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ABSTRACT 

AOM Characterization and Removal Efficiency Using Various 

SWRO Pretreatment Techniques  

Mohammed A. A. Namazi 

This study investigates the operation of dual media filter DMF during ambient and 

simulated algal bloom conditions, and the role of coagulation and dissolved air flotation 

(DAF) in mitigating the adverse effects of algal blooms on DMF performance. The study 

also highlights which AOM concentration as a function of biopolymer is critical to 

organic fouling in DMF pretreatment for Red Sea water desalination with RO. On the 

other hand, the present study has carried out another experiment on AOM fouling in 

comparison with bacterial organic matter (BOM) and humic organic matter (HOM) using 

two different pore sizes of UF ceramic membranes, 5 and 50 kDa. The main aim of this 

comparison is to examine fouling behavior and mechanism and removal 

efficiency. The study revealed that AOM can induce organic fouling in DMF 

during simulated algal bloom conditions at biopolymer concentrations as low 

as 0.2 mg C/L. DMF performance was strongly affected by AOM 

concentration as observed by flow rate decline through time. Liquid 

chromatography – organic carbon detection (LC-OCD) analysis showed 

higher removal rates of biopolymers than lower molecular weight fractions 

(i.e., humic substances, building blocks and low molecular weight neutrals) 

for all pretreatment scenarios. The study also indicated that while DMF 

performance was enhanced with coagulation and sedimentation, the most 

significant improvement in performance was observed for DMF operation 
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preceded by coagulation and DAF. Hydraulic performance of DMF correlated 

well with biopolymers removal, with removal rates of 72%, 53% a nd 39%, 

for coagulation/DAF, coagulation/sedimentation, and no coagulation, 

respectively.  For UF ceramic membranes, results showed that more TEP/organics 

were removed by the 5 kDa membranes compared to the 50 kDa membrane, 

which is accounted for lower MWCO. The UF 5 kDa membrane also showed 

low fouling formation than 50 kDa membrane for all of three types of organic 

matter tested. Analysis of the fouled membranes by SEM images showed that 

fouling was dominated by cake layer formation for the 5 kDa membrane 

while pore blockage followed by cake layer formation is apparent for the 50 

kDa membrane.  

Keywords: different organic matters, SWRO, DAF, DMF, Red Sea, ceramic 

membranes 
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Chapter 1 

1 Introduction 

As we humans progress in our never-ending strive for knowledge, we continually 

improve present and formerly available tools around us. It is part of our anthropological 

nature to try and make actions easier and simpler. Some would deem that laziness but 

many called it progress and advancement in technology. The example of automobile and 

escalator comes to mind when thinking of such statements. The same argument can be 

extended to almost all technologies, including but not limited to those used in water 

treatment. Today most water treatment processes are improvements of naturally 

occurring processes or alterations that aid us in getting better quality water faster and 

more effectively. Distillation, for example, is an idea extracted from water vaporization 

from oceans and seas. Filtration is another example, which can be attributed to leaching 

surface water runoff into subsurface aquifers to be later extruded via wells and other 

tools. The exact start of water filtration using sand is not recorded. However, many 

advances have been made since then. The use of screens, clay jars, and even the 

production of vessels to contain sand for filtration and/or screens have been used and 

some are still in use. Sand filters have developed drastically since the simple designs 

back in the 19th century, and now many mathematical, physical, chemical, and even 

biological aspects are taken into considerations and are manipulated to gain a desired 

result. Current practices of production of desalinated water are facing many challenges. A 

major challenge is how to minimize or mitigate problematic fouling in desalination 

plants. Fouling causes adverse impacts in desalination plants, from increasing costs for 

operation and maintenance to human health. 
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1.1 Background 

1.1.1 Desalination and fouling problems is Saudi Arabia. 

Desalination is the only optimum alternative to provide the much needed freshwater for 

countries located in arid and semi-arid regions of the world like the Arabian Peninsula. 

Desalination can be defined as the production of water suitable for human consumption, 

from saline and brackish water [1] . Today, the distillation (thermal-based) and 

membrane-based technologies represent the half of each in global desalination capacity.  

A few decades ago, thermal-based processes such as MSF had led the desalination market 

for years over the membrane-based ones. This trend is most relatively due to the 

economic approach by co-generation of water and power as well as subsidies for energy 

by governments, which make this technology more ideal. Additionally, the membrane-

based technologies such as RO were undependable during those days of development 

because of their less reliability.  [2]. Currently most new desalination plants are based on 

membrane technologies, in particular reverse osmosis (RO). This is mainly due to 

reduction in the costs and the energy demand of RO, as well as improvements in its 

reliability. The Kingdom of Saudi Arabia (KSA) established the Saline Water Conversion 

Corporation (SWCC) in 1974. At present, SWCC operates 30 desalination plants on the 

west (Red Sea coast) and the east (Gulf coast) producing 2.9 million m³ of water and 

3,400 Megawatt-hour of electricity per day. The largest RO plant in the kingdom is Al-

Jubail, located on the Gulf coast of Saudi Arabia (Figure 1-1). The Al-Jubail SWRO plant 

with 24 MGD capacity was commissioned in 2002 and is fed from an intake lagoon with 

a water depth of about 5 m.  Feed water is chlorinated in an intake chamber, and then 
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filtered through a single dual media filter (DMF) of gravel, sand and anthracite. In 

addition to chlorination, further chemical treatment includes addition of sulfuric acid, 

ferric chloride and a cationic coagulant aid all before the DMF.  The plant operation is 

interrupted by frequent encounters of higher than normal SDI (Silt Density Index) values. 

The upper limit set for SDI in the plant is 3 as recommended by SWRO membrane 

manufactures [3].   

 

 

Figure 1-1: Al-Jubail 24 million gallon/day SWRO plant 

 

Recently, the Ras Al-Khair desalination plant built by SWCC represents the largest 

desalination plant in the world with total capacity of 228 million imperial gallons per day 
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(MIGD) ) (Figure 1-2). The plant is a hybrid system of 8 thermal plants (MSF) and 17 

membrane plants (RO) for the water production. Although fouling remains a challenge in 

RO systems, SWCC has decided to continue building new SWRO plants.   

 

 

Figure 1-2 Ras Al-Khair desalination plant 

 

1.1.2 AOM fouling and SWRO pretreatments 

Previous studies have shown that SWRO operational processes still suffer from organic 

and biofouling phenomena even when bacterial and algal cells have been removed during 

pretreatment of the feed water [4]. Previous studies have shown that algal organic matter 

(AOM) is a major concern and leads to organic and biofouling in RO plants [5, 6]. AOM 

is a fraction of dissolved organic matter (DOC) found in seawater which is produced by 
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algae. It mainly consists of biopolymers, e.g. polysaccharides and protein [6]. To remove 

AOM prior to the RO process, membrane-based pretreatment such as (MF/UF) or 

conventional filtration using dual media (DMF) are needed. DMF is one of the most 

commonly used pretreatment strategies for SWRO plants. This pretreatment technique is 

mainly designed for eliminating particulate matter from the feed water [7]. However, 

removal of colloidal particles remains a challenge for DMF. By adding coagulation and 

flocculation processes it is possible to improve the capability of DMF to tackle colloidal 

particles, including DOC fractions. Coagulation is a chemical process that enhances 

natural organic matter and dissolved organic matter removal, which is eventually 

enhances the permeate water quality and hydraulic performance [8]. Coagulation using 

ferric chloride (FeCl3) salt is recommended over alum based salts in seawater 

pretreatment because the equilibrium solubility of Fe with ferric hydroxide is low. Also, 

ferric chloride can be maintained over a wide range of pH and temperature values. 

Another effective pretreatment for AOM removal is UF which has the ability to remove a 

wide spectrum of contaminants such as viruses, Giardia, and bacteria [9]. Earlier studies 

have shown that particulate transparent exo-polymer particles, TEP (≥ 0.4 µm), derived 

mostly from AOM, could be easily removed by UF coupled with in-line coagulation 

pretreatment. Kennedy et al. (2009) concluded that 100 % removal of TEP (≥0.4 µm) was 

achieved after UF [10]. Though, this study was carried out using polymeric membranes 

which have limitations in their physical and chemical properties compared to ceramic 

membranes. Ceramic membranes have increasingly gained interest in the water treatment 

community due to their mechanical, chemical, and thermal stability as well significant 

reduction in capital costs [11].These inorganic membranes have also been shown to 
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potentially have longer working life, higher flux, and lower fouling potential compared 

commercially available polymeric membranes [12]. In addition to DMF, coagulation, and 

UF, dissolved air flotation (DAF) has been reported as an effective pretreatment for RO 

during algal blooms. However, few studies have been cited on the comparison of DAF 

with DMF, and UF in the light of AOM removal in normal and algal bloom seawater 

conditions. Guastalli et al., (2013) reported that biopolymers were partially removed 

(18%) by DAF + DMF and (41%) by DAF+UF pretreatment configurations [13].  A lot 

of attention has been given to the role of AOM in membrane-based pretreatments such as 

microfiltration and ultrafiltration (MF/UF), and studies on the role of AOM in 

conventional pretreatment systems (e.g. DMF/DAF) are scarce. 

 

1.1.3 Desalination and algal blooms in Red Sea waters 

The Red Sea is bordered by the Gulf of Aqaba in the north and ends by the straits of Bab 

al Mandeb in the south (12.5
0 

N approximately) (Figure 1-3) [14]. It is known as one of 

the longest seas with nearly 1930 Km length and width of 280 Km [15]. The water 

quality characteristics vary from the northern to southern parts. Generally, the southern 

part is rich in basic nutrients (e.g. ammonium, silicate nitrate, and phosphate) compared 

to the northern part. This is most likely due to the inflow pattern of the intermediate water 

layer which transports nutrients from The Gulf of Aden to the southern part [16]. A 

strong linkage has been found between the nutrients distribution and primary 

productivity. Hence, the literature observed that the primary productivity increases from 

northern part to the southern part indicating the positive correlation between the 
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properties, nutrients and primary productivity (phytoplankton)  [16, 17]. Another 

supportive evidence for these findings is the chlorophyll-a production. According to some 

published studies, chlorophyll- a  also increases from northern part to the southern part 

direction of the Red Sea .  A study by Raistos et al. (2013) demonstrated that the 

chlorophyll-a concentration is 5 to 10 times higher in the southern part compared to the 

northern one [18]. The study also points out that algal blooms have been recorded in the 

Red Sea waters, with two algal bloom events observed in the past ten years around the 

city of Jeddah as indicated in Figure 1-4. The algal bloom events occurred in both 

summer and winter. Many RO desalination plants are adjacent to the Red Sea in Saudi 

Arabia. These plants including, but not limited, to Haql and Dheba located on the 

northern part while Shuqaiq is located in the southern part of the Red Sea coast. The 

Shuaibah, Jeddah, Rabigh, and Yanbu plants are located in the central part of the Red 

Sea. The plant intakes vary with regard to design and water quality characteristics. 

Independent of location or intake designs; these plants are subject to any sudden changes 

in environmental seawater conditions such as algal blooms. Thus, algal blooms have 

received a great attention from scientists and operators seeking to protect the operation of 

SWRO desalination plants.   
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Figure 1-3: Red Sea bathymetry (a) and circulation patterns (b), adapted from Raistos et 

al. (2013) [18].  
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Figure 1-4: On the left (a) chlorophyll a distribution based on geographical location in 

North Red Sea (NRS), North Central Red Sea (NCRS), South Central Red 

Sea (SCRS), and South Red Sea (SRS). On the right (b) chlorophyll a 

distribution is covering the whole year. Adapted from Raistos et al. (2013) 

[18]. 

 

1.2 Research objectives  

The research objectives of this study are based on three main research categories: 

1.2.1 AOM cultivation and extraction 

The first objective of this study was to produce high amounts of AOM representative of 

algal blooms. The bloom-forming algae species Chaetoceros affinis (CA) was cultivated 

to produce natural biopolymers found during algal blooms and to assess the biopolymer 
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concentration in AOM vs. other DOC fractures commonly present in seawater. The 

second aim was to characterize the AOM produced and to understand the main 

components of its chemical structure in terms of carbohydrate, protein, and functional 

groups.   

1.2.2 Performance of DMF at ambient and algal bloom conditions and during 

various pretreatment scenarios including coagulation, sedimentation, and 

DAF 

The second objective was to assess the performance of conventional DMF pretreatment 

when operating under ambient conditions and representative algal bloom conditions. The 

specific objectives can be summarized as follows: 

1. To investigate the operation of DMF during ambient and simulated algal bloom 

conditions, and the role of coagulation and dissolved air flotation (DAF) in 

mitigating the adverse effects of algal blooms in terms of AOM on DMF 

performance. 

2. To examines the role of AOM concentration on the hydraulic performance of DMF / 

DAF as SWRO pretreatment processes at different AOM concentrations 

representing mild and severe algal bloom conditions. 

3. To assess the correlation of turbidity and SDI with various AOM concentrations for 

DMF / DAF as SWRO pretreatment processes. 

4. To study the removal mechanisms of DMF during all pretreatment scenarios, no 

coagulation, coagulation sedimentation, and coagulation DAF. 
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1.2.3 A comparison study of AOM, BOM, and HOM fouling using UF ceramic 

membranes 

Conduct a study to compare removal efficiencies of three types of organic matters using 

two UF ceramic membranes, 50 kDa and 5 kDa. Assess which membrane removes 

TEP/organics more efficiently. The objectives also included investigating the fouling 

mechanisms of each organic matters and fouling behavior during UF filtration. Assess 

operating conditions (e.g. backwashing) in removing the fouling layer. Furthermore, 

investigate the role of divalent cations such as calcium on the fouling mechanism. 

 

1.3 Problem statement 

A study using biofouling monitoring coupons in the intake bay of a SWRO plant located 

on the Gulf coast Saudi Arabia observed high growth of algae. The plant intake 

experienced no water circulation in the bay and the water column was stagnant. Although 

chlorine disinfection of the intake water is practiced, the algae reach the plant structure 

and create severe filtration problems [3]. The consequence of this is severe reduction in 

product water output and a need for frequent membrane cleaning due to fouling. Any 

membrane filtration process is prone to fouling in general and bio-fouling in particular, 

which impacts membrane performance and can negatively affect the quality of the treated 

water. Fouling in SWRO systems have been strongly linked to TEP compounds. TEP 

particles can be derived either from algae (AOM) or bacteria (BOM) [5]. To remove 

AOM from RO feed water, membrane-based pretreatments such as (MF/UF) or 

conventional pretreatment such as DMF/DAF are needed. DMF is one of the most 
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commonly used pretreatments for SWRO plants. Most of the SWCC SWRO plants in 

Saudi Arabia are fitted with DMF pretreatment. This pretreatment technique is mainly 

designed for eliminating particulate matter [7] and removal of colloidal matter remains a 

challenge for DMF alone. Therefore, coagulation and flocculation processes are usually 

employed to enhance DMF performance in terms of colloidal matter removal, which can 

also include some DOC fractions. 

 

1.4 Current practice  

In Saudi Arabia, for instant, most of SWCC SWRO plants are fitted with DMF 

pretreatment. This pretreatment technique is mainly designed for eliminating particulate 

matter. However, colloidal matter remains a challenge for DMF alone. Therefore, 

coagulation and flocculation processes are usually employed to enhance DMF 

performance in terms of colloidal matter removal including DOC fractions. Recently, a 

large and advance DAF system was installed as part of SWRO pretreatments in Ras Al-

Khair desalination plants, Eastern coast of Saudi Arabia, to face algal blooms events.  

 

1.5  Research questions 

The main research questions in this study are: 

1. Is AOM responsible for organic fouling in the conventional pretreatments (e.g.,  

DMF) for SWRO plants during algal blooms? 
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2. Is there a critical AOM concentration at which DMF as pretreatment is not 

sufficient or causes more organic fouling in RO plants? 

3. DO turbidity and SDI values response positively or negatively with DMF removal 

for various AOM concentrations? 

4. Which ceramic UF membrane, 50 kDa or 5 kDa, removes AOM/TEP organics more 

efficiently? 

5. Do the AOM, BOM, and HOM behave differently in terms of fouling mechanism?  

6. How do divalent cations (calcium in particular) influence the different organic 

matter? 

7. What kind of fouling occurs during UF ceramic membranes pretreatment, 

irreversible or reversible and why? 

 

1.6  Hypotheses 

1. Some RO plants shutdown during algal blooms events at the Arabian Gulf region 

AOM excreted from algae might be the reason behind this fouling phenomenon and 

there is a critical AOM concentration at which DMF pretreatment is not able to 

prevent organic fouling in SWRO systems that could enhance organic fouling in 

DMF. 

2. Although similar in organic fracture, AOM and BOM behave differently in terms of 

characterization and fouling mechanisms compared to HOM. 

3. The AOM, BOM, and HOM organic content/functional group might influence the 

fouling mechanism as well as removal efficiency in the presence of divalent cations. 
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4. Smaller LMWCO UF ceramic membranes are more efficient in removing 

TEP/organics than larger ones. 

 

1.7 Dissertation structure   

This thesis reports the theoretical and experimental work conducted in this study and is 

presented in seven chapters: 

Chapter 1: Introduction and Background  

The introduction chapter contains a brief background on desalination technologies, 

desalination and organic fouling in SWRO plants in the Kingdome of Saudi Arabia. In 

addition, the chapter also presents the impact of AOM in SWRO pretreatment and finally, 

algal bloom threats to the SWRO desalination plants located on the Red Sea coast of 

Saudi Arabia. The last part of the chapter summarizes the problem statement, research 

objectives, research questions, and hypotheses.  

Chapter 2: Literature review 

This chapter covers a wider spectrum of topics including the history of seawater reverse 

osmosis desalination, various pretreatment technologies applied such as DMF, 

coagulation, DAF, and UF ceramic membranes. Furthermore, the chapter also presents 

AOM characteristics and its relation with biofouling in SWRO systems and their 

membrane –based pretreatments such as UF/MF. 
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Chapter 3:  AOM Cultivation and extraction 

In this chapter, all topics related to AOM production and extraction such as AOM species 

and cultivation, AOM extraction, AOM analysis: DOC, LC-OCD, chlorophyll-a, and 

flow cytometry, FCM. Results and discussion, and conclusion have been included.  

Chapter 4: Performance of DMF at ambient and algal bloom conditions and during 

various pretreatment scenarios including coagulation, sedimentation, and DAF 

Chapter 4 represents the major research task in this thesis. It is mainly on the 

performance of DMF during various AOM concentrations covering the ambient seawater 

and algal blooms conditions. The study was conducted at three pretreatments scenarios, 

no coagulation, coagulation-sedimentation, and coagulation-DAF.  

Chapter 5: A comparison study of AOM, BOM, and HOM fouling using UF ceramic 

membranes. 

A comparison of fouling and performance behavior of three organic matters using two 

UF ceramic membranes, 50 kDa and 5 kDa, was investigated, focusing on which system 

removes TEP/organics more efficiently. The objectives also included assessing the 

fouling mechanisms for each organic matter and understanding the fouling behavior 

during UF filtration. The efficiency of backwashing in removing such fouling was also 

addressed. Furthermore, the study highlighted the role of divalent cations, such as 

calcium, on the fouling mechanism. 
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Chapter 6:  Final Conclusions and recommendations. 

 The last chapter summarizes the findings of the three main experimental chapters, three, 

four, and five. A few recommendations have also added at the end of this chapter to 

improve the future research on the same topic. 
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Chapter 2 

2 Literature Review 

2.1 Algal blooms  

From a fouling perspective, algal bloom incidences are a major threat for sea water 

reverse osmosis (SWRO) desalination plant operations. The impacts from this 

phenomenon have been the target by many investigations from desalination-related 

scientists around the world. Algal blooms can invade SWRO desalination plants suddenly 

without early detection for threats. As a result, reverse osmosis RO plants without proper 

pretreatment designs could face a lot of problems from water quality contamination to 

plant shutdown. Therefore, the majority of researchers are currently emphasizing on two 

research areas; early detection technologies and more suitable pretreatment designs for 

preventing algal blooms to reach RO membranes. As indicated in (Figure 2-1), most of 

the early detection technologies are based on the idea of monitoring algal cells in 

seawater using sensors or probes. However, such technologies have drawbacks including, 

but not limited to, cost effectiveness, corrosion, quality of data…etc. On the other hand, 

designing improved pretreatment options for SWRO plants becomes of significant 

interest due to process reliability and robustness during algal blooms. In the same 

context, these pretreatment options can also be impacted during algal blooms as reported 

in the literature.  
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Figure 2-1: Latest algal blooms monitoring system using remote sensing technology [19] 

 

Many algal bloom incidences have been described from various sites of the world. The 

first algal bloom event was recorded in the Caribbean Sea in 1961 [20]. Since then, algal 

blooms have continued to appear in many areas including rivers, lakes, seas, and oceans 

[21, 22] [23]. In 2008 the Arabian Gulf and Gulf of Oman coasts were hit by serious algal 

bloom invasions causing catastrophe to the marine environment and SWRO desalination 

plants [24, 25]. As a result, many coastal cities were impacted and desalination plants 

were shut down in the United Arab Emirates UAE and Oman (Figure:  2-2) (Figure:  2-3).  

 

Figure: 2-2: the coastal cities and desalination plants impacted (yellow circles) by HAPs 

in UAE and Oman in 2008-2009. 
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Figure: 2-3: Harmful algal blooms threaten Gulf of Oman (left) shut down Kalba 

desalinization plants and harmful algal blooms in Ras Alkhaimah coast 

(right) UAE.  

