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ABSTRACT 

Fouling of Seawater Reverse Osmosis (SWRO) 

Membrane: Chemical and Microbiological 

Characterization 

Muhammad Tariq Khan 

In spite of abundant water resources, world is suffering from the scarcity of usable 

water. Seawater Reverse Osmosis (SWRO) desalination technology using polymeric 

membranes has been recognized as a key solution to water scarcity problem. 

However, economic sustainability of this advanced technology is adversely impacted 

by the membrane fouling problem.  

Fouling of RO membranes is a highly studied phenomenon. However, literature is 

found to be lacking a detailed study on kinetic and dynamic aspects of SWRO 

membrane fouling. The factors that impact the fouling dynamics, i.e., pretreatment 

and water quality were also not adequately studied at full–scale of operation.  

Our experimental protocol was designed to systematically explore these fouling 

aspects with the objective to improve the understanding of SWRO membrane 

fouling mechanisms. An approach with multiple analytical techniques was 

developed for fouling characterization. In addition to the fouling layer 

characterization, feed water quality was also analysed to assess its fouling potential. 
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Study of SWRO membrane fouling dynamics and kinetics revealed variations in 

relative abundance of chemical and microbial constituents of the fouling layer, over 

operating time. Aromatic substances, most likely humic–like substances, were 

observed at relatively high abundance in the initial fouling layer, followed by 

progressive increase in relative abundances of proteins and polysaccharides. 

Microbial population grown on all membranes was dominated by specific 

groups/species belonging to different classes of Proteobacteria phylum; however, 

similar to abiotic foulant, their relative abundance also changed with the biofilm age 

and with the position of membrane element in RO vessel. 

Our results demonstrated that source water quality can significantly impact the RO 

membrane fouling scenarios. Moreover, the major role of chlorination in the SWRO 

membrane fouling was highlighted. It was found that intermittent mode of 

chlorination is better than continuous mode of chlorination of seawater, as anti–

biofouling strategy. It was also confirmed that significant biofilm development was 

inevitable even with the use of chlorine to disinfect SWRO membranes.  

Our findings on the dynamic patterns of SWRO membrane fouling should help in 

further elaborating research projects focusing on the development of better 

strategies to minimize this troublesome phenomenon. 

Keywords: seawater desalination; reverse osmosis; biofilm; membrane fouling 
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CHAPTER 1                                            

INTRODUCTION 

1.1. Water Resources and Membrane Processes 

About 70.8 % of earth’s surface is covered by water [1]. It might seem that world 

has lot of water and there will never be shortage of this vital necessity of life. In 

reality, however, there is a limited amount of water which can be used for domestic, 

industrial and irrigation purposes without any special treatment. Only 1% of the 

world’s water is usable and rest of it (i.e., 99%) is unusable until it is passed through 

a treatment process (Figure 1.1).  

 

Figure 1.1: Distribution of usable and unusable waters on earth [2]. 

According to United Nations Educational Scientific and Cultural Organization 

(UNESCO), globally more than one billion people are deprived of healthy water. 

Polluted water is affecting health of about 15 million children each year. It is 

predicted that by the year 2050 two to seven billion people will face the water 

Ground 
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scarcity problem. It is also forecasted that quantity of water currently available per 

person will be three times decreased during the next two decades. One study by 

World Bank reported that, in India, three out of five aquifers will be in critical 

conditions by the year 2025 and by 2050 the water demand will surpass all the 

available supplies [3]. Resources of usable water are continuously going down not 

only in terms of quantity but also quality. Figure 1.2, published by UN, shows the 

scenario of global water scarcity prevailing from 1950 to 1995 and its projection by 

2025. 

 

Figure 1.2: Global water availability: History and Projection (Source: 
http://www.un.org/events/water/images/WaterYearGraph.jpg). 

 

http://www.un.org/events/water/images/WaterYearGraph.jpg
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When we look at the distribution and occurrence of water over the world we see 

that 96.5% of water is located in oceans as saline water, 1.74% as ice caps, glaciers 

& permanent snow, only 0.76% as fresh ground water, about 0.94% is brackish 

water, and water in lakes accounts for 0.013%. In addition a small portion of water 

is present as biological water, soil and surface humidity etc. [4]. Figure 1.3 is 

showing the relative proportion of different water resources.  

 

 

 

 

 

 

Figure 1.3: Distribution of water in different forms [4]. 

From the above all discussed facts and figures it is quite evident that the problem of 

water scarcity is on rise and if this trend will continue human life on earth will face a 

dreadful scenario in the coming decades and there could be sever struggle and fight 

for this very basic necessity of life. There is high abundance of water on earth but a 

major part of this water (e.g., seawater) cannot be used due to high salinity and/or 

presence of different contaminants. Hence, it is extremely important to develop and 

improve techniques and procedures capable of converting unusable water into 
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usable and safe water so that water supply could be increased in parallel to 

increasing water demand. 

1.2. Membrane Filtration Processes and Terminology 

Membrane filtration can be defined as “a pressure or vacuum driven separation 

process in which membrane act as barrier to targeted contaminants and 

remove them from the medium (i.e., solvent; water in our case), primarily by 

size exclusion mechanism”.  

A generalized model explaining membrane based water purification process is 

shown in the Figure 1.4. 

 

Figure 1.4: Conceptual model of a fundamental membrane based water filtration 
system. 

 

Membrane based processes have proven their reliability in the production of high 

quality water from contaminated and saline water resources. With the aid of 

membrane technology water of all types, whether fresh, brackish, sea or wastewater 

b a 
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can be treated to get the water for domestic or at least for agricultural/industrial 

purposes. 

Generally, on the basis of the size of contaminants being removed, membrane 

processes are classified into four categories namely Microfiltration (MF), 

Ultrafiltration (UF), Nanofiltration (NF) and Reverse osmosis (RO) (Table 1.1).  

Table 1.1:Fundamental membrane processes and their related features [5]. 

Process 
Microfiltration 

(MF) 
Ultrafiltration 

(UF) 
Nanofiltration 

(NF) 

Reverse 
Osmosis 

(RO) 

Permeability 
(L/h.m2.bar) 

> 1,000 10–1,000 1.5–30 0.05–1.5 

Pressure (Bar) 0.1–2 0.1–5 3–20 5–120 

Size of material 
retained 

0.1–10 µm 1–100nm  0.5–5 nm < 1nm 

Rejection     

 Monovalent Ions - - - + 

 Multivalent Ions - - + + 

 Small Organic 
compounds 

- - -/+ + 

 Macromolecules - + + + 

 Particles + + + + 

Separation 
mechanism 

Sieving Sieving 
Sieving, 
Charge effects 

Solution 
Diffusion 

Applications 

Clarification, 
Pretreatment, 
Removal of 
bacteria 

Removal of 
macromolecules, 
Bacteria, viruses 

Removal of 
(multivalent) 
ions and 
smaller 
organics 

Ultrapure 
water, 
desalination 

 

According to IUPAC membrane terminology [6], these pressure driven processes are 

defined as followings. 
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Microfiltration: Membrane–based separation process in which particles and 

dissolved macromolecules larger than 0.1 µm are rejected. 

Ultrafiltration: Membrane–based separation process in which particles and 

dissolved macromolecules smaller than 0.1 µm and larger than about 2 nm are 

rejected. 

Nanofiltration: Membrane–based separation process in which particles and 

dissolved molecules smaller than about 2 nm are rejected. 

Reverse Osmosis: Liquid–phase separation process in which applied trans–

membrane pressure causes selective movement of solvent against its osmotic 

pressure difference. Principle of reverse osmosis process is shown in Figure 1.5. 

 

Figure 1.5: Principle of reverse osmosis. 

 

Some of the basic terminology/nomenclature used in the field of membrane systems 

is as follows: 
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Osmosis: Flow of  water from dilute 

solution to concentrated solution

Equilibrium: Net flow of water equal to 

zero.
Reverse Osmosis: Flow of  water from 

concentrated solution to dilute solution
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Symmetric membrane: These are the membranes which have uniform density or 

pore structure throughout the cross section. Symmetric membranes always made 

up of single material, i.e., they are always homogenous [7]. 

Asymmetric membrane: Membrane made up of two or more structural layers of 

non-identical morphologies. Asymmetric membrane either has changing density of 

porous material, normally decreasing from feed to permeate side, or they have at 

least two different layers, i.e., dense filtration layer (skin) and less dense support 

layer. Asymmetric membranes a can be homogenous or heterogeneous [7]. 

Composite membrane: Asymmetric membrane having chemically or structurally 

distinct constituting layers. Composite membranes are heterogeneous in 

composition and are most widely used. Polyamide thin film composite (TFC) 

membranes are most widely used RO membranes [7]. 

Dead end flow: Flow through a membrane module or cell in which the outlet for 

upstream fluid (feed water) is only through the membrane [7]. 

Cross flow: Flow through a membrane module or cell in which the fluid on the 

upstream side of the membrane moves parallel to the membrane surface and the 

fluid on the downstream side of the membrane (permeate) moves away from the 

membrane in the direction normal to the membrane surface [7].  

All the discussion in the next sections will be focussing on fouling phenomenon of 

RO membrane plants; a membrane system which has cross flow mode of operation. 
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1.2.1. Seawater Desalination by Reverse Osmosis (RO) 
Process 

Typically, seawater reverse osmosis (SWRO) desalination process consists of 

seawater intake system, pretreatment set up, high pressure pump and SWRO 

membranes (1st pass). Usually, permeate of SWRO membranes is further treated by 

treatment train equipped with brackish water RO membranes (2nd pass) 

(Figure 1.6). 

 

Figure 1.6: General scheme of seawater reverse osmosis desalination process. 

RO membranes are fed by pre-treated water at a continuous flow rate Qf and 

pressure Pf. Feed water is partly passed through the membrane as permeate water 

with a flow rate Qp and pressure Pp, whereas the rest of feed water is rejected by 

membranes as concentrate with flow rate Qr and pressure Pr. 

The osmotic pressure of a solution is directly proportional to the concentration of 

the solute and can be calculated by van't Hoff ’s equation [8]:  

iCRTπ      (1.1) 
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: osmotic pressure in bar 

i: number of dissociated ions in case of an electrolyte 

C: molar concentration in mole / L 

R: gas constant (0.082 L.mol-1.K-1) 

T: absolute temperature in K 

 

The osmotic pressure of an aqueous solution of sodium chloride (NaCl; molar mass 

= 58.5 g / mol, i = 2) at concentration of 40 g / L (close to the salinity of the Red Sea 

water) is about 33 bar at 20 °C (293.15 °K). 

Net feed water pressure on membrane (Pm) is equal to the transmembrane 

pressure (TMP) minus the osmotic pressure of feed water.  

Pm = TMP    (1.2)

And,  p
f

P
2

P
TMP 







 


rP
    (1.3) 

The % recovery rate Y is defined as: 

100
Q

Qp
Y

f









     (1.4) 

The rate of salt rejection (R) is defined by the following relationship. 

100
C

C
1R

f

p








      (1.5) 

Cp: concentration in permeate water 
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Cf: concentration in feed water 

 

Different components of SWRO desalination process are briefly described here as 
follows: 

1.2.1.1. Seawater intake 

Acceptable quality and consistent provision of the source water is the key factor in a 

sustainable SWRO operation. The source water collection system could be an open–

ocean intake or subsurface (beach well) intake [9]. 

Open–ocean intakes are usually constructed for large seawater desalination plants. 

These intake systems typically consist of off–shore intake structure, intake pipeline, 

intake chamber, trash racks, fine screens, source water intake pump station, and 

chemical dosing system. Usually, off–shore intake structure is located several 

hundred to several thousand meters inside sea. In terms of source water quality, the 

best location of the intake structure is at depths of 30 m or higher (deep–water 

intake) with minimum distance of 3 m between the inlet mouth and the ocean floor 

[9, 10]. 

Subsurface (beach well) intakes are widely used for small and medium size 

seawater desalination plants. Beach well intakes include vertical or horizontal wells 

and associated intake pumping and electrical components [9]. 
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1.2.1.2. Pretreatment 

Depending upon raw seawater quality and operation parameters, pretreatment 

setup of a SWRO plant may include different combinations of the following 

processes: screening, chemical treatment, sedimentation, and filtration 

Intake Screens, in a typical open–ocean intake systems, comprise on a set of 

manually cleaned bar racks (75–100 mm, small enough to exclude the large size 

debris and aquatic organism) followed by self–cleaning tighter screens (3–10 mm). 

To avoid the damage by the sharp object, a fine mesh of ≤ 120 µm is used [9]. 

a) Conventional pretreatment 

Different conventional pretreatment strategies usually employed to upgrade the 

source water quality are briefly described here under: 

 Disinfection of seawater is done to prevent and/or control the microbial growth 

within the membrane modules and other parts of the RO desalination process 

from intake to discharge point. Chlorine, chloramines, ozone, copper sulfate, and 

UV light are used for this purpose. Microbial population is also partially 

eliminated during other conventional processes like coagulation/flocculation, 

sedimentation, and media filtration [11]. Chlorination of seawater is most 

commonly used strategy to control the RO membrane biofouling. Typically, a 

concentration of 0.5–1.0 mg/L free chlorine is maintained in entire pretreatment 

line [12].  
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 Coagulation/flocculation is applied to separate suspended solids (colloids) in 

water. In this technique small particles are combined into easily removable 

larger and settle able particles. This water clarification process is usually carried 

by adding chemicals such as alum, ion salts, and high–molecular weight 

polymers at an optimum dose level. For seawater, Ferric chloride has been 

recommended because it is more soluble than aluminium chloride over a wide 

pH range [11]. In SWRO plants, inorganic coagulants are reported to be used at 

concentrations ranging from 1–30 mg/L, whereas polymeric coagulant are 

reported to be used in smaller concentrations ranging from 0.2–1 mg/L [13]. 

 Sedimentation and filtration is performed to remove the suspended solids in 

water by gravitational settling and size exclusion (and partially by adsorption), 

respectively. The most commonly used filtration media include silica sand and 

crushed coal (anthracite), garnet and limonite. Dual media filters are most 

commonly used type [11]. Generally, dual media filters contain 0.4 to 0.8 m of 

anthracite over 1.0 to 2.0 meter (m) of sand bed. Filtration media assembly in 

typical tri–media filters include 0.45 to 0.60 m of anthracite as the top layer, 0.20 

to 0.30 m of sand as a middle layer and 0.10 to 0.15 m of garnet or limonite as 

the bottom layer. Tri–media filters are used if the raw seawater quality is 

severally impacted by fine silt particles or by algal blooms event dominated by 

pico–plankton [13]. 

 

 Dechlorination is carried out prior to the chlorine sensitive polymeric RO 

membranes. Typically used dechlorination agent is sodium bisulfite (SBS, 



32 

 

NaHSO3). The problem related with this dechlorination method is that SBS itself 

can support the growth of sulfur utilizing bacteria. In some cases, granular–

activated carbon is used to remove chlorine, which can also serve as breeding 

place for bacteria because of their porous structure and nutrient–rich 

environment. Recent approach is the use of UV treatment which dissociates free 

chlorine to form hydrochloric acid [11]. 

 Scale control (CaCO3 scale prevention) is done by acidification and dosing 

antiscalant such as Sodium hexametaphosphate (SHMP), calcium sulfate scale 

inhibitor. Different phoshphonates and organic antiscalants such as ethylene 

maleic anhydride, acrylate and acrylic acid are also used for scale control [11]. 

b) Advanced membrane based pretreatment 

Though comparatively costly, but filtration through MF/UF membrane can produce 

filtrate of better quality than conventional pretreatment. Details about the 

efficiencies and operational features of these membrane processes have been shown 

in the Table 1.1. 

Cartridge filters, usually of 5 µm nominal pore size, are used as an extra protection 

against the particulate matter, prior to the RO membrane. 

1.2.1.3. High pressure reverse osmosis system 

Pretreated water is passed through spiral wound or hollow fiber RO modules 

(Figure 1.7) where the osmotic pressure of the feed water salts is overcome by 

applying high pressure on feed solution with the aid of a high pressure pump. After 
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overcoming the osmotic pressure, further applied pressure leads to the reverse 

osmosis process. RO membranes are pore less and transport through them takes 

place by diffusion phenomenon. RO membranes can reject very small size 

contaminants (e.g., monovalent ions and microbes). 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.7: Configuration of (a) spiral wound flat sheet and (b) hollow fine fiber 
membrane modules (http://www.toyobo-global.com/seihin/ro/HB-series.htm 
http://www.aquaaccess.com/services.php). 

 

  

a) 

b) 

  

http://www.toyobo-global.com/seihin/ro/HB-series.htm
http://www.aquaaccess.com/services.php
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1.2.1.4. Post–treatment and brine disposal 

Usually implemented post–treatments of permeate include the pH adjustment (to 

avoid corrosion in pipes) and disinfection (to avoid the microbial growth in 

distribution pipes). Brine is usually discharged into open sea [11]. 

Seawater, representing 96.5% of Global waters, can be desalinated by the virtue of 

RO process to deal with the usable water scarcity problem [14, 15]. Due to the 

capital and operation cost reductions by the development of low energy RO 

membranes and other technological advances, the process of SWRO desalination is 

rapidly gaining popularity against the other desalination processes over the last 20 

years and currently it is occupying more than 50% of the world and about 72 % of 

Europe’s seawater desalination market [15-17].  

In spite of all the advancements to improve the economic viability of RO systems, 

this technology is still facing serious problems due to the membrane fouling 

phenomenon [18]. During RO membrane process, contaminants present in water 

are removed to improve the quality of water. Contaminants removed from water are 

deposited on membrane surface as foulants which deteriorate performance of the 

membrane unit.  
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CHAPTER 2                                                   

LITERATURE REVIEW AND SCOPE OF 

RESEARCH 

2.1. Membrane Fouling 

According to terminology of International Union of Pure and Applied Chemistry 

(IUPAC), membrane fouling is "a process resulting in the loss of performance of a 

membrane due to the deposition of suspended or dissolved substances on its external 

surface, at its pore openings or within its pores" [6]. Since RO membrane has pore 

less structure and diffusion of foulants into the membrane polymer is less likely, in 

case of a RO membrane fouling always occur in the form of foulant accumulation on 

its surface. Fouling of RO membrane brings multiple adverse effect on the RO 

system sustainability through increase in hydraulic resistance and possible 

enzymatic degradation of the membrane module polymeric structure resulting in 

deterioration of membrane transport and separation characteristics, i.e., flux and % 

selectivity, respectively [19]. Fouling is very complex and tedious phenomenon as 

its kinetics and dynamics are prone to be modified/ affected by several factors 

including intake water quality, pretreatment setup and RO system operating 

parameters. Complexity of fouling is also attributed to the dynamic nature of this 

phenomenon and to the fact that involved foulant species are of many different 

types and most of the time they not only individually contribute to the problem but 

also interact and co–exist with each other to formulate the stable foulant layer [20-

23].  
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2.2. Concentration Polarization (CP) and Fouling 

2.2.1. Description of Phenomenon 

During pressure driven operation of RO membrane system, selective permeation 

and rejection of water and solutes/ particles/contaminants/ foulants, respectively, 

result in an accumulation of the rejected species near the membrane surface which 

leads to the development of a concentration gradient in the feed channel. Under the 

influence of the applied pressure, movement of foulants towards the membrane is 

called convection transport whereas the back movement of the foulants from the 

region near the membrane to the bulk stream is called back diffusion. When the back 

diffusion rate is slower than convection transport rate, a buildup of membrane 

rejected species (foulants/fouling agents) occurs in a layer, called boundary layer, 

near the membrane upstream surface (Figure 2.1). This phenomenon is termed as 

concentration polarization (CP) [6, 24-27]. 

Thickness of boundary layer inversely depends upon the turbulence in the flow of 

feed water. Increase in thickness of boundary layer might result in higher resistance 

to selective permeation and enhanced fouling rate. In spiral wound membrane 

modules, feed spacers of suitable dimensions and geometry are used to have 

increased turbulence and better mixing to eventually minimise the CP effect [28-30]. 

The concentration polarization factor (CPF) is defined as a ratio of solute 

concentration at the membrane surface (Cm) to the solute concentration in the bulk 

solution (Co). 



37 

 

 
0

m

C

C
CPF      (2.1) 

       Also,                 )exp(
f

p

Q

Q
ACPF                           (2.2) 

Where, 

A: a constant specific to a given element configuration. 

Qf: flow rate of feed water. 

Qp: flow rate of permeate water. 

 

Typically, CFP value lower than 1.2 is recommended for RO system with recovery 

rate of about 18% [31]. 

CP plays a vital role in RO membrane fouling. If in the boundary layer, concentration 

of specific dissolved solids exceeds their solubility, they may precipitate and form a 

fouling layer. This is the usual reason and mechanism of inorganic scaling/fouling. 

Additionally, CP promotes biofouling through the provision of nutrients in high 

concentration to bacterial cells. It also enhances the colloidal and organic fouling 

through up–concentrating the colloidal and organic foulants [28].  
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Figure 2.1: Schematic description of concentration polarization phenomenon. 

 

When membrane filtration is geared, concentration of a species near to the 

membrane continues to increase, until a steady state is reached. Under steady state 

the mass balance of solute/species is: 

Convective flux – Back diffusion flux = Flux across the membrane 

pJC
dx

dC
DxJC )(  

Where, J is the water flux, Cp is the concentration of solute in permeate, C (x) is the 

solute concentration in the boundary layer at the distance x from membrane 

surface, and D is the diffusion coefficient of solute in water. 

According to film theory, boundary layer exists near the membrane and it has a 

thickness . Integration of above equation from the membrane surface (x=0) to the 

thickness of boundary (film) layer (x=) yields: 
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D / = k is mass transfer coefficient. Value of this coefficient depends on the 

physicochemical properties of the solution (e.g., viscosity and diffusion coefficient) 

and hydrodynamic conditions of the system. 

2.2.2. Critical Flux 

The concept of critical flux ( JCRIT) immensely discussed by various researchers and 

originally given by Field et al. (1995) [32] is of fundamental importance in the 

fouling studies. According to this concept, flux is the driving force in membrane 

fouling. JCRIT is defined as a flux below which convection and back diffusion rates of 

the foulants are such that net transport of foulants to the membrane is minor and 

consequently the fouling rate is negligible. As the back diffusion depends on particle 

size and cross flow conditions, the JCRIT is dependent on nature of foulant and system 

operating conditions [33]. Apparently, this concept contains the solution to the 

fouling problem that is operating RO system under JCRIT, but in many practical cases 

JCRIT is very low or difficult to identify. A similar concept of sustainable flux is 

discussed along with the generic concept of limiting and critical flux by Bacchin et al. 

(2006) [34]. Sustainable flux is usually above the JCRIT and is defined as the flux 

below which the fouling rate is economically acceptable. 

While operating below the critical flux, CP layer may lead to the formation of a 

reversible adsorption layer. On withdrawing the applied pressure, concentration 

gradient is quickly vanished and adsorption layer is also removed by back diffusion 

of adsorbed species. However, if the flux is increased beyond the critical value 

(critical flux) a dynamic transition takes place from concentration polarization to 
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cake/fouling layer formation through diminished intermolecular repulsion and/or 

increased van der waal attractive forces [35]. 

2.3. Types of Fouling 

Different types of foulant have been identified as taking part in the membrane 

fouling. On the basis of physical and/or chemical nature of foulants involved in the 

fouling phenomenon, fouling is generally classified as [11]: 

 Organic (adsorption and accumulation of dissolved organics substances),  

 Inorganic (deposition of inorganic minerals due to the limited solubility, i.e., 

scaling or complexation of multivalent cations with negatively charged 

organics), 

 Particulate/colloidal (deposition of particulate humic substances, clay, 

microbial debris etc.), and  

 Biofouling (adhesion of microbes and their growth leading to the formation 

of biofilm). 

In all practical cases, fouling material deposited on an RO membrane is reported to 

be a combination of these above mentioned four types of foulants. However, one 

type of foulant might be the major one, i.e., one of the above listed phenomena might 

be dominant over the others [36, 37]. According to statistics given by Khedr (2002) 

[38], based on sets of conducted fouling study campaigns, SWRO fouling is caused by 
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biofoulants (48%), inorganic colloids (18%), organic compounds (15%), 

silicites/silicates (13%), mineral scaling (6%) and coagulants (5%). 

2.3.1. Organic Fouling 

Despite of being in lower concentration as compared to inorganic constituents of 

seawater, RO membrane fouling problem caused natural organic matter (NOM) is a 

more harder [39, 40].  

2.3.1.1. Seawater organic matter 

The ultimate source of organic matter in seawater is primary production; however, 

living biomass represents even less than 1% of total organic carbon in seawater 

[41]. Cycle of organic carbon in marine environment is illustrated in Figure 2.2.  

Marine NOM may be broadly classified into two subclasses, i.e., dissolved and 

particulate organic matter (DOM and POM, respectively). Particulate organic matter 

includes both living and non–living material in the sea and generally refers to 

particles larger than 0.5–1.0 picometer diameter [42]. Terms total organic carbon 

(TOC), dissolved organic carbon (DOC) and particulate organic carbon (POC) refer 

to carbon contents in total organic matter, DOM and POM of water, respectively. 

Most commonly, POC is defined as the fraction of TOC that is retained on a 0.45 μm 

porosity membrane/filter. DOC is the fraction of TOC that is smaller than 0.45 μm in 

diameter. Generally, POC fraction represents below 10% of the TOC [43]. Us of 0.7 

μm porosity glass fiber filters (Whatman GF/F) to separate the DOC and POC 

fractions is also quite common [44]. DOC pool in the oceans is equivalent to that of 

atmospheric CO2. Quantitatively, it is about 1018 g carbon [45]. In marine waters, 
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particulate organic carbon (POC) and volatile/purgeable organic carbon 

(VOC/PgOC) fractions are around ≤ 20% and <1%, respectively, of the TOC contents 

[45, 46]. 

2.3.1.2. Molecular size spectrum 

Different classifications of DOM based on molecular size have been found in 

literature. Size distribution of DOM can be determined by using the ultrafiltration 

technique. Based on this technique DOM is classified into following fractions. 

Low molecular weight (LMW; < 1 kDa): It is the major size fraction of DOM 

throughout the whole water column in the oceans and it represents approximately 

65–80% of the bulk DOC. 

High molecular weight (HMW; >1 kDa): It is minor fraction of DOC (approximately 

20–35% for >1 kDa and 2–7% for >10 kDa). 

Higher abundance of LMW–DOM in ocean waters suggests that the HMW–DOM is 

relatively reactive while the LMW–DOM is the major form of refractory DOM in 

ocean. It has also been supported by experimental data, however, there is no 

appropriate explanation for relatively high resistance of LMW–DOM to microbial 

degradation [44]. 

2.3.1.3. Composition of DOM 

a)  Humic substances 

Liquid chromatography–organic carbon detector (LC–OCD) analysis has shown that 

humic substances represent around 30% of the seawater DOC [47, 48]. Humic 
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substances are refractory anionic molecules of low to moderate molecular weight. 

They contain both aromatic and aliphatic components mainly having carboxylic and 

phenolic functional groups. Carboxylic functional groups account for 60 to 90% of 

all functional groups [49].  

Hedges et al. (1992) [50] reported C/N and H/C atomic ratios ranging from 35–46 

and 1.21–1.57, respectively, in marine dissolved humic substances extracted using 

XAD–8 resin. Mohamed (1949) [51] reported the C/N ratio close to 2 in the Red Sea 

surface sediments [51]. Dalvi et al. (2000 ) [52] extracted the humic matter from the 

different locations in the Red Sea with XAD–2/XAD–7 resins and reported the C/N 

and H/C ratios ranging from 3.06 (Jeddah) to 7.71 (Jubail) and 1.77 (Khober & 

Jubail) to 2.13 (Jeddah), respectively. They proposed the empirical formula of the 

organic matter of Jeddah sample to be C4H8NOS0.5.  

b) Carbohydrates, amino acids and lipids 

Major biochemical constituents include amino acids, carbohydrates and lipids, 

representing ≤ 30% of bulk DOM and 80% of POM. The total concentrations of 

amino acids and sugars account for only 1–3% and 2–4% of DOC in seawater, 

respectively [44].  

Total carbohydrates (TCHO) amount to approximately 15–35% of DOC in the 

surface and 5–10% in deep waters of various oceanic areas. In fact, only 7–20% of 

TCHO in marine DOM was identified as neutral sugars which are major constituents 

of carbohydrates in marine organisms [53]. Among dissolved amino acids, the 

dominant one is glycine, followed by alanine, aspartic acid or serine [44]. 
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Proteins, mainly nitrogenous compounds, are known to have C/N ratio of about 3. 

Bacteria may contain up to 80% proteins so they exhibit C/N ratio in the order of 4–

5 [54]. It is reported that C/N ratio value for organic matter in surface waters ranges 

from 5–8 and it increases to 10–12 with depth, indicating that proteins are more 

readily utilized than carbohydrates. This suggests that the greater part of 

carbohydrates is present as polysaccharides which might be refractory. Conversely, 

there are also reports of detection of carbohydrate in lower abundance below the 

euphotic zone, while proteinaceous substances were found in predominant 

abundance in deep waters [41].  

Concentrations of lipids in DOM are significantly lower than those of carbohydrates 

and amino acids. Lipids in DOM include fatty acids, sterols, hydrocarbons etc. [44].  

2.3.1.4. Role of organics in membrane fouling 

Total dissolved organic carbon (TOC) in seawater cause membrane fouling by 

organic adsorption or by supporting biofilm growth [55]. Pretreated SWRO feed 

water with reduced TOC contents have been recommended to minimize the fouling. 

Seawater with TOC <0.5 mg/L is recommended to avoid membrane biofouling. 

Probability of membrane biofouling with seawater having TOC above 2 mg/L would 

be very high [56, 57]. 

TOC levels in raw seawater of desalination plants ranged from <1 to >10 mg/L at 

desalination intakes. Generally, higher TOC values are caused by algal bloom events 

and by the input of organic matter from local rivers [56].  
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Many published SWRO membrane fouling case studies have reported organic 

content as the major constituent of the fouling layer [36]. According to Butt et al. 

(1997) [58] biofilms found in SWRO modules have organic constituents greater than 

60% by weight. Organics like proteins, polysaccharides etc. are also biosynthesized/ 

excreted by the microbes of the biofilm attached to the membrane surface. Both 

colloidal and non–colloidal hydrophilic organic materials have high affinity and 

potential of interacting with the surface of polyamide membrane and, therefore, 

change the chemical compositions of the membrane surface [59]. In addition to 

direct interaction with the membrane, organic molecules can also adhere with each 

other to form larger size foulants, known as macromolecules [60].  

 

 

 

 

 

 

 

 

Figure 2.2: Cycle of organic carbon in the marine Environment [45, 46]. 
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Algal organic matter (AOM) 

Typical alga cell count in seawater is 103 cells/mL. Algal cell count can be by far 

higher than this value during algal bloom event. Role of algal organic matter, 

originated from algal cells is quite important in SWRO membrane fouling [56]. 

Pressure and hydrodynamic shear forces induce the algal cell lysis and result in 

intracellular algal organic matter released in RO treatment line. This organic 

material has high water solubility and biodegradability features [61]. AOM consists 

of proteins, fatty acids, simple sugars, anionic macromolecules, negatively charged 

and neutral polysaccharides. Typically, algal biomass has C/N atomic ratio between 

4 and 10 [62]. Though, algal cells are prevented from entering the RO modules by 

pretreatment, however AOM can easily escape the pretreatment barrier. AOM 

adsorbed/accumulated on membrane surface would not only affect the membrane 

permeability and rejection features but also could facilitate bacterial attachment 

and growth, thereby resulting in intensified membrane biofouling [61]. 

2.3.2. Inorganic Fouling 

Seawater is primarily aqueous solution of salts. Inorganic constituents of seawater 

not only cause membrane scaling they can also serve as nutrients (e.g., 

phosphorous, nitrogen and silicon) required for microbial growth leading to 

membrane biofouling. They can also play a bridging role between the negatively 

charged organic foulants. In this way they indirectly contribute in the membrane 

fouling phenomenon. Table 2.1 shows the major mineral constituents of different 

seawaters.  
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Inorganic fouling, generally termed as mineral scaling, is caused by deposition of 

carbonates and sulfates of calcium, magnesium, aluminium and iron, and silica. 

Usually, inorganic fouling is caused by exceeding the limited solubilities of salts. CP 

promotes salts precipitation on the membrane surface due to high concentration in 

the boundary layer [63, 64]. Scaling of RO membrane increases resistance to the 

permeate flow across the membrane and feed flow across the channel [63].  

Table 2.1: Major mineral constituents of seawater [65-67]. 
 

Pacific Ocean Mediterranian 
Sea Persian Gulf Red Sea 

Sodium (mg/L) 10,200–10,500 11,800–12,500 12,300–13,800 11,340–12,470 

Potassium (mg/L) 370–380 435–455 505–610 477–488 

Calcium (mg/L) 400 450–470 430–570 557–571 

Magnesium (mg/L) 1200–1235 1410–1500 1510–1790 1427–1458 

Chloride (mg/L) 18300–18700 21,000–22,600 23,100–24,900 21,473–23,073 

Sulfate (mg/L) 2710–2830 2960–3210 3040–3110 2312–2400 

Bicarbonate (mg/L) 152 170 162–170 137–141 

Boron (mg/L) 4.6 5.4 5.1–6.7 2.2 

Fluoride (mg/L) 1.1 1.5–1.7 2.4–2.7 1.7 

 

Butt et al. (1995) [68] found an amorphous material on hollow fibre membranes of 

RO unit that was predominantly made up of alumino–silicate foulants and in some 

cases they found calcium/magnesium phosphonate, formed by the antiscalant itself. 

Like described earlier, Ang et al. (2006) [69] underlined that divalent ions like Ca2+ 

present in feed water, specifically bind with carboxylic functional groups of organic 

foulants and form macromolecules. This results in the formation of a cross–linked 

fouling layer at the membrane surface, thus producing substantial resistance to 



48 

 

permeate flow. Similar role of Ca2+ has been reported by Monruedee et al. (2012) 

[70] in the fouling of SWRO membranes by humic substances. 

Dudley and Darton (1996) [36] identified that although 59% of fouling material 

recovered from a 2,500 m3/day RO system was organic in nature, but the iron 

content was also considerably high, contributing to 28% (as iron oxide) of the 

composition. Iron in the soluble Fe2+ form is rejected by RO membranes as 

effectively as any divalent ion without significant precipitation. Fouling can occur, 

however, when hydrogen sulfide reacts with Fe2+ forming an insoluble black 

precipitates of ferrous sulphide. In the presence of strong oxidizing agents, such as 

chlorine, potassium permanganate and ozone, soluble iron is oxidized readily, even 

under acidic conditions, into the more troublesome insoluble compounds, such as 

Fe(OH)3, FeOOH and Fe3O4. The solubility of Fe3+ is governed by the solubility of 

Fe(OH)3, which is less than 1 µg/L over a pH range from 5 to 9. Typically, RO 

manufacturers recommend that the combined iron levels should be less than 0.05 

mg/L in the RO feed water [71]. Therefore one should eliminate/control sources of 

iron contamination in the feed water for controlling not only the inorganic scaling 

but also the organic fouling. 

Chemicals, such as alum (potassium aluminium sulfate), ferric chloride, and lime 

(calcium hydroxide), used in pretreatment as coagulant, can carry through the 

system and cause RO membrane fouling. Some water components, such as silica, can 

cause membrane fouling in association with added pretreatment chemicals, e.g., 

with Al, it can form aluminium silicates which are precipitated during RO operation 
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[72]. Calcium carbonate is usually the main problematic precipitate in seawater RO 

process, and often the lower seawater recoveries (limited by osmotic pressure) 

prevent any other precipitation problems. Therefore, precipitation is not likely to 

occur as major problem in seawater RO membrane applications [73]. 

2.3.3.  Colloidal/Particulate Fouling 

Suspended and colloidal particles can foul membranes by coagulating together and 

forming a cake layer on the membrane surface [60]. Depending upon size, we can 

classify particulate matter in natural waters and waste waters as settle able solids 

(>100 µm), supra–colloidal solids (1 µm to 100 µm), colloidal solids (0.001 µm to 

1µm) and dissolved solids (<0.001 µm). Chemically, particulate solids are composed 

of organic and inorganic materials [71]. 

The size of colloidal particles, that is in between the size range of smaller particles 

(in the molecular size range) and larger particulate matter, is the main reason for 

their significant membrane fouling potential. They can’t easily diffuse away from a 

membrane, whereas smaller particles can easily diffuse back to the bulk via 

molecular diffusion, and larger particles can be removed from membrane surface 

via shear–induced diffusion or lateral migration [34]. 

The most common inorganic particles are aluminium silicate clays (in the size range 

of 0.3 to 1 µm) and colloids of iron, aluminium and silica. Organic macromolecules 

or particles such as proteins, carbohydrates, fats and oils, and various surfactants 

are also colloidal in nature, and they exhibit many features similar to inorganic 
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colloids regarding membranes fouling. Moreover, microbial cells and their debris 

can also be considered as bio–colloids [21, 71].  

According to Ning (1999) [74] followings are the major types of colloids existing in 

natural waters, especially in the seawater: 

 Microorganisms 

 Biological debris (plant and animal) 

 Polysaccharides (gums, slime, plankton, fibrils) 

 Lipoproteins (secretions) 

 Clay (hydrous aluminium and iron silicates) 

 Silt 

 Oils 

 Kerogen (aged polysaccharides, marine snow) 

 Humic–like substances 

 Iron and manganese oxides 

 Calcium carbonate 

 Sulfur and sulfides 

 

Dissolved or dispersed materials can potentially deposit on membranes. Particulate 

matter, pre–existing in the feed or formed due to the CP, can mutually agglomerate 

and adhere to the membranes due to increased concentration, salinity, compaction, 

flocculation, surface interactions and other physical and/or chemical factors. Ferric, 

aluminium and manganese hydroxides and silica grow through polymerization and 
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bridging with organic and inorganic matter and form fouling layer on membranes. 

