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Reverse osmosis (RO) is being increasingly used in treatment of domestic

wastewater secondary effluent for potable and non-potable reuse. Among other

foulants, dissolved biopolymers, i.e., proteins and polysaccharides, can lead to

severe fouling of RO membranes. In this study, the roles of RO membrane surface

properties in membrane fouling by two model biopolymers, Bovine Serum

Albumin (BSA) and sodium alginate, was investigated. Three commercial RO

membranes with different surface properties were tested in a laboratory-scale

cross-flow RO system. Membrane surface properties considered include surface

roughness, zeta potential, and hydrophobicity. The results revealed that surface

roughness had the greatest effect on fouling by the biopolymers tested.

Accordingly, modified membranes with smoother surfaces showed significantly

lower fouling rates. Alginate was found to foul RO membranes much faster than

BSA in the presence of Ca2. Considerable synergistic effect was observed when

both BSA and alginate were present. The larger foulant particle sizes measured in

the co-existence of BSA and alginate indicate formation of BSA-alginate

aggregates, which resulted in greater fouling rate. Faster initial flux decline was

observed at higher initial permeate flux even when the flux was measured against
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accumulative permeate volume, indicating a negative impact of higher operating

pressure.

The efficiency of different chemical cleaning agents was evaluated. The results

demonstrate that sodium dodecyl sulfate (SDS) and ethylenediamine tetracetic acid

(EDTA) are effective cleaning chemicals for the fouling conditions tested.
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Title: Reverse Osmosis Membranes Fouling by Biopolymers in Wastewater
Secondary Effluent and Membrane Cleaning

CHAPTER 1
INTRODUCTION AND OBJECTIVE

Water deficiency due to water quality-base scarcities or water quantity-base

scarcity has been a grave global issue. The problem will become more and more

serious with the global population explosion and economy expansion. As a

solution, increasing amount of reclaimed wastewater is being or planned to be used

for groundwater recharge to augment existing potable water supplies. However,

the treated wastewater will face the water quality issue when it is discharged to

water bodies or groundwater reservoirs that are eventually used as water supplies.

A lot of research has proved that membrane technology, especially reverse

osmosis (RU) membrane, can play a key role in solving the problem of water

scarcity. Membrane technology has been widely applied in desalination of

seawater and brackish water {Buros, 1989}, removal of arsenic and other

dissolved species from drinking water supplies {Clifford et al., 1986}, removal of

metals from liquid wastes {Walker et al., 1990), hazardous wastes remediation

{Walker et al., I 990}, and wastewater and agricultural drainage water reuse

{Marinas, 1991; Smith, 1992).

In RO processes, fouling of the membrane materials is recognized as the biggest

impediment for membrane separation technology. Secondary wastewater effluent

is used as the feed water for RO process in a lot of reclamation plants. Although it

has relatively low osmosis pressure, it is rich in organic compounds, such as humic

substances, proteins, and polysaccharides. These materials are typical membrane

foulants, i.e., foreign substances that pollute membrane materials by accumulating

on membrane surface or within membrane pores. They exist in both colloidal and

dissolved forms. Colloids are ultra-fine particles with size ranging from a few

nanometers to a few micrometers. The mechanisms controlling colloidal fouling

are relatively well understood {Elimelech et al., 1995; Zhu et al., l997}, and



2

pretreatment processes including conventional treatment and microfiltration are

commonly used to control colloidal fouling of RO membranes. Dissolved organic

compounds are another major group of foulants. They are ubiquitous and the most

recalcitrant. Membrane fouling by organic compounds is referred to as organic

fouling, which may lead to irreversible deterioration of membrane flux that can not

be recovered by general back flushing or chemical cleaning of the membrane. It is

also the initial and necessary stage of biofouling, resulting in the growth of

biofilms on membrane surfaces and leading to microbial contamination of the

product water. In natural water and wastewater industry, humic substances,

proteins and polysaccharides have been shown as the most important organic

foulants {Rebhun etal., 1971; Namkung etal., 1986; Rittmann etal., 1987).

It is very important to study mechanisms of RO membrane fouling in order to

develop fouling control strategies and chemical cleaning methods for RO

applications in wastewater reclamation. Membrane fouling is usually decided by

the following factors: membrane properties, foulant characteristics, aqueous

chemistry, and hydraulic conditions. Membrane fouling by humic substances has

been widely researched {Hong et al., 1997; Seidel et al., 2002}. Although

membrane fouling by proteins and polysaccharides can also cause serious

problems for the operation of RO systems due to their high concentrations in

wastewater, there were few studies reported in the literature {Cho et al., 1998;

Jarusuthhirak et al., 2003; Ng et al., 2004). Moreover, the effect of membrane

characteristics on membrane fouling by coexisting proteins and polysaccharides is

poorly understood. In this study, membrane properties and characteristics of

protein and polysaccharide foulants are the main subjects of study.

The main objectives of the research are: 1) to evaluate the effect of membrane

surface characteristics on RO membrane fouling, 2) to compare membrane fouling

by protein and polysaccharide 3) to evaluate the impact of membrane surface

modification on membrane fouling, and 4) to compare the efficiency of membrane

cleaning agents.
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CHAPTER 2
LITERATURE REVIEW

21. Water shortage and membrane filtration
Freshwater is one of the most valuable and renewable resources on the Earth. The

access to freshwater is a fundamental need to all societies. It's widely believed

that many countries are entering an era of severe water shortage with the global

population quickly growing and industrial, agricultural and individual water

demands escalating {Gleick, 1998; Kufahl, 2002}. Moreover, owing to the lack of

planning and irresponsible practices, fresh water supplies are seriously polluted by

humankind, thereby creating water quality-base scarcities.

To confront the growing problem of global water shortage, we have several

options including water resource conservation, developing new water supplies

using new technology, and wastewater reclamation. Among them, wastewater

reclamation has been accepted as a primary method for extending existing water

supplies in some areas of water scarcity. In wastewater reclamation for potable

water reuse, due to the recently enforced and forthcoming regulatory requirements

in the United States {EPA, 2003}, a multiple treatment barrier approach is

required to provide safe water as a drinking water source. As proved by a lot of

research, membrane processes cover a wide spectrum of water and wastewater

treatment applications, including removal of colloidal particles, microorganisms,

natural organic matter (NOM), heavy metals, and nonmetallic inorganic ions from

contaminated waters and industrial effluents {Taylor et al., 1987; Ho et al., 1992;

Aim et al., 1993; Koros et al., 1996}, The water quality improves significantly

when membrane filtration, especially high-pressure membranes including reverse

osmosis (RO) and loose RO membranes that are also called nanofiltration (NF)

membranes, is applied after a biological treatment unit. In one full-scale

application at the water factory 21 in Orange County, California, RO is used as

part of the system that indirectly reclaims treated municipal effluent via

groundwater infiltration {Argo et al., 1979} {Reinhard et al., 1986). The process
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reduced TDS and organics to levels that allowed the effluent to be injected into

groundwater aquifers used for water supplies. Additionally, other advantages of

membrane filtration, including easy installations due to the modularized and

compact membrane units and simple operation of membrane systems with a high

degree of automation possible, also stimulate the application of membranes in the

water treatment and reclamation. These features make them both economically and

environmentally attractive.

2.2. Reverse Osmosis and RO membrane
Membranes exist widely in the nature and man-kind environment, such as cell

membranes and synthetic membranes. These membranes all have a common

property: selective permeability. Based on the solute exclusion size, membranes

are classified into four categories: microfiltration (MF), ultrafiltration (UF),

nanofiltration (NF), and RO membranes. An overview of these membrane

processes and their characteristics are shown in Figure 2-1.
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Figure 2-1: Schematic representation of microfiltration, ultrafiltratrion,

nanofiltration, and reverse osmosis (Adopted from {Baker, 2004})
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The phenomenon of osmosis was first observed by J.A. Nollet in 1784. It is the

movement of water from a region of high water concentration through a semi-

permeable membrane to a region of low water concentration {Stuttman, 1983}.

Reverse Osmosis is the process opposite to Osmosis, in which a pressure is applied

to the side of the concentrated solution in contact with a semi-permeable

membrane, as shown in Figure 2-2. As a result water moves reversely from the

high-concentration solution side to the low-concentration solution side.

I whezt water flow 0,

pssme I

P'" is Osmsis pressuz

semi-rmethj1e
nenthrane

concerdrated -r- dilute
so1utcn > so1utin

water flow

Reverse Osmosis

Figure 2-2: Schematic Description of Reverse Osmosis

During reverse osmosis, the pressure that must be applied to the low water

concentration side to stop the osmosis is called the osmotic pressure. For dilute

solution, it can be approximately calculated by the van't Hoff equation {Lonsdale,

1982}:

'r=v,c,RT (2-I)
where = osmotic pressure;

v, = number of ions formed;

= molar concentration of the solute;

R = universal gas constant;

T absolute temperature;



For concentrated solutions, the osmotic pressure can be estimated by multiplying

equation (2-I) by an osmotic coefficient that can be evaluated from vapor pressure

data or from freezing-point depression of the solution involved {Hwang et al.,

I 984}. The water flow in the reverse osmosis system depends on the difference

between the trans-membrane pressure and the osmotic pressure.

2.3. RO membrane performance
The most concerned RO membrane performances in water and wastewater

application include permeate flux, selectivity (solute rejection), and membrane life.

The permeate flux and solute rejection can be estimated mathematically by the

following equations (2-2, 2-3):

j = (2-2)
+ R11

R=C1C1J (2-3)
Cf

where J water permeate flux;

P hydraulic pressure;

R solute rejection;

o. = reflection coefficient;

Rmem = membrane hydraulic resistance;

R01 = fouling layer resistance;

AP=Pf P,

Air = ir ;lrp

The subscripts "w ", "f ", and "p" refer to the membrane wall on the feed side,

the bulk feed solution, and the permeate, respectively. The reflection coefficient ci

is unity if no coupling exists between solute and water molecules within the active

layer of the membrane, and zero for complete coupling.
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2.4. RO Membrane fouling

Membrane fouling is defined as "the process resulting in loss of performance of a

membrane due to deposition of suspended or dissolved substances on its external

surfaces, at its pore openings, or within its pores" {Koros et al., 1996}, and it has

been proved very harmful to membrane performance such as reducing membrane

permeate fluxes (e.g. treated water) and shortening membrane lifetimes. Therefore,

membrane fouling is a big challenge for membrane application in water treatment.

A schematic representation of concentration polarization and membrane fouling at

the membrane surface in cross-flow membrane filtration is presented in Figure 2-3.

feed flow membrane
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Figure 2-3: Schematic representation of concentration polarization and membrane

fouling in cross-flow membrane filtration

Concentration polarization refers to the accumulation of retained solutes near the

membrane surface in excess of the bulk concentration. It is inherent of all

membrane separation processes. It is one of the primary reasons for permeate flux



decline and solute rejection decrease. There are two stages in concentration

polarization. During the initial stage, the thickness of concentration polarization

layer grows, resulting in a decrease in permeate flux and salt rejection. After

steady state is established, the thickness of the polarization layer becomes constant.

Although it can result in membrane performance decline, concentration

polarization is a pure accumulation process of rejected solutes or particles and a

reversible phenomenon.

Membrane fouling, another more harmful challenge in RO and any other

membrane processes, has hindered and will continue to obstruct RO application.

Although the accumulation of solutes happens in both membrane fouling and

concentration polarization, membrane fouling should be distinguished from

concentration polarization. The main mechanisms of membrane fouling are

clogging of membrane pores, gel or cake layer formation, and bacterial growth.

The attachment or adsorption and accumulation of foreign substances (foulants)

onto the membrane surface andlor within the membrane pores during membrane

fouling results from the principle of membrane separation: size exclusion, which

makes membrane fouling inevitable {Ang et al., 2006}. There are several

deleterious effects caused by membrane fouling: a gradual decline in permeate flux

resulting in an increase in applied pressure and hence a large economic restriction

on membrane plant operation, a gradual membrane degradation resulting in shorter

membrane life, and deterioration in product water quality.

Research on mechanisms of membrane fouling and methods to control it has been

and will continue to be a focus of membrane teclmology. In general, membrane

fouling can be classified into four groups according to the different foulant types:

precipitate fouling, colloidal fouling, biofouling and organic fouling {Staude,

1992). Figure 2-4 illustrates the four types of membrane fouling.
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Organic Fouling Precipitate Fouling

Colloidal (Scaling)

Fouling crcO

Figure 2-4: Schematic representation of different types of membrane fouling

Much work has been done on the impact of each fouling type. However, there are

still a lot of unknowns in the mechanisms of membrane fouling.

2.4. 1 Precipitate fouling
Precipitate fouling, also called membrane scaling, is defined as the formation of

mineral deposits on the membrane surface, resulting from the increased

concentration of one or more species beyond their solubility limits {Wiesner et al.,

1992). The most common deposits are CaCO3, MgCO3, Ca504, silica, BaSO4,

SrSO4, Ca3(PO4)2, {Jackson et al., 1973; Gilron et al., 1987} and iron and other

metal oxide precipitates which are mainly from corrosion {Wiesner et al., 1992;

Faller et al., 1999). It has been widely accepted that the precipitation kinetics is

composed of two main steps: nucleation and crystal growth {Brusilovsky et al.,

1992; Mullin, 1992). New nuclei are first formed in the stagnant region located at

contact points of the spacer with the membrane, and then the nuclei expand

uniformly on the membrane surface, and finally grow in hemispherical geometry.

2.4.2 Colloidal fouling
Colloidal particles are ubiquitous in natural waters, which cover a wide size range

from a few nanometers to a few micrometers {Myers, 1999). Colloids, including

clay minerals, colloidal silica, iron, aluminum, organic colloids, suspended matter,

and microorganisms {Pott etal., 1981; Van Houtte etal., 1998) cannot pass RU
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membranes and hence accumulate on the membrane surface, leading to colloidal

fouling. The mechanism of colloidal fouling has been under extensive research

{Visvanathan etal., 1989; Elimelech etal., 1995; Zhu etal., 1997; Elimelech etal.,

1997; Vrijenhoek etal., 2001, Bacchin etal., 2004). In colloidal fouling, there are

three stages: concentration polarization, cake layer growth and development, and

steady state. Initially, colloids deposit onto the "clean" membrane surface due to

the interplay of various colloid-membrane interactions including electrostatic force,

van der Waals force, and hydrophobic force. Deposition then continues onto the

retained colloid layer to form a fouling layer commonly known as the cake layer.

