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ABSTRACT

The use of membranes in water treatment processes has greatly increased our global
supply of portable water and helped alleviate water scarcity. However, the problem of
membrane fouling, especially biofouling, continues to plague the water industry and
hinders our quest in making clean water readily available to more people at lower costs.
In this study, various strategies were developed and investigated in an attempt to further
understand the causes of reverse osmosis biofouling, prevent or delay the onset of
biofouling, and to monitor the rate of biofouling online. The effects of three main biofilm
exopolysaccharides produced by Pseudomonas aeruginosa, Psl, Pel, and alginate, on RO
membrane performance were investigated. Among the three, it was found that the
presence of the Psl polysaccharide in P. aeruginosa biofilms contributed the most to
biofilm resistance, with up to 69% faster fouling rates and 70% increase polysaccharide
production, and the absence of Pel and alginate polysaccharide did not have a significant

impact on P. aeruginosa biofouling, contributing to only a 3% difference in fouling rates.

Nitric oxide (NO) has recently been shown to function as a signal for the dispersal of
biofilms formed by a wide range of microorganisms. At the concentrations at which NO
acts as a signal, it is non-toxic to bacteria and thus represents a molecule with significant
potential to disperse mixed species biofilms responsible for RO biofouling based on an
environmentally responsible and non-toxic approach. The efficacy NO as treatment to
control fouling of RO membranes was investigated, and it was found that NO
significantly reduced biofouling rates for both single and mixed species biofouling by
52% and 92% respectively, without significantly altering the community diversity of the

mixed species biofilm.

A complementary approach to the control of biofouling is to develop strategies to

determine when fouling is occurring, but to do so at an early stage, before it is a problem

v



so that remedial action can be implemented to control fouling. To address this, a canary
cell was developed to model biofouling in an industrial spiral wound module under
similar hydrodynamic conditions. Non-invasive techniques including ultrasonic time
domain reflectometry and electrochemical impedance spectroscopy were also investigated
as tools to provide real-time biofouling information that precedes the actual rise in
transmembrane pressure such as in situ biofilm thickness measurements and changes in
electrical conductivity at the membrane boundary layer, allowing for the early detection

of biofouling.

The findings in this study have demonstrated that alternative, non-toxic strategies can be
effective in controlling biofilm and have also shown that different polysaccharides have
specific roles in mediating biofouling. In addition, the development and optimization of a
canary modeling technique allows for future development of sensors to monitor

biofouling in RO operations.



Table 2.1

Table 4.1

LIST OF TABLES

Bacterial strains investigated in this study and their corresponding
polysaccharide production capability.

Correlation between TMP, UTDR and CLSM analysis

35

94

VI



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Figure 1.10

Figure 1.11

Figure 1.12

Figure 1.13

LIST OF FIGURES

Distribution of Earth’s Water.

Freshwater availability across the world.

A simple diagram illustrating the principles of Forward and Reverse
Osmosis.

Comparison of dead-end filtration vs. crossflow filtration.

Diagram of a thin film composite RO membrane.

Schematic diagram of a spiral wound RO module.

Schematic diagram of (a) flux profile in a constant TMP operation,
and (b) TMP profile in a constant flux operation.

Illustration of concentration polarization of NaCl on membrane
surface.

A typical biofilm life cycle involving three stages: Attachment,
Growth, and Dispersal.

(A) General chemical structure of an AHL molecule, (B)
Representative acyl-homoserine lactones used by Gram-negative
bacteria and associated genes that are responsible for the synthesis
of the signals.

The LuxIl/LuxR quorum sensing system found in Gram-negative
bacteria, regulated by two regulatory proteins.

(@) Schematic diagram of UTDR measurement principle in a flat
sheet membrane module (b) the corresponding amplitude-time
profile for such a system.

Cross sectional schematic view of a RO crossflow flat sheet module

fitted with the current and voltage electrodes and connected to a

10

12

15

20

21

28

30

Vil



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

impedance spectrometer.

Schematic diagram of RO system.

TMP profiles of the RO system inoculated with A) P. aeruginosa
PAOI1 vs PAO1ApelApsl B) PAO1 vs PAO1AalgApsl C) PAOL vs
PAO1AalgApel D) PAO1 vs PDO300.

RO membrane autopsy results for PAO1 vs PAO1 double mutants.
(A) Biofilm biovolume as determined by staining with SYTO 9 and
Pl (B) Biofilm biovolume as determined by staining with ConA-
FITC (C) Polysaccharide concentration as determined by EPS
extraction. (D) Protein concentration (E) Viable bacterial counts as
determined by CFU.

Biofilms of P. aeruginosa A) PAO1 (125 h), B) PAO1ApelApsl
(125 h), C) PAO1AalgApsl (125 h), D) PAO1AalgApel (125 h), E)
PDO300 (112 h) and F) PAO1 (112 h) strains on RO membranes.
Schematic diagram of the RO setup used in this study.

Outline of various sections of the fouled membrane used for
different membrane autopsies.

A) TMP profiles of the RO system inoculated with P. aeruginosa,
both cells untreated. B) TMP profiles of the RO system inoculated
with PAO1, untreated vs. treated with 8.764 mg I PROLI
NONOate every 24 h. C) RO membrane autopsy results for
untreated vs. treated D) Representative confocal images showing P.
aeruginosa biofilm on untreated vs. treated membranes

A) TMP profiles of the RO system inoculated with the mixed RO
bacterial community, untreated vs. treated with 8.764 mg I PROLI

NONOate every 24 h. B) RO membrane autopsy results for

36

40

42

43

54

55

60

62

VIl



Figure 3.5

Figure 3.6

Figure 3.7

Figure 4.1
Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6
Figure 4.7

Figure 4.8

Figure 4.9

untreated vs. treated C) Representative confocal images showing

RO bacterial

membranes.

community biofilm on untreated vs.

treated

TMP profiles of the RO system inoculated with mixed RO bacterial

community, untreated vs. treated with 8.764 mg I' PROLI

NONOate every 24 h.

Comparison of major phylotypes relative abundance found in the

Kranji NEWater membrane biofilm before and after culturing in

R2A broth.

Comparison of major phylotypes relative abundance found in the

laboratory-scale RO membrane biofilms with and without PROLI

NONOate treatment.

Schematic diagram of the crossflow SWRO and canary cell system.

Schematic of the rhomboid spacer used.

Schematic of the canary cell under constant flux operation.

Schematic of a channel sandwiched between two membrane sheets

in a spiral wound module under constant flux operation.

(A) The SWM was divided into 9 different regions for spatial

analysis. (B) A close up view of each region showing six 2 x 2 cm?

membrane coupons obtained for biofilm analysis

Schematic diagram of the RO-UTDR system

Schematic diagram of the RO-EIS setup.

TMP profiles of replicate RO biofouling processes with the SWM in

parallel with the canary cell operating at a flux of (A and B) 25

LMH and (C and D) 35 LMH.

Protein concentration distribution across the membrane sections of

63

64

66

76

78

79

80

82

85

88

90

91



Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

the SWM (A) and on the canary cell membrane (B).

Bacteria concentration distribution across the membrane sections of
the SWM (A) and on the canary cell membrane (B).

Polysaccharide concentration distribution across the membrane
sections of the SWM (a) and on the canary cell membrane (b).

TMP profile for 24 h (blue), 48 h (red) and 72 h (green) biofouling
experiment running at crossflow conditions at flux of 35 LMH.
UTDR waveform signal after 24 h of biofouling.

Nyquist plot overlay over 5 d biofouling.

Normalised EIS biofouling conductance with time.

91

94

95

96



RO
SWRO

Ant

Jv

TMP

Rt

CP

Rint

Cnm
MWCO
Cwsalt
CBsalt
EPS
DNA
CFU
CF
QS

AHL

LIST OF SYMBOLS AND ABBREVIATIONS

Reverse Osmosis

Seawater reverse 0Smosis

Osmotic pressure difference

Density

Acceleration due to gravity

Height

Water output flux

Transmembrane pressure

Viscosity

Total membrane resistance, consisting of intrinsic resistance and
resistance due to fouling

Concentration polarization

Intrinsic membrane rejection
Concentration of a solute in permeate stream
Concentration of a solute in feed stream
Molecular weight cut-off

Boundary layer salt concentration

Bulk flow layer salt concentration
Extracellular polymeric substances
Deoxyribonucleic acid

Colony forming unit

Cystic fibrosis

Quorum sensing

N-acylhomoserine lactone

Xl



o&M
uv
UTDR

EIS

PBS
NB
TOC
LMH
CLSM
MQ
BSA
CFV
SD
MBR
R2A
PCR
OTUs

CIP

Operations and maintenance
Ultraviolet radiation

Ultrasonic Time Domain Reflectometry
Electrochemical Impedance Spectroscopy
Speed of UTDR acoustic wave
Impedance

Amplitude

Time

Distance

Angular frequency

Capacitance

Conductance

Phosphate Buffer Solution

Nutrient Broth

Total Organic Carbon

Litres per square metre per hour
Confocal Laser Scanning Microscopy
MilliQ deionised water

Bovine serum albumin

Crossflow velocity

Standard deviation

Membrane bioreactor

Reasoner’s 2A culture media
Polymerase chain reaction
Operational Taxonomic Units

Cleaning in place

Xl



SWM

ds

Re

Spiral wound module
channel voidage

mesh size

spacer filament diameter

Reynolds number

X1



LIST OF PUBLICATIONS AND CONFERENCE PROCEEDINGS

R. J. Barnes, R. R. Bandi, F. Chua, J. H. Low, T. Aung, N. Barraud, et al., "The roles of
Pseudomonas aeruginosa extracellular polysaccharides in biofouling of reverse osmosis
membranes and nitric oxide induced dispersal,” Journal of Membrane Science, vol. 466,
pp. 161-172, 9/15/ 2014,

R. Barnes, J. H. Low, R. Bandi, M. Tay, F. Chua, T. Aung, et al., "Nitric Oxide Treatment
for the Control of Reverse Osmosis Membrane Biofouling,” Applied and Environmental
Microbiology, vol. 81, pp. 2515-2524, 2015.

M. F. Siddiqui, M. Rzechowicz, H.-S. Oh, N. Saeidi, J. H. Low, H. Winters, et al., "The
efficacy of tannic acid in controlling biofouling by Pseudomonas aeruginosa is dependent
on nutrient conditions and bacterial density,” International Biodeterioration &
Biodegradation, vol. 104, pp. 74-82, 10// 2015.

J. H. Low, "The roles of Pseudomonas aeruginosa extracellular polysaccharides in
reverse osmosis membrane biofouling and nitric oxide biofouling control,” in The 7th
International Desalination Workshop, Lotte City Hotel Jeju, Korea, 2014.

J. H. Low, "Anti-biofouling electrospun nanosilver functionalized nylon 6 nanofibrous
membranes for reverse osmosis prefiltration,” in 2nd International Conference on
Desalination using Membrane Technology, Singapore Expo Convention and Exhibition
Centre, Singapore, 2015.

J. H. Low, "In-situ Nitric Oxide treatment to control biofouling in membrane-based water

treatment process,” in Euromembrane 2015, Eurogress Aachen, Germany, 2015.

XV



CHAPTER 1 LITERATURE REVIEW

1.1 The need for access to clean water

Water is essential to, and forms the basis of, all life on Earth, where for example, the total
amount of water in an average human amounts to about two thirds of their weight. One of
the reasons why life as we know it is only found on planet Earth so far is because our
planet is in a habitable zone whereby the conditions are right for liquid water to exist.
Water covers about 70% of the Earth’s surface, but the bulk of it is saline and only 2.5%
exists as freshwater (Figure 1.1). Among the sources of freshwater, only 1.3% is available
to humans as surface water. Therefore, it is very important to conserve these limited

sources of water and to also look for alternate sources of water.
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Figure 1.1  Distribution of Earth's Water.[1]

Scarcity of water is one of the more serious, if not the most, global challenges of our time.
Currently, over a third of the planet's population lives in countries which are water-
stressed and by 2024 and this figure is predicted to increase to approximately two-
thirds.[2] According to the United Nations, over one billion people are inhabitants in

areas that are physically short of water and more are going to experience water shortage.



Another 1.6 billion people also face economic water shortage, where they lack the
physical infrastructure to obtain freshwater from its sources (Figure 1.2). Countries such
as China, India, and many parts of Africa, already face moderate to severe fresh water

shortages.

Freshwater availability,
cubic metres per person and per year, 2007.

Scaraty
Source: FAO, Nations unes, Stress
World Resources Instiute (WRI). r {— Vulnerability
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Figure 1.2  Freshwater availability across the world.[3]

Several measures have been implemented to alleviate the stresses we face on water
supplies, such as the practice of water conservation, infrastructure repair, as well as
improving current catchment and distribution systems. However, while these measures
taken are very important, they can only improve the use of current existing water
resources, but cannot increase the supply. The only known method to increase our water
supply to a state beyond what is readily available are desalination and water recycling.[4]
One of the most attractive technologies in desalination and water recycling is the use of
Reverse Osmosis (RO) to obtain clean water from non-portable sources. RO uses
hydraulic pressure to separate pure water from its contaminants, such as salts, via a semi-
permeable membrane. The pores of the membrane are so small that theoretically only
water molecules can pass through. This process does not require heat, which represents an

energy cost, as compared to other popular methods of water purification like multi-stage



flash distillation and multi-effect evaporation. The amount of energy needed to power
desalination in Seawater RO (SWRO) plants has declined significantly in the past 4
decades, from US$1.26 per cubic meter in the 1980s to less than US$0.50 per cubic meter
in 2007.[5, 6] Currently, the largest SWRO desalination plant, Sorek in Israel, is capable
of producing 627,000 cubic meters of water daily and profitably sells this water at
US$0.58 per cubic meter. This decrease in consumption of energy is attributed to the
continual improvements in technologies, including the development of higher-
permeability membranes, the installation of devices that allows energy recovery, and the
use of more energy-efficient pumps.[5] Thermodynamically, the minimum amount of
energy required to extract 1 m? of freshwater at 50% recovery is about 1.1 kWh[7], which

equates to about US$0.10/m? at current oil prices.

1.2 Reverse osmosis (RO)

Reverse osmosis (RO) is gaining worldwide acceptance in both water treatment and
desalination applications. It is typically a pressure-driven process whereby a semi-
permeable membrane rejects dissolved constituents present in the feed water. This
rejection is due to exclusion of size, exclusion of charge and physical-chemical
interactions between the solvents, solutes and membranes.[8, 9] Fundamentally, osmosis
(forward osmosis) is defined as the resultant passage of liquid water across a partially
permeable membrane driven by a net difference in osmotic pressure (Am) across the

partially permeable membrane [10], given by:

Arn = pgh

where p is the density of the liquid, g is the acceleration due to gravity and h corresponds
to the height difference between the feed and draw solution at the end of the osmosis

process (Figure 1.3A). In RO, an external hydraulic pressure of a larger magnitude than
3



that of the osmotic pressure difference is applied on the concentrated feed to force water
to move through the semi-permeable membrane in the opposite direction, from a region
having higher concentration of solute (feed) to a region having lower concentration of

solute (permeate) (Figure 1.3B).

A. Forward osmosis

Osmotic
pressure

Semi-
permeable
membrane

Dilute
*! solution

-

Direction of water flow

B. Reverse osmosis

Applied
pressure

permeable
membrane

: Dilute
: solutior

~f—

Direction of water flow

Figure 1.3 A simple diagram illustrating the principles of Forward and Reverse
Osmosis, modified from [11]. In forward osmosis (A), water flows from the dilute to the
concentrated solution through the semi-permeable membrane without any external
hydraulic pressure applied. In reverse osmosis (B), an external hydraulic pressure is
applied on the side with the concentrated solution, forcing water to move from the

concentrated to the dilute solution.



Filtration can be carried out by either using dead-end filtration or crossflow filtration. The
two types of filtration differ in the direction of feed water flow relative to permeate water

flow (Figure 1.4).

Dead-end Filtration (Tangential)
Cross-flow Filtration

. ’
- & B ’ - D -
Foulant cake la_ver{} m -’: ,. > .,’ - P 3
e 2 3 L &imlmlmlm *A

permeate permeate

Figure 1.4  Comparison of Dead-end filtration vs. crossflow filtration (adapted from
[12]). Dead-end filtration results in the formation of a foulant cake layer that impedes

membrane performance.

In dead-end filtration, all of the feed solution is forced directly through the membrane.
The solutes retained on the side of the membrane interfaced with the feed accumulates
and forms a foulant cake layer [13] until the cake layer builds up to a point where the
membrane no longer functions. At this time, the filtration process will have to be stopped
and the membrane has to be cleaned before the process can continue; it is also known as

batch filtration, as the filtration process occurs in batches.

In crossflow filtration, the filtrate flow is perpendicular to the main stream [13] and any
cake layer formed will be removed by the shear force exerted by the water flow. This
allows for a continuous process without having to stop the operation to remove the cake
layer. It is the preferred process adopted in the water industry as there is less downtime,

which translates to higher product yield, lower operating costs and increased profits.



1.3 RO membrane materials and module configurations

Semi-permeable membranes used in RO processes can be made from a range of materials,
the most common being polyamide (PA) and cellulose acetate (CA). The first defect-free,
high-flux, anisotropic RO membranes was developed by Loeb and Sourirajan [14] in
1963 using a composite solution of 22.2% CA, 66.8% acetone, 10% water and 1%

MgCIOa.

Subsequently, membranes of different materials were made and they differ in their
physical and chemical properties, fabrication process, membrane performance, and
membrane application. CA membranes are hydrophilic and demonstrate a high level of
resistance against fouling.[15] However, such membranes have a narrow pH operating
range of between 4 and 6.5, making them incompatible with common cleaning protocols
that use strong acid or alkali. CA is often used to make membranes for microfiltration and

ultrafiltration processes because they are inexpensive and readily replaceable.

Polyamide thin film composite membranes, on the other hand, overcome some of the pH
limitations faced by CA membranes, but have lower chlorine tolerance.[16] For example,
DOW™ FILMTEC™ polyamide membranes have a typical free chlorine tolerance of no
more than 0.1 ppm, thus chlorine-based cleaning agents e.g. bleach, cannot be used to
clean polyamide membranes that are scaled or fouled. Thin film composite membranes
comprises of two parts, a selective rejection layer and a microporous support layer
(Figure 1.5). The selective top layer serves as the active layer to filter out contaminants
and only allows water to pass through. The microporous support layer, consisting of a
layer of microporous polysulfone and reinforcing fabric, acts to preserve the integrity of
the membrane when operating under high pressure. The two layers are laminated onto
each other via various techniques such as casting, dip-coating, gas-phase deposition, and

interfacial polymerization.[17]
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Figure 1.5  Diagram of a thin film composite RO membrane, showing a thin PA active

layer above a microporous polysulfone layer and reinforcing polyester underneath.[18]

The thin film composite PA membranes dominate the RO membrane market, and are
commercially available in several module configurations: Plate-and-frame; Hollow-
Fiber; Tubular; and Spiral-wound. Among these membrane types, the spiral wound
module (Figure 1.6) is the most common configuration adopted in the water industry.
This is because it has several advantages over other configurations. It allows a high
productivity per unit volume due to its large surface-to-volume ratio and packing density.
The feed channel spacers between each individual flat sheet membrane within the module
also allows any concentration polarization to be kept low and makes the module less

prone to fouling.
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Figure 1.6 Schematic diagram of a spiral wound RO module, showing the

arrangement of the membrane and feed channel spacers from within.[19]

1.4 RO performance

Performance for a membrane process can be determined by various parameters, including
flux, recovery, rejection and molecular weight cut-off. All of these affect the quality and
quantity of water output. In principle, these parameters could all be optimized to give the
best possible output, in both quality and quantity. However, that would translate to high
operating costs, which would not be practical, and would also accelerate problems such as
fouling. Depending on the demand, different water treatment plants may optimize their
membrane processes differently to best suit their water production needs, influent water

quality as well as types of membranes used.
14.1 Flux

For a given applied pressure, the output flux or water production can be calculated using

the following equation:

_TMP —Am
URT

v



Where Jy represents the output flux, TMP is the trans-membrane pressure, Az is the
osmotic pressure difference, | is the viscosity of water, and Rt is the resistance of the
membrane due to its physicochemical properties (intrinsic membrane resistance) and
additional resistance due to membrane fouling. Flux is also affected by concentration
polarization, which is the increase in local solute concentration at the surface of the

membrane resulting in increased effective osmotic pressure difference.