Aromatic acids, such as humic–like substances, often present as very small colloids, 

become unstable and are more likely to foul as the pH of the feed waters is lowered 

and brine salinity is increased. Biotic debris such as polysaccharides and dead 

cellular matter contribute greatly to membrane fouling. Synthetic polymers used in 

water pretreatment such as antiscalants and dispersants can also deposit on 

membranes. It is, therefore, obvious that the distinction between colloidal, organic, 

biological and precipitation fouling of membranes is not really sharp [71]. According 

to Zhu and Elimelech (1997) [75], like other types of fouling, colloidal fouling 

depends on feed water quality and membrane surface roughness. For the given 

water quality and operating conditions, smoother the membrane surface lower will 

be the colloidal fouling rate. 

2.3.4. Biofouling 

Bacteria can colonise almost all the surfaces and can survive under extreme 

conditions such as temperature ranging from -12°C to 110°C and pH values between 

0.5 and 13 [76]. Biofouling is the term given to the adhesion and subsequent growth 

of microorganisms, i.e., biofilm formation on the membrane surface [77, 78]. 

Biofouling phenomenon is most critical operational problem in RO systems. In 

middle east countries like Saudi Arabia where most of the plants operate with feed 

water at temperature above 25 °C, biofouling problem becomes more severe [79]. 

Different statistics identifying biofouling as the most commonly found RO 

membrane fouling type have been given by various researchers: Ridgway and 

Flemming (1996) [80] reported that in 1991, 58 out of 70 RO plants were affected 
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by biofouling in the United States of America. Vrouwenvelder and Kooij (2001) [81] 

observed membrane biofouling as major operational problem at 12 out of 13 NF and 

RO pilot filtration units. According to Komlenic (2010) [82], biofouling contributes 

more than 45% of all membrane fouling problems. Khedr (2002) [38] indicated that 

approximately 70% of the SWRO membrane installations all over the world suffer 

from biofouling problem.  

In addition to the major effects of increasing trans–membrane pressure (TMP) and 

decreased permeate flux; biofouling may cause chemical degradation of the 

membrane material. This could result through direct enzymatic biodegradation of 

the membrane surface or by generation of extreme localized pH values that may 

hydrolyse the membrane polymer [78]. Also, metabolic products of marine plankton 

such as low–chain fatty acids, hydrogen sulfide or inorganic acids may contribute to 

the fouling problem [83]. Biofilm developed on membranes acts as a trap for other 

foulants, especially particulate matter, which results in quick buildup of fouling 

layer [79].  

Biofouling has been proved to be more complicated and harder problem than other 

fouling types since microorganisms can grow, multiply, and move. 99.9% removal of 

inorganic and/or organic foulants present in feed water would significantly control 

the membrane fouling rate, however, with similar removal of microorganisms there 

could be an intense biofilm formation. This is due to the capabilities of the 

microorganisms to grow/multiply exponentially under favourable growth 

conditions [19]. 
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Dynamics and kinetics of biofouling depend upon several factors such as water 

quality, operating parameters and used membrane materials. According to Al–

Ahmed et al. (2000) [79], environment inside spiral wound membrane elements is 

ideal for the growth of microorganisms forming biofilm on the membrane surface 

and spacers. This is due to many areas created near membranes surface having high 

nutrients and relatively low cross flow velocity (0.1 m/s) resulting from to CP and 

limited turbulence in the feed stream [79]. Different materials used in making 

membranes have different “biological affinity”. For example, polyetherurea 

membranes had a significantly lower biological affinity than polyamide, polysulfone 

and polyethersulfone membranes [83].  

Typically, a biofilm develops through a series of following five phases. 

a) Formation of conditioning film  

Physico–chemical modification of the surface by adsorption of organic and inorganic 

molecular or ionic species either originally present in water (medium) or released 

from living cells, which facilitate attachment of cells to the surface, is termed as 

conditioning of the surface. It takes place prior to the cell attachment [84]. Once the 

surface is in contact with the natural waters, it is conditioned within minutes [85]. 

No practical data could be found pertaining to characterization of the conditioning 

layer formed on desalination membranes. However, phenomenon has been 

significantly studied by researchers dealing with the materials and surfaces like 

steel, glass or polypropylene. These conditioning films are reported to be made up 

of different substances, mainly glycoproteins [86], humic acids [87], proteins [88], 
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aromatic amino acids [89] and carbohydrates [90]. Conditioning layer alter physico–

chemical properties of the surface, e.g., surface tension, interfacial free energy, 

hydrophobicity and roughness. These changes facilitate microbial cell adhesion to 

the surface.  

 

Figure 2.3: Schematic depiction of a gram–negative bacterium approaching a 
submerged surface [91]. 

 

b) Bacteria brought close to the surface 

Within flowing medium, microbial cells, usually 0.5–10 µm in effective diameter, can 

be transported by number of mechanisms, e.g., diffusion (Brownian motion), 

settling, thermophoresis, motility and fluid dynamic forces (e.g., permeate drag 

force). This phase takes place in the matter of seconds (Figure 2.3) [85, 92].  
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c) Bacterial adhesion to the surface 

Adhesion of microbial cells to the membrane surface is primary and important step 

followed by a phase of cell growth at the expense of nutrients present in the feed 

water or adsorbed on the membrane surface, leading to the biofilm formation [93, 

94]. Initial cell attachment can be of two types, i.e., reversible and irreversible 

attachment. Cell adhesion is governed by physico–chemical (electrostatic and van 

der waal) interactions between cell and surface. These interactions are affected by 

operating conditions, water quality and temperature, membrane properties, and 

module’s structural configuration. Initially adhered cells can be removed by shear 

force of feed stream. Irreversible adhesion occurs in hours when bacteria respond to 

surface by secreting extracellular polymeric substances (EPS) which anchor the cells 

to the membrane surface [95].  

The attachment of microorganisms to the membrane surface is affected by nature 

and traits of membrane material [83], surface roughness [96], hydrophobicity [97, 

98] and electrostatic charge [97]. According to Mceldowney et al. (1986) [99] 

increase in ionic strength increases the microbial adhesion. However, according to 

Ridgway et al. (1985) [98] there is no significant correlation between initial 

adhesion and ionic strength of the feed solution. A minor effect of pH on bacterial 

adhesion to cellulose acetate membranes is reported by Ridgway et al. (1985) [98]. 

Sadr et al. (1998) [84] also observed little effect of pH on adhesion of three bacteria 

belonging to the genus Pseudomonas to RO and NF membranes; however, they 

noticed enhancement of rate of bacterial adhesion by the higher ionic strength of the 

medium. Different hydrodynamic factors, e.g., back diffusion, permeate drag and 
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cross–flow velocity have been reported to have impact on bacterial adhesion to 

membrane surface [100]. 

According to Han and Lin (2009) [101], inorganics are reported to be involved in the 

initial stages of the biofilm formation. Inorganic crystalloids attached to the 

membrane surface, before the biofilm formation, create inorganic coarseness on the 

membrane surface which enhances the membrane roughness that is favorable for 

initial microbial cell adhesion. 

d) Cellular growth  

Followed by the cell adhesion, within period ranging from days to weeks 

(depending on nutrient availability and operating conditions), micro–colonies of 

cells are formed, as a result of microbial cell growth. During this phase, extracellular 

polymeric substances are also secreted to protect the formed colonies. 

e) Detachment to colonize other spots  

Final stage is the detachment of the cells from the microbial colonies/biofilm which 

may occur over days and months. Cells can disperse and leave behind remaining 

structures. Cell dispersion depends upon the physiology of the biofilm and the 

hydrodynamic conditions [85, 95]. 

A typical biofilms developed on membrane surfaces has following characteristics 

[76, 81]: 

 90% moisture content.  
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 >50% total organic contents of the dried mass. 

 Low inorganic content. 

 High heterotrophic plate count (HPC), cfu/cm2 >106 [76] ; 3x 103–3x107 [81]; 

including bacteria, fungi and sometimes yeasts. 

 Adenosine triphosphate (ATP), pg/cm2 contents in the range of 20–45,000. 

 Total direct cell count (TDC), cells/cm2 1 x 107–2x109. 

 Iron, mg/m2 <1–250 

 Manganese, mg/m2 <0.01–4 

 

There are many studies on RO membrane fouling problems, however, only few 

studies on kinetics and/or dynamics of biofilm formation are found in literature. 

Horsch et al. (2005) [102] reported Gammaproteobacteria and Betaproteobacteria 

as the major groups in early stage and relatively mature form, respectively, of NF 

membrane biofilm fed by ultrafiltration (UF) pretreated water from an oligotrophic 

reservoir. Bereschenko et al. (2010) [103] studied the kinetics of biofilm formation 

on RO membranes fed by fresh surface water pretreated through coagulation, 

flocculation and sand filtration, ultrafiltration (UF), and cartridge filtration (CF). 

They did sampling from membrane flow tests cells after 4, 8, 16 and 32 days and 

used molecular (fluorescence in situ hybridization [FISH], denaturing gradient gel 

electrophoresis [DGGE], and cloning) and microscopic (field emission scanning 
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electron, epifluorescence, and confocal laser scanning microscopy) techniques for 

fouling analysis. They identified that biofilm was initiated and dominated by 

Sphingomonads (class Alphaproteobacteria). Zhang et al. (2011) [104] investigated 

microbial communities at different stages of treatment processes (intake, cartridge 

filtration, and SWRO membrane) of a desalination pilot plant by 16S rRNA gene 

terminal restriction fragment length polymorphism (T–RFLP) analysis. They 

reported significant presence of Leucothrix mucor, which belongs to the 

Gammaproteobacteria, accounted for nearly 30% of the clone library, while the rest 

of the microorganisms (61.2% of the total clones) were related to the 

Alphaproteobacteria with Ruegeria species representing nearly 34 % of the total 

clone library. Manes et al. (2011) [105] studied changes in the profile of microbial 

diversity of full–scale SWRO membrane biofilms with operating times ranging from 

10 to 330 days. They used 16S rRNA gene fingerprinting and sequencing and found 

Betaproteobacteria affiliated to the genus Ideonella as potential primary colonizers. 

In the case of relatively mature biofilm the majority of bacterial population belonged 

to phyla Alphaproteobacteria or Planctomycetes. However, since the membranes 

were subjected to chemical cleaning procedures, the biofouling profiles might have 

been impacted. 

Use of model/monoculture bacteria is very common in the biofouling studies. 

Herzberg et al. (2009) [106] showed decrease in cell attachment to RO membrane 

with higher alginate expression of Pseudomonas aeruginosa while using confocal 

laser scanning microscopy (CLSM). They also used Pseudomonas aeruginosa to study 
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the effect of biofilm on RO membrane performance [107] and to find the role of EPS 

in biofouling of RO membrane [108]. 

2.4. Summary of Literature Review 

Fresh water availability is continuously diminishing worldwide and desalination of 

salty water resources (mainly seawater) through reverse osmosis (RO) process is 

one of the main options to solve the issue of freshwater scarcity. Due to the capital 

and operation cost reductions by the development of novel low energy RO 

membranes and other technological advances, the process of seawater reverse 

osmosis (SWRO) desalination is rapidly gaining popularity against other 

desalination processes 

Regardless of all the available state of the art technologies and undertaken 

developments, fouling of desalination membranes remains a problem which 

seriously impacts the performance and economic viability of this water treatment 

operation. Generally, fouling is classified into four different types: inorganic fouling 

(deposition of inorganic minerals due to the limited solubility), organic fouling 

(accumulation of dissolved organics such as humic substances), 

particulate/colloidal fouling (deposition of particulate humic substances, clay, 

microbial debris, etc.), and biofouling (adhesion of microbes and formation of 

biofilm). These different types of fouling may coexist in a RO train. Membrane 

fouling, especially biofouling, is a complex and dynamic phenomenon as different 

phases are involved in the progressive development of a fouling layer. Moreover, 
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biofouling remains the most commonly found fouling type in the field of SWRO 

membrane desalination. 

2.5. Knowledge Gaps 

RO membrane fouling is one of the most extensively studied phenomena by many 

researchers. However, following shortcomings or points of missing key information 

were noticed in the published work in this domain: 

 There are very few studies about SWRO membrane fouling kinetics. Some 

fouling kinetics studies are found in literature but they either provide 

incomplete information or they can be questioned based on implemented 

conditions, i.e., use of systems other than SWRO [109] or use of synthetic feed 

solution with some model foulants [70] or studies conducted at full–scale with 

cleaning cycles known to alter the fouling profiles [105]. Almost all of these 

fouling studies lacked specifically designed strategy/setup to study the fouling 

kinetics.  

 Although, conditioning film formation, the initial step of biofilm formation, has 

also been extensively studied [87, 88, 90, 110], however the substrate material 

and experimental conditions used in those studies were different than those of 

real RO membrane systems.  

 For membrane fouling characterization, only few or some time only one 

analytical technique was used to get either information about only microbial 

diversity [104, 105] or morphology [70] or chemical composition (on very 
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rough bases) [103] of fouling layer. We could not find any study with all these 

three factors been examined in depth. 

 The factors which impact the fouling dynamics, i.e., pretreatment and water 

quality were not thoroughly studied at full–scale of operation. In contrast, 

unrealistic conditions/setup, i.e., use of synthetic feed solution [70, 106-108] 

were practiced at lab scale to simulate the full–scale setup. 

2.6. Scope and Objectives of Work 

After thoroughly reviewing available literature on membrane fouling studies, it was 

realized that the fouling phenomenon should be further investigated, while focusing 

on SWRO membrane with following key points: 

 Investigation of fouling kinetics while using a lab scale experimental setup, 

especially designed for this purpose, fed by real seawater. This would help in 

identifying the problematic foulants (either organic or inorganic or colloidal or 

microbiological) and their mode/mechanism of membrane fouling under 

specific SWRO operation conditions, so that they can be addressed and 

controlled specifically and optimally. 

 In addition to lab scale fouling kinetics experiments, it was planned to 

investigate the prevailing fouling scenarios at pilot–scale and full–scale plants 

located at different sites. These studies conducted at pilot and full–scale would 

help in evaluating the potential of different factors impacting fouling scenarios, 
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e.g., source water quality, pretreatment strategy, operating parameters 

governing hydrodynamics. 

 Development and use of multiple fouling characterization techniques, i.e., 

ultrastructural, microbiological and chemical characterization techniques to 

completely understand the morphology, microbial diversity and chemical 

composition of a fouling layer. 

 Extensive use of analytical procedures to comprehensively characterize the 

microbiological and chemical contents of the water which reflect its fouling 

potential. These analyses would help not only in comparing the source water 

quality at different sites but also in assessing the role and efficacy of different 

implemented pretreatment steps in improving the water quality. 

The strategic approach and objectives of our work are shown in the Figure 2.4.  

 

Figure 2.4: Strategic approach and objectives of proposed study. 
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2.7. Outline of Thesis 

The thesis contains 7 chapters. Some of them have been published as research 

article in peer reviewed journals articles and as conference proceedings. 

Chapter 3 describes the analytical methods used to characterize membrane fouling 

layer and examines seawater fouling potential. The approach implemented to 

analyse and interpret the obtained data was also explained. 

Chapter 4 is presenting the results of our SWRO membrane fouling kinetics and 

dynamics study conducted at lab scale. Membrane fouling experiments were 

carried out with permeation time ranging from 8 hours to 4 weeks. Fouled 

membranes were subjected to various characterization techniques to track down 

the changing patterns of bacterial population and chemical composition during 

biofilm development on SWRO membrane. A progressive increase in the abundance 

of almost all the foulant species was observed but their relative proportion was 

found changing with the age of the fouling layer.  

In Chapter 5, results produced from the fouling kinetics and dynamics study 

conducted at pilot–scale SWRO unit are discussed. Role of aromatic organic 

substances, i.e., marine humic–like substances or aromatic plasticisers leached 

from plastics, in membrane fouling was identified. Spatial distribution of other 

foulants, including both chemical and microbial foulants, in RO process vessel was 

discussed. 
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Chapter 6 presents the results of RO membrane fouling studies conducted at full–

scale and pilot–scale RO plants. Effect of source water quality in shaping different 

fouling scenarios, while having similar pretreatment strategies, is discussed. 

Chapter 7 investigates the impact of chlorination implemented as anti–biofouling 

strategy. The first part of this chapter refers to data obtained from two plants 

having different mode of chlorination, i.e., one with continuous chlorination and 

other with intermittent chlorination of seawater. Intermittent mode of chlorination 

was identified as better pretreatment strategy. In the second part of this chapter, 

fouling profile of a desalination plant, equipped with chlorine resistant cellulose 

triacetate hollow fine fiber (CTA–HFF) SWRO membranes, is investigated. Despite 

intermittent chlorine disinfection of these membranes, biofouling was quite 

significant. Different possible reasons of this inability of chlorination in preventing 

the biofilm formation are discussed. 
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CHAPTER 3                                                 

ANALYTICAL METHODS AND APPROACH 

Understanding fouling mechanism requires analysis of both feed water quality and 

composition of membrane foulant material. The characterization of foulant material 

deposited/accumulated on the membrane surface can be performed by using direct 

(i.e., analysis of fouled membrane) and/or indirect (analysis of foulant material 

collected from fouled membrane) analytical techniques. Triplicates were analysed 

during all the measurements except in phylogenetic analysis. 

After sampling, water and membrane samples were preserved until performing the 

analysis. Water samples for physicochemical analyses were stored at 4 °C up to 48 

hours. Water samples for phytoplankton cell and total bacterial cell count analysis, 

with flow cytometer (FCM), were fixed by adding glutaraldehyde solution 

(Polyscience, cat# 1909-10) at 2% final concentration and were stored at or under -

20 °C.  However, water samples for determination of cells count with FCM, and for 

estimation of heterotrophic pate count (HPC), were analysed immediately without 

adding any preservative/fixing agent. All the water samples containing residual 

chlorine were immediately de–chlorinated by adding a calculated/required volume 

of aqueous solution of sodium bisulfite. Membranes samples for confocal laser 

scanning microscopic imaging were fixed with 2 % glutaraldehyde solution and 

preserved at or under -20 °C. However, membrane samples for electron 

microscopic, ATP and phylogenetic analyses were preserved only by storing at or 

under -20 °C.  
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3.1. Water Quality Characterization 

Examination of water quality is imperative in understanding the fouling potential of 

water. Knowing the quality of water one can assess the risk level of membrane 

fouling but also can find the type of fouling most likely to occur in the system. The 

water quality was analysed through measurements of pH (Cyberscan pH6000, 

Eutech, USA), conductivity (CON 510, Oakton, USA), Total Dissolved Solids (TDS), 

turbidity (2100AN, HACH, USA), Silt Density Index (SDI), Total/Dissolved Organic 

Carbon (TOC/DOC; TOC–VCPH Analyzer, Shimadzu, Japan), Liquid Organic Carbon 

Detector (LC–OCD; Germany), Ultraviolet Absorbance at 254 nm (UV254, 

Spectrometer UV–2550, Shimadzu, Japan), Heterotrophic Plate Count (HPC) and 

Flow Cytometric (FCM) and Phylogenetic analyses . Methods to measure the pH, 

conductivity, TDS and UV254 absorbance were quite conventional. Other deployed 

water quality assessment methods are described here. 

3.1.1. Turbidity and Silt Density Index (SDI) Measurements 

Measurement of SDI and turbidity values is commonly used approach to assess the 

fouling potential of water. These two parameters are fundamental indicator of 

colloidal/particulate fouling potential of water. 

Turbidity value of water is an indicator of the level of presence of discrete particles. 

Turbidity measurement is based on ability of these particles to reflect light. Higher 

turbidity value usually indicates the higher fouling potential of water by the discrete 

particles. Turbidity was measured with the Turbidometer or Nephelometer and 

usually expressed as nephelometric units (NTU).  
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Like turbidity silt density index is also indicator of fouling potential of particles, 

both colloidal and suspended ones, present in the feed water. It was measured 

according to ASTM D4189–07 method [111]. In this test, water was passed through 

a filter having hydrophilic nature, usually made up of cellulose acetate, having 

nominal pore size of 0.45 μm and 47 mm Ø (e.g. HAWP, Millipore–USA) at a constant 

pressure of 30 psi in dead–end filtration mode. Time to filter 500 mL of water 

through virgin membrane was recorded as initial time (ti) and then after water 

filtration for a defined length of time (T), carried out at same pressure, another 

reading was taken, called as final time (tf), to filter the 500 mL of the water. SDI was 

calculated by the following formula: 

SDIT = %P30/ T= [(1–ti /tf)100] /T    (3.1) 

Where % P30= percent plugging factor @ 30 psi (for a valid measurement % P30≤ 

75). 

Recommended SDI and turbidity values for RO by various membrane manufactures 

are ≤ 3 and ≤1 NTU, respectively [81, 112]. 

3.1.2. Organic Analysis 

Despite the low concentration, significance of organic matters in RO membrane 

fouling has been increasingly noted in recent studies. Humic substances account for 

about 30% of seawater DOC. These humics cause fouling by organic adsorption or 

by promoting biofilm growth [113]. Polysaccharides, generated by the decay of 

microbial cell wall of microorganisms and plants, and excreted as gums and slimes 
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are prominent contributors of membrane fouling [74]. The transparent 

exoploymeric particles (TEP) are also known to be  made up by the cation bridging 

of the dissolved organics, called mucopolysaccharides, secreted by the 

phytoplankton [114]. Hence, organic analysis of water is important to assess its both 

organic and microbiological fouling potential. 

TOC/DOC and LC–OCD Analyses 

Due to previously mentioned critical role of organics, accurate measurement of DOC 

is mandatory part of water quality analysis. 

Dissolved organic carbon (DOC) was measured by a high temperature catalytic 

oxidation (HTCO) carbon analyser (TOC–V CPH, Shimadzu, Japan). The non–

purgeable organic carbon (NPOC) method was used. For DOC measurements 

samples were filtered through 0.7 µm membrane filter (GF/F, Whatman–USA). Prior 

to DOC measurement inorganic carbon was removed by acidification with 2.0 N 

Hydrochloric acid (HCl) followed by sparging with hydrocarbon free air for 3 

minutes. Acid was added to sample (3% by volume). While analysing TOC, all the 

same mentioned steps were taken except the filtration at 0.7 µm filter. The 

quantification of TOC and DOC were based on calibration with potassium hydrogen 

phthalate (KHP) standards. After having DOC and UV254 absorbance values, specific 

UV absorbance (SUVA) can also be calculated by dividing the UV254 absorbance 

value (in cm-1) by the DOC value (in mg/L) of the sample and then multiplying by 

100 (cm to m conversion). SUVA is reported in units of L/mg C–m. SUVA values 

higher than 4 is indicator of significant presence of hydrophobic aromatic material, 
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whereas SUVA values less than 3 indicate that the organics in water are mainly 

hydrophilic with relatively little aromatic character. Typically, the SUVA value for 

seawater is less than 1 L/mg C–m. 

Liquid Chromatography Organic Carbon Detection (LC–OCD) analysis can be used to 

further characterize the DOC fractions. LC–OCD is a powerful analytical method 

developed by Dr. Stefan Huber at Doc–Labor (Karlsruhe, Germany). This method 

involves the separation of the DOC into the five different components using a size 

exclusion chromatographic (SEC) column with alkaline phosphate buffer as eluting 

agent. Separation is based on size so that larger molecules are eluted first due to 

least diffusion into pore (size exclusion phenomenon). Interactions due to the 

polarity, occurring in the SEC column with stationary phase having aliphatic 

character, may also affect the retention time. Separated fractions are oxidised to CO2 

and detected by non–dispersive IR–Detector. In addition to DOC, online 

measurement of UV absorbance at 254nm and organic nitrogen detection provide 

complementary information for organic matter characterization. In our studies, we 

focused only on OC profiles of water samples. Five fractions of DOC analysed by this 

technique are listed in the Table 3.1 [47, 115]. 
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Table 3.1: Fractions of DOC analysed with LC–OCD technique [47]. 

Fraction 
Molecular 

Weight Range 
Properties Description 

Biopolymers > 20,000 Da 
Not UV-absorbable, 

Hydrophilic 

Polysaccharides and 
proteins, biogenic organic 
matter 

Humics 800–1,000 Da 
Highly UV–-absorbable, 

Hydrophobic 

Calibration based on 
Suwannee river standard 
from IHSS 

 Building Blocks 350–600 Da UV-absorbable 
Breakdown product of 
humic substances 

 Low Molecular 
Weight Acids 

< 350 Da Negatively Charged 
Aliphatic and low molecular 
weight organic acid, biogenic 
organic matter 

Low Molecular 
Weight Neutrals 

< 350 Da 
Weakly or uncharged, 

hydrophilic, ampiphilic 

Alcohols, aldehydes, ketones, 
amino acids, biogenic 
organic matter. 

 

3.1.3. Microbiological Analysis 

Microbial/bio fouling is the major problem. Microbes present in the source water 

are not fully eradicated by available pretreatment strategies, and always a risk of 

their survival and regrowth does exist. To evaluate the microbial fouling potential of 

the water and to identify the problematic bacteria, microbiological analysis is 

important. Typical procedures carried out to analyse the microbial contents of the 

water are: 

I. Heterotrophic plate count (HPC) 

A known volume of the sample (usually 5–50 µL of, depending upon the 

concentration of the culturable cells) was spread on the marine agar 2216 

medium(Difco, Becton Dickinson –USA) plates in triplicates. Sterile and disposable 

spreader was used for platting each sample. Plates with spread samples were 
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incubated at 28 °C for 5–7 days. Formed microbial colonies were calculated and 

reported as number of colony forming unit per millilitre (CFU/mL) [116]. 

II.  Adenosine–5'–triphosphate (ATP) analysis 

ATP analysis gives us information about the active biomass in the sample. Various 

methods have been stated in literature for the measurement of total and cellular 

ATP. In our studies we measured total ATP. Methods of cellular ATP extraction by 

Hamilton and Holm–Hanson (1967) [117] and Chen and Leung (2000) [118] were 

evaluated and the latter one was chosen as optimum procedure. Adapted method 

involves the use of 5 % Trichloro–acetic acid (TCA) to extract the cellular ATP. 

Before analysis, interference by salts was minimised by 50 times dilution with 

sterile 0.04M Tris–HCl buffer (pH 7.8). 

10 µl of TCA solution were added to 100 µl of sample; final dilution to 5 mL with 

0.04M Tris–HCl Buffer. Method used to analyse the prepared samples is based on 

firefly luciferin-luciferase bioluminescence reaction [119] while using Celsis ATP– 

Analyzer and analysis reagent kit (Celsis, USA). ATP concentration was determined 

with help of the ATP standard calibration curve ( 

Figure 3.1). 
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Figure 3.1: Calibration curve for ATP quantification. 

III. Flow cytometric (FCM) analysis 

Flow cytometric analysis was conducted to count the microbial cells in unit volume 

of water. Algal and bacterial communities were quantified with a FACSVerse flow 

cytometer (Becton Dickinson, Belgium). To preserve microorganisms, seawater 

samples were spiked with a glutaraldehyde solution (at final concentration of 2.5%) 

during the sample collection. For the algal cell count, chlorophylls present in cells 

were excited with a blue laser at a wavelength of 488 nm and the orange and red 

fluorescence emission was measured to discriminate cyanobacteria from pico and 

nano–eukaryotes. For bacterial cell count, 1 mL of seawater was stained with 10 μl 

of SYBR® Green–I stock solution (Invitrogen, USA) and incubated in the dark at 

room temperature for 10 min. The blue laser was used to excite the cells and the 

green fluorescence was collected to make the quantification. Low nucleic acid (LNA) 

and high nucleic acid (HNA) bacteria were determined as described previously by 

Servais et al. (2003) [120]. Fluorescent beads of 1.002 μm diameter (Polysciences, 

Inc., Europe) were added to each sample for the equipment and analysis validation. 

IV. Phylogenetic analysis 

About 1000 mL volume of water sample was filtered through 0.2 μm polycarbonate 

filter for later on DNA extraction and ultimate phylogenetic analysis through various 

steps. This filter was subjected to pre–lysis and nucleic acid extraction procedures 

as described by Manes et al. (2011) [105]. 
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16S RNA gene pyrosequencing 

Pyrosequencing of the total genomic DNA extracted from water samples were 

performed at the Research and Testing Laboratory facility (Texas, USA) in a Roche 

454 FLX Genome Sequencer following the protocol published by Dowd et al. (2008) 

[121]. Bacterial 16S rDNA was sequenced using primer 27F (5′–

AGAGTTTGATCMTGGCTCAG–3′) and reverse primer 519R 5’ 

GTNTTACNGCGGCKGCTG targeting the V2–V3 variable regions. Sequence dataset 

was pre–processed in RTL facilities in order to reduce noise and sequencing 

artifacts including searching for chimeras and clustering according to Dowd et al. 

(2008) [121]. 

Bacterial diversity of the remaining sequence data set (average >3000 sequences 

per sample) was queried against a database of high quality 16S sequences derived 

from NCBI (current version) and analysed statistically with PAST software [122]. 

The beta diversity of the sequence dataset was analysed using Bray Curtis algorithm 

in a dendrogram and multi–dimension scaling (MDS) taking into account 

operational taxonomic units (OTU) abundances and distribution. 

 

3.2. Characterization of Membrane Fouling 

Once there is membrane fouling layer developed on the membrane surface, its 

detailed characterization is essential to identify the nature and origin of the 

problem. No doubts the knowledge and record of operating parameters, feed water 
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quality, pretreatment strategies help in understanding the deterioration of the 

membrane performance, however, this information alone is not enough to detect the 

core problem. Destructive autopsy of the fouled membrane is a required procedure 

in order to better understand the fouling phenomenon [36, 123]. Moreover, a 

detailed analysis of a series of membrane samples collected over operating time 

periods ranging from hours to weeks/months, representing the initiation to 

maturation phases of the fouling layer formation, could help in tracking down the 

fouling kinetics and mechanism under given conditions. A multistep fouling 

characterization including: imaging (i.e., application of scanning transmission 

electron microscopy combined with energy dispersive X–ray spectroscopy, use of 

scanning electron microscopy, and confocal laser scanning microscopy), 

physicochemical (fouling load, loss on ignition, elemental, fourier transform infrared 

spectrometric, pyrolysis/Gas chromatography–mass spectrometric, and solid state 

13C–nuclear magnetic resonance spectrometric analyses) and microbiological (HPC, 

ATP and phylogenetic analyses) techniques. 

Before performing direct analyses of fouled membrane or collecting foulant material 

for indirect analyses, free salts and other contents of feed water which were not part 

of the fouling layer but left on the membrane surface were washed off by my gently 

rinsing membrane with autoclaved DI water. Foulant was removed from flat sheet 

RO membranes by physical scarping. We also performed this pre–analysis cleaning 

step through dialysis of foulant material isolated from membranes. In this method of 

free salts removing, foulant material (100-1000 mg) was put into Milli–Q containing 

dialysis membrane bag (1K MWCO; Spectra/Por 7 by Spectrum labs, USA). The 
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dialysis bag was kept immersed in a glass beaker containing 5 liters of Milli–Q, 

stirred mildly with a magnetic stirrer at room temperature for 24 hours in darkness. 

We refresh the batch of Milli–Q in beaker after every 24 hours and dialysis was 

continued until the conductivity of the water on the permeate side (in beaker) was 

observed to have stable value around 5-10 µs/cm. Dried foulant material was 

obtained through lyophilisation. In some cases the inorganic foulants interfere with 

the organic characterization (i.e., CHN, FT–IR, and 13C–NMR spectroscopy analyses). 

These inorganic foulants were removed by dialysis steps using acid (e.g., 

hydrochloric acid, oxalic acid, hydrofluoric acid), which make them dissolved, 

followed by several washes with Milli–Q on the permeate side of dialysis bag. 

3.2.1. Physico–chemical Analysis  

Followings procedures were performed to physically and chemically analyse the 

membrane fouling. 

3.2.1.1. Fouling load analysis 

Determination of collective amount of foulants present per unit surface area of 

membrane is called fouling load analysis. Fouling load is very basic parameter of 

membrane fouling analysis which reflects the intensity of fouling. It was not only 

useful while comparing the magnitude of fouling of different membranes but also 

can be helpful in identifying the dynamic and kinetics of fouling layer development 

over time in a given membrane system. 

Fouling load analysis can be either direct or indirect in terms of implementation. In 

direct fouling analysis dried pieces of fouled and virgin or physically well cleaned 
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membranes having same surface area were weighed in triplicates. The difference 

between these two weight values was taken as fouling mass deposited on the 

membrane surface. Indirect fouling analysis was carried out by collecting foulant 

material by physical scrapping from the fouled membranes of known surface area. 

Dried foulant material was obtained through lyophilisation process. Recovered 

foulant mass was weighed and mass per area of the fouled membrane (fouling load) 

was calculated.  

3.2.1.2. Organic Analysis 

I. % Loss on Ignition (%LOI) 

Lyophilized foulant material samples were dehydrated overnight @ 105°C and then 

accurately weighed quantities (10–30 mg), taken in fused quartz crucibles, were 

subjected to ignition at 550 °C in muffle furnace for 4 hours. % Loss on ignition was 

calculated in the following way [124].  

% LOI = (Weight (Dry) – Weight (@550 °C)) / Weight (Dry) x100  (Equation 

3.2) 

II. CHN elemental analysis 

Flash 2000 – Thermo Scientific CHN/O Analyser was used for elemental analysis of 

pre–dried and well powdered foulant material, while following the US–EPA 440.0 

analytical method [125]. 

C/N, H/C & O/C atomic ratios are indicator of the abundance of nitrogenous 

contents and aromaticity of the organic matter, respectively. O/C ratio can be useful 
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in some cases, e.g., it is used as a point of recognition among the fulvic and humic 

acids. In the case of fulvic acids, oxygen contents are comparatively high [52]. In our 

work we obtained and discussed only C/H and H/C atomic ratios of organic 

constituents of foulants. By comparing C/N and H/C atomic ratio values of  given a 

foulant sample with those of different organic matters reported in literature, nature 

and origin of organic matter found on the fouled membrane were estimated.  

III. Fourier transform infrared (FT–IR) spectroscopy 

FT–IR spectra of intact foulant layer present on fouled membrane (direct analysis 

approach) as well as of foulant material isolated from fouled membrane (indirect 

analysis approach) were obtained. In the former approach, Attenuated Total 

Reflection (ATR) accessory containing universal Diamond/KRS-5 crystal on a 

Spectrum 100 FT–IR (PerkinElmer, USA) was used for IR analysis of fouled 

membrane. A physically cleaned or virgin membrane was used as a reference. 

Spectra of the fouled membrane were refined by the subtraction of the virgin 

membrane spectrum. This spectra refining technique was adapted from difference 

method of Rabiller–Baudry et al. (2002) [126] to eliminate the membrane material 

signals overlapping with the signals of foulant material. 

Additionally, Infrared spectra of foulant material were also obtained by Potassium 

Bromide (KBr) pellet method which involved the mixing and grinding of 

approximately 200–300 µg of dried sample with 100 mg of KBr salt of high purity. 

Transparent and thin (about 0.5 mm in thickness) pellets were formed by 

submitting the mixture, in a die, under the press of 10 tons /inch2. Each obtained 
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spectrum was accumulation of 20 scans at resolution of 1 cm-1 with scanning range 

from 4000–400 cm-1. Spectra were interpreted in the light of literature findings 

shown in the Table 3.2. 

Table 3.2: Detailed description of IR bands {Adapted from Naumann (1996)[127], 
Schmitt and Flemming (1998)[128], Smith [129], Coates (2000) [130], Benning 
(2004)[131] and Leenheer (2009)[132]}. 

(FA: Fatty acids; HS: Humic-like substances; PR: Proteins; PS: Polysaccharides; NA: Nucleic 
acids; SS: Silicon substances; MIS: Miscellaneous) 

 

Source Wave Number 
(cm-1) 

Band Assignment 

FA 

~2956 CH3  Asymmetric stretch 

~2920 CH2  Asymmetric stretch 

~2870 CH3  Symmetric stretch 

~2850 CH2  Symmetric stretch 

FA+HS 
~1745/1735 C=O Stretch of Carboxylic acids 

~1705 C=O Stretch of Carboxylic acids and esters 

PR 

1652–1648 N–H  Stretch, Amide A 

~3070 Fermi resonance of  Amide II overtone with N–H stretching, Amide B 

1652–1648 C=O of H–N–C=O, Stretch, Amide I 
1550–1548 N–H bend and C–N stretch in H–N–C=O, Amide II 
1450–1410 N–H bend and C–N stretch in H–N–C=O, Amide III 

PS 
~1165,~1110,~1050 C=O Stretch in ring structure 

~1040 CH3  Bend in N– Acetyl amino sugars 

NA 
~1240 

P=O Asymmetric stretch, Phosphodiester (DNA/RNA) or general Phosphoryl 
group 

~1080 P=O, Asymmetric stretch, Phosphodiester (DNA/RNA) 

SS 

~3698 Stretching of Al–OH–Si in alumina silicates. 

~1190, ~1060 
Stretching of Si–O of siloxane, often have shoulder at ~ 1200 cm–1 
corresponding to Si–O Stretching of SiO4. 

~950 Si–Hn(n=1–3)and Si–OH stretch of the silica glass or gel 

~800 Stretching of Si–O of amorphous silica. 

~470 Bending of Si–O. 

MIS 

~3620 Stretching of  Al–OH–Al in alumina silicates 

~3400 O-H stretching 

1440-1398 Stretching of carboxylate from Carboxylic Ion 

~1460 CH2  Bending 

1280–1150 Aromatic ring–O, COOH Stretching 

800/940 Aromatic C–H out of-plane bending  
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IV. Pyrolysis/Gas Chromatography–Mass Spectrometry (Pyro/GC–MS) 

Pyro/GC–MS, a semi–quantitative analysis approach, was used to make a 

comparative analysis of organic composition of membrane foulant samples. The 

relative proportion of a biopolymer was calculated as the area of its signature pyro–

fragment peaks divided by the total peak area of the pyro–chromatogram. This very 

useful method of organic analysis was acquired from Bruchet et al. (1990) [133] and 

Christy et al. (1998)[134]. Method is stated here below. 