 

Algal blooms can be toxic (defined as harmful algal blooms, HABs) or not toxic, but 

independent of toxicity, both types represent a sever danger to SWRO plants and their 

pretreatment systems. The adverse consequences of such phenomena have been widely 

identified. According to Mindy et al, (2010), the algal blooms in the Gulf area caused 

environmental impacts as fish kill as well as desalination plant shutdown [20]. Al 

Fujairah SWRO plant (Gulf coast in United Arab Emirates) was one of the impacted 

desalination plants (Figure: 2-4).  
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Figure: 2-4: Fujairah desalination plant, UAE 

 

During this event, the flux in the SWRO plant declined drastically, the membranes fouled 

massively, and the granular media filtration, GMF at the pretreatment side clogged 

rapidly [26], [24]. Previous studies and troubleshooting on this phenomena reported that 

the high concentration of algal cells and organic contents (e.g., EOM, IOM, and TEP) 

were the reasons leading to plant shutdown [24, 26] .The conventional pretreatment 

design used at this plant, DMF/GMF and coagulation, failed in tackling the phenomena. 

The GMF, for example, faced many problematic failures that included reduced filtration 

cycle and deteriorated water quality produced. Furthermore, coagulation dose needed to 

be increased remarkably leading to more flocks produced and clogging of the GMF as 

well as increased coasts of coagulants [24]. Membrane-based pretreatment systems (e.g. 

UF/MF) were also found unable to protect the SWRO plant from algal blooms without 

proper pretreatment design. AOM was observed deposited on UF membranes surfaces in 

the form of gel-like substances or TEP [27]. Additionally, TEP was identified as a 
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biofouling promoter and a key player in biofilm formation on membrane surfaces 

(Figure: 2-5) [27].  

 

 

 

Figure: 2-5: TEP as a ‘‘major initiator’’ in biofilm formation and its subsequent build-up 

in RO membrane systems [5]. 

 

2.2 Membrane desalination technologies  

2.2.1 RO desalination technology  

2.2.1.1  RO history  

Reverse osmosis (RO) technology is a well-established water treatment technology and 

has been commercially developed over several decades. The first RO plant was started in 

the late 1960s [28]. Since then, the demand on RO membrane technology has increased 

rapidly. As a result, many RO plants were installed and opened around the world to meet 



50 

 

such desalination demands. According to the literature, the number of RO plants in the 

world exceeds 15,000 plants [29, 30]. However, the dominance of desalination 

technologies varies from one country to another based on the energy prices (Figure 2-6). 

 

 

Figure 2-6: Desalination capacity in the world based on the process technology and  

region (a: the world, b: USA, c: Middle East including GCC countries) 

(adapted from) [30]. 

   

The Middle East countries, particularly Gulf Cooperation Council or (GCC) countries are 

recognized as having the highest consumption and production of desalinated seawater. 

Their production from desalination plants is approximately 50 % of the world production 

capacity (Table 2-1) [31]. Kuwait installed the first RO plant in the GCC countries in 

1960 [32]. On a global scale, RO desalination plants dominating thermal distillation 

processes. However, currently the GCC countries are heavily relying on distillation 

processes such as multi-stage flash (MSF) and multi-effect distillation (MED) than RO 

but the trend will change in the near future (Ghaffour et al., 2013). In fact, the reasons are 

attributed to fuel prices and its availability as well as the low seawater quality in these 

countries 
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Table 2-1: Summary of production and water prices for several large seawater RO 

desalination plants in the world [30]. 

Plant location 

 

1st year of 

production 

RO production capacity 

(m
3
/day) 

Water price 

($/m
3
) 

 

Galder-Agaete, Spain 1989 3500 1.94 

Jeddah, Saudi Arabia 1989 23,000 1.31 

Ad Dur, Bahrain 1990 45,000 1.30 

Lanzarote III and Agragua, 

Spain 
1991 10,000 × 2 1.62/1.34 

Santa Barbara, California, 

USA 
1992 25,000 1.51 

Dhkelia, Cyprus 1997 40,000 1.46 

Mallorca and Marbella, 

Spain 
1998 42,000/56,400 1.03/1.00 

Eilat, Israel 1998 10,000 0.72 

Larnarca, Cyprus 2001 56,000 0.83 

Eilat, Israel 2003 10,000 0.81 

Tampa Bay, Florida, USA 2003 94,600 0.55 

Fujairah, United Arab 

Emirates 
2005 170,500 0.87 

Ashkelon, Israel 2005 320,000 0.53 

 

 

Recently RO has become one of the promising desalination technologies to implement 

because of its high quality product, low coast, and less environmental impact compared 

to thermal desalination options (Ghaffour et al., 2013). Subsequently, the trend in the 

GCC countries to increase water production to meet future demands is by expanding their 

desalination plants using RO instead of thermal ones. Saudi Arabia is the largest 

desalinated water producer in the world, which is basically dependent on thermal 

processes, has turned the compass to RO when building new SWRO plants on the Gulf 

and Red Sea coasts. In 2013, the water production capacity in Saudi Arabia by 

desalination was based on MSF (64%) versus RO (20%) versus MED (16%) [Electricity 
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and Cogeneration Regulatory Authority (ECRA) annual report, 2013]. In 2015, Saudi 

Arabia announced construction of the largest SWRO plant in the world (Rabegh 3), with 

total production of (600,000 m
3
/day) on the Red Sea coast [SWCC annual report, 2016]. 

While new SWRO plant projects are increasing drastically in the GCC countries, algal 

blooms or Red tides remain a serious threat to operation of the SWRO desalination 

plants. Hence, further investigation on this phenomenon along with improved 

pretreatment designs is highly needed to sustain SWRO plants in the region.   

 

2.3 Seawater RO pretreatment options 

2.3.1 Conventional pretreatments: 

2.3.1.1  Dual Media Filter (DMF) process 

Dual media filters are commonly used as part of the pretreatment system in SWRO 

desalination plants. DMFs are primarily used to reduce high loads of particulate and 

colloidal matter in the feed water. DMF typically consists of two separation layers, 

anthracite and sand (Figure 2-7). The top layer includes 0.4 to 0.8 m of anthracite coal, 

while the bottom layer includes 1 to 2 m of sand. Below these layers, gravel is typically 

used as a support layer. The top anthracite layer has larger media diameter with larger 

void space to allow for high filtration capacity of large particles, while the fine sand grain 

layer is used to filter the smaller impurities. The two layers have an advantage over single 

media sand filters since more filtration of suspended matters can occur within the 

different layers, increasing the filtration efficiency and operation times between 
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cleanings. Media filters can be operated either as pressurized systems (closed design 

only) (Figure 2-7) or by gravity (open or closed design) (Figure 2-8). In both cases, the 

filter will eventually clog over time as particulate matter is removed and backwashing is 

required to restore the performance of the filter. One way to reduce the frequency of 

backwashing and increase the filter capacity is to use coagulation prior to the media filter. 

Coagulation aggregates colloidal particles together which help in changing the filtration 

mechanism from depth filtration to surface straining which would increase the DMF 

removal performance..  

 

 

 

Figure 2-7 Typical closed DMF design 
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Figure 2-8: Typical open DMF design 

 

2.3.1.2 Coagulation process 

Coagulation is one of the conventional pretreatment options that are used to reduce the 

degree of membrane fouling in SWRO desalination plants.  Coagulation is used to 

enhance separation of suspended solids, colloids and dissolved matter in water. The 

process is applied through the addition of different hydrolyzing chemicals such as alum, 

iron salts and other organic polymers (Figure 2-9). The added chemicals help combining 

small particles into larger particles that are more easily removed through the DMF 

treatment process. Ferric salts, especially ferric chloride coagulant, is the most suitable 

option for seawater since it has very low solubility over different pH ranges, decreasing 

the possibility of precipitation and scaling within the RO plant [33].  
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Figure 2-9: Typical diagram for coagulation system 

 

Other common coagulants based on alum, such as poly-aluminum chloride, are not 

recommended for use in SWRO applications since they have higher solubility thereby 

increasing the risk of precipitation and scaling as well as residual soluble Al [33]. The use 

of coagulation has been shown to reduce transmembrane pressure (TMP) in UF 

membrane filtration by reducing pore blocking fouling, help improving the removal of 

dissolved organic carbon, and general improvement of permeate quality [8].  

 

2.3.1.3 Dissolved air floatation (DAF) systems 

DAF systems have been used as an efficient pretreatment process to remove algae from 

water plant structures (Figure 2-10). DAF is used for SWRO plants, especially for the 

removal of low-density particles such as algal cells, oil and grease. The DAF process run 

is starting by dissolving air into pressurized water then releasing the air at atmospheric 

pressure inside a flotation tank. With the release of the pressurized water, microbubbles 
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are formed and attach to the preformed flocs and suspended matter to allow them to float 

to the surface. DAF is commonly used in desalination plants that are vulnerable to algal 

bloom events. The removal efficiency of DAF processes is dependent on the pH, 

coagulation dose, flocculation time and hydraulic loading rate. Generally, DAF systems 

have been reported to be more effective than the sedimentation in terms of removal 

efficiency of algal cells [34, 35].   

 

 

Figure 2-10: Typical diagram for DAF system 

 

2.3.2 Membrane based pretreatments; Ultrafiltration (UF)  

2.3.2.1  UF technology and ceramic membranes  

Once the role of TEP in membrane fouling has been asserted, many studies have been 

carried out to remove TEP from water treatment systems. About two decades ago, 
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ultrafiltration (UF) has been identified as one of promising technologies in the water 

industry. Ten years later, UF has been shown to be able to remove a wide spectrum of 

contaminants such as viruses, Giardia, and bacteria [9]. In previous studies, removal of 

particulate TEP by UF has been demonstrated to be successful whereas removal of 

colloidal TEP from various areas of integrated membrane systems remains a challenge. 

For this reason, it is most likely these TEP precursors (≤ 0.4µ) can reach RO membranes. 

These days, ceramic membranes have been gained a high reputation among water 

production society due to their mechanical, chemical, and thermal stability ( Figure 2-11) 

[11].  

 

 

Figure 2-11: Tubular ceramic membrane (left) and disc ceramic membrane (right). 

 

Inorganic membranes have also been shown to have a long working life, potentially 

higher fluxes and less fouling compared to polymeric membranes [12]. Seawater 

temperatures in the Arabian Gulf range from 16 
0
C in winter to 33

0
C in summer [36]. 

Hence, ceramic membranes make it possible because of their resistance to high 

temperature values and eventually, UF pretreatment using ceramic membranes therefore 

represents an interesting pretreatment option for handling organic fouling during algal 

blooms.  
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2.4 Algal organic matter (AOM) characteristics 

The importance of AOM has been increased in recent years due to its role in fouling of 

water treatment plants. During algal blooms, the algal cells release high concentrations of 

organic matter (OM) that is deposited on membrane surfaces and causes organic fouling 

[6, 37].. Although organic fouling of membranes is well known, the impact of AOM 

specifically in these events is still limited and not fully understood. Some studies report 

that AOM is responsible for plant shutdowns, reduces coagulation efficiency, increases 

membrane fouling, and inhibits adsorption and removal of micro-pollutants with 

activated carbon [38, 39]. This OM found in feed waters can originated from both algae 

and bacteria (cyanobacteria) [40]. When they are originated from algae algal,(they are 

called AOM) when they are originated from bacteria, They are known as (BOM) [41].  

Algae excrete the AOM in aquatic environments as a by-product during photosynthesis. 

AOM production also results from secondary metabolism. In both mechanisms, the 

extracellular organic matter (EOM) is formed and as cellular organic matter (COM) when 

cell lysis occurs [38]. AOM characterization conducted in previous studies found that 

AOM contains many organic compounds, mostly polysaccharides, proteins, amino acids, 

peptides, and lipids [38]. The hydrophobicity and hydrophilicity properties are of interest 

in water treatment processes. According to literature, AOM has a more hydrophilic 

content than hydrophobic. A study by Zhang et al. (2011a) report that AOM contains 60-

80% hydrophilic compounds [39]. AOM is also reported to contain a small fraction of 

hydrophobic compounds such as humic substances and aromatic acids, as well as a small 

fraction of transphilic compounds such as fulvic acids [38, 42, 43]. The AOM 
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characteristics also show a low percentage of the specific ultraviolet absorbance, SUVA 

parameter. However, the SUVA percentage in AOM compositions varies from one 

species to another based on growth phases and nutrient concentrations in the culture 

medium [44, 45]. The concentration of AOM found in aquatic environments is mainly 

species dependent. During algal cultivation in the lab, the culture medium, type of 

species, age of culture, and nutrients used in the cultivation are major factors in AOM 

composition and concentration [46, 47]. An experiment on AOM cultivation in the 

laboratory reported that AOM concentration was around 27 mg/L, whereas in this study 

the AOM concentration was 7 mg/L [48]. Apart from the differences in cultivation 

conditions between the present study and the one in the literature, this comparison 

demonstrates the importance of  these factors on algal culturing and AOM concentration. 

In fact, the AOM concentration is critical because of its effusiveness on NOM 

composition in aquatic environment and subsequently on the water treatment facilities. 

for example, the availability of nutrients in the aquatic environment could affect the 

AOM concentration and eventually affect the NOM composition as AOM is a fracture of 

NOM. It is quite hard to understand the impact of AOM concentration on water treatment 

facilities without understanding the MW distribution. Based on published works, the high 

molecular weight, HMW represents the higher portion of AOM. Biopolymers, which 

basically contain polysaccharides and protein, were found to be a substantial portion in 

AOM composition [38, 48-51]. The AOM composition in the present study is comparable 

with reported values in the literature as biopolymer is the main component, comprised 

mainly from polysaccharides and proteins. In the water 
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treatment technologies (e.g., coagulation, DMF, GAC…etc.), the zeta potential of 

particles or molecules is of significant interest for its impact on the performance of these 

technologies. Thus, understanding the zeta potential of AOM as particles/molecules is 

important to control the performance of a given treatment process. Generally, AOM 

behaves like as negatively charged particle [52, 53]. However, it is most likely depends 

on the functional groups for polysaccharides and protein. For instance, polysaccharides 

are well known to have a negatively charged component because of its composition of 

uranic acids and (-COOH) functional group. At the same manner, protein has both 

charges, negative and positive charges such as (-COOH) and (-NH3+). It is vital to know 

that these charges could be changed from one status to another based on pH value [48]. 

Reports in literature show a strong relationship between the functional groups present in 

AOM and pH. A study by Henderson et al., (2008b) showed the impact of pH value on 

AOM charge, going from negative to positive when the pH changed from 1 to 4, 

indicating that ionization of the functional group (-COOH) caused this change [38, 48]. 

 

2.4.1 RO fouling and AOM pretreatment 

2.4.1.1 AOM and membrane fouling relationship 

A few studies have been published to explain the relationship of AOM and its role in 

membrane fouling. One of these studies reported that AOM (protein and polysaccharides) 

was found responsible for the membrane fouling resulting in flux declined [54]. Another 

study by Neemann et al., (2013) observed that the biopolymer was most potentially 

behind the membrane fouling [55]. Furthermore, the hydrophilic HMW were found 
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dominant and deposited on membranes surfaces causing reversible and irreversible 

fouling [56, 57] [Qu et al. 2012; Zhang et al. 2013b]. Polysaccharides were reported to be 

the major contributor in cake layer formation during filtration with a ceramic MF 

membrane causing fouling [57].   

 

2.4.1.2 AOM and conventional pretreatment efficiency  

AOM has been identified as a key component in membrane fouling. As such there is a 

need to develop possible solutions to mitigate the adverse effects of AOM fouling and to 

find the appropriate pretreatment technologies to achieve this. One of the promising 

pretreatment technologies that proved a strong efficiency in AOM removal is 

coagulation. A study by Babel and Takizawa (2011) suggested substantial improvement 

in gel cake layer resistance after coagulation [58]. A combination between coagulation 

and adsorption using activated carbon to remove AOM during algal blooms ended with 

good removal of AOM [59].  Pre-ozonation has also been investigated to mitigate AOM 

fouling, coupling it to a pretreatment configuration with UF/MF. Results concluded a 

decrease in the fouling layer could be obtained [60]. Related to membrane type, 

hydrophilic membranes exhibited best flux sustainability and less fouling formation 

compared to hydrophobic membranes [61, 62]. A part from the degree of AOM removal 

efficiency in the various pretreatments mentioned above, many parameters must be 

considered to enhance the removal efficiency such as pH, charge, and coagulant type, 

contact time and ozone dosage rate for pre-ozonation, surface volume and surface charge 

for AC adsorption. Additionally, the AOM characteristics are also of good interest such 

as type of species, functional groups, MW, and charges [38, 63-65]. 
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2.4.1.3 AOM and DMF removal efficiency  

The performance of DMF after a coagulation process proved to be effective at improving 

the raw water quality and reduce organic content before entering the RO process [66, 67]. 

However, without coagulation, the algal removal efficiency by single media filter in a 

pilot test showed that filtration is effective in reducing AOM during the first hours of 

operation but then rapidly clogs and increases the cleaning frequency. The same study 

concluded that sand media filtration was able to remove 74% of light algal blooms 

(30,000 cells/ml) and 46% of severe algal blooms (145,000 cells/ml) after 7 hours of 

operation [68]. In practice, as mentioned above, the GMF pretreatment at Al Fujairah 

SWRO plant has faced many problematic failures from reduction in filtration cycle time 

to deteriorating water quality. Similarly, coagulation dose was increased remarkably 

thereby reducing more flocks that lead to clogging of the GMF as well as increased costs 

of coagulants. In short, specific studies on DMF and its removal efficiency for AOM are 

limited. Thus, the present study has considered this knowledge gap by studying the 

removal efficiency of DMF at various AOM concentrations during ambient and algal 

bloom conditions.   

2.4.1.4 AOM and coagulation removal efficiency 

Several studies have been published on algal cells and their removal by coagulation 

processes; however, few have focused on AOM. The electrostatic interaction between 

algal cells and coagulation is well understood. Since the most commonly used coagulants 

like ferric or alum have a positive charge, it is easy for the negatively charged algal cells 

to be destabilized (neutral) by the positive particles. As a result, aggregation between the 
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algal cell particles will increase. There are some factors that are of interest to be 

understood in relation to algal cells and coagulation. The cell surface area was found to 

be crucial in coagulation demand as reported by Henderson et al., (2008a, 2010)[69, 70]. 

The other factors that control the performance of coagulation for algal cells are pH and 

charge. In the presence of AOM, the coagulation mechanism becomes different. Some 

reports in literature indicated that AOM is able to limit the coagulation by delaying the 

mechanism of electrostatic interaction. In addition to pH and charge, the coagulant dose 

is a key factor in AOM coagulation [38]. Determining the optimum pH for AOM removal 

during coagulation is a challenge as it is difficult to specify a certain pH value for all 

AOM and thus optimum pH for AOM removal is basically a species dependent. 

However, a pH range from 5 to 6.5 was found favorable for AOM removal depending on 

algal species [71]. The pH is strongly linked to the functional groups in the AOM 

produced. At pH lower than 6 the polysaccharides, which contain the negatively charged 

carboxylic functional group (-COOH), was well coagulated with ferric salts [71, 72]. This 

also applies for AOM containing protein and coagulated by ferric salts such as ferric 

chloride. A published study revealed that ferric salts coagulated AOM containing 

peptides and proteins efficiently in a pH range from 4 to 6. The high efficiency of 

coagulation was attributed to the electrostatic interaction between the negatively charged 

functional group in the protein and peptide and positively charged ferric hydroxide 

polymer [38]. Another major role of pH during AOM coagulation is the formation of 

AOM-coagulant complexes [73-75]. It was observed that polysaccharides and protein 

were able to bind with coagulants (Fe, Al) and produce complexation. This is attributed 

to the functional groups in both polysaccharides and protein and their ability to bind with 
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metals, either ferric or alum molecules [38]. Complexation is mainly dependent on pH as 

it influences the dissociation process between the anions of the AOM functional groups 

and the cations of the coagulants. These complexes should be avoided during AOM 

coagulation as it will reduce the effectiveness of coagulation. Reports in literature show 

that coagulant demand increases during AOM coagulation because of the formation of 

coagulant-AOM complexes. Furthermore, these complexes inhibit the hydrolysis and led 

to incomplete coagulation [38, 76].  

2.4.1.5 AOM and DAF removal efficiency 

Pilot tests showed that a DAF system was highly effective at removing algae cells during  

algal events as is the case in the Al-Dur and Shuwaikh plants in the Arabian Gulf region 

[77, 78]. The algal removal at the Al-Dur plant achieved up to 99% with the use of the 

coagulation and DAF system [3]. A study by Henderson et al., (2010b) showed that the 

removal efficiency of algal cells by a coagulation and DAF system ranged between 94-99 

% and between 46-71 % for AOM [70]. A study by Edzwald and Wingler (1990), 

reported that 99-99.9 % of algae (green algae and diatoms) was removed by DAF 

compared to 90-99 % by sedimentation [79]. A study by Gregory and Edzwald (2010), 

showed that 90-99 % of algal cells were removed by DAF for various algae types 

compared to 60-90% by sedimentation [80]. Studies on DAF in removing algae during 

pretreatment have shown to be successful, prompting Edzwald (1995), one of the leading 

pioneers in DAF technology, to strongly recommended future research to consider DAF 

as pretreatment for dissolved organic carbon (DOC) prior to UF and MF [81]. Two major 

factors play a significant role in algae removal during the DAF process, and control the 

floatation mechanism; particle diameter and surface charge [81]. For the best result, the 
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particle surface charge should be equal to a zeta potential value of -10 mV to +5 mV to 

ensure a strong attachment between the algae and air bubbles [69]. If these criteria are 

met, the algae or AOM particles which are negatively charged, will collide and attach to 

the air bubbles forming large algae and AOM particles that can easily be removed from 

the surface [70]. 