14.2 Constant flux vs constant pressure RO processes

Water production via RO can be operated under varying conditions, with the two most
common being constant pressure or constant flux processes (Figure 1.7). In constant
pressure processes, the TMP is fixed and the water flux will decline over time, due to
apparent changes in membrane resistance due to CP and fouling. The decline in
performance in this case is self-limiting, as a decline in flux results in a decline in foulant
deposition. In constant flux processes, the flux is kept constant by adjusting the TMP
applied. As the rate of foulant deposition is flux dependent, the decline in performance in
a constant flux operation is self-accelerating, as more and more energy is required to

maintain the same water output as fouling progresses.

143 Recovery

Recovery is the ratio of how much permeate is obtained from the system relative to the
amount of feed water filtered. A RO membrane module has a recovery of about 7-12%. In
a RO plant, usually 6 of these elemental membrane modules are arranged together
linearly to from a RO vessel, and each vessel typically has a recovery of about 50%.[20]

RO vessels are designed to maintain a balance between flux and operating costs.



Ay
oy
-~
g Fhux
:
M
]
|
'
F
4
- - s
Time
@) (b)

Figure 1.7  Schematic diagram of (a) flux profile in a constant TMP operation, and (b)

TMP profile in a constant flux operation.

1.4.4 Rejection

Rejection is the ability to retain solutes in the feed side and is expressed as a percentage.
For a given solute, the rejection is given by:

C
Rine =1- -

Typical RO membranes have salt rejection values of >95%.[21]
1.4.5 Molecular Weight Cut-Off (MWCO)

MWCO is a term to describe the pore size of a filtration membrane. The smaller the value
of MWCO, the tighter the membrane pore size. A value of 100 means the membrane is
capable of 90% rejection of a particle that has a molecular size of 100 Daltons. Most
ultrafiltration membranes have molecular weight cut-off values up to 100,000 and even
higher for nanofiltration and reverse osmosis membranes.

10



1.5 Challenges to the implementation of RO membranes for water

purification

One issue faced in the implementation of RO in water purification is the cost involved, in
terms of both capital and operational expenditure. Capital costs are more or less fixed as a
result of the location, construction of the RO plant, the water pipelines and other
infrastructure components. Operational costs include the form of energy required to drive
the process, periodic cleaning of the system, and replacement of membrane modules
when their performance decline beyond economical repair. Depending on the capacity of
the plants and their standard operating protocols, membrane modules are replaced every
4-5 years after 11,303 - 39420 h of operating time at costs ranging between about 21,000

to 108,000 Euro.[22]

151 Concentration polarization (CP)

Concentration polarization is a physical phenomenon in which the concentration of solute
or particle near the membrane surface is higher than that in the bulk solution. This
phenomenon, inherent to all crossflow filtration processes, occurs as long as the
membrane shows different permeability for the various components of the solution or
suspension. The concentrated layer at the membrane surface that results increases the
resistance of the filter and consequently reduces the permeate flux through the membrane.
Concentration polarization is of considerable interest since a high permeate rate is most

desirable in filtration processes.[23]

In reverse osmosis, where the solutes retained can have significant osmotic pressures,
concentration polarization can result in osmotic pressures considerably higher than those
represented by the bulk stream concentration (Figure 1.8). Higher feed pressures are

required to overcome this increased osmotic pressure and produce reasonable flux.[24]

11



Concentration polarization is reversible and can be reduced through the decrease of flux
or an increase in crossflow velocity, which reduces the boundary layer thickness or can be
reversed by allowing for back-diffusive flow (achieved by closing the permeate outlet). If

left unaddressed, CP can potentially lead to irreversible fouling (discussed below).

Osmotic pressure

Boundary Bulle o
layer
Convective
Permeate flow
Back-diffusive
flow
Figure 1.8  Illustration of concentration polarization of NaCl on membrane surface.

Due to the direction of the convective flow, the salt ions accumulate at the surface of the
membrane, resulting in a concentration Cw™" at the boundary layer that is higher

compared to the concentration in the bulk flow Cg%", [25]

12



1.5.2 Membrane fouling

Membrane fouling is the unwanted deposition of materials either on the surface of the
membrane or into the membrane pores that results in a flux decline when a constant
pressure is applied (constant pressure operation) or a TMP increase when a constant flux
is maintained (constant flux operation). While concentration polarization is reversible,
fouling is an accumulation of materials on the membrane surface, which may not be
reversible. Sources of fouling include solid particles, inorganic ions, organic matter,
colloids and microorganisms. Factors that escalate fouling includes the lack of
pretreatment, insufficient fluid management in terms of the hydrodynamic environment,
high flux and unsuitable membrane properties.[26] In this study, the focus is more on
biofouling as it is currently of greater interest to industry and little is known about its

mechanism of formation and how best it can be mediated, if not eradicated.

153 Biofouling

Biofouling is commonly defined as the undesirable deposition and growth of biofilms on
surfaces. A biofilm is an aggregate of microbial cells that has associated irreversibly with
a surface and embedded in a matrix of extracellular polymeric substances (EPS). Biofilms
formation may occur on almost any surface, some of which include the tissues of living
animals, ingrained medical devices, liquid water pipes, and aquatic systems and the
details of biofilm formation and biofilm development has been reviewed extensively.[27-

30]

Biofouling is a biofilm phenomenon [31] and in most biofilms, the microorganisms
associated only account for less than one tenth of the dry mass, with the remaining
biomass being comprised of the extracellular matrix that the organism produces and is

embedded within. It consists of a assortment of different extracellular polymeric
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substances (EPS) made of complex polysaccharides, proteins, DNA and other organics
secreted by the bacterial cells, which provides the support for the biofilm and is also
responsible for the cohesion and surface adhesion of the biofilm.[32] Water makes up the
greatest fraction of the biofilm matrix by weight.[33] For example, biofilms have been
shown to consist mainly >90% water, >50% organic content in dry mass, and >10°
Colony Forming Units (CFU) cm .[34] Biofouling is a costly problem as biofilms are

common and ubiquitous.

Bacteria are able to switch between two different modes of survival: free moving, single
cells (planktonic) and biofilms. Biofilms are often defined as a sessile microbial
community characterized by adhesion to a solid surface and production of a matrix (the
EPS), which surrounds the bacterial cells and includes extracellular polysaccharides,
proteins and DNA. A variety of environmental and physiological cues regulates the
transition from planktonic cells to biofilm growth, like bacterial cell density, nutrient
availability and stress exposure.[35] The biofilm composition may vary greatly,
depending on the kinds of microorganism involved, the composition of the raw water, the

temperature and the hydrodynamic conditions.

In addition to the natural genetic program of biofilm formation, biofilm development may
also be enhanced by a myriad of stress responses to enhance bacterial survival.[35] Some
of these responses include oxidative stress responses, antibiotic stress responses, nutrient
limitation and many more. Oxidative stress responses occur in many bacteria where
certain genes are turned on to detoxify or evade the effects of reactive oxygen species
such as peroxides and superoxides, which are byproducts of aerobic respiration in host
immune cells.[36] For example, antibiotics that specifically target ribosomes [37] or
nutrient limitation [38-40] also trigger specific genetic responses, which in some bacteria,

leads to the formation of biofilms and in turn causes biofouling. Although antifouling
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approaches, such as chlorination, oxidation and ultraviolet disinfection can partly control
fouling, their effects are normally temporary and are not permanent as bacteria with the
appropriate stress response will continue to thrive and proliferate and ultimately colonize

all surfaces over time.[31]

1.6 Biofilm growth and development

The process of biofilm formation is thought to be a complex process, but generally, the
biofilm forms through a series of stages, which while not present in all biofilm
development cycles, are consistently observed across many bacterial species. Biofilm
formation usually involves an attachment stage, where planktonic cells attaches onto a
solid surface, before a growth stage where the bacterium multiplies and form
microcolonies, and finally a detachment stage where the biofilm disperses to release cells

back into the free-living stage (Figure 1.9).

Attachment Growth Detachment |

Figure 1.9 A typical biofilm life cycle involving three stages: Attachment, Growth,

and Dispersal[41]
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1.6.1 Biofilm life cycle

1.6.1.1 Attachment phase

Bacteria in the planktonic phase can attach to substrata that are either in pristine condition
or surfaces that is covered with a conditioning film.[42] A conditioning film is defined as
a layer of proteinaceous content that covers a surface and provides receptor sites for the
adhesion of bacteria.[43] Microbial adhesion to surfaces which are pristine is mainly
controlled by the macroscopic interactions such as surface charge and surface
hydrophilicity, and this is a non-specific interaction.[44] In contrast, the deposition of
microbes onto surfaces covered with conditioning film involves specific microscopic

ligand — receptor interactions.[45]

1.6.1.2 Growth phase

Upon adhesion to the surface, bacteria will grow and multiply, forming colonies and
producing EPS comprised of polysaccharides, proteins and other polymers that are sticky
in nature. EPS further enhances the adhesive interaction and can assist the bacteria cells to
anchor onto the surface.[46] EPS production and bacterial growth results in the formation
of a thick biofilm layer, which increases its resistance to antimicrobials and

environmental stresses.

1.6.1.3 Dispersal phase

Biofilm removal or sloughing can occur as a consequence of mechanical breakage of
biofilms due to flow or shear stresses and is typically considered a passive process.[30] In
contrast, the active escape of bacteria from the biofilm, called dispersal, is a genetically
regulated process, which occurs in response to environmental cues, such as changes in
nutrient availability,[47, 48] fluctuation in local oxygen concentrations [49] or increases

in signals such as nitric oxide.[50] Dispersal is the last stage of biofilm development and
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is essential for the survival of the biofilm bacteria where they may need to leave the
biofilm in order to migrate to new sites to re-initiate the biofilm life cycle. Without this
ability, the cells in the biofilm would effectively be trapped and would eventually die off
due to the accumulation of waste products, or due to overcrowding and competition for

resources.

1.6.2 Biofilm EPS formation and regulation

The biofilm EPS is composed of proteins, polysaccharides and nucleic acids, each
performing a distinct role throughout biofilm formation.[51] The glucose-rich Pel and
mannose-rich Psl polysaccharide were found to be required for formation of liquid-air
interface pellicles and biofilms of Pseudomonas aeruginosa.[52] Extracellular DNA was
discovered to be responsible in the initial attachment of bacterial cells as well as cell-to-
cell interconnection and macrocolony formation.[53] A protein, CdrA, was found to
crosslink the polysaccharide Psl and/or tether Psl to cell walls to stabilize the biofilm and
extracellular matrix.[54] Biofilm bacteria have several advantages over single cells,
including optimization of growth and survival, improved acquisition of nutrients and
increased protection against stresses from the environment.[55] When a biofilm is
formed, stress factors such as antibiotics and disinfectants diffuse through the biofilm
matrix at a much retarded rate, allowing ample time for the bacteria to make adaptive
responses such as the production of enzymes that can inactivate the antibiotic
molecule.[56] Reduced growth rates of bacteria in the biofilm state also reduces the
efficacy of growth-dependent antibiotics such as penicillin.[57] The presence of a
subpopulation of persister cells, which are dormant antibiotic tolerant phenotypic

variants, may also account for overall broad resistance in a biofilm.[58]

P. aeruginosa, a model gram negative biofilm-forming bacteria, is ubiquitous in water

and soil and has been isolated from RO membranes biofilms originating from pre-treated
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secondary effluents. This organism produces no less than three exopolysaccharides;
alginate, Psl and Pel. Each polysaccharide has its own unique chemical structure and
biosynthetic mechanisms, providing distinct physiological properties to the cells and
biofilm matrix. The three polysaccharide types can be subdivided into two classes,
capsular and aggregative. Alginate is a capsular polysaccharide, covering the exterior of
one or more cells, whilst Pel and Psl are aggregative polysaccharides, providing structure

and interacting with other matrix components.

Alginate is a high molecular weight acidic polysaccharide composed of non-repeating
subunits o-L-guluronic acid and p-D-mannuronic acid.[59] Mucoid variants of P.
aeruginosa, which over-produce alginate, have been isolated from lung tissues of patients
suffering from chronic cystic fibrosis (CF).[60] Due to its association with chronic
pulmonary infections, the biosynthetic pathway of alginate is the best characterized of the
three polysaccharides. However, recent studies have shown that alginate is not
responsible for the initial stage of biofilm formation by non-mucoid strains of P.
aeruginosa, which represent the majority of clinical and environmental isolates. Instead,
these bacteria primarily utilize the aggregative polysaccharides, Psl and Pel, for biofilm

development.

Psl contains D-glucose, D-mannose, and L-rhamnose [61] and plays an important role in
the initial attachment of sessile cells to both abiotic and biotic substrates.[62-65] Psl also
has a role in biofilm development beyond just surface attachment, facilitating structural
stability and architecture in mature biofilms.[66] It was suggested that Pel polysaccharide
is rich in glucose based on initial carbohydrate analysis even though the definite structure
remains largely unknown.[67, 68] Pel plays an essential role in the initiation and
maintenance of cell-cell interactions, providing the community with structural

support.[69]
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1.6.3 Quorum sensing regulation

Biofilm formation is highly regulated in bacteria and the regulatory systems controlling
biofilm development are of great interest as they are target sites for novel anti-biofilm
strategies. One such regulatory system is quorum sensing (QS), which controls gene
expression in response to cell-population density fluctuations. Bacteria that exhibit
quorum sensing produce and release signaling molecules known as autoinducers that
increase in concentration as cell density increases. When a minimal threshold stimulatory
concentration of an autoinducer is detected, gene expression becomes altered. QS is a
mechanism in which gene expression in bacteria is controlled according to their local

population density[70] or local diffusion limitations.[71, 72]

One of the best understood QS systems is the N-acylhomoserine lactone (AHL) signaling
system, found primarily in gram-negative bacteria such as P. aeruginosa [73] and Vibrio
fischeri.[74] Different Gram-negative bacteria produce and utilize different AHL
molecules, and the basic structure of the AHL signal molecule family consists of a
homoserine lactone functional group covalently linked to a N-acyl chain ranging in size
from 4-14 carbons and which may be unsaturated or saturated and may or may not

contain a hydroxy- or oxo-group at the 3-carbon position (Figure 1.10).

The basic QS gene circuit is comprised of an autoinducer synthase and receptor protein
that can bind to the autoinducer molecules and alter gene expression directly or indirectly.
The production of autoinducer molecules generally increases with an increase in bacterial
cell densities. Most signals are produced intracellularly and are subsequently secreted in
the extracellular environment, where they accumulate to a threshold concentration and
subsequently binding to membrane bound receptors. In QS systems that use AHLs, the
autoinducer synthase is a LuxI protein, and the receptor is a LuxR protein (Figure 1.11).

QS in P. aeruginosa is regulated by two QS systems, las and rhl.[75] The las system is
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comprised of the transcription activator LasR and the autoinducer (Al) synthase enzyme
Lasl, which controls synthesis of the signal molecule N-(3-oxododecanoyl) homoserine
lactone (3-Oxo0-C12- HSL). Similarly, the rhl system is comprised of the transcription
activator RhIR and the Rhll Al synthase that synthesizes N-butyryl homoserine lactone

(C4-HSL). It was also found that the LasR transcriptional activator also regulates the rhl

system.
(A) A f
N.Acyl homoserine lactone
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(B) -
N\d V. fischeri/Luxl
0
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. P. aeruginosa/Lasl
? @ 0
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H 0
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Figure 1.10 (A) General chemical structure of an AHL molecule, consisting of a

homoserine lactone moiety adjoined with a N-acyl side chain. (B) Representative acyl-
homoserine lactones used by Gram-negative bacteria and the associated genes that are

responsible for the synthesis of the signals.[76-80]
20



Target genes

. = Acyl-homoserine lactones (AHL)

Figure 1.11 The LuxIl/LuxR QS system of Gram-negative bacteria, regulated by two
regulatory proteins. Luxl proteins are autoinducer synthases and they catalyze the
formation of autoinducer molecules, in the case a specific acyl-homoserine lactone
molecule, which diffuses out of the cell. Once the autoinducer molecules accumulate as a
result of high cell density and signal production, the LuxR proteins will bind to these
autoinducers to form a complex that will in turn bind to specific genes and activate

transcription.[70, 74, 81]

QS plays an important role in the formation of bacterial biofilms. Studies have shown that
in P. aeruginosa biofilm formation, strains that are deficient in the production of 3-oxo-
C12-HSL, the las signal molecule, formed very thin, unstructured biofilms compared to
the wild-type strain.[82] Biofilms from a rhll mutant did not differ much from the wild-
type and closely resembled the parent biofilm. These results suggest that the las, but not

the rhl, QS system is critical in the P. aeruginosa biofilm formation.
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1.6.4 Multi-species biofilms and synergistic interactions

While most studies focus on single species biofilms, naturally occurring biofilms are not
normally formed by a single bacteria species. Nearly all biofilms in nature are comprised
of a wide variety of microorganisms and communication among community members can
facilitate biofilm development. For example, it was found that in the lungs of patients
suffering from cystic fibrosis, at least two pathogens P. aeruginosa and Burkholderia
cepacia can form mixed biofilms and both employ AHL-based QS systems to direct the
expression of genes coding for virulence factors as well as biofilm formation.[83-85]
When B. cepacia was grown with a P. aeruginosa that produces AHL, mixed biofilms
were formed and B. cepacia was capable of recognizing the AHL signals produced by P.
aeruginosa. When B. cepacia was grown with a mutant P. aeruginosa strain that could
not produce AHL, separate microcolonies were formed.[86] This indicates that AHL-

based signaling can influence the architecture of mixed community biofilms.

The close proximity and complex interactions within biofilms underlie both synergistic
and antagonistic behaviors in that species within a biofilm can compete for resources or
coordinate to better utilize nutrients or withstand harsh conditions.[87] Mixed biofilms
were found to confer enhanced tolerance to antimicrobial treatments as compared to
single species biofilms [88], by altering the components of the EPS matrix.[32] There is a
need for a better understanding of the interactions and dynamics within these mixed
communities, which is necessary to successfully prevent or deal with biofouling issues

involving mixed biofilms.

Both the attachment of bacterial cells as well as the production of EPS contribute to
performance declines in membrane-based processes. Bacterial cells bound to the
membrane can impede the back diffusion of salt resulting in salt concentration

polarization and an increased osmotic pressure on the surface of the membrane, and
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therefore an increase in salt passage as well as permeate flux decrease leading to lower
salt rejection and lower permeate quality. EPS contributes to the hydraulic resistance to
permeate flow as well as an increase in biofilm-enhanced osmotic pressure [89, 90],
resulting in lower salt rejection and lower permeate flux. Because of their prevalence and

negative impact on RO operation, it is important to develop strategies to control

biofouling.
1.7 Traditional Biofilm Control Methods
171 Chlorination

Chlorine acts as a biocide by directly disrupting bacterial cell membrane integrity or by
damaging nucleic acids and enzymes via oxidation.[91] Although this method is effective
in Killing bacteria and thus preventing biofilm formation, the toxicity of chlorine and its
by-products has prevented its widespread use in the RO industry.[92] Furthermore,
chlorine causes damage to membranes and shortens the lifespan of the membranes,
resulting in the need to replace membrane modules, which equates to higher operating

costs.[93]

1.7.2 Ozonation

Ozone has been commonly used as a disinfecting agent for portable water treatment
because of its strong oxidation potential and production of fewer halogenated by-products
during disinfection than chlorine. However, as a consequence of its strong oxidizing
abilities, it is known to rapidly degrade membrane surfaces [94] as well as breakdown
larger molecular weight organic matter into easily assimilated forms that actually favor
the growth of microorganisms.[95] By altering the water chemistry and thus the selection

pressure, bacteria species that survive the ozone treatment can metabolize this, resulting
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in the faster build-up of biofilms on membrane surfaces [96] and thus limiting the

efficacy of ozonation in membrane-based processes.