Small amount of lyophilized foulant material, about 1 mg, filled in 100µl quartz 

pyro–tube plugged, on both end, with quartz wool, was subjected to flash pyrolysis 

using platinum coil Pyroprobe 5000 (CDS Analytical, Inc., USA) at 650°C with 

heating rate of 20°C/ms and hold time of 20s. After pyrolysis, generated fragments 

were brought to the Gas Chromatograph Mass Spectrometer (GC–MS) system 

(Agilent, USA,) through a transfer line. Fragments were separated on 30m long 

narrow bore DB- WAX column (a polar nature fused silica capillary column with 

0.25µm thick internal coating of polyethylene glycol) contained in GC oven 

programmed from 30-220 °C at the rate of 3 °C/min. Identification of column 

separated fragments was done by MSD operated at electron energy of 69.6 eV with 

scanning range from 50–550 amu at the rate of 2.91 scans/s. During pyrolysis, 

Signature fragments formed, of each biopolymer class, are shown in table below 

(Table 3.3). Relative proportion of each class was calculated based on the per cent 

area of these peaks. 
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Table 3.3: Various pyro fragments and their source biopolymer classes (Adapted 
from by Bruchet et al. (1990) [133], Christy et al. (1998) [134], Leenheer and Croué 
(2003) [43]; As: Amino–sugars, DNA: Deoxyribonucleic Acid, Lip: Lipids, PH: 
Polyhydroxyaromatics, Pr: Proteins, PHB: Polyhydroxybutyrate, PS: Polysaccharides 

Peak 
Biopolymer 
Class 

 
Peak 

Biopolymer 
Class 

Benzene PH, Pr 
 

Butanoic acid Pr 
Propane nitrile Pr 

 
Crotonic acid PHB 

Toluene Pr 
 

Acetamide As 
Ethyl Benzene PH 

 
Benzyl nitrile Pr 

Xylene PH 
 

phenol Pr, PH 

Pyridine Pr 
 

pyrrolidinone Pr 
Methyl pyridine Pr 

 
p–cresol Pr, PH 

Styrene Pr 
 

methyl phenol PH 
Acetic acid Ps 

 
pyridinol Pr 

furfural Ps 
 

Indol Pr 
pyrrole Pr 

 
Methyl indole Pr 

Methyl pyrrole Pr 
 

Dodecanoic Acid Lip 

Furancarboxaldehyde Ps 
 

Tetradecanoic 
Acid Lip 

Benzonitrile Pr 
 

Hexadecanoic 
Acid Lip 

Furan Methanol DNA 
 

Octadecanoic 
Acid Lip 

 

V. Solid state 13C–nuclear magnetic resonance (NMR) spectroscopy 

NMR spectroscopic analysis of isolated membrane deposits was conducted using a 

400 MHz SS NMR AVANCE III spectrometer. 13C cross polarization magic angle 

spinning (CP MAS) NMR spectra were recorded at a resonance frequency of 100.622 

MHz under 14 kHz pining rate using a triple–resonance 4 mm Bruker MAS probe. 

The temperature for all experiments was maintained at 298 K. The cross–

polarization (CP) contact time was set to 2 ms employing ramp100 for variable 

amplitude CP. To achieve a sufficient signal-to-noise ratio in a reasonable amount of 
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time, 4k transients were collected with 15 s recycle delay. Exponential line 

broadening of 1 Hz applied before Fourier Transformation. Bruker Topspin 2.1 

software was used for data collection and for spectral analysis. 

Major guidelines for 13C–NMR spectra interpretation were taken from work 

published by leenheer et al. described by Leenheer et al. [132, 135-137]. Based on 

the types of resonating carbons, spectrum obtained was integrated into five 

different areas depicted in the Figure 3.2. 
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Figure 3.2: Identification of different types of carbons based on their characteristic chemical shift values. 13C–NMR of a foulant 
material is shown as an example. 
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3.2.1.3. Inorganic Analysis 

Inorganic elements present in the foulant material were analysed by Inductively 

Coupled Plasma Optical Emission Spectroscopy (ICP–OES) technique. Proir to  

analysis with ICP–OES, foulant material was subjected to aicd digestion to get the 

clear solution. Acid digestion of the foulant material was done by following the 

approach proposed by Mondanert et al. (2009) [138]. Details are as follows: 

Acid digestion of the foulant material was done by following the approach proposed 

by Mondanert et al. (2009) [138]. About 10mg of dried samples were taken in PTFE 

coated digestion tubes. Typically, acids/oxidizers to add include Nitric Acid (HNO3, 

~2 mL), Hydrochloric Acid (HCl, ~1 mL) and (~1ml) Hydrogen Peroxide (H202, ~ 1 

mL). In case of foulant having silica and silicate contents, Hydrofluoric Acid (HF) 

was also added to optimize the mineralization. Digestion was done using microwave 

digestion unit at operated 200°C for 20 minutes. Clear solutions were then diluted 

to 15–25 mL. No glassware should be used during the digestion and analysis steps 

to avoid the leaching effect by the acids (especially HF). 

3.2.1.4. Microbiological Analysis 

I. HPC analysis 

Active biomass attached to fouled membrane was re–suspended in the 100 mM 

phosphate buffer saline (PBS) solution by using the mild sonication (thrice, 30 

second each) and intermediate vortex treatment (5 seconds) after every sonication 

cycle. The rest of the steps were same as mentioned in the water HPC analysis. 

Usually approximately1 cm2 of membrane piece was taken in 10 mL of (PBS) 
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solution. Plating volumes for a typical size petri dish, varies from 5–50 µL, 

depending upon the amount of biofoulants attached to the membrane. 

II. ATP analysis 

Previously stated, same TCA method was used for the extraction of cellular ATP 

from the fouled membrane. For membranes, a slightly modified procedure is stated 

as below. 

Membrane specimen (~1 cm2) was transferred to 15 mL sterile centrifuge tube 

containing 2300 µl of autoclaved Milli–Q water. Sonication was done twice for 2 

minutes each in ultrasonic cleaner (48 KHz, 50W). After each sonication cycle 

sample was vortexed for 2 minutes. Added 200 µL 0.5% TCA and then volume was 

adjusted to 5 mL with 0.04M Tris–HCl Buffer. Finally samples were centrifuged at 

10,000 RPM for 1 minute to get the clear supernatant for quantification of ATP by 

firefly luciferin–luciferase bioluminescence method while using Celsis ATP– 

Analyser and reagent kit (Celsis, USA).  

III. Phylogenetic analysis 

Method was same as in case of filters of water samples. Some modification in the 

protocol, as stated in Manes et al. (2011) [105], were implemented to optimize the 

DNA/RNA extraction. 
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3.2.1.5. Ultrastructural/Microscopic Analysis 

Morphology and composition analyses of the membrane fouling layer were carried 

out at microscopic level with Scanning Electron Microscopy (SEM), Confocal Laser 

Scanning Microscopy (CLSM) and Atomic Force Microscopy (AFM) techniques. 

a) Scanning electron microscopy 

i. Cryo–SEM 

 A Nova Nano SEM (FEI, USA) equipped with cryo stage and cryo preparation 

chamber (Quorum, UK) was used to examine the surface and cross section of fouled 

membrane. Samples were frozen in slush nitrogen at -210 °C transferred under 

vacuum to cryo–preparation chamber at -180 °C, sublimed for 5 min at -90 °C to 

remove condensed ice from the surface, coated with 5nm gold to dissipate surface 

charge and examined with SEM. To observe the fouled membrane cross section, the 

membrane was cut with sharp razor blade and cryo preserved as described above. 

The fractured surface was observed at 52° tilt in the Nova Nano SEM, and several 

regions of interest were imaged.  

ii. Cryo–SEM/focused ion beam (Cryo-SEM/FIB) 

A Quanta 3D small dual beam equipped with an electron and ion beam, and cryo–

preparation chamber was used to examine the cross section of fouled membrane. 

Cryo–preservation was the same as above. After cryo–fixation, samples were 

transferred to small dual beam (SDB) stage, where they were locally coated with 1–

2 μm platinum (using the FIB) to protect the top surface of the cake layer from ion 

beam-induced damage during subsequent cross sectioning steps. Following this 
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step, the FIB was used to cross section the membrane. Samples were then 

transferred to cryo–preparation chamber and coated again with 5 nm gold before 

being examined in SEM. 

iii. Freeze–drying SEM 

Membrane samples were was cryo–preserved in slush nitrogen, as described above 

and then transferred to a freeze drying machine (K775X Turbo; Quorum, UK) where 

the temperature was reduced gradually from -180 °C to room temperature under 

vacuum overnight. After this procedure membrane samples were coated with 5 nm 

gold and top surface of cake layer was examined with Nova Nano SEM as described 

previously.  

iv. Freeze drying SEM–FIB  

Freeze drying of samples was carried out as described above. Membranes was 

coated with 100 nm gold and transferred to Quanta 3D SDB where regions of 

interest for FIB cross sections were locally coated with 1.5 μm platinum as 

mentioned previously, prior to cross sectioning. The cross-sectioned membrane was 

examined in the Nova Nano SEM equipped with a through the lens detector, for 

higher resolution imaging. 

Freeze drying SEM–FIB–STEM–EDX  

A Titan CT TEM, equipped with Scanning transmission electron microscopy/ energy 

dispersive X–ray spectroscopy (STEM/EDX) detectors, was used to further analyse 

the cross sections of freeze dried fouled membrane. TEM samples were prepared 

using Quanta 3D SDB. Dark field images of cross section were captured using STEM 
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detector. EDX microanalysis was used to identify the inorganic particles present in 

the cross sections of cake layer. 

We have developed a method of ultrastructural characterization of fouled 

membrane, combining SEM–FIB–STEM–EDX techniques. This was a novel 

application of these ultrastructural techniques, helpful in detailed composition of 

the foulant layer across the cross section at the nanometer scale. Recently, a 

research article describing detailed methodology and application/significance of 

this technique has been accepted by peer reviewers for publication [139].  

b) Confocal laser scanning microscopic (CLSM) analysis 

Staining protocol adapted from Chen et al. (2006 and 2007) [140, 141] was used. 

The stains used in this investigation include: SYBR® Green–I (SG), to stain cells 

(ex/em: 497/520, concentration: 1X, incubation time: 30 min); SYPRO Orange, to 

stain proteins (ex/em: 470/570, concentration: 5X, incubation time: 30 min); 

Concanavalin A (Con A), to target polysaccharides (ex/em: 495/519, concentration: 

200 µg/l, incubation time: 30 min), purchased from Invitrogen, USA. Approximately 

1 cm2 piece of fouled membrane, initially fixed with 2% paraformaldehyde and kept 

at -20°C to preserve the specimen until analysis, was rinsed with 10 mM Phosphate 

Buffer Saline (PBS, pH 7.4). Staining was carried out in dark brown–colored 

microtubes by incubating the sample with the dyes at room temperature. During 

incubation, microtubes were placed on a horizontal orbital shaker (IKA, Germany) 

operating at 80 RPM. Half milliliter of each staining agent solution was used. After 

every staining step the samples were rinsed with 10 mM PBS buffer.  
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Imaging was carried out with a LSM710 laser scanning confocal microscope (Zeiss, 

Germany) using a 40X lens and ZEN2009 software. Signal from SG and Con A were 

analysed in a common channel since both have emissions in the same region. 

However, the difference in the fluorescence intensities of these two probes 

(fluorescence intensity of SG was higher than that of Con A) were used to distinguish 

them from each other.  

c) Atomic force microscopy (AFM) analysis 

Preparation of electrolyte solutions and AFM probes are described in the Appendix 

A. AFM imaging of virgin and fouled membranes was conducted in 1 mM NaCl 

solution in intermittent mode. The membrane surface was scanned with the 

colloidal probe while recording topography and phase signals simultaneously. The 

phase signal value was set to zero when the probe was located at a significant 

distance from the surface (≥20 µm). The recorded data was processed with 

PicoImage Basic software (Agilent, USA) to overlay phase and topography signals. 

Force versus distance curves between the colloidal probe and virgin or fouled 

membrane were conducted in contact mode. The spring constant of the cantilever 

was measured following the thermal tuning method developed by Hutter and 

Bechhoefer,1993, [142] and using the Thermal K module (Agilent, USA). Force 

curves were acquired at a 0.4 µm/s rate and starting at a distance of 3 m from the 

surface of the membrane. Multiple force curves were recorded for every ionic 

strength at different locations of the membrane surface. The approaching force 

profiles were analysed following Li and Logan (2004) [143] methodology. Briefly, 
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gradient force (i.e., defined as the slope of the five data points surrounding the point 

where the gradient is calculated) was calculated on the approach part of the 

adhesion curve force and four different regions were delineated: non–interaction 

region (slope equal to zero), non–contact region, contact region and constant 

compliance (constant negative slope). Distinction between non–contact and contact 

phase regions was obtained with the change of the slope of the gradient force curve. 

For some force curves this distinction was facilitated by the presence of a transition 

region easily detectable on the gradient force curve. However, for other curves this 

transition region might not be present and distinction between non–contact and 

contact phase length could be not clear. Adhesion energies (i.e., energy required to 

detach the probe from the surface) were calculated from the retraction force 

profiles by integrating the pull–off forces by the separation distance using the 

trapezoidal rule [144]. 
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CHAPTER 4                                                    

SEAWATER REVERSE OSMOSIS MEMBRANE 

FOULING KINETICS AND DYNAMICS: A LAB–

SCALE STUDY 

(Contents of this chapter have been published with following reference details:  

Khan, M. T.; de O. Manes, C.-L.; Aubry, C.; Gutierrez, L.; Croue, J. P. Kinetic Study of 

Seawater Reverse Osmosis Membrane Fouling. Environmental Science & Technology 

(2013), 47 (19), 10884-10894.) 

 

Biofouling is considered the main drawback of SWRO membranes, affecting 

approximately 70% of the seawater RO membrane systems [38]. Among all the 

types of fouling, biofouling is more complex phenomenon. This is due to different 

steps involved in membrane biofouling, i.e., conditioning film formation by 

glycoproteins and/or other organics [84, 110, 145], cell attachment, cell growth, and 

cell dispersion [19, 85, 93]. Different phases taking place in the development of a 

fouling layer (i.e., kinetic aspect) can be tracked down through monitoring the 

changes in relative abundance and diversity of the fouling species over time. 

Although, biofilm formation phenomenon has been extensively investigated, a 

significant fraction of these studies have focused on systems other than SWRO 

membranes. Moreover, there are only few studies in the literature on microbial 

diversity or chemical composition of SWRO membrane biofilms, and no 

comprehensive study on the changes in microbial community and chemical 
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composition of the biofilm matrix with operating time. Briefly, Manes et al. (2011) 

[105] studied changes in the profile of microbial diversity of full–scale SWRO 

membranes biofilm with operating times ranging from 10 to 330 days. 

Betaproteobacteria affiliated to the genus Ideonella were identified as potential 

primary colonizers. In the case of relatively mature biofilm the majority of bacterial 

population belonged to phyla Alphaproteobacteria or Planctomycetes. However, 

since the membranes were subjected to chemical cleaning procedures, the 

biofouling profiles might have been impacted. Horsch et al. (2005) [102] reported 

Gammaproteobacteria and Betaproteobacteria as the major groups in early stage 

and relatively mature form, respectively, of NF membrane biofilm fed by 

ultrafiltration (UF) pretreated water from an oligotrophic reservoir. Zhang et al. 

(2011) [104] identified Gammaproteobacteria and Alphaproteobacteria as 30% and 

61.2% of the total microbial community, respectively, in the biofilm of SWRO 

membranes. Dominance of Alphaproteobacteria over other bacterial communities in 

the fouling layer of full–scale SWRO membranes, fed by Red Sea water, has also been 

observed in our a published study [146]. 

The objectives our SWRO membrane biofouling kinetics and dynamics study, 

conducted at lab–scale, were to find:  

a) Initial colonizing bacteria,  

b) Changes taking place in the bacterial population from initial stage to relatively 

mature biofilm stage, and 
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c) Changes in chemical composition of the biofilm matrix over the age of biofilm and 

their possible correlation with the microbial community profile. 

To observe the fouling kinetics, fouled membranes operated from 8 hours to 4 

weeks were subjected detailed characterization procedures. In addition to the 

fouling layer characterization, feed water quality was also analysed to assess its 

fouling potential.  

4.1. Description of SWRO Lab–Scale Unit  

The design and setup of SWRO lab–scale plant are shown and described in appendix 

B. The unit consisted of three flat membrane cells in series with a membrane coupon 

active surface area and feed spacer thickness of 78 cm2 and 44 mil, respectively, 

operating in recirculation mode. Red Sea water prefiltered through a 10 µm 

cartridge filter (Polygard–CR, Millipore, USA) was used as feed water and was 

renewed every 48 hours. The operating pressure was kept constant at 60 bar with a 

cross flow velocity of 0.091 m/s. SW30–HR membranes from DOW Filmtec were 

used. 

The lab–scale unit was carefully cleaned and disinfected between each run following 

the protocol given here below. 

I. Recirculation of 50 ppm Dibromonitrilopropionamide (DBNPA) for 30 min. 

II. Rinsing thrice by recirculating deionized (DI) water for 10 min each time. 

III. Recirculation of 0.1% Ethylenediaminetetraacetic acid (EDTA) at pH 11 for 

30 min. 



93 

 

IV. Recirculation of 0.1% Sodium dodecyl sulfate (SDS) at pH 11 for 30 min. 

V. Rinsing thrice by recirculating (DI) water for 10 min each time. 

After thorough cleaning, virgin membrane coupons were installed. Prior to 

experiments with seawater, coupons were compacted by operating with autoclaved 

deionized (DI) water at 30 bar feed pressure for 48 hours. 

Four sets of experiments were conducted at 8 hours and 1, 2, and 4 weeks of 

operation from April 21st until June 28th of 2011. Fouled membranes operated from 

8 hours to 4 weeks were subjected to various characterization techniques including: 

fouling load analysis, adenosine–5'–triphosphate (ATP) analysis, atomic force 

microscopy (AFM) analysis, confocal laser scanning microscopy (CLSM) analysis, 

attenuated total reflection (ATR)/potassium bromide (KBr) pellet–Fourier 

transform infrared spectroscopy (FTIR) analysis, pyrolysis gas chromatography–

mass spectrometry (Pyro/GC–MS) analysis, inductively coupled plasma optical 

emission spectroscopy (ICP–OES) elemental analysis, and phylogenetic analysis. In 

addition to the fouling layer characterization, feed water quality was also analysed 

to assess its fouling potential. Fouling of 8 hours membrane was characterized only 

by FTIR, AFM, and CLSM analyses because of insufficient amount of deposited 

foulant.  

The feed water (FW) quality was characterized by Silt Density Index (SDI5), 

Total/Dissolved Organic Carbon (TOC/DOC), Adenosine–5'–Triphosphate (ATP), 

Heterotrophic Plate Count (HPC), and Flow Cytometric (FCM) analyses. Additionally, 

elemental analysis was performed by ICP–OES. 
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In order to compare with organics found on fouled membrane surface, humic–like 

material was isolated from 100 L of Red Sea water using the comprehensive XAD–

8/XAD–4 resins extraction protocol proposed by Leenheer et al. (2009) [147]. 

4.2 Results and Discussion 

4.2.1. Feed water characteristics 

The quality and especially the diversity of microbial population of the Red Sea along 

the coast of Saudi Arabia are not very well documented. Therefore, it was essential 

to observe the temporal variations in the profile of feed water quality in order to 

monitor possible environmental changes that might affect biofilm development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 

 

Figure 4.1: Monitoring of water quality parameters from intake seawater. (A) ATP 
and DOC values. (B) Microbial community distribution. Error bars correspond to 
standard deviation. 

 

Bio and physicochemical quality indicators of intake water were monitored during 

the period experiments were conducted. DOC, ATP contents and microbial diversity 

of almost every batch of feed water determined (Figure 4.1and appendix C). SDI5, 

turbidity, TOC/DOC, cell count, HPC, ATP contents and elemental analyses results 

are summarized in Table 4.1. 

Table 4.1: Feed water quality of all the batches on overall basis. 

 

 

 

 

 

 

 

 

 

 

Water Quality Parameters (Unit) 
Average Measurement 

(Std. Dev.) 

pH 8.2 (0.1) 

Conductivity (ms/cm) 59.00 (1.4) 

Turbidity (NTU) 0.5 (0.1) 

Total Dissolved Solids (mg/L) 38,500 (2,110) 

Total Organic Carbon (mg/L) 0.98 (0.1) 

Dissolved Organic Carbon (mg/L) 0.97 (0.1) 

SDI5 ≤5 

Total Cell Count (cells/mL) 2.8x106 (5.0×104) 

Heterotrophic Plate Count (CFU/mL) 2.2x104 (8.0×103) 

ATP (ng/L) 55.75 (24.95) 

Aluminum (mg/L) 0.005 

Calcium (mg/L) 444 

Chromium (mg/L) <0.003 

Copper (mg/L) <0.006 

Iron (mg/L) 0.0625 

Potassium (mg/L) 479 

Magnesium (mg/L) 1631 

Manganese (mg/L) 0.001 

Sodium (mg/L) 11870 

Nickel (mg/L) 0.005 

Phosphorus (mg/L) 0.016 

Sulfur (mg/L) 1071 

Silicon (mg/L) 0.238 

Zinc (mg/L) <0.002 
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No significant change could be observed in the monitored water quality parameters. 

The average quality of RO feed water after 10 µm cartridge pre–filtration, was as 

follows: SDI5 ≤5; TOC: 0.98 mg/L; ATP conc.: 55 ng/L; HPC: approximately 104 

cfu/mL; total cell count: 2.8×103 cell/µL. The 10 µm pre–filtration improved the SDI5 

value of the Red Sea water while the other parameters were not affected. 

Besides the above mentioned parameters, a three months temporal survey of intake 

water microbial community was also performed by pyro–sequencing analysis of the 

16S ribosomal RNA gene and the taxonomic classification and affiliation of 

sequences. The distribution and relative abundance of the major phyla from the 

water samples are shown in Figure 4.1B. All samples were mainly represented by 

Cyanobacteria (pico–phytoplankton) and Proteobacteria phyla followed by 

Bacteroidetes with variable abundances along the sampling period. While in all 

samples Alphaproteobacteria class (Proteobacteria) affiliated sequences were 

dominant (reaching up to 55% of the sequences in one sample (Feed_5)) the 

Synechococcus genera was considerably the most abundant phylotype among the 

Cyanobacteria phyla with 54% of sequences at Feed_2 (Appendix C). However, the 

distribution of major phylotypes (≥ 3%) revealed no drastic changes in microbial 

community composition between samples at approximately three months intervals. 

Dominant groups were always dominant, indicating that intake water presented a 

relatively stable microbial distribution. Dominance of Cyanobacteria in the photic 

zone of Red Sea has also been reported by Qian et al. (2011) [148] in their study 

conducted at off–shore locations associated with deep sea brine pools. 
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4.2.2. Changes in fouling profile with increasing operation 
time 

Fouling load analysis was conducted to determine the level and rate of fouling layer 

development. The fouling load of the membrane nearly doubled from 1 week 

operation (2.51± 0.47 g/m2) to 2 weeks operation (4.02 ± 0.66 g/m2). After four 

weeks, the fouling load was further increased (5.72 ± 0.85 g/m2) (Figure 4.2A). This 

observation confirmed that there was a dynamic process of foulant 

deposition/accumulation on the membrane surface. The ATP content followed the 

same trend and it was observed that higher the fouling load, higher the ATP content. 

This result confirmed a biofilm development with operating time and showed its 

importance in the overall fouling process. As the fouling layer was developed with 

operating time, membrane permeability was observed to decrease (Appendix D). 

 

Figure 4.2: (A) Fouling load, ATP and (B) ICP–OES analyses of fouled membranes 
showing increase in both active biomass and overall foulant mass accumulated on 
the membranes with increasing operating time. The concentration per unit surface 
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area of the majority of multivalent cations increased with operating time. Error bars 
correspond to standard deviation values. 

 

Major inorganic elements accumulated in the fouling layer were analysed with ICP–

OES. Data showed that the concentration of multivalent cations (i.e., Al and Ca) and 

non–metallic elements (i.e., P and S) gradually increased with operation time 

(Figure 4.2B). Fe and Mg concentrations increased from 1.8 to 8.6 mg/m2 and from 

1.0 to 4.8 mg/m2 from the first to the second week, respectively, but then declined 

to 3.8 mg/m2 and 2.5 mg/m2 at the fourth week, respectively. Inorganic elements, 

especially multivalent cations, are known to play a vital role in biofouling [101, 149] 

and organic fouling [39, 70] due to their strong tendency to form complexes with 

negatively charged moieties. As shown later in this investigation, the relatively 

higher abundance of complexing cations (e.g., Fe and Mg) in the initial fouling layer 

than in comparatively mature fouling layer agreed with the existence of more 

negatively charged sites at the early stage of the fouling process resulting in higher 

uptake of cations. 

ATR–FTIR difference spectra showed progressive development of foulant material. 

However, due to overlapping with membrane material signals and low intensities, 

signals of foulant material were not well resolved and were difficult to interpret 

(Appendix E). KBr pellet IR spectra of foulant material, isolated from membranes, 

had comparatively better resolved bands (Figure 4.3).  
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Figure 4.3:FTIR spectra of foulant materials of RO membranes running for 8 hours, 1 
week, 2 weeks, and 4 weeks. On Y–axis (not shown) is the absorbance with arbitrary 
units. 

 

Interestingly, IR spectrum of 8 hours sample was similar to that of marine 

hydrophilic acid plus neutral organics, published by Leenheer (2009) [132] showing 

a strong band of carboxyl/carboxylate group overlapped with amide–I band. In 

addition, amide–II peak, a characteristic IR signal of proteins and aminosugars 

typically found near 1550 cm-1, was not detected. From this profile, Leenheer (2009) 

[132] suggested that amides were most probably lactams of five to seven–

membered rings where the amide–II band does not exist. Progressive evolution of 

amide bands, characteristic functional groups of proteins, i.e., amide I (mainly C=O 
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stretching vibration at 1650 cm−1), amide–II (out of phase combination of N–H 

bending and the C–N stretching vibration at 1555 cm-1), and amide–III (in phase 

combination of N–H bending and the C–N stretching vibration 1410 cm-1) [150], 

were observed from 8 hours to 4 weeks samples. Similar to proteins, the 

aminosugars (i.e., indicators of bacterial cell wall residues) signal represented by 

the symmetric bending of CH3 of N–acetyl group at 1384 cm-1 [127, 130, 132] was 

also found to progressively increase with operating time. The band at 1240 cm-1, 

detected in all samples, is attributable to either free phosphate and/or 

phosphodiester backbone of the nucleic acid DNA/RNA (PO2- asymmetric 

stretching). Relative intensity of band at 1037 cm-1, likely a joint sugars and silicates 

(stretching of C–O and Si–O, respectively)[127, 151] band, was considerably 

increased from 8 hours to 1 week sample. This result suggests the accumulation of 

sugars and/or silicates in the fouling layer of 1 week age. After 1 week, due to 

increase in proteins, the relative intensity of this band was gradually decreased. The 

relative intensity of alkyl group (CH3 asymmetric stretching at 2960 cm-1; CH2 

asymmetric and symmetric stretching at 2925 and 2850 cm-1, respectively) and 

carboxyl group signals, likely coming from lipids, increased from 8 hours to 2 weeks. 

This finding can be explained by initial bacterial growth resulting in increased lipid 

concentration in the fouling layer. After 4 weeks, the relative intensity of these 

signals decreased probably because of the release of extracellular polymeric 

substances (EPS) containing mainly sugars/proteins. 



101 

 

4.2.3. Major organic constituents of SWRO membrane 
biofilm  

Pyro/GC–MS, a semi–quantitative analysis approach, was used to make a 

comparative analysis of organic composition of membrane foulant samples. The 

relative proportion of a biopolymer was calculated as the area of its signature pyro–

fragment peaks divided by the total peak area of the pyro–chromatogram. The 

target of this analysis was to observe the evolutionary trend of different 

biopolymers while understanding that the calculated distribution profile for a 

specific sample may not reflect its exact composition because different biopolymers 

exert different pyrolysis yield [133]. The detection of prominent signals of 

deoxyribonucleic acid (DNA, furanmethanol pyro–fragment) and aminosugars 

(acetamide pyro–fragment) in the foulant samples of 1 to 4 weeks membranes, 

considered as the signposts of living or recently died microorganisms, was an 

evidence of biofouling/microbial activity occurring on all the membranes. However, 

the profile of biopolymer signals in the pyrochromatograms (Figure 4.4) and their 

calculated relative abundance (Figure 4.5A–D) changed with operating time, 

therefore revealing changing patterns of fouling layer composition. These changes 

could be related to the dynamic stages involved in the biofilm formation over time. 

Proteins detected in all the samples were composed of phenylalanine (toluene, 

styrene as pyrolysis by–products), tyrosine (phenol, p–cresol as pyrolysis by–

products), and tryptophan (indole, methyl indole as pyrolysis byproducts) 

aminoacids [43]. A significant increase in the relative proportion of proteins 

(associated with the decrease in relative abundance of polysaccharides) was 
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observed from 1 week (i.e., 28%) to 4 weeks (i.e., 53%) membrane coupons. This 

observation is evident from the continuous increase in relative abundance of 

styrene peak (2.80, 5.25, and 12.74 % area for 1 week, 2 weeks, and 4 weeks 

samples, respectively), and continuous decrease in the phenol/p–cresol peak ratio 

(1.64, 1.18, and 1.08 for 1 week, 2 weeks, and 4 weeks samples, respectively) [133]. 

Because usually polysaccharides, not proteins, are known to represent the most 

abundant component of marine microbial EPS [152], this increase in relative 

abundance of proteins after the first week is most likely due to bacterial cellular 

growth and biofilm maturation (cell decay) resulting in the release of protein–

enriched cellular material [153]. Previously, we have observed higher relative 

abundance of protein characteristic pyro–fragments (i.e., approximately 50%) in the 

material recovered from full–scale plant SWRO membranes having recent and 

mature biofilm [146]. Significantly high relative abundance of fatty acids (i.e., C–16) 

signals in 1, 2, and 4 weeks membrane sample (i.e., 16%, 20%, and 12 %, 

respectively) also provides evidence of the presence of material originated from 

microbial cells.  
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Figure 4.4: Pyrochromatograms of membrane foulant materials, Red Sea humic like 
materials extracted with XAD–4 resin, and plastic material of filtration setup tubing. 
Different colors are assigned to peaks based on their biopolymer origin. Peaks with 
uncertain or mixed origin are termed as “others”. Unlabeled peaks are of unknown 
origin. 
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Another significant difference is the decrease in relative abundance of 

polyhydroxyaromatics (PHA) from 1 week (13%) to 4 weeks (8%) old membrane 

foulant samples. The humic–like substance character of the 1 week membrane 

deposit was clearly indicated by a phenol/ p–cresol peak height ratio higher than 1 

(i.e., 1.64) [133]. Interestingly, benzoic acid was detected only in the 

pyrochromatogram of 1 week membrane foulant (Figure 4.4). Benzoic acid might 

have different origins. It is known as a pyro–fragment from humic material 

containing benzene carboxylic structural units [154, 155]. Benzoic acid might have 

also come from phthalates–based plasticizer, used in numerous plastic materials. 

Kusch (2012) [156] reported that the pyrolysis of di–2–ethylhexyl phthalate (DEHP) 

produces benzoic acid. Phthalates contamination would then have come from the 

polyvinyl chloride tubing that equipped our cartridge pre–filtration setup. To clarify 

the origin of benzoic acid peak in the 1 week foulant material pyrochromatogram, 

pyrolysis GC/MS analyses were conducted on the plastic tubing material and on the 

marine humic material isolated from the Red Sea. As expected, benzoic acid was 

observed in both pyrochromatograms. In the chromatogram of marine organics (i.e., 

XAD-4 isolate representing 20% of the Red Sea DOC content) benzoic acid appeared 

as one of the most abundant peaks, whereas in the pyrochromatogram of tubing 

material, benzene dicarboxylic acid and ethyl hexanol were the predominant ones 

(Figure 4.4). However, these compounds were not present in the membrane foulant 

material. These results support the hypothesis that benzoic acid was derived from 

marine humic-like substances that preferentially sorbed onto the membrane surface 

at the early stage of the fouling process. This is in good agreement with the humic-
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like substance signature highlighted by the phenol/ p-cresol peak ratio. In the 

marine biofilm formation, the important role of humic substances has been reported 

by Loeb and Neihof (1975) [87]. Moreover, Monruedee et al. (2012) [70] reported 

that humics adsorbed quickly on to the SWRO membrane surface.  

In addition to the Pyro/GC-MS analysis, CLSM was used to explore the chemistry 

and morphology of intact biofilm. CLSM images showed that the 8 hours membrane 

contained dispersed cells on its surface. Significantly strong signals for 

polysaccharides and proteins at the locations containing attached cells might be 

originated from covering of extracellular substances around the cells (Figure 4.5E, I, 

M). These signals might also be originated from polysaccharides and proteins 

present in initially formed film of organics on the surface. On 1 week membrane, it 

was observed that some selected cells were able to grow and form colonies 

(Figure 4.5F, J, N). After 2 weeks there were distinct signals for released EPS 

(Figure 4.5G, K, O), and after 4 weeks the biofilm was more mature with a higher 

accumulation of EPS (i.e., stronger signals for polysaccharides and proteins) and 

absence of visible bacterial cells (i.e., possibly covered by an EPS layer) (Figure 4.5H, 

L, P). 
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Figure 4.5: Direct and indirect characterization of the organic composition and 
morphology of biofilm present on the surface of 8 hours to 4 weeks membrane 
samples. A–D) Biopolymer distribution calculated from pyrochromatograms; CLSM 
images showing: E–H) Proteins (Blue signal from SYPRO Orange), I–L) 
Polysaccharide (green signal from Alexafluor 488), and Cells (relatively high 
intensity green signal from SYBR® Green–I), M–P) combined image with all the 
signals superimposed.  

4.2.4. Interaction force measurements using Atomic Force 
Microscopy (AFM) 

Interaction forces between silica colloidal probe and fouled membrane surfaces during 

approach: Non-contact and contact lengths of all fouled membrane samples (i.e., 8 
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hours, 1, 2, and 4 weeks samples) were one order of magnitude larger than those of 

virgin membrane (i.e., 0 hours), suggesting a change of surface characteristics due to 

accumulation of foulant material (Figure 4.6A).  

 

Figure 4.6: A) Bar graph of non-contact length for virgin, 8 hours, 1 week, 2 weeks, 
and 4 weeks membrane samples in 1mM and 100 mM NaCl solutions, B) bar-graph 
of contact length for 8-hour, 1 week, 2 weeks, and 4 week samples in 1mM and 100 
mM NaCl solutions, and C) semi-log plot of relative difference in adhesion energy 
between CaCl2 and NaCl solutions of virgin, 8 hours, 1 week, 2 weeks, and 4 weeks 
membrane samples at different ionic strength. Each data point corresponds to the 
average of 40 measurements (error bars corresponds to standard deviations).  
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Topography and phase contrast images confirmed the progressive accumulation of 

foulant material on the membrane (Figure 4.7). For 8 hours, 1 week, and 2 weeks 

membrane samples, the non-contact length decreased with increasing ionic 

strength. Nevertheless, these non-contact lengths were significantly larger than 

those predicted by the theoretical Debye Length (10 nm and 1 nm in 1 mM and 100 

mM NaCl solutions, respectively) [157, 158], suggesting that in addition to 

electrostatic effects, steric repulsive forces induced by the presence of polymer 

brush-like structures at the membrane surface were also involved [159]. 

Conformational changes (compression) of the polymer chains with ionic strength 

would be the cause of the non-contact length decrease for 8 hours, 1 week, and 2 

weeks membranes. Conversely, non-contact length of 4 weeks membrane sample 

was lower in 1 mM NaCl solutions compared to 1 week and 2 weeks membrane 

samples and its magnitude increased with ionic strength. This result suggested that 

mainly steric interactions were involved during non-contact region and that the 

foulant adsorbed at the membrane surface was poorly electrostatically charged. 
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Figure 4.7: Superimposition of AFM phase signal on topography picture for virgin, 8 
hours, 1 week, 2 weeks, and 4 weeks samples. These images show the membrane 
gradually covered with foulant material over time. One week membrane sample was 
partially fouled as the membrane surface remained visible. Two weeks membrane 
sample evidenced full foulant coverage. 

 

Contact length measured from 1 mM to 100 mM NaCl solutions exhibited a major 

reduction for 8 hours sample, no variation for 1 week sample, and an increase for 

both 2 weeks and 4 weeks membrane samples (Figure 4.6B). The significant 

decrease of contact length with ionic strength observed at 8 hours sample clearly 

indicates a strong compression of the fouling layer due to conformational changes of 

polymeric chains. Results from FTIR and pyrolysis GC/MS indicates that at this early 
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stage of foulant layer development (8 hours), mainly marine-derived humics were 

deposited on the membrane surface. Humics are mainly identified due to their high 

content of aromatic and phenolic carbon with carboxyl as main functional groups 

(i.e., imparting a negative charge at environmentally relevant pH) [158]. A previous 

study reported a considerable charge screening of negatively charged humics and 

high compression of their polymeric chains with increasing ionic strength [160] (i.e., 

decreased intermolecular and intramolecular repulsive forces), as similarly 

observed in 8 hours membrane sample. 

Conversely, at subsequent stages of fouling layer development (1, 2, or 4 weeks 

samples) an accumulation of non-humic materials (e.g., polysaccharides and 

proteins) was detected by FTIR and pyrolysis GC/MS analysis. The increase of 

contact length recorded for 2 weeks and 4 weeks samples would be the 

consequence of non-humics fouling layer compression as similarly observed by Xu 

and Logan (2005) [161] for protein chains. This previous study suggested that 

protein chains conformation at low ionic strength would lead to very low density 

layers difficult to detect by stiff cantilevers (i.e., 0.16 nN/nm). However, at high ionic 

strength, a more compact protein layers were clearly identified.  

