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EXECUTIVE SUMMARY 

 

PROJECT BACKGROUND AND OBJECTIVES 

Advances in reverse osmosis (RO) membrane technology have made desalination of ocean 
water an attractive alternative for a drought-proof supply of freshwater. Seawater desalination 
has already gained favorable acceptance in coastal regions with severe water scarcity in the 
United States and at present is under consideration by many other coastal utilities and 
municipalities. One of the challenges seawater desalination faces today is RO membrane 
biofouling. Biofouling is described as the Achilles heel of the membrane processes and 
depending on its severity, it may have a measurable impact on the economics and reliability 
of freshwater production by desalination.  

Biofouling is caused by biofilm formation on the RO membrane surface by bacteria, which 
naturally occur in the feed seawater. Biofilm is an organic film composed of live and dead 
microorganisms embedded in a polymer matrix, consisting of excreted polysaccharides 
(EPS). Seawater pretreatment methods such as oxidant-based disinfection, ultraviolet 
irradiation, and coagulation followed by granular media or membrane filtration could reduce 
the number of bacteria in feed seawater, but would typically not eliminate biofilm formation 
on the RO membranes.  Although all membranes foul, the rate and reversibility of biofouling 
are the two key factors that have most profound effect on the performance and efficiency of 
the seawater reverse osmosis (SWRO) separation process. More effective control of 
membrane biofouling lies in the in-depth understanding of the type, metabolism and lifecycle 
of the microorganisms responsible for surface colonization and the environmental and 
seawater quality factors that trigger their accelerated growth. 

Microorganisms responsible for biofilm formation have been investigated in wastewater 
membrane bioreactors and drinking water purification systems.  Bacterial community 
composition in seawater is very different from that in the surface water or wastewater. The 
existing research associated with the identification of marine microorganisms responsible for 
biofouling of SWRO elements is very limited. Little is known regarding the growth patterns 
of the biofilm-forming marine organisms and the environmental and seawater quality factors 
that trigger their accelerated growth and EPS production on the membrane surface. In 
addition, at present, no practical indicators are available to predict the biofouling potential of 
seawater. 

The objective of this research is three-fold.  First, this project identifies and quantifies water 
quality constituents and environmental factors that trigger accelerated biofouling of SWRO 
membranes and determines key species of marine microorganisms involved in biofilm 
formation. Second, this project defines the thresholds of easy-to-measure seawater 
parameters, which could be used as precursor indicators of accelerated biofouling. Lastly, 
multiple biofouling control strategies are tested to offer insight into the desalination facility 
operation.  

SYNOPSIS OF THE STUDIES 

Three types of study were conducted in this project. The first study focused on the 
investigation of biological fouling agents at different desalination plants. Identification of the 
biological foulants was carried out using both culture-based isolation and culture independent 
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molecular cloning and sequencing. The physiological responses of marine bacteria under 
different nutrient conditions were examined both in the lab-scale experiments using bacterial 
isolates and in field studies using the side-streams of the SWRO feed water. The second study 
was performed to understand the environmental and water quality factors that govern the 
biofouling using field data and statistical analysis.  The third study intended to develop 
strategies for control of membrane biofouling.  

MARINE BACTERIA THAT CAUSE SWRO MEMBRANE FOULING 

Investigations of marine bacteria from desalination plants have shown that diverse types of 
marine bacteria are found on the surface of the SWRO membranes collected from different 
parts of the world. However, a few groups of bacteria are dominant on the membrane 
surfaces. These dominant bacteria, called “metropolitan biofouling bacteria” in this study, are 
common marine bacteria in seawater that adapted into oligotrophic proliferation and 
affiliation to membrane surfaces. Interestingly, these RO membrane-fouling bacteria are 
different from those on the cartridge filters, suggesting that cartridge filters are not a source 
for production of the membrane fouling bacteria. Using molecular cloning and sequencing 
methods, we have identified a filamentous bacterium that serves as the builder for the “city of 
biofilm” on the surface of the biofouled membrane, whereas other bacteria perform various 
functions as the “residents in the city of biofilm”. These results suggest that effective 
strategies to control metropolitan biofouling bacteria will have universal impact in 
desalination industry worldwide. 

PHYSIOLOGICAL BEHAVIOR OF BIOFILM-PRODUCING MARINE BACTERIA 

The growth pattern and rate of biofilm production were investigated using six different strains 
of bacteria isolated from the surface of biofouled SWRO membranes and cartridge filters. 
Significant increases in cell numbers and biofilm production were observed with the addition 
of organic nutrients (i.e. peptone and yeast extract or13.6mg/L glucose) in the culture 
medium. Different bacteria responded to the amendment of simple organic carbon (i.e. 
glucose or sodium acetate) differently; some had an increased growth rate but many could not 
utilize simple sugar efficiently. The most interesting observation was that biofilm production 
seemed to be reduced with the increase of nitrogen and phosphate concentration in the 
medium. This result led to the further investigation of balancing the nutrient ratio as a 
strategy to control biofouling in a field study. 

To investigate the relationship between DOM and SWRO membrane fouling potential in mix 
marine bacterial community, we conducted field experiments at a desalination pilot facility 
by dosing side streams of MF filtrate with 0.25g/L peptone and 0.05g/L of yeast extract for 7 
days and monitoring the biofouling potential on small flat sheet membrane systems. The 
results of this study indicated that marine bacteria that bypassed the MF pretreatment 
reproduced rapidly with the increase of DOM in the feed water.  Biofilm thickness and 
bacterial cell density were significantly higher on the membrane with DOM additions than on 
the control membrane. Marine bacteria also responded with increasing in total cell counts to 
the dosing of simple organic carbon such as sodium acetate used in this study for biofilm 
production. These results suggest that organic nutrient control is an important strategy for 
biofouling reduction. 

ENVIRONMENTAL TRIGGERS FOR ACCELERATED SWRO MEMBRANE 
BIOFOULING 
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We collected data from two desalination pilot plants in southern California and used it for 
detailed analysis of SWRO performance and environmental parameters. The results showed 
that SWRO performance, as indicated by the operational SWRO feed pressure (to produce 
constant flux), displayed a temporal pattern. SWRO performance declines, which led to the 
subsequent membrane cleaning, were recorded in the spring season at two desalination pilot 
plants. These records coincided with the spring algal blooms in the coastal waters. Statistical 
analysis showed a significant correlation between membrane performance and the coastal 
water chlorophyll concentration reported at the nearby monitoring stations by the Southern 
California Coastal Ocean Observing System. The results of this investigation indicated that 
coastal algal bloom was an important environmental trigger for accelerated SWRO membrane 
fouling. Although algal cells are removed by pretreatments, the DOM released by the dead 
algal cells can bypass the pretreatment and provide food for accelerated bio-growth and 
biofilm production on the SWRO membrane surface. 

ALTERNATIVE PRETREATMENTS FOR BIOFOULING CONTROL 

In collaborations with the Long Beach Water Department Desalination Prototype Plant, the 
West Basin desalination pilot facility, the University of California, Los Angeles and Trussell 
Technologies, we evaluated the performance of UV radiation, chlorine dioxide and pre-
formed chloramines on the control of SWRO membrane fouling. Biofouling potentials were 
examined using flat sheet membrane monitor systems at the Long Beach plant, which 
allowed operation of a control and a treatment system in parallel. CLSM results indicated that 
UV radiation was ineffective in preventing SWRO membrane fouling. A thick layer of 
biofilm was observed on the surface of the membrane exposed to UV-treated feed water. The 
density of bacterial cells was similar or higher when compared with the control membrane, 
suggesting UV radiation may result in degradation of large organic compounds in the feed 
water to smaller available organic carbons (AOC) to feed the escaped marine bacteria. 
Analysis of the bacterial community on the surface of the membrane using molecular cloning 
and sequencing methods confirmed that few types of bacteria survived the pretreatment and 
grew into thick biomass on the membrane surface. 

Chlorine dioxide pretreated feed water produced a very low level of biofouling, with less than 
10 µm thick of biofilm attached on the membrane surface. The membrane harvested from the 
flat sheet membrane monitoring system had low numbers of bacteria attached (about 50% 
less than control). However, membrane damage was detected by an increase of permeate 
conductivity and an increase in the flux rate after the membrane was exposed for periods of 
time to feed water containing chlorine dioxide residual.  

The field experiments using pre-formed chloramines for membrane surface disinfection were 
conducted at the West Basin pilot facility. The spiral wound membranes, both control and 
treatment trains, were autopsied after about 6 months of operation. Both treatment and control 
membranes had low levels of biofouling upon autopsy, with biofilm thickness less than 10 
µm (detection limit). However, the control train had undergone aggressive cleaning in the 
middle of the testing period due to the observation of membrane fouling through the 
performance data. Performance data and the membrane autopsy results showed that RO 
element treated with pre-formed chloramines produced good quality water with little 
biofouling on the surface of the membrane. Molecular cloning and sequencing results showed 
that a few bacteria can escape the disinfection and attach to the membrane surface. 

To test the hypothesis that the imbalance of organic carbon with nitrogen and phosphate in 
the feed water causes the production of EPS and the formation of biofilm, field experiments 
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were conducted in the Carlsbad desalination pilot plant by dosing one of the side streams of 
RO feed with additional nitrogen (10 mg/L) and phosphate (2 mg/L). The results showed that 
dosing reduced the biofilm thickness by about 50% and bacterial cell counts by about 25% on 
the surface of the membrane during the period of high fouling potential. This finding has a 
practical application in the desalination industry during the period of high fouling potential. It 
is possible to treat water with the addition of nitrate and phosphate to prevent accelerated 
membrane fouling. 

CONCLUSIONS AND RECOMMENDATIONS 
 
In conclusion, this project demonstrated that diverse microbial organisms are responsible for 
SWRO membrane biofouling. These organisms include some bacterial genera and species 
that have not been previously recognized by the culture-based investigations using artificial 
nutrient medium. However, in spite of the diversity of membrane fouling organisms in 
seawater feedstock in different regions of the world, there are common culprits that are the 
main players for SWRO membrane biofilm formation. An effective control for the main 
genera and species of membrane fouling organisms may offer a solution to SWRO membrane 
fouling all over the world.  
 
Organic nutrients, or more specifically complex organic carbon, are important causes for 
accelerated bacterial growth and membrane biofouling. Coastal algal blooms and associated 
chlorophyll concentration may be used as a precursor for SWRO fouling potential. Balancing 
the ratio between organic carbon (OC), nitrogen (N) and phosphate P to 1:1:1 in the feedstock 
was shown in this study to reduce biofilm thickness and membrane fouling rates.  
 
Further investigation of the strategy of balancing nutrient ratios as a preventive treatment for 
SWRO membrane fouling may offer a new tool for improving the efficiency of SWRO plants 
worldwide. The treatment should be synchronized with an online monitoring system for total 
organic carbon and fluorescence detection of chlorophyll concentration in the feedstock.  
 
Based on the results of this research the following practical recommendations are made for 
prevention and control of seawater desalination membrane biofouling during SWRO 
operation:  
 

1. Control and reduction of dissolved organic matter (DOM) in seawater feedstock   
2. Anticipate seasonal biofouling events in association with algal blooms 
3. Apply chlorophyll fluorescence as a biofouling precursor 
4. Set up on-site biofouling monitor system to examine membrane condition 
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CHAPTER 1 

INTRODUCTION 

 

1.1  PROJECT OBJECTIVE 
Advances in reverse osmosis (RO) membrane technology has made the desalination of ocean 
water an attractive alternative for a drought-proof supply of freshwater. Seawater desalination 
has already gained favorable acceptance in coastal regions (California, Florida, Texas, 
Hawaii) with severe water scarcity and at present is under consideration by many other 
coastal utilities and municipalities. One of the challenges seawater desalination faces today is 
RO membrane biofouling. Biofouling is described as the Achilles heel of the membrane 
processes [1] and depending on its severity, it may have a measurable impact on the 
economics and reliability of freshwater production by desalination.  

The objectives of this project were to determine key species of marine microorganisms 
involved in biofilm formation and quantified water quality constituents and environmental 
factors that trigger accelerated biofouling of SWRO membranes. This project also defined the 
thresholds of easy-to-measure seawater parameters, which could be used as precursor 
indicators of accelerated biofouling and investigated alternative strategies for control of 
SWRO membrane fouling. 

1.2 RESEARCH CONCEPT 
The concept of this project is based on the hypothesis that accelerated biofilm formation on 
SWRO membranes occurs as a result of significant seawater quality changes, in terms of the 
ratios of organic carbon-to-nutrients (OC:N:P) in ambient seawater used for desalination. 
Marine bacteria are efficient nutrient scavengers. The total organic carbon (TOC) in ocean 
water is significantly lower than that in wastewater effluent. It is hypothesized that bacteria 
that are responsible for biofouling of SWRO membranes are different from those known in 
freshwater and wastewater. Marine bacteria that can form biofilms on SWRO membranes 
exist in a “semi-dormant” state in ocean water under normal conditions [2].  Accelerated 
growth and biofilm formation are triggered by significant changes in the ambient seawater 
quality that could be caused by red tides, intensive rain events, periodic/seasonal wastewater 
discharges, and other natural or anthropogenic events that impact the OC:N:P ratios of the 
seawater. These water quality changes are not only likely to trigger changes in the state of the 
biofilm-forming bacteria but also may favor the dominance of these bacteria over the other 
microorganisms naturally occurring in seawater. More effective control of membrane 
biofouling lies in the in-depth understanding of the type, metabolism and lifecycle of the 
microorganisms responsible for surface colonization and the environmental and seawater 
quality factors that trigger their accelerated growth. 

1.3 ROADMAP TO THIS REPORT 
This report documented the accomplishments under the research tasks set forth by the funded 
project. The accomplishments of these tasks are outlined below: 
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Task 1. Literature review and synthesis 

There is a large body of literature on biofilm and biofouling. This phenomenon is described 
in a wide range of occurrences: from the colonization of medical devices to biofilm formation 
on water purification and wastewater treatment membranes and equipment, to the fouling of 
ship hulls, pipelines and reservoirs [3]. Although biofouling occurs in such different areas, its 
common cause is the excessive growth of biofilm [3]. Flemming [3] postulated that from a 
microbiological point of view, there is no typical fouling organism. Nearly all micro-
organisms are capable of forming biofilms, because this is a universal way of microbial life. 
However, practical observations revealed that particular strains of bacteria may prevail in 
water system biofilms. A comprehensive review of issues related to biofouling of SWRO 
systems is presented in Chapter 2 of this report. This chapter collected and synthesized 
information from both the published literature and the practical experience of field engineers.  

Task 2. Identify the dominant biofilm-forming bacteria and environmental triggers for 
accelerated biofouling 

There are three subtasks under this main task. Subtask 2.1 “Identification of biofouling 
organisms” is reported in Chapter 3, 4 and 5. Chapter 3 presents studies on isolation and 
identification of marine bacteria from the fouled SWRO membrane and cartridge filters from 
Carlsbad desalination pilot plant in southern California and the growth and biofilm 
production of these bacteria under different nutrient conditions. Because over 99% of the 
marine organisms cannot grow on artificial culture medium [4, 5], an isolation-based 
approach will not be a full representation of the dominant bacteria on the membrane surface. 
A molecular cloning and sequencing method was employed and presented in Chapter 4.  We 
analyzed the total bacterial community on the fouled membrane to provide an unbiased 
evaluation of bacteria that cause SWRO membrane fouling in Carlsbad desalination pilot 
plant. Chapter 5 extends the investigation of Chapter 4 by comparing bacterial community in 
samples collected from different desalination facilities and at different stages of desalination 
water treatment. Molecular profiling of bacterial communities from several different 
desalination plants over three different continents are presented in Chapter 5. 

Subtask 2.2 “Environmental triggers” and 2.3 “Biofouling precursor indicators” are two 
closely connected tasks. As part of the investigations on environmental trigger, Chapter 6 
reports a rigorous statistical analysis of the field operational data from two southern 
California desalination plants (West Basin pilot plant and Carlsbad pilot plant) in relationship 
to coastal water quality and demonstrates that coastal algal blooms are a precursor for SWRO 
biofouling. Chapter 7 reports a field study conducted at Long Beach Water Department 
(LBWD) prototype desalination plant. This study tested the effect of nutrient addition on 
bacterial growth and biofilm formation on desalination membrane by dosing a side-stream of 
desalination feed with organic nutrient. This study further confirmed the relationship between 
feed water DOM concentration and membrane fouling.  

Task 3. Develop strategies for SWRO membrane fouling control 

Chapters 8, 9, 10 report our effort on developing strategies for biofouling control. The study 
was carried out in three different desalination pilot plants in southern California. Chapter 8 
reports the application of UV radiation, chlorine dioxide and GAC filter to treat MF filtrate 
before it comes in contact with desalination member at LBWD prototype plant. The 
investigation of chloramines as a disinfection agent for SWC5 membrane desalination 
operation at West Basin desalination plant is reported Chapter 9. The results showed the 
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SWC5 membrane can tolerate the disinfectant if carefully operated to reduce membrane 
fouling. Chapter 10 tested balancing nutrient ratio as a strategy for biofioling control at 
Carlsbad desalination plant.  

The final chapter brings together the lessons learned through the course of this project and 
reports the positive effect of balancing organic carbon with nitrogen and phosphate on 
membrane biofouling prevention. The practical recommendations to water utilities for 
biofouling control are given in this chapter. Future studies necessary to extend the outcomes 
of this project are discussed at the end of the chapter. 
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CHAPTER 2 

THE STATE OF KNOWLEDGE ON SEAWATER REVERSE 
OSMOSIS MEMBRANE FOULING 

 

2.1 INTRODUCTION 
Advances in reverse osmosis (RO) membrane technology have made desalination of ocean 
water an attractive alternative for a drought-proof supply of freshwater. Seawater desalination 
has already gained favorable acceptance in coastal regions and at present is under 
consideration by many other coastal utilities and municipalities. One of the challenges 
seawater desalination faces today is RO membrane biofouling. Biofouling is described as the 
Achilles heel of the membrane processes [1] and depending on its severity, it may have a 
measurable impact on the economics and reliability of freshwater production by desalination. 
The task 1 of this project is to review and synthesize the state of knowledge on seawater 
reverse osmosis membrane fouling, which is presented in this Chapter. 

2.2 OVERVIEW OF SEAWATER DESALINATION 
The world’s oceans contain over 97.2 % of the planet’s water resources. Because of the high 
salinity of the ocean water and the significant costs associated with seawater desalination 
most of the World’s water supply has traditionally come from fresh water sources – 
groundwater aquifers, rivers and lakes.  However, changing climate patterns combined with 
population growth pressures and limited availability of new and inexpensive fresh water 
supplies are shifting water industry’s attention to an emerging trend – the World is reaching 
to the ocean for fresh water.   

The ocean has two unique and distinctive features as a water supply source – it is drought 
proof and is practically limitless.  Over 50 % of World’s population lives in urban centers 
bordering the ocean.  In many arid parts of the world such as the Middle East, Australia, 
Northern Africa and Southern California, the population concentration along the coast 
exceeds 75 %.  Usually coastal zones are the highest population growth “hot-spots” as well.  
Therefore, seawater desalination provides the logical solution for a sustainable, long-term 
management of the growing water demand in coastal areas.   

Until recently, seawater desalination has been limited to the desert-climate dominated regions 
of the World.  Technological advances with an associated decrease in water production costs 
over the past decade have expanded its use in coastal areas traditionally supplied with fresh 
water resources.  Recent examples are the 325,000 m³/day Ashkelon Seawater Desalination 
Plant in Israel and the 136,000 m³/day Tuas Plant in Singapore.  Both plants began operation 
in the second half of 2005 and currently produce high quality water for potable, agricultural 
and industrial uses at a price of US $0.53/m³ to US $0.48/m³, respectively.  

Today, desalination plants provide approximately 1 % of World’s drinking water supply and 
this percentage is increasing by the year. Over US $10 billion of investment in the next five 
years would add 5.7 million cubic meters per day of new production capacity.  
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Two basic types of technologies have been widely used to date to separate salts from ocean 
water: thermal evaporation and membrane separation.  In the last 10 years, seawater 
desalination using semi-permeable seawater reverse osmosis (SWRO) membranes (Figure 2-
1) have gained momentum and currently dominate desalination markets outside of the Middle 
Eastern region, where thermal evaporation is still the desalination technology of choice 
mainly due to access to lower-cost fuel and the traditional use of facilities co-generating 
power and water.   

 

 

Figure 2-1. SWRO Membrane (used with permission [6]) 
 

2.2.1 Desalination Pretreatment 
As any other natural water source, seawater contains solids in two forms: suspended and 
dissolved. Suspended solids occur in a form of insoluble particles (particulates, debris, marine 
organisms, silt, colloids, etc.).  Dissolved solids are present in a soluble form (ions of 
minerals such as chloride, sodium, calcium, magnesium, etc.).  At present, practically all 
seawater reverse osmosis (SWRO) desalination plants incorporate two key treatment steps 
designed to sequentially remove suspended and dissolved solids from the source water. The 
purpose of the first step - seawater pretreatment - is to remove the suspended solids and to 
prevent some of the naturally occurring soluble solids from turning into solid form and 
precipitating on the SWRO membranes during the salt separation process (see Figure 2-2). 
The second step – the reverse osmosis (RO) system - separates the dissolved solids from the 
pretreated seawater, thereby producing fresh low-salinity water suitable for human 
consumption, agricultural uses and industrial applications.  
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Figure 2-2. Schematic of Typical Seawater Desalination Plant (used with 

permission [6]) 
 

Ideally, after pretreatment the only solids left in the source seawater would be the dissolved 
minerals.  As long as the seawater system is operated in a manner that prevents these minerals 
from precipitating on the membrane surface, the SWRO membranes could operate and 
produce fresh water of consistent quality at a high rate without cleaning for a very long time.  
Practical experience shows that for desalination plants with high source seawater quality and 
well designed pretreatment systems, the SWRO membranes may not need to be cleaned for 
one or more years and their useful lifetime could extend beyond ten years.  

In actuality, however, pretreatment systems remove most but not all of the insoluble solids 
contained in the source seawater and may not always effectively prevent some of the soluble 
solids from precipitating on the membrane surface.  The suspended silt and natural organic 
materials (NOM) that remain in the seawater after pretreatment may accumulate on the 
surface of the SWRO membranes and cause loss of membrane productivity over time.  In 
addition, because seawater naturally contains microorganisms, and the dissolved organics can 
serve as food for these microorganisms, a biofilm could form and grow on the SWRO 
membrane surface causing loss of membrane productivity.   

2.2.2 SWRO membrane fouling 
The reduction/loss of the active membrane surface area and, subsequently, the productivity of 
SWRO membranes due to accumulation of suspended solids and NOM, precipitation of 
dissolved solids, and/or formation of bacterial biofilm on the RO membrane surface are 
defined as membrane fouling.  Excessive membrane fouling is undesirable because it can 
have a negative impact on SWRO membrane productivity as well as result in an increased use 
of energy for salt separation and deterioration of product water quality.   

