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ABSTRACT 

 

Organic Carbon Reduction in Seawater Reverse Osmosis (SWRO) Plants, Jeddah, 
Saudi Arabia 

Abdullah Hassan Alshahri 

Desalination is considered to be a major source of usable water in the Middle East, 
especially the Gulf countries which lack fresh water resources. A key and sometimes 
the only solution to produce high quality water in these countries is through the use of 
seawater reverse osmosis (SWRO) desalination technology. Membrane fouling is an 
economic and operational defect that impacts the performance of SWRO desalination 
technology. To limit this fouling phenomenon, it is important to implement the 
appropriate type of intake and pre-treatment system design. 

 
In this study, two types of systems were investigated, a vertical well system and a 
surface-water intake at a 9m depth. The purpose of this investigation is to study the 
impact of the different intake systems and pre-treatment stages in minimizing the 
concentrations of algae, bacteria, natural organic matter (NOM) and transparent 
exopolymer particles (TEP), in the feed water prior to pre-treatment, through the pre-
treatment stages, and in the product water and concentrate.  

 

Water samples were collected from the surface seawater, the intakes (wells for site A, 
9 m depth open ocean intake at site B), after the media filter, after the cartridge filter, 
and from the permeate and reject streams. The measured parameters included physical 
parameters, algae, bacteria, total organic carbon (TOC), fractions of dissolved NOM, 
particulate and colloidal TEP.  

 

The results of this study prove that the natural filtration and biological treatment of 
the seawater which occur in the aquifer matrix are very effective in improving the raw 
water quality to a significant degree. The results demonstrated that algae and 
biopolymers were 100% removed, the bacterial concentrations were significantly 
removed and roughly 50% or greater of TOC concentrations was eliminated by the 
aquifer matrix at site A. The aquifer feeding the vertical wells reduced TEP 
concentrations, but to differing degree.  

 

There is a slight decrease in the concentrations of, algae, bacteria, TOC, NOM, and 
TEP in the feed water at 9 m depth compared to the surface seawater at site B. The 
pre-treatment was of significant effectiveness and the improvements in reducing the 
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membrane fouling potential were quite high and strong at this site. Investigation of the 
permeate stream showed some breakthrough of bacteria which is of concern because 
it may indicate a problem within the membrane system (e.g., broken seal and 
perforation). The aquifer feeding the wells in the subsurface system plays a main role 
in the improvement of water quality, so the pre-treatment seems less effective in site 
A plant. This proves that the subsurface intake is better than open ocean intake in 
terms of providing better raw water quality and ultimately reducing membrane 
biofouling. 
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Chapter 1 

1.1 Introduction 

 
Water is one of the most essential elements for life. It is the true secret for each living 
thing on earth ﴾And we have made from water every living﴿ (Surah, “The Prophets 
Verse” (30) from the Holy Quran). All living organisms need water in abundance to 
live. The human body consists of about 60% of water, and the same applies to plants 
and animals because living organisms need water for all their vital operations. Water 
is at the core of sustainable system on the planet Earth.  
 
Water constitutes the largest percentage of the earth's geographic area, where it 
accounts for 71% of the overall surface area. It exists in the form of oceans, rivers, 
seas, and lakes. Only 2.5% of the total earth’s water is fresh water and this 2.5% of 
fresh water can be divided into [1]: 
 

• 69% permanent ice which make it difficult to use. 

• 30% ground water.      

• 1% accessible fresh water in soil, rivers, streams and atmosphere. 

Most of the water available on the earth needs special treatment or desalination before 

it can be used by humans. 

 

Figure1.1: Distribution of water on the globe [1] 

Population growth, urbanization, food and energy security issues, macro-economic 
processes such as trade globalization, changing diets and increasing consumption are 
the important factors that affect the global water demand. Statistics showed that by 
2050, the global demand is expected to increase by 55%. This increase will be a result 
of several reasons such as growing demands from manufacturing, thermal electricity 
generation and domestic use, etc. One of the substantial challenges in today’s world is 
water shortage [2]. The International Desalination Association (IDA) reported in 2010 
that the total water desalination capacity of the plant reached 65.2million m3/day and 
an additional 6.5 million m3/day is in commission for the near future [3]. Locally in 
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Saudi Arabia, there are three major sectors of water demand, which are municipal, 
industrial and agricultural. The annual water demand for municipal and industrial 
sectors is increasing mainly due to the rapid increase in population and steady 
industrial growth. During 2011, the total water demand reached 19.1 billion cubic 
meters which is divided as 12.6% for municipal sector, 4.2% for industrial sector, and 
83.2% for agricultural sector. The annual growth rate of water demand for municipal 
sector is estimated at 6.1% [4]. 
  

Table 1.1: Water demand in 2011 in Saudi Arabia 

Sector Total water demand in 
2011 (million cubic 

meter) 

% out of 
total 

Percentage of annual 
increase 

Municipal 2423 12.6% 6.1% 
Industrial 800 4.2% 6.2% 
Agricultural 15970 83.2% 10.8% 
Total 19193 100% 10% 

 

 

 Figure1.2: Development of water demand in Saudi Arabia [4] 

In order to provide alternative solutions for providing freshwater, different water 
treatment processes were used to remove salinity. Some of these processes are well-
known for centuries and some are modern. Kindasa was the first seawater desalination 
plant built in Jeddah, Saudi Arabia around 1895. It started with a single effect distiller 
followed by the use of a multi effect distiller in other regions of the country, such as 
Alkhobar and Dhahran [5].  

The method to remove salt from sea or brackish water is called desalination.  It is 
considered a preferable technical method to produce fresh water, particularly in the 
arid and semi-arid regions, such as the Middle East where seawater has become the 
main drinking water source. Originally, distillation technologies were used for 
desalination, but in the last decade, membrane treatment has become another 
important desalination process. Membrane desalination techniques are divided into 
two methods; reverse osmosis (RO) and electro dialysis (ED) or electro dialysis 
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reversal (EDR). Reverse osmosis (RO) uses induced pressure to separate the water 
from salt through a membrane, while electro dialysis (ED) and electro dialysis 
reversal use the electrical voltage to attract the salt through a membrane to electrodes 
with positive and negative charges. Reverse osmosis process (RO) is reverse transfer 
of fresh water from the solution that is high in concentration to the solution that is low 
in concentration once both sides are separated by semi-permeable membrane. Reverse 
osmosis, which is part of membrane-based technologies, is a primary method of 
seawater desalination for potable water production and it is preferable over thermal 
technologies. Production amount by RO technology is better and more efficient than 
thermal desalination for treating the seawater due to lower energy consumption per 
unit volume [3]. Pre-treatment options, low chemical consumption, energy recovery 
options, and reduction of environmental risk have occurred to advancement in use of 
the RO process. This transformed SWRO to a mature technology of desalination [6, 
7]. The reduction in the cost of SWRO to as low as half to one-third of the cost of 
distillation, is the primary cause that the RO is considered as a preferable option [8].  

There is a phenomenon that challenges the integrity of the SWRO membrane process 
system, which is membrane fouling/biofouling. Avoiding this fouling/biofouling is a 
big challenge to the water industry. Most desalination plants install a pre-treatment 
system to reduce the impact of fouling. Reduced RO flux rate drops caused by 
biofouling/ fouling, longer RO membrane life, a reduced number of RO membrane 
cleanings [9]. Nowadays, seawater represents almost 60% of the feed water used in 
desalination plants (Figure  1.3). Reverse Osmosis (RO) technology, which is called 
membrane technology produce about 60% of desalinated water.  

 

 
 

 Figure1.3: Globally installed capacity by feed water [3] 
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Figure1.4: Global capacity of water desalination by technology [3] 
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1.2 Objectives  

Seawater is used as a main source of water supply in most of the desalination plants. 
Most of these desalination plants use SWRO technology since it has more advantages 
compared with the thermal processes (e.g., energy consumption and cost). For the past 
25 years, most of the desalination plants around the globe have been moving toward 
membrane technology, mainly SWRO technology [5]. One of the most important 
challenges facing membrane technology is to reduce the occurrence of 
fouling/biofouling that reduces the efficiency of the membrane process. Performance 
loss, target production realization failure, and unforeseen additional costs of operation 
and maintenance (e.g., such chemical cleaning and early membrane element 
replacement) are the issues resulting from fouling occurrences [11]. Particulate 
fouling, organic fouling and biofouling are considered as critical issues in SWRO 
membrane industry [7, 10]. The deposits discovered in membrane autopsies include 
organic deposits, iron oxide, silica and aluminum oxide which represent more than 70 
% of the deposits composition [12]. Therefore, colloidal and organic fouling persists 
as a critical phenomenon and issue that causes SWRO membrane fouling. Proper pre-
treatment should be provided in order to mitigate the occurrence of fouling/biofouling 
in an SWRO membrane system. The main focus of this research is quantifying the 
organic carbon removal by the different pre-treatment systems through the SWRO 
plants in the studied facilities. Two desalination plants were investigated in this study; 
one with open ocean intake and the other with a vertical well intake system. Both 
facilities are located in Jeddah city, Saudi Arabia. 