Interaction force between silica colloidal probe and fouled membrane surface 

during retraction: The relative difference in adhesion energy recorded in CaCl2 and 

NaCl solutions of similar ionic strength, (i.e., [adhesion energy in CaCl2 – adhesion 

energy in NaCl]/[adhesion energy in NaCl]) between the silica colloidal probe and 

the different fouled membrane samples are presented in Figure 4.6C. The adhesion 
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behavior of the virgin membrane to silica colloid was not influenced by ionic 

strength. Foulant deposited on 8-hour membrane sample exhibited higher increase 

in adhesion energy in CaCl2 solution than in NaCl solutions, suggesting Ca2+ bridging 

between the negatively-charged silica colloid surface (i.e., SiO-) and deprotonated 

carboxyl groups on foulant enriched in humic-like substances (i.e., as detected by 

FTIR and Pyrolysis GC/MS). Previous studies have suggested that calcium ions can 

form inner-sphere complexes with deprotonated carboxylic groups on NOM 

molecules while sodium ions can only weakly interact through outer-sphere 

association [162]. In addition, the stability constant of Ca2+ to SiO- groups is 

expected to be higher than Na+ with the same functional groups [163]. This 

increasing trend in adhesion energy in CaCl2 solution reached a maximum at 10 mM 

ionic strength suggesting saturation in the complexation process. For the 1 week 

membrane sample, the increase in relative difference in adhesion energy was 

independent of ionic strength and was at the same level as for the 8 hours sample in 

1 mM NaCl solution. This result suggests that the number of sites susceptible to 

make complexes with calcium was lower than the foulant deposited at 8 hours (i.e., 

in good accordance with the relative increase of polysaccharides in the foulant) and 

saturation was already reached at 1 mM NaCl solution. Relative difference in 

adhesion energy for 2 weeks and 4 weeks membranes was negative (i.e., ca. -60%) 

at 1 mM NaCl solution and then gradually increased to a positive value with 

increasing ionic strength. The significant difference between the 8 hours sample 

profile (mainly humic material) and 1 week, or 2 weeks, or 4 weeks sample profiles 

(mainly non-humics) suggests foulant layers of different physicochemical properties 
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and are in good agreement with the characterization performed on these samples 

described in the previous sections. Humic-like substances are more enriched in 

carboxylic groups than polysaccharides and proteins, and therefore are more prone 

to make complexes with Ca2+ ions than non-humic substances, which is evidenced 

by the relative difference in adhesion energies. 

4.2.5. Dynamics of microbial communities in SWRO 
membrane biofilms 

Differences in organic compounds distribution on the SWRO membranes might have 

had an impact over bacterial community composition and diversity. To investigate 

this hypothesis, next generation sequencing of 16S ribosomal RNA gene was 

performed on the RO membranes samples. The overall phyla distribution of 1 week, 

2 weeks, and 4 weeks membrane samples revealed that Proteobacteria was the 

dominant phyla corresponding to 80% of total sequences for 1 and 2 weeks 

membranes and 76% for 4 weeks membrane. The second most represented phylum 

was Bacteroidetes (19% for 1 week, 18% for 2 weeks, and 13% for 4 weeks 

membranes) (Error! Reference source not found.A). Noticeably, for the 4 weeks 

embrane, Proteobacteria was almost exclusively represented by 

Alphaproteobacteria class members (60% of sequences) and their distribution was 

slightly different from the other samples. For the 1 week membrane, both 

Alphaproteobacteria and Gammaproteobacteria were evenly distributed and each 

corresponded to 40% of total sequences. For the 2 weeks membrane, 

Alphaproteobacteria representativeness increased up to 51% and the remaining 
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sequences were majorly distributed in Gammaproteobacteria (21%) and 

Betaproteobacteria (7%) classes (Error! Reference source not found.A).  

 

 

 

 

 

 

 

 

 

Figure 4.8: Phylogenetic affiliation and taxonomic distribution of the ribosomal 16S 
RNA gene sequence dataset from lab–scale and full–scale membrane samples. (A) 
Phyla and Proteobacteria class distribution (inset) of sequences. (B) Major taxa 
(family, genus and species level) identified in each sample represented by > 3% of 
the sequences. 

 

Interestingly, within the Proteobacteria phylum, representation of 

Alphaproteobacteria class increased proportionally with increase of operation time. 

This progressive increase in relative abundance of Alphaproteobacteria might be 

associated with the changes occurring in chemical composition of fouling layer. 

A 

B 

A 
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The phylogenetic affiliation of the different operational taxonomic units (OTUs), 

obtained after clustering the sequence datasets revealed that Antarctobacter, 

Roseobacter sp, Rhodobacteraceae, Roseovarius nubinhibens, and Sulfitobacter were 

present in all RO membranes; showing, however, differential concentration profiles. 

The differences on major species/groups identified on the lab–scale membranes can 

be observed by the presence of Methylophaga (7.6%) and Pseudidiomarina 

homiensis (6.0%), both Gammaproteobacteria, and Sulfitobacter (3.1%, 

Alphaproteobacteria) in the 1 week membrane sample. However, these species were 

absent or poorly represented in the 2 and 4 weeks samples (Figure 4.8B). 

Interestingly, Pseudidiomarina homiensis was identified in a phenanthrene 

(polycyclic-aromatic hydrocarbon) degrading bacteria screen [164] and its relative 

high abundance in 1 week membrane coincides with the relatively high PHA 

concentration in the foulant recovered from this sample. This finding suggests that 

these species might be associated to an early established biofilm. Conversely, the 4 

weeks membrane was majorly dominated by Antarctobacter sp (15% of sequences, 

Alphaproteobacteria), which was decreasingly represented in the 2 and 1 week 

samples, 2.6% and 0.3%, respectively (Figure 4.8B). Members of Antarctobacter 

genera (Rhodobacteraceae family) were associated to hypersaline environments 

[165], whereas other Rhodobacteraceae affiliated groups, i.e., Roseobacter clade and 

Roseovarius nubinhibens, were described as degraders of organic-sulfur compounds 

(dimethylsulfoniopropionate) and generalists of DOC in nutrient-rich 

environments[166, 167]. It is possible that organic sulfur compounds might have 

accumulated on the RO membrane surface with increasing usage time. 
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Rhodobacteraceae family members were also found to be more abundant on other 

SWRO membranes running for longer periods i.e., one year (Red Sea) [146], 60 and 

120 days (Mediterranean Sea) [105], and in another comparative study of 

differently-located SWRO membranes [104]. This indicates that such species should 

be more adapted to a more mature biofilm where nutrient competition is a rule for 

the survival of the fittest. These findings corroborate the lower bacterial community 

diversity found in the 4 weeks old membrane (i.e., Shannon-H index= 4.0 compared 

to 4.13 and 4.43 for 1 week and 2 weeks membranes, respectively). 

4.2.6. Model of biofilm development 

Results of direct and indirect characterization of fouling layer suggest that biofilm 

formation involved multiple steps including; 1) rapid accumulation of humic 

substances and polysaccharides (predominantly linked) on the membrane 

surface, known as surface conditioning film formation, which helps in the microbial 

adhesion and may also serve as nutrient for the following initial growth stage; 2) 

microbial growth, a phase after the settlement/adsorption of cells on membrane 

surface which leads to the formation of microcolonies, and 3) growth of 

microcolonies into macrocolonies and release of EPS. Similar biofilm formation 

models have been proposed and discussed by several researchers [91, 149, 168, 

169]. Studies showing direct and experimental evidence of the steps involved in 

biofilm development with evolution analyses of both microbial community and 

chemical substances are, to the best of our knowledge, not available in the literature. 

Ivnitsky et al. (2007) [109] investigated the stages of biofilm development on NF 

wastewater membrane by imaging techniques (i.e., AFM and CLSM). However, they 
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were unable to observe biofilm development stages similar to this current study. 

Recently, changes in the fouling layer of SWRO membrane with operating time, i.e., 2 

to 20 hours, have been studied by Monruedee et al. (2012) [70] However, this 

investigation focused only on the major changes in the morphology and elemental 

composition of the cake layer by AFM and SEM/EDX techniques. In the field of 

membrane biofouling, specifically SWRO membranes biofouling, the present work is 

unique in the sense that it is presenting direct/experimental evidence of stages 

involved in the biofilm formation on RO membranes, along with detailed 

observation of evolutionary changes in microbial community and chemical 

composition. It is worth mentioning that the initial step of biofilm formation, i.e., 

phenomenon of conditioning film formation, has also been extensively studied by 

several researchers, but the substrate material and experimental conditions used in 

those studies were different than that of real RO membrane systems. Different 

substances have been reported as major and/or primary components involved in 

the formation of conditioning films, e.g., Baier (1982) [110] reported glycoproteins 

as a main component of conditioning film formed in the process of biofilm 

development by oral bacteria, humic substances were identified by Loeb and Neihof 

(1975) [87] in the marine water conditioning film formed on platinum plates, 

proteins were reported by Compère et al. (2001) [88] as the first biopolymer 

absorbed on stainless steel immersed for 2 to 24 hours in natural seawater, and 

polysaccharides were reported by Garg et al. (2009) [90] to be most abundant 

constituents of organic matter of conditioning film formed on hydrophilic glass 

panels kept in flowing seawater up to 8 hours. Based on detailed foulant 
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characterization data, we identified a specific pattern of temporal predominance of 

different bacteria and biopolymers in the different stages of biofouling phenomenon 

of SWRO membrane (Figure 4.9).  

 

Figure 4.9: Changes in abundance of organic and microbial components of fouling 
layer occurring during biofilm formation on SWRO membrane. Identified sequential 
phases include coating of organics facilitating cell adhesion (Initial Film Formation), 
formation of microcolonies (Intermediate Phase), and formation of macrocolonies 
embedded in released EPS (Biofilm). 

 

4.3. Conclusion 

Increase in representativeness of Alphaproteobacteria class with time showed their 

critical contribution in the biofouling of SWRO membranes. It might be due to higher 

competitiveness and compatibility features of these bacteria with the chemical 
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environment and hydrodynamic conditions of the SWRO feed channel. Moreover, 

higher abundance of polycyclic aromatic compound degrading bacteria (i.e., 

Pseudidiomarina homiensis) in 1 week membrane fouling layer, characterized by 

relatively higher proportion of polyhydroxyaromatics, is an evidence of the role of 

the chemistry of the fouling layer in the selection and/or dominance of a particular 

type of bacteria. Also, continuous increase in both S content and abundance of 

organic-sulfur compound degrading bacteria (i.e., Roseovarius nubinhibens) in the 

fouling layer showed correlation between the profile of microbial community and 

the chemistry of fouling layer. Based on all this information regarding dynamic 

patterns of SWRO membrane biofouling, further studies aiming towards the 

development of better strategies against problematic foulants could be undertaken.  

4.4. Further Work 

To exactly understand the role of different organics in the in biofilm development, 

especially during bacterial adhesion step, we selected two different organic 

substances, one mainly comprising of biopolymers, i.e., mainly containing proteins 

and polysaccharides extracted from a biofouled SWRO membrane and other 

characterized as humic substances extracted from soil organic matter. 

We coated the RO membrane coupons with these organics before installing and 

feeding them with seawater in lab–scale SWRO unit. Sampling was done at time zero 

(t0), after 30 minutes (t30), 60 minutes (t60) and 90 minutes (t90). Bacterial cells 

attached on the membrane surface were visualised with CLSM technique 

(Figure 4.10). We also carried out same experiments with virgin PA membranes, i.e., 
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without organic coating to find the bacterial adhesion rate with virgin membranes. 

Operating conditions of the lab–scale unit, other than membrane flux, i.e., cross flow 

velocity and feed water recirculation mode of operation were same as in the 

previous work. To explore the effect of hydraulic conditions and permeate drag 

force on the bacterial adhesion, with each type of organic coated coupon 

experiments were conducted under three different conditions. 

1. Batch experiments 

Membrane coupons were kept in contact with seawater in a container containing 10 

litres of feed water. 

2. Lab–scale unit experiments without flux 

Membrane coupon were installed in the lab–scale units and operated with 

recirculation mode without permeation (no feed pressure was applied). 

3. Lab–scale unit experiments with flux 

Membrane coupons were installed in the lab–scale unit and operated with 

recirculation mode with permeation (feed pressure of 60 bar was applied). 
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Figure 4.10: Analysis of rate of bacterial adhesion on virgin and organic (i.e., humics 
and biopolymers) coated membranes. One the left side of each set of images, AFM 
image of membrane is shown before exposing it to feed water. All other images are 
CLSM images of membrane samples after being exposed to feed water for 30, 60 and 
90 minutes, while operating in lab–scale unit with and without permeate flux, 
showing cells attached to the membrane surface. 
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From these preliminary experiments conducted with aim to find the effect of surface 

conditioning of membranes on the kinetics of bacterial adhesion, we could not find 

any significant difference in the role of two used organics towards bacterial 

adhesion process. However, we clearly observed a remarkably high facilitating role 

of both organic coatings in bacterial adhesion. Operating with flux also remarkably 

enhanced the bacterial adhesion rate (Figure 4.10). On the other hand, bacterial 

adhesion rate in batch experiments (CLSM data not shown) was slightly higher than 

in the experiments without permeation but significantly lower than the experiments 

with permeation. To clearly find the role of membrane surface conditioning with 

organics, further experiments are required to conduct with some more organic 

substances having high purity and very different characteristic from each other. 

Furthermore, it would be recommendable to shorten the membrane sampling time, 

as the bacterial adhesion rate was observed to be very fast. Difference in the 

adhesion rate of live and dead cell should also be investigated by using the pair of 

fluorescent stains differentiating between live and dead/damaged cells (e.g., SYBR® 

Green–I and Propidium Iodide). 
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CHAPTER 5                                                    

SEAWATER REVERSE OSMOSIS MEMBRANE 

FOULING KINETICS AND DYNAMICS: A PILOT–

SCALE STUDY 

(This chapter has been partially published with following reference details: 

Manes, C.-L. d. O.; Khan, M. T.; Molina, V. G.; Croue, J.-P. The use of microbial and 
chemical analyses to characterize the variations in fouling profile of seawater reverse 
osmosis (SWRO) membrane. Desalination and Water Treatment (2012), 51 (4-6), 944-

949.) 

 

In addition to experiments conducted at lab–scale SWRO setup, complex and 

multifactorial phenomenon of SWRO desalination membrane fouling was also 

studied at a pilot–scale SWRO plant. Although, lab–scale setup exhibited operational 

features quite identical (i.e., operating pressure of 60 bar, salt rejection of ≥99%, 

cross flow velocity near 0.1 m/s, etc.) to that of a full–scale SWRO plant. However, 

our lab–scale setup had some different features that a full–scale SWRO plant, i.e., 

pretreatment, use of 10 µm filter instead of multimedia or membranes for pre–

filtration of source water; mode of operation, recirculation of feed and permeate 

water instead of their continuous flow and constant pressure instead of constant 

flux as mode of operation; and configuration of membrane cell, use of a 78 cm2 

small membrane coupon with 44 mil spacer instead of spiral wound membrane 

module with 28–34 mil spacer. Having the chance to upscale membrane fouling 

studies to more realistic/practical conditions was certainly and important phase of 
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this project to better understand, confirm and complete our results obtained at lab–

scale. A Pilot–scale unit with operating conditions/parameter close to a full–scale 

SWRO plants was used to conduct this study. 

Previously, Manes et al. (2011) [105, 170] characterized active bacterial populations 

in SWRO feed water that could potentially participate in the biofouling process. The 

diversity of total bacterial community of biofilm has been analysed by several 

researchers but, to our knowledge, active fraction of bacterial community and its 

role in biofilm formation on SWRO membrane has not been analysed and discussed 

by any research group. This important aspect of biofilm formation phenomenon was 

also investigated in our work. Similarly, the data about detailed chemical 

composition of bio/fouling layer of SWRO membrane is also rare to find; in 

particular, variations in the relative abundance of different organic and inorganic 

constituents of a bio/fouling layer of SWRO membranes, taking place over time, 

have not been comprehensively investigated. In most of the studies one or two 

selected techniques, either spectroscopic (usually FT-IR spectroscopy) or a 

microscopic imaging and characterization technique (usually, SEM/EDX, CLSM) 

were used for chemical composition analysis. In our work we have focused on the 

aforementioned points and have deployed a multistep chemical characterization 

approach for comprehensive analysis of dynamics of chemical composition of 

membrane fouling layer.  

In this pilot–scale SWRO membrane fouling study we applied conventional (i.e., 

fouling load and LOI analyses) advanced analytical techniques (i.e., CHN elemental 
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analysis, FTIR spectroscopy, solid state 13C- Solid state NMR spectroscopy, Pyrolysis 

GC-MS and ICP–OES combined with next generation sequencing of 16S rRNA) to 

assess: 1) the chemical composition of the fouling layer with emphasis on its organic 

constituents and their role , 2) the microbial diversity of SWRO membranes and 

impact of chemistry of fouling layers and operating position of membranes in 

pressure vessel on it .  

The ultimate aim of this study was to explore if there are any correlations between 

active and total bacterial community and the composition of foulant matter. 

Moreover, fouling layers of module located at lead, about to middle and terminal 

position of pressure vessel were characterized in order to investigate the eventual 

effect that module position might have over membrane fouling layer composition 

and bacterial community. 

All the above mentioned analytical methods used in this study have been described 

in chapter 3. For total and active bacterial community analysis, in addition to DNA, 

RNA was also extracted from fouled membranes using the AllPrep DNA/RNA 

extraction mini kit (Cat # 80204, Qiagen–USA) with modifications according to 

Manes et al., 2011 [105]. For RNA extracts an extra cDNA synthesis step was 

performed and downstream applications were performed as described for DNA 

extracts in chapter 3. 
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5.1. Description of Pilot Plant and Membrane Sampling 

The SWRO pilot plant was located at DOW Global Water Technology Development 

Centre in Tarragona-Spain. The pilot plant was fed seawater withdrawn from the 

Mediterranean Sea with an intake point situated in the port of Tarragona (Appendix 

F). The port of Tarragona is relatively shallow with about 5 m water depth; its water 

quality is impacted by ship traffic and occasionally (during rain events) by the river 

that ends in the port. 

The source water was captured, shock-chlorinated (every 4 hours with 2–5 ppm 

NaOCl), and then transported via a 10 km long pipeline through a 250 µm screen 

size ring filter (Arkal, Israel), to the feed tank of the pilot. Source water was 

characterized by: pH of 8.1, conductivity of 57.4 ms/cm, Total Organic Carbon (TOC) 

of 2 mg/L, turbidity of 2 NTU, Total Suspended Solids (TSS) of 10 mg/L, and a Total 

Dissolved Solids (TDS) of 40,000 mg/L. Occasionally, peaks of 3 mg/L, 15 NTU, and 

50 mg/L were observed for TOC, turbidity, and TSS, respectively. The temperature 

ranged from 13–30 °C during operation. 

The pilot unit consisted of a feed tank supplying two ultrafiltration lines equipped 

with DOWTM SFP-2660 modules (30 nm nominal pore diameter, hydrophilized PVDF 

outside in hollow fibers, pressurized, vertical). The SWRO line fed by the UF filtrate 

was positioned after a 5 µm cartridge filter. The RO line used 6 elements (4-inch 

diameter FILMTEC™ SW30XLE-4040) in series configuration operated at 60 bar 

feed water pressure, 17 L/m2h average permeate flux and at 45% recovery rate. 

Moreover, feed water flow rate for RO system was 1.5 m3/h with cross flow velocity 
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values of 0.12 and 0.06 m/s at the lead and terminal position elements, respectively 

(Figure 5.1).  

Two campaigns of fouled membrane sampling were carried out; the first one in 

February 2011 (T1) and the second in August 2011 (T2). A set of three SWRO 

membrane modules, operated at three different positions (1st, 4th, and 6th, denoted 

as M1, M4 and M6, respectively) within the SWRO process line were taken for fouling 

studies during both sampling campaigns. T1 membrane modules were operated for 

3 months (December 2010 to February 2011), whereas T2 membrane modules were 

operated for 5 months (April to August 2011). 

 

Figure 5.1: Schematic description of SWRO pilot plant. Labels 1, 4 and 6 correspond 
to the positions of the membrane modules selected for fouling characterization. 

 

5.2. Results and Discussion 

5.2.1. Ultrastructural Analysis of Fouled Membranes 

Upper (feed side) surface SEM images of freeze dried membrane specimens are 

shown in Figure 5.2. A decrease in coverage of membrane surface by foulants from 

lead to terminal position modules in both set of membranes was noticed. Uncovered 
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membrane surface become more visible as we move downstream in the pressure 

vessel. T1 membranes were less fouled than T2 membranes; however all membranes 

had fouling layer morphology resembling a biofilm structure. Numerous microbial 

cells were clearly observed on the surface of all membranes, a clear biofouling 

signature observed throughout the RO unit.  
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Figure 5.2: Ultrastructural images of freeze dried membrane specimens. 

 

T
1
M

6
 T

1
M

1
 T

1
M

4
 

T
2
M

6
 T

2
M

1
 T

2
M

4
 



129 

 

5.2.2. Chemical Composition of the Fouling Layer  

A series of chemical analysis techniques were used to characterize the fouling layer 

of all membranes with the objective to determine chemical composition of fouling 

material. Results of these chemical characterization techniques are discussed below. 

5.2.2.1. Nature of the foulant material 

T1 membrane modules, operated for 3 months, presented lower fouling load (i.e., 

0.38 ±0.02, 0.043±0.01 and 0.013±0.01 g/m2 for T1M1, T1M4 and T1M6, respectively) 

than T2 membrane modules (i.e., 0.77±0.09, 0.052±0.01 and 0.014±0.01 g/m2 for 

T2M1, T2M4 and T2M6, respectively) operated for 5 months. Fouling load analysis 

results showed similar profile of fouling load trend in both sets of autopsied 

modules, i.e., fouling load was gradually decreased from 1st module to the 6th 

position modules (Figure 5.3). 
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Figure 5.3: Fouling magnitude and nature of foulant material. Left) analysis of 
fouling load and active biomass on membranes. Error bars represent standard 
deviation. Right) Estimation of organic and inorganic fractions of foulant materials 
isolated from membranes. 

  

The significant presence of active microbial biomass in the fouling layer is probably 

the strongest indicator of the presence of a biofilm. Because ATP, the energy-

carrying molecule present in microbial cells, is rapidly degraded following the death 

of cells, quantification of ATP contents is used to estimate the abundance 

living/active biomass [171]. To preserve the original ATP contents, membrane 

samples were immediately at -20°C. 

Like fouling load, ATP contents of both sets of fouled membranes were found to be 

decreased from 1st to 4th and 6th position modules. Although, ATP contents of T1 

membranes (72±0.43, 54±0.61 and 28±0.52 pg/cm2) were lower than that of T2 

membranes (88±0.54, 61±0.52 and 32±0.30 pg/cm2). When normalized to fouling 

load, active biomass per unit mass of the fouling layer of T1 membranes was higher 

than that of T2 membranes. This suggests that more recent biofilm of T1 membranes 

had higher abundance of cells per unit mass of biofilm matrix as compared to 

relatively mature biofilm present on T2 membranes. 

Freeze dried foulant samples were subjected to LOI test to estimate the relative 

abundance of organic and inorganic constituents. Results revealed that all the 

foulant samples were mainly composed of organic matter, i.e., 92, 87 and 81% of 

T1M1, T1M4 and T1M6 foulant material, respectively; 89, 87 and 75% for T2M1, T2M4 

and T2M6 foulant material, respectively. The proportion of organics in T1 and T2 
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modules gradually decreased from M1 to M6 (Figure 5.3). These observations 

suggest the presence of more developed biofouling layer at the lead position level 

membranes with gradual decrease along the descending position of modules. 

5.2.2.2. Elemental analysis 

ICP-OES analysis 

Calcium (Ca; 5.8 to 19 mg/g and 6 to 51 mg/g in T 1 and T2 foulants, respectively), 

Iron (Fe; 1.6 to 9.4 mg/g and 2.7 to 7.9 mg/g in T 1 and T2 foulants, respectively), 

and sulfur (S; 2.6 to 7.1 mg/g and 12 to 20 mg/g in T 1 and T2 foulants, respectively) 

were detected as common major elements in all foulants. Significantly higher 

abundance of S might have resulted from residual bisulfite de–chlorinating agent 

injected in the pretreatment line and/or it could refer to the higher presence of 

sulfur containing biomolecules such as cysteine and methionine amino acids. 

Phosphorous (P) was also detected in higher concentrations in T2 foulants (P; 8.4, 

6.3 and 5.8 mg/g in T2M1, T2M4 and T2M6 foulant materials, respectively), than in T1 

foulants where concentrations were quite low (i.e., 0.04, 0.2 and 0.13 mg/g in T1M1, 

T1M4 and T1M6 foulant materials, respectively) (Figure 5.4). P could be present in 

the organic form, i.e., ATP and cell membrane phospholipids which are indicators of 

the presence of active biomass, and also in inorganic form, i.e., inorganic 

phosphates. A high concentration of inorganic/organic P has been reported by 

Jarvie et al. (2002) [172] in a recent biofilm. Relatively high concentrations of P in 

the foulant samples of T2 membrane might be attributed to accumulation P 

containing foulant species overtime. 
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It was interesting to observe that the concentrations of almost all the multivalent 

cationic elements (i.e., Al, Ca, and Fe) increased from lead to terminal position 

samples, whereas concentrations of elements commonly found as anions (i.e., P, S 

and Si) decreased from lead to terminal position in the RO vessel. Inorganic 

scaling/precipitation phenomenon lead to simultaneous increase in abundance of 

cations and anions. Increase in concentrations of major cations but decrease in 

concentration of major anions suggested that these cations were either precipitated 

as their compounds/salts with other anions (e.g., in the form of their carbonates, 

chlorides) or there could be complexation of these elements, in the form of 

multivalent cations, with negatively charged or electron lone pair carrying sites 

present in organic foulants. Since all the membrane foulants were mainly organic in 

nature, instead of the former phenomenon, the latter one is more likely to have 

occurred. Moreover, remarkably larger occurrence of cations (i.e., especially Ca) in 

terminal position modules, i.e., T1M6 and T2M6 foulant material might correspond to 

the presence of organics there with relatively higher density of complexing sites. 

Humic–like material, known for its high affinity towards polyamide RO membranes 

[70, 173], could play a significant role in the complexation of cations due to its 

oxygen and nitrogen containing functional groups (e.g., carboxylic, –COOH, 

phenolic/enolic, –OH, quinones/hydroquinones, –RNH) [174]. Non-

humic/biopolymers contents of the fouling layer (i.e., polysaccharides, proteins) 

might also contribute significantly to the incorporation of cations. 
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Figure 5.4: ICP-OES elemental analysis of foulant materials. 

 

CHN analysis 

C, H, and N elemental analysis of dried foulant samples was implemented to get 

insight into the chemical nature of organic/bio foulants. Calculated C/N and H/C 

ratios are good indicators of the level of presence of nitrogenous and aromatic 

structures, respectively. Moreover, by comparing of C/N and H/C atomic ratio 

values of a given foulant sample with those of different organic matters reported in 

literature, one can estimate the nature and origin of organic matter found on the 
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fouled membrane. For instance, algal biomass enriched in proteins typically has C/N 

atomic ratios between 4 and 10, whereas organic matter of vascular terrestrial 

plants, proportionally more enriched in polysaccharides, is characterized by C/N 

atomic ratios of 20 or higher [62]. Hedges et al., [50] reported C/N and H/C atomic 

ratios ranging from 35–46 and 1.21–1.57, respectively, in marine dissolved humic 

substances extracted using XAD–8 resin. Marine plankton has an average C/N 

atomic ratio near 6 [175]. We found low C/N atomic ratios in all foulant samples 

(i.e., 6.91±0.14, 7.67±0.12 and 7.77±0.15 for T1M1, T1M4 and T1M6 foulants; 

6.74±0.03, 7.27±0.01 and 7.91±0.02 for T2M1, T2M4 and T2M6 foulants, respectively) 

and these values slightly increased from the first to the last position modules 

(Figure 5.5). Previously, similar low C/N values (i.e., 4–8) have been reported for 

marine bacterial cells [54, 176] and actively growing biofilms [146, 176, 177]. Based 

on C/N atomic ratio of foulant materials, order of abundance of 

proteinaceous/nitrogenous substances in the fouling layer of different modules, 

with respect their position in RO vessel is as follows: 

Lead Position > Middle Position > Terminal Position 
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Figure 5.5: Elemental analysis of foulant materials and calculated C/N, H/C atomic 
ratios. 

 

Different phases are involved in the formation of an active marine biofilm, i.e., 

conditioning film formation, attachment and growth of cells. Bhosle et al. (2004) 

[176] reported continuous decrease in C/N atomic ratio during the initial days of 

marine biofilm development. Lower C/N atomic ratios for the foulant materials of 

lead position modules might be associated with relatively intense microbial activity 

leading to higher number of cells per unit area of membrane. Higher microbial 

growth at lead position elements agrees with higher ATP contents/unit surface area 

of these membranes.  

Low H/C atomic ratios for all samples (i.e., 1.56±0.03, 1.56±0.02 and1.52±0.08 for 

T1M1, T1M4 and T1M6 foulants; 1.61±0.05, 1.56±0.03 and 1.56±0.02 for T2M1, T2M4 
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and T2M6 foulants, respectively) suggested significantly higher presence of aromatic 

organic matter, such as humic substances [178]. Hedges (1992) and collaborators 

have reported C/H ratios ranging from 1.21–1.57 in the marine dissolved humic 

substances [50]. If we linearly relate the H/C atomic ratio with the relative 

abundance of aromatic substances, the presence of these unsaturated substances 

was higher and highest in the foulant material of middle and terminal modules, 

respectively. In both sets of modules, lower fouling load and ATP contents of 4th and 

6th position modules than that of 1st position module suggested that biofilm on these 

modules was relatively young or even might be at some very initial phase. 

Moreover, relatively lower H/C values for the foulants of T1 membranes, having 

shorter operation time and lower fouling load/ATP values, as compared to that of T2 

membranes, having longer operation time and higher fouling load values, were 

observed. It could be an indication of the role of aromatic substances, e.g. humic–like 

substances, in the initial phase of membrane biofouling phenomenon. 

5.2.2.3. Biogenic material and biopolymer distribution of SWRO 
membrane foulants 

Pyrolysis GC–MS  

Relative abundance of biopolymers and biomolecules in foulant samples was 

determined by pyrolysis GC–MS technique (Figure 5.6). Pyrochromatograms of all 

the samples yielded signature peaks of biogenic matter, i.e., aminosugars (acetamide 

peak), nucleic acid (furanmethanol peak) and polyhydroxybutyrates (PHBs, crotonic 

acid peak). However, relative abundance of these peaks was decreased from 1st to 

4th and 6th position samples. Moreover, except PHBs, these biomolecules had higher 
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relative proportion in the T2 samples (i.e., in T2M1/T2M4/T2M6 aminosugars, DNA 

and PHBs were 3.8/3.4/3.2, 3.4/2.4/1.8 and 0.5/0.5/0.4 %, respectively) as 

compared to respective T1 samples (i.e., in T2M1/T2M4/T2M6 aminosugars, DNA and 

PHBs were 0.5/0.3/0.27/, 7/3.2/0.7 and 11/3.6/0.9 %, respectively) (Figure 5.6). 

These findings suggest the presence of biofouling throughout the RO unit; however, 

intensity of the biofouling was decreasing from feed to terminal position elements 

and T2 membranes exhibited more developed biofilm, i.e., higher biofouling than the 

respective T1 membranes. 

Calculated Relative abundance values of proteins in all foulant materials were 

higher than that of other biopolymers. In case of T1 membrane foulants relative 

abundance of proteins increased from 1st (41%) to 4th position samples (62%) and 

then deceased in 6th position sample (21%). However, in case of T2 membrane 

foulants, proteins were found to be stable in terms of their relative abundance 

values (47–53%) in the 1st to 4th and 6th position samples. Besides above mentioned 

biogenic matter signals, prominently detected short chain (C12–C16) fatty acids and 

significantly detected branched fatty acid (C16) are also strong indicators of the 

presence of microbial mass. Like other biogenic biomolecules, relative abundance of 

fatty acids was found to be decreased from lead to terminal position sample in both 

sets of foulant samples. 

Relative abundance of most of the peaks originated from aromatic aminoacids, i.e., 

tryptophan (indole and methyl indole pyrofragments), tyrosine (phenol and p–

cresol pyrofragments), and phenylalanine (toluene and styrene pyrofragments) 
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observed to be decreased from lead to terminal position samples. Phenol and p–

cresol peaks are yielded by both polyhydroxyaromatics (PHAs) and tyrosine. 

According to Bruchet et al. (1990) [133] and Christy et al. (1998) [134], higher the 

phenol peak than the p-cresol peak, predominant source of these peaks (and 

especially of phenol peak) would be PHAs and lower the phenol peak than the p-

cresol peak, predominant source of these peaks would be aromatic proteins. We 

calculated phenol/p–cresol peak area ratios for foulant samples to identify their 

predominant origin. Interestingly, in both sets of samples these values were found 

to be decreased from 1st to 4th and 6th position (i.e., 0.62, 1.72 and 5.07 for T1M1, 

T1M4 and T1M6 foulants samples, respectively; 0.43, 0.66 and 0.95 for T2M1, T2M4 

and T2M6 foulants samples, respectively). This indicated increase in PHAs and 

decrease in tyrosine containing proteins along the length of RO process vessel. 

Benzonitrile is a characteristic pyrofragment of nitrogen containing aromatic 

compounds, e.g., nitrophthalic acid [179] and aromatic amino acids [180]. It could 

also be generated during the pyrolysis of humic material [181]. Similarly, benzoic 

acid (i.e., known pyrofragment of humic–like material [154, 155]) might have more 

than one origin. Pyrolysis of phthalates-based plasticizer, present in numerous 

plastic materials, also produce the peak of benzoic acid [156]. A probable pathway 

of benzoic acid formation from phthalates could be the release of free phthalic acid 

which is decarboxylated to benzoic acid. A remarkable increase in abundance of 

benzonitrile and prominent signal of benzoic acid in pyrochromatogram of middle 

and terminal position foulant are indicators of the presence of either humic–like 

materials and/or phthalates (possibly leached from plastics tubing/piping used in 
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the plant). This finding partly supports our previous hypothesis based on elemental 

analysis suggesting, a more significant presence of humic–like material on this 

membrane. This also shows that aromatic substances adsorb well on PA membrane 

surface. High relative abundance of aromatic in T1 membrane (operated for shorter 

time and less fouled) foulant samples as compared to that in T2 membrane 

(operated for longer time and more fouled) foulant samples, again suggests the role 

of these substances in the initial stages of fouling. 
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Figure 5.6: Analysis of biopolymers: Left) pyrochromatograms of foulant material 
(isolated from membranes), showing different peaks of pyrofragments of organic 
substances. Based on different origin, pyrofragment peaks are marked with labels of 
different colors. Right) pie charts showing distribution of biopolymers/organics, 
calculated by adding up the percent area of characteristic pyrofragment peaks of a 
biopolymer class.  
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FT–IR spectroscopic analysis 

In the IR spectra of all foulants (Figure 5.7), the characteristic bands of proteins, i.e., 

amide–A (N–H stretching vibration, 3294 cm-1), amide–B (Fermi resonance of 

amide–II overtone with N–H stretching vibration, 3090 cm-1), amide–I (mainly C–O 

stretching vibration, 1650 cm-1), amide–II (out of phase combination of N–H 

bending and the C–N stretching vibrations, 1555 cm-1), and amide–III (in phase 

combination of N–H bending and the C–N stretching vibrations, 1410 cm-1) bands 

were detected. Significant presence of sugars in all samples was indicated by a 

major band near 1037 cm-1 (stretching vibration of C–O). N- acetyl aminosugars, the 

degradation product of microbial cell wall peptidoglycans, gave peak at 1384 cm-1 

(symmetric bending vibration of CH3 of N–acetyl group) in addition to the amide–I, 

amide–II, and sugar bands [130, 132]. Common bands in all spectra also include 

bands of asymmetric stretching vibration of CH3, CH2, and symmetric stretching 

vibration of CH2, groups at 2960 cm-1, 2925 cm-1 and 2850 cm-1, respectively [182] . 

Presence of these three bands along with two other common bands, i.e., COOH band 

at 1730 cm-1 and CH2 band at 1454 cm-1 was mainly attributed to lipids/fatty acids 

[132]. A band recorded at 1240 cm-1 in all the spectra was assigned to the stretching 

vibration of P–O group present either in nucleic acid as phosphodiester backbone 

linkage or in phospholipids [127]. The relative intensities of all these discussed 

bands, originating from biogenic matter, were somewhat similar for all the foulant 

samples with minor differences, i.e., slight decrease in the relative intensity of 

protein bands from lead to terminal position foulants spectra and slightly higher 

relative intensity of COOH band in terminal position foulant spectra as compared to 
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that in lead position foulant spectra. Lower relative intensities of proteins bands in 

the terminal position sample suggested a decrease in proteinaceous structures from 

lead to middle and terminal positions, i.e., from more fouled to less fouled 

membranes. COOH groups might be present in proteins, polysaccharides and humic-

like substances. Because both proteins and polysaccharide bands are deceased in 

relative intensities from lead to terminal position sample spectra, it is most likely 

that the higher COOH signals in terminal position foulant spectra were due to higher 

relative abundance of humic–like substances, the result supporting the previous 

findings. Intense band at 1037 cm-1 (i.e., the region where typically C–O band is 

recorded) in the spectrum of T1M6 sample is due to Si–O group present in silicates. 

Significant presence of silicates in this particular sample was also indicated by 

another band of Si–O at 468 cm-1. These interpretations and findings about possible 

abundance of humic-like substances and silicates were consistent with ICP and CHN 

elemental analysis results. An interesting difference in the IR spectra of foulant was 

aminosugars band at 1384 cm-1. For T1 foulants, this band was detected at very low 

intensity in the spectra of 1st and 4th position sample and was absent in the 

spectrum of 6th position sample. This band was not only prominent in the spectra of 

T2M1 and T2M4 samples; it was detected in the spectrum of T2M6 sample as well. 

This indicates that biofouling was less intense at the terminal position modules. 