Most SWRO systems are operated to produce a constant flow of fresh (desalinated) water at a 
target content of total dissolved solids (TDS).  Productivity of SWRO membranes, defined as 



 

WateReuse Research Foundation 7 

membrane flux, is typically measured by the volume of desalinated water they can produce 
through a unit membrane surface (square foot or square meter) over a certain period of time 
(day or hour).  For example, most SWRO systems today are designed to operate at a constant 
membrane flux in the range of 13.5 to 18.0 liters per square meter per hour (l/m2.h).  For a 
given source seawater salinity, based on temperature and target fresh water TDS level, 
producing a constant volume of desalinated water will require the source seawater to be fed to 
the desalinated system at a constant pressure (typically in a range of 55 to 70 bars).  If SWRO 
membrane fouling occurs, in order to maintain membrane flux and water quality constant, the 
desalination system would need to be operated at increasingly higher trans-membrane 
pressure (TMP), which in turn means that the energy needed to produce the same volume and 
quality of fresh water would need to be increased.  The increase in the SWRO system trans-
membrane pressure over time is evidence of accumulation and/or adsorption of fouling 
materials on the surface of the SWRO membranes (i.e., membrane fouling).   

It should be pointed out that membrane fouling is not only dependent upon the source 
seawater quality and the performance of the pretreatment system, but also upon the SWRO 
membrane properties such as: charge, roughness, and hydrophilicity [7, 8], as well as upon 
the flow regime on the membrane surface [9].  Membranes with higher surface roughness and 
hydrophobicity usually have higher fouling potential. 

Typically, compounds causing SWRO membrane fouling could be removed by periodic 
cleaning of the membranes using a combination of chemicals (commercial detergents, acids 
and bases).  In some cases however, membrane fouling could be irreversible and cleaning 
may not recover membrane productivity. Over time, this may require the replacement of 
some or all of the SWRO membranes of the desalination plant.   Criteria most commonly 
used in practice to initiate membrane cleaning are: (1) 10 to 15 % increase in normalized 
pressure drop between the feed and concentrate headers; (2) 10 to 15 % decrease in 
normalized permeate flow; and/or (3) 10 to 15 % increase in normalized permeate TDS 
concentration.  

All SWRO membranes foul over time.  However, the rate and reversibility of fouling are the 
two key factors that have most profound effect on the performance and efficiency of the 
seawater reverse osmosis separation process.  These factors in turn are closely related to the 
source seawater quality and the performance of the desalination plant’s pretreatment system.   

2.3 MEMBRANE FOULING MECHANISMS 

2.3.1 External and Internal Fouling 
Depending on the location of the accumulated, insoluble rejected matter causing the decline 
of membrane performance, fouling can be classified as: (1) external or “surface” fouling, or 
(2) internal fouling. External fouling involves accumulation of deposits on the surface of the 
membrane by three distinct mechanisms: (1) formation of mineral deposits (scale); (2) 
formation of cake of rejected solids, particulates, colloids and other organic and/or inorganic 
matter; (3) bacterial biofilm formation – i.e., growth and accumulation of colonies of 
microorganisms on the surface of the membranes.  Although the three membrane fouling 
mechanisms can occur in any combination at any given time, typically external membrane 
fouling of SWRO membranes is most frequently caused by biofilm formation (biofouling).   
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Internal fouling is a gradual decline of membrane performance caused by changes in the 
chemical structure of the membrane polymers triggered by physical compaction or by 
chemical degradation.  Physical compaction of the membrane structure may result from long-
term application of feed water at pressures above what the SWRO membranes are designed to 
handle (usually 85 bars) and/or by their prolonged operation at seawater temperatures above 
the limit of safe membrane operation (typically 45°C).   

Chemical degradation is membrane performance decline resulting from continuous exposure 
to chemicals that alter their structure such as strong oxidants (chlorine, bromamine, ozone, 
peroxide, etc.) and very strong acids and alkali (typically pH below 3 or above 12).  While 
external fouling could usually be reversed by chemical cleaning of the membranes, most 
often internal fouling causes permanent damage of the micro-voids and polymeric structure 
of the membrane and therefore, is largely irreversible.  

2.3.2 Concentration Polarization 
 A very important factor that may have a significant impact on the extent and type of 
membrane fouling is concentration polarization. This phenomenon entails formation of a 
boundary layer along the membrane feed surface, which has salt concentration significantly 
higher than that of the feed water. Because the high salinity layer increases the osmotic 
pressure at the membrane surface, it reduces the actual permeate flow produced by the RO 
system as well as decreases membrane salt rejection. The magnitude of concentration 
polarization is driven by three key factors: (1) permeate flux; (2) feed flow; (3) configuration 
and dimensions of feed channels and of feed spacer (see Figure 2-3). 

 

Figure 2-3. Reverse Osmosis Membrane (Used with permission [6]) 

An increase in flux increases the quantity of salt ions conveyed to the boundary layer and 
therefore, exacerbates concentrate polarization. Increase in feed flow however, intensifies 
turbulence in the boundary layer and as a result decreases the thickness and concentration of 
this layer.  Depending on its configuration and geometry, SWRO membrane feed/concentrate 
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spacer and feed/concentrate channel (see Figure 2-3) may cause more or less turbulence in 
the boundary layer and therefore, may reduce or enhance concentration polarization.   

Since feed/concentrate spacer configuration and feed/concentrate channel size are constant 
for a given standard RO membrane element, permeate flux and feed flow are the two key 
factors that determine the magnitude of concentrate polarization.  The ratio between the 
permeate flow and the feed flow of a given RO membrane element is defined as the permeate 
recovery rate of this element.  Similarly, the ratio between permeate and the feed flow of the 
entire RO system is termed a RO system recovery rate.  The recovery rate is presented as a 
percentage of the RO feed flow.  For example, a typical SWRO system will be designed for a 
recovery rate of 40% to 55 % (i.e., 40 to 55 % of the feed seawater will be converted into 
permeate (i.e., fresh desalinated water).   

As the recovery rate increases, the magnitude of concentrate polarization increases as well.  
For seawater reverse osmosis systems using standard membrane elements, operation at a 
recovery rate of 50 %, would typically result in approximately 1.2 to 1.5 times higher salinity 
concentration in the boundary layer than that in the source seawater.  Beyond 75 % recovery, 
this concentration ratio (also known as concentration factor) would exceed 2, which would 
have a significant impact on the efficiency of the membrane separation process.  In addition, 
at a recovery rate above 75 % and ambient salinity pH, many of the salts in seawater would 
begin precipitating on the membrane surface, which would require the addition of large 
amounts of antiscalant (scale-inhibitor), making SWRO desalination impractical. Since 
scaling is pH dependent, an increase in pH to 8.8 or more (which often is practiced for 
enhanced boron removal), may result in scale formation at significantly lower SWRO 
recovery (50 to 55 %). 

The concentration polarization phenomenon described above and its effect on membrane 
productivity (flux) decline is not inherent only to SWRO membranes but also occurs on the 
surface of ultrafiltration (UF) and microfiltration (MF) membranes used for seawater 
pretreatment.  In this case concentration polarization is the accumulation of rejected particles 
(rather than salts) near the membrane surface, causing particle concentration in the boundary 
layer that is greater than that in the raw seawater fed to the pretreatment system.  This, in turn 
results in UF/MF flux decline.   

2.3.3 Flux Redistribution 
Membrane RO elements of a typical SWRO system are installed in vessels, often referred to 
as membrane pressure vessels.  Usually, six to eight SWRO membrane elements are housed 
in a single membrane vessel (see Figure 2-4).   
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Figure 2-4. Membrane Fouling and Flux Distribution in Membrane Vessel (used wither 
permission [6]) 

 

Traditionally, all of the feed seawater is introduced at the front of the membrane vessel and 
all permeate and concentrate are collected at the back end.  As a result, the first (front) 
membrane element is exposed to the entire vessel feed flow and operates at flux significantly 
higher than that of the subsequent membrane elements.  With a typical configuration of seven 
elements per vessel and ideal uniform flow distribution to all RO elements, each membrane 
element would produce one-seventh (14.3 %) of the total permeate flow of the vessel.  
However, in actual SWRO systems, the flow distribution in a vessel is uneven and the first 
membrane element usually produces over 25 % of the total vessel permeate flow, while the 
last element only yields 6 to 8 % of the total vessel permeate (see Figure 2-4).  The decline of 
permeate production along the length of the membrane vessel is mainly due to the increase in 
feed salinity and associated osmotic pressure as the permeate is removed from the vessel 
while the concentrate rejected from all elements remains in the vessel until it exits the last 
element.  

Since the first element processes the largest portion of the feed flow, it also receives and 
retains the largest quantity of particulate and organic foulants contained in the source 
seawater and therefore is most impacted by biofouling.  The remainder of the feed water that 
does not pass through the first RO element combines with the concentrate from this element 
and enters the feed channels of the second RO element of the vessel. Thus, the later element 
is exposed to higher salinity feed water and lower feed pressure (energy) because some of the 
initially applied pressure (energy) has already been used in the first RO element of the vessel 
to produce permeate.  As a result, the flux of the second element is lower and the concentrate 
polarization on the surface of this element is higher than that of the first RO element.  The 
subsequent membrane elements are exposed to increasingly higher feed salinity concentration 
and elevated concentrate polarization, which results in a progressive reduction of their 
productivity (flux).  As flux through the subsequent elements is decreased, accumulation of 
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particulate and organic foulants on these elements diminishes and biofilm formation is 
reduced.  However, the possibility for mineral scale formation increases because the 
concentration of salts in the boundary layer near the membrane surface increases.  Therefore, 
in SWRO systems, fouling caused by an accumulation of particulates, organic matter and 
biofilm formation is usually most pronounced on the first and second membrane elements of 
the pressure vessels, while the last two RO elements are typically more prone to mineral 
scaling than the other types of fouling.   

The flux distribution pattern in a RO vessel can be altered significantly by the membrane 
fouling process itself. If the source seawater contains a large amount of foulants, as the first 
element fouls its permeability (flux) will reduce to below its typical level (±25 %) over time, 
while the flux of the second RO element will increase.  After the fouling of the second RO 
element reaches its maximum, a larger portion of the feed flow will be redistributed down to 
the third RO element, until all elements in the vessel begin to operate at a comparable lower 
flux.   

Flux redistribution caused by particulate fouling, NOM deposition and/or biofouling can 
trigger scale formation of the last RO element, which would not occur under the normal flow 
distribution pattern (non-fouling conditions) shown in Figure 2-4.  The main reason for this 
phenomenon is that the concentrate polarization on the surface of the last RO element 
typically increases over two times as a result of this flux redistribution.  As indicated 
previously, in a typical 7-element-per-vessel configuration and non-fouling conditions, the 
last element would operate at a flux that is only 6 to 8 % of the average vessel flux.  Under 
fouling-driven flux redistribution in the membrane vessel, the flux of the last element will 
increase to 12 to 14 % (i.e., approximately two times higher than usual).  Since membrane 
concentration-polarization is exponentially proportional to flux, if the RO system is operated 
at the same recovery for all elements, the likelihood for scale formation on the last one or two 
RO elements increases exponentially.  However practical experience indicates that scaling is 
rare in SWRO. 

In addition to increasing the potential for mineral fouling (scaling) on the last one or two 
membrane elements, the long term operation of a fouled RO system is not advisable because 
of the higher feed pressure (energy) needed to overcome the decreased membrane 
permeability when the system is operated to produce the same permeate flow.  As the RO 
system feed pressure reaches a certain level (usually 75 to 85 bars), the external membrane 
fouling would be compounded by internal fouling due to the physical compaction of the 
membrane structure, which could cause irreversible damage to the membranes. Therefore, 
understanding the causes and mechanisms of RO membrane fouling are critically important 
for reducing energy demand and prevention of the damage of the surface of membrane. 

2.4 MICROBIAL BIOFOULING 
Microbial foulants are marine microorganisms and the organic compounds excreted by them 
(i.e., extracellular polysaccharides (EPS), proteins and lipids), which are deposited on the 
SWRO membrane surface to form a slimy thin layer of material called biofilm.  The 
phenomenon of the accumulation of marine organisms and their metabolic products on the 
membrane surface is known as biological fouling or biofouling. The biofilm formed on the 
membrane surface adds to the osmotic pressure caused by concentration polarization forces, 
which increases the pressure demand in order to maintain steady production of fresh water by 
the membrane elements.  It should be pointed out that besides extracellular polysaccharides, 
biofilm can also contain inorganic components, which usually is a sign of the presence of 
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colloidal foulants (hydrous magnesium and aluminum silicates, and iron and calcium salts) in 
the source seawater.   

Resent research indicates that biofilm formed on SWRO membrane surfaces can also cause 
performance decline by increasing the hydraulic resistance of the membranes and by a “cake 
enhanced osmotic pressure (CEOP)” effect [10].  Therefore, if a microbial cake layer is 
formed on the surface of the membranes, then membrane productivity (flux) declines and 
membrane salt passage increases over time.  In order to compensate for loss of productivity 
due to biofouling, the feed pressure of the SWRO membrane system would need to be 
increased, which in turn would result in elevated energy use to produce the same volume of 
fresh water.  As indicated previously, feed pressure increase beyond a certain level may cause 
irreversible damage of the membrane structure and ultimately may result in the need to 
replace all SWRO membrane elements.   

2.4.1 Cause of membrane biofouling 

2.4.1.1 Algal blooms and natural organic matter 
Although the initiation of membrane biofilm requires deposition of marine bacteria on the 
surface of SWRO membranes, the establishment of mature biofilm and subsequent biofouling 
is caused by the physiological response of bacteria on the membrane surface. Biofouling is 
usually a challenge for seawaters of naturally elevated organic content and temperature (such 
as these in the Middle East region) or during conditions when the content of biodegradable 
organics in the source seawater increases significantly. Such conditions, for example, are 
intense algal blooms (i.e., red tides) or periods when large quantities of surface runoff from 
rain precipitation cause river or creek water of high organic content to enter the seawater 
intake. The accumulation of NOM on the surface of the membrane feeds the marine bacteria 
and subsequently accelerates the establishment of mature biofilm.  

The biofouling potential of a given source seawater would depend on many factors such as: 
(1) the concentration and speciation of microorganisms; (2) the content of easily 
biodegradable compounds; (3) the concentration of nutrients and the balance (ratio) between 
organic compounds and the biologically available nitrogen and phosphorus; (4) the water 
temperature.  

2.4.1.2 Physiology of the marine bacteria 
Marine bacteria in seawater typically exist in two states – metabolically active and inactive. 
The active state of marine bacteria cells is characterized with fast growth and formation of 
extracellular material. The inactive state of existence of marine bacteria is characterized with 
low metabolic and growth rates, and bacterial cell appearance in the form of single cells or 
small cell clusters that behave as micro-particles, allowing their survival in unfavorable 
environmental conditions such as low food content, low oxygen concentration, or the 
presence of harmful substances such as chlorine and other biocides.   

The predominant state of marine bacteria (active or inactive) would depend on how favorable 
the ambient environment is for the bacteria to survive and grow. Marine bacteria would 
transform from the inactive to the active state under favorable environmental conditions, such 
as at high concentrations of easily biodegradable organics released from decaying algal 
biomass following algal blooms (i.e. red tide events). Bacteria utilize the readily available 
organics in the seawater as food to grow and divide. The marine bacteria that deposit on the 



 

WateReuse Research Foundation 13 

SWRO membrane surface replicate at a very high rate post red tide or other intense algal 
bloom events, and are usually the most frequent cause of SWRO membrane biofouling.   

The membrane biofouling process (i.e., formation of microbial cake layer on the surface of 
the SWRO membranes) usually follows several key steps: (1) formation of primary organic 
conditioning film; (2) attachment of individual bacterium; (3) establishment of micro-
bacterial colony; (3) formation of biopolymer matrix; (4) establishment of mature secondary 
biofilm; and (5) biofilm equilibrium and partial shed-off from the membrane to create a space 
for a new attachment.  The organic conditioning film is a micro-thin layer on the surface of 
the membrane, which is rich in nutrients and easily biodegradable organics. The organic thin 
film creates a suitable condition for marine bacteria to attach to the membrane surface and to 
convert from the inactive (particle-like) state into the active state, where they are capable of 
producing extracellular polymers. During the first step of the biofilm formation process active 
bacteria adsorb up to only 10 to 15 % of the membrane surface, these bacteria multiply at an 
exponential rate and within five to fifteen days they will colonize the entire membrane 
surface and form a bioflim matrix layer that is several µm thick. The mucus-like biopolymer 
matrix formed on the membrane surface entraps organic molecules, colloidal particles, 
suspended solids and cells of other microorganisms (fungi, microalgae, etc.), which over time 
to form a thicker cake of higher permeate flow resistance.   

2.4.1.3 Critical flux 
In order for biological fouling to occur, marine bacteria would need to have suitable low-
velocity conditions so they can attach to the SWRO membrane surface. Biofouling initiates 
when membrane flux exceeds a certain level termed “critical flux” [11].  When such critical 
flux through the membrane is reached, the velocity of the feed water/permeate flow along the 
surface of the membranes (cross-flow velocity) drops to a level to allow bacterial attachment 
to the membrane surface. The most widely used operational approach to increase cross-flow 
velocity is to reduce SWRO system recovery.  Operating at lower recovery leaves more flow 
on the concentrate/feed side of the membranes, which in turn creates a higher scouring 
velocity on the membrane surface. This deters microorganisms from attaching to this surface. 

The critical flux is a function of the concentration of active bacteria in the source seawater. 
Critical flux decreases as the concentration of bacteria rises. The concentration of biofouling 
marine bacteria depends on the type of bacteria, the availability of easily biodegradable 
organic matter in the source seawater, and the seawater temperature.  For a given SWRO 
system, decreasing recovery from 50 % to 35 % would result in approximately two times 
lower fouling potential for system operation in a typical flux range of 13.5 to 18.0 l/m2h.   

Although operation at low recovery may be attractive from the point of view of minimizing 
membrane biofouling, designing SWRO plants for low recovery usually is not cost-effective 
because of the increased size of the desalination plant intake, pretreatment and SWRO 
systems, and the associated 30 to 40 % higher capital costs.  Therefore, other approaches for 
biofouling reduction, such as the control of the organic content in the seawater and 
inactivation of marine bacteria by disinfection or UV irradiation, have found wider practical 
application than designing desalination plants for low recovery. 

2.4.1.4 Pretreatments 
The source of biofouling may not only be a natural event (such as algal blooms) that triggers 
an increase in the content of easily biodegradable organics in the seawater, the type and 
operation of the pretreatment processes upstream of the SWRO facility may also trigger an 
increase in biofouling potential. One reason for accelerated biofouling could be the 
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continuous chlorination of the source seawater, which often is applied to inactivate marine 
microorganisms and reduce biofouling. Chlorine is a strong oxidant, it can destroy the cells of 
active marine bacteria and algae, which naturally occur in seawater at any given time.  The 
destroyed algal and bacterial cells release easily biodegradable organic compounds (such as 
polysaccharides) in the ambient seawater, which become food for the remaining marine 
bacteria that have survived chlorination by being in an inactive state. The conversion of these 
surviving bacteria from an inactive to an active state, followed by their attachment and 
excessive growth on the SWRO membrane surface results in accelerated membrane 
biofouling. Therefore, continuous chlorination often creates more membrane biofouling 
problems than it solves. Conversely, intermittent chlorination have been found to provide 
effective control of microbial growth without generating a steady influx of easily 
biodegradable organics that can trigger a large-scale transfer of marine bacteria from an 
inactive to an active state of existence. 

Another pretreatment technology that could potentially cause biofouling, especially during 
periods of severe algal bloom events, is the use of pressure-driven granular media filters or 
UF or MF membrane filters for pretreatment.  Although pressure filters provide effective 
removal of particulate and colloidal foulants, the high filtration driving pressure applied by 
these systems could break some of the algal cells in the source seawater, and cause the release 
of easily biodegradable organics to support bacterial growth. Examples of algal species 
susceptible to cell breakage as a result of relatively low pressure (0.3 to 0.6 bars) are shown 
on Figure 2-5. 

 

Figure 2-5. Algal Species Susceptible to Cell Breakage at Low Pressures (used with 
permission [6]) 

 

From a point of view of minimizing biofouling associated with algal cell breakage, the most 
suitable pretreatment technologies are these providing a gentle removal of the algal cells in 
the source water – such as down-flow gravity granular media filtration and dissolved air 
flotation.    
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Other potential sources of biofouling could be the use of un-pure source water conditioning 
chemicals such as antiscalants, polymers, or acids [12].  Therefore, it is important to analyze 
these chemicals for easily biodegradable organic content.  

2.5 MICROORGANISMS THAT CAUSE BIOFOULING 

2.5.1 Culture-based methods 

In spite of the knowledge on biofouling, the existing research associated with the types of 
marine microorganisms that are responsible for biofouling of SWRO elements is limited [13, 
14]. Early studies employed culture-dependent methods to investigate the microbial 
community of RO membrane biofouling. The common bacteria identified include 
Pseudomonas, Bacillus, Arthrobacter, Actinomycetes, Flavobacterium and Aeromonas. In 
addition, algae, fungi, virus and yeast, have been identified in significant numbers in some 
studies. The identities of some of these organisms are summarized in Table 2.1. Most of the 
organisms are associated with freshwater and soil because most of the studies are conducted 
using RO membranes that treat freshwater and municipal wastewater. The microorganisms 
that cause SWRO membrane biofouling have not been well studied. 

Table 2.1. Dominant microorganisms on fouled RO membranes 

Source Water Dominant Organisms Detect 
methods References 

Brackish well 
water, U.S. 

Fungi: Alternaria, Aspergillus, 
Aureobasidium, Candida, Cladosporium, 
Cleistothecial ascomycetes, Fusarium, 
Geotrichum, Mucorales, Mycelia Sterilia, 
Penicillium, Phialophora, Rhodotorula, 
Trichoderma 

Bacteria: Acinetobacter, Arthrobacter, 
Bacillus, Flavobacterium, Kurthia, 
Lactobacillus, Micrococcus, 
Micromonospora, Pseudomonas 

Cultivation  [15] 

Wastewater, 
U.S. 