 The objectives of this research are: 

• To evaluate the performance of pre-treatment at two SWRO desalination 
plants. 

• To compare the open ocean intake and subsurface intake pre-treatment in 
terms of raw water quality improvement. 

• To study the change in water quality between the surface and 9m depth 
through the project duration. 

 
1.3 Thesis Structure 

 
This thesis is divided into six chapters: 

Chapter 1 includes a brief introduction about the need for desalination and the need 
for having a proper pre-treatment system to avoid membrane fouling/biofouling 
challenges. In addition, it includes description of the objective of this research.  
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Chapter 2 describes the existing desalination intake systems (open ocean intake vs 
subsurface) and it involves a discussion about the advantage and disadvantage of the 
existing desalination intake systems. In addition, this chapter includes brief 
discussions concerning the pre-treatment systems and fouling/biofouling challenges. 
 
Chapter 3 includes the research details, procedures, and methods used for analysis. It 
starts by giving a description of the studied desalination plants, the sampling 
campaign details and the measurements  
 
Chapter 4 provides comprehensive results of the different measurements through the 
research period.  
 
Chapter 5 contains a discussion of the results, which include the role of intake 
systems in improving the raw water quality as well as the role of pre-treatment stages 
in reducing the organic and microorganism content within the feed water at the 
SWRO facilities.  
 
Chapter 6 provides a summary of the research findings and will include 
recommendations for the different types of pre-treatment stages that can be used 
effectively to improve the raw water quality. Moreover, the role of different intake 
systems is evaluated for the two studied sites. 
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Chapter 2 

2.1 Intake types 

 
An intake system is a major element and necessary in every SWRO desalination 
system. Undoubtedly, the first step of this process has a great role in the general 
performance and cost of SWRO desalination. The main target of the intake system is 
to provide a continuous supply of feed water in the necessary amounts while reducing 
any environmental negative effects.  

 
The proper intake system should provide the following [13]: 
 

 Minimize the pre-treatment needs;  
 Minimize the influx of suspended solids (SS) and the  organic materials  that 

occur in the natural seawater or are caused by anthropogenic pollution; 
 Maintain the feed water quality by a certain degree of stability.  
 Provide enough quantity of raw water in a trustworthy way;  
 Keep a regular standard of physiochemical features such as temperature, and 

salinity throughout the course of the seasonal and climactic changes;  
 Try to reduce impingement and entrainment of the oceanic organisms on the 

pipes and screens;  
 Minimize the environmental impacts; 
 Supply shelter against the biological creatures that influence the 

facility process, such as jellyfish, algae, and bacteria infestations or blooms;  
 Preserve energy consumption by the reduction of the space between the intake 

system and the desalination plant (raw water pumping distance). 
 

Intake Systems can be divided into two chief categories as shown in (Figure 2.1) [13]: 

1. Straight /Direct Intake Systems (open-ocean intake systems), (Surface) 
2. Indirect Intake Systems (Subsurface). 

 
 
 
 
 
 
 
 
 

 



19 

  

Figure 2.1: Classification of intake systems [8] 

 
2.1.1 Direct intake systems 

The most applied method to supply a desalination plant with feed seawater is the 
direct intake system. Thus, it can be used for all measures of desalination plants but 
the economies of scale make it more suitable for the big volume ones (>38, 000 m 
3/day) [14]. By virtue of the comparative depth at which an intake is occurred, the 
method is sorted as a surface water intake or deep water intake. 

A) Surface water intakes  

 Most commonly, the feed water is taken out from the superficial subsurface of the sea 
or from various depths usually ranging from 1-6 meters [15]. The feed water which is 
provided from such a system usually has bad water quality characteristics, containing 
high concentrations of various debris (freely swimming organisms such as algae and 
impurities) and suspended sediment, particularly during storm events or algal blooms. 

B) Deep water intakes  

The extracted feed water from near the bottom of the ocean is (>35 meters deep) but 
above the seafloor [15]. The debris load becomes different according to its location. 
For example, at the depth of 35m, the debris load can be 20 times less than its load 
near the subsurface, providing better feed water quality to the treatment facility [15]. 
However, this is not the case in the Red Sea where deep water quality is similar to that 
at shallow depths. In some locations the deep water quality is quite poor compared to 
the surface. 
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Furthermore, the water temperature can be very low, where cooler water could lead to 
some treatment inefficiencies in the membrane process. Despite the fact that a deep 
intake system can supply better feed water quality than a surface intake, it would 
require complex construction of offshore pipelines which increases the expenditure of 
the capital cost [16]. 

In addition, the 35m or greater depth can lead to some great challenges 
to the maintenance performance because divers would be obliged to apply quite 
hazardous decompression dives during physical cleaning (depending on the depth) or 
submersible vehicles would be required. Consequently, before designing any project 
the tradeoff between the water quality maintained from an offshore deep water intake 
system with the cost of pipeline construction, should be considered [16]. 

 

2.1.2 Subsurface /indirect intake systems 

 
This type of the intake system works by using the bottom and sediments of a river,  
stream or shoreline of the sea to filter the raw water by pumping wells that are located 
near the water source to supply raw water to a water treatment plant. 
These intake systems help seawater to be filtrated through a geological unit into the 
intake system and are highly applied for small and medium size SWRO desalination 
plants [17, 18, and 19]. Accordingly, the real success of this system 
completely depends on the local hydrological and geological situations near the 
intake site.  

These indirect intake systems have been verified to be cost-effective for small-scale 
plants with capacities less than 4,000m3/day [20]. Nevertheless, subsurface intake 
systems also have been carried out in various large-scale desalination plants where 
the production capacity exceeds 20,000 m3/day [20] and have had an important 
success documented. Furthermore, the subsurface intakes systems have great effects 
in reducing the concentration of freely living organisms, red tide algae, bacteria, 
suspended sediments and other pollutants (Figure 2.2).  
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Figure 2.2: Potential fouling debris [21] 

 

Subsurface/indirect intakes can be classified according to types as follows:  

A. Wells (Vertical &Horizontal); 
B.  Beach Galleries;  
C. Seabed Filters. 

 

Wells  

 
Wells can be divided into two main groups; vertical and horizontal. Vertical wells 
consist of the conventional vertical wells, slanted wells, and Ranney or collector 
wells. The other type (horizontal wells) consists of a conventionally drilled system 
(HDD) and the Neodren® system.  

 
The application of the conventional vertical wells is mainly restricted to the small and 
medium capacity SWRO desalination plants [16]. An ideal well is shown in (Figure 
2.3). This sort of well is famous by its best fulfillment of the feed water for small to 
medium sized desalination plants as a means of providing raw seawater [22]. 
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Figure 2.3: Vertical beach well [23] 

 

Slant-wells are constructed in a typical manner and drilled on the beach at an angle 
that is dipping towards the open sea from the erect level. A slant well is shown in 
(Figure 2.4). The real purposes to use this position are to increase the replenishment 
of an aquifer with the well water through the seabed and to hinder effects 
towards landward aquifers that contain freshwater.  

However, this kind of well is highly costly to construct when compared to a vertical 
well, but it increases the production amount and decreases the affected inland aquifer 
system. No such system is currently being used in the world today. It is solely in 
testing. 

 

 

 Figure 2.4: Slant wells [23] 

Ranney collectors consist of a central caisson that is vertical and a series of screened 
laterals extending from the caisson. A Ranney well is shown in (Figure 2.5). They can 
have large production capacities and are usually utilized in the medium permeability 
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and horizontally bedded deposits [24]. However, in SWRO applications, they must be 
located very close to the sea on the beach which can be problematic. 

 

 

 Figure 2.5: Ranney collector wells [23] 

 

Horizontal wells can be applied in two design options: conventionally drilled 
placement of casing and well screens and the Neodren® configuration. The possible 
advantage of horizontal wells is their high productivity. Thus, they can be 
more productive than the vertical wells, but they are more expensive to construct and 
difficult to maintain [13]. A horizontal well is shown in (Figure 2.6).  

 

 

 

Figure 2.6: Horizontal well or drain configuration [25] 
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Beach galleries 

The feasibility of utilizing a beach gallery depends on certain factors, particularly the 
geological conditions in the location [26]. Beach galleries work in a same way to use 
the sand filtration mechanism to naturally filter the sea water before entering the RO 
plant. They can be self-cleaning (without backwash) in locations where there is 
sufficient wave activity within the littoral zone. 

Beach galleries are constructed within the lower littoral zone (Figures 2.7and 2.8). 
The mechanical activity of the breaking waves assist in preserving the sediment - 
water interface (filter face) by the natural elimination of the tiny particles and marine 
organisms that could clog it. The natural turbulence resuspends sediment and trapped 
organics, moving them away from the filter face.  Beach galleries cannot be used on 
prograding beaches or very high-energy beaches. In addition to that, they should not 
be established in areas that contain very small amounts of sand or those areas which 
are always exposed to high storm activity [27]. 