The expenses incurred associated with the implementation of ozone disinfection systems
varies depending on the manufacturer, the location, plant capacity, and the nature of the
wastewater to be treated. Ozonation costs are generally high compared to other
disinfection methods. For example, in two representative plants in the city of
Indianapolis, each operating at 125 million gallons per day (mgd), each of the ozone
disinfection systems accounts for about 8% of the total construction cost of each plant,
while the Operation and Maintenance (O&M) of each ozone system cost approximately

1.9% and 3.7% respectively of the total O&M costs in each plant.[97]

O&M expenses and initial capital costs largely determine the overall cost of an ozone
disinfection system. The annual costs of operating ozone based disinfection include, and
is not limited to, energy usage, miscellaneous equipment repairs, supplies, and manpower
requirements. Another cost consideration is that each ozonation system is site specific,

and is dependent on the effluent limitations of the plant.[98]

1.7.3 Ultraviolet (UV) disinfection

UV disinfection involves exposure of water samples to UV radiation emitted from a
mercury vapor arc lamp. UV performs well against bacteria and viruses by causing
thymine dimerization, preventing DNA replication and effectively inactivates
microorganisms.[95] However, bacteria in particles or flocs may 'shade’ other bacteria
inside the particle and prevent UV radiation from reaching bacteria inside the particle
[99]. Like ozone, UV disinfection is able to destroy microbes in the water without leaving
behind residues. However, when applied to the control of biofilms this characteristic can

be a disadvantage as unlike chemical oxidants, UV disinfection leaves no residual and
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there is no downstream protection against microbial growth once the treated water leaves
the UV unit. Any viable bacteria that survive the UV process will then be free to grow
and foul equipment downstream including the RO membranes. This technology is not
only capital intensive and requires high amount of energy, it has also been shown to have
reduced efficiency against biofilm bacteria compared to planktonic bacteria. These
limitations with traditional biofouling control methods have lead to the need to develop
novel anti-biofouling strategies. By understanding the biofilm life cycle, strategies have

been developed to mimic the natural process of biofilm dispersal.

1.8 Alternative strategies - Quorum sensing antagonism

By interfering with the QS pathway, biofilm production can be reduced or prevented.
Inhibition of QS could be done by inhibiting the production of signal molecules,
degradation of the signaling molecules once they are produced, or the introduction of
structurally-similar analogs to block the cognate signal from binding to the receptor
protein. Compounds such as halogenated furanones [100] were found to be able to disrupt
biofilm development without being biocidal, by binding to the LuxR proteins and
destabilizing them, causing them to be unable to activate transcription of QS-related

genes.

Nitric Oxide (NO), a water soluble free radical, was found to be a signaling molecule
involved in many cellular processes in eukaryotes such as cell differentiation, apoptosis
and proliferation.[101] It was also found to be involved in biofilm development and
dispersal. At low, non-toxic concentrations, NO was found to act as signaling molecules
to induce biofilm dispersal in P. aeruginosa.[102] Soluble compounds that release NO in
aqueous solution, called NO donors, can be used to deliver NO to bacterial biofilms and

to induce biofilm dispersal.
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NO induces biofilm dispersal by stimulating phosphodiesterase activity, which results in
the degradation of cyclic di-guanylate monophosphate (c-di-GMP), culminating in
changes to gene expression that favour the planktonic mode of growth [103]. NO, which
has a short half-life in aqueous environments can be delivered to biofilms by using
chemical compounds that generate NO in solution. One such NO donor compound,
sodium nitroprusside (SNP) was shown to disperse biofilms of the model organism P.
aeruginosa, as well as other bacterial species, and mixed species biofilms at low, non-
toxic concentrations [50, 102]. A recent study investigated the biofilm dispersal potential
of three NO donor compounds (MAHMA NONOate, SNP and PROLI NONOate) using

P. aeruginosa PAO1 as a model organism.[104]

1.9 RO Biofouling Monitors

Traditionally, a membrane is considered to be fouled when there is an irreversible
exponential increase in TMP in a constant flux operation. Cleaning or backwashing
procedures when applied at this point yield minimal membrane performance recovery.
However, if membrane cleaning occurs before this point, it is possible to increase the
recovery and therefore, there is great interest in the use of non-invasive fouling detection

methods to detect fouling or biofouling even before the onset of TMP rise.

Fouling monitors can be categorized by optical methods or non-optical methods. Optical
methods can provide real-time information and can be very sensitive. However, optical
methods require the use of special membrane modules with an optical window for direct
observation, and this design may not be feasible for RO processes due to its high pressure
requirements. Optical resolution is also limited to a few hundred nanometers due to the
wavelengths of visible light, and are unsuitable to visualize opaque samples or samples
that are too concentrated. Non-optical, non-invasive methods such as Ultrasonic Time-

Domain Reflectometry (UTDR) and Electrochemical Impedance Spectroscopy (EIS)
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makes uses of non-optical properties such as acoustics and dielectric behaviors and can

potentially overcome the limitations of optical methods.
19.1 Ultrasonic Time-Domain Reflectometry

In UTDR, an ultrasonic wave is generated and propagates through various media via
compressions and rarefactions and this property can provide spatial information on the
physical characteristics of the media through which it travels. Its velocity c is dependent
of the property of the material through which the ultrasonic wave is being transmitted,
with ¢ increasing with increasing density, p, of the material. When the wave encounters
an interface between two media, transmission, reflection, and phase change can occur.
The magnitude of the reflected and transmitted waves is a function of the difference
between the acoustic impedances of the media, Z> - Z1, where Z; = piciand the subscripts
1 and 2 refers to the medium from which and into which the wave is propagating
respectively. The amplitude A of the reflected wave relative to its incident wave
perpendicular to an interface is given by [105]:

Iy =7
I, + 7,

A

The time required t for a wave to propagate from a reflecting interface is a function of the
distance between the transducer and the reflecting interface, Ad, and the velocity ¢ and is
given by:

_ 24d
B c

t

Figure 1.12 shows the principles of UTDR and how the different interfaces within the
membrane cell reflect the acoustic signals differently, resulting in a characteristic

amplitude profile against signal arrival time.
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Since reflection A is unchanged and is used as a stationary point of reference, the time of
arrival of peaks B and C can be used to establish the thickness of a fouling layer or the
extent of membrane compaction. By superimposing the waveforms, the difference
between the test and reference waveforms can be compared with a suitable software and
signal analysis; UTDR resolution for the measurement of foulant thickness is dependent

on the frequency of the transducer used and is typically between 100 - 750 nm.[106]
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Figure 1.12 (a) Schematic diagram of the principle of UTDR measurement in a flat-
sheet membrane module and (b) corresponding amplitude-time profile for such a

configuration.

In order to employ UTDR to detect and monitor biofouling in real-time non-invasively, it
iIs mandatory to increase the difference in acoustic impedance at the biofilm/water and
membrane/biofilm interfaces as the presence of the biofilm layer on its own does not
translate into a significant difference in acoustic impedance. This ‘acoustic enhancer’
should not interfere with the biofilm development nor should they compromise the RO
process. Previous studies [107] have shown that colloidal silica can be used as acoustic
enhancers for UTDR and its introduction is neither toxic nor affects biofilm development

and has a negligible impact on RO performance.
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19.2 Electrochemical Impedance Spectroscopy

The working principle of EIS revolves around the step-wise application of sinusoidal
alternating current at a range of known frequencies into a system. Using digital
techniques, the corresponding current and voltage magnitudes across the sample at each
frequency, including the phase difference between each current-voltage pair, were
measured. From this, the conductance and capacitance of the system can be deduced at
each frequency. EIS is widely used to investigate processes and performance in dye-
sensitized solar cells [108], to study corrosion in coatings and surfaces [109], and also in
the field of biosensing.[110] For an RO system, changes in the capacitance and
conductance dispersion with frequency provides a way of monitoring, in situ and in real

time, the accumulation of particles that could potentially foul the membrane.

The electrical impedance, Z, is a complex quantity and is related to its real and imaginary

parts, Zrea and Zimg, by the equation

Z = Zreal - iZimg

Where Zrea and Zimg are related to the angular frequency o, capacitance C and

conductance G by the equations

Zreal(®) = G/(G*+C%w?)

Zimg(®) = Coo/(G*+C?w?)

Therefore,

Z(®) = G/(G*+C%w?) - iCo/(G*+C%0?)

Graphically, the impedance data are presented on a complex plane Z*(w) known as a

Nyquist plot. For a first-order system, the Nyquist plot can be described by
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(Zreal )2 + lemg = ( )2

By measuring the EIS spectrum at the membrane surface, the derived Nyquist plot can

provides a fingerprint of the foulant deposition layer as the membrane fouls in real time.
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Figure 1.13  Cross sectional schematic view of a RO crossflow flat sheet module fitted

with the current and voltage electrodes and connected to a impedance spectrometer.[111]

1.10 Problem Statement, Aims and Objectives

While reverse osmosis is well suited to generate potable water, it is not a perfect solution
and faces several limitations. One of the least understood among these problems is
biofouling. Membrane biofouling is a big challenge faced by the water industry and can

cause advanced filtration technologies such as RO processes to be excessively costly. The
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expenses associated with the problem of biofouling in water treatment plants is a
combination of the following factors: plant performance deterioration, damage in the
plant construction materials, decline in the quantity and quality of the product, the need
for extensive cleaning, biocides addition, the need of additional processes such as using
antifouling chemicals to treat the contaminated water, manpower costs involved in
membrane cleaning or replacement and costs associated with the plant down-time.[42]
The problem with current RO process management is the lack of appropriate approaches
to a) detect membrane biofouling early, which can inform operators of when to take
specific action and b) novel, non-toxic approaches to control fouling once it becomes a
problem. Therefore, the goal of the undertaken in this thesis was to develop an
understanding of the key processes in biofilm development as it relates to biofouling of
membranes and loss of performance, to then test and validate the application of nitric
oxide as a strategy to mitigate biofilm development and fouling, and to develop new tools
for use as on line monitoring systems to aid in the decision process for when to
implement fouling control measures. To achieve this, the thesis is divided into three,

interlinked chapters.

Chapter 2 investigates the effects of bacterial biofilms on membrane biofouling,

specifically the roles that different extracellular polysaccharides play were investigated.

Chapter 3 demonstrates the effect of nitric oxide donor compounds on bacterial
biofilm growth and dispersal, their effects on membrane biofouling, and influence in

biofilm community diversity were investigated.

Chapter 4 describes a canary cell approach to model biofouling in spiral wound
RO modules was developed. Non-invasive in situ methods such as ultrasonic time domain
reflectometry (UTDR) and electrochemical impedance spectroscopy (EIS) were also
developed to complement traditional offline analysis in monitoring membrane biofouling.
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In addition to developing and validating biofouling monitoring strategies, this thesis
chapter also combines the application of the monitoring approach of xxx with NO

treatment to show dispersal of the biofilm in real time.

Chapter 5 concludes this thesis with suggestions and recommendations for future work.
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CHAPTER 2 THE ROLES OF BIOFILM MATRIX POLYSACCHARIDES IN RO

BIOFOULING

2.1 Introduction

Membrane fouling due at least in part to the formation of bacterial biofilms on membrane
surfaces remains a key challenge for membrane-based water purification systems.[112-
114] Biofilm formation on membrane surfaces results in severe flux decline, increased
transmembrane pressure (TMP), higher energy consumption and a faster rate of
deterioration of system performance and production.[113-115] Extracellular polymeric
substances (EPS) produced by microbial biofilms have been suggested to be the
predominant cause of biofouling of water treatment membranes.[28, 89, 90, 116, 117]
Therefore, understanding the importance of specific exopolysaccharides within the EPS
matrix that contribute to biofouling may help in the development of new strategies for its

prevention and control.

Pseudomonas aeruginosa has been shown to make at least three polysaccharides as part
of the biofilm matrix, Psl, Pel and alginate. Depending on the strain studied, the roles of
Psl and Pel, two important exopolysaccharides, in biofilm formation can vary
drastically.[51, 118, 119] For example, P. aeruginosa PA14 and P. aeruginosa PAO1
differ in the primary polysaccharide used in the development of the biofilm. PAOL1L relies
primarily on Psl, while PA14 requires Pel production for mature biofilm development.
Collectively these studies suggest that Pel and Psl are each capable of functioning as a
structural adhesion involved in maintaining the integrity of the biofilm. When both psl
and pel are intact, it appears that Psl is the predominant polysaccharide for P. aeruginosa
PAOL, while Pel has only limited impact on single species biofilm phenotypes.[119]
However, in another study, it was found that in the absence of Psl, Pel expressing biofilm

were more viscous, which aids in expansion and spreading of the biofilm matrix. Pel-
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based biofilms also facilitated integration with other species such as Staphylococcus
aureus to form mixed biofilms whereas Psl-based biofilms favour monospecies
biofilms.[120] It has been shown that Psl plays a critical and essential role in surface
attachment in a range of clinical and environmental P. aeruginosa isolates, while Pel was
not as important as an attachment determinant.[119] However, there was significant

variability between strains in the contribution of Pel and Psl to mature biofilm structure.

Ghafoor et al. (2011) showed that Pel production in PAO1L is higher in the absence of
Psl.[118] This raised the possibility that there can be cross regulation of polysaccharide
operons or that there can be competition for precursors that account for limited production
of individual polysaccharides.[67] The latter had been previously proposed to affect the
production of other polysaccharides such as alginate. Colvin et al. (2012) demonstrated
that elevated Pel expression in a mutant psl strain after extended cultivation could actually
compensate for the loss of Psl, suggesting that an advantage of retaining the capability of
producing multiple biofilm matrix polysaccharides is to reduce the impact of deleterious
mutations on an important functions such as biofilm formation. Another hypothesis is that
having the potential to secrete three different polymers with varying physicochemical
properties may provide P. aeruginosa with the flexibility to survive in different
niches.[121] Thus, depending on the environment, different polysaccharides might be

employed as the primary matrix support.

Due to the negative impact of biofilms on the performance of RO membranes and
processes, there is a need to develop strategies and countermeasures which are novel and
more importantly non-toxic to control and/or prevent biofouling. Recent studies have
demonstrated the possibility of using signaling molecules such as nitric oxide (NO) to
induce the transition from biofilm growth mode to planktonic growth mode in some

bacteria, thereby dispersing the biofilm. However, the presence or absence of biofilm
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exopolysaccharides and its role in NO induced dispersal has not been extensively
investigated. As biofilm dispersal is dependent on the ability of the bacteria cells to
escape the biofilm matrix, differences in biofilm EPS composition would affect the
mechanism or rate of dispersal. Understanding the roles that specific exopolysaccharides
play in biofilm development, especially on the surfaces of water treatment membranes, is
of importance in developing new methods and strategies to control biofouling in
membrane processes. The aim of this chapter was to investigate the roles of Psl, Pel and
alginate during biofilm development of PAOL in a RO membrane system and how they

influence the TMP and biofouling of RO processes.
2.2 Materials and Methods
2.2.1 Preparation of bacteria strains and mutants

P. aeruginosa PAO1 wild type and 4 mutants, each differing in its capacity to produce
specific  exopolysaccharides, were studied. The mutants PAO1Aalg8ApsIA,
PAO1ApelFApslA, PAO1Aalg8ApelF, and the PAOL isogenic alginate-overproducing
MucA-negative mutant, PDO300, were kindly provided by Professor Bernd Rehm,
Massey University, New Zealand. Full details of the construction of these mutants have
been previously published.[118] A short summary of the polysaccharide-producing ability
of each mutant can be found in Table 2.1. The fouling potential of the wild-type PAO1 on
RO membranes was compared to the four polysaccharide mutants (PAO1AalgApsl,
PAO1ApelApsl, PAO1AalgApel and PDO300) to determine their relative tendency to
foul. The bacteria were grown overnight in a 750 ml solution of 5 g It Nutrient Broth
(NB; Difco) and 0.034 M NaCl at 30°C with shaking at 200 rpm. The bacterial cells were
subsequently harvested by centrifugation at 18,514 g for 10 min. The pellet was washed
and resuspended in sterile PBS to an ODesoo Of 0.1. The bacterial suspension was

introduced into the RO system prior to the RO membrane cells to foul the membranes.
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Table 2.1 Bacterial strains used in this study and their corresponding polysaccharide

production capability.

P. at_aruginosa bacteria  Polysaccharide production Reference or origin
strain

PAO1 Alg(+)* Psl(+) Pel (+) ATCC® BAA-47™
PAO1AalgApsl Alg(-) Psl(-) Pel (+) Rehm [118]
PAO1ApelApsl Alg(+) Psl(-) Pel (-) Rehm [118]
PAO1AalgApel Alg(-) Psl(+) Pel (-) Rehm [118]
PDO300 Alg(++) Psl(+) Pel (+) Rehm [118]

*(+) represents normal production, (-) represents stunted production, (++) represents

over-production.

2.2.2 Reverse Osmosis experimental setup

The RO system consisted of two identical RO cells running independently, with separate
feed tanks (Figure 2.1). Each RO cell was made of stainless steel with plate geometry and

flow channel of 150 x 30 x 0.8 mm with a net membrane surface area of 0.0045 m?.

Using a centrifugal pump (Hydra-Cell, F21IEASGSFEHG), the feed solution was pumped
from a 10 | feed tank to the RO cell. The feed solution temperature was controlled at 23 +
0.1°C with a chiller (PolyScience). Pressure from the feed stream and cross-flow rates
were adjusted by the use of pressure relief valves (Swagelok) and metering valves
(Swagelok), respectively. Both the feed and permeate stream pressures were monitored by
the use of pressure gauges (Ashcroft). The volumetric flow rate was monitored with a
turbine flow meter (WF Waterflo) and the conductivity was measured using a
conductivity meter (Thermo Scientific, model Alpha COND 500). Mass flow controllers
(Brooks Instrument, model 5882/D1A1C3B001) were used to regulate the amount of
permeate withdrawn in the permeate stream. The bacterial solution was introduced into

the RO system before the RO membrane cell via a metering pump (ELDEX, model 5979-
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OptosPump 2HM). Microfilters (5 pm and 0.2 pm) were installed on return and bypass
flow of each RO cell, to prevent contamination of the feed tank by bacteria and
essentially making the feed tank an active bioreactor.