 

2.4.2 AOM and membrane pretreatments efficiency 

2.4.2.1 TEP Background  

Two decades ago, Transparent Exo-polymer Particles (TEP) were discovered by two 

oceanographers, Alldredge AL and Passow U [82]. TEP can be defined as acidic 

polysaccharides, transparent organic particles that can be stained by Alcian blue 

(Alldredge, 1993) (Figure 2-13). These particles are sticky, deformable, and can exist in 

different forms in aquatic environments. Many studies have demonstrated TEP formation 

in water environments [40]. TEP can be formed from dissolved organic matter (DOM) 

directly or indirectly [83], through the biotic pathway where some bacteria and 

microalgae (e.g. phytoplankton) create TEP directly, or may be generated from cell 

coating surfaces, organic detritus, and particulate matter. TEP may also form in an abiotic 

pathway from precursor particles such as polysaccharides fibrils secreted by bacteria and 

phytoplankton. The polysaccharides fibrils may eventually be transformed into 

submicron gel-like substances through coagulation, gelation, and annealing processes that 

finally lead to TEP formation [84] [85].  
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Figure 2-12: Photos (a) and (b) showing TEP made visible by staining with alcian blue 

[40]. 

 

2.4.2.2 TEP and membrane biofouling relationship 

TEP has been shown to easily adsorbed to solid surfaces including membranes.  Since 

their discovery, TEP has received a lot of attention in the desalination society due to their 

role in biofouling in membrane systems [86, 87], [10]. A study by Berman et al., (2011) 

suggests that there is a positive relationship between the TEP level in a source water and 

subsequent membrane fouling rate [6]. They further state that biofilm developed at the 

early stage on the membrane surface could be by TEP level in feed water. Villacorte et 

al., (2009a) found a significant amount of Alcian blue stained substances on membrane 

surfaces during autopsy of RO fouled membrane [88]. Findings by Bar-Zeev et al., 

(2009) reported that Alcian blue substances were presented on glass slides immersed in 

seawater for 18 h, indicating that these substances originate from TEP in seawater rather 

than produced by bacteria or algae [87]. All these studies bring together the importance 

of AOM/TEP in membrane biofouling. This study aims to build on previous studies by 
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including new pretreatment techniques aiming to better control AOM/TEP fouling in 

SWRO treatment schemes. 

2.4.2.3 TEP and UF/MF removal efficiency 

Earlier studies have shown that particulate TEP (≥ 0.4 µm) can be easily removed by UF 

with in-line coagulation pretreatment. A study by Kennedy et al. (2009) concluded that 

100 % removal of TEP (≥ 0.4 µm) was achieved after UF [10]. However, this study only 

addressed particulate TEP removal, indicating that colloidal TEP had not been taken into 

account. A study by Villacorte et al. (2009a, b) outlined that particulate TEP was readily 

removed from integrated membrane systems (IMS) by typical pretreatments such as low 

pressure membranes [86, 89]. They also stated that colloidal TEP, less than 0.1 µm could 

not be completely removed from source water by (MF) and (UF). Furthermore, TEP 

levels were only reduced by 30 % after a combination of coagulation, sand filtration, and 

microfiltration (Bar-Zeev et al. 2009) [74]. 
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Chapter 3 

3 AOM Cultivation and extraction 

3.1 Introduction 

Saudi Arabia is arid region with limited freshwater resources and therefore heavily relies 

on desalination technologies to produce fresh water. The most common desalination 

technologies in the kingdom are reverse osmosis (RO) and multi-stage flash (MSF). 

Algal blooms are increasingly becoming a threat to any RO desalination plant. Without 

proper pretreatment schemes, plants will remain subject to many trouble shootings and 

shutdowns due to an increase in algal organic matter (AOM). The incidence of algal 

blooms in the Gulf of Oman during the 2008 season increased the attention to this 

phenomenon, highlighting the need to manage RO plant operations during such events 

[20]. As a result, a number of RO desalination plants in United Arab Emirates and Oman 

were shutdown. The algal blooms, and sometimes known as “Red tide”, usually occur 

due to the overabundance of specified algal species in seawater environment. Three main 

Algae groups have been classified by The Intergovernmental Oceanographic Commission 

of UNESCO in three main groups (i.e. dinoflagellates, diatoms, and cyanobacteria), 

representing the most common species (IOC-UNESCO, 2013). In ambient seawater 

conditions, algae produce a variety of organic substances including, but not limited to, 

polysaccharides, proteins, and lipids. These substances are defined as algal organic matter 

(AOM) and predominantly consists of extracellular polysaccharides [5], [47]. In SWRO 

desalination plants high concentration of AOM typically generated during algal blooms 

are a major operational challenge, particularly when membrane filtration is applied in 
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feedwater pretreatment. Previous studies have shown higher biofouling rates on UF/MF 

membranes due to adhesion of AOM to the membrane surfaces [90, 91]. This study 

mainly focuses on AOM produced by diatoms and how it effects pretreatment options to 

reduce fouling in RO plants. Diatoms are microscopic organisms living in aquatic 

ecosystems such as seawater, brackish water, estuaries, and play a substantial role in 

primary productivity for these water environments. In addition, diatoms are a common 

type of phytoplankton group, where species range in size from 2 to 200 microns. This 

phytoplankton group survives through a photosynthesis process, producing oxygen and 

excreting various quantities of polysaccharides as AOM that are utilized by other aquatic 

organisms in the food web chain. All algal species are known to excrete AOM with 

varying composition and quantities. However, the genus Chaetoceros affinis sp. 

(Figure 3-1) belonging to diatoms is known to release larger amounts of AOM compared 

to other species. Under favorable environmental conditions, this algae is capable to 

produce six times or even higher amounts of AOM than other bloom-forming algae 

specie [92]. AOM can be present in seawater as individual particles or larger 

agglomerates, and behave quite differently than other particles. Eventually the particulate 

AOM cause filtration clogging problems where classical dual media filtration is used as a 

pretreatment option [40].  
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Figure 3-1: Illustration of a Chaetoceros affinis (CA) diatom 

 

3.2 Materials and methods 

3.2.1  AOM species and cultivation 

The algal cultivation was conducted in an environmental chamber. This chamber is fully 

equipped with incubation as well as aeration system to maintain the best environmental 

conditions for biological culturing. The method developed by Myklestad (1995) was 

applied to cultivate and extract AOM in the lab using a new strain of Chaetoceros affinis, 

(CA) imported from Culture Collection of Algae and Protozoa (CCAP) company, Oban, 

Scotland (Table 3-1). The strain was preserved in an environmental chamber at a constant 

growth temperature of 20 °C and a light intensity of approximately (50 µmol/m
2
.s). To 

mimic real day and night intervals, an artificial light control set for 12h-on/12h-off was 

used. Filtered and sterilized Red Sea water (RSW) was prepared as the cultivation 

medium, thus representing the conditions for real algal blooms in Red Sea environments 

(Table 3-2). The culturing protocol is illustrated in Figure 3-2, starting with a 2 ml 

inoculum of new strain in a 50 ml sterile culture tube (Figure 3-3) enriched with marine 
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nutrients based on Guillard F/2 medium, and then incubating it in the environmental 

chamber (Table 3-3). The Guillard’s Marine Water Enrichment Solution from Sigma 

Aldrich, is enriched in major nutrients, trace metals, and vitamins required for diatom 

cultivation as described by Guillard [93]. A week later, another inoculation in a (1L) flask 

was carried out by spiking 5-7 ml of 50 ml culture tube into 200 ml of autoclaved and 

enriched RSW (Figure 3-4). The 200 ml was then transferred into 10 L autoclaved glass 

bottles (Figure 3-5 ) containing 5 L of enriched RSW after a week of incubation. Finally, 

the 5 L solution was kept in the environmental chamber at the set conditions mentioned 

above for 20 days.  

 

Table 3-1: Chaetoceros affinis (CA) species characteristics. Adapted from [92]. 

# Parameter Characteristics 

1 Strain CCAP 1010/27 

2 Type diatom 

3 Geometric shape Oval cylinder 

4 Typical dimensions Diameter = 8-20 µm, height = 15-30 µm 

5 Cell surface area ~ 1400 µm2 

6 Cell volume ~ 1920 µm2 

7 Water discoloration Yellowish brown 

8 Natural habitat seawater 

9 Typical bloom period Spring season 
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Table 3-2: Red sea water quality characteristics 

# Parameter Unit Value 

1 Temperature 
0
C 23 - 24 

2 pH  7.9 – 8.2 

3 TDS Mg/L 36000 

4 Conductivity mS/cm 58 - 60 

5 Turbidity NTU 0.75 – 1.8 

6 TOC Mg/L 0.75 – 1.2 

7 DOC Mg/L 0.7 – 0.9 

8 Chlorophyll-a Mg/L 0.1 

9 Total alkalinity Mg/L 118 

 

 

 

Figure 3-2: AOM cultivation and extraction protocol 
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Figure 3-3:  AOM inoculation in 50ml culture tube 

 

Table 3-3: Guillard F/2 medium composition* 

# Component Unit Value 

1 Biotin mg/L 0.005 

2 Cobalt chloride • 6H2O mg/L 0.01 

3 Cupric sulfate • 5H2O mg/L 0.01 

4 EDTA disodium • 2H2O mg/L 4.36 

5 Ferric chloride • 6H2O mg/L 3.15 

6 Manganese chloride • 4H2O mg/L 0.18 

7 Sodium molybdate • 2H2O mg/L 0.006 

8 Sodium nitrate mg/L 75.0 

9 Sodium phosphate monobasic mg/L 4.411 

10 Thiamine • HCl mg/L 0.1 

11 Vitamin B12 mg/L 0.005 

12 Zinc sulfate • 7H2O mg/L 0.022 

    *source: adapted from http://www.sigmaaldrich.com/catalog/product/sigma/g0154?lang=en&region=SA 

 

http://www.sigmaaldrich.com/catalog/product/sigma/g0154?lang=en&region=SA
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Figure 3-4: AOM inoculation in 1000 ml culture flask 

 

 

Figure 3-5: AOM cultivation in 10L bottles 
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3.2.2 AOM extraction and analysis 

AOM was extracted at the stationary phase / death phase from the marine algae 

Chaetoceros affinis (CA) cultivated in the lab using Red Sea water. During incubation, 

analysis for DOC, biopolymer, total cells, and chlorophyll-a were performed every 2 days 

to ensure the optimum algal growth and formation of AOM.   

3.2.3 DOC/AOM fractionation  

For DOC and biopolymer analysis, algae samples were collected every 2 days in a glass 

bottle and analyzed with liquid chromatography-organic carbon detector (LC-OCD) 

(DOC-Labor, Germany) Mode II. This approach is widely used for DOC fractionation 

and quantification. The DOC fractions are quantified based on integration of 

chromatograms using dedicated software programs (Chrom CALC and ChromRES) 

provided by the instrument supplier. At this stage, biopolymer was measured in 

comparison to building blocks and low molecular weight (LMW) to ensure AOM growth 

direction. DOC was also measured and compared to its fractures using this instrument. 

Flow cytometry analyses were performed using Flow cytometer (Accuri model 1253).  

3.2.4 Chlorophyll-a measurements 

The chlorophyll-a measurements were performed using a standard method [94]. Samples 

were collected in dark polyethylene bottles and filtered on 0.45 µ glass filter papers, 

following addition of 10 ml of 1% magnesium carbonate. The filtered paper was folded 

and placed in a 50 ml conical centrifuge tube, to which 15 ml of 90% acetone was added. 

The sample was then homogenized at about 500 rpm, covered with aluminum foil to 
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avoid light, and placed in a refrigerator overnight. Next morning the samples were taken 

out and allowed to warm up to room temperature (~22°C) and centrifuged at 5000 rpm 

for 10 minutes. Chlorophyll-a concentration was computed from spectrophotometric 

absorption at wavelengths of 665 and 750 nm, respectively, with the spectrophotometer 

set at zero absorbance at each wavelength with 90% acetone.  

Chlorophyll-a concentration was then calculated using the equation: 

Chlorophyll-a in µg/l = 11.9 (A665- A750) x V/L x 1000/S:  

Where: V: is the volume of acetone extract in ml 

 L: the length of light path (cuvette length) in the spectrophotometer in cm 

 S: the volume in ml of sample filtered 

3.2.4.1  Flow Cytometer (FCM). 

Flow cytometry was used to measure the total amount of algal cells in the AOM stock 

solution using the following protocol: 

1. Open the “Cleaning and Calibration FILE”.  

2. Transfer 200 µL of liquid in the following order to individual wells. 

a. Detergent (yellow) 

b. Soap (green) 

c. MQ water 

d. Beads (1 um, brown bottle, shake before use) 

e. MQ water 

3. Run all four samples and assess the “MQ Water” sample and the “beads” samples 
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4. Save the results (including name and date) 

5. The bead count result should be approximately 4000 and close to zero for MQ 

water. If inconsistent count is obtained, repeat the procedure. Proceed with 

advance cleaning step if the results are still inconsistent after several repetitions. 

6. SYBR Green I and Propidium Stain preparation protocol: 100 times concentrate 

stock need to be prepared prior to staining in seawater. The final dye 

concentrations required in our seawater sample is 1X SG I + 10µg/ml PI 

Therefore, 100 µl concentrate stock can be prepared by adding 1 µl of 10,000X 

SGI into 99 µl of 1000µg/ml PI in MQ water. 

3.2.4.1.1  Seawater Staining Protocol:  

1. Transfer 495 µl of seawater sample to a sterile Eppendorf tube. 

2. Incubate in dark environment and room temperature for 15 minutes. Note that 

samples need to be stored at 4
o
C if samples need to be analyzed at a later time. 

3. Add 5 µl of the 100XSGI+1000 µg/ml PI to the seawater sample (at room 

temperature). Note that after this addition, the final dye concentration is now 1X 

SGI+10 µg/ml PI 

4. Vortex the sample and incubate in dark environment for 15 minutes at room 

temperature 

5. After 15 minutes, vortex the sample and transfer 200 µl of the sample to a 96-well 

plate 

6. Open the pre-determined template and set the pump speed to medium, sample 

volume to be analyzed to 50 µl and FL1 threshold to 600.  
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3.2.5  NMR Analysis 

In order to study the amounts of polysaccharides, proteins, and functional groups and 

other chemical structure in the cultivated AOM sample, NMR analysis was conducted 

using 
13

C and 
1
H NMR techniques.  

3.2.5.1 NMR
 13

C solid-state Spectrum measurements 

One of the latest and best analyses for AOM characterization is NMR technology. To 

prepare solid sample AOM, the AOM was collected at the stationary-death phase. Then 

the sample was kept in an environmental chamber for 48 h after which all the algal cells 

settled down.  Afterwards, a sample was collected from the supernatant without 

disturbing the cells. To extracting high pure AOM from the stock solution, the sample 

was then centrifuged at 10.000 rpm to remove any additional cells that may be present in 

the stock solution. Later, the pure AOM sample (supernatant) collected from the 

centrifuge and the inorganic materials in the sample like salts were filtered through a 

dialysis process using a 3500 Da MWCO membrane. The sample was then using freeze-

dried. Finally, a 20 mg sample was prepared and for NMR analysis. The 
13

C NMR 

spectra were recorded using a Bruker 400 MHz AVANACIII NMR spectrometer 

equipped with 4 mm Bruker MAS probe (BrukerBioSpin, Rheinstetten, Germany). The 

samples was packed evenly into a 4 mm zirconia rotor and sealed at the open end with a 

Vespel cap, then the spectrum was recorded with 12 kHz spinning rate using cp pulse 

program with recycle delay time of 5 s. Bruker Topspin 3.2 software (Bruker BioSpin, 

Rheinstetten, Germany) was used to collect and analyze the data.  
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3.2.5.2 NMR 
1
H 900 MHz liquid-state spectrum measurements 

The solution NMR sample was prepared by dissolving 5–10 mg of lyophilized compound 

in 600 µL of deuterated water (D2O), and transferring 550 µL of the solution to 5 mm 

NMR tubes. NMR spectrum was recorded using a Bruker 950 MHz AVANAC III NMR 

spectrometer equipped with Bruker CP TCI multinuclear Cryo-Probe (Bruker Bio Spin, 

Rheinstetten, Germany). To suppress any HDO peak, the 
1
H NMR spectrum were 

recorded by collecting 1k scans with a recycle delay time of 5 s using excitation sculpting 

pulse sequence (zgesgp) program from the Bruker pulse library. Chemical shifts were 

adjusted using 3-Trimethylsilylpropane sulfonic acid (DSS, 20 mM) as internal chemical 

shift reference. The FID signals were amplified by exponential line-broadening factor of 

1 Hz before Fourier transformation. Bruker Topspin 2.1 software (Bruker BioSpin, 

Rheinstetten, Germany) was used to collect and analyze the data 

 

3.3 Results and discussion 

3.3.1 Chlorophyll-a analysis: 

The algal growth in the environmental chamber was monitored regularly by taking 

measurements every second day. The chlorophyll-a results show a rapid increase during 

the cultivation period, with an exponential phase from 2-8 days. In the first days (2-4) the 

concentration increased from 20-40 µg/L. This is most likely due to the early stage of 

growth where the number of algal cells is still low. A peak was observed at stationary-

death phase on day 14 where the quantity of nutrients and algal cells are balanced. This 
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peak represents the highest value of chlorophyll-a at 292 µg/L because of the higher algal 

cells on this particular day ( 

Figure 3-6). The data obtained from the flow cytometer on day 14 support and correlate 

positively with chlorophyll-a values. The algal content rate then started to decline from 

day 15, which represents the beginning of decline/death phase. This decrease could be 

attributed to nutrient depletion in the stock medium, particularly silicate concentration 

[47]. It is well-known in the literature that diatom species utilize silicate to build their cell 

walls [92, 95]. The other parameters like biopolymer (Figure 3-7) and DOC values also 

show a positive trend similar to the chlorophyll-a values. 

 

Figure 3-6: chlorophyll-a production during AOM cultivation 
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Figure 3-7: biopolymer concentration and chlorophyll-a during AOM cultivation 
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A flow cytometer (Accuri model C6) was used to assess the total cells for CA batch 

cultures. Measurements of total cell counts changed dramatically from one phase to 
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function of biopolymer correlate positively with total algal cells count as indicated in 

Figure 3-8 and Figure 3-9. 

 

Figure 3-8: Algal cells growth during AOM cultivation 

    

Figure 3-9: biopolymer concentration and algal cells during AOM cultivation 
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3.3.3 Liquid Chromatography - Organic Carbon Detection 

To characterize the algal organic matter (AOM), liquid chromatography-organic carbon 

detection (LC-OCD) was used to identify quantitative information and qualitative results 

regarding organic compounds in natural water. A LC-OCD model 8 system with a UV 

detector (UVD), online organic carbon detector (OCD), and organic nitrogen detector 

(OND) (DOC-Labor, Germany) was used for the analysis. Seawater samples were 

filtered using a 0.45 μm Whatman filter in 20-mL glass vials. Then, compounds were 

separated using a TSK HW-50S column (250 × 20 mm). The method developed by Huber 

et al., (2011) was used to identify the AOM fractions [96]. 

 

3.3.4 Biopolymer 

Biopolymer concentrations of the AOM were monitored every two days during the algal 

cultivation period to identify the biopolymer fraction produced by CA compared to other 

AOM fractions. In order to achieve a fair comparison, and to identify the source of AOM 

fractions, each solution (i.e. RSW, F/2 medium, and AOM culture medium) were 

analyzed separately as shown in Figure 3-10, Figure 3-11, and  

Figure  3-12. 

 LC-OCD results show the comparative chromatograms of culture medium, RSW, and 

F/2 medium respectively. The biopolymer growth started from the exponential phase (day 

2-8) to stationary-death phase (day 10-18). The biopolymer peaks are clearly detected 

between 26-38 min retention times. This retention time is within the range described by 
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Huber et al., (2011). The highest biopolymer peak was observed on day 14 when the 

algal cells counts reached the maximum. Another major peak of the chromatogram can be 

observed between 45-53 min and represents the low molecular weight (LMW) acids. This 

LMW acid peak could be attributed to the F/2 culture medium where the EDTA agent is 

one of its components [92].  Small peaks for building blocks and LMW neutrals were 

also detected as shown in Figure 3-11. The chromatograms of culture medium correlated 

positively with AOM culture. One major peak for LMW acids was seen to appear in the 

same retention time range of LMW acids for AOM. Apart from this, no peaks were 

observed for culture medium during all AOM growth phases. Furthermore, minor peaks 

of biopolymer, building blocks, humics, and LMW acids and neutrals appeared in the 

RSW solution (Figure 3-10). However, the amounts of these fractions are very low when 

compared to the final AOM concentration ( 

Figure 3-12). Thus, the RSW fractions have little impact or effect on the final AOM 

composition. From the perspective of the LC-OCD results, AOM mainly consists of a 

biopolymer fraction (i.e. polysaccharides and proteins) and some minor concentrations of 

building blocks and LMW neutrals. In conclusion, the AOM batch culture results in this 

study are in agreement with results reported in literature [92]. In this study, no lag phase 

was observed during the AOM cultivation. This is most likely attributed to the age of 

inoculum in the culture tube [97]. Additionally, the Red Sea water quality characteristics 

used in the present AOM cultivation experiment differs from synthetic seawater used by 

Villacorte et al., (2013) [92]. Although this experiment highlights the difference between 

AOM cultivation in synthetic and real seawater, additional experiments in this regard are 

needed to investigate the potential reasons behind this observation.  
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Figure 3-10: chromatograms of RSW 

 

Figure 3-11: LC-OCD chromatograms of F/2 medium 
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Figure 3-12: LC-OCD chromatograms of biopolymer concentration of AOM growth vs. 

other DOC fractures   

 

 

Biopolymer

20 30 40 50 60 70 80 90 100

0

2

4

6

8

10

s
ig

n
a

l 
re

s
p

o
n

s
e

Retention time (min)

 DAY 2

 DAY 4

 DAY 8

 DAY 10

 DAY 14

 UVD

B
u
ild

in
g
 b

lo
c
k
s

LMW acids and Humic like substances

LMW neutrals 



97 

 

 

 Figure 3-13: LC-OCD comparative chromatograms of biopolymer concentration of (a) 

AOM growth vs. (b) F/2 medium vs. (c) RSW, and other DOC fractions 

during AOM cultivation  
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from day 2 (exponential phase) to day 18 (stationary-death phase). This trend shows the 

DOC concentrations increase positively with biopolymer concentration, implying 

biopolymer is a high portion of the DOC concentration. The concentration of DOC varied 

from low to high between the exponential growth phase and stationary-death phase. At 

day 14, the DOC concentration increased dramatically, basically due to dramatic change 

in biopolymer concentration. When a time comes into AOM percentage of total DOC 

concentration, the AOM as a function of biopolymer concentration represents around 

65% of DOC during stationary-death phase (Figure 3-15). The percentage of biopolymer 

observed here is consistent with reports in previous studies on AOM cultivation [47, 98]. 

