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Executive Summary
Membrane biofouling is a major concern in water treatment processes as it can
significantly

reduce

the

system’s

efficiency.

Biofouling

is

mainly

caused

by

microorganisms, and is difficult to control or avoid. It leads to higher operating pressure
which strains the membrane, shortens the membrane life, and increases maintenance
costs.
Multiple literature reviews suggest that the main contributors to membrane
biofouling are polysaccharides. This is why in this project two model polysaccharides
(alginate and xanthan) were used to study their individual fouling effects on reverse
osmosis efficiency, as well as their fouling effects coupled with calcium chloride on the
same system’s efficiency. During experiments, the polysaccharides were used in 0.2g/L
concentrations, while calcium chloride was used at a concentration of 1.3mM. Because
alginate and xanthan are two different types of polysaccharides, they would be expected
to have different physical and chemical properties and thus have different fouling
behaviours.
It was found that the polysaccharides did not have much effect on the system’s
efficiency in the absence of calcium chloride. In experiments where calcium chloride was
added in the feed solution with the polysaccharide, it was demonstrated that the addition
of salt led to increased membrane fouling and greater decreases in system efficiency.
The fouled membranes were kept for confocal laser scanning microscopy of the
fouling layers. The images determined the general structure of the cake formed on the
membrane. Using the Imaris software, calculations on the average volume the cake layer
was occupying (bio-volume) and the average compactness of the cake layer could be
done.
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During experiments, the membrane showed good salt rejections with over 96% salt
rejection for each experiment.
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1. Introduction
Membrane biofouling or organic fouling build-up is a major issue concerning
membrane treatment processes and usually leads to reduced system efficiency. In
simple terms, it is the clustering of microorganisms in which cells bind with each other,
particularly on hydrophobic surfaces (Donlan 2002). It is formed by bacterial cells’
extracellular polymeric substances (EPS), with polysaccharides being the most common
EPS (Vu et al. 2009). This is the main reason for using polysaccharides as a main fouling
agent during this project’s experiments. Mostly produced by brown algae, alginate has
often been used as microbial models for membrane fouling research. Polysaccharides
vary in physical and chemical structures from species to species which result in
differences in properties of the organic fouling layer (Sabra and Deckwer 2005). In this
study, two different polysaccharides were used as fouling agents during experimental
procedures on a bench-scale reverse osmosis system. The individual fouling effects of
alginate and xanthan have been studied as well as their fouling effects when coupled
with a salt, namely calcium chloride.
According to Brink et al. (2009), the presence of cations (Ca2+, Mg2+, Na+, etc.)
can significantly affect a fouling agent’s solubility and even trigger unwanted gel
formation. Additionally, the viscosity of polysaccharides in a solution is highly affected by
ionic strength – alginate and xanthan have high viscosity with higher ionic strength (Lee
and Mooney 2012).
Although reverse osmosis fouling has been studied for multiple years, there are
still some knowledge gaps regarding this topic. For instance, Herzberg and Elimelech
(2007) mention that the processes that lead to decreases in reverse osmosis membrane
performance due to organic fouling build-up are still unclear, and the foulant-to-foulant
(organic and inorganic) interactions at the membrane surface are not fully understood.
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1.1. Objectives
To study reverse osmosis membrane biofouling, a set of objectives have been
devised with guidance from the assigned supervisors. Coupled with good organisational
and management practices, this set of objectives assures that the numerous tasks are
conducted efficiently throughout the project. The objectives for this project are as follow:
i.

To investigate and compare the fouling behaviours of xanthan and alginate, both
with and without the addition of calcium chloride. Calcium chloride has been used
for this study to elucidate its interaction with polysaccharides and address any
knowledge gaps on the salt’s effect on membrane processes.

ii.

To compare and determine how reverse osmosis membrane fouling affects the
system’s efficiency

iii.

To generate a model which would explain cake fouling, concentration polarisation,
and cake-enhanced concentration polarisation on reverse osmosis membranes

iv.

To try and determine the different properties of the fouling layers on reverse
osmosis membranes using confocal laser scanning microscopy

During the course of the project, a Gantt chart (Appendix C) has been devised in order to
plan ahead all desired tasks to achieve. This chart provides a means of organising
weekly tasks by giving a visual aid of the time that should be spent for each task and
when assessments are due.
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2. Background
2.1. Desalination
Desalination is the process of removing salts and impurities from water to make it
suitable for drinking – mainly used to generate freshwater from seawater or brackish
water (Water Corporation of WA 2015). With many different applications for desalination
technologies, they are most commonly used to generate potable water for domestic or
public purposes. Other uses include the treatment of seawater in ships and submarines,
but the use of this technology is growing in the industrial sector, especially in the oil and
gas industry (International Desalination Association 2013).
Increasing worldwide populations are constantly applying pressure on existing, yet
scarce, water sources. Approximately 1% of the world’s fresh surface water is available
for direct human consumption; this includes rivers, swamps, and lakes. On the other
hand, 97% of the Earth’s water is found in seas and oceans (McMichael 2015). This
makes seawater desalination an attractive alternative for meeting global potable water
demands. Moreover, the perpetual improvement of desalination technologies makes the
treatment of saline and brackish water a more economically viable option (Water
Corporation of WA 2006).
As of 2013, 150 countries were using desalination technologies to provide 66.5
million cubic meters of potable water per day. In order to achieve those quantities, more
than 17,000 desalination plants were providing clean water for more than 300 million
people for their daily needs (International Desalination Association 2014). Desalination
technologies have already been implemented in arid regions such as the Middle East and
North African for more than 20 years (Buros 2000). Other regions, such as Australia,
where annual rainfall has been declining have also started to implement these
technologies (Tularam and Ilahee 2007). For example, the Water Corporation produces
3

about half of the annual freshwater needs of the Perth metropolitan area – nearly 150
billion litres – using its two desalination plants (Water Corporation of WA 2015).

2.2. Reverse Osmosis
There are many different types of desalination technologies; however they can be
divided into two groups: thermal desalination and membrane based desalination. In
thermal desalination, multi-stage flash distillation (MSF) was the most common
technology implemented and was the preferred desalination technology in the Middle
East. As for membrane based desalination, reverse osmosis is the most commonly used
technology (Fritzmann et al. 2007).
Reverse osmosis is a membrane separation process by which a solvent passes
through a semipermeable membrane when subjected to a pressure greater than the
osmotic pressure, leaving behind any dissolved salts and most microorganisms. The
major benefit of using reverse osmosis compared to other desalination technologies is
the unrequired use of heating.