Acinetobacter, Pseudomonas, 
Flavobacterium, Moraxella, Micrococcus, 
Serratia, Lactobacillu,s Mycobacterium, 
Alcaligenes 

Cultivation  [16, 17] 

Tap water, 
Germany 

Pseudomonas, Acinetobacter, 
Staphylococcus 

Cultivation  [18] 

Surface water, 
UK 

Fungi: Trichoderma 

Bacteria: Corynebacterium, various rod-
shaped bacteria 

Cultivation  [19] 
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Table 2.1 Continued   

Seawater, 
Saudi Arabia 

A variety of fungi, algae and bacterial 
spores  

SEM analysis [20] 

Wastewater, 
Australia 

Pseudomonas Cultivation  [21] 

Drinking 
water, Brazil 

Pseudomonas Cultivation  [22] 

Fresh surface 
water, 
Singapore 

a-Proteobacteria, Rhodopseudomonas, 
Sphingomonas 

Cultivation 

16S rDNA 
clone library 
and FISH 

[23] 

Wastewater, 
Singapore 

Rhizobiales Cultivation 
and T-RFLP  

[24] 

Fresh surface 
water, 
Netherlands 

Sphingomonas, Betaproteobacterium, 

proteobacterium, Flavobacterium,  

Nitrosomonas, Sphingobacterium 

PCR-DGGE [4, 25] 

Seawater, 
Korea 

Proteobacteria, Bacteruodete,  

Flavobacteria,Firmicute,Plactomycetes 

16s clone 
library and 
cultivation  

[11] 

Wastewater 
effluent 
treated by 
activated 
sludge, Japan 

Rhizobium DGGE [26] 

Surface water, 
Korea 

Bacillus, Enterobacter, Pantoea 
agglomerans, Aeromonas hydrophila 

Cultivation  [27] 

Seawater, 
UAE 

Gram positive spore forming bacilli, few 
gram negative short rods 

Gram staining 
technique 

[8] 

 

2.5.2 Culture-independent methods 
The recent development of molecular biological tools and microscopy methods have shown 
that microorganisms in seawater are tremendously diverse and that we can only retrieve less 
than 1% of the microbial population by cultivation.  This finding suggests that the early 
estimation of microorganisms that contribute to the membrane biofouling is a significant 
underestimation.  More recently, a few new studies have been conducted to characterize the 
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microbial community on the RO membrane using culture-independent methods. These 
methods include 16S rRNA gene clone library, fluorescence in situ hybridization (FISH), 
polymerase chain reaction (PCR)-denaturing gradient gel electrophoresis (DGGE) and 
terminal restriction fragment length polymorphism (T-RFLP) [28]. The results of these 
studies showed a diversity of biofouling bacteria related to the source water. Proteobacteria 
was the most frequently identified group from different water treatment plants (Table 2.1). 
Only three papers have reported the biofouling microorganisms of SWRO [13, 14, 20]. 

2.6 MITIGATION STRATEGIES FOR BIOFOULING 

2.6.1 Foulants removal by pretreatments 
Seawater pretreatment usually is a multi-step process, which involves a number of different 
technologies that aim to remove all seawater foulants, including microbial and organic 
compounds, which are the main culprit of biofouling.  After entering the desalination plant, 
the seawater is usually screened via coarse and fine screens and then subjected to granular 
media, microfiltration (MF) or ultrafiltration (UF) to remove silt, particulates, algal content 
and organics in particulate form. 

2.6.1.1 Dissolved Air Flotation 
Dissolved air flotation (DAF) technology is very suitable for the removal of floating 
particulate foulants such as algal cells, oil, grease or other contaminants that cannot be 
effectively removed by sedimentation or filtration.  DAF systems can typically produce 
effluent turbidity of < 0.5 NTU and can be combined in one structure with dual-media gravity 
filters for sequential pretreatment of seawater.   

The DAF process uses very small air bubbles to float light particles and organic substances 
(oil, grease) contained in the seawater.  The floated solids are collected at the top of the DAF 
tank and skimmed off for disposal, while the low-turbidity seawater is collected near the 
bottom of the tank. The time (and therefore, the size of flocculation tank) needed for the light 
fine particulates contained in the seawater to form large flocs is usually 2 to 3 times shorter 
than that in conventional flocculation tanks, because the flocculation process is accelerated by 
the air bubbles released in the flocculation chamber of the DAF tanks.  In addition, the 
surface loading rate for the removal of light particulates and floatable substances by DAF is 
approximately 10 times lower than that needed for conventional sedimentation.  Another 
benefit of DAF, as compared to conventional sedimentation, is the higher density of the 
formed residuals (sludge).  While residuals collected at the bottom of sedimentation basins 
typically have concentrations of only 0.3 to 0.5 % solids, DAF residuals (which are skimmed 
off the surface of the DAF tank) contain solids concentrations of 1 to 3 %.   

In some full-scale applications, the DAF process is combined with granular media filters to 
provide a compact and robust pretreatment of seawater with high algal and/or oil and grease 
content.  Although this combined DAF/filter configuration is very compact and cost-
competitive, it has three key disadvantages: (1) it complicates the design and operation of the 
pretreatment filters; (2) the DAF loading is controlled by the filter loading rate and therefore, 
DAF tanks are typically oversized; and (3) the flocculation tanks must be coupled with 
individual filter cells.   

The feasibility of DAF use for seawater pretreatment is determined by seawater quality and 
governed by source water turbidity and overall lifecycle pretreatment costs. The DAF process 
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can handle source seawater with turbidity of up to 50 NTU.  Therefore, if the source seawater 
is impacted by high turbidity spikes or heavy solids (usually related to seasonal river 
discharges or surface runoff) then DAF may not be a suitable pretreatment option.  In most 
algal bloom events however, seawater turbidity almost never exceeds 30 to 50 NTU, so the 
DAF technology can handle practically any red tide event.   

2.6.1.2 Granular Media Filtration 
Granular media (conventional) filtration is the most commonly used source water 
pretreatment process for SWRO plants today (other than cartridge filtration).  This process 
includes filtration of the source seawater through one or more layers of granular media (e.g. 
anthracite coal, silica sand, garnet).  Conventional filters used for seawater pretreatment are 
typically rapid single-stage dual-media (anthracite and sand) units. However, in some cases 
where the source seawater contains high levels of organics (TOC concentration is higher than 
6 mg/L) and suspended solids (monthly average turbidity exceeds 20 NTU), two stage 
filtration systems are used.  Under this configuration, the first filtration stage is mainly 
designed to remove coarse solids and organics in suspended form.  The second-stage filters 
are configured to retain fine solids and silt, and to remove a portion (20 to 40 %) of the 
soluble organics contained in the seawater by biofiltration.   

Depending on the driving force for seawater filtration, granular media filters are classified as 
gravity and pressure filters.  The main differences between the two types of filters are the 
head required to convey the water through the media bed, the filtration rate, and the type of 
vessel used to contain the filter media.  Because of the high cost of constructing large 
pressure vessels with the proper wetted surfaces for corrosion resistance, pressure filters are 
typically used for small and medium size capacity SWRO plants.  Gravity pretreatment filters 
are used for both small and large SWRO desalination plants.  

Since the purpose of the pretreatment filters for SWRO plants is not only to remove over 99 
percent of all suspended solids in the source water but also to reduce the content of the much 
finer silt particles by several orders of magnitude, the design of these pretreatment facilities is 
usually governed by the filter effluent silt density index (SDI) target levels rather than by the 
target removal level of turbidity or pathogens.   

Filter removal efficiency of suspended solids (reduction of turbidity/total suspended solids) is 
not directly related to its silt and fine colloid removal efficiency (SDI reduction capability).  
Dissolved organics and coagulant (iron salts) can absorb on/in the SDI filter test pad and 
result in increased SDI values. Full scale experience at many granular media pretreatment 
filter installations indicates that filters can consistently reduce source water turbidity to less 
than 0.1 NTU, while at the same time filter effluent could have SDI frequently exceeding 4. 
In many cases granular media filters at SWRO desalination plants need to be designed more 
conservatively than similar filters in conventional surface water treatment plants in order to 
capture fine solids, silt and colloidal organics contained in the source seawater.   

Granular media filters are typically backwashed using filtered seawater or concentrate from 
the SWRO membrane system.  The filter cell backwash frequency is usually once every 24 to 
48 hours and spent (waste) backwash volume is 2 to 6 % of the intake seawater.  Use of 
SWRO concentrate instead of filtered effluent to backwash filter cells allows reducing 
backwash volume and energy needed to pump source seawater to the desalination plant. The 
backwash rate should provide 30 to 50 percent media bed expansion for optimal filtration 
performance. The number of filter cells and the individual production capacity of each cell 
should be selected to allow full flow operation with one filter cell out of service in backwash 
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and one out of service for maintenance. Additional information for design of granular media 
filtration systems is provided elsewhere [2, 9]. 

Most seawater particles and microorganisms have a slightly negative charge, which has to be 
neutralized by coagulation. In addition, these neutralized particles would need to be 
agglomerated in larger flocs that can be effectively retained within the filter media.  
Therefore, source seawater conditioning by coagulation and subsequent flocculation are 
necessary prior to granular media filtration.   

2.6.1.3 Membrane Filtration 
Particulate, colloidal and some of the organic foulants contained in the seawater can be 
removed successfully using MF or UF pretreatment.  The MF/UF pretreatment includes 
several key components: (1) coarse and fine screens similar to those used for plants with 
conventional pretreatment; (2) microscreens to remove fine particulates and sharp objects 
from the seawater which could damage the membranes; and (3) the UF or MF membrane 
system itself. 

MF and UF membrane systems have been shown to be very effective for turbidity removal as 
well as for the removal of non-soluble and colloidal organics contained in the source 
seawater.  Turbidity can be lowered consistently below 0.1 NTU and filter effluent SDI15 
levels are usually below 3 over 90% of the time.  Both MF and UF systems can remove 4 or 
more logs of protozoa pathogens such as Giardia and Cryptosporidium. In contrast to MF 
membranes, UF membranes can also effectively remove viruses [2]. 

It should be noted that membrane pretreatment does not remove significant amounts of 
dissolved organics. Dissolved organic typically serve as food to support the growth of 
escaped marine bacteria from pretreatment, causing SWRO membrane biofouling.  Because 
of the very short seawater retention time of the membrane pretreatment systems, they do not 
provide measurable bio-filtration effect, unless designed as membrane bioreactors.  For 
comparison, granular activated carbon filters, depending on their configuration, loading rate 
and depth, could remove 20 to 60 % of soluble organics from source seawater [6]. 

2.6.1.4 Cartridge Filters  
Cartridge filters are fine microfilters of nominal pore size of 1 to 25 µm made of thin plastic 
fibers (typically polypropylene) which are wound around a central tube to form standard size 
cartridges (see Figure 2-6).   
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Figure 2-6. Cartridge Filters Installed in Horizontal Vessel (Used with permission [6]) 

Although wound (spun) polypropylene cartridges are most commonly used for seawater 
desalination, other types, such as melt-blown or pleated cartridges of other materials have 
also found application.  Standard cartridge filters for SWRO plants are typically 1-meter long 
and are installed in horizontal or vertical pressure vessels. Cartridges are rated for removal of 
particle sizes of 1, 2, 5, 10, and 25 µm, with the most frequently used size being 5 µm. 

Cartridge filters are typically installed downstream of the granular media pretreatment system 
(if such system is used for pretreatment) to capture fine sand, particles and silt that could 
contain the pretreated seawater following granular media filtration. When the source seawater 
is of very high quality (SDI < 2) and does not need particulate removal by filtration prior to 
desalination, cartridge filters are used as the only pretreatment device. In these cases, 
cartridge filters serve as a barrier to capture fine silt and particulates that could occasionally 
enter the source water during the start up on intake well pumps or due to equipment/piping 
failure. 

The main function of cartridge filters is to protect the high pressure pump and the 
downstream SWRO membranes from damage, not to provide removal of large amount of 
particulate foulants from the source seawater.  A typical indication whether the pretreatment 
system of a given desalination plant operates properly is the seawater SDI reduction through 
the cartridge filters. If the pretreatment system performs well, than the SDI of the seawater 
upstream and downstream of the cartridge filters is approximately the same.  If the cartridge 
filters consistently reduce the SDI of the filtered seawater with over one unit, this means that 
the upstream pretreatment system is not functioning properly.  Sometimes, SDI of the source 
seawater increases when it passes through the cartridge filters.  This condition almost always 
occurs when the cartridge filters are not designed properly or are malfunctioning and provide 
conditions for growth of biofouling microorganisms on and within the filters.   

The clean cartridge filter pressure drop is usually specified as less than 0.2 bars. Commonly, 
cartridges are replaced when the filter differential pressure reaches 0.7 or 1 bar. The 
operational time before replacement depends on source water quality and the degree of 
pretreatment. Typically, a cartridge filter replacement is needed once every six to eight 
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weeks. However, if the source seawater is of very good quality (SDI15 consistently less than 
2), cartridge filters may not need replacement for six months or more.   

For SWRO systems where sand in the feed water might be anticipated, rigid melt-blown 
cartridges or cartridge filters with single open ends and dual o-rings on the insertion nipple 
(rather than conventional dual open-end cartridges) are commonly used. The single open-end 
insertion filters have positive seating and an insertion plate, which do not allow deformation 
of the filter cartridge under pressure caused by sand packing.  Double open-end cartridge 
filters are held in place by a spring-loaded pressure plate.   

2.6.1.5 Alternative Pretreatment Configurations 
The most suitable pretreatment system type and configuration mainly depends on the source 
water quality, and more specifically on the type of foulants present in the seawater.  Table 2.2 
provides a guideline for a combination of treatment processes that could be used for cost 
effective pretreatment of the source seawater as a function of its content of particulate and 
colloidal foulants (turbidity & SDI levels), and organic and microbial foulants (TOC). The 
pretreatment configurations shown in this table should be used as a guideline only.  Thorough 
water quality analysis and pilot testing are recommended to define an optimum pretreatment 
system for the site-specific source water quality of a given project.  

Table 2.2. Alternative Seawater Pretreatment System Configurations 

Source Water Quality Recommended Combination of 
Pretreatment Technologies Prior 
to SWRO Treatment 

Notes 

Turbidity < 0.1 NTU;  

SDI15 < 2;  

TOC (Year-Around) < 1 mg/L 

Cartridge or bag filters only. Grit removal may be 
needed if intake wells 
are used. 

Turbidity 0.1-5 NTU;   

SDI15 < 5 

TOC (Year-Around) < 1 mg/L 

Single-stage dual media filters + 
Cartridge filters. 

MF/UF pretreatment may be cost 
competitive if 7-10 year SWRO 
membrane useful life guaranteed. 

Coagulant addition 
may not be needed if 
submersible UF 
system is used. 

Turbidity 5-30 NTU;   

SDI15 > 5 

TOC (moderate algal blooms) 
< 4 mg/L 

Single-stage dual media filters + 
Cartridge filters 

Or 

MF/UF Pretreatment. 

Coagulant addition 
needed. 
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Table 2.2 continued 

Turbidity 30-50 NTU;   

SDI15 > 5 

TOC (severe algal blooms)  

≥ 4 mg/L and/or high oil spill 
potential 

Sedimentation/DAF + Single-stage 
dual media filters + Cartridge filters 

Or 

Sedimentation/DAF+MF/UF 
pretreatment. 

Sedimentation ahead 
of filtration may not 
be needed if turbidity 
< 30 NTU. 

Turbidity ≥ 50 NTU;   

SDI15 > 5 

TOC (severe algal blooms)  

≥ 4 mg/L and/or high oil spill 
potential 

High-rate sedimentation/DAF + 
Two-stage dual media filters + 
Cartridge filters 

Or 

High-rate 
sedimentation/DAF+MF/UF 
pretreatment. 

DAF ahead of 
filtration may not be 
needed if algal 
blooms in the area of 
the intake are 
moderate  

(TOC < 2 mg/L) or 
oil contamination is 
not an issue. 

 

The pretreatment configurations listed in Table 2.2 could be modified or additional 
pretreatment/source water conditioning may be needed for removal of scaling compounds 
(such as calcium and magnesium salts), colloidal foulants (i.e., iron and manganese), NOM 
from nearby river estuaries, or pathogen contamination.  

2.6.2 Microbial Disinfection in the Source Seawater 
The concentration of the microorganisms in the source water can also be effectively reduced 
by: (1) their exposure to strong oxidants (e.g., disinfectants) or UV light, or (2) by depriving 
the microorganisms from oxygen applying strong reducing agents such as sodium bisulfite. 
These methods are briefly described below. 

2.6.2.1 Biological Inactivation by Oxidation   
Chlorine, chlorine dioxide, and chloramines can be used for surface source water 
microbiological growth control. Microbial control by source seawater disinfection is 
controversial and the focus of research at this time.  This is because there have been some 
membrane plants that have had serious microbial fouling problems after chlorination or other 
means of microbial control –possibly worse than if no chemical disinfectants were used.  It 
has been shown that continuous chlorination and de-chlorination (before the SWRO 
membranes) can increase bioactivity by increasing the content of assimilable organic 
compounds in the source water to support microbial growth. Some membrane plants have 
suffered permanent damage to their SWRO membranes by exposing them to the chemical 
oxidant when the de-chlorination chemical system failed. 

Chlorination is the most popular disinfection process.  Oxidants such as sodium hypochlorite 
and chlorine dioxide are often used to suppress growth of marine organisms (i.e., shellfish, 
barnacles) on the inner surface of intake pipes, equipment, tanks, distribution channels, and 
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other structures in contact with the source seawater, as well as to minimize biofouling of 
SWRO membranes.  Sodium hypochlorite (NaOCl) is the most commonly used oxidant 
today.  When added to water, sodium hypochlorite generates hypochlorous acid (HOCl) and 
sodium hydroxide (NaOH): 

NaOCl + H2O → HOCl + NaOH 

Hypochlorous acid in turn dissociates in hydrogen (H+) and hypochlorite (OCl-) ions: 

HOCl → H+ + OCl- 

The sum of sodium hypochlorite, hypochlorous acid, and hypochlorite ions is termed and 
measured as free residual chlorine. Chlorine in all of its forms is a toxicant that attacks all 
aquatic organisms and typically destroys them by oxidation of their tissue and cells.  The use 
of chlorine has several drawbacks: (1) chlorine typically cannot destroy all forms of 
biofouling organisms and therefore, it is not an absolute barrier to RO membrane biofouling; 
(2) chlorine or other oxidants added to the source water will need to be removed before they 
reach the RO membranes because these oxidants will cause permanent damage of the RO 
membrane polymeric structure; (3) chorine and other oxidants break down otherwise non-
biodegradable NOM into biodegradable organic compounds and destroy the outer walls of 
bacterial cells, thereby causing the release of intracellular material into the source water; 
since the intracellular material is rich in easily biodegradable organics, it serves as a food to 
bacteria that have already colonized the RO membranes or have survived the chlorination 
process; and (4) long-term exposure to chlorine triggers the production of extra-cellular 
polysaccharides by some of the microorganisms in seawater as a defense mechanism, which 
in turn protects the biofilm-forming bacteria.  As a result, while continuous use of chlorine 
may have a short-term benefit in controlling RO membrane biofouling, in the long term it 
usually does not solve this problem and therefore, is not recommended.   

Intermittent chlorination has been found to be a more efficient method for RO biofouling 
control than continuous chlorination.  In this case chlorine or another oxidant is fed to the 
source seawater at a very high dose (usually 3 to 5 mg/L) one to four times per day.  
Sometimes, shock chlorination is applied less frequently (i.e., only one to three times a 
week).  Since marine organisms are very adoptive to ambient conditions, usually a random 
schedule of shock intermittent chlorination works better than a pre-established chlorination 
schedule.   

Another oxidant, which is successfully used for biofouling control is chlorine dioxide.  This 
oxidant is weaker than sodium hypochlorite but is fairly effective for most marine 
microorganisms and at the same time it is not as aggressive in terms of RO membrane 
oxidation.  Therefore, if used intermittently and in limited dosages, it could be applied 
without the need for de-chlorination – i.e., it is weak enough not to cause permanent damage 
to the RO membrane polymeric structure.  

Another oxidant that has found a wide application for water reclamation applications, which 
include RO membrane treatment, is chloramine.  Chloramine is created by the sequential 
addition of chorine and ammonia to the source water and has been found to be very efficient 
because it is weak enough not to cause oxidation of the RO membrane materials.  Although 
chloramination is a very common and efficient practice for biofouling of RO membranes 
treating wastewater, it is not recommended for seawater desalination applications.  As 
compared to wastewater, seawater contains an order of magnitude higher level of bromide.  
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When mixed with ammonia, bromide creates bromamines, which are several times stronger 
oxidants than chloramines and can cause rapid and irreversible damage to the RO membrane 
elements. Therefore, chloramination is not practiced and recommended for seawater 
desalination applications.    

When chorine is added  to the seawater, this water will need to be de-chlorinated before it is 
introduced to the SWRO membranes, because it would cause membrane damage by oxidation 
of the membrane material.  Typically sodium metabisulfite is used for de-chlorination.  

2.6.2.2 Microbial inactivation by UV Disinfection 
UV irradiation is an alternative method for microbiological control.  However, in some 
facilities, microbial re-growth after UV treatment negated the benefits so its use should be 
evaluated very carefully.  The UV disinfection method is power intensive and, therefore 
usually less cost effective than chlorination/dechlorination. The cost-effectiveness of UV 
disinfection is dependent on the source water quality.  If the source water has high levels of 
turbidity, the UV dosage could be relatively high.  For optimum performance, it is 
recommended that the total suspended solids of the source water fed to the UV unit not to 
exceed 10 mg/L.  The best location of the UV system would be between the cartridge filter 
and the RO membranes.  Because of space constraints, however, that is not usually possible, 
so as an alternate, just prior to the cartridge filter is acceptable.   

2.6.3 Other Strategies for Biofouling Reduction 
Neither pretreatments nor cholrine/UV disinfection are completely effective at preventing 
SWRO membrane biofouling. The search for new strategies against biofouling is an on-going 
effort. Combining chemical and physical techniques, for example, ozone and ultrasound [29], 
have been proposed and tested on small scale and short-term applications. However, the long-
term effectiveness of these methods has not been documented. Biofouling control through 
adaptation of spacer geometry and hydrodynamics have also been proposed [12], yet there is 
little or no field-testing results to support such practice. It is recognized that biofilm 
production and biofouling is largely due to the bacterial physiological response to 
environmental conditions. Thus, identification of the gene or genes that respond to 
environmental triggers for biofilm production may serve as an effective mechanism to stop 
biofilm production. Bacterial biofilm production is in close association with quorum sensing 
(QS) mechanism, which is a cell to cell communication and gene regulatory system. During 
QS, bacteria produce small signal molecules called autoinducers. One of the best-
characterized signals is a component of LuxR-N-acyl homoserine lactone (AHL)[30]. Sejin 
Kimet al. [26] investigated the RO membrane foulants in a water treatment plant, and 
reported about 60% of bacterial isolates produced QS molecules. Most microorganisms 
involved in QS exhibited a favorable deposition on the RO membranes. Many QS inhibitors 
have been described, such as QS degradation enzymes and QS signal competitors [31]. 
Kyung-Min Yeon et al. [32] and Paul et al. [33] found that Porcine kidney acylase I can 
inactivate the AHL to prevent membrane biofouling by amide bond cleavage. Vanillin was 
also shown to inhibit biofouling potential on RO membranes [34]. Thus, biochemical control 
of interfering quorum sensing could be the first step towards stopping biofilm production.  
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CHAPTER 3 

INVESTIGATION OF BIOFOULING BACTERIA AND BIOFILM 
PRODUCTION UNDER DIFFERENT NUTRIENT CONDITIONS 

 

3.1 INTRODUCTION 
The first step towards an understanding of SWRO membrane biofouling is to identify the 
type of microorganisms that cause membrane fouling. Traditional bacterial isolation from the 
membrane biofilm has used nutrient rich, low salt concentration culture medium to recover 
fast growing bacteria from sewage and freshwater systems that are used for drinking water 
supply. Marine bacteria that typically favor low nutrient, high salinity conditions would not 
be successfully recovered using this type of culture medium. So far, there has not been a good 
model system to investigate marine bacteria in SWRO membrane biofouling. 