Mass Flow
d-

Controller

Microfilters

RO cell 1

Flowmeter

Microfilters

l v [ . — —

Chiller

) K

Figure 2.1  Schematic diagram of RO system used in this study. Feed water was
pumped to the RO cell and both the retentate and permeate streams were channeled back
to the feed tank to be recycled. Bacteria solution was injected into the system right before
the RO cell and was filtered off by microfilters before the feed was recycled. TMP and
salt concentrations were monitored by pressure gauges (P-1 and P-2) and conductivity
meters (C-1 and C-2). Flux and flow rates were controlled by the mass flow controllers

and the flow control valves.
2.2.3 RO biofouling experiments

RO membranes (TW-30, DOW Filmtec) were cut to size (3 cm x 15 cm) and soaked in
MilliQ water overnight. The membranes were then soaked in 70% ethanol (Merck) for 1.5
h for sterilization followed by rinsing with MilliQ deionised water. The membranes were
compacted at a flux of 60 I m?2 h! (LMH) overnight with MilliQ water to stabilize the

flux, which was monitored using mass flow controller (model 5882, Brooks Instrument).
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Following compaction, the flux was set to 30 LMH and a NaCl stock solution (200 g 1)
was added to the feed tank to a final concentration of 2 g I'X. The solution was left to mix
for 1.5 h before a stock NB solution (8 g I'!) was added to the feed tank to a final average
background concentration of 24 mg It NB, which translates to a TOC concentration of
approximately 7.8 ml I'Y. The RO feed was left to mix for a further 1.5 h prior to the start
of the experiment. The feed solution was replenished twice daily and the TOC was tested
with a TOC analyser (Shimadzu, Model TOC-VWS) to ensure that the concentration of
nutrients remained equal in each parallel unit. The RO system was operated in a closed
loop where the retentate and permeate streams were reintroduced into the feed tank.
Experiments were initiated by the start of continuous introduction of the bacterial
suspension into the system at a dilution ratio of 1:800, giving an input load of 10° CFU
ml. The bacterial solution was replaced every 48 h to ensure bacteria viability.
Experiments were done using constant flux (30 LMH) and the TMP continuously
monitored. Fouling was defined here as the increase of TMP with time during the
filtration process at constant flux. Therefore, a higher TMP within the same time frame or

the same TMP within shorter time frame represents more severe fouling.
2.2.4 Membrane autopsy

The fouled membranes were removed from the RO modules for examination at the
conclusion of the experiment and 1.5 cm was removed from each end of the membrane
while the remainder was aseptically cut into 8 segments. Six segments (1 x 3 cm) of
membrane covering the inlet, middle and outlet of the RO cell were analysed by
fluorescence staining and CLSM observation to quantify the live and dead cells and the
polysaccharide volume (representative of EPS). For the remaining two segments (3 x 3
cm), viable bacterial counts were determined as were the concentrations of

polysaccharide and protein extracted from the membrane surface.
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2.24.1 Fluorescent staining and CLSM

Segments of membrane were washed and stained using the LIVE/DEAD BacLight
bacterial viability kit (Invitrogen) as per the manufacturer’s instructions. The membranes
were then washed again in 0.85% NaCl to remove excess stain. Live cells stained by
SYTO-9 and dead cells stained by propidium iodide (PI) were visualized by confocal
laser scanning microscopy (CLSM) (Nikon eclipse 90i, part of the A1R hybrid confocal
spectral imaging system) at a magnification of x200, with an argon laser (488 nm
excitation for SYTO-9) and a diode laser (561 nm excitation for PI). For each section, z
stack (3D) confocal images were obtained from 5 locations covering the membrane
surface, and the average biovolume (um?3) and surface coverage (%) was calculated using
IMARIS (Bitplane, version 7.3.1). Biofilms were gently washed in 0.85% NaCl solution
and for each slide, z stack (3D) confocal images were acquired from 9 different locations
covering the membrane, and the average biovolume (um?3) was calculated using IMARIS

(Bitplane, version 7.3.1).
2.24.2 Viable bacterial counts

Using a cell scraper, the biofilm was removed from each 3 x 3 cm segment of membrane
and resuspended in individual tubes containing 3 ml sterile PBS and vortexed for 30 s.
Viable heterotrophic counts were determined using a modified Miles and Misra method
(Miles & Misra 1938). In brief, three 10 pl drops of 107 to 10 dilutions were pipetted
onto nutrient agar and incubated at ambient room temperature overnight before counting.

Viable cells were expressed as colony forming units (CFUs) cm of membrane.
2.24.3 EPS extraction and quantification

The remaining bacterial suspension was centrifuged at 18,514 g for 10 min and the

supernatant transferred to a clean centrifuge tube for analysis of the soluble EPS fraction.
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The bound EPS was extracted by adding 2 ml 8.5 g It NaCl and 12 pl of 37%
formaldehyde (Sigma) to the bacterial pellet, the suspension was vortexed and incubated
at 4°C for 1 h. After incubation, 2 ml of 40 g It NaOH and 0.5 ml MQ water were added,
the solution was vortexed and incubated at 4°C for 3.5 h. Subsequently, the bacterial
suspension was centrifuged at 18,514 g at 4°C for 20 min, and the supernatant was
transferred to a clean centrifuge tube. Using the phenol-H.SOs4 method[122], the
polysaccharide content of the EPS was measured. Briefly, 0.5 ml of 50 g I phenol
(Sigma-Aldrich) and 2.5 ml of concentrated H2SO4 (Merck) were added to 1 ml of sample
and incubated at room temperature for 10 min. The absorbance of the solution was
measured at 492 nm (Shimadzu, model UV1800) and compared against a standard curve
generated using glucose (Sigma-Aldrich). Using the Coomassie (Bradford) Protein Assay
kit (Thermo Scientific), the protein content of the EPS was analysed. A 1 ml volume of
the sample was added and mixed with 1 ml of reagent, incubated at room temperature for
10 min and the absorbance was measured at 595 nm (Shimadzu, model UV1800), as per
the manufacturer’s instructions. Bovine serum albumin (Thermo Scientific) was used as a

standard for quantification of proteins.
2.3 Results

Three experiments were carried out using only PAO1 in order to observe the variability of
fouling between the two RO modules. The results showed that the TMP rise in both
modules was very similar, with only a 0.8% difference in the time required for a
maximum TMP increase of 120%. If the experiment was stopped after one module had
reached the maximum TMP percentage increase, a maximum TMP percentage difference
between the two modules of only 9% was observed. Any difference between module

fouling rates observed to be greater than 9% was therefore considered to be significant.
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2.3.1 PAO1 vs PAO1ApelApsl

The RO membrane injected with PAO1 cells fouled in 124.6 h, resulting in a total TMP
increase of 120% (Figure 2.2A). The TMP profile can be divided into two stages, as
previously described.[123] The first stage was characterized by a slow increase in TMP,
approximately 20% in the initial 90 h, followed by a second stage where an abrupt rise in

TMP or ‘TMP jump’ was observed over the next 35 h.
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Figure 2.2  TMP profiles of the RO system inoculated with A) P. aeruginosa PAOL1 vs
PAO1ApelApsl B) PAO1 vs PAO1AalgApsl C) PAOI1 vs PAO1AalgApel D) PAOL vs
PDO300. The RO system was run using feed solution containing 24 mg I of NB and 2 g
I NaCl, at a flux of 30 LMH and a CFV of 0.17 m s*X. TMP values were recorded every

1 min over the experimental period.
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Over the same 124.6 h time period, the TMP of the RO injected with the PAO1ApslApel
double mutant had only increased by 51%, resulting in a difference of 69% between the
double mutant and the wild-type. Interestingly, the biofilm biovolumes and the viable
bacteria counts of the two membranes were similar, with only a 13% and 9% difference,
respectively (Figure 2.3A and 2.3E). Staining with Con-A-FITC revealed that the average
polysaccharide biovolume was 24% less for the double mutant in comparison to the
PAOL1 (Figure 2.3B). This difference was also illustrated by the EPS extraction method,
revealing a 70% reduction in PAO1ApelApsl polysaccharide (Figure 2.3C). A 24%

reduction in protein was also observed for the double mutant (Figure 2.3D).

Differences in biofilm structure were observed for each strain (Figure 2.4). PAO1 formed
a homogeneous biofilm (98% average surface coverage) 17 um thick over the entire
membrane surface (Figure 2.4A), whereas the biofilm structure of the double mutant
appeared to be much more influenced by cross flow (Figure 2.4B), likely due to the lack
of Psl, which is critical for cell attachment to surfaces. Rather than even attachment
across the membrane surface, the biofilm appeared to have built up where some cells
were able to attach onto the membrane due to flux. This resulted in deep furrows of
bacterial cells (some 31 um thick), separated by areas of unfouled membrane (51%

average surface coverage).
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Figure 2.3 RO membrane autopsy results for P. aeruginosa PAO1 wild type vs PAO1

double mutants. (A) Biofilm biovolume for PAO1 and PAOL mutants as determined by

staining with SYTO 9 and PI (B) Biofilm biovolume for PAO1 and PAO1 mutants as

determined by staining with ConA-FITC (C) Polysaccharide concentration of PAO1 and

PAOL mutants as determined by EPS extraction. (D) Protein concentration of PAO1 and

PAO1 mutants. (E) Viable bacterial counts of PAO1 and PAO1 mutants as determined by

CFU. Error bars are +/- one Std. Dev, n = 3.
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Figure 2.4  Biofilms of P. aeruginosa A) PAOL1 wild type (125 h), B) PAO1ApelApsl
(125 h), C) PAO1AalgApsl (125 h), D) PAO1AalgApel (125 h), E) PDO300 (112 h) and
F) PAO1 (112 h) strains on RO membranes. Representative confocal images showing
biofilm structure via live and dead bacterial cells stained with SYTO9 and PI. Total

magnification x200. Scale bar = 100 um.

2.3.2 P. aeruginosa PAO1 wild type vs PAO1AalgApsl

The RO membrane injected with wild-type PAO1 fouled in 125.1 h, with a 120% increase
in TMP. Over the same period, the TMP of the RO injected with the PAO1AalgApsl
double mutant had only increased by 70%, a difference of 50% (Figure 2.2B). The

average total cell biofilm biovolume and the viable bacteria counts of the two membranes
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were similar, with only a 7% difference between the biofilm biovolumes and a 4%
difference between the viable CFU counts (Figure 2.3A and 2.3E). Average surface
coverage of the PAO1AalgAps| fouled membrane was 68%. Staining with Con-A-FITC
revealed that the average polysaccharide biovolume was 16% less for the double mutant
in comparison to the wild-type (Figure 2.3B). This difference was also reflected by the
chemical extraction and quantification of the EPS, which indicated that there was a 42%
reduction polysaccharides for the PAO1AalgApsl mutant (Figure 2.3C). A 14% reduction
in protein was also observed for the double mutant (Figure 2.3D). Similar to the
PAO1ApelApsl double mutant, the biofilm structure appeared to be affected by cross

flow, resulting in areas of unfouled membrane (Figure 2.4C).

2.3.3 P. aeruginosa PAO1 wild type vs PAO1AalgApel

The PAO1 wild-type fouled the RO system within 124.8 h, resulting in a total TMP
increase of 120%. Over the same time period, the TMP of the RO module injected with
the PAO1AalgApel double mutant had increased by 117%, a difference of only 3%
(Figure 2.2C). The biofilm biovolume, based on Con-A-FITC stained polysaccharides,
viable bacteria counts and EPS extracted polysaccharide and protein concentrations of the
two membranes were very similar (Figure 2.3), with only a difference of 4%, 2%, 3%, 3%
and 2%, respectively. The biofilm structures of both bacterial strains were observed to be
similar, with an 18 um thick, homogenous biofilm (98% and 96% average surface

coverage) forming over the membrane surface (Figure 2.4D).

2.3.4 P. aeruginosa PAO1 wild type vs PDO300

The RO module inoculated with the PDO300 mutant fouled within 112.3 h, resulting in a
120% increase in TMP. Over the same time period, the TMP of the RO injected with the
PAO1 wild type had only increased by 64% (Figure 2.2D). Although the experiment was

stopped after the module with the PDO300 mutant had reached its maximum TMP, it is
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likely that the PAOL injected module would have fouled in approximately 125 h, as had
been seen in the previous experiments. This would have resulted in a 10% difference in
the time taken for each membrane module to achieve the maximum TMP. An increase in
biofouling rate has been previously observed for a mucoid P. aeruginosa strain (FRD1)
that overproduces alginate.[124] While it fouled the RO faster, the PDO300 mutant had
only a slightly greater biofilm biovolume compared to the wild-type and only a slightly
higher number of viable bacteria, with a 10% and 5% difference, respectively (Figures
2.3A and 2.3E). The biofilm thickness for both biofilms was also similar, 18 um and 20
pm for PAO1 and PDO300, respectively. Staining with Con-A-FITC revealed that the
average polysaccharide biovolume was 23% greater for the PDO300 mutant in
comparison to the PAO1 wild type (Figure 2.3B). The chemical quantification of
polysaccharides indicated there was a 57% increase in polysaccharide in the biofilm
formed by the PDO300 strain (Figure 2.3C). A 32% increase in protein was also observed
for the PDO300 mutant (Figure 2.3D). The biofilm formed by the PDO300 also had a
more complete coverage over the membrane surface, 93% surface coverage versus 85%

for the wild type (Figures 2.4E and 2.4F).

Interestingly, if the membrane autopsy results of the PDO300 mutant at the maximum
TMP were compared to the average wild type PAO1 results at the maximum TMP from
the previous experiments, some clear differences can be observed. The wild type strain
fouled membranes had an 8% greater cell biofilm biovolume and 8% more viable bacteria
in comparison to the PDO300 (Figure 2.3). However, Con-A-FITC staining revealed that
the PDO300 biofilm had 7% more polysaccharide. EPS extraction revealed that the
PDO300 biofilm had 24% more polysaccharide and 2% more protein per cm? of

membrane and these results are similar to previously published observations.[124]

46



2.4 Discussion

The roles of various exopolysaccharides in membrane biofouling were investigated and it
was demonstrated that at least one of the exopolysaccharides, Psl, was important in PAO1
biofilm development under a range of different conditions. Laboratory-scale RO
experiments were designed to simulate full scale RO operations, where the feed included
a steady supply of natural foulants such as bacteria and organic nutrients, was operated
under crossflow and constant flux, experienced elevated salinity as a consequence of
permeate production. As a consequence of the operational parameters, bacteria would
essentially be filtered onto the membrane surface and proliferate, forming biofilms.
Despite this effect, the PAO1 mutants incapable of producing Psl did not form a
homogeneous biofilm on the membrane surface. Instead, these mutants appeared to be
strongly influenced by crossflow, resulting in a unique pattern of biofilm, which led to
large areas of unfouled membrane and significantly delayed the rate of biofouling, as
measured by the rise in TMP. Previous work has shown that both EPS and bacterial cells
contribute to a decline in RO performance.[89] Bacterial cells on the membrane surface
impede the back diffusion of ions resulting in an inflated osmotic pressure on the
membrane surface, and results in a decrease in permeate flux (or an increase in TMP at
fixed flux) and salt rejection.[90] EPS add to the decline in membrane performance by
adding to the hydraulic resistance to permeate flow.[125] In this study, the number of
cells on the membrane surface was similar for all of the mutants tested. However, while
the CFU and biofilm biovolumes based on cell staining did not differ significantly, a
lower quantity of EPS components detected by both image quantification and chemical
extraction for the Psl mutants suggested that the cells present lacked the ability to form a
strong biofilm matrix. Reduced biofouling associated with a loss of Psl production
emphasizes the importance of attachment polysaccharides in the ability for bacteria to

foul industrial RO membranes and would explain the way some bacteria are more
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successful primary colonisers in comparison to others.[126] These initial colonisers may
then provide a support for the attachment of other organisms leading to highly diverse
biofilm communities.[127, 128] The PAO1AalgApel mutant fouled at the same rate as the
PAOL1, showing that the removal of alginate and Pel had no significant effect on the
biofouling rate of the PAO1 biofilm. These polysaccharides therefore do not play a
significant role in cell adhesion and biofilm formation in an RO system in the presence of
Psl. In general agreement with a role of polysaccharides in the RO system, the PDO300
strain had a greater fouling effect than PAOL. Alginate overproduction has been observed
to increase biofilm persistence by creating an extracellular matrix that promotes
adherence.[129] One benefit of this in the RO system may be to increase the structural
cohesion of the biofilm, which would presumably maintain the biofilm under conditions
of high sheer. The data presented here supports this hypothesis, where the greater EPS
production appeared to play a significant role in biofilm development and the decreased

performance of the RO system.

Psl has been found to be critical for biofilm formation on RO membranes, while a loss of
Pel had no apparent impact in its presence. Alginate played a role in the initial stage of
biofilm formation, but not in longer term development. Interestingly, while Psl deficient
mutants could form biofilms on RO membranes, they formed striated biofilms strongly
influenced by cross flow, with open areas on the membrane and a low quantity of EPS
components. The pattern of biofilm formation and amount of EPS produced, rather than
the number of bacterial cells present, were most associated with RO performance, where
the Psl devoid mutant showed the least impact on RO function and the alginate
overproducing strain showed the greatest impact on RO performance. Therefore, the
results from this study suggest that Psl played a crucial role in the establishment of a

cohesive and dense biofilm in PAO1 which increases resistance to water passage in RO
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membranes, and that the production of alginate may increase biofilm stability and

maintenance under conditions that would normally induce dispersal.

While the above may be true for single species P. aeruginosa, the roles of these
exopolysaccharides on mixed species biofilm and its effect on RO performance are not
extensively studied and would be of great interest. It has been found that Pel was required
for the integration of mixed species biofilm, and that Psl promoted distinct segregation of
communities within the biofilm.[120] A deficiency or overproduction in each of the
polysaccharides also influenced the relative abundance of P. aeruginosa in mixed

biofilms as well as stress resistance of mixed species biofilms.[130]

This chapter highlighted that even within one class of biopolymer, e.g polysaccharides,
the specific components do not contribute equally to the fouling process. Other
components of the EPS may also affect biofilm development and membrane biofouling
but were not investigated in this chapter. For example, it is clear that extracellular DNA
and proteins, such as the large amyloid protein, CdrA are important for biofilm formation
and these are also common to the matrix of other biofilm forming bacteria.[131-133]
There is a lack of agreement in the field as to the relative importance of these different
classes of biopolymers as it has been shown they contribute different rheological
properties to the biofilm. However, it is clear from the data presented here that deletion of
genes involved in their production have a significant impact on the biofilm structure and
fouling of membranes. How these properties translate to membrane performance in RO
systems is unknown and would be the next step forward in further understanding the roles

of EPS on RO biofouling.
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CHAPTER 3 THE APPLICATION OF NITRIC OXIDE FOR BIOFOULING

CONTROL IN RO MEMBRANE SYSTEMS

3.1 Introduction

Membrane technology, for the conversion of seawater and wastewater through
desalination and reclamation processes into potable water, is vital for sustainable water
management. However, membrane fouling by bacterial biofilms continues to be a key
challenge for water purification systems based on membranes.[112, 114, 134] The
development of biofilm is a step-by-step process that is first initiated by the attachment
and adhesion of planktonic cells to a membrane surface, followed by the forming of
microcolonies and biofilm maturation, in which bacterial cells are ingrained in a self-
produced matrix of extracellular polymeric substances (EPS).[112, 135, 136] Composed
of proteins, polysaccharides and nucleic acids, the EPS gives the biofilm stability and
enables it to withstand considerable shear forces.[134] Biofilm bacteria have several
advantages over single cells, including optimization of growth and survival, improved

acquisition of nutrients and increased protection against environmental stresses.[136, 137]

Biofilm formation on membrane surfaces results in a severe decline in flux, an increase in
transmembrane pressure, high-energy consumption and a deterioration of system
performance and product water production.[113-115] Typical techniques to mitigate
fouling of membrane include membrane cleaning and pre-treatment of the untreated
water. However, the effects of these treatments are generally only temporary.
Microorganisms may withstand pre-treatment processes such as flocculation, coagulation,
sand filtration, ultra filtration and cartridge filtration and they will eventually colonize a
variety of surfaces within the plant.[114] Membrane cleaning, which involves physical or
chemical methods, is used to regenerate the function of fouled membranes, and the

methods used and the frequency of cleaning depend on the type of foulant as well as the
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resistance of the membrane to chemical cleaning agent.[138] However, these cleaning
methods shorten membrane life, further increasing operational costs.[89, 139] In addition,
the chemicals used are often toxic biocides, which represent an environmental and health
risk. Despite the widespread use of such chemicals, they are ineffective in destroying
and/or completely removing the complicated multicellular structures of the membrane
biofilms and its regeneration quickly results in a recurrence of system failure due to
biofouling. They may also potentially select for resistant strains, which further
exacerbates the problem. Therefore, new strategies of biofouling prevention are required

to reduce such impacts.