Figure 1. Principle of Reverse Osmosis Process (Buros 2000)
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The major energy required for reverse osmosis processes is for pressurising the
feed water in order to overcome osmotic pressure and push the feed water through the
membrane. As water passes through the membrane, the feed section of the system
increases in salt content which is then discharged, usually back into the sea (Water
Corporation of WA 2006). In general, a membrane presenting high flux and high salt
rejection determines a higher efficiency by the reverse osmosis membrane used
(Fritzmann et al. 2007). In the early 1960s, Loeb and Sourirajan developed the first
asymmetric reverse osmosis membranes which showed up to 100 times higher flux than
any other known membranes (Loeb and Sourirajan 1964). A decade afterwards, in the
early 1970s, cellulose-acetate (CA) membranes were introduced as the first commercially
available reverse osmosis membranes. While CA membranes are still used for
desalination purposes, they are gradually being replaced by composite membranes
which present more benefits. Composite membranes are more stable in physical terms,
and are more resistant to bacterial degradation. Nevertheless, composite membranes are
less hydrophilic than CA membranes which indicate that they have a higher tendency for
fouling than CA membranes. Over the past thirty years, research and development has
led to the increase in membrane performance in respect to permeability and salt
rejection. In 1981, Cadotte measured flux values of 43L/m2∙day∙bar for composite
membranes. The majority of current membranes can reach flux values of up to
201L/m2∙day∙bar (Mickols et al. 2005). Furthermore, when compared with membranes
from 1996, seawater reverse osmosis membranes have typical rejection rates of 99.8% –
from 99.6% in 1996 (Mickols et al. 2005).
The efficiency of a reverse osmosis system does not only depend on the efficiency
of the membrane but also on how well the system is designed. A poorly designed system
can lead to higher running and maintenance costs, but also lead to low rejection rates by
the membrane and low flux. There are many factors to take into consideration when
5

designing an efficient reverse osmosis system which include feed water characterisation,
pre-treatment, membrane choice, operating conditions, and system cleaning. The feed
water characterisation will determine the different elements that are present in the feed
water (i.e. salts, biological elements, organic elements, etc.). This information can then
be used to prepare a set of pre-treatment processes suitable for the feed water in
question. Pre-treatment is commonly used to lower any concentration of specific
elements in the feed water to prevent any fouling on the membranes. Selecting a suitable
membrane is also important to an efficient reverse osmosis system. Membrane type,
surface area, fouling resistance, and pressure requirements are some properties that
need to be taken into consideration when selecting the membrane. Determining optimal
operating conditions such as pressure, temperature, and cross flow velocity will not only
increase efficiency but also lengthen the system’s lifetime. Depending on the gradual
decrease in the flux, a regular cleaning schedule will be needed to maintain the system in
optimal condition (Bates 1998).

2.3. Membrane Fouling
Reverse osmosis membrane fouling poses a major problem in desalination
processes as it decreases performance and efficiency (Herzberg and Elimelech 2007).
Membrane fouling leads to regular chemical cleaning and eventually causes shortened
membrane life, thus increasing expenses. According to Herzberg and Elimelech (2007),
there are four different types of reverse osmosis membrane fouling: inorganic salt
precipitation, organic fouling, colloidal fouling (build-up of colloidal cake layers at the
surface of the membrane), and microbiological.
Additionally,

membrane

fouling

is

characteristically

influenced

by

three

parameters: the membrane properties which include its morphological structure, the
membrane material, and its surface properties; the feed solution composition and
6

properties such as pH, concentration of different elements, etc.; and the operating
conditions such as temperature, pressure, and cross flow rate (Li and Chen 2010).
2.3.1. Concentration Polarisation
As water is being treated by a reverse osmosis system, the dissolved material
rejected by the membrane starts to accumulate in front of the membrane, with highest
concentrations at the membrane’s surface. This is called concentration polarisation, and
it is inherent in all types of membrane separation processes. The thickness of the fouling
layer on the membrane surface and the cross flow velocity will determine diffusive backtransport from the membrane surface, which will determine the severity of concentration
polarisation. Concentration polarisation can also be found on the permeate side but is
generally disregarded as it is much less noticeable than concentration polarisation on the
feed side (Fritzmann 2007).
Reverse

osmosis

performance

decreases

with

increasing

concentration

polarisation due to the following reasons: (a) increased salt concentrations at the
membrane’s surface leads to higher salt flux which in turn decreases salt rejection by the
membrane, (b) mass transfer through the membrane is hindered due to precipitation
layers on the membrane surface – this is especially true for divalent ions (Ca2+, Fe2+, S2-,
etc.), (c) higher salt concentrations at the feed side of the membrane increases the
osmotic and in turn reduces the water flux, and (d) cake formation on the membrane
surface can occur due to particles accumulating at the membrane surface as well
(Fritzmann 2007).
2.3.2. Back Diffusion
In filtration processes, membrane technology is essential in the effectiveness of
water or solution purification. Fouling in pressure-driven filtration systems is unavoidable
due to the biological nature of the feed which includes flocculants, colloids as well as
polysaccharides such as alginates and xanthan gum (Ye at el. 2005). In such systems,
7

the presence of fouling and concentration polarisation can lead to inefficiency in its
performance (Belfort 2011). Back diffusion reduces concentration polarisation. McRae
(1984) defines back diffusion as the ‘transport of electrolyte under the influence of
concentration gradients.’ In reverse osmosis systems (and other membrane technology
systems), back diffusion is the flow of salts that have accumulated on the membrane
surface back to the bulk solution (cross flow) – as illustrated in Figure 2.

Figure 2. Schematic Diagram of the Flow of Salt during the Reverse Osmosis Process and
Illustration of Back Diffusion

Figure 2 illustrates the process that leads to back diffusion of salts on reverse
osmosis membranes: in a) some salt starts accumulating on the membrane as the
system runs (red arrow), while the rest flows with the bulk solution. Back diffusion occurs
during this time as well (illustrated by the smaller red arrow) – usually the amount of salt
returning to the solution due to back diffusion is lower than the amount of salt
accumulating on the membrane; in b) after enough salt has accumulated on the
8

membrane, the salt layer will reach steady state where the amount of salt diffusing back
into the solution is equal to the amount accumulating on the membrane.
The formation of colloidal cakes on membrane surfaces in reverse osmosis and
nanofiltration membranes usually lead to increases in hydraulic resistances (Kim et al.
2006). In cases where salt and a polysaccharide are present in the feed solution, the
thickness of the cake formed will determine the extent of back diffusion.
2.3.3. Organic Fouling Build-Up
The unwanted accumulation of biological and microbiological matter on the
membrane surface is known as biological fouling or biofouling. In natural and artificial
aquatic systems, biological and microbiological organisms are often found as organic
fouling clusters (Donlan 2002). This is no exception in reverse osmosis systems for water
treatment processes. According to Fritzmann (2007) biofouling can never be completely
prevented using pre-treatment, however extensive it may be.
The first step to the formation of organic fouling layers in reverse osmosis systems
is the transport and attachment of the microorganisms on the membrane surface. The
attachment of microorganisms on any surface is facilitated by physical, chemical, and
biological factors – it is more likely for microorganisms to attach to hydrophobic and nonpolar surfaces (Donlan 2002). Other important factors include surface irregularity,
hydrodynamics, and feed water characteristics.
Ridgway et al. (1996) explains that reverse osmosis membrane biofouling
constantly leads to a decrease in permeate flux, and usually a reduction in salt rejection.
This is mainly due to increases in hydraulic resistances at the membrane boundaries
and/or due to increases in osmotic pressure (Hoek and Elimelech 2003). However,
Herzberg and Elimelech (2007) mention that the processes that lead to decreases in
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reverse osmosis membrane performance due to organic fouling build-up have not been
discovered yet.

2.4

Polysaccharides

Advancement of scientific research and development on polysaccharide chemistry
have allowed a shift in polysaccharide usage within biomaterial and bioenergy industries
(Edgar 2009; Habibi, and Lucia 2012; Talens, Fabra, and Chiralt 2010). Polysaccharides
are a form of carbohydrates within which there are simple sugars and its derivatives,
cellulose, starches, gums and chitosan (Myklestad, Skanoy, and Hestmann 1997;
Talens, Fabra, and Chiralt 2010). Petersen et al. (1999) classify polymers that were
derived from renewable resources based on its production method. In the classification,
polysaccharides

are

classified

as

Type

1

biopolymers

that

are

“directly

extracted/removed from natural materials (mainly plants)” (Figure 3, Petersen et al.
1999).