In other words, the AOM production consists mainly of biopolymers and a moderate 

portion of building blocks and low portion of LMW. Furthermore, the low portion of 

LMW observed at stationary-death phase is most likely due to algal cell lysis [51].  

 

         

Figure 3-14: biopolymer concentration vs DOC during AOM cultivation 
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Figure 3-15: biopolymer production as a function of concentration and percentage vs 

DOC during AOM cultivation 
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could be humic-like substances that highly potential to be mixed with LMW acids which 

originate from the F/2 medium. Previous studies have reported that the presence of 

humic-like substances in AOM stock solution could be attributed to the AOM culture 

medium [92, 99]. In this study, the main source for these humic-like substances was 

found to be most likely from the Red Sea water used in the AOM stock culture solution.   

3.3.7 NMR results 

3.3.7.1  NMR
 13

C solid-state Spectrum measurements 

Scanning through Figure 3-16, results suggest that the AOM structure mainly consists of 

polysaccharides, proteins, amino acids and fatty acids.  Starting from right to left, the 

aliphatic group was dominant at 0-30 chemical shift. When the chemical shift indicates to 

17 ppm, it is aliphatic hydrocarbon fragment from methyl-C in amino acids. Similarly, at 

band of 23 aliphatic hydrocarbons of amino acids was also observed. It could be derived 

from primary algal production. The 
13

C spectrum showed the presence of carbon atom in 

alicyclic ring and aliphatic methylene-C structure in amino acids at band of 30 and 40 

ppm, which originates from terpenoid precursors in algae [100-103]. Furthermore, the 

protein (C-N linkage in amide) was observed at 53 ppm whereas the carbohydrates 

represent the highest peak among the whole 
13

C spectrum at the band of 71 ppm. It is a 

clear sign that polysaccharides dominate in the present AOM sample. Next to the 71 ppm 

peak, the carbohydrates extended their dominance in the form of anomeric carbon at 99 

ppm.  The aromatic and phenolic carbons, mainly proteins containing hydroxyl-aromatic 

amino acids, are found at 130 and 156 respectively. They are most likely available due to 

the presence of poly-hydroxyl-aromatics.  The second highest peak was for another type 
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of protein at 174 ppm, a carbon group containing carboxyl and carbonyl functional 

groups of fatty acids in carbohydrates. In short, the 
13

C spectrum demonstrated that AOM 

as a function of biopolymer is mainly comprised of polysaccharides, proteins, amino 

acids, and fatty acids. The high portion of polysaccharides and proteins reflect that AOM 

is a hydrophilic and highly negatively charged compound [38, 51]. Reports in literature 

show that the polysaccharides and proteins, the two main constituents, have been found 

to be promoters for biofilm growth and biofouling formation on membrane surfaces 

applied in the drinking water industry [5, 88].     

Figure 3-16:
 13

C solid-state NMR spectrum for AOM at stationary-death phase 
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3.3.7.2  
NMR

 1
H liquid-state spectrum  

The 
1
H NMR spectrum was analyzed according to Simpson et al. (2011). Three 

functional groups were clearly observed in the AOM sample; the aliphatic hydrocarbon 

group ranging between 0.5-2.5 ppm chemical shift, carbohydrates ranging between 3-5.5 

ppm, and the aromatic/amide functional group starting from 6-8.5 ppm. The 

carophydrates area represents the highest concentration among the other chemical shift 

assignments. In fact, this is in line with previous studies on the same species [104, 105]. 

However, the peak signals in the present study are very high compared to reported values. 

This could be due to the analysis beening conducted using NMR with 900 MHz instead 

of 500 and 700 MHz as for the previus studies. Additionally, the AOM analyzed was 

cultivated and extracted using real Red Sea seawater (RSW) instaed of synthetic seawater 

or (SSW). As indicated in Figure 3-17, the aliphatic group includs mythyl which belongs 

to peptides in amino acids (protein) and (CH2γ to COOH) and (β to COOH). 

Furthermore, the carbohydrates which are manly polysaccharides contained methoxyl 

(lignin), α-proton peptides, and anomeric carbohydrate and double bonds. The aromatic 

group demonstrated the availability of lignin aromatics, aromatic amino acid side chains 

and amide in peptides, respectively. To conclude, the 
1
H spectrum results are in 

agreement with those by 
13

C NMR in regards to chemical compositions of AOM derived 

from CA species as well as with LC-OCD chromatograms. The AOM is mainly made up 

of biopolymers, consiting of carbohydrates (mainly polysachcarides), proteins, and amino 

acids respectively.    
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Figure 3-17:
 1

H liquid-state NMR spectrum for AOM at stationary-death phase 
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3.4 Conclusions 

1. From the LC-OCD results, AOM mainly consists of a biopolymer fraction (i.e. 

polysaccharides and proteins) and some minor concentrations of building blocks 

and LMW. 

2. The highest biopolymer peak was observed on day 14 when the algal cells counts 

reached the maximum. 

3. The results demonstrate a clear linear correlation of DOC with biopolymer 

concentration starting from the exponential phase to stationary-death phase. This 

trend shows the DOC concentrations increase positively with biopolymer 

concentration, indicating the high portion of biopolymers in the DOC 

concentration. 

4. The chlorophyll-a and total algal cells data at day 14 support and correlate 

positively with biopolymer values. 

5. The 
13

C spectrum results demonstrated that AOM as a function of biopolymer is 

mainly comprised of polysaccharides, proteins, amino acids, and fatty acids. The 

high portion of polysaccharides and proteins reflect that AOM is a hydrophilic 

and highly negatively charged compound. 

6. The 
1
H spectrum results are in agreement with those by 

13
C NMR in regards to 

chemical compositions of AOM derived from CA species as well as with LC-

OCD chromatograms. The AOM consists primarily of biopolymers comprising 

carbohydrates (mainly polisaccarides), proteins, and amino acids respectively.    

7. Three functional groups were clearly observed by  
13

C NMR in the AOM sample 

including aliphatic hydrcarbons, carbohydrayes, and aromatic/amide.   
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Chapter 4 

4 Performance of dual media filtration at ambient and algal blooms 

conditions and during various pretreatment scenarios 

4.1 Abstract 

In recent years algal organic matter (AOM) has been investigated as a cause of 

organic/particulate fouling in seawater reverse osmosis (RO) membranes and 

pretreatment systems. While attention has been given to AOM fouling of membrane-

based pretreatment systems, studies on the role of AOM in performance of conventional 

pretreatment options are limited. This chapter investigates the operation of dual media 

filtration (DMF) pretreatment during ambient and simulated algal bloom conditions, and 

the role of coagulation and dissolved air flotation (DAF) in mitigating the adverse effects 

of algal blooms on DMF performance. The study also highlights which AOM 

concentrations are critical to organic fouling in DMF pretreatment for seawater 

desalination with RO. Laboratory-scale experiments were conducted using AOM 

obtained from the marine diatom species Chaetoceros affinis (CA). Feed water was 

prepared by spiking Red Sea water (filtered through 5 µm) with different concentrations 

of AOM, measured as biopolymers. Three pretreatment scenarios consisting of DMF 

without coagulation, DMF with coagulation and sedimentation, and DMF with 

coagulation and DAF were implemented for different AOM concentrations (0 - 0.4 mg 

C/L) to represent biopolymer concentrations observed during algal blooms. The study 

revealed that AOM can induce organic fouling in DMF during simulated algal bloom 

conditions at biopolymer concentrations as low as 0.2 mg C/L. DMF performance was 
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strongly affected by AOM concentration as observed by flow rate decline through time. 

Liquid chromatography – organic carbon detection (LC-OCD) analysis showed higher 

removal rates of biopolymers than lower molecular weight fractions (i.e. humic 

substances, building blocks and low molecular weight neutrals) for all pretreatment 

scenarios. The study also indicated that while DMF performance was enhanced with 

coagulation and sedimentation, the most significant improvement in performance was 

observed for DMF operation preceded by coagulation and DAF. Hydraulic performance 

of DMF correlated well with biopolymer removal. Removal efficiencies of the three 

process trains investigated were rates of 72% for coagulation/DAF, 53% for 

coagulation/sedimentation, and 39% for no coagulation, respectively.  

 

4.2 Introduction 

Dual media filtration (DMF) is one of the most commonly used pretreatment options for 

seawater reverse osmosis (SWRO) plants. This pretreatment technique is mainly 

designed for eliminating the particles and suspended solids [7]. However, adding 

coagulation and flocculation make it possible for the DMF process to also remove 

colloidal particles as well as some of the dissolved organic carbon (DOC) fractions.  

Throughout SWRO operational history, the RO membrane process still suffers from 

organic and biofouling phenomena even though bacteria and algal cells have been 

removed from the feed water during the pretreatment stage [4]. Much attention has been 

given to the role of AOM in membrane-based pretreatment systems using microfiltration 

and ultrafiltration (MF/UF), however, studies on the role of AOM in conventional 
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pretreatment (e.g. DMF) are limited. AOM is a fraction of DOC and is produced by 

algae. It mainly consist of biopolymers, predominately polysaccharides and proteins 

[106]. Previous studies have shown that AOM is a major concern in leading to organic 

and biofouling in reverse osmosis (RO) plants [5, 6]. DMF is one of the most commonly 

used pretreatment options for SWRO plants and is effective in removing particulate 

matters, however, colloidal matter remains a challenge. Adding coagulation and 

flocculation processes can enhance DMF performance in terms of colloidal matter 

removal, including some of the DOC fractions. Coagulation is a chemical process by 

which natural organic matter or dissolved organic matter (NOM/DOC) fractions removal 

can be enhanced [8]. However, AOM is different in character to NOM/DOC and thus 

AOM removal and potential fouling in DMF pretreatment is most likely to behave 

differently. AOM can be removed during coagulation by adsorption to metal hydroxide if 

the pH > 6 and complexation with soluble metal species if pH < 6 [107]. Coagulation 

using ferric chloride (FeCl3) is recommended in seawater pretreatment because of the 

equilibrium solubility of iron. In addition, ferric chloride can be used over a wide range 

of pH and temperature values.  Dissolved air flotation (DAF) has been reported as one of 

the most effective pretreatment options for RO during algal blooms. However, few 

studies have been done to compare DAF, DMF, and typical coagulation sedimentation in 

light of AOM removal. In typical seawater conditions, Guastalli et al. (2013) reported 

that biopolymers were partially removed by DAF+DMF (18%) and by DAF+UF (41%)  

pretreatment configurations [13]. This chapter investigates the performance of DMF 

during ambient Red Sea conditions and simulated algal blooms at various AOM 

concentrations. Which AOM concentrations are critical to organic fouling in DMF 
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pretreatment for SWRO plants was also investigated. Moreover, the study highlights the 

role of coagulation/sedimentation and DAF in minimizing the adverse impact on DMF 

performance. Small-scale laboratory tests using feed water prepared by spiking Red Sea 

water (filtered through 5 µm) with different AOM concentrations (0-0.4 mg C/L) 

measured as biopolymer to mimic wide spectrum of ambient and algal bloom conditions 

observed in Red Sea water environment were conducted. AOM was obtained from the 

marine diatom species Chaetoceros affinis (CA) cultivated in the laboratory. Three 

pretreatment schemes were tested in this study; DMF with no coagulation, DMF with 

coagulation/sedimentation, and DMF with DAF.  

 

4.3 Research objectives 

1. To investigate the operation of DMF during simulated algal bloom conditions, and 

the role of coagulation and dissolved air flotation (DAF) in mitigating the adverse 

effects of algal blooms in terms of AOM on DMF performance. 

2. To examine the role of AOM concentration on the hydraulic performance of the 

various SWRO pretreatment processes at different AOM concentrations representing 

mild and severe algal bloom conditions. 

3. To study the correlation of turbidity and SDI with various AOM concentrations at 

various SWRO pretreatment processes. 
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4.4 Research questions 

The main research questions in this study are:  

1. Is AOM responsible for organic fouling in the conventional pretreatment systems (e.g. 

DMF) for SWRO plants during algal blooms? 

2. What is the critical AOM concentration causing organic fouling in RO plants when 

using DMF as pretreatment? 

3. Do turbidity and SDI values respond positively or negatively with DMF removals for 

various AOM concentrations? 

 

 

4.5  Hypothesis  

 

Some SWRO plants need to shutdown during algal bloom events in the Arabian Gulf 

region. AOM excreted from algae is the main reason behind this fouling phenomenon and 

there is a critical AOM concentration that enhances organic fouling in DMF pretreatment. 

 

4.6 Material and Methods  

4.6.1  DMF design - overview 

Various design parameters need to be taken into consideration when designing DMF 

pretreatment systems for SWRO desalination plants during algal blooms, summarized in 

Table  4-1. The feed water used for this study is from the Red Sea water, Saudi Arabia. 

The aim of the study was to simulate as close as possible the conditions of a full-scale 
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SWRO plant in Jeddah. The DMF unit was therefore constructed with anthracite taken 

from the Jeddah SWRO plant and the sand was collected from the surrounding areas in 

Jeddah to imitate the DMF media used in the Jeddah SWRO plant. To simulate algal 

bloom conditions in the lab, a large quantity of algal cells need to be cultivated and large 

volumes of AOM extracted to match typical full-scale DMF feed water properties during 

algal blooms.  

  

Table 4-1: Typical gravity DMF design criteria and properties for brackish and seawater* 

# Parameter Property  

1 Filter type Dual media filter, down-flow  

2 Flow control Constant flow  

3 Filtration rate (m/h) 5 -10  

4 Top layer Anthracite/pumic  

5 Depth (m) 0.6 - 1  

6 Effective size (mm) 0.8 - 2  

7 Uniformity coefficient  0.9 - 1.8  

 8 Bottom layer Sand  

9 Depth 0.4 - 1.6  

10 Effective size (mm) 0.4 - 0.8  

11 Uniformity coefficient 1.2 - 1.6  

12 Support layer Garnet/gravel  

13 Effective size (mm) 0.2 - 0.6  

14 Uniformity coefficient 1.5 - 1.8  

15 Filtration cycle duration (h) 24  

* adapted from [108-110]. 
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4.6.2 Lab scale DMF column design 

The DMF used in this study is classified as a gravity-driven rapid dual media filter with 

filtration rate of 4-5 m/h. A DMF column was fabricated from plexi-glass material with 

three layers of media (Figure  4-2). More details on the design and specification of the 

DMF column are presented in Table  4-2. According to the literature, there are some 

factors which have high potential to impact the DMF design and operation [108]. 

Temperature can affect the removal efficiency of dissolved organics when an active 

biofilm is formed in the filter, improving when the biomass growth rate increases with 

increasing temperatures. The feed water temperature in this study ranged from 22-24 
0
C 

during experiments. Marine bacteria typically require 4-6 weeks at favorable conditions 

to develop an active biofilm layer on the media thereby making the DMF a bio-filtration 

unit. The DMF unit in this study was designed not to promote bio-filtration, operated 

with 24 h filtration cycles and thus temperature was not a significant factor in the DMF 

removal efficiency.  The filtration rate (i.e. loading rate) was set to 4-5 m/h, which is a 

typical design range for full-scale DMF systems. Down-flow filtration is the most 

commonly used approach in seawater desalination plants [109]. The DMF column in this 

study was designed to be down-flow filtration due to its advantage over up-flow for 

retaining contaminants at the top of DMF, as well as for minimizing the release of 

organics by broken microbial cells. The driving force for DMF is an important design 

factor where gravity filters vs. pressure filters have the main advantage of removing more 

organics. This advantage is attributed to a longer contact time between the media and the 

organics increasing retention during the filtration processes [111]. During pressure 

filtration the contact time is very short due to high filtration rates, which can result in 
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algal cell breakage and thus release and breakthrough of organic materials like 

polysaccharides which can lead to a higher membrane fouling potential in SWRO plants 

[108]. Even though algal cells in the feed water of this study were removed by a 5 µm 

cartridge filter, the DMF column was purposely designed as gravity-driven DMF to avoid 

such problems and to enhance the overall organic removal efficiency. Other factors (e.g., 

effective size and uniformity coefficient) were also considered in the experimental 

design. With respect to design and operating parameters, the DMF column built was 

found to meet typical DMF designs applied in commercial SWRO pretreatment systems 

(Table  4-2).  

 

Table 4-2: Lab-scale DMF column properties 

# Parameters DMF column 

1 Top media type (15 cm) 

Effective size (mm) 

Uniformity coefficient  

Bottom media type (5 cm) 

Effective size (mm) 

Uniformity coefficient  

Support media type 

Effective size (mm) 

Uniformity coefficient mm 

Anthracite 

0.9 

0.82  

Sand 

0.52 

1.4 

Gravel 

0.33 

1.75 

2 Filtration loading rate m/h 4.2 – 5 

3 Flow control Constant level 

4 Filtration cycle duration (h) 24 
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Figure 4-1: DMF column design with its base for bench-scale setup 

 

Figure 4-2: DMF column design in a complete bench-scale setup 
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4.6.3  Media selection and analysis 

Designing the DMF unit included media selection to match the conditions of real SWRO 

pretreatment treatment plants. Two important design criteria for the filter media are 

Effective Size (ES) and Uniformity Coefficient (UC). A standard method, ASTM C 136-

01 (Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates 1) was used 

for the filter media analysis [112].  Results from the analysis are presented for sand in 

Table  4-3 and (Figure  4-3), and for anthracite in Table  4-4 and (Figure  4-4).   

 

Table 4-3: Sand sieve analysis 

# 
Sieve 

No. 

Opening size 

(mm) 

Sand weight 

(g) 

Sand retained 

% 

Sand 

passing % 

1 16 1180 0 0 100 

2 18 1000 2.87 1 99 

3 20 850 72.5 24.1 74.9 

4 25 710 122 40.6 34.9 

5 30 600 50.43 16.81 17.47 

6 35 500 27.6 9.2 8.28 

7 40 425 18 6 2.29 

8 45 355 6.5 2.1 0.19 

9 200 75 0.1 0.03 0.09 
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Figure 4-3:  The effective size (ES) and Uniformity coefficient (UC) for the sand media 

 

From Table  4-3 and Figure  4-3, the ES and UC for the sand were calculated using the following 

calculations (ASTM C 136-01., 2001): 

Sand effective size, ES or D10 = 0.52 mm                                                                                  (1)                     

Uniformity coefficient, UC= D60 / D10 = 0.8 /0.52 = 1.4 mm                                                    (2) 
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Table 4-4: Anthracite sieve analysis 

# 
Sieve 

No. 

Opening size 

(mm) 

Anthracite 

weight (g) 

Anthracite 

retained rate % 

Anthracite 

passing % 

1 7 2800 0 0 100 

2 8 2360 1.56 0.52 99.48 

3 10 2000 9.6 3.2 96.22 

4 12 1700 26.36 8.78 87.44 

5 14 1400 37.9 12.62 74.82 

6 16 1180 45.77 15.25 59.57 

7 18 1000 83.17 27.72 31.85 

8 20 850 62.83 20.94 10.91 

9 25 710 25.37 8.45 2.46 

10 30 600 4.68 1.56 0.9 

11 70 212 2.77 0.9 0 

 

 

From Table 4-4 and Figure 4-4, the ES and UC for the anthracite was calculated using the 

same following calculations (ASTM C 136-01., 2001): 

Anthracite effective size, ES or D10 = 0.9 mm                                                                  (3) 

Uniformity coefficient, UC= D60 / D10 = 0.9 /1.1 = 8.2 mm                                              (4) 
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Figure 4-4 :  The effective size (ES) and Uniformity coefficient (UC) for the anthracite 

media 

 

4.6.4 DMF operation  

The DMF was connected to a 50 L tank with Red Sea water (influent), pre-filtered with a 

5 µm cartridge filter to ensure the influent water is free from large algal cells and 

eventually to avoid any additional AOM concentration in the influent water. The source 

water was taken directly from intake bay water line in the WDRC lab, after flushing for 

30 minutes. The, various AOM concentrations as a function of biopolymer were spiked in 

this tank for all three pretreatment scenarios (Figure 4-2). Prior to operation, the filter 

media was washed with Milli-Q water and dried at 100 
0
C to ensure the media was free 
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from moisture and any undesired organics and microorganisms. The media was then 

loaded in the column filter starting from gravel, sand, and anthracite, respectively (back 

flow). The filter column was then filled with water from the bottom to the top with gentle 

flows to take out all the air inside the column. Once the air has been expelled, the column 

was immediately closed and the experimental run started in the down-flow direction. The 

flow rate was maintained at 33 mL/min to maintain a constant filtration rate of 4.2 m/h. . 

The column was designed to recirculate the overflow head water into the influent tank to 

maintain the water level (head) as shown in (Figure  4-2). The DMF column effluent tank 

was placed on a large scale balance, connected to a computer program.  For DMF 

sampling, samples were collected from effluent at different volumes; 10 L, 20 L, 30 L, 40 

L, and 50 L, respectively. Analyses were conducted immediately after sample collection 

and compared with influent quality for all the three scenarios to evaluate the performance 

of each pretreatment technique separately. More details are presented in the water 

analysis section.     

