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Abstract

The scarcity of pristine water resources has been a serious issue worldwide. This
issue has resulted in the emergence of alternative water resources represented by
seawater and wastewater. To treat these water resources, advanced membrane
technologies such as Reverse Osmosis (RO) membrane technology are required. In
spite of the capability of the RO technology in desalinating seawater and reclaiming
wastewater, the efficiency of this technology is significantly affected by the problem
of RO membrane fouling. There are several types of fouling that can occur on RO
membrane, biofouling was selected to be the focus of this thesis. In this study,
ultrasound technology has been suggested to pre-treat the feedwater of an RO system
with the aim of decreasing the formation of biofouling on the membrane.

It has been reported by many studies that the mechanism of deactivating
microorganisms through the use of ultrasound lies in the mechanical effects of
acoustic cavitation, especially the pressure shock generated from bubble collapse.
The intensity of the pressure shock depends on a number of parameters such as
ultrasonic intensity, ultrasonic frequency, temperature of the treated sample, pressure
of the treated sample and the initial size of the bubble. Therefore, the effect of these
parameters on the intensity of collapse pressure of transient bubbles was
investigated. A 55 kHz horn type ultrasound batch configuration reactor was used in
this study. The experimental ultrasound work, involved sonication, thermosonication
and manosonication treatments for E.coli deactivation. The effect of different levels
of ultrasonic intensity, temperature, pressure and treatment time on the ultrasonic
deactivation for E.coli suspension was examined in sonication, thermosonication and

manosonication experiments.



The experimental results showed that the optimum process parameters of
ultrasound treatment for E. coli disruption are represented by thermosonication
treatment at low sub-lethal temperature of E. coli of 45°C. The feed solution of the
RO system was prepared by suspending E. coli with a concentration of
approximately 4x10° CFU/mL in a MacCONKEY broth. A stirred cell UHP 90 with
a maximum capacity of 600 ml was used to simulate the RO system in its batch
configuration. The efficiency of ultrasound treatment in reducing the formation of
biofouling on the RO membrane was assessed based on two criteria: i) the measured
amount of permeate flux of the stirred cell and ii) analysis of the developed biofilm
on the RO membrane. Straining and epiflourescence microscopy techniques were
used in this analysis. The ultrasound treatment was found to be capable of
eliminating 10° CFU/mL of the existing E. coli in the broth-based suspension and
resulted in injuring more than 10% of the log survival of E. coli. As a consequence,
ultrasound was able to recover more than 0.1 L/m®h of the permeate flux of the
treated feed during fouling treatment lasted for 60 hours. Moreover, the captured
microphotographs of the membrane used with untreated and treated feeds revealed
that the treated E. coli built sparse biofilms on the membrane, while the developed
biofilm by untreated E. coli covered almost all the membrane area.

The ultrasound and RO experimental results obtained in this study showed that
ultrasound technology can be an effective free-chemical method to control the
formation of biofouling in a RO membrane system. Further study in optimising the
current batch reactor is needed; a flow configuration of the membrane system can be

the focus of future work.
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Introduction and Aims Chapter 1

CHAPTER 1

Introduction and Aims

1.1 Overview

Pristine water resources are becoming scarce worldwide due to population growth,
higher standard of living, climate change and an uneven distribution of water
resources. Recent studies showed that the estimated number of the people who lack
healthy drinking water access in the developing countries has reached around one
billion, while the number of the people who lack sufficient water for sanitation has
reached two billion (Ridoutt and Pfister, 2010). Therefore, the investigation of non-
conventional water resources such as reclaimed wastewater and seawater as potential
water resources for different applications has become of utmost importance. The
treatment of the emerging non-conventional water resources requires employing
advanced water treatment technologies such as Reverse Osmosis (RO) membrane

technology (Li et al., 2007; Prihasto et al., 2009; Del Pino and Durham, 1999).