While the deposition rate is greater than the rate of back diffusion resulted from

the higher colloidal concentration at the membrane surface, the cake layer

continues to grow. When the two rates become equal, filtration reaches steady

state, and a stable permeate flux will be observed.

2.4.3 Biofouling
Biofouling is caused by the growth of biological species on the membrane surface,

or in the case of spiral-wound membranes on the feed spacer as well as on the

membrane surface {Winters et al., 1979; Flemming, 1993; Ghayeni etal., 1998}.

The process is usually divided into four phases: (i) formation of a conditioning

film, (ii) initial microbial adhesion, (iii) biofilm development and (iv) irreversible

blocking of the module. Adsorption of macromolecules, e.g., humic acid and

polysaccharides, on the membrane surface first forms a conditioning film

{Flemming, 1993). During the formation of the conditioning layer, the charge and

the critical surface tension of the membrane may change. When microbial cells in

the feed water are transported to the membrane surface, they adhere to the

conditioning film, grow and finally develop to a multi-layered biofilm.

2.4.4 Organic fouling
Organic fouling is due to the adsorption or deposition of dissolved or colloidal

organic materials. It can be the result of deposition at a molecular level or as a

monolayer, the formation of a gel layer on the membrane surface, the deposition or
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cake formation by organic colloids or the pore restriction and blocking by

molecules that can penetrate the membrane. Organic molecules interact with

membranes in a number of different ways, depending on the chemical

characteristics of the molecules and their affinity to the membrane material. For

water and wastewater applications, natural organic matter (NOM) and wastewater

effluent organic matter (EfOM) are well known and studied foulants. Weisner et at.

{Weisner et at., 1992} identified four NOM categories which are strong foulants:

protein, aminosugars, polysaccharides, and polyhydroxyaromatics. Jarusutthirak

et at. {Jarusutthirak et at., 2002} fractionated EfOM and characterized the

fractions as the following: colloidal EfOM with hydrophilic characteristics

composed of polysaccharides, proteins, aminosugars; hydrophobic EfOM with

humic substance characteristics (high aromaticity and carboxylic functional

groups); transphilic EfOM also with humci substance characteristics; and

hydrophilic EfOM containing low molar mass acids.

Organic foulants play an important role in membrane fouling and act in various

ways. Firstly, organic foulants may adsorb to or deposit on membranes resulting in

a variation of the membrane surface characteristics and hence flux as well as

fouling behavior. Secondly, organics may act as a nutrient source for

microorganisms and hence facilitate biofouling. Thirdly, organic foulants may

adsorb on colloids, stabilize small colloids and make them more difficult to be

removed in pre-treatment. As a result, organic fouling and colloidal fouling are

often found in the same systems.

In wastewater reclamation, secondary effluent, the wastewater stream after

secondary biological treatment using a conventional activated sludge process or a

membrane bioreactor, is used as the feed water for the membrane process.

Compared with seawater or brackish water, total dissolved solids in wastewater

secondary effluent is much lower, which requires a lower operating pressure

compared to typical RO processes for desalination. However, high concentrations

of EfOM can severely foul the RO membrane surface and cause substantial loss of

membrane permeate flux. EfOM contains a variety of soluble organic compounds,
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including residual degradable and non- or slowly biodegradable influent substrate,

substrate intermediates and end products, complex organic compounds formed

through condensation reactions with both influent organics and intermediate and

final degradation products and soluble microbial products (SMPs). Many

researchers have shown that SMPs are the majority of the soluble organic matter in

effluents from biological treatment processes, which mainly consisted of humic

substances, proteins and polysaccharides {Rebhun et al., 1971, Jarusutthirak, et at.,

2002; Jarusutthirak et at., 2003}.

Humic substances are degradation products of lignin, carbohydrates and proteins

in aquatic environments {Hanna et at., 1991 }. They are refractory anionic

macromolecules of low to moderate molecular weight with both aromatic and

aliphatic components. They contain primarily carboxylic groups, which account

for 60-90% of all functional groups, and phenolic functional groups varying with

origin {Malcolm et at., 1986}. In addition, humic substances are negative charged

at the pH range of natural water and wastewater. Membrane fouling by humic

substances has been researched heavily. Nystrom et al. found that humic acids

were most harmful to membranes that were positively charged (i.e., containing

alumina or silica) {Nystrom et al., 1996). Adsorption was regarded as the most

important process between humic acid and membrane surface, which has been

proved by Elimelech et cii. {Elimelech et at., 1997) and Childress et at. {Childress

et at., 1996). in a study on the role of solution chemistry on the morphology of the

humic acid fouling layer, Schafer et at. found that irreversible fouling occurred

with all membranes at high calcium concentrations and the hydrophobic fraction of

the humic acids was deposited preferentially on the membrane surface {Schafer et

at., 2002}. The result was very similar to the work of Ridgway et at. {Ridgway et

at., 1985), who found that hydrophobic interactions between bacterial cell surface

components and the RO membrane surface play an important role in the initial

biofouling. Hong et at. demonstrated that calcium-humate complexes caused very

heavy flux decline due to their highly compact floc-like structures {Hong et at.,

l997}. Similar results were also reported by other researchers {Yuan et at., 1999,
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2000; Cho et al., 2000; Seidel et al., 2002; Schafer et al., 2002; Li et al., 2004,

2005). Jucker and Clark {Jucker et al., 1994) demonstrated that humic

macromolecules adsorbed more favorably onto hydrophobic membranes. In the

comprehensive study on membrane fouling by humic substances, Hong and

Elimelech {Hong et al., 1997) found that the addition of divalent cations,

decreasing solution pH and increasing electrolyte concentration all promote

membrane fouling by humic substances markedly. However, Mänttäri et al.

reached a very different result in nanofiltration membrane fouling by humic acid:

at neutral pH humic acid improved both the permeate flux and the pure water flux;

under acidic conditions, humic acid slightly Ibuled the membranes {Mänttäri et al.,

2000). They hypothesize that humic acid might increase both the membrane

hydrophilicity and its negative charge when being absorbed through hydrophobic

attraction.

Protein fouling of MF and UF membranes has been intensively researched.

Belfort et al {Belfort et al., 1995} published an excellent review on the behavior of

proteins in cross-flow microfiltration systems. Howell {Howell, 1983) studied

fouling of a MF membrane by a model protein Bovine Serum Albumin (BSA). He

reached the conclusion that membrane fouling by protein happens first by physical

adsorption, probably in a monolayer; then, multi-layer protein build-up takes place

by intermolecular disuiphide bonding and hydrophobic interactions. Zydney et al.

{Zydney et al., 1994) also suggested that the thiol oxidation and intermolecular

thiol-disulfide interchange reactions played a general role in protein fouling during

membrane filtration. Kelly et al. {Kelly et aL, 1993) proposed a two-step process

of MF membrane fouling by BSA. In the initial stage, BSA aggregates deposit on

the membrane surface or in the membrane pores, then the initial layer of BSA

deposition serves as nucleation or initiation sites for further deposition of BSA in

the bulk solution. Hallstrom et al. {Hallstrom et al., 1989) described MF fouling

by BSA in the following three steps: First, rapid deposition at the entrance of the

pores and membrane surface results in rapid flux decline; Further deposition

occurring on top of the first deposit layer causes a slower rate of flux loss;
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Eventually bridging of the pore entrances occurs, and the surface is completely

covered by the protein layer, which dominates the membrane fouling behavior.

Protein fouling has been found to be influenced by pH, ionic strength and protein

concentration {Kelly et al., 1994; Palecek et al., 1993, 1994}. Palecek and Zydney

{Palecek et al., 1 994} found that the quasi-steady UF fluxes of all five tested

protein solutions at their respective isoelectric pH were essentially identical

despite the large differences in molecular weight and physicochemical

characteristics of these proteins. At pHs away from the isoelectric point (JEP), the

flux increased with the protein surface charge density. Fane et al. also found that

MF membrane flux during filtration of a BSA solution reached a minimum at pH

4.5-5.0, which was attributed to the increased adsorption or deposition at the IEP

of the protein {Fane et al., 1983}. The same result was also reported by Bowen et

al. {Bowen et al., 1990}. In studies by Turker et al. {Turker et al., 1987} and

Clark et al. {Clark et al., 1991}, the total ionic strength increasing of the solution

was found to reduce the amount of protein deposited and hence slow down

membrane fouling. Kelly and Zydney {Kelly et al., 1993} studied MF membrane

fouling by BSA and discovered that membrane flux decline was strongly related to

the protein concentration. In the same study, it was revealed that protein physical

chemical properties have a dramatic impact on BSA fouling with the highly

fouling protein solutions having higher concentrations of conformationally altered

or possibly aggregated BSA. Ho and Zydney studied the effect of membrane

morphology and pore structure on the initial rate of protein fouling during

microfiltration using different membranes and found that membranes with straight-

through pores were fouled via pore blockage due to deposition of large protein

aggregates on the membrane surface. However, the rate of blockage was controlled

by membrane porosity because of the possibility of multiple pore blockages by a

single protein aggregate on high porosity membranes. Fouling of membranes with

interconnected pores was slower because the fluid could flow through the

interconnected pore structure instead of the blocked pores {Ho et al., 1999 }. The
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effects of the factors as above were described in the excellent reviews published by

Marshall et al. {Marshall et al., 1993}.

Little work has been done on membrane fouling by polysaccharides. In a study on

NF and UF membrane fouling by natural organic matter, Cho et al. {Cho et al.,

1998} found that polysaccharides or polysaccharide-Iike substances were the

major foulants based on the reduced number of carboxylic groups on the fouled

membrane surface. Ng et al. {Ng et al., 2004} studied the relative contribution of

polysaccharides and proteins to RO membrane fouling using BSA and sodium

alginate as the model protein and polysaccharide respectively. It was found that

alginate fouled the membranes much faster than BSA, and the fouling process was

aggravated in the presence of divalent cations (Ca2 and Mg2). Mänttäri et al. also

studied the fouling effect of polysaccharides in nanofiltration and found that the

electrostatic attraction markedly influenced the flux of charged polysaccharides,

but had an insignificant effect on the flux of uncharged substances; with more

hydrophobic membranes, hydrophobic interactions overcame the electrostatic

repulsion and caused more severe fouling by polysaccharides {Münttäri et al.,

2000}.

Besides foulant characteristics, membrane surface properties also play a critical

role factor in membrane fouling as many studied have indicated {Elimelech et al.,

1997; Riedel, ci' al., 1998; Vrijenhork et ai'., 2001} . Nevertheless, there has been

no study on the effect of RO membrane surface properties on fouling by proteins

and polysaccharides, and the effect of operating conditions such as pressure or

initial permeate flux is not well understood.

2.5. RO membrane characterization
Various factors control membrane fouling: membrane properties, foulant

characteristics, solution chemistry, and hydraulic condition. Investigation on the

role of membrane properties and foulant characteristics on membrane fouling are

necessary to provide guidelines for membrane selection and membrane fouling
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control. Many previous researches have found that membranes with different

surface properties have very different fouling behaviors {Elimelech et aL, 1997;

Vrijenhork et al., 2001). As described in the previous sections, the characteristics

of organic foulants also play a very significant role in membrane fouling.

Since the Loeb-Sourirajan process was widely applied in the manufacture of

membranes, most RO membranes consist of two layers: the active layer made of

an ultra-thin, selective surface film where separation takes place, and the highly

permeable microporous support layer that provides mechanical strength. Figure 2-

5 is a schematic representation of a common RO membrane structure. Although

the active layer is very thin (less than 1 m) and very difficult to measure, it is the

most important part of an RO membrane. It can be made of a wide selection of

organic polymers using different methods. RO membrane was firstly made by

cellulose acetate (CA) or CA derivative. However, during improving water

treatment economics and for other commercial applications, the limitations of CA

as a membrane material were quickly revealed, such as their poor biological and

chemical stability resulting in continual changes in rejection and flux loss due to

compaction. The approach to overcoming this problem was to develop the active

layer from the materials other than CA, such as polyamide, polyethersulfone,

polysulfones, etc.

Figure 2-5: Schematic Description of Reverse Osmosis structure {Lonsdale, 1982)
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Various methods have been developed to characterize RO membranes, which are

summarized in Table 2-1.

Table 2-1: Overview of membrane characterization methods { Schafer et al., 2005 }

Method Characteristic(s)
Performance Retention measurements with charged Solute rejection, pore size

Parameters molecules
Retention measurements with uncharged Solute rejection, pore size

molecules
Solvent permeability measurement Permeability coefficient.

membrane resistance

Morphology Gas adsorption/desorption Pore size, surface area

parameters Permporometry Pore size/porosity

Microscopy Pore size/porosity
Field emission microscopy (FEM)
Scanning electron microscopy (SEM)
Atomic force microscopy (AFM) Surface roughness, pore

size, porosity
Spectroscopy Chemical composition
ATR-FTIR
ESRINMR
Raman spectroscopy
XPS(ESCA)
Contact angle measurement Hydrophobicity
Captive (air) bubble method
Sessile drop method

Charge . Electro-kinetic measurements Zeta potential, surface

parameters charge
Titration Ion exchange

capacity/overall charge
Impedance spectroscopy Ionic conductivity

RO membranes are generally regarded as nonporous structures with no discrete

pores. Membrane surface roughness, surface charge and hydrophobicity are the

main parameters used to study the effect of membrane surface properties on

membrane fouling.

2.5.1 Membrane surface roughness
Membrane surface roughness is usually used to characterize RO membrane surface

morphology. With recent advances in microscopic technology, several methods

have been employed to analyze the morphological structure of RO membranes



{Kwak et al., 1996; Kwak et al., 1997; Brant et al., 2006}. Scanning electron

microscopy (SEM) has been used to obtain images of the surface as well as cross-

section of a membrane sample. However, polymeric membranes can be damaged

when high voltages are applied and SEM usually only gives information on the

macrostructure of the membrane. Transmission electron microscopy (TEM), with

its much higher resolution than the SEM, can resolve very fine morphological

features of a membrane surface {Kim et aL, 1992}. The thickness of the selective

layer of an RO membrane can be determined by either SEM or TEM provided that

a cross-section sample is carefully prepared. Atomic force microscopy(AFM) is a

relatively new technology introduced to characterize the membrane surfaces. Its

advantages over EM include higher resolution, no electron damage of the sample,

simpler sample preparation and 3-D images {Stamatialis et al., 1999}. Because 3-

D images can be obtained with AFM, characterization of surface roughness is

possible.