Recent research has demonstrated that the gas molecule and important biological
messenger nitric oxide (NO) is a signal for the dispersal of biofilm, by inducing the
change from the biofilm growth mode to the planktonic state.[50, 103] NO brings about
biofilm dispersal by stimulating the activity of phosphodiesterase, resulting in the
degradation of secondary messenger molecule cyclic di-guanylate monophosphate (c-di-
GMP), leading to changes to gene expression that support the planktonic mode of
growth.[103] NO, which has a short half-life in aqueous environments can be delivered to
biofilms by using chemical compounds that generate NO in solution. One such NO donor
compound, sodium nitroprusside (SNP) was shown to disperse biofilms of the model
organism Pseudomonas aeruginosa, as well as other bacterial species, and mixed species
biofilms at low, non-toxic concentrations.[50, 102] A recent study investigated the
biofilm dispersal potential of three NO donor compounds (MAHMA NONOate, SNP and
PROLI NONOate) using P. aeruginosa PAO1 as a model organism.[104] The results
showed that MAHMA NONOate could reduce bacterial biofilms by up to 40% overa 2 h
exposure period, but that this reduction was partially due to growth inhibition. The
addition of SNP reduced biofilm biovolume by 40% over a 24 h period but led to

enhanced growth over shorter periods, likely due to the presence of iron in this
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compound. PROLI NONOate quickly dispersed PAOL biofilms, reducing the biovolume

by 30% after 1 h exposure [104], with no inhibitory or growth effects observed.

Interestingly, it has also been shown that NO stimulates biofilm formation in
Nitrosomonas europaea [140], Azospirillum brasilense [141] and Shewanella oneidensis
[142]. Other reports have also suggested that NO has no effect on biofilms or may
promote biofilm formation.[143, 144] Thus, different bacteria may show individual
responses to NO and hence it is uncertain what the overall effect of NO might be on a
natural, mixed species biofilm community. Therefore, the aim of this study was to
determine the potential of PROLI NONOate to disperse biofilms generated by isolated
bacteria from fouled industrial reverse osmosis (RO) and membrane bioreactor (MBR)
membranes. In addition, this study aimed to examine the potential of PROLI NONOate

dosing as a innovative strategy to curb biofouling of membranes in a laboratory-scale RO

system.
3.2 Materials and Methods
3.21 Bacterial isolates

Biofilm scrapings were taken from six 9 cm? segments of membrane from a 5 year old
spiral wound RO module obtained from the Kranji NeWater plant, Singapore. Membrane
scrapings were mixed together and bulk genomic DNA was extracted from two 0.1 g
samples using sodium dodecyl sulphate hexadecyltrimethyl ammonium bromide.[145] A
portion of the biofilm scraping was cultured overnight in R2A broth at 30°C with shaking
at 200 rpm to prepare glycerol stocks of a mixed RO bacterial community for
experimental work detailed in this study. DNA was extracted from the cultured cells,

using the method above, to determine the shift in bacterial composition after culturing.
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3.2.2 Reverse Osmosis (RO) system

The RO system used in this chapter was similar to the one described in Chapter two. The
RO system was assembled as two independent cells in parallel, allowing one cell to be
used as an untreated control in each of the NO treatment experiments. Each stainless steel
RO cell had a flat plate geometry and flow channel sizes of 150 x 30 x 0.8 mm (L x W x
H) with an effective area of 0.0045 m?. Each 10 | feed tank was equipped with a stirrer
(IKA, model Eurostar) and was cooled using a chiller (Polyscience) to maintain the feed
solution at 23 £ 1 °C (Fig. 1). A high-pressure centrifugal pump (Hydra-Cell) was used to
deliver the feed solution and maintain the cross-flow velocity (CFV) at 0.28 m s, while
system pressure was set to 362.6 psi using a flow control valve (Swagelok, model SS-
4R3A). The feed flow rate was monitored with a turbine flow metre (WF Waterflo). The
feed and permeate pressure were monitored by pressure transducers (Ashcroft). RO
membranes (TW-30, DOW Filmtec) were cut to size (3 cm x 15 c¢cm) and soaked in
MilliQ water overnight. The membranes were then soaked in 70% ethanol (Merck) for 1.5
h for sterilization followed by rinsing with MilliQ water. The membranes were subjected
to compaction at a flux of 60 | m2h* (LMH) overnight with MilliQ water until a stable
flux was achieved, which was monitored using mass-flow controller (model 5882, Brooks
Instrument). Following compaction, the flux was set to 30 LMH and a NaCl stock
solution (200 g I!) was added to the feed tank to a final concentration of 2 g I*. The
system was allowed to mix for 1.5 h before the nutrient source was added. For PAO1
experiments, a nutrient broth (NB) (Difco, BD) stock solution (8 g I') was used to
provide a final background nutrient concentration of 24 mg I}, which translates to a TOC
concentration of approximately 7.8 mg I*.. For RO mixed community experiments, an
R2A broth (1.25 g I'! yeast extract, 1.25 g I proteose peptone, 1.25 g It casamino acids,
1.25 g It glucose, 1.25 g I starch, 0.75 g It K;HPO4, 0.06 g I anhydrous MgSQOa, 0.75 g

I sodium pyruvate) stock solution (7.81 g I'Y) was used to provide an final background
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nutrient concentration of 25 mg I, which translates to a TOC concentration of
approximately 8 mg I'X.. The RO feed was mixed for a further 1.5 h prior to the start of
the experiment. The feed solution was replenished twice daily and the TOC was tested
with a TOC analyser (Shimadzu, Model TOC-VWS) to ensure that the concentration of

nutrients remained equal in each parallel unit.

3.2.3 NO treatment for prevention of membrane biofouling

The membrane fouling rate of an untreated RO cell was compared to that of one dosed
with 40 pM PROLI NONOate every 24 h. The concentration of 40 uM was selected
based on a previous optimization study.[104] The experiment was carried out using a
single bacterial species (P. aeruginosa PAO1) and repeated using a mixed bacterial
community cultured from a biofilm scraping from an industrial RO membrane. The
bacteria were grown overnight in either 750 ml nutrient broth (PAO1) or R2A broth
(mixed community) at 30°C with shaking at 200 rpm. The bacterial cells were
subsequently gathered by centrifugation at 18,514 g for 10 min. The pellet was washed
and resuspended in 2 g I* NaCl to an OD600 of 0.1. The bacterial suspension was
injected into the feed solution prior to the RO cells using an metering pump (ELDEX,
model 5979-Optos Pump 2HM). The RO system was operated in closed loop where the
retentate and permeate streams were returned to the feed tank. Micro-filters (KAREI, 5
and 0.2 um) were installed downstream of the pressure cell to prevent excess bacteria
from contaminating the feed tank. Experiments were initiated by the start of continuous
injection of the bacterial suspension into the flow line at a dilution ratio of 1:800, giving
an input load of 10° CFU mlt. The bacterial solution was replaced every 48 h.
Experiments were conducted at a constant flux (30 LMH) and the TMP (difference in
pressure between the feed and permeate stream) was monitored continuously. For PROLI

NONOate injection, the bacterial suspension was replaced with sterile 2 g I NaCl and the
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bacterial injection tubing flushed for 10 min at 2 ml min? to remove excess bacterial
cells, as shown in Figure 3.1. PROLI NONOate (2.19 g I'!) in 0.4 g I NaOH was then
injected into the system for 30 min at a dilution ratio of 1:250 (1.6 ml min™), giving a
final concentration of 8.76 mg I". For the untreated cell, 0.4 g I NaOH, without PROLI
NONOate was used as a control. After dosing, the bacterial suspension was injected into
the flow line as before. PROLI NONOate was injected into the treated cell every 24 h.
Fouling was defined here as the increase in TMP over time during the filtration process at
constant flux. Therefore, a higher TMP within the same time frame or the same TMP

within shorter time frame represents more severe fouling.

P

Controller [1

Microfilters

RO cell —

Microfilters

— PROLI — > ——

Chiller
Q

Figure 3.1  Schematic diagram of RO system used in this study. Feed water was

pumped to the RO cell and both the rententate and permeate were returned to the feed
tank to be recycled. Both bacteria and PROLI NONOate were injected into the system
right before the RO cell, with the bacteria filtered off by microfilters before the feed was
recycled. TMP and salt concentrations were monitored by pressure gauges (P-1 and P-2)
and conductivity meters (C-1 and C-2). Flux and flow rates were controlled by the mass

flow controllers and the flow control valves.
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3.24

Membrane autopsy

The fouled membranes were removed from the RO modules for examination at the

conclusion of the experiment and 1.5 cm was removed from each end of the membrane

while the remainder was aseptically cut into 8 segments, as illustrated in Figure 3.2. Six

segments (1 x 3 cm) of membrane covering the inlet, middle and outlet of the RO cell

were analysed by fluorescence staining and CLSM observation to quantify the live and

dead cells and the polysaccharide volume (representative of EPS). For the remaining two

segments (3 x 3 cm), viable bacterial counts were determined as were the concentrations

of polysaccharide and protein extracted from the membrane surface.

Figure 3.2

membrane autopsies. The arrow indicates the flow direction.
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3.24.1 Fluorescent staining and CLSM

Segments of membrane were gently washed in 0.85% NaCl solution and stained using
SYTO 9 and PI (3 ug ml* each) or 100 ug ml* Con-A-FITC (Sigma-Aldrich). The
segments were then washed again in NaCl solution to remove excess stain, mounted onto
glass slides and viewed using CLSM as detailed above. For each section, z stack (3D)
confocal images were obtained from 5 locations covering the membrane surface, and the
average biovolume (um®) and surface coverage (%) was calculated using IMARIS

(Bitplane, version 7.3.1).

3.24.2 Viable bacterial counts

Using a cell scraper, the biofilm was removed from each 3 x 3 cm segment of membrane
and resuspended in individual tubes containing 3 ml sterile PBS and vortexed for 30 s.
For P. aeruginosa PAQOL, viable heterotrophic counts were determined using a modified
Miles and Misra method [146]. In brief, three 10 ul drops of 107 to 10 dilutions were
pipetted onto nutrient agar. For the mixed RO bacterial community, viable counts were
determined by spread plating, in triplicate, 100 pl of 10, 10 and 10 dilutions on R2A
agar (Oxoid). Plates were incubated at room temperature for 24 h before counting. Viable

cells were expressed as colony forming units (CFU) cm™ of membrane.

3.24.3 EPS extraction and quantification

The remaining bacterial suspension was centrifuged at 18,514 g for 10 min and the
supernatant was transferred to a clean centrifuge tube for analysis of the soluble EPS
fraction. The bound EPS was extracted by adding 2 ml 0.85% NaCl and 12 pl of 37%
formaldehyde (Sigma) to the bacterial pellet, the suspension was vortexed and incubated
at 4°C for 1 h. After incubation, 2 ml of 1 M NaOH and 0.5 ml MQ water were added, the

solution was vortexed and incubated at 4°C for 3.5 h. Subsequently, the bacterial
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suspension was centrifuged at 18,514 g at 4°C for 20 min, and the supernatant was
transferred to a clean centrifuge tube. A blank control consisted solely of the EPS
extraction reagents. Using the phenol-H.SO4 method[122], the polysaccharide content of
the EPS was measured.[147] Briefly, 0.5 ml of 5% phenol (Sigma-Aldrich) and 2.5 ml of
concentrated H>SOs (Merck) were added to 1 ml of sample and incubated at room
temperature for 10 min. The absorbance of the solution was measured at 492 nm
(Shimadzu, model UV1800) and compared against a standard curve generated using
glucose (Sigma-Aldrich). The EPS protein content was analysed using the Coomassie
(Bradford) Protein Assay kit (Thermo Scientific). A 1 ml volume of the sample was
added and mixed with 1 ml of the reagent, incubated at room temperature for 10 min and
the absorbance was measured at 595 nm (Shimadzu, model UV1800), as per
manufacturer’s instructions. Bovine serum albumin (Thermo Scientific) was as a standard

for the quantification of proteins.

3.24.4 DNA extraction and pyrosequencing

For the RO fouling experiment using the mixed bacterial community, the biofilm was
removed from three 3 cm? segments of membrane using a cell scraper and used for DNA
extraction, so that a detailed comparison of the untreated and PROLI NONOate treated
membrane bacterial communities could be made. DNA extraction, pyrosequencing and

sequence analysis were then carried out as detailed below.

Pyrosequencing

The DNA samples from both the raw membrane scraping and the R2A culture was sent to
Research and Testing Laboratory, Texas, US and sequenced using the “454”

pyrosequencing platform, targeting the bacterial community.[148] The selected primers

58



for the bacterial PCR were Gray519R (5’-GTNTTACNGCGGCKGCTG-3’) and

Gray28F (5°-GAGTTTGATCNTGGCTCAG-3").[149]

Analysis of sequences

The quality and adaptor trimming of the reads generated from amplicon sequencing was
performed using the QIIME (version 1.8.0) package.[150] The trimmed reads were then
clustered into representative sequences of operational taxonomic units (OTUs), based on
97% genetic similarity thresholds for species level, with the Uclust algorithm.[151]
Chimera screening and depletion was done on the representative sequence using
UCHIME.[152] After chimera depletion the sequences were aligned against the
Greengenes OTU database [153] using PyNAST.[154] The relative abundance for each
OTU identified at the species level was then exported to PRIMER-E (Plymouth Routines
in Multivariate Ecological Research) version 629 to calculate the Bray-Curtis distance

between each of the samples.

33 Results
3.3.1 PROLI NONOate treatment for the prevention of RO membrane
biofouling by PAO1

Biofilm formation in the RO module is quite different from the batch systems tested
above, where in addition to being a flow through system, the RO module also includes
flux, the passage of water through the membrane, which may facilitate transport of
bacteria to the surface. Additionally, the cross-flow results in increased aeration, which
may result in faster inactivation of NO through binding to oxygen. Therefore, before
testing the effect of NO on a mixed species biofilm, the effect of NO on dispersing
biofilms of the well characterized bacterium P. aerugionsa was first tested. Results from

multiple replicate experiments where P. aeruginosa was used to foul the membrane in the
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absence of PROLI NONOate treatment showed that the TMP rise in both modules was
very similar, with only a 0.3% difference in the time required to achieve a maximum
TMP increase of 120% (Figure 3.3A). If the experiment was stopped after one module
had reached the maximum TMP percentage increase, a maximum TMP percentage
difference between the two modules of only 6% was observed. Thus, any difference
between module fouling rates observed to be greater than 6% was therefore considered to

be significant.

The RO membrane without PROLI NONOate treatment fouled in 140 h, resulting in a
TMP increase of 120% (Figure 3.3B). The TMP initially showed a slow increase in TMP,
~20% in the initial 100 h, followed by an abrupt rise in TMP over the next 40 h. Over the
same 140 h time period, the TMP of the RO injected with PROLI NONOate every 24 h
increased by only 68%, resulting in a 52% difference between the treated and untreated
membranes when fouled with P. aeruginosa. The biofilm biovolume (total cells) of the
treated membrane was 28% less than the untreated membrane (Figure 3.3C). In addition,
the viable bacterial count of the treated membrane (3.89 x 106 CFU cm2) was 18% lower
than the untreated membrane (4.72 x 10° CFU cm™), reflecting the lower bacterial cells
numbers present on the membrane. The ratio of dead to live cells was greater in the
untreated biofilm (0.34) than in the PROLI NONOate treated biofilm (0.27), revealing
that the PROLI NONOate treatment did not have a bacteriocidal effect. Staining with
Con-A-FITC revealed that the average polysaccharide biovolume was 20% less for the
treated membrane in comparison to the control (Figure 3.3C). This difference was also
illustrated by the EPS extraction method, revealing a 52% reduction in polysaccharides
associated with the treated membrane. A 25% reduction in protein was also observed for
the treated membrane (Figure 3.3C). The treated P. aeruginosa biofilm was thinner than
the untreated control (24 vs. 32 um, treated vs. control) and had a lower surface coverage

(83% vs. 99%, treated vs. control), with more areas of unfouled membrane (Figure 3.3D).
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Collectively, the data clearly show that NO induced dispersal of the P. aeruginosa
biofilm, resulting in reductions in CFUs, biofilm matrix components and ultimately
improving the performance of the RO module. These results demonstrated that NO could
potentially be used in the complex RO systems to induce dispersal at concentrations

derived from the batch biofilm experiments.

2.2 2.2
21 | 4 pAO1 (Untreated 1) 2.1 7+ PAO1 (Untreated)
2.0 2.0
1.9 PAO1 (Untreated 2) f 1.9 -+ PAO1 (Treated with PROLI
J18 1 g 1.8 1 NONOate
o’ 17 | af17
E 16 ) 31.6
cEL 1.5 al5
g 14 Z14
1.3 1.3
1.2 - G 1.2 -
11 - o~ 11 -
1.0 e p— 1.0 4mem—
09 - : ‘ : ; ; 09 , ; ‘ :
0 20 40 60 80 100 120 140 20 40 60 80 100 120 140
£ ‘ Time (h) B Time (h)
50 -
5 B PAO1 (Untreated)
40 PAO1 (Treated with PAO1
E
i3 PROLI NONOate) (Untreated)
‘E30 - 1
=
E 25
520 -
% 15 .
20 PAO1
5 - . - z (Treated)
0 - ; ‘
C Total cell Polysaccharide Polysaccharide Protein D
(Con-A-FITC) (ng/cm2) (ng/cm2)

Figure 3.3 A) TMP profiles of the RO system inoculated with P. aeruginosa, both cells
untreated. B) TMP profiles of the RO system inoculated with PAO1, untreated vs. treated
with 8.764 mg I* PROLI NONOate every 24 h. C) RO membrane autopsy results for
untreated vs. treated: biofilm biovolume as determined by staining with SYTO 9 and PI;
biofilm biovolume as determined by staining with ConA-FITC; polysaccharide
concentration as determined by EPS extraction; protein concentration as determined by
EPS extraction. Error bars are +/- one Std. Dev, n = 3. D) P. aeruginosa biofilm on
untreated vs. treated membranes. Representative confocal images showing biofilm
cells stained with SYTO 9 and PI.

structure via live and dead bacterial Total

magnification x200. Scale bar = 100 pum.
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3.3.2 PROLI NONOate treatment for the prevention of RO membrane

biofouling by a mixed RO bacterial community

As described above for PAOL, the natural variability of fouling between the two RO
modules was determined in the absence of NO addition. The TMP rise in both modules,
when fouled with the R2A cultured mixed RO bacterial community, was similar to that
observed for the PAO1, with a 0.4% difference in the time required for a maximum TMP
increase of 120%. The TMP profile was similar to that of the P. aeruginosa, with a slow
initial increase in TMP, ~20% in the initial 92 h, but with a more rapid second stage
where the maximum TMP was reached in the next 25 h. If the experiment was stopped
after one module had reached the maximum TMP percentage increase, a maximum TMP
percentage difference between the two modules was 8%. Any difference between module
fouling rates observed to be greater these values was therefore considered to be

significant.