The use of reverse osmosis membrane technology for wastewater reclamation
or seawater desalination is hindered by biofouling problems (Chen et al., 2004; Xu et
al., 2006). The problem of biofouling in the RO membrane system can be mitigated
by applying efficient methods for controlling biofouling (Prihasto et al., 2009).
However, the available techniques for controlling biofouling in the RO membrane
system have some limitations such as an adverse effect on health public, low
efficiency and the deterioration the RO membrane construction materials. Hence,

ultrasound technology has been proposed in this thesis to be used as a new anti-
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Introduction and Aims Chapter 1

biofouling technique owing to the benign environmental effect of ultrasound (Gogate
and Kabadi, 2009) and its capacity to deactivate microorganisms efficiently in

various applications.

1.2 Reverse Osmosis and biofouling issues

Reverse Osmosis is defined as the process of pressurizing a solution with different
components through a semi-permeable membrane that allows some components such
as water to permeate through it while detaining other components such as ions and
microorganisms (Kucera, 2010). The term reverse osmosis is given to the process
that reverses the natural osmosis process. In the natural osmosis process, the solute
(contaminants) should move from the area of high concentration to the area of low
concentration to equalize the concentration of the solute at both areas. On contrary,
in the reverse osmosis process, the contaminants stay at the area of high
concentration owing to the sieving effect of RO membrane leaving the other area

almost free from the solute (contaminants).

Fouling is a common term that is used in water treatment and a number of
other fields and it refers to the adhesion of undesirable materials to surfaces. Fouling
of the RO membrane can cause deterioration in membrane flux, biodegradation of
the membrane, an increase in the differential pressure with a consequent increase in
the feed pressure, and an increase in the salt passage. This can inevitably result in an
increase in the energy requirements with a potential increase in the cost of operation

(Khan et al., 2010).

The main foulants of the RO membrane include solid or colloidal particles,

organic foulants, inorganic foulants, and microorganisms (Herzberg et al., 2009;

Raed Ahmed Al-juboori 2



Introduction and Aims Chapter 1

Pontié et al., 2005; Flemming, 2002). The adhesion of microorganisms to the RO
membrane is considered as the most serious type of fouling (Lee et al., 2010). During
the initial colonization of microorganisms to the membrane surface, the deposited
microorganisms secrete Extracellular Polymeric Substance (EPS) forming a matrix
of microorganisms and EPS which is commonly called biofilm (Decho, 2000). The
subsequent development of biofilm layers on the membrane is known as biofouling

(Flemming, 2002).

The EPS in the biofilm matrix is particularly robust structure that can provide
the protection to microorganisms form the introduction of biocides and toxin to water
(Flemming, 2002). Moreover, the microorganisms present in the matrix of biofilm
can seclude organic or inorganic substances from the surrounding environment as
nutrients for maintaining their life functions (Decho, 2000; Prihasto et al., 2009). The
metabolic activity of the microorganisms in the biofilm matrix may degrade the
materials of the membrane (Chua et al., 2003). Given the adverse impacts of
biofouling on the performance of RO membrane, efficient techniques are required to
control the adhesion of microorganisms to the membrane that can extend the life time
of the membrane and reduce the cost associated with cleaning and replacing the

membrane.

1.3 Techniques for controlling biofouling in the RO membrane system

The state-of-the-art methods for controlling biofouling in the RO membrane system
as reported by Louie et al. (2006), Prihasto et al. (2009), Hori and Matsumoto (2010)
and Flemming (2011), include membrane surface modification, biochemical

techniques, membrane filtration and disinfection techniques. Some of the techniques
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of controlling biofouling can be applied at the stage of membrane manufacture such
as membrane surface modification techniques, whereas the other techniques such as
biochemical, membrane filtration and disinfection techniques can be implemented in

the water treatment scheme.

1.3.1 Membrane surface modification

Membrane surface modification can be defined as the process of improving some of
the membrane surface characteristics such as surface roughness, surface charge and
membrane hydrophilicity against fouling. There are number of surface modification
techniques including modified membrane synthesis, physical coating and grafting
(Louie et al., 2006). Grafting is defined as the process of binding monomers onto

polymer chain covalently (Bhattacharya and Misra, 2004).