Figure 3. Bio-based polymers and classification type based on production. Polysaccharides are
classified under Type 1 being obtained from natural sources (Petersen et al. 1999).

10

Polysaccharides contain repetitive units of D-glucose throughout the polymer
structures with common structures such as cellulose, amylose (starch) and dextran
(Figure 4, Okamoto and Yashima 1998). Some of the common polysaccharides are
restricted to homoglycans and diheteroglycans. Homoglycans are polysaccharides that
have a single sugar constituent (Aspinall 2014).

OH

OH
O
O

H 3C

OH

CH3

HO

H 3C

OH

O

CH3

CH3

O

O

O

O
OH

H 3C
HO

HO

HO

n

Cellulose

n

Amylose

Dextran

n

Figure 4. Polysaccharide structures - cellulose, amylose and dextran (Okamoto and Yashima 1998).

Edgar (2009) mentioned the various uses of polysaccharides in nature which
includes food storage as starch, structural reinforcements as cellulose and crosslinked
structural gels (alginates). Starch is one of the most abundant naturally occurring
polysaccharides consisting of a large number of monosaccharide units with a general
formula of (C6H10O5)n. Some of the properties of amylose are that it can change the
physical properties of food products such as its viscosity, texture, moisture retention and
homogeneity (Talens, Fabra, and Chiralt 2010). Mostly occurring in cereals such as
wheat, corn and potato, it can have a high relative weight percentage between 18 to 33%
of amylose (Buleon et al. 1998; Talens, Fabra, and Chiralt 2010).
Starch is one of the important by-products of agricultural biomass that can be used
for industrial purposes. Unchanged forms of amylose can be limited in the food industry
however it can be useful to the food, biomedical and petrochemical industries (Nigam
and Singh 1995; Talens, Fabra, and Chiralt 2010; Averous 2012). Starch can be used for
ethanol production due to its high-yield (Nigam and Singh 1995). Much of the production
and application of starch in the food industry is in bio-based packaging materials (Weber
et al. 2002).
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Another form of polysaccharides is cellulose. Cellulose is a primary component
that lines the cell walls of green plants, algar and oomycetes (Talens, Fabra, and Chiralt
2010). It has a general formula of (C6H12O2)n and is insoluble in water and most organic
solvents, odourless, tasteless and biodegradable (Talens, Fabra, and Chiralt 2010).
Habibi and Lucia (2012) discussed the many uses of cellulose which include the use of
foams and aerogels which have the added benefits of being renewable and being an
eco-friendly biomaterial.
2.4.1. Alginate
Part of this project is the study of reverse osmosis membrane fouling with two
types of polysaccharides – alginate and xanthan gum. Alginate is an anionic microbial
polysaccharide which is mainly produced by brown algae; composed of 1-4 linked β-Dmannuronic acid (M) and α-L-guluronic acid (G) (Figure 5, FMC BioPolymer 2003; Ye et
al. 2005; Agulhon et al. 2012). When in solution with ions such as sodium and calcium,
alginate has high gelling properties – able to be thickened, stabilised, and suspended
(Sabra and Deckwer 2005; Talens, Fabra, and Chiralt 2010). Due to the high viscosity of
alginate in liquids, it is widely used in the food industry, in various pharmaceutical
preparations, medical products, and other sectors (Bixler and Porse 2011).

Figure 5. Chemical structure of alginate showing the G-blocks and M-blocks (diagram courtesy of
Agulhon et al. 2012).

2.4.2. Xanthan
Xanthan gum is a natural polysaccharide formed and secreted by the
Xanthomonas bacterium – X. campestris (Barrére, Barber and Daniels 1986; Talens,
12

Fabra, and Chiralt 2010). Xanthan gum has a primary structure that consists of repeated
units of glucose, mannose, and glucuronic units (Figure 6). It is usually produced by the
fermentation of glucose, sucrose or lactose (Katzbauer 1998). Because of its property to
increase the viscosity of a liquid, xanthan gum is largely used in the food industry as a
thickening agent, in the cosmetics industry as a stabiliser and binder, and lesser in the oil
industry to thicken drilling mud (Garcia-Ochoa et al. 2000).

Figure 6. Chemical structure of xanthan gum (diagram courtesy of Garcia-Ochoa et al. 2000)

2.5. Confocal Laser Scanning Microscopy
Confocal laser scanning microscopy is a method for producing high resolution
visual images with depth of field. The main benefit of using confocal laser scanning
microscopy is its ability to produce comprehensive and clear images at selected depths.
Confocal laser scanning microscopy allows the generation of three dimensional
reconstructions of topologically complex samples. For example, it is useful for surface
profiling of dense samples such as small marine invertebrates; it is also useful to define
internal structures of transparent samples such as plant cells (Pawley 2006).
Confocal laser scanning microscopy offers multiple benefits when compared to
conventional optical microscopy, including the capacity to control and determine depth of
field, the ability to eliminate or reduce some unwanted background information which
13

may reduce image quality, and the ability to collect and produce sequential images from
thicker samples (Claxton et al. 2006).
The initial theory behind confocal microscopy was originally established by Marvin
Minsky during his time as a postdoctoral student at Harvard University, in the mid-1950s
(Minsky 1988). Following his work, multiple researchers and experts have made vast
improvements in the confocal microscopy technology. Towards the late 1990s, with the
rapid progression of computer technologies, laser scanning confocal microscopy was
then set in a period where it would make even further improvements.
Ever since the many advances, confocal laser scanning microscopy has become
an important tool and is being used in a wide range of disciplines. In the biology and
medicine sectors, it is used to investigate and analyse visual segments in living samples
ranging in thickness up to 100 micrometres. Current confocal microscopes are equipped
with three to five laser systems, combined with photomultipliers with high quantum
efficiency. Some confocal microscopes are also equipped with spectral imaging detection
systems which allow them to identify natural and synthetic molecular probes – elements
which display high amounts of photo stability, usually fluorescent stains and proteins
(Claxton et al. 2006).

3. Methods
A body of methods have been devised for studying biofouling on reverse osmosis
membranes. Based on a theoretical knowledge, the methods section provides
information on how experiments were formulated, how they were conducted, and how
membranes were identified using confocal laser scanning microscopy.
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3.1. Experimental Methods
3.1.1. System Design
In order to investigate the fouling effects of polysaccharides and concentration
polarisation on reverse osmosis membranes, a bench-scale reverse osmosis system was
used to conduct the experiments.
An acrylic Sterlitech CF042 cross flow cell, produced by the Sterlitech Corporation,
was used for this project (Figure 8). Based on information given by the Sterlitech
Corporation (2015), the cell has a membrane effective area of 42 cm2, a maximum
operating temperature of 82 ºC, and a maximum operating pressure of 1000 psi (refer to
Appendix A for further design specifications of the Sterlitech CF042 cell).
The Sterlitech cell consists of two parts, as shown in figure 8, to accommodate for
a membrane. The base of the cell is where the feed inlet and concentrate outlet are
situated, while the upper part of the cell holds a porous stainless steel plate. The
membrane can be placed in between the two cell components while making sure that the
non-active side of the membrane is facing the upper part of the cell.
While the system is running, feed solution enters the cell through the inlet; water is
allowed to pass the membrane’s boundaries due to the applied pressure being greater
than the osmotic pressure (permeate). The permeate then flows through the stainless
steel plate and is collected in a container where it is continually weighed. Salt and
biological elements are rejected by the membrane where some accumulate on the
membrane’s surface, while the rest flows with the concentrate back into the feed solution.
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Figure 7. Bench-Scale Reverse Osmosis System Used for the Experimentations