 

 

Figure 2.7: Bach gallery design [24] 
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Figure 2.8: Beach gallery concept [27] 

 

Seabed filters 

There are some obstacles that are related to the geological and hydrological conditions 
of the coastline land and they impede the installation of the more onshore systems. 
Moreover, these conditions make this process not practicable or very costly to be 
carried out. In such cases, the construction of seabed filter might the most preferable 
option (Figures 2.9 and 2.10). The research has revealed that the seabed filter system 
minimizes the SDI and the other fouling potential organics. Furthermore, a well-
designed seabed system can stand firm against windy situations and can produce large 
volumes of water [28]. One of the seabed filter restrictions is its tendency to 
geochemical plugging, if it is applied in tropical or semi-tropical marine zone [24].  In 
addition, maintenance may have to be carried out on the seabed system in order to 
maintain continuous performance, although the Fukuoka, Japan, system has been 
operating without significant maintenance for 8 years. 

 

Figure 2.9: Fukuoka seabed system design [29] 
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Figure 2.10: Seabed system design [17] 
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2.2 SWRO pre-treatment technologies 

 
A good pre-treatment system is an indicator for the successful operation within the 
SWRO plant [30]. It is important to invest in these pre-treatment systems in order to 
provide a protection for the membranes against the organic and microbial content that 
cause membrane biofouling. Several studies have revealed that 
CAPEX and OPEX for the pre-treatment system can extend to 50% of the entire 
desalination plant expenditure based on a life-cycle cost analysis [31]. 

 At the moment, pre-treatment technology is grouped into conventional pre-treatment 
and non-conventional pre-treatment.  The conventional pre-treatment includes travel-
screens, disinfection (chlorination), coagulation /flocculation and filtration processes, 
and dechlorination. The non-conventional pre-treatment which is used in the new 
systems include screening, coarse filtration, and microfiltration or ultrafiltration. In 
addition, it includes the use of coarse filtration with a subsurface intake. The 
materials that create SWRO membrane fouling issues are the inorganic suspended 
solids, sand, bacteria and the dissolved organic matters [30]. Materials such as crude 
oil and refined petroleum products destroy the membranes, so during large 
contamination events (such as the Gulf War oil discharge) can cause SWRO plant 
shut-down when surface intake systems are used. 

 The purposes of the pre-treatment standards are to maintain high quality of the feed 
water to the SWRO membranes in order to minimize the possibility of scale 
formation, biofouling materials that may accumulate on the membrane and on 
the flow channels in order to reduce the cleaning frequency demands, or membrane 
destruction [32]. So, it is of significant importance to have a proper pre-treatment 
system that can provide a protection for the SWRO membranes.  

 

2.2.1 Conventional Pre-treatment  

 
The process of the conventional pre-treatment for SWRO (i.e., coagulation & 
filtration) is considered as a standard technology that has been investigated and is 
used by many large-capacity seawater desalination plants with the surface water 
intakes. This method of the desalination pre-treatment has the capability to get rid of 
the particles as small as 10-20 μm sizes, but with the coagulants it can reach up to 
1μm size [33]. This conventional pre-treatment method can be overwhelmed by algal 
blooms. 
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Disinfection  

Any seawater contains huge amounts of microorganisms such as bacteria, algae, fungi 
and viruses that can lead to critical biological fouling. There are several practices to 
control the occurrence of biological fouling such as the addition of chemical oxidants, 
biofilteration to remove nutrients and the addition of biocides. According to the high 
risk of membrane oxidation, the application of the oxidants must be controlled 
properly and the chlorine should be measured well below 0.1 mg/L (of free chlorine 
residual).  Although chlorination helps in reducing the microbial content within the 
seawater matrix to a great extent, the main disadvantage with this method is that it 
increases the assimilable organic carbon (AOC) content that resulted from the 
oxidative degradation of marine humic substances [34].The dechlorination upstream 
of the membranes is needed by adding sulfite compound or by passage through the 
granular - activated carbon [30]. Once the water is dechlorinated before the SWRO 
membrane, a tiny number of surviving bacteria will have the tendency to grow again 
and it has tremendous growth cycle (after growth). These small number of bacteria 
will rely on the available (AOC) which was produced earlier from the biodegradation 
of the non- AOC substance within the water [35]. 

Coagulation 

 
Coagulation is a technical method that is applied to join the small particles into larger 
masses by neutralizing the electrical charges on the surface of the particles [30]. In 
general cases, the use of the coagulants includes the ferric salts, lime and ferric 
chloride. The research findings have shown that the coagulation process successfully 
improves water quality either in the conventional pre-treatment or in the low - 
pressure membrane pre-treatment of the SWRO. On the other hand, 
the coagulation process has the advantage of decreasing (MF/UF) fouling and 
developing the operational stability in some conditions [30]. 

 

 

Figure 2.11: Typical example for conventional pre-treatment 
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Acidity (pH) adjustment 
 
Acidity (pH) has specific standards to be adjusted to according to the several chemical 
processes. Thus, (pH) adjustment is an effective method to control calcium carbonate 
scaling. The solubility of the calcium carbonate (CaCO3) relies completely on the pH 
as can be observed from the below equation: 

Ca2+ + HCO3 − ↔H+ + CaCO3 
 

Different adjustment chemicals can be used for pH reduction such as CO2, H2SO4 and 
HCl [30]. In case of using lime addition system, then carbon dioxide must not be 
applied for pH adjustment due to the potential scaling problem that is connected with 
the lime pre-treatment. It is always the case that the pH is changed obviously after the 
addition of the coagulants and the pH must be gone back to a neutral condition for the 
final generated water [36]. Normally, if pH adjustment is required, hydrochloric acid 
is used. 

Scale inhibition 

The useful application of the scale inhibitors (anti-scalants) is to adjust the CO3
2-

scaling, Mg(OH)2 scaling,  CaSO4 scaling, and CaF2 scaling [30]. Scale inhibitors are 
divided into three different types which are the sodium hexametaphosphate (SHMP), 
organophosphonate and polyacrylates. Anti-scalants manufacturers have their own 
measurements to determine the dosages rates of all anti-scalants. Accuracy is required 
during the addition of these scale inhibitor to avoid the overdosing and ensure about 
the absence of any significant amounts of cationic polymers in the addition process of 
an anionic scale inhibitor [30]. 

Granular media filtration 

A direct filtration process using mono, dual media or mixed-media filtration is the 
most commonly used methods for pre-treatment of seawater before entering the RO 
plant. This method is used to filter the suspended solids by the media either at the 
media surface (cake formation) or by the filtration through the media depth. The 
processes that are mainly involved in this system are straining and adsorption. These 
granular media might be clogged with time and backwashing will be required to 
restore the filter performance. 

There are some significant parameters that are required to be well-designed to reach 
the anticipated value of the filtrate, the size, surface charge and the geometry of both 
the suspended solids and the filter media. Furthermore, the design parameters of the 
different media types were specified at the water Desalination Technical Manual and 
the Department of the U. S. Army [37]. 
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1. SINGLE - MEDIA Filtration: 
This system composed of only one media which is generally originated from the 
small-grained silica sand. In some cases, anthracite is used after lime and lime-soda 
softening. 
  

2. DUAL- MEDIA Filtration:  
This system composed of two media each has different specific gravities. The 
difference causes a two layers separation effect.  Silica sand or greensand is used for 
one layer and commonly, anthracite is used for the other layer. The use of the dual 
media can remove sufficient quantities of the particulate material to meet the 
operational needs. 
 

3. MIXED - MEDIA Filtration:  
This system consists of three media filters, a better coarse - to-fine filtration pattern 
can be achieved. Silica sand, garnet and anthracite are usually applied to construct the 
filter bed. The different media are not deposited in strata or layers completely. As a 
result, there is a small amount of intermixing between the three layers. This slow 
alteration in the media size causes formation of a gradient that ranges from coarse to 
fine and forms a media flow model essential to reduce the silt density index. 
 

2.2.2 Advanced pre-treatment 

Advanced pre-treatment methods include the use of membrane technology to remove 
particles which are small in size (< 0.1 µm). The output of this method is high in 
quality with SDI values less than 3, so it is considered ideal for SWRO pretreatment 
[33]. 

Advanced pre-treatment systems consist of microfiltration (MF) or 
ultrafiltration (UF).These systems are starting to acquire a good reputation. 

Low - pressure membrane filtration: 

The membrane filtration mechanism basically relies on the pressure difference for the 
separation and filtration processes [38]. Membranes according to the pore size are 
grouped into four major classes which are microfiltration (MF), ultrafiltration (UF), 
nanofiltration (NF) and reverse osmosis (RO).  The pore size is different in its volume 
from one membrane to the other one. For example, it ranges from several micrometers 
as in the case of the (MF) to several nanometers size as in the case of the 
(UF) and even smaller than nano-scale as in the cases of the (NF) and (RO) which are 
shown in the Figure below [39]. 