Both Pseudomonas and Mycobacteria, which were employed as models for previous 
investigations of membrane biofouling, are primarily freshwater and soil microorganisms. 
Marine bacteria in SWRO membrane systems may behave very differently from freshwater 
model bacteria. Marine bacteria are known to adapt to a low nutrient environment and are 
capable of proliferation by scavenging very low concentrations of nutrients in the seawater. 
According to the practical experience of a pilot plant operator at Carlsbad desalination plant, 
accelerated biofouling can be triggered when TOC concentrations exceed 2 mg/L in 
California coastal waters. This TOC concentration was significantly lower than any of the 
wastewater recycling plant operating conditions. Thus, it is critical to investigate the trigger 
of biofilm production under different nutrient conditions. 

In this study, we used microbiological culture medium consisting of seawater and low 
organic nutrient supplements that favor the isolation of marine bacteria. We report on 
isolation and identification of bacteria in a SWRO membrane desalination pilot facility. 
Marine bacterial isolates’ response to different TOC concentrations and the OC:N:P ratios in 
laboratory cultures and their biofilm production were investigated. 

3.2 MATERIAL AND METHODS 

3.2.1 Sample collection and bacteria isolation 
A retired SWRO membrane, cartridge filter and swipes from the feed end vessel casing of the 
SWRO lead element were collected from a desalination pilot plant, located in Carlsbad, CA, 
in January 2009. A section of 4 x 4 inch membrane from the lead SWRO membrane element 
was excised and bacteria on the membrane was eluted using phosphate buffered saline (PBS, 
pH 8.0) solution with gentle scraping using a sterile plastic pipette.  For the cartridge filter, a 
two-inch section was eluted with PBS by vigorous shaking. Eluent from both samples were 
plated onto artificial seawater (ASWJP) [35] agar plates supplemented with 2.5 g/L of 
peptone and 0.5 g/L of yeast extract. This medium contains salt concentration that is similar 
to the seawater. The swipe cotton tips were applied directly to the agar surface for isolation of 
bacteria. After plating, the plates were incubated at 24 °C for 24 to 48 hours before being 
examined for bacterial colony growth. Individual colonies from the plate were subsequently 
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streaked onto fresh plates three more times and picked from the plate each time before the 
isolate was considered a pure isolate. Strains were designated as B1 to B6. B1, B2, B3, and 
B4 were isolated from biofouled SWRO membrane or swipes of the membrane element 
casing. B5 and B6 were from the biofouled cartridge filter upstream of RO feed. The 
morphologies of the isolates are described in Table 3.1. 

3.2.2 Bacterial identification by sequencing of 16s rRNA gene 
A single colony from each isolate was inoculated into 0.5 ml of sterile DI water in a 
microfuge tube. The colony was broken up by vortexing on high for 30 sec. Cell suspension 
in the tube was boiled for 10 mins to release genomic DNA and cooled slowly to room 
temperature. The boiling lysis method has been previously reported as an effective method 
for bacterial genomic DNA extraction for PCR without introducing reaction inhibition [36]. 
After cooling, the lysate was diluted 1:10 and 1:100 times using sterilized DI water. One to 5 
µl of each dilution was used for polymerase chain reaction (PCR) using universal 16S rRNA 
gene primers [37]. Primers 27F (5’-AGA GTT TGA TCM TGG CTC AG -3’) and 1492R 
(5’-GGT TAC CTT GTT ACG ACT T-3’) amplify a 1500-bp region of the 16S rRNA gene. 
The PCR mixture contained 1× PCR buffer (Lucigen, Middleton, WI), 2.5 mM MgCl2, 4 × 
200 μM deoxynucleoside triphosphates, 400 nM of each forward and reverse primer, and 1 
U of EconoTaq (Lucigen) in a total of 25 μl reaction. The PCR was performed using a 
GeneAmp 2700 PCR system (Applied Biosystems, CA) with the following thermal profile: 
initial denaturation at 94°C for 2 min followed by 30 cycles at 94°C for 1 min, 55°C for 
1 min, and 72°C for 1.5 min, with a final extension at 72°C for 10 mins and a hold at 4°C. 
The PCR amplicons were viewed by gel electrophoresis.  
 

Table 3.1. Morphology of bacterial isolates from a RO desalination pilot 
plant  

 
Bacterial Designation Morphology on Marine Agar Plate   

B1 Small transparent colony 

B2 Large opaque colony with spreading edge 

B3 Small transparent colony 

B4 Pink opaque colony with transparent ring 

B5 Yellow transparent small colony 

B6 Smear forming colony, transparent 

 

The PCR amplicon from each strain was sequenced three times using primers 27F, 533F or 
1492R each time for both directions [37]. The DNA sequencing was performed using the 
BigDye 3.1 sequencing kit following manufacturers’ protocols (Applied Biosystems). The 
final reactions were submitted to Laragen, Inc. (Los Angeles, CA) for sequencing runs using 
ABI prism 3100 capillary sequencing. Nucleotide sequences were submitted to BLAST 
search engine at NCBI GenBank database and identified through the similarity values. To 
construct a phylogenetic tree, sequences obtained were aligned with reference sequences 
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retrieved from GenBank database, the distance matrices were calculated using Magalign 
Software and the phylogenetic tree was produced by TreeView. 

3.2.3 Bacterial growth and biofilm production in complex nutrient 
medium 

Six bacteria (B1 to B6) were grown in artificial seawater medium supplemented with 2.5 g/L 
of peptone and 0.5 g/L of yeast extract (ASWJP+PY) at 24°C. The ingredients of the artificial 
seawater formulated by John Paul [35] are presented in Table 3.2. Peptone and yeast extract 
contain diverse types of proteins, amino acids, nucleic acids, lipids and polysaccharides. 
Thus, it is considered a complex nutrient medium because the substrates in the mixture are 
not well defined. The bacteria were grown overnight at room temperature with shaking at 30 
rpm. They were harvested by centrifugation at 10000rpm for 1 min and discarding the 
supernatant. The cell pellet was washed with ASWJP first before it was used for biofilm 
production experiments. 

Table 3.2. Ingredients of artificial seawater (ASWJP)[35]. 
 

Ingredients       Concentration (mg/L) 
NaCl 22050 
MgSO4 4790 
KCl 550 
NaHCO3 160 
KBr 80 
SrCl2 34 
Na2SiO3 4 
NaF 2.4 
NH4NO3 1.6 
Na2HPO4 2 
CaCl2 1800 
Na2EDTA 30 
FeCl2 0.02 
MgCl2 0.02 
CoCl2 0.001 
ZnCl2 0.003 
CuCl2 0.03 
H3BO3 0.03 

 

For biofilm production measurements, a 1:10 cell suspension dilution in ASWJP+PY medium 
and 200 µl of diluted culture was inoculated into each of the 8 wells (8 replicates) in a clear 
96-well microtiter plate (VWR International Corp.). The 8 wells in the last column of the 
plate were inoculated with medium only and were used as the negative control. Two identical 
plates were made; one was used for a cell growth measurement using optical density, and the 
other for biofilm measurements using the crystal violet assay method as described previously 
[38].  
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Microtiter plates were incubated at 24°C and read at a determined time interval using 
Spectramax Plus 384 (Molecular Devices, Sunnyvale, CA, USA). Cell optical density was 
measured at wavelength 550 and biofilm measurements with crystal violet were determined 
at a wavelength of 590. The measurements were stored using Softmax Pro 4.0 (Molecular 
Devices), then transferred to the Microsoft-Excel program (Microsoft Corporation, Redmond, 
WA, USA). The values of the eight control wells were averaged. The control-well average 
was used to normalize the average of each set of 8 wells for each bacterial strain. 

3.2.4 Bacterial growth and biofilm production in defined substrate 
nutrient medium 

The defined substrate medium, in contrast to the complex nutrient medium, contains the 
known species and concentration of chemicals that can be utilized by bacteria for growth. 
Defined substrate medium is also called simple nutrient medium, which is often used to 
characterize the growth requirement of a specific type of bacterium. Here we applied defined 
substrate medium to characterize the growth and biofilm production of bacteria in order to 
understand their responses to different OC:N:P ratios. 

Glucose and sucrose were used as the organic carbon source in the growth experiments. The 
ratios “OC:N and OC:P” were varied by adjusting the concentration of NH4NO3 and 
Na2HPO4 in the ASWJP base-formula. The nutrient concentration matrix shown in Table 3.3 
was tested in three sets of experiments. The highest organic carbon concentration was chosen 
to represent the extreme high TOC condition in the coastal seawater (e.g. post algal bloom). 

Table 3.3. Defined substrate nutrient concentration and nutrient ratio 
tested 

 

C:N:P ratio TOC (Glucose or Sucrose) 
mg/L 

N (NH4NO3) 
mg/L 

P (Na2HPO4) 
mg/L 

Experiment I    
1:1:1 1.36 1.6 2 

10:1:1 13.6 1.6 2 

20:1:1 27.3 1.6 2 

Experiment II    
10:1:1 13.6 1.6 2 
10:5:1 13.6 8 2 

10:10:1 13.6 16 2 

10:20:1 13.6 32 2 
Experiment III    

10:1:1 13.6 1.6 2 
10:1:5 13.6 1.6 10 

10:1:10 13.6 1.6 20 
10:1:20 13.6 1.6 40 
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As for the complex nutrient experiment, the bacteria were first inoculated into complex 
nutrient medium and then allowed to grow overnight. The cells were pelleted the next 
morning and were resuspended in ASWJP without adding any organic carbon. A 20 μl cell 
suspension was transferred into each microtiter plate well using a multi-channel pippetor. 
Then 180 μl of defined substrate medium with different nutrient ratios, as shown in Table 
3.3, were added to each well. Eight replication wells were used for each test to minimize 
variability within the test. Eight wells containing medium only were used as controls for 
background correction. Microtiter plates were incubated under the identical conditions used 
for the complex nutrient medium. 

3.2.5 Comparison of Bacterial growth and biofilm production using 
different organic nutrient media 

The major concern of using either complex nutrient composed of peptone-yeast extract or 
simple sugar, such as glucose, is that neither represents the nutrient condition in the natural 
seawater. The practical experience suggests that RO membrane fouling occurs more 
frequently when source seawater experiences algal blooms. To examine the effect of various 
sources and types of organic nutrients including algal extracts in stimulating bacterial growth 
and biofilm production in the laboratory experiments, we tested additional organic nutrients 
and compared biogrowth and biofilm production.  

The algae used for nutrient extraction were mixed culture collected from Newport Beach 
Pier, CA. They were cultured in the lab using L1 medium at a temperature of 20 °C, with a 
12:12 light:dark cycle. Illumination for algal culture was provided by fluorescence tubes 
(Gyrolux, Sylvania, Germany) with a photon irradiance of 100 µmol photons m-1 s-1. Algal 
cells, mostly diatoms, were harvested by centrifugation once they reached a density in the 
flasks that have chlorophyll content comparable with the dense algal bloom in the coastal 
water (based on the relative fluorescence reading measured by a fluorometer). The algal cells 
were broken by sonication, freeze/thaw cycles, or boiling, then followed by filtration or low 
speed centrifugation to remove unbroken cells and cell debris. Either the supernatant or the 
crude algal extracts were used to conduct growth experiments for marine bacterial isolates.  

In addition to the algal extract alone, we also tested bacterial growth and biofilm production 
using algal extract supplemented with additional nitrogen (NH4NO3) and phosphate 
(Na2HPO4). Sodium acetate (NaAc) with a concentration of 13.6mg/L was also tested as an 
organic carbon source and was used in various combinations with different nitrogen and 
phosphate concentrations. Finally, to stimulate bacterial growth, a 100-fold dilution of 
complex nutrient peptone and yeast extract (PY) was added to a subset of the experiments. 
The nutrient matrices with detailed concentration of each substrate are presented in Table 3.4. 
The bacterial growth and biofilm production using different media composition were 
compared with cell growth in 10-fold diluted complex nutrient medium PY.  

All growth and biofilm experiments were conducted as described in section 3.2.3 and 3.2.4. 
The measurements for cell growth and biofilm density were determined using the average of 
8 replicate microtiter wells. 
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Table 3.4. Different organic carbon and nutrient concentration tested 

 

3.3 RESULTS 

3.3.1. Bacterial identification 
All six bacteria were identified to relate to biofilm-forming bacteria, including genera 
Shewanella, Alteromonas and Cellulophage. B2 and B3 are nearly identical to Alteromonas, 
while B1 and B4 are closely related to Shewanella. B6 matches closely to Vibrio sp. These 
five isolates belong to r-proteobacteria. B5 is only distantly related to the first five isolates 
and is matched closely to the group of Flavobacteria. Figure 3-1 shows the 16S rRNA gene-
based phylogenetic position of these isolates. The horizontal distance between the isolate 
(designated by B1 to B6) and reference strain retrieved from the Genbank database represents 
the similarity of the isolate with the reference strain. 

3.3.2. Growth and biofilm production under different nutrient 
conditions 

 Figure 3-2 shows that all 6 isolates grew to high density in the ASWJP+PY medium within 
24 hours. The optical density (an indication of cell growth) reached 0.8 for 4 of the 6 isolates 
and 2 others have optical densities above 1.2 at OD550. Significant biofilm production was 
observed for bacteria B2, B3 (Alteromonas sp.) and B4 (Shewanella sp.) but production was a 
lot lower for B1 (Shewanella sp.) and B5 (Cellulophaga sp.), while bacterium B6, Vibrio sp., 
did not produce any biofilm in the complex nutrient medium, with only the background level 
for biofilm production measured.  

 

 

Experimental 
Trials TOC and nutrient concentration  

T1 Crude algal lysate without  NH4NO3 and Na2HPO4 

T2 Crude algal lysate with 16 mg/L NH4NO3, 4 mg/L Na2HPO4 

T3 13.6 mg/L of NaAc, 0.05 mg/L peptone, 0.01 mg/L yeast 

T4 13.6 mg/L of NaAc, 0.05 mg/L peptone, 0.01 mg/L yeast with 16 
mg/L NH4NO3, no Na2HPO4 

T5 13.6 mg/L of NaAc, 0.05 mg/L peptone, 0.01 mg/L yeast with no 
NH4NO3, 4 mg/L  Na2HPO4 

T6 13.6 mg/L of NaAc, 0.05 mg/L peptone, 0.01 mg/L yeast with 16 
mg/L NH4NO3, 4 mg/L Na2HPO4 

T7 13.6 mg/L of NaAc, 0.05 mg/L peptone, 0.01 mg/L yeast with 4 
mg/L NH4NO3, 1 mg/L Na2HPO4 

T8 0.5 mg/L peptone, 0.1 mg/L yeast without NH4NO3 and Na2HPO4 
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Figure 3-1. The phylogenic tree illustrates the position of bacterial isolates from 
Carlsbad desalination plant.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3-2. Growth and biofilm production of bacterial isolates from a seawater 
desalination system in complex nutrients.  Error bars represent the variability 
between replicates. 
 

The results growth and biofilm production from experiments using defined media are 
presented in Figure 3-3, 3-4 and 3-5. Both glucose and sucrose can be utilized by the bacterial 
isolates as a carbon source for growth, and no significant difference in growth and biofilm 
production was observed with either type of carbon at all OC:N:P ratio (data not shown).  
Only results using glucose as a carbon source are presented. In comparison with the growth 
observed in the complex nutrient medium, all 6 isolates have less growth in the defined 
substrate media with the base concentration of carbon, nitrogen and phosphate (Figure 3-3). 
The cell densities were between 0.04 and 0.07 at OD550 for all 6 bacteria after a 48-hour 

 B4 (FJ652054) 

 Shewanella sp. J83 (EU143361) 

 B1(FJ652053) 
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0.02 

 

r-proteobacteria 

Flavobacteria 
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incubation (Figure 3-3). The bacteria B5 and B6, which had a higher growth rate and a higher 
density than the other bacteria in the complex nutrient media, did not grow well in the defined 
substrate medium. Instead, B1 and B4 reached higher density than the other bacteria, 
suggesting B1 and B4 were more adapted to nutrient limited conditions. Switching the base 
medium with 0.2 µm filtered seawater amended with the base concentration of glucose, 
nitrogen and phosphate did not increase the growth of the bacterial isolates (data not shown), 
indicating the slow growth rate was not due to the lack of critical trace elements in the 
artificial medium. A further increase in the glucose concentration in the medium to match a 
Redfield stoichiometry ratio of carbon, nitrogen and phosphorus of 106:16:1 also did not 
increase the growth rate for any of the bacteria, suggesting bacteria utilize simple sugar at a 
very limited rate.  

The biofilm productions by all 6 bacteria in the defined substrate medium were also 
significantly reduced in comparison with the cultivation in the complex nutrient medium. 
Increasing carbon concentration from 1x to 20x, while holding nitrogen and phosphate 
concentration at the base level, did not result in an increase of cell growth (Figure 3-3). 
However, a significant increase of biofilm production was observed for bacteria B1 at 20x the 
base carbon concentration. The level of biofilm production for this bacterium in the defined 
medium with 27 mg/L of carbon was comparable with its production rate in the complex 
nutrient medium.  B5, the bacterium that produced little biofilm in the complex nutrient 
medium, produced nearly equal amounts of biofilm in the defined substrate medium, 
although the cell growth was minimal (Figure 3-3). 

 

Figure 3-3. Bacterial growth and biofilm production in defined substrate 
medium with a base level of nitrogen and phosphate and an increasing 
concentration of carbon (glucose) from the base level to 20x the original 
concentration. Error bars represent the variability between replicates. 

 

To understand the effect of phosphate and nitrogen on the growth and biofilm production, the 
carbon concentration was fixed at 10x the base concentration of 13 mg/L, while increasing 
the phosphate and nitrogen concentration independently from the base level to 20x the base 
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concentration. Figure 3-4 shows that increasing nitrogen concentration from the base level to 
20x, while keeping phosphate concentration at the base, resulted in an increase in cell growth 
and a reduction of biofilm in B1 (Figure 3-4). The rest of the bacteria did not display any 
significant changes either in growth or biofilm production. It is also important to note that in 
comparison with the first set of the experiments, the growth rate of B6 was significantly 
higher under the same defined substrate concentration. We suspect that there was carryover 
of complex nutrients from the overnight culture that was attributed to the observed 
differences. 

There was no significant change in cell growth with increasing phosphate concentrations in 
most of the isolates except B6 (Figure 3-4). However, the biofilm production was 
significantly reduced at 20x the base phosphate concentration in B1, B4 and B5. A critical 
phosphate concentration may also exist to trigger the change of B6 from planktonic growth to 
biofilm formation because a dramatic change in cell density and an increase of biofilm 
production were observed in B6 when the phosphate concentration reached 20x the base 
concentration. 

 

Figure 3-4. Bacterial growth and biofilm production in the defined substrate 
medium with 10x base level of carbon and increasing concentration of nitrogen 
(NH4NO3) or phosphate (Na3PO3) from base level to 20x the original 
concentration. Error bars represent the variability between replicates. 

 

The results of the bacterial growth experiments using organic carbon from algal extract and 
sodium acetate are shown in Figure 3-5. None of the nutrient media tested was able to match 
the growth and the biofilm production rate as in a 10-fold dilution of PY medium for the 6 
bacterial isolates (B1 to B6) from the Carlsbad desalination plant. The cell densities were 
close to the background level for B1 to B5 in algal extract alone or in algal extract 
supplemented with N and P. There was no significant change in the growth rate when sodium 
acetate was used as an organic carbon source in combination with 100-fold dilution of PY. 
There is a slight increase in growth when the media is supplemented with 16 mg/L of N but 
the bacteria were not responding to the addition of 4 mg/L of N or P to sodium acetate-based 
media. B6 grew faster than the other 5 isolates in all media tested but still did not reach the 
level of cell density as incubating in 10-fold diluted PY media.  No biofilm production was 
observed from any of the bacterial isolates tested (Figure 3-5). The biofilm production was 
only observed when the complex nutrient medium, such as peptone and yeast extract, was 
used as the growth medium. Alterations of the phosphate and nitrogen content in the medium 
also did not produce much effect on the biofilm production. The factors that trigger biofilm 
production in the complex medium remain elusive. 
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Figure 3-5. Bacterial growth and biofilm production under different culture conditions. 
The detail concentration of each substrate is presented in Table 3.4. 

3.4 CONCLUSIONS AND DISCUSSION 
Bacterial isolates from a southern California desalination pilot plant resemble those known 
biofilm-producing marine bacteria reported in previous studies [39-41], suggesting that they 
are common bacteria that can be easily grown using artificial media. Five out of six bacteria 
isolated from marine agar supplemented with complex organic nutrients were identified to 
belong to the r-proteobacteria group. This result is similar to the report from a Australia 
study that also used complex nutrient medium for bacterial enrichment and identification 
[42]. However, it is different from a previous study using a culture-independent approach that 
showed that the dominant bacterial community in the source water and SWRO membrane 
belonged to the α-proteobacteria group [43]. This difference suggests that it is necessary to 
further investigate the dominant bacteria that cause SWRO membrane fouling using a 
culture-independent approach.  This will compliment the culture isolation study. The marine 
biofilm-producing bacteria isolated from this part of the study can be used as a model system 
to investigate the behavior of marine bacteria in response to environmental conditions and 
biofilm production. 