Figure 8. Close-Up View of Both Components of the Sterlitech CF042 Cross Flow Cell
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Figure 9. Schematic Diagram of the Bench-Scale Reverse Osmosis System Used (Courtesy of
Zhangwang Xie)

The reverse osmosis system used was equipped with a 20 L feed reservoir, a
pump with speed regulator, a CF042 cell, a balance, a water bath to regulate
temperature, a flow meter and two pressure gauges. Illustrated in figure 4, the feed
solution is pumped through the water bath before entering the CF042 cell. In the cell,
some water passes through the membrane and the rest (concentration flow) is recycled
back into the feed solution reservoir. The permeate, is collected in a container where it is
constantly weighed and recorded by a computer program.
3.1.2. Membranes and Compounds
The membranes used for the experimentation section of the project were reverse
osmosis membranes supplied by Hydration Technologies Inc. (HTI). The membrane
contains a Cellulose Triacetate (CTA) cast on a weldable nonwoven support. Before
each experiment, the membrane was cut into suitable sizes to fit into the CF042 cell and
submerged in DI water overnight.
For experimental purposes, alginate and xanthan were used to study the effects of
polysaccharide biofouling on the membrane, and calcium chloride was used as the nonorganic fouling agent (ionic solute). The polysaccharides were available in the form of a
powder. For experiments involving xanthan and alginate, a concentration of 0.2g/L of
polysaccharide was used. For experiments involving calcium chloride, an ionic strength
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of 1.3mM (1.47 g) was used. Most literature review has polysaccharide concentrations
ranging from 0.02g/L to 2g/L in the bulk solution.
3.1.3. Experimental Design and Experiments Conducted
Experiments were conducted to study the effects of different types of
polysaccharides, and at different concentrations, on reverse osmosis membrane fouling.
Five different sets of experiments were formulated in order for this study. Each set of
experiment has been conducted twice, following a structured experimental procedure.
The set of experiments that have been conducted during the project are as
follows:


Using CaCl2 only in the feed solution in order to study the effects of an ionic solute
on the reverse osmosis membrane (set of experiments have been conducted).



Using alginate only in the feed solution in order to study the effects of cake
formation with alginate on the reverse osmosis membrane (set of experiments
have been conducted).



Using CaCl2 and alginate in the feed solution in order to study the effects of cakeenhanced concentration polarisation on the reverse osmosis membrane (set of
experiments currently being conducted).



Using xanthan gum only in the feed solution in order to study the effects of cake
formation with xanthan on the reverse osmosis membrane (set of experiments
need to be conducted).



Using CaCl2 and xanthan gum in the feed solution in order to study the effects of
cake-enhanced concentration polarisation on the reverse osmosis membrane (set
of experiments need to be conducted).

As mentioned previously, each experiment was conducted twice in line with the
following experimental procedure:
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Experiments involving calcium chloride only or polysaccharide only

When conducting experiments using polysaccharides or salt as a foulant, the
system is initially run with DI water only from t=0 hours to t=2 hours. This allows for
membrane compaction, and to make sure that all operating conditions are stable before
the addition of a foulant. At t=2 hours, the foulant is then added to the feed solution and
the system is run for 24 hours. During this time, permeate is constantly weighed and
recorded by a computer program.

Experiments involving calcium chloride and polysaccharide

When conducting experiments with calcium chloride and a polysaccharide, the
system is initially run with DI water only for the first two hours. Once again, this is to allow
membrane compaction and to make sure that all operating conditions are stable before
any foulant is added to the feed solution. At t=2 hours, calcium chloride is added to the
feed solution and the system is run for 2 hours. At t=4 hours, the polysaccharide is then
added to the feed solution and the system run for 24 hours. During this time, permeate is
constantly weighed and recorded by a computer program, and the ionic conductivity is
manually recorded at the feed side and permeate side of the system.
3.1.4. Operating Conditions
In addition to how each experiment is conducted, there is a set of experimental
and chemical parameters that have been followed.
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Experimental Parameters
Cross flow velocity: 0.5 L/min (cross flow velocity = 8.5 cm/s)
Pressure: 400 psi
Temperature: 25 ± 1 °C (it is advisable to heat/chill the water a day before the experiment
is conducted)
Feed Solution Volume: 10L for each experiment
Chemical Parameters
CaCl2: 1.47g in order to achieve 1.3mM ionic strength of Ca2+
Xanthan, from Xanthomonas campestris: 2g in 10L for each experiment to achieve a
concentration of 0.2g/L
Alginate, Sodium Alginate: 2g in 10L for each experiment to achieve a concentration of
0.2g/L

3.2. Confocal Laser Scanning Microscopy Methodology
3.2.1. Sample Preparation
After each experiment, the fouled membrane was stored in a petri dish with
adequate moisture levels (enough to keep the membrane from drying out) to conserve
the fouling layers. The fouling layers on the membranes would then be analysed using
confocal laser scanning microscopy (CLSM).
To prepare each slide for CLSM, segments of 2 cm 2 were cut from each fouled
membrane, and one of two fluorescent stains was applied on the sample. The first stain
that was applied was a FilmTracerTM biofilm stain (manufactured by Invitrogen) which
was used according to manufacturer instructions. This stain was used to identify live
(green) and dead (red) cells. The other stain was a Fluorescein Isothiocyanate (FITC)
conjugated Conacavalin A (ConA) lectin (manufactured by life Technologies GmbH),
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which is used to identify polysaccharides. The ConA FITC stain was used at a
concentration of 100 mg/mL of ultrapure water.
The ConA FITC lectin binds specifically to α-mannopyranosyl

and

α-

glucopyranosyl residues (Hassan et al. 2002). According to Hassan et al. (2002), αmannopyranosyl and α-glucopyranosyl are commonly found in the biofilm of seawater
polysaccharides (more than 80% of polysaccharides seem to contain these residues).
Xanthan contains these residues, but alginate does not which means that the ConA FITC
stain will not be effective when identifying alginate fouling layers. For this reason, the
FilmtracerTM biofilm stain was used for samples containing alginate fouling layers – note
that staining was done indirectly by staining embedded bacterial cells.
Each membrane sample was wet mounted on clean glass slides and held with
coverslips. The slides were then observed and analysed on a Nikon C2 confocal laser
scanning microscope at 20× magnification. A supplementary software (NIS-Elements)
developed by Nikon was used to collect z-stacks of at least 3 areas per membrane
sample.
3.2.2. Image Analysis
To analyse the images obtained from CLSM the following methods were used,
based on methods formulated by Heydorn et al. (2000). Using the Imaris software,
developed by Bitplane, 3D image reconstructions of the fouling layers were developed by
calculating average areas of organic fouling layers compactness and bacterial cells.
Bio-volume represents the overall volume of each fouling layer; it is also a useful
tool to estimate biomass in the organic build-up (Heydorn et al. 2000).The bio-volume
describes the surface covered and depth covered by the fouling layer. It was calculated
using the following equation:
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𝐵𝑖𝑜 − 𝑣𝑜𝑙𝑢𝑚𝑒 =

𝑚𝑒𝑎𝑛 𝑏𝑖𝑜𝑓𝑖𝑙𝑚 𝑣𝑜𝑙𝑢𝑚𝑒
𝑚𝑒𝑎𝑛 𝑎𝑟𝑒𝑎

In an CLSM image, the bio-volume is also defined as the number of biomass
pixels of a stack multiplied by the voxel size [(pixel size)x×(pixel size)y×(pixel size)z] and
divided by the image stack substratum area. The value obtained was then divided by the
substratum area to acquire the bio-volume per unit area, defined by μm3/μm2. The biovolume per unit area can also be calculated by a ratio of total volume of the build-up and
total area covered by it.
Finally, the fluorescence intensity and volume have been used to calculate the
compactness and density of the build-ups (Ghafoor et al. 2011).
Note that all CLSM preparations and image analyses were done by qualified
Murdoch University employee, Dr. Lucy Skillman.

