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Summary 

Seawater desalination technology has been rapidly growing in terms of installed 
capacity (~80 million m3/day as of 2013), plant size and global application. However, 
seawater reverse osmosis (SWRO) systems are prone to operational problems such as 
membrane fouling. To minimize fouling, pre-treatment of seawater is necessary 
upstream of the SWRO system. The pretreatment in most SWRO plants, specifically in 
the Middle East, comprise coagulation followed by granular media filtration (GMF) 
pre-treatment. In recent years, however, low pressure membranes such as 
ultrafiltration (UF) are increasingly being used as a preferred alternative to GMF. As 
more extra large SWRO plants (>500,000 m3/day) are expected to be installed over the 
coming years, frequent chemical cleaning (>1/year) of the SWRO will be unfeasible 
and installing a reliable pre-treatment system will be even more important.  
 
An emerging threat to SWRO is the seasonal proliferation of microscopic algae in 
seawater called algal blooms. These natural phenomena can potentially occur in most 
coastal areas of the world where SWRO plants are installed. Recent severe algal bloom 
outbreaks in the Middle East region in 2008 and 2013 have caused clogging of GMF 
pre-treatment systems which also resulted in inacceptable quality (silt density index, 
SDI>5) of GMF effluent. The latter eventually led to temporary shutdown of several 
SWRO plant mainly due to concerns of irreversible fouling of the downstream SWRO 
membranes. The poor performance of GMF during algal blooms has shifted the focus 
of the desalination industry to UF as a main pre-treatment for SWRO. Thus, an 
extensive investigation on the impact of algal blooms on both UF and RO membranes 
is required.    
 
The goal of this study is to understand the adverse impact of seawater algal bloom on 
the operation of UF and RO membrane systems. Furthermore, this study aims to 
develop/improve methods to investigate the characteristics and the membrane fouling 
potential of algae and algal organic matter (AOM). The ultimate goal is to provide 
engineers/operators with a better understanding as well as reliable assessment tools 
to develop robust processes and effective operation strategies to maintain stable 
operation in membrane-based desalination plants during an algal bloom. 
 
The potential problems which may occur in membrane-based desalination plants (UF 
pre-treatment followed by SWRO) during treatment of algal bloom impaired waters 
are: (1) particulate fouling in UF due to accumulation of algal cells and their detritus, 
(2) organic fouling in UF or RO due to accumulation of AOM, and (3) biological fouling 
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in RO initiated and/or enhanced by AOM. These potential issues were addressed in 
this study by performing both theoretical and experimental analyses.   
 
The first step to a better understanding of the effects of algal bloom on membrane 
filtration was to perform characterization studies with batch cultures of common 
bloom-forming marine (Chaetoceros affinis, Alexandrium tamarense) and freshwater 
(Microcystis sp.) algae. The bloom forming algae showed different growth patterns and 
AOM production at different phases of their life cycles. The AOM which the algae 
produced wa extracted and characterized using various microscopic, 
choromatographic and spectrophotometric techniques. The main finding is that AOM 
comprise mainly biopolymers (e.g., polysaccharides, proteins) while the remaining 
fractions comprise refractory organic matter (e.g., humic-like substances) and/or low 
molecular weight biogenic substances. Polysaccharides with associated sulphate and 
fucose functional groups were ubiquitous among biopolymers produced by the 3 algal 
species. Furthermore, these biopolymers were capable of adhering to clean UF and RO 
membranes but the adhesion was much stronger on membranes already fouled by 
algal biopolymers. Some indications show that this adhesive fraction of AOM is mainly 
made up of transparent exopolymer particles (TEP).    
 
Further investigations were performed to monitor the presence of TEP in membrane-
based desalination systems. For this purpose, the two existing methods to measure 
TEPs were first modified or further improved in terms of their applicability in studying 
different pre-treatment processes and membrane fouling. Various improvements were 
introduced mainly to minimize the interference of dissolved salts in the sample, to 
decrease the lower limit of detection, to measure both particulate and colloidal TEPs 
(down to 10 kDa) and to develop a reproducible calibration method with a standard 
polysaccharide (Xanthan gum). Successful application of the two methods (with 
modifications and improvements) was demonstrated in monitoring TEP accumulation 
in algal cultures and TEP removal in the pre-treatment processes of 4 RO plants. 
 
Long term (~4 years) TEP monitoring in the raw water of an SWRO plant in the 
Netherlands showed spikes in the TEP concentration typically coinciding with the 
spring algal bloom (March-May), which were mainly dominated by diatoms and/or 
Phaeocystis. Further monitoring of the fate of TEP through the treatment processes of 
4 RO plants showed substantial reductions in TEPs and biopolymer concentrations 
and membrane fouling potential (in terms of the modified fouling index-ultrafiltration, 
MFI-UF) after UF (with and without coagulation), coagulation–sedimentation-filtration 
and coagulation-dissolved air flotation-filtration treatments. On the other hand, lab-
scale membrane rejection experiments demonstrated that complete removal of algal-
derived biopolymers may be possible by using UF membranes with lower molecular 
weight cut-off (≤10 kDa). Overall, results from both lab-scale and full-scale plant 
experiments showed significant correlations between TEP concentration and MFI-UF, 
an indication that TEPs likely have a major role in the fouling of UF pre-treatment 
systems and possibly in SWRO systems, if not effectively removed by the pre-
treatment process. 
 
The role of algae in the fouling of capillary UF membranes was investigated based on 
theoretical and experimental analyses. Results show that membrane fouling of UF 
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during filtration of algal bloom impacted water is mainly due to accumulation of TEPs 
on membrane pores and surfaces, rather than the accumulation of algal cells. This 
was corroborated by the correlation (R2>0.8) between MFI-UF and TEP concentration 
and not with algal cell concentration (R2<0.5).  
 
Additional investigations were performed to verify if algal cells can cause severe 
plugging in capillary membranes. Theoretically, algal cell transport through an inside-
out driven capillary UF is mainly influenced by inertial lift, which may cause plugging 
problems as it enhances deposition of algal cells at the dead-end section of the 
capillary. Hydraulic calculations suggest that severe plugging due to significant 
accumulation of large algal cells (>25 µm) may cause substantial increase in 
membrane and cake resistance due to localised increase in flux during constant flux 
filtration. Such potential problems can be addressed by shortening the period between 
filtration cycles, lowering the membrane flux and/or introducing a small cross-flow 
(bleed) at the dead-end of the capillary. 
 
Fouling in capillary UF membranes by biopolymers from bloom-forming marine algae 
were further investigated in relation to the solution chemistry of the feed water. 
Lowering the pH of the feed water resulted to an increase in UF membrane fouling 
potential of biopolymers. Varying the ionic strength in the feed water led to 
substantial variations in fouling potential. The role of mono- and di- valent cations on 
the fouling potential of biopolymers was also investigated by varying the cation 
composition of the feed water matrix. Among the major cations abundant in seawater, 
Ca2+ ions demonstrated a significant influence on the fouling propensity of AOM in 
terms of MFI-UF and non-backwashable fouling rate. Furthermore, the effect of 
solution chemistry on the fouling behaviour of algal biopolymers, in terms of hydraulic 
resistance and backwashability, is substantially different to what was observed in 
model polysaccharides (e.g., sodium alginate and gum xanthan) traditionally used in 
UF fouling experiments. This indicates that model polysaccharides such as sodium 
alginate and gum xanthan are not reliable in simulating the fouling propensity of algal 
biopolymers in seawater. 
 
The last phase of the study demonstrated the important role of AOM on biofilm 
development in SWRO system by performing accelerated biological fouling 
experiments (8-20 days) in cross-flow capillary UF membranes (10 kDa MWCO) and 
spiral wound RO membranes (using MFS). It was illustrated in these experiments that 
when biodegradable nutrients (CNP) are readily available in the feed water, the 
substantial presence of AOM - either in the feedwater or on the membrane/spacers - 
can accelerate the occurrence of biofouling in SWRO. However, when nutrients are not 
readily available in the feed water, direct organic fouling by AOM may occur but with 
a much lower fouling rate than when nutrients (N,C,P) are readily available. These 
findings were supported by the results of growth potential tests (using flow cytometry) 
whereby the net growth of bacteria in natural seawater increased with increasing 
AOM concentration. Consequently, effective removal of AOM from RO feed water is 
necessary to minimise biofouling in SWRO plants affected by algal blooms.  
 
Overall, this study demonstrates that better analytical parameters and tools are 
essential in elucidating the adverse impacts of algal bloom in seawater on the 
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operation of membrane-based desalination plants (UF-RO). It also highlighted the 
importance of developing effective pre-treatment processes to remove AOM from the 
raw water and reduce the membrane fouling potential of the feed water for 
downstream SWRO membranes. Since seawater algal blooms generally occur within a 
short period of time (e.g., from days to few weeks) and are also difficult to predict, it is 
essential that MFI-UF, TEP and algae concentrations are regularly monitored in the 
raw and pre-treated water of SWRO plants, so that corrective measures can be 
implemented in time in the pre-treatment system during the onset of an algal bloom. 
 



 
 

 

Table of Contents 

Acknowledgement 3

Summary 5

Chapter 1 General introduction 11

Chapter 2 Marine algal blooms 27

Chapter 3 Seawater reverse osmosis and algal blooms 45

Chapter 4 Characterisation of algal organic matter   71

Chapter 5 Measuring transparent exopolymer particles in 
freshwater and seawater  
  

109

Chapter 6 Fate of transparent exopolymer particles in integrated 
membrane systems 
 

147

Chapter 7 Fouling of ultrafiltration membranes by algal 
biopolymers in seawater 
 

177

Chapter 8 Fouling potential of algae in inside-out capillary UF 
membranes 
 

213

Chapter 9 Biofouling in cross-flow membranes facilitated by algal 
organic matter 
 

247

Chapter 10 General conclusions 279

Samenvatting 287

Abbreviations 291

Publications and awards 293

Curriculum vitae 297

 
            
 
 
  



    
 

 



 

 

                  

1  
General introduction 

Contents 

1.1 Background ........................................................................................................... 12 
1.2 Membrane filtration ............................................................................................... 14 
1.3 Membrane-based desalination ............................................................................... 15 
1.4 Algal blooms .......................................................................................................... 18 
1.5 Membrane fouling by algal organic matter ............................................................. 20 
1.6 Transparent exopolymer particles .......................................................................... 20 
1.7 Aim and scope of the study .................................................................................... 21 
1.8 Research objectives ............................................................................................... 22 
1.9 Outline of the thesis .............................................................................................. 22 
1.10 Acknowledgements ................................................................................................ 23 
References ........................................................................................................................ 24 
 
 

 

 
 
 
 
 
 
 
 
 
 
  



12  ALGAL BLOOMS AND MEMBRANE BASED DESALINATION TECHNOLOGY

 

 

 

1.1 Background 
The global demand for safe and reliable water supply for agricultural, municipal and 
industrial use has been steadily growing over the last few decades. The main driving 
factors are population growth, economic development and depletion of traditional 
freshwater supplies. Water scarcity is already a long standing issue in several 
countries in North Africa, the Arabian Peninsula and the Caribbean, where freshwater 
availability is less than 1000 m3/person/year (Figure 1-1). It is projected that by the 
year 2030, nearly half of the world population will be living in areas of high water 
stress (WWAP, 2012). Moreover, future population growth will be mainly in developing 
countries which are either already experiencing "water stress" or in areas with limited 
access to safe drinking water (WWAP, 2012). Furthermore, several other countries 
which overall are still not considered water stressed are currently experiencing 
localized water scarcity, especially in coastal regions (WWAP, 2012).  
 

 
Figure 1-1: Composite map showing global freshwater availability by country in 2007. Source: Philippe 
Rekacewicz, UNEP/GRID-Arendal via WWAP (2012).   
 

Economic and demographic growths have resulted in over-abstraction of conventional 
freshwater resources. As of 2012, freshwater abstractions in the Arabian Peninsula, 
North Africa and South Asia were about 500%, 175% and 45% of their internal 
renewable water resources, respectively (FAO, 2012). Many countries within these 
regions have been resorting to seawater desalination to ease the water supply-demand 
gap. Other measures have also been implemented such as utilising water more 
efficiently, reducing leakages in public water supply networks and wastewater reuse. 
These water saving measures are increasingly implemented but their overall 
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contribution to increasing the current water supply are rather limited. Consequently, 
seawater desalination is often the preferred option to satisfy the demand. 
 
As of 2010, about 44% of the global population and 8 of the 10 largest metropolitan 
areas in the world are located 150 km from the coastline (UN Atlas of the Oceans, 
2010). Therefore, the prospect of widespread application of seawater desalination in 
the near future is very likely. In fact, it is projected that a cost-effective application of 
desalination technologies can increase the global clean water supply by about 20% 
between 2020 and 2030 (WWAP, 2012). 
 
Large scale application of seawater desalination started way back in the 1960’s using 
thermal distillation processes. In the 1970’s, reverse osmosis (RO) technology was 
introduced mainly for brackish water desalination. Subsequent advancement in 
material science in the 1980’s led to the development of more robust composite 
aromatic polyamide RO membrane which allows extending RO application to seawater 
desalination (Wilf et al., 2007). Seawater desalination was mainly based on thermal 
processes (e.g., multi-stage flash and multi-effect distillation) until the last decade 
when reverse osmosis technology started to dominate the market (Figure 1-2).  

 

 
Figure 1-2: Cumulative installed worldwide desalination capacity in terms of applied technology 
(DesalData, 2013).  
 
The rapid growth of the application of RO desalination technology in recent years is 
not only driven by the steady increase in water supply demand but also by the 
declining RO water production cost (Lattemann et al., 2010). It is expected that by 
2015, the average global production cost of RO desalinated water will be about 0.5 
USD/m3, which means that large scale application of seawater RO (SWRO) 
desalination will become more economically attractive and competitive with 
conventional water treatment processes (GWI, 2007). 
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1.2 Membrane filtration 
In addition to RO, other types of pressure-driven membranes have been applied for 
drinking and industrial water production. Separation processes using polymeric 
membranes can cover a wide size spectrum of contaminants, from suspended solids 
to dissolve organic compounds to inorganic ions (Figure 1-3). The physical and 
operational characteristics of different categories of membrane filtration processes are 
presented in Table 1-1. 
 

 
Figure 1-3: Contaminants which can be removed by membrane filtration processes. Adopted from Cath 
(2010) via The National Academies Press. 
 

Table 1-1: Characteristics of different membrane filtration processes. 

Process and 
abbreviations 

Pore size 
(nm) 

MWCO* 
(kDa) 

Pressure 
(bar) 

Materials typically retained 
 

Microfiltration, MF 50-5000 > 500  0.1-2 particles + large colloids + large bacteria 

Ultrafiltration, UF 5-50 2 - 500 1-5 as above + small colloids + small bacteria 
+ viruses + organic macromolecules 

Nanofiltration, NF < 1 0.2 - 2  5-20 as above + multi-valent ions 

Reverse osmosis, RO << 1 < 0.2 10-100 as above + mono-valent ions 
* Molecular weight cut-off = molecular weight of solutes with similar weight of which 90% were rejected by the membrane. 

 
Low pressure-driven membranes such as microfiltration (MF) and ultrafiltration (UF) 
membranes are usually used in treating waters with high turbidity or high particulate 
matter loading. MF/UF can remove particulate (e.g., bacteria, algae) and some 
colloidal materials (e.g., biopolymers). Physical sieving is the main rejection 
mechanism, where water permeates through the membrane due to the applied driving 
pressure. Over time, the deposits on the membrane can serve as a self-rejecting layer 
and retain even smaller particles than the pore size of the membrane. UF have finer 
pores than MF, hence, it is expected to have higher contaminant rejection efficiency as 
well as higher operating pressure than MF. UF has been shown to be more effective 
than MF in removing bacteria, viruses and other pathogenic microorganisms in the 
water (Jacangelo et al., 1995). Both MF and UF are widely applied in surface and 
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wastewater treatment and increasingly as pre-treatment for NF/RO systems (Busch et 
al., 2009). 
 
Nanofiltration (NF) membrane is mainly applied for softening processes, colour and 
disinfection-by-product removals. NF membranes have a nominal pore size of 
approximately <0.001 microns and an operational pressure between 5 and 20 bars.  
The separation process in NF membranes not only involves physical sieving but also 
solution diffusion, the Gibbs-Donnan effect, dielectric exclusion and electromigration 
(Hussain et al., 2008). The membrane removes mainly multi-valent ions and natural 
organic matter, while allowing some of the mono-valent ions to pass through. The 
total salt rejection of NF is in the range of 50-70% while organic carbon removal is 
between 70 and 95% (Schäfer, 2001). 
 
Reverse osmosis (RO) membrane filtration is used primarily in brackish and seawater 
desalination and for waters contaminated with micro-pollutants. An RO membrane 
can remove both particulate and dissolved constituents from the water including 
natural organic matter and both mono- and multi-valent ions. With more stringent 
regulations regarding water quality, RO is now also being considered for surface water 
and secondary wastewater effluent treatment, particularly for trace contaminants 
removal (e.g., pesticides) and disinfection (Hofman et al., 1997; Gomez et al., 2012). 
The rejection mechanism is mainly solution diffusion through a dense separation 
layer in the polymer matrix, where water is allowed to pass while most solutes 
(~99.8% of salt ions) remain and concentrate on the feed side of the membrane. This 
process requires high pressure to be exerted on the feed side of the membrane due to 
build-up of osmotic pressure. In seawater, which has around 24 bar of natural 
osmotic pressure, a feed pressure of 40–70 bars is usually used.  

1.3 Membrane-based desalination 
Various membrane-based technologies have been developed over the years for water 
desalination processes, namely: RO, NF, electrodialysis (ED), thermo-osmosis, 
pervaporation, and membrane distillation. Among these technologies, only RO, NF 
and ED have been used in large scale applications while the rest are still in the 
research and developmental stages (Gullinkala et al., 2010). ED desalination process 
involves moving salt ions selectively through a membrane driven by an electrical 
potential. RO is currently the dominant desalination technology and is widely applied 
for both drinking and industrial water production while ED is mainly used for 
industrial purposes (Figure 1-4).  
 
It is projected that the global desalination capacity will reach 98 million m3/day by 
2015, a large majority of which will be based on RO desalination technology 
(Latteman et al., 2010). Currently, RO desalination has a global online capacity of 
39.4 million m3/day, which is about twice the installed capacity of thermal 
desalination (Figure 1-4). Thermal desalination plants (i.e., MED, MSF, VC) are mainly 
installed in oil-rich countries of the Middle East while RO desalination is almost 
exclusively used in the rest of the world. Almost half (46%) of the RO desalinated 
waters were from seawater and the rest were mainly from brackish, freshwater and 
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treated wastewater (Figure 1-4). This is a testament to the growing importance of RO 
desalination in coastal areas in the world where freshwater is a limited commodity or 
too polluted to be treated by conventional water treatment processes. 
 

 
Figure 1-4: The global online desalination capacity (in million m3/day) as of June 2013 with regards to 
desalination technology and RO source water (inset chart). Primary data from Desaldata (2013). 
 

Figure 1-5 illustrates that high concentration of large RO desalination plants have 
been installed in the Middle East region, the Mediterranean area (e.g., Spain and 
Algeria), northern and central Europe (e.g., Germany, Netherlands and UK), the 
Caribbean, Japan, Korea and the US (e.g., Florida and California).  
 

 
Figure 1-5: Global distribution of large RO plants with installed capacities ≥ 30,000 m3/day. Map 
processed by N. Dhakal with primary data from DesalData (2012). 
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Seawater desalination by reverse osmosis is considered to be more energy efficient, 
more compact and more flexible (modular) compared to other desalination processes. 
The current water production cost of RO desalination is generally cheaper than 
thermal desalination processes (GWI, 2007). Such cost is expected to decrease further 
as more efficient and/or extra large RO systems will be installed in the near future.  
 
Currently, the main “Achilles heel” for the cost-effective application of RO is 
membrane fouling (Flemming et al., 1997). The accumulation of particulate and 
organic materials from seawater and biological growth in membrane modules 
frequently cause operational problems in SWRO. These may result in one or a 
combination of the following: 

1) higher energy cost due to higher operating pressure; 
2) higher chemical consumption/cost due to additional chemical pre-treatment (e.g., 

coagulation) and frequent chemical cleaning of the membranes; 
3) higher material cost due to frequent replacement of damaged or irreversibly fouled 

membranes;  
4) lower rate of water production due to longer system downtime during chemical 

cleaning and membrane replacement; and  
5) declining product water quality due to increased salt passage through the 

membranes.  
 
The above-mentioned problems have increased the necessity of pre-treating the RO 
feed water with conventional treatment processes, such as granular media filtration or 
coagulation and sedimentation followed by media filtration, to maintain more stable 
and more reliable operation. This necessity also paved the way for the development of 
integrated membrane systems (IMS), in which RO systems are preceded with different 
pre-treatment processes to remove potential foulants from the RO feedwater 
(Schippers et al., 2004). Among these pre-treatment processes, low pressure 
membranes (MF and UF) have been progressively applied in recent years to further 
reduce membrane fouling in RO/NF systems.  
 

As shown in Figure 1-6, the application of UF pre-treatment for SWRO has been 
rapidly increasing since 2006. As of 2013, SWRO plants with UF pre-treatment 
accounts for about 30% of total SWRO capacity. However, this percentage is expected 
to increase further in the future as UF is currently preferred for its better treatment 
reliability (in terms of maintaining low SDI/MFI in the RO feed water) and lower 
chemical consumption than conventional pre-treatment systems (Busch et al., 2009).  
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Figure 1-6: Comparison of production capacity of 49 largest SWRO plants installed between 2001 and 
2013 in terms of pre-treatment technologies: granular media filtration (GMF), ultrafiltration (UF) and 
dissolved air flotation (DAF). DAF pre-treatment system is always installed in combination with GMF 
and/or UF pre-treatments.  SWRO capacity based from DesalData (2013).  

1.4 Algal blooms  
There is growing evidence that algae are a major cause of operational problems in 
SWRO plants. Many SWRO plants abstract raw water in coastal sources where algal 
blooms frequently occur (Caron et al., 2010; Richlen et al., 2010; Petry et al., 2007).  
 
An algal bloom is a "population explosion" of naturally occurring microscopic algae, 
triggered mainly by seasonal changes in temperature, abundance of sunlight and/or 
high nutrient concentration in the water. Some algal blooms are considered harmful 
because the causative algal species produce toxic organic compounds which can 
cause illness/mortalities to humans and/or aquatic organisms. However, some 
harmful algal blooms do not produce toxic compounds but the algal biomass and 
algal organic matter (AOM) they produce can accumulate in dense concentrations 
near the water surface. Bacterial degradation of this organic material can lead to a 
sudden drop in dissolved oxygen concentration in the water and eventually cause 
mortalities of aquatic flora and fauna. During the last decades, the number of harmful 
algal blooms, the type of resources affected and economic losses reported have all 
increased dramatically (Anderson et al., 2010). Economic losses mainly affect the 
fishing and aquaculture industry but recently the desalination industry has been 
affected as well. 

 
The adverse effect of algal blooms on SWRO desalination systems started to gain more 
attention during the severe “red tide” bloom in the Gulf of Oman between 2008 and 
2009 (Figure 1-7). That algal bloom forced several SWRO plants in the region to 
reduce or shutdown operations due to clogging of pre-treatment systems (i.e., 
granular media filters) and/or due to unacceptable RO feed water quality (i.e., silt 
density index, SDI>5) which triggers concerns of irreversible fouling problems in RO 
membranes (Berktay, 2011; Richlen et al., 2010; Nazzal, 2009; Pankratz, 2008). 
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Generally, RO suppliers can only guarantee smooth operation with their RO 
membranes if the feed water has an SDI<5. This incident highlighted a major problem 
that algal blooms may cause in countries relying largely on SWRO plants for their 
water supply. Several arid coastal regions in the world (e.g., Chile, California) which 
are increasingly using SWRO technology for water supply are also vulnerable to this 
problem (Petry et al., 2007; Caron et al., 2010).  
 
In SWRO plants, granular media filters (GMF) are usually installed to pre-treat 
seawater before being fed to the RO system. During algal bloom, the GMF can 
minimise breakthrough of algal cells but a substantial fraction of the AOM can still 
pass through the pre-treatment systems which can then potentially cause fouling in 
the downstream RO system. To solve the problem of poor quality of the pre-treated 
water (GMF effluent), a couple of options have been proposed such as incorporating 
and/or increasing the dose of coagulant in front of the GMF to improve the effluent 
water quality. However, an increase in coagulant dosage may further increase the rate 
of clogging in GMF. Installing a dissolved air flotation (DAF) system in front of the 
GMF will enable increase in coagulant dosage and improve the effluent quality while 
reducing clogging problems in GMF. Another option is to install an ultrafiltration (UF) 
membrane system to replace GMF. UF pre-treatment can guarantee an RO feed water 
with low SDI even during severe algal bloom. However, some concerns have been 
expressed regarding the rate of fouling in UF membrane systems (e.g., backwashable 
and non-backwashable fouling) during algal bloom period (Schurer et al., 2013). To 
overcome this concern, incorporating in-line coagulation or a DAF system preceding a 
UF system has been recommended (Anderson and McCarthy, 2012). 
 

 

Figure 1-7: The massive red tide bloom in the Gulf of Oman as shown in this satellite image acquired 
by Envisat’s MERIS instrument on November 22, 2008 (Credits: C-wams project, Planetek Hellas/ESA). 
Yellow points indicate location of large SWRO plants in the area. Inset screenshots of online news 
regarding SWRO plant shutdown due to red-tide in the gulf in 2008 and 2013 
(www.arabianbusiness.com).   
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1.5 Membrane fouling by algal organic matter 
Algal blooms can cause fouling problems in both MF/UF and NF/RO systems. During 
MF/UF treatment of algal bloom-impacted water, particulate and organic materials 
comprising algae cells and AOM can accumulate to form a cake layer on the surface of 
the membranes. This cake can cause a substantial increase in the required driving 
pressure to maintain the permeate flux in the system. NF/RO systems are primarily 
designed to remove dissolved constituents in the water but they are most vulnerable 
to spacer clogging problems by particulate material from the feedwater. For this 
reason, NF/RO systems are generally preceded by a pre-treatment process to 
minimise particulate and organic fouling potential of the feed water. When MF/UF is 
applied as pre-treatment for RO, particulate and organic fouling problems during algal 
blooms is expected to mainly occur in the MF/UF pre-treatment system itself.   
 
So far, a limited number of studies have investigated the effect of algal blooms on the 
operational performance of MF/UF membrane systems (e.g., Kim and Yoon, 2005; 
Ladner et al., 2010; Qu et al., 2012; Schurer et al., 2013). Most of these studies have 
suggested that the accumulation of AOM is the main cause of membrane fouling 
rather than the algae themselves. However, a synergistic effect between algal cells and 
AOM may intensify the rate of fouling in UF membranes. More studies are needed to 
illustrate and to better explain the mechanisms involved in fouling of MF/UF 
membranes due to accumulation of algae and AOM. 
 
In 2005, Berman and Holenberg reported for the first time that some types of AOM, 
particularly transparent exopolymer particles (TEPs), can potentially initiate and 
enhance biofouling in RO systems (Berman and Holenberg, 2005). TEPs are a major 
component of AOM and are mainly compose of acidic polysaccharides and 
glycoproteins. They are characteristically sticky, so they can adhere and accumulate 
on the surface of the membranes and spacers. The accumulated TEPs can serve as a 
“conditioning layer” – a good platform for effective attachment and initial colonization 
by bacteria which may then accelerate biofilm formation in RO membranes (Bar-Zeev 
et al., 2012). Furthermore, TEPs might be partially degradable and may later serve as 
a substrate for bacteria (Passow and Alldredge, 1994; Alldredge et al., 1993).  
 
The potential problems of TEP accumulation in RO can be more serious than in UF 
because RO systems are not backwashable and chemical cleaning might not be 
effective in removing these materials. Nevertheless, the current notion of the role of 
TEP on biofouling still needs to be verified and their effect on the operation of RO 
membranes still needs to be demonstrated.  

1.6 Transparent exopolymer particles 
One of the main bottlenecks of studying TEPs is the lack of reliable methods to 
measure and monitor these substances in seawater. A number of TEP quantification 
methods have been introduced in the last two decades, but the application of these 
methods has been limited due to interference of dissolved salts in seawater (e.g., 
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Arruda-Fatibello et al., 2004; Thornton et al., 2007). A critical analysis of the 
currently available methods identified several questions regarding their 
reproducibility, calibration, limit of detection and range of TEP sizes taken into 
account. As TEP is gaining more attention in the SWRO desalination industry, there is 
an increasing need for a reliable method to measure these substances in marine 
waters. 
 
Currently, the most widely used method to measure TEP only accounts for TEPs 
retained on 0.4 μm polycarbonate filters (Passow and Alldredge, 1995). However, TEPs 
are agglomeration of particulate and colloidal hydrogels which can vary in size from 
few nanometres to hundreds of micrometres (Passow, 2000; Verdugo et al., 2004). In 
SWRO plants with MF/UF pre-treatment, only colloidal TEPs are expected to reach 
the SWRO system. Hence, it is important to measure colloidal TEPs (<0.4μm) as well 
since these particles cannot be ignored in studying the potential role of TEP in 
membrane fouling. Furthermore, the fate of colloidal TEPs through different pre-
treatment processes is crucial towards developing an effective pre-treatment strategy 
for mitigating biological fouling in SWRO systems during algal blooms.    

1.7 Aim and scope of the study 
RO is currently the state-of-the-art seawater desalination technology capable of 
providing safe and reliable water supply in freshwater scarce coastal areas of the 
world. A major obstacle for the successful application of this technology is membrane 
fouling in the RO membrane itself and/or the UF pre-treatment system during algal 
blooms.  
 
A key to understanding why algal blooms affect the operation of membrane systems is 
to study their occurrence and growth dynamics of bloom-forming algae as well as the 
chemical composition, size and membrane fouling potential of AOM, including TEPs.  
 
During algal blooms, both particulate and organic fouling can occur in UF membranes 
while biofouling are more likely to occur in the RO system. To develop strategies to 
control operational problems caused by these fouling phenomena, a better 
understanding of the processes involved is crucial. 
 
This study focuses on elucidating the adverse impacts of seawater algal blooms on the 
operation of UF and RO membrane systems. Furthermore, various characterisation 
and monitoring methods are applied while improving the reliability of current methods 
to measure TEPs in seawater is explored. The ultimate goal is to provide 
engineers/operators with better monitoring tools and sufficient knowledge to help 
them develop robust process design and/or effective operation strategy for 
maintaining stable operation in SWRO plants during algal blooms.     
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1.8 Research objectives  
The specific objectives of this project are the following: 

1. Investigate the release, characteristics, membrane rejection and fouling potential 
of AOM from three common species of bloom-forming algae in marine and 
freshwater sources. 

2. Improve the reliability of current methods to measure TEP in fresh and saline 
waters, extend the method to cover smaller colloidal TEPs (<0.4 µm) and verify the 
application of the modified methods in seawater and freshwater.  

3. Monitor the presence of TEP in the source water and their fate over the treatment 
processes of various RO plants by applying the newly developed methods for 
measuring particulate and colloidal TEPs. 

4. Measure the UF membrane fouling propensity of AOM produced by marine bloom 
forming algae at different solution pH, ionic strength and cation composition. 

5. Elucidate the role of algae (with and without AOM) in the fouling of inside-out 
capillary MF/UF membranes during severe algal bloom situations. 

6. Demonstrate the possible role of AOM on biofouling in RO membranes treating 
algal bloom impaired seawater. 

1.9 Outline of the thesis 
This thesis is made up of 10 chapters; 2 review articles and six are presenting the 
results and findings of the different segments of the research. Figure 1-8 illustrate the 
different topics covered by this study.    
 
• After this introductory chapter is Chapter 2, a review of the background 

knowledge on the characteristics and occurrence of algal bloom and the organic 
materials they produce. 

• Chapter 3 is a review of the state-of-the-art knowledge on the potential impact of 
algal blooms on the operation of SWRO plants and the current pre-treatment 
strategies to mitigate membrane fouling. 

• In Chapter 4, investigations on the characteristics and membrane retention of 
AOM released by 3 common species of bloom-forming algae using various 
characterisation techniques is presented. 

• In Chapter 5, the development and application of the newly improved methods to 
measure particulate and colloidal TEPs in seawater and freshwater is described. 

• In Chapter 6, field studies on the presence of TEP and other biopolymers in the 
source water and their fate over the different pre-treatment processes of various 
RO plants is discussed. 
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• In Chapter 7, investigations on the UF membrane fouling potential of AOM from 
marine algae at different solution pH, ionic strength and cation composition are 
explained and compared with model polysaccharide foulants.  

• In Chapter 8, theoretical and experimental studies regarding the membrane 
fouling and plugging potential of algae in inside-out capillary UF are presented. 

• In Chapter 9, experimental studies to demonstrate the possible role of AOM on 
biofouling in seawater RO membranes are discussed.  

• And finally, Chapter 10 provides the summary of conclusions, outlook and 
recommendations for further research. 

 

 

Figure 1-8: A schematic representation of the scope and different segments of the thesis. 
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2.1 Introduction 
Microscopic algae are one of the most ubiquitous forms of life on earth. These 
organisms thrive near the well-lit upper layer of the water column (pelagic zone) and 
obtain energy (for growth and reproduction) from sunlight through the process of 
photosynthesis. It is estimated that micro-algae are responsible for about half the 
production of organic matter in the earth’s oceans (Field et al., 1998). As a major 
producer of organic compounds, they essentially sustain the food web in the ocean 
and therefore have a crucial role in the biogeochemical cycles and formation of marine 
ecosystems (Falkowski et al., 1998; Thomas et al., 2012).  
 
Micro-algae are very diverse in terms of size, shape and habitat. Their cells cover a 
wide range of shapes (rods to spheres) and sizes (0.2 to >2000 µm). They can also 
congregate to form long chains and large floating colonies. In the ocean, various taxa 
of algae exist. Occasionally, favourable conditions in the water can trigger rapid 
reproduction of some these algae, eventually resulting in dense concentration of algal 
biomass in the water. This sudden spike of algae concentration is called an algal 
bloom.  
 
The reported frequency and severity of algal blooms have been increasing over the 
years. Some of these blooms showed damaging effects to the fishing and aquaculture 
industry and recently, they are also considered a major problem to the desalination 
industry (Caron et al., 2010; Anderson and McCarthy, 2012). Reported operational 
problems in seawater desalination systems due to algal blooms have been increasing, 
especially in the Middle East where desalination is extensively applied and is an 
essential component of the water supply infrastructure (Berktay, 2011; Richlen et al., 
2010; Pankratz, 2008). Other areas in the world which rely on seawater desalination 
for their water supply are also vulnerable to this problem.  
 
The current knowledge about algal blooms in the perspective of marine science, public 
health and aquaculture/fishing industry has been presented in various literatures 
(Sellner et al., 2003; Anderson et al., 2012). However, algal blooms are still poorly 
explained in the perspective of seawater desalination. This chapter presents basic 
background information about marine algal blooms relevant to membrane-based 
desalination.        

2.2 Causative factors  
Algae are opportunistic organisms. They are present in surface waters, usually in 
small concentrations or in resting stage (cyst or spores), waiting for the right 
conditions (e.g., sufficient sunlight, temperature and nutrients) to bloom. In due 
course, the bloom will terminate due to nutrient depletion, growth inhibition by 
pathogens and parasites and/or grazing by higher organisms. There are two main 
factors that can trigger an algal bloom: (1) natural processes and (2) anthropogenic 
loadings. 
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2.2.1 Natural processes 
In addition to solar radiation, the distribution and concentration of algae in a body of 
water can be greatly influenced by natural physico-chemical variations (e.g., 
temperature, current, salinity, nutrients load, etc.) in the system coupled with the 
unique life cycles and behaviours of algal species present (Sellner et al., 2003). 
Natural phenomena such as storm events can cause increase of river discharges of 
nutrients to the sea while strong winds can induce mixing and transport of nutrient 
deposits from the lower water column to the surface where they can be utilised by 
algae (Smith et al., 1990; Trainer et al., 1998). Coastal upwelling, which is driven by 
the combination of wind, the Coriolis effects, and the Ekman drift, is a major factor 
for the transport of nutrients from the bottom of the sea to the surface (Mote and 
Mantua, 2002; Bakun, 1990). It was also reported that wind-driven dust events 
carrying iron-rich aerosols from the Sahara Desert may influence the frequency and 
severity of algal blooms in the Florida coasts, which is on the other side of the Atlantic 
(Walsh and Steidinger, 2001). A similar scenario may have occurred after dust events 
around the Yellow Sea (Shi et al., 2012), South China Sea (Wang et al., 2012) and the 
Persian Gulf region (Hamza et al., 2011; Nezlin et al., 2010). 

2.2.2 Anthropogenic loadings 
Human activities can trigger algal blooms by increasing nutrient loadings in coastal 
seawater through river discharge of untreated wastewater and run-off of untreated 
livestock wastes and residual fertilisers from agricultural areas. Increased incidence of 
severe algal blooms in populated areas has been shown to have substantial 
correlation with human population, fertilizer use and livestock production (Anderson 
et al., 2002; Sellner et al., 2003). Many regions in the world which implemented 
stricter environmental regulations to limit anthropogenic nutrient discharges to rivers 
have observed localised reduction in algal blooms, as in the case of the Seto Inland 
Sea in Japan (Okaichi, 1989).        
 
Over the years, the reported frequencies and severity of algal blooms has been 
increasing and even spotted in locations where such phenomenon was never reported 
before. However, such increase may be attributed to the increased scientific attention 
to the problem and advancement in monitoring techniques (Anderson et al., 2010a). 
The common public perception about the trigger of algal blooms is environmental 
pollution caused by human activities, which is not true in most cases (Sellner et al., 
2003). The typical global distribution of algae based on chlorophyll-a concentration is 
shown in Figure 2-1. The high concentrations of algae are located in areas near the 
mouth of large rivers, lakes, bays and various coastal regions, but do not necessarily 
occur in areas with high human activity and rather coincide with natural processes 
such as ocean currents along the peripheries of the ocean gyres and near the Polar 
Regions. 
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Figure 2-1: Typical average annual distribution of chlorophyll a in surface water bodies on Earth. The 
figure was modified from the composite map generated by Gledhill and Buck (2012) based on the 2009 
Aqua MODIS chlorophyll composite (http://oceancolor.gsfc.nasa.gov/cgi/l3). 

2.3 Impact on humans and the environment  
The impact of algal blooms to the environment and humans ranges from being 
advantageous to harmful. Most algal blooms are advantageous to the aquatic 
environment where they are the primary producers of the food chain. Since fish and 
other sea creatures are directly or indirectly dependent on algae for nourishment, 
blooms can benefit the local fishing, aquaculture and tourism industry. However, 
some algae can cause problems when they reach sufficient numbers, due to either 
their production of toxins or their high biomass concentration (Glibert et al., 2005).  
 
The most obvious consequence of algal bloom is water discoloration. Dense 
concentration of algal cells can cause reddish, brownish or greenish discoloration of 
the water. “Red tide” blooms is a familiar type of algal bloom caused by micro-algae 
with reddish cell wall pigments. Algal biomass and their exudates can aggregate and 
float on the water surface as scum (mucilage formation) or as foam accumulating 
along the beaches. Dense biomass and exudates concentration can cause light and 
oxygen deprivation to other aquatic organisms living below the water surface, 
resulting in mortalities of aquatic organisms and/or damage of ecosystems (e.g., coral 
reef). Anoxic conditions may occur due to the high oxygen demand during bacterial 
decomposition of algal biomass. Some species of algae are known to produce toxic 
compounds that can alter cellular processes not only in aquatic organisms but also 
birds, humans and other mammals.  
 
In general, severe forms of algal bloom can have negative consequences to human 
health, aquatic environment and/or local economies (Figure 2-2). A recent example is 
the severe red tide bloom in the Middle East Gulf region in 2008-2009 where it caused 
not only mortalities and damages to the marine ecosystem but also forced various 



CHAPTER 2: MARINE ALGAL BLOOMS 27
 

 

 

desalination plants (the main source of water supply) in the area to stop or reduce 
operations due to fouling and odour issues (Pankratz, 2008; Richlen et al., 2010).   
 

 
Figure 2-2: Clockwise from top left:  A “red tide” bloom by Noctiluca scintillans in New Zealand (M. 
Godfrey); green scum formed by toxic Microcystis bloom (W. Carmichael); massive cyanobacterial 
bloom around Gotland Island, Sweden (USGS/NASA); beach foam during Phaeocystis bloom in the 
North Sea (M. Veldhuis); massive fish mortalities in a lagoon in Rio de Janeiro due to suspected oxygen 
depletion by decomposing algae (C. Simon/AFP/Getty Images); beach closed due to red tide bloom near 
Sydney, Australia (S. Cocksedge). 

2.4 Bloom-forming species  
Guiry (2012) estimated that up to ~1 million species of algae exist on Earth, of which 
only about 44,000 species have so far been properly classified. The Intergovernmental 
Oceanographic Commission of UNESCO identified about 300 species of micro-algae 
that were reported to cause blooms in aquatic environments (IOC-UNESCO, 2013). An 
algal bloom event is often dominated by a group or a species of algae. The duration of 
an algal bloom event can be for a period of few days to several weeks, depending on 
the life cycles of causative species. The major groups of algae which are often reported 
to cause severe blooms are diatoms, dinoflagellates and cyanobacteria. However, some 
species of haptophytes, raphidophytes and chlorophytes were also often reported in 
many occasions. Some examples of the common species of bloom-forming algae are 
described in Table 2-1 and illustrated in Figure 2-3. 
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Table 2-1: Characteristics of common bloom-forming species of microscopic algae.     

Bloom-forming algae Cell shape 
(µm)(+) 

Cell size
(µm) 

Severe bloom 
(cells/ml)(#)

Potential adverse 
effect/consequences 

Dinoflagellates  
Alexandrium tamarense RE 25-32 10,000 (a) toxic bloom, red tide, O2 depletion
Cochlodinium polykrikoides RE 20–40 48,000 (b) toxic bloom, red tide, O2 depletion
Karenia brevis RE 20-40 37,000 (c) toxic bloom, red tide, O2 depletion
Noctiluca scintillans Sp 200-2000 1,900 (d) red/pink/green tide, O2 depletion
Prorocentrum micans FE 30-60 50,000 (e) red/brown tide, O2 depletion
Diatoms (golden brown)  
Chaetoceros affinis OC 8-25 900,000 (f) O2 depletion, fish gill irritation
Pseudo-nitzschia spp. 0.8*PP 3-100 19,000 (g) toxic bloom, O2 depletion 
Skeletonema costatum Cy 2-25 88,000 (h) O2 depletion 
Thalassiosira spp. Cy 10-50 100,000 (e) O2 depletion 
Cyanobacteria (blue-green)
Anabaena spp. (fw) Sp 3-12 10,000,000 (i) toxic bloom, O2 depletion 
Microcystis spp. (fw) Sp 2-7 14,800,000 (j) toxic bloom, O2 depletion 
Nodularia spp. Cy 6-100 605,200 (k) toxic bloom, O2 depletion 
Haptophytes  
Emiliania huxleyi Sp 2-6 115,000 (l) O2 depletion 
Phaeocystis spp. 0.9*Sp 4-9 52,000 (m) beach foam, O2 depletion 
Raphidophytes  
Chattonella spp. Co+0.5*Sp 10-40 10,000 (n) toxic bloom, red tide, O2 depletion
Heterosigma akashiwo Sp 15-25 32,000 (h) toxic bloom, red tide, O2 depletion
Chlorophytes (green)  
Chlorella vulgaris (fw) Sp 2-10 145,000 (o) green tide, O2 depletion 
Scenedesmus spp. (fw) RE 2-25 820,000 (p) green tide, O2 depletion 
 

RE=rotational ellipsoid; S=sphere; FE=flattened ellipsoid; OC=oval cylinder; PP=parallelepiped; Cy=cylinder; Co=cone; O2=dissolved oxygen; (fw) 
freshwater algae; (+) Equivalent geometric dimensions of algal cells based on Olenina et al. (2006); (#) Maximum recorded concentrations
reported in literature. 
References: (a) Anderson & Keafer (1985); (b) Kim (2010); (c) Tester et al. (2004); (d) Chang (2000) as cited by Fonda-Umani et al. (2004); (e) Kim 
and Yoon (2005); (f) Villacorte et al. (2013); (g) Anderson et al. (2010b); (h) Shikata et al. (2008); (i) Hori et al. (2002); (j) Dixon et al. (2011a); (k) 
McGregor et al. (2012);(l) Berge (1962); (m) Janse et al. (1996); (n) Orlova et al. (2002); (o) Plantier et al. (2012); (p) Lürling and van Donk (1997). 
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Figure 2-3:  Light microscope photographs of common species of bloom forming algae. Photo sources: 
CCAP, Richlen et al. (2010), CCMP, www.algaebase.org, D. Vaulot/www.planktonnet.awi.de, 
www.shigen.nig.ac.jp.   

2.4.1 Diatoms 
Diatoms are yellowish brown algae known for their characteristic "glassbox" shape. 
Each cell is encased inside two overlapping siliceous frustules or exoskeleton. Their 
dense frustules are rather heavy, but diatom cells can remain buoyant by pumping 
light-weight ions into their cell vacuole. Since diatoms rely heavily on photosynthesis 
for their energy, they thrive near the surface of the water. However when nutrients are 
depleted, they tend to sink to the bottom of the water body where they lay dormant 
until they migrate back to the surface when sufficient nutrients and light are again 
available. Diatoms reproduce asexually by binary fission.  
 
In temperate regions, diatom blooms normally occur at the start of spring season 
when nutrients, light and temperature conditions are just sufficient, but it is generally 
difficult to predict in other regions. Commonly reported bloom-forming species of 
marine diatoms belong to the genus Chaetoceros, Skeletenoma and Thalassiosira. 
Since diatoms require silicates for their exoskeleton formation, the termination of a 
bloom event is often defined by the depletion of silicates (Martin-Jézéquel et al., 2000). 
In the Oosterschelde bay (SW Netherlands), the first bloom event in spring is usually 
dominated by diatoms; hence, silicates are the first essential nutrients to be depleted 
(Figure 2-4). Aside from nutrient depletion, a diatom bloom can also be terminated by 
predation by other aquatic organisms including dinoflagellates.  
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Figure 2-4: Typical drop of essential nutrient concentrations after the spring algal bloom events in the 
Oosterschelde bay (SW Netherlands). Chlorophyll-a, silicate, phosphate and nitrogen graphs redrawn 
from Wetsteyn et al. (1990) and temperature data adopted from van der Hoeven (1984). 

2.4.2 Dinoflagellates  
Dinoflagellates are mostly unicellular, rarely colonial, bi-flagellated algae with 
pigmentation generally reflecting a red color.  Dinoflagellate cells range in size from 5 
to 2000 µm. Majority of dinoflagellates are photosynthetic while some are 
heterotrophic. However, some of the photosynthesizing species can show capacities to 
ingest bacteria and other algae (including other dinoflagellates) as a facultative or a 
typical feature of their lifestyles (Reynolds, 2006). Among bloom-forming species of 
algae, dinoflagellates are better adapted to taking advantage of available nutrients. 
Using their flagellates for mobility, they can swim up and down the water column to 
photosynthesise during the day and take advantage of higher nutrient levels at deeper 
portions during the night. Cell reproduction is asexual through binary fission. When 
conditions are no longer favourable for growth, they form heavy resting cysts which 
sediment to the seafloor where they lay dormant until the cysts transform to motile 
cells again the next time growth conditions are favourable (Anderson et al., 1985). 
Since dinoflagellates have a slower reproduction time than diatoms, they tend to 
follow diatom blooms and often blooms can stay for a longer period (Smayda and 
Reynolds, 2003; Smayda and Trainer, 2010). The known bloom-forming species of 
dinoflagellates include Noctiluca scintillans, Cochlodinium polykrikoides and various 
species under the genus Alexandrium, Karenia and Prorocentrum.   
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2.4.3 Raphidophytes 
Raphidophytes is a smaller group of unicellular, bi-flagellated algae with no rigid cell 
walls. They are photosynthetic autotrophs comprising both freshwater and marine 
species. Various marine raphidophytes can cause toxic “red tide” blooms. For 
instance, some species of Chatonella has been reported to cause blooms sporadically 
during summer months in the Seto Inland Sea and the Sea of Japan (Nakamura et al. 
1989; Orlova et al., 2002). Heterosigma akashiwo, which is named after the Japanese 
word for red tide, is a common bloom-forming raphidophyte in Japanese waters as 
well as in Brazil, New Zealand and various coastal areas of North America (Shikata et 
al., 2008; Guiry, 2013).   

2.4.4 Cyanobacteria (blue-green algae) 
Also known as blue-green algae, cynobacteria are actually a group of bacteria which 
obtain their energy through photosynthesis. Most cyanobacteria are obligate 
phototrophs which means they prefer to grow in well-lit portions of the water column. 
Their cells range in size from 0.5 to 60 µm but they can form colonies of up to few 
centimetres in diameter. Just like diatoms, cyanobacteria can control their buoyancy, 
allowing them to migrate vertically through the water column. They are considered as 
the most successful group of microorganisms on earth and are ubiquitous in both 
freshwater and marine ecosystems where they can seasonally form blooms. 
Cyanobacterial blooms can be very intense and can cover a wide surface area (Figure 
2-2). Bloom concentration of several million cells/ml is not uncommon, often resulting 
in green oil paint-like scum formations on the water surface which can cause 
asphyxia on various aquatic organisms. Moreover, some cyanobacteria under the 
genus Microcystis and Anabaena in freshwater and Nodularia and Lyngbya in 
brackish/saline waters are not only capable of accumulating in dense concentration 
but also of synthesising toxic compounds which can affect both aquatic organisms 
and humans.        

2.4.5 Chlorophytes (green algae) 
Chlorophytes, or more commonly known as green algae, is a big group of phototrophic 
organisms ranging from unicellular algae to macroscopic seaweeds. Green algal 
blooms caused by multiple species of microscopic chlorophytes are a common 
occurrence in stagnant bodies of freshwater (e.g., lakes, ponds). However in seawater, 
green algal blooms are mainly dominated by macroscopic chlorophytes (Nelson et al., 
2008; Leliaert et al., 2009). The largest recently recorded “green tide” phenomenon 
occurred in the Yellow Sea (near Qingdao, China) was caused by the seaweed Ulva 
prolifera (Leliaert et al., 2009). Such occurrence has been recurring in the area ever 
since, possibly due to increased human activities (Liu et al., 2013).              

2.4.6 Haptophytes 
Some algae under the phylum haptophytes can form massive blooms. A common 
example is the algae Emiliania huxleyi, reported to form widespread blooms (up to 
250,000 km2 of surface area) in the North Atlantic Ocean, North Sea, Black Sea and 
Norwegian fiords (Holligan et al., 1993; Berg, 1962; Tyrrell and Merico, 2004). Intense 
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E. huxleyi blooms can turn a vast area of the ocean to milky colour due to light 
reflectance of the calcite disks covering the algal cells. Phaeocystis is another notable 
haptophyte which can frequently cause blooms in coastal seawater. For instance, in 
the coastal areas of the North Sea, foam accumulation resulting from Phaeocystis 
bloom is a regular occurrence during the spring period and in sometimes they caused 
mortalities in local aquatic fauna (Peperzak and Poelman, 2008).  

2.5 Harmful algal blooms 
Red tides are often perceived as synonymous to harmful algal blooms (HABs). 
However, not all red tide blooms are harmful and not all HAB species cause red tides 
(Anderson, 1994). Red tides are increasingly associated with HABs because various 
red tide forming dinoflagellates and raphidophytes release toxic compounds that can 
directly and/or indirectly affect other aquatic organisms and mammals, including 
humans and other land animals that live around or use the affected body of water as 
a food source. Other blooms such as those caused by few species of cyanobacteria 
and diatoms (e.g., Pseudo-nitzschia) were also reported to produce toxic compounds. 
The common marine HAB species and the toxins they produced are presented in 
Table 2-2. 
 
Table 2-2: Common illness reported due to toxins released by marine HAB species and affected areas.     

Syndrome Toxins Causative algae Commonly affected areas Ref. 
Paralytic shellfish 
poisoning (PSP)  

Saxitoxins, 
Gonyautoxins 

Alexandrium spp.  
Gymnodinium spp.   
Pyrodinium spp. 

U.S. west coast, Alaska, New 
England, Canada, Chile, 
Europe, South Africa, Asia, 
Australia, New Zealand     

[1],[2]

Neurotoxic shellfish 
poisoning (NSP) 

Brevetoxins Kerenia brevis, 
Karenia brevisulcatum 
Chatonella spp.  
Fibrocapsa japonica 
Heterosigma akashiwo 

U.S. Gulf coast, New Zealand, 
Japan, Australia 

[1],[2],[3]

Diarrhetic shellfish 
poisoning (DSP) 

Okadaic acid Dinophysis spp.
Prorocentrum lima 

Europe, Japan, Canada 
(Atlantic coast), South Africa, 
Chile, Thailand, New Zealand, 
Australia       

[1],[4]

Amnesic shellfish 
poisoning (ASP) 

Domoic acid Pseudo-nitzchia spp. U.S. west coast, Alaska, 
Canada (Atlantic coast), Chile, 
Australia, New Zealand, United 
Kingdom    

[1],[2],[5]

Azaspiracid shellfish 
poisoning (AZP) 

Azaspiracid  Protoperidinium 
crassipes 

England, Scotland, Ireland, 
France, Spain, Morocco, 
Norway    

[1],[2],[6]

Ciguatera fish 
poisoning (CFP) 

Ciguatoxins, 
Maitotoxins  

Gambierdiscus toxicus Hawaii, Gulf of Mexico, Puerto 
Rico, the Caribbean, Australia, 
many Pacific islands     

[1],[2],[7]

References: [1] Anderson (2012); [2] Wang (2008); [3] Watkins et al. (2008); [4] Subba Rao et al. (1993); [5] Jeffery et al. 
(2004); [6] Twiner et al. (2008); [7] Friedman et al. (2008). 
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The severe consequences of toxic HABs include mortalities of fish, birds, and 
mammals (including human), respiratory or digestive tract problems, memory loss, 
seizures, lesions and skin irritation, and damage of coastal resources including 
submerged aquatic vegetation and benthic fauna (Sellner et al., 2003). Even when 
concentration of toxin-producing algae in the water is rather low, it may still cause 
health problems to humans who consumed bivalve molluscs (e.g., mussels, clams, 
oysters) which have accumulated toxins over time by ingestion of algal cells. 
Saxitoxins are one of the commonly occurring HAB toxins which can cause paralytic 
shellfish poisoning (PSP) to mollusc-feeding mammals. They are produced by various 
species of dinoflagellates under the genus Alexandrium, Gymnodinium and 
Pyrodinium. The global distribution of HAB events involving these species of algae is 
presented in Figure 2-5.    
 

 
Figure 2-5: Global distribution of “red tide” HAB events based on PSP toxins detected in shellfish or fish. 
Map modified from Anderson et al., 2012 and the US National Office for Harmful Algal Blooms. 
 
Cochlodinium polykrikoides is another commonly occurring HAB species not listed in 
Table 2-2. So far, there is no clear consensus among marine scientists regarding the 
associated toxic mechanism or the chemical nature of toxins produced by the algae. 
Various studies categorized Cochlodinium species as a taxa with multiple toxins which 
may include neurotoxic, hemolytic, hemagglutinative and zinc-bound PSP toxins 
(Tang and Gobler, 2009). Harmful blooms of C. polykrikoides have been recorded in 
various parts of the world including East and Southeast Asia, the Middle East and the 
United States.   
 
Some species of marine and brackish water cyanobacteria under the genus Nodularia 
also produce a toxin known as nodularin (Laamanen et al., 2001). This toxin is a 
potent hepatotoxin and can cause damage to the liver of mammals who ingested it. 
Massive Nodularia blooms have occurred frequently in the Baltic Sea where it was 
reported to cover up to an area of more than 60,000 km2 (Kahru et al., 1994).   
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Some HABs are not caused by toxin producing species but species which tend to 
accumulate in dense concentrations on the surface of the water. This can be harmful 
to aquatic organisms because it can cause light deprivation as well as sudden drop of 
dissolved oxygen concentration (hypoxia) in the lower water column resulting from 
excessive cellular respiration and bacterial degradation of dead algal material. 
Hypoxic conditions induced by cyanobacterial blooms (e.g., Microcystis) are often 
reported in large freshwater lakes (e.g., Lake Taihu, China; Li et al., 2012a). In 
seawater, anoxic conditions during the sedimentation phase of Phaeocystis blooms 
were also reported to cause mortalities of wild and/or cultured marine fauna in 
Ireland (Rogers and Lockwood, 1990), the Netherlands (Peperzak and Poelman, 2008), 
China (Lu and Huang, 1999), and Vietnam (Tang et al., 2004).  
 
About 60-80 species out of the 300 species of bloom-forming algae have been reported 
to cause HABs, 75% of which are dinoflagellates (Smayda, 1997). High cell 
concentration is not necessarily an indication of HAB but it is rather dependent on 
the causative species. For example in South Korea, a HAB alert is raised when 
Cochlodinium polykrikoides concentration exceeds 1,000 cells/mL while during diatom 
blooms, an alert will only be issued when concentration exceeds 50,000 cells/ml (Kim, 
2010; Kim and Yoon, 2005).  

2.6 Algal organic matter (AOM)  
The natural organic matter (NOM) present in aquatic environment is a mixture of 
diverse forms of organic compounds originating from both autochthonous (local input) 
and allochthonous (external input) sources (Leenheer and Croué, 2003). Algae are a 
major source of autochthonous NOM in the Earth’s oceans, accounting for about half 
the organic matter input (Field et al., 1998). These algae-derived substances are 
collectively known as algal (or algogenic) organic matter (AOM).  
 
Algal blooms, especially diatom blooms, often represent the highest annual pulses of 
AOM production in the global ocean (Burrell, 1988). Algal blooms (harmful or non-
harmful) produce various forms and differing concentrations of AOM comprising 
polysaccharides, proteins, lipids, nucleic acids and other dissolved organic 
substances (Fogg, 1983; Bhaskar and Bhosle, 2005; Decho, 1990; Myklestad, 1995). 
Among the major components of AOM, Myklestad (1995) highlighted the significance 
of extracellular polysaccharides as they may comprise > 80% of AOM production. A 
significant fraction of these exopolysaccharides are highly surface-active and sticky 
(e.g., transparent exopolymer particles, TEP), which has been suspected to play a 
major role in the aggregation dynamics of algae during bloom events (Myklestad, 
1995; Mopper et al., 1995). 
 
There are two types of AOM, namely: (1) organic substances released during the 
metabolic activity of algae known as extracellular organic matter (EOM) and (2) 
substances released through autolysis and/or during the process of cell decay called 
intracellular organic matter (IOM). Algal cells excrete EOM mostly in response to low 
nutrient stress and other unfavourable conditions (e.g. light, pH and temperature) or 
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invasion by bacteria or viruses (Fogg, 1983; Leppard, 1993; Myklestad, 1999). EOM 
substances can be either discrete or remained attached (bound) to the algal cell as 
coatings. Discrete EOMs often contain mainly polysaccharides and tend to be more 
hydrophilic while bound EOM contain more proteins and tend to be more hydrophobic 
(Qu et al., 2012). On the other hand, IOMs comprise mainly low molecular weight 
polymers released from the interior of compromised, dying or deteriorating cells, 
which sometimes carry toxins, and taste and odour compounds (Dixon et al., 2010; Li 
et al., 2012b). Considering the conditions of how they are released, the contribution of 
IOM to the total AOM production is expected to increase during the stationary-death 
phase of an algal bloom.    

2.6.1 Transparent exopolymer particles (TEP)  
A substantial fraction of AOM can be made up of high molecular weight, hydrophilic, 
anionic muco-polysaccharides and glycoproteins. In the field of oceanography and 
limnology, such substances are collectively known as transparent exopolymer 
particles (TEP). The term “TEP” was first introduced by Alldredge et al. (1993) to 
describe gel-like transparent substances in seawater which can be collected by 
microfiltration (i.e., 0.4µm polycarbonate filter) and visualised and counted by 
staining with Alcian blue dye. The dye is a strongly cationic compound which has 
specific affinity to form bonds with anionic sugar moieties (e.g., carboxyl, sulphate 
and phosphate groups), yielding an insoluble non-ionic blue precipitate (Ramus, 
1977; Scott and Dorling, 1965). More methods were further developed based on this 
technique to routinely investigate TEPs in saline and freshwater environments (e.g., 
Passow and Alldredge, 1995; Arruda-Fatibello et al., 2004; Thornton et al., 2007). 
Ever since the first method was introduced, various studies have shown that TEPs 
may have a crucial role in abiotic particle formation, aggregation, sedimentation, food 
web structure and carbon cycling in the ocean and some inland bodies of water (see 
review by Passow, 2002a).  
 
In natural waters, TEPs mainly originate from exudates of phyto- and bacterio- 
planktons (Passow, 2002a,b), but may also originate from larger aquatic organisms 
such as macroalgae, oysters, mussels, scallops and sea snails (McKee et al. 2005; 
Heinonen et al. 2007; Thornton, 2004). During algal bloom, TEPs are mainly from 
algal-derived IOM and/or EOM (Figure 2-6). Generally, TEPs are highly 
heterogeneous, both physically and chemically. Their volume and stability largely 
depends on environmental conditions while their chemical composition is known to be 
highly variable depending on the species releasing them and the prevailing growth 
conditions (Passow, 2002a). 
 
TEPs are found in most marine and freshwater environments, with reported 
concentrations up to ~900,000 TEP/ml (Passow, 2002a). The observed size range of 
TEPs is typically 5 to 200 µm and they oftentimes formed an integral part of marine 
snow-sized aggregates >500 µm (Alldredge et al., 1993; Passow and Alldredge, 1994). 
Although TEPs were operationally defined as Alcian blue stainable substances 
retained on 0.40 µm filters, they can form from much smaller colloidal polymers (TEP-
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precursors), perhaps fibrils as small as 1–3 nm in diameter and up to 100s of nm in 
length (Leppard et al., 1977; Passow, 2000).  

 

 
Figure 2-6: Alcian blue stained transparent exopolymers particles (TEP) released by bloom-forming 
algae: (a) excretions by Lepidodinium chlorophorum (Claquin et al., 2008); (b) excretions by 
Chaetoceros affinis (Villacorte et al., 2013) (c) release from a broken Gonyaulax fragilis cell (Pompei et 
al, 2003); (d) excretions by Gonyaulax hyalina (MacKenzie et al., 2002). 
 
TEPs are important in many aspects of particle dynamics in aquatic systems and have 
long been associated with the coagulation and sedimentation of particles in surface 
waters (Passow, 2002a; Passow et al., 1994). They are known to be highly flexible and 
sticky, which might explain their tendency to aggregate into large flocs and to adhere 
to other materials (Mopper et al., 1995). Their relative stickiness is reported to be 2–4 
orders of magnitude higher than most suspended particles in natural waters (Passow, 
2002a). TEPs can aggregate with and facilitate sedimentation of solid materials in 
natural waters such as carbonates, clays, algae, bacteria, and detrital matter 
(Alldredge et al., 1993; Kiørboe and Hansen, 1993; Thornton, 2002). However, when 
the TEP to solid particle ratio in the aggregate is high, the sinking of the aggregate can 
be retarded due to the low specific gravity (~0.86) of TEPs (Azetsu-Scott and Passow, 
2004). Such characteristic may also provide a vehicle for the upward flux of biological 
and chemical components in the marine environment, including bacteria, 
phytoplankton, organic carbon, and reactive trace elements.  

10 µm

20 µm

(a) (b)

(c) (d)
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Because of their adhesive characteristic, TEPs can accumulate on solid-liquid 
interfaces and facilitate adsorption of suspended particles, including bacteria. The 
adsorbed and suspended TEPs can be colonized, degraded and may later serve as a 
substrate for bacteria (Passow and Alldredge, 1994; Alldredge et al., 1993). Recently, 
Berman and co-workers proposed a “revised paradigm of aquatic biofilm formation 
facilitated by TEPs” emphasising the important role of TEPs in the conditioning and 
bacterial colonisation of surfaces exposed to seawater (Berman and Holenberg, 2005; 
Bar-Zeev et al., 2012a). 

2.6.2 Marine mucilage 
Marine mucilage is a phenomenon characterized by the appearance of a sporadic but 
massive accumulation of gelatinous material at and below the water surface (Leppard, 
1995). It is generally a result of excessive production of EOM during an algal bloom in 
response to low nutrient (P, N, Si) stress and/or invasion by pathogens (Mingazzini 
and Thake, 1995). Severe mucilage events occasionally occur in the North Sea, 
Adriatic Sea and other parts of the Mediterranean region but proliferation of smaller 
mucilage aggregates such as “marine snow” has been commonly reported in oceanic 
and marine systems (Mingazzini and Thake, 1995; Lancelot, 1995; Rinaldi et al., 
1995; Gotsis-Skretas, 1995). In the North Sea, the colony-forming Phaeocystis is 
identified as the main culprit of mucilaginous phenomena (Lancelot, 1995). In the 
Adriatic Sea, it is mainly attributed to EOM production by diatoms (e.g., Nitzschia 
closterium, Chaetoceros affinis and Skeletonema costatum) but some cyanobacteria 
and benthic macroalgae (e.g., Tribonema marinum and Acinetospora crinite) may have 
been likely involved as well (Innamorati, 1995; Mingazzini and Thake, 1995).     
 