The untreated RO membrane fouled in 117 h, resulting in a total TMP increase of 112%
(Figure 3.4A). Over the same 117 h time period, the TMP of the PROLI NONOate treated
RO module had only increased by 20%, a 92% difference between the NO treated and
untreated membranes. The biofilm biovolume (total cells) of the treated membrane was
29% less than the untreated membrane (Figure 3.4B). In addition, the viable bacterial
count of the treated (8.85 x 10°%) membrane was 23% lower than the untreated membrane
(1.15 x 10" CFU cm?), reflecting the lower number of bacterial cells present on the
membrane. The ratio of dead to live cells was greater in the untreated biofilm (0.17) than
in the PROLI NONOate treated biofilm (0.08), revealing that the PROLI NONOate
treatment did not have a bacteriocidal effect. The surface coverage of biofilm (59% in
treated vs. 98% in control) and thickness (20 um vs. 26 pm, treated vs. control) were also

significantly lower on the NO treated membrane, with more areas of unfouled membrane
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(Figure 3.4C). The EPS extraction method revealed a 48% reduction in polysaccharide

and a 66% reduction in protein for the treated membrane biofilm (Figure 3.4B).
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Figure 3.4  A) TMP profiles of the RO system inoculated with the mixed RO bacterial

community, untreated vs. treated with 8.764 mg I"* PROLI NONOate every 24 h. TMP
values were recorded every 1 min over the experimental period. B) RO membrane
autopsy results for untreated vs. treated: biofilm biovolume determined by staining with
SYTO 9 and PI; polysaccharide concentration as determined by EPS extraction; protein
concentration as determined by EPS extraction. Error bars are +/- one Std. Dev, n = 3. C)
RO bacterial community biofilm on untreated vs. treated membranes. Representative
confocal images showing biofilm structure via live and dead bacterial cells stained with

SYTO 9 and PI. Total magnification x 200. Scale bar = 100 pm.
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Due to the decreased biofouling rate in the PROLI NONOate treated RO cell, the
experiment was repeated. However, rather than ending the experiment when the untreated
RO cell had reached the maximum TMP, NO treatment continued in the parallel cell to
determine the maximum time that NO treatment could prevent the TMP from reaching its
peak pressure. The RO membrane without PROLI NONOate treatment fouled in 115 h,
resulting in a total TMP increase of 130% (Figure 3.5). Over the same 115 h time period,
the TMP of the RO injected with PROLI NONOate had only increased by 33%, resulting
in a difference of 97% between the NO treated and untreated membrane. This is a similar
result to the previous experiment, where a 92% reduction in the biofouling rate was
observed. However, biofouling could not be prevented indefinitely and the treated RO
membrane eventually became fully fouled after 147 h, resulting in a 22% difference in

time required to achieve the maximum TMP increase.
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Figure3.5  TMP profiles of the RO system inoculated with mixed RO bacterial
community, untreated vs. treated with 8.764 g I'* PROLI NONOate every 24 h. The RO
system was run using feed solution with 31 mg It R2A broth and 2 g I'* NaCl, at 30 LMH
flux and a CFV of 0.17 m s®. TMP values were recorded every 1 min over the

experimental period.
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3.3.3

Industrial RO membrane biofilm community analysis

The raw biofilm scraping taken from an industrial RO membrane from the Kranji

NeWater plant, Singapore, was quite diverse, and contained at least 9 bacterial phyla. The

scraping samples were represented mainly by the phylum Proteobacteria (91%) followed

by Actinobacteria (5.3%) and Bacteroidetes (2.75%) at lower abundances (Figure 3.6).
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The distribution of the Proteobacteria classes revealed that the Alphaproteobacteria class
dominated the scraping samples with 77.35% of the Proteobacteria, followed by
Betaproteobacteria (12.1%) and Gammaproteobacteria (1.4%). The scraping samples
contained at least 53 bacterial families from 29 orders (Figure 3.6). The most abundant
families were Bradyrhizobiaceae (33% * 1%), an unknown family of the Order
Rhizobiales (18% + 2%), Sphingomonadaceae (12% + 2%), Nitrosomonadaceae (8%),
Rhodospirillaceae (8% = 1%), Hyphomicrobiaceae (5% + 1%) and Mycobacteriaceae
(3%). The Bray-Curtis Index at the species level revealed an 87% similarity between
duplicate samples. After the raw biofilm scraping was cultured in R2A broth, a shift in
dominance was observed. The dominant families after culturing were Aeromonadaceae
(43% £ 8%), Oxalobacteraceae (17% = 3%), Pseudomonadaceae (12% + 2%) and
Flavobacteriaceae (6% + 2%). The communities of the duplicate planktonic samples
were very similar, with an 85% similarity at the species level as determined by the Bray-

Curtis Index.

3.34 Effect of PROLI NONOate on community shift in mixed species RO

biofilm

When the bacterial communities of two untreated membrane biofilms from the two
biofouling experiments were examined at maximum TMP, the Bray-Curtis Index at the
species level revealed a 92% similarity between samples (Figure 3.7), showing good
reproducibility of the biofilm community between the parallel cells of the RO system.
Despite bacteria of the family Aeromonadacaceae being the most abundant in the R2A
cultures (Figure 3.6) the dominant bacterial family of the membrane biofilms was
Chitinophagaceae (23%) (Figure 3.7), suggesting that this organism is a strong biofilm
forming organism and thus plays a significant role in the biofouling of RO system

membranes. Other dominant bacterial families within the membrane biofilms were
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Oxalobacteraceae (23%), Enterobacteriaceae (14%), Comamonadaceae (13%),
Sphingobacteriaceae (11%), Aeromonadaceae (7%) and Flavobacteriaceae (6%) (Figure

3.7). These seven families accounted for 97% of the total biofilm bacteria.
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Figure 3.7  Comparison of the relative abundance of the major phylotypes found in the
laboratory-scale RO membrane biofilms with and without PROLI NONOate treatment.

Similarity of biofilm samples is depicted using a Bray-Curtis Index dendrogram.

The untreated and treated membrane biofilms were examined after 115 and 147 h,
respectively, once they had reached maximum TMP. In comparison to the untreated
control, dosing with PROLI NONOate led to a decrease in the percentages of
Chitinophagaceae (decrease from 43% to 20%), Sphingobacteriaceae (decrease from
13% to 4%) and Comamonadaceae (decrease from 12% to 7%) within the biofilm, but an
increase in the percentages of Oxalobacteraceae (increase from 9% to 21%),

Enterobacteriaceae (increase from 11% to 29%), and an unknown Family of the Order
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Rickettsiales (increase from 6% to 9%) (Figure 3.7). However, the same six families of
bacteria dominated the biofilms of both the treated and untreated membranes. The Bray-
Curtis Index at the species level revealed a 76% similarity between samples indicating
that the PROLI NONOate treatment did not considerably change the microbial
distribution of the membrane biofilm (Figure 3.7). The results from the Bray-Curtis
similarity index dendrogram indicated that the variation between the RO runs was higher
than the variation between the untreated and PROLI NONOate treated membrane
biofilms further suggesting that the NO treatment did not significantly change the biofilm

community.

34 Discussion

The growing need to improve water production for developed and developing nations has
focused attention on membrane based purification methods. However, biofilm formation
and biofouling remains a significant issue for the technology and thus there is a real need
for novel approaches to control biological fouling. One recent discovery has been that
bacteria produce and respond to NO and use this as a natural dispersal signal.[50, 102,
103, 155, 156] Here, the potential of PROLI NONOate to disperse bacteria isolated from
fouled industrial RO membranes were investigated, and explored the potential application
of PROLI NONOate as an innovative strategy to curb membrane biofouling in a

laboratory-scale RO system.

It has been demonstrated that micro-molar concentrations of PROLI NONOate induce
biofilm dispersal in a range of bacteria isolated from industrial membrane bioreactor and
reverse osmosis (RO) membranes. Interestingly, results showed that different bacteria
responded differently to NO exposure, with biofilm dispersal percentages ranging from
10% to 46%. These results correspond with the literature where NO induces biofilm

dispersal by stimulating phosphodiesterase activity, which results in the degradation of c-
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di-GMP, culminating in changes to gene expression that favour the planktonic mode of
growth.[103] While this is the general model for NO induced biofilm dispersal, in some
bacteria NO may stimulate biofilm formation [140-142] and it was observed here that NO
in fact induced biofilm formation for Acinetobacter spp. and Duganella spp. The response
of these bacterial genera was different to that observed in a former study, when the NO
donor compound MAHMA NONOate was employed.[104] This difference is likely a
consequence of the growth inhibitory nature of the MAHMA NONOate.[104] Although
previous studies have demonstrated that NO exposure does reduce c-di-GMP in P.
aeruginosa[103], the biofilm community tested here has a broad range of organisms
present and the effect of NO on c-di-GMP levels reduction in mixed communities need to
be further investigated in future work as it is still a hypothesis at this stage. In addition,
each NO donor compound has a different half-life/release rate of NO, which may have
impacted the bacteria differently. Overall, the mixed biofilm effects are similar for both
NO donor compounds tested and hence, overall the data say that it is not easy to predict

effects on mixed communities, under realistic conditions by using single species.

Previous studies have only investigated NO induced biofilm dispersal of P. aeruginosa
and other bacterial species in batch experiments.[50, 102, 104, 157, 158] However, in this
study, it has been shown that addition of a NO donor compound to a laboratory-scale RO
system can significantly reduce the rate of biofouling by both a single species of P.
aeruginosa and also, more importantly, a mixed bacterial consortium isolated from a
fouled industrial RO membrane. In the mixed bacterial community, dosing with PROLI
NONOate led to a decrease in the biofilm percentages of Chitinophagaceae,
Sphingobacteriaceae and Comamonadaceae but an increase in the percentages of
Oxalobacteraceae, Enterobacteriaceae and an unknown Family of the Order
Rickettsiales. It therefore also seems apparent in this study that whilst the dispersal of

some bacteria is induced during exposure to low levels of NO, biofilm formation may be
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encouraged in others. It is important to note that pyrosequencing does not provide an
absolute quantification of the number of each organism present, only a relative
abundance. Therefore, it is possible that all of these organisms are generally dispersed,
but their individual responses differ, as shown in Figure 3.7, resulting in a change in their
relative abundances. Despite these different responses, the same six families of bacteria
dominated the biofilms of both the treated and untreated RO membranes, with a microbial
composition similarity of 76%. Thus, the addition of PROLI NONOate did not
significantly change the microbial distribution of the membrane biofilm. In addition, the
increase in certain biofilm members did not affect the success of the PROLI NONOate
treatment to dramatically reduce the biofouling rate in the RO system. The positive
effects of PROLI NONOATE treatment were not only applicable in RO systems. In a
biofouling study on membrane bioreactors (MBR), backwashing the membrane module
daily with PROLI NONOate reduced fouling resistance by 28.2% over a span of 85 days,
reduced EPS production but yet not cause a significant change in the biofilm

diversity.[159]

Previous work has shown that whilst the aggregation of bacterial cells on the membrane
surface may decrease rejection of salt and permeate flux by a biofilm-enhanced osmotic
pressure (BEOP) mechanism, the EPS biofouling layer also negatively affect permeate
flux by increasing the hydraulic resistance to permeate flow.[89, 90] A recent study
showed that the biofouling rate is dependent on both the quantity of EPS components and
the surface coverage of the membrane biofilm, rather than the number of bacterial cells
present. A lack of biofilm polysaccharides combined with areas of unfouled membrane
dramatically reduced any hydraulic resistance to permeate flow, thus delaying the rate of
biofouling.[160] This study showed similar results, where a reduction in EPS constituents
(protein and polysaccharide) and a decreased biofilm surface coverage after NO treatment

led to significantly lower biofouling rates. A reduction in biofilm cells was also observed
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after PROLI NONOate treatment. There is an increasing interest in developing
alternative, non-toxic methods to control microbial fouling in membrane based water
purification and in particular, there has been a focus on modification of the biofilm
development program. For example, Yeon et al. (2009) recently demonstrated that
disruption of microbial cell-cell signalling could similarly delay the TMP rise associated
with biofouling of a membrane bioreactor.[161] Thus, biologically derived strategies may

represent an additional approach for the control of fouling communities.

In addition to testing NO as a novel strategy for biofouling control, this study has
contributed to existing knowledge on the structure and diversity of industrial RO
membrane biofilm communities. Over the last decade a number of studies have
investigated the microbial community composition of RO membrane biofilms.[114, 162-
167] The advancement of modern molecular methods, such as pyrosequencing, combined
with ever decreasing analysis costs enable current studies to portray a detailed
characterisation of sample microbial diversity and abundance. Identifying common
bacteria that contribute to the biofouling of industrial RO membranes could enable the
development of tailored solutions for its control. The industrial RO membrane biofilm
from the Kranji NeWater plant, Singapore, supported a bacterial community dominated
by Proteobacteria, with a relatively low abundance of other Phyla. The dominance of
Proteobacteria on a fouled industrial RO membrane has been observed in other
studies,[114, 162-166, 168] covering RO plants in the Netherlands[114], Australia [166],
Israel [165], Italy [167] and Singapore.[162, 164] The dominant Class within this Phylum
was observed to be Alphaproteobacteria, also similarly observed in other studies,[114,
162, 164, 166] followed by Betaproteobacteria.[114, 162, 166] Two studies by
Bereschenko et al. revealed that Betaproteobacteria were dominant over
Alphaproteobacteria within immature biofilms, but a reversal of dominance occurred as

the biofilm matured.[163, 168] Thus, it is likely that the dominance of
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Alphaproteobacteria in the innocula used in this thesis was due to the fact that the

membrane had been in use for 5 years before collection of the sample.

A recent study has highlighted the challenges in determining the most problematic and
predominant microbial species in a specific water recycling plant because species
distribution varies considerably from one plant to another depending on conditions
specific to the site such as seasons and feed water quality.[166] However, by comparing
the bacterial community data from the raw Kranji NeWater membrane scraping in this
study with other published work, some common bacteria can be observed to occur on
fouled industrial RO membranes. These include bacteria of the Orders:
Sphingomonadales [165, 166], Rhizobiales [164, 165], Pseudomonadales [165],
Xanthomonadales [165] and Burkholderiales [163, 165]. Bacteria in the Families:
Comamonadaceae [114, 163, 165, 168], Nitrosomonadaceae [166], Flavobacteriaceae
[166], Microbacteriaceae [166], Pseudomonadaceae [166], Kineosporiaceae [166] and
Planctomycetaceae [114]. Bacteria of the genus: Bacillus [104, 162], Bradyrhizobium
[162, 166, 168], Rhizobium [166], Sphingomonas [114, 162-164, 166-168], Sphingopyxis
[114, 163, 166, 168], Pseudomonas [104, 114, 163, 166, 168], Mycobacterium [114, 166,
168], Hyphomicrobium [114, 163], Acidovorax [114, 163], Janthinobacterium [114],
Microbacterium [114, 162, 164, 168], Geothrix [162], Brevundimonas [167],
Novosphingobium  [168],  Sphingobium  [168], Acidovorax [168] and
Flavobacterium.[168] These bacteria therefore seem to play a significant role in RO
membrane biofouling at a number of RO plants covering five different countries,

spanning three continents.

Dilute concentrations of PROLI NONOate have been shown to disperse a wide diversity
of single species biofilms formed by isolated bacteria from industrial MBR and RO

membranes, as well as isolates combined to generate multi-species biofilms.[104] The
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dosing of PROLI NONOate every 24 h to a laboratory-scale RO system reduced the rate
of biofouling by 92% for a bacterial community isolated from an industrial RO membrane
and cultured on R2A. NO treatment led to a cutback in biofilm constituents
(polysaccharides, proteins and total cells) as well as biofilm surface coverage and
thickness. The dosing of PROLI NONOate also led to a 22% increase in the time taken
for the RO module to reach its maximum TMP. Importantly, pyrosequencing analysis
showed that the NO treatment did not considerably change the microbial distribution of

the membrane biofilm.

However, it is important to note that microbial community present on seawater RO
membranes are likely to differ from that of wastewater RO membranes, which will be
more indicative of freshwater communities. Accordingly, the synthetic feed used in this
study has a composition that was similar to the waste-water, e.g. salt concentrations that
were similar to fresh water and not seawater. Furthermore, microbial communities vary
from one wastewater treatment plant to another due to differences in physicochemical
conditions and this study may not be representative for all wastewater treatment plants.
While the seawater community will clearly be different, the same general principles
would apply as it was seen that the community that developed in these experiments was
quite consistent, giving confidence about the reproducibility of the results. Nonetheless,
the NO treatment will need to be validated against a seawater community that is more
reflective of the community found on desalination membranes for a more complete set of

data to support the application of NO to desalination systems.

While the data presented in this chapter suggests that NO can, in principle, control the
biofouling problem, there is a lot of room for improvement in this approach. Currently,
the amount of NO donor compound required, and its current cost, would indicate that this

approach is not as cost-effective compared to current industrial practices. However, if the
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use of NO is shown to give a substantial benefit in terms of fouling control, then the costs
involved in chemical synthesis may decrease substantially due to mass production. Along
these lines, further work would need to be undertaken to determine the optimum dosing
regimen and concentration. It would also be of value to combine the application of NO
with a more traditional cleaning agent, such as NaOH, to determine if there is any
synergistic effect, and hence a real cost-benefit, that makes the approach more

commercially attractive.

As with any chemical approach, environmental toxicity has to be taken into account when
the compound of interest is introduced into the environment. PROLI NONOate
decomposes via a first order reaction, releasing NO and the naturally occurring amino
acid, L-proline, hence there are likely to be no ecotoxicity issues, but this would none the
less need to be monitored for certainty, should this strategy be implemented in industrial
scale. Overall, the results presented demonstrate strong evidence for the application of
PROLI NONOate for control of RO biofouling in an industrial setting and further work to
optimise the amounts and timing of application of NO may improve upon the efficacy

observed here.

74



CHAPTER 4 REVERSE OSMOSIS BIOFOULING MODELLING USING A
“CANARY CELL” AND NON-INVASIVE BIOFOULING SENSORS FOR

IMPROVED MANAGEMENT AND CONTROL OF RO FOULING

4.1 Introduction

Biofouling represents one of the key challenges to reducing costs associated with reverse
osmosis based water purification. This is despite current practices such as cleaning in
place (CIP), which only partially or temporarily control fouling and restore membrane
performance. Ultimately, membranes eventually become irreversibly fouled and its
performance can no longer be restored economically and requires replacement.[31] The
failure of current antifouling technologies may thus be a consequence of the
implementation of cleaning strategies. Typically, this is based on either a defined interval
or when the TMP shows a substantial increase, indicating significant fouling. However,
such approaches are not likely to completely solve the fouling problem, where current and
new, e.g. NO, antifouling strategies do not prevent biofilm development entirely. Thus, in
addition to novel antifouling treatments, the control of fouling should be augmented with

improved management tools.

Determination of when fouling may occur is particularly difficult for spiral wound
modules (SWM) because fouling occurs primarily on the membrane surface which is
wrapped around a central core and contained inside an opaque high pressure vessel which
makes direct observation almost impossible. Thus, a detection system involving the use of
a side-stream or “canary cell” to accurately replicate biofouling at rates that match those
of the SWM could be a suitable alternative to direct monitoring in the SWM. The benefits
of such a system is that an accurate determination of biofouling within the SWM can be
made by performing membrane autopsy of the canary cell without stopping the operation

of the SWM and performing destructive analysis on the SWM. The development of a
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predictive canary cell that operates in parallel on site has the potential to improve
management strategies around when to implement cleaning processes, e.g. early in the
fouling process, to improve overall system performance. This also has the potential to
greatly reduce plant shutdown frequencies and hence, increase product water production

whilst mitigating costs associated with irreversible fouling.

Previous studies have demonstrated that such an approach that can readily detect colloidal
fouling in SWM. For example, colloidal silica was used to foul both a SWM as well as a
parallel canary under similar hydrodynamic conditions.[169] The increase in TMP was
similar for both modules and autopsies of both the SWM and canary cell flat sheet
membrane showed a strong correlation in foulant concentrations on both membranes.
Coupled with non-invasive monitoring technique such as ultrasonic time domain
reflectometry (UTDR), online in-situ measurement of fouling rates can be determined
[170] instead of relying on TMP measurements and membrane autopsy methods.
However, such an approach has not been established to detect or predict biofouling. This
is partly due to the fact that biofouling is an active process, where bacteria in the feed
water attach to the membranes and increase in biomass through cellular replication and
biofilm formation. Therefore, an appropriate monitoring system must account for these

processes to accurately identify when biofouling occurs.

UTDR was evaluated as a non-optical, non-invasive sensor to monitor biofouling, which
was shown to have good sub-micron resolution and the ability to study at least two of the
three regions affecting membrane processes; the membrane and the fluid boundary layer
that includes the membrane-fluid interface and a cake or fouling layer. By investigating
the changes in acoustic signals due to a change in the membrane system interface as

biofouling progresses, the thickness of the biofilm layer could be estimated.
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Another potential non-invasive biofouling monitoring technique is electrochemical
impedance spectroscopy (EIS). Like UTDR, it is a non-optical method and does not suffer
from the limitation faced by optical methods, making it feasible to employ as a biofouling
monitor. By monitoring the changes in the dielectric properties of the membrane system

with time, real time information about biofouling could be gathered.

