surfaces.
Hence, a surface modified membrane is prepared using only a single casting step. The

SMMs can be synthesized to be hydrophobic or hydrophilic polymeric additives. The
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hydrophobicity of modified membranes depends on the SMM characteristics. Figure 2.5
illustrates the migration of the SMMs to the membrane surface with time. The dark
circles represent SMM molecules while the open circles represent base polymer and

solvent.

The SMMs were synthesized by a two-step solution polymerization method (Pham et al,
1999). The initial step involved the reaction of a diisocyanate with a polyol in a common
solvent to form a urethane prepolymer solution. The reaction was then terminated by the |