Marine mucilages have been reported in different forms: marine snow (>0.5 mm 
diameter), strings (2-15 cm long), tapes and clouds of up to several kilometres long 
(Figure 2-7). The mucilaginous aggregates are a heterogeneous consolidation of 
inorganic particles, biogenic debris/exudates (including TEPs) and dead and living 
organisms, including healthy eukaryotes and prokaryotes (Alldredge and Silver, 1988; 
Leppard, 1995).  The aggregates are generally unstable and tend to change in size, 
shape and colour (becoming progressively darker with age) over time. Weather and 
wave conditions in the sea can dictate the formation and termination of the 
phenomenon, as a storm event can disperse the mucilage aggregates over a short 
period of time (Mingazzini and Thake, 1995).    
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Figure 2-7: Clockwise from top left: a trail of surface mucilage mats in the northern Adriatic Sea (S. 
Fonda Umani); heavy mucilage blobs accumulating near the seafloor (M. Cornello/NG); a marine snow 
aggregate containing organic materials and brown coloured phytoplankton cells (Lampitt, 2001); a 
marine biologist investigating a mucilage blob (N. Caressa /NG); oceanographers using nets to collect 
samples from falling marine snow (http://www.waterencyclopedia.com/Mi-Oc/Ocean-
Biogeochemistry.html). 

2.7 Summary 
Seasonal proliferation of marine microscopic algae or algal blooms can potentially 
occur in many coastal areas of the world. This phenomenon is mainly triggered by 
natural processes but human activities have been shown to increase their reported 
frequency and severity. The recorded algal cell size, algal population and potential 
consequences during algal blooms can vary substantially, owing mainly to the high 
diversity of species which caused them. Some types of blooms are considered harmful 
because of their capability to produce toxins and/or their high biomass concentration.  
 
Harmful and non-harmful blooms can produce varying concentrations and different 
forms of algogenic organic matter (AOM) which are either actively exuded by living 
algal cells and/or released through lyses of compromised or deteriorating cells. 
Polysaccharide substances generally comprise a large majority of AOM production 
during algal bloom. A substantial fraction of these substances are acidic, highly sticky 

1 mm
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and surface active, commonly known as transparent exopolymer particles (TEP). 
These materials are essential components of mucilaginous aggregates (e.g., marine 
snow, sea foam) which can form in both the surface and lower part of the water 
column during the senescent stage of the bloom. TEPs have been identified as a 
potential initiator/promoter of biofilm in aquatic systems and membrane filtration 
systems. Hence, TEPs may be the key to understanding the adverse impact of algal 
blooms in membrane-based desalination systems.   
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3.1 Introduction  
Reverse osmosis (RO) is currently the leading and preferred seawater desalination 
technology (DesalData, 2013). Currently, the main drawback for the cost-effective 
application of RO is membrane fouling (Flemming et al., 1997; Baker and Dudley, 
1998). The accumulation of particulate and organic material from seawater and 
biological growth in membrane modules frequently cause operational problems in 
seawater reverse osmosis (SWRO) plants. To reduce the (in)organic load of colloidal 
and particulate matter reaching RO membranes and to minimize or delay associated 
operational problems, pretreatment systems are generally installed upstream of the 
RO membranes. Most SWRO plants, especially in the Middle East, install coagulation 
followed by granular media filtration (GMF) to pre-treat seawater. However, in recent 
years, low pressure membrane filtration is increasingly being used as SWRO pre-
treatment. 
 
Over the years, it is becoming more evident that microscopic algae are a major cause 
of operational problems in SWRO plants (Caron et al., 2010). The adverse effect of 
algae on SWRO started to gain more attention during a severe algal bloom incident  in 
the Gulf of Oman in 2008-2009 (Figure 3-1). This bloom forced several SWRO plants 
in the region to reduce or shutdown operation due to clogging of pre-treatment 
systems (mostly GMF) and/or due to low RO feed water quality (i.e., high silt density 
index, SDI>5). The latter triggers concerns of irreversible fouling problems in RO 
membranes (Berktay, 2011; Richlen et al., 2010; Nazzal, 2009; Pankratz, 2008). This 
incident highlighted a major problem that algal blooms may cause in countries relying 
largely on SWRO plants for their water supply, and underlines the significance of 
adequate pretreatment in such systems. 
 

 
Figure 3-1: A massive red tide bloom in the Gulf of Oman spreading to the Persian Gulf shown in this satellite image acquired 
by Envisat’s MERIS instrument on November 22, 2008 (Credits: C-wams project, Planetek Hellas/ESA). Yellow points indicate 
locations of major SWRO plants in the area. Inset screenshots of online news regarding SWRO plant shutdown due to red-tide 
in the gulf area in 2008 and 2013 (www.arabianbusiness.com).   
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The high particle loading in seawater during an algal bloom in combination with the 
high filtration rate (5-10 m/h) in the granular filters can cause rapid and irreversible 
clogging of the GMF. Furthermore, a substantial fraction of algal-derived organic 
matter (AOM) can pass through GMF, which can potentially cause fouling in 
downstream RO membranes (Guastalli et al., 2013).  
 
In 2005, Berman and Holenberg reported that some AOM, particularly transparent 
exopolymer particles (TEPs), can potentially initiate and enhance biofouling in RO 
systems (Berman and Holenberg, 2005). TEPs are characteristically sticky, so they 
can adhere and accumulate on the surface of RO membranes and spacers. The 
accumulated TEPs may serve as a “conditioning layer” – a platform for effective 
attachment and initial colonization by bacteria - which may then accelerate biofilm 
formation in RO membranes (Bar-Zeev et al., 2012). Furthermore, TEPs may be 
partially degradable and may later serve as a substrate for bacterial growth (Passow 
and Alldredge, 1994; Alldredge et al., 1993).  
 
To solve the problem of high AOM concentration in the GMF filtrate, a few options 
have been proposed such as incorporating and/or increasing coagulant dosage prior 
to GMF to improve effluent water quality. However, an increase in coagulant dosage 
may further increase the rate of clogging in the filter. The addition of coagulant at 
high dosage results in the creation of large flocs that are captured on the surface of 
the filters rather than being filtered through the media. This shifts the filtration 
mechanism from depth filtration to surface blocking, which at filtration rates of 
typically 5 - 10 m/h gives rise to significant head loss in these systems. Installing a 
floc removal step such as sedimentation or dissolved air flotation (DAF) in front of the 
GMF will enable increase in coagulant dose and improve effluent quality while 
reducing clogging problems in GMF. Another option is to install ultrafiltration (UF) or 
microfiltration (MF) membrane systems to replace GMF. UF/MF pre-treatment can 
guarantee an RO feed water with low SDI even during severe algal bloom. However, 
concerns have been expressed regarding the rate of fouling in UF/MF membrane 
systems (e.g., backwashable and non-backwashable fouling) during algal bloom 
periods (Schurer et al., 2013). To overcome this concern, a DAF system preceding a 
UF/MF system has been recommended (Anderson and McCarthy, 2012). 
 
This chapter reviews state-of-the-art pre-treatment options for SWRO, the effect of 
algal blooms on membrane filtration systems (e.g., MF/UF and RO), indicators for 
quantifying these effects and promising pretreatment options for RO desalination of 
algal bloom-impacted seawater. 

3.2 SWRO pre-treatment options  
Currently, most SWRO plants are equipped with one or more pre-treatment systems. 
These mainly include granular media filtration (GMF), dissolved air flotation (DAF) 
and/or ultrafiltration (UF).    
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3.2.1 Granular media filtration (GMF) 
Conventional pre-treatment systems for SWRO were developed based on existing 
technology and most commonly consist of conventional granular media filtration 
(GMF). Single or dual stage granular media filters consisting of sand and anthracite 
(garnet is sometimes used) is typically applied in conventional pre-treatment systems, 
in gravity or pressurized configuration. Sand and anthracite (0.8-1.2mm/2-3mm) 
filter beds are superior to single media filtration in that they provide higher filtration 
rates, longer runs and require less backwash water. Anthracite/sand/garnet beds 
have operated at normal rates of approximately 12 m/h and peak rates as high as 20 
m/h without loss of effluent quality. In SWRO pre-treatment, the primary function of 
GMF is to reduce high loads of particulate and colloidal matter (i.e., turbidity). 
 
GMF relies on depth filtration to enhance RO feed water quality. However, when high 
concentrations of organic matter or turbidity loads are encountered, coagulation is 
required to ensure that RO feed water of acceptable quality is produced (SDI<5). 
Coagulation is applied either in full scale or inline mode in these systems. The most 
commonly applied coagulant in SWRO pre-treatment is ferric salts (i.e., ferric chloride 
or ferric sulphate). 
 
Poor removal of algae can lead to clogging of granular media filters and short filter 
runs. While diatoms are well-known filter clogging algae, other algae types can clog 
filters including green algae, flagellates, and cyanobacteria (Edzwald, 2010). During 
the severe red tide bloom event in the Gulf of Oman and Persian Gulf in 2008-09, 
conventional pre-treatment systems were not able to maintain production capacity 
and treated water quality at high algal cell concentrations of approximately 27,000 
cells/mL (Richlen et al, 2010). Operation of the media filters was characterized by 
rapid clogging rates and deteriorating quality of pre-treated water. As a consequence 
frequent backwashing was required resulting in increased downtime of the system 
such that the required pre-treatment capacity could no longer be maintained. At the 
Fujairah plant in UAE, filter runs were reduced from 24 to 2 hours. Furthermore, 
deteriorating quality of the pre-treated water, i.e. SDI > 5, led to the increased dosage 
of coagulant to enhance treated water quality. Increasing coagulant dose may lead to 
higher clogging rates of media filters. Coagulation enlarges particulate and colloidal 
matter in water and can therefore shift filtration mechanism from standard blocking 
(depth filtration) to surface blocking (cake filtration). As filtration rates are relatively 
high (5-10 m/h) in media filters, cake filtration can result in exponential head loss in 
the filters. 
 
Reducing filtration rates of the media filters during such extreme events can enhance 
operation. Reducing the rate of filtration by 50% will result in much lower clogging 
rates, e.g. by a factor 2-4 depending on the size and characteristics of the foulants 
(e.g., algae). However, reducing filtration rates will require increased surface area of 
the media filters. This implies significant investment costs and larger foot print of the 
treatment plant. Another way to enhance operation of GMF during such extreme 
events is to provide a clarification step, e.g. sedimentation or flotation, after 
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coagulation/flocculation to reduce the load of particulate/colloidal matter (including 
coagulated flocs) on the media filters. 
 
Flotation is more robust than sedimentation as it can handle large concentrations of 
suspended matter (e.g. algae). Currently, flotation preceding media filtration is 
proposed as the solution for algal blooms. Flotation is able to reduce the algal 
concentration to a large extent, protecting media filters from rapid clogging, reduced 
capacity, and breakthrough. However a coagulant dose of 1-2 mg Fe3+/L or higher is 
usually required to render the process effective. Furthermore, coagulant might be 
required upstream of the media filters to ensure an acceptable SDI in the effluent. 
Installing flotation units in front of media filtration might be cheaper than 
sedimentation units, as the surface loading rates in high rate DAF systems can reach 
30 m/h (Edzwald, 2010). Consequently, flotation may require much lower footprint 
than sedimentation. However the process scheme will require flocculation basins, air 
saturation and sludge treatment facilities.  

3.2.2 Dissolved Air Flotation (DAF) 
DAF is a clarification process that can be used to remove particles prior to 
conventional media filtration or MF/UF systems. Raw water is dosed with a 
coagulant, typically at concentrations lower than those applied for sedimentation, 
followed by two-stage tapered flocculation. Removal is achieved by injecting the feed 
water stream with water that has been saturated with air under pressure and then 
releasing the air at atmospheric pressure in a flotation tank. As the pressurized water 
is released, a large number of micro-bubbles are formed (approximately 30-100 µm) 
that adhere to coagulated flocs and suspended matter causing them to float to the 
water surface where they may be removed by either a mechanical scraper or hydraulic 
means, or a combination thereof. Clarified water (sub-natant) is drawn off the bottom 
of the tank by a series of lateral draw-off pipes (see Figure 3-2). Conventional DAF 
systems operate at nominal hydraulic loading rates of 5-15 m/h. More recent DAF 
units are developed for loadings of 15-30 m/h and greater. As a result, DAF requires a 
smaller footprint than sedimentation. 
 

 
 

Figure 3-2: Schematic presentation of a simplified DAF unit with flocculator 
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DAF is more effective than sedimentation in removing low density particles from water 
and is therefore a suitable treatment process for algal bloom-impacted waters. 
Gregory and Edzwald (2010) reported 90-99% removal by DAF of algal cells for 
different algae types compared to 60-90% by sedimentation. A review paper on 
separation of algae by Henderson et al. (2008) reports DAF removals of 96% to about 
99.9% when pretreatment and DAF are optimized. Several DAF plants in the 
Netherlands and Great Britain are primarily used for treatment of algal-laden waters 
(van Puffelen et al., 1995; Longhurst and Graham, 1987; Gregory, 1997). 
 
In SWRO pre-treatment, DAF prior to dual-stage GMF was tested by Degrémont 
during early pilot testing for the Taweelah SWRO plant in Abu Dhabi, UAE (Rovel, 
2003). DAF was suggested to enhance the robustness of the pre-treatment scheme in 
case of oil spills or algal bloom events, or in case high coagulant concentrations were 
required during turbidity spikes. Algal cell concentrations were reportedly below 100 
cells/mL during this period, which is far below concentrations observed during severe 
bloom conditions. Sanz et al. (2005) demonstrated the effectiveness of DAF coupled 
with coagulation prior to dual stage GMF in producing RO feed water with SDI < 4 
(typically less than 3) when treating seawater containing various algae, including red 
tide species. The paper does not specify the initial total cell concentration of the 
various species. The authors reported more than 99% removal of total algae after DAF 
and first stage filtration units. 
 
The severe red tide event in 2008-2009 in the Gulf of Oman that led to the shutdown 
of several desalination plants in the region redirected the attention of the desalination 
industry to DAF as part of SWRO pre-treatment schemes. DAF is now being regularly 
used in new SWRO plants in the Persian Gulf upstream of granular media filtration or 
UF. Although the Fujairah 2 desalination plant was still under construction during 
that period, Veolia reported that their pilot plant fitted with a DAF unit in the pre-
treatment system, continued to operate throughout the red tide bloom (Pankratz, 
2008). Expansion of the Fujairah plant, which is under construction, will have DAF as 
an essential part of the pre-treatment scheme (WaterWorld, 2013). Degrémont 
reported > 99% removal of algal cells during pilot testing of coagulation/AquaDAF™ 
prior to GMF in Al-Dur, Bahrain (Le Gallou et al., 2011). However, real bloom 
conditions were not encountered during the pilot phase with algal cell counts reaching 
only 200 cells/mL. The Al-Shuwaikh desalination plant in Kuwait equipped with 
DAF/UF as pre-treatment consistently provided SDI < 2.5 for good quality feed water 
and <3.5 for deteriorated conditions during a red tide event (Park et al., 2013). 
However, in this case as well, real bloom conditions as measured by cell counts, 
chlorophyll-a concentrations, or TEP were not reported. 
 
In most DAF units, coagulation concentrations of up to 20 mg/L as FeCl3 are reported 
(Rovel, 2003; Le Gallou et al., 2011). However, storm events that affect water quality 
are reported to result in substantially higher coagulant concentrations for DAF (Le 
Gallou et al., 2011). Moreover, additional coagulant dosage is often required in GMF 
units downstream of DAF. 
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3.2.3 Ultrafiltration (UF) 
Over the last decade, the application of UF has been considered as a more reliable 
alternative to conventional granular media filtration (with and without coagulation) as 
a pretreatment process for RO systems. UF membranes have been tested and applied 
at pilot and commercial scale as pre-treatment for SWRO (Wolf et al., 2005; Halpern et 
al., 2005; Gille and Czolkoss, 2005; Brehant et al., 2002; Glueckstern et al., 2002; 
Wilf and Schierach, 2001) and offer several advantages over conventional pre-
treatment systems; namely, lower footprint, constant high permeate quality (in terms 
of SDI), higher retention of large molecular weight organics, lower overall chemical 
consumption, etc. (Wilf and Schierach, 2001; Pearce, 2007). Successful piloting has 
led to the implementation of UF pre-treatment in several large (>100,000m3/day) 
SWRO plants, with a total installed capacity of 3.4 million m3/day as of 2011. 
Projections predicted annual installed capacities exceeding 2 million m3/day in the 
coming years (Busch et al., 2010). 
 
UF membranes are generally more effective in removing particulate and colloidal 
matter from seawater than GMF. Hence, they are expected to be more reliable in 
maintaining an RO feed water with low fouling potential even during an algal bloom 
period. However, MF/UF membranes were also reported to experience some degree of 
fouling during algal blooms (Schurer et al., 2012; 2013). So far, a few studies have 
investigated the effect of algal blooms on the operational performance of UF 
membranes (Kim and Yoon, 2005; Ladner et al., 2010, Schurer et al., 2012; 2013). 
These studies agree on the notion that large macromolecules (e.g., polysaccharides 
and proteins) produced by these algae are the main causes of membrane fouling, and 
more so than the algal cell themselves. High concentrations of sticky AOM substances 
(e.g., TEP) present during an algal bloom can impair UF operation (Figure 3-3) by 
attaching to the membrane surface and pores resulting in permeability decline (CEBs 
as frequent as once in 6 hours). Under such conditions, operators resorted to 
coagulation to stabilize operation (Schurer et al, 2012; 2013). With optimized 
coagulation conditions, operation was stabilized at relatively low doses of ferric 
(approximately 0.5 mg Fe3+/L) during the bloom period. 
 
Although extensive operational experience on algal blooms of different types and 
severities is not available, one can extrapolate the results of the existing pilot study 
and propose that inside-out pressure driven UF membranes are more capable of 
handling algal bloom events than conventional GMF. This may be attributed to 
significant differences in hydraulic operational parameters of the two systems. An 
overview of operational parameters for media filtration and ultrafiltration is presented 
in Table 3-1. Filtration flux rates in GMF can be up to 100 times higher than flux 
rates in UF systems. Total filtered volume prior to backwash may be 2000 times 
higher for GMF compared with UF membranes. Hence, low filtration rates and high 
backwash frequencies favour overall enhancement of UF systems performance. 
However, coagulation is required to stabilize hydraulic performance during periods of 
severe algal bloom. 
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Figure 3-3: Typical operational performance of the UF system in the Jacobahaven seawater UF-RO plant 
during the bloom (spring) and non-bloom (autumn and winter) seasons. In-line coagulation pre-
treatment was implemented during the spring season to stabilise performance of the UF. Graph was 
redrawn from Schurer et al. (2012). 
 
 
Table 3-1: Operational parameters for ultrafiltration and media filtration typically applied in SWRO pre-
treatment (adapted from Schippers, 2012). 

 Ultrafiltration Granular media filtration 

Pores [µm] 0.02 150 
Filtration rate [L/m2h] 50 – 100 5,000 – 10,000 
Run length [hrs] 1 24 
Backwash rate : Filtration rate 2.5 2.5 - 5 
Backwash time [min] 1 30 
Filtered volume/m2 per cycle [L] 50 – 100 120,000 – 240,000 
Pressure loss [bar] 0.2 – 2 0.2 – 2 

 
Coagulation is commonly applied in inline mode in UF systems for SWRO pre-
treatment. Inline coagulation is the application of a coagulant without removal of 
coagulated flocs through a clarification step. Inline coagulation is also commonly 
characterized by the absence of a flocculation chamber. Hence, in most applications, 
inline coagulation is achieved by dosing the coagulant prior to a static mixer or the 
feed pump of UF membranes to provide adequate mixing. Flocculation is generally not 
required in UF applications, as enlarging particle size is not an objective and pin-sized 
flocs are sufficient to enhance UF operation. However, if not optimized, coagulation 
can deteriorate long-term UF operation. Ferric species (monomers, dimers, trimers, 
etc.) that are small enough to enter UF pores, can irreversibly foul UF membranes. If 
low grade coagulants are used, ferrous iron can reach UF membranes and adsorb on 
the membrane surface or within the pores. Fouling by manganese may also occur for 
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coagulants of low grade. This may result in slow irreversible fouling of UF membranes 
that can only be removed with specialized cleaning solutions with proprietary recipes. 
Some of the chemicals that are known to reduce irreversible fouling of UF membranes 
by iron and manganese are solutions based on ascorbic and oxalic acids of a certain 
ratio.  

3.3 Impact of algal blooms on UF and SWRO  
Caron et al. (2010) pointed out two potential impacts of algal blooms in membrane-
based seawater desalination facilities: (1) significant treatment challenge to ensure the 
desalination systems are effectively removing algal toxins from seawater and (2) 
operational difficulties due to increased total suspended solids and organic content 
resulting from algal biomass in the raw water. The latter is expected to be a major 
challenge in membrane-based desalination plants (UF pre-treatment preceding the 
SWRO) considering that majority of algal blooms does not produce toxic compounds. 
Furthermore, it has been shown that common HAB toxins can be effectively removed 
by NF (>90%) or RO (>99%) membranes (Laycock et al., 2012; Dixon et al., 2011). 

3.3.1 Particulate fouling 
High algae biomass in raw water can cause operational problems in membrane 
systems. During filtration of algal bloom-impacted waters, particulate materials 
comprising algal cells, their detritus and AOM can accumulate to form a 
heterogeneous and compressible cake layer on the surface of the membranes which 
may eventually cause a substantial decrease in overall membrane permeability. 
RO/NF systems are primarily designed to remove dissolved constituents in the water 
but they are most vulnerable to spacer clogging problems by particulate matter. For 
this reason, the majority of RO systems are preceded by a pretreatment process to 
minimise particulate fouling potential of the feed water. Nevertheless, common 
pretreatment processes such as granular (dual) media filters may not be reliable to 
prevent particulate fouling during algal bloom (Berktay, 2011; Nazzal, 2009; Anderson 
and McCarthy, 2012). The product water of granular media filters can be highly 
variable over time, with reported algae and biopolymer (algal-released organic 
macromolecules) removal efficiencies in the range of 48-90% and 17-47%, respectively 
(Plantier et al., 2012; Salinas-Rodriguez et al., 2009).  
 
Capillary MF/UF membranes may also suffer fibre plugging problems when high 
concentrations of algae cells are transported to and deposited at the dead-end side of 
the capillary (Figure 3-4), eventually blocking a section of the feed channel and 
resulting in a loss of effective filtration area (Heijman et al., 2005; 2007; Lerch et al., 
2007; Panglisch, 2003). To maintain constant water production, the flux on the 
remaining active membrane area will increase, resulting in higher trans-membrane 
pressure (TMP). Furthermore, conventional hydraulic cleaning (backwashing) may no 
longer be effective in removing accumulated material in the plugged portions of the 
capillary.  
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Figure 3-4: Graphical illustration of capillary UF membrane plugging (axial fouling) due to substantial 
accumulation of algal cells and their detritus from the feedwater. Figure modified from Panglisch 
(2003).  

3.3.2 Organic fouling 
During algal blooms, organic fouling in UF membranes often occurs when AOM are 
abundant in the feed water. AOM produced by common bloom-forming species of 
algae largely comprise of high molecular weight biopolymers (polysaccharides and 
proteins) which often includes the sticky TEPs (Myklestad, 1995; Villacorte et al., 
2013). TEPs are hydrophilic materials which can absorb/retain water up to ~99% of 
their dry weight while allowing some water to pass through (Verdugo et al., 2004; 
Azetsu-Scott and Passow, 2004). This means that they can bulk-up to more than 100 
times their solid volume and can easily squeeze through and fill-up the interstitial 
voids between the accumulated solid particles (e.g., algal cells) on the surface of the 
membrane (Figure 3-5). It is therefore expected that accumulation of these materials 
can provide substantial resistance to permeate flow during membrane filtration. As 
TEP can be very sticky, it may strongly adhere to the surface and pores of UF 
membranes. Consequently, hydraulic cleaning (backwashing) may no longer be 
effective in adequately restoring initial membrane permeability (Figure 3-5). This 
scenario has been reported in recent studies (e.g., Villacorte et al., 2010a,b; Schurer 
et al., 2012; 2013; Qu et al., 2012a,b), signifying that AOMs could not only cause 
decrease in hydraulic performance but also non-backwashable or physically 
irreversible fouling in dead-end UF systems.  
 
Accumulation of AOM materials on RO membranes may result in decrease of 
normalized flux and feed channel pressure drop. Considering the high operating 
pressure used in RO, the direct impact of TEP accumulation on operational 
performance is expected to be much less remarkable than in UF systems. However, 
the accumulated sticky substances may initiate or promote particulate and biological 
fouling by enhancing the deposition of bacteria and other particles from the feed water 
to the membrane and spacers (Berman and Holenberg, 2005; Winters and Isquith, 
1979). 
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Figure 3-5: Graphical representation of the potential role of TEP in the fouling UF membranes during 
severe algal bloom: filtration during algal bloom with (a) low and (b) high concentrations of TEP.  
 

3.3.3 Biological fouling 
Bacteria has been shown to adhere, accumulate and multiply in RO systems which 
eventually resulted in the formation of a slimy layer of dense concentrations of 
bacteria and their extracellular polymeric substances known as biofilm. When the 
accumulation of biofilm reaches a certain threshold that operational problems are 
encountered in the membrane system, it is considered as biological fouling or 
biofouling (Flemming, 2002). An operational problem threshold can be a remarkable 
(e.g., >15%) decrease of normalised membrane flux, increase in net driving pressure 
and/or increase in feed channel pressure drop. In the Middle East, about 70% of the 
seawater RO installations were reported to be suffering from biofouling problems 
(Gamal Khedr, 2000). Generally, biofouling is only a major problem in NF/RO systems 
because periodic backwashing and chemical cleaning in dead-end UF systems allows 
regular dispersion or removal of most of the accumulated bacteria from the 
membrane; thus, inhibiting the formation of a biofilm.    
 
TEPs produced during algal blooms can initiate and enhance biofouling in RO 
systems.  Because TEPs are characteristically sticky, they can adhere and accumulate 
on the surface of the membranes and spacers. The accumulated TEPs can serve as a 
“conditioning layer” – a good platform for effective attachment and initial colonization 
of bacteria - where bacteria can utilize effectively biodegradable nutrients from the 
feed water (Berman and Holenberg, 2005; Winters and Isquith, 1979). Furthermore, 
TEPs can be partially degraded and may later serve as a substrate for bacteria growth 
(Passow and Alldredge, 1994; Alldredge et al., 1993). Recently, Berman and co-
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workers proposed a “revised paradigm” of aquatic biofilm formation facilitated by TEPs 
(Berman and Holenberg, 2005; Berman, 2010; Berman et al., 2011; Bar-Zeev et al., 
2012a).  As illustrated in Figure 3-6, colloidal and particulate TEPs and protobiofilms 
(suspended TEPs with extensive microbial outgrowth and colonization) in surface 
water can initiate, enhance and possibly accelerate biofilm accumulation in RO 
membranes. 
 

 
Figure 3-6: Schematic illustration of the possible involvement of (a) colloidal biopolymers, (b) TEPs, and 
(c) protobiofilm in the initiation of aquatic biofilms. A number of planktonic bacteria (first colonizers) 
can attach (d) reversibly on clean surfaces or (e) irreversibly on TEP-conditioned surfaces. When 
nutrients are not limited in the water, (f) a contiguous coverage of mature biofilm can develop within a 
short period of time (minutes to hours). Figure and description adopted from Bar-Zeev at al. (2012a). 
 
Since bacteria requires nutrients for energy generation and cellular biosynthesis, 
essential nutrients such as biodegradable organic carbon, phosphates and nitrates 
can be the main factors dictating the formation and growth of biofilm. During the 
peak of an algal bloom, some of these essential nutrients can be limited (e.g., 
phosphate) due to algal uptake (Figure 3-6). However when the bloom reaches the 
death phase, algal cells starts to disintegrate and release some of these nutrients. 
Hence, biofouling initiated/enhanced by TEPs and AOM may occur within a period of 
time after the termination of an algal bloom.   

3.4 Fouling potential indicators 
Monitoring the membrane fouling potential of raw and pre-treated water is important 
in SWRO plants, especially during algal bloom periods, in order to develop 
preventive/corrective measures for minimizing the potential adverse impacts to 
membrane filtration. Various indicators have been proposed to assess the magnitude 
of the bloom and effectiveness of the pre-treatment systems. The most relevant 
indicators/parameters are discussed in the following sections.      
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3.4.1 Algae concentration 
The magnitude of algal blooms is mainly measured either in terms of cell count or 
chlorophyll-a concentration. Bloom-forming algae of different species can vary 
substantially in terms of cell size and chlorophyll-a content. Hence, relationship 
between these two parameters also varies. As presented in Chapter 2 (Table 2-1), 
typical bloom concentrations are higher for smaller algae than larger algae. To 
compensate for the size differences, cell concentration can be expressed in terms of 
volume fraction (total cell volume per volume of water sample) instead of cell number 
per volume of water.  
 
Ideally, the pre-treatment systems of an SWRO plant should effectively remove algal 
cells to prevent clogging in RO channels. Table 3-2 shows removal efficiencies of 
selected pre-treatment processes reported in literature.   
 
Table 3-2: Reported removal efficiencies of algae for various treatment processes. 

Treatment  Source water Remarks Removal (%) Ref. 
Granular media 
filtration  

E. Mediterranean Sea rapid sand filter (no coag.) 76 ± 13 [1] 
E. Mediterranean Sea coag. + mixed bed filter 90 ± 8 [2] 
E. Mediterranean Sea coag. [1 mg Fe2(SO4)3] + RSF 79 ± 8 [3] 
W. Mediterranean Sea press. GMF (anthracite-sand) 74 [4] 
Algae-spiked seawater  dual media filter (no coag.) 48 - 90 [5] 

Sedimentation  Lake water coag. = 20-24 mg Fe3+/L 96 [6] 
algae-spiked freshwater coag. = 12 mg Al2O3/L 90 [7] 

Dissolved air 
flotation (DAF) 

W. Mediterranean Sea coag. (0-6 mg FeCl3/L) + DAF 75 [4] 
lake water coag. = 7-12 mg Fe3+/L 96 [6] 
algae-spiked freshwater coag. = 12 mg Al2O3/L 96 [7] 
algae-spiked freshwater coag. = 0.5-4 mg Al2O3/L  90 - 100 [8] 
algal culture coag. = 0.7-3 mg Al3+/L 98 [9] 

Microfiltration  Algal cultures   no coagulation >99 [10] 
Ultrafiltration  W. Mediterranean Sea PVDF; pore size = 0.02μm 99 [4] 

algae-spiked freshwater PVC; nom. pore size = 0.01μm 100 [11] 
Cartridge filters E. Mediterranean Sea Disruptor® media 60 [12] 

Lake Kinneret AmiadTM AMF; 2-20μm 90 ± 6 [13] 
Lake Kinneret Disruptor® media 65 [12] 
River Jordan Disruptor® media 85 [12] 
Treated wastewater Disruptor® media 70 [12] 

 

Note: Removal efficiency calculated based on chlorophyll-a concentration or cell count.  
References: [1] Bar-Zeev et al. (2012b); [2] Bar-Zeev et al. (2009); [3] Bar-Zeev et al. (2013); [4] Guastalli et al. (2013) [5] 
Plantier et al (2012); [6] Vlaski (1997) ; [7] Teixeira & Rosa (2007) ; [8] Teixeira et al. (2010); [9] Henderson et al. (2009) ; [10] 
Castaing et al. (2011) ; [11] Zhang et al. (2011) ; [12] Komlenic et al. (2013) ; [13] Eschel et al. (2013).  
 

 
Algae removal in granular media filters (GMF) is highly variable (48-90%) as compared 
to more stable and much higher removal efficiencies by MF/UF membranes (>99%). 
High algal removals (>75%) were also reported for sedimentation and DAF treatments. 
Cartridge filters, which are typically installed after the pre-treatment processes and 
before the SWRO system, have comparable removal with GMF.  
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Although algal cell and chl-a concentrations are the main indicators of an algal bloom, 
these parameters are often not sufficient indicators of the fouling potential of the 
water. Different bloom-forming species of algae can behave differently in terms of AOM 
production and at which stage of their life cycle AOM materials are released. More 
advanced parameters that better indicate the concentration of AOM in feed water and 
the fouling potential attributed to the presence of AOM are discussed in the following 
sections.  

3.4.2 Biopolymer concentration  
Liquid chromatography-organic carbon detection (LC-OCD) is a semi-quantitative 
method for the measurement and fractionation of organic carbon. This method can be 
used to quantify the presence of AOM in algal bloom impacted waters. Using this 
technique, AOM can be fractionated based on molecular size. The high molecular 
weight fraction are classified as biopolymers while the low molecular weight fractions 
(<1 kDa) are further sub-classified into humic-like substances, building blocks, acids 
and neutrals (Huber et al., 2011). Considering that the high molecular weight AOM 
are likely to deposit/accumulate in the RO system, measuring the biopolymer fraction 
of organic matter in the water is a promising indicator of organic and biological 
fouling potential of algal bloom impacted waters. The reported biopolymer removal 
efficiencies of different treatment processes are presented in Table 3-3.  
 
Table 3-3: Reported removal efficiencies of various treatment processes based on biopolymer 
concentrations measured using LC-OCD. 

Treatment  Source water Remarks Removal (%) Ref. 
Granular media 
filtration 

W. Mediterranean Sea coag. + dual media filter 47 [1] 
W. Mediterranean Sea press. GMF (anthracite-sand) 18 [2] 
E. Mediterranean Sea coag. + single media filter 32 [1] 
Estuarine (brackish) coag. + continuous sand filter 17 [1,3] 

Microfiltration W. Mediterranean Sea PVDF; nom. pore size= 0.1μm 36 [1] 
W. Mediterranean Sea PVDF 14 [4] 
Red Sea ceramic; pore size = 0.08μm 20 [5] 
Oman Gulf ceramic; pore size = 0.08μm 30 [5] 
Algal cultures   PC; nom. pore size = 0.1μm 52 - 56 [6] 

Ultrafiltration  North Sea MWCO = 300 kDa 50 [4] 
Red Sea Ceramic; pore size = 0.03μm 40 [5] 
W. Mediterranean Sea PVDF; pore size = 0.02μm 41 [2] 
Seawater (Sydney) MWCO = 17.5 kDa 81.3 [7] 
Estuarine (brackish) no coagulation 70 [1,3] 
River water PVDF; pore size = 0.02μm 86 [8] 
River water PVDF; pore size = 0.01μm 59 [9] 
Algal cultures   PES; MWCO = 100kDa 65 - 83 [6] 
Algal cultures   RC; MWCO = 10kDa 83 - 95 [6] 
Algae-spiked seawater  ceramic; pore size = 0.03μm 60 [5] 

Subsurface 
intake 

W. Mediterranean Sea beachwell 70 [1] 
N. Pacific ocean infiltration gallery 75 [4] 

 

References: [1] Salinas-Rodriguez et al. (2009); [2] Guastalli et al. (2013); [3] Villacorte et al. (2009a); [4] Salinas-Rodriguez 
(2011); [5] Dramas & Croué (2013); [6] Villacorte et al. (2013); [7] Naidu et al. (2013) [8] Hallé et al. (2009); [9] Huang et al. 
(2011).  
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Biopolymers in the water can be substantially reduced (>50%) by UF and sub-surface 
intake (e.g., beach well) treatments while granular media filtration typically remove 
less than 50% of biopolymers. 

3.4.3 Transparent Exopolymer Particles (TEP) 
Transparent exopolymer particles (TEP) are a major component of the high molecular 
weight fraction (biopolymers) of algal organic matter. As discussed in Section 3.3, 
these materials can potentially cause severe fouling in UF and RO systems. Over the 
last two decades, various methods were developed to measure TEP by microscopic 
enumeration or by spectrophometric measurements (Alldredge et al., 1993; Passow 
and Alldredge, 1995; Arruda-Fatibello et al., 2004; Thornton et al., 2007). The most 
widely used and accepted method was introduced in 1995 by Passow and Alldredge. 
This method is based on retention of TEP on 0.4 μm polycarbonate membrane filters 
and subsequent staining with Alcian blue dye. The reported TEP0.4μm reduction by 
different pre-treatment processes are summarised in Table 3-4. 
 
Table 3-4: Reported removal efficiencies of TEP0.4μm for various treatment processes. 

Treatment  Source water Remarks Removal (%) Ref. 
Granular media 
filtration 

E. Mediterranean Sea rapid sand filter (no coag.) 51 ± 27 [1] 
E. Mediterranean Sea coag. + mixed bed filter 27 ± 19 [2] 
E. Mediterranean Sea coag. [1mg Fe2(SO4)3] + RSF 17 ± 28 [3] 
Estuarine (brackish) coag. + continuous sand filter 65 [4,5]  
River water coag. (8 ml/L PACl) + RSF 25 [5]  
River water rapid sand filter (no coag.) ~100 [6] 
Treated wastewater coag. (10 mg Al3+/L) + RSF 70 [7] 

Sedimentation + 
media filtration Lake water coag. = 15 mg Fe3+/L 70 [5] 

Ultrafiltration Estuarine (brackish) no coagulation 100 [4,5] 
Lake water no coagulation 100 [5] 
River water inline coag. = 3 mg Fe3+/L 100 [5] 
River water  inline coag. = 0.3 mg Fe3+/L 100 [5,8] 
Treated wastewater no coagulation 100 [7] 
Treated wastewater no coagulation >95 [6] 

Cartridge filter E. Mediterranean Sea Disruptor® media 59 [9] 
Lake Kinneret AmiadTM AMF; 2-20μm 47 ± 21 [10] 
Lake Kinneret Disruptor® media 63 [9] 
River Jordan Disruptor® media 82 [9] 

  Treated wastewater Disruptor® media 74 [9] 
 

Note: TEP0.4μm measurement based on Passow and Alldredge (1995).  
References: [1] Bar-Zeev et al. (2012b); [2] Bar-Zeev et al. (2009); [3]  Bar-Zeev et al. (2013); [4]  Salinas-Rodriguez et al. 
(2009); [5] Villacorte et al. (2009a); [6] van Nevel et al. (2012); [7] Kennedy et al. (2009); [8] Villacorte et al. (2009b); [9] 
Komlenic et al. (2013) ; [10] Eschel et al. (2013).  

 
Although they are operationally defined by marine biologists as particles larger than 
0.4 μm, TEPs are not solid particles, but rather agglomeration of particulate and 
colloidal hydrogels which can vary in size from few nanometres to hundreds of 
micrometres (Passow, 2000; Verdugo et al., 2004). Hydrogels are highly hydrated and 
may contain more than 99% of water, which means they can bulk-up to more than 
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100 times their solid volume (Azetsu-Scott and Passow, 2004; Verdugo et al., 2004). 
Majority of these materials were formed abiotically through spontaneous assembly of 
colloidal polymers in water (Chin et al., 1998, Passow, 2000). A substantial fraction of 
colloidal TEPs (<0.4µm) are not covered by the current established measurement 
methods (e.g., Passow and Alldredge, 1995). Consequently, new TEP methods were 
recently developed to cover this previously neglected smaller fraction (see Chapter 5).       

3.4.4 Modified Fouling Index (MFI) 
There are two established methods to measure the particulate/colloidal fouling 
potential of water: the silt density index (SDI) and the modified fouling index (MFI). 
Currently, the silt density index (SDI) is the most widely used method to measure the 
fouling potential of feed water in SWRO plants. It is based on measurements using 
membrane filters with 0.45 micrometer pores at a pressure of 210 kPa (30 psi). 
Although this simple technique is widely used in practice, it has been known for many 
years that SDI has no reliable correlation with the concentration of 
particulate/colloidal matter (Alhadidi et al., 2013). Hence, it is often insufficient in 
predicting the fouling potential of SWRO feed water.  
 
A more reliable approach to measure the membrane fouling potential of RO feed water 
is the modified fouling index (MFI). Unlike SDI, MFI is based on a known membrane 
fouling mechanism (i.e., cake filtration). This index was developed by Schippers and 
Verdouw (1980) whereby they demonstrated the linear correlation between the MFI 
and colloidal matter concentration in the water. Initially, MFI was measured using 
membranes with 0.45 or 0.05 μm pore sizes and at constant pressure. However, it 
was later found that particles smaller than the pore size of these membranes most 
likely play a dominant role in particulate fouling. In addition, it became clear that the 
predictive value of MFI measured at constant pressure was limited. For these reasons, 
MFI test measured at constant flux (with ultra-filtration membranes) was eventually 
developed over the last decade (Boerlage et al, 2004; Salinas-Rodriguez et al., 2012). 
 
A comparison in the reduction of fouling potential as measured by MFI-UF in UF and 
GMF pre-treatment systems is presented in Table 3-5. In general, UF membranes are 
superior over GMF in terms of MFI-UF reduction  
 
Table 3-5: Reported reduction in particulate/colloidal fouling potential as measured by MFI-UF for 
various pre-treatment processes (Source: Salinas-Rodriguez, 2011). 

Treatment  Source water Remarks Reduction (%) 
Granular media 
filtration 

W. Mediterranean Sea anthracite-sand; 1.5 mgFe3+/L 19 

N. Mediterranean Sea anthracite-sand; 2 mg Fe3+/L 37 

Ultrafiltration W. Mediterranean Sea PVDF, 0.03μm 66 

W. Mediterranean Sea PVDF, 0.02μm 52 

N. Mediterranean Sea PVDF; 0.01μm 68 

North Sea PES 300 kDa; 0.5 mg Al3+/L 88 
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3.4.5 Biological fouling potential  
Measuring biological fouling potential of RO feed water is rather complicated. Over the 
years, multiple parameters have been proposed as indicators of biofouling potential, 
namely: adenosinetriphosphate (ATP), assimilable organic carbon (AOC) and 
biodegradable dissolved organic carbon (BDOC) (Vrouwenvelder and van der Kooij, 
2001; Amy et al., 2011). So far, these parameters are mainly applied in non-saline 
waters and still not extensively used in seawater RO plants. Furthermore, inline 
monitors such as the biofilmmonitor and membrane fouling simulator (MFS) have 
been introduced to measure biofilm formation rate (Vrouwenvelder and van der Kooij, 
2001; Vrouwenvelder et al., 2006). Meanwhile, Liberman and Berman (2006) proposed 
a set of tests to determine the microbial support capacity (MSC) of water samples, 
namely chlorophyll-a, TEP, bacterial activity, total bacterial count, inverted 
microscope observations of sedimented water samples, biological oxygen demand 
(BOD), total phosphorous and total nitrogen. More investigations are needed to assess 
the reliability of these parameters/monitors to predict the biofouling potential of algal 
bloom impaired seawater.     

3.5 Proposed strategies to control algae and AOM fouling  
Reverse osmosis plants operating with direct/open source intake require extensive 
pre-treatment of the raw water to maintain or prolong reliable performance and 
membrane life. To mitigate the adverse effects of algal blooms, a reliable pre-treatment 
should continuously produce high quality RO feed water while maintaining stable 
operation. For example in GMF and UF pre-treatment systems, a stable operation is 
based on the ability of the system to maintain acceptable backwash frequency at 
minimum chemical and energy requirement. 
 
Following the 2008-2009 red tide outbreak in the Gulf of Oman which led to the 
shutdown of several desalination plants in the region, an expert workshop was held in 
Oman in 2012 on the impacts of red tides and HABs on desalination operation. 
During this workshop, DAF and UF were highly recommended as possible alternatives 
to GMF for maintaining reliable operation in RO plants during severe algal bloom 
situations (Anderson and McCarthy, 2012). Installing a sub-surface intake (e.g., 
beach wells) instead of an open intake has been recently considered as a pre-
treatment option for SWRO. Figure 3-7 illustrates the different proposed process 
schemes based on existing technology as measures for mitigating the adverse effects 
of algal blooms in SWRO desalination systems.  
 
Raw water abstraction in SWRO plants can be through an open or a sub-surface 
intake structure. For areas prone to algal blooms, sub-surface intake such as beach 
wells is preferred as it can serve as a natural slow sand filter which can allow 
substantial removal of algae and algal organic matter (Missimer et al., 2013). 
Consequently, less-extensive pre-treatment processes are needed to maintain stable 
operation in the SWRO plant. However, sub-surface intakes are not applicable in 
some coastal locations where the geology of the area makes it unfeasible to install 
such intakes.  
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For SWRO plants operating with an open intake, primary and secondary pre-
treatment systems are installed to ensure acceptable RO feed water quality and stable 
operation during algal blooms. Primary pre-treatment typically includes 
microstraining/screening to remove large suspended materials (>50 μm), followed by 
coagulation and sedimentation or DAF. Secondary pre-treatment typically comprises 
granular (dual) media filtration and/or UF. Granular media filtration requires a full 
coagulation-flocculation step prior to filtration. On the other hand, UF can operate 
with or without coagulation and a flocculation or floc removal step is not necessarily 
required during coagulation. Schurer et al., 2013 demonstrated that UF is capable of 
maintaining stable operation during algal blooms when preceded with in-line 
coagulation without additional primary pre-treatment. Other operational measures 
such as decreasing membrane flux and applying a forward flush cleaning may also 
improve the performance of UF during severe algal bloom situations.          

3.6 Future pre-treatment challenges 
Driven by the increasing global demand as well as the economy of scale on the cost of 
desalinated water, it is projected that more large-scale RO plants (>500,000 m3/day) 
will be installed in the near future (Figure 3-8; Kurihara & Hanakawa, 2013). If pre-
treatment systems in these plants are ineffective during algal bloom, it can likely 
result in severe organic/biological fouling in SWRO which often requires extensive 
chemical cleanings (i.e., CIP) to restore membrane permeability. A high frequency (>1 
per year) chemical cleaning is a serious problem in large RO plants as it is a laborious 
and time-consuming process while it also shortens the lifetime of the RO membranes. 
Usually, part of the RO plant needs to be shut down during the cleaning process, 
which can result in lower overall plant water production. Since a high cleaning 
frequency is unfeasible for future large and extra-large SWRO plants (~1,000,000 
m3/day), it is essential that future pre-treatment systems is reliable in maintaining an 
RO feed water with very low fouling potential.  
 
To minimise the cleaning frequency of SWRO plants affected by algal bloom, the 
development of new generation of pre-treatment technology should focus on complete 
removal of algae and their AOM as well as limiting the concentration of nutrients in 
RO feed water. Removal of algae and AOM (e.g., TEPs) in itself can eliminate organic 
fouling and may substantially delay biological fouling in SWRO as there is no 
“conditioning layer” to jump-start biofilm development. On the other hand, removal of 
essential nutrients (e.g., phosphate, AOC) from the RO feed water can further control 
biological growth in the system. Combining the two treatment strategies can 
potentially eliminate organic/biological fouling in seawater RO systems, even in algal 
bloom situations. 
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Figure 3-8: Productivity of the top 20 largest RO plants in the world from 1960-2012 and projected plant 
size for year 2020 (adopted from Kurihara and Hanakawa, 2013). 

3.7 Summary and outlook 
The recent severe algal bloom outbreaks in the Middle East have resulted in 
temporary closure of various seawater desalination installations in the region, mainly 
due to breakdown of pre-treatment systems and/or as a drastic measure to prevent 
irreversible fouling problems in the downstream RO systems. The major issues which 
may occur in SWRO plants during an algal bloom are: (1) particulate/organic fouling 
of pre-treatment systems (e.g., GMF, MF/UF) by algal cells, their detritus and/or 
AOM, and (2) biological fouling of NF/RO initiated and/or enhanced by AOM. As 
membrane-based desalination is expected to grow in terms of production capacity and 
global application, many coastal areas in the world will potentially face a similar 
scenario in the future if these problems are not addressed accordingly.    
 
To tackle serious operational problems of membrane-based desalination plants, 
several pre-treatment strategies are currently being proposed. SWRO plants that are 
fitted with conventional granular media filtration, can gain significant benefits in 
terms of capacity and product water quality, if preceded by DAF. As a consequence, 
coagulant consumption will increase as a result of coagulant dosage prior to DAF. 
Therefore, particularly in countries with stringent legislation, such schemes should be 
foreseen with coagulant-rich sludge handling and/or treatment facilities. If conditions 
allow, UF pre-treatment should be incorporated in SWRO plant design as pre-
treatment. The advantages of UF over conventional pre-treatment systems are well 
known to the membrane and desalination societies. Significant additional benefits of 
UF pre-treatment systems can be gained during periods of severe algal bloom in terms 
of maintaining pre-treatment capacity and RO feed water quality. Moreover, coagulant 
consumption is significantly lower in these systems as compared to conventional pre-
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treatment systems. The future of UF pre-treatment of SWRO lies in the development 
of tight UF membranes (low MWCO) that can deliver high quality RO feed water (very 
low SDI or MFI) at minimal coagulant consumption and high output rates. 
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Abstract 
 
Algae and the organic compounds they release can seriously affect the operation of low 
pressure (micro- and ultra-filtration) and high pressure (nanofiltration and reverse 
osmosis) membrane systems. In this study, the nature and behaviour of algal-derived 
organic materials (AOM) produced by three common species of bloom-forming algae (AT: 
Alexandrium tamarense, CA: Chaetoceros affinis and MSp: Microcystis sp.) were 
characterized.  Investigations on the physico-chemical properties of AOM were performed 
employing various characterisation techniques such as liquid chromatography-organic 
carbon detection, fluorescence spectroscopy, fourier transform infrared spectroscopy, 
lectin staining coupled with laser scanning microscopy and force measurement using 
atomic force microscopy. The observed growth behaviour, peak cell concentration and 
AOM concentration vary substantially between batch cultures of three algal species. CA 
produced 2-3 times more transparent exopolymer particles (TEP) than AT and 6-9 times 
more than MSp. The AOM produced by the 3 species are mainly biopolymers 
(polysaccharides and proteins) while some refractory organic matter (e.g., humic-like 
substances) and/or low molecular weight biogenic substances were also observed. 
Polysaccharides with associated fucose and sulphated functional groups were 
ubiquitous in the biopolymer fraction. The stickiness of AOM in terms of adhesive and 
cohesive forces varies between source species (CA>AT≥MSp). In general, cohesion forces 
between AOM materials are generally stronger than the adhesion forces between AOM 
and clean UF or RO membranes.  
 
The AOM retention by microfiltration (MF) and ultrafiltration (UF) membranes were 
measured and compared for membranes with different pore sizes. The biopolymer 
fraction of AOM was substantially removed by MF/UF membranes but not the low 
molecular weight fractions (e.g., humic-like substances). MF membranes with pore sizes 
of 0.4 µm and 0.1µm rejected 14-47% and 42-56% of biopolymers, respectively. UF 
membranes with molecular weight cut-offs of 100kDa and 10kDa rejected 65-83% and 
83-97% of biopolymers, respectively.  
 
To illustrate the adverse effect of algal bloom on membrane filtration, the membrane 
fouling potential based on the modified fouling index (MFI) was measured in batch 
cultures and extracted AOM. The membrane fouling potential (MFI-UF) of the 3 batch 
cultures showed clear correlation with TEP concentration (R2>0.85) but no clear 
correlation was observed with algal cell concentration. The specific membrane fouling 
potentials of AOM varied significantly depending on the source algal species 
(CA>MSp>AT). AOM fractions between 10-100 kDa demonstrated higher specific 
membrane fouling potential (MFI per mg C/L biopolymers) than the larger fractions 
(>100kDa). Hence, removal of smaller biopolymers (down to 10 kDa) might be necessary 
to prevent fouling in RO systems.  
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4.1 Background 
The presence of algae in source water can cause serious challenges in drinking and 
industrial water production. Microscopic algae in surface waters seasonally proliferate 
and generate high concentrations of organic substances (Kirchman et al., 1991). This 
can cause water discoloration, anoxic conditions, odour and toxicity problems and 
operational problems in water treatment processes (Petry et al., 2007; Caron et al., 
2010; Henderson et al., 2008a; Schurer et al., 2012; 2013).  
 
In recent years, algal blooms have been increasingly affecting the operation of 
membrane–based water treatment plants and it is now considered as a major threat to 
the desalination industry (Caron et al, 2010; Pankratz, 2008). One remarkable 
example is the 2008–2009 harmful “red tide” event caused by the dinoflagellate 
Cochlodinium polykrikoides in the Middle East Gulf region, when algal concentrations 
were reported to be between 11,000 and 21,000 cells/ml (Richlen et al., 2010). At 
least five seawater desalination plants in the region were forced to reduce (or 
shutdown) operation due to odour issues, clogging of pre-treatment systems (e.g., 
granular media filters) or due to concerns that the bloom would irreversibly foul 
reverse osmosis membranes (Berktay, 2011; Pankratz, 2008). This incident 
highlighted a major problem that algal blooms may pose in countries relying largely 
on membrane-based desalination plants for their water supply.   
   
Algae can produce various forms and differing concentrations of organic substances 
such as polysaccharides, proteins, lipids, nucleic acids and other dissolved organic 
substances (Fogg, 1983; Bhaskar and Bhosle, 2005; Decho, 1990; Myklestad, 1995). 
Myklestad (1995) highlighted the significance of studying extracellular 
polysaccharides as they may comprise more than 80% of algal organic matter (AOM). 
Depending on the species of algae, AOMs are either produced through extracellular 
release in response to low nutrient stress or other stressful conditions (e.g., 
unfavourable light, pH or temperature), invasion by bacteria or viruses and/or 
produced through disruption and decay of algal cells (Fogg, 1983; Leppard, 1993; 
Myklestad, 1999). However, various species of algae may also release these organic 
materials under normal conditions (Fogg, 1983). In seawater, a substantial fraction of 
AOM are highly sticky and are likely involved in the coagulation of 
colloidal/particulate materials in aquatic environments, which may result in the 
formation of mucilaginous aggregates such as marine snow and sea foam (Alldredge et 
al., 1988; Mopper et al., 1995). These sticky materials have been referred to in various 
studies as transparent exopolymer particles (TEP; see review by Passow, 2002).  
 
AOMs, specifically TEPs, were recently identified as potential causes of biological 
fouling in reverse osmosis (RO) systems and organic fouling in ultrafiltration (UF) 
systems (Berman and Holenberg, 2005; Kennedy et al., 2009; Berman et al., 2011). 
However, their composition and specific membrane fouling potential are still largely 
unknown. Moreover, the biopolymer components of AOMs have not been sufficiently 
studied in terms of their removal by and fouling of MF/UF membranes. Since algal 
blooms are naturally occurring phenomena which are often unpredictable, a 
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fundamental understanding of the physico-chemical characteristics of AOM produced 
by common species of bloom-forming algae is a significant step towards developing an 
effective strategy to minimise their adverse effects on membrane-based water 
treatment systems. 

4.1.1 Bloom-forming algae 
The Intergovernmental Oceanographic Commission of UNESCO identified about 300 
species of microscopic algae that can cause blooms in surface waters (IOC-UNESCO, 
2013). The majority of these species belong to the three major groups of micro-algae 
(i.e., dinoflagellates, diatoms and cyanobacteria). Three commonly-occurring species, 
one from each group, were investigated in this study, namely: Alexandrium tamarense 
(dinoflagellates), Chaetoceros affinis (diatoms) and Microcystis sp. (cyanobacteria).     
 
Alexandrium tamarense (AT) is a marine dinoflagellate identified as one of the major 
causative species of “red tide” (WHOI, 2013). This alga can produce neurotoxins that 
can cause paralytic shellfish poisoning to humans and other mammals who 
consumed bivalve molluscs from affected waters (Anderson et al., 2012). AT cells are 
spherical in shape between 25-45 µm in diameter. The cells are armoured (thecate 
plate-covered cells) and use two flagella for their mobility.  
 
Chaetoceros affinis is a marine diatom known to release substantial concentrations 
of extracellular polysaccharides including TEPs (Myklestad et al., 1972). In temperate 
regions, this species usually thrive during the early spring season. High concentration 
of this microalga can cause golden brown discoloration of the water. Algal cells 
resemble an oval cylinder geometric shape ranging in size from 8-30 µm. The algae 
tend to form chains where cells are connected at the origin of the two setae located on 
both ends of the cell. 
 
Microcystis sp. is a common freshwater cyanobacteria (blue-green algae) ubiquitous 
in lakes, rivers and reservoirs during the summer seasons in temperate regions. 
Microcystis are small spherical algae between 3-6 µm in diameter. During a bloom 
situation, they are known to generate high concentrations of extracellular polymeric 
substances and have been associated with taste and odour problems in water sources 
(Qu et al., 2012; Henderson et al., 2008b; Li et al., 2012). Some species such as the 
Microcystis aeruginosa produce a hepatotoxin called microcystin, making this genus 
one of the main causes of harmful bloom in freshwater environments.  

4.1.2 Characterisation of organic matter in aquatic systems  
Over the years, various analytical techniques have been introduced to characterise 
natural organic matter in aquatic systems, some of which have been adopted to 
investigate the composition of microbial-derived organic matter.  
 
Alcian blue, a dye known to specifically bind with acidic polysaccharides and 
glycoprotein, has been widely used to visualise and measure TEPs in seawater and 
lake water (Alldredge et al., 1993; Passow, 2002). Some studies used staining with 
fluorochrome labelled lectins to visualise and indentify the carbohydrate components 
of extracellular polymeric substances in microbial biofilms (Neu, 2000; Zippel & Neu, 
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2011). Lectins are proteins extracted from various organisms which can bind 
specifically to one or more carbohydrate functional groups. Some functional groups 
that make up the organic materials can also be identified using fourier transform 
infrared (FTIR) spectroscopy (Lee et al., 2006). 
 
Qualitative assessment of the presence of protein-like and humic-like materials based 
on fluorescence excitation-emission matrices (FEEM) has been employed in various 
applications including characterisation of AOM (Henderson et al., 2008b; Lee et al., 
2006; Li et al, 2012; Her et al., 2003). Semi-quantitative techniques such as liquid 
chromatography - organic carbon detection (LC-OCD) can be used to fractionate 
organic materials based on size and composition. This technique has been extensively 
applied in characterising natural organic matter in surface water and their fate 
through the water treatment processes (Huber et al., 2011; Kennedy et al., 2008; 
Salinas-Rodriguez et al., 2009; Villacorte et al., 2009; Baghoth et al. 2011).  
 
The stickiness of high molecular weight organic matter (e.g., biopolymers) can be 
studied by measuring interaction forces between organic materials and other surfaces 
using an atomic force microscope. This technique has been applied to measure the 
adhesive strength of bacterial polysaccharides on polymeric membranes (Yamamura 
et al., 2008; Frank & Belfort, 2003) and the elastic character of diatom mucilages 
(Higgins et al., 2002).  

4.1.3 Research objective 
The objective of this study is to investigate the release, physico-chemical 
characteristics, membrane retention and fouling potential of AOM from three species 
of bloom-forming algae in marine and freshwater sources by applying various 
characterisation techniques. 

4.2 Materials and methods  
Three selected algal species were grown in batch cultures to represent an algal bloom 
situation in freshwater and seawater. The algal organic matter (AOM) produced by the 
three species were extracted and a series of analyses were performed to identify their 
characteristics, membrane rejection and fouling potential.     

4.2.1 Algal culture 
Three strains of algae were acquired from the Culture Collection of Algae and Protozoa 
(Oban, Scotland), namely: Alexandrium tamarense (CCAP 1119/32) Chaetoceros 
affinis (CCAP 1010/27) and Microcystis sp. (CCAP 1450/13). Alexandrium tamarense 
and Chaetoceros affinis were inoculated in sterilised synthetic seawater spiked with 
nutrients and trace elements based on the L1 and f/2+Si medium, respectively. The 
artificial seawater (ASW) was prepared to resemble the typical ion composition of the 
North Sea (TDS 34 g/L, pH 8±0.2). Microcystis Sp. was grown in sterilized BG-11 
medium for freshwater algae. The composition of the prepared media and ASW are 
presented in Annex 4-1. All algal batch cultures were incubated at 20±2°C under an 
artificial light source (fluorescent lamp) at 12/12h light/dark regime. CA and MSp 
cultures were continuously mixed in a shaker while AT was mixed manually 1-2 times 
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per day. Light intensities of the fluorescent lamps were adjusted to 40-50 μmol/m2.s 
for AT and CA cultures and 10-15 μmol/m2.s for MSp.  
 
The average algal cell concentration in batch cultures was monitored by sampling 
every 2-4 days and counting the cells using Thoma chamber glass slides and a light 
microscope (Olympus BX51). Additional samples were taken for TEP measurements 
(Sections 4.2.3.1), lectin staining (Section 4.2.3.2) and MFI-UF measurements 
(Sections 4.2.5) on selected days during the exponential and stationary-death phases.   

4.2.2  AOM extraction and purification  
Water samples (0.5 L) were collected during the exponential and stationary-death 
phases of the three batch cultures of algae. To extract AOM from the culture, the 
samples were gently mixed and filtered through polycarbonate filters (Nuclepore PC 
membranes, Whatman) with <0.2 bar of vacuum. Polycarbonate membranes with 
different pore sizes were used depending on the lower size range of the algal cells: 10 
µm for AT, 5 µm for CA and 1 µm for MSp. AOM larger than the filter pore size which 
may have been retained on the filters and AOM bound to algal cells were not included 
in the subsequent analysis. The filtered solutions were analysed using LC-OCD 
(Section 4.2.3.3), FEEM (Section 4.2.3.4) and AFM (Section 4.2.3.6). The same AOM 
solutions were used in membrane rejection experiments (Section 4.2.4). 
 
To isolate particulate and colloidal materials from the bulk AOM and excess nutrients 
from the culture medium, dialysis treatment was performed for AOM samples 
collected during the stationary/death phase. The samples were dialysed using 3.5 
kDa RC membrane sacks (Spectra/Por 3, SpectrumLabs) and ultra-pure water (Milli-
Q, Millipore) as draw solution. The draw solution was continuously stirred (using a 
magnetic stirrer) and replenished 1 to 2 times per day. Each dialysis treatment lasted 
for 4-6 days to remove most of the dissolved salts (based on electrical conductivity 
measurement) and low molecular weight organics (based on LC-OCD analysis) out of 
the membrane sacks. After dialysis, the AOM samples inside the membrane sacks 
were freeze dried and then analysed using FTIR spectroscopy (Section 4.2.3.5). 

4.2.3 Characterisation techniques 

4.2.3.1 Transparent exopolymer particles (TEP) measurement 

TEP concentration was measured using a protocol slightly modified from the method 
described by Passow and Alldredge (1995). This method measures the relative 
concentration of TEP retained on PC filters (Whatman Nuclepore) based on the anion 
density of acidic polysaccharides and glycoproteins. Alcian blue (AB) staining solution 
was prepared by dissolving 0.025% (m/v) of Alcian Blue 8GX (Standard Fluka, Sigma-
Aldrich) in acetic acid buffer solution (pH 2.5). The AB working solution was pre-
filtered through 0.05 µm PC filter prior to staining.  
 
Water samples of known volume were filtered through 0.4 μm PC filters by applying 
0.2 bar vacuum. Since AB coagulates in contact with saline water, a rinsing 
procedure was then performed by filtering 1 ml of milli-Q water through the 
membrane prior to staining in order to replace the adsorbed saline moisture. One ml 
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staining solution was applied over the membrane, allowed to react for 10 seconds and 
the excess stain was removed by 0.2 bar vacuum. To further remove excess stain, 2 
ml of milli-Q water was filtered through the membrane. The stained membrane was 
then soaked in 6 ml of 60% H2SO4 solution and absorbance (at 787 nm) of acid 
solution was measured after 2 hours. In this study, no calibration with a standard 
polysaccharide was performed. Hence, TEP concentrations are presented in terms of 
abs/cm/L instead of µg Xanthan equivalent per liter (µg Xeq/L) used in the original 
method. 
 
Alcian blue staining is routinely performed at pH 2.5 to ensure both sulphated and 
carboxylated TEPs are fully stained. Lowering the staining pH down to pH 1.0 will 
only stain sulphated TEPs (Passow and Alldredge, 1995). In this study, this technique 
was applied to estimate the abundance of sulphated species of TEP. Applying a similar 
protocol mentioned above, TEPs were measured using 0.1 µm PC membranes with 
staining solutions prepared at pH 1.0 and pH 2.5 for samples collected during the 
exponential and stationary/death phase.     

4.2.3.2 Lectin staining and confocal laser scanning microscopy (CLSM) 

Six different lectins: AAL, UEA-1, Con-A, HMA, PA-I and IAA (Sigma, Vector, EY labs) 
labelled with either FITC, TRITC or Alexa 488  fluorochromes were prepared for 
staining polysaccharides produced by different species of algae. The characteristics of 
the lectins and their known carbohydrate binding specificities are shown in Table 4-1. 
Raw samples from algal cultures were concentrated on 0.1 μm polycarbonate filters 
(Whatman Nuclepore) by vacuum filtration (-0.2 bar). Fluorochrome-labelled lectin 
solutions were then applied over the filter-retained AOM, incubated in the dark for 20 
minutes (room temperature) and then excess lectins were removed by vacuum 
filtration. The stained samples were carefully rinsed by filtering medium solution 
(specific to the algae species) through the membrane three times to further remove 
unbound lectins.  
 
Table 4-1: Characteristics of lectins used in this study. 

Lectin Source Flourochrome Sugar specificity*
AAL Aleuria aurantia Alexa 488 fucose (Fuc)
UEA-1  Ulex europaeus TRITC fucose (Fuc)
Con-A Canavalia ensiformis FITC α-D-mannose ( α-Man), α-D-glucose (α-Glc)
HMA Homarus americanus Alexa 488 Sialic acid
PA-I Pseudomonas aeruginosa Alexa 488 galactose (Gal)
IAA Iberis amara Alexa 488 N-Acetyl-D-Glucosamine (GlcNAc) 
* Based on Neu (2000) and Zippel & Neu (2011) 

 
Imaging of stained AOM samples was performed at the Helmholtz Centre for 
Environmental Research (Magdeburg, Germany) using a TCS SP5 confocal laser 
scanning microscope (Leica) equipped with a super continuum light source and an 
upright microscope. The system was controlled by the software LAS AF version 2.6.1 
7314. A range of water-immersible lenses was available to examine the samples. The 
data presented was recorded using a 63x NA 1.2 wi objective lens. The CLSM signals 
were recorded in the green channel (excitation = 494 nm; emission = 505-600 nm) for 
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the fluorescently-labelled lectins and in the far-red channel (excitation = 630 nm; 
emission = 650-750 nm) to detect autofluorescence of chlorophyll-a containing 
microorganisms (Neu, 2000; Neu et al., 2004).   