In an AFM roughness analysis, morphological features are defined by x, y, and z

coordinates and the following descriptors of membrane surface morphology are

commonly used: mean roughness Rm, average roughness Ra, root-mean-square

(rms) roughness, and surface area. The mean value is defined as the arithmetic

mean of all height data, which represents the absolute z-value of the mean-plane

that is drawn through the cross section of peaks and valleys for a rough surface.

Average roughness is the average deviation of the measured z-value from the

mean-plant, and it can be thought of as half the average peak-to-valley depth. It is

the most commonly used parameter to represent the membrane roughness. Root-

mean-square roughness describes the standard deviation of the entire distribution

of z-values.

The importance of membrane surface roughness on membrane performance has

also been reported in a number of studies. In a previous work by Hirose et al.

{Hirose et al., 1997}, the relationship between the surface structures of skin layers

of cross-linked aromatic polyamide composite reverse osmosis (RO) membranes

and their performances was studied using SEM and AFM. It was found that RO
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membranes with rough skin layer surface structures produced high fluxes, and an

approximately linear relationship existed between this surface roughness and clean

water flux of RO membrane. It was hypothesized that the unevenness of the skin

layer surface enlarged the effective membrane surface area. Elimelech et al.

{Elimelech et al., 1997} studied colloidal fouling of cellulose acetate and

composite aromatic polyamide RO membranes. The surface morphology of the

membranes was characterized using AFM. Comparison between the two

membrane types revealed higher fouling rate for the aromatic polyamide

membrane due to the larger scale surface roughness compared to that of the

cellulose acetate membrane. Similar findings were also reported by Zhu et al.,

Riedi et al. and knoell et al. in studies on organic fouling and biofouling {Zhu et

al., 1997; Riedel et al., 1998; Knoell et al., 1999}. Vrijenhoek et al. {Vrijenhoek

et al., 2001) measured the surface roughness of various commercially available

loose RO membranes and reached a similar conclusion: membranes with rougher

surfaces will experience more serious membrane fouling than those with smoother

surfaces. In a later study, Hoek et al. investigated the effect of membrane surface

roughness on colloid-membrane De aguin-Landau-Verwey-Overbeek (DLVO)

interactions {Hoek et al., 2003 }. It was found that the DLVO interaction energy

between a spherical colloidal particle and a flat membrane surface can be

significantly altered by membrane surface roughness. AFM applied with surface

element integration enables a detailed mapping of the interaction energy profiles of

rough membrane surfaces, which can provides considerable insight into the role of

the interactions on the macroscopic particle deposition behavior. It was also

demonstrated in this study that surface roughness could reduce the repulsive

energy barrier height, which renders rough surface more favorable for particle

deposition in the valleys.

2.5.2 Membrane surface charge
When a polymeric membrane is in contact with an electrolyte solution, it can

acquire surface charges. There are several mechanisms of charge acquisition, such
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as dissociation of surface functional groups and adsorption of ions from solution.

These charges will influence the distribution of ions at the membrane-solution

interface: co-ions are repelled from the membrane surface while counterions are

attracted to it, and consequently, a well-known electrical double layer forms at the

membrane surface. The double layer can be described by several models, which

are discussed in details in the literature {Shaw, 1969; Hunter, 1981; Stumm, 1992;

Elimelech et al., 1995). However, a plane of shear is the same fundamental

concept of all these models. This imaginary plane separates the fixed part of the

double layer from the mobile part. However, it's impossible to measure surface

potential itself. Zeta potential, the electrical potential at the shear plane, can be

estimated and is of significant importance to surface science. Zeta potential can be

determined by several electrokinetic methods: streaming potential measurement,

sedimentation potential measurement, electro-osmosis, and electrophoresis

{Hunter, 1981). Among these methods, streaming potential is the most suitable for

a flat membrane surface {Nystrom et al., 1989; Elimelech et al., 1994; Pontie et al.,

1997). It is the potential caused when an electrolyte solution flows across a

stationary and charged surface. The relation between the streaming potential and

zeta potential can be represented by the Helmholtz-Smoluchowski equation (3-3)

Hunter, 1981). Childress et al. and Walker et al. have reported on how to use a

streaming potential analyzer to measure zeta potential of membranes {Childress et

al., 1996; Walker etal., 2002).

Membrane surface charge is affected by solution chemistry including pH, ionic

strength, ionic composition, and solutes that can adsorb on the membrane surface.

It has been widely reported that membrane charge declines with the increase in

total ionic strength of the test solution {Yaroshchuk et al., 1992; Hong et al.,

1997). Childress et al. conducted a comprehensive study on the effects solution

chemistry on membrane surface charge {Childress etal., 1996). It was found that

membrane surface charge (represented by zeta potential) strongly depended on the

pH of the test solution because the surface functional groups can be protonated or

deprotonated over the pH range. In general, surface charges of polyamide
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membranes increase with pH due to the dissociation of carboxyl and amine groups.

The effect of divalent ions depends on the membrane material and the type of the

divalent ion: for a thin-film composite polyamide RO membrane (TFCL), divalent

ions generally have no effect on the zeta potential of membrane; for a thin-film

composite NF membrane (TFCS), CaCl2 and Na2SO4 have noticeable effect on the

membrane surface charge. However, the ionic strength in the research was not kept

constant. Li et al. reported that the surface charge of an NF membrane decreases in

the presence of Ca2 {Li et al., 2006), which was also found in other studies

{Nystrom et al., 1989, 1994; Childress et al., 1996}. Organic compounds that

easily adsorb onto the membrane surface have also been found to affect membrane

surface charge. For example, when humic substances are present in the solution,

they readily adsorb to the membrane surface and markedly influence the

membrane surface charge {Jucker et al., 1994; Hong et al., 1997). After

membrane is covered by organic compound like humic acid, the surface charge

may be dominated by the charge of organic compound. Anionic and cationic

surfactants also readily adsorb to the membranes surface. At low surfactant

concentrations, a dramatic effect on membrane surface charge is observed

{Childress et al., 1996, 2000).

Because most foulants in the pH range of natural water are negatively charged,

membranes with more negative charges are expected to foul less due to the

repulsion between the membrane surface and the foulant. Childress et al.

{Childress et al., 2000) studied the effect of surface zeta potential on membrane

performance over a wide pH range. It was found that membrane water flux and

salt/ion rejection were maximal at the membrane surface isoelectric point pH at

which zeta potential is zero primarily due to decreased electrostatic repulsion

and increased pore volume in the cross-link polymer network. Elimelech et al. also

found after the membrane was coated by sodium dodecyl sulfate (SDS), which

increases membrane surface charge, membrane fouling rate decreased, although

membrane surface morphology was found to be a more important factor in

controlling membrane fouling fElimelech et aL, 1997). Vrijenhoek et al. also
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believed that the repulsive electrostatic interactions are more significant for the

more negatively charged membranes {Vrijenhoek et al., 2001). Nevertheless, the

results from a study by Combe et al. were found to be contradictory to the

conventional knowledge on fouling of membranes by natural organic matter.

Generally, decreased membrane hydrophobicity and increased (negative) charge

are assumed to reduce fouling by negatively charged organic foulants. However, it

was found by Combe et al. that adsorptive fouling by humic acid was actually

enhanced on the oxidized membranes with increased negative charges {Combe et

al., 1999}.

2.5.3 Membrane hydrophobicity
RU membranes applied in water treatment are made of various materials resulting

in different membrane surface energy. The surface energy determines the

hydrophilicity of membranes and classifies membranes into hydrophilic (a high

surface energy) and hydrophobic (a low surface energy) {Good, 1979; Roudman et

al., 2000). The hydrophobic nature of a membrane can be estimated from its

contact angle with water {Oldani et al., 1989; Bouchard et al., 1997}, a measure of

wettability of the membrane. Currently, the most common method to measure

contact angle involves the application of low-magnification optical devices to

observe the water-membrane interface. The contact angle is measured either

directly or by analyzing video images, which is more accurate {Skinner et al.,

1989).

Membrane hydrophobicity has been found to affect membrane fouling in many

previous studies. Reihanian et al. studied the static adsorption of BSA onto various

membranes {Reihanian et al., 1983) and its effect on membrane flux. He found

that the permeability of hydrophobic membranes declined with increasing

concentration of protein and in contrast, the permeability of the highly hydrophilic

membrane showed no loss of hydraulic permeability after contact with the BSA

solution, indicating no significant BSA adsorption. Later research on membrane

fouling showed further evidence that hydrophilic membranes adsorb less protein
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{Matthiasson, 1983; Hanemaaijer et at., 1989), and flux decline due to fouling is

less severe with more hydrophilic membranes {Fane et at., 1985;Aimar et at.,

1988; Hanemaaijer et at., 1988; Stengaard, 1988; Gekas et at., 1990; Cho et at.,

1999; Roudman et al., 2000). This is presumably because there are stronger

hydrophobic interactions between hydrophobic membranes and foulant, which are

mostly hydrophobic. Additionally, it has been shown that membrane fouling can

be reduced through hydrophilization of reverse osmosis (RO) membrane surfaces

{Wilbert, et at., 1998}. On the contrary, van der Horst ci' at. tested several

commercial polymer membranes and found no significant difference between

hydrophilic and hydrophobic membranes, indicating that there are other factors

involved in membrane fouling except hydrophobicity, such as surface roughness

and charge as discussed before {van der Horst et at., 1990).

2.6. Membrane Cleaning

Membrane fouling not only reduces the membrane flux but also membrane life.

Therefore, control of fouling is of great importance. The techniques applied

include pretreatment of feed to reduce the foulant concentration, improvement of

operating conditions, crossflow and chemical cleaning of fouled membranes.

In membrane plants, an appropriate membrane cleaning is necessary in order to

achieve sustainable operation and a long RO membrane life. Membrane cleaning is

often applied when a significant decrease in permeate flux or salt rejection is

observed or the operation pressure has to be raised significantly to keep the

designed water flux. A typical cleaning procedure consists of flushing the

membrane by recirculating the cleaning solution at high speed through the

membrane module, followed by a soaking period. This process is then repeated. In

general about 5-20% of the operating cost is used for membrane cleaning {Fane,

1997}. Therefore, it is of economical importance to continuously research in this

field.
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Five categories of cleaning agents: acids, alkalines, chelatants, detergents, and

enzymes {Trangardh, 1989; Mohammadi et al., 2003} are commonly used in

chemical cleaning to break bonds and cohesion forces between membranes and

foulants {Chen et al., 2003}.

Acid cleaning are usually the most important cleaning step when scaling problems

occur. Acid cleaning agents such as hydrochloric, phosphoric, or citric acid

effectively remove precipitated salts from the surface of the membrane and from

the pores. However, because some membranes are sensitive to pH, the pH of the

solution should not go below the pH range that the membrane manufacturers

specify. For example, hydrolysis of cellulose acetate membranes will occur if pH

of cleaning solution is below 2.0. When the scale is calcium, magnesium, or

barium sulfate salt, which is hardly dissolved just by acid, a chelatant such as

ethylenediamine tetracetic acid (EDTA) may be more effective because the

chelating agent can react with cations (such as Ca2, Mg2) to form more stable

complexes, and hence destroy the scale.

Alkaline cleaning can be efficient for many foulants. Alkaline cleaning can

remove organic foulants from the surface and the pore of membrane by hydrolysis

and solubilization {Ang et al., 2006}. Alkaline solutions increase the solution pH

and therefore increase the negative charge and solubility of organic foulants in

water and wastewater. For example, Thurman found that when carboxylic

functional groups of humic substances are deprotonated at alkaline conditions,

solubility increase by nearly three orders of magnitude {Thurman, 1985}.

A surfactant is often included in alkaline cleaning solutions, which can emulsify

fat containing particles and prevent them from adhering back onto the surface.

Some laundry detergents containing enzyme additives are useful for removing

biofoulants and some organic foulants. When biofouling is expected or when

polysaccharides are the typical foulant, enzymatic cleaning can often be used

because extracellular substances secreted by the biofouling microbes are often

polysaccharides in nature, which can be degraded by enzymes efficiently.

However, most enzymes are very specific to the foulant and should be applied
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with special caution to avoid its attacking the membrane itself {Munoz-Aguado et

aL, 1996}.

Li et al. cleaned a fouled NF membrane with various cleaning agents including an

alkaline (NaOH), a chelating agent (EDTA), and a surfactant: sodium dodecyl

sulfate (SDS). In this study, an AFM technique was developed to quantify foulant-

membrane and foulant-foulant interactions. It was proved to be very helpful to

predict membrane fouling potential as well as the cleaning efficiencies of different

chemical cleaning agents. A significant correlation was demonstrated between the

measured adhesion forces and membrane fouling and cleaning behavior under

various solution chemistries. The research further confirmed that Ca2

complexation greatly enhances NOM fouling and subsequently intermolecular

bridges among organic foulant molecules were formatted. Only when the

interaction between the chemical cleaning agent and the fouling layer to eliminate

Ca2 bridging, efficient chemical cleaning could be achieved. It was also found

that the cleaning efficiency of EDTA strongly relies on solution pH and higher

cleaning efficiency was observed at higher pH {Li et al., 2004), Mg et al.

researched chemical cleaning of RO membranes fouled by NOM and sodium

alginate using NaOl-I, EDTA and SDS {Ang et al., 2006). The results are in

accordance with the previous research {Li et al., 2004). In both studies, EDTA

and SDS were found to be effective cleaning agents. Cleaning efficiencies of

EDTA and SDS were found to be improved by optimizing dose and solution pH.

In addition, it was also believed that enhancing the mass transfer of the reaction

products from the fouling layer to the bulk solution can greatly improve the

cleaning agent efficiency {Ang et al., 2006).

Chemical cleaning of fouled membranes is realized through chemical reactions

between the chemical cleaning agents and the foulants on the membrane surface.

There are three major ways: (i) the foulants are removed directly, (ii) the

morphology of the foulants is changed, or (iii) the surface chemistry of the deposit

is altered so that the hydrophobicity or charge density is modified. However, to

date, mechanistic studies on chemical cleaning of polymeric membranes are still



rather scarce. Most reported work utilized commercial membrane cleaning

products, and the cleaning procedures followed were specified by the membrane

manufacturers. In practice, most large membrane corporations provide customers

with their own membrane cleaning agents, which are usually a mixture of the

compounds we discussed as above. These products are designed for various

common feed waters, but the actual composition is often unknown.