Recently, MF/UF has been accepted gradually as the favorite pre-treatment for 
reverse osmosis (RO) [40]. Ultrafiltration (UF) has an ability to get rid of all 
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the suspended particles and some of the dissolved organic matters. The ideal 
elimination power of the (UF) that is applied for the general water treatment ranges 
from 0.01 to 0.02 micron. Furthermore, some advance materials even provide 
0.005micron filtration. The MF in a typical manner works at a particle size an order of 
magnitude coarser than UF, e. g. approx. 0.1- 0.2 micron. Therefore, the UF is better 
than the MF to supply a disinfection barrier take out the viruses.  

Nevertheless, in the utilization of the RO /NF feed pre-treatment, both techniques are 
efficient to minimize the particle concentrations to a reasonable standard [40]. The 
available commercial products consist of the immersed plate, pressure driven 
capillary and the pressure driven spiral besides the immersed hollow fiber membranes 
at present [41].  

 

Figure 2.12: Pore size range of various membranes process [39] 

 

The advantages of the MF /UF pre-treatment in comparison with the conventional 
pre-treatment technologies include: 
 
☆ Supply of the feed water to the RO system of constant and high quality with 
disregard to the water fluctuations source; 
☆ Minimizing RO fouling that leads to the less cleaning and preserving of the 
membrane life for long time; and 
☆ Smaller footprint.  
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2.3 Fouling/biofouling 

2.3.1 Foulants categories 

Scaling  

Scaling is attributed to the precipitation of soluble inorganic salts. Scaling precipitate 
when the ionic product amount of the scaling salt surpasses its solubility product [42]. 
Pre-design modeling of the chemistry of the feed water is used to design pre-treatment 
systems to prevent scaling. 

Particulate fouling 

Surface water is polluted by the suspended and colloidal particles such as clays or 
suspended sediments in general, algae and bacteria. Presence of these contaminants is 
observed by the SDI measurements, water turbidity and the particle counts. In the 
most cases, it was found that more than 90% of the seawater particulate foulants are 
larger than one micrometer. It is recommended by membrane manufactures to have 
SDI with less than four [42]. 

Biofouling  

TOC, dissolved organic carbon fraction and transparent expolymer particles are some 
of the common analyses that can be used to predict the occurrence of the organic 
fouling. These analyses will help identifying the protein; polysaccharide, organic 
matters and other parameters that contribute to membrane biofouling within the 
seawater matrix.  

It is common that the surface waters and municipal secondary effluents contain 
some dissolved organic matters [32]. It is also common in seawater where the organic 
and microbial concentrations are present but in less quantities than the municipal 
secondary effluents. This small quantity is still contributing to membrane biofouling 
in SWRO desalination plants. Formation of a biofilm will cause the formation of thick 
layer which with time will cause an operational problem for membrane facility. 

This type of fouling is common in the SWRO desalination. The biofouling potential is 
controlled by several factors, including the concentration and speciation of the 
microorganisms that present in the water matrix, content of biodegradable 
compounds, nutrients composition, assimilable organic carbon (AOC), TEP, and 
water temperature to a degree [42].  

The membrane biofouling process has many steps such as the formation of the 
primary organic conditioning film, attachment of bacterial colonization, the 
biopolymer matrix formation and finally the development of the mature secondary 
biofilm. The organic molecules, colloidal and suspended particles and the cells of the 
other microorganisms are bound by the mucus-like biopolymer matrix. Depending on 
the feed water composition a mass of a biofouling cake forms on the membrane in a 
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short or long time period. The biofilm provides a large infiltrated flow resistance and 
must be removed [42]. There are many symptom 'indicators’ that determine the 
degree of biofouling, such as the flux loss, increased operating pressure and 
membrane telescoping, and membrane impairment [32]. 

 

Although the first two kinds of fouling can be minimized by proper pre-treatment, 
biofouling cannot be minimized by the pre-treatment alone [43] because the 
conditioning of the membrane surface leads to attachment and growth of bacteria. 
Even if 99.99% of all bacteria are killed by the pre-treatment process, small number 
of the living cells will enter the system, attach to the surfaces and maximize their 
numbers at the expense of the biodegradable materials that melted in the bulk aqueous 
phase [44]. Even chlorination does not kill the very small bacteria known as viabkle.  

2.3.2 Biofouling 

1. Biofilms: 
 
Biofouling is defined as the undesirable accumulation of organic matter and bacteria. 
A biofilm is accumulation of the surface-associated microbial cells that are strongly 
adsorbed to a surface and surrounded in a matrix of extracellular polymeric materials. 
The creation of the biofilms may happen on a broad diversity of surfaces such as 
living tissues, indwelling medical devices in the medical applications, water system 
piping and natural aquatic systems [45].  

Biofilms are formed mainly by the microbial cells and extracellular polymeric 
substances (EPS). EPS may constitute 50-90% of the total organic carbon (TOC) of a 
biofilm. Reverse osmosis membranes are occupied by a different types of bacteria that 
include Mycobacterium, Flavobacterium, Pseudomonas and a host of the other  
different species [46, 47] (Table 2.1). 

Table 2.1: Bacterial species that contribute to membrane biofouling 
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2. Steps of biofilm formation: 
 
Biofouling takes place through a series of steps which include membrane conditioning 
by adherence of sticky polysaccharides and TEP, the transport, deposition and cell 
adhesion followed by exopolymer production and accelerating cell growth, which can 
occur quickly. 
 
The figure below (Figure 2.13) reflects the main events that happen during the process 
of the membrane biofouling [44]. 
 

 

Figure 2.13: Steps of biofilm formation [48] 

 
The diagram below (Figure 2.14) demonstrates the three main stages of the biofilm 
progress in a system. Here, maybe the most significant phase is the induction phase 
because it hinders the biofilm progress.  

The biofilm will reach the logarithmical growth phase once the cell growth within the 
surface provides more mass to the biofilm accumulation than the adhesion of the 
planktonic cells. After a specified time, the biofilm has grown, (i.e., commonly, the 
cell adhesion and reproduction, cell detachment and the cellular senescence (grow 
old) are all in balance).  

This phase of the biofilm process is called the plateau phase and is mostly controlled 
by several factors, such as the nutrient concentration, growth rate. When the process 
gets to this stage, the primary surface of the membrane is covered by the biofilm [44]. 
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Figure 2.14: Phases of biofilm development [49] 

 

2.3.3 Biofouling drawbacks 

The biofouling occurs when the biofilm appears in the wrong place and at the 
inappropriate time [50]. Once biofilm formed in the membrane surface, it causes 
many adverse effects for the RO membrane. These adverse effects can be summarized 
as follow (Kramer and Tracey, 1995) [51]. 
 

1. Membrane flux reduction 
2. Membrane biodegradation 
3. Increased salt passage 
4. Increase of differential pressure  
5. Feed pressure increase 

 
 
2.3.4 Biofouling control techniques 

The main practices that can be implemented to control biofouling are: 
 

A. Feed pre-treatment:  
 

Abd E1 Aleem et al. [52] discussed about the degree of pre-treatment required which 
is affected by the quality of  feed water, membrane type and configuration, the 
recovery ratio and membrane cleaning frequency.   
 
Dudley and Darton [53] described the use of flocculation and filtering processes 
which used to remove suspended solids in the large systems.  Also they studied the 
use of the some pretreatment systems that are used frequently in the medium sized 
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plants, 1000 to 5000m3/day. These methods include sand and multimedia filters, 
granular activated carbon (GAC), cartridge filters and ultrafiltration membranes,  

B. Membrane cleaning: 
 

The cleaning of membranes was presented by Dudley [54]. The membrane needs to 
be cleaned before a reduction in permeate water occurs. The biofilm composition, the 
membrane material and the degree of fouling are the factors that determine cleaning 
frequency and the needed chemicals for cleaning. The membrane manufacturers 
usually give cleaning procedures such as incorporation of alkaline surfactant cleaners 
and non-oxidizing biocides. When any of the following parameters change by 10-
15%, the general guidelines for cleaning are recommended: 
 

• Flux reduction. 
• Salt rejection decrease. 
• Feed and differential pressure increase 
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Chapter 3 Methods 

3.1 Sites description 

Two desalination plants were investigated in this study; one with a vertical well intake 
system (North Obhor plant) and the other with an open ocean intake (Saudia plant) 
(Figure 3.1). 
 
 

 

Figure 3.1: Map showing the location of the investigated SWRO facilities 
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3.1.1 North Obhor plant (site A) 

The North Obhor plant is a SWRO desalination plant that is owned by SAWACO 
Company and is located to the north of Jeddah, approximately 45 km away from the 
city center. This facility uses a vertical well system to supply the raw water needed to 
produce a permeate capacity of 14,500 m3 per day or about 32,000 m3/day. At this 
facility 14 vertical wells are constructed into a carbonate and coralline limestone 
formation. The wells are about 50 m in depth and have a screened completion. The 
wells are located at a distance of 450 m from the sea shoreline. The aggregated well 
water is transferred into a water tank, then to the pre-treatment stage. The pre-
treatment stage at this facility includes dual media filtration and cartridge filter 
finishing. 
 