4.2.3.3 Liquid chromatography - organic carbon detection (LC-OCD) 

AOM samples extracted from algal cultures were sent to DOC-Labor (Karlsruhe, 
Germany) where it was analysed using liquid chromatography - organic carbon 
detection (LC-OCD). The relative responses of organic carbon, ultraviolet and organic 
nitrogen at different retention times were measured with an online organic carbon 
detector (OCD), UV detector (UVD) and organic nitrogen detector (OND). Organic 
carbon concentrations of biopolymers, humic substances, building blocks, low 
molecular weight (LMW) acids, and neutrals were determined based on the 
chromatogram peaks and their retention times (Table 4-2; Huber et al., 2011). The 
chromatogram results were processed on the basis of area integration using a 
customised software program CHROMCalc to fractionate the organic carbon 
concentration in the sample (DOC-Labor, Karlsruhe). Since AOM may comprise large 
macromolecules (e.g., TEPs), LC-OCD analyses were performed without 0.45 μm inline 
filtration of samples. The theoretical maximum chromatographable size without 
sample pre-filtration is 2 µm, which is based on the pore size of the sinter filters of the 
column used (S. Huber, per. com.). 
 
Protein concentration was estimated by assuming that all organic nitrogen detected 
by the organic nitrogen detector (OND) between 25 and 42 mins retention times were 
all bound to proteinic compounds. Typical protein compounds contain 14.5-17.5 % 
nitrogen and 49.7-55.3 % carbon (Rouwenhorst et al., 1991). So, the C:N ratio of 
proteinic biopolymers can be estimated as 3:1. The estimated AOM protein 
concentration in mg C/L was calculated based on this ratio. Furthermore, 
polysaccharide concentrations were computed by subtracting the calculated protein 
concentration from the organic carbon concentration of biopolymers. 
 
Table 4-2. Descriptions of organic matter fractions measured by LC-OCD (DOC-Labor; Huber et al., 2011) 

Organic 
fraction 

Typical size 
(Da) 

Typical composition
 

Biopolymers > 20,000 polysaccharides, proteins, amino sugars, polypeptides  
Humic subst. ~ 1000 humic and fulvic acids 
Building blocks 300 - 500 weathering and oxidation products of humics 
LMW Neutrals < 350 mono-oligosaccharides, alcohols, aldehydes, ketones, amino acids
LMW acids < 350 all monoprotic organic acids 

 
To estimate the molecular weight distribution of the biopolymer fraction of AOM, 
selected samples were analysed using high resolution LC-OCD. This modified 
technique follows a similar principle mentioned above but using 2 series of columns 
(HW65S and HW50S) instead of one, doubling the mobile phase retention time and 
the resolution of the chromatogram. Molecular weight fractionations were defined 
based on calibration with pullulan (PSS, Germany), a polysaccharide with molecular 
weight between 0.3 and 700 kDa (S. Huber, per. com.). 
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4.2.3.4 Fluorescence excitation-emission matrix (FEEM) 

The fluorescence EEM spectra of AOM-containing water samples were measured using 
a FluoroMax-3 spectrofluorometer (Horiba Jobin Yvon, Inc., USA) with a 150 W ozone-
free xenon arc-lamp as a light source for excitation. FEEM measurements were 
performed at excitation wavelength range from 240 to 450 nm with 10 nm increments 
and the emission wavelength range from 290 to 500 nm with 2 nm increments. The 
slit widths were set at 5 nm for excitation and emission. To keep samples free from 
algal cells, water samples were first filtered through 10µm, 5µm and 1 µm PC 
membranes by mild vacuum filtration (-0.2 bar) for AT, CA and MSp, respectively. The 
filter and filter holder were intensively flushed with ultrapure water to remove organic 
contaminants before sample filtration. Prior to FEEM analyses, the total organic 
carbon (TOC) concentrations of the samples were measured (Shimadzu TOC-VCPN) and 
then diluted to set the TOC of each sample to ~1 mg C/L. A three dimensional 
spectrum data series from FEEM were plotted using MatLab R2007b. Background 
signals were minimised by subtracting the signals of the blank from the sample 
EEMs. The typical peaks which can be expected within the limits of the covered EEM 
spectra (Ex. 240-250nm / Em. 290-500 nm) are shown in Table 4-3.  
 
Table 4-3: Typical EEM peak locations of natural organic matter (Coble, 1996; Salinas-Rodriguez et al., 
2009; Leenher and Crue, 2003). 

Code Description 
Fluorescence range (nm) 

Excitation Emission 
H1 Humic-like primary peak 330–350 420–480 
H2 Humic-like secondary peak 250–260 380–480 
Hm Marine humic-like 300-330 380-420 
P1 Protein-like (tyrosine) peak 270–280 300–320 
P2 Protein-like (tryptophan) peak, phenol-like 270–280 320–350 

 
For each samples, the fluorescence Index (FI) was calculated based on the ratio of the 
fluorescence intensity at Em 500 nm/Ex 450 nm and Em 500 nm/Ex 370 nm 
(McKnight et al, 2001). An FI of between 1.7 and 2.0 indicates that the fluorescent 
organic materials are autochthonous (microbial origin) while an FI between 1.3 and 
1.4 indicates they are allochthonous (terrestrial origin). 

4.2.3.5 Fourier Transform Infrared (FTIR) Spectroscopy  

FTIR spectroscopy was applied to identify the functional groups present on the AOM 
produced by the three algae species. For this analysis, freeze-dried AOM samples 
(described in Section 4.2.2) were analysed using a PerkinElmer ATR-FTIR Spectrum 
100 instrument at the Aerospace Engineering laboratory of the Technical University of 
Delft.  

4.2.3.6 Force measurement using atomic force microscopy  

To assess the stickiness of algal-derived organic matter, AOM to membrane and AOM 
to AOM interactions were measured using atomic force microscopy (AFM). In this 
study, the cohesive and adhesive strengths of AOM were investigated by measuring 
interactions between polystyrene microspheres coated with AOM against clean and 
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AOM-fouled membranes. The microsphere is attached to the tip of the AFM cantilever. 
Forces (F) were derived from the cantilever deflection using Hooke’s law while the 
separation distances between the microsphere and the membrane surface are 
measured from the scanner position and cantilever deflection. 
 
F = -kΔz           Eq. 1 
 
where k is the cantilever spring constant and Δz the deflection of the cantilever. 
 
Each force measurement generates two force-distance curves: the approach force 
curve and the retract force curve (Figure 4-1). The approach force curve shows the 
force interactions of the particle probe as it approaches the membrane surface. The 
retract force features the adhesion force between the particle probe surface and the 
stationary surface. Adhesion/cohesion forces are the force needed to separate two 
surfaces from contact and is defined as the equivalent force at the maximum 
cantilever deflection in the retraction force curve. Furthermore, the total energy 
needed to completely separate two surfaces was calculated by integrating the 
measured negative forces (<0 nN) with respect to separation distance in the retract 
force curve (Figure 4-1).     

 

 
Figure 4-1: Illustration of interaction force measurement using AFM and the generated force-distance 
curves. The arrows indicate the movement of the particle attached to the cantilever relative to the 
surface.   
 
Around 10 ml of AOM solution (~5 mgC/L) was poured into a clean plastic petri-dish 
(50 mm diameter). AFM cantilevers with attached 25 µm polystyrene microsphere tip 
(Novascan Technologies, Inc.) were submerged in the solution by carefully positioning 
the cantilever at the bottom of the dish with the microsphere tips facing upwards. The 
cantilever and tips were submerged for 5 days (4oC) to allow adsorption of AOM. The 
petri-dish was then allowed to warm up to room temperature (20oC) for >2 hours 
before AFM force measurements were performed.   
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Two types of membranes were prepared for this test, namely: polyethersulfone UF 
(Omega 100 kDa MWCO, Pall Corp.) and polyamide thin-film composite RO membrane 
(Filmtec BW30, Dow). The UF membranes were first cleaned by soaking them in ultra-
pure water for 24 hours and then filtering through >10 ml ultrapure water before the 
experiment. Small sheets (~1cm x 10cm) of polyamide RO membranes were stored in 
1% sodium bisulphite solution for at least 24 hours and then rinsed with ultra-pure 
water before the experiment. For AOM to AOM interaction measurements, a PES 
membrane was coated with a thin layer of AOM by filtering 5 ml of AOM solution. 
Filtration was performed at constant flux (60 L m-2.h-1) using a syringe pump (Harvard 
pump 33), 30 ml plastic syringe and 25 mm filter holder. The fouled membrane was 
then placed on the AFM and force measurements with an AOM-coated tip were 
performed.        
 
All force measurements were performed with ForceRobot 300 (JPK Instruments) at 
room temperature (~20oC), using a small volume liquid cell, sealed with a rubber ring. 
In every test, the liquid cell was filled with synthetic seawater solution. The cantilevers 
were calibrated with respect to their deflection sensitivity from the slope of the 
constant compliance region in the force curves obtained between the clean, hard 
surfaces and their spring constant using the thermal noise spectrum of the cantilever 
deflections (Ralston et al., 2005; Spruijt et al., 2012). The measured cantilever spring 
constants ranged from 0.18-0.31 N/m although the nominal cantilever spring 
constant supplied by the manufacturer was higher (0.35 N/m). Force-distance curves 
were recorded for an approach range of 10 µm, a tip velocity of 16-28 µm/s, 30 
seconds surface delay and a sampling rate of 2 kHz. In each cycle of approach and 
retract, the probe is brought into contact with the surface with an average load force 
of 5 nN. The force-distance (F-D) curves were recorded in triplicates for each of the six 
points on the membrane surface within an area of 10 µm x 10 µm. The F-D curves 
were analyzed using the JPK data processing software to calculate the maximum 
retract force (adhesion/cohesion) and total energy. 

4.2.4 Membrane rejection experiments   
MF/UF membranes with different pore sizes were used for AOM rejection experiments, 
namely: 0.4 and 0.1 µm PC (Whatman) and 100kDa polyethersulfone (PES, Pall) and 
10 kDa regenerated cellulose (RC, Millipore). All membranes were soaked for at least 
24 hours and/or flushed with milli-Q water to remove possible organic contaminants 
from the membrane before filtration. Filtration through PC membranes were 
performed in a vacuum filtration system (-0.2 bar) while filtration through PES and 
RC membranes were performed at constant flux (60 L/m2/h) using a syringe/piston 
pump (Harvard pump 33). Permeate water samples were collected in clean glass tubes 
for LC-OCD analyses.  

4.2.5 Modified fouling index – ultrafiltration (MFI-UF)  
The modified fouling index (MFI) was originally developed by Schippers and Verdouw 
(1980) to measure the membrane fouling potential of the feedwater of reverse osmosis 
membrane systems based on a cake filtration mechanism at constant pressure. 
Further improvement of the index, the constant flux MFI-UF (Boerlage et al., 2004; 
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Salinas-Rodriguez et al., 2012), was applied in this study to measure the membrane 
fouling potential of algal cultures and AOM.  
 
To better assess the fouling potential of AOM, 10 kDa MWCO UF membranes 
(Millipore) were used instead of the conventional 100 kDa UF membranes. Filtration 
was performed at constant flux (60 L m-2.h-1) using a syringe pump (Harvard pump 
33), 30 ml plastic syringe and 25 mm filter holder.  The increase in trans-membrane 
pressure (∆P) was monitored over time for up to 30 mins. The fouling index (I) was 
then calculated based on the minimum slope of the ∆P versus time plot. 
Consequently, MFI-UF was calculated by normalising the fouling index to the 
standard reference conditions set by Schippers and Verdouw (1980) as follows; 
  

η
Δ

           Eq. 2 

 
where η is the water viscosity at 20oC, ∆Po is the standard feed pressure (2 bar) 
and Ao is standard membrane area (13.8 x10-4 m2). 

4.3 Results and discussion 

4.3.1 Characteristics of cultured algae   
The characteristics of the three algal species - Alexandrium tamarense (AT), 
Chaetoceros affinis (CA) and Microcystis sp. (MSp) - investigated this study are 
summarised in Table 4-4.  
 
Table 4-4: Characteristics of bloom-forming algae investigated in this study. 

Alexandrium tamarense Chaetoceros affinis Microcystis sp.

 

  

 

 

 
 

Strain CCAP 1119/32 CCAP 1010/27 CCAP 1450/13
Type dinoflagellate diatom cyanobacteria
Geometric shape sphere oval cylinder sphere 
Typical dimensions diameter = 25-45 µm diameter = 8-20 µm

height = 15-30 µm
diameter = 4-6 µm

Cell surface area ~3800 µm2 ~1400 µm2 ~50 µm2 
Cell volume ~16500 µm3 ~1920 µm3 ~34 µm3 
Water discoloration reddish brown yellowish brown bluish green 
Natural habitat  seawater seawater fresh surface waters
Typical bloom period summer season spring season summer season

 
Batch cultures of the three species were cultivated in the laboratory and monitored for 
more than 25 days. The changes in cell concentration, TEP concentration and 
membrane fouling potential (in terms of MFI-UF) in each culture within the 
monitoring period are presented in Figure 4-2 and discussed in the following sections.   
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Figure 4-2: Growth curve, TEP concentration and membrane fouling potential (MFI-UF) of batch cultures 
of (a) AT, (b) CA and (c) MSp.  
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4.3.1.1 Algal growth 

The batch cultures of three algal species showed different growth patterns. 
Alexandrium tamarense (AT) showed a 12-day lag phase, followed by exponential 
phase and then death phase after day 35. For Chaetoceros affinis (CA), an 8-day lag 
phase was observed, followed by exponential phase and then death phase after day 
17. The Microcystis sp. culture did not show an apparent lag phase but a growth 
phase was observed immediately after inoculation until day 12 and then remain in a 
stationary phase for the rest of the monitoring period (day 30). The maximum cell 
concentration recorded by the 3 cultures are 7,500 cells/ml, 875,000 cells/ml and 
12,000,000 cells/ml for AT, CA and MSp, respectively (Figure 4-2).         
 
The eventual decline of cell concentration in AT (after day 35) and CA (after day 17) 
cultures may be attributed to depletion of nutrients in the medium (e.g., inorganic 
carbon, phosphorus, nitrogen, silica and other trace metals). Although Alexandrium 
species can also utilise organic nitrogen and phosphorus from deteriorating cells, they 
can only take up inorganic carbon (Anderson et al., 2012). It is therefore likely that 
the death phase of AT was triggered by inorganic carbon depletion in the medium. On 
the other hand, the rapid decrease of CA after day 17 may be attributed to the 
depletion of essential nutrients including silicon. The latter is an important limiting 
nutrient for diatoms like CA as they utilise silicon to synthesize their rigid cell wall 
(frustules) which are mainly made up of silicates (Martin-Jezequel et al., 2000). Unlike 
AT and CA, the MSp batch culture did not manifest an apparent death phase within 
the 30 day monitoring period. This may indicate that MSp were able to utilise 
nutrients release by deteriorating dead cells. 

4.3.1.2 TEP production 

All three species of algae produced significant concentrations of TEP (Figures 4-2). CA 
produced the highest cumulative concentration which was about 3 times that of AT 
and about 5 times higher than MSp. For AT, TEP release was rather low during the 
lag phase, followed by rapid increase during the exponential phase which further 
continued during the stationary-death phase. For CA, TEP production coincided with 
the increase in cell concentration during the lag and exponential phases and 
continued to increase more rapidly during the stationary-death phase. Accumulated 
TEP in MSp culture also increased with cell concentration during the growth and 
stationary phase followed by a rapid increase in the late stationary phase.  
 
In general, TEPs were produced by both actively growing (exponential phase) and 
nutrient limited (stationary/death phase) algae. About 60%, 40% and 65% of total 
accumulated TEP were produced during the stationary/death phase of AT, CA and 
MSp cultures, respectively. This is an indication that AT and MSp may have released 
more TEP under nutrient deficient conditions. It is also possible that the majority of 
these TEPs may have originated from cell wall material and/or intracellular sources 
as compromised and/or deteriorating cells during the stationary-death phase may 
have released more TEP-like material. The latter was verified by microscopic 
examination of Alcian blue stained cells. Figure 4-3a shows a compromised AT cell 
shedding parts of its cell wall which is stainable with Alcian blue. When the cell has 
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totally deteriorated, what remained were TEP-like material that resembled the form of 
their thecated cell wall. For MSp, aggregates of TEP-like materials were slightly visible 
around live cells but these become clearly visible when most of the cells have died and 
deteriorated (Figure 4-3c). On the contrary, aggregates of TEP were visible around live 
cells of CA, which may indicate that this species produced most of the TEP 
extracellularly and not just via release during disruption of algal cells observed in the 
other two species (Figure 4-3b). This distinct characteristic might be the reason why 
these species and diatoms in general, are one of the major producers of TEP in the 
ocean (Passow, 2002).   
 

 
Figure 4-3: Alcian blue stained TEP and algal suspension from batch cultures of (a) AT, (b) CA and (c) 
MSp. Inset photo of b and c are photos of unstained algal cells.   
 
TEP measurements at different solution pH indicated the abundance of sulphated 
TEPs in the AOM produced by the 3 algae species. As discussed in Section 4.2.3.1, 
only sulphated TEPs can be measured if TEP measurement is performed at pH 1.0 
while all TEPs (including carboxylated) can be measured at pH 2.5. TEP 
concentrations in AOM from the three species of algae when measured at pH 2.5 and 
1.0 are presented in Figure 4-4. 
 
TEPs produced by AT were mostly sulphated (~93%) during the exponential and death 
phases while TEPs from CA were at least 99% sulphated in both phases. On the other 
hand, TEPs from MSp were mostly non-sulphated during the exponential phase and 
mostly sulphated (~90%) during the stationary phase. Mopper and co-workers 
reported that sulphated polysaccharides are highly surface-active and are attributed 
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to the high stickiness of TEPs (Mopper et al., 1995; Zhou et al., 1998). Hence, AOM 
produced by the 3 algal species are likely sticky, especially during the stationary-
death phase of the bloom. 
 

 
Figure 4-4: TEP concentration in samples originating from different algal cultures measured in terms of 
total TEP (at pH 2.5) and sulphated TEP (at pH 1.0).   

4.3.1.3 Membrane fouling potential  

The membrane fouling potential of algal cultures in terms of MFI-UF was monitored 
during the incubation period. The CA batch culture showed the highest MFI-UF 
(733,200 s/L2), which was almost 4 times the maximum MFI-UF of AT and twice that 
of MSp (Figure 4-2). The increase in membrane fouling potential of the 3 cultures 
coincided with the increase in TEP concentration. Algal cell concentration did not 
show a clear relationship with fouling potential (Figure 4-5a) while TEP showed an 
apparent linear relation with fouling potential (R2>0.88; Figure 4-5b). This is a strong 
indication that TEP release and not the cells of the causative algae species has a 
major role in the fouling potential of algal bloom impacted waters.  
 

 
Figure 4-5: Linear relationship between membrane fouling potential (MFI-UF) and (a) total cell volume 
and (b) TEP concentration.      
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Due to their particulate sizes (>2µm), algal cells alone are expected to cause lower 
resistance during dead-end filtration as they form a cake layer that is rather porous 
compared to TEP gels. Moreover, TEP gels, which are freely suspended or attached to 
algal cells, are amorphous and are capable of squeezing through the interstitial voids 
of accumulated algal cells, resulting in the formation of heterogeneous cake layer on 
the surface of the membrane with a high hydraulic resistance.             

4.3.2 Characterisation of algal organic matter (AOM) 
The characteristics of AOM extracted from 3 species of algae was investigated using 
LC-OCD, FEEM, FTIR spectroscopy, lectin staining coupled with CLSM imaging and 
force measurement with AFM. The results are discussed in the following sections.   

4.3.2.1 LC-OCD characterisation 

LC-OCD analyses were performed to identify the major components of AOM produced 
by AT, CA and MSp. The organic carbon detector (OCD) and ultraviolet detector (UVD) 
chromatograms of AOM samples from 3 algal cultures and their respective growth 
media (blank) are presented in Figure 4-6.  
 
The AOM from AT comprise mainly biopolymers (e.g., polysaccharides and proteins) 
and some humic-like substances (Figure 4-6a). The biopolymer fraction showed two 
distinct chromatogram peaks: 26-31 mins and 31-42 mins. Based on calibration with 
pullulan, the first peak was estimated to be >1000 kDa and the second peak to be 
mainly between 100 and 1000 kDa. The biopolymer fraction comprised up to 74% 
polysaccharides. Aside from biopolymers, building blocks, humic-like substances, 
LMW acids and LMW neutrals (weakly and uncharged organic compounds) were also 
identified. Most of these low molecular weight organics may have originated from the 
culture media (e.g., LMW acids and neutrals). The L1 medium where the AT culture 
was cultivated contained 3.4 mg/L of EDTA which was used as a chelating agent to 
minimise precipitation of metals in the medium. LC-OCD analysis of EDTA solution 
showed a peak appearing at similar elution time as the LMW acid peak (50-57 mins) 
detected in the AOM samples. During the exponential phase, this acid peak did not 
show apparent change relative to the blank medium which means no additional acids 
were produced by algae. However during the death phase, the acid peak shifted to 
slightly lower retention time and the signal is much higher than what was found in 
the culture media. The UV detector identified a significant signal at the same retention 
time which means that the additional OC signal may have originated from aromatic 
humic-like substances. The AOM concentration increased from 5.3 to 7.7 mg C/L 
between exponential and stationary phases, which was largely due to the increase of 
biopolymer concentration (Table 4-5).  
 
For CA, two major peaks were observed (Figure 4-5b), namely: biopolymers (25-40 
mins) and low molecular weight (LMW) acids (45-55 mins). Some minor signals were 
also observed for building blocks and LMW neutrals. The medium on which the alga 
was inoculated showed a similar acid peak which was relatively stable at different 
growth phases. This signal also originated from the chelating agent (EDTA) used in 
preparing the f/2+Si medium. Discounting this signal would indicate that CA 
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produced AOM which were mainly biopolymers with low concentrations of building 
blocks and LMW organic neutrals. The biopolymer fraction comprised up to about 
80% polysaccharides. 
 

 
Figure 4-6: LC-OCD chromatograms of blank culture media and AOM from (a) AT, (b) CA and (c) MSp at 
different growth phases. Offsets in presentation of chromatograms were intentionally made for clarity.  
 
The OCD chromatograms of MSp samples (Figure 4-5c) showed four peak signals: 
biopolymers (28-42 mins), building blocks (42-51 mins) and LMW acids and humic-
like substances (51-55 mins). Contrary to CA, the LMW acid peak of MSp comprised 
humic-like substances based on the high UV signal peak that was observed at similar 
retention time as the humic OC peak (Figure 4-5c). The medium OCD chromatogram 
showed a peak (42-53 mins) close to the retention time of the building block peak of 
MSp. This peak can be attributed to the presence of citric acid (a metal solubilising 
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agent) in the culture medium. Assuming that the building block peak originated 
entirely from the medium, MSp produced mainly biopolymers, humic substances, 
LMW organic acids and neutrals. The concentrations of biopolymers and LMW 
organics were observed to increase by more than 100% between the exponential and 
stationary phases. The biopolymer fraction comprised up to about 90% 
polysaccharides. In general, MSp produced majority of the AOM during the stationary 
phase. The substantial increase of low molecular weight organics during this phase 
might be an indication of cell lysis and release of intracellular materials to the AOM 
pool.   
 
Table 4-5: Composition of AOM extracted from 3 species of algae at different growth phases as 
measured based on LC-OCD analyses. 

Algal species Alexandrium tamarense Chaetoceros affinis Microcystis sp.
Growth phase exponential death exponential death exponential stationary
COC* (mg C/L) 5.26 7.68 7.08 11.26 1.98 4.43
     Biopolymers  1.90 4.10 3.43 6.66 1.01 2.47
          Protein 0.51 1.07 0.78 1.30 0.09 0.70

       Polysaccharides 1.39 3.03 2.65 5.36 0.92 1.77
     Humic-like subst. 0.39 0.51 bdl bdl 0.24 0.66
     Building blocks 0.28 0.37 0.78 1.14 0.28 0.29
     LMW neutrals 1.00 0.86 1.50 1.98 0.39 0.80
     LMW acids 1.69 1.84 1.37 1.47 0.07 0.21
SUVA (L/mg.m) 1.42 1.14 1.93 1.89 6.42 3.93
* COC = chromatographic organic carbon  < 2µm 

 
Using high-resolution LC-OCD analysis and calibration with pullulan, the molecular 
weight distribution of biopolymers from the 3 algal cultures at the stationary/death 
phase was estimated based on their elution time (Figure 4-7). The relative weight 
distribution of biopolymers was found to vary between source species. In general, 
biopolymers from AT and MSp showed some similarities in terms of molecular weight 
distribution whereby the dominant fraction is between 100 and 1000 kDa. On the 
other hand, biopolymers from CA comprise mainly materials larger 1000kDa. The 
similarities in size distribution between AT and MSp might be attributed to how they 
release biopolymer materials from their cell walls and intracellular storage materials 
during deterioration of dying or dead cells. On the other hand, living CA cells actively 
exuded biopolymers, which are likely stickier and have higher aggregation capability, 
possibly resulting in accumulation of larger aggregates.  
 
The size distribution of biopolymers might have been influenced by the pre-filtration 
treatment of the AOM samples whereby AOM samples were extracted using different 
pore size membranes (see Section 4.2.2). AOM samples from AT, CA and MSp were 
extracted by retaining algal cells on 10, 5 and 1μm PC filters, respectively. The 
theoretical maximum size limit covered by the LC-OCD analysis is 2 μm, which means 
biopolymer samples from AT and CA are comparable but a small fraction of 
biopolymers (1-2 μm) in the MSp samples were excluded in the analyses. This might 
be the reason for the lower concentration of large biopolymers (>1000 kDa) in MSp-
AOM samples.   
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Figure 4-7: LC-OCD molecular weight fractionation of biopolymers produced by 3 species of bloom-
forming algae during stationary/death phase. 
 
In summary, LC-OCD analyses illustrated that AOM produced by 3 species of algae 
are different in terms of composition and molecular weight. AOM from 3 algal species 
mainly comprise biopolymers while substantial concentrations of LMW organics (e.g., 
humic-like substances) were also released by 2 algal species (AT and MSp), especially 
during the stationary-death phase of the bloom.       

4.3.2.2 Fluorescence signatures  

The EEM spectra of AOM from the three species of algae were analysed to verify the 
presence of fluorescent organic substances. The analysis was performed after removal 
of algal cells by filtration (see Section 4.2.3.4), which means the signal of fluorescent 
organic materials bound to algal cell walls were not measured. Moreover, 
polysaccharides are non-fluorescent organic substances; hence, the focus of this 
analysis is to investigate the presence of protein-like and humic/fulvic-like 
substances in AOM samples.       
 
Both protein-like and humic-like substances were identified in the EEM spectra of 
AOM from 3 algal species (Figure 4-8). The spectra of AOM from AT identified two 
peaks which indicates the presence both protein-like and marine humic-like 
substances. For CA, fluorescence responses mainly originated from protein-like 
materials while for MSp, the fluorescence responses were from both protein-like and 
humic/fulvic-like substances. AT and CA mainly produced tryptophan-like proteins 
(P2) while MSp produced both tyrosine-like (P1) and tryptophan-like proteins. In all 
identified peaks for each species, a significant increase of fluorescence responses were 
observed between the exponential and stationary-death phases. The fluorescence 
indexes (FI) of the AOM samples were between 1.7 and 2.0, confirming their microbial 
origin. 
 
For AOM from AT and CA, the fluorescence intensity of protein-like peaks was 
observed to be higher than the humic-like peaks. On the contrary, AOM from MSp 
showed higher response for the humic-like substances. The EEM spectra of MSp-AOM 
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were similar to what was reported in hypereutrophic waters (Lee et al., 2006) and 
Microcystis aeruginosa cultures (Qu et al., 2012; Li et al., 2012). Moreover, previous 
studies have shown that a significant portion of protein-like materials may be tightly 
or loosely bound to MSp cells and not as free AOM (Qu et al., 2012), which means the 
total fluorescence intensity of protein-like materials may have been much higher than 
what was actually measured. The EEM peak intensities of AOM from 3 species were 
observed to increase over the incubation period (Figure 4-8).  
 

 
Figure 4-8: Typical EEM spectra of algae cell-free AOM samples from AT (a,b), CA (c,d) and MSp (e,f) 
collected  during the exponential (a,c,e) and stationary growth phases (b,d,f). Legend: H1= primary 
humic-like peak; H2 = secondary humic-like peak; Hm = marine humic-like peak; P1 = tyrosine-like peak; 
P2 = tryptophan-like peak.  
 
In general, the FEEM spectra supported the results of LC-OCD analyses regarding the 
presence of proteins in AOM released by the three algal species and the presence of 
humic-like like substances in AOM released by AT and MSp.  

4.3.2.3 FTIR spectra  

FTIR spectroscopy of purified and freeze-dried AOM samples were performed to 
indentify the composition of particulate and colloidal AOM (>3.5 kDa) from 3 species 
of algae. In this technique, an infrared spectrum is generated after passing a beam of 
infrared (IR) light through the AOM sample. Absorption is recorded when the 
frequency of the IR light coincide with the vibrational frequency of covalent bonds in 
certain molecules present in AOM. Seven characteristic IR peaks were recorded, six of 
which were observed in the 3 AOM samples (Figure 4-9). The functional groups 
identified based on the IR spectra and the typical organic compounds associated with 
them are summarised in Table 4-6. 
 

H1

P1 H2
P2

P1 H2

H1

P2

P2

H1

H2

P2

H1

H2

P2

Hm

P2

Hm

(e)

(f)

(c)

(d)

(a)

(b)



92  ALGAL BLOOMS AND MEMBRANE BASED DESALINATION TECHNOLOGY
 

 
Figure 4-9: FTIR spectra of freeze dried AOM samples from 3 species of algae. Offsets in absorbance 
spectra were intentionally made for clarity. 
 
High IR absorptions were observed in the following wavelengths: 3400-3300 (Peak A), 
1660-1600 (Peak C), 1080-1070 (Peak F) and 1050 (Peak G). Peak A is a broad and 
intense band corresponding to the O-H stretching vibration of alcohol components 
usually associated with polysaccharides. Another indication of the presence of 
polysaccharides is the weak band between 1280 and 1200 cm-1 (Peak E) which is due 
to C-O stretching and OH deformation of COOH.  
 
Table 4-6: Absorption bands indentified in the infrared (IR) spectra of freeze-dried AOM samples. 

Peak* Wavelength (cm-1) Functional group Compound 
A 3400-3300 (i) Stretching OH Polysaccharides 
B 2950-2850 (w) Stretching -CH2 Lipids
C 1650-1640 (i) Stretching C-O & C-N (Amide I) Proteins 
D 1545-1540 (w) Stretching C-N & bending NH (Amide II) Proteins 
E 1280-1200 (w) Stretching C-O & OH deformation of COOH Polysaccharides 
F 1080-1070  (i) CH aromatic Humic substances 
G 1050 (i) Stretching -S=O Sugar ester sulphates 

Interpretation of IR spectra was based on Mecozzi et al. (2001) and Lee et al. (2006). * Peak codes as indicated in Figure 4-
9; (i) - intense band; (w) – weak band.  

The low absorption bands between 2950 and 2850 cm-1 (Peak B) may indicate the 
presence of the aliphatic compounds possibly associated with lipids. Peak C 
corresponds to C-O and C-N stretching of primary amides associated with proteins. 
The presence of proteins is confirmed by the presence of weak bands between 1545 
and 1540 cm-1 (Peak D) due to C-N stretching and N-H bending of secondary amides.  
 
Peak F indicates the presence of CH aromatic compounds possibly from humic-like 
substances. This peak is apparent in AOM samples from AT and MSp but not with 
CA. This conforms to the findings of FEEM and LC-OCD analyses. Peak G which 
corresponds to -S=O stretching of sugar ester sulphate groups was apparent in the 
AOM sample from CA. This further confirms that AOM from CA is highly sulphated as 
observed in Figure 4-4.  
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In general, the FTIR findings are consistent with what was reported in marine 
mucilaginous aggregates (Mecozzi et al., 2001) and algal bloom impacted freshwater 
(Lee et al., 2006). Hence, the AOM investigated in this study may represent the 
characteristics of AOM in natural waters. Furthermore, the results confirm the 
abundance of polysaccharides and proteins as well as the presence of humic like 
substances and sulphated polysaccharides in AOM released by the 3 species of algae.   

4.3.2.4 Lectin-binding affinity  

Selective staining using 6 fluorochrome-labelled lectins was applied to identify the 
functional groups associated with polysaccharides in AOM samples from algae. Each 
lectin is known to bind with specific functional groups present in polysaccharides to 
form glycoconjugates. By definition, glycoconjugates are carbohydrates covalently-
linked with other chemical species. In this study, the selective binding capacities of 
selected lectins with AOM from the 3 algal species were visually assessed using multi-
channel CLSM imaging. The results are summarised in Table 4-7.  
                        
Table 4-7: The lectin binding affinities of polysaccharides from 3 species of bloom-forming algae 
collected during the stationary-death phase.  

Lectin Specificity Alexandrium Chaetoceros Microcystis
AAL fucose (Fuc) ++ ++ ++
UEA-1  fucose (Fuc) - + +
Con-A α-D-mannose ( α-Man),  

α-D-glucose (α-Glc) - - - 

HMA Sialic acid - - +
PA-I galactose (Gal) - - ++
IAA N-Acetyl-D-Glucosamine (GlcNAc) ++ - +
Legend:  (-) no or very few glycoconjugates detected; (+) glycoconjugates detected but not ubiquitous; (++) ubiquitous 
presence of glycoconjugates detected.  

 
AT-derived polysaccharides bound preferentially to AAL and IAA lectins, which have 
known affinities to fucose and N-Acetylglucosamine sugars, respectively. AOM from 
CA bonded only with fucose-specific lectins (AAL and UEA-1) while AOM from MSp 
boded with all but one of the 6 lectins applied. The latter was preferentially bonded 
with fucose and galactose specific lectins and slightly by sialic acid and N-
Acetylglucosamine specific lectins, but no significant binding with α-manose and α-
glucose specific lectins was observed. The molecular structures of the above-
mentioned functional groups are presented in Annex 4-2.    
 
The results of lectin staining illustrated the chemical diversity of polysaccharides 
produced by the three species of algae. MSp produced polysaccharides comprised 
several functional groups (e.g., fucose, sialic acid, galactose and N-
Acetylglucosamine). One out of six lectins (i.e., AAL) showed strong affinity to all three 
AOM samples. Although both AAL and UEA-1 were both identified as fucose-specific 
lectins, only the former showed consistent binding with all 3 algal polysaccharides. 
This may indicate that the structures of algal polysaccharides were different in terms 
of fucose location and were specifically linked to polysaccharide structures in a way 
that allow good binding with AAL and not with UEA-1.   
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Images generated from maximum intensity projections of CLSM data sets of AOM 
stained with fluorophore-labelled lectins provided some insight on how AOM may have 
been released by the three species of algae (Figure 4-10). AT cells were observed to 
release large polysaccharide materials (>10µm) after shedding a layer of their cell wall 
while smaller flocs (<1µm) of similar materials were also released by compromised and 
deteriorating cells (Figure 4-10a,b). Live cells of CA were observed embedded in large 
flocs of fibrous and cloud-like polysaccharides (>50 µm). The thin outer layer of the 
cell wall of MSp comprised glycoconjugates and when the cells have deteriorated, 
several aggregates linked by glycoconjugates were observed.  
 

 
Figure 4-10: Maximum intensity projections of CLSM data sets showing algal aggregates from AT (a, b), 
CA (c, d) and MSp (e, f) cultures after staining with AAL (a, c, d, f), PA-I (e) and IAA (b) lectins. Color 
legend: green fluorescence for glycoconjugates; red fluorescence for chlorophyll-a of living algal cells. 
The scale bar is 10μm.   
In general, CLSM images of lectin stained AOM showed similarities with Alcian blue 
stained AOM in Figure 4-3. This is an indication that TEPs contain substantial 
amounts of fucose sugars. This was also in agreement with what was found by Zhou 
et al. (1998) in marine algal bloom samples where surface-active TEPs were found to 
be mainly enriched with deoxysugars (e.g., fucose and rhamnose). However, not all 
types of saccharides (including rhamnose) were investigated in this study. Further 
investigations are therefore needed to study the presence of more saccharides in AOM 
by applying lectins with specific affinity to other functional groups.  

4.3.2.5 Cohesion/adhesion potential  

Some AOM, specifically TEPs, were reported to be highly sticky (Passow, 2002). To 
investigate the stickiness (cohesion/adhesion potential) of AOM from 3 algal species, 
interaction force measurements were performed using AFM. Two types of membranes 

(e)(c)

(f)(d)(b)

(a)
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of polyamide (PA) and polyethersulfone (PES) were selected as reference surfaces to 
illustrate the potential role of AOM in the fouling of RO and UF membranes, 
respectively. The force distance curves generated between clean or AOM coated 
polystyrene microsphere probes and clean or AOM-fouled membrane surfaces are 
presented in Figures 4-11 and 4-12.  
 

 

Figure 4-11: AFM approach force-distance curves: (a) clean PS probes approaching clean PES and PA 
membranes, (b) AOM-coated probes approaching clean PES membrane, (c) AOM-coated probes 
approaching clean PA membrane, (d) AOM-coated probes approaching AOM-fouled PES membrane.   

 
The generated approach force curves (Figure 4-11) illustrate that short-range 
attraction forces were observed between clean PS probes and clean membranes. After 
incubating the probes in AOM solution for 5 days, interaction shifted to rather long 
range repulsion. This change indicates that indeed a layer of AOM was adsorbed to 
the surface of the polystyrene microspheres. The attraction between clean polystyrene 
and clean membranes may be due to van der Waals interaction, hydrogen bonding 
and/or hydrophobic interaction. The PS particle is hydrophobic and probably prefers 
contact with the membrane surface over contact with water. Although both 
polystyrene particle (reported by supplier), the membranes (Hurwitz et al., 2010; 
Childress and Elimelech, 1996; Ricq et al., 1997) and AOM (Henderson et al., 2008b) 
are (slightly) negatively charged, electrostatic repulsion does not play a significant role 
in the surface interaction between clean or AOM-coated polysterene probe and clean 
membrane  because the high ion concentration in the matrix (seawater) screens the 
charges and limits the range of electrostatic interactions to distances of less than 1 
nm (Mosley et al., 2003). 
 
Adhesion/cohesion forces were investigated based on the retract force curves between 
AOM-coated PS probes and clean or AOM-fouled membranes after 30 seconds of 
contact time (Figure 4-12). Average retract forces were higher between the AOM-
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coated PS probe and the AOM-fouled PES membrane than the AOM-coated PS probe 
and clean membranes (PES and PA). It was also observed that the retract force curves 
were much broader when AOM was present on both the PS probe and membrane 
surface (Figure 4-12d). This implies that a high retract force as well as high energy is 
needed to totally retract (pull-off) bonds between two AOM coated surfaces. In 
addition, it indicates that the AOM layers can deform and stretch when pulled apart – 
and only at distances of the order of several microns, do the AOM layers come apart 
again. The softness and deformability of the AOM layers is corroborated by the 
approach curves in Figure 4-11d showing a gradual increase in force (needed for 
compression of the AOM layer) over distances of several microns. 
 

 

Figure 4-12: AFM retract force-distance curves after 30 seconds of contact time: (a) clean PS probes on 
clean PES and PA membranes, (b) AOM-coated probes on clean PES membrane, (c) AOM-coated probes 
on clean PA membrane, (d) AOM-coated probes on AOM-fouled PES membrane.   

 
Hydrogen bonding may have played a major role in the adhesion/cohesion between 
investigated surfaces. Since hydrogen bonding is a result of electron transfer between 
electronegative moieties and hydrogen atoms in AOM and on membrane surfaces, the 
bond strength might be influenced by the membrane surface roughness. The reported 
surface roughness of PA membranes is generally higher than PES membrane (Pieracci 
et al., 1999; Hurwitz et al., 2010). This might explain the higher adhesion force of 
AOM on PA membranes than on PES membrane as the actual surface interaction area 
is higher in rougher membranes. This is crucial considering that AOMs, particularly 
TEPs, are deformable and may likely follow the topography of the membrane surface. 
On the other hand, the cohesion forces between AOMs are influenced not only by 
hydrogen bonding but also by polymer entanglement during contact between AOM-
coated surfaces (Flemming et al, 1997). AOM polymers are generally flexible and 
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elastic, so disentangling them may have occurred in a stepwise manner and therefore 
requires higher energy to totally detach them.   
 
The average maximum adhesion/cohesion force and total energy needed to pull-off 
two investigated surfaces from contact are presented in Figure 4-13. AOMs from 3 
species of algae showed comparable magnitude in terms of adhesion force and energy 
on clean PES membrane. However, AOM adhesions on clean PA membranes vary 
substantially with source algal species. Adhesion force and energy on clean PA was 
highest for CA-AOM followed by AT-AOM and MSp-AOM, respectively. Cohesion 
between the AOM-coated probe and AOM-fouled PES membrane was higher (up 15 
times) than the adhesion between the AOM-coated probe and clean PES membrane. 
Average cohesion force and energy was highest for CA-AOM followed by MSp-AOM 
and AT-AOM, respectively. The measured adhesion forces range from 0.6 to 17.7 nN. 
These values are 2 to 3 orders of magnitude higher than the typical lift forces 
occurring in cross-flow membrane reported by Kang et al. (2004).     
 

 
Figure 4-13: Maximum retract (adhesion/cohesion) forces and total energies needed to completely pull-
off AOM-coated probes from (a) clean or (b) AOM-fouled membranes after 30 seconds of contact time.  
     
The stickiness of AOM (in terms of adhesive/cohesive strength) can be a crucial 
indicator of the tendency of AOM to deposit in membrane systems and their role in 
biofilm formation in RO. Moreover, the sticky and elastic nature of AOM, especially 
those from CA, means that they can strongly adhere to the pores and surfaces of a UF 
membrane and that backwashing may not be able to remove them completely. 
Consequently, non-backwashable fouling occurs, whereby the initial permeability of 
the membrane is not recovered after the hydraulic backwashing.   
 
To summarise, the stickiness of AOM in terms of adhesive and cohesive strength 
varies between algal sources. Cohesion between AOM is generally stronger than 
adhesion of AOM on clean membranes. Thus, more AOM are expected to 
attached/accumulate on membranes already fouled with AOM than on clean 
membranes.   

0

1

2

3

4

5

6

7

AT-AOM CA-AOM MSp-AOM

Re
tr

ac
t  

fo
rc

e 
(n

N
) ;

 E
ne

rg
y 

(x
 1

0-3
pJ

)

Force

Energy

(a)

AT-AOM CA-AOM MSp-AOM

Force

Energy

Particle probe coating

Clean PES membrane Clean PA membrane AOM-fouled PES membrane

0

10

20

30

40

50

0

5

10

15

20

25

AT-AOM CA-AOM MSp-AOM

En
er

gy
 (x

 1
0-3

pJ
)

Re
tr

ac
t  

fo
rc

e 
(n

N
) 

Particle probe coating

Force

Energy

(b)



98  ALGAL BLOOMS AND MEMBRANE BASED DESALINATION TECHNOLOGY
 

4.3.3 AOM rejection by MF/UF membranes 
AOM samples from 3 species of algae prepared according to the protocol described in 
Section 4.2.2 were filtered through MF/UF membranes with various pore sizes. The 
organic carbon concentrations of the feedwater and permeate were analysed using LC-
OCD. AOM rejections in terms of total organic carbon smaller than ~2 µm varied 
widely with membrane pore sizes and source algae species (Figure 4-14). As expected, 
UF membranes (100 and 10 kDa MWCO) showed substantially higher removal than 
MF membranes (0.4 and 0.1μm pore size). AOM from CA were better removed by 
MF/UF membranes than AOM from MSp and AT, respectively. The membranes 
substantially removed the biopolymer fraction of AOM while the low molecular weight 
organic fractions (e.g., building blocks, humic-like substances and organic acids) - a 
substantial portion of which originated from the medium (Figure 4-6) - were poorly 
rejected during the filtration experiment.  
 

 
Figure 4-14: AOM rejection of MF and UF membranes in terms of organic carbon (<2µm) measured by 
LC-OCD. 
 
Since UF/MF membranes are not designed to remove the low molecular weight 
components of AOM, measuring rejection in terms of biopolymers is a better approach 
to understand the rejection of these target AOMs. The OC signal responses of the 
biopolymer fraction, as illustrated in Figure 4-15, decreased with reduction in 
membrane pore size. The biopolymer peaks of AT-AOM and CA-AOM was almost 
totally eliminated after 10 kDa UF. However for MSp, the biopolymer peak was still 
apparent even after 10kDa UF. The differences in removal might be due to differences 
in the size distribution of biopolymers as shown in Figure 4-7. However, the lower 
biopolymer removal of MSp-AOM might have been affected by the AOM preparation 
procedure where filtration through 1 μm pore size filter was performed to remove algal 
cells from MSp-AOM solution while larger pore size filters (i.e., 5 and 10μm) were used 
for the preparation of CA-AOM and AT-AOM solutions. Nevertheless, biopolymers 
which are larger than 2 μm are not quantified during the LC-OCD analysis because 
the chromatogram columns only allow materials smaller than 2 μm to pass through. 
Hence, the effect of differences in AOM preparation on biopolymer rejection is 
assumed to be not substantial. 
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Figure 4-15: OCD chromatogram variations of biopolymers produced by (a) AT, (b) CA and (c) MSp, after 
passing through various MF and UF membranes. 
 
A quantitative comparison of the rejection of biopolymers by various MF/UF 
membranes is shown in Figure 4-16. About 14% of biopolymers from AT were rejected 
by 0.4 µm membrane while 42% were rejected by 0.1 µm MF, 72% by 100kDa UF and 
97% by 10kDa UF. The rejections of biopolymers from CA were 47%, 56%, 83% and 
95% by 0.4µm, 0.1µm, 100 kDa and 10 kDa membranes, respectively. For 
biopolymers from MSp, membrane rejections were 42%, 52%, 65% and 83% by 0.4 
µm, 0.1 µm, 100 kDa and 10 kDa membranes, respectively. 
 

 
Figure 4-16: Biopolymer rejection of various MF and UF membranes in terms of organic carbon (<2µm) 
measured by LC-OCD. 
 
Although biopolymers were reported to be larger than 20 kDa (Huber et al, 2011), 
about 3% of biopolymers from AT, 5% from CA and 17% from MSp were not rejected 
by 10 kDa membranes. This may be due to the wide pore size distribution of the RC 
membranes. It might also be due to the fact that some algal biopolymers originate 
from nanogels as small as 3 kDa (Passow, 2000) which means that these biopolymers 
might have been much smaller than 10 kDa.  
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The actual pore size of the membrane is expected to decrease over the filtration period 
as more rejected biopolymer materials accumulate on or inside its pores. As the 
cake/gel layer build-up and/or compressed on the surface of the membrane, it 
becomes the main barrier layer and may reject more biopolymers than the membrane 
itself. On the other hand, TEPs and other biopolymers are fibrillar and highly flexible 
that it might be capable of squeezing through the membrane pores smaller than their 
apparent size (Passow, 2000). Hence, rejections of biopolymers by MF/UF membranes 
are governed by several factors which include concentration of biopolymers in the 
bulk solution as well as the characteristics of both the membrane and the 
biopolymers themselves.  
 
In summary, MF/UF membranes can substantially remove biopolymer fraction of 
AOM but not the low molecular weight fraction (e.g., humic-like substances). 
Biopolymer removals by conventional UF membranes (100kDa MWCO) can be up to 
83% while tighter UF membranes (10 kDA MWCO) can remove up to 97%. 

4.3.4 Specific membrane fouling potential of biopolymers  
The specific fouling potential of biopolymers in two different size ranges were 
measured based on serial filtration of AOM samples (stationary-death phase) through 
100 kDa and 10 kDa membranes, respectively. MFI-UF was measured based on the 
hydraulic resistance of the rejected biopolymers in each filtration steps. To determine 
the amount of biopolymers retained on each membrane, LC-OCD analysis was 
performed on the feedwater and the UF permeate samples. The recorded biopolymer 
concentrations and MFI-UF values are presented in Table 4-8.   
 
Table 4-8: Biopolymer concentration in the feed water and UF permeates of 100 kDa and 10 kDa 
membranes in serial filtration experiments. MFI-UF results in the right columns correspond to the 
membrane fouling potential of retained biopolymers on 100 kDa and 10 kDa membranes.    

 Sample Biopolymers (mg C/L) MFI-UF (s/L2) 
AT CA MSp AT CA MSp

Feed 4.10 6.66 2.47
100 kDa UF 1.15 1.20 0.55 61,000 102,167 33,350
10 kDa UF 0.13 0.33 0.42 25,000 51,000 5,170

 
The specific membrane fouling potential of each fraction was calculated by dividing 
the measured MFI-UF with the concentration of biopolymers retained on the 
membrane. As illustrated in Figure 4-17, the specific membrane fouling potential of 
larger biopolymers (>100 kDa) were lower than the smaller size fractions (10-100kDa). 
This can be explained based on the Carman-Kozeny model where the pressure drop 
through a cake layer is inversely proportional to the square of the size of its 
components. Larger biopolymers (>100 kDa) from 3 algal sources showed comparable 
fouling potential while fouling potential of smaller fractions (10-100kDa) vary 
significantly among source species (CA>MSp>AT).   
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Figure 4-17: Specific membrane fouling potential (MFI-UF) and cake resistance (α) of two size fractions 
of biopolymers from 3 species of algae. 
 
The higher specific membrane fouling potential of biopolymers not rejected by 100 
kDa MWCO UF membranes may have some practical implications to the operation of 
RO plants. Granular media filters (~150 μm pore size) or UF (>100 kDa MWCO) 
membranes are usually installed in RO plants to pre-treat raw water. If the pre-
treatment system is not effective in removing the smaller colloidal biopolymers (10-
100 kDa) from the raw water, these may cause fouling in the RO system downstream. 
However, installing low MWCO UF membranes (e.g., <10kDa) can potentially remove 
these materials (Figure 4-16) and minimise possible fouling in the RO system, 
especially during algal bloom situations.           

4.4 Summary and conclusions 
 
1. Batch cultures of 3 species of bloom-forming algae (Alexandrium tamarense, 

Chaetoceros affinis, Microcystis sp.) showed different characteristics in terms of 
growth and TEP production.  

 
2. Algal-derived organic material (AOM) extracted from algal cultures composed 

mainly of biopolymers (e.g., polysaccharides and proteins) and some refractory 
organic matter (e.g., humic-like substances) and/or biogenic substances (e.g., 
acids, neutrals). Polysaccharides containing fucose and sulphated functional 
groups were found ubiquitous in all AOM samples.   

 
3. The stickiness of AOM in terms of its adhesive and cohesive strength varies 

between algal sources. Cohesion between AOM is generally stronger than adhesion 
of AOM on clean membranes. 

 
4. A linear relationship (R2>0.88) was observed between membrane fouling potential 

(in terms of MFI-UF) and TEP concentration but no apparent relationship was 
observed between MFI-UF and algal cell concentration in batch cultures.  
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5. Based on LC-OCD analysis, MF membranes with pore sizes of 0.4 µm and 0.1µm 

rejected 14-47% and 42-56% of biopolymers, respectively while UF membranes 
with molecular weight cut-offs of 100 kDa and 10 kDa rejected 65-83% and 83-
97% of these material, respectively.  
 

6. The membrane fouling potential of biopolymers rejected by UF membranes differ 
between algal species. The biopolymer fraction between 10-100kDa showed higher 
specific membrane fouling potential (MFI per mg C/L biopolymers) than the larger 
fractions (>100kDa). 
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Annex 4-1: Synthetic seawater and culture media  
 
Table 4-9: Synthetic seawater (SSW) composition. 

Chemical ion  Concentration (g/L) 
Chlorine, Cl-  19.2

Sodium, Na+  10.7

Sulfate, SO4
2-  2.7

Magnesium, Mg2+  1.3

Calcium, Ca2+  0.42

Potassium, K+  0.39

Hydrogen Carbonate HCO3-  0.16

Carbonate, CO32-  0.001

Bromine, Br-  0.05

Total  34.3
 
 
Table 4-10: L1 medium for marine dinoflagellates (www.ccap.ac.uk) 

Stocks per liter stock solution 

(1) Trace elements (from CCMP) 
       FeCl3·6H2O 3.15 g - 
       Na2EDTA·2H2O 4.36 g - 
       CuSO4·5H2O 0.25 mL 2.45 g/L 
       Na2MoO4·2H2O 3 mL 19.9 g/L 
       ZnSO4·7H2O 1 mL 22 g/L 
       CoCl2·6H2O 1 mL 10 g/L 
       MnCl2·4H2O 1 mL 180 g/L 
       H2SeO3 1 mL 1.3 g/L 
       NiSO4·6H2O 1 mL 2.7 g/L 
       Na3VO4 1 mL 1.84 g/L 
       K2CrO4 1 mL 1.94 g/L 
(2) Vitamin mix     
     Cyanocobalamin (Vitamin B12)  0.0005 g - 
     Thiamine HCl (Vitamin B1)  0.1 g - 
     Biotin  0.0005 g - 

Medium  per liter   
     NaNo3  0.075 g 
     NaH2PO4.2H2O  0.00565 g 
     Trace elements stock solution (1)  1. 0 ml 

     Vitamin mix stock solution (2)  1. 0 ml   
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Table 4-11: Guillard’s medium (f/2 + Si) for marine diatoms (www.ccap.ac.uk). 

Stocks  per litre 
(1) Trace elements (chelated)   
       NA2EDTA  4.16 g 
       FeCl3.6H2O  3.15 g 
       CuSO4.5H2O  0.01 g 
       ZnSO4.7H2O  0.022 g 
       CoCl2.6H2O  0.01 g 
       MnCl2.4H2O  0.18 g 
       Na2Mo4.2H2O  0.006 g 
(2) Vitamin mix   
       Cyanocobalamin (Vitamin B12)  0.0005 g 
       Thiamine HCl (Vitamin B1)  0.1 g 
       Biotin  0.0005 g 
(3) Sodium metasilicate   
       Na2SiO3.9H2O  30.0g 
Medium    
      NaNO3  0.075 g 
      NaH2PO4.2H2O  0.00565 g 
      Trace elements stock solution (1)  1.0 ml 
      Vitamin mix stock solution (2)  1.0 ml 
      Sodium metasilicate stock solution (3) 1.0 ml 

 
 
Table 4-12: BG11 medium for freshwater blue-green algae and protozoa (www.ccap.ac.uk). 

Stocks  per litre 
(1) NaNO3  15.0 g 
(2) K2HPO4  4.0 g 
(3) MgSO4.7H2O  7.5 g 
(4) CaCl2.2H2O  3.6 g 
(5) Citric acid  0.6 g 
(6) Ammonium ferric citrate green  0.6 g 
(7) Na2 EDTA  0.1 g 
(8) Na2CO3  2 g 
(9) Trace metal solution:  
       H3BO3  2.86 g 
       MnCl2.4H2O  1.81 g 
       ZnSO4.7H2O  0.22 g 
       Na2MoO4.2H2O 0.39 g 
       CuSO4.5H2O  0.08 g 
       Co(NO3)2.6H2O  0.05 g 
Medium  per litre 
Stock solution 1  100.0 ml 
Stock solutions 2 - 8 10.0 ml each 
Stock solution 9  1 ml 
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Annex 4-2: Molecular structure of selected carbohydrate 
functional groups  

 

 
 

Source: http://www.ncbi.nlm.nih.gov/ 
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(e) sialic acid

C11H19NO9
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C8H15NO6

C6H12O6
C6H12O6

(a) fucose (b) α-D-mannose
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Abstract 
Transparent exopolymer particles (TEPs) in aquatic environments are increasingly 
mentioned as a potential foulant in reverse osmosis, nanofiltration, microfiltration and 
ultra-filtration membrane systems treating surface water. A number of methods are 
currently available to measure these substances in freshwater and seawater based on 
Alcian blue staining and spectrophotometric techniques. However, a critical analysis of 
these methods identified several questions regarding their reproducibility, calibration, 
limit of detection and range of TEP sizes taken into account. The main objectives of this 
study are (1) to improve the reliability of TEP measurements for seawater and 
freshwater applications, (2) to develop an extended method to measure both particulate 
(>0.4µm) and colloidal (<0.4 µm) TEPs, (3) to apply and verify the developed methods 
(with modifications/improvements) in monitoring TEP accumulation in algal cultures (in 
seawater) and TEP removal in processes of full-scale water treatment plants. The 
investigations were focused on improving the methods developed by Passow and 
Alldredge (1995) and Thornton et al. (2007), as these are, in principle, applicable in both 
saline and freshwater sources. Various modifications were introduced mainly to 
minimise the interference of dissolved salts in saline samples, to decrease the lower 
limit of detection, and to measure smaller colloidal TEPs (down to 10kDa). An integrated 
calibration method was developed for the two modified methods using Xanthan gum as 
standard TEPs.  
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5.1 Introduction 
The presence of transparent exopolymer particles (TEP) in aquatic environments has 
been extensively studied over the past two decades, especially in the field of 
oceanography and limnology (Passow, 2002a). As the name suggests, TEPs are 
transparent and amorphous organic substances seasonally abundant (e.g., algal 
blooms) in marine and fresh water environments (Passow, 2002a). TEPs have been 
observed in various shapes (e.g., strings, disks, sheets or fibers) and sizes, ranging 
from 3 nm in diameter up to 100s of µm long (Berman and Passow, 2007; Passow, 
2000). These materials are a major and essential component of marine mucilaginous 
aggregates (e.g., marine snow, sea foam) which usually forms during the senescent 
stage of an algal bloom (Alldredge and Silver, 1988; Alldredge et al., 1993). 
 
In the ocean, TEPs generally originate from exudates and detritus of phytoplankton 
(micro-algae) and bacterioplankton but they may also originate from some species of 
macro-algae, oysters, mussels, scallops and sea snails (Passow, 2002b; McKee et al., 
2005; Heinonen et al., 2007). TEPs are sticky and gel-like as they comprise mainly 
hydrophilic, negatively-charged and surface-active acidic polysaccharides (Mopper et 
al., 1995). Moreover, they are often associated with or they tend to absorb proteins, 
lipids, trace elements and heavy metals from water (Passow, 2002a), making them a 
nutritious platform and hotspots for bacterial activity (Bar-Zeev et al., 2012). Such 
characteristics led some researchers to suspect that they may have an important role 
in the formation of aquatic biofilms (Alldredge et al., 1993; Passow, 2002a; Bar-Zeev et 
al., 2012).  
 
Berman and Holenberg were the first to propose the potential role of TEP on biofouling 
in reverse osmosis (RO) systems (Berman and Holenberg, 2005). Consequently, 
various studies were conducted to investigate the possible link between TEP and 
fouling in membrane filtration systems, including RO, micro-/ultra-filtration 
membranes and membrane bioreactors (Kennedy et al., 2009, Bar-Zeev et al., 2009; 
Villacorte et al., 2009a,b, 2010a,b; de la Torre et al., 2008). However, most of these 
studies applied different methods to quantify TEP and vary in terms of TEP size range 
being considered, making comparison rather difficult. 
 
Marine biologists operationally defined TEPs as particles larger than 0.4 μm 
considering that they were first discovered by retention on 0.4 µm pore size membrane 
filters (Alldredge et al., 1993). However, TEPs are not solid particles, but rather 
agglomeration of particulate and colloidal hydrogels which can vary in size from a few 
nanometres to hundreds of micrometres (Passow, 2000; Verdugo et al., 2004). 
Hydrogels are highly hydrated and may comprise more than 99% water, which means 
they can bulk-up to more than 100 times their solid volume (Azetsu-Scott and 
Passow, 2004; Verdugo et al., 2004). The majority of these materials are formed 
abiotically through spontaneous assembly of colloidal polymers in aquatic 
environment (Chin et al., 1998, Passow, 2000). A substantial fraction of the colloidal 
precursors of TEP (<0.4µm) are not covered by the current established measurement 
methods. 
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5.1.1 Background 

5.1.1.1 Alcian blue 

There are four methods currently available to measure TEP, all of which are based on 
selective staining with Alcian Blue dye. Why Alcian blue? The dye is known to be 
highly selective and forms stable insoluble complexes with target compounds that 
cannot be easily distained by subsequent treatments. The dye is also widely available 
and has been routinely used in medical and biological research for many years. 
However, despite being one of the most widely-used biological stains, the mechanisms 
involved during reaction of the dye with a specific substrate is still not well 
understood (Horobin, 1988).   
 
An Alcian Blue (AB) molecule is a tetravalent cation with a copper atom at the centre 
of its core (Scott et al., 1964; Figure 5-1). The copper core gives the characteristic 
bluish colour of the dye. In aqueous solutions without extra electrolytes, AB can 
specifically bind with anionic carboxyl, phosphate and half-ester sulfate groups of 
acidic polysaccharides, resulting in the formation of neutral precipitates (Ramus, 
1977; Parker and Diboll, 1966). AB can also react with carbohydrate-conjugated 
proteins such as acidic glycoproteins (Wardi and Allen, 1972) and proteoglycans 
(Bartold and Page, 1985) but not nucleic acids and neutral biopolymers 
(Karlsson and Björnsson, 2001).  
 

 

Figure 5-1: Molecular structure of Alcian blue 8GX. 
 
The staining ability of AB depends on the type and density of anionic functional 
groups associated with the biopolymer materials in the sample. The staining 
selectivity largely depends on the pH and ionic strength of the AB and sample solution 
(Horobin, 1988). The staining ability of AB was reported to decrease when pH is lower 
or higher than 2.5 (Passow and Alldredge, 1995). In high ionic strength solutions, 
better interactions between anionic polymers and cationic AB can be expected due to 
compression of the electrical double layer surrounding the AB molecule. AB molecules 
can spontaneously aggregate in saline solutions resulting in the formation of 
precipitates not associated with TEP. This is considered as the main drawback of the 
successful application of AB staining for TEP measurements in seawater. To minimise 
measurement artefacts due to coagulation, AB staining solutions should always be 
pre-filtered and should not be directly applied to solutions with high salinity.      
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5.1.1.2 Microscopic enumeration 

The first method to identify and quantify TEPs was introduced by Alldredge et al. 
(1993). The procedure involves filtering water samples through 0.4 µm pore size 
polycarbonate membranes by vacuum filtration to retain TEPs. AB solution (pH 2.5) is 
then added to the surface of the filter and the excess stained were flushed through the 
membrane. The stained TEPs on the membrane were then transferred to a glass slide 
using the filter-transfer-freeze (FTF) technique. The TEPs on the slides are viewed 
through a light microscope (200x magnification), counted and sized either manually or 
semi-automatically with an image analysis system (Mari and Kiørboe, 1996). 
Concentrations of TEPs are expressed in terms of number of stained particles per ml 
or in terms of total volume per ml, assuming each particle represents a sphere of 
equivalent diameter. The FTF, counting and sizing procedures are quite laborious, 
complicated, time consuming and are not always feasible. The precision of manual 
sizing and counting particles with light microscope is often poor and would likely 
result in highly variable results. Furthermore, stained particles often do not show 
high enough contrast with the background for an image analysis system to be 
applicable.    

5.1.1.3 Spectrophotometric method 

To overcome the difficulties of microscopic enumeration, Passow and Alldredge (1995) 
introduced a less laborious spectrophotometric technique to quantify TEP. This 
technique is currently the most widely used method to quantify TEP. It applies the 
same filtration and staining procedure as the method of Alldredge et al. (1993) but 
instead of counting the stained TEP, concentrations are measured based on the 
absorbance of AB bound to TEPs and calibration with a standard polysaccharide. 
After filtration and staining, the stained polycarbonate membrane is soaked in 80% 
sulfuric acid solution to decompose the retained TEP and release the bound AB to the 
acid solution. The absorbance of the acid solution is then measured at 787 nm 
wavelength. The absorbance of AB bound to TEP is the difference between total 
absorbance minus the absorbance of a blank sample. Net absorbance results are 
converted to TEP concentrations after calibrating the absorbance signals in terms of 
equivalent concentrations of Xanthan gum per liter (mg Xeq/L). The fact that TEP is 
indirectly measured in terms of absorbance of AB bound to TEP, it does not necessary 
reflect the actual mass concentration of TEP but rather measures the density of the 
target functional groups (e.g., carboxyl, sulfate groups) associated with TEP.  
 
The calibration procedure involves dry weight measurement of filters to determine the 
mass of Xanthan gum retained on polycarbonate filters. This procedure is prone to 
several inaccuracies during drying (e.g., dust contamination) and weighing (e.g., 
electrostatic forces interference) of very low quantities (5-50µg) of Xanthan.  Moreover, 
it is rather difficult to prepare a homogeneous and contaminant-free solution of 
Xanthan for the calibration experiment. An alternative calibration procedure was 
recently introduced by Kennedy et al. (2009) where TOC measurement was used to 
determine the mass of Xanthan retained on the filters. However, this procedure was 
later found to be sensitive to organic carbon contamination during standard 
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preparation and filtration and a very accurate TOC analyser is required to perform it. 
One proposed option to avoid this problem is not to perform a calibration at all, 
whereby concentrations of TEP are expressed relatively in terms of absorbance per cm 
per litre of filtered sample (abs/cm/L).   

5.1.1.4 Rapid spectrophotometric method 

In 2004, Arruda-Fatibello and co-workers developed a rapid spectrophotometric 
technique to measure TEP (Arruda-Fatibello et al., 2004). Unlike its predecessor, AB 
stain is not applied to a filter but it is directly applied to the water sample. The water 
sample is first concentrated 5-10 fold using 0.45 μm pore size tangential membrane 
tubing. AB solution is then added to the concentrated sample with acetate buffer (pH 
4) and stirred. The resulting solution is centrifuged and the absorbance of the 
supernatant is measured at 602 nm wavelength. The basic assumption is that TEPs 
form insoluble precipitates and settle during centrifugation. The supernatant 
absorbance is therefore inversely proportional to the TEP concentration. Calibration is 
performed following the same procedure but using solutions with different 
concentrations of Xanthan gum.      
 