The work presented here is divided in to 3 parts. The first part demonstrates the feasibility
of using such a ‘canary’ system to model biofouling in SWM, the second and third parts

describe the possibility of employing UTDR and EIS respectively to monitor biofouling

in situ.

4.2 Materials and Methods

4.2.1 Canary cell modeling experimental considerations, equipment and
materials

NaCl (Sigma—Aldrich) was used as the background electrolyte solution and Milli-Q water
(Millipore) was used as the solvent to prepare NaCl solutions for all tests. The NaCl
solutions were filtered (0.2 um Model 597-4520, Nalgene) before use. An industrial, thin-
film composite polyamide membrane spiral wound module (Dow, TW30-2540) with a
length of 1 m, outer diameter of 61 mm and a nominal membrane surface area of 2.52 m?
(0.90 m x 0.70 m x 4) was used in the experiments. The permeate spacer, feed spacers and

membranes for the canary cell were obtained from an identical spiral wound module.

The canary cell (Figure 4.1) consisted of a rectangular parallel plate crossflow cell (AR
Engineering, custom-made) with a membrane area of 0.0186 m? (0.31 m x 0.06 m) and
received feed water from the same feed tank as the spiral wound module (SWM) via a

side stream from the main pipe leading to the SWM.
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Figure 4.1  Schematic diagram of the crossflow SWM and canary cell RO system used
in this study. Feed water was pumped to both the SWM and RO canary cell and both the
concentrate and permeate from each flow line were returned to the feed tank to be
recycled. P1-P4 represent pressure gauges to measure the pressures at various points in
the process in determining TMP. C1-C4 represents conductivity meters to measure the
conductivity of the feed and permeate streams at various points. Bacteria were injected
into the system right before the SWM and RO canary cell and were filtered off by
microfilters before the feed was recycled. Flux and flow rates were controlled by the mass

flow controllers and the flow control valves.

A positive displacement pump (HYDRA-CELL, Model D10E) was used to pump water
from the 30 | feed tank that was continuously stirred to ensure homogeneity. The
temperature of the feed was kept constant at 30°C (£0.3°C) using a chiller (Polyscience,
Model 9612) controlled by a temperature transmitter (Dwyer, Model 651A-10). The
permeate flux for the canary cell and the SWM was controlled by two different mass flow
controllers (Brooks Instrument, Model 5882 for the canary cell; Bronkhorst Cori-Tech,
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Model M55AAD550S for the SWM) and the TMP was measured with the use of
pressure gauges (Ashcroft, Model 2174). The salinity of the feed and permeate streams
for both the canary cell and the SWM were measured using a conductivity meter (Thermo

Scientific; Model Alpha Cond 500).

Similar to other biofilms studies [171-173] Pseudomonas aeruginosa PAOQ1, one of the
best studied biofilm forming organisms, which can also be found in seawater, was used
for membrane fouling studies. The bacteria were grown overnight in a 750 ml solution of
5 g I* Nutrient Broth (NB; Difco) and 2 g I'* NaCl at 30°C with shaking at 200 rpm. The
bacterial cells were subsequently harvested by centrifugation at 18,514 g for 10 min. The
pellet was washed and resuspended in sterile PBS to an ODego of 0.1. To standardize the
bacterial load and to ensure that the bacteria have sufficient nutrients to maintain active

growth, the stock bacterial solution was replenished with freshly prepared stock daily.

To ensure that the biofouling rate in the canary cell and the SWM were similar, the rate of
nutrients deposited on the membrane with respect to time must be similar and this was
achieved by ensuring the Peclet number of the canary cell and the SWM were similar.
The Peclet number is defined as the product of the Reynolds number, which describes the
hydrodynamics of the fluid and the Schmindt number that describes the diffusive
behaviour of the substance contained by the fluid. Theoretically, the Schmindt number is
the same for both the canary cell and the SWM since the nutrients and bacteria injected
into the system are the same for both. As such, only the Reynolds number needed to be

considered here.

The effects of the spacer installed into the SWM and canary cell has to be considered to
obtain an accurate Reynolds number since the area taken up by the spacer reduces the
effective osmotic area of the membrane. Subsequently, the Reynolds number was

calculated for the canary cell and SWM. The method of calculation of Reynolds number
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and the effective membrane area after taking into account the effects of spacer is shown

below.

The effective crossflow velocity, v, is given by the total flow rate, Q divided by the

effective total cross sectional area [174]

Q
esphspw

(4.1)

where &sp IS the channel voidage, w is the canary cell channel width and hsp is the height

of the spacer used (equal to the feed spacer thickness provided by manufacturer).

Figure 4.2 shows a schematic of the rhomboid type spacers used in the SWM; ¢ is defined

by:

nd?
2lmhgp sin6

e=1-— (4.2)

where dr the diameter of spacer filaments, Im is mesh size, and 0 is the angle in Figure 4.2.
A digital light microscope (KEYENCE, Model VH-Z100R) was used to measure the
dimensions of the spacer used. An average of four measurements was used as the values

for Im and df of 2.53 mm and 0.40 mm, respectively. The angle 6 of the spacer was 90°.

Figure 4.2  Schematic of the rhomboid spacer used, showing the spacer filament

diameter df, mesh size I, and angle 6.
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The mass balance for the solvent in the canary cell is given by Eq. 4.3:

Qf,cc = QO,cc — JeclceWee (4-3)

where Qfcc and Qoc are the amounts of solvent on the feed and outlet side, respectively,
of the canary cell, wc is the width of the canary cell, Lcc is the length of the canary cell

and Jcc is the volumetric permeation flux in the canary cell.

Note that Eq. 4.3 divided by cross-sectional area of the canary cell implies that

_ JecLice
Vice = Vo,cc — (4.4)
ssphsp

where vrcc and Vocc are the effective linear velocities of the liquid on the feed and outlet
side, respectively, of the canary cell. Figure 4.3 shows a schematic of the canary cell

under constant flux operation.

Permeate Flux, Je.

iti ' 'V i . i 7 ity, Viee
Initial Crossflow Velocity, Vo Channel Height, h,, Final Crossflow Velocity, vic

Membrane Length, L.

—~
>

Figure 4.3 Schematic of the canary cell under constant flux operation. As the feed goes
into the canary cell with a length of Lc and channel height hs, at an initial crossflow
velocity vocc, Some of the water passes through the membrane resulting in permeate flux

Jee While the result concentrate exits the canary cell at a final crossflow velocity v cc.

The mass balance for the solvent in the SWM is given by Eq. 4.5:

Qrswm = Qoswm — 2nJswmLswMWswm (4.5)
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Where Qrswm and Qoswwm are the flow rates of the solvent on the feed and outlet side,
respectively, of the SWM, wswwm is the width of each membrane leaf in the SWM, Lswwm
is the length of the SWM, n is the number of membrane leaves in the SWM and Jswwm IS
the volumetric permeation flux in the SWM. Figure 4.4 shows the schematic of the feed
channel between two membrane sheets in a spiral wound module under constant flux

operation.

Final Crossflow Velocity, viswm

~
>

Initial Crossflow Velocity, voswm

Permeate Flux, Jswm Channel Height, hy,

Membrane Length, Lswm

Figure4.4  Schematic of a channel sandwiched between two membrane sheets in a
spiral wound module under constant flux operation. Similar to that of the canary cell, the
feed goes into the SWM of length Lswwm and channel height hsp at an initial crossflow
velocity voswwm, some of the water passes through the membrane resulting in permeate

flux Jswwm while the result concentrate exits the SWM at a final crossflow velocity viswm.

Note that Eqn. 4.5, divided by cross-sectional area of the SWM, implies that

2JswMLswm (4.6)

VeswMm = VoswM = A

Where viswwm and voswwm are the effective linear velocities of the liquid on the feed and

outlet side, respectively, of the SWM.
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The Reynolds number is given by Eq. 4.7,

Where the subscript i refers to either the canary cell or spiral wound module and dj is the

hydraulic diameter.

In the presence of the feed channel spacer, the hydraulic diameter is given by

4esp
i+4(1_85p)
hsp df

dy = (4.8)

Substituting Eqg. (4.4) into Eq. (4.7) gives the Reynolds number for the canary cell,

Re,, = AnPlec (M _ ]C_C) (4.9)

Esphspl \WccLece 2

Substituting Eqg. (4.6) into Eq. (4.7) gives the Reynolds Number for the SWM,

_ nPLswm ( Qoswm )
Reswm = Esphspt \nWswmLswm Jswm (4.10)
4.2.2 Canary cell modelling experiment procedures

For all experiments, the membranes in the canary cell were soaked in Milli-Q deionised
water for over 12 h. Subsequently, the membranes in the canary cell and the SWM were
first compressed at a flux of 50 | m?h? (LMH) and a crossflow velocity of 0.1 m s’

overnight with deionised water to achieve a stable flux. The flux then was adjusted to the
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desired value and the system was allowed to stabilize before the addition of the filtered
salt solution, where 200 g I"! of concentrated NaCl solution and stock Nutrient Broth (NB,
difco) solution was added into the feed tank to achieve a final concentration of 2 g It of
NaCl and 24 mg I NB and the system was mixed for 2 h before starting the injection of
bacteria via two separate pumps for the canary cell and SWM respectively. At the start of
each day, the feed was changed with fresh feed of the same initial composition and 50
cm?® sample of the feed was removed for total organic carbon analysis to ensure constant

nutrients level in the tank after each feed change.
4221 Membrane autopsy and biofilm characterization

Nine regions each of approximately 30 cm by 23 cm were obtained by cutting the inner 2
membranes of the SWRO. Then, six 2 x 2 cm? samples were cut out from the centre of

each region, as illustrated in Figure 4.5.
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Figure4.5 (A) The SWM was divided into 9 different regions for spatial analysis. The
red box outlines one particular region. (B) A close up view of each region showing six 2 x
2 cm? membrane coupons obtained for biofilm analysis (S for polysaccharide analysis, P

for protein analysis and B for bacteria cell counts).
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The samples were then placed into their corresponding test tubes along with 10 ml of 3.2
g It NaOH solution. The 2 x 2 cm? samples were analysed for the different foulants
according to Figure 4.5B. The tubes were agitated using ultrasonication (Model FB15068,
Fisher Scientific) for 1 min to allow the biofilm to detach from the membrane. Each tube
was then mixed well with a vortex (Velp Scientifica, Model RX3) for 10 s. Thereafter, 1
ml of solution was withdrawn for CFU counts. Then, the membrane samples were left in
the refrigerator at 4°C for 24 h before being analyzed for EPS and bacterial contents.

Similar methods were used for the canary cell.
4222 Polysaccharide analysis

Polysaccharides were measured by the colorimetric method [175] where 5 ml of

concentrated H,SO,and 1 ml of 5% wt/vol phenol solution were added to 2 ml of sample

solution and left to cool for 10 min so as to dissipate the heat generated by the exothermic
reaction upon mixing. Then, 1 ml of each mixture was added into a glass cuvette before
being inserted into the UV-VIS spectrophotometer (Shimadzu, Model UV -1800) to
obtain the value of absorbance at 490 nm. Using glucose to generate a standard curve, the

polysaccharide concentration was determined at an absorbance of 490 nm.

4.2.2.3 Protein analysis

Coomassie (Bradford) Protein Assay Reagent was used to determine the protein
concentration, where 1 ml of the assay reagent was mixed with 1 ml of sample solution
and was incubated for 10 min. Then, one ml of each mixture was added into a glass
cuvette and quantified at 595 nm using a UV-VIS spectrophotometer (Shimadzu, Model
UV -1800). Bovine serum albumin (BSA) was used to generate a standard curve for

comparison.
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4224 Bacterial counts

Ten-fold serial dilutions were performed for the bacterial samples using a sterile solution
of 2 g I* of NaCl as the diluent. At each dilution, 100 pl of the solution was transferred to
the centre of a sterilized agar plate using a sterile pipette and spread across the plate using
a sterile spreader. The sterile agar plates were prepared from a solution containing 8 g I
of Nutrient Broth (BD Difco) and 14 g I of agar (BD, Bacto agar). After spreading the
bacteria, the plates where incubated for 1 d at 37°C and the number of colonies present in

each sample were counted.
4.2.3 UTDR biofouling experimental design, equipment and materials

The RO setup used in this chapter was similar to that in section 4.2, with only a few
changes. In this study, only the flat sheet canary cell was used, and the UTDR system was

fitted to the setup to perform the UTDR measurements, as shown in Figure 4.6.

The ultrasonic transducer (Olympus Model Videoscan, V-109RM), high voltage pulser
and receiver (Panametrics 5058PR), and digital oscilloscope (National Instruments,
Model PCI-5152) formed the three essential constituents of the UTDR system. An
electrical signal was sent from the pulser to excite and create vibrations of piezoelectric
crystals in the transducer to generate and receive the ultrasonic waveforms. The digital
oscilloscope was used to transform the received ultrasonic waves from the transducer into
perceptible waveforms of signal voltages and allowed for the logging of the data for post

analysis.

Special considerations were required to successfully adapt the use of UTDR for
membrane fouling monitoring. The membrane module surface where the transducer was
to be mounted had to be flat and coupled appropriately to allow proper propagation of the

acoustic waves through the medium and to avoid unwanted signal attenuation.[107] The
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transducers could not be mounted near the extreme ends of the membrane module as the
hydrodynamic flow is less stable stable at those positions. To confirm the accuracy of the
UTDR measurements, offline CLSM measurements were also performed to complement

the UTDR measurements in determining biofilm thickness.
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Figure 4.6  Schematic diagram of the RO-UTDR system used in this study. Feed water
was pumped to the RO cell and both the concentrate and permeate were returned to the
feed tank to be recycled. Both colloidal silica and bacteria were injected into the system
right before the RO cell, with the bacteria filtered off by microfilters before the feed was
recycled. TMP and salt concentrations were monitored by pressure gauges (P-1 and P-2)
and conductivity meters (C-1 and C-2). Flux and flow rates were controlled by the mass
flow controllers and the flow control valves. The UTDR system includes a pulser and

receiver, an oscilloscope, and a transducer fitted to the RO cell.
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4.2.4 RO UTDR biofouling experimental procedure

A series of biofouling experiments ranging from 24 h to 72 h were performed, and for all
experiments, the membranes in the canary cell were soaked in Mili-Q water for over 12 h.
Subsequently, the membrane in the membrane cell was first compressed at a flux of 50 |
m2h?t (LMH) and a crossflow velocity of 0.1 m s overnight with deionised water to
achieve a stable flux. The flux then was adjusted to the desired value and the system was
allowed to stabilize before the addition of the filtered salt solution, where 200 g I of
concentrated NaCl solution and stock NB solution was added into the feed tank to achieve
a final concentration of 2 g I'* of NaCl and 24 mg I"! NB and the system was mixed for 2
h before starting the injection of bacteria via two separate pumps for the canary cell and
SWM respectively. At the start of each day, the feed was changed with fresh feed of the
same initial composition and 50 cm?® sample of the feed was removed for total organic

carbon analysis to ensure constant nutrients level in the tank after each feed change.

UTDR analysis was performed every 24 h. To measure the biofilm thickness using
UTDR, colloidal silica (0.2 g I"* final concentration) was added into the inlet to increase
the biofilm acoustic impedance and was allowed to drain out at the outlet end without
returning to the feed tank for 30 min daily. During the 30 min, UTDR measurements were
taken and recorded by the oscilloscope. After the 30 min of silica dosing, the system was
flushed with synthetic feed solution to remove excess silica before the retentate was

returned to the feed tank.
4.24.1 Measurement of biofilm thickness using CLSM

At the end of each (24, 48 or 72 h) experiment, the membrane was removed from the
module and a section was cut and stained using the LIVE/DEAD BacLight bacterial
viability kit (Invitrogen) as per the manufacturer’s instructions. The slides were then

washed again in 0.85% NaCl to remove excess stain. Live, SYTO-9 stained cells and
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dead, propidium iodide (PI) stained cells were visualized by confocal laser scanning
microscopy (CLSM) (Nikon eclipse 90i, part of the A1R hybrid confocal spectral imaging
system) at a magnification of x200, with an argon laser (488 nm excitation for SYTO-9)
and a diode laser (561 nm excitation for PI). For each section, z stack (3D) confocal
images were obtained from 5 locations covering the membrane surface, and the average
biovolume (um?3) and surface coverage (%) was calculated using IMARIS (Bitplane,

version 7.3.1).
4.2.5 EIS biofouling experimental design, equipment and materials

The RO-EIS setup is shown in Figure 4.7. The feed water was channeled from a 10 | feed
tank using a high-pressure pump (Model F21EASQSFEHQ, Hydra-Cell) to an cross-flow
impedance RO module (INPHAZE™), The retentate and permeate were recycled back to
the feed tank during the experiment. Temperature of the feed solution was maintained at
24 + 1°C with a chiller (PolyScience, Model 9106 AA2P). An overhead electric stirrer was
used to ensure the homogeneity of the feed solution throughout the experiment. System
pressure and flow rates were controlled with the use of back pressure regulators
(Swagelok) and flow control valves respectively. Feed and permeate pressures were
monitored with pressure gauges (Ashcroft, model302174SD02L600#ZZ). The flow rate
of the feed stream were measured by two flow meters (Coleparmer, model PMR1-010640
and model PMR 1-010-210). The salinity of the feed and permeate were monitored using
conductivity meters (EUTECH Instruments, model alpha COND500). The permeate flux
was controlled by a mass flow controller (Brooks Instrument, model

5882/D1A1/A4B001).
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Figure 4.7  Schematic diagram of the RO-EIS setup used in this study. Feed water was
pumped to the RO cell and both the concentrate and permeate were returned to the feed
tank to be recycled. Bacteria were injected into the system right before the RO cell and
filtered off by microfilters before the feed was recycled. TMP and salt concentrations
were monitored by pressure gauges (P-1 and P-2) and conductivity meters (C-1 and C-2).
Flux and flow rates were controlled by the mass flow controllers and the flow control
valves. The RO cell was connected to an impedance spectrometer via specialized

electrodes.
4.2.6 EIS experimental procedure

A series of biofouling experiments ranging from 24 h to 120 h were performed, and for all
experiments, the membranes were soaked in Mili-Q water for over 12 h. Subsequently,
the membrane in the membrane cell was first compressed at a flux of 50 | m?h* (LMH)
and a crossflow velocity of 0.1 m s overnight with deionised water to achieve a stable

flux. The flux then was adjusted to the desired value and allowed to stabilize before the
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addition the filtered salt solution, where 200 g I"* of concentrated NaCl solution and stock
NB solution was added into the feed tank to achieve a final concentration of 2 g It of
NaCl and 24 mg I NB and the system was mixed for 2 h before starting the injection of
bacteria via two separate pumps for the canary cell and SWM respectively. At the start of
each day, the feed was changed with fresh feed of the same initial composition and 50
cm?® sample of the feed was removed for total organic carbon analysis to ensure constant

nutrients level in the tank after each feed change.

EIS analysis was performed at regular intervals. These measurements, inclusive of the
phase difference between the current and voltage, were recorded through a dedicated
software (Inphaze™, Sydney). The measured information then yielded the capacitance
and conductance of the sample at each of the known frequencies. Each EIS spectrum over

the frequencies ranges from 0.1 to 100,000 Hz requires about 30 min of recording time.

4.3 Results
43.1 Correlation of TMP and membrane autopsy between the SWM and
canary cell

It was observed that under similar hydrodynamic conditions, both the SWM and the
canary cell exhibited similar TMP profiles. At 25 LMH there was only a 6.18% and
2.39% difference in TMP between the SWM and canary cell at the end of the biofouling
experiment for two replicate runs A and B (Figure 4.8) respectively. The experiments
were also conducted at 35 LMH, and both the SWM and the canary cell showed similar
TMP profiles as well, with differences of 12.70% and 5.27% in final TMP between the
SWM and canary cell for replicated runs C and D respectively. Periodic spikes and
fluctuations in TMP occurred at the time of feed change, where the feed was changed in
batches, resulting in temporary changes in the temperature of the feed and thus the TMP.