Effectiveness of membrane cleaning depends on various factors including pH,

temperature, concentrations of the cleaning chemicals, contact time between the

fouled membrane and the cleaning solution, the cleaning protocol followed, and

operating conditions such as cross-flow velocity and pressure {Madaeni et at.,

2001 }. The nature and complexity of fouling can make it very difficult to find the

ideal cleaning agent. Chen et at. developed a methodology that applies a statistical

approach to cleaning optimization {Chen et at., 2003 }. Weis et at. also trialed a lot

of cleaning protocols as a function of membrane characteristics and established

that the choice of cleaning agent was instrumental in achieving a high steady state

flux value {Weis et at., 2003}.

All chemical cleaning studies conducted so far were very specific in terms of raw

water quality, membrane types and operating conditions. The results obtained from

such research often disagree with each other and are not able to provide useful

information for other situations and are not able to elucidate the mechanisms of

membrane chemical cleaning.

In this study, several chemical cleaning agents were evaluated for their efficiency

in cleaning RO membranes fouled by biopolymers in wastewater secondary

effluent. Cleaning mechanisms of different agents were proposed.
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CHAPTER 3
MATERIALS AND METHODS

3.1 RO Membranes
Three commercial thin film composite RO membranes and two modified RO

membranes were tested in this research. The three original RO membranes are

identified as LFC1, LFC3, and ESPA1 by the provider (Hydranautics Inc.,

Oceanside, CA), respectively. They are all polyamide membranes. These

membranes were supplied as dry, flat sheets, kept at the dark box and stored in the

refrigerator at 4 °C.

The modified membranes were made on the original membranes (LFCI, LFC3) by

coating with a I wt% solution of a polyether-polyamide block copolymer (Pebax®

1657, Arkema, Philadelphia, PA) in n-butanol using a dip-coating process {Pinnau,

I 989} {Morioka, 1 994}, and then the membranes were dried at 60 °C for 1 hour.

The produced membranes were named MLFC I and MLFC3 hereafter in the

research, respectively, and they were also kept at the dark box, stored at 4 °C.

Before use, the flat sheet membranes were cut into small samples with the size

suitable for the membrane filtration cell (2.547, 0.996 inches for length and width

respectively). The samples were stored at 4 °C in purified water generated by a

water purification system (Nano Pure II, Barnstead, Dubuque, IA) and replaced

every week to keep the membrane fresh.

3.2 Model Protein and Polysaccharide
In the research, Bovine Serum Albumin (BSA) (CAS No. 9048-46-8, Sigma-

Aldrich, Saint Louis, MO) and sodium alginate, (C6H7NaO6), (NaAlg) (CAS No.

9005-38-3, Biomedicals, mc, Irvine, CA) were used as the model protein and

polysaccharide, respectively. Both chemicals were obtained as dry powder. BSA

contains 583 amino acid residues, with a molecular weight of about 66 kDa. It is

characterized by a low content of tryptophan and methionine and a high content of

cystine and charged amino acids including aspartic and glutamic acids, lysine, and
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arginine. Sodium alginate is a natural amylase carbohydrate distilled from alga.

The molecular weight of NaAlg used in this study ranged from 10 to 60 kDa.

Figure 3-1 shows the structure of BSA and NaAlg. Stock solutions of each model

compound at the concentration of 5g!L were made by dissolving them in purified

water by vigorously stirring and stored in the dark at 4 °C. Different combinations

of BSA and NaAlg were applied for the fouling experiments: (1) 50 mgIL BSA; (2)

5OmgIL NaAlg; and (3) 5OmgIL BSA plus 5Omg/L NaAlg mixture.

-o
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Figure 3-1: Schematic representation of (a) BSA, (b) NaAlg
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3.3 Solution Chemistry
The NaC1 and CaC12 salts used in the experiments were analytical reagent grade

(Fisher Scientific, Pittsburgh, PA). All solutions were prepared with purified water

of electrical resistivity more than 17.7 Mf/cm. In all experiments, 7mM NaCI and

1mM CaCl2 were used to keep total ionic strength of the solution 10mM and

divalent cation concentration 1mM.

Three kinds of membrane cleaning chemicals are applied, 1mM NaOH solution

(pH = 11) (EMD Chemicals Inc., Gibbstown, NJ), 1mM Sodium Dodecyl Sulfate

(SDS) (Fisher Scientific, Pittsburgh, Pennsylvania) and 1mM EDTA (Fisher

Scientific, Pittsburgh, Pennsylvania), respectively. The cleaning solutions were

prepared freshly by adding related chemicals to the cleaning ultrapure water and

mixing intensively.

The efficiency of the cleaning solutions can be evaluated by the parameter flux

recovery (FR), which can quantify the cleaning efficiency and can be estimated

from the following equation:

J J
FR(%)

WC wf100 (3-1)
wi wf

where J1 = initial water flux;

= water flux after fouling;

= water flux after cleaning.

3.4 Membranes Characterization

3.4.1 Surface morphology and roughness
The surface morphology of the test RO membranes were observed with an atomic

force microscope (AFM) (Veeco, Santa Babara, CA). In the operation of the AFM,

a silicon nitride tip attached to a V-shaped cantilever arm is brought either into

contact or non-contact with a sample, keeping the vertical position constant, and

scanned over the surface moving up and down with the piezoelectric translator.
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During scanning, a laser beam is irradiated onto and reflected from the tip, and is

detected by a photodiode and converted into a displayed image. In order to check

the calibration of x-y scales and sort out imperfections of damaged tips, the spatial

periods of spheres of a two-dimensional VLSI grating standard were routinely

measured. All images were obtained in non-contact mode with a scanning rate of

1Hz.

3.4.2 Membrane surface potential
Zeta potentials of RO membranes were determined by a streaming potential

analyzer (BI-EKA, Brookhaven Instruments Corp., Holtsville, NY), which can

measure the streaming potential as well as the streaming current simultaneously.

The tested samples are stored in the tested solution (7mM NaC1, 1mM CaC12) for

about 1 hour before measurement. The procedure for measurement followed the

steps. Two pieces of membranes are used for each measurement. One piece, with

its active layer facing down, is attached to the upper part of the measuring cell and

the other piece, with its active layer facing up, is attached to the lower part of the

cell. A channel with dimensions of 86 x 10mm is created between the membranes

using two polytetrafluoroethylene (PTFE) spacers (each 0.254 mm thick). During

the measurement, the pressure and the streaming potential or streaming current

were recorded, and the zeta potential of membrane surface was calculated

according to the well-known Helmholtz-Smoluchowski equation:

(3-2)
AP ee A R AP e0

where is the zeta potential, AU is the streaming potential difference, /P is the

pressure difference across the channel, .t is the viscosity of the solution, is the

permittivity of the solution, Eo is the permittivity of free space, and L, A, and R are

the length, cross-sectional area, and electrical resistance of the channel,

respectively. For a specific channel, 2- is constant, which can be replaced byK

(the conductiv:ty of the electrolyte in the pores).
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3.4.3 Membrane hydrophobicity
Membrane h''drophobicity was estimated by the contact angles of membrane,

which were measured by contact angle analyzer (FTA135, First Ten Angstroms

mc, Portsmouth, VA). The membrane samples were kept in room temperature for

1 hour to mal:e sure the temperature of membrane reach room temperature before

measurement. During the measurement, membrane was extended on the tray of the

analyzer flatly, and then a drop of water was dipped on the membrane surface.

After water drop kept stable, the imaging of it was captured by the lens and then

transferred to the specific software to calculate the contact angles according to the

morphography of the water drop.

3.5 Particle Size Measurement
Samples of BSA, NaAlg and BSA/NaAlg mixture were diluted to lOOmgIL, and

ionic strength of solution was adjusted by NaCl to 10mM. When Ca2 was

required to be added to the solution for the particle size measurement, the

concentration of CaC12 was 1 mM, but the ionic strength of solution was kept in

10mM by reducing the concentration of NaC1. To ensure that no introduction of

other big particle to the test samples, the salt solutions were filtered by 2Onm filter

before they were added to the sample. To avoid leaching of organics from the

membrane filter, the membranes were soaked in DI water and flushed by DI water

and waste the initiative solution before use. All the glassware used in the

measurement was acid washed, rinsed in purified water and baked in the oven

overnight to avoid organic compounds and other particles. The samples were

analyzed with a ZetaPlus (Brookhaven Instruments Corporation, Holtsville, NY).

The electrophoretic mobility of the model protein and polysaccharide was

measured by the Zeta Potential Analyzer under the experimental chemical

condition witl different pH. The technique employed by ZetaPlus- electrophoretic

light scattering (ELS) is based on reference beam (modulated) optics and a dip-in

(Uzgiris type) electrode system. It is also known as Laser Doppler Velocimetry
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(LDV). The shift of laser frequency is measured, and then the electrophoretic

mobility is calculated by Electrophoretic Doppler Shift equation. Eventually, zeta

potential is calculated by the Smoluchowski Equation {Hunter, 1981; Barth, 1984}:

u-i ................................................................................................................. (33)
Lt

where U = electrophoretic mobility;
= viscosity of liquid;

ç = zeta potential;

= dielectric constant.

3.6 Filtration Experiments
Fouling experiments were carried out in a laboratory-scale cross-flow membrane

filtration system, which includes two identical plate and frame membrane cells,

with dimensions 2.547, 0.996 and 0.2 inch for channel length, width and height,

respectively. The schematic diagram of the filtration unit is shown in Figure 3-2.

KY
Description

BPR back.pressore regulator
FM digital flow meter meate itow rate)
VP feed pump
FT feed tank
MC membrane efl
MS maçnetic stwnng
P1 pressure gauge
PC computer (?r3cking permeate flow rate)
RM floating dik rotameter(cross-flow rate)
IC temperature control using a recirculating heater/chiller
V isahe

Figure 3-2 Schematic Description of the Cross-Flow RO Membrane Test Unit
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In this system, a 20L continuously mixed tank is filled with feed water, which is

supplied to the RO membrane cells by a hydra-cell industrial pump (D-03, Wanner

Engineering, Inc., Minneapolis, MN), its capability to provide pressure up to

l000psi. Collected from the top of the each membrane cell, permeate was

monitored by a digital flow meter (Optiflow 1000, Agilent Technology Inc., Foster

City, CA), which was interfaced with a personal computer. Permeate and retentate

are recycled back to the feed reservoir. A bypass valve was employed to control

the crossflow flowrate shown by a rotameter through the membrane cell by

bypassing a portion of feed water. The desired initial flux was set up by adjustment

of the system pressure, which was controlled by a back-pressure regulator (BP-6,

GO Regulator Inc., Spartanburg, SC). The temperature of the system was kept

constant during the fouling experiments by circulating chilled water provided by a

refrigerated recalculating chiller (9100 Series Refrigerating/Heating Circulators,

VWR Inc., West Chester, PA) through a stainless-steel coil, which was submerged

in the feed reservoir. Crossflow flowrate, pressure, temperature were measured by

installed flow meter, pressure gauge, and thermometer, respectively.

During the experiments, the cross flow rate was set at 1 L/min, and then the

average fluid velocity over the membrane under the hydraulic conditions was 20.7

cmls, resulting in a Reynolds number (based on crossflow velocity and hydraulic

radius of the :ectangular channel) close to 1100, which means it is still laminar

flow in the filiration cell.

The protocol applied in the fouling experiments is the following: compacting,

conditioning, :rouling and cleaning, which is shown schematically in Figure 3-3. In

the first step: compacting, the membrane was compacted at the pressure: 450 psi

with the purified water as feed water until the permeate flux is stable. Then, an

electrolyte solution containing the desired electrolyte concentrations (1mM CaC12,

7mM NaC1) to be used in the fouling was added to the feed water by replacing the

same volume purified water to condition the membrane and to establish a fouling-

free baseline for at least 2 hours. And then, the operation pressure is adjusted by

operating the regulator and by-pass valve to reach the identical initial permeate
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flux for the following fouling run. The initial permeate flux was kept constant in

all experiments at (2.00± 0.03) xi0 m3/m2s, with the applied pressure ranging

from 250 to 270 psi due to different membrane sample. In the third stage, after the

membrane is equilibrated with the electrolyte solution and the permeate flux is

stable, the mcdel biopolymer foulant solution was added to the feed reservoir, and

membrane fouling continued until the permeate flux reached a predetermined final

flux. Because the volume of foulant solution (8OmL) is greatly less than the feed

water, the vol.ime change of total solution was ignored as well as the concentration

of electrolyte and foulant. During the conditioning and fouling stages, feed and

permeate samples were collected at predetermined time intervals for analysis of

BSA or/and NaAlg, concentration of Ca and Na, conductivity and pH. After

membrane fouling, membrane cleaning was conducted by DI water first, and then

three kind cleaning agents, NaOH, SDS, and EDTA, were used for membrane

cleaning, respectively. The detail of the experimental protocol can be found in

other literature {Li et al., 2004} too. Membrane cleaning complied with the

following procedure:

(1) Rinse membrane filtration system by DI water for 1 0mm, then flush the

system by DI water, and drop all water in the system;

(2) Rinse membrane filtration system by the cleaning agent solution for 1

hours with the cross flow rate equal to 4L/min, and then drop all the

solution, then flush the system by DI water again;

(3) Test the membrane flux with test solution (7mM NaC1, 1mM CaC12) under

the pressure which was adjusted for the initial flux;

(4) If the membrane flux recovery is above 100%, the processes end, or else do

(1) to (3) again for other cleaning agents.
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1mM CaCl2
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Figure 3-3 Experimental Protocol of Membrane Fouling and cleaning

In all experiments, the pH of the feed solution during the fouling experiments

ranged from 6.0-6.5 and the temperature was kept at 22 °C.

The permeability and selectivity of the RO membranes were determined at feed

water chemical compositions. Permeability was estimated by measuring permeate

flux and retantate flux. Selectivity for inorganic salts of the RO membranes was

assessed by measurement of concentration of inorganic salts in the influent and

effluent, respectively. The concentration of inorganic salts was measured by ICP-

AE (Varian mc, Palo Alto, CA).