Considering that dissolved salts can also form insoluble complexes with AB, the rapid 
spectrophotometric method is only applicable in fresh water with low salinity (e.g., 
river and lake water). Moreover, AB staining is performed at pH 4 instead of pH 2.5, 
which is a remarkable change considering that the staining specificity of AB can 
significantly vary with pH. At pH 2.5, carboxyl and sulphated polysaccharides can be 
stained but at pH 1, sulfated polysaccharides are fully stained while carboxyl groups 
are poorly stained (Passow and Alldredge, 1995). It is still unclear which functional 
groups are stained at pH 4.0 and perhaps other compounds other than TEPs can be 
stained at this pH. Therefore, it is likely that the substances measured as TEP with 
this method are not entirely the same as what was measured in other established TEP 
methods. 

5.1.1.5 Acid polysaccharide method 

The latest method which can be used to measure TEP was developed by Thornton et 
al. (2007). This method was intended to quantify acidic polysaccharides in surface 
water but follows the same principle as the other established TEP measurement 
methods. The staining protocol is partly similar to Arruda-Fatibello et al. (2004) but 
differs in terms of how TEP-AB precipitates are separated from the excess (un-reacted) 
stain.  
 
Water samples are first adjusted to pH 2.5 (using acetic acid) before the AB stain is 
added and then mixed. The resulting solution is filtered through a 0.2 μm pore size 
membrane. The absorbance of the filtrate is measured at 610nm wavelength. It is 
then assumed that all TEP-AB precipitates were removed during the filtration process. 
Consequently, the absorbance of the filtrate is inversely proportional to the amount of 
TEP in the sample. Calibration is performed using the same protocol with either 
Xanthan gum or Alginic acid as the model TEP. As in the method by Arruda-Fatibello 
et al. (2004), the above procedure is only applicable for freshwater samples. To 
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overcome this limitation, Thornton et al. (2007) introduced a dialysis treatment (1 kDa 
MWCO cellulose acetate membrane) of the sample prior to staining. With this 
additional step, the method can also be applied for saline water samples.  
 
The advantage of APS method over other established TEP methods is its potential to 
measure TEPs smaller than 0.4 μm, which are commonly known as TEP precursors. 
These colloidal TEPs have been demonstrated to form particulate TEPs by applying 
bubble adsorption and low shear forces (Passow, 2000). Such conditions often exist in 
water treatment processes. However, it is unclear if all TEPs and their colloidal 
precursors actually form precipitates with AB which are large enough to be removed 
by 0.2 μm filters. Moreover, the application of this method for seawater samples can 
be rather laborious and prone to contamination. The dialysis pre-treatment itself is 
performed for 2 days but a longer time may be necessary to remove most of the 
dissolved salts in seawater samples. During dialysis, some biopolymer materials from 
the interior walls of the cellulose acetate dialysis bag may be released to the sample 
which can then cause substantial increase in sample AP concentration (Thornton et 
al., 2007).        

5.1.2 Scope and objectives  
A number of TEP quantification methods have been introduced in the last two 
decades, but their application to water treatment monitoring has not been extensively 
applied and studied. As TEP is gaining more attention in water research and the 
membrane-based desalination industry, there is an increasing need for a reliable 
method to measure these substances in fresh and marine waters. However, a critical 
analysis of currently available methods identified several questions regarding their 
reproducibility, calibration and limit of detection. In addition, there is a need to 
measure colloidal TEP (<0.4 µm) as well since these particles cannot be ignored in 
studying the potential role of TEP in membrane fouling. 
 
The aim of this study is to improve the reliability of the current TEP methods for 
better application in water treatment process monitoring and membrane fouling 
studies. The investigations are focused on improving the methods developed by 
Passow and Alldredge (1995) and Thornton et al. (2007), because these are in 
principle applicable in both saline and freshwater sources. The specific objectives are: 
 
1) to assess/define the limitations of the existing spectrophotometric methods;  
2) to improve their reliability in terms of reproducibility, calibration and limit of 

detection for seawater and freshwater applications;  
3) to develop an extended method to measure both particulate (>0.4 μm) and colloidal 

TEPs (>0.1 μm and > 10 kDa); and 
4) to verify/apply the modified and extended methods in monitoring TEP 

accumulation in algal cultures (seawater) and TEP removal in various processes of 
full-scale water treatment plants.  
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5.2 Materials and methods  

5.2.1 Water samples and synthetic solutions  
Experiments were performed using natural surface water samples (seawater and fresh 
water), pre-treated TEP solutions from an algal culture and prepared synthetic 
seawater solutions.   

5.2.1.1 Ultra-pure water and artificial seawater 

Ultrapure water (UPW) was used as the blank and base solution of all prepared 
synthetic water samples. UPW is purified tap water through a series of treatment 
steps, namely: 1μm filtration > softening > RO filtration > ion exchange > 1µm 
filtration > GAC filtration > UV > 0.22 µm filtration.  
 
Artificial seawater (ASW) used in blank measurements was prepared based on the 
typical ion concentration of coastal North Sea water. Minor constituents (e.g., Br-, B, 
Sr2+) which comprise less than 1% of inorganic ions in seawater were not considered. 
Analytical grade salts were sequentially dissolved in ultrapure water to make up the 
ASW solution (Table 5-1).  
 

Table 5-1: Inorganic ion composition of artificial seawater (ASW) 

Inorganic ions 
 

Concentration 
(g/L)

Percentage 
(%)

Chlorine, Cl- 18.85 55.0
Sodium, Na+ 10.75 31.3
Sulfate, SO4

- 2.69 7.9
Magnesium, Mg2+ 1.17 3.4
Calcium, Ca2+ 0.30 0.9
Potassium, K+ 0.38 1.1
Hydrogen Carbonate, HCO3

- 0.15 0.4
Total dissolved solids (TDS) 34.30 100

 

5.2.1.2 Standard TEP solutions 

Standard solutions were prepared from purified acidic polysaccharides: sodium 
alginate (Fluka 71240) and Xanthan gum (Sigma 1253). The solutions were prepared 
by adding 50 mg of dried polysaccharides to 500 mL of UPW while rapidly stirring 
with a magnetic stirrer. Rapid stirring was maintained for at least 30 minutes until no 
flocs were visible. The resulting solution is further homogenised 3 times with a tissue 
grinder (Dounce, Sigma-Aldrich).  

5.2.1.3 Algal organic matter (AOM) 

A solution of algal organic matter (AOM) collected from a batch culture of Chaetoceros 
affinis was used in the investigations to simulate seawater impacted with severe algal 
bloom. C. affinis is a common species of diatom commonly found in the North Atlantic 
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coastal seawaters and has been reported to produce significant concentrations of TEP 
(Myklestad et al., 1989). A strain of C. affinis (CCAP 1010/27) was inoculated in 2 L 
glass flasks containing 1.5 L of sterilised f/2+Si medium (Guillard’s medium for 
marine diatoms) in artificial seawater. An artificial white light (40-50 μmol/m2.s) was 
provided to the culture while being continuously mixed on a shaker. After 12 days, 
the algal cells were allowed to settle in the flask for 24 hours and the supernatant 
solution containing algal-derived organic matter (AOM) was extracted for the 
experiments.   

5.2.1.4 Water sample collection and storage 

Seawater samples were collected from an RO plant seawater intake in the south-
western coast of the Netherlands during a spring bloom period (May, 2009). Fresh 
surface water samples were collected near the surface of the Oude Delft canal during 
the summer period (August 2009). Water samples were also collected from the raw 
water and over the treatment processes in two drinking water treatment plants in the 
Netherlands in May (Plant A) and June 2012 (Plant B). Batches of the collected water 
samples were either analysed immediately or stored at 4oC and then analysed within 3 
weeks after collection. 
 
Two algal cultures (i.e., CA: Chaetoceros affinis and AT: Alexandrium Tamarense) 
were monitored by collecting samples for TEP analysis every 2-3 days within a 30-60 
day incubation period. The detailed protocol for maintaining CA and AT cultures was 
described in Chapter 4.  

5.2.2 Alcian blue dye  
Stock solutions of the dye were prepared in acetic buffer solution containing 250 
mg/L of Alcian blue (Standard Fluka, Sigma-Aldrich). The buffer solution was 
prepared by adding drops of acetic acid until the solution pH of 2.5 is reached. The 
prepared stock solutions were then stirred for 12-18 hours. The final staining solution 
is taken from the stock solution and pre-filtered through 0.05 µm polycarbonate 
membrane (Nuclepore, Whatman) before staining. The remaining stock solution is 
stored in the dark at 4oC. A new stock solution is prepared after 4 weeks.  
 
To measure the apparent concentration of Alcian blue solutions, the copper content of 
the dye was measured using atomic absorption spectrometry (Perkin Elmer AAnalyst 
200). Alcian blue concentration (CAB) was calculated based on the mass proportion of 
copper for each molecule of Alcian blue (C56H68Cl4CuN16S4).  
 

C�� = ���
ω

          Eq. 1 

 
where: CCu is the mass concentration of copper in the staining solution (mg Cu L-1) 
and ω is the molecular weight fraction of copper in the AB molecule (0.0489). 
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Absorbance measurements were performed using a UV-Vis recording 
spectrophotometer (Shimadzu UV-2501PC). Samples were placed in a 1-cm cuvette 
and then the absorbance was measured at a specific wavelength.  

5.2.3 TEP measurement methods  
This study investigated the TEP methods developed by Passow and Alldredge (1995) 
and Thornton et al. (2007) because they are – in principle - applicable in both saline 
and freshwater water samples. The two protocols with the proposed improvements or 
amendments are introduced in the following sections. For simplicity, the new methods 
modified/expanded from Passow and Alldredge (1995) and Thornton et al. (2007) are 
denoted as TEP0.4µm and TEP0.1µm (Protocol 1) and TEP10kDa (Protocol 2), respectively 
from henceforth.  

5.2.3.1 Methods for TEP0.4µm and TEP0.1µm  

Protocol 1 is a modified and extended version of the method by Passow and Alldredge 
(1995). In addition to using 0.4 μm pore size membrane (used in the original method), 
a smaller pore size membrane (0.1 μm) is also utilised in the new method in order to 
extend the measurement to smaller TEP size range. 
 
Figure 5-2 illustrates Protocol 1 for measuring TEP0.4µm and TEP0.1µm. Water samples 
are filtered through polycarbonate filters (0.4µm and 0.1μm pore size) by applying a 
constant vacuum of 0.2 bar.  Two ml of UPW is then filtered through the filter-
retained TEP by applying <0.2 bar vacuum to wash-out the remaining sample 
moisture (including inorganic salts) through the filter. Pre-filtered (through 0.05 µm 
PC filter) AB dye solution (1 mL) is subsequently applied over the filter, allowed to 
react with the retained TEP for 10 seconds, and then the un-reacted dye is flushed 
through the filter by vacuum filtration (<0.2 bar). To remove further the remaining un-
reacted dye, a rinsing step is performed by filtering 2 ml of ultra-pure water through 
the filter. The rinsed filter is transferred to a 50 ml glass beaker where 6 ml of 80% 
sulfuric acid solution is added to decompose TEP and re-dissolve the bound dye. The 
beaker is gently agitated on a shaker to minimize bubble formation in the acid 
solution. After 2 hours on the shaker, the acid solution is transferred to 1 cm cuvette 
and absorbance (AT) is measured at 787 nm wavelength. The concentration of TEP in 
the water sample is calculated using Eq. 2. 
 
TEP���μ�����μ� = ������

��
�A� − A� − A��		      Eq. 2 

 
where the total absorbance (AT) is the absorbance of the dye which reacted with TEP 
and those adsorbed to the filter (abs/cm); filter blank absorbance (Af) is the 
absorbance of the dye adsorbed to the filter (abs/cm); sample correction (As) is the 
absorbance of unstained sample (abs/cm); Vf is the volume of sample filtered (L) and 
f787nm is the calibration factor (mg Xanthan/abs/cm).  
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Filter blank (Af) samples are prepared in the same way as total absorbance but 
filtering TEP-free blank samples (e.g., synthetic water with similar dissolved salt 
concentration as the water sample) instead of actual water samples. For sample 
correction (As), water samples were filtered in the same way as determining the total 
absorbance but skipping the AB staining procedure.  
 
The calibration factor f787nm is the inverse of the best fit linear slope of the standard 
calibration line. 
 
������ = �

������
	         Eq. 3 

 
The slope, m787nm is derived from calibration experiments where the dry mass of the 
standard (Xanthan gum) is plotted against the corresponding absorbance of AB which 
reacted to it. Passow and Alldredge (1995) used dry weight measurement to determine 
the mass of Xanthan gum retained on polycarbonate filters. However, this procedure 
is prone to several inaccuracies and reproducible results could not be obtained. When 
no calibration is performed, TEP concentrations can be expressed relatively in terms 
of absorbance per cm per litre (abs/cm/L).  
 
An alternative calibration procedure was developed in this study as a proposed 
replacement to the calibration method of Passow and Alldredge (1995). The new 
calibration procedure is described as follows. Firstly, standard solutions (4 ml) 
containing different concentrations (0-5 mg/L) of Xanthan gum are prepared from the 
stock solution described in Section 5.2.1.2. For pH adjustment, 0.05 ml acetic acid 
was added to each solution and then briefly agitated. The solution is stained by 
adding 1 ml of pre-filtered AB staining solution, mixed for 10 seconds and incubated 
for 10 mins. Four ml of the resulting solution is then filtered through 0.1 μm PC 
membrane by vacuum filtration (0.2 bars). The fouled PC membrane was carefully 
transferred to a 50 ml beaker. Six ml of 80% sulphuric acid solution was added and 
mixed on a shaker for 2 hours to fully decompose the TEP and dissolve the dye. 
Afterwards, the absorbance of the acid solution was measured in a spectrophotometer 
at 787 nm wavelength using a 1 cm cuvette. Assuming all Xanthan in the solution 
formed precipitates with AB and are eventually retained by a 0.1 μm PC membrane 
filter, the mass on the filter was calculated by multiplying the Xanthan concentration 
with the filtered volume of the stained Xanthan solution. Finally, the calculated 
retained mass and absorbance is plotted and the calibration factor (f787nm) was 
calculated as the inverse of the linear slope (m787nm) of the plot. 

5.2.3.2 Method for TEP10kDa  

The main modification of Protocol 2 from the method introduced by Thornton et al. 
(2007) is the collection of TEP from water samples, whereby filtration through low 
molecular weight cut-off (MWCO) membranes is used for TEP retention and then 
followed by TEP re-suspension in ultrapure water by sonication instead of dialysis 
treatment. The objective of these steps is primarily to concentrate TEP materials to 
within detectable levels and to minimise the effect of salinity during the subsequent 
AB staining. The maximum volume of samples that can be filtered is theoretically 
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unlimited while the retained TEP is re-suspended in 10 ml solution. Hence, the TEP 
level in the sample can be concentrated prior to AB staining.  
 
Figure 5-2 illustrates Protocol 2 for measuring TEP10kDa. Water samples are filtered 
through 10 kDa membranes (Millipore RC membrane, 25mm diameter) at constant 
flux (60 L/m2/h) using a syringe pump (Harvard syringe pump 33). After filtering a 
specific volume (10-100ml) of sample, the syringe is carefully replaced with a clean 
syringe containing about 10 ml of air. Air is then injected to the filter holder (60 
L/m2/h) until all the remaining water in the feed side of the membrane holder has 
passed through the membrane. The total filtered sample volume is then measured 
after collecting all the filtrate. To rinse out saline moistures remaining on the 
membrane and the retained TEP, 5 ml of UPW is injected to the filter holder at 60 
L/m2/h. Air is then again injected until all the rinse water on the feed side of the 
membrane holder has passed through the membrane. The membrane is then carefully 
removed from the filter holder and placed feed side down in a clean disposable plastic 
container (40 ml Unipot with screw cap) containing 10 ml of UPW. The sample is 
tightly covered, vortexed (Heidolph REAX 2000) for 10 seconds and sonicated 
(Branson 2510E-MT) for 60 mins. A four ml volume of the re-suspended TEP solution 
is transferred to a clean 20ml disposable plastic container. To adjust the sample pH to 
2.5, 0.05 ml of acetic acid solution was added to the solution (tested with a pH meter). 
One ml of pre-filtered (through 0.05μm PC membrane) AB solution was added to the 
sample, which was then mixed vigorously and left to react for 10 minutes. Four ml 
sample of the TEP-AB solution is then filtered through a 0.1 μm PC filter by vacuum 
filtration (<0.2 bars). The filtrate was collected in a disposable plastic container (10 ml 
Unipot with screw cap), transferred to a  1 cm cuvette and absorbance (Ae) was 
measured at 610 nm wavelength. The TEP10kDa concentration in mg Xanthan 
equivalent per litre (mg Xeq/L) is calculated as follows: 

 

TEP����� = ������ ��
��
�A� − A��       Eq. 4 

 

������ = �
������

         Eq. 5 

 
where f610nm is the calibration factor [(mg Xanthan/L)/ (abs/cm)], Vr is total volume of 
re-suspended TEP solution (10 mL), Vf is the volume of filtered sample (mL), Ae is the 
absorbance of the excess or un-reacted dye (abs/cm), Ab is the absorbance of filtered 
blank (abs/cm), m610nm is the slope of the calibration line [(abs/cm)/(mg Xeq/L)].  
 
The blank absorbance (Ab) is measured to correct for the amount of stain adsorbed by 
the polycarbonate filter. This was performed following the above-mentioned procedure 
but replacing the sample with UPW.  
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To determine the calibration factor (f610nm), different dilutions of a prepared Xanthan 
gum solution (100 mg/L; Section 5.2.1.2) are stained with Alcian blue and the excess 
stain absorbance is measured the same way as the sample measurement procedure. 
The excess dye absorbance versus Xanthan concentration is plotted to determine the 
slope (m610nm) of the calibration curve. Since concentration is inversely proportional to 
the excess dye absorbance, the calibration line has a negative slope and the 
calibration factor (f610nm) has a negative value. 

5.2.4 Filters and filtration set-up 
Various types of membranes were used for TEP measurement and dye pre-treatment. 
Track-etched polycarbonate membranes (Nuclepore, Whatman) with nominal pore 
sizes of 0.4, 0.2, 0.05, 0.03, 0.015 μm were used for vacuum filtration. Polymeric 
membranes which include 10kDa and 5kDa RC membranes (Millipore) were used for 
constant flux syringe filtration. The diameter of the membranes used for Protocol 1 
and 2 were 47 mm and 25 mm, respectively. To remove possible contaminants, the PC 
filters were rinsed by flushing >200 ml of UPW through it while RC membranes were 
soaked for at least 24 hours in UPW and then flushing 5-10 ml UPW prior to sample 
filtration.  
 
Different vacuum filtration set-ups were used for the two TEP protocols. For Protocol 
1, the set-up comprised of a 50 mm glass filter holder (Sartorius) with fiber glass 
porous support and a vacuum pump (Millipore WP612205) with pressure controller. 
For Protocol 2, a set-up comprising a 25mm glass filter holder (Sartorius) with PTFE 
coated stainless steel mesh filter support and a vacuum pump with pressure 
controller was used. To minimise sample contamination, the filter holder was 
thoroughly cleaned (after every filtration) by rinsing with ultrapure water. Constant 
flux filtration (60 L/m2.h) through RC membranes were performed using a syringe 
pump (Harvard Pump 33), 60 ml disposable syringe (BD Plastipak™) and 25 mm filter 
holder (Schleicher & Schuell).  

5.2.5 Limit of detection calculation 
The lower limit of detection (LODmin) of the TEP methods depends on the variability of 
the blank absorbance. This was calculated as follows:   
 
Protocol 1:  LODmin = 3σb f787nm (1/Vf)      Eq. 6 
Protocol 2:  LODmin = 3σb f610nm (Vr /Vf)       Eq. 7 
 
where σb is the standard deviation of 10 independently measured blank absorbance 
(abs/cm). The factor 3 corresponds to a significance level of 0.00135, which means 
that only 0.135% of blank measurements will statistically yield results that fall above 
the computed detection limit (Harvey, 2000).      
 
The upper limit of detection (LODmax) is the threshold of the absorbance range which 
can yield reliable concentration results. For Protocol 1, this limit is determined based 
on the maximum absorbance at which a linear correlation between absorbance and 
filtered volume can be observed. For Protocol 2, this limit is the minimum absorbance 
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at which the excess stain absorbance and the standard concentration has a 
significant linear correlation.  

5.2.6 Dynamic light scattering measurements 
The size distribution of 2 mg/L Xanthan, prefiltered AB and a mixture of the two 
solutions were estimated based on dynamic light scattering (DLS) measurements 
using a Malvern Zetasizer Nano ZS. The DLS technique measures the diffusion of 
particles moving under Brownian motion and converted to size based on the Stokes-
Einstein relationship. The obtained size is the diameter of a sphere with equivalent 
translational diffusion coefficient as the measured particle, called the hydrodynamic 
diameter. Due to the complexity of the shape of Xanthan gum (e.g., fibrillar), this 
technique was only used to compare relative changes in hydrodynamic size 
distribution rather than the actual size of the material itself. All measurements were 
performed at 25oC.  

5.2.7 Liquid chromatography organic carbon detection (LC-OCD) 
Water samples collected from water treatment plants were analysed using liquid 
chromatography - organic carbon detection (LC-OCD) at DOC-Labor (Karlsruhe, 
Germany). In this technique, concentrations of high (biopolymers) and low molecular 
weight (e.g., humics, building blocks, acids, neutrals) organic substances were 
measured in terms of organic carbon based on size exclusion chromatography as 
described by Huber et al. (2011). LC-OCD analyses were performed without the inline 
0.45 μm pre-filtration to cover part of the larger TEPs (>0.4 μm). Based on the pore 
size of the sinter filters in the chromatogram column, the theoretical maximum 
chromatographable size of organic substances without sample pre-filtration is 2 μm 
(S. Huber, per. com.). The TEPs in the water samples contain an unknown 
concentration of carbon as biopolymers. Hence, biopolymer concentration is not 
considered as a direct measure of TEP but was used in this study as a relative 
indicator of the amount of TEP and their colloidal precursors in the water sample.   

5.3 Results and discussion 

5.3.1 Pre-treatment of Alcian blue solution 
The apparent size distribution of the AB stock solution (250 mg/L) at pH 2.5 was 
determined by serial filtration through different pore size membranes (i.e., 5, 1, 0.4, 
0.2, 0.05, 0.03 and 0 0.015 µm PC filters). About 50% of AB was smaller than 0.2 µm 
and about 44% were smaller than 0.05 µm (Figure 5-4). Further filtration of the dye 
through 0.03 µm and 0.015 pore size filters only allowed passage of about 30% and 
2% of the initial dye concentration, respectively. When pre-filtering through 0.03 µm 
filter, it may be necessary to increase the initial dye concentration to avoid possible 
under-staining of TEP. Moreover, dye filtration through 0.03 µm PC membranes was 
time consuming (average flux of ~20 L/m2/h at -0.5 bar) and were prone to membrane 
damage and leakage at vacuum pressures higher than 0.2 bar. For these reasons, 
pre-filtration of Alcian blue dye through 0.05 µm filters was adopted for the rest of 
this study.  
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Figure 5-4: Apparent size distribution of 0.025% Alcian blue dye in acetic acid buffer solution (pH 2.5). 
 
Considering that AB solutions are pre-filtered through 0.05μm filters, the dye 
pigments used in staining TEPs can be as large as 0.05 μm. To minimise the 
possibility of retaining these materials during TEP measurements, membrane filters 
used for separating TEP-AB precipitates and excess (unreacted) stain should have 
pore size larger than 0.05 μm. Hence, the minimum pore size of membranes which 
can be used for retaining TEP-AB precipitates is 0.1 μm.    

5.3.2 Absorption spectra of Alcian blue 
According to Ramus (1977), the maximum absorption of AB when dissolved in water 
is 610 nm wavelength. However when AB is dissolved in sulfuric acid solution, the 
maximum absorption shifts to 787 nm wavelength (Passow and Alldredge, 1995). The 
two spectrophotometric methods investigated in this study are based on the 
absorbance of AB dissolved in different matrix, namely: 80% sulphuric acid solution 
for Protocol 1 and acetic buffer solution (pH 2.5) for Protocol 2. A spectrum scan of AB 
in these matrix were performed and the results are presented in Figure 5-5a. The 
results confirm that the maximum absorbance of alcian blue in 80% sulfuric acid 
solution lies at 787 nm wavelength. The maximum absorbance of AB in acetic buffer 
solution (pH 2.5) lies at 610 nm wavelength within the visible light spectrum. For 
comparison, the absorbance of AB in sulphuric acid at 787 nm is about twice that 
dissolved in acetic acid buffer solution at 610 nm (Figure 5-5b).     
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Figure 5-5: (a) Absorption spectra of Alcian blue 8GX (16 mg/L) dissolved in sulphuric acid and acetic 
acid buffer solution  and (b) peak absorbance values of Alcian blue solutions at various concentrations.  

5.3.3 Measurement of TEP0.4µm and TEP0.1µm 

5.3.3.1 Effect of sample salinity and pre-rinsing 

When AB solution is directly applied on membranes with adsorbed moisture from 
water samples with high salinity (e.g., seawater), instantaneous coagulation of the dye 
may occur. This can cause retention of unreacted AB on the membrane which 
eventually translates to higher total absorbance. If not corrected accordingly, this can 
cause overestimation of the TEP concentration. To minimise this potential effect, it is 
proposed to first rinse the sample moisture out by filtering UPW through the 
membrane prior to application of AB solution.  
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To demonstrate the effect of salinity and the proposed rinsing step, tests were 
performed using surface water samples with different salinities: Delft canal water 
(TDS~3 g/L) and coastal North Sea water (TDS~34 g/L). TEP concentrations were 
measured for both samples with and without the pre-rinsing step. To check the 
linearity of the results, different volumes of the samples were filtered and total 
absorbance were plotted against the filtered volume. TEP measurements without pre-
rinsing were also performed with ASW and UPW to represent the blank of saline and 
non-saline samples, respectively. Results are presented in Figure 5-6. 
 

 
Figure 5-6: TEP measurement with and without pre-rinsing for (a) low and (2) high salinity surface water 
samples. 
 
The average ASW blank was more than twice the average UPW blank (Figure 5-6). 
This apparent difference in filter blanks at varying sample salinities was overlooked in 
the original method where filter blanks were measured by directly staining clean 
membranes. For the freshwater sample (Figure 5-6a), total absorbance values were all 
above the average UPW blank absorbance but mostly below the ASW blank even 
without pre-rinsing. For the seawater sample, absorbance for samples that were not 
pre-rinsed were mostly above the average ASW blank while the results of the pre-
rinsed samples were substantially lower.  
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In general, samples that were pre-rinsed showed lower absorbance results than those 
that were not pre-rinsed and the decrease in absorbance was only significant for the 
seawater sample. Although the total absorbance was observed to substantially 
decrease, the linear slope of the plot, which represents the relative TEP concentration 
of the sample, was not significantly affected by the pre-rinsing step. Hence, the effect 
of sample salinity is mainly on the increase of filter blank and that introducing a pre-
rinsing step prior to AB staining can minimise this effect.  
 
The rinsing test results indicate that previously reported TEP concentrations in 
seawater which were measured using the original protocol by Passow and Alldredge 
(1995) are likely overestimated due to interference of salinity. However, using the 
results of the rinsing test, these results can still be recalculated to estimate the actual 
concentration by replacing the original blank absorbance with the seawater blank 
absorbance measured in this study (Figure 5-6). This proposed salinity correction was 
implemented elsewhere in this thesis (Chapter 6; Figure 6-4).     

5.3.3.2 Calibration with Gum Xanthan 

Calibration using Xanthan gum as TEP standard were performed following the new 
protocol described in Section 5.2.3.1. Figure 5-7 shows the results of two calibration 
experiments.    
 

 

Figure 5-7: Calibration curves with standard Gum Xathan. 
 
The results of the two calibration experiments showed acceptable linearity (R2>0.98) 
and consistent slopes (15.9 and 16.5 abs/cm/mgX), an indication that the new 
calibration method is reproducible. The average calibration factor which is the inverse 
of the average slope of the two calibration graphs is 0.062 mg Xeq/(abs/cm). This is 
lower than the factors (0.088 and 0.139) reported by Passow and Alldredge (1995). 
The difference in calibration factors can be due to variations in the staining capacity 
of AB or due to differences in the calibration method.  
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The new calibration procedure does not involve the irreproducible dry weight 
measurement proposed by Passow and Alldredge (1995) but rather based on the 
principle that during Alcian blue staining of Xanthan suspensions in UPW, large 
Xathan-AB precipitates are formed which can be totally retained on 0.1 μm PC filter. 
It might be possible that some colloidal Xanthan-AB precipitates can still pass 
through the 0.1 μm filter which may result in underestimation of the staining 
capacity of the stain. Since the dye solution is pre-filtered through 0.05μm filter, 
using a lower pore size membrane (<0.1μm pore size) is not considered due to higher 
risk of retaining AB pigments not bound to TEP. However, further investigation using 
dynamic light scattering techniques show that most (if not all) Xanthan-AB 
precipitates can be retained by 0.1 μm PC membrane. The results of this investigation 
are presented and discussed in detail in Section 5.3.4.5. Overall, the current 
calibration method is promising because it demonstrated to be reproducible and it 
eliminates some of the issues in the calibration procedure proposed by Passow and 
Alldredge (1995).  

5.3.3.3 Limit of detection: TEP0.4µm and TEP0.1µm 

The lower limit of detection (LODmin) of the methods based on Protocol 1 was 
calculated based on the variability of 10 filter blank measurements using the same 
batch of staining solution. Blank measurements were performed using 0.4µm 
(TEP0.4µm) and 0.1µm (TEP0.1µm) filters and absorptions measured at 787nm 
wavelength. The measured blanks and the calculated LODmin for 2 blank solutions 
with different salinities are presented in Table 5-2 and Figure 5-8.   
 
Table 5-2: Blank measurement results of TEP0.4μm and TEP0.1μm methods with fresh and saline samples.  

Method TEP0.4μm TEP0.1μm 
TDS (g/L) 0 34 0 34
Blanks measured 10 10 10 10
Ave. blanks (abs/cm) 0.132 0.197 0.099 0.138
Std. deviation (abs/cm) 0.010 0.016 0.008 0.028
3 x std. deviation (abs/cm) 0.029 0.049 0.025 0.083

 
The average blank and standard deviation were observed to increase with higher 
salinity (Figure 5-8a and 5-8c). The average of 10 blank measurements using UPW 
(TDS=0 g/L) are 0.132 (±0.010) and 0.099 (±0.008) abs/cm for TEP0.4µm and TEP0.1µm, 
respectively. Average blanks measured using ASW (TDS=34 g/L) are 0.197 (±0.016) for 
TEP0.1µm and 0.138 (±0.028) abs/cm for TEP0.4µm.  
 
The LODmin is defined as three times the standard deviation of the 10 measured 
blanks divided by the filtered volume. Consequently, the higher the filtered sample 
volume, the lower is the expected LODmin. The calculated LODmin of TEP0.4µm and 
TEP0.1µm for a wide range of filtered volume are presented in Figure 5-8a and Figure 5-
8b, respectively. The figures show that in seawater, the LODmin when filtering 100 ml 
of sample is 0.03 mg Xeq/L for TEP0.4µm and 0.05 mg Xeq/L for TEP0.1µm. Increasing the 
filtered volume to 300 ml will decrease the LODmin down to 0.01 mg Xeq/L and 0.02 mg 
Xeq/L for TEP0.4µm and TEP0.1µm, respectively.  
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Figure 5-8: Lower limit of detection (LODmin) of (a) TEP0.4μm and (b) TEP0.1μm  for fresh (TDS 0) and saline 
water samples (TDS 34). 
 
In principle, filtering a higher volume of samples will deliver more reliable results up 
to the point when the retained TEPs exhaust the applied AB dye. This limit (LODmax) 
can be estimated based on the maximum absorbance at which a linear correlation 
between TEP absorbance and filtered volume can be observed. TEP0.4µm and TEP0.1µm 
measurements in AOM samples were performed by filtering different sample volumes. 
In addition, the filtrate of TEP0.4µm was measured using 0.1 μm filters (TEP0.1-0.4µm). 
Figure 5-9 shows the total absorbance results with respect to filtered volume.  

 
The LODmax for both TEP0.4µm and TEP0.1µm was estimated to be at 0.8 abs/cm. 
Absorbance higher than 0.8 abs/cm is not reliable because most of the dye has 
already reacted with the TEPs at such level. If all the applied AB dye (1 ml pre-filtered 
solution) have reacted with TEPs on the membrane, the expected absorbance is about 
1.2 abs/cm. The LODmax can be theoretically increased further by increasing the 
concentration and/or volume of the applied stain. However, the current LODmax is 
rarely reached when measuring TEP in natural waters. Moreover, increasing the 
amount of AB dye may increase blank variability and the LODmin. Hence, 0.8 abs/cm 
is considered as the ideal upper threshold of Protocol 1.     
 
Based on the linear slope of absorbance versus filtered volume (between the LODmin 
and the LODmax), the average TEP0.1µm concentration (1.97 mg Xeq/L) is slightly higher 
than TEP0.4μm (1.91 mg Xeq/L). Apparently for this sample, there is no significant 
difference when measuring TEP with 0.4 µm or 0.1 µm filters, an indication that the 
concentration of TEPs not retained by 0.4μm filter but were retained on 0.1 µm filters 
were relatively marginal. This was supported by the results of TEP0.1-0.4µm, whereby 
absorbance results were below the LODmin when samples filtered were less than 40 
ml, but absorbance were observed to increase exponentially at higher filtered volumes 
(Figure 5-9b). The exponential increase was likely due to adsorption of TEP < 0.1 µm 
on the walls of membrane pores, which may have caused constriction or blocking on 
the pores and eventually resulting in increased retention of smaller TEPs as more 
sample is filtered through the membrane.  
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Figure 5-9: TEP concentrations of AOM measured with (a) 0.4 µm and (b) 0.1 µm filters plotted with 
average filter blanks and limits of detection. 

5.3.4 Measurement of TEP10kDa 
A key advantage of TEP measurement based on Protocol 2 (TEP10kDa) over Protocol 1 
(TEP0.4µm and TEP0.1µm) is the lower size range of TEP it can analyse (i.e., down to 
10kDa). Various experiments were performed to test and assess the different aspects 
of the new method. The results and findings are discussed in the succeeding sections.  

5.3.4.1 Effect of sample salinity and rinsing 

In Protocol 2, AB staining is applied after extracting TEP from 10 kDa membranes in 
ultra-pure water by sonication in order to prevent interference by dissolved salts in 
the water sample. To demonstrate the effect of salinity, pre-filtered AB solution (1 ml) 
was added to solutions (4 ml) prepared from different dilutions of ASW (see Table 5-1). 
The dye is strongly cationic and can form large flocs instantaneously by reacting with 
anions in the saline solution. The formed flocs were then removed by filtering the 
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solution through 0.1 µm PC filter. The residual AB was measured based on 
absorbance of the filtrate solution at 610 nm wavelength.  
 
As presented in Figure 5-10, the residual absorbance of AB reduced substantially 
with increased ion concentration. For salinities higher than 2 g/L, the measured 
residual absorbance reduced by at least 50%. These substantial reductions, even at 
lower salinities, may suggest that AB flocs can form when moisture from saline 
samples remains on the RC membrane after retention of TEP.  
 

 
Figure 5-10: (a) Effect on the residual absorbance of Alcian blue when added in UPW solution with 
different ionic strength. (b) Relative comparison of TEP10kDa concentration in saline AOM solution with 
and without UPW rinsing in the measurement protocol.     
 
To remove retained saline moisture from the RC membrane, it is proposed to filter 
UPW through the membrane before extracting the TEP for subsequent AB staining. A 
comparison of TEP results with and without rinsing during measurement of AOM 
samples is shown in Figure 5-10b. TEP concentration was overestimated by a factor of 
3 when rinsing was not performed. This illustrates that the rinsing procedure is an 
essential step to minimise interference of dissolved salts, especially in seawater 
samples.                           

5.3.4.2 Membrane pore size selection for TEP retention 

Selecting the optimal membrane pore size to collect TEP from water samples is an 
important aspect in the development of Protocol 2 as it indicates which size fraction of 
TEP can be measured. To determine this, measurements were performed using 
membranes with different pore sizes (0.4 μm, 0.1 µm, 10 kDa and 5 kDa) to retain 
TEP in AOM samples. A comparison of the results is presented in Figure 5-11a. As 
expected, TEP concentrations increased when using smaller pore size of membranes 
for TEP retention. As a comparison, the TEP retention of a 0.1 μm PC membrane was 
about 32% higher than 0.4μm membrane while 10 and 5 kDa membranes showed 
about 100% higher retention.  
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LC-OCD analyses were also performed for selected membranes to measure retention 
of biopolymers from AOM and Xanthan gum solutions. As shown in Figure 5-11b, 
10kDa membranes retained about 95% of biopolymers from CA, which was about 
twice the retention of a 0.4 µm membrane. Moreover, the retention of Xanthan on a 
10kDa membrane was about 4 times higher than 0.4 µm membrane.  
 

 
Figure 5-11: (a) TEP measurement from CA culture with different pore size membranes; (b) rejection of 
biopolymers by 0.4μm, 0.1μm and 10kDa membranes. For (a), the TEP result with 0.4 µm membrane 
was set as the baseline for relative comparison. 
 
The results of the retention experiments demonstrated that >50% and >35% of TEPs 
were not retained by 0.4 μm and 0.1 μm pore size membranes, respectively. This 
suggests that a substantial fraction of colloidal TEPs are not covered by TEP0.4μm and 
TEP0.1μm methods. Considering that no substantial difference in TEP concentration 
between 10 kDa and 5 kDa membranes and the high feed pressure required to filter 
samples through 5 kDa membranes, 10kDa was eventually selected as the standard 
membrane pore size for TEP measurements based on Protocol 2.  

5.3.4.3 TEP extraction from the membrane  

In Protocol 2, TEP extraction from the membrane was performed by vortexing (10 
secs) and sonicating (60 mins) the membrane samples in ultra-pure water solution. To 
illustrate that the current extraction procedure is sufficient to extract TEP from the 
membrane, tests were performed by filtering 20 ml of AOM solution through 10 kDa 
RC membranes and then TEP were extracted from the membrane with and without 
pre-vortexing followed immediately by 30 or 60 mins of sonication. The measured net 
absorbance of AB which reacted to the extracted TEP materials using the different 
extraction procedures are presented in Figure 5-12.  
 
TEP retained on 10k Da RC membrane and sonicated for 60 mins showed slightly 
higher (3-10%) net absorbance than those sonicated for 30 mins. Pre-vortexing the 
sample may contribute to the extraction of TEP from the membrane as it can aid 
detachment of loosely attached TEP and enhance further extraction during the 
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succeeding sonication step. Filter blank measurements of RC membranes vortexed 
and sonicated (60 mins) did not detect apparent release of TEP during extraction.         
 

 
Figure 5-12: Effect of vortexing and sonication time on the extraction of TEP retained on 10kDa RC 
membranes. 

5.3.4.4 Staining time 

Tests were performed to investigate if 10 minutes of reaction time was sufficient to 
fully stain TEP in Xanthan and AOM solutions. The net AB absorbance (Ab-Ae) taken 
up by TEP was compared for samples stained for different reaction times (Figure 5-
13). For both samples, there was no substantial difference in TEP concentration for 
reaction times between 1 and 60 mins. Hence, a reaction time of 10 mins was 
assumed to be sufficient to fully stain TEP in UPW. This also supports previous 
findings that reaction between TEP and AB in a low electrolyte matrix is 
instantaneous and that a longer staining time is generally not necessary (Passow and 
Alldredge, 1995; Thornton et al., 2007). 
 

 
Figure 5-13: Effect of staining time on the net absorbance of TEP from AOM and Xanthan gum. 
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5.3.4.5 Retention of TEP-AB precipitates 

The staining procedure of Protocol 2 involves application of AB on TEPs in UPW 
solution at pH 2.5. The TEP in the solution are expected to complex with AB 
molecules and form precipitates which can be removed by the following filtration step. 
Thornton et al. (2007) employed manual syringe filtration with a 0.2 µm pore size 
cellulose acetate (CA) membranes to removed TEP-AB precipitates. In the current 
method, vacuum filtration through 0.1 μm pore size track-etched PC membranes are 
applied. Track-etched PC membranes have a more defined pore size structure and 
narrower size distribution than other polymeric membranes. Hence, retention of TEP-
AB precipitates on PC membranes is expected to be more consistent than with CA 
membranes. In addition, the filtration pressure in Protocol 2 is standardised by using 
a pressure-controlled pump to avoid the inconsistencies of manual syringe filtration.  
 
To demonstrate that using a 0.1 µm pore size membrane is more reliable in removing 
TEP-AB precipitates than a larger pore size membrane, tests were performed using 
solutions of Xanthan gum (5 mg/L) and AOM. The measured absorptions of stained 
samples after filtration through 0.4 μm, 0.2 μm and 0.1 μm membranes were 
deducted from the filtrate absorption of stained blank solutions to compare their net 
absorbance. As shown in Figure 5-14, the net absorbance results with the 0.1 µm 
membrane was up to 60% higher than with a 0.2 µm membrane and up to 150% 
higher than with a 0.4 µm membrane. This may indicate that some TEP-AB 
precipitates were able to pass through 0.4 µm and 0.2 µm filters. It is also possible 
that some colloidal TEP-AB precipitates can still pass through the 0.1 μm membrane. 
However, using a lower pore size membrane (e.g., 0.05 μm pore size filters) is no 
longer feasible considering that there is a risk of overestimating the results due to 
retention of un-reacted AB (see Figure 5-4).     
 
To check if additional un-reacted AB was retained as it passed through a layer of 
retained AB-TEP precipitates, a series of measurements were performed for stained 
samples of different concentrations of Xanthan (0-5 mg X/L). The stained samples 
were first filtered through 0.2 µm and 0.1 µm membranes and the filtrate were 
collected for absorbance measurements. Stained blank samples were then filtered 
through the same membrane and the filtrate absorbance was measured. The results 
of the test are presented in Figure 5-14b.  
 
The reduction in absorbance with increasing Xanthan concentration was linear when 
using 0.1 µm membranes while a non-linear trend was observed when 0.2 µm 
membranes were used. The 0.2 µm membranes did not retain substantial amounts of 
precipitates at lower concentrations (<2 mg Xathan/L) but at higher concentrations, 
accumulation of precipitates probably clogged or constricted the pores of the 
membrane which then eventually resulted in retention of more precipitates. On the 
other hand, 0.1 µm membranes consistently retained precipitates as demonstrated by 
its linear trend. Further retention of un-reacted AB on fouled membrane for 
concentrations <4 mg X/L was rather marginal for both 0.2 µm and 0.1 µm 
membranes (Figure 5-14b). This means that the higher retention of 0.1 µm at this 
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range was likely not due to further retention of un-reacted AB by the layer of retained 
TEP-AB precipitates but rather retention of smaller TEP-AB precipitates.  
 

 
Figure 5-14: (a) TEP10kDa concentrations measured by retaining TEP-AB precipitates on PC membranes of 
various pore sizes; (b) Residual AB absorbance for different concentrations of Xanthan gum after 
filtration through 0.2 µm and 0.1 µm membranes. Un-shaded data points correspond to the absorbance 
of blank samples filtered through the membrane after retention of TEP-AB precipitates. 
 
The removal of TEP-AB precipitates can be further explained by comparing the 
hydrodynamic size distribution of Xanthan, AB dye and the precipitates formed after 
reaction of the two. Figure 5-15 shows that the hydrodynamic size range (200-440 
nm) of 2 mg/L Xanthan  does not overlap with those of pre-filtred AB (Peak 1: 2.5-4 
nm; Peak 2: 22-38 nm). The apparent hydrodynamic size range of Xanthan was larger 
than 100 nm which make them likely to be retained by 0.1 µm PC membranes.  
 
The hydrodynamic size distribution of AB-stained Xanthan showed three 
characteristic peaks with average sizes of 220, 65 and 12 nm, respectively. The first 
peak (110-400 nm) likely comprises Xanthan-AB precipitates considering that it 
overlaps with the size range of unstained Xanthan peak (200-450 nm). The average 
hydrodynamic size of AB-stained Xanthan (220 nm) was smaller than those of 
unstained Xanthan (310 nm). The shift in size to lower size range can be an effect of 
coiling of Xanthan fibrils into more compact structures after reaction with AB 
molecules, leading to reduction of the overall hydrodynamic diameter. Theoretically, 
these materials are more compact or rigid and are easier to remove by filtration than 
flexible unstained Xanthan with higher hydrodynamic diameter. The two smaller size 
peaks of AB-Xanthan solution may be attributed to the two peaks of AB solution. The 
two AB peaks appear to have shifted to larger hydrodynamic size ranges (Peak 1: 7.2-
17 nm; Peak: 32-110 nm). The reason for the apparent shift might be due to 
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coagulation of the dye considering that the solution was agitated after addition of AB 
to Xanthan solution.  
 

 
Figure 5-15: Hydrodynamic size distribution of 2 mg/L Xanthan, prefiltered AB dye and after reaction 
between AB and Xanthan. 

 
After filtration of Xanthan-AB solution through 0.2 µm PC membrane, a broader peak 
appeared between 20 and 330 nm (Figure 5-15). At such range, it is likely that this 
peak comprises both excess AB and stained Xanthan not removed by the 0.2 µm PC 
membranes. Filtration of AB-stained Xanthan solution through 0.1 µm PC membrane 
resulted in total removal of the first Xanthan-AB peak (110-400nm). This is an 
indication that the 0.1 μm PC membrane is sufficient in removing TEP-AB precipitates 
from stained samples. 

5.3.4.6 Calibration with Xathan Gum 

Absorbance results from TEP measurements were calibrated based on the staining 
capacity of Xanthan gum of known concentration. Calibrations were performed for two 
ranges of Xanthan concentrations (Figure 5-16). The calibration factor (f610nm) of 
Xanthan measured for concentration range of 0-5 mg/L was about -30 (mg 
Xanthan/L)/(abs/cm). The calibration results from 3 experiments performed with 
different batches of AB and Xanthan solution showed similar slopes (Figure 5-16a). 
Although the 3 calibration experiments showed variations in initial absorbance at 0 
mg/L, the calibration factors were similar. When the concentration range of Xanthan 
used in the calibration was increased to 0-10 mg/L, the calibration factor was 
observed to increase slightly increased from -30.4 to -34 (mg Xeq/L)/(abs/cm). Linear 
regression between absorbance and standard concentration showed coefficient of 
determination (R2) higher than 98, an indication of the high precision of the 
calibration method. 
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Figure 5-16: Calibration graphs for 2 concentration ranges of Xanthan gum standard. 

 
The calibration factors (with Xanthan standard) determined in this study were 5-34% 
lower than what was observed by Thornton et al. (2007) and 25% higher than what 
was recorded by Arruda-Fatibello et al. (2004). The substantial differences might be 
due to differences in procedure for separating TEP-AB precipitates or the membranes 
used to retain them.  
 
In this study, calibration was performed using 0.1 μm PC membrane instead of 0.2 
μm cellulose acetate used by Thornton et al. (2007). As shown in Figure 5-15, using a 
0.1 µm pore size membrane can retain up to 40% more TEP-AB precipitates than 
using a 0.2 μm pore size membrane; hence, a decrease in calibration factor is 
expected when shifting to lower pore size membrane. On the other hand, Arruda-
Fatibello et al. (2004) used centrifugation (3000 rpm) instead of filtration to separate 
TEP-AB precipitates from excess stain. Although filtration through 0.1 µm membranes 
is expected to yield higher removal of precipitates than centrifugation at 3000 rpm, 
calibration results by Arruda-Fatibello et al. (2004) indicate higher removal by 
centrifugation. This can be attributed the higher solution pH (pH 4.0) and the 
procedure (no pre-filtration) used by the author in preparing the stain. AB dye can be 
more prone to coagulation at higher pH and not pre-filtering the stain before applying 
it to the standard solution may result in overestimation of the calibration factor 
because some un-reacted but coagulated AB dye might settle together with the TEP-
AB precipitates during centrifugation.            

5.3.4.7 Limit of detection: TEP10kDa 

The lower limit of detection of TEP10kDa was calculated based on the standard 
deviation of 10 independently measured blanks using the same batch of staining 
solution. The average absorbance of 10 blank measurements was 0.413 abs/cm and 
the standard deviation (σb) is 0.01 abs/cm (Figure 5-17a).  
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Figure 5-17: (a) Variation of measured blanks for protocol 2 and (b) calculated LODmin as a function of 
filtered sample volume. 
 
Similar to Protocol 1, the LODmin for Protocol 2 can be lowered by increasing the 
volume of sample filtered. A typical filtered volume used for surface water samples is 
50-100 ml, but a much smaller volume is sufficient (10-30 ml) for algal culture 
samples where TEP concentration is usually much higher. The LODmin for a wide 
range of filtered sample volume was calculated according to Eq. 7 in Section 5.2.5 and 
the results are presented in Figure 5-17b. The LODmin for un-concentrated samples 
(10 ml filtered volume) is 0.91 mg Xeq/L. For concentrated samples (>10ml filtered 
volume), the LODmin can go down to 0.09 mg Xeq/L for 100 ml filtered volume or 0.05 
mg Xeq/L for 200 ml filtered volume (Figure 5-17b). For waters with very low 
concentrations of TEP, filtering large volume of samples might be necessary to make 
sure TEP concentration is above the LODmin. 

5.3.5 Comparison and application of the two methods 
The methods developed in this study are not redundant but rather complimentary as 
they measure different but overlapping fractions of TEP. Protocol 1 can measure 
particulate TEP and a fraction of colloidal TEP (TEP0.4μm and TEP0.1μm). Protocol 2 can 
measure both particulate and a substantial fraction of colloidal TEP (TEP10kDa). 
Therefore, both methods can be applied in monitoring the presence of TEP in the raw 
water of treatment plants. TEP0.4μm and TEP0.1μm measurement is simpler and faster to 
perform; which is convenient for routine monitoring of TEP in the raw water. However, 
to measure the removal of TEP over the treatment processes, TEP10kDa measurement is 
more appropriate because it covers a wider size range of TEP.  

5.3.5.1 Integrated calibration 

The calibration method used in Protocol 1 (TEP0.4μm and TEP0.1μm) can be integrated 
with the calibration method used in Protocol 2 (TEPkDa). The integrated calibration 
method follows the same procedure as in Protocol 2 but with some additional steps to 
incorporate calibration for Protocol 1. The additional step is to soak the 0.1 µm PC 
membrane used to retain TEP-AB precipitates in 6 ml of 80% sulfuric acid solution. 
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The beaker with the soaked membrane is incubated on a shaker for 2 hours and then 
the absorbance of the acid solution is measured at 787 nm wavelength.   
 
The net absorbance (total absorbance minus the filter blank) results of the two 
protocols are plotted in relation to the concentration of Xanthan (mg/L) in the 
solution as shown in Figure 5-18a.  The calibration factor at 610 nm wavelength is 
about twice the calibration factor at 787 nm wavelength. This was expected 
considering that the absorbance signal for the same concentration of AB at 787 nm is 
about twice that measured at 610nm (see Figure 5-5b). For Protocol 1, the calibration 
factor is calculated as the inverse of the slope of retained mass (instead of 
concentration used in Protocol 2) of Xanthan (mg) and absorbance at 787nm. The 
concentration values in the x-axis in Figure 5-18a was converted to mass of retained 
Xanthan by multiplying concentration with the amount of standard solution filtered 
(i.e., 4 ml). The converted results is plotted in Figure 5-18b.  
 

 
Figure 5-18: Comparison of calibration graphs for Protocol 1 and 2 showing absorbance in relation to (a) 
concentration and (b) mass of stained Xanthan.  
 
The integrated calibration protocol can be useful when measuring both TEP10kDa and 
TEP0.4μm or TEP0.1μm in the same water sample. Consequently, the analyses time can 
be minimised for both parameters.  

5.3.5.2 Effect of sample storage time 

Storing samples for a period of time before analysis may lead to variation between the 
measured and actual TEP concentration. The effect of storage time was investigated 
by monitoring concentrations of TEP10kDa and TEP0.4µm in AOM samples for a period of 
17 days. Laboratory prepared AOM samples were stored in 2 L glass bottle at 4oC 
temperature. The results of the monitoring are shown in Figure 5-19.       
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Figure 5-19: TEP0.4µm and TEP10kDa monitoring in laboratory prepared AOM sample stored in 2 L glass 
bottle at 4oC for 18 days. 
 
TEP0.4µm concentrations vary over time with a relatively increasing trend. At day 17, 
TEP0.4µm was more than twice the initial concentration. The increase in concentration 
might be due to coagulation of colloidal TEPs smaller than 0.4 µm over time.  
 
TEP10kDa concentration rapidly decreased (by ~45%) for the first 3 days in storage and 
then a slow decrease was observed until the end of monitoring. At day 17, TEP10kDa 
was about 60% lower than the initial concentration. The decrease might be due to 
adsorption of TEP materials on the inner walls of glass sample bottle and/or microbial 
degradation. Further investigations are necessary to further understand the 
mechanisms involved in the TEP loss or increase as well as on how to develop better 
measures to preserve samples (e.g., sample bottle, freezing, preservative addition).  
 
A major consequence of storing samples, for instance those collected in water 
treatment processes, is underestimation or overestimation of the treatment removal 
efficiencies. Lower removal efficiency can be recorded when a proportional decrease in 
concentration occurred in the influent and effluent samples. The removal percentage 
can be also underestimated if the percentage of TEP lost in the influent sample is 
higher than in the effluent sample while removal can be overestimated if the 
percentage TEP lost in the influent sample is lower than in the effluent sample. 
Overall, it is important that samples be analysed immediately after sampling to obtain 
reliable TEP concentrations in both influent and effluent samples. 

5.3.5.3 TEP monitoring in marine algal cultures 

The two protocols were applied to monitor up to 60 days the TEP produced in 2 batch 
cultures of common species of bloom-forming marine algae: Alexandrium tamarense 
(AT) and Chaetoceros affinis (CA). Samples were collected within the incubation period 
to measure algal cell concentration (direct cell counting), TEP0.4µm (Protocol 1) and 
TEP10kDa (Protocol 2). TEP concentrations vary substantially for the two algal species 
at different growth phases (Figure 5-20a,b). CA produced up to about 3 times more 
TEP than AT. In both cultures, the abundance of TEP10kDa was substantially higher 
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than TEP0.4μm. On average, CA and AT produced at least 5 times more TEP10kDa than 
TEP0.4µm (Figure 5-20c). In general, this results indicate that the colloidal fraction 
(<0.4µm) is likely the dominant fraction of TEP comprising algal-derived organic 
matter.      
 

 
Figure 5-20: TEP measurements in batch cultures of (a) Alexandrium tamarense and (b) Chaetoceros 
affinis and (c) relationship between measured TEP10kDa and TEP0.4µm.  

5.3.5.4 TEP monitoring in water treatment processes 

TEP0.4µm and TEP10kDa were monitored over the treatment processes of two drinking 
water treatment plants. For comparison, biopolymer concentrations based on LC-OCD 
analysis were also measured.  
 
Plant A treats raw water from a lake source by various treatment processes such as 
microstraining, coagulation-flocculation-sedimentation, rapid sand filtration (RSF), 
granular activated carbon (GAC) filtration, ultrafiltration (UF) and reverse osmosis 
(RO) followed by post-treatment. Samples were collected during the summer period 
(July, 2012) when the raw water contained 0.05 mg Xeq/L of TEP0.4µm and 1.55 mg 
Xeq/L of TEP10kDa. High removal of TEP was observed after coagulation-sedimentation-
sand filtration. Further TEP removal was also recorded in the subsequent UF 
treatment while RO completely removes all remaining TEPs (Figure 5-21a). 
 

0

10

20

30

40

50

60

70

80

0

100

200

300

400

500

600

700

800

900
1000

0 5 10 15 20 25 30

TE
P 

(m
g 

X e
q/

L)

ce
ll 

co
un

t (
x 1

03
#/

m
l)

Incubation time (days)

algae concentration
TEP 10kDa
TEP 0.4µm

(b)

TEP10kDa = 5.098 TEP0.4µm + 6.944
R² = 0.926

0

15

30

45

60

75

0 2 4 6 8 10 12

TE
P 1

0k
Da

(m
g 

X e
q/

L)

TEP0.4µm (mg Xeq/L)

Chaetoceros affinis

Alexandrium tamarense

(c)

0

5

10

15

20

25

30

0

1

2

3

4

5

6

7

8

9

0 5 10 15 20 25 30 35 40 45 50 55 60

TE
P 

(m
g 

X e
q/

L)

ce
ll 

co
un

t (
x 1

03
#/

m
l)

Incubation time (days)

Algae concentration
TEP 10kDa
TEP 0.4µm

(a)



CHAPTER 5: MEASURING TRANSPARENT EXOPOLYMER PARTICLES IN FRESHWATER AND SEAWATER 143
 

 
Figure 5-21: TEP and biopolymer concentration measured over the treatment processes of two drinking 
water treatment plants. 
 
Plant B treats water from a reservoir by microstraining, coagulation-flocculation-
flotation, ozonation, dual media filtration (DMF) and GAC filtration. Samples were 
collected during the spring algal bloom period (May, 2012) when the raw water 
comprises 0.11 mg Xeq/L of TEP0.4µm and 0.73 mg Xeq/L of TEP10kDa. A significant drop 
in TEP10kDa concentration (down to below detection limit) was observed after 
coagulation-flocculation-flotation. However, concentration increased to above 
detection limit after water pass through granular activated carbon (GAC) filter, 
possibly due to sloughing of biofilm that were likely present in the media.     
 
In both plants, TEP0.4µm removal over the treatment process was higher than both 
TEP10kDa and biopolymers. This can be attributed mainly to the size of TEP0.4µm which 
covers mainly the particulate size range while TEP10kDa and biopolymers covers both 
the particulate and colloidal size ranges. UF and conventional coagulation followed by 
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sedimentation-RSF or flotation showed substantial removal (>50%) of both TEP10kDa 
and biopolymers. The similarities of the removal of TEP10kDa and biopolymers may 
indicate that TEPs are a significant fraction of the biopolymer materials in the raw 
water of the two treatment plants.  
 
The plant monitoring results further demonstrates that TEPs in surface water can be 
mainly colloidal in nature at least during the algal bloom period and that measuring 
this fraction might be essential to better evaluate the removal efficiency of water 
treatment processes. Investigations on the removal of TEP over various treatment 
processes will be further discussed in Chapter 6.          

5.4 Summary and conclusions  
This study focused on improving the methods developed by Passow and Alldredge 
(1995) and Thornton et al. (2007) to measure particulate and colloidal TEPs in 
seawater and freshwater samples. The following are the highlights of the study: 
 
1. The two existing TEP methods showed a tendency to overestimate TEP 

concentration when measuring brackish and saline water samples due to 
coagulation of the Alcian blue dye in the presence of dissolved salts. To minimise 
this problem, a membrane rinsing procedure was introduced to remove saline 
moisture from the membrane after retention of TEP. The rinsing step was effective 
in lowering the analytical blank and the detection limit of both methods.  
 

2. A modified methods for measuring TEPs larger than 0.4 μm (TEP0.4µm) and larger 
than 0.1 μm (TEP0.1µm) based on the method introduced by Passow and Alldredge 
(1995) were proposed, with respect to minimising interference of salinity and 
improving reproducibility and the level of detection. 
 

3. A method which is able to measure smaller colloidal TEPs down to 10 kDa was 
developed and tested. This method is partly based on the principles used in the 
method of Thornton et al. (2007). The new method enables the measurement of 
different fractions of TEP by making use of membranes with different pore sizes.  

 
4. An integrated calibration protocol was developed using Xanthan gum as the 

standard for TEP for the two modified methods. Calibration results were more 
reproducible than the existing calibration methods. 

 
5. TEP0.4μm and TEP10kDa measurements were successfully applied to monitor TEP 

production in marine algal cultures and TEP removal over the treatment processes 
of two full-scale water treatment plants. Colloidal TEPs (<0.4µm) were more 
abundant than particulate TEPs (>0.4µm) in both algal cultures and natural water 
samples.            
       

6. Storing water samples for several days before analysis can lead to underestimation 
of the actual TEP concentration. Hence, TEP measurements should be performed 
immediately after sample collection. 
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Abstract 
The presence of transparent exopolymer particles (TEP) in surface water sources has 
been overlooked for many years as a potential foulant in reverse osmosis (RO) 
systems. This chapter investigates the fate of TEP over the treatment processes of 
various RO plants using newly developed and improved spectrophotometric methods 
(Chapter 5) to measure particulate and colloidal TEPs (TEP0.4µm and TEP10kDa). 
Variations in TEP concentrations in the raw water in relation to seasonal changes in 
water temperature and algal concentration were examined and the removal 
efficiencies of different treatment processes were compared based on reduction of TEP, 
total organic carbon, biopolymers, humics and membrane fouling potential. Deposition 
of TEPs and other organic materials in RO systems was investigated by performing 
membrane autopsies. 

TEP monitoring (1-3 years) in seawater and freshwater sources for 2 RO plants 
revealed that high TEP concentrations occurred mainly during the spring algal bloom 
(March-May). Ultrafiltration and conventional coagulation followed by flotation or by 
sedimentation and rapid sand filtration (RSF) were effective in removing TEP0.4µm and 
TEP10kDa. Comparable reductions were also observed with biopolymer concentration 
(measured by LC-OCD) and membrane fouling potential (in terms of MFI-UF) but not 
with total organic carbon concentration. Data collected from 5 plants showed TEP10kDa 
concentration showed better correlation with MFI-UF than TEP0.4µm, biopolymers or 
humic concentration, an indication that colloidal TEPs may cause more (serious) fouling 
in membrane systems than other types of organic matter.  

Membrane autopsies of RO elements taken from 2 plants revealed substantial 
accumulation of TEPs and bacteria in RO membranes and spacers. However, some of 
these TEPs may have been produced locally by biofilm bacteria.     
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6.1 Introduction 

Despite recent advances in pre-treatment technologies, the occurrence of organic 
and/or biological fouling remains a major challenge in the operation of reverse 
osmosis (RO) systems treating seawater and fresh (surface) water sources (Flemming 
et al., 1997; Baker and Dudley, 1998; Kruithof et al., 1998; van Agtmaal et al., 
2007). Organic fouling and biofouling in RO membranes are often inter-connected. 
Organic fouling is caused by substantial accumulation of natural organic matter 
(NOM), which may result in a substantial decrease of normalized flux in RO 
membranes. The deposited organic matter can provide good attachment sites and a 
growth platform for microorganisms which feed on the available (biodegradable) 
nutrients in the feed water. If nutrients (e.g., C, N, P) are not limited, these 
microorganisms can multiply rapidly and excrete more NOM, mainly extracellular 
polymeric substances (EPS), leading to biofilm formation and eventually biofouling. 
Moreover, the deposited organic substances, which are often sticky, may enhance 
the deposition of other colloids/particles from the feedwater to the 
membrane/spacers and further aggravate fouling problems.   
 
In aquatic systems, extracellular polymeric substances (EPS) produced by bacteria 
and algae have a major role in the cohesion between cells and EPS-coated particles, 
as well their adhesion to other surfaces. EPS are microbial polymers comprising a 
wide variety of macromolecules (e.g., polysaccharides, proteins, glycoproteins and 
glycolipids) which is often dominated by polysaccharides (40-95%; Flemming and 
Wingender, 2001). Ahimou et al. (2007) demonstrated that biofilm cohesiveness has 
a strong correlation with polysaccharide rather than protein concentrations 
supporting the initial theory of Sutherland (2001) of polysaccharides being a “strong 
and sticky framework of biofilms”. In RO membranes, the physical structure of a 
biofilms is described as either “compact and gel-like” or “slimy and adhesive” (Baker 
and Dudley, 1998; Schneider et al., 2005), which may indicate abundance of 
polysaccharides. Whether the accumulation of polysaccharides in RO membranes is 
mainly due to local production by biofilm microorganisms or by gradual deposition of 
EPS from the RO feedwater, is still largely unknown. 
 
Over the last two decades, an abundant form of EPS in surface water called 
transparent exopolymer particles (TEP) has been described as a major agent in the 
aggregation of colloids and particles in surface water environments. Several studies 
have reported the presence of TEPs in fresh and marine surface water (Alldredge et 
al., 1993; Berman and Viner-Mozzini, 2001; Passow, 2002a) and recently in 
wastewater (de la Torre et al., 2008; Kennedy et al., 2009). TEPs mainly originate 
from polysaccharides released by phytoplankton and bacterioplankton (Passow, 
2002a, 2002b) as well as from biological detritus of higher organisms including 
macroalgae (Thornton, 2004) and some bivalve molluscs (McKee, 2005). In the 
ocean, TEPs were reported to form abiotically from colloidal biopolymers of 1-3 nm in 
diameters and up to hundreds of nanometers long, some of which can even pass 
through 8 kDa pore size membranes (Passow, 2000; Santschi et al., 1998).  
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Berman and Holenberg (2005) first proposed a potential link between TEP and RO 
biofouling. They proposed TEP to be the “major initiator” of biofilm formation in RO 
systems, which could potentially lead to biofouling. TEP comprise mainly acidic 
polysaccharides which are rather sticky. Their relative stickiness is reported to be 
between 100 and 10,000 times more than most suspended particles in aquatic 
systems (Passow, 2002). TEPs sticky character makes them likely to attach to RO 
membranes, providing favourable surfaces for bacterial colonization and may 
thereby initiate biofilm development in the system. Moreover, a number of studies 
reported that significant percentages (2-68 %) of bacterial population in seawater 
were found attached to or embedded in TEPs (Alldredge et al., 1993, Passow and 
Alldredge, 1994). As TEP can be a potential carrier of bacteria to the RO system, it 
may not only serve as an initiator but may also play a vital role in enhancing 
microbiological growth in the system.  
 