 

4.6.5 Coagulation system design  

To design an effective coagulation system for DMF, the following parameters were 

considered; 

1. Raw water quality 

2. Type of process equipment 

3. Type of chemical coagulant 
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4.6.5.1 Red Sea water quality characteristics 

Water quality characteristics are important in designing and assessing the performance of 

a coagulation system. Reports in the literature have defined which seawater quality 

parameters need to be examined before coagulation takes place in RO pretreatment 

systems [33, 113]. Therefore, the parameters affecting the coagulation design and 

performance were tested in the WDRC laboratory, as presented in Table  4-5.  

 

Table 4-5: Red Sea water quality parameters and their role in coagulation 

Parameter Values Why these parameters are important in the selection 

of coagulation system? 

Turbidity (NTU) 0.8-1.4 One of the evaluation factor for coagulant effectiveness 

Temperature (
o
C) 22-25 Usually temperature can affect coagulant performance if 

temperature below 5 
0
C and above 25

 o
C. This is not 

applicable in our study as the temperature was ranging 

from 22 to 24 
0
C in the Red Sea water. 

pH 8-8.2 The effectiveness of coagulant is highly pH dependent. 

pH is a critical factor in water stability (ionic stability) 

DOC (mg/L) 0.5-1.3 One of the evaluation factor for coagulant effectiveness 

Biopolymer (µg/L)  40-100 In this study, the main removal parameter is biopolymer. 

It is around 20,000 kDa in size. Thus, it is so important to 

determine the best removal efficiency  

 

4.6.5.2 Type of process equipment 

To mimic the typical industrial coagulation processes for SWRO pretreatment, 

particularly in Saudi Arabia, coagulation –flocculation and sedimentation processes have 

been selected in this study. 
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4.6.5.3 Type of chemical coagulant 

For this study, the focus was more on the best coagulant for AOM or biopolymer 

removals. Edzwald et al. (2011), Sharp et al. (2006a), and Zhao et al. (2011), report that 

ferric chloride (FeCl3) is one of the best options for better coagulation due to its 

advantages over Alum-based coagulants in NOM removal [33, 114, 115]. However, 

AOM represents a fraction of DOC, and AOM does not necessarily reacted with ferric 

chloride in a similar way to DOC. After chemical selecting a coagulant, jar tests was 

conducted to determine the effectiveness of ferric chloride in AOM removal as a function 

of biopolymer, and to determine the best operational conditions for coagulation 

flocculation and sedimentation processes.  

4.6.5.4 Coagulation flocculation tank and impeller design  

The coagulation, flocculation and sedimentation tank was designed in collaboration with 

the technical workshop at KAUST (Figure  4-5). The shape and the dimensions of the 

tank were designed based on the criteria available in related references as shown in 

(Table  4-6). The tank capacity was designed to be quite large to ovoid overflowing 

during coagulation. However, only 50 L was coagulated in every experiment. In order to 

acquire the best mixing intensity (G value) during coagulation and flocculation processes, 

an impeller was also designed at the workshop ( 

Figure 4-6). A strong mixer (IKA EUROSTAR 60) with high torque and sequential 

mixing intervals was used in the coagulation flocculation sedimentation tank. .The 

coagulation flocculation sedimentation operational conditions were the identical with jar 

test conditions.  
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Table 4-6: Coagulation impeller and tank design criteria* 

Parameter Typical Range Our design 

 

Advantage 

 

Impeller Bitched blade 

turbine  

Single paddle  

Blade diameter/Width (m) 0.3-0.6 0.25  

High / width (m) 0.9-1.1 0.6  

Distance in between (m)  0.33-0.5  0.35  

Tank shape Square or cubic  Cubic shape Uniformity particle 

mixing and avoid 

vortex circulation. 

Type of floc produced     Small, medium, 

dense 

Small,  medium, 

dense 

 

Head loss    None None No head loss 

Energy input    Higher energy input 

potential 

Velocity gradient for 

flocculation 

  10 -80 sec 
-1

 20 sec
-1    

  

* adapted from [110, 116, 117]. 
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Figure 4-5: Coagulation flocculation tank design 

 

Figure 4-6: coagulation flocculation impeller design 
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4.6.5.5 Jar tests 

Optimal coagulation conditions for AOM removal with (FeCl3 ) was determined using jar 

tests, following the standard method Standard Practice for Coagulation-Flocculation Jar 

Test of Water (ASTM D2035-13). The Red Sea water was spiked with AOM 

concentrations of 0.1, 0.2, and 0.4 mg C/L measured as biopolymer, and placed in 2 L 

beakers. Various coagulation concentrations of FeCl3 were tested ranging from 0.2-2.8 

mg-Fe
+3

 L
-1

 at various pH values. The pH values tested ranged from 5-8 to cover a wide 

pH spectrum to determine optimal AOM removal. More details are given in the results 

and discussion section. The jar test applied 2 minutes at 200 rpm for coagulation 

followed by flocculation for 15 minutes at 35 rpm. The supernatant then was collected 

after 30 minutes sedimentation.  

 

4.6.5.6 Coagulation dosage 

In relation to many published references, the typical dosages of ferric chloride are from 

5-150 mg/L [110, 114, 118]. However, the dosage is mainly a function of raw water 

properties. The coagulant dosages tested in this study are summarized in Table  4-7. 
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Table 4-7: Ferric chloride dosage rates as a function of (Fe
3+

 ) 

Coagulant type FeCl3 concentration 

(ppm) 

Fe 
3+   

concentration 

(mg/L) 

Ferric chloride 1 0.2 

3 0.6 

5 1 

8 

10 

1.65 

2 

12 2.4 

14 2.8 

  

 

4.6.6 Dissolved Air Floatation (DAF) 

A DAF jar test apparatus was used to assess DAF as an alternative pretreatment option to 

remove AOM compared to conventional coagulation and filtration (Figure  4-7). The 

apparatus includes three glass beakers, each with a volume of 1.3 L. The same conditions 

as applied in the conventional jar test were tested. Microbubbles were generated by 

pressurizing seawater to 5 bars in a separate container, allowing saturation with air, and 

releasing this water into the beakers. The pressurized seawater was set at 10 % of the 

total coagulation volume (i.e., 100 mL). Flotation time was set to 10 minutes. After 

flotation, the clarified water was recovered. The first 100 mL was used for rinsing the 

line and the other 100 mL at the bottom was discarded due to its high content of flocs.  
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Figure 4-7: Illustration of DAF jar test apparatus 

 

4.6.7 AOM cultivation and extraction 

The method developed by Myklestad (1995) was used to cultivate and extract AOM in 

the lab [47]. The Chaetoceros affinis (CA) marine diatom species was cultivated in an 

environmental chamber at 20 
o
C and (40 µmol m

-2
s

-1 
) photon flux density. The 

cultivation started with inoculation of 2-5 ml CA in 50 mL culture tubes containing 40 ml 

of autoclaved Red Sea water (pre-filtered through 0.45 µm) with addition 2 ml of F/2 

Medium from Sigma Company. The F/2 Medium is a seawater enrichment solution 

containing all the necessary nutrients for algae cultivation. After one week, 5-8 mL was 

transferred to a 1L flask containing 200 mL of autoclaved Red Sea water. A week later, 

the flask content was transferred to a 10 L glass bottle containing 5 L of autoclaved Red 

Sea water mixed with 100 mL of F/2 Medium. Regular analysis of biopolymer 

concentrations, chlorophyll-a, and DOC was conducted every 2 days to monitor the AOM 

growth. AOM was extracted at the stationary-death phase (10-18) days when the 
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biopolymer reached the highest concentration. More details are provided in the AOM 

cultivation and extraction (Chapter 3). 

 

4.6.8 Water analysis 

Seawater samples were collected from the DMF effluents at different volumes; 10 L, 20 

L, 30 L, 40 L, and 50 L, respectively. Analysis was conducted immediately after 

sampling for turbidity, DOC, SDI, and AOM fractionations by LC-OCD. These analyses 

were also conducted for the feed water, after coagulation/sedimentation, and 

coagulation/DAF to evaluate the performance of DMF. 

 

4.6.8.1 AOM characterization 

AOM samples (10 ml) were collected in glass bottles and placed in the LC-OCD Mode II 

instrument (DOC-Labor, Karlsruhe, Germany). This instrument has been widely used for 

DOC fractionation analysis [92, 96]. The LC-OCD is able to measure DOC fractions 

(e.g., biopolymer, humic substances, building blocks, and LMW acids and neutrals) in 

absorbance units/volume. The DOC fractions were evaluated based on their variations in 

chromatograms using software programs (Chrom CALC) and (ChromRES) provided by 

the same company mentioned above.  
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4.6.8.2 Turbidity 

Turbidity samples were collected in 0.5 L glass bottles from the feed water, after 

coagulation/sedimentation, and coagulation/DAF. The turbidity samples were analyzed 

using bench turbidity meter (HACH 2100N).  

4.6.8.3 SDI 

 SDI inspector equipment manufactured by Conversion (The Netherlands) was used to 

analyze the SDI of samples. This instrument consists of a pump, 0.45 filter holder, and 

LCD screen and operates in automated mode and time. The method used by this 

equipment is compatible with the standard method (ASTM standard (D 4189 – 07): 

standard test method for SDI of water. The samples were collected in 1 L glass bottles 

and pumped into the inspector.   

 

4.6.9  Scenario (A): DMF with no coagulation 

50 L feed water was prepared as described above. Four AOM concentrations, measured 

as biopolymer, were spiked individually. The first concentration represents the ambient 

biopolymer concentration (0-0.06 mg C/L) for Red Sea water (RSW). The other 

biopolymer concentrations (0.1-0.4 mg C/L) aim to simulate the transition period from 

ambient seawater conditions to substantial algal bloom events. The DMF was operating 

for 24 h at constant flow rate 33 mL/m. The flow was monitored using LabVIEW 

software connected to a high capacity balance from Sartorius. All experimental cycles 

were conducted in duplicates. The experimental configuration is shown in (Figure  4-8).  
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Figure 4-8: DMF design with scenario (A): No coagulation 

 

4.6.10 Scenario (B): DMF with coagulation flocculation + sedimentation 

The same AOM concentrations and DMF operational conditions as in scenario (A) were 

applied in scenario (B). In contrast the feed water was coagulated prior to feeding it the 

DMF unit using a 50 L batch coagulation tank equipped with a variable and sequential 

mixer (IKA EUROSTAR 60).  Ferric chloride (FeCl3) was dosed in the coagulation tank 

applying a mixing of 2 minutes at 200 rpm speed followed by flocculation for 15 minutes 

at 35 rpm. Sedimentation starts immediately after flocculation and was allowed for 1 hour 

before the DMF was started. The experimental configuration is illustrated in (Figure  4-9). 
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Figure 4-9: DMF design with scenario B; coagulation – sedimentation 

 

4.6.11 Scenario (C): DMF with coagulation + DAF 

A small-scale DAF system from Orcchaides (France) was used for scenario (C). This 

system includes three glass funnels and the volume of each one is 1.3 L (Figure  4-10). 

Furthermore, the system has a pressurized cylinder by which air bubbles can be generated 

at 5 bars. The same coagulation/flocculation conditions as in scenario (B) were applied. 

Once the flocculation process has been completed, the floatation process starts until the 

water level in each funnel reaches 1,100 mL.  After 10 minutes, 1 L of water was 

collected from each funnels after discarding the first 100 mL. The water then is fed into 

the DMF under the same operational conditions of scenarios (A) & (B).  
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Figure 4-10 : DMF design with scenario (C): DAF +DMF 

 

4.7 Results and discussion 

4.7.1 Jar test 

Jar test is a standard method to determine the optimum coagulation dose and pH. In this 

study, ASTM: D2035 – 13 (Standard practice for Coagulation-Flocculation Jar test of 

Water) has been used as standard method for jar test. Turbidity, DOC, and biopolymer 

parameters have been tested in terms of the optimum coagulant dose and pH. The AOM 

concentrations (Red Sea water, 0.1, 0.2, and 0.4 mg C/L) were used as a feed against 

various ferric chloride concentrations (1-14 ppm) or (0.2 to 2.8 mg-Fe
+3

 L
-1

).  
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4.7.1.1  The optimum coagulant dosage 

Jar test results showed an optimal coagulant dose of 12 ppm as ferric chloride or 2.4 mg-

Fe
+3

 L
-1

 for AOM (expressed as biopolymer), DOC, and turbidity removals at an 

optimum pH value of 5.5. Although the coagulation dosage of 12 ppm and 14 ppm gave 

similar results in terms of AOM removal, the 12 ppm was selected due to lower ferric 

residuals at low AOM concentrations (Figure  4-11). No or low residual metals are desired 

to avoid inorganic fouling (scaling) for SWRO plants [119]. Jar test results for 

biopolymer, DOC, and turbidity for both AOM concentrations of 0.2 and 0.4 mg C/L at 

the coagulation dosage concentration of 12ppm are presented in Figure  4-12, Figure  4-13, 

Figure  4-14, Figure  4-15, Figure  4-16, and Figure  4-17.  

 

 

Figure 4-11: Ferric residual for both concentrations 12 ppm and 14 ppm during all AOM 

concentrations. (BDL: below detection limit). 
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Figure 4-12: Biopolymer removal for 12 mg/L and AOM concentration 0.2 mg C/L 

versus coagulant dosage as a function of ferric chloride concentrations 

compared to Red Sea water. 

 

 

Figure 4-13: Biopolymer removal for 12 mg/L and AOM concentration 0.4 mg C/L 

versus coagulant dosage as a function of ferric chloride concentrations 

compared to Red Sea water. 
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Figure 4-14: DOC removal for 12 mg/L and AOM concentration 0.2 mg C/L versus 

coagulant dosage as a function of ferric chloride concentrations compared to 

Red Sea water. 

 

 

 
 

Figure 4-15: DOC removal for 12 mg/L and AOM concentration 0.4 mg C/L versus 

coagulant dosage as a function of ferric chloride concentrations compared to 

Red Sea water. 

Feed 2 4 6 8 10 12 14 RSW
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

D
O

C
 (

m
g
/L

 )

Coagulant dose  (mg/L)

 DOC

Feed 2 4 6 8 10 12 14 RSW
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

D
O

C
 (

m
g
/L

 )

Coagulant dose  (mg/L)

 DOC



136 

 

 

Figure 4-16: Turbidity removal for 12 mg/L and AOM concentration 0.2 mg C/L versus 

coagulant dosage as a function of ferric chloride concentrations compared to 

Red Sea water. 

 

 
 

Figure 4-17: Turbidity removal for 12 mg/L and AOM concentration 0.4 mg C/L versus 

coagulant dosage as a function of ferric chloride concentrations compared to 

Red Sea water. 
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4.7.1.2 The optimum pH  

Various pH values for biopolymer concentration of 0.2 mg C/L were tested, shown in 

Figure  4-18. Results show pH 5.5 as the optimum value for biopolymer removal for the 

AOM concentration of 0.2 mg C/L. When the AOM concentration doubled to 0.4 mg 

C/L, results show the same pH value, shown in Figure  4-19. For DOC removal, a pH of 

6.5 was found to be optimal ( 

Figure 4-20), even with the higher AOM concentration of 0.4 mg C/L (Figure  4-21). 

These findings are in agreement with reported values in the literature. Edzwald et al. 

(2011) reported that coagulation demand increased during algal blooms due to high algal 

and DOC concentration [33]. For seawater temperatures between 20-35 
0
C) at high 

coagulation dosage at pH 6-6.5 was recommended to increase ferric hydroxide formation 

and enhance the coagulation efficiency. The jar test feed water temperature of the present 

study was 23
0
C, which is in line with favorable coagulation temperature suggested in the 

literature. During the addition of coagulant to the jar test feed water, the pH values 

decreased. However, a small amount of HCL was used to reach the optimum pH value. 

Another study by Sheng Li et al. (2016) on Red Sea Water demonstrated that pH 5 was 

the optimum value for TEP removal while pH 6 was the optimum for DOC removal 

[119]. An optimal value of 5.5 was therefore selected for scenarios (B) coagulation 

sedimentation and (C) DAF pretreatment.    
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Figure 4-18: The optimum pH value for biopolymer removal for ferric chloride 

concentration of 12 mg/L and AOM concentration of 0.2 mg C/L. 

 

 

 
Figure 4-19:  The optimum pH value for Biopolymer removal for ferric chloride 

concentration of 12 mg/L and AOM concentration of 0.4 mg C/L 
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Figure 4-20: The optimum pH value for DOC removal for ferric chloride concentration of 

12 mg/L and AOM concentration of 0.2 mg C/L 

 

 

 

 
Figure 4-21:  The optimum pH value for DOC removal for ferric chloride concentration 

of 12 mg/L and AOM concentration of 0.4 mg C/L 
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4.7.2 DMF performance 

4.7.2.1 DMF performance and flow rate during pretreatment scenarios 

The flow rate decline was investigated in this study using a balance connected to a 

LabVIEW program. Generally, the results were found to be strongly linked to AOM 

concentration (expressed as biopolymer). The DMF filtration cycle correlated positively 

with biopolymer concentration as shown in Figure 4-22. With no coagulation (scenario 

A) and AOM concentration of Red Sea water and 0.1 mg-C/L, the flow pattern was quite 

stable between 30 to 33 mL/min (Figure 4-23-A). With AOM concentrations of 0.2 and 

0.4 mg-C/L, the flow declined significantly to 25 and 20 mL/min respectively. The most 

probably reason for the flow decline is that during high AOM concentrations the 

biopolymers can aggregate and removal in the filter is both cake later formation on the 

top of the filter while the smaller biopolymers fill the voids of DMF media and clog the 

pores, resulting in flow rate decline (Figure 4-23). The flow rate is higher for scenario B, 

coagulation and sedimentation, as shown in Figure 4-23-B. Coagulation and 

sedimentation was a positive impact on flow rate and DMF performance. However, the r 

DMF performance is dependent on AOM concentrations. Results show the flow 

decreased from 33 to 27 mL/min for AOM concentration of 0.2 mg-C/L and from 33 to 

25 mL/min for AOM concentration of 0.4 mg-C/L, compared with 25 and 20 mL/min 

during no coagulation. The improved DMF performance is attributed to the role of 

coagulation sedimentation in removing more biopolymer than without coagulation 

pretreatment, and consequently enhancing the filterability. Coagulation and flocculation 

process has been proved effective in removing NOM particles in general, and biopolymer 
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from EfOM for wastewater treatments [33] [120]. These studies reported that the 

mechanism of coagulation to remove HMW biopolymers is called sweep-floc, when 

negatively charged biopolymers adsorbed to metal Fe
3+ 

under favorable pretreatment 

conditions such as pH and temperature. Results show a strong improvement in flow
 

decline during coagulation and DAF than during coagulation sedimentation (Figure 4-23-

C). at the same figure (Figure 4-23-C), data presents a reduction in flow rate decline from 

33 to 32 and 31 ml/min for AOM concentrations of Red Sea water and 0.1 mg-C/L, 

respectively. A lower flow rate decline is also shown in the same figure for AOM 

concentrations of 0.2 and 0.4 mg-C/L. The present reduction was from 33 to 28 mL/min 

and from 33 to 29 mL/min for both concentrations individually. Overall, results from this 

study show the best flow rate pattern during DAF compared to pretreatment with no 

coagulation and coagulation sedimentation. This is most probably attributable to its 

capability to remove the light/colloidal biopolymers by air bobbles where these particles 

remain suspended during coagulation sedimentation [80, 121]. DAF has been reported to 

represent one of the promising pretreatment technologies for algae removal, particularly 

during algal blooms events [80]. The published studies on the role of DAF in removing 

algae and organic material during algal blooms report that the removal efficiency is 

positively correlated to algae concentration [80]. Another published study showed a 

reduction in organics by 30-40% when DAF combined with coagulation is used in 

pretreatment [113]. These previous studies are more focused on algae removals, whereas 

this study attempts to simulate mild and strong algal bloom events with more emphasis 

on biopolymer removal. This difference does not changed the fact that DAF is more 

efficient in removing biopolymers and is in agreement with the previous studies 
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mentioned above. Findings in this study show DAF is able to remove more AOM 

fractures, specifically biopolymers, and particularly during high AOM concentrations. In 

summary, the DMF flow rate was strongly impacted by biopolymer concentrations. In 

combination with coagulation and DAF, the flow rate and DMF performance were 

improved. 

 

 

Figure 4-22:  DMF operation time versus all AOM concentrations as a function of 

biopolymer at all pretreatment scenarios; (A): no coagulation, (B): 

coagulation + sedimentation, and (C): coagulation + DAF  
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Figure 4-23:  Flow rate versus cumulative volume for all pretreatment scenarios; (A): no 

coagulation, (B): coagulation + sedimentation, and (C): coagulation + DAF. 
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4.7.2.2 DMF removal mechanisms of biopolymer during pretreatment scenarios 

Generally, there are two removal mechanisms for DOC and their fractions during DMF 

filtration. These mechanisms are physical filtration for particulates, and biodegradation 

[108, 122]. For AOM fractions, molecular weight size and particle charge are important 

properties. For DMF surface area and porosity are important factors when assessing 

removal efficiencies. In addition, seawater conditions such as pH, temperature, ionic 

strength could affect the filtration process positively or negatively. Additionally, the 

predominant fraction (concentration) is also crucial in filtration mechanisms when this 

predominant fraction occupy the surface area of the pores [123, 124]. According to 

literature, there is a high possibility of aggregation of colloidal biopolymer particles with 

each other or with other DOC particles, even in the absence of coagulant [99, 125]. 