Although, applying membrane surface modification methods can reduce the
adhesion of microorganisms to membrane surfaces (Roosjen et al., 2006; Kingshott
et al., 2003), these methods have some limitations. For example, microorganisms
have the ability to develop suitable adhesion mechanisms for various environmental
conditions (Hori and Matsumoto, 2010), which means they are able to overcome the
new conditions of the modified surface. Additionally, modifying the characteristics
of the membrane surface against microbial adhesion may attract other foulants, such

as natural organic matter, to adhere to the membrane (Louie et al., 2006).

1.3.2 Biochemical techniques

The robust structure of biofilm can be degraded by using biochemical substances
such as enzymes, bacteriophage and signalling molecules (Flemming, 2011).

Bacteriophage can be defined as viruses that infect the bacteria (Mayer, 2010).
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Signalling molecules are specific biomolecules that regulate different biological
activities for microorganisms such as cell-cell communication activity in the
bacterial communities of the biofilm (Davies and Marques, 2009). These techniques

are usually applied for removing a formed biofilm on surfaces.

Applying biochemical techniques for removing the established biofilm on a
surface is limited by some drawbacks such as high cost associated with producing the
biochemical substance and low efficiency in detaching the adhered microorganisms

from substrates (Richards and Cloete, 2010; Flemming, 2011).

1.3.3 Membrane filtration techniques

Membrane filtration is the process of removing a wide range of the contaminants
including microorganisms from upstream of the RO membrane using types of
membranes such as micro-filtration (MF), ultra-filtration (UF) (Zheng et al., 2009)
and nano-filtration (NF) membranes (Hilal et al., 2004). The pore size of these types
of membranes is in the order NF< UF< MF, and according to their pores’ size, they
are capable of retaining microorganisms with size bigger than the pores’ size. These
techniques were found to be effective in reducing the concentration of
microorganisms in the feed water of the RO membrane system (Durham et al., 2001;
Wolf et al., 2005). However, membrane filtration techniques suffer form the problem
of fouling that negatively affect their performance as pre-treatment techniques (Kang

et al., 2004; Subramani and Hoek, 2008; Horsch et al., 2005).

1.3.4 Water disinfection methods

The use of disinfection as pre-treatment for the RO membrane system is an effective

way to inhibit the adhesion of microorganisms to the membrane (Hori and
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Matsumoto, 2010). Disinfection techniques have the potential to deactivate the
microorganisms before the attachment takes place. The water disinfection process
includes the use of a wide spectrum of treatments ranging from conventional
treatments such as chemical and thermal treatments, to non-conventional treatments
such as ultraviolet (UV) light treatments, electrical treatments, mechanical treatments

and ultrasound treatments.

Chemical treatments for water disinfection include the addition of chemical
germicidal agents to the water that have the potential to deactivate the existing
microorganisms in the water. In spite of the advantages of chemical methods, such
low cost and the capacity to deactivate a wide range of microorganisms effectively,
these techniques have some shortcomings related to Disinfection by-Products (DBPs)
production and mutagenic agents, attacking the materials of the RO membrane and
mass transfer limitation (Gogate, 2007; Hulsmans et al., 2010; Kim et al., 2009).

Traditional thermal treatments of water are regarded as an inefficient choice
owing to its high energy requirements. Therefore, utilizing solar energy for water
treatment (Davies et al., 2009) has emerged as an alternative to traditional thermal
treatment. Solar disinfection is regarded as a low-cost water disinfection technique,
nevertheless its efficiency depends on the geographical location and the climate

conditions which restrict its feasibility (Davies et al., 2009).

Ultraviolet light treatment is an alternative treatment technique, that widely
used for disinfecting potable water, process water and wastewater (Schwartz et al.,
2003). In spite of this, the use of UV light as a disinfectant has some limitations such
as low performance in the light scattering (Parker and Darby, 1995) and absorbing

solutions (Harris et al., 1987).
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The use of electrical treatments in deactivating microorganisms harnesses the
electrical energy to destroy the cell of microorganism (Guyot et al., 2007; Aronsson
et al., 2001). The most common electrical techniques for water disinfection are
electro-chemical techniques (Kerwick et al., 2005) and Pulsed Electric Field (PEF)
(Guyot et al., 2007). The use of electrical techniques for water disinfection has some
drawbacks such as producing mutagenic components in the treated suspension
(Reyns et al., 2004) and cathode fouling (Zhe et al., 2008).