 
 

Figure 3.2: Plan view of vertical wells intake plant 

 
3.1.2 Saudia plant (site B) 

The Saudia plant is a SWRO desalination plant that is operated by Moya Bushnak 
Company and is located in western Jeddah, approximately 10 km away from the city 
center. This facility is using the open-ocean intake system to supply the raw seawater 
needed to produce the permeate capacity of 13,000 m3/day or about 29,000 m3/day. 
The intake pipe is 9 m below the sea surface level. At this facility, the pre-treatment 
stage includes dual media and cartridge filters.  Samples from a single line, of this 
facility were collected. 
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Figure 3.3: Plan view of open ocean intake plant 

 
3.2 Sampling method 

 
The seawater source for the open ocean intake facility is taken from a depth of 9 m 
then delivered into the intake chamber. Therefore, for the open ocean intake facility, 
samples were collected from the seawater source at 9 m depth and at the seawater 
surface. In addition samples were collected after each of the pre-treatment stages (the 
dual media filter and cartridge filters. Moreover, samples were collected after the 
membrane process (reject and permeate).  
 
For the vertical well facility, sample from the open seawater was collected. Also, 
samples from the well discharges were collected from the storage tank. The storage 
tank is a temporary tank to keep the water coming from the wells at constant level. 
The water within the tank is continuous moving and it does not get stagnant with time. 
Furthermore, the samples from the downstream components of the RO plant were 
collected (dual media filter, cartridge filter, output of the membrane separation 
process (permeate and reject). 
 
For both facilities, samples were collected for a total period of two months with 10 
day intervals between each sampling campaign. So, in total each of these two 
facilities was sampled five times during this study.  
 
The collected samples were placed into the appropriate types of containers, and 
transported to the lab facilities the same day of collection. Preservation of the samples 
after collection was achieved by keeping them at 4°C and using chemical 
preservatives as necessary (for TEP samples).  
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3.3 Laboratory and field measurement methods 

The main purpose of this study is to measure the organic reduction (organic carbon, 
natural organic matter, transparent expolymer particles (TEP) within the desalination 
plant. In addition, the other parameters (e.g. algae, bacteria and physical parameters) 
were included to give an indication of the organic content within the sample. 

 

3.3.1 Physical parameters 

The collected samples from the targeted facilities were used to determine the general 
water quality parameters. These parameters include turbidity, TDS, conductivity, and 
pH values. A portable turbidity meter (HACH 2100Q) was used to measure the 
turbidity values (Figure 3.4), while a portable conductivity meter (WTW Con 3210) 
was used to measure the conductivity values (Figure 3.5). The meter conversion of 
specific conductance to TDS based on the temperature is used to find the TDS field 
estimates. PH values were analyzed using a Cyber Scan model pH 6000 Meter (Figure 
3.6) [55]. 

 

 

 

 

 

 

 

Figure 3.4: Portable turbidity meter (HACH 2100Q) 

 

Figure 3.5: Portable conductivity meter (WTW Con 3210) 
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Figure 3.6: CyberScan model pH 6000 Meter 

 

3.3.2 Total organic carbon and natural organic matter fractions 

Organic carbon is existing within the seawater matrix in two phases both dissolved 
and particulate phase. The dissolved and particulate together forms the total organic 
carbon (TOC), while the dissolved form is referred to as dissolved organic carbon 
(DOC). Because of the profound importance TOC has on the processes of water 
treatment and its applications, measurement of TOC concentration was considered 
imperative [56]. 

A TOC analyzer from Shimadzu was used to measure the concentration of total 
organic carbon (TOC) in the collected samples (Figure 3.7). In addition, the different 
fractions of dissolved NOM that contribute to membrane fouling/biofouling were 
measured. This analysis was made possible by the use of a liquid chromatography- 
organic carbon detection (LC-OCD) instrument from DOC-LABOR (Figure 3.8) [56]. 
Low molecular weight acids, low molecular weight neutrals, building blocks, humic 
substances, and biopolymers represent the measured concentrations of NOM in 
ascending molecular weight order [57]. Before LCOCD analysis, each sample was 
pre-filtered with 0.45 µm membrane to provide only the dissolved organic carbon part 
alone, and then the LCOCD column was cleaned with 0.1mol/L NaOH for 260 
minutes. During the analysis 2000 µL of each sample was injected with 180 minutes 
of retention time. After the analysis, the samples were integrated manually to 
determine the different fractions of NOM using the method developed by DOC-Labor 
[57]. 
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Figure 3.7: TOC analyzer from Shimadzu 

 

 

Figure 3.8: Liquid chromatography- organic carbon detection (LC-OCD) instrument 

 

3.3.3 Bacteria and algae  

A flow cytometer was used to determine the concentration of the bacterial and algae 
populations in the collected samples (Figure 3.9). ABD FACSVerse flow cytometer 
was used for the algae count while an Accuri flow cytometer was used for bacterial 
quantification. Particle relative size was considered in counting micro-organisms. For 
bacterial analysis, 500 µL of each sample was incubated for 10 minutes in 35o C water 
bath. Later, samples were stained with 5 µL SYBR green, vortexed and incubated 
again for 10 minutes in 35o C water bath. For algae analysis, reference beads were 
added to the water samples for validation and 500 µL of each sample was analyzed. 
Three different algae clusters were quantified, Cyanobacteria, Prochlorococcus, and 
Pico/Nanoplankton. The analysis for both bacterial and algae population were done in 
triplicate ensure measurement precision [58]. 
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Figure 3.9: Flow cytometer (ABD FACSVerse) 

 
3.3.4 Transparent exopolymer particles 

Particulate and colloidal TEP were investigated in this research. Colloidal TEP varies 
in size from 0.1 to 0.4 μm, while particulate TEP has a size greater than 0.4 μm [59]. 
Self-assembly of precursor substances like dissolved polysaccharides and 
biopolymers, that are produced by algae and bacteria, forms the particulate TEP [60, 
61]. Methods developed by Passaw and Alldredge were used in the analysis of TEP 
[59]. The precedential approach was to prepare a staining solution from 0.06% (m/v) 
Alcian Blue 8GX (Standard Fluka) in an acetate buffer solution (pH 4) and freshly 
pre-filtered through a 0.2 μm polycarbonate filter before usage. An adjustable vacuum 
pump at low constant vacuum was used to filter a 300 mL volume from each water 
sample through a 0.4 μm pore size polycarbonate membrane. In order to avoid the 
coagulation of the Alcian Blue with possible salt remaining on the filter after the 
seawater filtration which could cause overestimation of the TEP concentration, the 
membrane was rinsed with 10 mL of Milli-Q water after the filtration. Alcian Blue 
dye was then used to stain the contained TEP particles on the surface of the 
membrane for 10 seconds. 10 mL of Milli-Q water was then used to flush the 
membrane to remove excess dye. The membrane was then soaked in 80% sulfuric 
acid for 6 hours to extract the Alcian Blue dye that was bound to the TEP. The TEP 
concentration was then determined by measuring the absorbance of the acid solution 
using a UV spectrometer at 752 nm wavelength (Figure 3.10). The same methodology 
was applied to determine the colloidal TEP, with an exception, whereby the water 
sample permeate from the 0.4 μm polycarbonate membrane was filtered through a 0.1 
μm pore size membrane to allow deposition of the colloidal TEP on the membrane 
surface. A calibration curve was established to relate UV absorbance values to the 
estimated TEP concentrations. The analysis of The TOC concentrations of xanthan 
gum before and after 0.4 μm filtration was done. The TEP concentration was 
estimated using the calibration curve and the calculation of the gum mass on each 
filter was done using the TOC concentration difference. Similar methods were applied 
to the 0.1 μm membrane to establish the calibration curve for colloidal particles. The 
TEP concentration is reported in terms of Xanthan gum equivalent (μg/L) was 
estimated by dividing the TEP mass by the corresponding volume of TEP samples. 
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These values must be considered to be semi-quantitative because particulate and 
colloidal TEP is measured indirectly. Also, a limited number of samples were 
analyzed, since the analysis of the two TEP types is very labor intensive [62]. 

 

 
 

Figure 3.10: UV spectrometer 
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Chapter 4 Results and Analysis 

 

4.1 Physical parameters of water samples 

 
The physical parameter analysis results which include conductivity, salinity, pH and 
turbidity are presented in Table 4.1. The conductivity average for the Red Sea water is 
58.2 mS/cm. The average reading measured of salinity for the Red Sea water is 39 
ppt. The pH of the Red Sea water is approximately 8.36. The turbidity measured for 
the Red Sea water reaches up to 0.91 NTU.  