4. Modelling
4.1. Modelling Hydraulic Resistances at the Membrane Surface
Referring to PhD candidate Zhangwang Xie’s modelling structure, a model of the
hydraulic resistances at the membrane surface has been developed. This model is a way
to simulate and study the effects of membrane and non-membrane resistances on the
resulting permeate flux.
Based on Darcy’s Law, a relationship between these resistances can help
understand their effects on membrane fouling (Dreszer et al. 2013; Ping Chu and Li
2005).

𝐽=

∆𝑃
𝜇∙𝑅𝑡

(Eq. 1)

Where ΔP is the applied transmembrane pressure (in Pa), μ is the viscosity of the
permeate (in Pa∙s) and Rt is the total hydraulic resistance (in m-1). This equation can then
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be altered in order to obtain the membrane resistance (Rm, in m-1), the concentration
polarization resistance (Rcp, in m-1), and the cake resistance (Rc, m-1).
i.

Membrane Resistance (Rm)

It is possible to get the membrane resistance during the phase of each experiment when
DI water is used as the feed solution. As no foulants are present in the feed solution,
there is only one hydraulic resistance which is Rm.

𝑅𝑚 = 𝑅𝑡 =
ii.

∆𝑃
𝐽∙𝜇

(Eq. 2)

Concentration Polarisation Resistance by CaCl2 alone

In the case where a salt is used in the feed solution (calcium chloride), a build-up of salt
occurs at the membrane layer. This adds a hydraulic resistance at the membrane
surface, Rcp, which can be obtained by:

𝑅𝑐𝑝 = 𝑅𝑡 − 𝑅𝑚 =
iii.

∆𝑃
𝐽∙𝜇

− 𝑅𝑚

(Eq. 3)

Cake Resistance

In the case where a polysaccharide has been added to the feed solution, a cake layer will
gradually form at the surface of the RO membrane, thus adding a non-membrane
resistance (Rc).

𝑅𝑐 = 𝑅𝑡 − 𝑅𝑚 =
iv.

∆𝑃
𝐽∙𝜇

− 𝑅𝑚

(Eq. 4)

Combined Concentration Polarisation and Cake Resistance (Rcp + Rc)

When a polysaccharide and a salt are added to the feed solution, both of them contribute
to the total hydraulic resistance at the membrane surface. One may affect the other and
usually the combination of both has a higher total resistance than their individual fouling
effect – cake-enhanced concentration polarisation (Hoek and Elimelech 2003).
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𝑅𝑐𝑝 + 𝑅𝑐 = 𝑅𝑡 − 𝑅𝑚 =

∆𝑃
𝐽∙𝜇

− 𝑅𝑚

(Eq. 5)

These equations have been used in order to analyse the data gathered for each
experiment which are presented in the experimental results section.
To simplify the modelling of resistances in the reverse osmosis system, the model
was based on the following assumptions: (i) during each experiment, the membrane
resistance (Rm) is constant; (ii) membrane pore blockage can be ignored due to the size
of the pore being too small (Heo et al. 2013); (iii) the increase in osmotic pressure due to
polysaccharides can also be ignored as it is trivial compared to the increase in osmotic
pressure due to salt present in the feed solution.

4.2. Modelling Salt Concentrations to Osmotic Pressure
4.2.1. Feed Solution Containing Calcium Chloride Only
As salt accumulates on the membrane surface the osmotic pressure at the
membrane surface increases as well. The osmotic pressure due to concentration
polarisation, πcp in Pa, can be illustrated using Eq. 3:
Where the pressure differences at the membrane boundaries becomes:

∆𝑃 = 𝑃 − 𝑃0 − 𝜋𝑐𝑝
Therefore:

𝑅𝑐𝑝 = 𝑅𝑡 − 𝑅𝑚 =

𝑃− 𝑃0 − 𝜋𝑐𝑝
𝐽∙𝜇

− 𝑅𝑚

(Eq. 6)

Using Eq. 3 and Eq. 6, Rcp and πcp can then be illustrated by the following:

𝜋𝑐𝑝 − 𝜋𝑓𝑒𝑒𝑑 = 𝜇𝐷𝐼 ∙ 𝐽 ∙ 𝑅𝑐𝑝 (Eq. 7)
Based on Eq.7 and the de Van’t Hoff’s equation, it is possible to calculate the
concentration of salt that has accumulated on the membrane surface during the reverse
osmosis process (Zhou et al. 2014; Hau et al. 2014).
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𝜋𝑐𝑝 = 𝑖 ∙ 𝐶𝑐𝑝 ∙ 𝑅𝑔 ∙ 𝑇 (Eq. 8)

𝐶𝑐𝑝 =

𝜋𝑐𝑝
𝑖∙𝑅𝑔 ∙𝑇

(Eq. 9)

Where: i is de Van’t Hoff’s factor (in this case 3), Ccp is the concentration of salt
that has accumulated on the membrane surface (mol/L), Rg is the universal gas constant
(8.3145 L·kPa·K-1·mol-1), and T is the temperature (absolute, in K).
4.2.2.
Feed
Solution
Polysaccharides

Containing

Calcium

Chloride

and

This section of the report will focus on modelling the relationship between salt
concentrations, conductivity, and osmotic pressure. It is known that osmotic pressure
increases with increasing salt concentration (McCutcheon and Elimelech 2006). The
measurement of conductivity during experiments has given us information on the trend of
salt concentrations during the reverse osmosis process.
Using de Van’t Hoff’s equation relating osmotic pressure to solute concentration
(Eq. 10) and the molar conductivity equation (Eq. 11) it will be possible to give a
qualitative explanation of the decrease in the system’s efficiency. The measured
conductivity during each experiment involving calcium chloride will help us express this
explanation.

𝜋 = 𝑀 ∙ 𝑅 ∙ 𝑇 (Eq. 10)
Where: 𝜋 is the osmotic pressure of the solute in kPa; M is the molar
concentration in mol/L; R is the ideal gas constant which is 8.3145 L·kPa/K·mol; and T is
the temperature in K.

Ʌ=

𝑘
𝑀

(Eq. 11)
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Where: Ʌ is the molar conductivity in S·m2/mol; k is the measured conductivity in
S/m; and M is the molar concentration in the solute, in mol/m3.