Although all bacterial isolates from the desalination plant grew and produced high level of 
biofilm in complex media, we found that not all of them can use glucose or sucrose as sole 
source of organic carbon. They may need other complex elements for growth. Organic carbon 
in combination with changes in phosphate and nitrogen concentration resulted in various 
responses among bacterial isolates. Biofilm was produced in a higher level when a higher 
ratio of OC:N:P was used in the culture medium. An increase in phosphate concentration 



 

WateReuse Research Foundation 35 

resulted in the reduction of biofilm production in some bacteria, but the opposite effect was 
found in others. It is possible that the bacteria collected from the desalination system have 
developed unique survival strategy. When the nitrogen and phosphate level is low in the 
seawater, the bacteria store organic carbon to generate EPS to anchor themselves onto the 
membrane surface. When nitrogen and phosphate become available in the environment, they 
utilize the organic carbon stored in the biofilm for cell division and multiplication. Future 
research should consider balancing OC to N and P ratio as a strategy for control of EPS 
production. 
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CHAPTER 4 

IDENTIFICATION OF SWRO MEMBRANE FOULING 
BACTERIA USING CULTURE INDEPENDENT ASSAY 

 

4.1 INTRODUCTION 
Biofouling has been identified as an important issue in seawater desalination, yet still little is 
known regarding the marine bacterial community that causes biofouling. In the previous 
chapter (chapter 3), we reported marine bacterial isolation and identification from biofouled 
membrane surface and cartridge filters using a culture-based approach. However, over 99.9% 
of marine bacteria cannot grow on artificial nutrient medium. Bacteria identified by culture 
methods may not be a good representation of dominant biofouling microbes on the membrane 
surface.  The research reported in this chapter used a culture independent method to identify 
bacterial communities on SWRO membranes from the same desalination plant where the 
bacterial isolates were obtained. This result contributes to our understanding on the identity 
of biofouling marine bacteria. 

4.2 MATERIAL AND METHODS 

4.2.1 Sample collection 
A section of biofouled RO membrane (~1ft2) was collected from the Carlsbad Desalination 
Pilot Plant after membrane autopsy. The biofilm on the RO membrane surface that contains 
the total bacterial community was eluted using phosphate buffered saline (PBS, pH 7.0). The 
bacteria in the elution were then concentrated onto 0.45 µm HA filters for total genomic 
DNA extraction. To evaluate the efficiency of bacterial recovery from the membrane surface, 
experiments were conducted to test a membrane-scraping method to elute bacteria biofilm 
and concentrated bacteria using 0.2 µm filters instead of 0.45 µm HA filters. 

4.2.2 Bacterial genome extraction and amplification of 16S rRNA 
gene 

Concentrated bacteria from the RO membrane biofilm was resuspended in 3 ml of PBS. Total 
genomic DNA of the bacteria was extracted by the boiling lysate method, which has been 
proven to recover bacterial genomic DNA without introducing PCR inhibitors [36]. The 
boiling lysate was diluted 10 and 100 times using sterilized DI water. One microliter of each 
dilution was used for a polymerase chain reaction (PCR) using universal 16S rRNA gene 
primers [44]. Primers 27F (5′-AGA GTT TGA TCM TGG CTC AG -3’) and 1492R (5′-GGT 
TAC CTT GTT ACG ACT T-3′) amplify a 1500-bp region of the 16S rRNA gene. The PCR 
mixture contained 1× PCR buffer (Lucigen, Middleton, WI), 2.5 mM MgCl2, 4 × 200 µM 
deoxynucleoside triphosphates, 400 nM each forward and reverse primer, and 1 U of 
EconoTaq (Lucigen) in a total of 25 µl reaction. The PCR was performed using GeneAmp 
2700 PCR system (Applied Biosystems, CA) with the following thermal profile: initial 
denaturation at 94°C for 2 min followed by 30 cycles at 94°C for 1 min, 55°C for 1 min, and 
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72°C for 1.5 min, with a final extension at 72°C for 10 mins and a hold at 4°C. The PCR 
amplicons were viewed by gel electrophoresis (2% agarose,100V).  

4.2.3 Construction of 16S rRNA gene clone library  
To identify the bacterial community on the RO membrane biofilm, 16S rRNA gene PCR 
amplicons from the total bacterial genome were purified using Zymoclean Gel DNA 
Recovery Kit (Zymo Research, CA). The purified DNA was then ligated into a pMD 19-T 
cloning vector and cloned into Escherichia coli DH5α following the manufacturer’s 
instructions (Promega, USA). Approximately 90 colonies of ampicillin-resistant 
transformants were randomly picked and cultured overnight in LB broth containing 50 
mg/mL ampicillin. Plasmids were isolated using the plasmids purification kit (Qiagen 
Inc.CA), and were used as templates for PCR amplification using pGEM-T-specific primers 
M13F (5’-GTTTTCCCAGTCA CGAC -3’) and M13R (5’-CAGGAAACAGCTATGAC-3’). 
The plasmids that gave amplification to the desired size amplicon were then selected for 
restriction fragment length polymorphism (RFLP) analysis. A total of 59 clones were 
subjected to RFLP using restriction endonucleases MspI and RsaI (Promega, USA). The 
reactions were performed at 37°C for 4 hours following manufacturer suggested protocol. 
The resulting RFLP products were separated by 2% agarose gel electrophoresis (100V). 
Plasmids that produced the same RFLP pattern (DNA fragments of the same size) were 
grouped together and considered members of the same operational taxonomic units (OTUs). 
The frequency of each OTU occurrence was used as an indicator of bacterial species 
abundance. 

4.2.4 Sequencing and phylogenetic analysis  
Each OTU from the clone library was sequenced using the 27F primer. The DNA sequencing 
was performed using the BigDye 3.1 sequencing kit following manufacturers’ protocols 
(Applied Biosystems). The final reactions were submitted to Laragen, Inc. (Los Angeles, CA) 
for sequencing run using ABI prism 3100 capillary sequencing. Nucleotide sequences were 
submitted to BLAST search engine at NCBI GenBank database and identified through the 
similarity values. To construct a phylogenetic tree, sequences obtained were aligned with 
reference sequences retrieved from the GenBank database. The distance matrices were 
calculated using Magalign Software and the phylogenetic tree was produced by TreeView. 

4.2.5 Comparison of bacterial communities using T-RFLP 
To evaluate the efficiency of bacterial recovery from the RO membrane surface using 
different elution and bacteria re-concentration methods, T-RFLP (terminal restriction 
fragment length polymophisms) was used to compare the bacterial community profile 
recovered by different methods. T-RFLP was performed using eubacterial16s rRNA gene 
amplified fragments and MspI and RsaI as restriction enzymes. All procedures followed the 
protocols described by Liu et al. [28].  
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4.3 RESULTS 

4.3.1 Identification of bacterial community on RO membrane 
Surface 

RFLP analysis of 59 clones from the RO membrane biofilm clone library revealed 18 OTUs 
(Table 4.1). Figure 5-1 shows selected OTU RFLP patterns. The largest group, OTU1, 
included 19 clones, was identified as Leucothrix mucor (Table 4.1). The next group, OTU6, 
contained 11 clones and was closely related to OTU4 and OTU5. OTU6 had 99% similarity 
to Ruegeria sp. R214E7. The third large group, OTU7, contained 7 clones that were 97% 
similar to Lewinella sp. The rest of the OTUs contained 1 to 4 clones each.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-1. Restriction fragment length polymorphism analysis of 16S rRNA 
gene clone library of RO membrane biofilm revealing different patterns among 
clones. Five operational taxonomic units (OTUs) are presented in the picture. 

 

16S rRNA gene sequences from 18 clones representing each of 18 OTUs were obtained, 
aligned with reference strains and presented in a phylogenetic tree shown in Figure 4-2. 
These 18 clones fell into four large phylogenetic groups. The Proteobacteria division 
dominated the clone library, in which the α-proteobacteria subdivision was the largest group 
(72%), including Donghicola, Ruegeria, Phodoacteraceae, Roseobacter etc. The majority of 
the α-proteobacteria were primarily affiliated with the genus Ruegeria. The γ-proteobacteria 
subdivision contained a single clone of the largest OTU that was identified as Leucothrix sp., 
a marine filamentous bacterium. The remaining clones were closely related to 
Sphingobacteria group and Flavobateria group. 
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Table 4.1. Operational taxonomic units (OTUs) identified by restriction fragment length 
polymorphism of 16S rRNA gene clone library from RO membrane biofilm. 

 

 
OTU 

# of 
clones 

Closest matched strain 
(NCBI GenBank Accession No.) 

Similarity 
(%) 

1 19 Leucothrix mucor. (X87277) 99% 

2 1 Uncultured bacterium clone (EF574092.1) 92% 

3 1 Donghicola sp. (DQ667965) 99% 

4 4 Ruegeria sp. (FJ357642) 99% 

5 1 Ruegeria sp. (FJ357642) 99% 

6 11 Ruegeria sp. (FJ357642) 99% 

7 7 Lewinella sp. (AB301614) 97% 

8 1 Marine sponge  bacterium (EU346443) 98% 

9 1 Marine sponge  bacterium (EU346443) 96% 

10 1 Winogradskyella sp. (EU727254) 99% 

11 1 Lacinutrix sp. (DQ530481) 99% 

12 2 Phaeobacter sp. (FJ015007) 99% 

13 1 Rhodobacteraceae sp. (FJ937900) 98% 

14 1 Sphingomonadaceae sp. (FM162957) 97% 

15 1 Robiginitomaculum sp. (FJ230838) 98% 

16 3 Uncultured marine bacterium (FJ826108) 97% 

17 1 Loktanella sp. (FJ889559) 99% 

18 1 Sphingomonadaceae sp. (FM162957) 97% 
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Figure 4-2. Phylogenetic tree of 16S rRNA gene from 18 clones representing 
each of OTU from the RO membrane biofilm clone library. 

4.3.2 Comparison of the bacterial elution and re-concentration 
methods 

The efficiency of bacterial extraction from the membrane biofilm was evaluated using side-
by-side biofilm extraction methods. The first extraction method used vigorous vortexing of 
small strips of RO membrane. The second method combined scraping of the surface of the 
test membrane followed by vortexing. Bacterial elution generated by both methods was 
subjected to genomic DNA extraction and T-RFLP fingerprinting analysis (Figure 5-3). The 
results showed that there was minimal variation in the two elution-methods. The direct 
vortexing method reduces membrane handling and the potential of contamination during 
physical scraping of the surface of the test membrane.  
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 OUT 10 

 Winogradskyella sp. (EU727254) 

 OUT 11 

 Lacinutrix sp. (DQ530481) 

0.05 

OUT 18 



 

WateReuse Research Foundation 41 

!

 

Figure 4-3. Comparison of bacterial community extracted from the RO 
membrane biofilm using two different extraction methods. T-RFLP fingerprints 
of biofilm from membrane eluted by vortexing (A and C); and by vortexing 
combined with scrapping (B and D). A and B profiles were produced by 
digestion with MspI, C and D profiles are produced by RsaI. 

 

The results from concentrating bacteria using 0.2  and 0.45 µm pore-size filters are shown in 
Figure 5-4. There is no significant impact of the filter pore-size on the bacterial community 
profiles. Both T-RFLP enzyme profiles were nearly identical. A few peaks were higher in 
samples collected by using the 0.45 µm filters. We interpret this result as an indication that 
both types of filters captured similar types of bacteria with no observable loss of smaller sized 
bacteria using 0.45 µm pore-size HA filter. This conclusion is also supported by the 
observation made by Sheldon [45] and Wang et al., [46]. They concluded the ability of filters 
to capture particles smaller than the actual pore-size was due to the electrostatic charges of 
the bacteria and the reduction of filter pore size from the clogging of the membrane pores 
once the filters are saturated with algal and bacterial cells. During the experiments, we also 
found that 0.2 µm pore-size filters clogged up much faster and that the filtration rate was 
significantly reduced after the first 10 minutes. The 0.45 µm pore-size filters performed 
significantly better, although clogging of the filters was observed after 30 minutes of 
filtration as well. Although the filtration time depends on the turbidity and density of bacteria 
in the solution, the use of the 0.45 µm pore-size HA filter allowed processing larger volumes 
of sample, which increased the probability to better characterize the bacterial community in 
the sample. Through this experiment, we have concluded that 0.45 µm pore-size filters are 
advantageous for concentrating bacteria needed for our analysis and that there is no 
significant loss of smaller size marine bacteria due to the saturation of the filters with algal 
and bacterial cells during filtration. 
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Figure 4-4. Comparison of marine bacterial community profiles collected using 
two different pore-size filters. Samples A and C were collected using the 0.2 µm 
pore-size nylon filters and samples B and D were collected using 0.45 µm pore-
size HA filters. A and B show the T-RFLP of 16S rDNA digested with MspI, C 
and D profiles were produced by restriction enzyme RsaI.  

 

4.4 CONCLUSIONS AND  DISCUSSION  
The results of the culture independent method indicated that the cultured bacteria from the 
RO membrane biofilm (reported in the Chapter 3) were the minority in the biofilm formation. 
The 16S rRNA gene clone library revealed that Leucothrix mucor was the dominant 
bacterium in the RO membrane biofilm.  

Leucothrix mucor is a widespread bacterial epiphyte of seaweeds, fish eggs and benthic 
crustaceans [47, 48]. It is often the most common marine microorganism when viewed 
microscopically because of the characteristic filaments of the bacterium. However, it rarely 
appears on agar plate cultures unless special precautions are taken [49]. Biofouling caused by 
filamentous Leucothrix mucor has been investigated for their impact on zooplankton 
activities and lobster eggs [50, 51]. Although they are the logical organisms for membrane 
fouling due to their ability to form filaments, there has not been any investigation of their 
contribution to RO membrane fouling. 

Ruegeria sp., the second dominant bacterium in the RO membrane biofilm, is a gram-
negative bacterium that belongs to the family of Rhodobacteraceae, the widely distributed 
bacterial type in marine environments. However, members of Ruegeria sp. are difficult to 
culture under nutrient rich conditions. Strains belong to this genus have been isolated from 
the Sargasso Sea, Atlantic Ocean using the extinction dilution method [52]. Ruegeria mobilis 
and Ruegeria pelagia have been found in marine aquaculture farms [53]. Ruegeria 
scottomollicae sp. has been associated with marine electroactive biofilm [54]. However, the 
role of Ruegeria spp. on the biofilm formation is not understood due to the difficulties with 
cultivating this bacterium. Membrane fouling due to Ruegeria sp. has not been previously 
reported. 
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In addition to the four major groups of bacteria identified in the clone library, bacteria 
belonging to diverse phylogenetic types were also retrieved from the biofilm. This result 
suggests that RO membrane biofouling is attributed to diverse groups of marine bacteria. 
Identifying these bacteria is the first step towards understanding their behavior in biofilm 
production.  
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CHAPTER 5 

MOLECULAR ANALYSIS OF BACTERIAL COMMUNITIES IN 
SWRO PLANTS 

 

5.1 INTRODUCTION 
In order to trace the source of biofilm-forming bacteria, and to investigate the bacterial 
community in various stages of RO desalination plants, the raw intake seawater, plankton 
samples, cartridge filters (in RO feed stream) and retired SWRO membranes were collected 
from different desalination facilities and the bacterial communities were determined by T-
RFLP. The temporal dynamics of the bacterial community in the intake seawater was also 
investigated to elucidate the seasonal variability of bacterial composition in the seawater 
desalination system. Lastly, we compared bacteria from desalination plants located in 
different regions to determine if there is a single cause of biofouling by a specific type of 
bacteria at different locations.  

5.2 MATERIAL AND METHODS 

5.2.1 Samples and collection methods 
Raw seawater samples were taken from the Carlsbad desalination pilot plant intake line 
between March and April 2009, and from Long Beach desalination prototype plant intake line 
between July and August 2009 (Table 5.1). Ten to 15 liters of water were collected using 
triple sample-rinsed carboys at each sampling time and were transported to the UC Irvine lab 
for immediate processing. In the lab, bacteria in the seawater were concentrated onto 0.45 µm 
HA filters (Millipore, USA) by vacuum filtration. The concentration bacteria on filter surface 
was resuspended in 5 mL TE buffer.  

Plankton samples were also collected from Carlsbad and Long Beach facilities at the time of 
water sample collection using a plankton net (Table 5.1). Briefly, 100 liters of raw seawater 
were poured through a 20 µm mesh size plankton net. The wall of the net was rinsed with 
seawater to wash down the attached plankton. The final volume of ~20 ml of concentrated 
plankton at the bottom collection cup was transferred into sterile tubes and brought back to 
the UCI lab. In the lab, the plankton sample was collected onto 0.45 µm filters and used for 
extraction of bacterial genomes attached to the plankton surface. 

Cartridge filters in the RO feed stream were provided for this study by desalination facilities 
in California, Florida, Israel and Australia (see Table 5.1 for details). In addition, a cartridge 
filter intalled in the stream of the seafloor sand well intake system at Long Beach coast was 
also examined in this study. Southern California cartridge filters were tansported on ice to the 
UCI lab within 24 hours of collection by cars. A cartridge filter from Ashkelon Desaliantion 
plant in Israel was shipped on dry ice through international express service. Three cartridge 
filters provided for this study by Australian collaborators were wrapped in plastic bags and 
placed on ice and were carried by a passenger in a direct flight from Sydney to Los Angeles. 
One cartridge filter was collected from the Perth Seawater Desalination Plant in West 
Australia, the second filter was collected from the Adelaide Desalination Pilot Plant in South 
Australia and the third filter was from Gold Coast Desalination Plant in Queensland. The 
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filter cartridges were removed from the respective plants the day before their transport. 
Approximately 10-inch sections of each filter cartridge was harvested to ease transportation. 
In the lab, filters were washed and shakened in PBS (pH 7.0) buffer to elute bacteria. The 
final elutions were then concentrated onto 0.45 µm HA filters and resuspended in 5 ml of 
PBS.  

Retired RO membranes from the Carlsbad desalination pilot, Long Beach prototyple plant, 
West Basin pilot, Santa Cruz pilot and Israel were inluced in the analysis of the bacterial 
community. Bacterial genome were extracted from membrane biofilm as described 
previously. 

Table 5.1. Samples used for bacterial community analysis. 
 

Sample Types Sampling Site Sampling Date 

Carlsbad Raw intake water  Carlsbad, CA March to April, 2009 

Carlsbad Plankton Tow Carlsbad, CA March 2009 

Carlsbad RO membrane Carlsbad, CA April 2009 

Carlsbad Cartridge filter Carlsbad, CA April 2009 

Long Beach Raw water Long Beach, CA July to August, 2009 

Long Beach Plankton Tow Long Beach, CA July 2009 

Long Beach Cartridge filter Long Beach, CA August 2009 

Beach Site Cartridge filter  Long Beach Beach Well March 2009 

Santa Cruz Cartridge filter Santa Cruz, CA February 2009 

Moss Landing Cartridge filter Moss Landing, CA January 2009 

Tampa Bay Desalination Plant 
Cartridge filter 

Tampa, FL October 2009 

Ashkelon Desaliantion Plant 
Cartridge filter 

Israel August 2009 

Perth Desalination Plant 
Cartridge filter 

Perth, Australia February 2010 

Adelaide Desalination Pilot 
Plant  Cartridge filter 

Adelaide, Australia February 2010 

Gold Coast Desalination Plant  Gold Coast, Australia February 2010 
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5.2.2 Terminal-restriction fragment length polymorphism (T-RFLP) 
analysis 

For total bacterial genomic DNA extraction, 10-100 µl of final bacterial elution was 
transferred to a microfuge tube and boiled for 10 mins to release genomic DNA from the cells 
and cooled to room temperature. The boiling lysate was diluted to 1:10 and 1:100 using 
sterilized DI water. One microliter of each dilution was used for polymerase chain reaction 
(PCR) using bacterial universal primers 8F (5’-AGAGTTTGATCCTGGCTC AG-3’) and 
1492R (5′-GGT TAC CTT GTT ACG ACT T-3′). The forward primer 8F had been labeled at 
the 5’ end with the fluorescent dye. PCR reaction was carried out as described in Chapter 5. 
The fluorescent PCR products were cleaned using the PCR purification kit (Qiagen, Inc. 
USA). 10 µL of purified product was digested with 3U of restriction enzyme RsaI and MspI 
(Promega,USA) separately in two tubes for 4 h at 37°C followed by an inactivation step at 
65°C for 10 min. The final reactions were submitted to Laragen Inc. (Los Angeles, CA) for a 
sequencing run using ABI prism 3100 capillary sequencing. T-RFLP profiles were analyzed 
using Peak Scanner software (Applied Biosystems, Foster City, CA) to determine the 
number, length, and relative intensity of each of the T-RFs in a sample. Parameters were set 
to exclude peaks under 50 fluorescent units and those smaller than 50 bp or larger than 600 
bp. Considering that a difference of 2 bp in the sizes of T-RFs is possible to occur due to the 
nature of the gel separation with our automated DNA sequencer, T-RFs that differed by less 
than 2 bp were clustered. T-RF data were exported and used to run the T-RFLP Fragment 
Sorter program (https://secure.limnology.wisc.edu/trflp/index.jsp). The possible bacteria of a 
peak from a T-RFLP can be assigned based on its size.  

To standardize the DNA signal output quantities, the sum of peak heights in each average 
profile of a sample was calculated as a representation of the total DNA quantity. The relative 
abundance of a T-RF (terminal restriction fragment) in a T-RFLP profile was calculated by 
dividing the peak height of the T-RF by the total peak height of all T-RFs in the profile. All 
peaks with heights that were less than 0.5% of the total peak height (considered background) 
were not included in the analyses. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Origin of biofouling bacteria on RO membrane 
To identify the source of biofouling bacteria on RO membranes, the community fingerprints 
from four different stages of the desalination system at Carlsbad pilot facility were 
investigated (Figure 5-1). The results of T-RFLP fingerprinting analysis indicated high 
bacterial community diversity in raw seawater intake samples. At least 22 different T-RFs 
were observed with 14 of them representing less than 5% of the relative abundance among 
the total community. Bacteria associated with plankton samples (called epibionts or epibiotic 
bacteria) showed 12 T-RFs with 3 of the 12 T-RFs representing less than 5% of the total 
community. Epibiotic bacteria were significantly different from the free-living bacteria in the 
seawater. The dominant bacteria at the 438bp position among the free-living bacteria 
community was suppressed among the epibionts but was replaced by two dominate bacteria 
at the 84bp and 490bp position, respectively. Each bacteria community also has its unique 
components. For example, the 544bp peak in the epibionts community was not observed 
among the free-live bacterial community in seawater.  

T-RFLP profiles of the cartridge filter and RO membrane, however, were defined by a small 
number of dominant T-RFs. It is particularly interesting that the bacterial community on the 
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RO membrane was dramatically different from that on the cartridge filter. Only two of the T-
RFs (438bp and 544bp, representing less than 5% of the community on cartridge filter) were 
common in both bacterial communities. This result suggests that cartridge filters in RO feed 
stream are not the source to generate additional bacteria to cause RO membrane fouling. The 
T-RFs on the cartridge filter matched the community profile of the eipibiotic bacteria 
associated with plankton samples in all observable peaks, with the short T-RFs at 84bp 
accounting for 70% of the bacterial community on the cartridge filter.  