A comparison of the seawater to the well aggregation data shows that in all cases the 
well aggregation had a higher conductivity and salinity compared to the surface 
seawater at site A. However, the intake (9 m depth) has similar conductivity and 
salinity compared to the surface seawater at site B. The pH of the seawater from the 
well aggregation is consistently less than the surface seawater, while the pH of the 
seawater from the intake (9 m depth) is a slightly lower than the surface seawater. The 
turbidity of the seawater is quite high compared with the extracted water from wells 
which has turbidity values ranging from 36 to 71% lower than the seawater turbidity.  

The turbidity of water after media filter in the well system (site A) is lower compared 
to the open intake system (site B). In general, the performance of pre-treatment 
system at the well intake facility does not require much particulate removal because 
most of them were removed earlier by the seabed. 

Media and cartridge filters have a generally higher removal of turbidity at the open 
intake system (site B). The conductivity and salinity values for the reject water are 
high in the two sites. 
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Table 4.1: General water quality parameters measurements measured in the surface seawater, aggregate well intake  (tank A), after media filter, 
after cartridge filter, permeate and reject at site A and in the surface seawater, intake water from a 9m depth and after media filter, after cartridge 

filters, permeate and reject at site B 

 

Parameter Conductivity 
[mS/cm] 

Salinity 
(ppt) pH Turbidity 

[NTU]  
Site A (07-06-2015) 

Seawater 58 38.7 8.37 0.39 
Tank A  59.8 40.1 7.56 0.25 
AMF 59.9 40.1 7.52 0.1 
ACF 59.9 40.1 7.52 0.69 

Permeate  0.702 0.3 6.19 0.11 
Reject 90.3 65.3 7.41 0.33 

 

Parameter Conductivity 
[mS/cm] 

Salinity 
(ppt) pH Turbidity 

[NTU]  
Site B (07-06-2015) 

Seawater 57.8 38.6 8.29 0.42 
Intake (9m) 57.8 38.6 8.28 0.61 

AMF 57.9 38.6 8.27 0.45 
ACF 57.8 38.6 8.26 0.22 

Permeate  0.527 0.2 7.29 0.16 
Reject 82.5 58 8.12 0.22 

 

          
Site A (17-06-2015) 

Seawater 60.1 40.3 8.39 0.83 
Tank A  61.8 40.7 7.55 0.27 
AMF 62 41.7 7.54 0.23 
ACF 61.8 41.7 7.52 0.79 

Permeate  0.72 0.3 6.31 0.13 
Reject 93.8 68.5 7.40 0.35 

 

          
Site A (01-07-2015) 

Seawater 58.4 39.3 8.36 0.6 
Tank A  60.2 40.6 7.52 0.31 
AMF 60.3 40.7 7.50 0.35 
ACF 60.2 40.6 7.47 0.22 

Permeate  0.714 0.3 6.19 0.36 
Reject 90.7 65.9 7.41 0.73 

     Site B (17-06-2015) 
Seawater 60.1 40.3 8.3 0.32 

Intake (9m) 60 40.3 8.29 0.58 
AMF 60 40.2 8.28 0.5 
ACF 59.9 40.2 8.26 0.28 

Permeate  0.533 0.2 7.01 0.18 
Reject 85.2 60.7 8.11 0.28 

 

          
Site B (01-07-2015) 

Seawater 58.6 39.3 8.31 0.57 
Intake(9m)  58.6 39.3 8.26 0.37 

AMF 58.5 39.3 8.25 0.56 
ACF 58.7 39.3 8.27 0.34 

Permeate  0.542 0.2 6.78 0.34 
Reject 83.4 59.3 8.104 0.3 
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Site A (12-07-2015) 

Seawater 57.7 38.7 8.3 0.38 
Tank A  59.6 40 7.61 0.22 
AMF 59.6 40.1 7.62 0.28 
ACF 59.5 40 7.58 0.29 

Permeate  0.708 0.3 6.2 0.21 
Reject 90 65.1 7.51 0.35 

 

          
Site B (12-07-2015) 

Seawater 57.6 38.6 8.41 0.36 
Intake (9m) 57.7 38.7 8.32 0.43 

AMF 57.7 38.7 8.31 0.3 
ACF 57.8 38.8 8.31 0.27 

Permeate  0.551 0.2 6.78 0.19 
Reject 82.2 58.4 8.08 0.33 

 

          
Site A (03-08-2015) 

Seawater 58 38.9 8.47 0.79 
Tank A 59.9 40.4 7.67 0.23 
AMF 60 40.4 7.61 0.3 
ACF 60 40.4 7.57 0.44 

Permeate  0.72 0.3 6.2 0.15 
Reject 90.4 65.5 7.49 0.46 

 

          
Site B (03-08-2015) 

Seawater 57.7 38.8 8.37 0.91 
Intake (9m) 57.8 38.9 8.33 0.54 

AMF 57.7 38.8 8.32 0.62 
ACF 57.9 38.9 8.32 0.5 

Permeate  0.637 0.2 6.87 0.21 
Reject 81.2 57.6 8.18 0.34 

 

          
Site A (16-08-2015) 

Seawater 57.1 38.4 8.36 0.59 
Tank A  59.92 39.9 7.60 0.21 
AMF 59.2 39.9 7.56 0.13 
ACF 59.5 40.2 7.5 0.31 

Permeate  0.71 0.3 6.3 0.19 
Reject 89.4 65 7.42 0.46 

 

          
Site B (16-08-2015) 

Seawater 57.4 38.5 8.40 0.65 
Intake (9m) 57.7 38.7 8.32 0.47 

AMF 57.8 38.9 8.31 0.27 
ACF 58 38.9 8.30 0.32 

Permeate  0.661 0.3 6.74 0.18 
Reject 80.8 57.2 8.17 0.6 
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4.2 Total organic carbon and natural organic matter 

The average of TOC concentrations in the Red Sea at sites A and B are 1.20 and 1.12 
mg/L respectively. At this study, the average of TOC concentration in the Red Sea is 
1.16 mg/L. The TOC concentration and the relative reductions in concentrations of 
the natural seawater compared to the wells or natural variation at the intake (9 m 
depth) and the pre-treatment system for two sites (A and B) are given in Table 4.2. 

In all cases well aggregation (tank) showed concentrations of TOC between 52 to 
80% lower compared to the surface seawater at site A. However, the intake (9 m 
depth) in most cases showed concentrations of TOC between 7 to 29% lower 
compared surface seawater. 

The TOC concentrations measured after passing through the media filter at site A 
were -6 to 20% lower compared to the raw seawater while the concentration of TOC 
at site B  showed that measured values range from 1 to 21% lower after passing 
through the media filter. The comparisons of TOC concentration values after the 
cartridge filter at the two sites (A and B) were quite similar in most cases. There was 
no certain pattern of TOC removal after passing through the cartridge filter. Most of 
the time, the removal of TOC across the cartridge filters was less than 10% at both 
sites. Sometimes the cartridge filter outlet had a higher TOC percentage. The reject 
water had a generally higher TOC at two systems. 

The five organic carbon fraction concentrations in the surface seawater, aggregate 
(well) intake, after the media filter, after the cartridge filter, permeate and reject at site 
A and in the surface seawater, intake water from a 9 m depth, after the media filter, 
after the cartridge filter, permeate and reject at site B are presented in (Figures 4.1, 4.2 
and 4.3). The average of total NOM fractions in the Red Sea water surface at sites A 
and B was 585.17 ppb and 714.5 ppb respectively. Measured results for NOM 
fractions in seawater proved that low molecular weight neutrals are the most abundant 
fractions followed by humic substances, building blocks, biopolymers, and low 
molecular weight acids.  

At site A, the wells help in removing the biopolymer by up to 100% compared to the 
surface seawater. A portion of the humic substances and building blocks were also 
removed after passing through the sediments to the wells. The range in concentration 
reduction of NOM fractions was 64 to 76% for humic substances and 48 to 63% for 
building blocks. Low molecular weight neutrals and low molecular weight acids were 
decreased with different proportions. At site B, in most cases NOM fractions 
measured in the intake water (9 m depth) were a slightly lower compared to surface 
seawater. The reductions were up to 46% for biopolymers, up to 45% for low 
molecular weight acids and up to 44% for low molecular weight neutrals. During the 
sampling, the values of NOM at the surface and 9m depth were varying from time to 
time. At times the differences were very low. The concentration of biopolymers in the 
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aggregated well water at site A was significantly lower compared to the intake at site 
B.  