5. Results and Discussion
For each experiment, the permeate flux (JW) is calculated as the volume of water
produced per area of membrane at a given period of time:

𝐽𝑊 =

𝑉
𝐴×𝑡

(Eq. 12)

Where: JW is the permeate flux (in L/m2·h), A is the area of the active membrane through
which the water flows (in m2), t is the time (in hours), V is volume of permeate in (L)
which was obtain from the weight of permeate over a period of time and converted to
litres.
To be able to compare results between experiments, the normalised flux was
used:

𝐹𝑁 =

𝐹
𝐹0

(Eq. 13)

Where: FN is the normalised permeate flux, F is the permeate flux at a given time, and F 0
is the initial permeate flux.
In experiments where salt has been used, salt rejection was calculated to
determine the efficiency of membrane and determine whether the membrane was
ruptured:

𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 (%) = (1 −

𝐶𝑝
𝐶𝑓

) × 100% (Eq. 14)

Where: Cp is the conductivity of permeate, and Cf is the conductivity of the feed solution.
High rejection rates (more than 98%) meant good efficiency of the membrane, while low
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rejection rates (less than 90%) would mean poor membrane efficiency or could indicate a
rupture in the membrane structure.
Raw data for all experiments are also available on a CD in the appendix section of
this report.

5.1. Permeate Flux
In this section, a comparison of the effects of concentration polarisation, cake
formation, and the combination of both have on the resulting permeate flux of the reverse
osmosis system.
5.1.1. Alginate Fouling
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Figure 10. Comparison Between Different Permeate Fluxes Due to Coupled and Individual Effects of
Concentration Polarisation and Cake Formation of Alginate
The “Alginate” plot is the resulting permeate flux due to alginate fouling in the absence of calcium
chloride; the “CaCl2” plot is the resulting permeate flux due to calcium chloride fouling in the
absence of alginate; and the “Alginate + CaCl2” plot is the resulting permeate flux due to fouling by
both calcium chloride and alginate.

This figure compares the resulting permeate fluxes due to coupled and individual
effects of fouling by alginate and calcium chloride. As illustrated in the same figure,
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alginate fouling caused a decrease of 1.75 L/m 2h (16.36%) in the permeate flux after a
period of 24 hours; the fouling caused by calcium chloride led to a decrease of 1.19
L/m2h (10.76%) in the permeate flux. The coupled fouling effect of both compounds led to
a decrease of 3.45 L/m2h (29.65%) which was much higher the individual fouling effects
of alginate and calcium chloride.
Based on the results from figure 10, while the individual fouling effects of calcium
chloride and alginate reduce the efficiency of the system (thus the permeate flux), the
combined fouling effects of both compounds have larger impact on the system’s
efficiency. This would suggest that the presence of calcium chloride in the feed solution
facilitates the formation of cake layer on the membrane surface. It was previously
discovered that divalent cations (i.e. Ca2+) serves as a binding agent between the
alginate molecules and negatively charged elements such as the membrane, which helps
in the formation of alginate cake layer on the membrane surface (Lee and Elimelech
2006; Paul et al. 2012). Additionally, calcium ions could also help in the binding between
alginate molecules themselves which also helps in the formation of alginate cake layer
(Lee and Elimelech 2006).
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5.1.2. Xanthan Fouling
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Figure 11. Comparison Between Different Permeate Fluxes Due to Coupled and Individual Effects of
Concentration Polarisation and Cake Formation of Xanthan
“Xanthan” plot is the resulting permeate flux due to alginate fouling in the absence of calcium
chloride; the “CaCl2” plot is the resulting permeate flux due to calcium chloride fouling in the
absence of alginate; and the “Xanthan + CaCl2” plot is the resulting permeate flux due to fouling by
both calcium chloride and xanthan.

This figure compares the resulting permeate fluxes due to coupled and individual
effects of fouling by xanthan and calcium chloride. As illustrated in the same figure,
xanthan fouling caused a decrease of 0.64 L/m2h (5.79%) in the permeate flux after a
period of 24 hours; the fouling caused by calcium chloride led to a decrease of 1.19
L/m2h (10.76%) in the permeate flux. The coupled fouling effect of both compounds led to
a decrease of 4.49 L/m2h (38.12%) which was much higher than the individual fouling
effects of alginate and calcium chloride.
The effect of xanthan fouling leads to less significant decreases in permeate flux
when compared to the permeate flux decreases due to alginate fouling. Although this is
the case, the coupling of xanthan with calcium chloride leads to greater decreases in
permeate flux compared to the coupling of alginate with calcium chloride – the decrease
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in permeate flux due to xanthan and calcium chloride is almost 10% greater than with
alginate and calcium chloride.
Based on the results from figure 11, while the individual fouling effects of calcium
chloride and xanthan reduce the efficiency of the system (thus the permeate flux), the
combined fouling effects of both compounds have larger impact on the system’s
efficiency. This would suggest that the presence of calcium chloride in the feed solution
facilitates the formation of cake layer on the membrane surface. It was previously
discovered that divalent cations (i.e. Ca2+) serves as a binding agent between the
xanthan molecules and negatively charged elements such as the membrane, which helps
in the formation of xanthan cake layer on the membrane surface (Lee and Elimelech
2006; Paul et al. 2012). Additionally, calcium ions could also help in the binding between
xanthan molecules themselves which also helps in the formation of xanthan cake layer
(Lee and Elimelech 2006).
The fact that the coupled fouling effect of xanthan with calcium chloride leads to
greater system inefficiencies would suggest that the xanthan and calcium chloride have
stronger binding interactions compared to alginate with calcium chloride.
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5.2. Membrane and Non-Membrane Resistances
5.2.1. Resistances Due to Concentration Polarisation, Alginate Cake
Formation, and Alginate Cake-Enhanced Concentration Polarisation
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Figure 12. Comparison between Hydraulic Resistances Due to Individual and Coupled Effects, and
Sum of Individual Effects of Concentration Polarisation and Cake Formation of Alginate
“Rcp” illustrates the resistance caused by calcium chloride fouling; “Rc” illustrates the resistance
caused by alginate fouling in the absence of calcium chloride; “Rc + Rcp” illustrates the resistance
caused by fouling by both alginate and calcium chloride; and the fourth plot illustrates the sum of
plots “Rcp” and “Rc”.

This figure compares hydraulic resistances found on the membrane due to
combined effect of calcium chloride fouling (Rcp) and alginate fouling (Rc), and the sum
of individual fouling effects (sum of Rc and Rcp). As illustrated in the same figure,
alginate fouling led to an increase of approximately 15 × 1013 m-1 in cake resistance after
a period of 24 hours; fouling by calcium chloride led to a resistance increase of about 9 ×
1013 m-1; the sum of these two individual resistances totalled to an resistance increase of
about 24 × 1013 m-1. However, the coupled fouling effect of both alginate and calcium
chloride (Rc + Rcp) led to a resistance increase of about 29 × 1013 m-1.
Figure 12 shows that the combined effect of alginate and calcium chloride fouling
does not necessarily lead to greater increases in hydraulic resistances then the sum of
the individual fouling effects.
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5.2.2. Resistances Due to Concentration Polarisation, Xanthan Cake
Formation, and Xanthan Cake-Enhanced Concentration Polarisation
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Figure 13. Comparison between Hydraulic Resistances Due to Individual and Coupled Effects, and
Sum of Individual Effects of Concentration Polarisation and Cake Formation of Xanthan
“Rcp” illustrates the resistance caused by calcium chloride fouling; “Rc” illustrates the resistance
caused by xanthan fouling in the absence of calcium chloride; “Rc + Rcp” illustrates the resistance
caused by fouling by both xanthan and calcium chloride; and the fourth plot illustrates the sum of
plots “Rcp” and “Rc”.