Before each type RO membrane was applied in the fouling experiment, the

membrane hydraulic resistance was determined by measuring pure water flux over

a range of applied pressure, from 180 to 450 psi, after membrane compaction and

stable permeate water flux. The temperature and other environmental condition

were same as that of fouling experiment.
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CHARPTER 4
RESULTS AND DISCUSSION

4.1 Membrane Properties
The experimentally determined properties of all the RO membranes tested are

summarized in Table 4-1.

Table 4-I: Relevant properties of the RO membranes tested

Membrane LFCI LFC3 ESPA1 MLFC1 MLFC3

Hydraulic Resistance (m1) 7.64x10' 8.53xl0' 7.91xl0' 2.18x1014 l.97x10'4

Average Na rejection* 96.8% 95.8% 95.6% 96.9% 96.0%

Average Ca2 rejection* 99.1% 99.1% 98.3% 99.4% 99.2%

Zeta potential (rriV) * -13 ± 1.5 -16 ± 2.0 -27 ± 1.6 -9.2 ± 0.8 -6.2 ± 0.6

ContactAngle(iegree) 63±4.25 60±2.48 25±0.0 47±1.82 31 ± 1.92

Surface Roughness(nm) 70 ± 5.8 70 ± 4.4 123 ± 9.6 58 ± 3.6 43 ± 0.1

* Measured it a solution containing 7mM NaC1, 1mM CaCl2 at 22 °C at pH 6.2

Based on a scan area of 10 p.m x 10 p.m

As shown in Table 4-1, the three commercial RO membranes have comparable

membrane resistance, ranging from 7.64 to 8.53 x lO' rn'. LFCI and LFC3 show

very similar surface properties, while the surface properties of ESPA1 are very

different from those of the LFC1 and the LFC3. The ESPA1 membrane surface

has a much higher negative charge with a zeta potential of -27 mV, and is

substantially more hydrophilic than the LFC1 and LFC3 membranes. Most

distinctively, the surface roughness of ESPA1 is as high as 123 nm, much greater

than those of LFC1 and LFC3. The AFM images shown in Figure 4-1 illustrate

the surface mcrphologies of the RO membranes tested. It is clearly shown that the

peak to valley distance on the ESPA1 surface is significantly greater than that of

LFCI or LFC3. Although the LFCI and LFC3 membrane have similar surface

roughness, their surface morphologies are rather different. The apophyses on the

LFC I surface are wider and sparser than those on the LFC3 membrane.
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After surface modification, the surface roughness of the modified membranes,

MLFC1 and MLFC3, were 58 and 43 nm, respectively, notably lower than those

of the original LFC 1 and LFC3 membranes. The membrane surface morphology

was completely altered as shown in the AFM images in Figure 4-1 as well as the

SEM images in Figure 4-2. Note that the z-scale for the modified membranes in

Figure 4-1 is only half of that for the original membranes. Meanwhile, the

modified surfaces are slightly less negatively charged and more hydrophilic than

the original membranes. As a result of the surface coating, the hydraulic

resistances of modified membranes are 2.9 and 2.3 times of those of the original

LFC1 and LFC3, respectively.
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Figure 4-1: AFM images showing the surfaces of(a) LFCI (b) LFC3, (c) ESPA1,
(d) MLFC1, and (e) MLFC3 membranes.
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(a)

Figure 4-2: SEM images of(a) LFC1 surface and (b) MLFC1 cross-section and
surface

All the RO membranes tested exhibited high salt rejection. Analysis of the feed

and permeate samples taken during filtration experiments by ICP-AES showed

that the membrane rejection for Na and Ca2 were in the range of 95-98% and 98-

100%, respectively, depending on the experimental condition. These

measurements were also in agreement with the measured conductivity rejection,

which ranged from 95 to 98%. As expected the divalent cation Ca2 was rejected

better than the monovalent cation Na, which can be explained by Donnan

exclusion mechanism of charged porous membranes.



The concentrations of BSA and NaAlg in both the feed and the permeate were

determined by TOC measurement. As expected, complete rejection of both BSA

and NaAlg was achieved with all membranes tested.

4.2 Membrane fouling by BSA

BSA fouling experiments were conducted with feed solutions containing 7mM

NaC1, 1mM CaCl2, and 50 mg/L of BSA. The operating pressure was carefully

adjusted to obtain the same initial permeate flux (2.00 ± 0.05 x105 m3/m2s) in

each experiment. Because of the slight difference in membrane hydraulic

resistance, different operating pressures, 255, 270, 260 psi were used for LFC1,

LFC3 and ESPA1, respectively. Figure 4-3 presents the permeate flux of the three

original RO membranes as a function of time during BSA fouling experiments.

The flux data show a two-stage fouling process, in agreement with what has been

observed with MF membranes {Zydney, 1995}. In the initial 8 hours, the

membrane flux was relatively stable, after which a continuous decrease of flux was

observed over a period of up to 4 days without any sign of reaching a steady-state

flux.

The observed trend of membrane flux decline during BSA fouling can be

attributed to the following phenomena: (1) Initially, BSA adsorption to membrane

surface. In this stage, more BSA molecules near the membrane surface due to

concentration polarization than that in the bulk solution are in direct contact with

the membrane and form a monolayer, which appears to be irreversible. During the

process, electrostatic repulsion and hydrophobic forces are the major factors to

decide the formation of the monolayer. Because both membrane surface and BSA

are negative, BSA adsorption progresses very slowly. The adsorption monolayer

of BSA has a quite small effect on the flux decline; (2) as time goes on, upon the

application of operation pressure, further protein deposits on the membrane due to

convection. During the deposition, much protein accumulates on the monolayer of

BSA covering the membrane surface and forms multi-layer {Fane et al., 1983}.
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Although, it was found that the multi-layer is less compact than the monolayer, it

causes the fast flux decline due to the various layers of BSA.
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Figure 4-3: Normalized flux of the model RO membranes as function of time due
to BSA fouling. Initial permeate flux = 2.0xl05 m3/m2s. Temperature = 22 °C,
pH = 6.2±0.1.

Although all three membranes showed similar trends of flux decline and almost

identical behavior in the initial stage of fouling, the flux decline rate in the second

stage of fouling was substantially different for each membrane, with the average

flux decline rate following the order of ESPA1 (5.9 x 10" m3/m2s2)> LFC1 (4.0

10H m3/m2s2) > LFC3 (2.7 x 10'' m3/m2s2).

4.3 Membrane Fouling by NaAlg

Fouling experiments were also conducted using feed solutions containing 50 mgIL

of NaAlg with the same solution chemistry used in the BSA fouling experiments.

The results of the NaAlg fouling experiments are shown in the Figure 4-4. Unlike

what was observed during BSA fouling, rapid membrane flux decline occurred
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immediately after NaAlg was introduced to the feed solution. The initial high flux

decline rate was almost identical (1.21x109 m3/m2s2) for all the three RO

membranes within the first 90 mm after the filtration began. After the initial stage,

the flux decline slowed down, and slight difference in flux decline rate was

observed among the three membranes, following the order of

ESPA1>LFCI>LFC3. However, the three membranes seemed to approach a

similar steady-state flux.

The fast flux decline during NaAlg fouling is attributed to calcium alginate gel

formation at the membrane surface. The reaction of calcium and alginate has been

reported in much literature {Navon, 1998} {Cho et al., 1998} {Won et al., 2005}.

Figure 4-5 illustrates the calcium alginate gel structure. Ca2 ions complex with

carboxylate functional groups on neighboring alginate molecules forms a gel layer

on the RO membrane surface. The semi-transparent gel layer on the fouled

membranes was clearly visible.
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Figure 4-4: (a) Normalized flux of the model RO membranes as a function of time
due to NaAlg fouling. Initial permeate flux = 2.00xlO-5 m3/m2s. Temperature =
22 °C, pH = 6.2±0.1.
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Figure 4-5: Schematic illustration of (a) the reaction between alginate and Ca2,

(b) calcium alginate gel formation

4.4 Membrane fouling by the BSAINaAIg mixture

RO membrane fouling in the presence of both protein and polysaccharide (referred

to as combined fouling hereafter) was studied using a feed solution containing

both BSA and NaAlg), each at 50 mg!L. The measured membrane flux is

presented in Figure 4-6. The trend of flux decline during combined fouling by the

BSAINaAIg mixture is similar to that during NaAlg fouling alone. An initial quick

membrane permeate flux loss was followed by a gradually decreasing flux

declined rate, indicating the flux was approaching quasi-steady state. The initial

flux decline rates of the three membranes during the first 30 mm of filtration were

very similar (approximately 3.33 x i0 m3/m2s2), while the overall flux decline

rates follow the order of ESPA1 > LFC1 > LFC3, consistent with what was

observed in BSA fouling and NaAlg fouling. The membrane flux decline rate

during combined fouling is considerably greater than that during fouling by BSA

or NaAlg alone.
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Figure 4-6: (a) Normalized flux of model RO membranes as function of time due
to combined fouling. Initial permeate flux 2.00<10 m3/m2s. Temperature 22 °C,
pH 6.2±0.1.

4.5 Effect of membrane surface properties

As the discussion above, the flux decline rates of the three RO membranes follow

the same order of ESPA1>LFC1>LFC3 during the BSA fouling, NaAlg fouling

and combined fouling experiments. Among the three membranes, the ESPA1

membrane, which showed the highest fouling rate, is the most negatively charged

and most hydrophilic (see Table 4-1). Under the solution conditions used in all

fouling experiments, both BSA (isoelectric point = 3.5) and NaAlg (isoelectric

point = 4.2) are negatively charged. In general, higher negative zeta potential and

hydropholicity of the membrane surface should result in less fouling by negatively

charged macromolecules due to higher electrostatic repulsion and lower

hydrophobic interactions between the foulant and the membrane surface. In spite

of the higher negative zeta potential and hydrophilicity, the ESPA 1 membrane

showed the highest fouling rate. This can be attributed to its very rough surface

morphology. As shown in Table 4-1, the mean surface roughness of the ESPAI

membrane is 76% higher than those of the LFC1 and LFC3 membranes.
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The LFC1 and LFC3 membranes have essentially the same surface roughness and

hydrophobicity. The better performance of the LFC3 membrane is in agreement

with its higher negative charge.

The LFC1 and LFC3 membranes have essentially the same surface roughness, zeta

potential and hydrophobicity. The difference in their fouling behavior can not be

explained by the surface property parameters measured in this study. A close

examination of the LFC I and LFC3 surfaces (Figure 4-1) reveals that the two

membranes have distinct surface morphologies, which may have caused the

discrepancy in their fouling behaviors. This indicates that characterization of

mean surface roughness may not be sufficient to predict the effect of membrane

surface morphology on fouling potential. Further investigation is necessary to

understand such effects.

Overall, comparison of the three RU membranes indicates that membrane surface

roughness is the dominant surface property controlling fouling of RU membranes

by BSA and NaAlg. It was also observed that membrane surface roughness or

morphology affects mainly the later stage of fouling. The hypothesis on the effect

of surface roughness is illustrated in Figure 4-7. Because the scale of the

membrane surface roughness features (tens to hundreds of nanometers as shown in

Figure 4-1) is much larger than the size of the foulant molecules, a rough

membrane surface provides more surface area for the foulant molecules to attach

to compared to a smooth surface. More importantly, the foulant molecules

deposited in the "valleys" are less subject to the hydraulic shear force, resulting in

faster accumulation of foulants in these "valleys".
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Figure 4-7: Schematic illustration of the effect of surface roughness on membrane
fouling.

46 Impact of membrane surface modification

In order to confirm the hypothesis of the effect of surface roughness on fouling

behavior, the LFC1 and LFC3 membranes were modified by coating their surface

with a hydrogel consisting of a polyether-polyamide block copolymer to reduce

the surface roughness. Fouling experiments were conducted with the LFCI, LFC3,

MLFC] and MLFC3 membranes at the same initial permeate flux (l.25x10

m3/m2s) using the same solution chemistry as that described earlier. Lower initial

permeate flux was used due to the higher hydraulic resistance of the modified

membranes. The applied pressures used to achieve such initial permeate flux were

190, 200, 390, and 400 psi for LFC1, LFC3, MLFCI and MLFC3, respectively.

The measured permeate flux during filtration of the BSA, NaAlg, and BSA/NaAlg

mixture solutions is presented in Figure 4-8.

As shown in Figure 4-8, the flux decline rates of the modified membranes during

both alginate fouling and combined fouling were substantially lower than those of

the original LFCI and LFC3 membranes. For both MLFCI and MLFC3

membranes, flux loss of less than 10 and 15% was observed during 40 hours of

alginate fouling and 20 hours of combined fouling, respectively. The

improvement of membrane flux after surface modification confirms that reduction

of membrane surface roughness can improve membrane fouling behavior.
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The effect of surface modification on BSA fouling seems to be opposite to that on

alginate fouling and combined fouling. During the experimental time frame, the

modified membranes exhibited slightly higher overall flux decline rate during

BSA fouling than the original membranes. However, it is important to note that

the initial stage of very slow flux decline was not observed with the modified

membranes. A closer examination of the flux decline curves reveals that the flux

decline rates of the modified membranes are actually lower or similar to those of

the original membranes after the initial zero-flux-decline period. As shown in

Figure 4-8(a), the permeate flux of the MLFC1 membrane approached that of the

original LFCI membrane over an extended testing period. This is in agreement

with the observations with the original membranes that the effect of membrane

surface roughness is more prominent after the initial fouling stage. The increased

overall flux decline rate after surface modification is a result of the faster initial

flux decline, which can be explained by the lower negative surface zeta potential

of the modified membranes (Table 4-1). The significantly higher trans-membrane

pressure used for the modified membranes may be another factor that counter

acted the effect of the reduced surface roughness, as explained later.
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Figure 4-8: Membrane permeate flux before and after surface modification. (a)
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*: the lost data due to the malfunction of digital flowmeter for a while

The flux behaviors of the two modified membranes were quite similar in all

fouling experiments, as shown in Figure 4-9.



1.00

0.95

o.go

0.85

0.80

=
0.75

11 7fl

i'
I

0

*+,,,,
o MLFC1 BSA

MLFCI NaAIj
O MLFCI BSANaAIg

MLFCBSA
MLFC3 NaAIlj
MLC3 BSA+NaAIg

0 500 1000 1500 2000

Titne 4nuti}
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4J Comparison of RO membrane fouling by different

foul ant

Membrane flux decline during fouling by BSA, NaAlg and the BSAfNaAIg

mixture is compared and the results for the LFC1, LFC3, and ESPA1 membrane

are presented in Figure 4-10. The flux is plotted as a function of permeate volume,

which is proportional to the mass of the foulant that is brought to the membrane

surface by the convective permeate flow. Because the same concentration was

used for BSA and NaAlg, data points on the flux curves for BSA fouling and

NaAlg fouling correspond to the same foulant mass transported to the membrane

surface by the convective permeate flow at any given permeate volume, while a

data point on the combined fouling flux curve corresponds to a total foulant mass

equal to the sum of those during BSA and NaAlg fouling alone at the same

permeate volume.