Passow and Alldredge (1995) operationally defined TEP as Alcian blue stainable 
material retained on 0.40 µm PC filters, while those not retained are considered as 
dissolved TEP precursors (Passow, 2000) or hydrogels (Verdugo et al., 2004). 
However, the International Union of Pure and Applied Chemistry (IUPAC) categorise 
materials as particulate (suspended) > 1 μm, colloidal 0.001–1 μm and dissolved 
<0.001 μm. Following this definition means TEP0.4μm encompass both particulate and 
colloidal size ranges while their precursors fall within the colloidal size range. 
Nevertheless, TEPs do not behave like most colloidal/particulate materials as they 
are highly flexible and may squeeze through filter pores smaller than their apparent 
size at high pressure or at high filtration rate. Colloidal TEPs are more likely to pass 
through media filters including MF/UF membranes. These colloidal TEPs may 
eventually form particulate TEP under certain conditions that promote coagulation 
(Passow, 2000; Li and Logan, 1997), which occur in most treatment processes. In 
general, TEP may undergo a series of changes depending on the treatment 
conditions (e.g., shear forces, retention times, temperature, etc.) in the plant. Thus, 
studying and monitoring these substances is potentially important in selecting 
effective pre-treatment strategies for RO systems. 
 
TEP has been widely studied in the fields of oceanography and limnology but limited 
information is currently available on its relevance to water treatment. A number of 
methods are currently available to quantify and monitor TEPs. These methods either 
involve direct counting (Alldredge et al., 1993) or spectrophotometric measurements 
(Passow and Alldredge, 1995; Arruda-Fatibello et al., 2004; Thornton et al., 2007). 
Although these techniques were introduced several years ago, TEP measurement for 
water treatment applications is still not widely studied (Liberman and Berman, 
2006; de la Torre et al., 2008; Bar-Zeev et al. 2009; Kennedy et al., 2009; Villacorte 
et al., 2009; van Nevel et al., 2012). Essential modifications of two of the 
spectrophotometric methods (e.g., TEP0.4µm, TEP10kDa) were introduced in Chapter 5 
(this thesis) in order to improve their reliability for such applications.     
 
The main objectives of this study are as follows:  
1. to apply the improved spectrophotometric methods (TEP0.4µm and TEP10kDa) to 

measure particulate and colloidal TEP in various water treatment facilities;  
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2. to compare variations of TEP in different water sources and their removal over 
the treatment processes;   

3. to assess relationships between TEP, membrane fouling potential (MFI-UF) and 
other NOM parameters (i.e, TOC, biopolymers and humic concentration); and 

4. to investigate accumulation of TEP in reverse osmosis systems.  
 

6.2 Materials and Methods 

6.2.1 Water samples, collection and storage 
Water samples were collected from various water treatment installations. Sample 
volumes of 0.5 to 1 litre were collected in clean glass or plastic sample bottles. 
Majority of the samples were analysed batch-wise within 48 hours after sampling. 
However, it was necessary for some batch of samples to be stored (at ~40C) for up to 
2 weeks before analyses can be performed.      

6.2.2 Integrated membrane systems (IMS) 
Investigations were conducted for 3 full-scale (Plants A, B and C) and 1 pilot (Plant 
C) RO installation in the Netherlands and the United Kingdom (UK). For comparison, 
a conventional drinking water facility (Plant E) in the Netherlands was also 
investigated. The 5 plants treat water from various sources and employ different pre-
treatment processes prior to the RO system (Table 6-1 and 6-2). To assess the 
presence of TEP, water samples were collected from selected points within each plant 
including the raw water, and over the treatment processes (Figure 6-1). Treatment 
efficiencies of each treatment steps were evaluated based on removal of TEP, TOC, 
biopolymer and humics, and change in membrane fouling potential.   
 
Table 6-1: Overview of 5 water treatment facilities investigated in this study. 
Plant Type Source 

water 
Product 
water 

Capacity*

(m3/h) 
Treatment processes 

A Full-scale River Industrial n.o. coag-floc → polya-sed → RSF → inline-coag → 
DMF1 → DMF2 → CEx → AEx → RO  

B Full-scale Lake Drinking 2300 MS → coag-floc- sed → RSF → GAC→ UF→ RO

C Full-scale Reservoir Industrial 155 MS → inline-coag → UF → RO 

D Pilot Seawater Drinking 15 MS → inline-coag → UF → RO 

E Full-scale Reservoir Drinking 2000 MS → coag→ flot→ Oz → DMF → GAC → ClO2

* plant water production capacity  
n.o. = RO system was still not operational during sampling 
sed = sedimentation 
RSF = rapid sand filtration 
coag-floc = coagulation-flocculation 
poly = cationic polymer addition 
DMF = dual media filtration 
CEx = cation exchange  
AEx = anion exchange  

RO = reverse osmosis
MS = microstrainer 
GAC = granular activated carbon filtration  
UF = ultrafiltration 
flot = flotation 
Oz = ozonation 
ClO2 = chlorination 
a cationic polymer dose = 5 mg/L polyacrylamide polymers 
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Figure 6-1: Treatment schemes of the 5 water treatment installations investigated in this study. 
Abbreviations: RSF = rapid sand filter; DMF = dual (granular) media filter; CEx = cation exchange; AEx = 
anion exchange; GAC = granular activated carbon filter. 
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Table 6-2: Summary of coagulant application in 5 plants. 
Plant Treatment process Coagulant Dose (mg/L) 

A coagulation → occula�on  
inline-coagulation→ DMF 

Al3+

PACl 
4.7 
2 

B coagulation  → occulation Fe3+ 6.9 
C inline-coagulation → UF Fe3+ 0 - 2 
D inline-coagulation → UF Fe3+ 0.6 - 4 
E coagulation → otation Al3+ 4 

 

6.2.3 TEP measurements 
Colloidal and particulate TEPs were measured based on the spectrophometric 
methods modified from Passow and Alldredge (1995) and Thornton et al. (2007). The 
protocols to measure TEP0.4µm and TEP10kDa are described in Chapter 5 (this thesis). 

6.2.4 Total organic carbon (TOC) and chlorophyll-a 
TOC concentration in water samples was measured using a Shimadzu TOC-VCPN 
analyzer based on combustion catalytic oxidation/NDIR method. Chlorophyll-a 
concentrations were measured by Aqualab B.V. (Netherlands) in accordance with the 
Dutch standard protocol (NEN 6520). 

6.2.5 Liquid chromatography organic carbon detection (LC-OCD) 
Water samples collected from water treatment plants were analysed using liquid 
chromatography - organic carbon detection (LC-OCD) at DOC-Labor (Karlsruhe, 
Germany). In this technique, concentrations of biopolymers, humic substances and 
other low molecular weight (LMW) organic substances were measured in terms of 
organic carbon based on size exclusion chromatography and data processing using a 
customised software program CHROMCalc (DOC-Labor, Karlsruhe; Huber et al., 
2011). LC-OCD analyses were performed without pre-filtration to include the larger 
TEP fraction (>0.4μm). Based on the pore size of the sinter filters in the SEC column, 
the theoretical maximum size limit of organic substances that can be analysed 
without sample pre-filtration is 2 μm (S. Huber, per. com.).  

6.2.6 Modified fouling index – ultrafiltration (MFI-UF)  
The modified fouling index (MFI) was developed by Schippers and Verdouw (1980) to 
measure the membrane fouling potential of water based on the cake filtration fouling 
mechanism. Initially, MFI was measured using membranes with 0.45 or 0.05 μm 
pore sizes and at constant pressure. However, it was later found that particles 
smaller than the pore size of these membranes most likely play a dominant role in 
particulate fouling. In addition, it became clear that the predictive value of MFI 
measured at constant pressure was limited. For these reasons, MFI test measured at 
constant flux (with ultra-filtration membranes) was eventually developed (Boerlage et 
al, 2004; Salinas-Rodriguez et al., 2012). In this study, the latest MFI-UF constant 
flux method was applied to measure the membrane fouling potential of water 
samples from 5 water treatment facilities.  
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Assuming that cake or gel filtration is the dominant fouling mechanism during 
filtration of surface waters, the change in total resistance is directly proportional to 
the increase in total mass of the deposited foulants/cake on the membrane surface. 
So during constant flux (Jp) filtration at any time (t), cake resistance (Rc) is 
dependent to the specific cake resistance (α) and the bulk foulant concentration (Cb). 
      
R� = α	C�J�	t          Eq. 1 
 
where α is a function of Cb and the fouling index (I): 
  

α = �
��
	          Eq. 2 

   
Substituting Eq. 2 to the resistance in series model: 
 

J� = ��
�	�������

= ��
�	���	�	��	�	���

        

 
ΔP = J�	η	R� + J��	η	I	t        Eq. 3  
 
where ∆P is the total pressure drop across the membrane, η is the dynamic water 
viscosity and Rm is the membrane resistance. 
 
The fouling index (I) of the feed water is calculated based on the minimum slope of 
the ∆P versus time plot recorded during constant flux filtration. Consequently, the 
index was normalised to the standard reference conditions set by Schippers and 
Verdouw (1980) known as the modified fouling index (MFI): 
 

MFI = �����	�
�	������

          Eq. 4 

         
where η����	is the water viscosity at 20oC (0.001003 Pa.s), ∆Po is the standard feed 
pressure (2 bar) and Ao is the standard membrane area (13.8 x10-4 m2). 
 
To better assess the fouling potential of both particulate and colloidal material 
(including TEP10kDa) in water, low MWCO UF membranes (10 kDa RC, Millipore) were 
used instead of the conventional 100 kDa UF membranes. Sample filtration was set 
at 60 L/m2.h flux using a syringe pump (Harvard Pump 33) and the change in trans-
membrane pressure (∆P) is monitored over time for up to 60 mins. Finally, the 
recorded ∆P is plotted against time and the fouling index (I) is then calculated based 
on the minimum slope. 
 
 



CHAPTER 6: FATE OF TEP IN INTEGRATED MEMBRANE SYSTEMS 155
 

6.2.7 RO membrane autopsy 
The lead RO element from a first stage pressure vessel (PV) in Plant C and the lead 
and last elements (1st stage PV) of Plant D were taken from the RO systems. The 
membrane elements were packed in plastic bags and stored at 40C. Membrane 
autopsies were performed within 4 days after the membrane elements were removed 
from the RO plant. Each spiral wound element was opened lengthwise by cutting the 
glass fibre casing and then carefully unrolled for sampling. Several sections of the 
membrane and spacer were cut-off along the length of the leaf of the spiral wound 
membrane with relatively intact deposits. Some of the samples were prepared in 
squares of 2 cm width, stained with Alcian blue and then rinsed with demineralised 
water. The stained samples were placed on glass slides, viewed and photographed 
using an Olympus BX51 microscope (magnification=200x). More samples (membrane 
+ spacer) were cut into 3 x 3 cm squares, submerged in 50 ml of UPW water and 
sonicated (Branson 2510E-MT) for 1 hour to extract accumulated organic materials. 
The extracted solutions were analysed within 24 hours for TEP0.4μm and biopolymer 
concentrations (using LC-OCD). Moreover, additional samples were sent to Het 
Waterlaboratorium (Haarlem, Netherlands) to measure adenosine triphosphate (ATP) 
based on the protocol developed by van der Wielen and van der Kooij (2010).  
 
Scanning electron microscopy (SEM) analyses of autopsied RO membranes was 
performed at the Wetsus Laboratory (Leeuwarden, Netherlands). For this analysis, 3 
cm x 3 cm membrane and spacer samples from Plant D were cut from the middle 
part of a leaf from each element. Samples were then submerged in artificial seawater 
and stored at 4oC for 2 days before biological preparation was performed. Biological 
preparation (fixation) of samples was needed before SEM imaging to prevent total 
dehydration of protein substances and prevent collapse of bacterial cells during the 
drying process. The fixation process included soaking the samples in glutaraldehyde 
(Sigma-Aldrich, 3802) solution followed by ethanol dehydration. The glutaraldehyde 
serves as a cross-link between protein molecules to keep them intact after 
dehydration. The treated membrane samples were mounted on metal stubs with 
double sided tape, then coated with gold and analysed by SEM (Jeol/EO JSM 6480). 
Coating the samples with gold was performed using a low vacuum gold sputter 
which allows a very thin layer of gold to form on the sample surface. The gold coating 
prevents the accumulation of static electric charge on the biological sample during 
electron irradiation.  
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6.3 Results and discussion 

6.3.1 TEP in different water sources 
The locations of the 5 water treatment facilities investigated in this study and their 
corresponding water sources are presented in Figure 6-2. Plant A is located in 
Scotland (UK) while Plants B, C, D and E are located in the Netherlands.  
 

 
Figure 6-2: (a) Location map of 5 water treatment facilities investigated in this study; (b) Lake Ijssel 
during an algal bloom in May 30, 2009 and location of Plant B; (c) satellite image of the Oosterschelde 
area and location of Plant D; (d) satellite image of the 3 source reservoirs of Plant C and E. Map/image 
sources: (a) U. Dedering/www.wikipedia.org; (b) www.eosnap.com; (c,d) maps.google.com.  
 
The raw water for Plant A is abstracted from the River Leven which flows from Loch 
Leven, the largest naturally eutrophic freshwater lake in Scotland. The lake has been 
documented in several papers and reports to have suffered periodic cyanobacterial 
blooms since the 1960s with a yearly average chlorophyll-a concentration of ~39 
µg/L (Carvalho and Kirika, 2005). The blooms were mainly associated with high 
influx of phosphorus entering the lake and relatively low flushing rate (May et al., 
2012). Samples were collected in mid-October. Historical records show that both 
diatom and cyanobacterial blooms is prevalent in the lake during early autumn 
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(Carvalho and Kirika, 2005). TEP0.4μm and TEP10kDa concentrations of the raw water 
sample were 0.07 and 0.71 mg Xeq/L, respectively. 
 
Plant B represents two separate but interconnected water treatment facilities in 
North Holland. Plant B1 comprises the conventional water treatment system, the 
product water of which is transported (via a pipeline) for about 50 km to Plant B2 for 
further treatment with UF and then RO (Figure 6-2b). The raw water intake for Plant 
B is located near the west coast of Lake Ijssel. This relatively shallow lake (5.5 m 
average depth) is the largest freshwater body in the Netherlands and is also known 
to have periodic algal blooms especially during summer seasons. Intake water 
sample were collected in June 2012 when chlorophyll-a and cell concentrations were 
16 µg/L and 8,200 cells/ml, respectively. This can be considered as a “mild” bloom, 
considering that peak cell concentrations of 30,000-40,000 cells/ml were observed 
in the source water (Lake Ijssel) over the previous 2 years (Figure 6-3). TEP0.4μm and 
TEP10kDa concentrations of the raw water sample (June, 2012) were 0.05 and 1.12 mg 
Xeq/L, respectively. 
 

 
Figure 6-3: Historical data of micro-algae concentration and water temperature in Lake Ijssel (Data 
provided by PWN). Broken line indicates the date when samples were collected for this study.    
 
The raw water of both Plant C and E are transported via pipeline from the 
Petrusplaat reservoir. Plant C and E are located about 8 and 110 km from 
Petrusplaat, respectively.  The Petrusplaat is at the downstream end of a series of 3 
storage reservoirs for water diverted from the River Meuse (Figure 6-2d). 
Cholorophyll-a, TOC and TEP0.4μm concentrations were monitored at the River Meuse 
intake and the 3 reservoirs (i.e., De Gijster, Honderd en Dertig and Petrusplaat) 
between February and December 2009 (Figure 6-4b,c,d,e). Although the 4 samples 
were collected from 4 interconnected water bodies, chlorophyll-a concentrations were 
substantially different. These large variations are expected because of the long water 
retention time of each of these reservoirs, which is estimated to be between 5-13 
weeks.  
 
TEP0.4μm concentrations also vary among the 3 reservoirs and the River Meuse but 
consistently showed maximum concentrations in mid-spring (April). The spike in 
TEP0.4μm concentrations coincided with peaks in chlorophyll-a concentration during 
this period. More peaks in chlorophyll-a were observed during the summer period 
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(especially for Petrusplaat; Figure 6-4e) but TEP0.4μm concentrations were 
significantly lower than during the spring bloom. The difference in TEP0.4μm 
production during the spring and summer period might be attributed to the varying 
ability of dominant algal species to release TEP and/or the different governing 
conditions (e.g., temperature, nutrient stress, etc.) that drives such release. The 
spring algal bloom in the Petrusplaat reservoir was dominated by Cryptophyceae 
(flagellated algae) and some species of diatoms while the summer bloom was 
dominated by diatoms and colony forming green algae (Pandorina). TOC 
concentrations in the River Meuse and the 3 reservoirs showed comparable trends, 
all showing a rapid drop in concentrations (1.5-2.3 mg C/L) in early spring just 
before the onset of spring bloom. TOC concentrations then rapidly recovered during 
the bloom and fluctuated between 2.6 and 4.5 mg C/L for the rest of the year.         
 

 
Figure 6-4: Variations of TEP0.4μm and other related parameters in the source waters of Plant C, D and 
E: (a) intake water of Plant D in 2009-2012, (b) River Meuse intake in 2009, (c) De Gijster reservoir in 
2009, (d) Honderd en Dertig reservoir in 2009 and (e) Petrusplaat reservoir in 2009. Chlorophyll-a and 
temperature data provided by Evides. TEP results in year 2009 were measured using the original 
method of Passow and Alldredge (1995) but were salinity corrected by recalculating the results using 
blanks with similar salinity with the samples instead of ultra-pure water (see Chapter 5, Figure 5-7). 
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Plant D is a seawater UF-RO pilot plant. The raw water is pumped to the plant 
through an open intake of about 4 meters below the seawater surface and about 200 
meters from the coastline. The intake point is near the entrance of a shallow bay 
(Oosterschelde) which is largely affected by the tidal movements in the open North 
Sea (Figure 6-2C). Water temperature at the intake can be as low as 2.5oC in winter 
and as high as 21oC in summer.  
 
For more than 3 years (February 2009-July 2012), various samples were collected 
from the raw water of Plant D to monitor chlorophyll-a and TEP0.4μm concentrations. 
Both chlorophyll-a and TEP0.4μm concentrations varied substantially through the 
years (Figure 6-4a). Both parameters were typically high during the spring season 
(March-May) only and remain substantially low for the rest of the year, suggesting 
that the measured TEP0.4µm were mainly of algal origin.  
 
The highest chlorophyll-a (60 µg/L) and TEP0.4μm (0.74 mg Xeq/L) concentrations in 
Plant D were recorded in spring of 2009. The 2009 bloom was considered severe for 
this source water as the chlorophyll-a concentrations of the succeeding 3 years were 
at least 2.3 times lower (<26 µg/L). The 2009 spring bloom was dominated by 
Thalassiosira (diatom) and Pheaeocystis (foam-forming algae) while Pheaeocystis and 
Chaetoceros (diatoms) dominated in 2010, Chrysochromulina (flagellated algae) in 
2011 and Spermatozopsis (green algae) and Rhodomonas (flagellated algae) in 2012. 
TEP concentrations seem to be higher when diatoms and/or Pheaeocystis are the 
dominant bloom-forming species in the source water. Several diatoms (e.g., 
Chaetoceros) have been considered as important producers of TEP in seawater 
(Passow, 2002a). Pheaeocystis is a unicellular, photosynthetic alga known for their 
ability to form floating colonies with hundreds of cells embedded in a polysaccharide 
gel matrix which can multiply massively during blooms. During the decline of the 
bloom and as the wind sweeps them up to the sea shore, the decaying remains of 
these colonies eventually formed thick foams (Figure 6-5a). These colonies/flocs were 
observed to contain substantial amounts of TEP (Figure 6-5b).              
 

 
Figure 6-5: (a) Foam accumulation near the intake structure of Plant D during the Pheaeocystis bloom 
in May 2010 (Photo: A. Alhadidi); (b) Alcian blue stained algal flocs observed in the raw water sample 
collected during the bloom period. 
 
Among the 5 plants sampled, Plant D (seawater source) had the highest TEP0.4μm 
concentration (0.74 mg Xeq/L) while Plant B (lakewater source) recorded the highest 

50 µm

(b)(a)
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TEP10kDa (1.12 mg Xeq/L) concentration (Table 6-3). However, TEP10kDa were not 
measured before the year 2012 which means concentrations during the severe 2009 
bloom period could not be included in this comparison. TEP concentrations 
measured in the raw waters of Plants C and D were substantially different (Table 6-
3) despite originating from the same source (Figure 6-2d). This may be attributed to 
variations on the date/time of sampling and/or due to some changes/processes (e.g. 
TEP attachment/detachment from pipe wall) occurring during pipeline transport of 
the raw water (8km to Plant C and 110km to Plant E). In general, TEP0.4μm 
concentrations observed in this study are comparable to what was reported in fresh 
surface water (0.04–9 mg Xeq/L; Kennedy et al., 2009; de Vicente et al., 2010; van 
Nevel et al., 2012) and seawater (0.05-11 mg Xeq/L; Passow, 2002a). TEP10kDa 
concentrations were within the range (0.2-22 mg Xeq/L) reported by Arruda-Fatibello 
et al. (2004) and Thornton et al. (2007). Remarkably, 75-98% of TEP measured in 
this study were in the colloidal size range based on the difference between TEP0.4μm 
and TEP10kDa. This further suggests the importance of measuring the colloidal 
fraction as they are likely abundant in surface water sources, and with their smaller 
size, might be more persistent in terms of removal by pre-treatment and more 
detrimental to membrane filtration.      
 
Table 6-3: Summary of raw water parameters of water treatment facilities investigated in this study. 

Plant 
code 

Sampling 
period 

Chlorophyll-a 
µg/L 

TEP (mg Xeq/L) Biopolymers
mg C/L

TOC 
mg C/L 

MFI-UF
s/L2

TEP0.4μm TEP10kDa

A Oct 12 n.m. 0.07 0.71 0.90 6.36 13900
B Jun 12 16 0.05 1.12 0.66 5.82 22600
C Apr 12-May 12 <2 – 18a 0.02-0.03 0.19 0.13 3.65 9900
D Feb 09-May 13 <2 -60 <0.01-0.74 0.43-1.49b 0.06-0.48 1.35-2.0 420-16000c

E Apr 12-May 12 <2 – 18a 0.01-0.11 0.73 0.27 3.69 18350
a Chlorophyll-a measured at the source water reservoir (Petrusplaat), 8 km and 110 km from Plant C and E, respectively.  
b TEP10kDa measured is samples collected between May 2012 and May 2013 only. 
c MFI-UF data are based on measurements of 2012 and 2013 samples only. 
 
The organic carbon concentrations in terms of TOC and biopolymers were in the 
range of 1.35-6.36 mg C/L and 0.06-0.90 mg C/L, respectively. The biopolymer 
concentration (measured by LC-OCD) observed in Plant A is one of the highest 
biopolymer concentration ever reported in a surface water RO plant. Although 
biopolymers only represent 5-25% of total organic carbon, they have been reported 
to be major foulant in various membrane-based water treatment processes (Amy, 
2008). However, biopolymer measurements using LC-OCD are limited to a size range 
smaller than 2 µm (when analysed without pre-filtration) or in most cases smaller 
than 0.45 μm (with pre-filtration). This means that a substantial fraction of TEPs, 
which can be as large as 100s of µm, were not covered in LC-OCD measurements. 
Moreover, TEP composition of these biopolymers is still unknown and may vary 
substantially in different water sources. Hence, a high biopolymer concentration 
does not necessarily mean high TEP concentration.  
 
The recorded fouling potential of the source waters based on MFI-UF measurements 
was highest for Plant B followed by Plants E, A, C and D. The MFI-UF was measured 
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with a 10 kDa membrane, which means that it is expected to cover the effect of both 
TEP0.4μm and TEP10kDa. The fouling potential observed in this study are between 420 
and 22600 s/L2, some of which were higher than what was reported (100-12500 
s/L2) by Salinas-Rodriguez (2011) in brackish and seawater when measured at flux 
rates between 50 and 150 L/m2/h.   

6.3.2 Removal by various treatment processes 
Water samples were collected in 5 water treatment facilities in 2012 and 2013 to 
monitor the fate of TEP over treatment processes using the improved measurement 
method of TEP0.4μm and the newly developed TEP10kDa. Other relevant parameters 
such as MFI-UF, TOC, biopolymer and humics concentrations were also measured 
for comparison.   

6.3.2.1 TEP0.4µm and TEP10kDa 

To monitor the fate of TEP through different treatment processes, TEP0.4μm and 
TEP10kDa concentrations were measured over the pre-treatment processes of 5 water 
treatment installations between April 2012 and May 2013. Results are presented in 
Figure 6-6.  
 
Filtration through microstrainers (30-100μm) in 4 plants resulted in average 
reductions of 47% (5-87%) of TEP0.4μm and 20% (8-48%) of TEP10kDa. The substantial 
reduction in TEP0.4μm by microstrainers indicates the presence of TEP material larger 
than 30-100 µm in the raw water. This is expected considering TEP larger than 200 
µm has been reported during algal bloom (Passow 2002a). It is also possible that the 
high removal might be due to possible shearing (grinding) of large TEP flocs in 
microstrainers to such a size that a significant part of the material can pass through 
membranes (0.4 µm and 10 kDa) used for TEP measurement.  
 
Conventional coagulation (coagulation-flocculation) followed by flotation or 
sedimentation + RSF was found to be effective in reducing the concentration of TEP 
to below or close to the detection limit (TEP10kDa<0.15 mg Xeq/L; TEP0.4μm<0.01 mg 
Xeq/L). The mechanism of TEP removal by conventional coagulation can be 
attributed to charge neutralisation of negatively charged TEP by the cationic 
coagulant metal species (e.g. Fe3+, Al3+) and/or sweep flocculation of TEP by the large 
aggregates of hydroxide precipitates of the inorganic coagulant (e.g., Al(OH)3, 
Fe(OH)3). In the case of Plants A and B, sweep flocculation is likely the main 
mechanism, considering the rather high coagulant doses (20-30 mg/L). In Plant E, 
the lower coagulant dosage (4 mg Fe3+/L) might have been compensated by the 
flotation step which may have further enhanced removal of un-coagulated TEP by 
bubble scavenging (Mopper et al., 1995; Zhou et al., 1998). Azetsu-Scott and Passow 
(2004) demonstrated that particle-free TEP gels have the tendency to float and 
accumulate on the surface of the water column due to its low specific gravity (~0.86). 
Furthermore, the lower TOC concentration in the raw water of Plant E (~3.5 mg C/L) 
compared to Plants A and B (~6 mg C/L) might be the reason for the better efficiency 
of the coagulation step, resulting in high TEP removal despite lower coagulant 
dosage.   
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Figure 6-6: TEP concentrations and membrane fouling potentials (MFI-UF) of water samples collected 
along the treatment processes of 5 plants: (a) Plant A, (b) Plant B, (c) Plant C, (d) Plant D and (e) Plant 
E. Abbreviations: coag = coagulation; floc = flocculation, sed = sedimentation, RSF = rapid sand 
filtration, DMF = dual media filtration, GAC = granular activated carbon filtration, UF = ultrafiltration, 
flot = flotation, bdl = below detection limit.  
 
In general, most of the TEP-coagulant flocs were large enough to be effectively 
separated from the water phase by flotation or sedimentation + rapid sand filtration. 
The addition of cationic polymers (5 mg/L polyacrylamide) in Plant A may have an 
insignificant effect on the TEP flocculation process considering TEP removals were 
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similar in Plant B and E where no cationic polymers were added and coagulant 
doses were much lower. Nevertheless, the nature of the TEP particles can be 
different in the different sources, which might have a major impact on the removal 
efficiency. 
 
The UF systems in Plants B, C and D were also able to reduce the concentrations of 
TEP0.4μm down to below the detection limit (<0.01 mg Xeq/L). TEP10kDa concentrations 
in UF permeate of Plants B and C were also below the detection limit (<0.15 mg 
Xeq/L). However, permeate concentration in Plant D was above the detection limit 
(~0.4 mg Xeq/L). Considering that the UF systems in the three plants are using a 
similar type of membrane (Pentair X-flow Xiga UF, 150 kDa MWCO), the substantial 
difference in TEP10kDa removal might be attributed to the difference in size 
distribution of TEP in the feedwater. TEPs are highly flexible and may pass through 
pores smaller that their hydrodynamic size, which means that the size of TEPs 
measured in the UF permeate were not necessarily smaller than the nominal pore 
size of the UF membrane (~0.03 µm). On the other hand, soon after the start of a 
filtration cycle, gels start to accumulate narrowing the pore channels and a higher 
TEP rejection can be expected. The lower rejection in Plant D might be largely due to 
the effect of high salinity in the water during TEP measurement. The effect of the 
coagulation step on the TEP removal efficiency of UF could not be properly assessed 
in the current study and further studies are still needed. 
 
In Plant A and E, the dual (granular) media filters (DMF) with and without inline 
coagulation did not show any apparent TEP removal. However, such assessment 
may not be accurate because TEP0.4μm and TEP10kDa concentrations in the DMF 
feedwater were either below or just slightly above the detection limit. Proper 
assessment on the effect of ozonation on TEP was also not possible for similar 
reason.   
 
A substantial increase in TEP10kDa concentration was observed after the GAC filter in 
Plant E. Since GAC can serve as biological filters, the increase may be due to the 
release of TEPs from biofilm accumulating on the GAC media.  
 
In general, the TEP concentrations in the influent and effluent of the different 
treatment processes reported in this section might have been underestimated due to 
TEP loss during storage of samples. Some water samples were stored (at 4oC) 
between 2 to 15 days before analysis. However, it was discovered later that TEP 
concentration can reduce substantially during storage (see Chapter 5, Figure 5-20). 
Consequently, the TEP removal efficiencies illustrated in Figure 6-6 might have been 
underestimated assuming TEP loss in the influent and effluent samples are 
proportional. The removal percentage can be also underestimated if the percentage 
of TEP lost in the influent sample is higher than the effluent sample while removal 
can be overestimated if the percentage TEP lost in the influent sample is lower than 
in the effluent sample. Moreover, various effluent samples were detected below the 
detection limit which means the removal efficiencies cannot be measured precisely 
(in terms of %). Hence, further investigations are needed to measure TEP removal of 
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different pre-treatment processes without prolonged sample storage and at a much 
higher TEP concentrations in the feed water, such as in severe algal blooms.  

6.3.2.2 Membrane fouling potential (MFI-UF) 

Membrane fouling potential of the water in terms of MFI-UF was monitored over the 
treatment processes of 5 water treatment facilities. The comparison of MFI-UF values 
for each plant is presented in Figure 5-6. An overview of the change in MFI-UF over 
the different treatment processes is shown in Table 6-4. 
   
Table 6-4: Change in MFI-UF values over the different treatment processes of 5 plants. 

Treatment processes Range Average reduction 
Micro-straining 25 -71 51 
Coagulation - sedimentation - rapid sand filtration 34 - 50 42 
Coagulation - flotation 86 86 
(Inline coagulation) - UF 76 -87 81 
(Coagulation) - dual media filtration  11-46 23 
Granular activated carbon (GAC) filtration 28-77 53 
Ozonation - - 
 
Pre-treatment with microstrainers (30-100 μm) can led to substantial reduction of 
MFI-UF. Such reductions were between 25% and 71% in the 4 plants applying these 
strainers. This can be attributed to the removal of large flocs of organic/inorganic 
materials (including particulate TEPs) from the raw water. However, it cannot be 
excluded that the microstrainer may have caused grinding of some organic material 
(e.g., TEP) to smaller particles which could then pass through the pores of 10 kDa 
UF membrane used in MFI-UF measurements.  
 
Between 34-50% reduction of MFI-UF was observed for coagulation-flocculation 
followed by sedimentation and RSF (Plants A and B). However, a substantially higher 
reduction (86%) was observed when coagulation-flocculation was followed by 
flotation (Plant E). The corresponding MFI-UF values in the product waters of 
coagulation-sedimentation-RSF processes were much higher for Plant A (7000 L/s2) 
and Plant B (5000 L/s2) than after coagulation-flotation process in Plant E (1900 
L/s2). This is despite the fact that the corresponding TEP10kDa concentrations in the 
product water were relatively similar for the 3 plants (0.14-0.17 mg Xeq/L). 
 
The possible reason for the large difference in MFI-UF reduction could be due to 
differences in organic carbon concentration in the source waters and/or the specific 
membrane fouling potential of the TEP coming from the source waters or colloids of 
other nature. The effect of other biopolymers and biopolymer-metal complexes may 
have contributed as well. For example, formation of TEP-iron or TEP-aluminium 
complexes during flocculation at high coagulant doses (as in the case of Plant A and 
B). These TEP complexes might not react fully with Alcian blue during TEP 
measurement and will not be measured as such. Moreover, these neutral complexes 
might have lower inter-particle repulsion forces thereby forming a more compact 



CHAPTER 6: FATE OF TEP IN INTEGRATED MEMBRANE SYSTEMS 165
 

cake with high filtration resistance during MFI-UF measurements. Further 
investigations are necessary to confirm such hypothesis. 
 
UF removed 88% of membrane fouling potential in Plant B, 76% in Plant C and 87% 
in Plant D. The MFI-UF of the product waters of the 3 UF systems were between 520 
and 1200 s/L2. This was comparable to what was reported in a similar study by 
Salinas-Rodriguez (2011).  
 
The first DMF in Plant A with inline coagulation reduced MFI-UF by 46% while the 
second DMF without inline coagulation removed only 11%. The latter was 
comparable to the DMF performance of Plant E. MFI-UF reductions through GAC 
filtration were 28% in Plant B and 77% in Plant E. No apparent change in MFI-UF 
was observed after ozone treatment (Plant E). However, it cannot be excluded that 
the removal efficiency reported above was affected by the preceding treatment 
step(s). 
    
In general, the reported MFI-UF values in the influent and effluent of the different 
treatment processes might have been lower than the actual values due to TEP loss 
during storage of samples (2-15 days). Hence, it is likely that the actual MFI-UF 
reduction after the treatment process is higher than what is reported in this section.      

6.3.2.3 Organic carbon  

Algae and bacteria release diverse forms of organic matter including various types of 
biopolymers (e.g., TEPs, proteins, neutral polysaccharides, etc.) and low molecular 
weight organic substances. To investigate the removal of these materials, LC-OCD 
analyses were performed on the same set of water samples used in TEP and MFI-UF 
monitoring.  
 
The typical variations of LC-OCD-OND chromatograms over the treatment processes 
are presented in Figure 6-7. In this figure, the raw water is from Lake Ijssel where 
TOC concentration was about 6 mg C/L and the specific UV absorbance was 2.7 
L/mg.m. The organic matter in the raw water comprised biopolymers, humic 
substances, building blocks, low molecular weight (LMW) neutrals and LMW acids. 
The organic nitrogen detector (OND) indicates significant concentrations of nitrates, 
reflected in the OND chromatogram as double peaks at retention times between 55-
85 mins (Huber et al., 2011). The organic N to organic C ratio of the biopolymer 
fraction was rather low (1:20). Considering that protein substances contain organic 
nitrogen but not polysaccharides, a low C:N ratio indicates that polysaccharides 
(e.g., TEPs) are the dominant types of biopolymers present in the water.  
 
The chromatogram series in Figure 6-7 also represents the changes in concentration 
of the different fractions of natural organic matter. A decrease in signal means 
removal by the corresponding treatment processes. There was no apparent change in 
chromatograms after the raw water passed through the microstrainer. The 
coagulation-flocculation-sedimentation-RSF processes removed a substantial 
amounts of OC signals from both biopolymers and LMW organic substances (e.g., 
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humics), as well as the ON signals from nitrates. GAC filtration did not remove 
substantial OC or ON signals. After the water was transported via pipeline for 50 
km., a slight increase of biopolymers was observed. The latter was largely removed 
after UF. Finally, the RO system removed almost all of the OC and ON signals.               
 

 
Figure 6-7: LC-OCD-OND chromatograms of water samples collected over the treatment processes of 
Plant B. Retention time is an indication of the molecular weight (MW) of the organic matter fraction – 
the higher the retention time, the smaller the MW of the fraction. The chromatograms are presented 
with offsets from the original signal values for clarity and better comparison.   
 
Figure 6-8 shows concentrations of TOC, biopolymers and humics over the 
treatment processes of the 5 plants. The microstrainers in the 4 plants investigated 
recorded less than 6% removals of TOC and humics while 4-22% of biopolymers 
were removed. Coagulation followed by sedimentation and then RSF recorded 
average removals of 39%, 46% and 64% of TOC, humics and biopolymers, 
respectively. On other hand, coagulation followed by flotation removed 31% TOC, 
33% humics and >71% biopolymers (Table 6-5).  
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Figure 6-8: Concentrations of TOC, humic substances and biopolymers in water samples collected 
along the treatment processes of 5 plants: (a) Plant A, (b) Plant B, (c) Plant C, (d) Plant D and (e) Plant 
E. Abbreviations: coag = coagulation; floc = flocculation, sed = sedimentation, RSF = rapid sand 
filtration, DMF = dual media filtration, GAC = granular activated carbon filtration, UF = ultrafiltration, 
flot = flotation, bdl = below detection limit (for biopolymers = 0.075 mg C/L).    
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Table 6-5: Summary of relative reduction (%) in TOC, humic substances and biopolymer 
concentrations over the various treatment processes. 
Treatment processes TOC Humics Biopolymers 
Micro-straining 0 - 6 0 - 5 4 - 22 
Coagulation - sedimentation - rapid sand filter 35 - 43 41 - 51 63 - 64 
Coagulation - flotation 31 33 >71 
(Inline coagulation) - ultrafiltration 11 - 19 2 - 9 55 - 70 
(Coagulation) - dual media filtration (-6) - 2 (-9) - 0 (-10) - 0 
Granular activated carbon filtration 4 - 10 1 - 5 12 - 15 
Ozonation 14 21 bdl 
 
The average removal of the UF system of 3 plants (Plants B, C and D) was 13%, 5% 
and 63% of TOC, humics and biopolymers, respectively. DMF treatment in Plants A 
and E showed positive and negative removals possibly due to release of organic 
materials from the filter media. Average removals of GAC filters in Plants B and E 
were 7% of TOC, 3% of humics and >12% of biopolymers. Ozone treatment in Plant 
E resulted in 21% reduction of humics possibly due to oxidation. 
 
Since some samples were stored (2-15 days) before LC-OCD analyses, the reported 
organic carbon concentration might be lower than the actual concentration. 
However, a recent investigation by Tabatabai (2013) showed that TOC and 
biopolymer concentrations of algal organic matter stored at 4oC were stable for at 
least 6 months. This may indicate that the effect of storage was not substantial on 
the LC-OCD results and that the removal efficiencies reported in this section are 
reliable.          

6.3.2.4 Statistical relationship  

The results of the 6 parameters measured in water samples collected from the 5 
plants were consolidated. Linear regression analyses were performed to evaluate the 
relationship between the membrane fouling potential (in terms of MFI-UF) and 
concentrations of TEP0.4µm, TEP10kDa and biopolymers. Among the 3 parameters, 
TEP10kDa showed the highest linear correlation (R2=0.67) with MFI-UF followed by 
biopolymers and TEP0.4µm (Figure 6-9). Considering that TEP10kDa has a better 
relationship with MFI-UF than with biopolymers may indicate that TEP10kDa has a 
substantial impact on MFI-UF results and can likely cause more (serious) fouling in 
membrane systems than other forms of biopolymers. Nevertheless, the observed 
correlation is not that strong possibly due to the influence of the different treatment 
processes on the samples analysed, such as the effect of coagulant, TEP oxidation 
during ozonation and released of bacterial-derived TEP materials from DMF and GAC 
media. 
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Figure 6-9: Scatter plots between membrane fouling potential in relation to (a) TEP0.4µm, (b) TEP10kDa 

and (C) biopolymers. Solid lines are the best fit linear curve of the plot while broken lines represent 
the 450 line (R2=1).  
 
Further regression analyses were performed for different combinations of the 6 
parameters. The calculated regression coefficients are summarised in Table 6-6. 
 
Table 6-6: Linear regression coefficient (R2) matrix of 6 parameters investigated in this study. 

 Parameters TEP0.4µm TEP10kDa Biopolymers Humics TOC MFI-UF 
TEP0.4µm 1.000 

TEP10kDa 0.304 1.000 

Biopolymers 0.207 0.381 1.000 

Humics 0.004 0.018 0.089 1.000 

TOC 0.001 0.026 0.138 0.989 1.000 

MFI-UF 0.371 0.669 0.449 0.036 0.055 1.000 
 
As expected, TOC and humics showed very poor relationship (R2<0.06) with MFI-UF. 
Humic substances are rather dissolved (~1000 Da) and were likely not retained on 
10kDa membranes during MFI-UF measurements. The very high regression 
coefficient (R2=0.99) between humics and TOC was expected considering that 
majority of TOC (>60%) in the water samples comprise humic substances (Figure 6-
8). TEP10kDa correlates better with biopolymers than TEP0.4μm possibly due to the 
wider size range overlap between TEP10kDa (>10kDa) and biopolymers (<2µm). On the 
other hand, a substantial fraction of TEP0.4μm was not measured as biopolymers due 
to the upper size limit (~2 µm) of the LC-OCD analysis.  

6.3.3 TEP accumulation in RO system  
Autopsies were performed on membrane elements taken from Plant C and D. 
Samples of membrane elements from both plants were stained with Alcian blue and 
observed by using an optical microscope. Elements taken from Plant D were 
investigated more in detail by using LC-OCD, TEP0.4μm, TOC, ATP and SEM analyses.  
 
Figure 6-10 shows the results of Alcian blue staining of membrane samples taken 
from Plant C and D. TEP-like materials were observed in both plants. Some of these 
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substances were found attached around and at the corners of the membrane feed 
spacer mesh.  
 

 
Figure 6-10: Photographs of TEP-like (green to blue) substances observed on RO membrane and 
spacer samples after staining with Alcian Blue. (a) membrane, first element, Plant C; (b) spacer, first 
element, Plant C; (c) membrane, first element, Plant D; (d) spacer, first element, Plant D.  
 
Some fibrils and blobs of different shapes and sizes were also found on other fouled 
membrane samples, mostly exhibited the physical characteristics of TEP. Some of 
these TEP-like gels appeared to contain other types of particulate matter, resembling 
a heterogeneous layer of slime. This observation was consistent with what was 
observed in other RO/NF membrane autopsy studies (Tran et al., 2007; Ning and 
Troyer, 2007).  
 
Two membrane elements (1st and 6th elements) were taken from Plant D to perform a 
more detailed autopsy. Both elements were running for about a year without 
chemical cleaning. Further investigations were conducted on these two RO 
membrane elements to determine the composition of accumulated organic materials. 
Based on the LC-OCD chromatogram (Figure 6-11a), the organic carbon composition 
of extracted organic materials were mainly biopolymers. A low UV signal observed at 
27 and 48 minutes retention times might be attributed to the presence of inorganic 
colloidal materials and traces of aromatic compounds, respectively. Similarly, two 
organic nitrogen peaks were observed possibly due to the presence of protein 
compounds (25 mins) and organic nitrogen associated with low molecular weight 
aromatic compounds. The high C:N ratio (8.2) of biopolymers may indicate the 
substantial presence of polysaccharides.    

(c) (d)

(a) (b)
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Figure 6-11: Analysis of organic materials extracted from autopsied RO modules from Plant D: (a) LC-
OCD-OND chromatogram of samples extracted from the lead RO element; (b) Concentrations of 
TEP0.4µm, biopolymers, TOC, and ATP extracted from lead and last RO element.  
 
The accumulation of TEP0.4µm, TOC, biopolymers and ATP on the 1st and 6th RO 
elements were measured based on the organic materials extracted from the 
membrane samples. TEP0.4µm accumulation was much higher (3.7 times) in the lead 
element than in the last element (Figure 6-11b). This was consistent with the 
accumulation of biopolymers and TOC. LC-OCD analyses indentified biopolymers to 
comprise 46-89% of TOC in the extracted organic materials. Moreover, the 
concentration of ATP extracted from the membranes was higher in the lead element 
(32 pg ATP/cm2) than in the last element (9 pg ATP/cm2). The observed ATP 
accumulations were lower than the estimated biofouling threshold (1000 pg ATP 
/cm2) reported by Vrouwenvelder et al. (2008). The RO system before the autopsy did 
not suffer substantial decline in normalized flux or substantial increase in net 
pressure drop.  
 
The SEM images (Figure 6-12) of autopsied RO membranes illustrated that the 1st 
element is more fouled than the 6th element. The 1st element sample was completely 
covered with foulants, which was relatively homogenous over the membrane area 
analysed. Several bacterial cells were also found (spheres with arrow in Figure 6-
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12a), most of which were embedded in the foulant layer. The foulant accumulation in 
the 6th element RO membrane was relatively heterogeneous and covered about 50-
70% of the membrane surface. In several parts of the sample, the RO membrane 
surface is still visible. Only sporadic and isolated bacterial cells were found on the 
6th element. 

 

 
Figure 6-12: SEM images of RO membrane samples from Plant D: (a) foulant accumulation with 
bacterial cells (spheres) visible on top of the 1st element membrane, (b) 6th element membrane 
partially covered with foulants, (c) spacer fibre samples from 6th element with white small dots 
identified as bacterial cells, and (d) high magnification image at the crosslink of the membrane spacer 
showing accumulation of long fibrous organic materials. 
 
A spacer sample of the 1st element was also analysed using SEM. The spacer was 
relatively clean compared to the membrane surface. Most of the foulant 
accumulations were situated in the intersections of the spacer mesh (Figure 6-
12c,d). A similar observation was reported by Vrouwenvelder et al. (2009).  Moreover, 
several bacterial cells were also observed attached to the spacer. The SEM images 
further indicate accumulation of biofilms on RO membrane and spacers, specifically 
in the 1st element.  
 
Various studies have identified polysaccharide substances as a major component of 
organic materials found on fouled NF/RO membranes (Park et al., 2006; Karime et 
al., 2008). However, not all of the polysaccharide substances in fouled RO 
membranes may have originated from the feedwater as TEPs because biofilm 
bacteria can produce considerable amount of polysaccharides at different phases of 
their growth as cell coatings, release or detritus lysed from dying/dead cells 
(Flemming, 2002; Xu and Chellam, 2005). A recent study by Bar-Zeev et al. (2009) 

a b

c d
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demonstrated that TEP may accumulate on RO membranes using glass slides. They 
found that most of the accumulated TEPs during the first few hours of exposure to 
seawater originated from the RO feed water and were not locally produced by biofilm 
bacteria. However, on the long term, TEP accumulation may primarily originate from 
exopolymer release by biofilm bacteria.  
 
The RO membranes autopsied in this study had been exposed to seawater for about 
a year without chemical cleaning. This means that TEPs from bacterial origin likely 
contributed considerably to the total accumulation. It might also be possible that 
TEPs from the RO feedwater may have contributed to the biofilm development by 
enhancing further attachment of bacteria and other biopolymers in the system 
gradually over time. The higher biofilm accumulation in the first element is likely 
driven by the higher membrane flux in the lead elements of an RO pressure vessel.      

6.4 Conclusions  

1. TEP monitoring in the raw water (seawater and freshwater) of 2 RO plants 
revealed that high TEP concentrations occurred mainly during the spring algal 
bloom seasons (March-May).  

2. Ultrafiltration (with and without inline coagulation) and conventional coagulation 
followed by flotation or by sedimentation and rapid sand filtration (RSF) were 
effective in lowering TEP0.4µm and TEP10kDa concentrations down to below the 
detection limit.  

3. Significant reductions in biopolymer concentration (measured by LC-OCD) and 
membrane fouling potential (in terms of MFI-UF) of the water were also observed 
after UF, coagulation-sedimentation-RSF and coagulation-flotation treatments.  

4. Data collected from 5 plants showed better correlation between MFI-UF and 
TEP10kDa than between MFI-UF and TEP0.4µm, biopolymers or humic 
concentrations, an indication that colloidal TEPs can likely cause more (serious) 
fouling in membrane systems than other types of organic matter. 

5. Membrane autopsies of RO elements taken from 2 plants revealed substantial 
accumulation of TEPs and bacteria in RO membranes and spacers. Some of these 
TEPs may have been produced locally by biofilm bacteria.     
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Abstract 
Biopolymers produced by microscopic algae in seawater sources are suspected to be 
one of the main causes of fouling in ultrafiltration (UF) membranes. This chapter 
investigates the fouling caused by biopolymers produced by common marine algae 
(Chaetoceros affinis) at different solution pH and ionic strength. Furthermore, the role 
of major mono- and di- valent cations in seawater was also investigated by varying 
the cation composition of the feed water matrix. The UF fouling propensities were 
measured based on the membrane fouling potential in terms of the modified fouling 
index (MFI) and the observed non-backwashable fouling rate in an inside-out capillary 
UF membrane. For comparison, UF fouling caused by model biopolymers (SA: sodium 
alginate and XG: xanthan gum) were also investigated under similar conditions.  

The experimental results show that the fouling potential of biopolymers is largely 
affected by the ionic strength of the matrix. At high ionic strength (seawater), lowering 
the solution pH may result in higher fouling potential. It was also demonstrated that 
Ca2+ ions have a major influence on the fouling propensity of biopolymers among the 
major cations abundant in seawater. In general, the effect of solution chemistry on the 
fouling behaviour of algal-derived biopolymers is substantially different to what was 
observed in model polysaccharides (i.e., sodium alginate and gum xanthan) widely 
used in UF fouling experiments. 
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7.1 Introduction 

Microbial-derived organic material in seawater comprise of heterogeneous mixtures 
of polysaccharides, proteins, nucleic acids, lipids and various low molecular weight 
compounds. In seawater, where they are usually associated with an algal bloom 
event, polysaccharides comprise a major fraction (up to 90%) of this pool (Myklestad, 
1995). Most microscopic algae (e.g., diatoms, dinoflagellates, cyanobacteria) produce 
substantial amounts of acidic polysaccharides under normal conditions but more 
often in response to low nutrient condition at the height of an algal bloom or due to 
high metal stress condition (Leppard, 1997). This anionic group of biopolymers has 
been dubbed by marine scientists as transparent exopolymer particles or TEPs 
(Alldredge et al., 1993; Passow, 2002).  

TEPs have been identified to play a major role in the formation of mucilaginous 
aggregates in seawater (Alldredge, 1999; Alldredge et al., 1993). They also play a 
major role in the flocculation of inorganic particles/colloids in aquatic systems 
through destabilisation and/or complexation with dissolved cations (e.g., Ca2+) and 
trace metals (Wilkinson et al., 1997; Leppard, 1997; Hung et al., 2003). Due to their 
high stickiness, TEPs may act as glue for colliding particles, readily forming 
aggregates with solid particles of various sizes such as bacteria, phytoplankton, 
mineral clays, or detritus, which may eventually lead to sedimentation (Passow, 
2002; Dam and Drapeau 1995; Logan et al. 1995; Engel 2000). On the other hand, 
TEPs are generally lighter than water (700-840 kg/m3) and thus, it can retard 
sedimentation of aggregates (Azetsu-Scott and Passow, 2004).  

The significance of studying TEPs was recently recognised in the field of membrane 
technology because of their potential link to the occurrence of biological fouling in 
reverse osmosis (RO) systems (Berman and Holenberg, 2005; Villacorte et al., 2009a; 
Bar-Zeev et al., 2012) and organic fouling in ultrafiltration (UF) membranes (de la 
Torre et al., 2008; Kennedy et al., 2009). Moreover, the presence of TEP has been 
increasingly reported, over the last few years, in the water sources of various 
membrane-based water treatment plants (Villacorte et al. 2009b; 2010a,b; Gasia-
Bruch et al., 2011; Schurer et al., 2012;2013; Van Nevel et al., 2012). 

Algal biopolymers like TEPs and their precursors have been reported to cover a wide 
range of sizes, ranging from 3 nm in diameter up to 100s of µm in length (Passow, 
2000; 2002). This basically covers the range of material which can be retained by UF 
and RO membranes. TEPs are highly hydrated (>99% water by weight) as they tend 
to retain water while only allowing some to pass through (Verdugo et al., 2004; 
Azetsu-Scott and Passow, 2004). This means that TEPs can bulk-up to a hundred 
times their dry volume and may provide substantial resistance to permeate flow 
during membrane filtration even at low (mass) concentration. Additionally, the 
relative stickiness of TEP is reported to be between 100 and 10,000 times more than 
most suspended particles in aquatic systems (Passow, 2002), which make it more 
likely to adhere to membrane surfaces and/or pores than any other aquatic organic 
substances. TEPs are also expected to strongly adhere to UF membranes whereby 
hydraulic cleaning (backwashing) may no longer be effective in adequately restoring 
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the initial membrane permeability. This may result in increase of chemical 
consumption due to additional membrane cleaning (e.g., CEB, CIP) and/or 
additional pre-treatment (e.g., in-line coagulation).  

Over the years, various studies demonstrated a more important role of biopolymers 
on the UF fouling propensity of surface waters than other types of organic 
substances in surface water (Lee N. et al., 2006; Amy et al., 2008). Biopolymers 
comprise the high molecular weight fraction of natural organic matter (typically >20 
kDa), which are more likely to be retained by UF membranes (2-500 kDa MWCO) 
than dissolved organics such as aquatic humics (typically <1 kDa). Hence, they are 
also more likely to cause fouling in UF systems.  
 
Over the years, various attempts were made to investigate the fouling propensity of 
biopolymers in relation to the chemistry of the water. Most of these studies use 
commercially available substances such as sodium alginate as model biopolymers. 
Such studies show that the fouling propensity of sodium alginate can be 
substantially affected by the pH, ionic strength and ionic composition of the water 
(Katsoufidou et al., 2007; van de Ven et al., 2008; Sioutopoulos et al., 2010). 
However, sodium alginate may not fully represent the fouling behaviour of algal 
biopolymers commonly found in surface waters.  
 
The objective of this study is to investigate the UF fouling propensity of biopolymers 
produced by a common species of marine algae at different solution pH, ionic 
strength and cation composition. The fouling propensity were measured based on 
the modified fouling index (MFI-UF) and short term UF filtration tests with periodic 
backwashing. For comparison, fouling with model polysaccharides such as sodium 
alginate (macro-algal polysaccharide) and xanthan gum (bacterial polysaccharide) 
were also investigated under similar conditions.  

7.2 Theoretical background  

7.2.1 Membrane fouling 
Filtration of liquids through a semi-permeable membrane can be explained based on 
the resistance in series model.  
 
J� = Δ�

η	� =
Δ�

η	����������
        Eq. 1 

 
where JP is the membrane permeate flux, ∆P is the trans-membrane pressure, η is 
the dynamic water viscosity, R is the total filtration resistance, Rm is the membrane 
resistance, Rb is the blocking resistance and Rc is the cake/gel resistance.  
 
Assuming that cake or gel filtration is the dominant fouling mechanism in dead-end 
UF system, the change of total resistance is proportional to the increase in total 
mass of the deposited foulants on the membrane surface. For constant flux 
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filtration, the cake resistance is dependent on the specific cake resistance (α) and the 
bulk foulant concentration (Cb). 
 
R� = α	C�J�	t         Eq. 2 
 
Schippers and Verdouw (1980) proposed measuring the membrane fouling potential 
of the feedwater by defining the fouling index (I) as: 
 
I = α	C�         Eq. 3 
 
Based on the Carman-Kozeny model, α is inversely proportional to the diameter of 
the foulant materials and the cube of cake porosity. 
 

α = ������ε�
ρ���ε�

         Eq. 4 

 
where ε is the cake porosity, ρp is the density and dp is diameter of particles.  
 
Substituting Eq. 2 and Eq. 3 to Eq. 1 to derive the constant flux equation: 
 
J� = Δ�

η	������	�	���
          

  
ΔP = J�	η	R� + J��	η	I	t        Eq. 5 
 
The fouling potential of the feedwater is calculated based on the minimum slope of 
∆P versus time plot recorded during constant flux filtration (Boerlage et al., 2004; 
Salinas-Rodriguez, 2011). To calculate the modified fouling index (MFI-UF), the 
fouling index is normalised to the standard reference conditions set by Schippers 
and Verdouw (1980): 
 

MFI − UF = η����	�
�	Δ�����

        Eq. 6 

 
where η����		is the water viscosity at 20oC, ∆Po is the standard feed pressure (2 bar) 
and Ao is standard membrane area (13.8 x10-4 m2). 

7.2.2 Fouling reversibility 
Schippers et al. (1981) developed a fouling prediction model for RO systems based on 
the MFI. In dead-end UF systems, this prediction model can only be applicable for 
the first filtration cycle since dead-end membranes are cleaned regularly and the 
increase in hydraulic resistance is mostly diminished after hydraulic cleaning (e.g., 
backwashing).  
 
Figure 7-1 illustrates the four categories of fouling in dead-end MF/UF systems, 
namely:  
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1. Physically reversible or backwashable fouling (BW) - fouling which can be 
mitigated by hydraulic backwashing and/or other physical cleaning methods. 

2. Physically irreversible fouling or non-backwashable fouling (nBW) - fouling which 
cannot be mitigated by backwashing and/or other physical cleaning methods. 

3. Chemically reversible fouling (CR) - fouling which can be diminished by chemical 
cleaning (e.g., CEB, CIP). Chemically enhanced backwashing (CEB) is performed 
by adding cleaning chemicals on the filtrate water and then used for 
backwashing. Cleaning-in-place (CIP) is performed by feeding cleaning chemical 
solution to the UF system, soak the membrane and/or continuously recycling the 
solution to the system for several minutes (>30 minutes).  

4. Chemically irreversible fouling (CiR) - fouling which cannot be diminished by 
chemical cleaning (e.g. CEB, CIP). This is considered as a permanent form of 
fouling.  

 

 
Figure 7-1: Graphical representation of the different categories of fouling in dead-end MF/UF systems. 

 
Large-scale UF membrane systems are generally operating at constant-flux. Fouling 
in these systems is measured based on the increase of trans-membrane pressure 
(∆P) and/or decrease of permeability (J/∆P) over the filtration period. In an ideal 
situation, regular physical cleaning by backwashing is effective in recovering the 
initial permeability of the membrane (Figure 7-2). However in most situations, 
backwashing is not always effective in totally recovering the initial permeability. The 
rate of fouling can gradually increase over the succeeding filtration cycles due to the 
effect of cake compression and/or due to reduction of effective filtration area. This 
non-ideal situation is expected to occur due to adsorption of sticky organic 
substances (e.g., biopolymers) onto membrane pores and surfaces, making 
conventional hydraulic backwashing ineffective in totally removing these foulants 
(Figure 7-2).  
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Figure 7-2: Fouling development in constant flux dead-end UF system. 

 
The relationship between backwashable and non-backwashable fouling can be 
defined as follows: 
 
f� = f�� + ����        Eq. 7 
 
Where: 
fT = total fouling rate (bar/h);  
fBW = backwashable fouling rate (bar/h);  
fnBW = non-backwashable fouling rate (bar/h).  
 
In the ∆P versus time plot, fT is the average slope of the final ∆P recorded in 
successive filtration cycles while fnBW is the average slope of the initial ∆P recorded in 
successive filtration cycles. A graphical illustration of this relationship is shown in 
Figure 7-2. From this figure, two linear equations can be derived: 
 
ΔP� = ΔP��� + f�	t        Eq. 8 
 
ΔP��� = f���	t        Eq. 9 
 
where ∆PT,0 is the y-intercept of the total fouling rate curve (Figure 7-2). 

 
The cake filtration equation intersects with the total fouling (fT) equation at t = t1; 
where t1 is equivalent to the run time of one filtration cycle. Combining Eq. 8 with 
Eq. 5 and then substituting Eq. 7 to calculate ∆PT,0: 
 
at t=t1: ΔP�� = ΔP�  
 
f�t� + ∆P��� = J�	η	R� + J��	η	I	t�         
 
∆P��� = J�	η	R� + J��	η	I	t� − f��	t� − f���	t�     Eq. 10 
 
Substituting ∆PT,0 to the total fouling equation (Eq. 8): 
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∆P� = f�	t + J�	η	R� + J��	η	I	t� − f��	t� − f���	t�    Eq. 11 
 
From Eq. 11, an equation can be derived to calculate the maximum trans-membrane 
pressure (ΔPT,N) after a specific number of filtration cycles (N). 
 
∆P��� = N	f�	t� + J�	η	R� + J��	η	I	t� − f��	t� − f���	t�    
    
∆P��� = J�	η	R� + J��	η	I	t� 	+ �N − 1�	f��	t� + �N − 1�	f���	t�  Eq. 12 
  
Moreover, the calculated filtration time to reach a threshold of trans-membrane 
pressure (∆Pc) to perform chemical cleaning (e.g., CEB or CIP) can be derived from 
Eq. 11 as follows:  
 

t� = Δ�����	η	������� 	η	�����������	��	
��������

      Eq. 13 

 
This threshold is based on the minimum allowable permeability or maximum 
allowable pressure drop increase usually defined by the membrane manufacturer or 
operator of the UF system.   

7.2.3 Effect of salinity on particle interaction 
In solutions with low ionic strength, natural organic matter are expected to be 
smaller in size and have a rather loose and flexible structure as a result of high 
inter-particle charge repulsion by the electrical double layer around it (Braghetta et 
al., 1997). At higher ionic strength, the electrical double layer is compressed 
enhancing aggregation and leading to formation of larger material with a more rigid 
and dense structure (Faibesh et al., 1998). This effect can be further explained by 
the Debeye screening length (к-1) relationship which is a measure of the distance of 
influence (sphere of influence) of a particle. 
 

κ�� = � ε�	ε�	���	
�	�	���������

����        Eq. 14 

 
where ε0 is the vacuum permittivity, εr is the relative permittivity of the background 
solution, kB is the Boltzmann constant, T is the absolute temperature, NA is the 
Avogadro’s number, e is the elementary charge and Is is the ionic strength. In this 
equation, the inter-particle distance of influence is inversely proportional to the ionic 
strength, an indication that an increase in salinity will promote aggregation of 
particles. Similarly at higher ionic strength, membrane-foulant interaction is less 
repulsive which means increased contact between particles and the membrane and 
concentration polarisation is lesser.   

7.3 Experimental methods 

Experiments focused on investigating the UF fouling propensity of biopolymers 
extracted from a common species of algae in seawater. For comparison, model 
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biopolymers such as algae-derived sodium alginate and bacteria-derived xanthan 
gum were also investigated.  

7.3.1 Artificial seawater 
The artificial seawater (ASW) was prepared based on the typical ion concentration of 
coastal North Sea waters. Minor constituents (e.g., Br-, Sr2+) which comprise less 
than 1% of inorganic ions in seawater were not considered. The ASW was prepared 
by sequentially dissolving analytical grade salts (stirred for >2 hours) to make up the 
artificial seawater solution (Table 7-1). Sodium bicarbonate was added to the 
solution to provide sufficient buffering capacity. The ambient pH of ASW was 
between 7.8 and 8.2. For some of the experiments, the pH was adjusted by adding 
few drops of 1% HCl or 0.5M NaOH, accordingly.               
 

Table 7-1: Inorganic ion composition of model artificial seawater (ASW) 

Inorganic ions 
 

Concentration 
(g/L)

Percentage 
(%)

Chlorine, Cl- 18.85 55.0
Sodium, Na+ 10.75 31.3
Sulfate, SO4

- 2.69 7.9
Magnesium, Mg2+ 1.17 3.4
Calcium, Ca2+ 0.30 0.9
Potassium, K+ 0.38 1.1
Hydrogen Carbonate, HCO3

- 0.15 0.4
Total dissolved salts (TDS) 34.30 100

 

7.3.2 Algal organic matter 
Chaetoceros affinis is one of the common species of algae in the ocean, specifically in 
the coastal waters of the North Atlantic Ocean where they are one of the major 
producers of micro-algal biopolymers (Myklestad et al., 1989). A pure strain of 
Chaetoceros affinis (CCAP 1010/27) was acquired from the Culture Collection of 
Algae and Protozoa (CCAP; Oban, Scotland). The strain was inoculated in 5 L flasks 
with sterilised artificial seawater (Table 7-1) containing trace elements and nutrients 
(f/2+Si medium) necessary for algae to grow rapidly and simulate an algal bloom. 
After 10-12 days exposure to artificial light (12:12h, light:dark regime) and 
continuous slow mixing condition at ambient temperature of 20±3oC, the algal cells 
were separated from the medium containing algae-released biopolymer by allowing 
the cells to settle to the bottom of the flask within 24 hours. The supernatant 
solution was extracted and then further purified by 48-hour dialysis in 3.5 kDa 
MWCO membrane bags (Spectra/Por 3, SpectrumLabs) and ultrapure water as the 
dialysate. For a sample to dialysate ratio of 1:60 L, the dialysis process were able to 
remove >97% of dissolved inorganic ions in the medium (based on electrical 
conductivity measurement) and >75% of low molecular weight (LMW) organic 
material (based on LC-OCD analysis). The final dialysed solution dubbed from 
henceforth as “algal organic matter” or “AOM” comprised of 1.9 mg C/L of 
biopolymers. For the fouling experiments, different feedwater solutions were 
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prepared from this solution by diluting part of it with ASW (with adjusted ion 
concentration depending on the dilution factor) to make up the biopolymer and ion 
concentration required for the experiments. To prevent variations in results due to 
storage, each set of experiments were performed on the same day.     

7.3.3 Model biopolymers   
Commercially-available polysaccharides, sodium alginate (Fluka 71240) and 
Xanthan gum (Sigma 1253), were purchased from Sigma-Aldrich. These biopolymers 
are often used as model polysaccharide for quantification of TEPs (Passow and 
Alldredge, 1995) and as model biopolymer foulant in various UF fouling studies (e.g., 
Katsoufidou et al., 2007; van de Ven et al., 2008; de la Torre et al., 2009). Sodium 
alginate is the sodium salt of alginic acid derived from the cell walls of brown macro-
algae (e.g., seaweeds) while Xanthan gum (C35H49O29) is derived from the cell wall of 
plant bacteria Xanthomonas campestris. Stock solutions were prepared by dissolving 
20 mg of sodium alginate (SA) or xanthan gum (XG) in 1 L of ultra-pure water. 
Different solutions were prepared accordingly from the stock solutions following the 
same procedure with AOM.  

7.3.4 Liquid chromatography – organic carbon detection (LC-OCD) 
Biopolymer concentrations were measured using liquid chromatography – organic 
carbon detection (LC-OCD) analysis. The general protocol of this technique is 
described by Huber et al. (2011). LC-OCD was originally developed to characterise 
natural organic matter which can pass through 0.45μm pore size filter. For this 
study, the inline 0.45 μm filter was bypassed to also quantify a significant fraction of 
the particulate biopolymer materials present in the AOM and model biopolymer 
solutions. Without the inline filter, the approximate upper size limit of biopolymers it 
can analyse is 2µm based on the average pore size of the sinter filters of the 
chromatogram columns used in the analyses (Huber, 2012). 