This figure compares hydraulic resistances found on the membrane due to
combined effect of calcium chloride fouling (Rcp) and xanthan fouling (Rc), and the sum
of individual fouling effects (sum of Rc and Rcp). As illustrated in the same figure,
xanthan fouling led to an increase of approximately 4 × 1013 m-1 in cake resistance after a
period of 24 hours; fouling by calcium chloride led to a resistance increase of about 9 ×
1013 m-1; the sum of these two individual resistances totalled to an resistance increase of
about 13 × 1013 m-1. However, the coupled fouling effect of both xanthan and calcium
chloride (Rc + Rcp) led to a resistance increase of about 50 × 1013 m-1.
Based on figures 12 and 13, it is shown that the coupled fouling effects of
polysaccharides and calcium chloride (cake formation and concentration polarisation)
lead to greater increases in non-membrane resistances than the sum of their individual
fouling effects. It was also shown that xanthan coupled with calcium chloride present in
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the feed solution lead to a greater increase in resistance compared to when alginate is
coupled with calcium chloride (resistance greater by 21× 1013 m-1).
Figure 13 shows that the combined effect of concentration polarisation and cake
formation leads to greater increases in hydraulic resistances than the sum of the
individual fouling effects. This is due to the interaction calcium chloride has with Xanthan
in the feed solution which would reduce the permeability of the cake layer formed at the
membrane surface. As it was explained in section 5.1.2., calcium chloride (a divalent
cation) not only facilitates the fixation of xanthan molecules to the membrane surface but
also assists the binding of polysaccharide molecules with each other (Lee and Elimelech
2006; Paul et al. 2012). In addition, the formation of cake layer on the membrane surface
increases diffusional path length on the membrane surface. This in turn increases the
concentration of salt at the membrane surface and therefore the osmotic pressure at the
membrane as well (Kim et al. 2006).
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5.3. Concentration Polarisation of CaCl2 only
Figure 14 shows the evolution of osmotic pressure and concentration of calcium
chloride at the membrane surface over a 24 hour period, in the absence of
polysaccharides.
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Figure 14. Osmotic Pressure and Concentration of Calcium Chloride Accumulated on the
Membrane Surface

Over the course of 24 hours, the osmotic pressure at the membrane surface
increased by 2.97 × 10-4 Pa, while the concentration of calcium chloride accumulated at
the membrane surface increased by 3.99 × 10-5 mmol/L (or mM). These values are
relatively small as the concentration of calcium chloride used in the feed solution was 1.3
mM.
Figure 14 shows that small amounts of calcium chloride can slightly reduce the
efficiency of the system due to concentration polarisation and increased osmotic
pressure at the membrane surface (when comparing with results from Figures 10 and
11). The increase of osmotic pressure at the membrane surface is mainly due to the
accumulation of calcium ions on the membrane surface (increased concentration).
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Although salt accumulated on the membrane surface, some salt was also diffused back
into the bulk solution due to the cross flow in the reverse osmosis cell.

5.4. Conductivity
The conductivity of the permeate and the feed solution was measured during
experiments where calcium chloride was present in the feed. The conductivity was
measured only for the first five hours and the last six hours of the experimental time as
afterhours access was not granted by Murdoch University personnel for safety purposes.
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Figure 15. Feed Solution and Permeate Conductivity during Experiments Involving Calcium
Chloride and Alginate

Figure 15 shows the progression of conductivity in the feed solution as well as in
the permeate during experiments involving alginate and calcium chloride. Over the
course of 24 hours, the conductivity of the feed solution has increased by 13.8µS (8.78%)
while the conductivity on the permeate side increased by 1.18µS (38.19%).
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Figure 16. Feed Solution and Permeate Conductivity during Experiments Involving Calcium
Chloride and Xanthan

Figure 16 shows the progression of conductivity in the feed solution as well as in
the permeate during experiments involving xanthan and calcium chloride. Over the
course of 24 hours, the conductivity of the feed solution has increased by 15.9µS
(10.21%) while the conductivity on the permeate side increased by 1.8µS (53.10%).
Figures15 and 16 show us that the conductivity of the permeate and the feed
solution increase over the 24 hour experimental period. Conductivity is correlated to the
concentration of salt in the water. As water is pushed through the membrane, the volume
of feed solution decreases and so the salt concentration increases, explaining the
increase in conductivity. The increase in salt concentrations (conductivity) in the feed
solution indicates an increase in osmotic pressure, which implies that it would require
more force (pressure) to push the feed solution through the membrane.
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5.5. Confocal Laser Scanning Microscopy
Image stacks were collected for each membrane sample. The images were
analysed and the pixels converted into values for average bio-volume and compactness
of the fouling layers formed on the membrane surface. The membranes containing the
alginate (without calcium chloride) fouling layer were not preserved because of changes
in the methodology (it was not intended to conduct CLSM until after the alginate, on its
own, experiments were conducted).
5.5.1. Alginate Fouling Layers

Figure 17. Confocal Laser Scanning Microscopy Image of Fouling Layer Caused by Alginate and
Calcium Chloride Combined

Figure 17 represents a CLSM image and illustrates the alginate cells which have
formed a fouling layer on the membrane surface. The green colour represents alginate
and the white bottom section represents the start of the membrane surface. It also seems
as if there is some alginate that is embedded in the membrane itself (towards the bottom
of the picture).
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5.5.2. Xanthan Fouling Layers

Figure 18. Confocal Laser Scanning Microscopy Image of Fouling Layer Caused by Xanthan

Figure 18 represents a CLSM image and illustrates the xanthan cells which have
formed a fouling layer on the membrane surface. The green colour represents xanthan
and the white bottom section represents the start of the membrane surface. It also seems
as if there is some xanthan that is embedded in the membrane itself (towards the bottom
of the picture).
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Figure 19. Confocal Laser Scanning Microscopy Image of Fouling Layer Caused by Xanthan and
Calcium Chloride Combined

Figure 19 represents a CLSM image and illustrates xanthan which has
formed a fouling layer on the membrane surface. The green colour represents xanthan
cell and the white bottom section represents the start of the membrane surface. In this
case, it seems that no xanthan has been embedded in the membrane structure.
5.5.3. Bio-volume and Compactness
Table 1. Bio-Volume and Compactness of Different Fouling Layers

Bio-volume

Compactness

Alginate + CaCl2

6.78

171

Xanthan

4.29

218

Xanthan + CaCl2

5.23

160

The pixels of each CLSM image could be used to convert them into average
values of bio-volume and compactness of each fouling layer on the preserved
membranes. These values have been calculated and put into Table 1.
Table 1 shows us that the alginate and calcium chloride fouling layer had a fouling
which was larger in volume than the xanthan fouling layers with and without calcium
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chloride. It also shows us that the thinnest fouling layer (xanthan) also had the highest
compactness of the three fouling layers.
Based on the calculations and results of bio-volume and compactness, we would
expect that with higher bio-volume and higher compactness of the fouling layer would
lead to lower system efficiency. In Table 1, the combined xanthan and calcium chloride
fouling layer had a lower bio-volume and compactness than the combined alginate and
calcium chloride fouling layer. However, the experiment showing the latter had higher
final permeate flux, which also means better efficiency than the former. This would
suggest that the fouling effect of any organic fouling build-up does not depend on the
volume it occupies or its compactness.
The results from Table 1 are average of only 2 membrane samples (each), with
considerable variation on the membrane. It would be preferable to collect more samples
in order to have a larger data set.