As shown in Figure 4-10, the normalized flux decline due to BSA fouling was

much slower than that due to NaAIg fouling. This is the result of better alginate

attachment as well as the higher density of the fouling layer due to the calcium-
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alginate complexation and the consequent gel formation. It is worth noting that

the flux decline rate during combined fouling was considerably greater than the

sum of flux decline (not shown) caused by BSA fouling and NaAlg fouling alone.

Because BSA alone did not cause noticeable flux decline within the time frame

examined, the sum of flux decline caused by BSA fouling alone and NaAlg

fouling alone is almost identical to that due to NaAlg fouling.

The enhanced flux decline during combined fouling indicates a synergistic effect

when BSA and NaAlg coexist. Particle size analysis of the foulant solutions by

dynamic light scattering (Figure 4-11) reveals that interactions between BSA and

NaAlg lead to formation of large aggregates of these biopolymers under the

solution condition tested. As shown in Figure 4-11, the mean foulant particle

diameter increased from 523 nm to 742 nm when BSA (measured mean particle

size = 7.8 nm) was added to the NaAlg solution. Note that the measured foulant

particle size in the presence of alginate may significantly deviate from the actual

size for two reasons: First, the viscosity of water was assumed for the foulant

solution when calculating the particle size. Second, the particle shape was

assumed spherical although NaAlg is a long-chain linear molecule. Nevertheless,

such effects on the measured particle size should be similar for the alginate

solution as well as the alginate/BSA mixture.

Formation of the BSA-alginate aggregates can enhance membrane fouling in two

ways. Firstly, the increased particle size results in lower rate of back diffusion

from the membrane surface to the bulk solution. Secondly, because of the

formation of the BSA-alginate aggregates, BSA molecules are incorporated into

the calcium alginate gel layer. As a result, more BSA accumulates in the fouling

layer during combined fouling than during BSA fouling alone. Visual

examination of the membrane samples after combined fouling or NaAlg fouling

found a thick gel layer on the membrane surface, while such gel layer was not

found after BSA fouling.
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Figure 4-10: Normalized fluxes as function of permeate volume in the presence of
different foulants of RO membranes: (a) LFC1, (b) LFC3, and (c) ESPA1. Initial
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4.8 Role of initial flux on membrane fouling

The effect of initial permeate flux on membrane fouling was also investigated in

this study. Combined fouling experiments were conducted with the LFC1

membrane using applied pressures of 175, 300 and 400 psi. The resulting initial

permeate fluxes were 1.2, 2.7 and 3.1 x i0 m3/m2-s. Figure 4-12 presents the

normalized flux as a function of cumulative permeate volume. It was found that

higher initial permeate flux or higher applied pressure led to faster initial flux

decline. Because the flux was plotted as a function of the permeate volume, the

difference in convective transport of the foulants is counted for. Therefore, the

higher flux decline rate observed with higher initial permeate flux or applied

pressure can only be caused by greater deposition rate of the foulants or a more

compact fouling layer. In a previous study on fouling of RO membranes by silica

colloids, a similar effect of the initial permeate flux was explained by a higher

colloid deposition rate due to the higher permeation drag resulting from the higher

initial flux {Zhu et al., 1997}. In this study, however, the BSAJNaA1g gel layer is

compressible. Therefore, the difference in the gel layer density is also a likely

reason for the observed difference in flux decline rate when different pressure was

used.
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4.9 Membrane cleaning

The result of membrane cleaning by different agents is present in the Figure 4-13.
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Figure 4-13: Recovered permeate water flux after cleaning with different cleaning
chemicals. (a) cleaning result after membrane fouling by BSA, (b) cleaning result
after membrane fouling by NaAlg, (c) cleaning result after membrane fouling by
BSA+NaAlg mixture

For membrane fouling by BSA, as shown in Figure 4-13(a), after membrane

cleaning by NaOH solution, membrane flux recovery (FR) of LFC 1 and LFC3 was

almost same (-42%), but FR of ESPA1 was almost about 100% recovered. As for

membrane fouling by alginate, NaOH solution has a little better cleaning result

(FR: -55%), and for combined fouling, after cleaning by NaOH solution,

membrane flux got 100% recovered.

The different result above is because that when the transmembrane pressure is

released, the repulsion between ESPAI and foulant is stronger than that between

LFC1 or LFC3 and foulant because the membrane surface charge of ESPAI is

very much higher than that of LFCI and LFC3. And in Figure 4-13(b) and (c), it

is because of the loose structure of the bigger molecule cluster of alginate or

BSAlalginate mixture illustrated above. As shown in the Figure 4-13, SDS and

EDTA are effective membrane cleaning agent for membrane fouling by protein
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and polysaccharide, and FR can reach about 100% or more. The cleaning

mechanism of SDS and EDTA are hypothesized in the following.

SDS, a surfactans, has the capability to solubilize macromolecules by forming

micelles around these macromolecules {Rosen, 2004). Because SDS is

amphiphilic, the hydrophobic tails of SDS molecules adsorb onto the foulant layer.

The adsorbed SDS molecules, which have another hydrophilic head, reduce the

hydrophobicity of foulant and help relaxing the structure of foulant layer. The

results of membrane cleaning also show that SDS has very high efficiency on

membrane flux recovery from membrane fouling by biopolymer in Figure 4-13.

And the hypothesized mechanism of SDS cleaning is illustrated in Figure 4-14,

and the similar mechanism has been proposed to illustrate the cleaning effect of

SDS on membrane fouling by natural organic matter (NOM) {Li et al., 2004).
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Figure 4-14: Schematic illustration of the change in the alginate or combined
fouling layer structure by SDS. (a) Compact fouling layer formed in the membrane
fouling by alginate or BSAlalginate mixture. (b) Loose structure of the fouling
layer after SDS addition. The binding sites shown are solely for illustration
purposes.
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EDTA, a metal chelating agent, can form a strong complex with divalent cations,

such as Ca2, Mg2t In the membrane fouling by alginate or BSAlalginate mixture,

alginate molecules in the fouling layer are bound to each other by Ca2 (in the feed

solution). Since EDTA forms a stronger complex with Ca2, the interaction among
2+alginate molecules due to the complexation of EDTA and Ca and between

alginate molecules and membrane surfaces are broken, so the foulant layer loses its

cross-linked, gel-like structure. At the same time, because the structure of Ca-

alginate gel is destroyed, the repulsion among the alginate molecules or mixture is

resumed, and then alginate molecules return to the solution if the transmembrane

pressure is released. The changes of the fouling layer structure are depicted

schematically in Figure 4-15 as a result of EDTA cleaning.
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Figure 4-15: Schematic illustration of the change in the alginate or combined
fouling layer structure by EDTA. (a) compact fouling layer formed in the
membrane fouling by alginate or BSAlalginate mixture. (b) Loose structure of the
fouling layer after EDTA addition. The binding sites shown are solely for
illustration purposes.



CHAPTER 5
CONCLUSIONS AND FUTURE RESEARCH

5.1 Conclusions
Membrane fouling experiments by model biopolymers were conducted in a cross-

flow RO filtration system using three model RO membranes, LFC1, LFC3 and

ESPA1, to determine the role of membrane surface properties on membrane

fouling. Sample water quality analysis found that the membranes had 95-98%

rejection for Nat, 98-100% rejection of Ca2, which was agreement with 98%

rejection of conductivity. For all experimental conditions tested, fouling of the

ESPA1 membrane is the most severe among the three membranes, although the

ESPA1 membrane, with the highest negative surface charge and hydrophilicity, is

expected to yield lower fouling rates due to higher repulsion and lower

hydrophobic attraction between the membrane and the model biopolymers.

Therefore, among the membrane properties tested, membrane surface roughness

was found to play the most important role in RO membrane fouling by BSA and

alginate. However, mean surface roughness alone may not be sufficient to predict

the effect of membrane surface morphology on membrane fouling. Membrane

surface modification that reduces membrane surface roughness was found to

greatly improve the fouling behavior of RO membranes. Therefore, development

of RO membranes with smoother surfaces or surface modification of existing RO

membrane to reduce membrane surface roughness may be an effective way to

control membrane fouling. However, the surface modification technique tested in

this study also increases membrane hydraulic resistance significantly, which

requires higher operating pressure to maintain the same recovery. Further research

is needed to develop effective membrane surface modification techniques with

minimal impact on membrane resistance.

During membrane fouling by BSA alone, membrane fouling is dominated by the

adsorption and deposition of BSA on the membrane surface. If only sodium

alginate is present in feed water, NaAlg was found to foul RO membranes much
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more severely than BSA due to the formation of calcium alginate gel on the

membrane surface. This indicates that polysaccharides may be more important

foulants than proteins in wastewater. When both BSA and alginate are present,

there is considerable synergistic effect, resulting in substantially enhanced

membrane fouling. This finding indicates that fouling studies using individual

foulant may significantly underestimate membrane fouling in wastewater

treatment, where multiple foulants exist.

Higher initial permeate flux or applied pressure results in faster membrane fouling

due to faster deposition of foulants and compression of the fouling layer.

Therefore, the operating pressure should be carefully selected to balance the

benefit of high water recovery and the negative impact of membrane fouling.

Membrane cleaning was conducted after membrane fouling and it was found that

fouled RO membranes can be recovered by SDS or EDTA. The result of more than

100% flux recovery is because of that membranes become more hydrophilic after

the adsorption of SDS or EDTA on membrane surface.

5.2 Future Research

Although the model biopolymers used in the research have been proved as the

major organic compounds in secondary effluent, the organic foulants are still

different from those in the secondary effluent because the components of the

secondary effluent are very multiplex depending on the feed water to the treatment

plant and the treatment processes.

Additionally, pH in the experiments was also different from pH in the secondary

effluent because no pH buffer was added in order to avoid scale happening in the

membrane system. Since the membrane surface characteristics and the foulants

properties are related to pH of test solution, the result will be more practical if the

feed water in the future research is from municipal wastewater treatment after

ultrafiltration membrane system.



The surface modification technique applied in this study increases membrane

hydraulic resistance significantly, which requires higher operating pressure to

maintain the same productivity. Further research is needed to develop effective

membrane surface modification techniques with minimal impact on membrane

resistance.

In this research, the effect of membrane surface properties on membrane fouling

was mainly investigated, however, the other important factors controlling

membrane fouling, such as aqueous chemistry and hydraulic condition, have not

been considered. In the future research, the effect of these factors can be studied.



61

BIBLIOGRAPHY

Aim, Liu and Vigneswaran (1993). "Recent development of membrane processes
for water and wastewater treatment." Water Sci. Technol. 27: 141-152.

Aimar, Taddei, Lafaille and Sanchez (1988). "Mass transfer limitations during
ultrafiltration of cheese whey with inorganic membranes." J. Membr. Sci. 38: 203-
221.

Ang, Lee and Elimelech (2006). "Chemical and physical aspects of cleaning of
organic-fouled reversed osmosis membranes." J. Membr. Sci. 272: 198-2 10.

Argo and Montes (1979). "Wastewater Reclamation by Reverse Osmosis." .

Water Poll. Control Fed. 51: 590.

Bacchin, Aimar and Sanchez (2004). "Model for colloidal fouling of membranes."
AIChE Journal 41: 368 376.

Baker (2004). Membrane Technology and Applications. chichester, England, John
Wiley and Sons, 1-14.

Barth (1984). Modern Methods of Particle Size Analysis. An introduction to
particle sizing using dynamic light scattering techniques, Wiley- Interscience.

Belfort, Davis and Zydney (1994). "Review: the behavior of suspensions and
macromolecular solutions in crossflow microfiltraion." J. Membr. Sci. 96: 1-58.

Bouchard, Jolicoeur, Kouadio and Britten (1997). "Study of humic acid adsorption
on nanofiltration membranes by contact angle measurements." Canadian j.

Chemical Engineering 75: 339-345.

Bowen and Hughes (1990). "Properties of microfiltration membranes. Part 2.
Adsorption of bovine serum albumin at aluminium oxide membranes." J. Membr.
Sci.51: 189-200.

Brant, Johnson and Childress (2006). "Characterizing NF and RO membrane
surface heterogeneity using chemical force microscopy." Colloids and surfaces A:
Physicochem. Eng. Aspects 28: 45-57.

Brusilovsky, Borden and Hasson (1992). "Flux decline due to gypsum
precipitiation on RO membranes." Desalination 86: 187-222.

Buros (1989). "Desalting practices in the United States." J. Amer.Water Works
Assoc.81: 11-38.

Chen, Kim and Ting (2003). "Optimization of membrane physical and chemical
cleaning by a statistically designed approach." J. Membr. Sci. 2 19:27-45.

Childress and Elimelech (2000). "Relating nanofiltration membran performance to
membrane charge (electrokinetic) characteristics." Environ. Sci. Technol 34: 3710-
3716.



62

Cho, Amy and Pelligrino (1998). "Characterization of clean a natural organci
matter (NOM) fouled NF and UF membranes and foulants characterization."
Desalination 118: 101-108.

Cho, Amy and Pellegrino (1999). "Membrane filtration of natural organic matter:
initial comparison of rejection and flux decline characteristics with ultrafiltarion
and nanofiltration membrans." Water Resour 33: 2517.

Cho, Amy and Pellegrino (2000). "Membrane filtration of natural organic matter:
factors and mechanisms affecting rejection and flux decline with charged
ultrafiltration (UF) membrane." J. Membr. Sci. 164: 89-1 10.

Clark, Bansal, Sontakke and Ma (1991). "Protein adsorption and fouling in
ceramic ultrafiltration membranes." J. Membr. Sci. 55: 2 1-38.

Clifford, Subramonia and Sorg (1986). "Removing dissolved inorganic
contaminats from water." Environ. Sci. Teclmol 20: 1072-1080.

Combe, Molis, Lucas, Riley and Clark (1999). "The effect of CA membrane
properties on adsorptive fouling by humic acid." J. Membr. Sci. 154: 73-87.