7.3.5 Transparent exopolymer particles (TEP) 
TEP concentration was measured based on the spectrophotometric method modified 
from Passow and Alldredge (1995). The modified protocol is described in Chapter 5 of 
this thesis. With the current modification, TEP is measured using 0.1 µm pore size 
PC membranes (Whatman Nuclepore). TEP0.1µm were measured within 24 hours after 
dialysis treatment of AOM and after preparation of SA and XG stock solutions.  

7.3.6 Dynamic light scattering measurements 
The size distribution of TEP was estimated based on dynamic light scattering (DLS) 
measurements using a Malvern Zetasizer Nano ZS. This technique measures the 
diffusion of particles moving under Brownian motion and converted to size based on 
the Stokes-Einstein relationship. The obtained size is the diameter of a sphere with 
equivalent translational diffusion coefficient as the measured particle, called the 
hydrodynamic diameter. DLS measurements were performed for samples taken 
directly from the stock solutions of AOM, SA and XG without further pre-treatments. 
All measurements were performed at 25oC.  
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7.3.7 Atomic force microscopy  
Interaction forces between biopolymer materials and clean or biopolymer-fouled UF 
membranes were measured using atomic force microscopy (AFM). In this study, the 
investigated biopolymer materials were allowed to adsorb to the surface of 
polystyrene microspheres attached to the tip of the AFM cantilever.  
 
To adsorb biopolymers on AFM probe, about 10 ml of stock solutions of AOM and 5 
mg C/L solutions of SA and XG in ASW were poured into separate petri-dishes (50 
mm diameter). AFM cantilevers with attached 25 µm polystyrene microsphere tip 
(Novascan Technologies, Inc.) were submerged in the solutions by carefully 
positioning the cantilever (microsphere probes up) at the bottom of the petri-dish. 
The cantilevers were submerged for 5 days at 4oC to allow adsorption of biopolymers. 
The petri-dishes were then placed at room temperature (20oC) for >2 hours before 
AFM force measurements were performed.   
 
Due to practical difficulties of performing AFM force measurement inside a capillary 
PES membrane, a disk polyethersulfone (PES) membrane (Omega 100 kDa MWCO, 
Pall Corp.) was used as the representative UF membrane surface. The membrane 
was first cleaned by soaking them in ultra-pure water for 24 hours and then filtering 
through >10 ml ultrapure water before the experiment. For biopolymer to membrane 
interaction measurements, a biopolymer-coated tip and a clean membrane were 
used. For biopolymer to biopolymer interaction measurements, the PES membrane 
was first coated with biopolymers by filtering through 5 ml of biopolymer solution in 
ASW. Filtration was performed at constant flux (60 L m-2.h-1) using a syringe pump 
(Harvard pump 33), 30 ml plastic syringe and 25 mm filter holder.         
 
Force measurements were performed with the ForceRobot 300 (JPK Instruments) at 
room temperature (~20oC), using a small volume liquid cell, sealed with a rubber 
ring. In every test, the liquid cell is filled with ASW (TDS ~ 34 g/L; pH = 8±0.2). The 
cantilevers were calibrated with respect to their deflection sensitivity from the slope 
of the constant compliance region in the force curves obtained between the clean, 
hard surfaces and their spring constant using the thermal noise spectrum of the 
cantilever deflections (Ralston et al., 2005; Spruijt et al., 2012). Force-distance 
curves were recorded for an approach range of 10 µm, a tip velocity of 16-28 µm/s, 
30 seconds surface delay and a sampling rate of 2 kHz. In each cycle of approach 
and retract, the probe is brought into contact with the surface with an average load 
force of 5 nN. The force-distance (F-D) curves were recorded in triplicates for each of 
the six points on the membrane surface within an area of 10 µm x 10 µm. The F-D 
curves were analyzed using the JPK data processing software to calculate the 
maximum retract force and total energy. 

7.3.8 Filtration experiments 
A lab-scale UF system was used for experiments to measure membrane fouling 
potential (i.e., MFI-UF) and backwashability of AOM, SA and XG. The UF system 
comprised of a small module of inside-out capillary UF membranes (150 MWCO, 
Pentair X-flow) and a continuous flow syringe pump (Harvard Pump 33) to provide 
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constant permeate flux (Figure 7-3). To assess the rate of fouling, trans-membrane 
pressure (ΔP) was monitored using a pressure transmitter (Endress+Hauser PMD75 
with ceramic sensor) and communication device connected to a computer with data 
acquisition software. Water temperature was also monitored to calculate water 
viscosity. 
 

 
Figure 7-3: Graphical scheme of the lab-scale constant-flux UF system and modes of operation. 

 
The lab-scale UF module was fabricated in an 8-mm diameter polyethylene tubes 
containing 4 capillaries (0.8 mm diameter; 150 kDa MWCO) of 15 cm in length. Both 
ends of the tubes (except the fibre ends) were sealed off with water-proofing resins. 
The feed solutions were fed from both ends of the fibres and the UF permeate flows 
through an outlet in the middle of the module. The system was operated at constant 
flux filtration of 80 L/m2.h. For MFI-UF measurement, filtration was performed for 
60 mins. For backwashability experiments, the system was operated for 6 hours with 
1-minute backwashing (flux = 200 L/m2/h) using UF filtrate performed for every 30 
mins of filtration. New membrane modules were fabricated for each experiment. 
Before each experiment, the membranes were pre-conditioned by filling up the 
module and soaking the membranes for >10 mins in water (without biopolymers) 
with similar solution chemistry of the feedwater used in subsequent fouling 
experiments. 
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7.4 Results and discussion 

7.4.1 Characteristics of biopolymers 
Algal organic materials (AOM) extracted from marine diatom Chaetoceros affinis was 
used to investigate the fouling propensity of biopolymers produced during algal 
blooms in seawater. For comparison, polysaccharides which resemble the 
characteristics of micro-algal biopolymers such as sodium alginate (SA) and xanthan 
gum (XG) were also studied. Comparing the characteristics of AOM, SA and XG may 
provide indications on the fouling propensities of biopolymers produced by micro-
algae, macro-algae and bacteria, respectively.     

7.4.1.1 Biopolymers and TEP  

Based on LC-OCD analysis, the dialysed AOM solution comprises 1.9 mg C/L of 
biopolymers and 0.6 mg C/L of residual low molecular weight organics from the 
culture medium (Figure 7-4). The organic nitrogen content of biopolymers was about 
0.18 mg N/L, an indication that protein-like substances were also produced by C. 
affinis. An estimate of the organic carbon concentration of protein-like substances 
was 0.54 mg C/L which is about 28% of biopolymers. Hence, a substantial majority 
(~72%) of biopolymers in AOM solution are polysaccharides. SA and XG solutions 
comprise almost purely of biopolymers. They contain undetectable levels of organic 
nitrogen, which means they comprise mainly polysaccharide material. 
 

 
Figure 7-4: Representative organic carbon (OC) chromatograms of AOM and model biopolymers. 

 
Alcian blue staining and microscopy analyses of the three polysaccharide samples 
showed indications of their diverse structures. As shown in Figure 7-5, Alcian blue 
stained aggregates of AOM showed striking similarities with the aggregates of XG. 
However, XG showed long thin fibrous units which have rather looser arrangement 
than AOM aggregates. On the other hand, large flocs of SA appear to be cloud-like 
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which have denser structure than AOM and XG. At molecular level, SA (C6H8O6) 
polymers comprise of simple and homogenous sequences of different types of uronic 
acids (e.g., mannuronic and guluronic acid; Haug et al., 1974) while XG (C35H49O29) 
are highly branched polymers comprised of repeated pentasaccharides containing 
multiple units of sugars (e.g., glucose, mannose, glucuronic acid; Garcia-Ochoa et 
al., 2000). Although the molecular structures of biopolymers in AOM are still largely 
unknown, it has been reported to be very complex and highly branched (Passow, 
2002), which possibly explain its similarities with XG.     
  

 
Figure 7-5: Microscope photographs of alcian blue stained aggregates of (a) AOM, (b) SA and (c) XG. 
 
At identical biopolymer concentration of 0.6 mg C/L, TEP0.1μm concentrations were 
0.5, 0.1 and 0.24 mg Xeq/L for AOM, SA and XG, respectively. The large differences 
in concentrations may be due to two factors:  

1. TEP measurements were based on the anion density of the functional groups 
(e.g., carboxyl and sulphate groups) linked to these biopolymers, which means it 
does not account for their mass concentrations but rather the density of these 
functional groups; and  

2. it does not cover all sizes of biopolymers as TEP0.1μm only covered those retained 
on 0.1μm PC filters. SA recorded the lowest TEP0.1μm concentration possibly 
because of its low molecular weight and poor retention in 0.1 μm filters during 
TEP0.1μm measurements.      

7.4.1.2 Size distribution  

The hydrodynamic size distributions of biopolymers were compared using dynamic 
light scattering (DLS). The size distribution of the three solutions appeared to be 
bimodal (Figure 7-6). AOM showed two peaks with mean hydrodynamic diameters of 
540 nm and 2600 nm, respectively. SA also showed two peaks having mean 
diameters of 330 nm and 100 nm, respectively. XG showed two major peaks with 
mean diameters of 210 nm and 2350 nm, respectively.  The latter was found to have 
the widest size range (25-3300 nm) as compared to AOM (200-3300 nm) and SA (53-
7350 nm). Around 97% of AOM were between 200 and 1300 nm, ~82% of SA were in 
the range of 140-750 nm and ~90% of XG were in the range of 25-750nm.  
 

(a)

100 µm

(c)

100 µm

(b)
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Figure 7-6: Size distribution of AOM and model biopolymers in low salinity solution (<1 g/L) based on 
DLS measurements. 

 
The hydrodynamic diameter measured by DLS was derived from the diameter of an 
equivalent spherical particle with similar diffusion coefficient (Stokes-Einstein 
relationship) as the biopolymer. Hence, the results are just indications of their actual 
size. Biopolymers like TEPs are not spherical but generally fibrillar or branched in 
shapes which tend to change in configuration over time due to ageing or external 
forces (Passow, 2000). Because of this, the measured hydrodynamic size may have 
substantially underestimated the actual size distribution of biopolymers. Such 
measurement error is likely more pronounced for highly branched and extended 
polymers like AOM and XG. This might possibly explains why the largest fraction of 
XG showed a smaller mean diameter than SA.                  

7.4.1.3 UF membrane rejection  

Filtration tests were performed to measure the apparent UF rejection of biopolymers 
(measured using LC-OCD) from the three prepared solutions at low ionic strength (0-
0.3 g/L) conditions.  The UF membrane rejected ~85% of AOM, ~70% of SA and 
~90% of XG. The UF rejection of SA was higher than the range previously reported 
by Katsoufidou et al. (2007; 2010) which are between 0 and 60%. Considering that 
such studies used TOC measurement to measure the apparent size range of SA, it is 
possible that these were underestimated as possible contamination may have been 
introduced during filtration (e.g., organics leaching from the membrane). However 
using LC-OCD analysis to measure TOC, contamination can be detected and results 
can be corrected by excluding anomalies in the chromatogram peaks. TEP0.1μm 

concentrations of biopolymers in the permeate UF membrane were all below the 
detection limit of the method.  
 
Although the DLS results showed XG having a lower average hydrodynamic diameter 
than AOM and SA, they were rejected better by the UF membrane. This could be due 
to the wider size range of XG (0.025-3.3µm) and the substantial presence of larger 
particles (>1µm). The large gels can immediately block the entrance of the pores at 

0

4

8

12

16

10 100 1000 10000

In
te

ns
ity

 (%
)

hydrodynamic diameter  (nm)

TEP-CA

SA

XG

AOM



192  ALGAL BLOOMS AND MEMBRANE BASED DESALINATION TECHNOLOGY
 

 

the start of filtration, possibly adsorbing the incoming smaller gels and preventing 
most of them from penetrating the pores. This might also explain why AOM has a 
higher UF rejection than SA, since the latter did not contain aggregates larger than 
0.75 µm.  

7.4.1.4 Cohesion and adhesion potential  

To investigate the stickiness (cohesion/adhesion potential) of AOM compared to 
model biopolymers (SA and XG), interaction force measurements were performed 
using AFM. The force distance curves generated between clean/biopolymer-coated 
polystyrene microsphere probes and clean/biopolymer-fouled PES UF membrane are 
presented in Figure 7-7.  
 

 

Figure 7-7: Typical force-distance curves for (a,d) clean PS probe and clean PES membrane, (b,e) 
biopolymer-coated probe and clean PES membrane, and (c,f) biopolymer-coated probe and 
biopolymer-fouled PES membrane. Graphs a-c are approach force curves while graphs d-f are retract 
force curves. 
 
The generated approach force curves show that short-range attraction forces were 
observed between clean PS probes and clean membranes (Figure 7-7a). However 
after incubating the probes in AOM solution for 5 days, interaction shifted to rather 
long range repulsion (Figure 7-7b,c). This change indicates that indeed a layer of 
AOM was adsorbed to the surface of the polystyrene microspheres. The polystyrene 
particle (reported by supplier), the PES membrane (Ricq et al., 1997) and 
biopolymers (Henderson et al., 2008) are (slightly) negatively charged. However, 
electrostatic repulsion may not have a significant role in the surface interaction 
because the high ion concentration in the matrix screens the charges and limits the 
range of electrostatic interactions to short range distances of less than 1 nm (Mosley 
et al., 2003). The long range (2-4 μm) gradual increase in approach force is the force 
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needed to compress the soft and deformable AOM layer coating on the surface of the 
membrane and/or the probe.  
 
Adhesion/cohesion forces of AOM and model biopolymers were investigated based on 
the retract force curves generated after 30 seconds of contact time (Figure 7-7d,e,f). 
With the exception of XG, the maximum retract forces were higher between 
biopolymer-coated probe and biopolymer-fouled PES membrane than biopolymer-
coated probes and clean PES membrane. It was also observed that the retract force 
curves were generally broader when biopolymers were present on both the particle 
probe and the membrane surface (Figure 7-7f). This implies that not only a higher 
force but also a higher energy is needed to totally retract (pull-off) bonds between 
two biopolymer coated surfaces. In addition, it indicates that biopolymer layers can 
deform and stretch when pulled apart and only at distances of the order of several 
micrometers that they come apart. The softness and deformability of the biopolymer 
layers is corroborated by the approach curves in Figure 7-7b,c. 
 
Hydrogen bonding may have played a major role in the adhesion/cohesion between 
investigated surfaces. Hydrogen bonding is a result of electron transfer between 
electronegative moieties and hydrogen atoms in biopolymers and on membrane 
surfaces. Moreover, cohesion between biopolymer-coated surfaces might also be 
influenced by polymer entanglement during contact between AOM-coated surfaces 
(Flemming et al., 1997). AOM polymers are generally flexible and elastic, so 
disentangling them may have occurred in a stepwise fashion and therefore requires 
higher energy to totally detach them as shown in Figure 7-7f.   
 
The average maximum (adhesion) force and total energy needed to pull-off two 
investigated surfaces from contact are compared in Figure 7-8.  
 

 
Figure 7-8: Average maximum retract forces and total energies needed to completely pull-off 
biopolymer-coated probe from clean/biopolymer-fouled membrane after 30 seconds of contact time. 
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Adhesion on clean PES membranes varied substantially with different biopolymers 
whereby the maximum retract force and total energy was highest for XG followed by 
SA and AOM, respectively. For AOM and SA, cohesion between the biopolymer-
coated probe and the biopolymer-fouled PES membrane showed much higher 
magnitude (up 15 times) than adhesion between biopolymer-coated probe and clean 
PES membrane. On the contrary, adhesion of XG on clean PES membrane was 
higher than cohesion between XG-coated probe and XG-fouled membrane.  
 
Although AOM showed a relatively lower adhesion potential on clean PES 
membranes compared to model biopolymers, it does not necessarily mean that it is 
easier to remove by hydraulic backwashing. The adhesion forces reported in this 
study is only based on measurements after 30 seconds of contact time between the 
biopolymer and the UF membrane. It was not feasible to perform a longer contact 
time with the current AFM set-up. In practice, the contact time can be much higher 
as filtration time between backwashing is typically 15-45 mins. Theoretically, a 
higher contact time can substantially increase hydrogen bonding between surfaces. 
Algal-derived biopolymers are usually made up of long highly branched fibres. Over 
time, these fibres may deform/re-assemble as they are pressed further towards the 
membrane surface due to cake compaction and/or water convection. Such scenario 
will increase the contact area between biopolymer fibres and the membrane surface, 
thereby increasing the bonding strength. Further studies are needed to verify this 
effect.     

7.4.2 Membrane fouling potential and effect of solution chemistry  
Organic fouling in UF membranes is largely influenced by the characteristics of the 
feedwater. This includes the concentration of biopolymers and the feed solution 
chemistry (e.g., pH, ionic strength and ionic composition). Moreover, anionic 
biopolymers such as TEPs may interact mainly with cations (e.g., Ca2+, Na+) in 
seawater. Investigations on the influence of these factors on the membrane fouling 
potential of AOM are discussed in the following sections.   

7.4.2.1 Effect of biopolymer concentration 

The feed solutions used in the filtration experiments were diluted from AOM and 
standard biopolymer (SA and XG) solutions. Dilution with artificial seawater was 
necessary as the initial biopolymer concentrations were extremely high compared to 
what is reported in natural seawater. Latest studies show that biopolymer 
concentration in the North Sea is typically very low during winter (<0.1mgC/L) but it 
can reach as high as 0.6 mgC/L during the spring period (Schurer et al., 2013; 
Salinas-Rodriguez, 2011). To cover this range, the membrane fouling potential 
(based on MFI-UF) of feedwater solutions containing biopolymer concentrations 
between 0.1 and 1.5 mgC/L were measured.  
 
The fouling potential of the three biopolymers varies widely (Figure 7-9). For 
instance, at biopolymer concentration of 0.6 mg C/L, the fouling potential of AOM 
was ~50% higher than SA and ~5 times higher than XG. The membrane fouling 
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potential of AOM and XG showed a direct linear correlation with biopolymer 
concentration. However, the fouling potential of SA best described as a power 
relationship with biopolymer concentration. Based on projections of these trend 
lines, the fouling potential of SA is expected to be higher than AOM for 
concentrations >1.6 mg C/L.       

 

 
Figure 7-9: Fouling potential of different concentrations of AOM, XG and SA in seawater. 

 
The linear relationship between biopolymer concentration in seawater and MFI (as in 
the case of AOM and XG) is similar to what was previously reported in surface 
waters (Salinas-Rodriguez, 2011; Boerlage et al., 2003a). This can be explained 
based on direct proportionality of the fouling index (I) with the foulant concentration 
(Eq. 3). However, this direct proportionality is based on the assumption that the 
specific cake resistance (α) is constant and that the membrane rejects 100% of the 
foulant materials, which might not be true in this study. The UF rejections of AOM 
(85 %) and XG (90 %) as discussed in Section 7.4.1.3 were higher than SA (70 %), 
which possibly explains the difference in trend. Another explanation for the 
exponential trend in SA is the possibly of higher degree of compression in SA gels 
than for AOM or XG. 
 
At higher concentrations, biopolymers have higher collision frequencies than at 
lower concentrations, hence, higher coagulation possibilities. The coagulation 
process which may have occurred even before (during storage) and during the 
filtration experiment can increase the size of particles but may also allow more 
biopolymers to be rejected by the membrane. Hence, membrane rejection may 
increase with increasing biopolymer concentration and a non-linear increase in 
fouling potential may occur (as in the case of SA).  
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Theoretically, an increase in particle size translates to a decrease in specific cake 
resistance as explained in the Carman-Kozeny equation (Eq. 4). For SA, the effect of 
increased membrane rejection may have dominated the effect of decreasing α. 
Biopolymers are amorphous hydrocolloids which contradict the Carman-Kozeny 
model assumption of a cake layer comprising of solid spherical particles. Biopolymer 
materials can spontaneously deform and possibly rearrange during membrane cake 
formation. Hence, increased aggregation of polysaccharides might have insignificant 
effect on the α and the resulting increase in membrane rejection and/or cake 
compression may have a dominant effect on its fouling potential.          

7.4.2.2 Effect of pH 

In seawater UF-RO plants, lowering the pH of the feedwater may be performed in 
order to optimise performance of inline coagulation system or to minimise the 
possibility of calcium carbonate scaling in the downstream RO system. Considering 
that the feedwater pH in the plant may vary from pH 6 to 8, the investigation focused 
on measuring the fouling propensity of biopolymers covering this range. For direct 
comparison, the ionic strength of the feedwater was kept constant at 35 g/L. The 
feed water concentrations of the different solutions were 0.6 mg C/L, 0.65 mg C/L 
and 1.45 mg C/L for AOM, SA and XG, respectively. To minimise the effects of 
variability in the measurements, it was decided to keep all MFI results higher than 
2000 s/L2. As shown in Figure 7-9, a substantially higher concentration of XG 
should be present in the feedwater to reach an MFI higher than 2000 s/L2. 
Consequently, a higher XG concentration was selected. To normalise the results, the 
specific membrane fouling potential are expressed in terms of MFI per mg C/L of 
biopolymers in the feedwater. The specific membrane fouling potential of 
biopolymers at different solution pH is presented in Figure 7-10.  

 

 
Figure 7-10: Specific fouling potential of AOM, SA and XG in seawater (TDS=35 g/L) at different 
solution pH. 
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In general, the fouling potentials of all three biopolymers were higher at lower 
solution pH until around pH 8. Increasing the pH until pH 9 did not show 
substantial change in fouling potential. A lower fouling potential at higher solution 
pH can be attributed to deprotonation of the polysaccharide functional groups (e.g., 
carboxyl groups), in which the macromolecules are more negatively charged and 
electrostatic repulsion is higher. These may have resulted in higher inter-particle 
distance and a looser cake layer with lower hydraulic resistance to permeate flow. 
Lee S. et al. (2006) reported that the carboxyl groups of SA are mainly deprotonated 
at pH>5 and found substantial SA fouling in RO membrane at lower pH than at 
higher pH. The same finding was also demonstrated in this study whereas the UF 
fouling potential of SA was higher at pH 5 and that only slight variations of fouling 
potential were observed between pH 6 and pH 9 (Figure 7-10). For XG, which also 
contains carboxyl groups, a similar trend was also observed. AOM on the other 
hand, which comprise mainly sulphated functional groups rather than carboxyl 
groups, showed a slightly different trend where a gradual decrease of fouling 
potential with increasing pH was observed between pH 5 and pH 8. Inter-particle 
repulsion between sulphated polysaccharides like carrageenan only becomes weaker 
when the pH is closer to 2, which is the pKa value of its anionic sulphate groups (Gu 
et al., 2005). Therefore, the effect of pH on sulphated polysaccharides like AOM is 
expected to be similar to SA or XG. However, unlike SA or XG, AOM does not 
comprise only polysaccharide but it also proteins (~28%). These proteins were 
reported to comprise of arginine, asparagine, tyrosine and isoleucine amino acids 
(Myklestad et al., 1989), which have pKa values ranging from 4 to 12.5. This means 
that a large fraction of these proteins are still positively charged between pH 5 and 8. 
The presence of proteins in AOM possibly explains the gradual decrease of MFI-UF at 
this pH range.         

7.4.2.3 Effect of ionic strength 

Filtration experiments of biopolymer solutions with different salinities were 
performed to measure the effect of ionic strength on the fouling potential of 
biopolymers. The observed UF membrane fouling by biopolymers at low and high 
salinities are presented in Figure 7-11.  
 
For low ionic strength solutions, the mechanisms of UF fouling by biopolymers were 
generally in two phases. Membrane fouling by AOM showed a brief period (first ~3 
mins) of pore blocking followed by cake/gel filtration (Figure 7-11a). On the other 
hand, fouling by SA and XG showed longer periods (first 10-15 mins) of pore 
blocking then slowly shifting to cake/gel filtration (Figure 7-11b,c). Katsoufidou et al. 
(2007) reported that more than one fouling mechanisms can occur simultaneously 
(standard and/or complete pore blocking) or consecutively (pore blocking followed by 
cake filtration) during filtration of biopolymers at low ionic strength. Pore blocking 
may have occurred whereas smaller biopolymers adsorb to or deposit on the pores of 
the membrane (standard blocking) while larger materials can block the entrance of 
the pores (complete blocking). As more pores are blocked over time, the transition to 
cake filtration follows.  
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The low ionic strength condition is expected to keep the size of biopolymers smaller, 
looser and flexible due to high electrostatic repulsion. De la Torre et al. (2009) 
reported that at low ionic strength solutions, SA can vary in size between 1kDa and 
154 kDa while XG is known to be much larger, between 500-500,000 kDa. The size 
range of SA is basically smaller than the nominal molecular weight cut-off (150 kDa) 
of the UF membrane used in this study. This means they can accumulate in the 
pores of the membrane and cause severe pore blocking. The difference in size is 
likely the reason for the shorter period of pore blocking with XG than SA. However, 
the flexibility of biopolymers and their ability to squeeze through membrane pores 
smaller than their apparent size can be a major factor as well. On the other hand, 
the size of biopolymers in AOM is larger than SA and XG at low ionic strength 
solution based on Figure 7-6. This may have resulted in fast transition from blocking 
to cake filtration much faster than SA and XG. Furthermore, AOM and XG fibrils 
were observed to have longer physical structure than SA (Figure 7-5) and so it is 
likely that they accumulate more on the surface of the membrane than in the pores. 
 

 
Figure 7-11: Filtration resistance due to accumulated biopolymers during filtration of (a,d) 0.6 mg C/L 
AOM, (b,e) 0.65 mg C/L SA and (c,f) 1.45 mg C/L XG solutions with (a,b,c) low and (d,e,f) high salinities. 
Solid lines represent the minimum slope of the curve and values represent calculated specific MFI.   
 
At high ionic strength (e.g., TDS=35 mg/L), the mechanism of membrane fouling is 
mainly gel filtration (Figure 7-11d,e,f). As explained in Eq. 14, Debeye screening 
length (к-1) or the distance of influence of a certain particle is inversely proportional 
to the ionic strength of the solution. At high ionic strength, the electrical double 
layer surrounding each biopolymer material is compressed, minimising repulsion 
and enhancing aggregation between materials. The resulting large aggregates can 
rapidly form a gel layer on the surface of the membrane and minimise pore blocking. 
An apparent non-linear increased was observed during filtration of AOM which 
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means the cake is compressible. However, cake compression was not apparent 
during filtration of SA and XG. 
 
The fouling potential of biopolymers was further investigated for a wider range of 
salinity (TDS=0.2-65 g/L) to represent different types of water ranging from fresh 
surface water to seawater to RO concentrate. The different feedwater solutions were 
prepared while maintaining the fractional composition of inorganic ions in seawater 
(Table 7-1) and solution pH 8±0.2. The fouling potentials of the different solutions 
were relatively low at near zero salinity <<0.5 g/L but increasing the salinity up to 
about 1 g/L for AOM and SA and up to 5 g/L for XG resulted in significant increase 
of fouling potential (Figure 7-12). Increasing further the ionic strength however, 
resulted in decline of fouling potential. This declining trend was observed until TDS 
of 20 g/L, 5 g/L and 35 g/L for AOM, SA and XG solutions, respectively. At TDS 
higher than these values, the fouling potential appeared to increase with ionic 
strength. The highest specific MFI was recorded at TDS of 1, 65 and 5 g/L for AOM, 
SA and XG, respectively.         
           

 
Figure 7-12: Specific fouling potential of AOM, SA and XG solutions with different ionic strength. 

 
Salinas-Rodriguez (2011) reported a substantial increase in MFI-UF when increasing 
the TDS of seawater samples (20 to 70 g/L) which is similar to what was observed in 
this study. The lower fouling potential observed at very low TDS (<1 g/L) was 
possibly a result of lower membrane rejection and/or the formation of loosely 
arranged cake layers due to high inter-particle repulsion forces. A lower membrane 
rejection at low ionic strength is expected because the size of biopolymers is 
expected to be smaller and more flexible, which might allow them to squeeze through 
the pores of the UF membrane.  
 
Although a higher membrane rejection is expected at higher ionic strength, it was 
not always the case (in this study) that the solution with the highest TDS 
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concentration has the highest fouling potential. Peaks of MFI were recorded at TDS 1 
g/L for AOM and SA, and 5 g/L for XG (Figure 7-10). A similar trend was also 
reported by Boerlage et al. (2003b) and Bacchin et al. (1996). Boerlage et al. (2003b) 
measured MFI-UF of tap water spiked with different concentrations of NaCl (0.5-12 
g/L) and observed a peak value at TDS ~6 g/L. On the other hand, Bacchin et al. 
(1996) measured the specific cake resistance of bentonite in solutions containing 
0.0007 to 22 g/L of KCl and recorded a maximum resistance at TDS ~ 0.6 g/L. 
Bacchin et al. (1996) explained that the initial increase in specific cake resistance 
was a result of decrease in cake porosity as the inter-particle distance in the cake is 
reduced. They further proposed that a “critical concentration of coagulation” (CCC) is 
reached when a further increase in ionic strength resulted in subsequent decrease in 
specific cake resistance. CCC is the critical ionic strength at which the zeta potential 
is reduced to about zero. Beyond this level would result in the formation of larger 
aggregates and thus, lower specific cake resistance. The possible CCC of AOM and 
SA were in the same range observed by Bacchin et al. (1996) for bentonite clay while 
XG was similar to what was reported by Boerlage et al. (2003b) for tap water. The 
variation was likely because of the different foulant composition which requires 
different electrolyte concentration to induce coagulation.  
 
The range of ionic strength investigated in this study extended beyond the range 
(>20 g/L) explored by Bacchin et al. (1996) and Boerlage et al. (2003b). Interestingly, 
an apparent increase in MFI-UF were observed at TDS higher than 20 g/L, 5 g/L 
and 35 g/L for AOM, SA and XG, respectively. The increase of MFI-UF above the 
“critical ionic strength” is possibly the point where cake resistance is dominated by 
the effect of increased membrane rejection rather than the effect of increased in 
particle size in the cake. Increased coagulation above the “critical ionic strength” is 
expected to increase the rejection of biopolymers which also means a higher rate of 
increase in cake thickness.  
 
In summary, the fouling potential of biopolymers is affected by the inter-particle 
charge repulsion at ionic strength below the so called “critical concentration of 
coagulation”. Above such ionic strength, the electrical double layer is compressed 
and the cake resistance is governed by either the effect of increased particle size or 
the increased membrane retention due to increased coagulation of biopolymers.               

7.4.2.4 Influence of mono- and di- valent cations 

The influence of major mono- and di-valent cations in seawater on the membrane 
fouling potential of biopolymers was investigated. The different feedwater solutions 
were prepared based on the typical concentrations of individual cations in seawater 
while maintaining the solution at pH 8 (see Table 7-2). Figure 7-13 shows the 
comparison of MFI results for the different matrices.   
 
The fouling potential of AOM in solutions dominated by a single type of cation (Na+, 
K+, Ca2+ or Mg2+) were not substantially different. On the contrary, the changes in 
cation composition had a rather drastic effect on the fouling potential of SA and XG. 
For example, when Ca2+ or Na+ was added , the fouling potential of SA was about 20-



CHAPTER 7: FOULING OF UF MEMBRANES BY ALGAL BIOPOLYMERS IN SEAWATER  201
 

  

25 times lower than the reference (only with NaHCO3 buffer) while fouling potential 
was comparable and roughly 3 times higher than the reference when Mg2+ and K+ 
were added, respectively. For XG, the lowest fouling potential (30% lower than the 
reference) was recorded when Mg2+ was added, while the fouling potential was 
highest (3 times higher than the reference) when only K+ was present in the solution. 
 

Table 7-2: The ion composition of dissolved salts in the feed solutions used in the experiments. To 
maintain comparable solution pH (pH ~6.0), all solutions contain 0.26 mg/L of NaHCO3 buffer.  

Feed solution Na+ K+ Ca2+ Mg2+ Cl- SO4
- HCO3

- TDS
reference 0.11 - - - - - 0.15 0.26
K 0.11 0.38 - - - - 0.15 0.64
Ca 0.11 - 0.30 - - - 0.15 0.56
Mg 0.11 - - 1.17 - - 0.15 1.43
Na 10.75 - - - 18.85 2.69 0.15 32.44
Na+K 10.75 0.38 - - 18.85 2.69 0.15 32.83
Na+Ca 10.75 - 0.30 - 18.85 2.69 0.15 32.75
Na+Mg 10.75 - - 1.17 18.85 2.69 0.15 33.62
Na+Ca+Mg+K 10.75 0.38 0.30 1.17 18.85 2.69 0.15 34.30

 
 

 
Figure 7-13: Specific fouling potential of AOM, SA and XG solutions containing different compositions 
of mono- and di- valent cations.  
 
Various studies have demonstrated the influence of individual cations on the fouling 
potential of SA (e.g., van de Ven et al., 2008; Katsoufidou et al., 2007). The results of 
this study supported some of the earlier findings. For example, van der Ven et al. 
(2008) also found that Ca2+ has a negative effect while K+ has a positive effect on the 
hydraulic resistance of SA solutions. The former can be explained based on the “egg-
box” model, in which Ca2+ ions bond with oxygen atoms of carboxylate groups and 
form bridges between adjacent polymers, the result of which is a very structured and 
highly permeable gel network on the surface of the membrane. On the other hand, 
the presence of K+ promotes self-entanglement of alginate polymers due charge 
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screening effect leading to reduced electrostatic repulsion. As a result, a denser and 
less permeable gel layer is formed on the surface of the membrane. These effects 
however, were not clearly observed with AOM and XG solutions. Only K+ had a 
significant effect on XG while no apparent effect by either Ca2+ or K+ or Na+ on AOM 
was observed.  
 
In solutions containing more than two types of cations, only the combination of Na+ 
and Ca2+ had a substantial effect (increased specific MFI-UF) on the fouling potential 
of AOM. No apparent variations in the fouling potential of XG at high salinity, 
regardless of the combination of cations investigated. SA on the other hand, was 
drastically affected by the different combinations of cations. When Na+ was combined 
with Ca2+, the fouling potential of SA was about 25% higher than the reference 
solution. However, the combination of Na+ and Mg2+ or K+ resulted in substantially 
lower fouling potential (10-30 times lower than the reference). The fouling potential 
of SA in feed solution containing all the cations was comparable with the reference 
solution and solution containing only Na+ cation.  
 
The combination of Na+ and Ca2+ consistently demonstrated a strong influence on 
the fouling potential of biopolymers at high ionic strength conditions. Na+ ions itself 
have a “charging up” effect which essentially promotes the deprotonation of carboxyl 
functional groups possibly resulting in dispersion of polysaccharide aggregates into 
smaller size (Jin et al., 2009). This may have resulted in significant reduction of UF 
membrane rejection and thus, lower membrane fouling potential (as in the case of 
SA). In the presence of Ca2+, the “charging up” effect of Na+ can be greatly reduced, 
as Ca2+ ions can react with the deprotonated carboxyl groups (Jin et al., 2009).  
 
The combined effects of Na+ and Ca2+ may have led to higher rejection of biopolymers 
due to calcium-carboxylate complexation as well as the formation of a dense TEP gel 
structures resulting from reduced intra-molecular repulsion as consequence of 
charge screening and electrical double layer compression of biopolymer molecules at 
high electrolyte concentration. This might explains the relatively high fouling 
potential of AOM and SA solutions containing both Na+ and Ca2+.  
 
Combining all major cations of seawater in one solution resulted in a slightly lower 
fouling potential. This can be explained as a result of competition between Ca2+ and 
other cations (Mg2+ and K+) for binding sites and possible stabilization effects by 
SO42- and HCO3- (Jin et al., 2009). Considering that carboxyl groups have stronger 
affinity to Ca2+ ions than to other cations might explain why its effect was dominant 
over other major cations in seawater.  
 
Finally, it is apparent that the membrane fouling potential of AOM is significantly 
different from those of SA and XG. This indicates that using these model 
polysaccharides in fouling studies might result in outcomes being quite different 
from the fouling behaviour of seawater AOM and possibly of microbially-derived 
polysaccharides in general. It is therefore not sufficient to just rely on these model 
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substances to interpret the fouling behaviour of biopolymers produced in natural 
aquatic systems (de la Torre et al., 2009).    

7.4.3 Reversibility of biopolymer fouling by hydraulic backwashing  
During long term operation of a dead-end UF system, fouling reversibility or 
backwashability rather than filterability is a more important measure of fouling. In 
this case, the efficiency of hydraulic backwashing is dependent on the ability of 
foulant materials to firmly attach to membrane pores and/or surfaces. Considering 
that the reported stickiness of algal-derived biopolymers is about 2-4 orders of 
magnitude more than most other particles (Passow, 2002), their fouling propensity 
in terms of backwashability is expected to be an additional critical issue during UF 
operation.     

7.4.3.1 Backwashability at different ionic conditions  

The backwashability of AOM and SA solutions with similar biopolymer concentration 
was compared at constant filtration flux of 80 L/m2/h with periodic hydraulic 
backwashing for 1 min at 200 L/m2/h every 30 mins of filtration. Moreover, the two 
types of biopolymers were prepared in selected matrices to investigate the effect of 
solution composition. Filtration experiments for AOM were only conducted at high 
ionic strength conditions to focus more on their behaviour in seawater. For 
comparison, two different solutions of SA (with and without cations) were also tested. 
The results of the filtration experiments and the recorded minimum slope in every 
filtration cycle are presented in Figure 7-14.     
  
The initial permeability of the UF membrane during fouling with SA was effectively 
restored by backwashing. Similar fouling behaviour was also observed during 
filtration of XG at similar biopolymer and ionic concentrations (results not shown). 
On the contrary, filtration of AOM feed solutions exhibited an increasing fouling rate 
over subsequent filtration cycles and incomplete restoration of initial membrane 
permeability by backwashing. It was also observed that the progression of fouling 
rates (minimum slope) in succeeding filtration cycles was influenced by the cation 
composition of the feedwater. The average slope was around 50% lower when Ca2+ 
was excluded from the synthetic seawater matrix while no substantial decrease was 
observed when K+ and Mg2+ were also excluded from the matrix. Remarkably, non-
backwashable fouling rates with SA were similar with and cations in the matrix. 
 
The observed reversible fouling during filtration of SA and XG may be attributed to 
weak association of these biopolymers to the surface and the pore walls of the 
membrane. Such reversible fouling behaviour was also observed by van der Ven et 
al. (2008) for SA solutions with and without Ca2+ and K+ ions. Without cations, SA 
aggregates are rather small due to electrostatic repulsion between molecules. The 
same repulsive force restricts SA molecules from attaching to the membrane which 
is also negatively-charged. Moreover, smaller biopolymers have higher back diffusion 
potential which means it has a strong tendency to form a concentration polarisation 
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layer rather than a gel layer near the surface of the membrane. This layer can be 
easily removed when the convective flow is reversed during backwashing.  
 

 
Figure 7-14: Filtration of AOM and SA solution with different cation composition: (a) trans-membrane 
pressure (ΔP) development over 12 filtration cycles and (b) minimum slope of ΔP increase per 
filtration cycle.  
 
The partially irreversible fouling observed during filtration of AOM may be attributed 
to the stronger membrane affinity of TEP gels. Unlike SA or XG, the acidic functional 
groups which comprise AOM are mainly half-ester sulfates and not carboxyl 
(Myklestad et al., 1972). Mopper and co-workers reported that biopolymers with 
covalently bounded half-ester sulfate groups are often linked to their high stickiness 
(Mopper et al., 1995; Zhou et al., 1998). This intrinsic stickiness may have led to 
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strong attachment of AOM biopolymers on the surface and pores of the membrane 
by cation bridging (e.g., Ca-bridging). De la Torre et al. (2009) investigated the 
fouling propensity of various polymers and observed higher levels of non-
backwashable fouling caused by sulphated polysaccharides (i.e., agarose and 
carrageenan) than other biopolymers. Furthermore, AOM biopolymers are highly 
branched (Haug and Myklestad, 1976) and likely having a more complex structure 
than SA or XG. This provides these biopolymers to have a higher surface area to 
interact with the membrane by hydrogen bonding. Although hydrogen bonding is 
rather weak, the huge area of binding sites between the membrane and the highly 
branched polymer network of AOM biopolymers may have provided significant 
combined adhesive force to resist the shear forces applied during backwashing.  
 
The fact that there was no large difference in non-backwashable fouling by AOM in 
solutions with and without Ca2+ or Mg2+ may indicate that divalent cation bridging 
between the acidic functional groups of AOM and the negatively-charged membrane 
was not the main reason for their strong attachment on the membrane. In a recent 
study, Li et al. (2011) found that backwashing a fouled membrane with water 
containing no Ca2+, Mg2+ and K+ (ultrapure water) was not effective in improving 
fouling backwashability than when these ions were present in the backwash water. 
This further supports the theory that hydrogen bonding between AOM and the UF 
membrane, which is possibly enhanced by charged screening of Na+ ions, has a 
major role in non-backwashable fouling in UF membranes by AOM. 

7.4.3.2 Effect of biopolymer concentration on backwashability  

The backwashability of AOM at different levels of biopolymer concentrations, were 
measured in seawater matrix. The pH (8.0±0.2), ionic strength (TDS~35 g/L) and 
ionic composition of the feedwater solutions were maintained for comparison. For 
the lowest biopolymer concentration (0.2 mgC/L), pore blocking was apparent at the 
first ~10 mins of filtration followed by cake filtration (Figure 7-15a). At higher 
biopolymer concentration, the effect of pore blocking occurred instantaneously in the 
first few minutes of the filtration cycle. In general, the slope of ΔP increase within 
each filtration cycle illustrates gel filtration with compression as the dominant 
fouling mechanism.  
 
In terms of fouling reversibility, both backwashable and non-backwashable fouling 
rates increased with increasing biopolymer concentration. This relationship was not 
linear but showed an exponential trend (Figure 7-15b). For instance, the total fouling 
rate (fT) for the lowest biopolymer concentration (0.2 mgC/L) was 0.015 bar/h. 
Tripling this concentration to 0.6 mgC/L increased the fouling rate by a factor of 
four (0.063 bar/h). Moreover, around half of the total fouling rate (42-55%) was due 
to non-backwashable fouling. Considering that there was a consistent increase in 
the minimum slope over the succeeding filtration cycles, this may indicate reduced 
surface porosity of the membrane due to complete plugging of some pores. Most 
likely, the biopolymers responsible for plugging these pores were not totally removed 
by backwashing, resulting in a lower membrane porosity and hence, lower initial 
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membrane permeability for the succeeding filtration cycle. This effect appeared to be 
cumulative in time.  
 
The reduction of membrane porosity due to non-backwashable fouling may cause 
localised increase in flux on the membrane. Considering that pressure drop through 
cake layer is directly proportional to the square of filtration flux (Eq. 5), the localise 
increase in flux has a major effect on the ΔP increase. Salinas-Rodriguez (2011) 
reported that the effect of cake compression and flux during filtration of coastal 
seawater are significant at flux >20 L/m2/h and >60 L/m2/h, respectively. Since 
filtration was performed at flux of 80 L/m2/h, both of these effects may have 
contributed to the fouling. This combined effect may have caused further adsorption 
of flexible biopolymers into the pores and surface of the membrane, making them 
more difficult to remove by subsequent backwashing. 

 
Figure 7-15: Long-term filtration of AOM solutions with different biopolymer concentrations: (a) trans-
membrane pressure development over 12 filtration cycles and (b) relationship between feedwater 
biopolymer concentration and fouling rates (total and non-backwashable fouling).  
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7.4.4 Projected chemical cleaning interval 
Non-backwashable fouling in dead-end UF systems is often mitigated by chemically 
enhanced backwashing (CEB) or in some cases by cleaning-in-place (CIP). The 
frequency of chemical cleaning is dependent on the cleaning criteria recommended 
by the membrane supplier or as set by the plant operator. Some UF membrane 
suppliers recommend a threshold of 1 bar of ΔP increase to perform CIP cleanings 
while they allow system operators to set their plant-specific CEB cleaning criterion 
(e.g., DOW, 2011). A number of UF plants perform CEB cleaning when the 
permeability goes down to about 100-200 L/m2.h.bar (Schippers et al., 2004; 
Schurer et al., 2013). In this study, a conservative threshold of 200 L/m2.h.bar, 
which is equivalent to a ΔP increase of 0.4 bar at 80 L/m2.h of permeate flux, was 
adopted.  
 
To calculate the period of membrane operation before chemical cleaning is needed, 
the model described in Section 7.2.2 was applied based on the fouling rates 
measured from various backwashability tests (6-8 hour duration) with feedwaters 
containing different concentrations of AOM in seawater matrix. For comparison, the 
model was also applied for similar tests performed with SA and XG (Table 7-3).     
 
Table 7-3: Comparison of the fouling rates and projected chemical cleaning interval during filtration of 
AOM, SA and XG in seawater. 

Feedwater Biopolymer TEP0.1μm MFI-UF a Backwashability (bar/h) Projected chemical
(mg C/L) (mg Xeq/L) s/L2 BW nBW cleaning interval b (h)

AOM 0.2 0.17 771 0.007 0.008 27 
0.4 0.35 2352 0.015 0.015 14 
0.6 0.52 5116 0.036 0.026 6.9 
0.7 0.61 7053 0.047 0.038 5.2 
0.9 0.78 8942 0.092 0.097 2.6 

SA 0.6 0.10 2266 <0.001 <0.001 >483 
XG 0.6 0.24 595 0.001 0.002 135 
(a) Calculated based on the minimum slope of the first filtration cycle. 
(b) Based on chemical cleaning criterion where cleaning is performed at ≥0.4 bar ΔP increase (200 L/m2.h.b permeability) 

 
The projected chemical cleaning (CEB or CIP) interval for AOM ranged from every 2.6 
(0.9 mg C/L) to 27 hours (0.2 mgC/L). These cleaning intervals were high (20-70 
times) compared to the projected values for SA and XG. TEP concentrations of the 
different AOM solutions showed a negative power correlation (R2~0.86) with the 
projected chemical cleaning interval (Figure 7-16). This further illustrates the major 
role of TEP in non-backwashable fouling in dead-end UF membranes.     
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Figure 7-16: Relationship between TEP0.1μm concentration and projected chemical cleaning interval 
during filtration of AOM and model biopolymers in seawater.   

7.5 Conclusions 

1. The fouling propensity (MFI-UF and non-backwashable fouling) of AOM was 
substantially higher than model biopolymers (SA and XG) at concentrations 
typical in seawater algal blooms (<1 mg C/L). 

2. Lowering the pH of feedwater containing AOM and model biopolymers in seawater 
matrix resulted to an increase in the specific MFI-UF per mg C/L.     

3. Substantial variations in MFI-UF observed when varying the ionic strength in the 
feedwater. The membrane fouling potential of AOM is characterised by rapid 
increase between 0 and 1 g/L of salinity followed by a decreasing trend until 20 
g/L of salinity and then gradual increase was observed between 20 and 65 g/L 
salinity. A similar trend was observed with SA and XG. 

4. Among the major mono- and di- valent cations in seawater, only Ca2+ 
demonstrated a significant influence on the fouling propensity (MFI-UF and 
backwashability) of AOM. However, other cations (e.g., Na+, K+ and Mg2+) also 
showed a pronounced effect on the fouling propensity of model biopolymers 
(especially SA).   

5. Filtration of AOM in seawater caused severe non-backwashable fouling in UF 
membranes and the rate of fouling increase exponentially with increasing 
feedwater concentration. On the contrary, negligible non-backwashable fouling 
was observed with model biopolymers (SA and XG). Consequently, these model 
biopolymers cannot be used as model foulants in seawater. 

6. A simple model was formulated to incorporate both membrane fouling potential 
(MFI-UF) and backwashability in calculating the projected operation time of UF 
system before chemical cleaning is required. The projected values were inversely 
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proportional to the non-backwashable fouling rates and further demonstrated the 
higher UF fouling propensity of AOM than model biopolymers.   

7. Overall, the findings of this study emphasise the importance of understanding 
the specific fouling potential of algal-derived biopolymers in seawater because 
their fouling behaviour might not be reliably simulated by just using model 
biopolymers (e.g., SA and XG). 
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Abstract 
 
During severe algal blooms, membrane fouling and plugging may occur in capillary 
ultrafiltration (UF) membranes due to accumulation of algal cells and algal organic 
matter (AOM). In this chapter, theoretical and experimental investigations were 
performed to determine the membrane fouling and plugging potential of microscopic 
algae on the operation of dead-end inside-out capillary UF membranes during 
filtration of seawater in severe algal bloom conditions. The membrane fouling 
potential is measured based on the modified fouling index model (MFI-UF) and the 
plugging potential was calculated based on the tendency of algal cells (mainly 
depending on their size) to deposit in the dead-end section of the capillary membrane. 
Moreover, the potential impact of plugging on the hydraulic performance of capillary 
membranes and how these can be mitigated was also investigated.       
 
The theoretical membrane fouling potential (in terms of MFI-UF) of 16 species of 
bloom-forming algae were 100 to 10,000 times lower than what was observed in 
filtration experiments with two laboratory grown species (Chaetoceros affinis and 
Microcystis sp.). This observation can be attributed to the presence of AOM produced 
by algae (e.g., transparent exopolymer particles, TEP). Furthermore, the experimental 
data showed lower correlation (R2<0.5) between algae concentration and MFI-UF 
than what was observed between TEP concentration and MFI-UF (R2>0.8). 
Experiments with a UF test unit demonstrated severe non-backwashable fouling 
when free AOM and/or AOM attached to algal cells are present in the feed solution.   
 
Further analyses were performed to investigate the transport and deposition of algal 
cells through capillary membrane by combining the effect of different particle back-
transport mechanisms due to shear. The deposition of algae is mainly influenced by 
shear inertial lift and induced diffusion along the length of the capillary. The larger 
the algal cell, the higher is the possibility that it will accumulate on the end or in the 
middle of the capillary (depending on the UF module design). Capillary plugging due 
to accumulation of algal cells in the dead-end section of the capillary can cause 
increase in membrane and cake resistance due to localised increase in flux. Such 
potential problems can be addressed by shortening the filtration cycle, lowering the 
flux and introducing a small cross-flow (bleed) at the dead-end of the capillary.  
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8.1 Introduction 
Algal blooms can have drastic consequences on the operation of conventional and 
advanced water treatment facilities. A remarkable example is the severe “red tide” 
occurrence caused by the dinoflagellate Cochlodinium polykrikoides in the Middle 
East Gulf region in 2008-2009 (Richlen et al., 2010). At least five seawater reverse 
osmosis (RO) plants were forced to reduce or shutdown operation mainly due to 
clogging problems in the pre-treatment systems (i.e., granular media filters, GMF) 
and due to concerns that the high silt density index (SDI) of the GMF effluent 
would irreversibly foul RO membranes (Berktay, 2011; Pankratz, 2008). This 
incident exposes the vulnerability of granular media filters (GMF) to such 
operational problems during severe algal bloom situations.  
 
Several options have been proposed to solve the problem of rapid clogging of GMF 
during algal blooms, namely: 
 
 installing a dissolved air flotation (DAF) system (preceded by a coagulation step) 

before the GMF; 
 installing an advanced coagulation/sedimentation system (e.g., micro-sand 

dosing); and 
 reducing the rate of filtration in the GMF. 

 
To solve the problem of poor quality of the pre-treated water (GMF effluent), a few 
options have been proposed. Incorporating and/or increasing the dose of coagulant 
in front of the GMF may improve the effluent water quality. However, an increase in 
coagulant dose will further increase the rate of clogging in GMF. Installing a DAF or 
advanced coagulation system in front of GMF may enable increase in coagulant 
dosage to improve the effluent quality while reducing clogging problems in the 
GMF. Another option is to install ultrafiltration (UF) or microfiltration (MF) 
membrane systems to replace the GMF. UF/MF pre-treatment can guarantee an 
RO feed water with low SDI even during severe algal bloom. However, some 
concerns have been expressed regarding the rate of fouling in the UF/MF 
membrane systems (e.g., backwashable and non-backwashable fouling) even when 
the option of in-line coagulation is in place (Schurer et al., 2012; 2013). To 
overcome this concern, a DAF system preceding a UF/MF system has been 
recommended. 
 
Over the last decade, the application of MF/UF is gaining ground as a more reliable 
alternative to granular media filtration. UF/MF membranes are generally effective 
in removing particulate and colloidal material from RO feed water than other widely 
used RO pre-treatment technologies. Thus, it is expected that UF/MF will be more 
reliable in maintaining RO feed water with a low particulate fouling potential even 
during an algal bloom period.  
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During algal bloom in surface water, suspended particulate materials largely 
comprise living and dead microorganisms (e.g., algae, bacteria) and algal-derived 
biopolymers. Hard cell debris such as silica frustules from diatomaceous algae and 
cellulose thecal plates from armoured dinoflagellates may also be abundant. A high 
concentration of algae in surface water is often followed with a substantial 
concentration of algal organic materials (AOM) such as transparent exopolymer 
particles (TEP), which they actively release, shed off from their cell wall or the 
remains of deteriorating dead cells.  
 
Bloom-forming algae are particulate material, generally larger than 2 μm. TEPs, as 
the name suggests, are often considered as particulate material but since they can 
retain water and only allow some water to pass through, they can also be classified 
as hydrogels (Verdugo et al., 2004). Like other hydrogels, TEPs are extremely 
hydrated and likely containing more than 99% water (Azetsu-Scott and Passow, 
2004). This means that they can bulk-up to more than 100 times their solid 
volume. So far, no theoretical and limited experimental investigations have been 
reported on the combined effect of these materials on MF/UF performance during 
filtration of algal bloom impacted waters. 

8.1.1 Fouling in capillary MF/UF 
MF/UF membranes in capillary configuration are dominating the market in surface 
water treatment. Membrane elements are mainly manufactured as capillaries 0.5–5 
mm diameter and 1-2.3 long. A membrane element usually contains hundreds and 
up to thousands of capillaries bundled together with one or both ends of the 
capillaries potted with sealing agents such as epoxy resins, polyurethanes and 
silicone rubber (Lerch, 2008). Capillary membrane modules are either operated 
“inside-out” or “outside-in” filtration mode. During filtration of surface of water, 
dead-end MF/UF membranes are frequently backwashed to remove the 
accumulated suspended and colloidal matter. This study focused on fouling – 
under algal bloom conditions - of capillary MF/UF membrane operated in dead-
end, inside-out filtration mode.  
 
During filtration of water suffering from severe algal bloom through inside-out 
capillary membranes, different fouling mechanisms might occur simultaneously 
such as: 
 
 Uniform accumulation of small particles (e.g., TEP-like materials) on the 

membrane surface; 
 Non-uniform deposition of larger particles (e.g., algal cells) along the length of 

the capillary channel. Large particles tend to deposit at one end of the 
capillaries (if water is fed from one end) or in the middle of the capillaries (if 
water is fed from both ends).  

 Deposition of large particles at the entrance of the capillaries, resulting in 
partial/complete blockage of the feed water channel. In practice, however, 
micro-strainers (50 – 150 μm) are usually installed in front of the membrane 
system to avoid this type of fouling.  



CHAPTER 8: FOULING POTENTIAL OF ALGAE IN INSIDE-OUT CAPILLARY UF MEMBRANES 217
 

  

 
Fouling in MF/UF membranes due to uniform deposition of particles/colloids (e.g., 
algae, AOM) is illustrated in Figure 8-1 and further discussed in the succeeding 
sections. 
 

 

Figure 8-1: Possible fouling mechanisms involved during filtration of algal bloom impacted waters 
through MF/UF membrane. 
 
(a) Constriction of pores. Colloidal AOMs can enter into the narrow pores of 

MF/UF membranes, some of which will adsorb to the pore wall and eventually 
cause partial blockage of permeate flow. This can cause rapid increase in 
trans-membrane pressure during the initial stage of filtration. Meanwhile, 
algal cells and large AOM can form a cake/gel layer on the surface of the 
membrane. Colloidal AOMs and other colloids will then fill up the large 
interstitial voids of the cake, narrowing the voids during the process. This may 
result in substantial increase in cake resistance due to the gradual reduction 
in cake porosity. During hydraulic backwashing, the adhesive AOM materials 
which accumulated inside the membrane pores may not be completely 
removed, resulting in only partial recovery of the initial membrane 
permeability (Figure 8-1a).  
   

(b) Substantial loss in effective filtration area. Colloidal AOM can accumulate 
inside the membrane pores while algal cells and large AOM can accumulate at 
the entrance of the pores. In both cases, some pores may be completely 
blocked by the materials and the active filtration area (membrane surface 
porosity) is substantially reduced, resulting in higher localised flux for the 
remaining active pores. A similar effect may also occur if a substantial section 
of the capillary channel is plugged by algal cells and AOM (see Section 8.4.3). 
An increase in flux can cause proportional increase in membrane resistance 
while a more substantial increase in cake resistance can be expected due to 
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cake compression. Additionally, non-backwashable fouling can occur if the 
material blocking the pores are not effectively removed by subsequent 
hydraulic backwashing (Figure 8-1b).     

 
(c) Incomplete cake/gel removal during backwashing. Since algal cells and a 

substantial fraction of AOM are much larger than the pores of the membrane, 
cake/gel formation may be mainly responsible for the increase in trans-
membrane pressure. Accumulated AOM material (like TEPs) can be very sticky 
and tend to adhere strongly to the membrane surface. During backwashing, a 
layer of the cake may remain on the surface of the membrane, which will then 
cause additional filtration resistance in the succeeding filtration cycle (Figure 
8-1c). 

 
(d) Accumulated cake/gel is compressible. Filter cake/gel comprising AOM and 

algal cells (soft-bodied) can be compressed at high cake pressure drop due to 
increased localised flux (Figure 8-1d). Such increase in flux can be a result of 
narrowing of pores and/or substantial loss in effective filtration area. Hence, 
this fouling phenomenon can likely occur in combination with other fouling 
mechanisms (e.g., mechanisms a and b).   

 
Membrane fouling due to uniform deposition of particles/colloids is widely studied 
while fouling problem due to uneven deposition of particles (e.g., plugging) capillary 
membranes has not been adequately studied. More investigations are therefore 
needed to measure the effect of non-uniform deposition of particles on capillary 
membranes, especially during algal bloom situations.      

8.1.2 Goal and objectives 
The goal of this chapter is to illustrate the role of algal cells (with and without AOM) 
in the fouling of capillary MF/UF membranes during algal bloom based on 
experimental and theoretical studies. The following are the specific objectives: 
 
2. Calculate the fouling potential of bloom-forming algae based on the cake 

filtration model (i.e., MFI-UF); 

3. Measure the effect of bloom-forming algae with and without free TEP-like 
materials on the operational performance of capillary UF;  

4. Discuss the various mechanisms controlling the transport of algal cells through 
capillary UF membrane and illustrate the potential consequences; and 

5. Investigate the effect of unequal deposition of algal cells – under algal bloom 
conditions – on the performance of capillary UF systems. 
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8.2 Theoretical considerations 

8.2.1 Hydrodynamic conditions in capillary UF   
Feedwater flow over the length of the capillary membrane is not uniform. It is 
generally characterised by the higher radial and axial velocity near the entrance of 
the capillary and lower radial and zero axial velocity at the dead-end side. 
Therefore, the condition is not strictly dead-end but rather cross-flow filtration 
especially near the entrance of the capillary. Panglisch (2001) demonstrated that 
the pressure and velocity profiles over the axial (z) direction of the capillary 
membrane can be calculated as a function of capillary dimensions, average flux 
and membrane resistance. In this study, the equations developed by Panglisch 
(2001) were adopted to calculate the hydrodynamic profiles in capillary UF 
membrane. 
 
The pressure profile along the longitudinal axis of a capillary membrane 
considering both trans-membrane pressure and feed channel pressure losses is 
described by the following equations: 
  
�(�) = �� + �	����(��) + �	����(��)       Eq. 1 
 
� = �����

����
�

�	����(���)
  

 
� = −�����

����
�
�	  

 

� = � ��
�����

  

 
where P(z) is the pressure at a specific section along the capillary length, Pp is the 
permeate pressure, z is the distance along the axial direction from the inlet of the 
capillary, rc is the internal radius of the capillary, Lc is the length of the capillary, η 
is the dynamic water viscosity, Qin is the inlet water flow and Rm is the resistance of 
the membrane. 
 
The feed pressure (Pf) is the maximum pressure at z=0. Assuming Pp is negligible, Pf 
is calculated as follows: 
 
P� = A = �η���

π���
�

�	����(���)
         Eq. 2 

       
The average axial fluid velocity (���) at any point along the longitudinal axis (z) of 
capillary membrane is calculated as follows: 
 

���(z) = − ���
�η �Aa	sinh(az) + Ba	cosh(az)�      Eq. 3 
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The average radial water velocity (Jp) at any point along the longitudinal axis (z) of a 
capillary membrane is calculated as follows:  
 
J�(z) = �

η	��
�A	cosh(az) + B	sinh(az)�       Eq. 4 

 

8.2.2 Particulate fouling in capillary UF membranes 
The following sections explain fouling in inside-out capillary UF membranes for two 
different scenarios: uniform and non-uniform deposition of particles.  

8.2.2.1 Uniform deposition of particles   

Clean water flux through an MF/UF membrane is inversely proportional to 
membrane resistance. During dead-end filtration of natural waters, suspended 
particulate and colloidal materials accumulate on the pores and/or the surface of 
the membrane, eventually generating additional hydraulic resistance to filtration.  
  
J� = Δ�

η	(��������)
         Eq. 5 

 
where JP is the membrane permeate flux, ∆P is the total trans-membrane pressure 
drop, η is the dynamic water viscosity, Rm is the membrane resistance, Rb is 
blocking resistance and Rc is the cake or gel resistance. In this model, the 
deposition of particles is expected to be uniform on the membrane surface.  
 
During an algal bloom, it is expected that gel/cake filtration is a dominant fouling 
mechanism in UF/MF membranes because of the high concentration of particles 
larger than the membrane pores (e.g., algae cells, TEPs). However during 
subsequent filtration cycles the restoration of the initial permeability is not 
complete as a result of different fouling mechanisms including pore blocking. Due 
to complexity of these mechanisms, the focus of this chapter is on cake/gel 
filtration in order to simplify the model. Consequently, the resistance due to pore 
blocking (Rb) was neglected from Eq. 5.  
 
Typically, UF/MF membrane systems operate in constant flux filtration mode. 
Under such conditions, the increase in hydraulic resistance through the cake/gel 
layer is directly proportional to the concentration of particles in the bulk solution.  
 
R� = α	C�J�	t          Eq. 6 
 
where α is the specific cake resistance and Cb is the bulk particle concentration.  
 
Schippers and Verdouw (1980) proposed measuring the membrane fouling 
potential of the feed water by defining the fouling index (I) as follows: 
  
I = α	C�          Eq. 7 
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Substituting Eq. 6 and Eq. 7 to Eq. 5 and assuming a constant permeate flux 
results in, 
     
ΔP = J�	η	R� + J��	η	I	t         Eq. 8 
 
Simplifying Eq. 8 in terms of pressure drop through the clean membrane (∆Pm) and 
pressure drop through the filter cake/gel (∆Pc), 
 
ΔP = ΔP� + ΔP�         Eq. 9 
 
The pressure gradient through the filter cake is defined based on the Kozeny-
Carman equation: 
  
��
�� =

	���	η	��	
ψ����

(��ε)�
ε�                                             Eq. 10 

 
where Vo is the superficial velocity, ε is the porosity of the cake, ψ sphericity of 
particles and dp diameter of particles comprising the cake. The particle sphericity is 
calculated based on the volume of the particle (vp) and its surface area (Ap): 
 

ψ = 	π
�
�		�����

�
�

��
                                             Eq. 11     

   
From Eq. 10, the pressure drop (ΔPc) through a cake of known thickness (L) can be 
calculated as follows: 
   

ΔP� = 	���	η	��	
ψ����

∙ (��ε)�
ε� 	L                      Eq. 12 

 
During constant flux dead-end filtration, the change in cake thickness over time is 
directly proportional to the concentration of particles (Cp) and their specific volume 
(vp) in the bulk solution. Note: Cp is the particle concentration in terms of particle 
count per ml while Cb is in terms of mg/L. 
    
��
�� =

	��	����
��ε                    Eq. 13 

 
Assuming that foulant materials are spherical particles,  
  
��
�� =

π		��	�����
�	(��ε)              Eq. 14 

 
Integrating the cake thickness over time,  
  

L = π		��	�����
�	(��ε) 	t                  Eq. 15 
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Substituting Eq. 15 to Eq. 12, 
 

ΔP� = ��π	��η	��� 	���	
ψ� ∙ (��ε)	ε� = η	J��	I	t       Eq. 16 

 
Simplifying and rearranging Eq. 16 to calculate the fouling index (I), 
  

I = ��π	����
ψ� ∙ (��ε)	ε�          Eq. 17 

 
In practice, the fouling index (I) is further normalised based on the standard 
reference conditions set by Schippers and Verdouw (1980), officially known as the 
modified fouling index (MFI). 
 

MFI = η����	�
�	Δ�����

          Eq. 18 

 
where η����	is the water viscosity at 20oC (0.001003 Pa.s), ∆Po is the standard feed 
pressure (2 bar) and Ao is the standard membrane area (13.8 x10-4 m2). 
 
Substituting Eq. 17 to Eq. 18, 
 

MFI = ��π	����
ψ� ∙ (��ε)	ε� ∙ η����

Δ�����
        Eq. 19

  
Initially, MFI was measured using membranes with 0.45 or 0.05 μm pore sizes and 
at constant pressure. However, it was later found that particles smaller than the 
pore size these membranes most likely play a dominant role in particulate fouling. 
In addition, it became clear that the predictive value of MFI measured at constant 
pressure is limited. For these reasons, MFI test measured at constant flux with 
ultra-filtration membranes was eventually developed (Boerlage et al, 2004; Salinas-
Rodriguez et al., 2012). In this chapter, MFI-UF constant flux is applied.  
 