In both cases, it was noteworthy that the canary cell showed a slightly higher increase in
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TMP than the corresponding SWM. This showed that the canary cell was more sensitive

to the onset of biofouling than the SWM, making it a viable early warning monitoring

tool.
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Figure 4.8  TMP profiles of replicate RO biofouling processes with the SWM in
parallel with the canary cell operating at a flux of (A and B) 25 LMH and (C and D) 35

LMH.

Figures 4.9, 4.10 and 4.11 represent the respective concentrations of protein, bacteria and
polysaccharides isolated from the membranes collected from SWM and the canary cells.
It is interesting to note that in general, the concentration of foulants was highest at region
1, which was closest to the inlet, while the concentration at region 9, the farthest away
from the inlet, was generally the lowest. This suggests a trend of decreasing foulant
concentration as the regions progress horizontally and vertically in distance from the inlet,
which was predicted in previous simulation studies.[176] Local flux decreases across the

module length from the inlet to the outlet due to the pressure loss along the feed channel.
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The highest flux was achieved at the inlet region closest to the permeate tube and the
lowest flux is achieved in the opposite corner near the closed end of the permeate channel

due to the pressure loss along the permeate channel.

For the SWM, region 1 had the highest concentration of protein (20.87 pg cm), bacteria
(1.99 x 108 CFU cm™) and polysaccharide (5.81 pg cm™) as it was the region nearest to
the inlet and permeate tube, where localized flux was the highest. Region 9 had the lowest
concentration of protein (13.83 pg cm) and polysaccharide (3.58 pg cm™) as it was the
region near the outlet furthest away from the permeate tube. However, region 9 did not
have the lowest concentration of bacteria (2.45 x 10° CFU cm) even though it was the
region near the outlet furthest away from the permeate tube. This could be due to slight
difference in the time different regions were exposed to the environment during
membrane autopsy. The corresponding canary cell did not experience a significant
pressure drop across the cell as opposed to that of the SWM due to its relatively smaller
area. Hence, the foulant concentration across the membrane was assumed to be uniform
and had a difference of 13.4%, 15.1% and 15.5% in protein, bacteria and polysaccharide

concentration respectively compared to the SWM average.
4.3.2 UTDR biofouling monitor

Over the course of up to 72 h, the TMP was observed to only increase up to about 5.1%
(Figure 5.2). However, UTDR and CLSM analysis revealed that there was a significant
amount of biofilm that formed as early as 24 h after the start of the experiment. Within 24
h, biofilm thickness was approximately 9.23 um (UTDR) and 7.81 um (CLSM). An
additional 48 h only caused the biofilm thickness to increase to 13.07 um (UTDR) and

10.40 pm (CLSM), or about 33% to 42%.
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Figure 4.12 TMP profile for 24 h (blue), 48 h (red) and 72 h (green) biofouling

experiment running at crossflow conditions at flux of 35 LMH.

Figure 4.13 shows one UTDR signal measured after 24 h, where peaks A and B were
identified as the peaks responsible for the membrane/foulant-feed solution interface and
the membrane-bottom plate interface respectively, based on calculations using the
velocities of sounds in the materials involved, namely Perspex (2800 m s*), water (1500
m s1) and polymeric membrane (2000 m s).[170] By measuring the difference in peak

arrival times as the fouling progresses, the biofilm thickness can be determined.
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Figure 413 UTDR waveform signal after 24 h of biofouling. Peaks A and B were

identified as the peaks of interest.

Table 4.1 summarises the biofilm thickness measured by both UTDR and CLSM

compared to the actual TMP increase during 24, 48 and 72 h of biofouling. Biofilm

thickness determined via UTDR measures are 15.3% to 26% higher than corresponding

thickness determined via CLSM analysis.

Table 4.1 Correlation between TMP, UTDR and CLSM analysis.
Biofouling | TMP rise Biofilm thickness Biofilm thickness % difference
duration (h) (UTDR) / pm (CLSM) / um
24 1.9% 9.23 7.81 15.3
48 3.4% 10.76 7.96 26.0
72 5.1% 13.07 10.40 20.4
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4.3.3 EIS biofouling monitor

Several EIS spectra were taken over the 5 d duration of the biofouling experiment and a
signature Nyquist plot was derived for each spectrum. Figure 4.14 shows the overlay of
all the Nyquist plots over the period of the experiment. It can be seen that as fouling
progresses, the Nyquist plot shifted towards a lower real impedance (Zr) until a point (at

about 1.71 d) before changing directions and shifting towards higher Ze.
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Figure 4.14 Nyquist plot overlay over 5 d biofouling. Each data set corresponds to
measurements taken at the same time, and comprises of Zre and —Zim measurements over

the range of EIS frequencies.

Another way to interpret EIS data is to look at the change in conductance at the diffusion
polarization layer (membrane-solution interface) with time, derived from the same
Nyquist plots. From Figure 4.15, it can be seen that the conductance increased about 28%

at around 1.7 d before decreasing.
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Figure 4.15 Normalised EIS biofouling conductance with time. An increase in y-value
indicates an increase in electrical conductance at the membrane boundary or diffusion

polarization layer.

4.4 Discussion and conclusions

One of the key aims in biofouling monitoring is to develop a model or a system which can
give accurate information regarding the extent of biofouling within a SWM without
having to stop the filtration process and perform a membrane autopsy, without just rely on
TMP values. A canary cell model was developed to address this problem. The results
show that there was a strong correlation between the TMP as well as EPS and bacterial
numbers between the canary cell and SWM, thus establishing that not only can the canary
cell be used to monitor colloidal fouling, but that it is also suitable as a monitor for

biological fouling.
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When the biofouling on the SWM was spatially mapped, it was observed that there was a
trend of decreasing foulants from the inlet to the outlet and this can be explained through
the distribution of foulants along the membrane.[174, 177] As the nutrient concentration
decreases from the inlet to the outlet, there is a decrease in the number of bacteria
deposited onto the regions with lower nutrient concentration. This may be due to the
preferential deposition of bacteria in areas with higher nutrient, due to chemotaxis, as well
as the more rapid increase in cell numbers due to utilization of those nutrients and

subsequent bacterial growth.[178]

The faster buildup of foulants in the canary cell relative to the average of all regions
tested for the SWM can be explained by the nature of biofilm formation. In the early
stages of biofilm formation, bacteria adhere to the membrane surface using weak Van Der
Waal’s forces or hydrophobicity [179] before forming a stronger interaction with the
membrane through the secretion of biofilm matrix materials, resulting in irreversible
attachment.[180] These forces associated with initial, reversible attachment to the
membrane, can be overcome by flowing water with high energy, e.g. elevated cross-flow
velocity. Thus, the higher flow rate in the SWM relative to the canary cell may provide
this higher dislodging force to reduce or delay the overall initial attachment of bacteria to
the membrane surface. The overall effect of this would be a reduced or slowly fouling

rate for the SWM compared to the canary cell.

The successful demonstration of the canary cell to simulate biofouling in a SWM strongly
supports the implementation of such a system to provide in situ information of biofouling
in the SWM, which can be used to manage cleaning regimens to mitigate fouling. This
surpasses the current best practice of monitoring changes in the TMP as a proxy for
fouling, which is highly limited and can give misleading information. For example, the

TMP rise can be due to several factors [181] including foulant and salt accumulation on
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the membrane as well as effects of pH [182] and temperature [183] of feed water. The
outcome may be more frequent cleaning than necessary or cleaning regimes that are not
optimized, which increases operational costs. By reducing over cleaning, there can be
substantial financial savings on top of reduced damage to the membrane by chemicals
such as chlorine [184] that oxidize the membrane. Moreover, preventing the over usage of
biocides and antibiotics on cleaning can reduce severe environmental repercussions of

dumping cleaning reagents after cleaning.

In this study, UTDR was established to be a viable technique to monitor biofouling in real
time. Traditionally, TMP was used as an indicator to determine the extent of fouling for
RO membranes. However, it was observed that while there was only a nominal increase
in TMP for up to the first 72 h of biofouling, a substantial amount of biofilm was
observed at the membrane surface by both UTDR and CLSM analysis. This showed that
TMP is not a good indicator for fouling and that when the TMP rises significantly above
critical levels, the amount of biofilm on the membrane surface would have been too thick

and dense for it to be removed completely during membrane cleaning.

It was observed that the UTDR measurement always gave a greater value for biofilm
thickness as compared to CLSM analysis. This was because UTDR measured peak
thickness of the biofilm as compared to the average thickness measured from CLSM
analysis. Thus, UTDR may give an overestimate for the detected biofilm thickness, and
can serve as a good early warning system. However, both methods do not provide any
information regarding other properties of the biofilm, namely the density and porosity of

the biofilm, which also contribute to the overall resistance of a fouled membrane.

By measuring the dielectric properties of the membrane cell, EIS was able to provide
insights on the type of fouling that is occurring within the membrane system and the rate

at which they occur and any changes that develop on the membrane surface. In a previous
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study involving organic (bovine serum albumin) fouling, organic fouling resulted in a
unidirectional shift towards higher Zr, which is indicative of an overall decrease in
conductance.[111] This was proposed to be due to a decrease in the diffusion of NaCl as
the organic fouling layer builds up. This was however not the case in biofouling for this
study. The initial increase in Gpp could be due to the accumulation of bacterial cells at the
membrane surface, which increases the overall conductance due to their negatively-
charged bacterial cell walls and increasing salt concentration polarization. As EPS is
secreted and biofilms start to form, the reverse occurred as the biofilm hindered the salt
passage across the membrane, and thus lowering the conductance of the layer. All of
these events precede any noticeable increase in TMP and could be identified by EIS
almost immediately, suggesting that EIS could potentially be used as an early warning
indicator for the onset of biofouling which can enable operators to decide on the best time
to apply fouling countermeasures. Further work is in progress to investigate the viability
of this technique in monitoring changes in the biofouling layer during traditional cleaning
procedures or during application of novel treatment strategies such as NO dozing. Both
UTDR and EIS technique can be used in tandem and concurrently to provide

complementary information about the biofouling membrane noninvasively, in real time.

To conclude, a method was developed, based on using an in-line flat sheet membrane
chamber, dubbed a “Canary Cell” that could be used to monitor membrane fouling as it
occurs in a SWM. The results show that both the canary cell and SWM foul at similar
rates. The application of such a technology could significantly improve management of
desalination processes reliant on SWM as it provides easy access to membrane for
comparison. This technology could also be coupled with other in situ biofouling detection
techniques such as EIS or UTDR to provide a comprehensive and convenient method of
biofouling detection in SWM as well as the efficacy of cleaning regimens. Therefore, this

approach can be used to tailor and optimize cleaning strategies for each desalination set-
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up and the respective nature of biofouling in order to not only optimize cleaning but also

come out with strategies to reduce biofouling.
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CHAPTER 5 SUMMARY, CONCLUSIONS AND FUTURE WORK

Since it first emerged in the 1960s, reverse osmosis technology has undergone significant
advances and is now one of the most, if not the most, attractive solutions to help meet our
global water demands. The cost of water production using membranes has fallen over the
past few decades, but is still far from reaching the theoretical thermodynamic limit.
Membrane fouling, particularly biofouling, had been the Achilles heel to an otherwise
elegant solution to our water needs. Bacteria and other microorganisms settle on
membrane surfaces and forms biofilms, resulting in increased transmembrane pressures
low water quality. While it is desirable to completely eliminate fouling, this is an
unrealistic goal since microorganisms are evolutionarily adapted to biofilm formation and
since biofilm formation increases the tolerance of biofilm encased cells to a range of

stressors, including biocides.

Thus, it is of utmost importance that we adopt a multi-pronged approach in dealing with
biofouling issues in RO. Exopolysaccharides are one of the main components in the
biofilm matrix, and thus a greater understanding in its function and purpose is critical in
developing strategies to reduce biofilm formation. In single species P. aeruginosa PAO1
studies, it was found that the Psl polysaccharide had the greatest impact on RO
performance due to its structural properties, resulting in a biofilm that was less permeable
to water than a biofilm without Psl. This is supported in another study which showed that
Psl promotes highly crosslinked and elastic biofilms.[120] Although Pel appears to have
negligible effect on single species biofouling, it was found that Pel promotes the
formation of cohesive mixed species biofilms as opposed to Psl, which promotes species
segregation in certain biofilms, and these might have a different impact in RO
biofouling.[120] The lack of Alg did not significantly impact in biofouling, although an

overproduction increased the fouling tendency in single species P. aeruginosa biofouling
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because of increased biovolume. However, it was found that Alg enhanced the
competitive fitness of P. aeruginosa in mixed species biofilms.[130] Thus, while Pel and
Alg may not be important in fouling by monospecies biofilms of P. aeruginosa, it may be
very important in mixed species communities, where P. aeruginosa facilitates biofilm
development in a Pel and or Alg dependent fashion. One approach to deal with fouling
issues due to bacterial biofilms is to target these exopolysaccharides. Several
polysaccharides isolated from biofilm culture supernatants [185] were found to possess
anti-biofilm capabilities. Culture supernatants of Bacillus licheniformis SP1 were able to
alter biotic surface properties by decreasing cell surface hydrophobicity of E. coli and P.
fluorescens cells.[186] Lactobacillus acidophilus A4 polysaccharide was found to down-
regulate adhesion factors in E. coli O157:H7.[187] PAM galactan polysaccharide from
Kingella kingae were found to disperse preformed Staphylococcus epidermidis
biofilms.[188] These and many other anti-biofilm polysaccharides may potentially be

used to treat biofouling in RO systems.

There is a need to further study and catalog the effects of other EPS constituents in the
formation of mixed species biofilms and how they affect RO membrane performance. For
example, it was found that proteins, on top of being an organic foulant [189], were
involved in the initial attachment and conditioning of the surface due to hydrophobic
interactions between protein non-polar groups and the polymeric membrane [190], which
subsequently promotes the adhesion of bacterial cells on this protein layer.[191] Much
research has also been done on the fabrication or modification of the membrane surface to
achieve the right hydrophobicity to prevent the attachment of organics that form the initial
conditioning film, although these efforts have not generally been successful. This is due
in part to effects such as concentration polarization driven by flux phenomenon which

cannot be eradicated completely. However, such insights can be used in forward osmosis,
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where the driving force for water transport is based on osmotic pressure differences

instead of hydraulic pressure differences.

Different RO plants around the world experiences biofouling caused by different
communities of microorganisms, producing biofilms of varying relative amounts of
exopolysaccharides, proteins, DNA, lipids and humic substances due to a fundamental
difference in the nature of the feed water.[192] The fouling that these plants experiences
are also not limited to biofouling, as other kinds of fouling like inorganic scaling may be
of a greater problem due to the nature of the wastewater or seawater that it treats.
Therefore it is of importance to isolate communities from different areas and perform
geographically-specific research as a strategy developed based on the biofouling

community at one site may not work as well on another site.

Just like the constant need for new antibiotics for medical purposes, there is also a
constant need to further screen for novel chemical compounds that would ideally prevent
or disrupt biofilm formation and are non-toxic. Nitric oxide (NO) is an important
biological signal molecule that can induce the dispersal of biofilms. NO has been
employed as part of many strategies in the control and regulation of bacterial biofilms.
High levels of NO (30 ppm) resulted in biofilm formation in Nitrosomonas europaea
while low non-toxic levels (<5 ppm) resulted in biofilm dispersal.[140] Low levels of NO
also causes P. aeruginosa to transition to a planktonic state from the biofilm state, but
enhances biofilm formation when NO concentrations increase beyond 25 uM.[50] Here,
the effectiveness in using NO in the treatment of RO membrane biofouling, in both single
species P. aeruginosa and multi-species biofilm was determined (Chapter 3). It was found
that the addition of NO donor PROLI NONOate, our compound of interest, was able to

reduce the rate of biofouling in both single species P. aeruginosa biofilm and mixed
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species biofilm isolated from a local wastewater treatment plant. PROLI NONOate also
did not significantly alter the community diversity within the mixed species biofilm,
which was an important factor as any selection pressure exerted might lead to an
emergence of a resistant strain which may give rise to another set of problems (Chapter
3). PROLI NONOate was also shown to have applications in other water purification
processes such as membrane bioreactors, where NO addition also resulted in a reduction
in biofouling [159], making this compound a viable option in many applications to
control biofilms. New solutions for the control of biofouling would have to economically
competitive with existing compounds for them to be widely adopted by industry. For
example, the cost of chlorine, which is commonly used either for pre-treatment in RO or
during backflushing in MBRs, is less than 1 Canadian Dollar per m® of treated water in
Canada [193]. However, chlorine also has its drawbacks, such as potential damage to
membrane integrity as well as the production of chlorine byproducts. Thus, compounds
such as the PROLI-NONOate would have to be price competitive or provide a significant
improvement in operation, time between cleaning or safety. Alternatively, the NO
technology can be used in combination with traditional biocides. For example, it was
found that exposure to NO increases the sensitivity of P. aeruginosa cells towards
tobramycin and hydrogen peroxide, causing a 2 log decline in CFU numbers as opposed
to antimicrobial treatments alone.[50] It was also observed that the addition of NO
resulted in the reduction of all of the biofilm associated EPS components, consistent with
the reduction of biofilm biovolume, but did not appear to selectively affect specific
components such as polysaccharides. Therefore, a dual treatment using NO and potential
exopolysaccharides-specific agents may further improve anti-biofouling efficiencies, and

this is an area worth exploring.

The traditional method of using the rise in TMP to indicate fouling or biofouling is not an

ideal approach due to the fact that the SWM is a complex, closed system that does not
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allow for dynamic studies (as opposed to endpoint measurements) and that the onset of
irreversible biofouling precedes the corresponding increase in TMP. The development of
optical monitoring techniques such as Optical Coherence Tomography [194] and the
Membrane Fouling Simulator [195] allows for real time biofouling measurement, but
requires the use of a specialized cell with a need of a optical window which may pose a

problem due to the high pressures generated during a RO process.

The development of a canary cell model was described (Chapter 4) that can simulate real
time biofouling rates in an industrial spiral wound module. This represents a novel,
additional approach for the detection and monitoring of biofouling, which can be
achieved online, in a non-invasive manner that would otherwise be impossible to perform
on a spiral wound module. Similarly, ultrasonic time domain reflectometry and
electrochemical impedance spectroscopy were investigated for their suitability to provide
real-time biofouling information, based on the acoustic and dielectric properties of the
biofilm layer. The methods developed here, along with techniques developed in other
studies such as feed fouling monitor [196] and NaCl tracer technique [197], are not meant
to replace current monitoring techniques employed in industrial treatment plants, but to
compliment them in providing more accurate real time information so that plant operators
make prompt decisions applying cleaning protocols or membrane replacements to save
cost and maximize output. Pilot-scale trials using these technologies are now being
carried out in various water treatment plants in Singapore. By combining these methods
of detecting and monitoring biofouling with the application of NO-based or other
treatment methods, the effects these treatments have on RO performance can be
investigated and monitored in situ, and optimization of such treatments can be done in

real time.
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Because biofouling constitutes a significant cost in RO and other water purification
operations, it is vital to develop strategies to mitigate and manage fouling. This could be
achieved through further studies of the mechanisms controlling biofilm formation, which
for example led to the discovery that NO controls dispersal. Alternatively, it may be
necessary to continue the development of cheaper, fouling-resistant and longer-lasting
membranes to improve operational efficiency. Such strategies must also consider how to
manage fouling, since it is unrealistic to expect a solution that will result in no fouling.
Thus, monitoring systems that can provide real-time feedback to the operators are an
important tool, which can be used to make decisions about when to undertake remedial
action such as cleaning. Another interesting application of real time fouling monitors is
their ability to provide instantaneous information regarding the efficacy of cleaning
protocols. For example, a monitoring system could be used to determine when sufficient
NO has been added to reduce the fouling to acceptable levels, thus improving the

application of such novel fouling control strategies.
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