Solid state 13C–NMR spectroscopic analysis 

Solid state 13C–NMR spectroscopy was carried out to further explore the nature of 

organic constituents of foulant materials (Figure 5.7). 13C–NMR spectra are 

discussed in the light of data published by Leenheer et al. [132, 135-137]. 
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The bands near 20 ppm (branched methyl carbon), 37 ppm (carbon atoms in 

alicyclic ring structures), and 40–43 ppm (quaternary carbon) were indicators of 

organic matter derived from primary algal and/or secondary bacterial production. 

Bands at 30 ppm and 172 ppm were derived (or at least partly derived) from alkyl 

chain methylene and carboxyl group carbons, respectively, of fatty acids. N–C band 

known as characteristic of proteins was observed at 53 ppm. Carbohydrates were 

indicated by secondary alcohol (O–Alkyl) and anomeric carbon (Di–O–Alkyl) bands 

at 71 ppm and 101 ppm, respectively. A band at 20 ppm is attributable to methyl–C 

of N–acetyl aminosugar. 
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Figure 5.7: FT–IR (left side) and 13C–NMR (right side) spectra of T1 and T2 membrane foulant materials. 
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In the spectra of both sets of foulants following similar trends were observed. 

 Relative intensities of characteristic bands of biogenic material, especially 

proteins, aminosugars) decreased gradually from lead to terminal position  

 Both bands assigned to carbohydrates also exhibited a trend of decreased in 

relative intensity from lead to terminal position.  

 Relative intensity of Aromatic-C signals increased from lead to terminal 

position. 

 

The aromatic–C band in the two terminal position modules was quite intense. Lower 

intensity of N–C band in the 13C–NMR spectra of T1M6 and T2M6 foulant samples 

negate the possibility of a significant role of aromatic aminoacids in the intense 

aromatic carbon but it could be due to other aromatic substances, e.g., humic–like 

substances, phthalates (leached from plastics). This finding is in accordance with 

elemental analysis and pyrolysis GC/MS results. Spectra of these two terminal 

position foulants has close resemblance with the spectrum of humic materials 

extracted from sediments collected from the coastal area of Mediterranean Sea, 

published by Rosa et al. (2011) [183]. However, as discussed above, other possible 

origin of the aromatic carbon signal could be synthetic aromatic compounds, such as 

phthalates, leached from plastic material used in plant setup and accumulated in the 

fouling layer of terminal modules. The band at 63 ppm, almost exclusively found in 

terminal position membrane foulants (more pronounced in T1M6 foulant), refers to 

primary alcohol (CH3O). Similarly, the bands at 120–140 ppm, more intense in the 

terminal position membrane foulants, belong to aromatic carbons that could be 
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present in esterified phthalic acid (used as plasticizer). The absence or minor 

presence of such substance in the foulant of lead position membranes might be 

attributed to microbial degradation or to the reduction/masking of their relative 

load by higher abundance of other types of foulants, i.e., biopolymers.  

5.2.3. Microbial Diversity and Dynamics  

5.2.3.1. Temporal changes in SWRO membrane bacterial 
community structure 

To determine the bacterial diversity on the membrane samples, high throughput 

16S rRNA gene sequencing was performed. This analysis not only allowed an 

evaluation of the identity of bacterial groups present on the membranes at two time 

points within a year, but also could give clues about the differences in their spatial 

distribution within module positions in RO train. 

At T1, the most abundant affiliated phylotypes belonged to the Proteobacteria 

followed by Bacteroidetes phyla. Members of Alphaproteobacteria and 

Gammaproteobacteria classes almost exclusively represented the Proteobacteria 

phylum. Moreover, the different phyla were quite evenly distributed among the 

samples from 1st, 4th and 6th position modules (Figure 5.8) and diversity index was 

relatively low: Shannon–H= 2.196 (T1M1), 2.126 (T1M4) and 1.874 (T1M6), 

respectively. A clear community distribution shift could be seen at T2 membranes. 

Although, Proteobacteria phylum was the most represented phylum for the three 

membranes, Bacteroidetes, Firmicutes and Planctomycetes phyla were also 

represented and particularly for T2M1 at relatively high abundances. Within 

Proteobacteria, Alphaproteobacteria and Betaproteobacteria were shown to be the 
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most commonly represented in T2M4 and T2M6 samples, however 

Gammaproteobacteria was the most abundant in T2M1. The highest diversity of 

phylotypes encountered on T2 samples was corroborated by an elevated diversity 

index > 3.6 (Shannon–H) measured for the three of them (Figure 5.8). It is likely that 

diversity increases with SWRO membrane usage time and this is consistent with a 

previously described bacterial diversity analysis of SWRO membranes from a full–

scale desalination plant, where the microbial community of membranes in use for 

longer periods was more diverse than the ones used for few weeks (Shannon–H= 

3.7 against 2.2, respectively) [105]. 

 

Figure 5.8: Schematic representation of the hierarchical classification and 
distribution of the 16S ribosomal RNA gene sequence datasets into major bacterial 
Phyla and Proteobacteria classes. Shannon–H diversity index is depicted at the right 
hand column for each sample. 
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Regarding the spatial distribution of phylotypes among the modules of T1 and T2, it 

was observed that the bacterial community structure of T1 membranes were very 

similar, whereas clear differences from M1 to M4 and M6 were observed for T2 

membranes. This is an interesting observation and, to our knowledge, not yet 

described. It might be possible that SWRO membrane bacterial community structure 

at the first position is the one that would change more often than other ones due to 

water quality changing parameters. This would work as a pre-filter selecting some 

bacterial groups for the other modules in the process line.  

5.2.3.2. Shifts in bacterial assemblage of SWRO membranes with 
its operating time and foulant chemical composition 

The sequence data set was analysed for the taxonomic classification of phylotypes at 

as deep phylogenetic level as possible. This analysis revealed that T1 membranes 

presented in total 196 and T2 membranes 361 phylotypes; 90 of which were shared 

between both datasets. Figure 5.9 depicts the distribution and abundance of the 

major phylotypes represented in each sample (> 3%). Interestingly, T1M1, T1M4 and 

T1M6 were shown to be dominated by Thiomicrospira thermophila species 

(Gammaproteobacteria), comprising >45% of sequences in T1M1 and T1M4 samples 

and up to 54% in T1M6 and that would explain the lower diversity found in those 

samples. Other relatively abundant groups at T1 were Glaciecola sp, representing 

15% and 17% of T1M4 and T1M6, respectively; Roseobacter sp, 8% of T1M1, 5% of 

T1M4 and 3% of T1M6 and Flavobacteriaceae comprising 10% of T1M1, 9% of T1M4 

and 5% of T1M6 sequences (Figure 5.9). At T2, no dominant phylotypes were 
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observed and they were more evenly distributed. Particularly, Leucothrix sp 

(Gammaproteobacteria) represented 12% of T2M1 sequences and was barely 

detected in T2M4 and T2M6 samples. On the contrary other genus/species like 

Pelomonas sp, found at 8% (T2M4) and 10% (T2M6), and Maritalea myrionectae, 3% 

(T2M4) and 8% (T2M6), were very low abundant in T2M1. This illustrates the spatial 

differences among T2 membranes, which might correspond to the chemical 

composition gradient observed for those samples. However it is observed that the 

drastic increase in Polyhydroxyaromatics biopolymer fraction at T1M6 membrane 

had no impact over the major bacterial groups, as they remained quite 

homogeneous along the module positions (Figure 5.9). 
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Figure 5.9: Distribution of major phylotypes assigned to SWRO membranes from a 
pilot plant autopsied in February and August 2011. Bray Curtis similarities were 
calculated for phylotype abundances schematically represented in the bubble plot 
(major phylotypes abundances >3%) in each sample. cDNA derived samples (active 
fraction) are shaded in gray. 

 

It was noticed that bacterial groups like members of Flavobacteraceae family and 

Roseobacter sp were found at T1 and T2 membranes regardless of module position. 

These might represent SWRO generalist colonizers. Indeed, they were also found in 

other SWRO membranes and both phylotypes were associated to organic matter 

rich environments and after algae bloom periods [105, 167]. Interestingly, at 

shorter usage time, T1 samples were dominated by Thiomicrospira thermophila. This 

species has been described as a deep sea chemolithomixotroph sulfur oxidizing 
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bacteria able to grow on various organic substrates such as complex proteinaceous 

compounds, carbohydrates, organic acids, amino acids and sugars as the carbon 

source coupled with sulfur oxidation [184]. Curiously, at T2 when there was a high 

accumulation of sulfur (12-20 mg/g of the foulant material) this species was poorly 

represented. However, other bacteria involved in sulfur oxidation and organic-

sulfur degradation, Leucothrix sp [185] and Roseobacter sp [166] were also present 

in T2 membranes. The above mentioned organic compounds were present in foulant 

materials of both membrane sets; however, it is unclear which one would have been 

used as the preferred substrate by a particular bacterium in our experimental 

conditions. The direct link between the organic matter speciation and bacterial 

community composition and function needs to be further investigated with organic 

assimilation assays of bacterial isolates of SWRO membranes. 

We compared the active fraction and total bacterial community to investigate 

whether differences in community assemblage might occur according to module 

position and/or environmental factors at two contrasting seasons, i.e., winter and 

summer. The clustering analysis of the sequence data set demonstrated that despite 

the striking difference in bacterial community composition between T1 and T2 

membranes, grouped below 10% similarity (Figure 5.10A), total and active fractions 

from each membrane clustered close together respectively. At T1 they clustered at 

75% similarity exempting M6 active fraction (shaded in gray, Figure 5.10A), which 

was slightly dissimilar within this group. At T2, two groups were observed, one 

containing M1 total and active fractions clustered at 60% similarity and another 

regrouping M4 and M6 samples at 62% similarity in which M6 fractions clustered at 
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74%. These observations are confirmed by the multivariate analysis shown in 

Figure 5.10B and are in agreement with the community structure analysis discussed 

in the previous section. There were no noticeable differences between active 

bacterial fractions and bulk populations (columns shaded in gray, Figure 5.9). Major 

phylotypes were fairly evenly distributed among active fractions and total bacterial 

community with few exceptions. Glaciecola sp sequence representativeness from 

cDNA decreased from M1 to M6 membranes at T1 while total fraction was slightly 

increased. However, it is unclear how this particular difference would have an 

impact over overall community behavior. These results indicate that in this 

experimental setting, bulk bacterial community is likely actively participating in 

community function. 

 

 

 

 

 

 

 

Figure 5.10: Multivariate analysis of the sequence dataset obtained from SWRO 
membrane samples in two time points: February (T1) and August (T2), 2011. A) 
Dendrogram depicting the sample similarities using Bray Curtis algorithm 
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calculated for phylotype abundances and the dendrogram and constructed by the 
complete linkage method. B) Multidimensional scaling of sequence dataset. Samples 
shaded in gray in (A) correspond to cDNA derived dataset. Open circles and open 
squares, cDNA derived sequence dataset for T1 and T2 samples, respectively. 

 

5.3. Conclusion 

Ultrastructural, chemical and microbiological analyses of the fouling layer of 

membrane samples confirmed that: 

 Biofouling was main type of fouling prevailing across the SWRO systems. 

 There were strong evidences of adsorption of humic-like substances or some 

other aromatic substances having similar structural features on the PA membrane 

surface. These substances might have some role in the initial phases of biofilm 

development on SWRO membranes. This role could be in the form of surface 

conditioning of the SWRO membranes. There is also possibility that plasticizer, 

having aromatic structure with carboxylic/ate groups, leached from plastic parts of 

RO unit might contribute in membrane fouling phenomenon. 

 In the fouling layer of T1 membranes, operated for 3 months in winter, the 

most abundant affiliated microbial phylotypes belonged to the Proteobacteria 

followed by Bacteroidetes phyla. Members of Alphaproteobacteria and 

Gammaproteobacteria classes almost exclusively represented the Proteobacteria 

phylum and microbial diversity was low relatively low. 

 Although, in the fouling layer of T2 membranes, operated for 5 months in 

summer, Proteobacteria phylum was the most represented phylum for the three 

membranes, Bacteroidetes, Firmicutes and Planctomycetes phyla were also 



154 

 

represented, and particularly for T2M1 they were found at relatively high 

abundances. Within Proteobacteria, Alphaproteobacteria and Betaproteobacteria 

were shown to be the most commonly represented in T2M4 and T2M6 samples, 

however Gammaproteobacteria was the most abundant in T2M1. Also, microbial 

diversity of these membranes with relatively mature biofilm was relatively high. 

 Major phylotypes were quite evenly distributed among active fractions and 

total bacterial community with few exceptions. It indicates that total bacterial 

community is likely to actively participate in biofilm development and in other 

community functions once the biofilm is developed. 



 

CHAPTER 6                                                         

FOULING OF REVERSE OSMOSIS MEMBRANE: 

ROLE OF SOURCE WATER QUALITY 

Membrane fouling is a universal and inevitable problem; however longevity of 

economical operation of RO membranes is achievable through retarded and 

controlled fouling rates. Under given operating conditions, the rate of membrane 

fouling is driven by the quality of the RO inlet water, which is primarily contingent 

to the source water quality and then to the downstream pretreatment train [146]. A 

good quality feed water is characterised by its low fouling potential which depends 

upon active biomass, organic, inorganic and colloidal/particulate contents. Usually, 

the better the quality of water used to feed RO membrane, the lower the fouling rate. 

A better source water quality needs relatively simpler and cheaper pretreatment 

systems to produce RO feed water with the recommended quality, thereby resulting 

in a sustainable operation at reduced capital and operational costs [186]. Hence, 

source water quality is a key factor in the study of membrane fouling which depends 

upon the abundance and nature of the foulant species present [9]. Despite similar 

pretreatment system, different source water quality may differently influence the 

mechanisms and kinetics of fouling. 

In this chapter, the impact of source water quality on RO membrane fouling is 

discussed. In the first part foulant characteristics of membranes, harvested from a 

SWRO plant installed on a barge floating in Red Sea, are discussed. The plant was 
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moved from one location to another location in the Red Sea. Source/intake water 

quality at both sites was different. Results showed that the change in source water 

quality had a major impact on the membrane fouling process. In the second part of 

this chapter, we compare the characteristics of fouling process of wastewater RO 

and seawater RO pilot units to further demonstrate the effect of two extremely 

different source waters on membrane fouling. 

6.1. Source Water Quality Shaping Different Fouling 
Scenarios in Seawater Reverse Osmosis Plant 

(This section of chapter has been published with following reference details:  
Khan, M. T.; Manes, C.-L. d. O.; Aubry, C.; Croué, J.-P. Source water quality shaping 
different fouling scenarios in a full-scale desalination plant at the Red Sea. Water 
Research (2013), 47 (2), 558-568.) 

We investigated two different fouling profiles of RO membranes used at the same 

plant with analogous pretreatment and operating setup. The RO plant is installed on 

a floating barge operated successively at two different locations on the Red Sea 

coastline. The source water quality of the two sites was substantially different. At 

the final barge location, two modules were harvested from lead positions in the RO 

train. While one of the modules remained in operation on both sites, the other one 

was installed when the barge reached the second site. The change in plant locality 

presented the opportunity to conduct this unique study on the evolution of RO 

fouling trends with severe source water quality change at full–scale operation. The 

impact of membrane surface character and feed water quality on shaping different 

fouling scenarios is discussed based on the results obtained from multistep surface 

characterization including imaging (i.e., a novel application of Transmission 
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Electron Microscopy (STEM) combined with Energy Dispersive X-Ray Spectroscopy 

(EDS or EDX) has been used), chemical and microbiological analysis techniques. 

6.1.1. Description of Samples and SWRO Plant 

Two thin film composite (TFC) polyamide seawater fouled RO membranes, named 

as A and B, received as 8” spiral wound modules, were analysed. Full–scale SWRO 

trains installed on two barges were operated first for one year in the southern 

region (i.e., Red Sea coastline) of Saudi Arabia, herein site A. The barges were 

anchored in a very shallow (i.e., nearly 4 meters in depth) channel of a multi stage 

flash (MSF) distillation plant. The intake was positioned at approximately 2 meters 

in depth in water enriched in suspended solids (i.e., silt and sand particles). The 

barges were then moved more North on the Red Sea coastline to site B; with intakes 

positioned in open sea at approximately 20 meters from the shore and several 

meters in depth (approximate turbidity 0.3 NTU). Both modules were operated as 

lead elements. Module/membrane A was initially used for approximately 1 year on 

site A before operating for 2 months at site B. Before harvested, membrane B was 

only used on site B for 2 months.  

The plant had a design capacity of 52,000 m3/d. The first pass (i.e., SWRO trains) 

was operated at 60 bar with a 40% recovery. Pretreatments included chlorination 

(0.5-0.6 ppm) at the intake, ultrafiltration (UF) unit (polyvinylidene difluoride, 

PVDF, membranes with nominal pore size of 0.02 µm), dechlorination with sodium 

bisulfite (1.0-1.5 ppm), and polymeric antiscalant dosing steps before RO. 
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6.1.2. Results and Discussion 

6.1.2.1. Analysis of source water quality 

Only water samples from site B were collected for analysis. Information on the 

source water quality at site A was acquired from the plant operation record. This is 

the reason why minimum information on the water quality of site A (Table 6.1) is 

available. 

Table 6.1: Fundamental parameters of water quality. 

Quality Para 
Site A Site B 

Raw SW Raw SW  
(Std. Dev.) 

SWRO Inlet  
  (Std. Dev.) 

pH - 8.23 8.21 

Cond. (ms/cm) - 61.6 61.5 

TDS (g/l) 61.78 40.65 (2.1) - 

Turbidity (NTU) Up to 15 0.5 0.1 

SDI
15

 - ~ 5.0 1.2 (0.08) 

TOC/DOC - 1.20/1.12 1.08/1.06 

UV
254 

Abs. - 0.007 0.007 

HPC (CFU/ml) - 6.0x103 (1.2x102) 1.18x102 (1.6x101) 

 

Quality of water in the intake channel at site A was impacted by the inorganics rich 

effluent from a nearby located thermal distillation plant. Moreover, the intake point 

was only two meters away from the seabed which led to inclusion of silt and sand in 

the water fed to the plant. Due to suspended and colloidal particles, high turbidity 

values (i.e., up to 15 NTU) were recorded and the silt density index (SDI) could not 

be measured with a valid %plugging factor (%P30) value (i.e., less than or equal to 

75%) due to membrane clogging [111, 187]. Total dissolved solids (TDS) value for 

UF feed water was 61,780 mg/L. Water samples collected from site B were analysed. 
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The seawater quality at site B was better in terms of SDI15 (i.e., approximately 5 

before UF and 1.2 after UF), turbidity (i.e., ≤ 0.5 NTU before UF and 0.1 NTU after 

UF/ SWRO Inlet) and TDS (i.e., 40,650 mg/L before UF) but it had significantly high 

heterotrophic bacterial count (i.e., 6,000 CFU/mL before UF and 118 CFU/mL after 

UF/SWRO Inlet). Total organic carbon (TOC)/dissolved organic carbon (DOC) values 

before and after UF were 1.20/1.12 mg/L and 1.08/1.06 mg/L, respectively. 

6.1.2.2. Characterization of the fouling layers  

The strategy used for fouling layer characterization included a multistep approach 

using different techniques from macro to microscopic and from elemental to 

macromolecules level of analysis. 

Table 6.2: Mass of foulant material per unit area and active bio mass per unit area 
/mass. 

 
Membrane A 

(Std. Dev.) 
Membrane B 

(Std. Dev.) 

Fouling Load (g/m2) 3.43 (0.11) 4.35 (0.2) 

 

ATP 
Analysis 

 

pg/cm2 

Minimuma - 1.0 (0.5) 

Maximumb - 1810 (70) 

Average 1.50 904.76 

pg/mg Average 4.37 2079.9 

a: Specimens were taken from the regions away from the foulant patches. 

b: Specimens were taken from the regions having foulant patches. 
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Although membrane A was operated for a longer period of time than membrane B 

(i.e., 14 months and 2 months, respectively), the fouling load of membrane A, 3.43 

g/m2, was nearly 30% lower than that of membrane B, 4.35 g/m2 (Table 6.2). 

a) Macroscopic and ultrastructure analyses 

Foulant material was characterized macroscopically by visual inspection of the RO 

membranes (Figure 6.1). Deposited foulant layer on membrane A displayed a dark 

brown color with a muddy appearance while membrane B was covered with slightly 

reddish brown colored material with a slimy texture. The appearance of foulant 

layer on membrane A was somewhat uniform and in case of membrane B, foulant 

material was deposited on the membrane as scattered patches and aggregates 

(Figure 6.1). Morphological features of both fouled membranes and the appearance 

of the isolated foulant materials highly differed from each other. 

 

Figure 6.1: Macroscopic/ microscopic appearance and EDX elemental compositional 
analysis of fouled membranes. Different morphology of the foulant layer at 
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macroscopic and microscopic level was observed. EDX spot elemental analysis 
showed Al and Si as dominant inorganic element in membrane A foulant material 
whereas in membrane B foulant material was lacking such elements. 

 

Freeze Drying SEM-FIB and STEM-EDX techniques were employed to analyse the 

morphology of the fouling layers and to investigate spatial arrangement and relative 

distribution of the different types of foulants at ultrastructural level. The use of 

SEM-EDX tools for surface analysis of either fouling layer [37, 188-191] or virgin 

membrane structure [190-192] is common in ultrastructural studies of RO 

membranes. However, a fouled membrane study with cross sectional analysis, 

which could offer information in terms of micro and nano scale details of internal 

structures of the foulant layer, is rarely found in the literature. To the best of our 

knowledge, only Tang et al. (2006) [193] have presented a TEM cross sectional 

analysis of a fouled RO membrane. However, a drawback of TEM technique is the 

unavoidable loss of foulant material during specimen preparation. Due to the 

anisotropic character of the TFC membranes and delicate structure of the fouling 

layer, conventional techniques, i.e., razor blade cutting and cryo fracturing [194] are 

also not suitable for obtaining a cross section due to structural deformation [195]. 

By combining the cross sectioning capability of FIB with the high resolution of the 

STEM and elemental microanalysis power of EDX, we developed a novel application 

of these techniques termed as FIB-STEM/EDX line profiling. 



 

 

Figure 6.2: Imaging and characterization of fouled membranes. Surface (a-b, d-e) and cross section (c, f) microscopic images of 
fouling layer showing different morphological features. Crystalline structures and aggregates were found on the membrane A. 
Microbial structures were observed in the fouling layer of the membrane B. EDX mapping (g, h) and STEM/EDX line profiling (i, 
j) elemental compositional analysis showed Al and Si as dominant inorganic elements in membrane A foulant material, 
whereas membrane B foulant material was lacking such elements. 



 

The SEM surface analysis of membrane A revealed major presence of inorganic 

crystals and aggregates of different shapes, whereas no microorganism could be 

identified (Figure 6.2a-b). Conversely, in case of membrane B, no such inorganic 

structures were detected, whereas microbial clusters were identified not only on the 

membrane surface but also on the feed spacer (Figure 6.2d-e). EDX spot (Figure 6.1) 

and mapping (Figure 6.2g-h) analysis confirmed the abundance of inorganic 

elements, i.e., Si and Al, in membrane A fouling layer, whereas in the fouling layer of 

membrane B, no significant inorganic element could be identified. These results 

were in accordance with the ICP data. The analysis of perpendicular cross sections 

through the fouling layer of membrane B showed an average thickness of 

approximately 1 µm while for membrane A, the fouling layer thickness was 

measured as approximately 0.7 µm (Figure 6.2c, f). The EDX line profiling across the 

cake layer depth showed variations in the concentration of individual elements. 

However, Si and Al were present as major elements on the membrane A and no 

significant inorganic element was found in the fouling layer of membrane B. In 

addition to elemental composition, by the virtue of differential contrast capabilities 

of STEM among organics and inorganics, this technique also showed the internal 

morphology and composition of the foulant layer at nanometer scale (Figure 6.2i- j).  

The ultrastructural analyses of membrane A and B fouling layers indicated major 

differences between their morphologies and chemical compositions. 
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b) Nature of foulant material and elemental composition 

Loss on ignition tests demonstrated that membrane A was majorly fouled by 

inorganics (i.e., 91.77%) while the contribution of organics was relatively negligible 

(i.e., 8.23%). On the contrary, deposited foulant material isolated from membrane B 

was mainly organic with only a small fraction of inorganics (i.e., 75.75% and 

24.25%, respectively) (Table 6.3). 

Table 6.3: Estimation of organic/inorganic fractions and elemental analysis. 

 

 

 

 

 

 

 

 

 

 

  Membrane A 
(Std. Dev.) 

Membrane B 
(Std. Dev.) 

Loss On 
Ignition 

% LOI 8.23 (1.1) 75.75 (2.4) 

% Residue 91.77 (1.1) 24.25 (2.4) 

CHNS Analysis 

%C 3.3 (0.09) 33.67 (0.22) 

%H 0.84 (0.06) 5.65 (0.07) 

%N 0.2 (0.03) 6.58 (0.1) 

%S 2.16 (0.05) 1.47 (0.04) 

C/N (At. Ratio) 16.5 (0.11) 5.11 (0.08) 

ICP-OES 
Analysis 

Al 

(mg/g) 

119.1 3.87 

Ca 9.91 181.85 

Fe 63.74 2.08 

Mg 20.85 25.38 

P 2.0 9.35 

S 33.39 24.88 

Si 503.44 96.41 

Zn 0.83 46.65 
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Information about the relative abundance of organic elements was useful in 

assessing the source and nature of the deposited organic matter (OM). In particular, 

the C/N ratio was used as a preliminary criterion to identify the type of OM. The low 

C/N ratio of foulant B (i.e., 5.1) compared to that of foulant A (i.e., 16.5) indicated 

that nitrogenous structures (e.g., proteins or other similar biogenic material) 

resulting from recent microbial activity were abundant (Table 6.3). In Foulant A, 

both N and C were present in minor proportions, which is consistent with the LOI 

results.  

ICP elemental analysis revealed that the major elements found in membrane A 

foulant material are Aluminium (Al) and Silicon (Si) at concentration of 119 mg/g 

and 503 mg/g, respectively (Table 6.3). This result suggests the presence of silicates 

or alumino-silicates which might have contributed to the fouling of this membrane 

as colloidal foulants [74]. This can be linked to the source water quality at site A 

characterized by high turbidity values due to the inclusion of sediment particles. 

However, colloidal solids (i.e., 0.001 - 1µm) [71] are not highly probable to pass 

through the UF unit (pore size of 0.001 to 0.02µm). According to Ning and Troyer 

(2007) [196] the colloidal fouling of RO membrane after UF could occur due to the 

aggregation of dissolved silicates which can pass the UF barrier. Another 

explanation could be leakages or damage in the UF system. 

IR spectroscopy data of membrane A and its foulant material were consistent with 

ICP results by showing the silica and alumino-silicate characteristic bands (Figure 

6.3). An intense band at 1025 cm-1 is indicative of the presence of silica. Band at 
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3620 cm-1 and 3695 cm-1 are assigned to Al-OH-Al [197] and Al-OH-Si [198, 199], 

respectively. These two bands along with a sharp band at 469 cm-1 are indicative of 

alumino-silicates [200].  

Multivalent cations, especially Ca (181 mg/g) and Zn (46 mg/g), were present at 

high concentration in foulant B (Table 6.3). These multivalent cations play a major 

role in organic fouling by promoting the stabilization and the bridging of the 

negatively charged individual organic foulants and also by facilitating their adhesion 

to membrane through mitigation of the electrostatic repulsion [39, 201]. This 

foulant material was rich in proteins (i.e., indicated by low C/N ratio) (Table 6.3). 

Negatively charged moieties on proteins, especially carboxylic groups, enhanced 

complexation with these multivalent cations. 

c) Organic foulant characterization 

In order to determine the contribution of the major organic compounds in the 

formation of the fouling layer, samples were subjected to different spectroscopic 

and chromatographic analyses.  

In addition to a major band for silica and silicates in the IR spectrum of membrane A 

and its lyophilized foulant material (Figure 6.3), a relatively faint amide-I band was 

present at 1652 cm-1, however the peak for carbohydrates (1106–970 cm-1) was 

difficult to observe as this area was covered by the SiO2 band [129, 130]. 
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Figure 6.3: IR Spectra of fouled membranes and foulant material. Membrane A is 
mainly fouled by alumino-silicates (two bands at 3695cm-1 and 3620 cm-1 along 
with band at 469 cm-1) and silica (1025 cm-1); membrane B is fouled by biogenic 
material, i.e., proteins (amide A, 3289 cm-1; amide I, 1652 cm-1; amide II, 1548 cm-1), 
aminosugars (CH3 of acetyl group,1380cm-1), DNA/RNA/free 
phosphate/phospholipid (>P=O, 1240 cm-1), sugars (C-O, 1070 cm-1) and lipids 
(CH3, 2960 cm-1 ; CH2, 2925 cm-1 and 2850 cm-1). 

 

In case of membrane B, prominent signals at 1652 cm-1 (N-C=O) and 1548 cm-1 

(N=C-O), i.e., amide-I and amide-II bands, are suggestive of the presence of proteins 

and/or aminosugars. A major band located near 1070 cm-1 (C-O) is pointing the 

presence of sugars. In addition to the amide- I, amide-II and sugar bands, presence 

of aminosugars was also revealed by a peak at 1380 cm-1 (CH3 of N-acetyl group). 

B 
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Presence of lipids is suggested by bands at 2960 cm-1, 2925 cm-1 and 2850 cm-1 

assigned to asymmetric stretching of aliphatic CH3, CH2 and symmetric stretching of 

CH2 groups, respectively [182]. Band at 1240 cm-1 is attributable to the stretching 

vibration of phosphodiester backbone of nucleic acid [127]. FT-IR spectrum of 

foulant B showed a typical fingerprint of biogenic materials (Figure 6.3). 

Similar peaks were found in the ATR-FTIR spectra acquired on different spots of 

both membranes with same relative intensities, validating the scrapping protocol 

used to isolate the deposit from the membrane (Figure 6.3). IR profiles for both 

types of foulant material are totally different from each other and they lead us to 

unlike conclusions. According to the identified absorbance bands and their relative 

intensities, it can be concluded that deposited material on membrane A has high 

concentration of silicates. This conclusion is also supported by the previously 

discussed results of ICP-OES analysis. For membrane B, the foulant material is 

predominantly composed of organics, i.e., proteins, sugars (EPS contents) and 

aminosugars from bacterial cell wall residues.  

The relative distribution of biopolymers in the two foulants (A and B) was 

determined by integration of the pyrochromatograms obtained by pyrolysis GC-MS. 

Figure 6.4 shows the relative abundance of each biopolymer class.  

Foulant A, which was previously characterized as a low organic content material 

(LOI ~ 8%, Table 6.3), presented weaker signals for biopolymers (Figure 6.5). 

Among the identified biopolymers, proteins represented the major class (75%, 
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Figure 6.5) and the signals for lipids, DNA, and PHB, indicative of biofoulants, could 

not be detected.  

In case of foulant B, higher proportion of proteins (66%) and polysaccharides 

(21%), significant relative abundance of aminosugars (2.7%) and PHB (5.1%) 

combined with signals for C15-C18 fatty acids in its pyrochromatogram (Figure 6.5) 

suggest the presence of microbial products/derivatives, indicators of the developed 

biofilm. Moreover, the intense peak of p-cresol suggests that the phenol peak was 

originated by the tyrosine containing proteins [133, 134].  

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Pyro/GC–MS analysis of foulant material samples. Left side) pyrochromatograms of foulants with label peaks. Right 
side) Relative biopolymer distribution of foulants calculated from the % area of signature peaks in pyrochromatograms. 
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Solid state 13C–NMR analysis was conducted to better assess the origin of the 

organic matter present in the foulant material. Due to low organic content, the 13C–

NMR analysis of foulant A was not possible, therefore, only analysis of foulant B 

(Figure 6.5) is shown.  

 

Figure 6.5: Solid State 13C–NMR spectrum of foulant B. 

 

Chemical shift assignment and interpretation of different peaks are carried out 

based on the data published by Leenheer et al. [132, 135-137]. The 13C–NMR 

spectrum of the foulant indicated its composition was primarily protein in 

agreement with the FT-IR spectrum, with small amounts of amino sugar and 

terpenoid constituents. Based upon the strong C-N peak of proteins observed at 53 

ppm, almost all of the aliphatic hydrocarbon character from 0-35 ppm can be 
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assigned to aliphatic hydrocarbon constituents of amino acids. The 30 ppm peak is 

indicative of aliphatic straight chain structures in amino acids such as lysine. It can 

also be assigned to methylene carbons of straight chain fatty acids, structures 

identified in the pyrochromatogram. In the aliphatic-C region peaks for methine 

groups (37 ppm), carbon atoms in alicyclic ring structures (40 ppm), and 

quaternary carbons (42 ppm) can also be attributed to the presence of organic 

matter derived from terpenoid precursors. Additionally, the shoulder at 81 ppm, can 

be assigned to quaternary C-O of lactone esters of tertiary alcohols found in 

terpenoid structure. Primary algal production and secondary bacterial production 

are known to be the source of terpenoid precursors (e.g., hopane lipids in bacteria 

and geosmin and methyl isoborneol in algae) [136, 137]. A prominent peak centered 

at 21 ppm belongs to methyl carbon of N-acetyl group of aminosugars derived from 

bacterial cell wall peptidoglycans. The presence of carbohydrates is indicated by the 

peak of secondary alcohol carbon atoms at 72 ppm and anomeric carbons peak at 

102 ppm. The aromatic-C and phenolic-C peaks near 130 and 158 ppm, respectively, 

are indicative of proteins containing hydroxy aromatic amino acids (e.g., tyrosine), 

as suggested by pyrolysis GC-MS results. These phenolic-C and aromatic-C signals 

might also be attributed to the presence of polyhydroxyaromatics. Peak at 174 ppm 

is mainly amides of proteins with the contribution of carboxyl and carbonyl carbon 

present in carbohydrates, proteins/aminosugars (acidic aminoacids, amide carbonyl 

group), fatty acids, and polyhydroxyaromatics. The composition of foulant B, 

revealed by the 13C–NMR analysis, suggests that it is primarily originated from lysed 

microbial cell material. This is a signpost for biofouling as the dominant type of 
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fouling in the system. Nevertheless, bacteria are supposed to be largely removed by 

UF treatment. Therefore, biofouling could occur due to microbial products (cell 

lysis) or smaller size bacterial spores passing through the UF barrier, followed by 

their growth on RO membrane. Since UF doesn’t remove the small size inorganics 

and low molecular weight organic nutrients [170], bacterial growth on the RO 

membrane could be well sustained.  

The role of picoalgae could be direct, i.e., RO membrane fouling by picoalgae after 

their passage/leak through UF membrane [202], and/or indirect, i.e., algogenic 

matter pass through the UF membrane and serve as substrate for bacterial growth 

on RO membrane [203]. 

 In comparison to module B, biofouling in module A was minor. Since module A was 

pre–fouled, the hydrodynamic condition for this module might have been impacted 

by the pre–existing fouling layer, i.e., module A might be having lower flux and/or 

higher cross flow velocity than that of the module B. Chong et al. (2008) [204] has 

shown that operation with lower flux significantly reduces biofouling. Another 

reason could be that the pre–existing inorganic (alumino–silicate) fouling layer 

accumulated on membrane A hindered bacterial adhesion/colonization as compare 

to the virgin polyamide membrane. 

d) Microbial foulant characterization 

Assessment of active biomass was performed through ATP measurements. Levels of 

ATP content on both membranes were different, membrane A 1.5 pg/cm2 and 

membrane B 904.7 pg/cm2 (Table 6.2).  
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Water and membrane samples showed different dominant bacterial communities. 

The different nature of fouling layer composition between the membrane samples 

fed by geographically different waters directed this study to investigate the 

influence of environmental parameters over bacterial composition in selected 

compartments within the process line. To determine the identity of the major 

bacterial groups in water samples before (UF feed) and after pretreatment (RO 

feed) compared to the membrane samples (MA for membrane A and MB for 

membrane B), a massive parallel sequencing of the 16S rRNA gene was performed. 

This analysis not only allowed an evaluation of pretreatment role in selecting 

certain bacterial groups after UF treatment but also revealed the diversity of 

membrane colonizers. Figure 6.6 shows the taxonomic hierarchical classification 

and distribution of the selected sequence datasets into major bacterial groups. The 

distribution of major bacterial groups (phyla and Proteobacteria classes) in UF feed 

and RO feed water samples were very different, whereas the composition of the 

membrane samples was surprisingly similar. Over 85% of the sequences from the 

UF feed belonged to Proteobacteria and most of which to Alphaproteobacteria 

(84%). In contrast, in the RO feed Proteobacteria represented 98% of the sequences, 

90% of which were affiliated to Gammaproteobacteria class. Membrane samples 

were represented by 70% and 65% (MA and MB respectively) of Proteobacteria 

phylum, which were dominated by Alphaproteobacteria class (70% and 63% 

respectively) (Figure 6.6A). Other phyla were also represented in membrane 

samples at relative high abundances like Actinobacteria (MA, 7% and MB, 4%) and 

Planctomycetes (MA, 8% and MB, 9%) compared to water samples (Figure 6.6A). 
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The phylogenetic affiliation of the different OTUs (operational taxonomic unit) 

obtained after clustering the sequence datasets revealed major differences between 

the bacterial community of water and membrane samples (Appendix G, 

Figure 6.6B). The differences of major species/groups identified on FSDP feed water 

(UF feed) and after treatment (RO feed) can be observed by the presence of 

Pelagibacter sp (Alphaproteobacteria) in the UF feed and Pseudidiomarina sp 

(Gammaproteobacteria) in the RO feed, which were absent in the 2 membrane 

samples (Figure 6.6B). Conversely, both membranes were majorly represented by 

Ruegeria sp, Ponticoccus genera (Alphaproteobacteria) and other bacteria as 

Propionibacteriaceae (Actinobacteria); family members absent or poorly 

represented in the water samples. This indicates that such species should be more 

adapted to a biofilm life style (sessile and nutrient competitive environment) than 

Pelagibacter sp which is known as a free living ubiquitous marine bacteria [205]. 

Despite the marked differences in fouling layer composition, membrane A and 

membrane B samples shared most of the major bacterial clusters (Figure 6.6B). 