6. Conclusion
The objective of this project was to compare fouling behaviours of alginate and
xanthan as model polysaccharides, and how the addition of calcium chloride affects their
fouling behaviours.
From this project and the experiments conducted it is clear that the increase in
hydraulic resistances at the membrane surface is the major factor that leads to a
reduction in permeate flux, and thus system efficiency. It was shown by experiments that
the individual fouling effects of either polysaccharides or salt does not affect the system
efficiency to great extents. However their combined effects amplified the reduction in
system efficiency mainly due to interactions between the salt and the polysaccharide.
From the CLSM results, it would seem that the fouling properties of the build-up do
not depend of the volume it occupies or its compactness.
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Based on the results, it would seem that xanthan has far less significant fouling
effects on the membrane compared to alginate. On the other hand, xanthan presents
more significant fouling consequences on the membrane than alginate when calcium
chloride is present in the feed solution. This would mean that the permeability of the
alginate-CaCl2 fouling layer is greater than the xanthan-CaCl2 fouling layer.
These results are essential for the improvement of membrane and system efficiency
improvement, as well as the prevention/reduction of membrane fouling.

7. Future Work
In this project, it is understood how membrane fouling by salt, polysaccharide, or
both affect the system efficiency was studied. Therefore, research on the following focus
areas would prove useful:


Reapply the same set of objectives on a forward osmosis system. Similarly to
reverse osmosis, forward osmosis is a water treatment process that uses a semipermeable membrane to separate molecules from water. It has the advantage of
not relying as much on pressure as reverse osmosis which makes it usually more
resistance to fouling (Hydration Technology Innovation 2010).



Research on ways to reduce membrane fouling. Studies can be done on ways to
reduce fouling during the system’s operation or before (pre-treatment).



Conduct the same sets of experiments but with different experimental parameters,
such as pressure and pH in order to determine how other parameters could affect
membrane fouling.



Conduct experiments using actual seawater and alginate to see if we would get
similar results.
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Gather more membrane samples to conduct CLSM in order to have larger and
more reliable data sets as well as reconfirm the suggestion that the type of
polysaccharide and its properties to bind with salts determine its fouling intensity.
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APPENDIX A – Sterlitech Corporation CF042 Cross Flow Cell
Specifications
Material

Acetal (Delrin)

Torque Settings (inchpounds)

60

Max. Pressure

69 bar (1000 psig)

Max. Temp.

180°F (82°C)
General Cross Flow Specifications

Active Membrane Area

Connections

42 cm2 (6.5 in2)
Feed:1/4 in FNPT (base of cell);
Concentrate:1/4 in FNPT (base of cell);
Filtrate:1/8 in FNPT

O-Ring

Buna-N or Viton

Outer Dimensions

12.7 x 10 x 8.3 cm (5 x 4 x 3.25 in)

Active Area Dimensions

9.207 x 4.572 cm (3.625 x 1.8 in)

Slot Depth

2.3 mm (0.09 in)

Membrane Support

20 µm Sintered Stainless Steel

Hold-Up Volume

17 mL (0.57 oz)
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APPENDIX B
Specifications

–

HTI

OsMemTM

CTA-NW

Membrane

Features:





The OSMem™ CTA-NW Membrane is HTI’s fouling resistant and most chlorine
resistant FO membrane cast on a weldable nonwoven support.
The OSMem™ CTA-NW Membrane is used in all hydration pouches (HydroPack,
LifePack, X-Pack, etc.).
The OSMem™ CTA-NW Membrane is cast on 40” (1-m) wide rolls and “dried,”
where vegetable-based glycerine replaces the water.
The OSMem™ CTA-NW Membrane coupons are shipped “dry,” where vegetablebased glycerine replaces the water.

Typical FO Performance (Rejection Layer Contacting Feed):



Water Permeation: 2.4 GFD (gallons per square foot each day) (4.0 LMH – liters
per square meter each hour)
Salt Rejection: 99% as defined in Test Conditions.

Test conditions:
Feed: 1 gpm (4 lpm) tap water feed at 77°F (25°C) fed at the bottom into a 4” (100
mm) by 0.2” (5 mm) open channel with an initial volume of 0.40 gal (1.5 L) and an exit
pressure
of
5
psi
(35
kPa).
Draw: 7 gph (26 lph) 1 M NaCl (58.5 g/L) at the bottom at 2 psi (15 kPa) feed into a 4” (100
mm) by 0.055” (1.4 mm) channel of two 30-mil (0.76 mm) diamond-type polypropylene feed
spacers (strands spaced at 11 strands per inch (25.4 mm)) with an initial volume of 0.13
gal
(0.5
L).
2
2
Membrane
Area:
0.22
ft
(0.020
m)
Rejection: {1 – [(mol NaCl transferred to feed)(L water removed)(1 M)]}

Typical uPRO* Performance (Rejection Layer Contacting Draw Solution):



Water Permeation: 5.3 GFD (gallons per square foot each day) (9.0 LMH – liters
per square meter each hour)
Salt Rejection: 99% as defined in Test Conditions.

Test conditions:
Feed: 7 gph (26 lph) tap water at the bottom at 2 psi (15 kPa) feed into a f” (100
mm) by 0.055” (1.4 mm) channel of two 30-mil (0.76 mm) diamond-type polypropylene feed
spacers (strands spaced at 11 strands per inch (25.4 mm)) with an initial volume of 0.26
gal
(1.0
L).
Draw: 1 gpm (4 lpm) 1 M NaCl (58.5 g/L) at 77°F (25°C) fed at the bottom into a 4” (100
mm) by 0.2” (5 mm) open channel with an initial volume of 0.2 gal (0.8 L) and an exit
pressure
of
5
psi
(35
kPa).
2
2
Membrane
Area:
0.22
ft
(0.020
m)
Rejection: {1 – [(mol NaCl transferred to feed)(L water removed)(1 M)]}
*uPRO: unpressurized Pressure Retarded Osmosis membrane orientation
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Operating Limits and Guidelines:
Membrane Requirements

Membrane coupons are shipped in glycerine. Should
be soaked in water for 30 minutes prior to use. After
glycering extraction, membrane must be kept moist
at all times. Do not allow to freeze. Exercise care in
handling

Membrane Type

Cellulose Triacetate (CTA) on heat- or RF-weldable
nonwoven support

Maximum
Temperature

Operating 160°F (71°C)

Maximum Transmembrane 10 psi (70 kPa), if supported
Pressure
pH Range

3 to 8

Maximum Chlorine

2 ppm

Cleaning Guidelines

Use only cleaning chemicals approved for CA/CTA
RO membranes

Storage Guidelines

Store out of direct sunlight with a couple mL of water

FO Membrane Notes:
The membrane is initially cast on rolls. On a roll, the rejection layer is to the inside of the
roll and is the shiny side away from the nonwoven backing.
FO membranes behave similarly to RO membranes in that dissolved gases are not
rejected well. Their ions are rejected, but the (often small) fraction that exists as a
dissolved gas is not rejected. Small polar, water-soluble organics, such as urea,
methanol, and ethanol, are also no rejected well.
Brief Startup Description:
If the process is being run with the draw solution contacting the rejection layer (uPRO),
make sure that there is water in the cell on the supported side to draw from. Start the
pump on the unsupported side. Adjust the flowrate with the inlet valve and the exit
pressure to 5 psi (35 kPa) with the exit valve. Start the side with the membrane support
and adjust to the desired inlet pressure of 2 psi (15 kPa). Monitor volume or weight
changes, temperature, and concentrations with time.
Brief Shutdown Descriptions:
Turn off the pumps and drain the high osmotic pressure solution first. Then drain the low
osmotic pressure solution. Rinsing is recommended. The membrane can be stored in the
cell
–
preferably
drained.
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APPENDIX C – Gantt Chart
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