The T-RFs of biofouling bacteria on the RO membrane, on the other hand, were found to 
match both the raw seawater and the plankton sample bacterial community profile. For 
example, two major peaks on the RO membrane, 141 bp and 438 bp fragments, were 
observed both in the raw seawater and the plankton sample. However, the 126 bp fragment 
was detected only in the raw water, and the 151 bp fragment was only in the plankton sample. 
This result indicates that both free-living and epibiotic bacteria contribute to the RO 
membrane biofouling.  

Significant peaks in the T-RFLP profiles were assigned to bacterial phylogenic groups based 
on 16S rDNA sequences in the GenBank. However, multiple matches can be derived from a 
single peak position. The 84 bp peak, dominating the plankton samples and cartridge filter 
bacterial communities, but absent from the RO membrane, likely belongs to γ-proteobacteria. 
The 141 bp and 544 bp T-RFs found on RO membrane, seawater and plankton samples relate 
to Bacteroidetes, possibly Flavobacteria and Sphingobacteria groups. The 490 bp T-RF that 
was prevalent in the epibiotic community, but was absent from the RO membrane, also 
belongs to γ-proteobacteria. T-RFs of 126 bp and 151bp, both present on the RO membrane, 
are associated with Firmicutes, including Bacilli and Clostridia. The 438 bp fragment, which 
was the only T-RF consistently identified in all four communities, are assigned to α-
proteobacteria, or possibly Rhodobacterales. 
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Figure 5-1. 16S rRNA gene-based T-RFLP profiles obtained from the raw 
seawater (3/18/09), concentrated plankton sample (3/18/09), cartridge filter 
(4/09/09) and RO membrane (4/07/09). The profiles were produced by digestion 
with restriction enzyme MspI. Relative abundance of each peak is indicated on 
the y-axis. 

 

5.3.2 Temporal variability of bacterial community in the raw 
seawater intake samples 

The temporal variations of the bacterial community in the intake water collected from 
Carlsbad and Long Beach were investigated to understand if specific groups of bacteria were 
present at a given sampling time. The diversity shift within the intake water bacterial 
community could have direct impact on the fouling organisms on the RO membrane. It is also 
hypothesized that an algal bloom may influence the diversity of the bacterial community and 
negatively impact the RO membrane performance. 

Examination of five sweater samples taken from the intake line of Carlsbad desalination plant 
over a month period in spring 2009 indicated a similar community composition in 4 of the 5 
samples (Figure 5-2).  Identical T-RFs and similar relative abundance values were observed 
in samples taken on 3/18, 3/25, 4/22 and 4/29. However, the T-RFLP profile from the water 
sample of 3/20 was significantly different (Figure 5-2). The profile was dominated by 4 major 
peaks. An 88bp peak that was not present in any other seawater samples accounted for nearly 
30% of the total bacterial community. Two other new bacterial peaks at 484 bp and 536 bp, 
respectively, were also observed in the 3/20 sample. The uniqueness of 3/20 sample was also 
observed through the abnormality of the plant’s operational parameters. NTU (Nephelometric 
turbidity units) of the intake water jumped two folds on 3/19 from the previous day. SDI 
measurement in the UF filtrate also increased from 1.3 to 1.6. Feed RO pressure peaked on 
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3/20. Chlorophyll concentration showed a continuous increase from 3/9 to the highest 
concentration on 3/23 during the spring of 2009. All evidence suggested that there was a 
spring bloom event of phytoplankton during the sampling period of 3/20. Our bacterial 
community analysis results indicated that there was a notable shift in the community 
composition associated with the algal bloom condition. This shift in the bacterial community 
may be the culprit triggering biofouling on RO membranes.  

 

 

 

 

 

 

 

 

 

 

 
Figure 5-2. Diagram depicting the major peaks of the T-RFLP in the raw 
seawater samples from Carlsbad desalination intake line at the different 
sampling date (T-RFLP pattern is by MspI digestion). 
 

In contrast with the variability observed at the different stages of desalination treatment at the 
Carlsbad facility, the community composition of the five Long Beach raw water intake 
samples were only slightly different from each other (Figure 5-3). The same dominant peaks 
were observed in all five samples, although the relative abundance of the peaks varied at 
different sampling dates (Figure 5-3). All five samples from Long Beach were taken within a 
one-month period during the summer. The intake source for the Long Beach desalination 
facility is located in a long canal away from the coastal area. There is no impact from urban 
runoff to the canal water. The historical water quality at the intake point was characterized by 
low TOC and low turbidity. An elevated chlorophyll concentration in the canal water has not 
been recorded over the past year of operation of the desalination prototype facility. 
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Figure 5-3.  Diagram depicting the major peaks of the T-RFLP in the raw 
seawater samples from the Long Beach intake line at the different sampling 
date. (T-RFLP pattern is by MspI digestion) 

 

5.3.3 Variability of bacterial community at different desalination 
facilities 

Although biofouling is a universal problem among all seawater desalination industries, it is 
unclear if the same type of organism causes biofouling at different desalination facilities 
located in different coastal areas. We compared the bacterial community of raw intake 
seawater from the Carlsbad and Long Beach facilities using T-RFLP profiles (Figure 5-4). 
The results revealed similar bacterial community patterns. Most of the same T-RFs peaks 
were found in samples from both sites. The relative abundance of most T-RFs was also 
similar except a dominant T-RF of 436 bp in the Long Beach sample, which was significantly 
higher than the same T-RF in the Carlsbad sample. This result suggests that intake seawater 
bacterial communities from two California sites are similar in spite of the 100-mile distance 
between the two sites and the difference in water quality parameters, including TOC and 
turbidity. Seasonal changes may have a greater impact on bacterial community structure than 
the geological location along the same coastline. 
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Figure 5-4. Bacterial composition of the raw water from two Carlsbad and Long 
Beach seawater desalination facilities determined by T-RFLP digested with the 
restriction enzyme MspI 

 

Epibiotic bacterial communities of the plankton samples from Carlsbad and Long Beach, 
however, showed significantly different T-RFLP patterns (Figure 5-5). A greater community 
diversity was observed among plankton samples harvested from the Long Beach sample 
intake. The 490bp T-RF was the obvious common bacterium observed at both sites. However, 
the rest of the dominating peaks were significantly different between sites. Water quality 
parameters indicated that the Long Beach site had lower phytoplankton density than the 
Carlsbad site during the period of this study. However, the implication of different epibiotic 
bacterial communities on RO membrane fouling was unclear.  
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Figure 5-5. Bacterial composition in the plankton samples from two different 
locations determined by T-RFLP digested with the restriction enzyme MspI 

 

The bacterial communities on four cartridge filters collected from four different seawater 
desalination facilities were also compared by T-RFLP (Figure 5-6). Two filters from Long 
Beach, one from the desalination prototype plant and the other from the beach seafloor sand 
well, respectively, revealed a high level of similarity between the bacterial communities. 
However, the community fingerprint patterns obtained from the Carlsbad and Santa Cruz 
cartridge filters were dramatically different from the Long Beach filters and from each other 
(Figure 5-6).  

The similar bacterial community pattern from two Long Beach cartridge filters suggest that 
both MF and sand well filtration remove some similar types of bacteria and allow other types 
to pass through. Although it is not surprising to observe the similarity between two cartridge 
filters from the Long Beach facility, it is interesting to see the dramatic difference between 
the bacterial community on the cartridge filter from Carlsbad and that from Long Beach when 
the bacterial community in the intake water showed a high degree of similarity. Although the 
epibiotic bacteria associated with phytoplankton were different at the two sites, it is unlikely 
that a large amount of epibiotic bacteria attached to phytoplankton will pass through the 
pretreatment to colonize the cartridge filter. The difference observed on the cartridge filters 
may reflect the growth conditions that were selective for certain types of bacteria on the 
cartridge filters. We have little information on the Santa Cruz seawater desalination pilot 
plant. Thus, it is difficult to make a comparison between the cartridge filter from Santa Cruz 
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and those from areas in southern California. The fact that all cartridge filters from different 
locations displayed very different bacterial communities suggests that bacterial growth and 
colonization of cartridge filters may be determined by conditions other than solely the source 
water microbes. 

!

 

Figure 5-6. Bacterial composition on the cartridge filters from four different 
locations determined by T-RFLP digested with the restriction enzyme MspI 

 

To compare the bacterial communities on cartridge filters from different parts of the world, 
we have incorporated all the results from 14 different cartridge filters. Principal component 
analysis (PCA) was applied to the T-RFLP profile.  The presence or absence of the individual 
bacterial peaks was used to identify similarities between bacterial communities from filters 
collected at different geographic locations.  

The results of PCA (Figure 5-7) show that the cartridge filters collected in southern 
California Plants were mostly clustered together. Filters from Israel and some of the northern 
California filters were separated from the southern California cluster. Bacterial community on 
the cartridge filter from Adelaide (Aus2) was very different from the communities of other 
filters. The sample from the Gold Coast Plant (Aus3), however, was similar to the samples 
from desalination plants in Southern California. This result suggests that bacterial community 
development on the cartridge filters is not a function of the geographical location of the 
desalination plant and it more likely depends on the local intake water quality (i.e., nutrient 
level in the source seawater, water temperature and seawater quality impacts from surface 
runoff). These results allow us to conclude that RO biofilm control strategies developed at 
one desalination plant may be applicable to other facilities worldwide which have similar 
source seawater characteristics in terms of nutrient content, source and nature of organics, 
and temperature. Therefore, analysis of water quality such as TOC, N, P concentration should 
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be an important key component of the efforts to develop a viable strategy for biofouling 
control. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-7. Principal component analysis (PCA) plots for T-RFLP profiles for 
14 Cartridge filters from Southern California (SCA), Northern California 
(NCA), Florida (FL), Israel (IS) and Australia (Aus). Aus1 is from Perth, Aus2 
is from Adelaide, Aus3 is from Gold Coast. 

 

5.3.4 Bacterial community on biofouled RO membrane from 
different locations of the world 

The analysis of SWRO membranes from different locations of the world showed that 
although the bacterial communities from eight RO membranes were not identical to each 
other, some dominant peaks were observed in most samples. There is a bi-modal distribution 
of the T-RFLP fragments in bacterial communities recovered from RO membranes. This 
result suggests there may be a group of bacteria that adapted to grow on RO membranes. The 
identification of this group of bacteria will offer strategies for future research in treating 
biofouling. 
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Figure 5-8. Bacterial composition on the RO membranes from five different 
facilities determined by T-RFLP. 
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5.4 CONCLUSIONS 
This study demonstrated that bacterial communities were significantly different at different 
stages of seawater desalination treatment. The cartridge filter in the RO feed stream harbors a 
completely different bacterial community than those colonizing the RO membrane. 
Biofouling bacteria on the RO membrane were members of free-living bacteria in seawater 
and as well as the epibiotic bacteria that frequently attached to the surface of the 
phytoplankton. Algal blooms may have a significant impact on epibiotic community structure 
because changes in bacterial community were observed over the seasonal change. Although 
bacterial communities in the intake water were similar in two southern California seawater 
desalination plants located 100 miles apart, the epibiotic communities retrieved from the 
phytoplankton samples were very different and the bacterial communities found on the 
cartridge filters were also dramatically different from each other. This result suggests that 
bacterial communities in different stages of desalination treatment could not represent the 
bacteria on the RO membrane. Investigation of eight retired SWRO membranes from 
different parts of the world indicated that there was a common group of bacteria on the 
biofouled RO membrane, which may be the culprit for membrane fouling. 
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CHAPTER 6 

THE RELATIONSHIP BETWEEN ALGAL BLOOMS AND SWRO 
MEMBRANE FOULING 

 

6.1 INTRODUCTION 
Algal blooms are a concern for desalination plants due to the high concentration of biomass 
in the feed water. An algal bloom happens when a rapid increase in algal cell density occurs. 
The blooms are often triggered by nutrient addition to the coastal ocean either through land 
runoff following rainstorms or coastal upwelling due to seasonal changes in water 
temperature. Although the accelerated SWRO foulings were often noted by the plant 
operators during algal blooms, there has not been a systematic study to quantitatively 
determine the relationship between algal blooms in coastal waters and SWRO fouling. This 
chapter reports on a systematic investigation of the relationship between algal blooms in 
coastal waters and SWRO biofouling at two different desalination plants in southern 
California. 

6.2 MATERIAL AND METHODS 

6.2.1 Data source 
Data used in this study were collected from two desalination pilot facilities in southern 
California, the Carlsbad Seawater Desalination Pilot Plant and the West Basin Desalination 
Pilot Plant. Carlsbad plant is located on the Pacific Ocean coast in north San Diego County, 
California. The inlet of this pilot plant was located in a lagoon connected to the coastal water, 
where Encina Power Plant cooling water is discharged. The power plant’s cooling water was 
used as the intake water for the desalination feed. The feed water was pretreated by 
ultrafiltration (UF) and cartridge filtration before RO process. The data collected from this 
plant included the temperature of the feed water, operating pressure of the RO vessels, raw 
seawater Nephelometric Turbidity Units (NTU) and Silt Density Index (SDI) in the UF 
filtrate. The plant operates two RO membrane vessels and each contained two 8-inch 
diameter RO membrane elements. The permeate flux was set to a constant of 16.5 
gallons/min.  The data from this plant were collected between January 30, 2008 and April 30, 
2009, expanding over 16 months.   

The operational data and water quality parameters from the West Basin plant were collected 
between January and June 2009.  West Basin plant is located on the coast of the Pacific 
Ocean north of the City of Los Angeles, approximately 100 miles north of Carlsbad plant. 
This pilot facility used the open ocean intake for desalination feedstock with the intake point 
located several feet below sea surface but within the eutrophic zone, which may be influenced 
by algal blooms. The pilot facility operated two RO trains. Train 1 was used for testing the 
effectiveness of chloramines as a disinfection agent for preventing biofouling. Train 2 was 
run as the control without any disinfection. The feed flow for both trains was treated by UF to 
move particulate foulants.  
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In addition to the water quality data provided by the operators at each pilot plant, we obtained 
the chlorophyll fluorescence data to indicate coastal algal blooms. Chlorophyll concentration 
was monitoring as part of the Southern California Coastal Ocean Observing System 
(http://www.sccoos.org/). Shoreline stations located at La Jolla Beach, San Diego and Santa 
Monica Pier, California were used as approximation of the coastal algal density for Carlsbad 
plant and West Basin plant, respectively. Phosphate and nitrogen data were also reported at 
the Santa Monica Pier and were used in this study for statistical analysis to understand the 
correlation between RO plant performance and water quality parameters.  

6.2.2. Statistical Analysis 
An ordinary least squares (OLS) regression model was used for data analysis using STATA 
software (StataCorp LP, Collage Station, TX), and the data points were plotted in Excel. 

6.3 RESULTS 
Figure 6-1 shows the temporal plots of the normalized RO operation pressure collected at the 
Carlsbad plant. Elevated RO feed pressures (after normalizing by feed water temperature) 
were observed during spring-season (between March and April) in both 2008 and 2009 (as 
shown in circles) and also in December 2008. The highest peak of normalized feed pressure 
was recorded in March in both years. Multiple membrane cleaning efforts also took place in 
April and May. Feed water temperatures were higher during the month of September 2008, 
which results in the dip of normalized pressure in the early part of the month. Both raw 
seawater NTU and UF SDI showed similar trends over the study period (Figure 6-2). 

Figure 6-1. Temporal plot of RO operating pressure normalized by feed water 
temperature at Carlsbad desalination pilot plant during operation between 
January 2008 and April 30, 2009. 
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Figure 6-2. Temporal plots of feed water NTU and SDI for UF filtrate in 
Carlsbad desalination pilot plant during operation between January 2008 and 
April 30, 2009. 
 
 

Overlaying chlorophyll concentration with normalized RO operating pressure showed a 
similar trend between chlorophyll measurements and RO feed pressures (Figure 6-3). The 
concentration of chlorophyll peaked in April 2009, at 5 µg/L, which was more than 200% 
higher than the annual average. The spikes of chlorophyll in late September 2008 and January 
2009 also corresponded to an increase in RO feed pressures.  

 

 

Figure 6-3. Temporal plot of chlorophyll concentration in coastal Pacific Ocean 
and normalized-operating pressure for Carlsbad desalination pilot plant 
between January 2008 and April 30, 2009. 
 

Multiple regression analysis using the temperature-normalized RO operating pressure as the 
dependent variable and chlorophyll, UF SDI and feed water NTU as the independent 
variables is shown in Table 6.1. The results indicated that RO operating pressure was 
significantly positively correlated with chlorophyll concentration in the coastal water and 
feed water NTU. However, the operating pressure did not have a significant correlation with 
UF filtrate SDI. 
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Table 6.1. OLS regression model outputs for normalized RO pressure at 
Carlsbad desalination pilot plant. 

 
  Coeff. Std. Err t P>|t| [95% Conf. Interval] 

Chlorophyll 35.48 11.53 3.08 0.003 12.67 58.29 

Feed water NTU 23.48 10.6 2.22 0.028 2.53 44.44 

UF SDI 9.35 22.47 0.42 0.678 -35.09 53.79 

Constant 873.27 47.18 18.51 0 779.97 966.57 

 

The analyses of data from West Basin plant are shown in Table 6.2. The relationship between 
the algal blooms and the RO membrane performance showed significant correlation between 
the RO operating pressure and the algal density (inferred by chlorophyll concentration) in 
train 2. A significant correlation between P concentration and the RO performance in train 2 
was also identified (Table 6.2). However, there was no statistically significant relationship 
identified between N concentration and plant performance. The RO train 1 exposed to 
preformed-chloramine treated feed did not show any correlation with any of the water quality 
parameters measured (Table 6.3). The RO feed pressure was approximately 40 psi lower in 
the chloramine treated train than that in untreated RO train. The plots of data from the West 
Basin Desalination pilot plant and environmental parameters including chlorophyll, P, and N 
from Santa Monica Pier station are presented in Figure 6-4. It should be noted that the 
regression analysis considered the compounding factors of all the environmental parameters 
that we have data on. Although a significant correlation may not imply a cause-effect 
relationship, this information is of value to understand the precursor of accelerated 
biofouling. 

 

Table 6.2. OLS regression model outputs for normalized RO pressure in RO 
train 2 (no disinfection) at West Basin desalination pilot plant. 

 
  Coeff. Std. Err t P>|t| [95% Conf. Interval] 

Chlorophyll 3.205 1.257 2.55 0.019 0.5899 5.820 

Nitrate -2.839 2.249 -1.26 0.221 -7.516 1.838 

Phosphate 6.172 2.669 2.31 0.031 0.6213 11.722 

Constant 849.85 11.95 71.12 0.000 825.00 874.70 
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Table 6.3. OLS regression model outputs for normalized RO pressure in RO 
train 1 (treated with chloramines) at West Basin desalination pilot plant. 

 
  Coeff. Std. Err t P>|t| [95% Conf. Interval] 

Chlorophyll -1.088 1.455 -0.75 0.462 -4.098 1.921 

Nitrate 1.272 2.549 0.50 0.622 -3.995 6.539 

Phosphate 24.97 28.74 0.07 0.394 -34.47 84.42 

Constant 837.55 13.08 64.04 0.000 810.50 864.60 

 

 

 

 

Figure 6-4. Temporal plots of RO feed pressure in train 1 (treated with 
chloramines) and train 2 (no disinfection) and water quality parameters 
collected in coastal Pacific Ocean between January and June 2009. 

 

6.3 CONCLUSIONS AND DISCUSSION 
There is a significant statistical correlation between algal cell density as indicated by 
chlorophyll fluorescence measurements in raw seawater and the performance loss of the RO 
desalination process as indicated by elevated normalized operating pressure at both the 
Carlsbad plant and West Bain plant. RO performance was also significantly correlated with 
feed water NTU at Carlsbad plant at a 95% confidence level. Moreover, a seasonal trend of 
water quality parameters was observed. These parameters may be used as precursors to model 
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and predict biofouling potentials of SWRO membrane performance. However, the biofouling 
mechanism is complex. Long-term data on TOC and AOC are not currently available for this 
study. The significant correlation observed in this study cannot simply be taken as the cause-
effect relationship. The relationship between algal density and SWRO performance may also 
be site-specific. 

The influence of algal blooms on RO performance is likely due to the increase of biomass 
and the subsequent increase of bioavailable dissolved organic matter (DOM) in the feed 
water. The current pretreatment systems are not capable of removing DOM in the feedstock, 
thus are incapable of protecting RO membranes from organic material and biofouling. 
Furthermore, both plants use UF as a pretreatment to prevent RO membrane fouling. 
Although UF can effectively remove bacteria and algal cells, the high pressure applied to UF 
may cause breakage of phytoplankton cells and subsequent leak of cell content. The increase 
of dissolved organic carbon in the UF due to cell leakage may be another culprit for 
accelerated RO membrane fouling. 
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CHAPTER 7 

THE EFFECT OF NUTRIENT ADDITION ON BACTERIAL 
GROWTH AND BIOFILM FORMATION ON SWRO 
MEMBRANE IN A PILOT SCALE STUDY 

 

7.1 INTRODUCTION 
As demonstrated in the laboratory studies, the marine bacterial isolates respond to the 
addition of complex nutrient medium in growth and production of biofilm. We have also 
observed a positive correlation between algal blooms and degradation of membrane 
performance. This study is to directly investigate the effect of organic nutrients on the growth 
of biofilm-forming microorganisms and biofilm production on RO membrane exposed to 
pretreated feed seawater. In this study, a side stream of pretreated seawater in a desalination 
plant was dosed with different organic nutrients and was fed to flat sheet RO membrane in a 
detection/monitoring device. The bacterial density and biofilm thickness were monitored over 
time to elucidate the effect of elevated nutrient concentrations on biofilm development. 

7.2 MATERIAL AND METHODS 

7.2.1 Experimental set up 
The nutrient dosing experiments were conducted in collaboration with UC Los Angeles and 
Long Beach Water Department (LBWD) at the Long Beach prototype seawater desalination 
facility. The prototype plant drew its water from eight feet below the surface at the coast of 
Long Beach. The pretreatments at the facility included trash racks, strainers, chemical 
disinfection by sodium hypochlorite followed by microfiltration (MF), de-chlorination and 
cartridge filtration (CF). The flat sheet NF90 membrane (Filmtec™) biofouling 
monitor/detector systems was used for the testing. The feed water for the monitoring system 
was MF+CF treated seawater diverted from the plant’s main RO treatment train. Nutrient 
dosing was performed in two separate experiments. Experiment I used complex nutrients that 
contained a final concentration of 0.25g/L peptone and 0.05g/L of yeast extract as nutrient 
amendments to the MF+CF filtrate; Experiment II used a combination of sodium acetate, 
sodium nitrate, and sodium phosphate, which represents defined organic carbon, nitrogen and 
phosphate nutrients in the feed water. The nutrients were mixed so that the OC:N:P ratio was 
10:2:1. The nutrients were dosed into the feed line at 0.5 mL/min.  