Elimelech (1995). "Fouling of reverse osmosis membranes by aluminum oxide
colloids." J. Env. Eng 121: 884-892.

Elimelech (1996). "Effect of solution chemistry on the surface charge of polymeric
reverse osmosis and nanofiltration membrane." J. Membr. Sci. 119: 253-268.

Elimelech, Chen and Waypa (1994). "Measuring the zeta (electokinetic) potential
of reverse osmosis membranes by a streaming potential analyzer." Desalination 95:
269-286.

Elimelech, Gregory, Jia and Williams (1995). Particle Deposition and Aggregation
Measurement, Modelling and Simulation. Oxford, Butterworth-Heinemann.

Elimelech, Zhu, Childress and Hong (1997). "Role of membrane surface
morphology in colloidal fouling of cellulose acetate and composite aromatic
polyamide reverse osmosis membranes." J Membr. Sci. 127: 101-109.

EPA (2003). National primary drinking water standards.

Faller (1999). AWWA Manual M46 Reverse Osmosis and Nanofiltration, J.
Amer.Water Works Assoc: Denver.

Fane (1997). "Symposium on characterization of polymers with surface."
Lappeenranta, Finland. 51

Fane, Fell and Kim (1985). "The effect of surfactant pretreatment on the
ultrafiltration of proteins." Desalination 53: 37-55.

Fane, Fell and Waters (1983). "Ultrafiltration of protein solutions through partially
permeable membranes the effect of adsorption and solution environment." j,
Membr. Sci. 16: 211-224.



Fane, Fell, McDonogh, Suki and Waters (1983). In proceedings of the 1
1th

Australian conference on chemical engineering, Brisbane.

Flemming (1993). Mechanistic Aspects of Reverse Osmosis Membrane Biofouling
and Prevention. Reverse Osmosis: Membrane Technology, Water Chemistry, and
Industrial Applications. 163-209.

Gekas and Hallström (1990). "Microfiltration membranes, cross-flow transport
mechanisms and fouling studies." Desalination 77: 195-2 18.

Ghayeni, Beatson, Schncider and Fan (1998). "Adhesion of watewater bacteria to
reverse osmosis membranes." J. Membr. Sci. 138: 29-42.

Gilron and Hasson (1987). "Calcium Sulphate Fouling of Reverse Osmosis
Membrane: Flux Decline Mechanism." Chem. Eng. Sci 42(10): 2351-2360.

Gleick (1998). "Water in crisis: paths to sustainable water use." Ecological
Application 8: 57 1-579.

Good (1979). Surface and colloid science. New York, Plenum Press.

Hallstrom, Tragardh and Nilsson (1989). Advacned processes. Engineering and
food. Spiess and Schubert. London, Elsevier Applied Science: 194-208.

Hanemaaijer, Robbertsen, Boomgaard and Gunnink (1989). "Fouling of
ultrafiltration membranes: The role of protein adsorption and salt precipitation." .

Membr. Sci. 40: 199-2 17.

Hanemaaijer, Robbertsen, Boomgaard, Olieman, Both and Schmidt (1988).
"Characterization of clean and fouled ultrafiltration membranes." Desalination 68:
93-108.

Hanna, Johnson, Quezada, Wilson and Lu (1991). "Characterization of aqueous
humic substances before and after chlorination." Environ. Sci. Technol 25: 1160-
1164.

Hirose, Ito, Masatoshi and Tanaka (1996). "Effect of skin layer surface structures
on the flux behaviour of RO membranes." J. Membr. Sci. 121: 209-2 15.

Ho and Sircar (1992). Membrane handbook. New York, Van Nos-trand-Reinhold.

Ho and Zydney (1999). "Effect of membrane morphology on the initial rate of
protein fouling during microfiltration." J. Membr. Sci. 155: 26 1-275.

Hoek, Bhattacharjee, and Elimelech (2003). "Effect of Membrane surface
roughness on colloid-membrane DLVO interactions." Langmuir 13: 4836-4847

Hong and Elimelech (1997). "Chemical and physical aspects of natural organic
matter (NOM) fouling of nanofiltration membranes." J. Membr. Sci. 132: 159-181.

Horst and Hanemaaijer (1990). "Cross-flow microfiltration in the food industry.
State of the art." Desalination 77: 235-258.

Howell (1983). "Progress in food engineering." 32 1-326.



Hunter. (1981). Zeta Potential in Colloid Science:Principles and Applications,
Academic Press.

Hwang and Kammermeyer (1984). Membrane in separations. Techniques of
chemistry, Malabar, FL, Rober E. Krieger.

Jackson and Landolt (1973). "About the Mechanism of Formation of Iron
Hydroxide Fouling Layers on Reverse Osmosis Membranes." Desalination 12(3):
36 1-378.

Jarusutthirak, Amy and Croue (2002). "Fouling characteristics of wastewater
effluent organic matter (EfOM) isolates on NP and UP membranes." Desalination
145: 247-255.

Jarusutthirak, Amy, Croué and Gunten (2003). "Fouling of high-pressure (NF and
RO) membranes by soluble microbial products (SMPs) associated with wastewater
effluent organic matter (EfOM)." Membrane Technology Conference, AWWA,
Mar 2-5.

Jucker and Clark (1994). "Adsorption of aquatic humic substances on hydrophobic
ultrafiltration membranes." J. Membr. Sci. 97: 37-52.

Kabsch-Korbutowicz, Majewska-Nowak and Wiimicki (1999). "Analysis of
membrane fouling in the treatment of water solutions containing humic acids and
mineral salts." Desalination 126: 179-185.

Kelly, Opong and Zydney (1993). "The influence of protein aggregates on the
fouling of microfiltration membranes during stirred cell filtration." J. Membr. Sci.
80: 175-187.

Kelly and Zydney (1994). "Effects of intermolecular thiol-disulfide interchange
reactions on BSA fouling during microfiltration." Bioteclmol. Bioeng. 44: 972-982

Khatib, Rose, Barres, Stone, Bottero and Anselme (1997). "Physico-chemical
study of fouling mechanisms of ultrafiltration membrane on Biwa Lake (Japan)."
Membr. Sci. 130: 53-62.

Kim and Dickson, Chen and Fane (1992). "Applications of field emission scatming
electron microscopy to polymer membrane research." Micron and Microscopia
Acta23: 259-271.

Knoell, Safarik, Cormack, Riley, Lin and Ridgway (1999). "Biofouling potentials
of microporous polysulfone membranes containing a sulfonated polyether-
ethersulfone/polyethersulfone block copolymer: correlation of membrane surface
properties with bacterial attachment." J. Membr. Sci. 157: 117-138

Koros, Ma and Shimizu (1996). "Terminology for membres and memrbane
processes IUPAC recommendations 1996." J. Membr. Sci. 120: 149-159.

Kufahl (2002). "Tapping the Ocean." Utility Business: 30-39.



Kwak, Kim and Kim (1996). "Effects of bisphenol monomer structure on the
surface morphology and reverse osmosis (RO) performance of thin-film-composite
membranes composed of polyphenyl esters." J. Polym. Sci. Phys. 34: 2001.

Kwak, Yeom, Roh, Kim and Kim (1997). "Correlations of chemical structure,
atomic force microscopy (AFM) morphology, and reverse osmosis (RO)
characteristics in aromatic polyester high-flux RO membranes." J. Membr. Sci.
132: 183.

Li and Elimelech (2004). "Organic fouling and chemical cleaning of nanofiltration
membranes: measurement and mechanisms." Environ. Sci. Technol. 38: 4683-
4693.

Lee, Cho and Elimelech (2005). "Combined fouling of nanofiltration membranes
by colloidal material and natural organic matter." J. Membr. Sci. 262: 27-4 1.

Li and Elimelech (2006). "Synergistic effects in combined fouling of a loose
nanofiltration membrane by colloidal materials and natural organic matter." .

Membr. Sci. 278: 72-82.

Loeb and Sourirajan (1963). "Sea water demineralization by means of an osmotic
membrane." Advances in Chemistry Series 38: 117-132.

Lonsdale (1982). "Review: The Growth of Membrane Technology." J. Membr. Sci.
10: 81-181.

Madaeni, Mohamamdi and Moghadam (2001). "Chemical cleaning of reverses
osmosis membranes." Desalination 134: 77-82.

Malcolm and MacCarthy (1986). "Limitations in the use of commercial humic
acids in water and soil research." Environ. Sci. Technol 20: 904-911.

Mänttäri, Puro, Nuortila-Jokinen and Nystrom (2000). "Fouling effects of
polysaccharides and humic acid in nanofiltrion." J. Membr. Sci. 165: 1-17.

Marinas (1991). "Reverse osmosis technology for wastewater reuse." Water Sci.
Technol 24: 2 15-227.

Marshall, Munro and Tragârdh (1993). "The effect of protein fouling in
microfiltraion and ultrafiltraion on permeate flux, protein retention and selectivity:
a literature review." Desalination 91: 65-108.

Matthiasson (1983). "The role of macromolecular adsorption in fouling of
ultrafiltration membranes." J. Membr. Sci. 16: 23-26.

Mohammadi, Madaeni and Moghadam (2003). "Investigation of membrane
fouling." Desalination 153: 155-160.

Morioka, Yamaguchi, Kakimoto and Imai (1994). "Formation of interconnected
globulr structure of silica phase in polyimide-silica hybrid films prepared by the
sol-gel process." Chem. Mater 6: 913-92 1.

Mullin (1992). Crystallisation. London, Butterworths.



Munoz-Aguado, Wiley and Fane (1996). "Enzymatic and detergent cleaning of a
polysuiphone ultrafiltration membrane fouled by BSA and whey." J. Membr. Sci.
117: 175-187.

Myer (1999). "Surfaces, Interfaces, and Ciloids." John Wiley & Sons: New York.

Namkung and Rottmann (1986). "Soluble microbial products (SMP) formation
kinetics by biofilms." Water Resource 20(6): 795-806.

Navon, Keren and Glazer (1998). 'An edible-to-insects calcium alginate gel as a
carrier for entomopathogenic nematodes." Biocontrol Sci. Tech. 8: 429-437

Ng, Li and Elimelech (2004). Organic fouling of RO membranes for water reuse:
Role of proteins and polysaccharides. TWA Speciality Conference: Water
Environment-Membrane Technology, WEMT2004, Seoul, Korea.

Nystrom, Lindstrom and Matthiasson (1989). "Streaming potential as a tool in the
characterization of ultrafiltration membranes." Colloids and surfaces A 36: 297-
312.

Nystrom, Pihlajamaki and Ehsani (1994). "Characterization of ultrafiltration
membranes by simultaneous streaming potential and flux measurements." .

Membr. Sci. 87: 245-256

Oldani and G. Schock (1989). "Characterization of ultrafiltration membranes by
infrared spectroscopy, ESCA, and contact angle measurements." J. Membr. Sci. 43:
243.

Palecek, Mochizuki and Zydney (1993). "Effect of ionic environment on BSA
filtration and properties of BSA deposits." Desalination 90: 147-159.

Palecek and Zydney (1994). "Intermolecular electrostatic interactions and their
effect on flux and protein deposition during protein filtration." Biotechnol. Prog.
10: 207-213

Palecek and Zydney (1994). "Hydraulic permeability of protein deposits formed
during microfiltraion: effect of solution pH and ionic strength." J. Membr. Sci. 95:
71-81

Pinnau (1989). "Ultrathin ethyl ceilulose/poly(4-methylpentene- 1) permselective
membranes."

Pontie, Chasseray, Lemordant and Lame (1997). "The streaming potential method
for the characterization of ultrafiltration organic membranes and the control of
cleaning treatments." J. Membr. Sci. 129: 125-133.

Rebhun and Manka (1971). "Classification of organics in secondary effluent
organics." Envir. Sci. Technol 5: 606-609.

Reihanian, Robertson and Michaels (1983). "Mechanisms of polarization and
fouling of ultrafiltration membranes by proteins." J. Membr. Sci. 16: 237-258.



67

Reinhard, Goodman, McCarty and Argo (1986). "Removing trace organics by
reverse osmosis using cellulose acetate and polyamide membranes." J. Amer.
Water Works Assoc 78: 163-174.

Ridgway, Rigby and Argo (1985). "Bacterial adhesion and fouling of reverse
osmosis membranes." J. Amer.Water Works Assoc 77: 97-106.

Riedel Girard and Lencki (1998). "Influence of membrane structure on fouling
layer morphology during apple juice clarification." J. Membr. Sci. 139: 155-166.

Rittmann, Bae, Namkung and Lu (1987). "A critical evaluation of microbial
product formation in biological processes." Water Sci. Technol 19: 5 17-528.

Rosen (2004). Surfactants and Interfacial Phenomena, 3rd Edition. New York,
Wiley.

Roudman and Digiano (2000). "Surface energy of experimental and commercial
nanofiltration membranes: effects of wetting and natural organic matter fouling." .

Membr. Sci. 175: 61-73.

Schafer, Fane and Waite (2005). Nanofiltration: principles and application. Oxford,
UK, Elservier Advanced Technology.

Schafer, Martrup and Jensen (2002). "Particle interactions and removal of trace
contaminants from wate and wastewaters." Desalination 147: 243-250.

Seidel and Elimelech (2002). "Coupling between chemical and physical
interactions in natural organic matter (NOM) fouling of nanofiltration membranes:
implications for fouling control." J. Membr. Sci. 203: 245-255.

Shaw (1969). Electrophoresis. London, Academic Press.

Skinner, Rotenberg and Neumann (1989). "Contact angle measurements from the
contact diameter of sessile drops by means of a modified axisymmetric drop shape
analysis." J. Colloid Interface Sci. 130: 25-34.

Smith (1992). "Desalting and ground water management in the San Joaquin valley,
California." Desalination 87: 151-174.

Song and Elimelech (1995). "Particle Deposition onto a Permeable Surface in
Laminar Flow." J. Membr. Sci. 173: 165-180.

Stamatialis, Cristina and Maria (1999). "Atomic force microscopy of dense and
asymmetric cellulose-based membranes." J. Membr. Sci. 160: 235-242

Staude (1992). Membrane and membrane processes. Weinheim, Germany, Wiley-
VCH.

Stengaard (1988). "Characteristics and performance of new types of ultrafiltration
membranes with chemically modified surfaces." Desalination 70: 207-224.

Stumm (1992). Chemistry of the solid-water interface. New York, Wiley.



r']

Stuttman (1983). How it works, Encyclopedia of Science and Invention. Westport,
Conn.