They clustered at about 70% similarity as displayed in the dendrogram in Figure 

6.6B. Likely the microbial population installed on the membrane B at the new site 

might have replaced the old biofilm population despite the high inorganic content of 

its fouling layer. In contrast, water samples were strikingly different from one to 

another suggesting that UF pretreatment totally modified the bacterial community 

of the intake water favoring the dominance of Pseudidiomarina sp (RO feed, 79%; 

appendix G). This genus has been found in both marine sediments [206] and in reef 
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coral holobiont [207] and seemingly, it does not adapt to a SWRO biofilm. In our 

experimental conditions, the genus was absent from both membrane samples. 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Taxonomic hierarchical classification, similarity and distribution of the 
selected sequence datasets into the major bacterial groups. (A) Phyla and 
Proteobacteria class distribution (inset) of sequences. (B) Similarity and distribution 
of major phylotypes assigned to membrane and water types represented > 3% of 
sequences. OTU, Bray Curtis similarities were calculated for phylotype abundances 
and the dendrogram was constructed by the paired group method. The bubble plot 
schematically represents major phylotypes abundances ≥ 5%, in each sample. 
UF_feed, raw water entering UF unit; RO_feed, water after ultrafiltration treatment; 
MA, SWRO membrane from site A; MB, SWRO membrane from site B. 
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The genera Ponticoccus and Ruegeria are marine bacteria isolated from coastal 

marine waters and sediments [208, 209]. They belong to the Roseobacter clade of 

Rhodobacteraceae family (Alphaproteobacteria) that is known to be associated with 

high organic content environments. Some other Rhodobacteraceae family members 

were also found in other SWRO membranes [170]. However, Propionibacteriaceae 

family members (Actinobacteria) were previously described as members of the 

human skin microbiome [210] and to our knowledge not referenced before in SWRO 

biofilms. Therefore, their role in SWRO membrane biofilms should be further 

investigated. 

6.1.3. Conclusion 

All the performed analysis produced consistent and mutually validating results 

about the nature of the fouling occurred on two membranes. Keeping in view all the 

discussed data, the following points could be concluded about the two conducted 

autopsies:  

 Fouling of membrane A was contributed by inorganic species to 

approximately 90%, mainly by colloids of alumino–silicates. These inorganic 

foulant are attributable to the intake water quality impacted by sediment 

inclusion at site A. Major bacteria found belong to phyla Proteobacteria (38%) 

and Actinobacteria (37%). After being exposed to the same feed water as that 

of membrane B for two months, this membrane had somewhat microbial 

communities similar to that of membrane B, but little ATP contents/unit 



178 

 

surface area and much less organics. Pre–coating of membrane with inorganics 

(alumino–silicates) seemed to limit the kinetics of biofouling phenomenon. 

 Fouling of membrane B was contributed by organic and/or microbial foulants 

to approximately 75% with incorporated multivalent cations such as Ca and 

Fe. These inorganic cations are up–taken by negatively charged biopolymers, 

i.e., polysaccharides and proteins. In the presence of chlorination and UF pre–

filtration, biofouling is considered to occur as the bacterial re–growth is 

supported by nutrients that are able to pass through the UF barrier. Most 

abundant identified bacteria belong to the Proteobacteria (42%) and 

Actinobacteria (22%) phyla. 

This study has proved that composition/chemistry of feed water and membrane 

surface are the key factors in membrane fouling. These two factors drive the 

prevailing trend of fouling in the RO system. Importance of source water quality is 

due to the fact that all of the existing practical pretreatment setups are unable to 

guarantee the elimination of fouling risk through an efficient removal of foulants. 

This study also showed the need of adaptation of the antifouling strategies based on 

source water quality. Membrane surface chemistry is another vital factor as it 

affects the attractive and repulsive interactions between membrane and foulants 

that are contributing to fouling. To control fouling, appropriate modification of the 

membrane surface chemistry is equally or perhaps more important than improving 

the feed water quality. 
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6.2. Comparison between Wastewater and Seawater 
Reverse Osmosis Membrane Fouling 

(This section of chapter has been submitted for publication with following details: 
M.T. Khan, C. Aubry, V. Molina, M. Busch, C.-L. de O. Manes, A.-H. Emwas and J.-P. Croue. 
How different is the composition of the fouling layer of wastewater reuse and seawater 
desalination RO membranes? Water Research, Submitted.) 

 

To understand and overcome membrane fouling problem, many individual studies, 

focussed on the analysis of fouling layer developed on membrane during 

wastewater reverse osmosis (WWRO) reclamation [211, 212] and SWRO 

desalination processes [93], have been conducted. Nevertheless, due to dissimilar 

source water, pretreatment processes, and membrane characteristics, in all these 

studies, the characteristics of characterized fouling layers were significantly 

different from each other. However, a study to make a comparative analysis of 

fouling profile of WWRO and SWRO membranes could not be found in literature. In 

our work, we analysed the fouling layers of polyamide thin film composite RO 

membrane elements harvested from SWRO and WWRO treatment trains positioned 

after similar ultrafiltration pretreatment process.  

Although, operating parameters were different to some extent, however the main 

dissimilarity between two systems was the use of two different source waters (i.e., 

wastewater and seawater). Two end position modules (i.e., lead and terminal end 

modules) from both treatment trains were selected for fouling characterization. The 

fouling layers were characterized by Fourier Transform Infrared (FT–IR) 

spectrometry, Pyrolysis Gas Chromatography coupled with Mass Spectrometry 
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(Pyrolysis/GC–MS), Inductively Coupled Plasma Optical Emission Spectrometry 

(ICP–OES), elemental analysis, and microbial phylogenetic examination procedures. 

The aim of this study was to investigate the effect drastically different microbial and 

chemical quality of the source water on the structural characteristics and nature of 

the fouling layer formed on RO membranes. The differences in microbial and 

chemical composition of the fouling layers of two sets of membranes were 

rigorously examined and discussed in detail. 

6.2.1. Description of Samples and Pilot Units 

Membrane samples were obtained from two pilot plants located at DOW Global 

Water Technology Development Centre in Spain. Both pilot plants were similar in 

principle but were operated with two different source waters, one treated urban 

wastewater and other the Mediterranean seawater collected from an open intake.  

6.2.1.1. SWRO pilot 

SWRO Pilot unit was fed by seawater in taken from Mediterranean Sea, Tarragona– 

Spain. The raw seawater was captured, shock–chlorinated (every 4 hours with 2–5 

mg/L NaOCl), and then transported via a 10 kilometre pipe through a 250 µm 

screen size ring filter (Arkal, Israel), to the feed tank of the pilot unit at the DOW 

Water & Process Solutions Global Water Technology Centre in Tarragona. Source 

water was characterized by: pH of 8.1, conductivity of 57.4 ms/cm, Total Organic 

Carbon (TOC) of 2 mg/L, turbidity of 2 NTU, Total Suspended Solids (TSS) of 10 

mg/L, and a Total Dissolved Solids (TDS) of 40,000 mg/L. Occasionally, peaks of 3 
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ppm, 15 NTU, and 50 mg/L were observed for TOC, turbidity, and TSS, respectively. 

The temperature ranged from 13–30 °C during operation. 

 

Figure 6.7: Schematic illustration of seawater reverse osmosis treatment pilot unit. 
Label 1 and 6 on the RO vessel show the lead and terminal position membrane 
modules selected for autopsy. 

 

The pilot unit consisted of a feed tank supplying two ultrafiltration lines equipped 

with DOWTM SFP–2660 modules (30 nm nominal pore diameter, hydrophilized 

PVDF outside in hollow fibers, pressurized, vertical). The SWRO line fed by the UF 

filtrate was positioned after a 5 µm cartridge filter. The RO line used 6 elements (4–

inch diameter FILMTEC™ SW30XLE–4040) in series configuration operated at 60 

bar feed water pressure, 17 L/m2h average permeate flux and at 45% recovery rate. 

Moreover, feed water flow rate for RO system was 1.5 m3/h with cross flow velocity 

values of 0.12 and 0.06 m/s at the lead and terminal position elements, respectively 

(Figure 6.7). Modules of 1st (SM1) and 6th position (SM6) of the RO line 1 were 

autopsied after approximately 5 months of operation. 
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6.2.1.2. WWRO pilot 

The wastewater UF–RO project was carried out at the Vilaseca wastewater 

treatment plant, which treats wastewater from the cities of Vilaseca, La Pineda, and 

Salou (Spain). This urban wastewater (low industrial discharge) showed strong 

variations in quality due to touristic influence. The pretreatment included: coarse 

screening (1 mm), sand filtration followed by primary sedimentation, aerobic sludge 

treatment (designed for partial nitrification), and secondary sedimentation. The 

treated wastewater collected after secondary sedimentation was fed to the UF–RO 

pilot unit (Figure 6.8) with the following physicochemical characteristics: pH of 7.0, 

conductivity of 1.5 ms/cm, TOC of 6 mg/L, turbidity of 4 NTU with occasional 

increases to 100 NTU or higher (occurring approximately one a week), average 

Chemical Oxygen Demand (COD) of 15 ppm, and average Biological Oxygen Demand 

(BOD) of 7 ppm. TDS strongly varied and averaged 600–1500 mg/L, while the 

temperature ranged from 23–31 °C. 

 

Figure 6.8: Schematic illustration of wastewater reverse osmosis pilot unit. 



183 

 

 

The wastewater pilot unit (Figure 6.8) was similar to the seawater pilot unit 

described in Figure 6.7, with the following modifications: 

 A hydrocyclone followed by a 50 µm screening filter (Amiad, Israel) were 

used upfront of the UF feed tank. 

 Two DOW™ Ultrafiltration SFP–2880 modules (30 nm nominal pore 

diameter, hydrophilized PVDF outside in hollow fibers, pressurized, vertical) 

were used. 

 The RO train used only one high pressure pump, and the two vessels of 3 

elements in 4040 format were followed by two vessels of 3 elements in 2540 

format. This setup was used to simulate a typical RO configuration with 

concentrate staging for higher recoveries.  

Six elements of 4 inch FILMTEC™ XLE–4040 were operated at 7 bar feed water 

pressure, 21 L/m2h average permeate flux and at 70% recovery rate. Moreover, feed 

water flow rate for RO system was 1.3 m3/h with cross flow velocity values of 0.10 

and 0.03 m/s at the lead and terminal position elements, respectively. 

6.2.1.3. Removal of free salts from foulant samples 

Foulant materials were subjected to dialysis to remove free salts remaining on the 

membrane surface from the feed water. Foulant sample (100–1000 mg) was 

immersed in Milli–Q water–containing dialysis bags (1K MWCO; Spectra/Por 7 by 
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Spectrum labs, USA). The dialysis bags were immersed in a glass beaker containing 

5 liters of Milli–Q water, and then mildly stirred with a magnetic stirrer at room 

temperature for 24 hours in the dark. Dried foulant material was obtained through 

lyophilisation. In addition to dialysis, the foulant material of WM6 was also 

subjected to acid (1.0 N HCl) dialysis to remove inorganic components interfering 

with the organic characterization (i.e., CHN, FTIR, and 13C–NMR spectroscopy 

analyses). 

6.2.2. Results and Discussion 

6.2.2.1. Morphology of fouling layers 

Ultrastructural analysis showed that the foulant accumulated on the WWRO 

membranes covered a larger surface area compared to what could be observed on 

SWRO membranes. This finding was in accordance with the fouling load analysis 

result (i.e., relatively higher fouling load was observed for WWRO membranes) 

(Figure 6.9). The surface morphology of the foulant layers was also different for the 

two types of membranes. 

Microbes observed either lying on the membrane surface or embedded in the 

extracellular polymeric substances (EPS) on SWRO and WWRO lead elements (i.e., 

more pronounced on WM1 than SM1) were a morphological evidence of biofouling 

prevailing in these systems.  
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Figure 6.9: Ultrastructural analysis of SWRO and WWRO membranes. 

 

6.2.2.2. Fouling load and nature of foulant material 

Despite the shorter operation duration, i.e., 3 months, the fouling loads of WWRO 

modules (i.e., 1.25 ± 0.10 g/m2 for WM1 and 0.54 ± 0.05 g/m2 for WM6) were higher 

than those of SWRO modules, which were operated for 5 months (i.e., 0.77 ± 0.09 

g/m2 for SM1 and 0.014 ± 0.004 g/m2 for SM6). Similar fouling trend was observed 

across the RO train, i.e., fouling load was relatively significant at the 1st position 

module and it remarkably decreased on the 6th position (terminal) module 

(Figure 6.10).  

ATP, an energy–rich biomolecule present in all active microorganisms, is an 

indicator of active biomass [171]. The efficacy of ATP contents as a parameter for 

the assessment of active biomass present in the RO membrane fouling layer has 

been previously reported [146, 177]. Measurements of ATP contents revealed that 
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the lead modules have higher active biomass than the terminal modules. However, 

the ATP content of WM1 (i.e., 208 ± 3.28 pg/cm2) was more than twice of SM1 

membrane (i.e., 88 ± 0.54 pg/cm2). This result indicates the presence of a relatively 

more developed/mature biofilm on WM1. A larger abundance of organic nutrients 

in the wastewater (poorly removed by UF [202]) might have been utilized by the 

bacteria passing through the UF barrier, resulting in increased biofilm formation 

rate on the WWRO lead position element. On the other side, despite the significantly 

lower fouling load, the ATP content measured per unit surface area of SM6 (i.e., 32 ± 

0.30 pg/cm2) was higher than that of WM6 (i.e., 24 ± 0.27 pg/cm2). LOI test, 

discussed in detail in following paragraph, revealed that the foulant material of 

WM6 was mainly inorganic in nature. This result clearly indicates that the higher 

fouling load of WM6 was mainly attributed to the accumulation of inorganic foulants 

rather than the development of biofilm and/or accumulation of organic foulants on 

its surface. Due to this reason, ATP contents present per unit surface area of WM6 

were lower than that of SM6. 
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Figure 6.10: Fouling magnitude and nature of foulant material. Left) analysis fouling 
load and active biomass of membranes, plotted as bar chart with error bars 
representing standard deviation. Right) estimation of organic and inorganic 
fractions of foulant materials isolated from membranes. 

 

The analysis of organic/inorganic fractions by LOI measurements revealed that the 

fouling material of SWRO membranes was mainly composed of organic matter, i.e., 

89 % and 75% for SM1 and SM6, respectively. The increase in inorganic fouling at 

the terminal position of SWRO train can be attributed to increased salt contents in 

the feed stream resulting in enhanced concentration polarization (CP) phenomenon. 

Inorganic elements might have precipitated due to limited solubility of their salts 

(i.e., scaling) and/or attached/bound to negatively charged organic constituents of 

the fouling layer (i.e., complexation). Due to low recovery rates, i.e., ≤50%, it is usual 

to mainly find bio/ organic foulants instead of inorganic foulants on SWRO 
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membranes, even on terminal backend module [213]. The LOI results of WWRO 

membrane foulants led to the same observation (i.e., decrease in relative abundance 

of the organic fraction from lead to terminal position module), however, the 

decrease was more prominent. In accordance with results reported in the literature 

[214, 215], the terminal module of WWRO train (WM6) was mainly fouled by 

inorganic foulants (i.e., 89 %), whereas the lead position module (i.e., WM1) was 

mainly fouled by organics (i.e., 95%). As proposed by Hoek et al. (2008) [216], the 

flux and recovery rates might be increased at terminal modules due to organic 

fouling occurring in lead modules. These conditions may favour inorganic fouling 

phenomenon at the backend module. Higher inorganic fouling at the terminal 

position of the WWRO element might also be attributed to higher recovery rates of 

WWRO system (i.e., 70% for WWRO and 45% for SWRO unit). The salinity of 

seawater is typically higher than wastewater. However, in wastewater the 

concentration of salt species forming precipitates (e.g., calcium and phosphate) 

might be comparable or even higher to that of seawater, which mainly contains 

NaCl. The higher recovery rate of wastewater RO system could have remarkably 

increased in the concentration of these relatively low solubility salts species, which 

eventually promoted their precipitation on membrane surface. 

6.2.2.3. Elemental analysis of foulant material 

ICP data (Figure 6.11) showed calcium (Ca; 6.0 and 51.1 mg/g in SM1 and SM6 

foulant material, respectively), phosphorus (P; 8.4 and 5.7 mg/g in SM1 and SM6 

foulant material, respectively), and sulfur (S; 20.5 and 12.5 mg/g in SM1 and SM6 

foulant material, respectively), as predominant elements on SWRO foulants. As 
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discussed previously, the organic fraction in SM1 foulant material was higher than 

that of SM6 foulant material. Additionally, the relatively high concentration of P in 

the fouling layer of SM1 is most likely organic in nature. The presence of organic P 

could be present in the form of microbial cell membrane phospholipids and ATP 

contents which are signpost of the presence of active biofilm. Higher concentration 

of inorganic/organic P has been reported by Jarvie et al. (2002) [172] in a relatively 

young biofilm. Moreover, significantly higher abundance of S could result from 

bisulfite dosed as de–chlorinating agent in the pretreatment line and/or the 

presence of sulfur containing biomolecules such as cysteine and methionine amino 

acids. Interestingly, the concentrations of Al, Ca, and Fe (i.e., cations) significantly 

increased, whereas the content of P and S (i.e., anions) decreased from lead to 

terminal position modules. In this situation either there was scaling/precipitation of 

compounds of these three cations with other anions (e.g., in the form of their 

carbonates, chlorides) or there could be complexation of these elements, in the form 

of multivalent cations, with negatively charged or electron lone pair carrying sites 

present in organic foulant materials. Since the foulant material of SM6 is mainly 

organic in nature, instead of the former phenomenon, the latter is more probable to 

have occurred. Moreover, as the foulants of both SWRO modules were mainly 

organic in nature, the remarkably larger occurrence of cations (i.e., especially Ca) in 

SM6 foulant material might correspond to the presence of organics with relatively 

higher density of complexing sites. Humic–like material, known for its high affinity 

towards polyamide RO membranes [70, 173], could play a significant role in the 

complexation of cations due to its oxygen and nitrogen containing functional groups 
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(e.g., carboxylic, –COOH, phenolic/enolic, –OH, quinones/hydroquinones, –RNH) 

[174]. Non–humic/biopolymers contents of the fouling layer (i.e., polysaccharides, 

proteins) might also contribute significantly to the incorporation of cations. 



 

 

Figure 6.11: Elemental analysis of foulant material and calculated C/N, H/C atomic ratios.



 

For WM1 foulant, ICP analysis (Figure 6.11) confirmed the low abundance of 

inorganic elements, with Ca, Fe, and P present at 14.5 mg/g, 8.4 mg/g, and 18.4 

mg/g, respectively. Higher concentrations of inorganic elements were identified in 

WM6 foulant with Ca, Fe, P, and S (116 mg/g, 9 mg/g, 40 mg/g, and 33 mg/g, 

respectively) as the predominant species. Because WM6 foulant was mainly 

inorganic in nature (≃90%), these elevated concentrations of Ca, P, and S may 

correspond to precipitates of calcium, phosphate, and sulfate. Indication of 

membrane scaling by these compounds was also supported by the observed Ca, P, 

and S molar ratios (i.e., 2.9:1.2:1) approaching the theoretical molar ratios (i.e., one 

mole of Ca for each mole of P and S). Fouling of WWRO membranes by calcium 

phosphate has been reported by Ning and Troyer (2007) [196]. Larger S content 

might also originate from the oxidation of hydrogen sulfide (i.e., typically present in 

wastewater) by Fe3+, consequently producing elemental sulfur and iron sulfide (FeS) 

[217].  

EDX elemental analyses performed on both sets of membranes confirmed the ICP 

analysis results (Figure 6.12). Note that the high S signal for SWRO membrane was 

most probably originating from the polysulfone layer of the membrane structure 

(exposed to the EDX beam due to the low thickness of the fouling layer). 



 

 

Figure 6.12: EDX elemental analysis of fouled membranes.
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C/N and H/C ratios are good indicators of the presence/absence of nitrogenous and 

aromatic structures, respectively. For instance, algal biomass enriched in proteins 

typically has C/N atomic ratios between 4 and 10, whereas organic matter of 

vascular terrestrial plants, proportionally more enriched in polysaccharides, is 

characterized by C/N atomic ratios of 20 or higher [62]. Hedges et al. (1992) [50] 

reported C/N and H/C atomic ratios ranging from 35–46 and 1.21–1.57, 

respectively, in marine dissolved humic substances extracted using XAD–8 resin. 

Marine plankton has an average C/N atomic ratio near 6 [175]. In our study, low 

C/N atomic ratios were observed for both SWRO (i.e., 6.7 and 7.9 for SM1 and SM6, 

respectively) and WWRO membranes foulant materials (i.e., 5.8, 8.6, and 7.18 for 

WM1, WM6(before acid dialysis) and WM6(after acid dialysis), respectively), and these values 

slightly increased from the first to the last position module (Figure 6.11). The values 

obtained for WM6 foulant after acid dialysis (removing the interfering inorganic 

species) represent a more accurate CHN distribution of the organic fraction. Based 

on C/N ratio values, the order of abundance of proteinaceous/nitrogenous 

substances in the studied foulant materials is the following: 

WM1 > SM1 > WM6 (after acid dialysis) > SM6 

According to Bhosle et al. (2004) [176], in the marine biofilm formation processes, 

starting from conditioning film formation followed by attachment and growth of 

cells, the C/N atomic ratio decrease progressively. Lower C/N ratio for the foulant 

materials of 1st position modules (i.e., SM1 and WM1), might be associated to the 

biofilm development phase with relatively intense microbial activity leading to 
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higher number of cells per unit area of membrane. This hypothesis of higher 

microbial growth at lead position elements is also supported by higher ATP 

contents/unit surface area of these membranes. Interestingly, C/N ratios of the four 

foulant samples follow the same order as their ATP content values. A very slight 

decrease in the H/C atomic ratio is observed from lead to terminal position for both 

sets of modules. This decreasing trend of H/C and increasing trend of C/N atomic 

ratio across the RO train refer to the accumulation of unsaturated compounds 

having less nitrogen, e.g., humic–like or other non–nitrogenous aromatic structures 

on the backend membrane surface. 

6.2.2.4. Biopolymer analysis 

Pyrolysis GC–MS analysis, a technique used to determine the relative abundance of 

biopolymers in organic matter, was carried out on the four foulant samples 

(Figure 6.13). Lead position elements of both sets of membranes exhibited almost 

similar biopolymer distribution with minor differences e.g., higher relative 

abundance of DNA (furanmethanol peak) and aminosugars (acetamide peak) in 

WM1. The higher proportion of these two microbial cell’s structural units along with 

higher fouling load value is an evidence of more developed and mature biofilm on 

WM1 compare to that on SM1. As expected, the biopolymers signature of the 

biogenic matter, i.e., DNA, aminosugars and lipids, was found in lower relative 

abundance at both terminal positions (i.e., 1.8% and 1% DNA, 3.4% and 1.7% 

aminosugars, 18.3% and non–detectable lipids for SM6 and WM6 foulants, 

respectively) than at lead position modules (i.e., 3.4% and 4.2% DNA, 3.8% and 

4.6% aminosugars, 26.9 % and 21.9% lipids for SM1 and WM1 foulants, 
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respectively). These results agree with the decreasing microbial activity/population 

from lead to terminal position membranes, both for WWRO and SWRO systems, 

Nevertheless, WM6 incorporated relatively higher proportion of 

proteins/nitrogenous molecules and low/negligible proportion of lipids as compare 

to SM6. 

In the foulant samples of the terminal position modules, the relative abundance of 

aromatic aminoacids, i.e., tryptophan (indole and methyl indole pyrofragments), 

tyrosine (phenol and p–cresol pyrofragments), and phenylalanine (toluene and 

styrene pyrofragments), was low. Phenolics, i.e., phenol and p–cresol peaks, are 

yielded by both polyhydroxyaromatics (PHAs) and tyrosine. Based on the relative 

intensities of these two peaks, their predominant source can be identified, i.e., 

higher phenol signal suggest the predominance of PHAs, whereas higher p–cresol 

suggests predominant presence of tyrosine [133, 134]. Increase in phenol/p–cresol 

ratios from lead to terminal modules (0.43 and 0.94 for SM1 and SM6, respectively; 

0.34 and 1.09 for WM1 and WM6, respectively) is another evidence of the lower 

presence of tyrosine containing proteins and higher presence of PHAs at terminal 

modules. The increase of the relative abundance of styrene while the relative 

abundance of toluene decreased especially in SM6 foulant (i.e., major pyrofragment 

of phenylalanine [218]), supports this finding.  



 

 

Figure 6.13: Analysis of biopolymers: Left) pyrochromatograms of foulant material (isolated from membranes), showing 
different peaks of pyrofragments of organic substances. Based on different origin, pyrofragment peaks are marked with labels 
of different colors. Right) pie charts showing distribution of biopolymers/organics, calculated by adding up the percent area of 
characteristic pyrofragment peaks of a biopolymer class.  



 

Benzonitrile is a characteristic pyrofragment of nitrogen containing aromatic 

compounds, e.g., nitrophthalic acid [179] and aromatic amino acids [180]. It could 

also be generated during the pyrolysis of humic material [181]. Similarly, benzoic 

acid (i.e., known pyrofragment of humic–like material [154, 155]) might have more 

than one origin. Pyrolysis of phthalates–based plasticizer, present in numerous 

plastic materials, also produce the peak of benzoic acid [156]. A probable pathway 

of benzoic acid formation from phthalates could be the release of free phthalic acid 

which is decarboxylated to benzoic acid. A remarkable increase in abundance of 

benzonitrile and exclusive/prominent signal of benzoic acid in pyrochromatogram 

of SM6 foulant are signposts of the presence of either humic–like materials and/or 

phthalates (possibly leached from plastics tubing/piping used in the plant). This 

finding partly supports our previous hypothesis suggesting a more significant 

presence of humic–like material on this membrane. 

In the IR spectra of the foulants (Figure 6.14), the presence of proteins were 

indicated by amide–A (N–H stretching vibration, 3294 cm-1), amide–B (Fermi 

resonance of amide–II overtone with N–H stretching vibration, 3090 cm-1), amide–I 

(mainly C=O stretching vibration, 1650 cm-1), amide–II (out of phase combination of 

N–H bending and the C–N stretching vibrations, 1555 cm-1), and amide–III (in phase 

combination of N–H bending and the C–N stretching vibrations, 1410 cm-1) signals. 

A major band located near 1037 cm-1 (stretching vibration of C–O) indicated the 

presence of sugars. In addition to the amide–I, amide–II, and sugar bands, the 

presence of N–acetyl aminosugars, degradation product of bacterial cell wall 

peptidoglycans, was also revealed by a peak at 1384 cm-1 (symmetric bending 
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vibration of CH3 of N–acetyl group) [130, 132]. Bands at 2960 cm-1, 2925 cm-1 and 

2850 cm-1 assigned to asymmetric stretching vibration of aliphatic CH3, CH2, and 

symmetric stretching vibration of CH2 groups, respectively [182]. The COOH band at 

1730 cm-1 and CH2 band at 1454 cm-1 along with the band at 2960–2850 cm-1are 

mainly attributable to lipids [132]. The band at 1240 cm-1 was attributable to the 

stretching vibration of phosphodiester backbone of nucleic acids [127]. The relative 

intensities of all these discussed bands, originating from biogenic matter, were 

somewhat similar for all the foulant samples except for WM6 foulant (especially 

before acid dialysis). Moreover, due to high inorganic contents, this sample 

exhibited very weak biopolymer bands. An intense and broad band at 1020 cm-1 

(stretching of P–O, stretching vibration of S–O) along with a prominent band at 560 

cm-1 (bending vibration of P–O [219, 220]), revealed the predominant presence of 

inorganic phosphates and sulfates, corroborating the ICP results. A significantly 

intense band at 1425 cm-1 might be attributed to carbonates (CO32-). The WM6 

foulant IR spectrum was in accordance with the elemental composition, i.e., 

membrane scaling by phosphate and sulfates. Interestingly, after acid dialysis, the IR 

profile of WM6 became similar to the other IR profiles. The more pronounced 

shoulder at 1730 cm-1, on left side of amide–I band in the spectrum of SM6 foulant is 

attributable to the larger presence of carboxyl group containing substances in this 

sample, i.e., humic–like materials, lipids, and proteins. By keeping in view the 

pyrolysis GC–MS data of this sample showing higher abundance of aromatic 

substances (i.e., PHAs), humic–like materials and/or phthalates could be considered 

as the most probable origin of this carboxyl group signal. A decrease in the intensity 
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of the sharp band at 1384 cm-1 (bending vibration of CH3 of N–acetyl group of 

aminosugars) confirmed that the biofouling was less intense at backend modules. 

 

Figure 6.14: FT–IR spectroscopic analysis of foulant materials. Functional groups 
identified, based on characteristic IR bands and probable class/type of compounds 
having these groups, are labelled.  
 

Solid state 13C–NMR spectroscopy was carried out to further explore the nature of 

foulant materials. Due to low organic contents, 13C–NMR spectrum of WM6 foulant 

before acid dialysis exhibited very week signals. After removal of interfering 

inorganic metals through acid dialysis, a well resolved spectrum was recorded 
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(Figure 6.15). 13C–NMR spectra are discussed in the light of data published by 

Leenheer et al. [132, 135-137]. 

 

Figure 6.15: Solid state 13C–NMR spectroscopic analysis of foulant materials. On Y–
axis (not shown) is signal intensity with arbitrary units. 

The bands near 20 ppm (branched methyl carbon), 38 ppm (carbon atoms in 

alicyclic ring structures), and 43 ppm (quaternary carbon) were indicators of 

organic matter derived from primary algal and/or secondary bacterial production. 

Bands at 30 ppm and 174 ppm were derived, or at least partly derived, from alkyl 

chain methylene and carboxyl group carbons, respectively, of fatty acids. Proteins 

were indicated by N–C peak at 53 ppm. Carbohydrates were indicated by secondary 

alcohol (O–Alkyl) and anomeric carbon (Di–O–Alkyl) bands at 71 ppm and 101 ppm, 

respectively. A band at 20 ppm was attributable to methyl–C of N–acetyl group of 

aminosugars. Characteristic bands of biogenic material (i.e., proteins, aminosugars) 
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exhibited lower relative intensities in the sample of terminal position modules. In 

accordance with elemental analysis and pyrolysis GC/MS results the lower intensity 

of N–C band in the 13C–NMR spectra of SM6 and WM6 foulant samples denies the 

possibility of a significant role of aromatic aminoacids in the intense aromatic 

carbon band. The spectrum of the SM6 foulant closely resemble the spectrum 

published for humic materials extracted from sediments collected from coastal area 

of Mediterranean Sea [183]. However, as discussed above, other possible origin of 

the aromatic carbon signal could be synthetic aromatic compounds, such as 

phthalates, leached from plastic material used in plant setup and accumulated in the 

fouling layer of terminal modules. The band at 63 ppm, exclusively found in terminal 

position membrane foulants (more pronounced in SM6 foulant), refers to primary 

alcohol (CH2O). Similarly, the bands at 120–140 ppm, more intense in the terminal 

position membrane foulants, belong to aromatic carbons that could be present in 

esterified phthalic acid (used as plasticizer). The absence or minor presence of such 

substance in the foulant of lead position membranes might be attributed to 

microbial degradation or to the reduction/masking of their relative load by higher 

abundance of other types of foulants, i.e., biopolymers.  

6.2.2.5. Comparison of SWRO and WWRO membrane microbial 
communities 

Next generation sequencing of the 16S ribosomal RNA gene was used for the 

characterization of microbial diversity and the taxonomic affiliation of sequences 

obtained from RO membrane samples. The results revealed that microbial 
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communities of seawater membrane samples were very different from that of 

wastewater membrane samples.  

Despite the fact that the Proteobacteria phylum was predominant in both SWRO and 

WWRO samples (55% for SM1, 93% for SM6, 83% for WM1 and 72% for WM6); 

their class distribution and abundance were found to be quite dissimilar 

(Figure 6.16). 

 

Figure 6.16: Classification and distribution of 16S rRNA gene sequences into most 
abundant phyla and classes. 

 

There was a substantial difference between microbial community of SM1 and SM6 

fouling layer. While SM1 was dominated by Gammaproteobacteria (32% of the 

sequences), SM6 was largely represented by Alphaproteobacteria (55%) and 

Betaproteobacteria (26%). Both WM1 and WM6 were mainly represented by 
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Betaproteobacteria, i.e., 65% and 43%, respectively. Ivnitsky et al. (2007) [109], 

reported the dominance of Betaproteobacteria in the biofilm of NF membrane fed by 

tertiary effluent wastewater generated in a continuous flow membrane bioreactor. 

Predominance of Alphaproteobacteria and Gammaproteobacteria in the fouling layer 

of biofouled SWRO membranes, harvested from full–scale plants, has been reported 

by Khan et al. (2013) [146], and Zhang et al. (2011) [104]. The calculated diversity 

index Shannon_H revealed that for both seawater and wastewater RO membranes 

the microbial community diversity was higher at position 6 (Figure 6.16). The 

clustering of the sequence dataset at OTU level revealed that SWRO samples 

grouped below 20% similarity and that WWRO samples were more similar to each 

other clustering around 60% similarity (Figure 6.17A). The multidimensional 

scaling (MDS) of the same dataset corroborate the clustering results, SWRO samples 

were apart from each other while WWRO samples are closely located 

(Figure 6.17B). 
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Figure 6.17: Multivariate analysis of the sequence data set. A) Clustering of 
sequences using Bray–Curtis algorithm, paired group method. B) Non–metric 
multidimensional scaling of sequences visualizing the similarities among the 
samples. 

 

6.2.3. Conclusion 

In spite of having similar pretreatment setup (UF before RO), clear differences 

between SWRO and WWRO foulants were observed which can be mainly related to 

inherent differences in water quality and RO operational parameters (e.g., trans–

membrane pressure, recovery rate, etc.). Although, operating parameters of two RO 

systems were also different but fouling profile of two systems was most likely 

impacted, to major extent, by the different source water quality. This drastic 

difference in source water quality was expected to result in quite different fouling 

scenarios. However, some similarities were also found in two examined fouling 

profiles. Based on the data discussed, the following points could be concluded: 
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1. Lead elements of both RO systems were facing biofouling, and biopolymer 

distribution in the foulant material collected from these membranes was 

quite similar. 

2. Although, WWRO membranes were operated for shorter duration, they were 

more heavily fouled than SWRO membranes. Especially, the lead element of 

WWRO plant showed a more developed biofilm. 

3. Similar to the lead position element, the terminal position element of the 

SWRO unit was also mainly fouled by bio/organic matter. The fouling layer 

was predominantly composed of aromatic moieties, most likely of humic–like 

structures. Some inorganic elements, i.e., Ca and S (probably coming from 

bisulfite dosing) were also significantly present. As a divalent cation, Ca 

might be involved in complex formation mechanisms with negatively 

charged organics.  

4. The terminal position element of the WWRO unit was mainly fouled by 

inorganic foulants, specifically CaH(PO4), CaSO4, and FeS. 

5. The bacterial community of WWRO membranes was different from that of 

SWRO membranes. WWRO fouled membranes were dominated by 

Betaproteobacteria class (Proteobacteria phylum) while SWRO fouled 

membranes were dominated by Gammaproteobacteria and 

Alphaproteobacteria (Proteobacteria phylum) class affiliated sequences. 
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CHAPTER 7                                                         

FOULING OF SEAWATER REVERSE OSMOSIS 

MEMBRANE: ROLE OF CHLORINATION 

It is well known fact that under given operating conditions, rate of membrane 

fouling is driven by the quality of the RO inlet water. Characteristics of RO inlet 

water depends on the source water quality and then on the downstream 

pretreatment train [146]. Different raw seawater pretreatment strategies are 

implemented to minimise the fouling potential of raw seawater. Use of non–suitable 

pretreatment strategy for the given conditions might result in increased fouling 

potential of RO feed water. Moreover, un–optimized use of suitable pretreatment 

strategy under given conditions might not be significantly helpful in improving the 

feed water quality. In other words, intelligent use of pretreatment is essential to 

avoid membrane fouling; otherwise instead of being remedy, a pretreatment setup 

can increase/promote the fouling problem. Therefore, the selection of an 

appropriate pretreatment strategy and its optimized use are of prime importance 

for economical operation of RO membrane water treatment systems. 

Choice of an appropriate pretreatment setup is primarily dependent on the source 

water characteristics and presence of potential foulant species (i.e., suspended 

solids, colloidal material, inorganic precipitants, organic matter, and bacteria and 

algae) present in the source water. However, the pretreatment train design might 

also be site or plant specific depending on following factors [221]: 
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 Type of RO membrane 

 Operational objectives (targeted quality and quantity of product water) and 

operating parameters 

 Circumscribed space/size/cost 

 Effluent quality/quantity restrictions 

 Restriction on use of particular pretreatment chemicals 

In this chapter we discuss the use of conventional media filtration and advanced 

membrane filtration, former coupled with intermittent chlorination and latter 

coupled with continuous chlorination, as pretreatment of seawater and its impact in 

membrane fouling profile. Moreover, the efficacy of intermittent chlorination of 

chlorine resistant cellulose triacetate (CTA) SWRO membranes to control the 

biofouling is also examined. 

7.1. Is Chlorination of Seawater an Anti–Biofouling 
Strategy? 

In seawater reverse osmosis (SWRO) desalination process, pretreatment of source 

water is an essential step to mitigate membrane fouling. It improves the feed water 

quality in terms of its physicochemical and/or biological properties ensuring fewer 

membrane cleanings, eventually resulting in increased membrane life [222]. Various 

conventional (coagulation/flocculation, pH adjustment, scale inhibition, and media 

filtration) and advanced pretreatment (microfiltration, MF; ultrafiltration, UF) 

measures are taken in SWRO desalination plants [223]. Due to the capabilities of 

marine microorganism to adapt to stressful conditions and their self–replicating 
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nature, biofouling of SWRO membrane systems is really challenging to inhibit. To 

control the biofilm formation, chlorination of feed water, in combination both with 

the conventional and advanced pretreatment is a common practice. Although, 

chlorine significantly improves the feed water quality by reducing microbial 

population density, the major drawback of chlorination is the increase of assimilable 

organic carbon (AOC) content resulting from oxidative degradation of marine humic 

substances[224]. Moreover, polyamide RO membranes, the most widely used type 

of membrane[225], cannot tolerate the exposer to chlorine even at low 

concentrations. Hence, water must be de–chlorinated before these membranes. 