Mechanical treatments for water disinfection include the methods that use
various forms of mechanical energy as a tool for disrupting microorganisms in the
water. The common mechanical methods for microorganisms disruption include
High Pressure Homogenization (HPH) (Wuytack et al., 2002), Hydrodynamic
Cavitation (HC) (Arrojo and Benito, 2008), bead mill (Melendres et al., 1992) and
Micro-fluidizer (Geciova et al., 2002) . Although these methods can be exploited to
inactivate microorganisms in an environmentally friendly way, the use of these
methods for deactivating microorganisms is accompanied by some disadvantages.
For example, the application of HC and HPH can cause erosion of the materials of
hydraulic equipments which is not desirable from the engineering point of view

(Gogate and Kabadi, 2009).

1.4 Ultrasound technology for microorganisms deactivation

The term ultrasound waves implies the application of sound waves with a frequency
higher than the upper limit of human hearing (more than 16 kHz) (Gibson et al.,
2008). The typical limit for the frequency that is used in ultrasound application

ranges between 20 kHz and 500 MHz (Thompson and Doraiswamy, 1999).
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Ultrasound technology for microorganisms deactivation can be applied in
different ways; sonication, the combination of sonication with pressure
(manosonication), temperature (thermosonication) or pressure and temperature
(manothermosonication) (Piyasena et al., 2003). The use of ultrasound technology for
water disinfection is very valuable application, due to the environmentally friendly
effect of ultrasound and its ability to deactivate and disintegrate clusters of the
pathogenic microorganisms (Joyce et al., 2003; Gogate and Kabadi, 2009). The
potency of ultrasound for disintegrating microorganisms lies in the simultaneous

effects of acoustic cavitation.

Acoustic cavitation is defined as the process of generation, growing and
subsequent collapse of the bubbles as a response for the passage of ultrasound waves
through a liquid body (Vichare et al., 2000; Gogate, 2007). The implosion and the
oscillation of bubbles can generate three effects: mechanical, thermal and chemical
(Gogate, 2007). Mechanical effects are represented by the generation of high
pressure shock (collapse pressure), shear stresses and turbulences that level up as a
result of liquid circulation (Gogate and Kabadi, 2009). Thermal effects are evident
through the generation of localized high temperature spots, whereas the chemical
effects appear as the pyrolysis of water producing free radicals (Gogate and Kabadi,

2009).

Ultrasound technology has been reported as an effective technique for
rupturing microorganisms in different applications. Such applications include water
disinfection (Mason et al.,, 2003; Hulsmans et al., 2009), biological material
extraction (Gogate and Kabadi, 2009), biodiesel production (Scragg et al., 2003) and
improving an aerobic digestion of waste activated sludge (Wang et al., 1999). The

problems associated with ultrasound technology such as high cost of operation can
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be offset by the attractive traits of ultrasound represented by the effective and
chemical-free disruption of microorganisms. However, there is no reported data on
the use of ultrasound for controlling biofouling in membrane systems. Thus, the use
of ultrasound for reducing biofouling in the RO membrane system was investigated

in this thesis.

1.5 Rationale of this study

Biofilm consists of two main components: micro-colonies of microorganisms and
water filled channels (Danese et al., 2000). The micro-colonies of the
microorganisms consist of microorganisms and EPS. Since EPS is produced by the
live microorganisms on the membrane (Hori and Matsumoto, 2010), reducing the
number of the live microorganisms in the upstream of the RO membrane, can
decrease the formation of biofouling on the membrane. In view of the shortcomings
of the common anti-biofouling techniques, ultrasound technology has been proposed
in this study as a free chemical pre-treatment technique for reducing the formation of

biofouling on the RO membrane.