During each dosing experiment, two parallel flat sheet detector systems were run; one was 
operated at 10 psi (low pressure system) and the other at 600 psi (high pressure system). A 
parallel control fed with unmodified MF+CF filtrate was also run for each experiment. Each 
set of experiments was run continuously for 7 days before the monitor was disassembled. A 
fraction of the membrane was used for testing bacteria density and biofilm thickness using a 
CLSM.  
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7.2.2 Biofilm density and thickness by CLSM 
Membranes from the dosing experiments were cut into 1cm x 1cm squares and stained using 
SYTO 9 green-fluorescent nucleic acid stain and propidium iodide red-fluorescent nucleic 
acid stain (FilmTracer™ LIVE/DEAD Biofilm Viability Kit, Invitrogen, Carlsbad, CA) for 
30 minutes. The stained membranes were then mounted and observed under a CLSM (Zeiss 
LSM 510 META). Two excitation/emission wavelengths were used for the two florescent 
stains: 488nm/500nm for SYTO 9 and 510nm/635nm for propidium iodide. Images were 
captured at each wavelength and composited into one final image. The Z sectioning method 
was used to determine the thickness of the biofilm. Bacterial colonization was evaluated by 
visually counting the number of cells attached to the membrane surface, and was determined 
by the average count from 3 images for each sample.  

7.3 RESULTS AND DISCUSSION 
Both live and dead bacteria were observed on all membranes examined (Figure 7-1). 
However, there were significant differences in cell density and biofilm thickness. The control 
monitor fed with unmodified MF+CF filtrate had live and dead cell counts of 3-4x104/mm2 
and biofilm thickness of 30 to 40 µm. Although cell numbers were not significantly different 
between the high pressure and the low pressure systems, biofilm was slightly thicker in the 
low pressure monitor.  

The addition of complex nutrients to MF+CF filtrate encouraged bacteria growth and 
colonization on membrane surfaces (Figure 7-1). Both live and dead cell densities increased 
significantly in the high-pressure monitor fed with peptone and yeast extract (Figure 7-2). 
There was also a significant increase of biofilm thickness in comparison with the control 
membrane. This result confirms the cause-effect relationship between the complex nutrients 
and the stimulation of marine bacterial growth and fouling on the membrane surface. The 
results also showed that although the feed water was treated by MF+CF to remove the 
majority of bacteria, the small portion that escaped pretreated could rapidly foul the 
membrane surface in the presence of complex organic nutrients. 

The addition of sodium acetate, nitrate and phosphate as the simple organic nutrient 
supplement also resulted in the increase in total cell counts on the membrane (Figure 7-2). 
Most of the cells observed at the end of the 7-day experiment were dead (Figure 7-2). 
However, the biofilm thickness was not significantly greater than the control membrane with 
unmodified MF+CF filtrate. There was also no significant difference in low- and high-
pressure systems. This result suggests that the simple organic carbon addition may not be the 
major contributor to membrane fouling.  
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Panel 1. MF low pressure (control) 

Panel 2. MF high pressure (control) 

Panel 3.Complex nutrient (PY) dosing high pressure detector 
 

Figure 7-1. (Panel 1-3) CLSM images of flat sheet membrane retrieved from 
nutrient dosing experiments. Green cells are live bacteria and red cells are dead 
bacteria, the third image in each panel is the composite of both live and dead 
cell images. The membrane treatments were labeled under each panel. 
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Panel 4.Simple nutrient (NaAc) dosing low pressure detector 

Panel 5.Simple nutrient (NaAc) dosing high pressure detector 
 

Figure 7-1.  (Panel 4-5). CLSM images of flat sheet membrane retrieved from 
nutrient dosing experiments. Green cells are live bacteria and red cells are dead 
bacteria, the third image in each panel is the composite of both live and dead 
cell images. The membrane treatments were labeled under each panel. 

 

7.4 CONCLUSIONS 
The results of this study confirmed the cause-effect relationship between complex nutrient 
dosing and marine bacterial biofouling on desalination membranes. However, it is unlikely 
that the nutrient condition used in this dosing experiment will occur under natural conditions. 
Dosing experiments using simple organic carbon did not result in an increase of biofilm 
thickness although elevated total cell counts were observed. This result suggests that the 
biofilm forming bacteria may require additional nutrients beyond the simple organic carbon. 
Many of these bacteria may be unable to utilize the acetate to grow. The results of this study 
also showed that MF alone would not remove all bacterial cells from the feed water and were 
insufficient to prevent biofouling on the downstream RO membrane.  
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Figure 7-2. Cell counts and biofilm thickness on flat sheet membrane exposed to 
different nutrient conditions in biofouling monitor systems. 1. MF+CF control 
high pressure; 2. Complex nutrient high pressure;  3. Simple nutrient high 
pressure; 4. MF+CF control low pressure; 5. Complex nutrient low pressure; 6. 
Simple nutrient low pressure. 
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CHAPTER 8 

THE EFFECTIVENESS OF UV, CHLORINE DIOXIDE AND GAC 
FILTER AS PRETREATMENTS FOR CONTROL OF 
MEMBRANE FOULING AT LONG BEACH DESALINATION 
PLANT 

 

8.1 INTRODUCTION 
Source water pretreatment is one of the important components for seawater desalination to 
ensure the proper function of SWRO membranes. The traditional pretreatment by rapid depth 
sand filtration although can remove most of the particulates and colloids, a small fraction of 
solids can pass through the treatment barrier, accumulate on the RO membrane surface and 
eventually lead to membrane fouling. The new membrane-based pretreatment technology, i.e. 
MF and UF, is effective at removing fine particles and colloids and is capable of producing 
product water with better SDI value. Yet, biofouling still occurs with prolonged operation due 
to the growth of bacteria on the membrane surface in the presence of organic nutrients. 
Chemical disinfection by free chlorine is not applicable directly on the RO membrane surface 
because of the sensitivity of RO membrane material to chlorine oxidation. Several alternative 
pretreatment approaches, UV, chlorine dioxide and granulated activated carbon filter, were 
explored in this study to understand the effectiveness of each pretreatment for prevention of 
membrane fouling in desalination pilot plants.  

8.2 MATERIAL AND METHODS 

8.2.1 Testing condition and set up 
In collaboration with UCLA and Long Beach Water Department, this study was conducted at 
Long Beach Prototype Seawater Desalination Plant. The prototype plant operated a 0.3MGD 
two-pass seawater nanofiltration desalination system. Several conventional pretreatments 
were installed upstream of the NF feed including trash racks, strainers, chlorination, 0.1 µm 
MF, and de-chlorination. The de-chlorinated MF filtrate was split into two feed tanks to feed 
the north and the south train in the prototype facility.  

In the field testing, UV radiation (TrojanUV, Ontario, Canada) was applied to the north train 
feed water for 60 days. The UV radiation was operated at the intensity of 31mJ/cm2. Chlorine 
dioxide was injected into the south train for 54 days. A prominent chlorine dioxide generator 
was used to produce “chlorine-free” chlorine dioxide at a residual concentration of 0.5 mg/L. 
Cartridge filters were installed before NF desalination membranes on both trains. In addition 
to the 4-inch diameter spiral wound membrane in the north and south desalination trains, a 
side-stream was diverted from each feed flow to flat sheet membrane detectors operated 
either at 6 psi (low pressure) without permeation or at 550 psi (high pressure) with 
permeation through the membrane. The third set of flat sheet membrane detectors was set up 
with a granulated activated carbon filter (GAC, PHP Micro-Carbon II, Pall Corporation, East 
Hills, NY) to replace cartridge filters as a pretreatment to remove organic carbon from 
reaching the desalination membrane.  
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8.2.2. Biofilm density and thickness analysis 
To compare membrane conditions under different pretreatments, both flat sheet and spiral 
wound membranes were retrieved at the end of the testing (60 days for UV and 54 days for 
chlorine dioxide). Membrane autopsy for the lead elements from the south and north train of 
the prototype plant were performed at UC Irvine Biological Machine Shop within 24 hr of 
removal from the trains. In the lab, all membrane samples were sectioned into 1cm x 1cm 
square pieces and stained using SYTO 9 green-fluorescent nucleic acid stain and propidium 
iodide red-fluorescent nucleic acid stain following manufacturer’s protocol (FilmTracer™ 
LIVE/DEAD Biofilm Viability Kit, Invitrogen, San Diego). After drying, the stained 
membranes were examined under CLSM (Zeiss LSM 510 META) using two 
excitation/emission wavelength settings, at 488nm/500nm for SYTO 9 and 510nm/635nm for 
propidium iodide. Images were captured under each excitation/emission setting. Z sectioning 
method was used to determine the thickness of the biofilm. Bacterial density was evaluated 
by visually counting the number of cells attached to the membranes surface, and was 
determined by the average number count of 3 images for each sample. 

8.2.3. Fouling organisms on membrane 
To indentify the microbes that survive the UV and ClO2 pretreatment to colonize the 
desalination membrane surface, the foulant on the membrane surface was eluted from 10 cm 
x 10 cm sections of membrane using PBS (pH 7.0). Only the spiral wound membranes from 
the south and north train were used for fouling organism identification because the flat sheet 
membranes have limited area available for testing.  

For bacterial identification, microbial community DNA was amplified using universal 16S 
rRNA gene primers [44] and cloned into a pGEM-T cloning vector according to the 
manufacturer instructions (Promega, USA). Approximately 80 colonies of ampicillin-
resistant transformants were randomly picked and cultured overnight in LB broth containing 
50 mg/mL ampicillin. Plasmids were isolated using the plasmids purification kit (Qiagen 
Inc.CA), then used as templates for PCR amplification using pGEM-T-specific primers M13F 
and M13R. The plasmid that gave the desired amplicon size was then subjected for restriction 
fragment length polymorphism (RFLP) analysis using restriction endonucleases MspI and 
RsaI (Promega, USA). Plasmids that produced the same RFLP pattern were grouped together 
and considered members of the same operational taxonomic units (OTUs), and the frequency 
of each OTU occurrence was used as an indicator of bacterial species abundance.  

Each OTU from the clone library was then sequenced using the M13F primer. The DNA 
sequencing was performed using the BigDye 3.1 sequencing kit following manufacturers’ 
protocols (Applied Biosystems). The final reactions were submitted to Laragen, Inc. (Los 
Angeles, CA) for a sequencing run using ABI prism 3100 capillary sequencing. Nucleotide 
sequences were submitted to the BLAST search engine at NCBI GenBank database and 
identified through the similarity values. To construct a phylogenetic tree, sequences obtained 
were aligned with reference sequences retrieved from the GenBank database, the distance 
matrices were calculated using ClustalX software and the phylogenetic tree was produced by 
TreeView. 
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8.3 RESULTS 

8.3.1 Operation parameters and performance 
The permeate conductivity and normalized permeate flux were taken from both prototype 
trains and high-pressure flat sheet membrane detectors. The permeate conductivity in chlorine 
dioxide treated flat sheet detectors increased sharply approximately 30 days into the test, 
which was accompanied by an increase of permeate flux. This change in water quality and 
flux was observed after an unplanned system shut down due to machinery malfunction, 
exposing the membrane to stagnate feed water containing chlorine dioxide, which likely led 
to subsequent degradation of membrane material. However, significant changes in permeate 
conductivity and flux were not observed in spiral wound membranes in the prototype system, 
suggesting that the small membrane detector is more sensitive than the spiral wound element 
to detect water quality changes. The permeate conductivity did not change significantly in 
any other testing system, however, graduate decreases of flux were observed in both UV and 
GAC treated flat sheet membrane detectors, suggesting membrane fouling in the system. The 
prototype plant did not have observable changes in conductivity nor flux. The differential 
pressures were measured at all testing-systems. There was no significant change observed in 
any of the detectors, suggesting differential pressure was not a sensitive indicator for 
membrane integrity or fouling. The operation data for this testing is the intellectual property 
of UCLA and Long Beach Water Department. Thus the data is not presented in this report to 
protect their property rights.  

8.3.2 Membrane analysis 
Cell density and biofilm thickness analysis revealed significantly higher number of bacterial 
cells and greater biofilm thickness on membranes exposed to water treated with UV than 
those with GAC and ClO2 (Figure 8-1, 8-3). The ClO2 pretreatment significantly reduced the 
live bacterial cells although nearly an equal amount of dead bacteria were observed in the 
low-pressure detector (Figure 8-3). This observation confirmed the effective biocidal effect of 
ClO2 in seawater pretreatment, however, membrane damage was also observed from the 
operation data. Both the low-pressure and high-pressure system showed a similar trend in 
biofilm and bacterial cell accumulation under different pretreatments (Figure 8-3). The spiral 
wound membrane from the prototype plant had less number of bacterial cells although the 
biofilm thickness was not significantly different from those on the fouling detectors (Figure 
8-2, Figure 8-3). Long filamentous bacteria were observed on the spiral wound membrane 
with UV pretreatment (Figure 8-2). This type of filamentous bacterium was suspected to be 
the builders of a biofilm network that effectively thickened the fouling layer. Overall, the 
biological data supported the operational observations and further confirmed that fouling 
detectors were a good indication of membrane conditions and pretreatment efficiency at 
fouling reduction on the spiral wound membranes in prototype plant.  

In an attempt to identify the bacteria that bypass pretreatments to cause membrane fouling, 
clone libraries were constructed for membranes taken off from the prototype plant. The 
results showed that 28 bacterial clones retrieved from ClO2 treated membranes were grouped 
into 14 OTUs, while 25 bacterial clones from UV treated membranes were only classified 
into 6 OTUs. Nearly 70% of the bacteria that survived the UV radiation belonged to 
Kordiimonas sp., a unique α-proteobacteria. Rhodovulum sulfidophlium, another α-
proteobacteria, accounted for 16% of the clone library of the UV radiation treated membrane 
sample. The other three OTUs only contained one or two clones. In comparison, the chlorine 
dioxide treated sample has a greater diversity than those found among the UV-treated sample. 
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Regeria atlantica is the most dominant bacteria among the clone library of ClO2 treated 
samples, which accounts for 25% of the total clones, followed by Pseudomonas aureginosa 
counting for 10.7% of the clones. Overall diversity of the bacterial community was reduced 
in comparison with the clone library from the SWRO membrane without UV and ClO2 [55]. 
There was no clear distinction between microorganisms found on membranes pretreated with 
UV or ClO2. The sequencing results confirmed the previous observation that α-proteobacteria 
is commonly found on the seawater desalination membrane although the survival mechanism 
to pretreatment is not yet well understood (Figure 8-4).  

8.4 CONCLUSIONS AND DISCUSSION 
Comparing the effectiveness of different pretreatments, adding UV radiation after MF and CF 
pretreatment did not seem to have additional advantages in preventing biofouling. Membrane 
with UV pretreatment seemed to have the worst biofouling. Although the mechanisms of 
bacteria survival through UV radiation were unclear during this project, it is speculated that 
UV can break down humus to small molecular weight organic to stimulate bacterial growth 
[56]. In comparing the UV and ClO2 pretreatments with the GAC filtration, the results 
showed GAC worked well in preserving permeate flux. However, bacterial cell density and 
biofilm thickness on membranes with additional GAC treatment were not significantly 
different from those without GAC. The water quality data also indicated that GAC treatment 
did not reduce the TOC concentration in the finished water (data not shown), suggesting the 
effectiveness of GAC to remove organic materials in water pretreatment should be further 
investigated.  

Biological analysis also indicated that membranes from low-pressure and high-pressure 
membrane detectors were comparable in terms of biofilm thickness and bacterial cell 
accumulation on surfaces. Both were good representations of membrane conditions on the 
prototype treatment trains for biofilm accumulation. High-pressure membrane detectors, as 
shown during the ClO2 addition experiment, can detect membrane degradation faster than the 
prototype-scale plant by permeate conductivity and flux changes. Although we had shown 
that ClO2 was very effective in biofouling control on membrane surfaces, we also observed 
degradation of the membrane and salt permeation during operation. Thus, its effect on 
polyamide membranes was questionable and needs to proceed with caution. 
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1.NF90 low pressure detector with MF + CF 

 
2.NF 90 low pressure detector with MF + GAC seawater 

	
  	
  
3. NF90 low pressure detector with MF + CF + UV disinfection	
  

	
  
4. NF90 low pressure detector with MF + CF + ClO2 
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5. NF90 high pressure detector with MF + CF	
  

 
6.NF90 high pressure detector MF + GAC seawater	
  	
  

 
7. NF90 high pressure detector MF + CF +ClO2 

 
8. NF90 high pressure detector MF +CF + UV 

 
Figure 8-1. CLSM images of flat sheet membranes exposed to different 
pretreatments. The treatment is indicated below each image panel. 
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1. NF90 spiral wound membrane exposed to MF+CF+UV 

 
2. NF90 spiral wound membrane exposed to MF+CF+UV 
 

Figure 8-2. CLSM images of spiral wound membranes retrieved from prototype 
plant after exposure to feed water treated by different pretreatments. The 
treatment is indicated below each image panel. 
 
 

 

Figure 8-3. Cell counts and biofilm thickness on flat sheet and spiral wound 
membranes exposed to different pretreatments. 1. MF+CF low-pressure; 2. 
MF+GAC low-pressure;  3. MF+CF+ClO2 low pressure; 4. MF+CF+UV low 
pressure; 5. MF+CF high pressure; 6. MF+GAC high pressure; 7. MF+CF+UV 
high pressure; 8. MF+CF+ClO2 high pressure; 9. MF+CF+UV spiral wound 
prototype membrane; 10. MF+CF+ClO2 spiral wound prototype membrane. 
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Figure 8-4. Phylogenic tree showing the position of bacterial clones retrieved 
from the spiral wound membrane exposed to chlorine dioxide or UV pretreated 

feed water. Clones marked with the first letter “c” designates bacterial clone 
from membrane treated with chlorine dioxide and the first letter “u” designates 

clone from membrane treated with UV radiation. 
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CHAPTER 9 

APPLICATION OF CHLORAMINES FOR RO MEMBRANE 
DISINFECTION AT WEST BASIN DESALINATION PILOT 
PLANT 

 

9.1 INTRODUCTION 
Due to the chemical composition of the RO membrane thin film, oxidants such as free 
chlorine are unsuitable for direct contact with membrane surface for disinfection because of 
the potential damage caused by breakage of the polymer bounds in thin film composite. 
Chloramines are applied more and more often in the United States as an alternative for 
chlorine during secondary disinfection of drinking water. The main reason for the transfer 
from chlorine to chloramines is that chloramines react with organic matter less often than 
chlorine. Little to no trihalomethanes (THM) and other disinfection byproducts are formed. 
Chloramines are less reactive than chlorine and thus less damaging to RO membrane under 
similar operating conditions. In addition, monochloramines do not degrade complex organic 
carbon into small molecular weight organic carbon, which can cause bacterial-after-growth as 
found in free chlorine treatment. However, due to the low reactive rate, a longer contact time 
and higher concentration of chloramines are required for disinfection. Chloramines remain 
active in the water system for a considerable long period of time. 

Chloramines are formed during a reaction between chlorine (Cl2) and ammonia (NH3). 
During this reaction three different inorganic chloramines are formed; monochloramine 
(NH2Cl), dichloramine (NHCl2) and trichloramine (NCl3). Monochloramine is the most 
effective disinfectant. Monochloramine is formed when the pH of the water is above 8.  At 
lower pH dichloramine and trichloramine are dominant. In addition, free chlorine and organic 
chloramines are also present during the reaction. Thus, the application of chloramines to RO 
membrane surface requires close monitoring of the chlorine species for effective disinfection 
and prevention of membrane damage. 

This study examined the direction application of pre-formed chloramines for disinfection of 
RO membrane surface during desalination operation. The goal of this study is to investigate if 
chloramines can serve as a secondary disinfection during RO operation.  

9.2 MATERIAL AND METHODS 

9.2.1 Testing condition and set up 
The study was conducted at West Basin desalination pilot facility. The pilot plant operates 
two parallal RO trains each contains 7 high permeability SWC5 membrane elements. Intake 
seawater was pretreated with microfiltration and cartridge filtration before delivered to the 
two RO trains. The chloramines were formed by adding ammonia to chlorine in a rapid mixer 
and carried by SWRO permeate to mix in with RO feed immediately before Train 1. The final 
total chlorine residue concentration of 5-7 mg/L was maintained in the RO feed. The pre-
formed chloramines dosing, system startup, and operation were conducted by Trussell 
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Technologies, Inc. and operated SPI Inc. at the West Basin pilot facility. The detailed 
operational data can be found in their report to WateReuse Research Foundation. 

In addition to train 1 dosed with chloramines, Train 2 was operating in parallel serving as a 
non-chloramines control unit. The membranes were in operation for ~6 months between 
January and June 2009. A significant RO operation pressure increase in Train 2 was detected 
in March following a coastal algal bloom, but it was absent from Train 1 with the 
chloramines addition. An aggressive cleaning procedure was performed on Train 2 after the 
fouling event. Both trains were operated under stable conditions until the end of the testing 
period in June 2009. 

9.2.2 Membrane autopsy 
Four RO membrane elements were collected at the end of the fild testing. Two elements, one 
head and one tail, were from Train 1 with chloramines; and two other elements, one head and 
one tail, were from the control Train 2 without chloramines in the RO feedwater.  

At the time of membrane collection, the system was shut down and each train was flushed 
with DI water two times. The membrane elements were disassembled and transported to the 
UC Irvine laborary by car. All four elements were opened at the UC Irvine biological 
machine shop. The feed-end of the element was marked before opening. The membrane was 
exposed and examined visually and photographed. Three pieces, each a 4x4 inch square, from 
each element were cut out for total bacterial density counts. An 8x8 inch piece was also cut 
from each element and preserved in a 80°C freezer for total genomic DNA extraction. 

9.2.3 Biofilm and bacterial community on membrane surface 
Small sections of membrane were examined for cell density and biofilm thickness using the 
same protocols as is described for the membrane samples from the LBWD Prototype 
Desalination plant (see 7.2.2). 

To identify the bacteria that survived the pretreatment and were deposited on the membrane 
surface, genetic analysis of total bacterial genome was performed. Briefly, RO membranes 
were cut into small pieces and placed into sterile 50 ml tubes. PBS was added to the tubes as 
an elution buffer. The bacteria on the membrane surface were eluted using vigorous vortexing 
for 1 to 2 minutes. 10 to 20 µl of elution was transferred to a microfuge tube and boiled for 10 
mins to release genomic DNA from the cells and cooled to room temperature for molecular 
analysis. 