At sites A and B, the results of the total NOM and the dissolved fractions appear to 
have little variation between the media filter outlet, cartridge filter outlet and the 
intake feed. At both sites A and B the biopolymers and humic substances in the 
permeate water were non-existent while low molecular weight acids were high. 
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Table 4.2: Organic carbon values and degree of removal measured in the surface 
seawater, aggregate well intake (tank A), after media filter, after cartridge filter, 
permeate and reject at site A and in the surface seawater, intake water from a 9m 
depth and after media filter, after cartridge filters, permeate and reject at site B 

 

Parameter TOC (mg/l) Average Standard 
deviation 

(% ) 
Difference 

(TOC) 

Site A (07-06-2015) 
Seawater 1.1 1.0 1.1 1.1 ±0.02 

 Tank A  0.5 0.5 0.5 0.5 ±0.02 51.9% 
AMF 0.4 0.4 0.4 0.4 ±0.02 19.7% 
ACF 0.4 0.5 0.4 0.4 ±0.02 -3.4%* 

Permeate  0.1 0.1 0.1 0.1 ±0.01 70.9% 
Reject 0.8 0.8 0.8 0.8 ±0.00 -534.2% 

 

Site B (07-06-2015) 
Seawater 1.3 1.2 1.3 1.3 ±0.01 

 Intake (9m) 1.1 1.1 1.1 1.1 ±0.01 14.6% 
AMF 1.1 1.0 1.0 1.1 ±0.03 1.4% 
ACF 1.0 1.0 1.0 1.0 ±0.02 7.7% 

Permeate  0.2 0.2 0.2 0.2 ±0.01 83.7% 
Reject 1.5 1.4 1.2 1.4 ±0.11 -753.1%* 

 

Site A (17-06-2015) 
Seawater 1.2 1.2 1.3 1.2 ±0.01 

 Tank A 0.5 0.6 0.6 0.5 ±0.02 57.3% 
AMF 0.5 0.4 0.4 0.5 ±0.02 6.9% 
ACF 0.4 0.4 0.4 0.4 ±0.02 7.6% 

Permeate  0.2 0.2 0.2 0.2 ±0.03 57.2% 
Reject 1.8 1.7 1.7 1.7 ±0.03 -815.1% 

 

Site B (17-06-2015) 
Seawater 1.0 1.1 1.0 1.0 ±0.02 

 Intake  1.3 1.2 1.2 1.2 ±0.02 -20.5% 
AMF 1.2 1.1 1.1 1.1 ±0.03 9.5% 
ACF 1.0 1.0 1.0 1.0 ±0.01 10.2% 

Permeate  0.1 0.1 0.1 0.1 ±0.01 91.6% 
Reject 1.4 1.4 1.4 1.4 ±0.01 -1579.4% 
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Site A (1-07-2015) 
Seawater 1.3 1.3 1.3 1.3 ±0.01 

 Tank A  0.5 0.5 0.5 0.5 ±0.01 61.8% 
AMF 0.4 0.4 0.4 0.4 ±0.02 18.3% 
ACF 0.4 0.4 0.4 0.4 ±0.01 8.6% 

Permeate  0.1 0.1 0.1 0.1 ±0.03 71.5% 
Reject 0.7 0.7 0.7 0.7 ±0.01 -582.7% 

 

Site B (1-07-2015) 
Seawater 0.9 0.9 0.8 0.9 ±0.02 

 Intake (9m) 0.8 0.9 0.8 0.8 ±0.04 4.9% 
AMF 0.7 0.8 0.8 0.8 ±0.02 6.5% 
ACF 0.7 0.8 0.7 0.7 ±0.03 4.6% 

Permeate  0.1 0.9 0.1 0.4 ±0.38 51.7% 
Reject 1.2 1.2 1.2 1.2 ±0.01 -231.6% 

 

Site A (12-07-2015) 
Seawater 1.3 1.3 1.2 1.3 ±0.05 

 Tank A  0.6 0.6 0.5 0.6 ±0.04 55.2% 
AMF 0.6 0.6 0.6 0.6 ±0.02 -5.7% 
ACF 0.6 0.6 0.6 0.6 ±0.01 7.2% 

Permeate  ˗ ˗ ˗ ˗ ˗ 
 Reject 3.3 3.2 3.3 3.3 ±0.05   

 

Site B (12-07-2015) 
Seawater 1.0 1.0 1.0 1.0 ±0.01 

 Intake (9m) 1.0 1.0 1.0 1.0 ±0.01 7.1% 
AMF 0.8 0.8 0.8 0.8 ±0.01 16.6% 
ACF 0.8 0.8 0.8 0.8 ±0.02 -0.9% 

Permeate  ˗ ˗ ˗ ˗ ˗ 
 Reject 1.4 1.4 1.3 1.4 ±0.02   

 

Site A (3-08-2015) 
Seawater 1.2 1.2 1.1 1.2 ±0.01 

 Tank A  0.2 0.2 0.2 0.2 ±0.00 80.4% 
AMF 0.3 0.2 0.2 0.2 ±0.02 -4.7% 
ACF 0.3 0.3 0.3 0.3 ±0.01 -15.8% 

Permeate  0.0 0.0 0.0 0.0 ±0.01 96.9% 
Reject 1.3 1.3 1.3 1.3 ±0.01 -14939.1% 
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Site B (3-08-2015) 
Seawater 1.1 1.1 1.1 1.1 ±0.00 

 Intake (9m) 1.0 1.0 1.0 1.0 ±0.00 10.7% 
AMF 0.8 0.8 0.8 0.8 ±0.02 21.1% 
ACF 0.8 0.8 0.7 0.7 ±0.01 3.7% 

Permeate  0.0 0.0 0.0 0.0 ±0.01 96.4% 
Reject 1.1 1.1 1.1 1.1 ±0.01 -3923.2% 

 

Site A (16-08-2015) 
Seawater 1.2 1.6 1.2 1.3 ±0.17 

 Tank A  0.5 0.4 0.5 0.5 ±0.02 65.0% 
AMF 0.4 0.4 0.4 0.4 ±0.02 13.4% 
ACF 0.4 0.4 0.4 0.4 ±0.02 1.5% 

Permeate  0.2 0.2 0.2 0.2 ±0.02 55.8% 
Reject 0.8 0.7 0.8 0.7 ±0.05 -325.5% 

 

Site B (16-08-2015) 
Seawater 1.1 1.1 1.2 1.1 ±0.04 

 Intake (9m) 1.0 1.0 1.0 1.0 ±0.00 9.6% 
AMF 0.9 1.0 0.9 0.9 ±0.05 7.2% 
ACF 1.0 1.0 1.0 1.0 ±0.02 -9.4% 

Permeate  0.1 0.1 0.1 0.1 ±0.01 87.2% 
Reject 1.3 1.2 1.3 1.3 ±0.02 -859.3% 

* Negative (-) values indicate increase in TOC concentration 
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Figure 4.1: NOM fraction concentrations in (ppb) measured in the surface seawater, 
aggregate well intake (tank A), after media filter, after cartridge filters, permeate and 

reject at site A on 07-06-2015 

 

 

Figure 4.2: NOM fraction concentrations in (ppb) measured in the surface seawater, 
intake water from a 9m depth and after media filter, after cartridge filters, permeate 

and reject at site B 
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Figure 4.3: NOM fraction concentrations in (ppb) measured in the surface seawater, aggregate well intake (tank A) , after media filter, after 
cartridge filters, permeate and reject at site A and in the surface seawater, intake water from 9m depth and after media filter, after cartridge 

filters, permeate and reject at site B 
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4.3 Bacteria and algae  

The range of bacterial concentrations in the Red Sea at sites A and B are from 
252,233 to 218,2550 cells/mL. The bacterial concentrations were measured at both 
sites A and B and the results are shown in Figure 4.4. At site A, the bacterial 
concentrations were up to 99.58% significantly lower in the wells compared to the 
surface seawater. At site B, there was a natural variation of bacterial concentration at 
depth of 9 m. Generally the difference was ranging from 9.54 to 86.43% between the 
bacterial population at the seawater surface and at the intake of 9 m depth.  
At site A the bacterial concentrations in the media filter outlet ranged from 44 to 78% 
lower compared to the feed water. At sit B the bacterial concentration in the media 
filter outlet ranged from 48 to 68 % lower compared to the feed water. A comparison 
of the cartridge filter data to the feed water which comes from media filter outlet 
shows that, in most cases the cartridge filter had a higher bacterial concentration 
compared to the media filter outlet with a range of -24.84 to -100.33 % at site A. At 
site B, the cartridge filter had usually lower bacterial concentration compared to the 
media filter outlet with a range of 9.9 to 22% less than the media filter outlet. There 
was a decrease in bacterial concentration at both the media filter outlet and the 
cartridge filter outlet compared to the feed water at both sites A and B. 

The total algal concentration in the Red Sea at site A and B is between 43,060 and 
137,363 cels/mL. There are three types of algae found by the flow cytometer analysis; 
these types include Cyanobacteria, Prochlorococcus, and Pico/Nano plankton. 
Measurements of the algae concentrations in the surface seawater, intake well or 9 m 
depth and pre-treatment train at both sites A and B are shown in Table 4.3. 
Cyanobacteria are considered the largest group in number while Pico/Nano plankton 
is the smallest group at both sites A and B. 

The algal count had been reduced up to 99.95 % compared to the surface seawater as 
it goes through well system at site A. The algae concentration at the intake 9 m depth 
was a generally lower compared to the surface seawater with a variation in the range 
based on the sampling time.  