Another removal mechanism for DMF is biodegradation. A study by Xing et al. (2010) 

showed that biopolymers are biodegradable and were removed at the upper layer of a 

slow sand filtration process [126]. The best biopolymer removal was reported to occur for 

temperatures ≥ 15 
0
C and biopolymer concentration ≤ 0.5 mg C/L. These values coincide 

for the conditions in this study, seawater temperature 22-24 
0
C and biopolymer 

concentration 0-0.4 mg C/L. However, to establish a biodegradation mechanism requires 

a long operational time for DMF, which was not the case in this study. Therefore, AOM 

removal through biodegradation of biopolymers in this study is negligible. During no 

coagulation and low AOM concentrations, results show that the biopolymer removal is 

mostly by the depth filtration mechanism. Due to their low molecular size and 

concentration, the flow pattern did not change during these low concentrations. While 

during high AOM concentrations the high molecular weight biopolymer could aggregate 
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and removed physically on the top layer, the smallest molecular weight biopolymer filled 

the voids of DMF media clog the pores resulting in flow rate decline (Figure 4-23). The 

contact time then increased and as a result, the removal efficiency is enhanced. By these 

findings, we can explain why the biopolymer removal was high during high AOM 

concentrations versus low AOM concentrations. The present study also demonstrated that 

DMF performance improved as a function of AOM removal, flow rate, and operation 

time during coagulation-sedimentation (Figure 4-22) (Figure 4-23). AOM 

characterization using LC-OCD and NMR showed that the AOM mainly consisted of a 

high portion of polysaccharides and moderate portion of protein. Many studies have 

shown that both of them have a good interaction with ferric salts as found in this study 

where high efficiency of coagulation for biopolymer removal was observed. Large flocks 

were formed after coagulation-flocculation process and are attributed to the negatively 

charged functional groups of polysaccharides and protein. Another key player is the 

optimum pH value (5.5), which enhances the coagulation efficiency. The third factor in 

coagulation efficiency is the ratio of the concentration of negatively charged particles and 

coagulant. The role of these factors has been discussed among previous studies. A range 

of pH from 5 to 6.5 was found favorable for AOM removal depending on AOM species 

[Bernhardt et al., 1986]. The pH, in fact, is strongly linked to the functional groups in 

AOM. For example, at low pH (<6), the polysaccharides which contain the negatively 

charged carboxylic functional group (-COOH) were well coagulated with ferric salts [71, 

72]. Similarly, another study revealed that AOM containing peptide and protein was 

coagulated efficiently by ferric salts when the pH was ranging from 4 to 6. They 

attributed the high efficiency of coagulation to the electrostatic interaction between the 
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negatively charged functional group in the protein and peptide and positively charged 

ferric hydroxide polymer [38]. Thus, the present study is most likely in line with 

literature findings on coagulation efficiency. The study also observed less ferric residuals 

after high biopolymer concentration (0.2, 0.4 mg C/L), explaining a good ratio of 

coagulant dosage and biopolymer concentration. Unlike high biopolymer concentrations, 

coagulation for low biopolymer concentration of Red Sea water (0.1 mg C/L) showed 

less efficiency compared to high biopolymer concentration. Additionally, Jar test results 

showed high possibility of ferric residuals at low biopolymer concentrations, as presented 

in (Figure  4-11). Hence, the low coagulation efficiency is likely due to biopolymer-Fe 

complexes released after coagulation flocculation for low biopolymer concentrations, 

indicating high ratio of coagulant to biopolymer concentration. According to the 

literature, these complexes inhibit the hydrolysis and led to incomplete coagulation [38, 

76, 125] . Furthermore, it was observed that polysaccharides and protein were able to 

bind with coagulants (Fe, Al) and produce complexation. This is highly attributed to the 

functional groups in both polysaccharides and protein and their ability to bound the 

metals, either ferric or alum molecules [38]. As mentioned earlier, the coagulation-

flocculation forms larger biopolymer-flocs which are removed by the top layer of the 

media. The study also observed that, a thin layer was accumulated on the top layer of the 

anthracite at the end of DMF operation only at high AOM concentrations (0.2 and 0.4 mg 

C/L. respectively). It could be due to normal physical removal mechanism (straining), or 

the media was impacted by water chemistry which has been changed in this study after 

the addition of coagulant [127]. One possible explanation is that the media ionic strength 

and surface charges have been influenced by the addition of ferric chloride, leading to 
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pore size shrinkage [127]. The present study also observed that during coagulation the 

media becomes sticky (ripening) by which the biopolymer-flocs particles could attach to 

another biopolymer-flocs particle and form biopolymer- aggregates. According to the 

literature, particles in the porous media can aggregate naturally through electrostatic 

interaction but to some extent [128]. However, when the media chemistry changed due to 

the changes in ionic strength or surface charges, the possibility of aggregation between 

the particle-particle and particle-media increased [128]. Even on a molecular weight 

level, the aggregation is possible as some previous studies reported that humic substances 

can be aggregated in porous media  based on water chemistry characteristics [129].  A 

recent study also reported that humic substances were interacted with protein derived 

from AOM during coagulation [125]. This attachment could be due to stickiness force or 

electrostatic adsorption. While there was an improvement in the flow rate, the media 

voids at this scenario were still quite suffered from blockage. It could be due to colloidal 

biopolymer aggregates that accumulate and clog the media voids partially. Lastly, DMF 

was at the best performance in combination with DAF. The removal mechanism was 

almost the same as during coagulation sedimentation. However, the improvement in the 

performance of DMF is attributed to the ability of DAF for removing the colloidal 

biopolymer versus sedimentation, improving the flow rate and filtration time. In 

conclusion, the DMF filtration performance was highly dependent on biopolymer 

concentration. The biopolymer removal efficiency was mostly attributed to the help of 

coagulation sedimentation, and coagulation DAF compared to DMF alone. In fact, the 

discussion of removal and transport mechanism of biopolymer through DMF porous 
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media requires advanced investigation considering physical and chemical characteristics 

for both media and the particles particularly in the light of size distribution.    

4.7.2.3  DMF removal efficiency of AOM and DOC  

The results of biopolymer removal efficiency during all DMF pretreatment scenarios are 

presented in Figure  4-24. During no coagulation, the biopolymer removal was not 

significant during low AOM concentrations (28-32 %) whereas the removal efficiency 

increased to 39% during the AOM concentration of 0.4 mg C/L. This improvement in 

removal efficiency is attributed to the physical removal and to the higher contact time 

which enhance the depth filtration. The removal efficiency of biopolymers increased for 

coagulation sedimentation, with removal ranging from 32% for low concentration to 53% 

when the AOM concentration was 0.4 mg C/L. DAF results demonstrated the best 

removal of biopolymers for all DMF pretreatment scenarios tested. The removal 

efficiency started at 46% for ambient AOM concentrations of Red Sea water, increasing 

significantly to 72% for the highest AOM concentration (0.4 mg C/L) and best 

pretreatment scenario. The initial DOC removal was 12% for no coagulation and with 

Red Sea water, as shown in Figure  4-25. The removal increased slightly to 21% for the 

AOM concentration of 0.4 mg C/L. For coagulation sedimentation, removals were 20% 

for Red Sea water and up to 37% for the high AOM concentration (0.4 mg C/L). The 

corresponding removal efficiencies by DAF showed a reduction of DOC of 39-47% at 

AOM concentrations of 0.2-0.4 mg C/L, respectively. In summary, the most significant 

improvement in DMF performance was observed for coagulation and DAF. Hydraulic 

performance of the DMF unit correlates well with biopolymers and DOC removal. These 
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findings are in agreement with published reports on DOC removal by DAF as well as by 

DMF [80, 113, 122].   

 

 

Figure 4-24: DMF removal efficiency of biopolymer during all AOM concentrations at 

all pretreatment scenarios; (A): no coagulation, (B): coagulation + sedimentation, and 

(C): coagulation + DAF 
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Figure 4-25: DMF removal efficiency of DOC during all AOM concentrations at all 

pretreatment scenarios; (A): no coagulation, (B): coagulation + 

sedimentation, and (C): coagulation + DAF 

 

 

 

4.7.2.4 DMF removal efficiency of humics, building blocks, and LMW 

Removal of other DOC fractures e.g., humics, building blocks and LMW, was found 

almost similar with respect to the removal efficiency (Figure 4-26) (Figure 4-29). The 

removal ranged from 5.4% for the concentration of Red Sea water and no coagulation 

scenario to 17 % for the concentration of 0.4 mg-C/L during DAF scenario for humics. 

Building blocks show a similar result to humics in regards of removal efficiency 

(Figure  4-27). At low AOM concentrations, Red Sea water and 0.1 mg-C/L, the removal 

did not exceed 12 % for all scenarios and this percentage also did not change remarkably 

even when AOM concentrations increased to 0.2 and 0.4 mg-C/L. In case of LMW, the 
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results show no difference from that of humics and building blocks. The removal starts at 

6 % for Red Sea water at no coagulation scenario and ends with 17 % for the 

concentration of 0.4 mg-C/L with DAF (Figure 4-28). The main observation in this data 

is that humics, building blocks, and LMW fractures were not comparable with high 

biopolymer removal. Another significant observation was that DAF showed the best 

pretreatment for AOM removal as well as for other DOC fractures. One explanation on 

why the other DOC fractures such as humics, building blocks, and LMW were not 

removed at significant percentage as biopolymer is that the predominant fracture in the 

coagulation prior to DMF was the biopolymer for which the adsorption sites were fully 

occupied by biopolymer particles. Furthermore, the second explanation is that while these 

fractions are smaller in molecular weight than biopolymers and therefore could not 

flocculate as efficiently during coagulation, it is easier to enter the micro-pores of DMF 

and reach the effluent. Moreover, the filtration cycle was not long enough for adsorption 

and biodegradation processes to happen [108, 130]. While some previous studies 

revealed that the adsorbability increases in activated carbon (AC) when MW decreases as 

in the case of humics, building blocks, and LMW, our results concluded that this finding 

is not applicable for the present study due to the difference in filtration mechanism 

between GAC and DMF. In short, the present study suggests that the predominant 

concentration and size exclusion were the two major factors affecting the DMF removal 

efficiency for humics, building blocks, and LMW [123, 131, 132].     
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Figure 4-26: DMF removal efficiency of Humic substance during all AOM 

concentrations and all pretreatment scenarios; (A): no coagulation, (B): 

coagulation + sedimentation, and (C): coagulation + DAF 
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Figure 4-27: DMF removal efficiency of Building blocks during all AOM concentrations 

and all pretreatment scenarios; (A): no coagulation, (B): coagulation + 

sedimentation, and (C): coagulation + DAF 

     

Figure 4-28:  DMF removal efficiency of LMW during all AOM concentrations and all 

pretreatment scenarios; (A): no coagulation, (B): coagulation + 

sedimentation, and (C): coagulation + DAF 
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Figure 4-29: DMF removal efficiency of all DOC fractures during all AOM 

concentrations (a: Red Sea water, b:0.1 mg C/L, c:0.2 mg C/L , and d:0.4 mg 

C/L) at all pretreatment scenarios; (A): no coagulation, (B): coagulation + 

sedimentation, and (C): coagulation + DAF 
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chromatograms were also positively correlated with DMF removal and hydraulics. The 

removal efficiency of biopolymer within the low biopolymer concentration was low. On 

the contrary, at AOM concentration between 0.2 and 0.4 mg C/L, the biopolymer fracture 

was placed between 32 and 34 retention time as presented in (Figure 4-32) (Figure 4-33), 

and the removal efficiency was high. The biopolymer concentration in Red Sea Water 

usually ranges between 40 to 80 µg C/L and in this experiment it was found to be 55 µg 

C/L. This is in fact a very low concentration for which DMF with no coagulation was not 

able to remove more biopolymer at this low concentration (Figure 4-30). The same result 

is observed for the AOM concentration of 1 mg C/L because there is no big difference in 

the concentration (Figure 4-31). The highest biopolymer peak was during the feed for 0.4 

mg C/L and the lowest was during feed concentration of Red Sea water (55 µg C/L). The 

LC-OCD figures show the best removal efficiency for biopolymer is from no 

coagulation, coagulation sedimentation and DAF, respectively. The study also concluded 

that the removal efficiency of biopolymer was correlated positively from higher 

concentration (0.4 mg C/L) to the lower concentration of RSW (55 µg C/L). 
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Figure 4-30: Comparison of OCD chromatograms of the AOM concentration of Red Sea 

water) for all DMF pretreatment scenarios; (A): no coagulation, (B): 

coagulation + sedimentation, and (C): coagulation + DAF  

 

 

Figure 4-31: Comparison of OCD chromatograms of the AOM concentration of (0.1mg 

C/L) for all DMF pretreatment scenarios; (A): no coagulation, (B): 

coagulation + sedimentation, and (C): coagulation + DAF  
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Figure 4-32:  Comparison of OCD chromatograms of the AOM concentration of 0.2 mg 

C/L for all DMF pretreatment scenarios; (A): no coagulation, (B): 

coagulation + sedimentation, and (C): coagulation + DAF  

 

 

Figure 4-33:  Comparison of OCD chromatograms of the AOM concentration of 0.4 mg 

C/L for all DMF pretreatment scenarios; (A): no coagulation, (B): 

coagulation + sedimentation, and (C): coagulation + DAF  
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4.7.2.6 DMF performance and SDI analysis 

The SDI values during DMF operation are presented in Figure 4-34. The relation of SDI 

and its effectiveness on DMF operation and performance over 24 h of time and 50 L of 

volume covering all AOM concentrations and all the three pretreatment scenarios is 

shown. Throughout the no coagulation scenarios (Figure 4-34-a), the SDI value was 4 for 

Red Sea water at the beginning of DMF operation and remained stable. When AOM was 

spiked into the feed solution and at AOM concentration of 0.1 mg C/L, the SDI value 

reached 4.5 and reduced to 4.1 over 50 L volume. For high AOM concentrations (0.2-0.4 

mg C/L), the SDI increased to 6.1. However, the DMF showed a reduction in SDI values 

from 6.1 to around 5.5. The DMF removal for SDI values in this scenario was found 

insignificant. Furthermore, the study showed that SDI values are most likely in line with 

DMF flow pattern indicating that the SDI is taking into account biopolymers. The second 

scenario coagulation-sedimentation shows how AOM concentration plays a role in SDI 

behavior during DMF filtration (Figure 4-34-b). In fact, coagulation-sedimentation 

improved the reduction in SDI for low AOM concentrations. However this improvement 

was not substantial compared to high AOM concentrations; coagulation-sedimentation 

reduced the SDI values for high AOM concentrations (0.2-0.4 mg C/L) from 5.5 to 4 and 

from 6.1 to 3, respectively. Although the SDI values were reduced significantly after 

coagulation sedimentation process, especially at the concentrations of 0.2-0.4 mg C/L, 

the third scenario, DAF demonstrated the best reduction in SDI values during DMF 

operation. Figure 4-34-c shows the strong ability of DAF for SDI reduction compared to 

the other pretreatment scenarios tested. At low AOM concentrations, DAF continued in 

SDI removals from 4 to 3.2 for Red Sea water and from 4.5 to 3 for the concentration of 



159 

 

0.1 mg C/L. The best SDI removal was observed when the AOM concentrations were 0.2 

and 0.4 mg C/L, respectively. The SDI values were decreased from 5.5 to around 3 for 

the concentration of 0.2 mg C/L and less than 2.5 for the concentration of 0.4 mg C/L.  

To conclude, the DMF and SDI were correlated positively with biopolymer 

concentration. The most SDI reduction was attributed to coagulation sedimentation and 

coagulation DAF compared to DMF alone. However, the DMF demonstrated positive 

response at high biopolymer concentrations during coagulation-sedimentation and 

coagulation-DAF, respectively. 
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Figure 4-34: SDI comparison analysis for the three pretreatment scenarios; (a) no 

coagulation, (b) coagulation-sedimentation, and (c) DAF. 
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4.7.2.7  DMF performance and turbidity analysis 

Turbidity results are presented in  

Figure 4-35. For the no coagulation scenario, turbidity values showed a percentage 

removal of 53% in Red Sea water concentration. There was no significant change at the 

AOM concentration of 0.1 mg-C/L. The removal value for AOM concentration of 0.2 

mg-C/L was 64% and 70% for 0.4 mg-C/L. the study provided some evidences on the 

relation of AOM concentration as a function of biopolymer with turbidity removal by 

DMF. While AOM concentrations increase, the turbidity reduction increases indicating a 

positive correlation between the two contaminants. The removal mechanism for turbidity 

was most likely physical in this scenario compared with coagulation sedimentation and 

DAF. Turbidity behaves differently in coagulation-sedimentation to the no coagulation 

scenario. Coagulation-sedimentation enhanced the removal efficiency of DMF by 15%. 

This is more likely due to the reaction between positively charged iron species and 

negatively charged biopolymers as mentioned earlier. Moreover, the efficiency of DAF in 

removing turbidity was the highest among all pretreatment scenarios carried out in this 

study. The highest removal rate was observed at higher AOM concentrations (0.2 and 0.4 

mg -C/L). The results showed the percentage of removal was 90% and 97% for both high 

AOM concentrations respectively whereas the removal percentage of low AOM 

concentrations (Red Sea water and 0.1 mg -C/L) was 74% and 83%, respectively. These 

DAF results are in agreement with previous publications reporting that when algae levels 

increase, DAF removal increases and when algae level decreases, DAF removal 

decreases positively [80]. In summary, the turbidity values responded positively with 
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biopolymer concentrations. Besides, the DMF also correlated efficiently with turbidity 

values indicating the role of biopolymer concentrations in DMF removal efficiency.   

  

 

 

Figure 4-35: Turbidity comparison analysis for the three pretreatment scenarios; no 

coagulation, coagulation-sedimentation, and DAF. 
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4.8 Conclusions 

DAF has proved its ability to remove more AOM fractions, specifically biopolymers, and 

particularly during high AOM concentrations. In summary, the DMF flow rate was 

strongly impacted by biopolymer concentrations. In combination with coagulation and 

DAF, the flow rate and DMF performance was remarkably improved. DMF filtration 

performance was highly dependent on biopolymer concentration. The biopolymer 

removal efficiency was mostly attributed to the help of coagulation-sedimentation, and 

coagulation-DAF compared to DMF alone. 

The conclusions of this study can be summarized as following:  

1. Generally, DAF was the best pretreatment option in terms of removal efficiency for 

all DOC fractions. However, the highest removal rate was observed at higher AOM 

concentrations (0.2 and 0.4 mg C/L).  

2. Hydraulic performance of DMF correlated well with biopolymers removal, with 

removal rates of 72%, 53% and 39%, for coagulation-DAF, coagulation-

sedimentation, and no coagulation, respectively.  

3. The AOM biopolymer concentration of 0.2 mg/L was observed to be the early sign 

towards organic fouling in DMF and RO desalination processes. 

4. The study found the predominant fracture (biopolymer) is the key player for DMF 

performance, coagulation efficiency, and DAF during all pretreatment scenarios. 

5. The biopolymer removal mechanism was mostly physical during no coagulation 

scenario and chemical-physical during coagulation-sedimentation and coagulation-

DAF, respectively. 
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6. The LC-OCD results show the higher impact removal in biopolymer fraction and the 

lower impact in humics and LMW (e.g. building blocks and neutrals) at all 

pretreatment scenarios. It is most likely due to lower MW of these fractures compared 

to biopolymer molecular size. 

7. Turbidity and SDI values were correlated positively with biopolymer concentrations. 

As a result, DMF also correlated efficiently with turbidity and SDI values. However, 

the most turbidity and SDI removal was attributed to coagulation-sedimentation and 

coagulation-DAF compared to DMF alone. 

 

 

4.9 Recommendations 

1. The discussion of removal and transport mechanism of biopolymer through DMF 

porous media requires advanced investigation considering physical and chemical 

characteristics for both media and the particles particularly in the light of size 

distribution.    

2. From the present study and literature, the DMF filtration cycle is vital for AOM 

removal. The longer DMF cycle the high AOM removal, particularly for the 

predominant facture such as biopolymer fracture. Hence, study on AOM removal 

with long DMF operation to achieve biodegradation is recommended. 
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Chapter 5 

5 A Fouling comparison study of algal, bacterial, and humic organic 

matters in seawater desalination pretreatment using UF ceramic 

membranes 

5.1 Abstract   

This study investigates three types of organic matters, namely algal organic matter 

(AOM), bacterial organic matter (BOM), and humic organic matter (HOM). These 

organics are different in properties and chemical composition. Therefore, they were 

systematically studied to understand whether they behave differently or similarly in 

reference to organic fouling of ceramic ultrafiltration (UF) membranes (AOM, BOM and 

HOM were compared in terms of organic content, fouling behavior, and removal 

efficiency. UF experiments have been conducted at a constant flux mode using 5 KDa 

and 50 kDa ceramic membranes. AOM and BOM were extracted from marine algae, 

Chaetoceros affins (CA) and marine bacteria, Pseudidiomarina atlantica (P. atlantica), 

respectively in the lab, while commonly used (Suwannee River) humic acid was used as 

HOM.  These organics have been spiked separately into synthetic seawater feed with a 

total organic carbon (TOC) of 0.5 mg/L. Results showed that more transparent 

exoplolymer particles (TEP)/organics were removed by the 5 kDa membrane compared 

to the 50 kDa membranes, which was mainly due to their lower molecular weight cut off 

(MWCO). The UF 5 kDa membrane also showed low fouling formation than the 50 kDa 

membrane for all the three types of organic matters tested. Analysis of the fouled 

membranes by scanning electron microscope (SEM) images showed that fouling was 
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dominated by cake layer formation for the 5 kDa membrane while pore blockage 

followed by cake layer formation is apparent for the 50 kDa membrane. The SEM images 

clearly showed that a cake layer is formed for all types of organics tested; the flux was 

stable over the filtration periods for HOM, most probably due to the high porosity of the 

HOM cake layer. This occurred more likely when HOM particles bind with Ca molecules 

offering big aggregates and leading to high porosity of the HOM cake layer on the 

membrane surface. AOM and BOM showed thinner cake layers during all filtration 

cycles using 5 kDa membranes as TEP particles derived from AOM and BOM have 

evolved this process by making the cake layer more compact and compressible which in 

turns enhance the fouling resistance and reduce the porosity of the cake layer. AOM 

shows the highest MFI-UF (modified fouling index - ultrafiltration) and TMP 

(transmembrane pressure) values among the three organics and during all filtration cycles 

for both membranes. AOM fouling layer is well known by having high fouling potential 

due to its compressibility and compactness which increase the TMP and eventually the 

MFI values. AOM and BOM organics exhibited a similar fouling behavior and 

mechanism. However, AOM was higher than BOM in terms of TEP concentrations. This 

is probably attributed to high polysaccharides concentration in AOM whereas BOM was 

higher in protein content than AOM. For both membranes, HOM exhibited a different 

organic content, fouling behavior and mechanism compared to AOM and BOM. This is 

most likely due to the difference in size of HOM compared to the other organics. 