Even after 99.9% reduction, once the chlorine stress is removed, a tiny number of 

surviving bacteria can demonstrate a tremendous growth cycle, termed as 

aftergrowth, at the expense of readily available AOC, generated from degradation of 

non–AOC substances of water [226]. 

We investigated the effect of chlorination mode, i.e., continuous and non–

continuous/intermittent chlorination coupled with advanced membrane based 

pretreatment (comprising on UF) and conventional pretreatment (comprising on 

coagulation and media filtration), respectively. This study was carried out at two 

full–scale SWRO plants, located on Red Sea (Saudi Arabia), having these two 

different pretreatment regimes. Fouling profiles of the two RO trains were 

investigated by imaging (scanning electron microscopy, SEM) chemical ((inductively 

coupled plasma optical emission spectroscopic, ICP–OES, elemental analysis; 

organic elemental analysis; fourier transform infrared, FT–IR, spectroscopic 

analysis; 13C nuclear magnetic resonance, solid state 13C–NMR, spectroscopic 
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analysis; pyrolysis gas chromatography–mass spectrometric, Pyro/GC–MS, analysis) 

and microbiological (adenosine–5'–triphosphate, ATP, analysis and phylogenetic 

analysis) characterization techniques. Effect of two different pretreatment trains on 

the SWRO membrane fouling is discussed in detail. 

7.1.1. Description of Plant and Membrane Samples 

Two 8 inch spiral wound lead position SWRO membrane modules were harvested 

from two different SWRO desalination plants located on the Red Sea, Saudi Arabia, 

i.e., membrane A from plant A (design capacity 25,000 m3/d) located at site A and 

membrane B from plant B (design capacity of 150000 m3/d) located at site B. 

Operating parameters of SWRO trains at two plants were similar, i.e., feed pressure 

65 bar, permeate flux 17 LMH, recovery rate 42%. Membrane A was operated for 4 

months, whereas membrane B was operated for 24 months. At Plant A, 

pretreatment steps included chlorination (0.7–1.0 mg/L) at the intake point, 

ultrafiltration (UF) unit (PVDF membranes with nominal pore size of 0.02 µm), 

dechlorination with sodium bisulfite (SBS, 1.5–2.5 mg/L), and 1 mg/L polymeric 

antiscalant dosing steps before SWRO membrane (Figure 7.1). Plant B, pretreatment 

comprised of weekly (3 hours per week) chlorination (0.7–1.0 mg/L) at the intake 

point, pH adjustment to 7 with H2SO4, coagulant FeCl3 (1.2 mg/L), DMF (anthracite 

and sand bed), dechlorination (at the time of chlorination in progress) with sodium 

bisulfite (1.5–2.5 mg/L), cartridge filtration (5µm nominal pore size), and 

antiscalant dosing (1.0–1.8 mg/L) steps before SWRO membrane filtration 

(Figure 7.1).  

 



211 

 

 

 

Figure 7.1: Schematic description of plant A and B. 

 

6 Plant B 

Plant A 
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7.1.2. Results and Discussion 

7.1.2.1. Comparative analysis of water quality 

Water samples collected from various points in the treatment line were subjected to 

physicochemical (i.e., pH, Conductivity, TDS, Turbidity, SDI15 and TOC/DOC) and 

microbiological (ATP and HPC) analyses. The aim was to compare the water quality 

at intake point and to determine the efficacy of two pretreatment strategies in 

improving the quality of SWRO inlet water. Samples of SWRO brines were also 

analysed to examine change in water quality after coming out from the RO 

membrane system. Source water quality from these sites along the Red Sea was 

almost similar (Table 7.1). However, source water at plant B had lower HPC value 

(i.e., 3.5x103 CFU/ml) as compare to source water of plant A (i.e., 6.0x103).  

At plant A, chlorination of seawater strongly reduced the ATP content (i.e., 3.2 ng/L) 

and HPC value (i.e., 0 CFU/mL) showed an apparently positive impact of chlorine on 

the microbial water quality. However, these two parameters were increased after 

SBS addition (i.e., dechlorination after UF and before SWRO membranes). To explore 

this unexpected increase in ATP and HPC values, two more samples were collected: 

one right after UF and other one after SBS dosing injection point. Results confirmed 

that the water quality (in terms of ATP contents and HPC) was not deteriorated 

(rather further improved) after UF, however after SBS addition ATP contents and 

HPC value were significantly increased (i.e., 10.2 ng/L and 2.1x102 ATP content and 

HPC values, respectively). This revealed a quick re–growth of the microbial cells 

after removing the chlorine stress before SWRO membrane. Due to high degradation 

sensitivity of polyamide RO membranes towards chlorine, dechlorination step 
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before polyamide RO membranes is essential. SDI15 and turbidity water quality 

parameters were improved before SWRO inlet; thanks to suspended and particulate 

matter by UF membrane. No major change in the total/dissolved organic carbon was 

observed after UF pretreatment, a results generally observed [202] . 

At plant B, water quality after DMF (the main pretreatment step) was slightly 

improved in terms of physicochemical (i.e., SDI15 and organic contents) aspects, but 

considerably improved in terms of microbial quality parameters (i.e., ATP contents 

and HPC). HPC value after DMF (i.e., 7.0x102 CFU/mL) was higher than at plant A 

just after chlorination and after UF. This observation was attributed to better 

removal/control of microbial cells by chlorination/UF combination. On the contrary, 

HPC value of SWRO inlet water at plant B (i.e., 6.1x102) was higher than at plant A. 

However, unlike plant A the water quality remained quite stable, especially in term 

of active biomass, from DMF outlet to SWRO inlet. 

Although, the HPC value of the SWRO feed water at plant A was lower than at plant 

B. At plant A, HPC value of the SWRO brine was three times higher than the SWRO 

inlet water. At plant B, no such increase was found. As the operating conditions were 

similar for both SWRO plants, this large HPC increase in the SWRO brine of plnat A 

suggested the presence of actively growing biofilm inside the SWRO modules of this 

plant. 

 

 

 



 

 

Table 7.1: Comparative water quality analysis. Data of raw seawater (RSW) and SWRO feed water samples have been 
given in red color font. 

 

Water Sample pH 

(Std. Dev.) 

Conductivity 
(ms/cm)  

(Std. Dev.) 

TDS  

(g/l) 

(Std. Dev.) 

Turbidity 
(NTU) 

(Std. Dev.) 

SDI
15

  

(Std. Dev.) 

TOC/DOC 
(mg/L) 

(Std. Dev.) 

ATP  

(ng/l) 

(Std. Dev.) 

HPC  

(CFU/ml) 

(Std. Dev.) 

P
la

n
t 

A
 

RSW Before Cl2 
8.23 58.7 

40.65 

(2.1) 
0.5 ~ 5.0 1.09/1.02 

42.6 

(5) 

6.0×10
3 

(1.2×10
2
) 

RSW After Cl2 8.23 58.8 - 0.5 - 0.99/0.98 3.1 

(2) 

0 

After UF and SBS 

(SWRO Feed) 

8.21 59.5 - 0.1 1.2 0.98/0.98 
10.2 

(4) 

2.18×102 
(1.6×101) 

SWRO Brine 8.00 90.8 - 0.3 - 1.3/1.27 33.98 (6) 6.4×103 

(1.4×10
2
) 

P
la

n
t 

B
 

RSW 8.22 58.4 40.15 

(1.9) 

0.5 ~ 5.0 1.02/0.98 35.46 

(5) 

3.5x103 

(1.9×102) After DMF 8.16 58.4 - 0.2 - 0.98/0.93 5.19 

(3) 

7.0×102 

(1.1×102) 
After Mixing with 1st 

Pass Brine 
8.22 58.1 - 0.2 - 0.98/0.95 

5.44 
(3) 

6.5×102 
(1.3×102) 

After Cartridge Filter 

(SWRO Feed) 

8.22 58.3 - 0.2 1.2 0.98/0.93 
5.64 

(4) 

6.1×102 
(6.6x101) 

SWRO Brine 8.17 89.7 - 0.3 - 1.31/1.29 8.31 

(5) 

6.9×102 

(2.1×102) 
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LC–OCD analysis was performed to examine the changes in DOC profile of water 

before and after pretreatment. A slight decrease in the intensity of biopolymer peak 

was observed after pretreatment at both plants (Figure 7.2). Additionally, at plant A, 

a slight decrease in humic substances was also observed after chlorination. Since the 

larger size biopolymers are only removed to smaller extent then the removal of 

smaller size organic molecules, representing AOC, is most likely to be very poor, 

especially by UF which is simply a size based barrier. 

 

Figure 7.2: LC–OCD chromatograms of water sample before and after pretreatment. 

 

7.1.2.2. Comparative analysis of membrane fouling layer 

Fouling layers of both membranes were extensively characterized to determine 

their compositional and structural features. 
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7.1.2.2.1. Fouling kinetics and nature of foulants 

Despite shorter operating time of membrane A (i.e., 4 months only as compare to 24 

months of membrane B) its fouling load value (i.e., 1.3 g/m2) was only slightly lower 

than that of membrane B (i.e., 1.9 g/m2) (Figure 7.3a). The fouling rate of membrane 

A was almost 5 times higher than that of membrane B. Both foulants were 

predominantly organic in nature with organic and inorganic fractions representing 

87% and 13%, respectively, of the foulant A and 94% and 6%, respectively of the 

foulant B by weight. Strong organic character suggested dominant presence of 

either organic or bio or bioorganic fouling. To better understand the major type of 

membrane fouling, active biomass present on fouled membranes was quantified in 

terms of ATP contents and HPC. Despite relatively low mass per unit surface area, 

ATP and HPC values for membrane A (i.e., 9430 pg/cm2 and 2.1x106 CFU/cm2, 

respectively) were higher than that of membrane B (i.e., 786 pg/cm2 and 

7.7x103CFU/cm2, respectively) (Figure 7.3d). This indicated the existence of more 

active biomass on membrane A than membrane B. Nevertheless, relatively high 

proportion of the proteinaceous structures in foulant A, indicated by its lower C/N 

atomic ratio (i.e., 6.6) than that of foulant B (i.e., 8.2), is another evidence of higher 

abundance of biogenic/proteinaceous (i.e., cellular content) matter [153] 

(Figure 7.3c). 
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Figure 7.3: Comparative analysis of fouling profile of fouled membranes. a) Intensity 
of fouling and nature of foulant material. b) ICP–OES elemental analysis. c) CHN 
elemental analysis and calculated atomic ratios. d) Assessment of active biomass.  

 

ICP elemental analysis yielded similar results for the foulant material of both 

membranes, except the major difference in iron (Fe) magnesium (Mg) and sulfur (S) 

concentrations, i.e., the concentration values of these elements per gram of the 

foulant material of plant A/plant B were 3.38/17.85 mg, 24.77/11.94 mg and 

33.39/11.62 mg, respectively (Figure 7.3b). Higher concentration of Fe in the 

foulant material of plant B could be attributed to FeCl3 dosing in the pretreatment 

line as coagulant. Higher concentration of S in the foulant material of plant A could 

be attributed to continuous SBS dosing before SWRO train. Surprisingly, there was 

no clear logic that can justify higher concentration of Mg in plant A foulant material. 

On overall basis, Ca (calcium, 23.3 and 25.66 mg/g of plant A and B foulant material, 

respectively) and Mg were found as the common major elements in both foulants. 

Because the major fraction of both membrane foulants was organic in nature 
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(Figure 7.3a), the electrostatic interaction between cations and negatively charged 

moieties of organic foulants can explain the accumulation of these elements [39, 

201].  

 

Figure 7.4: Organic characterization. Left) FT–IR spectroscopic analysis; Right) Solid 
state 13C–NMR spectroscopic analysis of foulant material isolated from membrane A 
and B. 

 

7.1.2.2.2. Biopolymer analysis 

Solid state 13C–NMR and FT–IR spectroscopic analyses 

Chemical shift assignment and interpretation of different peaks in the NMR spectra 

(Figure 7.4) were carried out based on the data published by Leenheer et al. [132, 

135-137].  
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Band at 14–25 ppm originate from methyl–C, whereas bands near 30 ppm and 30–

45 ppm belong to methylene–C and methine–C (quaternary carbon in alicyclic ring 

and aliphatic structures), respectively. Bands at 30–32 ppm and 172 ppm were 

derived, at least partly, from alkyl chain methylene and carboxyl group carbons, 

respectively, of fatty acids. Proteins are indicated by N–C peak at 53 ppm. 

Carbohydrates are indicated by secondary alcohol–C and anomeric–C bands at 72 

ppm and 101 ppm, respectively. Bands at 128 ppm and 155 ppm are assigned to 

aromatic–C and phenolic–C, respectively.  

Spectrum of membrane A foulant material, detection of higher signal for N–C (at 53 

ppm), highlighted relatively high abundance of proteins in this material that is in 

good agreement with C/N atomic ratio results. Prominent signal for aromatic 

carbon (at 128 ppm) might be coming from aromatic amino acids (e.g., tryptophan 

and tyrosine) containing proteins. Signal at 20 ppm is attributed to methyl carbon of 

N–acetyl group of aminosugars (derived from bacterial cell wall degradation). The 

presence of N–acetyl aminosugars signal along with quaternary carbon band at 39–

41 ppm is the characteristic of 13C–NMR profile of organic material derived from 

microbial activity [136, 137]. 13C–NMR spectrum of this material also revealed the 

higher abundance of fatty acid by intense signal of alkyl chain methylene carbon and 

carbonyl carbon of carboxylic/amide group near 30 ppm and 172 ppm, respectively. 

Relatively prominent characteristic signals of bio-organic structures, i.e., proteins, 

lipids and aminosugars, suggested that active biofouling had occurred on membrane 

A.  
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In the FT–IR spectrum of membrane A foulant relatively stronger signals for amide 

(amide A at 3300 cm-1, B at 3080 cm-1 , I at 1659 cm-1 and II at 1540 cm-1), mainly 

representing proteins; alkyl groups (CH3 at 2954 cm-1, CH2 at 2923 cm-1 and 2852 

cm-1), mainly representing fatty acids; and methyl of N–acetyl group of aminosugars 

(at 1379 cm-1) [127, 130], also supported opinion that membrane A was suffering 

from more intense biofouling (Figure 7.4).  

Relatively low abundance of lipids/fatty acids, proteins and aminosugars in 

membrane B foulant was indicated by relatively low signals for aliphatic–C, N–C and 

methyl–C of acetyl group, respectively, in its 13C–NMR spectrum. However, 

polysaccharides were indicated to be in higher relative abundance by intense band 

at 72 and 101 ppm. These polysaccharides might be deposited from feed water or 

might be released by active biomass. Since the active biomass was not that much 

abundant on this membrane as it was on the membrane A, it can be proposed that 

higher polysaccharide contents was originated from the feed water causing organic 

fouling. IR spectrum corroborated the 13C–NMR results with relatively low signals 

for lipids, proteins and aminosugars and high signal for polysaccharides. 

 

Pyro GC-MS analysis 

Pyrochromatograms showed that membrane A and B foulants exhibited quite 

different biopolymer distribution (Figure 7.5). Membrane A foulant showed higher 

relative abundance of pyrolysis by products of proteins (i.e., toluene, pyridine, 

styrene, pyrrole, benzyl nitrile, indole and partially p-cresol), lipids (C15 and C16 
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fatty acids) and aminosugars (acetamide) membrane B foulant. Crotonic acid peak, 

representing polyhydroxybutyrates (PHBs), was less prominent in foulant A than in 

foulant B. PHBs are released by microbes under nutrient deficient conditions [227]. 

Lower relative abundance of PHBs in membrane foulant A might be due to nutrient 

rich environment available for the biofilm growth on this membrane, condition 

resulting from increase in AOC content due to continuous chlorination before SWRO. 

Biopolymer profiling with Pyro/GC–MS confirmed the relatively intense biofouling 

occurred at plant A as compared to plant B. 

 

  

 

 

 

 

 

 

Figure 7.5: Pyrochromatograms and biopolymer distribution obtained from 
Pyrolysis GC–MS analysis of membrane A (plant A) and B (plant B) foulant 
materials. 
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7.1.2.2.3. Ultrastructural analysis 

SEM images of freeze dried membranes were recorded to observe the morphology 

of fouling layer. Structures resembling bacterial cells embedded in slimy biofilm 

matrix were present on membrane A, whereas such cells were not seen in the 

fouling layer of membrane B (Figure 7.6). Fouling layer of membrane B has some 

strand shaped structures, similar to fungal hyphae, on its surface as well as 

embedded in slimy matrix. Apart from these cellular structures, the two fouling 

layers of both membranes looked identical, i.e., matrix of fouling layers was 

appearing to be composed of organic constituents without any inorganic 

crystals/aggregates. 

 

Figure 7.6: SEM images of membrane and spacer of module A and B. 
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All the findings confirmed that fouling layer of membrane A was mainly made up of 

bioorganic material originated from active microbial growth. The SWRO train of 

plant A was subjected to intense biofouling. Although continuous chlorination and 

UF were significantly reduced bacterial cell count, but this removal could never be 

100% [19]. We did not measure the AOC content of SWRO feed water at two sites, 

but it is expected to increase through the conversion of non-assimilable organics 

into assimilable ones by their oxidative reaction with chlorine at plant A [224]. Since 

small size dissolved organic substances (e.g., AOC molecules) are not retained by UF 

membrane [65, 202], they freely pass on to the SWRO membranes where they 

support the aftergrowth of small fraction of bacteria surviving after chlorination. On 

the other hand at plant B where pretreatment includes only weekly chlorination 

with coagulation and dual media filtration, fouling scenario was not as worst as at 

plant A. Previously, this effect of chlorination has been reported by Saeed et al. 

(2000) [228] and Al-Tisan et al. (1995) [229] while studying the increase in 

aftergrowth based on HPC analysis of water samples only. Our results showed 

similar effect of chlorination with detailed autopsy of the full–scale SWRO 

membrane and water quality data. 

7.1.2.2.4. Microbial diversity analysis 

 Analysis of microbial population revealed that on both membranes, the bacterial 

population was dominated by Proteobacteria phylum. In case of membrane B, 

Proteobacteria phylum was mainly represented by Alphaproteobacteria class (i.e., 

64 %), whereas in case of membrane A there was major abundance of 

Betaproteobacteria (i.e., 31%) class members (Figure 7.7a). The clustering of 
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sequences at 97% similarity revealed specific Operational Taxonomic Units (OTUs) 

for each site. While membrane B was dominated by OTUs affiliated to the 

Alphaproteobacteria class: Hyphomicrobiaceae (6% of sequence 

representativeness), Rhodobacteraceae (6%), Rhodospirillaceae (5%) and an 

unknown Alphaproteobacteria (5%); membrane A was mostly represented by two 

Betaproteobacteria phylotypes: Zoogolea ramigera (10%) and Ramlibacter (4%) 

(Figure 7.7b). It is noticed that raw water bacterial community composition was 

also different from one site to the other. Although at both sites the ubiquitous 

Pelagibacter phylotype was highly represented, 20% and 28% of sequences for site 

A and B, respectively. Site A raw seawater was mainly dominated by the 

Cyanobacteria Prochlorococcus marinus reaching 70% of sequence 

representativeness. Therefore, the differences in both feed water bacterial 

community structure and diversity (Shannon_H index, Figure 7.7b) might, together 

with pretreatment difference, be responsible for such discrepancy in the SWRO 

membrane bacterial composition. 

 

 

 

 

 

 
Plant A 

 
Plant B 

a) 
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Figure 7.7: Phyla distribution of sequence datasets from water and SWRO 
membrane samples collected from plant A and B. a) Major phyla distribution (pie 
chart) and the corresponding class distribution of the Proteobacteria phylum (bar 
chart). b) Relative sequence representativeness of major phylotypes (≥ 3%) 
identified in samples from Plant A and B and the diversity index (Shannon_H) 
calculated for each sample. RSW, raw seawater; RO_Feed, water after pretreatments 
entering the RO module; M, reverse osmosis membrane. 

 

7.1.3. Conclusion 

Biofouling was pronounced by continuous chlorination even in the presence of UF 

as pretreatment at plant A. In fact both chlorination and UF were contributing in 

decreasing the microbial contents of water before RO, but there was relatively 

intense microbiological regrowth on RO membrane. As microbial removal and/or 

inactivation was not 100% complete and chlorination is known to increase the AOC 

content, this regrowth/aftergrowth could be assigned to increase in AOC due to 

chlorination disinfection and UF foulant rejection limitations. Hence, it is 

b) 
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recommendable to use non continuous chlorination pretreatment regime rather 

continuous chlorination and dechlorination. Furthermore, disinfectants other than 

chlorine (e.g., UV, chloramines, etc.) should be tested and selected based on the level 

of their optimal efficacy against biofilm forming bacteria but with least 

augmentation of AOC concentration. In all the mode of pretreatments, it would be 

ideal to introduce a pretreatment step targeting the removal of nutrients that 

support the bacterial growth and biofilm formation on the SWRO membranes.  
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7.2. Does Chlorination of SWRO Membranes Control the 
Biofouling? 

Since the early days of RO membrane developments, there are two commonly 

known configurations of polymeric membrane; hollow, fiber and spiral wound flat 

sheet membranes. In 1973, first fine hollow fiber (HFF) membrane, made up of 

aromatic polyamide (PA), for seawater reverse osmosis was introduced by DuPont 

[230]. In 1971, cellulose triacetate (CTA) HFF membrane was first developed by 

Dow Chemical Company. In 1978 Toyobo started producing similar CTA–HFF 

membrane. Later on, DuPont and Dow stopped making HFF membranes leaving 

behind Toyobo as the only manufacturer of the CTA–HFF RO membranes [231]. 

Presently, two main types of polymeric RO membranes exist in the market: CTA 

membranes and PA thin film composite (PA–TFC) membranes. CTA membranes are 

available as elements/permeators of hollow fiber membranes wound into a bundle 

with a layered and mutually crossed configuration whilst PA–TFC membranes are 

available as elements of spiral wound flat sheet membranes. Chlorination of feed 

water is a commonly used strategy to inhibit the biofilm formation in RO systems. 

However, PA membranes (which are the most commonly used type of RO 

membranes) cannot withstand chlorine exposure even at low ppm concentrations. 

On the other hand, CTA membranes exhibit some resistance against chlorine 

(Figure 7.8), making this membrane potentially more suitable than PA membrane 

for particular cases [231, 232]. Additionally, the CTA–HFF membrane manufacturer 

claimed that since HFF membrane elements has about 10 times greater membrane 
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surface area than flat sheet spiral wound membrane elements, permeation at 

significantly lower flux values is carried out, which retard the fouling rate [232].  

 

 

 

 

 
 

Figure 7.8: Comparison of chlorine resistance of cellulose triacetate (CTA), cellulose 
acetate (CA) and polyamide (PA) membranes [232]. Author (source) of this figure 
did not take into account the effect of chlorine exposure duration. 

 

Until now we discussed the fouling results of plant having PA membranes with 

different chlorination strategy against biofilm development on RO membranes, i.e., 

plant A with continuous and plant B with intermittent mode of chlorination of feed 

water (both schemes followed by dechlorination right before SWRO membranes). In 

order to move one step ahead in observing the role/effect of chlorination as anti–

biofouling strategy, we investigated the fouling profile and scenario faced by a full–

scale plant operating with not only continuous chlorination of raw seawater but also 

intermittent chlorination of SWRO membranes. At this plant equipped with CTA–

HFF modules, two membrane fouling studies were conducted. Like plant A and B, 

this plant, called plant C, is also located on the Red Sea coast in Saudi Arabia. 

CTA CA PA 
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7.2.1. Plant Design and Setup 

Plant C has a design capacity of 216,000 m3/d water production with two stages of 

RO filtration. First stage pressure vessels, operated at feed water pressure of 65–69 

bar and permeate flux of 1.16 LMH, are equipped with 280 mm diameter and 2 m 

long elements/permeators of CTA–HFF SWRO membranes (outer diameter: 165 µm; 

and inner diameter: 70 µm). Permeate of 1st stage is fed to 2nd stage filtration system 

equipped with brackish water (BW) RO membranes (spirally wound PA–TFC 

membranes).  

Pretreatments of raw seawater include: continuous chlorination of seawater (0.7 – 

1.0 mg/L) at the intake point, pH adjustment to 7.0 with sulphuric acid (H2SO4), 

addition of ferric chloride (FeCl3; 6 mg/L) as coagulant and a cationic polymeric 

flocculant (0.1 – 0.5 mg/L), DMF containing 600 mm thick layer of 1.4 – 2.5 mm size 

anthracite particles and 900 mm thick layer of 0.7 – 1.4 mm size sand particles, 

cartridge filtration (10µm nominal pore size), dechlorination with sodium bisulfite 

(SBS, 1.5 – 2.5 mg/L) just before SWRO membrane filtration. SWRO membranes 

were also exposed to chlorine dosage by stopping SBS dosing in the feed stream for 

1 hour every eight hours of operation (Figure 7.9). Despite the disinfection of SWRO 

membranes with intermittent chlorination, citric acid cleaning was also 

implemented when a significant decrease in permeate flux was observed. 
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Figure 7.9: Schematic description of plant C design. (Cl2: Chlorination, H2SO4: 
Sulfuric acid, FeCl3: Ferric chloride, DMF: Dual media filter, MCF: Micro cartridge 
filter, SWRO: seawater reverse osmosis, BWRO: Brackish water reverse osmosis, 
ERD: Energy recovery device). 

 

7.2.2. Sampling Plan 

Two campaigns of SWRO membrane fouling studies were conducted: T1 was 

conducted in May 2012 and T2 was conducted in October 2012. Both fouled 

membranes and water samples (collected in triplicates) collected from various 

points in the pretreatment train were analysed. All the chlorine containing water 

samples were de–chlorinated by adding SBS solution at the final concentration of 2–

3 mg/L(for the dechlorination of 1 mg of free chlorine as HOCl, 1.98 mg of SBS are 

required). Water samples collected for FCM analysis of phytoplankton and bacterial 

cells were fixed by adding aqueous glutaraldehyde solution (Polyscience, cat# 

1909–10) at its final concentration of 2 % in sample.  

Based on the flow path of feed stream, three regions were identified: feed, middle 

and brine (Figure 7.10) Foulant material was isolated from fouled membrane fibers 

by sonication of fibers, dipped in ultrapure water, for 30 seconds in an ultrasonic 
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cleaner (48 kHz, 50 W) followed by vigorous shaking. This extraction of foulants 

with ultrapure water was performed in three repeated batches; following this 

extraction procedure, foulant material was obtained as dried powder through 

lyophilization process (Figure 7.10).  

1st Campaign, May 2012 (T1)  

During 1st campaign (i.e., T1) a SWRO membrane module/permeator, called as T1–

membrane/module/permeator, was autopsied (Table 7.2). Membrane fibers were 

collected from feed to middle regions (Figure 7.10) where the intensity of fouling 

was apparently/visually higher. The collected and analysed water samples in 

triplicates are listed below.  

 Raw Seawater (intake water) after Cl2 

 Before DMF (DMF Inlet) 

 After DMF (DMF outlet) 

 SWRO Inlet (After MCF and SBS) 

 SWRO permeate 

 SWRO Brine 

It should be noted that the pyrosequencing analysis was performed with only the 

T1–water samples. 
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 Table 7.2: Membrane sampling: Sampling region, operation time and performance 
data. 
 

 

 

 

 

 

 

2nd Campaign, October 2012 (T2) 

During the 2nd campaign (i.e., T2) two modules of SWRO membranes were 

autopsied: one (called as T2–fouled membrane/module/permeator) before 

performing a citric acid cleaning, the other (called as T2–cleaned 

membrane/module/permeator) right after acid cleaning (Table 7.2). 

Like previous campaign, this time water samples were also collected in triplicates. 

Water samples were collected from same points with addition of two more samples, 

i.e., raw seawater collected before chlorination and water after MCF step. 

* Cleaning was done once the permeability was decreased by 10–15%.  
**Citric acid cleaning was done before taking the module out from the vessel. 
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7.2.3. Methods 

Fouling load analysis, adenosine–5'–triphosphate (ATP) analysis, scanning electron 

microscopy (SEM) analysis, fourier transform infrared spectroscopy (FT–IR) 

analysis, pyrolysis gas chromatography–mass spectrometry (Pyro/GC–MS) analysis, 

solid state 13C nuclear magnetic resonance (NMR) spectroscopy, inductively coupled 

plasma optical emission spectroscopy (ICP–OES) elemental analysis, CHN elemental 

analysis and phylogenetic analysis were performed to characterize the membrane 

fouling material. Additionally, water quality was examined with pH, conductivity, 

turbidity silt density index (SDI15), total/dissolved organic carbon (TOC/DOC), ATP, 

heterotrophic plate count (HPC) and flow cytometric (FCM) 

analyses/measurements. All these analytical procedures have been discussed in 

chapter 3. However, details of some analytical procedures exclusively implemented 

during these studies (e.g., oxalic acid/hydrofluoric acid dialysis) have been 

described here below. 

a) Cleaning of foulant material  

After observing significant interference of inorganic substances when analysing 

organic constituents of foulants, acid dialysis (1K MWCO; Spectra/Por 7 by 

Spectrum labs, USA) was adopted to remove these inorganics. Acid dialysis solution 

included oxalic acid (at concentration of 1% weight/volume; Sigma–Aldrich, cat# 

241172–50G). This dialysis practice was found especially effective in removing iron 

from foulant material. Foulant samples containing high silicate contents were 

subjected to dialysis with hydrofluoric acid solutions (at concentration of 1% 

weight/volume; Sigma–Aldrich, cat# 339261–800ML) (Figure 7.10).  
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b) Pyrosequencing data analysis 

Pyrosequencing of 16S rRNA gene of DNA extracted from water and membrane 

samples was performed as mentioned in chapter 3. Obtained Pyrosequencing data 

was analysed as follows: 

A total of 206,210 raw sequence reads were obtained and checked for their quality 

based on previously described procedures [233]. Ribosomal Database Project (RDP) 

classifier was used for taxonomical assignments of the 16S rRNA gene sequences at 

95% confidence level [234]. Hierarchical assignment files were downloaded from 

RDP Classifier and the relative abundance of sequences assigned at the respective 

genus and unclassified groups were collated for principal component analysis (PCA) 

and similarity analysis. Both PCA and Bray–Curtis similarity analysis with square 

root transformation were conducted by Primer–E v5.2.4. 
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Figure 7.10: Sampling of membranes fibers and extraction of foulants. a) Cross 
sectional view of CTA–HFF element. Fibers were sampled from various zones 
(indicated by red rings). Green dotted lines with arrow heads show the direction of 
feed water flow. b) Fouled membrane fibers taken out from the module. c) 
Membrane fibers left cleaned after extraction of foulant with ultrapure water. d) 
Brownish–colored powdered foulant (due to inorganics) material recovered 
through lyophilisation process. d) Foulant material after removal of inorganics by 
acid dialysis. 

 

7.2.4. Results and Discussion 

7.2.4.1. Water Quality Analysis 

 

7.2.4.1.1. Physicochemical characterization 
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Table 7.3: Analysis results of plant C water samples, analysed during T1 and T2 
studies. SW: seawater, cond.: conductivity, SDI15: silt density index measured after 
15 minutes of filtration, TOC/DOC: total/dissolved organic carbon, ATP: Adenosine 
triphosphate, HPC: Heterotrophic plate count, CFU: colony forming units, Std. Dev.: 
standard deviation. 
 

 

WaterSample pH 
(Std. Dev.) 

Cond. 
(ms/cm)  
(Std. Dev.) 

Turbidity 
(NTU) 

(Std. Dev.) 
SDI

15
  

(Std. Dev.) 
TOC/DOC 

(mg/L) 
(Std. Dev.) 

ATP 
(ng/L) 

(Std. Dev.) 
HPC 

(CFU/ml) 
(Std. Dev.) 

T 1
 

SWafterCl
2
 8.18 58.9 3.1 >>5 

1.63/1.22 
(0.09/0.08) 

31.5 
(5.2) 

1.2E+02 
(5.0E+01) 

DMFinlet 6.53 59.2 
3.3 

- 
1.12/0.87 

(0.06/0.05) 
<1 0 

DMFoutlet 6.91 59 
0.15 

- 
1.10/0.95 

(0.06/0.05) 
4.3 
(2) 

1.1E+02 
(7.0E+01) 

AfterSBS 6.58 59.3 
0.1 

1.2 
1.27/1.13 

(0.07/0.06) 
12.6 
(4) 

1.3E+02 
(6.0E+01) 

ROpermeate 5.45 89 
0.16 

- 
0.15/0.15 

(0.02/0.02) 
<1 0 

RObrine 6.53 59.2 3.3 - 
2.08/1.71 

(0.09/0.09) 
22.53 

(6) 
1.6E+03 

(1.5E+02) 

T 2
 

RawSW 8.22 54.1 3.8 >>5 
1.86/1.68 

(0.09/0.08) 
72.6 
(5.6) 

6.7E+03 
(6.0E+02) 

SWafterCl
2
 8.22 54.2 3.3 

 
1.59/1.36 

(0.08/0.07) 
7.6 
(2) 

1.5E+02 
(2.0E+01) 

DMFinlet 6.55 54.2 3.1 
 

1.26/1.05 
(0.07/0.05) 

<1 0 

DMFoutlet 6.55 54.3  0.17 
 

1.23/1.14 
(0.07/0.07) 

4.3 
(2) 

1.2E+02 
(2.1E+01) 

MCFoutlet 6.51 54.3 0.11 - 
1.22/1.14 

(0.07/0.06) 
<1 

1.3E+02 
(6.0E+01) 

AfterSBS 6.49 54.3 0.11 - 
1.23/1.15 

(0.08/0.04) 
17.51 

(3) 
1.5E+02 

(3.5E+02) 

ROpermeate 4.94 0.383 0.08 1.2 
0.21/0.21 

(0.01/0.01) 
<1 0 

RObrine 6.74 83.7 0.17 - 
1.86/1.64 
0.09/0.09 

32.53 
(5) 

1.7E+03 
(5.5E+01) 
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TOC/DOC values of the raw seawater (i.e., 1.86/1.68 mg/L) were higher than what 

we have observed for the other sites/plants we studied along the Red sea coast (i.e., 

≤1.2/≤1 mg/L [146, 177]). SDI15 (>>5) and turbidity (3.8 NTU) values also revealed 

that the fouling potential of this source water was higher than at other sites. Other 

physicochemical water quality parameters, i.e., pH and conductivity values were 

similar to any typical Red Sea water sample (Table 7.3). 

Decrease in TOC/DOC in seawater before DMF/after coagulant addition was due to 

the coagulation/flocculation taken place in the sampling bottle (Table 7.3). Some 

flocs of coagulant settled at the bottom of sampling bottle could be observed. As 

shown by the LC–OCD curves (Figure 7.11), organics that were removed mainly 

belong to the biopolymer fraction. A part of humic–like substances was also 

removed after coagulant injection. Further decrease in biopolymers can be noticed 

after DMF but, surprisingly, TOC/DOC contents increased in T1–after SBS seawater 

sample (Table 7.3). LC–OCD chromatogram confirmed an increase of the signal in 

the region assigned to LMW neutrals that might be attributed to the malfunction of 

MCF. To further investigate the possible reason of this TOC/DOC increase, during T2 

sampling campaign one more sample was collected immediately after MCF (i.e., 

before SBS). No significant increase in TOC/DOC was found after MCF and SBS. 

Although, like T1–after SBS samples, T2–after SBS sample showed some increase in 

the LMW region of the LC–OCD chromatogram (Figure 7.11). These observations 

suggested that most likely at the time of T1 sampling, MCF was saturated and started 
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leaching organics, i.e., organic material trapped in Fe flocs or produced from 

biological activity growing in these filters. 

 

 

Figure 7.11: LC–OCD analysis of water samples. 

 

7.2.4.1.2. Microbiological characterization 

Active biomass in the water samples was determined with ATP and HPC analyses. 

Values of these two parameters which are indicators of active microbial cells in raw 

SW (i.e., 72.6 ± 5.6 ng/L and 6.7. 103 ± 6.0 102 cfu/mL of ATP and HPC, respectively) 

were slightly higher than the values determined at the other Red Sea sites 

(Table 7.3). 

Flow cytometric (FCM) analyses were performed to determine the bacterial and 

phytoplankton cell count in the water samples. All samples were analysed in 
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triplicate and fixed with glutaraldehyde solution (2% final conc.) to stop any 

microbial activity after the time of sampling. While considering analytical error due 

to non–living particles and narrow difference between background of free stain and 

intensity of signal of stain bound to cellular DNA, any value of detected cell count 

≤200 cells/mL is considered negligible (Table 7.4).  

Table 7.4: Flow cytometric analysis of water samples. LNA: Low nucleic acid cells, 
HNA: high nucleic acid cells (* within analytical error domain). 

 

 

 

 

 

 

 

 

 

Bacterial cells were counted and classified as low DNA (LNA) and high DNA (HNA) 

content cells while using SYBR® Green–I as DNA stain. Most researchers report HNA 

as actively growing cells [235]. Total bacterial cell count in the raw seawater was in 

the order of 106 to 107 which is comparable to previously reported bacterial cell 

count values of Red Sea water [146]. Both in T1 and T2 water samples, right after 

chlorination, bacterial cell count was not decreased to a large extent. This 

observation might be due to immediate preservation/fixing of samples and short Cl2 

 Water Samples 
LNA 

Cells/mL (Std. Dev.) 
HNA 

Cells/mL (Std. Dev.) 