To determine the experimental membrane fouling potential of water samples, 
constant flux MFI-UF measurement was performed using 15 cm long and 0.8 mm 
diameter capillary membranes (150 kDa MWCO, Pentair X-Flow). Sample filtration 
was set at 80 L/m2.h flux and the increase in trans-membrane pressure (∆P) was 
monitored over time for up to 30 mins. The fouling index (I) was then calculated 
based on the minimum slope of the ∆P versus time plot.      
 
In dead-end MF/UF systems, filtration time between hydraulic cleanings 
(backwashing) is rather short (15-60 mins). Assuming that cake/gel filtration is the 
dominant fouling mechanism, the calculated MFI of the feed water can be used to 
predict the increase of cake pressure drop at the end of the first filtration cycle. 
This model was used in this study to measure the fouling potential of algal cells 
and investigate their role in the fouling of MF/UF system during algal bloom.    
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8.2.2.2 Non-uniform deposition of particles   

Non-uniform deposition of particles might also occur in capillary membranes. In 
extreme situation, particles will not deposit evenly on the membrane surface but 
will accumulate at the end (if fed from one end) or in the middle (if fed from both 
ends) of the capillary. This can cause (partial) plugging of the feed channel. 
Consequently, the active membrane area will be reduced. When the permeate flow 
is kept constant, the flux of the remaining active membrane area will increase and 
a higher feed pressure is needed (Figure 8-2).  
 
Considering a scenario where all algal cells from the feed water accumulate on the 
dead-end side of a capillary; 
 

V������� = ������
��ε           Eq. 20 

 

V������� = ��������
��

∙ V���������         Eq. 21 

 
V����� = ϕ�Q��t         Eq. 22 
 
��������

��
≈ �����

��
                   Eq. 23 

    
where Vplugged is the plugged volume of capillary, Valgae is total volume of 
accumulated algae, Vcapillary is total volume of capillary channel, Lplugged is the length 
of the section of capillary which is plugged with algal cells, Lc is the capillary 
length, ε is cake porosity, ϕb is the volume fraction of algae in the feed water, Qin is 
the feed flow, t is the filtration time, Aloss is the effective membrane area reduction 
and Am is the total membrane area.  
 

 

Figure 8-2: Graphical illustration of plugging in dead-end inside-out capillary UF membranes by algal 
cells.  
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By combining Eq. 20 to Eq. 22, the filtration time (t) can be calculated as follows;   
 

t = �����
��

	 ∙ ������������
∙ (��ε)���

  

 

t = �����
��

	 ∙ �	���	���	��� 	��	
∙ (��ε)	���

         Eq. 24  

  
where dc is the capillary diameter, dp is algal cell diameter and Cp is algal cell 
concentration. 
 
The effect of plugging on the permeate flux (Jp) is explained as follows; 
   
J� = ���

��
  (for clean membrane)     Eq. 25 

 
J� = ���

���	������� 	���
 (for plugged membrane)     Eq. 26 

 
The effect of plugging on the pressure gradient along the length of the capillary are: 
(1) increase in trans-membrane pressure due to decrease in effective membrane 
area and (2) reduction in feed channel pressure drop due to shortening of the 
effective channel length. The feed pressure (Pf) considering these two effects with 
respect to the reduction of effective membrane area is calculated using Eq. 27, 
which is derived from the equations discussed in Section 8.2.1. 
 
P� = �η���

π���
�

�	��������������� �����
        Eq. 27 

 

8.2.3 Particle transport through capillary membrane   
Particle transport through the feed channel of an inside-out capillary membrane is 
governed by; 

 the drag force due to permeation;  
 the gravity force (sedimentation or buoyancy); and  
 the shear forces imposed by the tangential flow facilitating back-transport of 

particles away from the membrane wall (Figure 8-3).  
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Figure 8-3: Schematic representation of forces affecting the deposition of particles in capillary 
membranes at laminar flow conditions (adopted from Panglisch, 2003). 
 
Davis (1992) identified the 3 dominant mechanisms affecting back-transport of 
particles near the surface of the membrane, namely:  

1. brownian diffusion,  
2. shear-induced diffusion  
3. inertial lift  

Other less dominant particle transport mechanisms such as particle to particle and 
particle to membrane interactions (e.g., electrostatic and van der Waals 
interactions) are not considered in this study (Figure 8-3; Panglisch, 2003, Lerch, 
2008). Particle-particle and particle-membrane interactions were excluded in the 
investigation because their effects are only significant for concentrated colloidal 
(0.001-1um) suspensions (Davis, 1992; Bowen and Sharif, 1998). Most bloom-
forming algae are much larger than 2 μm.  
 
The effect of sedimentation and buoyancy of particles are directly related to its 
size and the deficit between particle and water densities. The settling velocity of 
spherical particles of uniform density can be calculated based on the Stoke’s 
equation: 
 

J�� = − �
��

���
η
�ρ� − ρ�� g        Eq. 28 

 
where dp is the particle diameter, ρp is the particle density, ρw is the water density 
and g is acceleration due to gravity. A positive and negative JSB means the particle 
is ascending (buoyant) and settling, respectively. 
 
Brownian diffusion can cause displacement of sub-micron particles away from the 
membrane as a result from random movement of particles through their interaction 
with fast moving water molecules. The particle back-transport for dilute solutions 
due to Brownian diffusion is calculated according to the equation reported by 
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Davies (1992) which is based from the numerical and asymptotic results of Trettin 
and Doshi (1980). 
 

�� = 1.31		���	���
��

��
��

�
         Eq. 29 

 
Where γw is the nominal shear rate at the surface of the membrane, DB is the 
Brownian diffusivity, Lc is the capillary length, w and �b are the volume fractions of 
particles at the surface of the membrane and the bulk solution, respectively.  
 
For parabolic laminar flows (Re<2300), the nominal shear rate at the wall of a 
narrow tube (e.g., capillary) is estimated as,   
 
�� = ���

����
= �	���

��
          Eq. 30 

 
where �� and ��� are the volumetric flow rate and average axial velocity at a specific 
point along the longitudinal axis of the capillary, respectively.  
 
The Brownian diffusivity of particle in a fluid of viscosity η is calculated using the 
Stokes-Einstein relationship, 
 
�� = ��

���	��
          Eq. 31 

 
where k is Boltzmann constant (1.38×10−23 kg.m2/s2.K) and T is the absolute 
temperature (293.15 K). 
 
Shear-induced diffusion is a back-transport mechanism characterised by the 
random displacements of individual particles from the streamlines in a shear flow 
as they interact with and tumble over other particles (Davis, 1992). The shear-
induced hydrodynamic diffusivity model was first proposed by Zydney and Colton 
(1986) and further developed by Davis and Sherwood (1990). For dilute 
suspensions (�b < 0.1) of mono-disperse rigid spherical particles with a maximum 
packing density in the boundary layer of �w≈0.6, the back-transport velocity due to 
this phenomenon can be estimated as, 
 

�� = 0.0���	��	����
��
	����

�
          Eq. 32 

 
The third major back-transport mechanism is due to inertial lift (tubular-pinch-
effect). First introduced by Green and Belfort (1980), this mechanism is expected to 
mainly affect large particles at high flow rate. For dilute suspension of spherical 
particles under fast laminar flow conditions, the approximate back-transport 
velocity due to inertial lift is, 
 

�� = 0.0045		 ��	��
����
�           Eq. 33 
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Since the aforementioned dominant particle back-transport mechanisms can occur 
simultaneously, Jiang et al. (2007) proposed summing up the effects of these 
mechanisms to investigate deposition of particles in cross-flow tubular membranes. 
The same assumption was adopted in this study but incorporating vertical 
transport due to either sedimentation or buoyancy (JSB) in the calculation (Eq. 28).  
 

         Eq. 34 
 
The described model above assumes that all algae cells are mono-dispersed, non-
adhesive, solid and spherical particles and transported under laminar 
hydrodynamic condition (Re<2300). It also assumes that all particles reaching the 
surface of the membrane will deposit on the membrane and will not re-suspend 
back into the bulk solution.    

8.2.4 Model reference conditions   
A capillary UF membrane (Pentair X-flow, the Netherlands), widely used for 
seawater RO pre-treatment, was used as the reference membrane for this study. 
The membrane has an internal diameter of 0.8 mm and molecular weight cut-off of 
150 kDa (~0.03um pore size). The membrane modules can be installed in either 
Seaguard or Aquaflex system configuration. 
 
In the Seaguard system, 4 elements, 1.5 m in length and an internal diameter of 
0.8 mm are placed in horizontal pressure vessels. During filtration, water is feed 
from both ends of the capillary in each element. The hydrodynamic conditions in 
the first and second half of the capillary length are expected to be symmetrical. 
Hence, for simplicity, theoretical calculation for this configuration only covered the 
first half of the capillary length.  
 
In the Aquaflex system, each element (2.2 m long) is placed inside a vertically 
positioned pressure vessel. Water is feed only from the top end of the capillaries in 
each element. This configuration provides an option to operate at cross flow mode 
(bleed) by allowing a small fraction of the feed water to flow out of the lower end of 
the fibre and then re-circulated back to the feedwater.  
 
For simplicity, the investigation focuses on the Seaguard configuration. The list of 
reference parameters and variables used in the theoretical calculations are 
summarized in Table 8-1. The reference values were used in all calculations except 
where otherwise stated.  
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Table 8-1: List of reference values and range of different parameters used in theoretical calculations. 

Parameters Units Reference values Range of simulation
capillary diameter, dc mm 0.8 - 
capillary length, lc m 0.75 - 
average flux, Jave L/m2.h 80 20-300 
permeate pressure, Pp bar 0 - 
membrane resistance, Rm m-1 2.24 x 1011 - 
water density, ρw kg/m3 1030 - 
particle density, ρp kg/m3 1030 - 
particle diameter, dp μm 15 2-1000 
particle sphericity, ψ - 1 0.1-1 
cake porosity, ε - 0.6 0.1-0.6 
volume fraction (bulk), φb - 0.0005 0.00001-0.1 
volume fraction (membrane), φm - 0.6 - 

 

8.3 Experimental methods 

8.3.1 Algal culture  
A severe algal bloom situation was simulated in the laboratory by growing batch 
cultures of two species of algae: Chaetoceros affinis (CA) and Microcystis sp. (MSp). 
Within a 20-day incubation period, water samples were collected from the batch 
cultures to measure algal cell concentration (direct counting), TEP concentration 
and MFI-UF. 

8.3.2 Cell counting and TEP measurement 
Algal cell counting was performed in triplicates using a Thoma counting chamber 
and a light microscope. TEP measurement was performed following the modified 
protocol of Passow and Alldredge (1995) but using 0.1µm polycarbonate 
membranes (Whatman Nuclepore) to collect TEP from the water (see Chapter 5 for 
details).  

8.3.3 Lab-scale UF unit 
A lab-scale UF set-up was used for experiments to measure trans-membrane 
pressure during filtration of TEP materials from algal cultures. The UF system is a 
constant flux backwashable unit with a capillary UF module containing 0.8 mm 
capillary UF (150 KDa MWCO, Pentair X-Flow). To assess the performance of the 
membrane, trans-membrane pressure (ΔP) was monitored using a sensitive 
pressure transmitter (Endress+Hauser PMD75) with communication device 
connected to a computer. The UF module was fabricated in the laboratory 
containing 6 capillaries of 15 cm in length. Both ends of the module were sealed 
with water-proofing resins. The feed solutions were fed from both ends of the 
capillaries (inside-out filtration) and the UF permeate were collected through an 
outlet in the middle of the module. The system was operated at constant flux of 80 



CHAPTER 8: FOULING POTENTIAL OF ALGAE IN INSIDE-OUT CAPILLARY UF MEMBRANES 229
 

  

L/m2/h. Every 30 minutes, the system was backwashed with UF permeate at 200 
L/m2/h for 1 minute. New membrane modules were fabricated for each experiment. 
 
Some filtration experiments were performed using flat sheet regenerated cellulose 
membranes (30 kDa MWCO, Millipore) at 80 L/m2.h flux. The ΔP was measured 
over time (up to 50 minutes) without backwashing.       

8.4 Results and discussion 

8.4.1 Membrane fouling potential of uniformly deposited algae 
The fouling potential of algal suspension (without AOM) was calculated based on 
the model discussed in Section 8.2.2.1. The variables taken into account were size, 
algal cell concentration (Cp), total cell volume, cake/gel porosity (ε) and cell 
sphericity (Ψ). The results are shown in Figure 8-4. 
 

 

Figure 8-4: Calculated membrane fouling potential of algae suspensions for a range of (a-b) cell and 
volume concentrations (ε=0.4; ψ=1), (c) cake porosity (Cp= 0.5 mm3/ml; ψ=1) and (d) cell sphericity 
(Cp= 0.5 mm3/ml; ε=0.4).   
 
Increasing algal concentration in the bulk solution was predicted to result in a 
linear increase of MFI. In terms of cell count (#/ml), MFI was higher for larger 
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diameter algae than for smaller algae (Figure 8-4a). During bloom situations, peak 
cell concentrations may vary widely for different groups of algae. Cyanobacterial 
(blue-green algae) blooms may reach concentrations up to several millions of cells 
per ml, diatom blooms are from 10s to 100s of thousands of cells per ml and 
dinoflagellate blooms can reach peak concentrations between few hundreds to 
thousands of cells per ml. The wide range of bloom concentrations is largely due to 
differences in cell size and growth characteristics. To consider differences in cell 
size, MFI was also calculated based on volume concentrations of algae (Figure 8-
4b). In this approach, the MFI increase depends on the differences in algae cell size, 
whereas smaller sized algae have higher fouling potential than larger sized algae.  
 
A natural algal bloom rarely exceeds a volume concentration of 2 mm3/ml. The 
highest cell concentration (63.7 mm3/ml) was reported during the Noctiluca 
scintillans bloom in New Zealand in 2000 (Chang, 2000 as cited by Fonda-Umani et 
al., 2004). For comparison, the major Cochlodinium polykrikoides bloom in the 
Oman Gulf in 2008/2009 reported only a maximum algal concentration of ~0.5 
mm3/ml (UAE-Interact, 2009; Richlen et al., 2010).  
 
Various species of bloom forming algae such as Phaeocystis globosa, athecated 
dinoflagellates (e.g., Cochlodinium polykrikoides, Karenia brevis, Noctiluca 
scintillans) and those belonging to the algal group cyanobacteria and raphidophytes 
have soft cells which may possibly deform during membrane filtration. In such 
case, the sphericity of algal cells and the porosity of the accumulated cake may 
decrease during filtration, resulting in higher cake/gel resistance. Furthermore, 
flux-driven gradual rearrangement of algal cells (without deformation) resulting in 
higher cake packing density may also occur (Salinas-Rodriguez et al., 2012; 
Salinas-Rodriguez, 2011). As shown in Figure 8-4c, a decrease in cake porosity is 
predicted to result in exponential increase of MFI. A similar effect was observed 
when decreasing the cell sphericity (Figure 8-4d).  
 
The Intergovernmental Oceanographic Commission of UNESCO identified about 
300 species of microscopic algae that were reported to cause blooms (IOC-
UNESCO, 2013). Sixteen common species representing different major groups of 
algae were investigated in this study. These algal species cover a wide range of 
shapes and sizes (Table 8-2). Typical cells are spherical or ellipsoidal but some are 
cylindrical (e.g., most diatoms) or elongated (e.g., Pseudo-nitzschia spp.). To 
normalise for such shape heterogeneities, the equivalent spherical diameter was 
calculated based the estimated cell volume of the cells. The equivalent cell 
diameters of the 16 species range from 4µm (Microcystis spp.) to 400µm (Noctiluca 
scintillans) and a median size of 12 µm. The cell sphericities range from 0.391 to 
1.0, where about 90% of which was between 0.8 and 1.0. The maximum recorded 
concentrations of each species are also shown in Table 8-2. The species with the 
highest and lowest recorded concentration are Microcystis spp. (14,800,000 
cells/ml) and Noctiluca scintillans (1,900 cells/ml), respectively. The calculated 
fouling potential (MFI-UF) of algae cells considering the maximum recorded cell 
concentrations ranged from 0.4 to 70 s/L2 (Table 8-2).   
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Table 8-2: Cell characteristics, recorded severe bloom concentrations and calculated membrane 
fouling potentials of 16 species of common bloom-forming algae. 

Bloom-forming algae Cell shape
(µm)(a) 

Eq. diam. 
(µm) (b) 

Sphericity
(-) 

Severe bloom situation
cells/ml (c) MFI-UF (s/L2)

Dinoflagellates      
Alexandrium tamarense RE 32 0.995 10,000             0.38 
Cochlodinium polykrikoides RE 33 0.985 27,000            1.07 
Karenia brevis RE 36 0.984 37,000            1.60 
Noctiluca scintillans Sp 400 1.000 1,900            0.88 
Prorocentrum micans FE 44 0.914 50,000             3.06 
Diatoms      
Chaetoceros affinis OC 15 0.968 900,000            16.76
Pseudo-nitzschia spp. 0.8*PP 7 0.391 19,000            1.01 
Skeletonema costatum Cy 5 0.808            88,000           0.78 
Thalassiosira spp. Cy 12 0.867         100,000            1.86 
Cyanobacteria      
Nodularia spp. Cy 21 0.543 605,200 50.77
Anabaena spp.* Sp 6 1.000 10,000,000 69.80
Microcystis spp.* Sp 4 1.000 14,800,000 68.87
Haptophytes      
Emiliania huxleyi Sp 5 1.000          115,000 0.67
Phaeocystis globosa 0.9*Sp 6 0.933 52,000 0.42
Raphidophytes      
Chattonella spp. Co+0.5*Sp 15 0.665 10,000 0.39
Heterosigma akashiwo Sp 20 1.000 32,000 1.68
* Non-marine species of algae; (a) Equivalent geometric dimensions of algal cells based on Olenina et al. (2006); (b) 
Equivalent diameter of a sphere with similar volume as the cell; (c) Maximum recorded concentrations reported in various 
literatures. RE=rotational ellipsoid; Sp=sphere; FE=flattened ellipsoid; OC=oval cylinder; PP=parallelepiped; Cy=cylinder; 
Co=cone. 

In general, the fouling potential of algae themselves is low (<100 s/L2) even during 
severe bloom situations compared to what was reported in surface water, which are 
typically higher than 1000 s/L2 (Salinas-Rodriguez, 2011). The remarkable 
difference may be attributed to: 

− presence of particles much smaller than algae (e.g., TEP–like materials); and/or 
− algae are surrounded by TEP–like materials which are blocking the gaps 

(interstitial voids) between deposited algal cells.           

8.4.1.1 Comparison of calculated and measured fouling potential  

The calculated fouling potential of algal suspensions (without AOM) showed 
substantially low MFI in comparison to what is generally observed in surface water. 
A comparison was conducted between the results of the laboratory simulated algal 
bloom experiments and the theoretical calculations. Results of the comparison are 
presented in Table 8-3.  
 
MFI-UF values from lab-scale experiments (algae and AOM) were 100 to 10,000 
times higher than the theoretical data (algae only). The calculated pressure drops 
after 30 minutes of constant flux filtration through a filter cake of accumulated 
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algae cells (first cycle) were very low (<0.000014 bar) while the experimental data 
showed pressure drops of up to 3.8 bars when AOM were also present in the 
solution (Table 8-3). These observations indicate that the contribution of algal cell 
suspensions, without being surrounded with TEP-like materials, to the fouling 
potential of the water is low and might be negligible.  
 
Table 8-3: Results of the simulated bloom experiments in comparison with theoretical calculations. 

 
It is important to note that the TEP0.1μm concentration in algal suspensions covers 
both free TEPs and those bound (attached) to algal cells. For both cultures, the 
TEP0.1μm concentration and fouling potential have a linear correlation with MFI 
(R2>0.82) based on the data presented in Table 8-3. On the other hand, a not very 
pronounced correlation (R2<0.5) was observed between cell concentration and MFI. 
This observation indicates that the algal cell itself are likely not responsible for the 
high fouling potential of the water during algal bloom situations but rather due to 
AOM (including TEPs) itself or in combination with algal cells. 

8.4.1.2 Filtration resistance of algal cells and AOM 

To investigate the role of TEP–like materials (AOM) on UF fouling, filtration 
experiments were performed with solutions collected from 2 batch cultures of 
bloom-forming algae (CA: Chaetoceros affinis and MSp: Microcystis sp.) with and 
without algal cell suspensions. The different feed solutions were prepared according 
to the protocol illustrated in Figure 8-5.  
 

Age 
(days) 

Algae conc. 
(#/mL) 

TEP0.1µm  
(mg Xeq/L) 

Experimental results  Theoretical calculations
(Algae + AOM) (Algae) 

MFI-UF (a) ∆Pc (mBar)*  MFI-UF (b) ∆Pc (mBar)*
Chaetoceros affinis 

1 31300 1.43 5929 40 0.5 0.004
6 32800 3.21 28088 192 0.5 0.004
8 56300 3.78 43483 297 0.9 0.007

10 55000 5.06 160228 1093 0.9 0.007
13 82500 6.63 81509 556 1.3 0.010
15 92500 11.61 489787 3341 1.4 0.012
17 77500 12.76 557085 3800 1.2 0.010
20 57500 11.94 531279 3624  0.9 0.007

Microcystis sp. 
3 30000           0.22 203 1 0.1 0.001
6 113000           0.07 292 2 0.4 0.004

10 310000           0.32 26828 183 1.2 0.010
13 355000           0.36 15985 109 1.4 0.011
17 285000           1.90 76491 522 1.1 0.009
20 435000           2.12 184022 1255  1.7 0.014

(a)  Calculated from experimental data (batch algal cultures); (b)  Calculated from theoretical data: φs=1.0 (MSp) & 0.968 
(CA); ε=0.4;dp= 4µm (MSp) & 15µm (CA); J = 80 L/m2/h.; * Cake pressure drop at t=30 mins. 
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Figure 8-5: Overview of the protocol used to prepare the feed solutions for filtration experiments 
and their corresponding algal cell and TEP0.1μm concentrations.  
 
Based on TEP0.1μm measurements, the feed solutions all contain AOM. It was not 
possible to totally separate AOM from algal cells because some AOM were bound to 
the cell walls and some formed large aggregates bigger than the pores of the filters 
(5 μm or 1μm PC filters) used to separate the two materials. Feed solution 1 
comprises both algal cells and AOM. Feed solution 2 comprises algal cells, AOM 
bound/attached to the cells and free AOM retained on 5 μm (for CA) or 1μm (for 
MSp) polycarbonate (PC) filters (Whatman). Finally, feed solution 3 comprises only 
free AOM that were not retained on the PC filter. About 30% of TEP0.1μm measured 
in raw CA solution was retained by 5μm filter while 75% of TEP0.1μm in raw MSp 
solution was retained by 1μm filter.     
 
Constant flux filtration tests were performed using flat sheet UF membranes (30 
kDa MWCO) to compare fouling rates with the different feed solutions (Figure 8-6). 
Filtration with raw CA solution (Feed 1a) showed more than 2 bar ΔP increase after 
25 minutes of filtration while a similar ΔP increase was recorded with untreated 
MSp solution (Feed 1b) only after about 50 minutes of filtration. A higher fouling 
rate with CA solution (Feed 1a) was expected considering that it contains twice as 
much TEP0.1μm and 3 times more algae volume concentration than MSp solution 
(Feed 1b).  
 
In tests with feed solutions from CA culture, the ΔP increase (after 25 mins. 
filtration) reduced by ~15% when all algal cells and AOMs larger than 5μm were 
removed, an indication that CA cells and large AOMs have much lower filtration 
resistance than free AOMs (Figure 8-6a). The rate of ΔP increase during filtration 
with free AOMs (<5 μm) illustrate possible pore blocking within the first 2 mins of 
filtration followed by cake filtration as indicated by the constant slope of the ΔP 
curve and then followed by cake filtration with enhanced compression and/or 
increasing rejection as indicated by the increasing slope (Figure 8-6c). The 
membrane fouling potential (MFI) of the feed solutions based on the minimum 
fouling rates are shown Table 8-4. Despite containing no algal cells and ~30% lower 
TEP0.1μm concentration, the fouling potential of Feed 3a (free AOM>5μm) is 
comparable to Feed 1a (algae and total AOM). This can be attributed to the 

5μm filter

Re-suspension of 
algal cells + retained AOM Vacuum 

filtration 
(-0.2 bar)

Chaetoceros affinis
60,000 cells/ml (~0.106 mm3/ml)

Feed solution 1a

Algal cultures

1 μm filter 

Re-suspension of 
algal cells + retained AOM

Microcystis sp.
1,000,000 cells/ml (~0.034 mm3/ml)

Feed solution 1b

Feed solution 2a

Feed solution 3a

Feed solution 2b

Feed solution 3b

TEP0.1μm=2.0 mg Xeq/L  

TEP0.1μm=6.3 mg Xeq/L  

TEP0.1μm=4.2 mg Xeq/L  

TEP0.1μm = 3.0 mg Xeq/L

TEP0.1μm = 2.3 mg Xeq/L

TEP0.1μm = 0.7 mg Xeq/L
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composition of the cake accumulated during filtration. A filter cake comprising 
heterogenous layers of CA cells and AOM might have higher porosity than a cake 
comprising only AOM. CA cells, like most diatomaceous algae, are encased in rigid 
silica shells called “frustules” (Figure 8-7b). 
 

 
Figure 8-6: Trans-membrane pressure (a,b) and fouling rate developments (c,d) during filtration 
through 50 kDa membranes with solutions comprise of algal cells and/or AOM from CA (a,c) and 
MSp (b,d) cultures. 
 
Table 8-4: Summary of MFI-UF, cell and TEP0.1μm concentrations of the 3 feed solutions.   

Feed 
water 

Cell concentration (cells/ml) TEP0.1μm (mg Xeq/L) MFI-UF (s/L2) 
CA MSp CA MSp CA MSp

Feed 1 60,000 1,000,000 6.3 3.0 119,200 20,900
Feed 2 60,000 1,000,000 2.0 2.3 43,000 4,600
Feed 3 0 0 4.2 0.7 129,400 19,400

 
In the tests with feed solutions from MSp culture, the fouling rate with Feed 1b 
(algae and total AOM) was initially comparable to Feed 3b (free AOM<1μm) but the 
former rapidly increased after 20 minutes of filtration while the latter only slightly 
increased (Figure 8-6d). Filtration with Feed 2b (algae and AOM>1μm) showed the 
lowest fouling rate in the first 25 minutes of filtration but then increased rapidly 
and eventually exceeding the fouling rate of Feed 3a. The variations in fouling rate 
can be mainly attributed to the differences in TEP or AOM concentrations.  
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Figure 8-7: Light microscope photographs of flocs of Microcystis sp. (a) and Chaetoceros affinis (b) 
before (inset photos) and after staining with Alcian blue. Algal cells are dark brown to brownish-
green color while TEP-like materials are stained blue.  
 
Based on TEP0.1μm measurement, a substantial fraction of AOM produced by MSp 
was either larger than 1μm and/or bound to algal cells. Cell bound AOM in MSp 
has been reported in various studies (e.g., Li et al., 2012; Qu et al., 2012). As 
illustrated in Figure 8-7a, bound and free AOM > 1μm were detected in terms of 
TEP. These large AOM materials can directly contribute to the high fouling rates of 
feed solutions containing algal suspensions by filling the gaps between 
accumulated algal cells. Furthermore, MSp cells have softer cells than CA. It might 
deform/compress at higher cake pressure drop resulting in a decrease in cake 
porosity and an increase in hydraulic resistance (Figure 8-6d). It is also possible 
that breakage of MSp cells and the release of intracellular material might have 
contributed significantly to membrane fouling.   
 
In summary, it was demonstrated in the filtration tests that AOM (bound and/or 
free) are likely to be a major cause of fouling in UF membranes during filtration of 
algal bloom impacted waters. However, algae with soft cells (like MSp) may 
contribute substantially to the fouling due to cake compression and/or due to 
release of intracellular AOMs.  

8.4.2 Plugging potential of non-uniformly deposited algae  
The potential effect of capillary plugging due to non-uniform deposition of algal 
cells was investigated taking into account the variations in hydrodynamic 
conditions in the capillary membrane.     

8.4.2.1 Particle transport in dead-end capillary membrane 

Particle transport and deposition in capillary membrane is primarily controlled by 
the shear forces imposed by the axial flow and the drag force due to permeation 
(radial flow). The calculated velocity profiles along the length of a clean 0.8 mm 
diameter capillary UF (Seaguard) at different average fluxes are presented in Figure 
8-8. The hydrodynamic calculations were based on the equations discussed in 
Section 8.2.2.  

(b)

50 µm50 µm

(a)
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Figure 8-8: Calculated radial and axial fluid velocities (a) and channel pressure over the length of a 
clean inside-out capillary membrane (dc=0.8mm) at various fluxes. In (a) solid lines represent 
average axial velocities and dashed lines represent average radial velocities.          
 
Increasing the average flux (set flux) will increase the feed flow and will result in 
higher variations in axial velocities along the capillary channel (Figure 8-8a). Higher 
axial velocities will cause increase in pressure drop due to friction losses. As a 
consequence, the pressure profile along the feed channel will also increase (Figure 
8-8b). Finally, the pressure profile defines the variations of average radial velocity 
(flux) along the capillary length. Such variations in pressure and radial velocity 
along the length of capillary are expected to reduce when the capillary membrane 
started to foul. The Reynolds number at the maximum axial velocity is about 150, 
which means the hydrodynamic condition is laminar. This indicates that the model 
explained in Section 8.2.3 is a valid approach for investigating the transport of 
algal cells in capillary UF membranes.      
 
Depending on particle size and the fluid shear rate, Brownian diffusion, shear-
induced diffusion and inertial lift (lateral migration) is considered to be the 
dominant mechanism for the back-transport of particles near the surface 
(concentration polarization layer) of the membrane (Davies, 1992). The back-
transport velocity of particles of various sizes was calculated based on these three 
mechanisms. At an average axial velocity of 0.08 m/s, the back-transport velocity 
due to Brownian diffusion primarily affects colloidal particles (<0.5 μm) while the 
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effect of shear induced diffusion dominates for intermediate sized particles (0.5-50 
μm) and inertial lift affects those larger than 50 μm (Figure 8-9). The lowest total 
back-transport velocities were recorded for particles between 0.1 and 1 μm in size. 
This is consistent with what was predicted by Davies (1992) for neutrally buoyant 
particles and Jiang et al. (2007) for activated sludge suspensions. Considering that 
most algal cells are much larger than 1 μm, the influence of Brownian diffusion on 
algae deposition is negligible.    
 

 

Figure 8-9: Typical variations in back-transport velocities of different particles sizes  due to Brownian 
diffusion, shear-induced diffusion and inertial lift in an inside-out capillary UF membrane (dc=0.8mm; 
Lc = 0.75m; Jp=80 L/m2.h; ρp = 1030 kg/m3; vz= 0.08m/s).  

 
Assuming algal cells are spherical particles and neutrally buoyant in seawater (ρp = 
1030 kg/m3), the total back-transport velocities were calculated as the sum of the 
effects of the three mechanisms (brownian diffusion, shear-induced diffusion and 
inertial lift). The total back-transport velocities of algal cells at various axial 
velocities are presented in Figure 8-10.  
 
In general, the effect of inertial lift on the back-transport velocity of algae is more 
substantial than shear-induced diffusion. Inertial lift affects both small and large 
algae at high axial velocities as well large algae at low axial velocities.   
 
As illustrated in Figure 8-8, the axial and radial fluid flow in capillary membrane 
varies along the longitudinal axis. Theoretically, if the back-transport velocity (JT) of 
an algal cell approaching the surface of the membrane (concentration polarisation 
layer) is lower than the radial velocity (Jp), the cell might deposit on the membrane 
surface. However if JT > Jp, the cell will not deposit on the membrane surface but 
will remain in suspension while being transported further towards the axial 
direction. To illustrate this, the total back-transport velocities of algae (different 
sizes) were plotted together with the radial velocity (Jp=80 L/m2.h) along the length 
of a capillary UF (Figure 8-11).  

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

0.1 1 10 100 1000

ba
ck

-t
ra

ns
po

rt
  v

eo
cit

y 
(µ

m
/s

)

particle diameter (µm)

Total back-transport velocity
Brownian diffusion
Shear-induced diffusion
Inertial lift

10-2

10 6

10 0

10 2

10 4

10-1 10 0 10 1 10 2 10 3



238  ALGAL BLOOMS AND MEMBRANE BASED DESALINATION TECHNOLOGY
  

 
Figure 8-10: Back-transport velocities (solid lines) at various axial velocities for different sizes of 
algae (ρp = 1030 kg/m3). Dash lines in indicate the average radial velocities for 3 different membrane 
fluxes (40, 80 and 150 L/m2.h) 
 

 

Figure 8-11: Back-transport velocities (solid lines) of algae (ρp = 1030 kg/m3) with respect to the 
distance from the water inlet of capillary membranes. Dash lines indicate the radial velocity profile 
for an average membrane flux of 80 L/m2.h. 
 
Algal cells are expected not to deposit before the point where the back-transport 
velocity intersects with the radial velocity. At an average flux of 80 L/m2.h and algal 
cell density of 1030 kg/m3, algae smaller than 5 μm will deposit anywhere between 
the water inlet and the dead-end side of the capillary membrane while larger algae 
do not deposit until they reach a certain distance from the water inlet (Figure 8-11).  
In addition, algae larger than 25 μm are likely to deposit on the dead-end side 
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(middle of Seaguard membrane) of the capillary as their higher back-transport 
velocity can induce lateral migration of cells.    
 
In summary, theoretical calculations illustrate that algae larger than 5 μm are 
likely to deposit unevenly along the length of capillary membrane. Moreover, it is 
likely that only a part of the algal cell arriving at the membrane surface will remain 
attached to the membrane during filtration, due to shear forces near the membrane 
surface. An uneven deposition of large algal cells inside the capillary may cause full 
or partial accumulation on the dead-end (or middle if fed from both sides) of 
capillary channels (plugging). Considering that majority of bloom-forming species of 
algae are larger than 5 μm (Table 8-2), it is not unlikely that most of the algal cells 
will accumulate at the end of the capillaries and cause plugging on that part of the 
membrane. 

8.4.2.2 Calculating the effect of capillary plugging 

The potential effect of capillary plugging on the operation of UF membrane was 
calculated based on the model described in Section 8.2.2.2. The calculation 
assumed that 100% of the algal cells arrive at the end (Aquaflex) or at the middle 
(Seaguard) of the capillary. The expected loss of active surface area and increase of 
required feed pressure for a clean membrane as a function of number of algal cells 
per ml, membrane flux and filtration time is presented in Figure 8-12.  
 
Typical operation of a dead-end MF/UF system is not continuous since periodic 
hydraulic cleanings (backwashing) are performed every 15-60 minutes. Considering 
a filtration time of 60 minutes and feed concentration of 250,000 cells/ml, the 
expected loss in effective membrane area due to plugging is 30% after the filtration 
cycle (Figure 8-12a). At this scenario, the actual membrane flux is about 115 
L/m2.h, 44% higher than the initial flux (Figure 8-12b). Additionally, the feed 
pressure will increase from 60 mbar to about 80 mbar (Figure 8-12c).  
 
The increase in flux due to capillary plugging can have a drastic effect on 
membrane fouling when AOM are also present in the feedwater. AOM, particularly 
free AOM, are generally smaller than algal cells and they are expected to deposit 
more evenly along the length of the capillary membranes. When the remaining 
active membrane area is fouled by AOM, an increase in flux would mean 
substantial increase in cake resistance. Based on the cake filtration model (Eq. 8), 
a 44% increase in flux will result in a 107% increase in cake resistance. In 
addition, the filter cake is more compressible at a higher flux, so cake compression 
can further increase the fouling rate. 
 
To further illustrate the potential effect of plugging, the expected loss of active 
membrane area and the localised flux increase was calculated for different species 
of algae at severe algal bloom situations. Results are presented in Table 8-5.      
Based on the calculations, some bloom-forming species can cause severe plugging 
problems in capillary UF. Severe blooms caused by three species of algae (Noctiluca 
scintillans, Prorocentrum micans, Nodularia spp.) can cause complete plugging of 
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capillary within 30 minutes of filtration (Jp=80 L/m2.h). Two other species 
(Chaetoceros affinis, Anabaena spp.) caused more than 50% loss in active 
membrane area and 2-5 times increase in average flux of the remaining active 
membrane area. These findings indicate that large and high biomass producing 
algae can cause blooms which may have severe implications to the operation of 
capillary UF due to plugging.          
 

 

Figure 8-12: Filtration time (a), average local flux (b) and feed pressure (c) in relation to membrane 
area reduction in capillary membrane (Seaguard configuration) due to plugging by 15 μm algae 
without AOM. Isolines in (a) are results for different cell concentrations of algae in cells/ml at 
average flux of 80 L/m2.h while isolines in (b) and (c) represent 5 different initial (clean membrane) 
fluxes in L/m2.h. 
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Table 8-5: Calculated loss in effective membrane area and localised increase in average flux due to 
capillary plugging by 16 species of algae during severe bloom situations. 

Bloom-forming algae 
 

Diameter 
(µm) 

Cell conc.
(cells/ml) (a)

Active membrane 
area lost (%) (b) 

Ave. flux after 
plugging (L/m2.h)(c)

Alexandrium tamarense 32 10,000 9 87.5 
Cochlodinium polykrikoides 33 27,000 25 107.2 
Karenia brevis 36 37,000 45 146.0 
Noctiluca scintillans 400 1,900 ----- completely plugged ----- 
Prorocentrum micans 44 50,000 ----- completely plugged ----- 
Chaetoceros affinis 15 900,000 80 390.7 
Pseudo-nitzschia spp. 7 19,000 0.2 80.1 
Skeletonema costatum 5         88,000 0.3 80.2 
Thalassiosira spp. 12       100,000 5 83.8 
Nodularia spp. 21 605,200 ----- completely plugged ----- 
Anabaena spp. 6 10,000,000 57 184.1 
Microcystis spp. 4 14,800,000 25 106.4 
Emiliania huxleyi 5       115,000 0.4 80.3 
Phaeocystis globosa 6 52,000 0.3 80.2 
Chattonella spp. 15 10,000 1 80.7 
Heterosigma akashiwo 20 32,000 7 85.8 
(a) Maximum recorded concentrations reported in various literatures; (b) Membrane area lost as a percentage of the initial clean 
membrane area after 30 seconds of filtration at Jp = 80 L/m2.h; and (c) is the average flux of the remaining active membrane area after 30 
minutes of filtration and keeping the permeate flow constant. 
 
In summary, theoretical calculations show that plugging of capillaries by algal cells 
during severe blooms may substantially increase membrane fouling with the 
presence of AOM. Plugging can also cause/enhance non-backwashable fouling if 
the accumulated algae are not effectively removed from the feed channel by 
hydraulic cleanings. 
 
Backwashing and even chemical cleaning may not be effective in removing foulants 
in plugged capillaries (Heijman et al., 2005; 2007). In such case, the plugged 
section of the capillaries will continue to increase in the succeeding filtration cycles 
and cause severe non-backwashable fouling. To minimise plugging problems in UF 
membranes, the following are recommended: 

- shortening the filtration cycle (e.g., from 30 mins. to 15 mins.); 
- reducing the average flux (Note: various UF plants are operating at a more 

conservative flux - 50 L/m2.h - than what was used in this study);  
- introducing a small cross-flow at the dead-end side of the capillary (This is 

feasible for capillaries in the Aquaflex system).   

According to Panglisch (2003), introducing a cross-flow velocity of 0.05 m/s at the 
end of the capillary can prevent plugging. This means the UF system will be 
operating at 83% recovery (excluding backwash water) at a flux of 80 L/m2.h. The 
concentrate waste (or a part of it) may also be recovered by recycling it back to the 
UF feed water tank. Moreover, introducing a cross-flow for few minutes at the end 
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of a filtration cycle (before hydraulic backwashing) might be sufficient to clean the 
plugged portion of the capillary.     
 
Other concepts such as partial backwashing (van de Ven et al., 2008) and forward 
flushing (Kennedy et al., 1998) to remove plugging foulants from the capillary 
channel has been introduced over the years. However, further studies are needed to 
investigate the effectiveness of these concepts in cleaning capillary channels 
plugged with high concentration of algal cells and AOM. 

8.4.3 Non-backwashable fouling in capillary membrane 
The role of algae and AOM in non-backwashable fouling in capillary UF membranes 
was investigated experimentally. Filtration experiments with periodic backwashing 
were performed with 0.8 mm diameter capillary membranes (150 kDa MWCO). The 
average filtration flux was set at 80 L/m2.h and a 1-min backwashing at 200 
L/m2.h was performed every 30 minutes of filtration. The filtration experiments 
were performed with three different feed solutions, namely:  
 
1) Solution 1: Untreated sample from a batch culture of Chaetoceros affinis diluted 

with artificial seawater down to cell concentration of about 15,000 cells/ml;  
2) Solution 2: Part of Solution 1 filtered through 5μm PC filter to remove algal cells 

and; 
3) Solution 2: Part of Solution 2 filtered further through 0.4μm PC filter.  
 
The filtration pre-treatments for preparing Solutions 1 and 2 removed substantial 
concentrations of AOM from Solution 1 based on reduction of TEP0.1µm (Figure 8-
13a). TEP0.1µm concentrations of the 3 feed solutions were 0.72, 0.43 and 0.30 mg 
Xeq/L, respectively. This result indicates that an important part of TEP0.1µm is larger 
than 5µm.  
 
As shown in Figure 8-13b, hydraulic cleaning was not effective in restoring the 
initial permeability of UF, which means not all accumulated foulants were removed. 
To compare the rate of non-backwashable fouling, the feed pressure at the 
beginning of each filtration cycle right after hydraulic cleaning was plotted against 
filtration time in Figure 8-13c. The rate of feed pressure increase in all three 
experiments increased with each succeeding filtration cycle, which is attributed to 
remaining fouling after each backwashing.  The non-backwashable fouling caused 
by untreated water (Solution 1) is about 3 and 5 times higher than with the two 
pre-treated feedwaters (Solutions 1 and 2), which is quite significant. 
 
To investigate the possible role of algal cells on UF fouling, theoretical calculations 
were performed based on the effect of plugging discussed in Section 8.2.2.2. The 
theoretical feed pressure during filtration of 15,000 cells/ml algal suspensions 
(without AOM) was calculated based on Eq. 27 with the assumptions that they all 
deposit on the dead-end side of the capillary and the deposits were not removed by 
the subsequent backwashing (Figure 8-13c). The increase in predicted feed 
required pressure is negligible compared to the observed feed pressure increase 
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during filtration with Solution 1 (algae + AOM). The predicted loss in effective 
membrane area due to algae plugging after 4 hours of filtration is about 7%, 
resulting in an increase in average flux from 80 to 86 L/m2.h (calculated using Eq. 
26). Based on the cake filtration model (Eq. 8), such increase in flux is expected to 
increase the cake resistance of deposits (e.g., AOM) in the remaining active 
membrane area by ~15%.  
 

 

Figure 8-13: Filtration performance of capillary membrane during filtration of samples with and 
without algal cells: (a) algae and TEP0.1μm concentrations of the feed solutions (b) trans-membrane 
pressure over time (c) trans-membrane pressure after hydraulic cleanings. Dash line in (b) represents 
theoretical feed pressure after backwashing due to plugging with 15,000 cells/ml algal suspensions 
without AOM.   
 
In summary, capillary plugging by algal cells may theoretically enhance 
backwashable and non-backwashable fouling in capillary UF membranes. However, 
theoretical calculations show that in this case the effect of plugging is marginal.  

8.4.4 Fouling mechanisms  
The dominant membrane fouling mechanisms possibly involved during filtration of 
algal bloom impacted waters were identified based on the conducted theoretical 
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and experimental investigations. During filtration of solutions containing AOM with 
and without algal cells, the observed change in feed pressure after backwashing 
consistently showed an exponential trend (Figure 8-13c). This trend might be the 
result of the following phenomena/mechanisms: 
 
1) narrowing of pores of the membrane and/or the cake due to deposition of AOM 

and other colloids; 
2) substantial loss in effective filtration area resulting in much higher local flux; 
3) partial removal of the cake during backwashing (e.g., lifting and partial 

dispersion of breaking cake/gels); 
4) accumulated cake/gel is compressible;  
 
In Figure 8-6, the feed pressure increase within a filtration cycle illustrates that 
pore blocking and cake filtration with compression occurred sequentially. Similar 
mechanisms also occurred in the absence of algal cells. This is an indication that 
fouling due to pore blocking and the compressible character of the cake/gel can be 
mainly due to the presence of AOM. AOMs which accumulated in the membrane 
pores can be very sticky, flexible and elastic hydrogels (e.g., TEPs). During 
backwashing, these hydrogels which are partially or fully blocking the interior of 
the membrane pores may not be removed effectively from the membrane (Figure 8-
13b). As a result, the effective filtration area for the succeeding filtration cycle is 
reduced and higher feed pressure is required to maintain the permeate flow. The 
effective filtration area may further decrease in the succeeding filtration cycles as 
more AOM remain in the membrane pores and/or membrane surface and 
backwashing were becoming less effective in removing them. This scenario might 
explain the exponential trend of non-backwashable fouling observed in the 
filtration experiments (Figure 8-13c).  

8.5 Conclusions 

• The theoretical membrane fouling potentials (measured as MFI-UF) of 16 
species of bloom-forming algae are between 100 to 10,000 times lower than 
what was recorded in natural seawater. The substantial difference can be 
attributed mainly to the presence of algal-derived organic material in real 
seawater (e.g., TEPs).  

• In experimental studies with 2 batch cultures of algae (Chaetoceros affinis and 
Microcystis sp.), a reasonable correlation (R2>0.82) was observed between 
membrane fouling potential (MFI-UF) and TEP concentration while a much 
weaker correlation (R2<0.5) was observed between MFI-UF and algae 
concentration. 

• Pore constriction, substantial loss in filtration area, cake compression and 
partial cake/gel removal during backwashing are the possible UF membrane 
fouling mechanisms involved during filtration of algal bloom impacted waters.  
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• Algal cell transport through the feed channel of capillary membrane is mainly 
influenced by inertial lift and shear-induced diffusion. Large algae (>25 µm) 
tend to arrive at the middle or end of the capillary depending on the design and 
operation mode of the UF module. Smaller algal cells tend to attach partly on 
the membrane surface and partly at the end or at the middle of the capillary. 

• Theoretical calculations indicate that plugging by algal cells at the dead-end 
section of capillary UF may cause severe problems due to increase in membrane 
and cake resistance resulting from the flux increase in the remaining active 
membrane area. However, shortening the length of filtration cycles, reducing the 
average flux and introducing a cross-flow (or bleed) at the end of the capillary 
can minimise or eliminate its potential effect.  
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Abstract 
Algal-derived organic matter (AOM) such as transparent exopolymer particles (TEP) has 
been suspected to initiate or enhance biofilm development in aquatic systems. This 
chapter aims to investigate the possible role of AOM on biofouling of reverse osmosis 
(RO) membranes treating seawater suffering from algal bloom. Lab-scale experiments 
were performed with AOM extracted from bloom-forming marine alga (Chaetoceros 
affinis) to assess its adhesion/cohesion potential, bacterial growth potential and effect 
on biofouling development in cross-flow membranes. Adhesion force measurements 
using atomic force microscopy showed better adhesion of AOM on clean polyamide RO 
membrane than on clean polyethersulfone UF membrane. Moreover, it was observed 
that AOM can attach stronger on AOM-fouled membranes than on clean membranes. 
The latter may indicate that bacteria with TEP-like substances on their cell wall can 
attach and colonise more effectively on RO membranes fouled with AOM.  
 
Batch growth potential tests of natural seawater spiked with different concentrations 
of AOM showed net growth of seawater bacteria corresponding to the concentration of 
spiked AOM, supporting the initial hypothesis that AOM enhances bacterial activity in 
seawater. Long-term (8-20 days) biofouling experiments (simulating similar conditions 
as in seawater RO systems) were performed using cross-flow capillary membranes 
and membrane fouling simulators (MFS) to demonstrate the effect of AOM in fouling 
development. Results show that under non-nutrient limited conditions, AOM can 
substantially accelerate biofouling when present in high concentrations, either 
suspended in the feed water or attached to the membrane surface/spacer. A 
substantially lower fouling rate was observed when only nutrients or only AOM was 
present in the feed water. This illustrates that the role of AOM may be more as an 
initiator/enhancer of biofilm development rather than as a nutrient source for bacteria.        
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9.1 Introduction   
Accumulation of organic and biological material can cause serious operational 
problems in reverse osmosis (RO) systems (Baker and Dudley, 1998; Nguyen et al., 
2012). Organic fouling in reverse osmosis (RO) membranes usually occurs due to 
adsorption and accumulation of organic material from the feed water. Biological 
fouling or biofouling is due to growth and accumulation of microorganisms (mainly 
bacteria) and the extracellular polymeric substances (EPS) they produced in the RO 
system.  
 
Organic and biofouling in RO membranes are closely related in many ways. Both 
types of fouling can cause increase in hydraulic resistance in the system resulting in 
an increase in feed channel pressure drop and/or decrease in normalised flux of the 
membrane. The hydraulic resistance of biofilms on RO membranes are mainly due to 
accumulation of organic material (i.e., EPS) released by biofilm bacteria rather than 
the bacteria themselves (Drezer et al., 2013). Most organic foulants in seawater are 
of biological origin such as algal organic material (AOM) produced by phytoplankton. 
Furthermore, some fraction of these organic substances can be degraded or utilised 
as nutrients by bacteria and may therefore accelerate biological growth in the RO 
system.  
 
The various processes involved in the occurrence of biofouling in RO membrane 
systems can be divided into 4 phases (Flemming and Schaule, 1998): 

1. Surface conditioning. Initial adsorption of macromolecules (e.g., humic 
substances, lipopolysaccharides and other microbial-derived substances) on the 
surface of clean membrane and spacers eventually leading to the formation of a 
“conditioning film”. Winters et al., (1983) reported that these fast adsorbing 
substances are mainly anionic biopolymeric materials which are capable of 
increasing the capacity of the surface to absorb and concentrate nutrients from 
the feedwater. 

2. Bacterial adhesion and colonization. Fast adhering bacteria from the raw water 
first colonise the “conditioned surface” and eventually form micro-colonies. 
Bacterial cells which produce more exopolysaccharides are more likely to be the 
primary colonisers (Allison and Sutherland, 1987; Winters and Isquith, 1979).      

3. Biofilm formation. Further growth of primary colonizers and subsequent 
adhesion of more species of bacteria led to rapid increase in bacterial colonies 
and accumulation of excreted EPS, eventually forming a layer of slime known as 
biofilm (Characklis, 1981). 

4. Biofouling. When biofilm thickness or their hydraulic resistance increase over 
time until an operationally defined “level of interference” on the system operation 
is surpassed, this is considered as biofouling (Flemming, 2002). In RO membrane 
systems, the level of interference is often defined as >15% increase in feed 
channel pressure drop and/or >15% decrease in normalized flux.    
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Winters et al. (1983) suspected that Alcian blue stainable substances in seawater are 
mainly involved in the surface conditioning of RO membranes. Alcian blue is a 
cationic dye known for its specific affinity to acidic polysaccharides and 
glycoproteins (Ramus, 1977). Passow and Alldredge (1995) developed a 
spectrophotometric assay to measure Alcian blue stainable substances in seawater 
which they called transparent exopolymer particles (TEP). This technique has been 
extensively applied in the field of oceanography and limnology for many years but 
not for desalination and water treatment studies. In 2005, Berman and Holenberg 
implicated TEPs as “major initiators” of biofilm in RO membranes (Berman and 
Holenberg, 2005). This paved the way for various investigations about TEPs in 
desalination and water treatment (dela Torre et al., 2008; Bar-Zeev et al., 2009; 
Kennedy et al., 2009; Villacorte et al., 2009a,b; Berman et al., 2011; van Nevel et al., 
2012; Discart et al., 2013).  
 
Recently, Bar-Zeev et al., (2012) proposed a “revised paradigm of aquatic biofilm 
formation facilitated by TEPs” where they emphasise the important role of TEPs in 
the conditioning and bacterial colonisation of surfaces exposed to seawater. TEPs are 
likely involved in the surface conditioning phase because of their high adhesion 
potential. Their reported stickiness is about 2-4 orders of magnitude higher than 
suspended particles (Passow, 2002). Furthermore, TEPs are gel-like substances 
which are often associated with or tend to absorb proteins, lipids, trace elements 
and heavy metals from surface water (Passow, 2002a), making them a nutritious 
platform and hotspot for bacterial activity. In fact, various studies found significant 
percentages (up to 68%) of bacterial populations in seawater that were attached to or 
embedded in TEP gels (e.g., Alldredge et al., 1993, Passow and Alldredge, 1994).  
  
The abundance of TEPs in seawater is generally associated with the occurrence of 
algal blooms as they are a major component of algal organic matter (AOM). Algal 
blooms such as “red tide” recently became a pressing issue in the desalination 
industry (Pankratz, 2008; Caron et al., 2010). In RO desalination plants, granular 
media filters (GMF) are usually installed to pre-treat seawater prior to the RO 
system. During algal blooms, GMF can minimise breakthrough of algal cells but a 
substantial fraction of the AOM can still pass through the pre-treatment systems 
and can potentially initiate/enhance biofouling in the downstream RO membrane.  
 
The adverse impacts of AOM generated during algal blooms have already been 
demonstrated on the operation of dead-end (Villacorte et al., 2010a,b, Schurer et al., 
2012; 2013) and cross-flow (Berman et al., 2011) capillary membrane systems. 
However, these studies only focused on the short-term direct effect of AOM (organic 
fouling) rather than their long term potential role on biofouling. The objective of this 
study is to perform controlled experiments to demonstrate and explain the possible 
role of AOM on biofouling in seawater RO system.  

9.2 Materials and methods  
Various investigations were performed to assess the biological fouling potential of 
AOMs extracted from common species of bloom-forming marine algae based on their 
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adhesion/cohesion potential (stickiness), bacterial growth potential and impact on 
biofouling development in a cross-flow operated membrane system.  

9.2.1 Algal culture and AOM extraction  
A common species of bloom-forming marine algae, Chaetoceros affinis, was selected 
as the source of AOM for this study. A pure strain (CCAP 1010/27) of the alga was 
inoculated in 5 L flasks with sterilised synthetic seawater (TDS ~ 34 g/L; pH = 8±0.2) 
containing trace elements and nutrients (f/2+Si medium) necessary for them to grow 
rapidly and simulate an algal bloom. After 10-12 days under controlled light 
(12:12h, light:dark) and continuous slow mixing at ambient temperature (20±3oC), 
the algal cells were separated from the medium containing AOM by allowing the cells 
to settle for 24 hours. The supernatant solution was then extracted and filtered 
through 5 μm polycarbonate filters (Whatman Nuclepore) to remove the remaining 
algal cells in suspension. The algal culture is not totally axenic which means 
bacteria may be present in the AOM solution. Nevertheless, bacteria are always 
present during algal blooms in natural waters.  

9.2.2 Liquid chromatography – organic carbon detection 
To measure the concentrations of the different fractions of AOM, water samples were 
sent to DOC-Labor (Karlsruhe, Germany) for analyses using liquid chromatography - 
organic carbon detection (LC-OCD) method. The LC-OCD analysis fractionates the 
constituents of organic materials in terms of biopolymers, humic substances, 
building blocks, low molecular weight (LMW) organic acids and organic neutrals. The 
specification of the equipments used and how the different fractions were quantified 
are described elsewhere (Huber et al., 2011). In this study, LC-OCD analyses were 
performed without pre-filtration and water samples were directly fed to two 
chromatogram columns in series (HW65S and HW50S). The theoretical maximum 
chromatographable size without sample pre-filtration is 2 μm, which is based on the 
pore size of the sinter filters of the columns used (S. Huber, per. com.). 
 
TEP substances are a major component of biopolymeric AOM (Villacorte et al., 2013). 
Hence, biopolymer concentration was used in this study as an indicator of TEP 
concentration in AOM solutions. The biopolymer concentration of AOM solution used 
in this study was ~8 mg C/L. Feed AOM concentrations in all experiments were 
adjusted by diluting the TEP solutions with synthetic seawater (similar ionic 
strength as the medium).  

9.2.3 Model seawater bacteria   
A common species of marine bacteria, Vibrio harveyi (NCCB 79042) was used as 
model seawater bacteria. Vibrio harveyi is a gram-negative luminous bacteria which 
can be found free-swimming or in biofilms in tropical marine systems (Austin and 
Zhang, 2006). Recently, the bacteria were used as the standard bacteria for 
measuring assimilable organic carbon (AOC) in seawater (Weinrich et al., 2011). In 
the current study, a pure strain of the bacteria was inoculated in sterilised saline (34 
g/L) medium for lucibacterium and incubated at 30oC until the concentration reach 
~100 million cells/ml. The solution was then diluted 100 times with artificial 
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seawater for biofouling experiments. Cell concentration was measured based on the 
number of colonies grown and incubated at 37oC on peptone agar media for 24-48 
hours.    

9.2.4 Bacterial growth potential test 
The AOM solution used in the growth potential tests was pre-filtered through 0.2 μm 
polycarbonate membranes (Whatman Nuclepore) to remove most bacteria in the 
AOM solution. To further remove low molecular weight constituents from the 
solution (e.g., dissolved nutrients in the culture medium), the filtered solution (0.5 L) 
was then dialysed for 3 days using 3.5 kDa MWCO RC membrane sacks 
(Spectra/Por 3, SpectrumLabs). The 20 L draw solution (ultra-pure water) was 
continuously stirred (using a magnetic stirrer) and replenished twice a day. LC-OCD 
analysis was performed on the dialysed AOM solution to measure the final 
biopolymer concentration.     
 
A batch of seawater samples (20 L) were collected from the raw water of the 
Jacobahaven desalination plant (Zeeland, Netherlands) in November 2012. Part of 
the collected samples was filtered through a 0.2µm polycarbonate filter by vacuum 
filtration to remove bacteria. Eight unused dark glass bottles were soaked (>24 
hours) and rinsed 3 times with ultra-pure water to desorb potential organic 
contaminants. Each of the 8 cleaned glass bottles was filled with 730 ml of filtered 
seawater. Different volumes of pre-treated AOM solutions and artificial seawater 
were added to the bottles to make up 800 ml solutions with different concentrations 
of AOM (0, 0.08, 0.4 and 0.8 mgC/L) in duplicates.  
 
Total bacteria concentration was measured using flow cytometry at the Kluver 
Laboratory (TUDelft) based on the standard protocol proposed in the Swiss guideline 
for drinking water analysis (SLMB, 2012; Prest et al., 2013). The staining solution 
was prepared with SYBR Green I (1:100 dilution in DMSO; Molecular Probes). Water 
sample (1 ml) were first incubated in the dark at 350C for 5 mins, then stained with 
10 µl of staining solution, vortexed and again incubated in the dark at 350C for 10 
mins. The samples were then vortexed just before flow cytometric analysis. The flow 
cytometer used was an Accuri™ C6 flow cytometer (BD Biosciences, San Jose, CA).  
 
The measured total bacterial concentration in untreated seawater was about 1 
million cells/ml. The seawater bacteria were inoculated by adding 8 ml of untreated 
seawater to each of the 8 prepared bottles. The bottles were then gently mixed and 
sampled to measure the initial total bacteria concentration. They were then tightly 
covered and stored at room temperature (20±3 oC). The concentration of bacteria was 
monitored in all bottles by collecting and analysing samples every 24 hours for 4 
days and another set of samples were collected on the 7th day. To monitor changes in 
concentration and organic matter composition, LC-OCD analyses were performed for 
samples collected from the bottle containing 0.8 mg C/L at the beginning (day 0) and 
the 4th day of the test.  
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9.2.5 Force measurement using atomic force microscopy 
To assess the stickiness of AOM, interaction forces between biopolymer materials 
and clean or AOM-fouled UF membranes were measured using atomic force 
microscopy (AFM). In this study, the investigated biopolymer materials were allowed 
to adsorb to the surface of polystyrene microspheres attached to the tip of the AFM 
cantilever. As the cantilever approached towards or retracted from the membrane 
surface, the AFM cantilever tip deflects depending on the direction and magnitude of 
the forces between the two surfaces (Figure 9-1). Interaction force curves as a 
function of the separation distance between the tip and the membrane surface are 
then generated based on Hooke’s law: 
 
F = -kΔz           Eq. 1 
 
where F is the approach/retract force, k is the cantilever spring constant and Δz is 
the deflection of the cantilever tip. 
      

 
Figure 9-1: Illustration of interaction force measurement using AFM and the generated force-distance 
curves. The arrows indicate the movement of the particle attached to the cantilever relative to the 
surface.   
 
Each force measurement cycle generates two force-distance (F-D) curves: the 
approach force curve and the retract force curve (Figure 9-1). The approach force 
curve shows the force interactions between the microsphere probe and the 
membrane surface at different separation distances. The retract force curve features 
the adhesion/cohesion force keeping the probe surface and the membrane surface 
together after contact. The adhesion (AOM to membrane) and cohesion (AOM to 
AOM-fouled membrane) forces are identified as the maximum negative forces 
recorded in the retract force curve. Furthermore, the total energy needed to 
completely separate two surfaces from contact was calculated by integrating the 
measured negative forces with respect to the separation distance in the retract force 
curve.     
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To adsorb AOM on AFM probe, ~10 ml of stock solutions of AOM were poured into a 
petri-dish (50 mm diameter). AFM cantilevers with attached 25 µm polystyrene 
microsphere tip (Novascan Technologies, Inc.) were submerged in the solutions by 
carefully positioning the cantilevers (microsphere probe up) at the bottom of the 
petri-dish. The cantilevers were submerged for 5 days at 4oC to allow adsorption of 
AOM. The petri-dishes were then placed at room temperature (20oC) for ~2 hours 
before AFM force measurements were performed.   
 
AFM force measurements were performed on flat sheet polyethersulfone UF (Omega 
100 kDa MWCO, Pall Corp.) and polyamide thin-film composite RO (Filmtec BW30, 
Dow) membranes. The UF membrane was first cleaned by soaking in ultra-pure 
water for 24 hours and then filtering through >10 ml ultrapure water before the 
experiment. Coupons (~1cm x 10cm) of polyamide RO membranes were stored in 1% 
sodium bisulphite solution for at least 24 hours and then rinsed with ultra-pure 
water before the experiment. For AOM to AOM interaction measurements, a PES 
membrane was coated with AOM by filtering 5 ml of AOM solution. Filtration was 
performed at constant flux (60 L m-2.h-1) using a syringe pump (Harvard pump 33), 
30 ml plastic syringe and 25 mm filter holder.      
 
Force measurements were performed with the ForceRobot 300 (JPK Instruments) at 
room temperature (~20oC), using a small volume liquid cell, sealed with a rubber 
ring. In every test, the liquid cell is filled with ASW (TDS ~ 34 g/L; pH = 8±0.2). The 
cantilevers were calibrated with respect to their deflection sensitivity from the slope 
of the constant compliance region in the force curves obtained between the clean, 
hard surfaces and their spring constant using the thermal noise spectrum of the 
cantilever deflections (Ralston et al., 2005; Spruijt et al., 2012). The measured 
cantilever spring constants range from 0.18-0.31 N/m although the nominal 
cantilever spring constant supplied by the manufacturer is higher (0.35 N/m). Force-
distance curves were recorded for an approach range of 10 µm, a tip velocity of 16-
28 µm/s, 30 seconds surface delay and a sampling rate of 2 kHz. In each cycle of 
approach and retract, the probe is brought into contact with the surface at an 
average load force of 5 nN. The force-distance (F-D) curves were recorded in 
triplicates for each of the six points on the membrane surface within an area of 10 
µm x 10 µm. The F-D curves were analyzed using the JPK data processing software 
to calculate the maximum adhesion force and total energy. 

9.2.6 Cross-flow capillary membrane set-up 
Biofouling experiments were performed using a lab-scale capillary membrane system 
operated in cross-flow mode (Figure 9-2). The capillary membrane has an internal 
diameter of 0.8 mm which is similar to the typical channel height of a spiral wound 
RO membrane. The membrane used has a MWCO of a tight UF membrane (7 kDa) to 
allow retention of most biopolymers on the membrane.  
 
The capillary membranes were provided by Pentair X-flow (Enschede, Netherlands). 
The cross-flow setup comprises a miniature UF module fabricated by inserting two 1 
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m long capillary membranes in a 8 mm diameter polyethylene tube. Both ends of the 
tubing (except the capillary ends) were sealed with water-proof resin. A permeate 
outlet was positioned in the middle of the module to allow inside-out filtration. The 
filtration system was equipped with a peristaltic pump (Masterflex L/S 77201-60) to 
provide constant feed flow, 2 pressure sensors (Endress+Hauser PMD70 and PMC51) 
to record pressure drop and concentrate pressure and a digital balance (Sartorius 
TE3102S) to measure permeate flow. The cross-flow velocity (CFV) and permeate flux 
were set to the required values by adjusting the speed of the feed pump and the 
valve on the concentrate side. Feed and concentrate pressures and permeate flow 
were recorded automatically by the computer via data acquisition software. All 
experiments were conducted at room temperature (20oC).  
 

 
 

Figure 9-2: Graphical scheme of the cross-flow capillary membrane filtration set-up. 

9.2.7 Membrane fouling simulator 
Biofouling experiments were also performed using membrane fouling simulators 
(MFS) to simulate biofouling in spacer-filled RO membrane channels. The design 
specification of the MFS flow cells is described elsewhere (Vrouwenvelder et al., 
2006). The MFS set-up used in this study is presented in Figure 9-3.  
 
A multi-channel peristaltic pump (Masterflex L/S 77201-60) was used to provide 
constant feed water flow to the MFS. To measure the pressure drop through the MFS 
cell, a differential pressure sensor (Endress+Hauser PMD75) was installed. To 
minimise air bubble entrainment in the system, the feed tank was elevated 0.6 m 
above the pump (Figure 9-3). 
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Figure 9-3: Scheme of the membrane fouling simulator set-up. 