The deactivation of microorganisms under the effect of ultrasound treatment is
attributed to the mechanical, thermal and chemical effects of acoustic cavitation
(Hulsmans et al., 2010). However, many studies have pointed out that the mechanical
effects of ultrasound play the major role in rupturing microorganisms in ultrasound
treatment, while thermal and chemical effects play only supporting role (Mason et
al., 2003; Gibson et al., 2008; Hulsmans et al., 2009; Koda et al., 2009; Piyasena et
al., 2003). A recent study conducted by Yusaf (2011) showed that, among the
mechanical effects of ultrasound, the pressure shock generated from bubbles collapse

(or as it is referred to in this thesis as collapse pressure) is the most responsible
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effect for microorganism disruption in ultrasound treatment. The intensity of the
collapse pressure depends on the process parameters of ultrasound treatments such as
ultrasonic power, ultrasonic frequency (Gogate and Pandit, 2000), pressure of the
treated solution, temperature of the treated solution (Thompson and Doraiswamy,
1999) and initial size of the bubble (Gogate and Pandit, 2000). Therefore, it has
become imperative to evaluate the effects of ultrasonic process parameters on the
collapse pressure theoretically to identify the optimum process parameters that yield

high cavitational effects.

The intensity of collapse pressure is affected by bubble growth (Gogate and
Pandit, 2000). The collapse pressure is directly proportional to the maximum radius
of the bubble and inversely to the minimum radius of the bubble. The effect of the
process parameters of ultrasound treatments on collapse pressure was evaluated
through determining the effects of the parameters on bubble growth investigated by

the theory.

In addition to the theoretical analysis of the effect of ultrasonic process
parameters on the evolution and collapse of bubbles, experimental work that
involved using sonication, thermosonication and manosonication for deactivating
microorganisms in water was conducted. The experimental study provided
information about the effect of the wultrasonic process parameters on the
microorganisms disruption. Since, ultrasonic cellular disruption is caused mainly by
collapse pressure, the parameters that theoretically result in high collapse pressure
should give high cellular disruption of microorganisms. Together, the theoretical and
the experimental results of ultrasound treatment were applied to identify the optimum
process parameters of ultrasound treatment that was used as an anti-biofouling

technique for the RO membrane system.
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The efficiency of ultrasound treatment in decreasing the formation of
biofouling on the RO membrane was assessed by measuring the permeate fluxes and
numerating the adhered E. coli on the membrane of the treated and untreated

suspensions.

1.6 Objectives

The overall aim of this study is to identify the shortcomings of the common
biofouling controlling techniques and investigate the efficiency of ultrasound
technology as a new biofouling controlling technique for the RO membrane system.

This can be achieved through the following objectives:

1. Review the available anti-biofouling techniques emphasizing the drawbacks
associated with using these techniques and referring to the importance of
ultrasound technology as a pre-treatment technique for controlling
biofouling in the RO membrane system.

2. Theoretically, investigate the effect of the process parameters of ultrasound
treatment on collapse pressure.

3. ldentify the optimum process parameters of sonication, manosonication and
thermosonication in deactivating microorganisms through experimentations.

4. Evaluate the performance of the optimum ultrasound treatment as a pre-
treatment technique for reducing the formation of biofouling on the RO

membrane.
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1.7 Scopes of this study

This thesis focuses on investigating the performance of ultrasound technology in
reducing the formation of biofouling on the RO membrane. Escherichia coli (E.coli
) was selected as the sample microorganism in this work owing to its widespread use
as an indicator for the microbial contamination in most water resources (Szewzyk et
al., 2000) and its ability to adhere and develop biofilm on the RO membrane (Hori
and Matsumoto, 2010; Danese et al., 2000). The theoretical part of this study
addressed the collapse of a single transient bubble under the effect of different
ultrasonic treatment parameters including ultrasonic intensity, frequency,
temperature of the treated water, pressure of the treated water and the initial size of
the bubble. Ultrasound treatments using sonication, manosonication and
thermosonication treatments were used in this study, while manothermosonication
treatment was outside the scope of this study. The experiments of ultrasonic
deactivation of E. coli and RO fouling experiments were conducted using batch
configuration system, so flow configuration experiments were outside the scope of

this study.