Furthermore, the divalent cations such as calcium showed a significant impact on 

membrane fouling. That’s probably because calcium ions made the membranes and 
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organic matter less negatively charged and easier to deposit on membranes, thus, 

enhancing the membrane fouling significantly [38]. 

 

5.2 Introduction 

Desalination is the only alternative solution for those countries located in the arid and 

semi-arid regions of the world like the Arabian Peninsula to provide the much needed 

freshwater. Desalination can be defined as the production of water suitable for human 

consumption, from saline and brackish water [1]. Today, the distillation (thermal-based) 

and membrane-based technologies represent the half of each in global desalination 

capacity.  A few decades ago, thermal-based processes such as MSF had led the 

desalination market for years over the membrane-based ones. This trend is most 

relatively due to the economic approach by co-generation of water and power as well as 

subsidies for energy by governments, which make this technology more ideal. 

Additionally, the membrane-based technologies such as RO were undependable during 

those days of development because of their less reliability.   [2]. In contrary, most new 

desalination plants are now using membrane technologies, in particular reverse osmosis 

(RO). This is mainly due to reduction in the costs and the energy intensity of RO, as well 

as improvements in its reliability (Ghaffour et al., 2013). The Kingdom of Saudi Arabia 

(KSA) established the Saline Water Conversion Corporation (SWCC) in 1974. At 

present, SWCC operates 30 desalination plants on the west (Red Sea coast) and the east 

(Gulf coast) producing 2.9 million m³ of water and 3,400 Megawatt-hour of electricity 

per day. The largest RO plant in the kingdom is located on the Gulf coast of Saudi Arabia 
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(Figure 5-1). Al-Jubail 24 MGD SWRO plant was commissioned in 2002 and fed from 

an intake lagoon with a water depth of about 5 m.  Feed water is chlorinated in an intake 

chamber, and then it is filtered through a single dual media filter (DMF) of gravel, sand 

and anthracite. In addition to chlorination, further chemical treatment includes addition of 

sulfuric acid, ferric chloride and a cationic coagulant aid all injected before the DMF. The 

plant operation is interrupted by frequent encounters of higher than normal SDI (Silt 

Density Index). The upper limit set for SDI in the plant is 3, as recommended by seawater 

reverse osmosis (SWRO) membrane manufactures. 

 

 

Figure 5-1: Al-Jubail 24 million gallon/day SWRO plant 
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5.3 Background and literature review 

 

5.3.1 SWRO fouling problems  

 

A study in the intake bay of Al-Jubail area at the site of the SWRO plant intake location 

revealed excessive growth of filamentous algae, as revealed by biofouling monitoring 

coupons. The intake point is at the dead end of the bay, where the water turnover is low, 

and the water column is somewhat stagnant. Although the algae are disinfected by 

chlorine dosage, they reach the plant structure and create severe filtration problems [3]. 

The consequence of this is severe reduction in product water output and frequent 

membrane cleaning due to fouling. Nevertheless, many studies nowadays have revealed 

that membrane and permeate flux are affected by fouling in general and bio-fouling in 

particular. In RO system, a positive relationship has been found between Transparent 

Exo-polymer Particles (TEP) levels in feed water and biofouling rate on the membrane 

(Figure 5-2) [6]. Furthermore, autopsy analysis of fouled RO membranes showed clearly 

the existence of alcian blue substances representing TEP on the membrane surfaces. 

Likewise, other studies (Villacorte et al. 2010 and Bar-Zeev et al. 2012) outlined the 

occurrence of biofouling associated with TEP in seawater membrane filtration [37, 88]. 

Moreover, fouling mechanism is strongly linked to TEP source. TEP particles can be 

derived either from Algae (AOM) or Bacteria (BOM). In both cases, AOM and BOM can 

be purified or separated from their source. However, TEP cannot purify or separate from 

AOM and BOM. Therefore, this point is highly considered when a time comes to fouling 

study. HOM is totally different in terms of molecular structure than AOM and BOM. For 
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this reason, HOM has been added to study the differences between them within the 

following hypothesis. 

 

 

Figure 5-2: TEP as a ‘‘major initiator’’ of biofilm formation and its subsequent 

build-up in RO membrane systems. 

 

Many studies have been carried out to explain the role of TEP in membrane biofouling. 

Although these studies have covered a wide range of contexts, this study will only focus 

on four main themes related to TEP. These themes are; background, TEP and biofouling 

in membrane systems, AOM, TEP, and algae, and finally TEP removal and pretreatment 

techniques.  

Two decades ago, TEP have been discovered by two oceanographers, Alldredge AL and 

Passow U [82]. TEP can be defined as acidic polysaccharides, transparent organic 

particles which can be stained by alcian blue (Alldredge, 1993) (Figure 5-3). These 

particles are sticky, deformable, and can exist in different forms in aquatic environment.  

Many studies have illustrated the TEP formation in water environment [40]. These 

studies proposed that TEP can be formed from dissolved organic matter (DOM) directly 
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or indirectly in a variety of water environments (Figure 5-4) through the biotic pathway, 

some bacteria and microalgae e.g. phytoplankton create TEP directly, TEP may generate, 

for example, from cell coating surfaces, organic detritus, and particulate matter, Whereas, 

TEP in the abiotic pathway may form from precursors particles (<0.1µ) such as 

polysaccharides fibrils secreted by bacteria and phytoplankton. Furthermore, 

polysaccharides fibrils are eventually transformed into submicron gel-like substances 

through coagulation, gelation, and annealing processes that finally lead to TEP formation 

[40, 83]. 

 

 

Figure 5-3: (a) and (b) show TEP made visible by staining with alcian blue [40]. 

   

 

Figure 5-4 TEP formation from Dissolved Organic Matter (DOM) [83]. 

:  
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5.3.2 AOM/TEP and membrane biofouling 

 It has been proved that TEP can be easily adsorbed to solid surfaces including 

membranes.  Since their discovery, TEP has received a lot of attention among the 

desalination community due to their role in biofouling formation in membrane systems 

[10, 86-88]. The study outlined by Berman et al (2011) suggests that a positive 

relationship was found between the TEP level in source water and membrane fouling 

rate. They further state that biofilm developed at the early stage on the membrane surface 

could be by TEP level in feed water. In addition to this, Villacorte et al. (2009a) have 

found a significant amount of alcian blue substances on membrane surfaces during 

autopsy of RO fouled membrane. Furthermore, the findings by Bar-Zeev et al. (2009) 

reported that alcian blue substances were presented on glass slides immersed in seawater 

for 18 h, indicating that these substances are originated from TEP in seawater rather than 

produced by bacteria or algae. All these studies bring together the importance of TEP in 

membrane biofouling. My current study is aimed to build upon previous studies by 

including new pretreatment techniques, aiming to better control TEP fouling. 

 

5.3.3 AOM, TEP, and algae  

It has been scientifically proved that algae in aquatic environment can play equal or 

greater role than bacteria in producing organic substances. This can result in some 

physico-chemical changes in water environment and eventually cause operational 

problems for water treatment plants [91, 98, 133-135]. Polysaccharides and protein and 

other organic substances can be produced by algae [47, 136, 137]. Organic fouling in UF 
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as well as biofouling in RO has obviously associated with TEP concentrations in feed 

water since the discovery of TEP [5, 10, 92].  A recent study by Villacorte et al., (2013) 

indicated that algal organic matter (AOM) in seawater produced by algae (diatom and 

blue-green algae) were mainly comprised from biopolymers (polysaccharides and 

proteins) [92]. They further state that diatoms particularly CA (Chaetoceros affins) 

generates more TEP than the other algae species. This promotes the idea that algae in 

general and diatom species in particular have strong relationship with TEP concentrations 

in seawater as well as in membrane systems. 

 

5.3.4 TEP removal and pretreatment techniques  

5.3.4.1  UF and ceramic membranes 

Once the role of TEP in membrane fouling has been asserted, many studies have been 

carried out to remove TEP from water treatment systems. About two decades ago, UF 

was discovered to be one of the promising technologies in water industry. Ten years later, 

UF has proved by itself a wide spectrum of contaminants removal such as viruses, Girdia, 

and bacteria [9]. Earlier studies showed that particulate TEP (≥ 0.4 µm) can be easily 

removed by UF with in-line coagulation pretreatment. Kennedy et al. (2009) concluded 

that 100 % removal of TEP (≥ 0.4 µm) was achieved after UF. However, this study was 

only concerned about particulate TEP removal, indicating that colloidal TEP has not been 

taken into account. Another supportive study by Villacorte et al. (2009a, b) outlined that 

particulate TEP was readily removed from integrated membrane system (IMS) by typical 

pretreatments such as low pressure membranes. They also stated that colloidal TEP, less 
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than 0.1 µm could not be completely removed from source water by microfiltration (MF) 

and UF. Furthermore, TEP levels were also reduced by only 30 % after a combination of 

coagulation, sand filtration, and MF (Bar-Zeev et al. 2009). In summary, most previous 

studies of particulate TEP removal were clearly successful whereas removal of colloidal 

TEP from various areas of integrated membrane systems remains a challenge. For this 

reason, it is most likely these TEP precursors (≤ 0.4µ) can reach RO membranes and foul 

them. These days, ceramic membranes have been gained a high reputation among water 

production society due to their mechanical, chemical, and thermal stability [11]. These 

inorganic membranes have also long working life, high flux, and fouling potential 

compared to organic membranes like polymeric membranes [12]. Seawater temperature 

in the Arabian Gulf ranges from 16 
0
C in winter and 33 

0
C in summer [36]. Hence, 

ceramic membranes make it possible because of their resistance to high temperature 

values and eventually, UF ceramic membranes represent a successful combination for 

organic fouling pretreatment.  

 

5.4 Research questions 

 

1. Which ceramic membrane, 50 kDa or 5 kDa removes TEP/organics more efficiently? 

2. Do the AOM, BOM, and HOM behave differently in terms of fouling mechanism?  

3. How the divalent cations influence different organic matter? 

4. What kind of fouling might have, irreversible or reversible and why? 

5. How efficiency of MQ backwashing eliminating these foulants and restore the flux? 
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5.5  Hypothesis  

 

The hypothesis will be based on the following points: 

 

1. Although they are quite similar in organic fracture, AOM and BOM could behave 

differently in terms of characterization and fouling mechanism compared to HOM. 

2. HOM might exhibit a different fouling behavior and mechanism compared to AOM and 

BOM due to its small molecular weight cut off or (MWCO) and its ability to interact with 

divalent cations such as calcium. 

3. Smaller LMWCO UF ceramic membranes remove more efficiently TEP/organics than 

larger ones, will have lower flux but more stable than membranes with larger pore sizes. 

 

5.6 Materials and methods 

5.6.1 UF ceramic membrane and experimental set-up 

The diagram presented in (Figure 5-5) shows the bench scale dead-end UF ceramic 

membrane setup used in this study. The membrane holder is provided by TAMI 

Company and has a diameter of 45 mm. The UF ceramic membranes were also supplied 

by the same company and they have the same diameter see (Figure 5-6) for membrane 

specifications, see (Table 5-2). The operational conditions set for experiments were 18 

filtration cycles for 30 minutes each and 1 minute backwashing using Milli-Q water. The 

setup is mainly consisting of 2 gear pumps, for feed and backwash respectively. The 
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pumps connected to feed water tank (2L) and backwash tank (2L) containing MQ water. 

A digital balance from Mittrler Toledo Company was used to measure the flux. The setup 

is automated using data logger that directly connected to LabVIEW computer software. 

TMP as a function of flow rate versus time was monitored every 30 seconds through the 

computer program. The flux was constant at (241L/m
2
/h) with constant flow rate at 7 

ml/m. At the beginning of filtration run, the initial permeability was tested using MQ 

water to ensure the standard permeability by membrane manufacture. Furthermore, due to 

the SEM and TEP visualization destructive analysis, each filtration cycle has used new 

ceramic membrane.  

 

5.6.2 Feed water quality 

The feed water was prepared using synthetic seawater quality as presented in (Table 5-1). 

The feed water solution was diluted with AOM, BOM, and HOM with total DOC 0.7 

mg/L.  

 

5.6.3 Backwash water quality 

The previous studies revealed Milli-Q water was strongly able to remove NOM fouling 

from UF membranes [138, 139]. While the previous studies were mostly carried out on 

polymeric membranes and different NOM characteristics, this study used MQ water for 

determine the role of divalent cations such as calcium on fouling mechanism on ceramic 

membrane as MQ water is free from any cations.  
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Table 5-1: Table 1: Synthetic Seawater composition used for feed water. adapted from 

from Sigma- Aldrich. 

Parameters Concentration mg/L 

Chloride (Cl)  19,290 mg/L 

Sodium 10,780 mg/L 

Boron 5.6 mg/L 

Sulfate 2,660 mg/L 

Potassium 420 mg/L 

Calcium   400 mg/L 

Magnesium (Mg) 

DOC mg/L 

1,320 mg/L 

0.7 

 

 

 

Figure 5-5: UF ceramic membrane setup 
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Figure 5-6: UF/MF TAMI ceramic membrane holder 

 

Table 5-2: TAMI ceramic membranes specifications 

 

 

Manufacture TAMI 

Pore size, or MWCO 50 kDa, 5 kDa 

Materials Support layer :  TiO2 

Active layer ZrO2 + TiO2 

Surface Area (cm
2
) 17.4 
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5.6.4 Membrane characterization and analysis:  

5.6.4.1 Scanning Electron Microscope (SEM) 

To help studying the fouling mechanism on ceramic membranes, SEM equipped with 

cryo-stage and cryo preparation chamber has been used for membrane morphology. For 

cross sectional image, Focused Ion Beam (FIB) was used in combination with SEM. 

Energy Dispersive X- ray or EDAX was used for elemental anlysis. This analysis was 

carried out at KAUST Core Lab. 

 

5.6.4.2 AOM/BOM/ HOM/ TEP visualization 

All the three organic samples have been visualized using alcian blue staining. After each 

filtration cycle, membrane samples were dried in room temperature and a couple of alcian 

blue drops were added on the membrane surface. 10 minutes later, these samples were 

visualized using a microscope. 

 

5.6.4.3 SEM/EDAX for ceramic membranes 

The characterizations of the virgin ceramic membrane are presented in (Figure 5-7). The 

SEM image shows the membrane layers on the right and their thickness on the left. This 

ceramic membrane is mainly composed of three layers namely; support layer, medium 

layer, and active layer. Firstly, the support layer is around (3-4 mm) and has large pore 

size to increase the flux rate during filtration. Secondly, the medium layer (5.5 mm) has 
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medium pore size to maintain the pressure of the top layer. Thirdly, the active layer at the 

top of the membrane (1.5 mm) is the thinner layer compared to support and active layers. 

As other membranes, it is designed this way to minimize flux resistant during filtration..   

 

 

Figure 5-7: SEM X section for virgin membrane showing the membrane layers on 

the (right) and their thicknesses on the (left) 
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5.6.4.4  Water characterization analysis: 

5.6.4.4.1  AOM and BOM cultivation  

In this experiment, the most dominant algae species present in the Gulf seawater such as 

Chaetoceros affins (CA) was acquired from the Culture Collection of Algae and Protozoa 

(CCAP; Oban, Scotland). CA represents the main producer of micro algae biopolymers 

[140]. All these species belongs to diatom group that represents one of the most common 

types of phytoplankton dominated in seawater. The cultivation was taken place at the 

WDRC lab. The cultivation period for AOM extraction to be ready was 20 days. 

Dominant marine bacteria in the Red Sea water, mainly Pseudidiomarina, atlantica   (P. 

atlantica) was cultured at WDRC lab to extract BOM.  

 

5.6.4.4.2  AOM, BOM, and HOM extraction  

 To control algal growth, water samples (100 mL) were collected from various cultures 

every three days. In addition to TOC, DOC, pH, chlorophyll – a, and total cells were 

monitored using flow cytometry. The AOM extracted at the stationary-decline phase (10-

18 days) using the protocol presented in (Figure 5-8). The algal cultivation was 

conducted in an environmental chamber. This chamber is fully equipped with incubation 

as well as aeration system to maintain the best environmental conditions for biological 

culturing. The method developed by Myklestad (1995) was applied to cultivate and 

extract AOM in the lab using a new strain (Cheatocers affines, CA) imported from 

Culture Collection of Algae and Protozoa (CCAP) company, Oban, Scotland .The strain 
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was preserved in the environmental chamber at a constant growth temperature (20 °C) 

and a light intensity of approximately (50 µmol/m
2
.s.) To mimic real day and night 

intervals, an artificial light control set for 12h-on/12h-off was used. The culturing 

protocol is starting with a 2 ml inoculum of new strain in a 50 ml sterile culture tube 

enriched with marine nutrients based on Guillard F/2 medium, and then incubating it in 

the environmental chamber. The Guillard’s Marine Water Enrichment Solution from 

Sigma Aldrich, is enriched in major nutrients required for diatoms cultivations as 

described by Guillard [93]. A week later, another inoculation in a 1000 flask was carried 

out by spiking 5-7 ml of 50 ml culture tube into 200 ml of autoclaved and enriched RSW. 

The 200 ml was then transferred into 10 L autoclaved glass bottles containing 5 L of 

culture medium after a week of incubation. Finally, the 5 L solution was kept in the 

environmental chamber at the set conditions mentioned above for 20 days. Extraction of 

BOM was conducted after 10 days of culturing, and extracted according to the protocol 

reported by Li et al., [104]. A commercial seawater humic substance (SWAN RIVER) 

was used as HOM model.   

 



187 

 

 

Figure 5-8: AOM cultivation and extraction protocol 

 

5.6.4.4.3  TEP Analysis  

TEP concentrations in AOM and BOM were measured using a method developed by Li 

(2015) [104]. Particulate TEP (P-TEP) having higher sizes than 0.4 µm was measured by 

0.4 µm pore size polycarbonate membrane (PC) filter (Whatman Nuclepore) whereas 

colloidal TEP (C-TEP) was measured using 0.1 µm PC. LC-OCD analysis was 

performed for water samples containing TEP derived from AOM and BOM to measure 

the concentrations of biopolymers, HOM, and other low molecular weight (LMW) 

organics substances.  
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5.6.4.4.4  MFI-UF 

This tool is basically developed to measure the membrane fouling potential of the feed 

water of membrane filtration system. MFI developed by Schippers and Verdouw (1980), 

then improved by Boerlage et al., (2004); Salinas Rodriguez et al., (2012) MFI-UF 

inspector was used to quantify membrane fouling [141-143]. 

 

5.6.4.4.5 Particle size distribution and Calcium binding experiment 

The Malvern Nano-sizer equipment has been used for measuring the particle size and the 

ability of these three organics for binding the calcium molecules. All feed samples; 

AOM, BOM, and HOM were tested before and after the addition of calcium in order to 

examine the ability of binding. All samples were tested in duplicate.  

 

5.6.4.4.6 LC-OCD characterization 

To characterize the NOM, LC-OCD was developed to identify quantitative information 

and qualitative results regarding organic compounds in natural water. LC-OCD model 8 

system has UV detector (UVD), online organic carbon detector (OCD), and organic 

nitrogen detector (OND). In this study, the characteristics of different constituents of 

NOM typically identified are; biopolymer, humics, building blocks, LMW acids, and 

LMW neutrals. Seawater samples were collected in 20 mL glass vials and filtered by 

Whatman filter (pore size = 0.45 μm).. Then, Compounds were separated using two-

column size (250 nm × 20 mm, Toyo pearl TSK HW-50S). 
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5.7 Results and Discussion  

 

5.7.1 AOM/BOM cultivation and extraction  

LC-OCD results (Figure 5-9) showed the AOM growth during cultivation days. The 

results show the chromatograms of AOM culture medium. The biopolymer growth started 

from the exponential phase (day 2 to day 8) to stationary-death phase (day 10 – day 18). 

The biopolymer peaks are clearly detected between 26-38 min retention times. This 

retention time is within the range described by Huber et al., (2011). The highest 

biopolymer peak was observed on day 14 when the algal cells counts reached the 

maximum. Another major peak of the chromatogram can be observed between 45-53 min 

and represents the low molecular weight (LMW) acids. This LMW acid peak could be 

attributed to the F/2 culture medium where the EDTA agent is one of its components [6].  

Small peaks for building blocks and LMW neutrals were also detected as shown in 

(Figure 5-9).The chromatograms of culture medium correlated positively with AOM 

culture. They show one major peak for LMW acids which appeared in the same retention 

time range of LMW acids for AOM. Apart from this, no peaks were observed for culture 

medium during all AOM growth phases. Furthermore, minor peaks of biopolymer, 

building blocks, humics, and LMW acids and neutrals appeared in the RSW solution 

.However, the amount of these fractures is very low when they compared to the final 

AOM concentration (Figure 5-9). Thus, the RSW fractions have little impact or effect on 

the final AOM composition. From the perspective of the LC-OCD results, AOM mainly 

consists of a biopolymer fraction (i.e. polysaccharides and proteins) and some minor 
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concentrations of building blocks and LMW neutrals. More results have been deeply 

discussed in (Chapter 3).  