The boiling lysate was diluted to 1:10 and 1:100 using sterilized DI water. One microliter of 
each dilution was used for PCR using bacterial universal primers 8F (5’-
AGAGTTTGATCCTGGCTC AG-3’) and 1492R (5′-GGT TAC CTT GTT ACG ACT T-3′) 
(Lane 1991). The forward primer 8F was labeled at the 5’ end with the fluorescent dye. The 
PCR mixture contained 1× PCR buffer (Lucigen, Middleton, WI), 2.5 mM MgCl2, 4 × 200 
µM deoxynucleoside triphosphates, 400 nM each forward and reverse primer, and 1 U of 
EconoTaq (Lucigen) in a total of 25 µl reaction. The PCR was performed using the GeneAmp 
2700 PCR system (Applied Biosystems, CA) with the following thermal profile: initial 
denaturation at 94°C for 2 min followed by 30 cycles of 94°C for 1 min, 55°C for 1 min, and 
72°C for 1.5 min, with a final extension at 72°C for 10 mins and a hold at 4°C. The PCR 
amplicons were confirmed by gel electrophoresis. The fluorescent PCR products were 
cleaned using the PCR purification kit (Qiagen, Inc. USA). 10 µL of purified product was 
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digested with 3U of the restriction enzymes RsaI and MspI (Promega, Corp. USA) separetly 
in two tubes for 4 h at 37 °C followed by an inactivation step at 65 °C for 10 min. The final 
reactions were submitted to Laragen Inc. (Los Angeles, CA) for a sequencing run using the 
ABI prism 3100 capillary sequencer. T-RFLP profiles were analyzed using Peak Scanner 
software (Applied Biosystems, Foster City, CA) to determine the number of fragments, 
fragment length, and relative intensity of each of the terminal restriction fragments (T-RFs) in 
a sample. Parameters were set to exclude peaks under 50 fluorescent units and those smaller 
than 50 bp or larger than 600 bp. T-RF data were exported to the T-RFLP Fragment Sorter 
program (https://secure.limnology.wisc.edu/trflp/index.jsp). The putative bacterium was 
identified from each T-RF peak based on its fragment size and restriction enzyme used for 
digestion. Considering that a difference of 2 bp in the sizes of T-RFs is possible to occur due 
to the nature of the gel separation by the automated DNA sequencer, T-RFs that differed by 
less than 2 bp were clustered. 

9.3 RESULTS AND DISCUSSION 

9.3.1 Membrane visual inspection  
Figure 9-5 shows the photographs of the RO membrane immediately upon opening. Visual 
inspection revealed sparse dark brown particulates on the RO membrane at the leading edge 
of the head element but they were absent on the tail element. The RO membrane from the 
treatment train with chloramines and the control train without chloramines were not 
apparently different upon visual inspection (Figure 9-1).  The Train 2 has been under 
aggressive cleaning three months prior to the termination of the testing, which may explain 
the clean appearance on membrane surface. 

 

 

 

 

 

 

Figure 9-1. The RO membrane from West Basin plant chloramines study. The 
feed end of the RO membrane is shown on the left with sparse brown 
particulates. The same membrane element after excision is shown on the right.  

 

9.3.2 Bacterial density on RO membrane 
Representative CLSM images from four RO membranes stained by fluorescent molecular 
probes are shown in Figure 9-2. Both live (green) and dead (red) bacterial cells accumulated 
on the membranes. The densities of the live and dead cell-counts from each membrane are 
summarized in Table 9.1. There was no significant difference in live cell-counts or dead cell-
counts between the two head elements with and without chloramines. The tail elements were 
visually cleaner than the lead element, with only few observations of individual cells.  
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Table 9.1 Live and dead cells on RO membranes from West Basin pilot plant 

 

 

Figure 9-2. Live (Green) and dead (Red) bacteria cells on RO membranes from 
West Basin Pilot Plant. A: head RO element treated with chloramines, B: tail 
element treated with chloramines, C: head element without chloramines, D: tail 
element without chloramines. Picture is taken at 80× magnifications. Each 
image is a composite of two pictures taken using two different filters for live and 
dead stains, respectively. 

9.3.3 Bacterial community analysis using 16S rRNA gene T-RFLP 
fingerprinting 

The bacterial communities on different RO membranes are shown in Figure 9-3. The 
chloramines-treated elements showed lower bacteria diversity than the control element 

Membrane                       Live 
(particles/mm2) SD Dead 

(particles/mm2) SD 

Chloramine Head                                      2.4×103 0.9×103 5.5×103 2.2×103 

Chloramine Tail                                       1.6×103 0.4×103 <1.0×103 0.9×103 

No Chloramine Head                                  1.9×103 0.5×103 4.0×103 1.1×103 

No Chloramine Tail                                <1.0×103 0.3×103 <1.0×103 0.4×103 

A C 

B D 
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without chloramines. Thirteen bacterial peaks were observed on the chloramine-treated head 
element, 22 peaks were seen on the head element without chloramines, although many of 
these peaks had relatively low signal intensity. Three common peaks, at 88bp, 438bp and 
495bp, were observed in all four RO elements. They were tentatively assigned as 
Arsenophonus sp, Roseobacter sp, and Vibrio sp. respectively (Table 9.2). However, peak 
identification based on fragment size and restriction enzymes used for digestion only gives 
the possibility of matching. The peaks cannot be identified to the species level without 
confirmation by gene sequencing.  

Two unique bacterial peaks, at 146bp and 427bp, respectively, were observed on the 
chloramine-treated RO membrane. They likely belong to the genus of Pseudomonas and 
Methylarcula, respectively, based on the database matching (Table 9.2). The tail element 
from the chloramine-treated train had the lowest number of bacterial peaks with the 495 bp 
peak (possible matching genus: Shewanella, Vibrio, or Cyanophora) accounting for 44% of 
the relative abundance among all bacteria on the membrane.  

The head and tail element from the control train (no chloramines) showed the similar T-RFLP 
profile. The 438 bp T-RF (possible matching genus: Roseobacter sp.) dominated the bacterial 
community on the membrane. The 135bp T-RF, identified as Leptothrix sp., was present at 
both head and tail elements in the control train, while this peak was completely inhibited by 
chloramine-treatment (absent from the treatment train).  

9.3.4 Conclusions 
There was no significant difference based on either visual inspection or bacterial cell-counts 
on the RO membrane surfaces for the treatment and control train. This is likely due to the 
aggressive cleaning procedure used for Train 2 after a fouling event in March 2008. In spite 
of the cleaning effort, there were still residual bacteria on the surface of the membrane as 
indicated by total genomic DNA analysis of membrane surface eluants. It is interesting to 
observe that although both membrane appear similar in term of the absence of biofilm and 
low cell density, bacterial community compositions were significantly different. The most 
obvious observation was the reduced bacterial diversity in the chloramine-treated train, 
suggesting chloramine selected for a subgroup of bacteria that were resistant to treatment. 
However, chloramine-treatment encouraged the growth of other bacteria, such as those 
belonging to Pseudomomonas sp.  

In comparison, the Leptothrix sp. that was found in both head and tail elements from the 
control train was inhibited by chloramine-treatment. Leptothrix sp. is a filamentous iron 
oxidizing bacterium (chemolithotrophic prokaryote) that is known to form dense rope-like 
threads that are golden brown in color. The removal of this filamentous bacterium may be 
responsible for the observed improvement in the permeability of the membrane during the 
operation. 
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Table 9.2. Tentative identity of T-RF peaks based on fragment size and 
restriction enzyme 

 
Fragment 
Length 
(bp) 

Microorganism Phylogenetic group 

88 Arsenophonus sp. (M90801), Thermonema 
sp.(L11703) 

Gammaproteobacteria, 
Sphingobacteria 

135 Bacillus sp. (S42879)., Leptothrix sp. (L33974) Firmicutes, 
Betaproteobacteria 

146 Pseudomonas sp. (X06684), Listeria sp.(X56149) Gammaproteobacteria, 
Firmicutes 

165 Bacillus sp. (S42879), Thermoactinomyces sp. 
(L16902) 

Firmicutes, 
Betaproteobacteria 

170 Clone OCS155. (AF001652)  

203 Clone 1_60. (AF154059)  

427 Methylarcula sp. (AF030437), Nitrosospira 
sp.(L35509) 

Alphaproteobacteria, 
Betaproteobacteria 

438 Roseobacter sp. (AF100168), Rhodobacter 
sp.(AB017799) 

Betaproteobacteria, 
Alphaproteobacteria 

456 Comamonas sp. (M11224), Marinomonas 
sp.(X67025) 

Betaproteobacteria, 
Gammaproteobacteria 

489 Flavobacterium sp. (M59156),Pseudomonas 
sp.(U65012) 

Flavobacteria, 
Gammaproteobacteria 

495 Shewanella sp. (AF026460), Vibrio sp.(X74708), 
Cyanophora sp.(U30821) 

Gammaproteobacteria 

499 Shewanella sp. (AF026460),Vibrio sp. 
(X74708),Cyanophora sp.(U30821) 

Gammaproteobacteria 

545 Cytophaga sp. (AB015262), Mycoplasma 
sp.(U26041) 

Mollicutes 
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Figure 9-3. T-RFLP fingerprints obtained from the four West Basin Pilot 
Plant RO membrane elements. 16S rRNA gene-based T-RFLP profiles are 
produced by digestion with MspI. 
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CHAPTER 10 

BALANCING NUTRIENT RATIO AS A STRATEGY FOR 
BIOFOULING CONTROL AT CARLSBAD DESALINATION 
PILOT PLANT 

 

10.1  INTRODUCTION 
In previous chapters we have shown that membrane biofouling is caused by diverse 
microorganisms, and most of the organisms respond to the addition of organic nutrients either 
in the lab bench-scale experiments (chapter 3) or in the pilot scale desalination facility 
(chapter 4). We have also shown that there is a positive association between California 
coastal algal blooms and the degradation of membrane performance, suggesting that algal 
blooms or the organic carbon released post algal bloom plays an important role in membrane 
biofouling. In this final chapter, we report the testing of balancing nutrient ratios as a strategy 
for biofouling control. This research is based on the hypothesis that marine biofilm consists 
of high concentration of extracellular polysaccharides (EPS), which is produced when AOC 
is in excess of nitrogen and phosphate available for bacterial cell division. By dosing the 
SWRO feed water with nitrogen and phosphate, we hope to increase cell divisions and to 
reduce the EPS production and membrane fouling. 

10.2 MATERIAL AND METHODS 

10.2.1 Experimental set up 
The experiments were set up at the Carlsbad desalination pilot facility. Two flat sheet bio-
monitor systems were run in parallel with the spiral wound SWRO system in the pilot plant 
using a side-stream of the UF-pretreated RO feed (Figure 10-1). The bio-monitor consists of a 
4x8 inches flat sheet SWC5 RO membrane sealed between membrane spacers. The systems 
were run at 6 psi without permeation for study of the cause of biofouling. Figure 10-1 shows 
the schematic set up of the testing system. Membrane unit 1 is the spiral wound SWRO 
system operated in the pilot facility, unit 2 is a flat sheet membrane without dosing of 
nutrients that serves as a control for unit 3, unit 3 is a flat sheet membrane dosed with N and 
P through a pump to a final concentration of 10 mg/L and 2 mg/L, respectively. The bio-
monitoring system was set up in July 2010. The flat sheet membranes were removed every 
two weeks to be examined for biofilm thickness and total bacterial cell counts on the 
membrane surface. A new set of membranes was installed after each remove. The biofilm 
thickness and cell counts were performed using CLSM as described in Chapter 4. 

10.2.2 Environmental and operational parameters 
The environmental and source water quality parameters were collected at the field site. The 
parameters include rain precipitation, chlorophyll concentration as indicated by relative 
fluorescence, water turbidity, and SDI in the UF filtrates. The Carlsbad plant operational 
parameters such as feed temperature, feed pressure, differential pressure, feed and 
concentrate conductivity were also recorded.  
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Figure 10-1. Bio-monitor system at Carlsbad desalination pilot plant. 
Membrane test unit 1 is the spiral wound membrane filter. Membrane test unit 
2 and 3 are flat sheet membranes without permeation. The unit 3 was dosed 
with N and P to test the effectiveness of balancing nutrient ratio on biofilm 
growth. 

10.3 RESULTS 
The environmental and water quality parameters collected between July 15, 2010 and January 
15, 2011 are presented in Figure 10-2. The rain precipitation record indicated that the first 
rainfall of greater than 0.5 inches in the area occurred around Oct. 18th, which resulted in a 
dip in feed water conductivity and a reduction in feed pressure due to the decreases in 
conductivity. The second major rainfall during the study period was recorded in late 
December and early January when the spiral wound RO membrane was offline and water 
conductivity and feed pressure were not collected. The overall data showed that feed pressure 
was not a good indication of the relationship between plant performance and changes in water 
quality and environmental parameters because the spiral wound RO system was off line 
several times for system update and cleaning. However, elevations of UV 254 readings were 
noticed in late October and again in late December suggesting that rainfall brought in 
additional organics from land runoff from the feed lagoon. SDI did not reflect the influence 
of the rainfalls during the study period. 

In addition to UV 254, water turbidity and chlorophyll relative fluorescence also indicated the 
influence of rainfall and land runoff on the feed water quality (Figure 10-3). Spikes of 
turbidity and fluorescence readings were observed during the rain and a few days following 
the rainfall. Elevations of differential pressure (dP) in the spiral wound RO membrane system 
were observed in late October. However, due to the RO pilot operation schedule and other 
ongoing studies with the RO system, the dP was also not a good indication of the RO system 
performance. 
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Figure 10-2. Environmental, water quality and operational parameters collected 
between July 15, 2010 and January 15, 2011 at Carlsbad desalination pilot 
plant.  
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Figure 10-3. Water turbidity, chlorophyll fluorescence and spiral wound RO 
membrane difference pressure (dP) collected between July 15, 2010 and 
January 15, 2011. The elevations of turbidity and chlorophyll fluorescence 
coincided with major rainfall events. dP was not a good indication of water 
quality partly due to the changes in operation in spiral wound RO system. 
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Figure 10-4. Biofilm thickness and total bacterial cells on the surface of the RO 
membrane collected from flat sheet bio-monitor systems. The membranes were 
collected every two weeks after installation. Unit 2 is the control bio-monitor 
without addition of nitrogen and phosphate. Unit 3 is the identical bio-monitor 
dosed with nitrogen and phosphate in the feed water.  

 

Using bio-monitor systems, we were able to collect data on RO membrane biofouling by 
taking off membranes every two weeks to exam biofilm thickness and total bacterial cell 
counts. The elevations of biofilm thickness and total bacterial cell counts were observed on 
unit 2 of the bio-monitor membranes that were exposed to feed water after major rain events 
(Figure 10-4). Significantly higher numbers of cells were observed on the membrane 
collected on Oct 24th, December 23rd and January 9th. This result suggests that rainfall 
triggered organics loading by land runoff can accelerate the membrane biofouling rate.  

Interestingly, the membranes recovered from bio-monitor unit 3, where nitrogen and 
phosphate were dosed into the feed water, did not experience an increase in biofilm thickness 
or total cell numbers. Both the biofilm thickness and cell counts were similar to the condition 
before the major rain events. This result suggests that balancing the ratio of total organic 
carbon with the addition of nitrogen and phosphate can be a strategy to reduce membrane 
biofouling during periods with excess organic loadings. 
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10.5 CONCLUSIONS AND DISCUSSION 
This study demonstrated the relationship between seasonal rainfall and membrane biofouling. 
We have also shown that UV 254, chlorophyll fluorescence can reflect the change in water 
quality caused by rainfall and land runoff. The measurements of elevated UV 254 value with 
the occurrence of major rain events also indicated that land runoff can bring in additional 
organic matter to the feed water, which contributed to the membrane biofouling. 

The addition of nitrogen and phosphate to feed water to balance the ratio of OC: N : P is a 
novel approach to treat membrane biofouling. The data presented in this chapter provide a 
proof of concept that balancing nutrients can be used as a strategy for membrane biofouling 
control. We hope to further this work in the next phase by identifying the group and class of 
bacteria that were changed with the addition of N and P in the feed water. We also seek to 
optimize the treatment by establishing a seawater membrane bioreactor as a pretreatment to 
remove organics before they are in contact with the RO membrane. 
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CHAPTER 11 

SUMMARY, RECOMMENDATIONS AND FUTURE RESEARCH 

 

11.1  SUMMARY 
One of the challenges seawater desalination faces today is RO membrane biofouling. 
Investigations of marine bacteria from desalination facilities have shown that diverse types of 
marine bacteria are found on the surface of the SWRO membranes collected from different 
parts of the world. A few groups of these bacteria are dominant on the membrane surfaces. 
Effective strategies to control these biofouling bacteria will have broad impact in the 
desalination industry world-wide.  

This investigation also showed that coastal algal blooms are an important environmental 
trigger for accelerated SWRO membrane fouling. Although algal cells are removed by 
pretreatment, the DOM released by the dead algal cells can bypass the pretreatment and 
provide food for accelerated bio-growth and biofilm production on the SWRO membrane 
surface. Complex organic nutrients are the main cause of the accelerated membrane fouling 
in both lab-scale and pilot scale testing. Organic nutrient control is an important strategy for 
biofouling reduction.  

Of several alternative pretreatment methods tested in this study, each has its potential and 
drawbacks. UV and GAC filter were ineffective at control membrane fouling; chlorine 
dioxide and chloramines required careful monitoring of the system to maintain a balance 
between microbial inactive and membrane damage, which present challenges in full scale 
operation. Balancing the ratio between organic carbon, nitrogen and phosphate in the 
feedstock was shown to reduce biofilm thickness and membrane fouling rates, which should 
be further explored as a novel approach for biofouling control. 

11.2 RECOMENDATIONS 
The results of this project have led to the following practical recommendations for prevention 
and control of RO membrane biofouling: 

5. Control and reduction of DOM in seawater feedstock   

The intake of the desalination plant should be located away from the coastal area that 
is prone to algal blooms or the month of rivers or streams carry high loads of organic 
nutrient;  

Selection of pretreatments should consider removal of DOM in addition to particular 
matter. High pressure pretreatments should be avoided during algal bloom season, 
which may cause breakage of phytoplankton cells and release of DOM into filtrate. 

6. Anticipate seasonal biofouling events 

Biofouling often associates with coastal algal blooms during spring and summer. An 
increase of membrane cleaning frequency may be necessary to maintain plant 
productivity and membrane recovery. 
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7. Apply chlorophyll fluorescence as a biofouling precursor 

Chlorophyll fluorescence, an indirect measure of algal density in water, is one of the 
most easily obtained parameters in the coastal water that can be obtained using a 
hand held fluorometer. The relative chlorophyll fluorescence can be used as 
indication of biofouling precursor.  

8. Set up on-site biofouling monitor system to examine membrane condition 

Small flat sheet RO membrane monitor using side-stream of RO feed can sensitively 
report the membrane condition. The monitor system can be used to quick examine 
fouling composition without the need of membrane autopsy.  

11.3 FUTURE RESEARCH 
Extracellular polysaccharides (EPS), which are the main cause for SWRO membrane fouling, 
are produced by marine bacteria cultured in complex organic nutrient media (as shown in the 
early part of this study). EPS is known to act as a bacterial defense mechanism against hostile 
environmental conditions such as desiccation or presence of disinfection. We hypothesis that 
the EPS is also used as a storage of OC to use during times of needs. The mechanism of OC 
storage by bacteria from an evolutionary perspective is likened to the mechanism observed in 
the higher organisms, for example, macroalgae are known to store OC during the summer 
months and utilize the storage in winter.  

What, however, is interesting and a very key finding of this research is that the DOM in the 
seawater is not the only trigger of the EPS creation process. The study shows that in order for 
the EPS creation to be triggered, in addition to food abundance, another factor – namely the 
imbalance of OC:N:P has to occur as well.  As indicated in previous Chapters, if the ratio of 
TOC to total nitrogen (TN) and total phosphorus (TP) in the seawater is maintained, TOC 
could be as high as 20 mg/L without major membrane fouling. This fact is of fundamental 
importance for biofouling control because it indicates that EPS formation of bacteria can be 
prevented by the addition of TN and TP to the feed water every time when TOC in the water 
is increased due to natural factors such as algal blooms. 

The biofouling research completed in this study points out that under normal conditions (non-
algal bloom conditions) typical open-ocean water has TOC, TP, and TN typically lower than 
or equal to 0.5 mg/L. In addition, the ratio of the three key nutrients TOC:TN:TP is 
approximately 1:1:1. Algal blooms result in change in the ratio of TOC and the micro-
nutrients in the seawater because during such events a large number of algal cells release 
cytoplasmic material into the seawater which results in the change of the ratio between TOC, 
TN, and TP. While during algal blooms the TN and TP in seawater increase slightly 
(typically by 30 to 80% of their non-algal bloom levels), the TOC in the water usually 
increases several times to several orders of magnitude, thereby resulting in an imbalanced 
ratio of TOC, TN and TP.  

It should be noted that EPS generation does not begin immediately after the TOC:TN:TP 
ratio is imbalanced to a ratio different from 1:1:1. Based on worldwide experience typically 
for such generation to be initiated at a rate that creates a SWRO biofouling problem, the 
source seawater TOC level also has to be higher than 1.5 mg/L. Below this TOC level, while 
some EPS will be created by the bacterial cells, their amount is not adequate to allow them to 
begin an accelerated membrane colonization/biofouling process.  
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Based on the discussions presented above, balancing the content of TOC, TN and TP in the 
source seawater is likely to suppress the high rate of biofouling that occurs in the 
pretreatment filters and on the SWRO membrane elements during algal bloom events or other 
conditions (i.e., surface water runoff from agricultural areas or wastewater discharge near the 
SWRO plant intake).  This approach involves the measurement of TOC, TN and TP in the 
source water and addition of the source of nitrogen (for example nitric acid) and phosphorus 
(for example phosphoric acid) in amounts that allow it to achieve a ratio of TOC:TN:TP of 
approximately 1:1:1.  For example, if the source seawater TOC = 4.0 mg/L, TN = 2.3 mg/L 
and TP = 1.6 mg/L, nitric acid of a dosage of 2.7 mg/L as TN (4.0 mg/l – 2.3 mg/L = 2.7 
mg/L) and phosphoric acid of a dosage of 2.4 mg/L at total phosphorus (4.0 mg/L – 1.6 mg/L 
= 2.4 mg/L) would need to be added for the duration of the algal bloom (or other event 
causing nutrient imbalance) in order to balance the nutrient content of the source seawater.   

It is recommended to further investigate the strategy of balancing the nutrient ratio as a 
treatment for preventing SWRO membrane fouling. The treatment should be synchronized 
with an online monitoring system for TOC and fluorescence detection of chlorophyll 
concentration in the feedstock. The outcome of this research will offer a new tool for 
improving the efficiency of SWRO plants worldwide. 
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