1.8 Outline of the thesis

This thesis has been laid out in six chapters:

Chapterl gives background of this study along with the objectives, and the scope of

this study.

Chapter 2 gives an overview of the RO technology, the problem of biofouling and
the reported biofouling controlling techniques in the literature. Extensive details

about the mechanisms of the available techniques for controlling biofouling in
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mitigating the negative effect of biofouling on the membrane performance and the

advantages and disadvantages of each technique are presented.

Chapter 3 introduces and discusses the theoretical analysis of a single transient
bubble collapse under the effect of different ultrasonic intensities, frequencies,
temperatures, pressures of the treated water and initial bubble radius. A MATLAB
routine was developed to study the effect of the aforementioned ultrasonic process

parameters on collapse pressure of a single transient bubble in water.

Chapter 4 illustrates the experimental work of using sonication, thermosonication
and manosonication treatments for deactivating E. coli. Description of the
experimental set-ups of sonication, thermosonication and manosonication treatments
was demonstrated in this chapter. Optimization of the experimental set-ups was
performed prior to conducting the experiments. Additionally, the results of
deactivating E. coli using sonication, thermosonication and manosonication

treatments were presented and discussed.

Chapter 5 provides details about the test procedure of biofouling experiments and
the results obtained by using the optimum ultrasound treatment for reducing the
formation of biofouling in the RO unit. A control experiment procedure was
followed in biofouling experiments, using nano-pure water and MacCONKEY broth
as reference feeds in RO unit and treated and untreated suspension of E. coli as the

comparable feeds.

Chapter 6 presents the conclusions and recommendations for future work.
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CHAPTER 2

A review of problems and controlling methods of
biofouling

2.1 The aim of the chapter

This chapter provides an overview of RO technology, biofouling problems and the
pre-treatment techniques that can be used for controlling biofouling in the RO
membrane system. The role of pre-treatment in improving the performance of RO
technology is highlighted in this chapter. The mechanisms, influential factors and
theories of biofouling are also covered in this review. The major part of this review
focuses on presenting the common techniques that can be used to disinfect the feed
water of the RO system whilst pointing out the shortcomings associated with these
techniques. Detailed information on the use of ultrasound as an alternative

disinfection method is concerned in this chapter.

2.2 RO technology

The earliest observation of a semi permeable membrane took place when the French
cleric Abbe Nollet discovered the phenomenon of osmosis in 1748 (Cheryan and
Munir, 1998; Kucera, 2010). While the first documentation of water desalination
using the osmosis phenomenon dates back to 1948 when Dr. Gerald Hassle, a
researcher from the University of California Los Angeles (UCLA), used an air film
surrounded by two cellophane membranes for water desalination (Glater, 1998).
Since 1948, many efforts have been made to improve the performance of RO
technology in the water treatment process, a brief summary of these efforts is

presented in Table 2.1.
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Table 2.1: Timeline for the developments of RO membrane and filter manufacturing

(Kucera, 2010)

Timeline

Events

1940-1950

1948-Hassler studied osmotic properties of cellophane membranes at

University of California, Los Angeles.

1950-1960

1955-The first reported use of the term Reverse Osmosis.

1955-Professer Charles from the University of Florida proposed the use of
osmotic membrane for demineralization.

1959-Berton and Reid at the University of Florida demonstrated the

desalination capability of cellulose acetate film.

1960-1970

1960-Leob and Sourirajan at (UCLA) developed asymmetric cellulose
acetate membrane.

1963-First practical spiral wound module developed by General Atomics.
1965-First commercial brackish water facility established at Coalinga,
USA.

1965- Lonsdale et al. (1965) developed the solution-diffusion transport
model that describes the transportation of solution through a membrane.
1967-First commercially successful hollow fibre module developed by Du
Pont.

1968-First multi-leaf spiral wound module developed by Fluid Systems.

1970-1980