 
The spiral wound membrane and spacer (Trisep TS80) coupons were carefully cut 
into sheets (4 cm x 20 cm) to fit into the flow cell. Extra care was taken to ensure 
that the orientation of the spacers was the same for all experiments and to make 
sure that there were no visible scratches or irregular edges on both the membrane 
and spacer. The cut membranes/spacers were stored in 1% sodium bisulphite 
solution for at least 24 hours and then rinsed with ultra-pure water before the 
experiment. In all experiments, water coming out of the system was re-circulated 
back to the feed tank. Plastic mesh with 20-50 μm opening size was installed in the 
suction side of the feed tubing to prevent clogging in the MFS cell by large 
particulate material.  
 
Pressure drop readings were recorded once or twice per day. Before each recording, 
the linear cross-flow velocity across the MFS cell was verified and adjusted (if 
necessary) by controlling the volume of water entering the cell over time. This was 
done by slowly adjusting the speed of the peristaltic pump, measuring the water 
volumetric flow coming out of the cell and then calculating the apparent linear flow 
velocity (Eq. 2) until a correct linear velocity is attained. 
 
 v = �

����
= �

ε��            Eq. 2 

 
where Q is the feed flow (m3/s), Aeff is the effective cross-sectional area of the 
channel (m2), ε is spacer porosity (0.85, Vrouwenvelder et al., 2009a), w is width of 
spacer (0.04m) and h is height of spacer (0.000787 m). 

9.2.8 Biofouling experiments 
Biofouling experiments were performed in both the cross-flow UF set-up (Section 
9.2.6) and membrane fouling simulators (Section 9.2.7). Three sets of experiments 
were conducted to investigate the effect of (1) AOM in the feedwater with mixed 
bacteria from seawater, (2) AOM on the membrane surface with mixed bacteria from 
seawater and (3) AOM on the membrane surface with marine bacteria Vibrio harveyi. 
Sets 1 and 2 were performed with the cross-flow UF set-up while Set 3 was 
performed with both the cross-flow UF and MFS set-ups. Each set of experiments 
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were performed with 4 modules or MFS cells running in parallel with varying 
conditions (e.g., AOM, nutrients) in the feed tank or the membrane surface. In all 
experiments, both the concentrate and permeate were recycled back to the feed tank. 
In all cases, except otherwise stated, nutrients (0.2 mgC/L, 0.04 mg N/L, 0.01 mg 
P/L) were added regularly to the feedwater to maintain biological growth in the 
system. To better simulate bacterial growth in seawater, raw seawater sample from a 
seawater RO plant or the standard marine bacteria V. harveyi (~1 million cells/ml) 
was introduced to the feed solution at the beginning of the biofouling experiment.                     

9.2.8.1 Membrane autopsy 

Autopsies were performed for selected experiments using the capillary UF set-up and 
MFS. For the capillary UF membranes, the module containing capillaries were first 
frozen, cut into small pieces (3-5 cm) and soaked in plastic cups containing 100 ml 
of ultra-pure water, tightly covered, vigorously mixed and placed in a sonicator bath 
(Branson 2510E-MT) for 15 mins. For spiral wound membranes, both the fouled 
membrane and spacers were soaked in ultrapure water and sonicated for 15 mins. 
Sample solutions from the sonicated membrane samples were used to measure TOC, 
TEP and V. harveyi plate counting analysis. TOC was measured using the Shimadzu 
VCPN TOC analyser. TEP measurement was based on the method by Passow and 
Alldredge (1995) with the latest modifications by Villacorte et al. (2013).  Plate 
counting of V. harveyi from extracted biofilm samples was performed as described in 
Section 9.2.3.  

9.2.9 Hydraulic calculations 
The water flux through a semi-permeable membrane is inversely proportional to the 
hydraulic resistance of the membrane. When biofilm accumulates on the surface of 
the membrane, additional resistance is generated. This can be explained based on 
the resistance in series model derived from Darcy’s Law.    
 
J = Δ�

η	�������
          Eq. 3 

 
where J is the membrane permeate flux, ∆P is the differential pressure between the 
feed and permeate side of the membrane, η is the dynamic water viscosity, Rm is the 
membrane resistance and Rc is the gel or biofilm resistance.  
 
Rearranging Eq. 3 to calculate the cake resistance; 
   
R� = Δ�

η	� − R�          Eq. 4 

 
Biofilm accumulation in cross-flow membrane systems can also cause increase in 
the feed channel pressure drop due to partial clogging or constriction of some 
portions of the feed channel. The feed channel pressure drop (ΔPfc) is measured as 
the difference between the recorded pressure in the feed (Pf) inlet and concentrate 
(Pc) outlet of the membrane module. 
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ΔP�� = P� − P�           Eq. 5 

9.3 Results and discussion  
The biological fouling potential of AOM was investigated based on adhesion force 
measurements, bacterial growth potential tests and (bio)fouling experiments using 
capillary and  spiral wound membranes. The results of the investigations are 
discussed in the following sections.    

9.3.1 Cohesion and adhesion potential  
The first hypothesis linking AOM to biofilm formation is their ability to adhere to 
membrane surfaces and form a “conditioning layer” where bacteria can adhere to 
and grow more effectively. With its rather sticky characteristics (adhesive and 
cohesive strength), it allows bacteria to be strongly attached to the surface and 
possibly resist detachment due to shear forces imposed by the tangential flow. To 
evaluate these characteristics (cohesive and adhesive strength), AOM to membrane 
and AOM to AOM interactions were measured using atomic force microscopy (AFM). 
Force measurements using AFM had been applied in various studies to measure the 
affinity of known foulants to membrane surfaces by fixing a surface coated or 
modified microsphere on the AFM cantilever tip (Frank and Belfort, 2003; Li and 
Elimelech, 2004; Yamamura et al., 2008). In this study, the cohesive and adhesive 
strength of AOM was investigated by measuring interactions between 25µm 
polystyrene microspheres with adsorbed AOM on clean and AOM-fouled membranes.  
 
The generated approach force curves show that short-range attraction forces were 
observed between clean polystyrene probes and clean membranes (Figure 9-4a). The 
attraction between clean polystyrene and clean membranes may be due to van der 
Waals interaction, hydrogen bonding and/or hydrophobic interaction. The PS 
particle is quite hydrophobic and probably prefers contact with the membrane 
surface over contact with water. After incubating the probes in AOM solution for 5 
days, interaction between the probe and the membranes shifted to rather long range 
repulsion (Figure 9-4b,c). This change indicates that indeed a layer of AOM was 
adsorbed to the surface of the polystyrene microspheres. Although both the 
membranes (Hurwitz et al., 2010; Childress and Elimelech, 1996; Ricq et al., 1997) 
and AOM (Henderson et al., 2008) are (slightly) negatively charged, electrostatic 
repulsion does not play a significant role in the surface interaction because the high 
ion concentration in the matrix screens the charges and limits the range of 
electrostatic interactions to distances of less than 1 nm (Mosley et al., 2003). 
Therefore, the long range (1 μm) repulsion on probes with adsorbed AOM is not due 
to electrostatic repulsion but rather the resistance exerted by the soft AOM layer as 
it is being gradually squeezed in between the microsphere probe and the membrane 
surface.  
 
Figures 9-4d to 9-4f illustrates the retraction force curves after clean and AOM-
coated polystyrene tips were brought into contact with clean and AOM-fouled 
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membranes for 30 secs. Clean polystyrene particles adhere more strongly on PES 
membranes than on polyamide membranes. However when AOM is adsorbed to the 
polystyrene probe, it adheres stronger on polyamide membranes than on PES 
membrane. Cohesion between AOM-coated polystyrene and AOM-fouled PES 
membranes was observed to be substantially stronger than adhesion between AOM 
and clean PES membranes.  
 

 
Figure 9-4: Typical force-distance curves showing interactions between different surfaces: (a-c) 
approach force curves; (d-f) retract force curves. PS=clean polystyrene tip; PES=polyethersulfone 
membrane; PA=polyamide membrane; AOM=algal organic matter fouled PES membrane.  
 
It was also observed that the retraction force curves were generally broader when 
biopolymers were present on both the particle probe and the membrane surface 
(Figure 9-4f). These may imply that not only a higher force but also a higher energy 
is needed to totally retract (pull-off) bonds between two AOM surfaces. Moreover, the 
retract curve illustrate that AOM layers can deform and stretch when pulled apart 
and only at distances of the order of several micrometers that they come apart. The 
softness and deformability of the biopolymer layers is corroborated by the approach 
curves in Figures 9-4b and 9-4c, showing a gradual increase in force (needed for 
compression of the AOM layer) over an approach distances of several micrometers 
(1-4 μm). 
 
The average maximum (adhesion/cohesion) force and average energy to totally pull-
off two investigated surfaces from contact are presented in Figure 9-5. Based on 
maximum retract force, AOMs adhere on polyamide membrane almost 5 times more 
than on PES membrane. However, the energies needed to detach TEP from both 
membranes were comparable. The bond between AOM-coated probe and AOM-fouled 
membrane was at least ~3 times higher force and ~20 times more energy to separate 
completely. Overall, the measured adhesion/cohesion forces of AOM range from 1.2 
to 18.8 nN. These values are 2 to 3 orders of magnitude higher than the typical lift 
forces occurring in cross-flow membrane reported by Kang et al. (2004). This may 
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indicate that the adhesion force between AOM and the membrane surface can 
overcome the typical shear forces in an RO feed channel, making them more likely to 
remain on the surface of the membrane after being deposited.      
  

 
Figure 9-5: Comparison of average adhesion forces and energies between various surfaces. Values and 
standard deviations were based on at least 18 force-distance curves obtained from 6 different 
membrane surface locations.   
 
Hydrogen bonding may have played a major role in the adhesion of AOM on 
membrane surfaces. Since hydrogen bonding is a result of electron transfer between 
electronegative moieties and hydrogen atoms on AOM and membrane surfaces, the 
bond strength might be influenced by the membrane surface roughness. The 
reported surface roughness of PA membranes is generally higher than PES 
membrane (Pieracci et al., 1999; Hurwitz et al., 2010). This might explain the higher 
adhesion force of AOM on PA membranes than on PES membrane as the actual 
surface interaction area is higher in rougher membranes. This is crucial considering 
that AOMs, particularly TEPs, are deformable and may likely follow the topography 
of the membrane surface. On the other hand, cohesion between AOMs may be 
influenced not only by hydrogen bonding but also by polymer entanglement 
(Flemming et al, 1997). AOM polymers are generally flexible and elastic, so 
disentangling them may have occurred in a stepwise fashion and therefore requires 
higher energy to totally detach them.   
 
In general, the results of adhesion force measurements demonstrated the high 
potential of AOM to deposit on polyamide RO membrane. Once a substantial 
deposition of AOM is already in place, it may enhance deposition of bacteria and 
further deposition of more AOM.  Moreover, most bacterial cells are coated with 
sticky TEP-like materials. Hence, a stronger bacterial adhesion is expected on the 
surface of the membrane with a deposited layer of AOM.       

9.3.2 Bacterial growth potential 
The growth potential of bacteria in seawater containing AOM was investigated based 
on bacterial growth potential tests. In this study, the bacterial communities and 
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available nutrients in the intake water of a desalination plant was used as the base 
solution and flow cytometric analyses were employed to monitor their growth. 
Bacterial growth in duplicate batch solutions spiked with different concentrations (0, 
0.08, 0.4 and 0.8 mg C/L) of purified AOM was monitored and compared. The aim of 
this experiment was to test if the presence of AOMs can enhance growth of bacteria 
and if they can be easily degraded/utilised by bacteria within a short period of time 
(4 days). The bacterial growth curves of solutions spiked with different 
concentrations of AOM is presented in Figure 9-6.        

 

 
 

Figure 9-6: (a) Growth curves of live bacteria in batch seawater solutions spiked with different 
concentrations of AOM. (b) Linear regression between AOM concentration and average net growth 
for day 1-4.  
 
Bacteria growing in filtered seawater without additional AOM (blank) showed a lag 
phase for approximately 24 hours and an exponential growth phase between day 1 
and day 2 (Figure 9-6a). A similar trend was observed for solutions spiked with 0.08 
mg C/L of AOM. For solutions spiked with higher concentrations of AOM (0.4 and 
0.8 mg C/L), no apparent lag phase was recorded possibly due to the low frequency 
(every 24 hours) of sampling.  
 
Despite having been inoculated with the same concentration of bacteria from 
seawater, the initial bacterial concentrations were higher with higher concentration 
of AOMs. The additional bacteria likely originated from the AOM solution itself. As 
described in Section 9.2.4, the AOM solution added to pre-filtered seawater was pre-
treated by filtration through a 0.2μm PC membrane to remove bacteria and then 
dialysed (3.5 kDa membrane) to remove low molecular weight constituents in the 
solution, including excess nutrients and dissolved salts from the culture medium. 
This means that some contamination by freshwater bacteria might have occurred 
during the handling and preparation of the desalted AOM solution. These bacteria 
are expected be inactive in saline conditions when added to seawater. Thus, it can be 
assumed that the net growth in solutions spiked with AOM is due to multiplication 
of the inoculated seawater bacteria only. 
 

R² = 0.99

R² = 0.989

R² = 0.994

R² = 0.979

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Av
er

ag
e 

ne
t g

ro
w

th
 (x

 1
06

ce
lls

/m
l)

AOM added (mg C/L)

day 1
day 2
day 3
day 4

(b)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0 1 2 3 4 5 6 7 8

To
ta

l b
ac

te
ria

 (
x 

10
6

ce
lls

/m
l)

Incubation time (days)

0.8 mgC/L
0.4 mgC/L
0.08 mgC/L
blank

(a)



262  ALGAL BLOOMS AND MEMBRANE BASED DESALINATION TECHNOLOGY
 

In general, the growth of bacteria within the incubation period was directly 
proportional to the concentration of AOM added to the seawater. The net growth was 
determined as the difference between the bacterial concentration (in days 1, 2, 3 and 
4) and the initial concentration at day 0. As shown in Figure 9-6b, the net growth of 
bacteria showed significant linear correlation (R2>0.97) with the concentration of 
AOM in the solution. This may suggest that TEP indeed enhance growth of bacteria 
in seawater.  
 
To investigate if AOM was possibly degraded and/or consumed by bacteria during 
the batch tests, LC-OCD analysis was performed on samples collected from the 
solution with the highest net growth (i.e., spiked with 0.8 mg C/L AOM). The 
analyses results are presented in Figure 9-7.          
         

 
Figure 9-7: (a) OCD and UVD chromatograms of water samples collected at day 0 and day 4 of the 
growth potential test of seawater spiked with 0.6 mg C/L AOM. (b) Comparison of carbon 
concentrations of various fractions of organic matter in samples between day 0 and 4 as determined 
by LC-OCD.  

   
The initial LC-OCD chromatogram of filtered seawater spiked with 0.8 mg C/L of 
AOM showed a characteristic double biopolymer peaks (63 and 81 mins), a 
humics/building block peak (106 mins) with a shoulder peak (110 mins) assigned to 
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low molecular weight (LMW) organic acids and a series of peaks (115-180 mins) of 
LMW organic neutrals (Figure 9-7a). The spiked AOM was pre-filtered through 0.2 
μm membranes and dialysed using 3.5 kDa MWCO membranes. Based on these pre-
treament procedures, the size range of AOM used in the growth potential tests is 
between 3.5 kDa and 0.2μm. The purified AOM comprise 67% biopolymers, 25% 
building blocks, 5% LMW neutrals and 3% LMW acids (see Annex Figure 9-14). The 
filtered seawater base solution contains 1.15 mg C/L of organic matter, comprising 
5% biopolymers, 47% humics, 16% building blocks, 22% LMW neutrals and 10% 
LMW acids (Annex Figure 9-14). 
 
Comparison of the LC-OCD chromatograms between day 0 and day 4 showed no 
apparent shifting in retention time of the identified peaks, which means that there 
was no obvious change in molecular weight distribution of organic matter in the 
solution (Figure 9-7a). However, a slight decrease in OCD signal response was 
observed for the low molecular weight fractions (e.g., building blocks, organic 
neutrals). The carbon concentrations of the different fractions derived from the OCD 
chromatograms are presented in Figure 9-7b for comparison. The most remarkable 
change in concentration was observed for the humics/building blocks and organic 
neutral fractions, where the concentrations decreased by 44 and 51 µg C/L, 
respectively. A negligible increase (<7 µg C/L) in concentrations were observed for 
biopolymers and organic acid fractions. In total, the organic carbon concentration in 
the solution decreased by 83 µg C/L after 4 days of incubation.  
 
The organic carbon lost after 4 days of incubation may represent the biodegradable 
fraction of organic matter which is often measured as biodegradable organic carbon 
(BDOC) or assimilable organic carbon (AOC).  For comparison, the value found in the 
experiment is within the range of seawater AOC concentrations (30-360 µg Ac-C/L) 
reported by Weinrich et al. (2011) but lower than the range of seawater BDOC 
concentrations (190-290 µg/L) reported by de Vittor et al. (2009). Nevertheless, the 
83 µg C/L total decrease in carbon concentration is only slightly higher than the 
lower limit of detection (LOD) of the LC-OCD analysis. The LOD concentration of 
biopolymers, calculated as the average concentration of demineralised water (68 μg 
C/L) plus 3 times the standard deviation (2 μg C/L), is 74 μg C/L (www.doc-
labor.de). Moreover, the LOD is likely higher in saline waters due to the interference 
of salts. Therefore, it is possible that the decrease in concentration of organic 
materials in the batch solution after 4-day incubation is below the LOD of LC-OCD 
analysis. 
 
In summary, the bacterial growth potential tests demonstrated that AOM (3.5kDa - 
0.2μm) from marine algae can enhance growth of bacteria in seawater. AOM, 
especially the biopolymer fraction, is not easily biodegradable by bacteria based on 
the change in organic carbon observed within the 4-day incubation period. AOM like 
TEPs in natural waters can be degraded by bacteria in a matter of hours to several 
months (Passow, 2002). Although organic material consumed by bacteria may have 
originated from filtered seawater, it is apparent that the AOM substantially 
enhanced biological activity in the water as the net growth of bacteria have increased 
with higher concentration of added AOM. Increased bacterial activity has been 
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reported in algal bloom situations especially at the senescent period of the bloom 
where most AOM are released (Grossart, 1999; Cole, 1982). It might be possible that 
high molecular weight AOMs such as biopolymers may eventually be degraded by 
bacteria when the readily biodegradable organic matter in the water is already 
depleted. However, further investigations are necessary to verify this theory.    

9.3.3 Effect of AOM in the feedwater 
The effect of AOM in the feedwater on biological fouling development in cross-flow 
membrane system was investigated in capillary UF set-up. Four parallel filtration 
experiments were performed to compare cake resistance and pressure drop increase 
in the membrane system when fed with solutions comprising different compositions 
of nutrients and AOM, namely: 
 
1. 90% (artificial seawater + 0.5 mg C/L AOM) + 10% (natural seawater) 
2. 90% (artificial seawater + CPN nutrients) + 10% (natural seawater) 
3. 90% (artificial seawater + 0.5 mg C/L AOM + PN nutrients) + 10% (natural 

seawater) 
4. 90% (artificial seawater + 0.5 mg C/L AOM + CPN nutrients) + 10% (natural 

seawater) 
 
The feedwater solutions with nutrients were initially spiked with either CPN or PN 
nutrients (C = 0.2 mg C/L, P = 0.01 mg P/L, N = 0.04 mg N/L) to accelerate bacterial 
growth. Since the feedwater was continuously recycled and nutrients were eventually 
depleted by bacteria, additional nutrients were added every 7 days. All experiments 
were operated at room temperature (20±2 oC), flux of 15 L/m2.h and cross-flow 
velocity of 0.15 m/s to simulate the conditions in a reverse osmosis system during 
spring period in the Netherlands. The cake and feed channel pressure drop in the 4 
experiments, within 20 days of monitoring, are compared in Figure 9-8.     
    
The capillary membranes used in the experiments have an average clean water 
resistance of 7.9 x 1012 (± 15%) and feed channel pressure drop of 78 mbar (± 5%) at 
cross-flow velocity of 0.15 m/s. The capillary UF membrane is a low molecular 
weight cut-off UF (7 kDa) and its membrane resistance is about 5-7 times higher 
than in most commercial UF membranes (100-300 kDa). A low MWCO UF was 
selected for the biofouling experiments so that most of AOM biopolymers from the 
feed water can be rejected by the membrane (Villacorte et al., 2013). 
 
As shown in Figure 9-8, the increase in cake resistance and feed channel pressure 
drop were not substantially different for the 4 experiments during the first 8 days of 
operation. After day 8, an exponential increase of both cake resistance (up to 350%) 
and pressure drop (up to 500%) was recorded for the membrane module fed with 
both AOM and CPN nutrients. An exponential increase (up to 100%) in cake 
resistance was also observed for the membrane fed with CPN nutrients only, but no 
significant increase in pressure drop. No remarkable increase in cake resistance and 
pressure drop was observed for membranes fed only with AOM and membranes fed 
with AOM and PN nutrients.  
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In general, the parallel biofouling experiments demonstrated that AOM introduced in 
nutrient-rich seawater can substantially (4x in this study) enhance biological 
fouling. However when introduced under nutrient limiting conditions, rapid 
biological fouling may not occur even if AOM is abundantly present in the feed water. 
It was also illustrated that AOM was not effectively utilised by bacteria as an 
alternative source of biodegradable carbon during the 18-day period. This is in 
agreement with the bacterial growth potential test experiments.            
 

 
Figure 9-8: Change in hydraulic resistance (a) and feed channel pressure drop (b) through 1-m long 
cross-flow capillary membranes fed with and without AOM (0.5 mgC/L) or nutrients.  

9.3.4 Effect of AOM deposits on the membrane surface 
When sticky AOM material (e.g., TEPs) deposit on membrane surfaces, they may 
serve as conditioning layer which allow more effective attachment of bacteria and 
accelerate biofilm development (Berman and Holenberg, 2005). This hypothesis was 
investigated by performing parallel experiments in cross-flow capillary membranes 
pre-fouled with different concentrations of AOM. The experiments were performed in 
two phases: 
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1. In the first phase (AOM fouling), 3 membrane modules were feed with artificial 

seawater (ASW) spiked with different concentrations of AOM (0.2, 0.4 and 0.8 
mgC/L). The membrane system was operated (J=15 L/m2.h; CFV=0.15 m/s) until 
an apparent increase (>15%) in total resistance was observed in all of the 3 
modules.  

2. In the second phase (biofouling), the feedwater of pre-fouled modules were 
replaced with ASW solution containing CPN nutrients (0.2 mg C/L, 0.01 mg P/L, 
0.04 mg N/L) and bacteria. For comparison, a clean membrane (blank) was also 
operated with the same feed water. The operational settings (J and CFV) were 
similar to the first phase to minimize detachment of deposited AOM. The filtrate 
and concentrate water were continuously re-circulated back to the feed tank; 
hence, additional nutrients were added to the feedwater every 1-2 days to 
maintain growth of bacteria.          

 
Two sets of experiments were performed based on the above-mentioned procedure. 
In the first set of experiments, the feed solution in the biofouling phase was prepared 
containing 10% untreated seawater with its natural bacterial community. In the 
second set of experiments, the feed solution of the biofouling phase was inoculated 
with ~1 million cells/ml of cultured marine bacteria (V. harveyi) instead of untreated 
seawater. The results of the two sets of experiments are presented in Figure 9-9.         

 
The AOM fouling phase in the first set of experiments was performed for 2.5 days 
(Figure 9-9a). Within this period the total resistance increased by about 60% for the 
membrane fed with 0.8 mg C/L AOM while a similar increase (~30%) was observed 
for membranes coated with 0.2 and 0.4 mg C/L. For the second set of experiments, 
the AOM fouling phase was performed longer (~5 days) due to slower rate of increase 
in cake resistance (Figure 9-9b). The increase in total resistance after 5 days of 
operation was 18%, 24% and 32% for membranes fouled with 0.2, 0.4 and 0.8 mg 
C/L of AOM, respectively. The substantial difference in observed fouling rates 
between the two sets of experiments was attributed to possible variations of the 
resistance and/or stickiness of the different batches of AOM used in the 
experiments. The reason for such variations is still subject to further investigations. 
 
Biofouling started to kick-off 5 days after untreated natural seawater was added to 
the feed solution (Figure 9a) while biofouling immediately kick-off when Vibrio 
harveyi was added to the feedwater (Figure 9-9b). The possible reason for the 
difference in fouling rate is that V. harveyi is already adapted to the ASW matrix as it 
was previously grown in similar medium, while the local seawater bacterial 
population needed some time to adjust to the artificial seawater medium and water 
temperature. It may also indicate that V. harveyi are much more effective in utilising 
available nutrients than bacteria present in the seawater sample used in the 
experiment. Moreover, V. harveyi are relatively larger (up to 10 µm in length; see 
Annex Figure 9-15) than most marine bacteria and it has been reported to produce 
substantial amounts of TEP-like EPS (Bramhachari and Dubey, 2006), which 
probably make them more effective in forming biofilm on the surface of the 
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membrane. Preliminary tests of sample taken from a batch culture of V. harveyi 
verified the substantial presence of bacterial TEPs (results not shown).     

 

 
Figure 9-9: Change in hydraulic resistance through clean and AOM pre-fouled cross-flow capillary 
membranes. (a) Biofouling tests with bacteria from seawater. (b) Biofouling tests with model bacteria 
V. harveyi. 

 
In biofouling experiments with mixed seawater bacteria (Figure 9-9a), the final cake 
resistance in the blank membrane (not pre-fouled) is similar to that of membranes 
pre-fouled with 0.2 and 0.4 mg C/L of AOM.  However, experiments with membranes 
pre-fouled with 0.8 mgC/L showed ~3 times higher final cake resistance. 
  
In biofouling experiments with V. harveyi (Figure 9-9b), the final cake resistance of 
membranes pre-fouled with 0.2 and 0.4 mgC/L of AOM were 40% and 55% lower 
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than the blank, respectively. The membrane pre-fouled with 0.8 mg C/L of AOM was 
remarkably higher (180%) than the blank. The substantial difference between low 
(<0.4 mg C/L) and high (>0.4 mg C/L) concentrations of TEP may be due to 
variations in coverage area of deposited AOM. The relatively higher blank cake 
resistance in the biofouling test with V. harveyi can be attributed to natural 
variability in the attachment and/or growth of bacteria. Overall, the results of two 
batches of experiments demonstrate that a substantial accumulation of AOM can 
accelerate biofouling in cross-flow membranes. 
 
An autopsy of the fouled capillary membranes was performed after biofouling 
experiments with V. harveyi. Concentrations of organic carbon, TEP0.4μm and V. 
harveyi from extracted biofilm samples are presented in Figure 9-10.                     

 

 
Figure 9-10: Average concentrations of TEP, total organic carbon and V. harveyi in biofilm samples 
extracted from capillary membranes used in the biofouling tests with V. harveyi bacteria in 
comparison with the final cake resistance.  
 
Among the three parameters measured, V. harveyi concentration best coincides with 
the final cake resistance of the 4 experiments. The highest recorded concentration of 
V. harveyi bacteria (~6.5 x 106 cells/cm2) is within the range of concentration 
reported in severely biofouled RO membrane modules (Vrouwenvelder et al., 2008). 
The highest concentration of V. harveyi also corresponds to the highest 
concentrations of TEP and TOC in the biofilm, an indication that the bacteria are 
releasing substantial concentrations of TEP-like EPS. The accumulation of these 
materials may have likely caused the rapid increase in biofilm resistance. 

9.3.5 Effect of AOM deposits in spiral wound membrane 
The feed channel diameter (0.8 mm) of the capillary membranes used in the 
biofouling experiments (discussed in Sections 9.3.3 and 9.3.4) are comparable to a 
spiral wound membrane. However unlike capillary membranes, spiral wound 
membranes have a feed spacer which can substantially affect the accumulation of 
biofilm in the feed-concentrate channel (Vrouwenvelder et al., 2009a; 2010). The 
spacers can also provide additional surface area for AOM and bacterial attachment, 
whereby biofilm formation will not only form on the membrane but also on the 
spacers.  
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Further investigations were performed on the effect of AOM on biofouling specifically 
in spiral wound membranes based on the changes of feed channel pressure drop. 
Parallel experiments were performed in four MFS cells with spiral wound membranes 
and spacers, operated under similar hydraulic condition (CFV=0.2 m/s) in SWRO. 
The reproducibility of hydraulic conditions in 4 MFS cells was investigated for 
different cross-flow velocities (0.05-0.4 m/s). It was found that the reproducibility of 
results is acceptable only for cross-flow velocities ≥0.2 m/s (see Annex Figure 9-16) 
for the results). Furthermore, biofouling reproducibility tests were also performed for 
the 4 MFS cells where the cells were fouled by feeding saline solution containing V. 
harveyi and nutrients from the same feed water tank (see Annex Figure 9-17). It was 
observed that the pressure drop increases in MFS cells 1 and 4 were similar but 
substantially higher (~70%) than both MFS cells 2 and 3. Hence, the subsequent 
biofouling experiments were performed in duplicates where MFS 1 and 2 were set as 
the control/blank cells (clean membrane) and MFS 3 and 4 as the positive cells (pre-
fouled with AOM).  
 
The biofouling experiments with AOM were performed in 3 phases, namely: 
               
1. Phase 1. Saline AOM solutions containing 1 mg C/L of biopolymers were fed 

through MFS 3 and 4 until >15% increase in pressure drops was observed for 
both cells.    

2. Phase 2. The feed solution of MFS 3 and 4 were replaced with artificial seawater 
solution spiked with ~1 million cells/ml of V. harveyi. At the same time, the 
operation of MFS 1 and 2 were started and feed with similar feed solution as MFS 
3 and 4. The feedwater was re-circulated in the system for ~24 hours to allow 
attachment of bacteria on the membrane/spacers.  

3. Phase 3. The contents of the feed tanks were replaced with clean saline solution 
spiked with CPN nutrients (0.1 mg C/L, 0.01 mg P/L, 0.02 mg N/L). To minimise 
depletion of nutrients, additional nutrients were added to the feedwater regularly. 
The feedwater tanks were replenished every 3-4 days with clean artificial 
seawater to minimise bacterial growth in the tank.  

The results of the 21-day monitoring of pressure drop in all three phases of the 
experiments are presented in Figure 9-11. 
 
The pressure drop increase after AOM fouling (Phase 1) for ~3 days were 23% and 
17% for MFS 3 and 4, respectively. Within 24 hours after introducing V. harveyi 
bacteria to the system (Phase 2), the pressure drop increased in MFS 3 and 4 by 
15% and 9%, respectively but no apparent increase was observed for the blank cells 
(MFS 1 and 2). During the biofouling phase (Phase 3), rapid fouling was observed for 
MFS 3 and 4 while a slower fouling rate was observed for MFS 1 and 2. Pressure 
drop in MFS 3 have increased by ~900% 7 days after V. harveyi was introduced to 
the system while a similar increase in MFS 4 was only observed 18 days after the 
bacteria was introduced. In comparison, the control cells (MFS 1 and 2) only showed 
~250% increase in pressure drop after 18 days the bacteria was introduced.  
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Figure 9-11: Pressure drop across the feed channel of MFS cells fouled and pre-fouled with AOM (1 mg 
C/L). MFS 3 and 4 were operated starting at the beginning of the experiment (day 0) and were fouled 
with 1 mg C/L AOM in feedwater for 3 days while MFS 1 and 2 were operated starting at day 3 with 
clean membranes/spacers.  
 
In general, the MFS biofouling experiments demonstrated that pre-fouling of spiral 
wound membrane/spacer with AOM can substantially accelerate biofouling in the 
system. The remarkable difference in fouling rate between MFS 3 and 4 despite 
being operated similarly can be attributed to the reproducibility issues of the MFS 
cells (see Annex Figure 9-17). However, considering that a higher pressure drop 
increase was observed in MFS 3 (23%) than MFS 4 (17%) during AOM fouling phase 
may indicate that more AOM were deposited in MFS 3 than in MFS 4. Since the 
accumulated AOM may serve as a good attachment site for bacteria, more 
accumulation of AOM may have led to better attachment of V. harveyi resulting in 
faster development of biofilm.   
 
As shown in Figure 9-11, the experiment was terminated earlier for MFS 3 (day 10) 
to avoid risk of leaking in the plastic tubing due to high pressure. Just before MFS 3 
was taken out for autopsy (day 10), photographs of the 4 MFS cells were taken from 
the transparent top of the cells for comparison. As shown on Figure 12, biofilm 
accumulation is apparent on the membrane and spacers of AOM pre-fouled 
membranes (MFS 3 and 4) while the control membranes/spacers appear to have no 
visible accumulation of biofilm. Also, no visible accumulation was observed during 
the AOM fouling phase despite an apparent increase in pressure drop, likely because 
of the transparent nature of AOMs. The cell with the most biofilm accumulation was 
MFS 3, where streamers and blobs of biofilm can be observed obstructing various 
portions of the feed channel. MFS 4 showed biofilm in similar location but relatively 
fewer accumulations than MFS 3. In both MFS 3 and 4, biofilm accumulation was 
concentrated behind intersections of spacer mesh and appeared to be consistent 
between the feed and outlet side of the cell. Such observation is similar to what was 
reported in previous experimental and modelling studies (Vrouwenvelder et al., 
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2009a,b; 2010). In MFS 1 and 2, only small accumulations of biofilms were observed 
near the feed side while the rest of membranes/spacers appeared to have no visible 
biofilm. The visual observations (Figure 9-12) were relatively consistent with the 
pressure drop readings presented in Figure 9-11.   
 

 
 

Figure 9-12: Photographic images of membranes and spacers as observed from the transparent top of 
4 MFS cells during the 10th day of the parallel biofouling experiments.  
 

 
Figure 9-13:  TEP and TOC concentrations in biofilm extracted from membranes and spacers in the 
MFS biofouling experiments in comparison with the final cake resistance. For MFS 1, 2 and 4, biofilm 
samples were extracted on day 21 while samples were extracted on day 10 for MFS 3.  
 
Biofilm samples extracted from 4 MFS after the end of each MFS experiments were 
analysed for TOC and TEP0.4μm concentrations (Figure 9-13). Both TOC and TEP0.4μm 
concentrations were consistently higher for MFS membranes/spacers pre-fouled 
with AOM than the control. Among the two parameters measured, TEP concentration 
was more consistent with the final pressure drop recorded by the MFSs than TOC. 
This may further indicate that the biofilm formed by V. harveyi comprised 
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substantial concentrations of TEP-like EPS and that these may have been mainly 
responsible for the increase in pressure drops.         

9.4 Conclusions 

• In clean membranes, better adhesion of AOM was observed on polyamide RO 
membrane than on polyethersulfone UF membrane. However, AOM can attach 
more strongly on AOM-fouled membranes than on clean membranes.  

• The accumulation of AOM during algal bloom can substantially enhance 
biological growth in seawater. The increase in bacterial activity in the presence 
of AOM can be due to the ability of AOM biopolymers (e.g., TEPs) to absorb and 
concentrate nutrients from the feedwater so that bacteria can utilise these 
nutrients more effectively.  

• The biofouling rate was substantially accelerated when both biodegradable 
nutrients and AOM were present in the RO feed water. However when biological 
nutrients are limiting in the feedwater, AOM were not observed to accelerate the 
occurrence of biological fouling. 

• The pre-conditioning of RO membrane as a result of initial fouling by AOM can 
also accelerate biological fouling.           
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Annexes: Supporting information 
 

 
 
Figure 9-14: LC-OCD chromatograms of AOM samples, algae culture media and filtered seawater used 
in the bacterial growth potential tests.  
 
 

  
Figure 9-15:  Photographs of Vibrio harveyi taken through Olympus BX51 microscope, 200x 
magnification using a black and white camera (left) and coloured camera (right). 
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Figure 9-16: Measured and theoretical pressure drops of the 4 MFS feed with artificial seawater at 
various cross-flow velocities with and without spacers. Theoretical calculations were based on the 
method by Schock & Miquel (1987). 

 
 

 
Figure 9-17:  Pressure drop readings during the biofouling reproducibility tests of the 4 MFS feed from 
the same feed tank with artificial seawater and nutrients. 
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10.1 Conclusions   
Seawater desalination using reverse osmosis (SWRO) technology has been rapidly 
growing in terms of installed capacity, plant size and global application. A currently 
emerging threat to SWRO is the seasonal proliferations of microscopic algae in 
seawater known as algal blooms. These natural phenomena can potentially affect 
every coastal area in the world where SWRO installations are located. Recent algal 
bloom incidents in the Middle East have resulted in temporary closure of various 
SWRO plants due to clogging and poor effluent quality of the pre-treatment system 
(mainly granular media filtraters) and/or as a drastic measure to avoid irreversible 
fouling problems in the downstream RO membranes. Furthermore, more extra 
large plants (>500,000 m3/day) are expected to be installed over the coming years 
but frequent chemical cleaning (>1/year) of the SWRO would be unfeasible for such 
plants.  This has redirected the focus of the desalination industry to improving the 
reliability of the pre-treatment system in minimising the fouling in SWRO. To 
maintain stable operation in SWRO plants during algal blooms, pre-treatment 
using ultrafiltration (UF) membranes has been proposed. However, some concerns 
have also been expressed regarding the rate of fouling in UF membranes during 
direct pre-treatment of seawater suffering from algal bloom. 
 
The potential problems which may occur in membrane-based desalination plants 
(UF pre-treatment followed by SWRO) during treatment of algal bloom impaired 
seawater are: (1) particulate fouling in UF due to accumulation of algal cells and 
their detritus, (2) organic fouling in UF or RO due to accumulation of AOM, and (3) 
biological fouling in RO initiated and/or enhanced by AOM. These potential issues 
were addressed in this study by performing theoretical and experimental analyses.  
Furthermore, various tools/methods were successfully developed and/or further 
improved to study the characteristics and membrane fouling potential of algal 
bloom impacted water, namely: 
 
• development of a new method to measure transparent exopolymer particles 

(TEP) in freshwater and seawater to as small as 10kDa and further verified to 
minimise the effect of salinity and lowering the level of detection in seawater; 

• development of a simple model to assess the deposition of algal cells through an 
inside-out capillary UF membrane and their impact to the hydraulic ; 

• interaction force measurement using AFM to assess the stickiness of AOM and 
their affinity to UF and RO membranes; 

• application of LC-OCD, F-EEM, FTIR, and staining with sugar specific lectins 
coupled with CLSM to indentify the composition of AOM produced by bloom-
forming algae; 

• application of flow cytometry to investigate the bacterial growth potential of 
algal biopolymers; and 
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• application of membrane fouling simulators (MFS) and cross-flow capillary UF 
(7 kDa MWCO) to investigate and demonstrate the possible role of AOM in 
biological fouling in RO membranes. 

The above-mentioned theoretical and analytical tools/methods were assessed 
and/or implemented in the various segments of this study, the major findings and 
conclusions of which are discussed in the following sections.           

10.1.1 Algal bloom and algogenic organic matter (AOM) 
The nature and behaviour of algal-derived organic material (AOM) produced by 
three common species of bloom-forming algae (AT: Alexandrium tamarense, CA: 
Chaetoceros affinis and MSp: Microcystis sp.) were characterized by employing 
various characterisation techniques. The observed growth behaviour, peak cell 
concentration and AOM concentration vary substantially between algal cultures. CA 
produced 2-3 times more TEP than AT and 6-9 times more than MSp. The AOM 
produced by the 3 species were mainly biopolymers (polysaccharides and proteins) 
while some refractory organic matter (e.g., humic-like substances) and/or low 
molecular weight biogenic substances were also observed. Polysaccharides with 
associated fucose and sulphated functional groups were ubiquitous in the 
biopolymer fraction. The stickiness of AOM in terms of adhesive and cohesive forces 
varies between source species (CA>AT≥MSp). In general, cohesion forces between 
AOM materials are generally stronger than the adhesion forces between AOM and 
clean UF or RO membranes.  
 
The AOM retention by microfiltration (MF) and ultrafiltration (UF) membranes were 
also measured and compared for membranes with different pore sizes. The 
biopolymer fraction of AOM was substantially removed by MF/UF membranes but 
not the low molecular weight fractions (e.g., humic-like substances). MF 
membranes with pore sizes of 0.4 µm and 0.1µm retained 14-47% and 42-56% of 
biopolymers, respectively. UF membranes with molecular weight cut-offs of 100kDa 
and 10kDa retained 65-83% and 83-97% of biopolymers, respectively.  
 
To illustrate the adverse effect of algal bloom on membrane filtration, the membrane 
fouling potential based on the modified fouling index (MFI-UF) was measured in 
batch cultures and extracted AOM. The membrane fouling potential (MFI-UF) of the 
3 batch cultures correlated well with TEP concentration (R2>0.85) but no correlation 
was observed with algal cell concentration. The membrane fouling potential of AOM 
depends strongly on the source algal species (CA>MSp>AT). A higher specific 
membrane fouling potential (MFI per mg C/L biopolymers) were measured for AOM 
fractions between 10-100 kDa than the larger fractions (>100kDa).   

10.1.2 TEP method developments 
Over the years, a number of methods have been developed to measure transparent 
exopolymer particles (TEPs) in seawater and freshwater based on Alcian blue 
staining and spectrophotometric techniques. However, critical analysis of these 
methods identified several questions regarding their reproducibility, calibration, 
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limit of detection and range of TEP sizes taken into account. To address this issue 
investigations were performed focusing on improving the methods developed by 
Passow and Alldredge (1995) and Thornton et al. (2007), because these are, in 
principle, applicable in both saline and freshwater sources.  
 
The two existing methods showed tendency to overestimate TEP concentrations 
when measuring brackish and saline water samples due to coagulation of Alcian 
blue dye in the presence of dissolved salts. To minimise this problem, a membrane 
rinsing procedure was introduced to remove saline moisture from the membrane 
after retention of TEP. The rinsing step was effective in lowering the analytical 
blank and the detection limit of both methods.  

 
Based on the technique introduced by Passow and Alldredge (1995), a 
modified/improved method was proposed for measuring TEP larger than 0.4 μm 
(TEP0.4µm) or larger than 0.1 μm (TEP0.1µm). The method was verified with respect to 
minimising interference of salinity, improving the reproducibility and lowering the 
level of detection.  
 
A new method was developed, partially based on the technique of Thornton et al. 
(2007) on which TEP is measured by retention on 10 kDa MWCO membranes.  The 
advantage of the new method is it can potentially measure smaller colloidal TEPs 
down to 10 kDa. The protocol of the new method was also tested and developed in 
a way that the effect of salinity is minimised and the limit of detection is known. 
This method also enables the measurement of different fractions of TEP by making 
use of membranes having different pore sizes.  

 
To allow comparison between the two improved methods, an integrated calibration 
protocol was developed using Xanthan gum as the standard. TEP0.4µm and TEP10kDa 
measurements were successfully applied to monitor TEP production in marine algal 
cultures and TEP removal over the treatment processes of several water treatment 
plants.          

10.1.3 TEP and biopolymer removal by pre-treatment 
The fate of TEPs over the treatment processes of several RO plants was assessed 
using the newly developed and improved methods (Chapter 5) to measuring 
particulate and colloidal TEPs (TEP0.4µm and TEP10kDa).  
 
TEP monitoring (1-3 years) in seawater and freshwater sources in 2 RO plants 
revealed that high TEP concentrations occurred mainly during the spring algal 
bloom season (March-May). UF (with and without coagulation) and conventional 
coagulation followed by flotation-filtration or sedimentation-filtration were effective 
in removing both TEP0.4µm and TEP10kDa. Comparable reductions were also observed 
with the biopolymer concentration (measured by LC-OCD) and the membrane 
fouling potential (in terms of MFI-UF).  
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Data collected from 5 plants showed that the TEP10kDa concentration correlated 
better with MFI-UF than TEP0.4µm, biopolymers or humic acid concentrations, an 
indication that colloidal TEPs can likely cause more (serious) fouling in membrane 
systems than other forms of organic matter.  
 
Membrane autopsies of RO elements taken from 2 plants revealed substantial 
accumulation of TEPs and bacteria in RO membranes and spacers. Some of these 
TEPs may have been produced locally by biofilm bacteria.     

10.1.4 UF fouling by algal-derived biopolymers 
UF fouling caused by AOM from a common bloom-forming alga (Chaetoceros affinis) 
in seawater was investigated at various levels of solution pH, ionic strength and 
ionic composition.  
 
The UF fouling propensity of AOM measured based on MFI-UF and the observed 
non-backwashable fouling rate increased with increasing biopolymer concentration. 
Lowering the pH of seawater containing AOM increased the specific fouling 
potential (MFI per mg C/L of AOM). Substantial variations in MFI were also 
observed when varying the ionic strength in the feedwater. Among the major mono- 
and di-valent cations in seawater, Ca2+ ions demonstrated a significant influence on 
the fouling propensity of AOM, possibly due to bridging effects.  
 
A model was developed based on MFI-UF and backwashability to project the time 
before chemical cleaning is needed in the UF system. Results showed an 
exponential increase in cleaning frequency with a linear increase in TEP 
concentration.  
 
For comparison, fouling by model biopolymers (SA: sodium alginate and XG: 
xanthan gum) were also investigated under similar conditions with AOM. The 
fouling propensity (MFI-UF and non-backwashable fouling) of AOM on UF was 
substantially higher than with model biopolymers at biopolymer concentrations 
typical in seawater algal blooms. Furthermore, the changes in solution chemistry 
have a more pronounced effect on the fouling propensity of SA and XG than AOM, 
an indication that these model biopolymers do not reliably simulate the fouling 
propensity of micro-algal biopolymers in seawater. 

10.1.5 Role of algal cells in UF fouling  
Theoretical and experimental investigations were performed to determine the 
fouling and plugging potential of micro-algal cells on the operation of dead-end 
capillary UF membrane during severe algal bloom situations.  
 
The membrane fouling potential of 16 species of bloom-forming micro-algae, 
calculated based on the cake filtration model (expressed as MFI-UF), were 100 to 
10,000 times lower than what was observed in filtration experiments with two 
laboratory grown algal species (Chaetoceros affinis and Microcystis sp.). This 
observation was mainly attributed to the presence of AOM produced by algae (e.g., 



284  ALGAL BLOOMS AND MEMBRANE BASED DESALINATION TECHNOLOGY
 

transparent exopolymer particles, TEP). Experimental data showed some 
correlation (R2<0.5) between algae concentration and membrane fouling potential 
while a better correlation (R2>0.8) was observed for TEP concentration and fouling 
potential. Experiments with a UF test unit demonstrated severe non-backwashable 
fouling which is attributed to AOM itself and/or AOM attached to algal cells.  
 
Based on theoretical analyses, the transport and deposition of algal cells through 
capillary membrane are mainly influenced by inertial lift and shear-induced 
diffusion. The larger the algal cell, the higher is the possibility that it will 
accumulate at the end or in the middle of the capillary (depending on the design). 
Capillary plugging due to accumulation of algal cells in feed channels can cause 
increase in membrane and cake resistance due to localised increase in flux of the 
remaining active membrane filtration area. Such potential problems can be 
addressed by shortening the run length of filtration cycles, lowering the flux and 
introducing a small cross-flow (bleed) at the dead-end of the capillary.  

10.1.6 Biological fouling enhanced by AOM 
The possible role of AOM in biofouling of reverse osmosis (RO) membranes treating 
algal bloom impaired seawater was investigated based on lab-scale experiments 
with artificial seawater containing AOM from bloom-forming marine alga 
(Chaetoceros affinis).  
 
Accelerated (8-20 days) biofouling experiments, simulating similar conditions in 
seawater RO systems, were performed using cross-flow capillary membranes and 
membrane fouling simulators (MFS) to demonstrate the effect of AOM on biofouling 
development. It was illustrated in these experiments that when biodegradable 
nutrients (CNP) are readily available in the feed water, the substantial presence of 
AOM - either in the feedwater or on the membrane/spacers - can accelerate the 
occurrence of biofouling in SWRO. However, when nutrients are not readily 
available in the feed water, direct organic fouling by AOM may occur but with a 
much lower fouling rate than when nutrients (N,C,P) are readily available. These 
findings were supported by the results of growth potential tests (using flow 
cytometry) whereby the net growth of bacteria in natural seawater increased with 
increasing AOM concentration. Furthermore, adhesion force measurement (using 
atomic force microscopy) demonstrated that AOM can strongly adhere to RO 
membranes and that adhesion become stronger when the membrane is already 
fouled with AOM. Consequently, an effective removal of AOM from the RO feed 
water is necessary to minimise biofouling in SWRO plants affected by algal blooms.  

10.2 General outlook 
This study demonstrated that developing better analytical tools are essential in 
elucidating algal blooms in seawater sources and their adverse impact on the 
operation of SWRO plants. It also highlighted the importance of developing effective 
pre-treatment processes to remove AOM from the raw water (e.g., UF) and reduce 
the fouling potential of the feed water for downstream SWRO membranes. Since 
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algal blooms in seawater generally occur within a short period of time (e.g., few 
days to weeks) and are also difficult to predict, it is essential that TEP, MFI-UF and 
algae concentration are regularly monitored in the raw water of membrane-based 
desalination plants so that timely corrective measures can be implemented in the 
pre-treatment system during the onset of an algal bloom. 
 
Furthermore, the analytical parameters developed/applied in this study together 
with the knowledge obtained from the outcome of this study may help future 
engineers/operators in developing better membranes (e.g., low molecular weight 
cut-off UF), more robust pre-treatment systems and effective operation strategies 
(e.g., lower membrane flux, coagulant dosing, etc.) to maintain stable operation in 
SWRO plants during severe algal blooms.  
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Samenvatting 

Omgekeerde osmose (RO) is momenteel de toonaangevende en geprefereerde 
zeewaterontzilting technologie, vooral in gebieden waar zoetwater bronnen beperkt 
zijn. Echter, zeewater RO (SWRO) systemen zijn gevoelig voor operationele problemen 
vooral te wijten aan membraanvervuiling. Om membraanvervuiling te minimaliseren, 
is voorbehandeling van zeewater stroomopwaarts van het SWRO systeem nodig. De 
meeste SWRO installatie, vooral in de regio van het Midden-Oosten, installeren een 
voorbehandeling met coagulatie gevolgd door granulair media filtratie (GMF). De 
laatste jaren wordt lage druk membraan zoals ultrafiltratie (UF) steeds vaker gebruikt 
als een voorkeursalternatief voor GMF. 
 
Er is steeds meer bewijs dat de seizoensgebonden verspreiding van microscopische 
algen in het zeewater genaamd algenbloei een belangrijke oorzaak is van 
membraanvervuiling in SWRO installaties. Deze natuurlijke verschijnselen kunnen 
mogelijk optreden in de meeste kustgebieden van de wereld waar SWRO installaties 
staan. Recente ernstige algenbloei uitbraken in het Midden-Oosten hebben  
verstopping van GMF voorbehandeling systemen veroorzaakt en ook geleid tot 
onaanvaardbare kwaliteit veroorzaakt (hoge densiteit voor slib index, SDI>5) van het 
effluent. Dit laatste leidde uiteindelijk tot een tijdelijke sluiting van een aantal SWRO 
zuiveringen voornamelijk te wijten aan zorgen van onomkeerbare vervuiling in de 
downstream SWRO systeem. De slechte prestaties van GMF tijdens algenbloei heeft de 
focus van de ontzilting industrie verschoven naar de toepassing van UF als 
voorbehandeling voor SWRO. Niettemin is een uitgebreid onderzoek naar de negatieve 
effecten van algenbloei nog steeds nodig om mogelijke vervuilingproblemen naar 
behoren te beperken in zowel UF en RO membranen. 
 
Het doel van deze studie is om de negatieve gevolgen van zeewater algenbloei in de 
werking van UF en RO-membraan systemen te begrijpen. Bovendien is dit onderzoek 
gericht op de ontwikkeling/verbetering van methoden om de eigenschappen te 
onderzoeken en de membraanvervuiling potentieel van algen en organische stof van 
algen (AOM) te meten. Het uiteindelijke doel is om ingenieurs/exploitanten beter 
begrip evenals betrouwbare evaluatie-instrumenten te verschaffen om robuuste 
processen en effectieve operationele strategieën te ontwikkelen om stabiele werking in 
membraan-gebaseerde ontziltingsinstallaties tijdens algenbloei te houden. 
 
De potentiële problemen die kunnen optreden bij membraan-gebaseerde 
ontziltingsinstallaties (UF voorbehandeling gevolgd door SWRO) tijdens de 
behandeling van water met algenbloei zijn: (1) deeltjes vervuiling in UF gevolg van 
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ophoping van algen en hun bezinksel, (2) biologische vervuiling in UF en RO als gevolg 
van ophoping van AOM, en (3) biologische vervuiling in RO geïnitieerd en/of verbeterd 
door AOM. Deze mogelijke problemen werden in dit onderzoek geadresseerd door een 
combinatie van theoretische en experimentele analyses. 
 
De eerste stap om beter inzicht te krijgen in de effecten van algenbloei op 
membraanfiltratie was om karakterisering studies uit te voeren met batch culturen 
van algemene bloeivormende soorten zeewater (Chaetoceros affinis , Alexandrium 
tamarense) en zoetwater (Microcystis sp.) algen. De 3 soorten bloeivormende algen 
toonde verschillende groeipatroon en AOM productie in verschillende fasen van hun 
levenscyclus. De AOM geproduceerd door de 3 algen soorten werden geëxtraheerd en 
gekarakteriseerd met verschillende microscopische, choromatografische en 
spectrofotometrische technieken. De belangrijkste bevinding is dat AOM  voornamelijk 
biopolymeren (bijvoorbeeld polysacchariden, proteïnen) bevatten terwijl de resterende 
fracties persistente organische stoffen (bijv. humusachtige stoffen) bevatten en/of 
laagmoleculaire biogene stoffen. Polysacchariden met bijbehorende sulfaat en fucose 
functionele groepen waren alomtegenwoordig in biopolymeren geproduceerd door de 3 
algensoorten. Bovendien waren deze biopolymeren in staat te kleven aan schone UF 
en RO membranen en veel sterker op al door biopolymeren vervuilde membranen. Ook 
werd vastgesteld dat deze klevende AOM fractie hoofdzakelijk bestaat uit transparante 
exopolymeer deeltjes (TED). 
 
Verdere onderzoeken werden uitgevoerd om de aanwezigheid van TED in membraan-
gebaseerde ontzilting systemen te volgen. Hiertoe werden 2 bestaande methoden om 
TED te meten eerst gemodificeerd of verder verbeterd voor hun toepasbaarheid voor 
het bestuderen van verschillende voorbehandelingen en membraanvervuiling. Diverse 
verbeteringen werden ingevoerd voornamelijk om de inmenging van opgeloste zouten 
in het monster te minimaliseren, om de detectie ondergrens te verlagen, om zowel 
deeltjes en colloïdale TED’s (tot 10 kDa) te meten en een reproduceerbare kalibratie 
methode te ontwikkelen met een standaard TED (Xanthaan gom). Succesvolle 
toepassing van beide methoden (met modificaties en verbeteringen) werd aangetoond 
voor de monitoring van TED accumulatie in algenculturen en TED verwijdering in de 
voorbehandelingen van 4 RO installaties. 
 
Lange termijn (~4 jaar) TED monitoring in het ruwe water van een SWRO installatie in 
Nederland vertoonde pieken van TED concentraties meestal in de lente algenbloei 
(maart-mei) periode, die voornamelijk werden gedomineerd door diatomeeën en/of 
Phaeocystis. Verdere monitoring van het voorkomen van TED in de 
zuiveringsprocessen van 4 RO installaties liet aanzienlijke vermindering van TED’s, 
biopolymeren en membraanvervuiling potentiële (in termen van de gemodificeerde 
vervuilingindex-ultrafiltratie, MFI-UF) zien na UF (met en zonder coagulatie), 
coagulatie-sedimentatie-snelle zandfiltratie en coagulatie-opgeloste luchtflotatie 
behandelingen. Anderzijds, laboratoriumschaal membraan afstoting experimenten 
toonden aan dat volledige verwijdering van algen afgeleide biopolymeren mogelijk is 
door UF membranen met lager moleculegewicht cut-off (≤10 kDa ). De resultaten van 
zowel laboratoriumschaal en full-scale installatie experimenten toonden over het 
algemeen significante correlatie tussen TED concentraties en MFI-UF aan, wat een 
indicatie is dat TED’s waarschijnlijk een belangrijke rol spelen in de vervuiling van UF 
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voorbehandeling systemen en mogelijk in SWRO systemen als deze niet effectief 
verwijderd worden in het voorbehandelingproces. 
 
De rol van algen op de vervuiling van capillaire UF membranen werd onderzocht op 
basis van theoretische en experimentele analyse. Resultaten tonen aan dat 
membraanvervuiling van UF tijdens filtratie van door algenbloei getroffen wateren 
vooral het gevolg is van ophoping van TED op membraanporiën en -oppervlakken, in 
plaats van de accumulatie van algen cellen. Dit werd bevestigd door de significante 
correlatie (R2>0,8) tussen MFI-UF en TED concentratie en niet met algencel 
concentratie (R2<0,5). 
 
Aanvullende onderzoeken zijn uitgevoerd om te controleren of algencellen ernstige 
verstopping kan veroorzaken in capillaire membranen. Theoretisch kan algencel 
transport door een van-binnen-naar-buiten aangedreven capillaire UF hoofdzakelijk 
beïnvloed door inertieel optillen, die verstopping kunnen veroorzaken omdat daarmee 
een grotere afzetting van algen in het doodlopende deel van het capillair. Hydraulische 
berekeningen suggereren dat ernstige verstopping als gevolg van significante 
accumulatie van grote algen cellen (>25 µm) aanzienlijke toename van membraan en 
cake resistentie kan veroorzaken als gevolg van lokale toename van de flux tijdens 
constante flux filtratie. Deze potentiële problemen kunnen worden aangepakt door het 
verkorten van de periode tussen filtratiecycli, verlagen van het membraan flux en/of 
introduceren van een dwarsstroming (bleed) aan het doodlopende einde van het 
capillair. 
 
Door biopolymeren van bloei-vormende zeewieren vervuilde capillaire UF membranen 
werden verder onderzocht in relatie tot de chemische samenstelling van het 
voedingswater. Het verlagen van de pH van het voedingswater kan leiden tot een 
verhoging van het UF membraan vervuilingspotentieel van biopolymeren. Het variëren 
van de ionsterkte van het voedingswater kan ook leiden tot aanzienlijke variaties van 
vervuilingspotentieel. De rol van mono- en di-waardige kationen op de 
vervuilingspotentieel van biopolymeren is ook onderzocht door het variëren van het 
ion samenstelling van het voedingswater matrix. Onder de belangrijkste kationen rijk 
aanwezig in zeewater, Ca2+ ionen heeft een significante invloed op de tendens tot 
vervuiling van AOM qua MFI-UF en niet-terugspoelbare vervuiling. Bovendien is het 
effect van de chemische samenstelling op vervuilingsgedrag van algen biopolymeren 
wezenlijk anders dan wat werd waargenomen bij model polysacchariden (bv. 
natriumalginaat en xanthaan gom) die traditioneel gebruikt worden in UF vervuiling 
experimenten. Dit kan erop wijzen dat deze model polysacchariden niet betrouwbaar 
zijn in het simuleren van de vervuiling neiging van algen biopolymeren in zeewater. 
 
De laatste fase van het onderzoek was gericht op het aantonen van de belangrijke rol 
van AOM op biofilm ontwikkeling in SWRO systemen door het uitvoeren van versnelde 
biologische aangroei experimenten (8-20 dagen) in dwars-stroom capillaire UF-
membranen (10 kDa MWCO) en spiraalvormig gewonden RO membranen (met behulp 
van MFS). In deze experimenten is geïllustreerd dat wanneer voedingsstoffen niet 
beperkt zijn in het voedingswater, de aanzienlijke concentratie AOM - in het 
voedingswater of op het membraan/spacers - kan het optreden van biofouling in 
SWRO versnellen. Echter, als voedingsstoffen beperkt zijn in het voedingswater, kan 
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directe organische vervuiling door AOM optreden, maar in een veel geringere mate van 
vervuiling, dan wanneer vervuiling nutriënten (N, C, P) direct beschikbaar zijn. De 
bevindingen worden ondersteund door de resultaten van het groeipotentieel proeven 
(met flowcytometrie) waarbij de netto groei van zeewater bacteriën in natuurlijk 
zeewater een lineaire toename met AOM concentratie aantoonde. Bijgevolg, effectieve 
verwijdering van AOM van RO voedingswater is nodig om biofouling te minimaliseren 
in SWRO installaties aangetast door algenbloei. 
 
Over het algemeen, toonde deze studie aan dat betere analytische parameters en tools 
essentieel zijn in het ophelderen van de nadelige effecten van algenbloei in zeewater 
bronnen op de werking van membraan-gebaseerde ontziltingsinstallaties (UF-RO). Het 
benadrukte ook het belang van het ontwikkelen van effectieve voorbehandeling 
processen om AOM te verwijderen uit het ruwe water en het membraanvervuiling 
potentieel van het voedingswater voor downstream SWRO systeem te verminderen. 
Aangezien zeewater algenbloei algemeen plaatsvindt binnen een korte tijdsperiode 
(bijvoorbeeld enkele dagen tot weken) en deze ook moeilijk te voorspellen zijn, is het 
essentieel dat MFI-UF, TED en algen concentraties regelmatig worden gemonitord in 
het ruwe en voorbehandelde water van SWRO installaties, zodat tijdig corrigerende 
maatregelen in het voorbehandeling systeem kan worden geïmplementeerd tijdens het 
begin van een algenbloei. 



 

Abbreviations 

AB alcian blue 
AEx anion exchange 
AFM atomic force microscopy 
AOC assimilable organic carbon 
AOM algal organic matter 
APS acid polysaccharides 
ASP amnesic shellfish poisoning 
ASW artificial seawater 
AT  Alexandrium tamarense 
ATP adenosinetriphosphate 
AZP azaspiracid shellfish poisoning 
BDOC biodegradable dissolved organic carbon 
BOD biological oxygen demand 
BW backwashable fouling 
CA Chaetoceros affinis 
CEB chemically enhanced backwashing 
CEx cation exchange 
CFP ciguatera fish poisoning 
CIP cleaning in place 
CiR chemically irreversible fouling 
CLSM confocal lasser scanning microscopy 
CR chemically reversible fouling 
DAF dissolved air flotation 
DLS dynamic light scattering 
DMF dual media filtration 
DSP diarrhetic shellfish poisoning 
ED electrodialysis 
EOM extracellular (algal) organic matter 
EPS extracellular polymeric substances 
FEEM fluorescence excitation-emission matrices 
FTF filter-transfer-freeze 
FTIR fourier transform infrared  
GAC granular activated carbon 
GMF granular media filtration 
HAB harmful algal bloom 
IMS integrated membrane systems 
IOM Intracellular (algal) organic matter 
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IR infrared 
LC-OCD liquid chromatography-organic carbon detection 
LMW low molecular weight 
LOD limit of detection 
MF microfiltration 
MFI-UF modified fouling index - ultrafiltration 
MFS membrane fouling simulator 
MS microstrainer 
MSp Microcystis sp. 
MWCO molecular weight cut-off 
N nitrogen 
nBW non-backwashable fouling 
NF nanofiltration 
NOM natural organic matter 
NSP neurotoxic shellfish poisoning 
OC organic carbon 
OCD organic carbon detector 
ON organic nitrogen 
OND organic nitrogen detector 
P  phosphorous 
PA polyamide 
PC polycarbonate 
PES polyethersulfone 
pH hydrogen potential 
PS polystyrene 
PSP paralytic shellfish poisoning 
PV pressure vessel 
RC regenerated cellulose 
RO reverse osmosis 
RSF rapid sand filtration 
SA sodium alginate 
SDI silt density index 
SEM scanning electron microscopy 
Si silicate 
SWRO seawater reverse osmosis 
TDS total dissolved salts 
TEP transparent exopolymer particles 
TMP trans-membrane pressure 
TOC total organic carbon 
UF  ultrafiltration 
UPW ultrapure water 
UVD UV detector 
XG  xanthan gum 
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Seawater desalination is rapidly growing in 
terms of installed capacity (~80 million m3/day 
in 2013), plant size and global application. 
An emerging threat to this technology is the 
seasonal proliferation of microscopic algae 
in seawater known as algal blooms. Such 
blooms have caused operational problems 
in seawater reverse osmosis (SWRO) plants 
due to clogging and poor effluent quality of the 
pre-treatment system which eventually forced 
the shutdown of the plant to avoid irreversible 
fouling of downstream SWRO membranes. 
As more extra large SWRO plants (>500,000 
m3/day) are expected to be constructed in 
the coming years, frequent chemical cleaning 
(>1/year) of SWRO installations will not be 
feasible, and more reliable pre-treatment 
system will be required. To maintain stable 
operation in SWRO plants during algal bloom 
periods, pre-treatment using ultrafiltration (UF) 
membranes has been proposed.

This thesis addresses the effect of algal 
blooms on the operation of UF pre-treatment 
and SWRO. Experimental investigations 
demonstrated that marine algal blooms 
can impact the backwashability of UF and 
can accelerate biological fouling in RO. 
However, it is unlikely that algae themselves 

are the main causes of fouling but rather 
the transparent exopolymer particles (TEPs) 
that they produce. To better monitor TEPs, 
a new method capable of measuring TEP 
as small as 10 kDa was developed and 
showed that TEPs can be effectively removed 
by UF pre-treatment prior to SWRO. This 
work also demonstrated that although TEPs 
and other algal-derived material (AOM) are 
very sticky and can adhere to UF and RO 
membranes, adhesion can be much stronger 
on membranes already fouled with AOM. 
Moreover, a model was developed to predict 
the accumulation of algal cells in capillary UF 
membranes which further demonstrated that 
the role of algal cells in UF fouling is not as 
significant as that of AOM and TEPs.  
        
Overall, this study demonstrates that better 
analytical methods and tools are essential 
in elucidating the adverse impacts of algal 
blooms in seawater on the operation of 
membrane-based desalination plants  
(UF-RO). It also highlighted the importance  
of developing effective pre-treatment 
processes to remove AOM from the raw  
water and reduce the membrane fouling 
potential of the feed water for downstream 
SWRO membranes.