T
1
 

SW After Cl2 3.1x105 (1.3x103) 8.7x105 (2.2x103) 
DMF Inlet 9.5x103 (8.1x10) 4.0x104 (1.1x102) 
DMF Outlet 6.0x103 (9.5x10) 3.8x103 (8.6x10) 
After SBS 1.0x104 (1.0x102) 6.5x103 (97x10) 
SWRO Permeate <200* <200* 
SWRO Brine 3.1x104 (1.3x102) 1.9x104 (1.1x102) 

T
2
 

Raw SW 7.8 x 105 (1.9x104)  5.6 x105 (7.5 x104) 
SW after Cl

2
 9.1 x104(6.5 x103) 8.1 x105 (4.2 x104) 

DMF inlet 2.5 x103 (7.0 x102) 3.2x104 (4.0 x103) 
DMF outlet < 2.0x102 < 2.0x102 
MCF outlet < 2.0x102 < 2.0x102 
After SBS < 2.0x102 < 2.0x102 
RO permeate < 2.0x102 < 2.0x102 
RO brine 1.3x104 (2.0 x103) 8.0x103 (1.1 x103)  
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contact time to destroy the cell structures. Total number of bacterial cells was in the 

order of 105 to 106 with LNA and HNA cell count to be 3.1x105 and 8.7x105 cells/mL 

in T1–raw seawater after Cl2 sample; and 9.1 x104 and 8.1 x105 in T2–raw seawater 

after Cl2 sample, respectively (Table 7.4). However, in all other samples, bacterial 

cell counts dropped significantly which was probably due to relatively longer 

chlorine reaction time and other downstream pretreatment steps, i.e., coagulation 

and filtration. It should be noted that the cell count was increased in T1–after MCF 

and SBS samples. Like TOC/DOC increase, increase in bacterial cell count might also 

be assigned to MCF particle detachment and/or rapid growth of bacteria following 

chlorination stress (i.e., after addition de–chlorinating agent SBS). Such increase in 

bacterial cells count was not observed in T2–after MCF and T2–SBS samples which 

again led us to consider that during T1 sampling campaign MCF was not working 

properly and instead of improving the water quality it was probably serving as 

source of microbial and organic contamination. 

Phytoplankton cell count in raw seawater was 4.4x104 that is comparable to typical 

values of phytoplankton cell counts found in Red Sea water. After chlorination all T1 

and T2 water samples had phytoplankton cell count <100 cells/mL. Phytoplankton 

cells were more severely impacted by chlorination than bacterial cells.  

Bacterial populations in water samples   

Phylum Proteobacteria is predominant in all water samples, accounting for 58% to 

97.7% of the total microbial community (Figure 7.12A). In addition, phylum 

Cyanobacteria was also abundant in the seawater intake (20.8%) and in the DMF 
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inlet (9.9%), but was gradually removed from the suspended water microbial 

community as the water moves through the pretreatment train and into the RO 

brine. The phylum Proteobacteria was mainly comprised of unclassified 

Proteobacteria, Alphaproteobacteria and Gammaproteobacteria (Figure 7.12B). 

Furthermore, bacterial populations that were present in at least four of the five 

water samples include various unclassified groups as well as genera Ralstonia, 

Methylophilus, Methylobacter, Kordiimonas and Streptococcus (Figure 7.12B). Among 

them, the relative abundance of unclassified Hyphomonadaceae increased along the 

pretreatment train from 0.75% in the seawater intake to 11.5% in the water 

sampled after SBS. Similarly, a high relative abundance of unclassified 

Rhodobacteraceae (20.6%) was also observed in the RO brine sample and this 

relative abundance was at least 5.8–fold higher than that observed in the water 

sampled after SBS (Figure 7.12B). These observations suggest that certain bacterial 

populations may have different removal efficiency in the pretreatment train and by 

the reverse osmosis membrane likely due to the morphological size associated with 

the bacterial cells.  
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Figure 7.12: Microbial community in the water samples. (A) Relative abundance of 
the predominant phyla that were present, (B) Relative abundance of the bacterial 
populations that was present in at least 4 of the 5 water samples (i.e., core bacterial 
groups). 

 

7.2.4.2. Membrane Fouling Analysis 

7.2.4.2.1. Analysis of fouling intensity and foulant nature  

Fouling load, calculated by weighing the dried foulant material recovered from 

membrane fibers, was found 1.2 ± 0.09 g/m2 for T1–membrane (sampled from feed 

to middle region of the module). For T2 module where the fibers were sampled from 

feed, middle and brine regions, values of fouling load of these three regions were 

1.07 ± 0.08 , 0.12 ± 0.06 and 0.017 ± 0.05 g/m2, respectively, for T2–fouled 

0

10

20

30

40

50

60

70

80

90

100

C
um

ul
at

iv
e

re
la

tiv
e 

ab
un

da
nc

e 
(%

)

Unclassified Root

Unclassified Bacteria

Unclassified Proteobacteria

Ralstonia

Methylophilus

Unclassified Alphaproteobacteria

Methylobacterium

Unclassified Hyphomonadaceae
Kordiimonas
Unclassified Rhodobacteraceae

Unclassified Gammaproteobacteria

Streptococcus
Non-core group

0.0 20.0 40.0 60.0 80.0 100.0

Intake

DMF Inlet

DMF Outlet

After SBS 

RO brine
(A)

(B)

Actinobacteria

Spirochaetes

Bacteroidetes

Proteobacteria

Cyanobacteria/Chloroplast

Thermotogae

Firmicutes

Verrucomicrobia

Planctomycetes

Chlamydiae

Unclassified root

Unclassified Bacteria



243 

 

membrane/module and 0.21 ± 0.07, 0.083 ± 0.05 and 0.013 ± 0.04 g/m2, 

respectively, for T2–cleaned membrane/module (Figure 7.13).  

 

 

 

 

 

 

 

 

 

Figure 7.13: Analysis of fouling intensity and nature of foulant material. Left side) 
LOI, ATP and fouling load analyses data of T1 membrane/foulant. LOI, ATP and 
fouling load analyses data of T2 membrane/foulant samples. 

 

ATP analyses were performed to detect active biomass/biofilm present on 

membrane surface. Although, ATP values for all membranes were quite low as 

compare to commonly found/reported values for biofouled RO membranes (i.e., 20–

45,000 pg/cm2 [81]), they provided evidence of microbial activity on these 

membrane fibers. ATP content in the fouling layer of T1–permeator was measured 
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as 5.44 ± 0.37 pg/cm2. In T2 permeators, ATP content varied for the three filtration 

regions. In case of T2–fouled membrane, ATP concentration was 3.32 ± 0.21, 8.12 ± 

0.81 and 0.97 ± 0.11 pg/cm2 in the feed, middle and brine region, respectively 

(Figure 7.13). Despite their lower mass of foulant material per unit surface area, the 

middle region fibers showed significantly higher active biomass (i.e., developed 

biofilm) than the feed region. Significant biological activity could be detected in the 

fouling layer accumulated on brine side fibers, while the fouling load was very low. 

It was a little surprising to observe the existence of an active biofilm in permeators 

that were not only fed by continuously chlorinated water but also regularly 

subjected to intermittent chlorine disinfection (i.e., 1 hour during every 8 hours). 

This finding proved that chlorine is not capable of totally eradicating biofilm 

formation in RO module; a situation also observed in chlorinated drinking water 

distribution system for example. 

Relatively effective development of biomass in regions behind the feed side of T2–

fouled permeator might be explained by poor to no penetration of Cl2 which result 

in un–controlled microbial growth. One of the major operational problems of HHF 

membranes modules is their tendency to foul and plug due to limited free space 

between fibers [236]. This plugging of permeator may create dead zones where 

biofilm formation might have occurred without being affected by chlorine. Another 

reason of low penetration of chlorine might be the oxidant demand of the organics 

accumulated in the front side fibers.  
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In the case of T2–cleaned permeator, both fouling load and active biomass per unit 

surface area uniformly decrease from its front to rear end fibers. In comparison to 

T2–fouled membrane, significantly lower ATP contents and a continuous decrease in 

ATP values across the feed to brine side of this permeator suggested the 

intermittent chlorine was able to reach all fibers. Uniform distribution of chlorine 

might have resulted from relatively less plugging issues in this only 1 month 

operated module. Low plugging/fouling of this permeator was verified by low 

fouling load values. The same reason (i.e., better/uniform penetration at the early 

stage of fouling) might also be assigned to better efficacy of cleaning agent. 

Estimation of organic and inorganic fractions of foulant material isolated from 

membrane fibers was made with loss on ignition (LOI) test. It should be noted that 

the LOI test was performed on dried foulant obtained after Milli–Q dialysis followed 

by lyophilization process. Foulants isolated from fibers were subjected to Milli–Q 

dialysis to remove the residual salts from remaining seawater present in the fouling 

layer. Also, as acid dialysis might change the relative proportion of organics and 

inorganics through the removal of inorganic foulants, LOI test was performed on the 

foulants after desalting with Milli–Q but prior to any acid treatment. Each LOI test 

requires about 50 mg of foulant mass. In the case of T2–membranes, foulant 

materials collected from brine region fibers were not subjected to LOI test due to 

their smaller collected amounts. 

Organic material accounted for 69.5%, 56% and 68% of T1–membrane, T2–fouled 

feed membrane and T2–fouled middle membrane foulants, respectively. Foulants 
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with relatively high organic character and significant ATP content are indicators of 

biofouling scenario; a more pronounced situation for T2–fouled middle membrane 

fibers. On the contrary, T2–cleaned membrane foulant was characterized by slightly 

higher proportion of inorganic constituents, i.e., 58% and 56% for T2–cleaned feed 

and middle membrane foulants, respectively. 

7.2.4.2.2. Elemental composition of foulants 

Elemental composition was assessed using direct (SEM–EDX) and indirect (ICP–OES 

and CHN analyzer) analytical techniques.  

SEM–EDX elemental analysis showed Fe as the major element in the fouling material 

of T1–membrane and T2–fouled membrane. Al and Si represented the second most 

abundant elements in these specimens. In case of T2–cleaned membrane, the 

intensity of the Fe signal was severely reduced which was attributable to citric acid 

cleaning carried out before harvesting this module/permeator. For this membrane, 

Al and Si were the most abundant elements (Figure 7.14).  
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Figure 7.14: SEM-EDX elemental analysis. Top) T1–membrane (feed/middle side). 
Middle) T2–fouled membrane (feed side). Bottom) T2–cleaned membrane (feed 
side). 

 

In accordance with EDX analysis, ICP–OES analysis showed that Fe was the major 

element present in T1–membrane foulant (105 and 28 mg/g in foulant material 

T1, 
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before and after oxalic acid treatment, respectively). Oxalic acid is known as a strong 

metal complexing agent with high efficiency for the cleaning of membrane fouled by 

iron species [23]. Organic analysis of foulants, namely 13C–NMR and FT–IR 

spectroscopic analyses and CHN elemental analysis are affected by inorganics, 

especially metallic elements (e.g. Fe). Hence, oxalic acid dialysis was applied as a 

foulant cleaning procedure prior to organic characterization. High Fe concentration 

was also detected in T2 fouled module with concentrations decreasing from feed to 

middle and brine fibers (i.e., 398, 322 and 107 mg/g, respectively). After citric acid 

cleaning, Fe contents were three times lower in the same corresponding regions of 

the T2–cleaned module (i.e., 88, 80 and 60 mg/g, for feed, middle and brine fibers 

respectively) (Figure 7.15). The presence of Fe at this high level of concentrations in 

all modules can be assigned to FeCl3 dosing in the pretreatment line. Beside its 

negative impact as individual foulant on the membrane performance, Fe, in its ferric 

hydroxide forms (neutral or cationic forms), did certainly played a major role in the 

formation of organic fouling layer (i.e., adsorption, complexation phenomena). 
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Figure 7.15: Elemental analysis of foulant material. Left side) ICP-OES analysis of 
major elements present in T1 foulant material before and after oxalic acid dialysis. 
Right side) ICP-OES analysis of major elements present in T2 foulant material before 
acid dialysis. 

 

With Fe, other inorganic elements detected at high concentrations in T1–membrane 

foulant and T2–cleaned membrane foulants were: 

 Al at 20, 25, 66, 60 and 42 mg/g in T1–membrane foulant before oxalic acid, 

T1–membrane foulant after oxalic acid dialysis, T2–foulant of feed region 

fibers of fouled membrane, T2–foulant of middle region fibers of fouled 

membrane and T2–foulant of brine region fibers of fouled membrane, 

respectively) and  
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 Si at 14 , 9, 21, 22 and 30 mg/g in T1–membrane foulant before oxalic acid, 

T1–membrane foulant after oxalic acid dialysis, T2–foulant of feed region 

fibers of fouled membrane, T2–foulant of middle region fibers of fouled 

membrane and T2–foulant of brine region fibers of fouled membrane, 

respectively. 

 Although, in T2–foulants of fouled module Al and Si were found in relatively smaller 

concentrations, they were still present at high content level (Figure 7.15). These 

higher Al and Si concentrations were indicatives of the presence of alumino–

silicates in the foulant material. 

In case of T1–membrane foulant (before and after oxalic and HF acid dialysis), CHN 

analysis showed low C/N ratio (i.e., 6.78 and 7.64 respectively) that could be 

attributed to significant incorporation of proteinaceous structures. Moreover, 

relatively high H/C ratio (i.e., near 2), was indicative of the prominent presence of 

aliphatic organic compounds such as fatty acids. An increase in abundance of all the 

organic elements (i.e., CHN after oxalic acid dialysis and HF acid dialysis) is due to 

removal of inorganics, mainly Fe and Si species, respectively (Figure 7.16).  

All the foulant samples of T2 campaign were subjected to CHN analysis after oxalic 

acid dialysis. In case of both set of T2–membrane foulants, C and N contents 

increased along the feed water flow path, i.e., from front/feed to brine side. A 

continuous decrease in C/N atomic ratio can be noticed from feed to brine side 

(Figure 7.16), a signature of the increase in proteinaceous structures in the foulant 

of fibers located behind the feed region. Previously, similar low C/N values (i.e., 4–8) 
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have been reported for marine bacterial cells [54, 176] and actively growing 

biofilms [146, 176, 177]. Foulant H/C atomic ratio increased along the path of feed 

water, i.e., from feed to brine region, an indicator of the increasing presence of 

substances with non and/or less aromatic character (i.e., polysaccharides and 

lipids). 
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Figure 7.16: Elemental analysis of foulant material. T2 campaign foulant samples were subjected to CHN elemental analysis 

after oxalic acid dialysis. 
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7.2.4.2.3. Analysis of biopolymers 

In the spectra of T1–membrane foulant material, detection/resolution of bands of 

biopolymers was tremendously improved after oxalic/HF acid dialysis. This finding 

confirmed the importance of inorganic constituent removal prior to IR analysis of 

biopolymers. The presence of proteinaceous structures was indicated by amide–A 

(N–H stretching vibration, 3300 cm-1), amide–B (Fermi resonance of amide–II 

overtone with N–H stretching vibration, 3080 cm–1), amide–I (mainly C–O stretching 

vibration, 1659 cm-1), amide–II (out of phase combination of N–H bending and the 

C–N stretching vibrations, 1540 cm-1) and amide–III (in phase combination of N–H 

bending and the C–N stretching vibrations, 1410 cm-1). A major band located near 

1030 cm-1 (stretching vibration of C–O) pointed out the presence of sugars. In 

addition to the amide bands and sugar bands, the presence of N–acetyl aminosugars, 

i.e., the indicator of bacterial cell wall residues(peptidoglycan structure), was also 

revealed by a peak at 1379 cm-1 (symmetric bending vibration of CH3 of N–acetyl 

group) [130, 132]. Bands at 2954 cm-1, 2923 cm-1 and 2852 cm-1 were assigned to 

asymmetric stretching vibration of aliphatic CH3, CH2 and symmetric stretching 

vibration of CH2 groups, respectively [182]. Very prominent bands for COOH band at 

1725 cm-1 and CH2 band at 1454 cm-1 along with band at 2954–2852 cm-1 were 

attributable to high fatty acids/lipids content [132]. Band at 1238 cm-1 was 

attributable to the stretching vibration of phosphodiester backbone of nucleic acids 

[127]. Relative intensities of all these discussed bands, originating from biogenic 

matter, were somewhat similar for all foulants (Figure 7.17). Besides the detection 
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of bands referring to organic substances, bands for alumino–silicates/silica were 

observed in the spectra of T1–membrane foulant material and T2–cleaned foulant 

material. Also, band at 1238 cm-1 could be attributed to inorganic phosphates 

(stretching of P–O).  
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Figure 7.17: FTIR spectroscopic analysis of foulant samples. Left side) spectra of T1 foulant samples before and acid dialysis. 
Right side) spectra of T2 foulant samples after oxalic acid dialysis. 



256 

 

For both T2–fouled and cleaned membranes foulants (analysed after oxalic acid 

dialysis), significant increase in band intensities reflecting the presence of proteins, 

lipids/fatty acids and, especially, aminosugars was noticed from feed to brine sides 

of the module. These findings are in agreement with collective findings of previous 

analyses, i.e., ATP and LOI and CHN analyses suggesting relatively higher existence 

of biofilm on the rear end fibers, i.e., middle and brine regions of the permeators.  

Solid state 13C–NMR spectroscopy was carried out to further explore the nature of 

foulant materials. Again, 13C–NMR spectroscopic analysis of T1–membrane foulant 

was performed before and after the oxalic acid treatment. After observing positive 

effect of removal of inorganics mainly Fe on spectrum we performed the 13C–NMR 

spectrum of T2–membrane foulants after oxalic acid dialysis. 13C–NMR spectra 

(Figure 7.18) are discussed in the light of data published by Leenheer (2009) [132]. 
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Figure 7.18: Solid state 13C–NMR spectroscopic analysis of foulant samples. Left side) spectra of T1 foulant samples before and 
oxalic acid dialysis. Right side) spectra of T2 foulant samples after oxalic acid dialysis.
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Bands near 20 ppm (branched methyl carbon), 38 ppm (carbon atoms in alicyclic 

ring structures) and 43 ppm (quaternary carbon) are indicators of organic matter 

derived from primary algal and/or secondary bacterial production. Bands at 30 ppm 

and 170 ppm are derived, at least partly, from alkyl chain methylene and carboxyl 

group carbons, respectively, of fatty acids. These two bands might also be originated 

from proteins containing aliphatic aminoacids with long side chain structures. 

Proteins are indicated by N–C peak at 51 ppm. Carbohydrates are indicated by 

secondary alcohol (O–Alkyl) and anomeric carbon (Di–O–Alkyl) bands at 72 ppm 

and 102 ppm, respectively. Band at 20 ppm was attributable to methyl–C of N–

acetyl group of aminosugars. Characteristic bands of biogenic material (i.e., proteins, 

aminosugars) exhibited lower relative intensities in the sample of terminal position 

modules. 

Like bands of FT–IR spectra, bands of NMR spectra were more or less similar in all 

foulants (Figure 7.18). However, in the spectra of foulants collected from different 

regions of T2–permeators, evolution or augmentation of the intensity of some 

specific bands was observed across the feed to brine sides. These include the bands 

in aliphatic region including the characteristic bands of aminosugars (i.e., methyl 

group) and polysaccharides (i.e., alcohol group) originating from substances derived 

from microbial cells and EPS of biofilm, respectively. Increase in intensities of these 

bands in the middle and brine region foulants may correspond to more developed 

biofilm in these regions. 
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Pyrolysis GC–MS analyses of foulants were performed to determine the relative 

abundance of biopolymers (Figure 7.19). T1–membrane foulants were subjected to 

pyrolysis GC–MS analysis before and after oxalic acid treatment. Since this 

technique is not sensitive towards the inorganic substances in the sample, the 

profile of pyrochromatogram of T1–membrane foulants before and after oxalic acid 

analysis was almost identical. On the basis of this observation, T2–membrane 

foulants were pyro–analysed without performing oxalic acid dialysis. Foulants from 

all the samples exhibited almost similar biopolymers distribution with few 

differences.  
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Figure 7.19: Pyro/GC–MS analysis of membrane foulants: Left) pyrochromatograms 
of foulant material (isolated from membranes), showing different peaks of 
pyrofragments of organic substances. Based on different origin, pyrofragment peaks 
are marked with labels of different colors. Right) pie charts showing distribution of 
biopolymers/organics, calculated by adding up the percent area of characteristic 
pyrofragment peaks of a biopolymer class. 
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In all foulant samples the relative abundance of aromatic aminoacids, i.e., tyrosine 

(phenol and p–cresol pyrofragments) and phenylalanine (toluene and styrene 

pyrofragments) was quite significant. Phenolics, i.e., phenol and p–cresol peaks, are 

yielded by both polyhydroxyaromatics (PHAs) and tyrosine. Based on the relative 

intensities of these two peaks, one can identify their predominant source, i.e., higher 

phenol signal over p–cresol suggests the predominance of PHAs, whereas 

equal/higher p–cresol signal over phenol suggests predominant presence of 

tyrosine [133, 134]. Higher phenol/p–cresol peak area ratio (i.e., 2.5) for T1–

membrane foulant suggested relatively higher presence of PHAs. On the other hand, 

for feed, middle and brine segment fibers of T2–fouled permeator this ratio had 

values of 1.5, 0.54 and 0.65, respectively, suggesting relatively higher presence of 

proteins (tyrosine) as compared to PHAs in the foulant material of middle and brine 

side fibers of this module. In the case of T2–cleaned permeator, phenol/p–cresol 

peak area ratios were 1.15, 1.32 and 1.66, respectively. In contrast to T2–fouled 

permeator, T2–cleaned permeator did not show a predominant presence of proteins 

as compared to PHAs in the fouling material collect from rear region fibers.  

Signals of aminosugars (acetamide peak) and small chain lipids/fatty acids (C10–

C18) in the pyrochromatogram of foulant material are good evidence of biogenic 

matter [146]. Relative abundance values of aminosugars (acetamide peak) and 

lipids/fatty acids signals were found to increase from feed to brine region foulant 

samples of both T1 and T2 permeators which confirmed presence of relatively higher 
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presence of biofilm in both permeators at rear end region fibers. Significantly higher 

relative abundance of signal for polyhydroxybutyrates (PHBs; crotonic acid peak), 

known as energy storage molecules of microbes released under stressful condition 

[227], detected in all samples also indicated the presence of biofilm in the 

permeators. 

7.2.4.2.4. Ultrastructural analysis 

Morphology of fouling layer of each fouled membrane was observed with the help of 

the freeze drying SEM imaging technique. In the micrographs of all the membrane 

we observed microbial structures, most of them similar to bacterial cells 

(Figure 7.20). This analysis gave us direct evidence of biofilm in the SWRO system of 

a plant where extensive use of chlorine was made to prevent the biofouling. We 

have observed the foulants mass trapped between the walls of adjacent fibers which 

might have resulted in plugging of permeators. 

No significant difference could be identified among the feed, middle and brine 

region fibers of permeators in terms of abundance of microbial structures and 

morphological features of fouling layer. The only observed difference was the 

observation of relatively more abundant inorganic salts like structures on brine side 

fibers. 
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Figure 7.20: Ultrastructural analysis of membrane specimens. 
. 
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7.2.4.2.5. Microbial community analysis 

Comparison of microbial communities on T1–fouled membrane and in water 
samples 

The microbial communities on T1–fouled membrane shared low similarity of 18.5% 

with those present in the water samples and clustered apart from the suspended 

microbial communities (Figure 7.21). Within the attached microbial community, the 

genus Acinetobacter accounts for the highest relative abundance of 36.1%. The other 

remaining abundant bacterial populations on the T1–fouled membrane include 

Ralstonia (15.1%), Diaphorobacter (11.3%), unclassified Comamonadaceae (10%), 

Stenotrophomonas (8.5%) and unclassified Enterobacteriaceae (6.5%). These 

bacterial populations were usually present in lower relative abundance in the water 

samples, ranging from 0.3% to 3.3% of total microbial community. The higher 

relative abundance of these bacterial populations on the fouled membrane 

compared to the water samples suggests a preferential concentration and 

attachment of these microorganisms on the membrane surface.  

Microbial community on T2–fouled membranes 

Microbial communities differed at the feed, middle and brine ends of the T2–fouled 

membrane module (Figure 7.21). Specifically, the feed end shared 65.3% similarity 

with the middle and brine ends, while microbial communities in the middle and 

brine ends shared 79.8% similarity. The relative abundance of unclassified 

Alphaproteobacteria, as well as genera Janthinobacterium and Pedobacter decreased 

from the feed to brine end of the membrane. In addition, genera Janthinobacterium 

and Pedobacter were more than 3–fold higher in relative abundance at the feed end 
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than the brine end, suggesting an effective removal of these bacterial populations 

along the membrane module (Figure 7.22). However, Silicibacter, Pseudomonas and 

unclassified Rhodobacteraceae were present at more than 1.9–fold higher relative 

abundances on the brine end than feed end of the module (Figure 7.22). In 

particular, the genus Silicibacter and unclassified Rhodobacteriaceae were present 

in the highest abundance of 14.2% and 70.8%, respectively, at the middle end than 

the other two ends/regions of the permeator. These bacterial populations may be 

tolerant to chlorine dosing and proliferated at the middle end of the membrane 

where the chlorine residual concentration is relatively lower than at the feed end 

and where the substrate concentration is higher than at the brine end. Our previous 

ATP analyses of the fouled membrane recorded 2.4–fold increase in the ATP 

concentration at the middle end relative to the feed end. This increase in ATP 

concentration coincides with the increase in the relative abundance of these two 

bacterial groups and likely suggests that both groups may have proliferated and 

remained biologically active on the fouled membrane. 
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Figure 7.21: Principal component analysis (PCA) of the microbial communities in 
bulk water samples and on membranes.  

 

Microbial community on T2–cleaned membrane 

The microbial communities at different spatial locations of the T2–cleaned 

membrane clustered apart from those on the T2–fouled membrane (Figure 7.21). 

Specifically, these microbial communities on the T2–cleaned membranes only 

shared 30.2% similarity with those on the fouled membranes, suggesting that the 

citric acid cleaning procedure disrupted the microbial community in the biofoulant 

layer.  
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Figure 7.22: Cumulative abundance of bacterial genera and unclassified groups that 
were detected on the feed, middle and brine end of the T2–fouled membrane 
collected on October 2012. 

 

To illustrate, Pseudomonas spp. was present in high relative abundance of 24.9%, 

5.8% and 64% of the total microbial community in the feed, middle and brine end of 

the T2–cleaned membrane, respectively (Table 7.5). Furthermore, spore–forming 

unclassified Bacillales were detected at a high relative abundance in the feed end of 

T2–cleaned membranes (3.6%). Gram–positive Streptococcus and Staphylococcus 

were also detected at a relative abundance of 10.3% and 2.7% (Table 7.5). 

Acidocella, a genus associated with acidophiles, were present at 3.1% of total 
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microbial community. These observations indicate that while the citric acid cleaning 

procedure was able to decrease the fouling load and biological activity, certain 

bacterial populations (e.g. spore–formers, gram–positive bacteria and acidophiles) 

were likely able to withstand the cleaning process.  

Table 7.5: Bacterial populations that were detected at relative abundance >2% of 
total microbial community at the feed end of the T2–cleaned membrane. N.D. 
denotes not detected. 

 

 

 

 

 

 

 

 

 

 

7.2.5. Conclusion 

Biofouling of RO membranes used for desalting seawater is inevitable. Use of CTA 

membranes for seawater desalination process seems attractive due to permissible 

chlorination of these membranes. However, our results clearly identified the biofilm 

formation of these membranes. Incapability of chlorination of SWRO membranes in 

Bacterial 
populations 

Cleaned membrane 

Feed Middle Brine 

Relative abundance (%) 

Corynebacterium 2.3 0.1 N.D. 

Prevotella 2.6 0.1 N.D. 

Flavobacterium 2.1 1.4 19.6 

Burkholderia 3.8 0.1 N.D. 

Acidocella 3.1 0.1 N.D. 

Pseudomonas 24.9 5.8 64.0 

Streptococcus 10.3 0.4 N.D. 

Staphylococcus 2.7 0.1 0.1 

Unclassified 
Bacillales 3.6 0.2 N.D. 

Unclassified 
Bacteria 2.9 11.9 0.4 
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preventing the biofilm formation could be assigned to its failure in reaching 

effectively rear region of the permeators. This inaccessibility of chlorine to the main 

biofilm affected regions is most likely due to plugging of the permeators by foulants 

gradually accumulated between and on membrane fibers. Organics accumulated on 

the front side fibers might be acting as scavengers to intermittently dosed chlorine 

and eventually result in reduced chlorine concentration reaching the middle and 

brine regions. Besides this inability of chlorine to reach the active biomass, another 

reason of biofouling of membrane fibers could be the adaptation of certain bacteria 

to a chlorinated environment. These bacteria might also have sustained the acidic 

cleaning either due to their resistance against acidic solution or they might have 

been protected/shielded by the biofouling matrix accumulated around them. 

Additionally, high accumulation of Fe on the fibers suggested the need for 

optimization of its dose as effective coagulants so that it should improve the feed 

water quality without fouling the membranes. 
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Conclusions 

 Lab–scale fouling kinetics/dynamics study showed both relative abundance 

values of biotic and abiotic component of fouling layer were changing during 

fouling layer formation. These trends were observed from the start of the 

formation of a biofilm to its age of 1 month. As confirmed by microscopic 

analysis, a complete biofilm (i.e., microbial cells significantly covered by and/or 

embedded in EPS) was formed on the RO membrane. Progressive biofilm 

development was also evidenced from increasing ATP contents of fouling layer. 

Almost all the major elements analysed by ICP–OES accumulated over time. It 

was clearly observed that during the initial phase of biofilm formation, humic–

like substances were in higher relative abundance followed by a gradual 

increase of the relative abundance of proteins associated with increased 

microbial activity (i.e., formation of micro/macro colonies and release of EPS). 

Microbial community of biofilm was initially found evenly dominated by 

Alphaproteobacteria and Gammaproteobacteria members; the relative 

abundance of Alphaproteobacteria increased over time.  

 Pilot–scale study of fouling kinetics/dynamics (ranging from 3 to 5 months) and 

spatial distribution of foulant in RO vessel (from lead to terminal position 

membrane elements) showed that biofouling was the main type of fouling 

prevailing across the SWRO unit. There were strong evidences of adsorption of 

humic–like substances or some other aromatic substances having similar 

structural features on the PA membrane surface. These substances might have 

some role in the initial phases of biofilm development on SWRO membranes, i.e., 
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surface conditioning phenomenon. There is also possibility that plasticizer 

(phthalates) having aromatic structure with carboxylic/ate groups, leached from 

plastic feeding pipes of prefiltration cartridges or parts of RO unit, might 

contribute in membrane fouling phenomenon. Regarding change in microbial 

community profile, no clear trend of increase in a specific class of bacteria could 

be observed. Briefly, in the fouling layer of membranes operated for 3 months, 

the most abundant affiliated microbial phylotypes belonged to the 

Proteobacteria and Bacteroidetes phyla. Members of Alphaproteobacteria and 

Gammaproteobacteria classes almost exclusively represented the Proteobacteria 

phylum. Although, in the fouling layer of membranes, operated for 5 months, in 

addition to Proteobacteria phylum, Bacteroidetes, Firmicutes and Planctomycetes 

phyla were also significantly represented. Within Proteobacteria, 

Alphaproteobacteria and Betaproteobacteria were identified as the most 

commonly represented in middle and terminal position modules, however, 

Gammaproteobacteria was the most abundant in the lead position module. 

Similar distribution of all major phylotypes was observed in total and active 

fractions of bacterial community suggesting that once the biofilm is developed, 

total bacterial community is likely to actively participate in biofilm development 

and in other community functions. 

 Composition/quality of feed water and membrane surface are the key factors in 

membrane fouling. These two factors drive the prevailing trend of fouling in the 

RO system. Importance of source water quality is due to the fact that all of the 
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existing practical pretreatment setups are unable to guarantee the elimination of 

fouling risk through an efficient removal of foulants.  

 Continuous chlorination of seawater, as anti–biofouling strategy, can result in 

aggravated biofouling problem. It was found that intermittent chlorination of 

seawater is a better strategy than continuous chlorination. 

 Due to chorine disinfection option without damaging membrane structure, use 

of CTA–HFF membranes seems attractive. However, biofouling could remain as a 

quite substantial problem for the SWRO units using these membrane modules 

and practicing the chlorine disinfection on regular basis. Incapability of 

chlorination of SWRO membranes in preventing the biofilm formation could be 

either due to the its failure in reaching the middle and brine region membrane 

fibers (due to plugging of the membrane fibers or due to chlorine consumption 

by organics accumulated on the front side fibers) or even certain bacteria might 

have adapted to chlorinated environment. 

 

Research perspectives 

 Our data showed some possibilities of relationship between chemistry and 

microbiology of the fouling layer (i.e., possibility of role of aromatic and sulphur 

content in the profiling of bacterial community); however, these findings were 

quite uncertain and not fully confirmed. Further studies should be carried out in 

the direction of membrane fouling kinetics and dynamics to investigate the 

relation between biotic and abiotic components of fouling layer. During these 

studies sampling of fouled membranes should be done more frequently and for 
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shorter (i.e., ≤hour) and as well as longer (e.g., couple of months) duration. 

Characterization of fouling layer, especially of its organic constituents should 

also be improved. Chemical Force Microscopy was found to be a very attractive 

and powerful technique to investigate this nature of the fouling layer; a 

technique that should be further explored and developed. 

 More experiments should be conducted with membranes of different 

characteristics and with feed waters of different quality (e.g. algal bloom events) 

to better understand the role of source water quality and membrane 

characteristics in the membrane fouling phenomenon.  

 Different fractions of NOM (i.e., humic–like substances, polysaccharides and 

proteins originally extracted natural environments) can be used in the lab–scale 

studies to identify the role of these organics in the bacterial adhesion followed 

by biofilm formation. These organics can either be applied to RO membrane as 

uniform surface coating or they can be added to the feed water to be used in 

experiments to investigate the kinetics of bacterial adhesion biofilm and 

formation phenomenon.  

 Under given conditions antifouling strategies should be adapted based on source 

water quality. Membrane surface chemistry is another vital factor as it affects 

the attractive and repulsive interactions between membrane and foulants that 

are contributing to fouling. To control fouling, appropriate modification of the 

membrane surface chemistry is another strategic option. Development of RO 

membranes modules with higher fouling resistance, improved structure 
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sustainability against cleaning/disinfection chemicals and better configuration 

(ensuring improved hydrodynamics of the feed stream) is also required.  
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APPENDICES 

Appendix A, Preparation of electrolyte solutions and AFM 

probes 

Electrolyte solutions were prepared with certified ACS grade sodium chloride 

(Fisher Scientific, USA) and calcium chloride (Sigma Aldrich, USA) dissolved in 

deionized (>18 M–cm) and UV treated water (Milli–QUV, Millipore Corp., USA). 

Interaction forces between membrane surface and colloidal AFM probe were 

measured using a 5500 Scanning Probe Microscope (55000 SPM, Agilent 

Technologies, USA) at a wide range of ionic strength and at ambient pH (5.7–5.9). A 

20 µm silica sphere (Polysciences, USA) glued to a cantilever (SICON, Nanoprobe, 

USA) was used for interaction force measurements. Prior to experimentation, the 

colloidal probes were cleaned in an alkaline solution (Hellmanex, Hellma Analytics, 

Germany) for ten minutes and then rinsed in DI water in excess. 

 

Appendix B, Description of lab scale RO unit  

The RO unit included a double–walled feed water tank (capacity: 7.5 L) connected to 

a temperature control system, a jetting high pressure pump (operating pressure: 0–

80 bar) with variable–speed drive, and a pressure control valve with an automatic 
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control system. Operating parameters such as pressure, temperature, and feed 

water flow rate were regulated by digital controllers. 

 

Figure Appendix B: Schematic description of the lab–scale unit. 
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Appendix C, Major phylotypes (> 3%) found in the Red Sea water samples feeding a 

SWRO pilot–scale unit from April–June 2011. 

Taxonomic Classification 

Sequence Representativeness (%) 

Feed_1 
(25/4) 

Feed_2 
(30/4) 

Feed_3 
(04/5) 

Feed_4 
(09/5) 

Feed_5 
(21/5) 

Feed_6 
(30/5) 

Feed_7 
(06/6) 

Feed_8 
(13/6) Feed_9 (18/6) 

Cyanobacteria 
Synechococcus sp 28 54 47 34 15 30 31 43 37 

Synechococcus (genus) 1 1 2 2 5 9 7 12 10 

Alphaproteobacteria 

Marinovum sp 18 16 16 18 3 8 7 12 7 

Pelagibacter sp 11 10 9 12 26 17 12 3 10 

Pelagibacter (genus) 1 1 1 1 9 5 4 1 3 

Rickettsiaceae unclassified (family) 1 <0.5% 1 1 11 5 6 1 3 

Sulfitobacter sp 4 <0.5% <0.5% <0.5% 0 <0.5% <0.5% <0.5% <0.5% 

Bacteroidetes 
Flavobacterium sp 3 1 2 2 3 2 2 2 2 

Flavobacterium (genus) 2 1 1 1 1 2 1 3 2 
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Appendix D, Decrease in permeate flux with operating 

time 

  

Figure Appendix D. Decrease in membrane permeate flux with operating time at a 

constant pressure of 60 bar. 

 

Appendix E, ATR–FTIR analysis 

Virgin and fouled membranes were subjected to ATR–FTIR analysis to determine 

the changes in the fouling layer composition over the operating time. To eliminate 

the overlapping signals of the membrane material, spectrum of virgin membrane 

was subtracted from the spectra of fouled membranes. Progressive increase in the 
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intensities of detected signal from 8 hours to 4 weeks membrane samples showed 

continuous foulant accumulation. 

  

Figure Appendix E. ATR–FTIR spectra of virgin and fouled membranes. 
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Appendix F, Intake point location 

 

Figure Appendix F. Location of Tarragona seawater intake. 

 

Appendix G, Taxonomic classification of 16S rRNA gene 

sequence set of Red seawater and membranes of lab–scale 

fouling kinetics experiments 

Taxonomic Classification of 16S rRNA Gene Sequence Set After clustering and their 

relative abundance (>0.5 % representativeness) in water and membrane samples 

from full–Scale desalination plant (Barge). UF_feed, raw water entering the 

ultrafiltration unit; RO_feed, treated water entering RO pressure vessels; MA, SWRO 

membrane from site A; MB, SWRO membrane from site B. Samples shaded in gray 

were the ones chosen for data presentation in this study. 
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