 

 

Figure 5-9: LC-OCD chromatograms for AOM (a) and BOM (b) cultivations 
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5.7.2  Fouling on the UF ceramic membranes 

Flux profile presented in (Figure 5-10) reveals the fouling scenario during UF ceramic 

filtration experiment as a function of TMP versus time for all organic matters. During the 

initial period of UF filtration using 50 kDa membranes (A), the TMP increased smoothly 

and gradually, and then stabled after 5-10 minutes of filtration cycle. Generally, 50 kDa 

membranes was more exposed to pore blockage followed by cake layer fouling compared 

to 5 kDa membranes. This is attributed to the large pore sizes of the 50 kDa membrane 

that allow the small particles of the three organics particularly HOM to penetrate the 

pores. In addition, it is probably due to the deformability TEP derived from AOM and 

BOM particles in the feed water, both leading to pore blockage fouling mechanism. The 

highest TMP was observed at 5 kDa filtration operation (4.5 bars) whereas the 50 kDa 

UF ceramic membranes had the highest TMP at 3.5 bars, due to the lower MWCO of the 

5 kDa membranes and their corresponding higher membrane resistance. AOM and BOM 

showed thinner cake layer during all filtration cycles using 5 kDa membranes. As 

mentioned earlier, TEP particles derived from AOM and BOM have evolved this process 

by making the cake layer more compact and compressible. Furthermore, some previous 

studies support this fact which in turns enhance the fouling resistance and reduce the 

porosity of the cake layer [88, 99, 119]. On the other hand, HOM cake layer was thicker 

than those for AOM and BOM. However, this cake layer was found to be more porous 

and less compact and this occurred more likely when HOM particles bind with calcium 

offering big aggregates and leading to high porosity of the HOM cake layer on the 

membrane surface, and thus less impact on TMP and MFI values as shown in 

(Figure 5-10) and (Figure 5-11) The backwashing was not effective for both 
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membranes as clearly indicated in (Figure 5-10), and thus irreversible fouling was 

dominant for all types of organics for both membranes. 

   

 

Figure 5-10: TMP comparison for 50 kDa (A ) and 5kDa (B). A third cycle was 

conducted. However, the flux of the third cycle is not shown here as there was no 

difference than the first 2 cycles. The highest TMP was observed at 5 kDa 

filtration operation (4.5 bars) whereas the 50 kDa UF ceramic membranes had the 

highest TMP at 3.5 bars, due to the lower MWCO of the 5 kDa membranes and 

their corresponding higher membrane resistance. 
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5.7.3  MFI-UF 

As shown in (Figure 5-11) ,the fouling potential was higher with the 50 kDa membrane 

compared to the 5 kDa one. The AOM represented the highest MFI-UF value (3,200 s/L
2
) 

whereas HOM gave the lowest value (2,000 s/L
2
). This observation suggests that the pore 

blockage mechanism is more dominant for the 50 kDa UF membranes and cake layer of 

the 5 kDa membrane is most probably dominating the fouling mechanism. In fact, these 

results are consistent with other studies (Li et al., 2011) [144]. The possibility of the three 

organic particles to be trapped into the larger membrane pores was actually higher during 

UF filtration using 50 kDa membranes, which explains the higher values of MFI-UF. 

AOM shows the highest MFI-UF values among the three organics and during all 

filtration cycles for both membranes. AOM fouling layer is well known by having high 

fouling potential due to its compressibility and compactness which increase the TMP and 

eventually the MFI-UF values. [99]. 
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Figure 5-11: MFI-UF for 50kDa and 5kDa ceramic membranes 

 

5.7.4  Particle size distribution 

The particle size distribution results presented in (Figure 5-12) showed that the smallest 

particle sizes were HOM, then BOM, and AOM, respectively. The HOM particles were 

in the range of 8 - 13 nm, suggesting that they are able to penetrate easily the 50 kDa 

membrane pores. The study also shows pore blockage with AOM and BOM samples that 

are larger in terms of particles sizes than the 50 kDa membrane pores. The reason behind 

this is most likely that the AOM and BOM contain mainly deformable TEP particles that 

are able to penetrate the pores structures (Alldredge, 1993). In addition, the particle size 

distributions presented in (Figure 5-12) show only the average values (mean size), 

therefore the smaller particles that not in the range presented with particle size 

distribution from AOM and BOM could pass the 50 kDa UF membranes and cause pore 

blocking. For 5 kDa membrane, most of organic particles have been rejected probably 

because of the lower MWCO or this membrane.  



195 

 

 

Figure 5-12: Size distributions of feed water for both membranes (5kDa and 50 

kDa) before and after addition of Ca for all types of organic matters. 

HOM shows the smallest size before addition of calcium and the largest 

size after binding with calcium molecules. 
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5.7.5  TEP visualization and removal efficiency 

TEP visualization images (Figure 5-13) clearly show the differences in TEP deposits on 

both ceramic membranes; TEP derived from AOM and BOM appear to be high branched 

and dense on the 50 kDa compared to the 5 kDa membrane, indicating the role of 

stainable particles like polysaccharides and protein which mainly form AOM and BOM 

particles. These particles are also high sticky and less porous making the cake layer looks 

denser and branched on the membrane surface. Unlikely, the HOM particles revealed 

different behavior than AOM and BOM with high porosity and less branched. However, 

these deposits are not like TEP particles, but rather as humic substances. This is probably 

due to alcian blue which can stain other organic particles in addition to TEP (Alldredge, 

1993) as shown in (Figure 5-13). For 50 kDa membranes, AOM and BOM showed the 

highest TEP concentrations, which are in agreement with literature as AOM and BOM 

contain more polysaccharides and eventually more TEP. However, TEP on AOM looks 

quite higher than BOM because of higher biopolymer fraction in AOM compared to 

BOM. Regarding TEP removal, the study clearly revealed that UF 5 kDa membranes are 

able to remove more TEP/organics compared to the 50 kDa membrane due to their lower 

MWCO (Figure 5-14) and (Figure 5-15). 
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Figure 5-13: TEP visualization of the (a) 50 kDa membrane showing high density and 

branched for AOM and BOM compared to HOM due to TEP concentration, 

and (b) 5 kDa membrane showing less density and branched compared to the 

50 kDa membrane because of the TEP removal by lower MWCO.  
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Figure 5-14: TEP removal as a function of absorbance of (a) 50 KDa and (b) 5 kDa 

for all organic matters.  
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Figure 5-15: LC-OCD chromatograms showing the highest removal efficiency of 5 

kDa vs50 kDs for all three types of organic matters. 

 

5.7.6  SEM/EDAX images and calcium binding 

The surface and cross section images (Figure 5-16, Figure 5-17, and Figure 5-18) support 

our discussion on the fouling mechanism on the 5 KDa and 50 kDa ceramic membranes. 

In cross section images, two fouling mechanisms have been observed in this study. First, 

the cake layer formation was clearly built on the 5 kDa membrane surface for all 

organics; AOM, BOM, and HOM (Figure 5-16). In terms of fouling layer thickness, the 

HOM layer was observed to be the highest than BOM and AOM, respectively. This is 

probably because of the divalent effect of cations particularly calcium which enhances 

humic particles aggregation and eventually make the cake layer less compact and more 

porous. 
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Figure 5-16: SEM X section for 5 kDa membrane (left) Vs virgin membrane 

(right), showing fouling cake layer comparison for (a) AOM, (b) BOM, and (c) 

HOM, indicating the role of calcium binding in enhancing the cake layer 

formation. 
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Figure 5-17: SEM X section for 50 kDa membrane (left) Vs virgin membrane 

(right), showing fouling pore blockage layer comparison for (a) AOM, (b) BOM, 

and (c) HOM, indicating the role of calcium binding in limiting the pore blockage 

layer formation for HOM. 
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Figure 5-18: SEM X section fouling mechanism comparison for 5 kDa membrane (left) 

Vs 50 kDa membrane (right), UF 5 kD membranes shows a cake layer fouling while 50 

kDa membrane shows a blockage fouling mechanism followed by a cake layer formation 

. 
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According to the surface EDAX images shown in (Figure 5-19), the calcium 

concentration on HOM was the highest compared to the AOM and BOM for both UF 

membranes. However, the calcium concentration was higher on the 50 kDa membrane 

due to the large pores which allow more humic particles to penetrate the membrane pores 

as well as deposit on the membrane surface. These results support the hypothesis that the 

ceramic membrane becomes less negatively charged when the calcium concentrations 

increased, allowing them to adsorb more organic molecules. This is actually in line with 

the previous studies and theory stating that calcium interacts with NOM charges and 

makes them neutral (Li et al., 2011) [144]. As shown from the SEM/EDAX surface 

images presented in (Figure 5-19), the morphology of the fouling layer for all organics 

was different from one to another. It was observed that the fouling layers on 50 kDa 

membrane surface for AOM and BOM were denser and thicker .compared to the 5 kDa 

membrane. It is most likely due to the high TEP content on 50kDa membrane surface. In 

contrary, the 5 kDa membrane has the ability to remove more AOM/TEP during filtration 

due to the larger size of biopolymer aggregates compared to the membrane pore size, 

making the cake layer less dense as mentioned earlier in TEP visualization section. The 

fouling layer of HOM on 50 kDa membrane was found to be the highest in terms of 

thickness and calcium concentration, resulting in a high binding between humic 

substances and calcium molecules. Afterwards, the fouling layer of BOM came quite 

looser with medium range of calcium concentration. This is may be because of the ability 

of protein to be adsorbed into calcium more than polysaccharides and less than humic 

substances. 
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Figure 5-19: SEM/EDAX surface images showing the fouling layers on (a) 50 kDa 

membrane surface were denser, thicker, and sticky compared to (b) 5 kDa 

membrane because of high organic content for AOM and BOM, and high calcium 

binding for HOM .The fouling layer of HOM on 50 kDa membrane was found to 

be the highest in terms of calcium concentration, resulting in a high binding 

between humic substances and calcium molecules. 

 

The AOM fouling layer came at last with very high organic content/TEP and less calcium 

concentration. It’s well known that CA species are able to produce more organic matter 

rather than BOM and HOM and this is most probably the reason behind this 

phenomenon. Further, the AOM fouling layer was gel-like layer and sticky due to its 

content of polysaccharides, as shown in (Figure 5-19). All these fouling layers of AOM, 

BOM, and HOM were porous. However, the HOM cake layer was found to be the highest 

porous layer compared to AOM and BOM layers because of the role of calcium binding 
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that enhances the size of HOM particles, allowing them to create larger particles, porous 

and less compact cake layer as clearly indicated in TMP and MFI-UF results. 

Comparative results of calcium concentration deposited on the surface of UF ceramic 

membranes shown in EDAX elemental analysis presented in (Figure 5-20, Figure 5-21, 

and Figure 5-22). By comparing the two membranes used, the calcium concentration 

was found to be higher on 50 kDa than 5 kDa membrane surface. Furthermore, the 

fouling layer of HOM on 50 kDa membrane was found to be the highest compared to 

AOM and BOM, resulting in a high binding between humic substances and calcium 

molecules. These findings confirm that 5 kDa membranes were able to remove more 

organics than 50 kDa membrane. Thus, the concentrations of the three organics 

particularly humics were observed low on 5 kDa membrane surface, resulting in 

decreased adsorption between HOM and calcium molecules. However, the adsorption of 

HOM and the calcium molecules for the 5 kDa membrane was also higher than AOM and 

BOM due to high calcium concentration deposited on the membrane surface 

(Figure 5-23, Figure 5-24, and Figure 5-25). 
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Figure 5-20: EDAX elemental analysis for AOM 50 kDa membrane demonstrates 

low calcium concentration deposited on the membrane surface. 

 

 

Figure 5-21: EDAX elemental analysis for BOM 50 kDa membrane demonstrates 

relatively low calcium concentration deposited on the membrane 

surface. 
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Figure 5-22: EDAX elemental analysis for HOM 50 kDa membrane demonstrates 

the highest calcium concentration deposited on the membrane surface. 

 

 

Figure 5-23: EDAX elemental analysis for AOM 5 kDa membrane demonstrates 

also low calcium concentration deposited on the membrane surface. 
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Figure 5-24: EDAX elemental analysis for BOM 5 kDa membrane demonstrates 

the lowest calcium concentration deposited on the membrane surface. 

 

 

Figure 5-25: EDAX elemental analysis for HOM 5 kDa membrane demonstrates 

higher calcium concentration deposited on the membrane surface.  
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5.8 Conclusions  

The following conclusions can be drawn from this study. 

1. UF 5 kDa membranes are able to remove more TEP/organics compared to the 50 kDa 

membranes due to their lower MWCO.  

2. UF 5 kD membranes showed a cake layer fouling while the 50 kDa membrane showed 

a blockage fouling mechanism followed by a cake layer formation. 

3. AOM gave the highest MFI-UF and TMP values among the three organics and during 

all filtration cycles for both membranes. AOM fouling layer is well known by having 

high fouling potential due to its compressibility and compactness which increase the 

TMP and eventually the MFI-UF values. 

4. For 50 kDa membranes, AOM and BOM organics presented a similar fouling behavior 

and mechanism. However, AOM was quite higher compared to BOM in terms of TEP 

concentrations and gel-like formation. This is probably attributed to the high 

polysaccharides concentration in AOM. 

5.  The divalent cations such as calcium revealed a strong influence on membrane 

fouling. In this experiment, the HOM particles were most likely influenced by this 

phenomenon which bridge/adsorb more organic molecules when interacting with 

calcium ions making the membrane less negatively charged and enhancing the 

membrane fouling. However, this fouling was less severe compared to AOM and 

BOM fouling. 

6. For 5 kDa membranes, AOM and BOM showed thinner cake layer during all filtration 

cycles as TEP particles derived from AOM and BOM have evolved this process by 
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making the cake layer more compact and compressible which in turns enhance the 

fouling resistance and reduce the porosity of the cake layer. HOM cake layer was 

thicker than those for AOM and BOM. This cake layer was found to be more porous 

and less compact and this occurred more likely when HOM particles bind with Ca 

molecules offering big aggregates and leading to high porosity of the HOM cake layer 

on the membrane surface. 

7. In this study, the fouling was mostly irreversible, indicating that the characteristics of 

AOM and BOM particles as well as the divalent cations bridging, make it hard even 

with Milli-Q water backwash to remove such fouling. 
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Chapter 6 

6 Final conclusions 

The present study was emphasized on three main research categories; AOM cultivation 

and extraction, DMF performance during ambient and algal blooms conditions, and a 

comparison study of AOM, BOM, and HOM fouling using UF ceramic membranes. 

Therefore the final conclusions have been divided based on the three research categories.  

 

6.1 AOM cultivation and extraction 

 

The main aim of this experiment is to produce high amount of AOM as a function of 

biopolymer from bloom-forming algae species (CA), and to know the biopolymer 

concentration in AOM versus other DOC fractures. The second aim is to characterize the 

AOM and understand the main components of its chemical structure in terms of 

carbohydrate, protein, and functional groups.  The study was concluded with the 

following statements: 

1. From the perspective of the LC-OCD results, AOM mainly consists of a 

biopolymer fraction (i.e. polysaccharides and proteins) and some minor 

concentrations of building blocks and LMW. 

2. The highest biopolymer peak was observed on day 14 when the algal cells counts 

reached the maximum. 
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3. The results demonstrate a clear linear correlation for DOC concentration with 

biopolymer concentration starting from (exponential phase) to (stationary-death 

phase). This trend shows that the DOC concentrations increase positively with 

biopolymer concentration, implying to the high portion of biopolymer in DOC 

concentration. 

4. The chlorophyll-(a) and total algal cells data at day 14 support and correlate 

positively with biopolymer values. 

5. The 
13

C spectrum results demonstrated that AOM as a function of biopolymer is 

mainly comprised of polysaccharides, protein, amino acids, and fatty acids. The 

high portion of polysaccharides and protein reflect that AOM is hydrophilic and 

highly negatively charged component. 

6. The 
1
H spectrum results are totally in agreement with those by 

13
C NMR in 

regards to chemical compositions of AOM derived from CA species as well as  

with LC-OCD chromatograms. The AOM as a function of biopolymer was fully 

composed of carbohydrates (mainly polisaccarides), protein, and amino acids.    

7. Three functional groups were clearly observed by 
13

C NMR in the AOM sample 

including aliphatic hydrcarbons, carbohydrayes, and aromatic/amide. 
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6.2 DMF performance at ambient and algal blooms conditions and 

during various pretreatment scenarios 

 

DAF has proved its ability to remove more AOM fractures specifically biopolymer and 

particularly during high AOM concentrations. In summary, the DMF flow rate was 

strongly impacted by biopolymer concentrations. In combination with coagulation and 

DAF, the flow rate and DMF performances were remarkably improved. DMF filtration 

performance was highly dependent on biopolymer concentration. The biopolymer 

removal efficiency was mostly attributed to the help of coagulation sedimentation, and 

coagulation-DAF compared to DMF alone. 

The objectives of this category were the following:  

1. To investigate the operation of DMF during ambient and simulated algal bloom 

conditions, and the role of coagulation and (DAF) in mitigating the adverse effects of 

algal blooms in terms of AOM on DMF performance. 

2. To examine the role of AOM concentration on the hydraulic performance of the various 

SWRO pretreatment processes at different AOM concentrations representing mild and 

severe algal bloom conditions. 

3. To study the correlation of turbidity and SDI with various AOM concentrations at 

various SWRO pretreatment processes. 

4. To study the removal mechanism of DMF during all pretreatment scenarios. 

 

The conclusions of this study can be summarized as following:  
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1. Generally, DAF was the best pretreatment option in terms of removal efficiency for all 

DOC fractions. However, the highest removal rate was observed at higher AOM 

concentrations (0.2 and 0.4 mg C/L).  

2. Hydraulic performance of DMF correlated well with biopolymers removal, with 

removal rates of 72%, 53% and 39%, for coagulation/DAF, coagulation/sedimentation, 

and no coagulation, respectively.  

3. The AOM biopolymer concentration of (0.2 mg/L) was observed to be the early sign 

towards organic fouling in DMF and RO desalination processes.  

4. The study found the predominant fracture (biopolymer) is the key player for DMF 

performance, coagulation efficiency, and DAF during all pretreatment scenarios.  

5. The biopolymer removal mechanism during DMF operation was mostly physical 

during no coagulation scenario and chemical-physical during coagulation-

sedimentation and coagulation DAF respectively.  

6. The LC-OCD results showed the higher impact removal in biopolymer fraction and 

the lower impact in humics and LMW (e.g. building blocks and neutrals) at all 

pretreatment scenarios. It is most likely due to lower MW of these fractures compared 

to biopolymer molecular size. 

7. Turbidity and SDI values were correlated positively with biopolymer concentrations. 

As a result, DMF also correlated efficiently with turbidity and SDI values. However, 

the most turbidity and SDI removal was attributed to coagulation-sedimentation and 

coagulation-DAF compared to DMF alone.   
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6.3 A comparison study of AOM, BOM, and HOM fouling using UF 

ceramic membranes 

 

The study was about a comparison of three organic matters using two UF ceramic 

membranes, 50 kDa and 5 kDa and which one removes TEP/organics more efficiently. 

The objectives also included the fouling mechanisms for each organic matters and what 

kind of fouling they may cause during UF filtration as well as how efficiently the 

backwashing was in removing such fouling. Furthermore, the study highlighted the role 

of the divalent cations such as calcium on the fouling mechanism. 

 

 The following conclusions can be drawn from this study. 

1. UF 5 kDa membranes are able to remove more TEP/organics compared to the 50 

kDa membranes due to their lower MWCO.  

2. UF 5 kD membranes showed a cake layer fouling while the 50 kDa membrane 

showed a blockage fouling mechanism followed by a cake layer formation. 

3. AOM gave the highest MFI-UF and TMP values among the three organics and 

during all filtration cycles for both membranes. AOM fouling layer is well known by 

having high fouling potential due to its compressibility and compactness which 

increase the TMP and eventually the MFI-UF values. 

4. For 50 kDa membranes, AOM and BOM organics presented a similar fouling 

behavior and mechanism. However, AOM was quite higher compared to BOM in 

terms of TEP concentrations and gel-like formation. This is most probably attributed 

to the high polysaccharides concentration in AOM. 
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5. The divalent cations such as calcium revealed a strong influence on membrane 

fouling. In this experiment, the HOM particles were most likely influenced by this 

phenomenon which bridge/adsorb more organic molecules when interacting with 

calcium ions making the membrane less negatively charged and enhancing the 

membrane fouling. However, this fouling was less severe compared to AOM and 

BOM fouling. 

6. For 5 kDa membranes, AOM and BOM showed thinner cake layer during all 

filtration cycles as TEP particles derived from AOM and BOM have evolved this 

process by making the cake layer more compact and compressible which in turns 

enhance the fouling resistance and reduce the porosity of the cake layer. HOM cake 

layer was thicker than those for AOM and BOM. This cake layer was found to be 

more porous and less compact and this occurred more likely when HOM particles 

bind with calcium molecules offering big aggregates and leading to high porosity of 

the HOM cake layer on the membrane surface. 

7. In this study, the fouling was mostly irreversible, indicating that the characteristics 

of AOM and BOM particles as well as the divalent cations bridging, make it hard 

even with Milli-Q water backwash to remove such fouling. 
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6.4 Recommendations 

1. The discussion of removal and transport mechanism of biopolymer through DMF 

porous media requires advanced investigation considering physical and chemical 

characteristics for both, media and the particles particularly in the light of size 

distribution.    

2. From the present study and literature, the DMF filtration cycle is vital for AOM 

removal. The longer DMF cycle the high AOM removal, particularly for the 

predominant facture such as biopolymer. Hence, studying on AOM removal with 

long DMF operation to achieve biodegradation removal mechanism is recommended. 

3. It would be very useful if the present study continues using DAF as an alternative 

treatment for DMF during ambient and algal blooms conditions with a comparison of 

UF using tubular ceramic membranes and possibly a combination of both.   

 