Taylor, Thompson and Carswell (1987). "Applying membrane processes to
groundwater sources for trihalomethane pre-cursor Control." J. Amer.Water
Works Assoc 79: 72-82.

Trangardh (1989). "Membrane Cleaning." Desalination 71: 325-335.

Turker and Hubble (1987). "Membrane fouling in a constant-flux ultrafiltration
cell." J. Membr. Sci. 34: 267-28 1.

Thurman (1985). Organic geochemistry of natural waters. Boston, MA, Martinus
Nijhoff/Dr. W. Junk Publishers.

Van Houtte, Verbauwhede, Vanlerberghe, Demunter and Cabooter (1998).
"treating different types of raw wter with micro- and ultrafiltration for further
desalination using reverse osmosis." Desalination 117: 49-60.

Visvanathan and Aiem (1989). "Studies on colloidal membrane fouling
mechanisms in crossflow microfiltration." J. Membr. Sci. 45: 3-15.

Vrijenhoek, Hong and Elimelech (2001). "Influence of membrane surface
properties on initial rate of colloidal fouling of reverse osmosis and nanofiltration
membranes." J. Membr. Sci. 188: 115-128.

Walker, Wilson and Brown (1990). "Minimization of chromium-contaminated
wastewater at a plating facility in the eastern United States." Envir. Progr. 9: 156-
160.

Weis, Bird and Nystrom (2003). "The chemical cleaning of polymeric UF
membranes fouled with spend sulphite liquor over multiple operational cycles."
Membr. Sci. 216: 67-79.

Wiesner, Clark, Jacangelo, et al. (1992). "Committee report: membrane processes
in potable water treatment." J. Amer. Water Works Assoc 32: 59-64.

Wilbert, Pellegrino and Zydney (1998). "Bench scale testing of surfactant-
modified reverse osmosis/nanofiltration membranes." Desalination 115:15-32

Winters and Andlsquith (1979). "In-plant Microfouling in Desalination."
Desalination 30: 337-399.

Won, Kim and Moon (2005). "Optimization of lipase entrapment in Ca-alginate
gel beads." Process Biochemistry 40: 2149-2 154.

Yaroshchuk and Staude (1992). "Charged membranes for low pressure reverse
osmosis properties and applications." Desalination 86: 115-134.

Yuan and Zydney (1999). "Effects of solution environment on humic acid fouling
during microfiltration." Desalination 122: 63-76.

Yuan and Zydney (2000). "Humic Acid Fouling during Ultrafiltration." Environ.
Sci. Technol 34: 5043-5050.



Zhu and Elimelech (1997). "Colloidal fouling of reverse osmosis membranes:
measurements and fouling mechanisms." Environ. Sci. Technol 31: 3654-3662.

Zydney (1994). "Effects of intermolecular thiol-disulfide interchange reaction on
BSA fouling during microfiltration." Biotechnol. Bioeng 44: 972-982.

Zydney (1995). "Mechanisms for BSA fouling during microfiltration." J. Membr.
Sci. 107: 115-127.



70

APPENDICES

Appendix A: Membrane properties
. Surface roughness data

Membrane

Sca
n
size
(urn)

Roughnes
s analysis
size (urn)

Mean
roughne
ss, Ra
(nm)

rms
(nm)

Max
height,
Rmax
(nm)

Max
peak
height,
Rp (nm)

Max
depth,
Rv
(nm)

Srufac
e area
(urn2)

16.3 16.3 119.74 152.59 1072 705.27 -366.69 405.7

16.3 10 131.98 168.3 1073 676.98 -396.49 152.92

10 10 124.02 148.52 1135 722.19 -412.8 176.13
ESPAI

10 5 109.02 139.43 1141 781.89 -358.68 45.32

5 5 123.44 160.92 1081 -386.15 51.095

2.5 2.5 91.587 116.48 823
_694.57

484.87 -338.13

10 10 70.682 93.1 681.98 427.74 -254.23

10 5 59.201 72.662 417.83 212.03 -205.8 28.144
LFCI 5 5 65.883 84.615 592.41 340.89 -251.52

2.5 2.5 45.092 55.536 295.78 136.22 -159.56 7.997

1 1 19.403 24.749 161.77 80.301 -81.467 1.497

16.3 16.3 70.318 90.104 950.93
16.3 10 73.469 94.457 900.5 644.74 -255.76 124.8

16.3 10 65.817 83.285 818.02 580.55 -237.48 126.55

16.3 10 76.052 98.471 950.57 650.48 -300.1 126.39

16.3 10 66.703 84.348 748.5 502.43 -246.07 124.19

10 10 71.699 92.983 845.9
LFC3 10 5 63.325 79.18 492.61 271.06 -221.55 32.372

10 5 70.752 89.49 583.97 335.52 -248.45 33.098
10 5 69.19 85.997 544.91 299.26 -245.65 33.195

10 5 83.47 111.36 827.06 544.63 -282.43 34.898

5 5 62.478 80.738 635.42
2.5 2.5 48.858 58.098 490.85 305.39 -185.46

1 1 34.344 44.893 339.09 187.3 -151.8
10 10 59.637 74.714 630.95 122.15

10 5 57.924 71.934 392.07 232.64 -159.43 29.105MLFCI
10 5 64.577 81.495 532.89 336.84 -196.05 30.563

10 10 56.348 70.621 564.49 123.39

MLFC3
10 10 42.922 54.903 113.16

10 10 43.047 55.074 110.43
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Membrane
Average Roughness (Ra)
based on lOum*lOum area

ESPAI 124.02

LFCI 70.682

LFC3 70.748

MLFCI 57.9925

MLFC3 42.9845

Membrane Surface Roughness

140

120

100

2:

ESPA1 LFC1 LFC3 MLFC1 IVLFC3



Zeta potential

LFCI LFC3 ESPAI

10mM NaC1 -13.2 -16.3 -26.6

7mM NaC1,lmM CaC12 -8.84 -9.22 -16.07

SOmg/L BSA in 7mM
NaC1,lmM CaCl2 -10.02 -12.79 -14.92

SOmg/L NaAlg in 7mM
NaC1,ImMCaC12 -15.91 -14.01 -17.76

50mg/L BSA+NaAlg in 7mM
NaC1,1mMCaC12 -13.76 -13.83 -16.88

-30

-25

ur:

0

72
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membrane hydrophilicity

membrane contact angle
Average

contact Angle error(-) error(+)

LFC-1 58.1 66.6 63 62.57 4.47 4.03

M LFC-1 45.09 46.47 48.72 45.65 46.48 1.39 2.24

LFC-3 57.66 62.63 61.75 60.68 3.02 1.95

M LFC-3 32.8 32.58 28.96 31.45 2.49 1.35

ESPA-1 25.87 25.87 0 0

contact angle of RO membranes

80

+
g 50

40

30

20

LFC-1 MLFC-1 LFC-3 MLFC-3 ESPA-1
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Appendix B: Membrane Performance

. Membrane resistance data

LFCI LFC3 ESPAI MLFCI MLFC3

Press
Flux

Press
Flux

Press
Flux

Press Flux
Press

Flux
ure 3 2*(m /m s) ure 3 2(m /m s) ure 3 2(m /m s) ure 3 2(m /m s) ure 3 2*(m Im s)
(psi) (psi) (psi) (psi) (psi)

180 1.45x10 215 1.78x10 210 1.51x10 450 1.42x10 450 1.56x10

220 1.75x10 250 2.03x10 260 1.90x1O 400 1.28x10 400 1.34x10

260 2.08x10 275 2.29x10 300 2.35x1O 370 1.17x10 360 1.19x10

280 2.23x10 280 2.30x10 341 2.63x1O 320 1.05x1O 320 1.05x10

300 2.41x10 320 2.73x10 357 2.8Ox10 260 8.78x10 280 9.40X10

320 2.60x10 357.5 3.07x10 382 2.90x10 220 7.40x10 240 7.75x10

340 2.83x10 407.5 3.62x10 410 3.14x10 180 5.69x10 280 9.13x10

360 2.93x10 417.5 3.68x10 450 3.39x10 220 7.31x10 320 1.06x10

382 3.17x10 452.5 4.03x105 260 9.00x10 360 1.20x10

400 3.30x105 320 1.05x10 400 1.28x10

425 3.63x1O 360 1.17x10

400 1.29x10

500

450

400

350

tn

0

250

200

I 1I

III! III (I!! i ITI1T.Jr lv!; '1''''

- ............ .._

/
1

1

S S _ I

51O I 10 2l0 2.510 3j34 3.510 410 4.510

Flux (m3/m2*s)
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Appendix C: protein and alginate isoelectric data

BSA
Sg/L BSA in 7mM NaC1, 1mM CaC12

pH Zeta Potential(mv) Std Error

3.5 4.01 1.61

4.2 4.17 1.1

4.75 -1.61 1.23

5.75 -10.95 1.04

6.75 -14.82 0.8

10

0
I

4
T
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NaAlg

pH 4.0 4.5
j

5.0 6.0

Zeta Potential
7.45 -11.42 -20.53 -40.29

(my)

10

0

7

(0

-10

C) -20
4)

C

(0 -30

C)

-40

-50

pH

.

1 2 3 4 5 6
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Appendix D:The result of membrane cleaning

LFC1 LFC3 ESPA1
BSA BSA BSA&

BSA NaAIg &NaAIg BSA NaAIg &NaAIg BSA NaAIg NaAIg

NaOH
43.8% 52.5% 108.0% 45.2% 51.1% 97.4% 100.0% 62.6% 106.0%(pHil)

1mM SDS
86.5% ll0.0% 90.0% 84.0% 123.4% 120.6%(pHil)

1mM EDTA 88.7% 96.7% 106.0%(pHil)



Appendix E: The data of membrane rejecfion

LFC-3 fouling by BSA
Time(min) Ca Rejection Na Rejection

-10 0.9926 0.9542
10 1.0037 0.9583

110 0.9958 0.9499
260 0.9941 0.9563
410 1.0146 0.9541
600 0.9924 0.9586
1290 0.9644 0.9525
1440 0.9900 0.9580

Average 0.9935 0.9552

I_1-.,- IUUIIII9 ijy I1dMI

Time(min) Ca Rejection Na Rejection
-5 0.9894 0.9340
5 0.9829 0.9643

35 0.9853 0.9639
75 0.9846 0.9198

135 0.9771 0.9817
175 0.9757 0.9772
225 0.9774 0.9682
285 0.9783 0.9731
375 0.9813 0.9603

Average 0.9813 0.9603

LFC-3 fouling by BSAINaAIg mixture
Time(min) Ca Rejection Na Rejection

-10 1.0085 0.9522
-5 1.0009 0.9603
5 1.0017 0.9608

44 0.9933 0.9623
84 0.9959 0.9631
124 0.9916 0.9670

Average 0.9987 0.9609
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LFC-1 fouling by BSA

Time(min) Ca Rejection Na Rejection
-5 0.9998 0.9506
5 0.9982 0.9533
75 0.9989 0.9541

205 0.9955 0.9563
775 0.9973 0.9502

1065 0.9996 0.9521
1475 1.0019 0.9567
1715 1.0002 0.9495
3815 0.9986 0.9520

Average 0.9989 0.9528

Lr- I OUIIII IJy IldII9

Time(min) Ca Rejection Na Rejection
-10 0.9899 0.9568
5 0.9954 0.9615
60 0.9915 0.9570

110 0.9924 0.9533
160 0.9940 0.9615
210 0.9972 0.9545

Average 0.9934 0.9574

LFC-1 fouling by BSNNaAIg

Time(min) Ca Rejection Na Rejection
-5 0.9727 0.9867
5 0.9873 1.0001

60 0.9846 0.9959
Average 0.9815 0.9942

ESPA-1 fouling by BSA

Time(min) Ca Rejection Na Rejection
-10 0.9963 0.9597
10

70 0.9848 0.9572
250 0.9915 0.9586
550 0.9908 0.9582
730

970 0.9911 0.9570
1540
1665 0.9933 0.9530
2050 1.0079 0.9536

Average 1.0006 0.9533



ESPA-1 fouling by NaAlg
Time(min) Ca Rejection Na Rejection

-10 0.9832 0.9590
10 0.9829 0.9599
50 0.9975 0.9586
90 0.9903 0.9568

Average 0.9885 0.9586

ESPA-1 fouling by BSA/NaAIg mixture
Time(min) Ca Rejection Na Rejection

-10 0.9827 0.9555
5 0.9884 0.9582

30 0.9949 0.9570
50 0.9816 0.9568
60 0.9972 0.9527

Average 0.9890 0.9560

M LFC-1 fouling by NaAlci
Time(min) Ca Rejection Na Rejection

-5 0.9852 0.9652
5 0.9816 0.9658

'60 0.9906 0.9642
115 0.9965 0.9639
150 0.9886 0.9662
190 0.9936 0.9618
250 0.9997 0.9592
290 0.9880 0.9576
970 0.9915 0.9642
1040 0.9818 0.9646

Average 0.9897 0.9633

M LFC-1 fouling by BSAINaAIq mixture
Time(min) Ca Rejection Na Rejection

-5 0.9910 0.9744
5 0.9949 0.9750

45 1.0028 0.9766
85 0.9982 0.9759
135 0.9963 0.9756
185 1.0000 0.9759
235 1.0057 0.9687
295 1.0035 0.9712

Average 0.9990 0.9742



M LFC-3 fouling by NaAlg
Time(min) Ca Rejection Na Rejection

-280 0.9826 0.9523
-100 1.0022 0.9530
-60 0.9873 0.9513
-5 0.9855 0.9524
5 0.9888 0.9547
50 0.9900 0.9546
110 0.9861 0.9549
320 0.9909 0.9737
350 0.9898 0.9581
1010 0.9922 0.9631
1100 0.9915 0.9630

Average 0.9897 0.9574

M LFC-3 fouling by BSAINaAIg mixture
Time(min) Ca Rejection Na Rejection

-5 0.9918 0.9519
5 0.9905 0.9536
35 0.9918 0.9577
70 0.9950 0.9602
150 0.9983 0.9646
185 0.9915 0.9616
275 0.9919 0.9660
485 0.9960 0.9639
1315 0.9969 0.9671
1445 0.9939 0.9714

Average 0.9938 0.9618

* Time: the time of adding foulant is set as 0 mm. Before the point, it's negative