Cyanobacteria, Prochlorococcus and Pico/Nano plankton are often removed in the 
pre-treatment stages at site A. All three types of algae were present in different 
percentages at site B. At site A, for algae concentration, the reduction of the pre-
treatment system was not noticeable, since all the algae were removed earlier by the 
well system. 

For site B the count of algae in media filter outlet and cartridge filter outlet was lower 
compared to the feed water. The reduction of algal count at site B was from 78.28 to 
92.62%. The algal concentration decreases at different rates in cartridge filter outlet.
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Figure 4.4: Bacterial concentrations measured in the surface seawater, aggregate well intake (tank A), after media filter, after cartridge filter, 
permeate and reject at site A and in the surface seawater, intake water from 9m depth and after media filter, after cartridge filter, permeate and 

reject at site B 
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Table 4.3: Algae concentrations measured in the surface seawater, aggregate well intake (tank A), after media filter, after cartridge filter, 
permeate and reject at site A and in the surface seawater, intake water from a 9m depth and after media filter, after cartridge filters, permeate and 

reject at site B 

 

Parameter Cyanobacteria Prochlorococcus Pico/Nano Total Algae 
(% ) 

Difference 
total algae 

Site A (1-07-2015) 
Seawater 43,825 15,740 2,360 61,925 

 Tank A <50 <50 <50 <100 99.9% 
AMF <50 <50 <50 <100 

 ACF <50 <50 <50 <100 
 Permeate  <50 <50 <50 <100 
 Reject <50 <50 <50 <100   

 

Site B (1-07-2015) 
Seawater 50,120 56,050 2,570 108,740 

 Intake (9m) 44,230 58,477 1,825 104,532 3.9% 
AMF 11,290 10,707 260 22,257 78.7% 
ACF 8,815 7,080 205 16,100 27.7% 

Permeate  <50 <50 <50 <100 
 Reject 7,550 2,950 190 10,690   

 

  



62 

Site A (12-07-2015) 
Seawater 95,833 35,730 5,800 137,363 

 Tank A  <50 <50 <50 <100 99.9% 
AMF <50 <50 <50 <100 

 ACF <50 <50 <50 <100 
 Permeate  <50 <50 <50 <100 
 Reject <50 <50 <50 <100   

 

Site B (12-07-2015) 
Seawater 56,510 25,745 5,360 87,615 

 Intake (9m) 64,035 49,415 5,305 118,755 -35.5%* 
AMF 6,340 2,165 263 8,768 92.6% 
ACF 12,256 5,600 610 18,466 -110.6% 

Permeate  <50 <50 <50 <100 
 Reject 5,185 1,235 203 6,623   

 

   

Site A (3-08-2015) 
Seawater 33,815 14,255 5,740 53,810 

 Tank A  <50 <50 <50 <100 99.9% 
AMF <50 <50 <50 <100 

 ACF <50 <50 <50 <100 
 Permeate  <50 <50 <50 <100 
 Reject <50 <50 <50 <100   
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Site B (3-08-2015) 
Seawater 68,593 56,610 10,400 135,603 

 Intake (9m) 10,200 20,533 4,955 35,688 73.7% 
AMF 1,740 2,230 383 4,353 87.8% 
ACF 1,250 1,235 300 2,785 36.0% 

Permeate  <50 <50 <50 <100 
 Reject 1,213 1,260 307 2,780   

 

Site A (16-08-2015)   
Seawater 32,220 7,460 3,380 43,060 

 Tank A <50 <50 <50 <100 99.8% 
AMF <50 <50 <50 <100 

 ACF <50 <50 <50 <100 
 Permeate  <50 <50 <50 <100 
 Reject <50 <50 <50 <100   

 

Site B (16-08-2015) 
Seawater 27,305 16,850 5,615 49,770 

 Intake (9m) 18,640 19,913 2,760 41,313 17.0% 
AMF 4,523 4,000 450 8,973 78.3% 
ACF 2,820 2,305 230 5,355 40.3% 

Permeate  <50 <50 <50 <100 
 Reject 2,383 1,760 173 4,316   

* Negative (-) values indicate increase in TOC concentration 
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4.4 Transparent exopolymer particles 

Measured particulate and colloidal TEP concentrations in the raw seawater, the 
aggregate well intake water, after the media filter and cartridge filter at site A which 
uses a well intake system and in the raw seawater, the open intake water, after the 
media filter and cartridge filters at site B, which uses an open-ocean intake at a depth 
of 9 m below surface, are shown in Figure 4.5. 

The particulate and colloidal TEP concentrations in the aggregate well water were 
significantly lower compared to the surface seawater at site A. The aquifer feeding the 
wells produced a reduction in the TEP concentration from 54.71% to 83.16% for 
particulate TEP and 1.98 to 55.25% for colloidal TEP at site A. The particulate TEP 
concentrations from the intake 9 m depth at site B were between 29.12 to 53.27% 
lower than that in the raw seawater. Colloidal TEP concentrations at site B were also 
lower at the intake 9 m depth compared to that in the raw seawater. 

The media filter at both sites A and B was slightly effective at removing the 
particulate TEP concentration. The colloidal TEP concentrations in the media filter at 
both sites A and B were generally higher compared to the intake feed. 

At site A, the concentration of particulate and colloidal TEP after the cartridge filters 
showed little difference compared to the media filter outlet. At site B, the particulate 
and colloidal concentrations often increase after passing the cartridge filters. The 
range of increases of particulate and colloidal TEP concentrations was 6.83 to 80.23% 
for particulate TEP and 10.36 to 93.02% for colloidal TEP.     
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Figure 4.5: Particulate and colloidal TEP concentrations measured in the surface seawater, aggregate well intake (tank A), after media filter, after 
the cartridge filter, permeate and reject at site A and in the surface seawater, intake water from 9m depth and after media filter, after cartridge 

filters, permeate and reject at site B 
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4.5 Impact of cartridge filter age in changing the raw water quality  

The main reason for the study of the effect of the cartridge filter aging is the 
remarkable rise of bacteria and algae count, TEP concentration, and NOM fractions in 
the cartridge filter at open intake system during the study period. For this purpose, 6 
cartridge filters of different operation times were investigated. The age and pressure 
for each cartridge filter at site B is shown in Table 4.4. The same analyses were also 
applied at the samples collected from the outlet of each cartridge filter. 

The conductivity, salinity, and pH are very close for the samples of different cartridge 
filters operational times. The results of turbidity seem to be different and values 
varied based on the sampling time. The physical parameter analysis results are 
presented in Table 4.5 for all cartridge filters at three sampling times. 

The TOC concentrations in cartridge filter outlet are given in Table 4.6. The highest 
removal of TOC values were in cartridge filter outlet (unit 1) and cartridge filter outlet 
(unit 3). Total NOM and dissolved fractions are shown in Figure 4.6. Total NOM 
concentrations range of the cartridge filter outlet was from 448 to 669 ppb.  The 
removal of total NOM measured in the cartridge filter outlet at site B was up to -36% 
higher compared to the media filter outlet. 

The bacteria count in cartridge filter outlet compared to the media filter outlet at site 
B was generally from 5 to 33% lower. After cartridge filter unit 4 had the highest 
value compared to other cartridge filters (Figure 4.7).  The cartridge filters showed a 
high degree of reduction in the total algal concentration compared the media filter. 
The removal range of algal concentrations was from 20 to 57.8% lower than the 
inflow into the filter (Table 4.7).  

Analyses of the particulate and colloidal TEP show little variation between the 
cartridge filter outlet and the media outlet (Figure 4.8). The results of particulate and 
colloidal TEP in through cartridge filters were quite different in all cases.  

At the site, for open intake system with 9 m depth, there was no clear evidence that 
age of cartridge filter (from 1 month to 26 months) had an impact in changing water 
quality. 
It is clear that the quality of the seawater sometimes deteriorated after passing through 
cartridge filters, but this cannot be attributed to the operational time of cartridge 
filters. 
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Table 4.4: Age and pressure difference of cartridge filters in site B 

 

 

 

 

 

 

 

 

 

 

 

 

  
  

Cartridge filter Age (month) Pressure 
difference(psi) 

 

ACF(unit 1) 19 41  

ACF(unit 2) 3 43  

ACF(unit 3) 4 43  

ACF(unit 4) <1 45  

ACF(unit 5) <1 42  

ACF(unit 6) 26 44  
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Table 4.5: Physical parameter analysis results in the cartridge filters at site B 

 

          

Parameter Conductivity 
[mS/cm] 

Salinity 
(ppt) pH Turbidity 

[NTU]  

Site B (03-08-2015) 
CF feed 57.7 38.8 8.32 0.62 

ACF(unit 1) 58.1 39.1 8.31 0.7 
ACF(unit 2) 57.8 38.9 8.31 0.4 
ACF(unit 3) 58 38.9 8.31 0.6 
ACF(unit 4) 57.9 38.9 8.32 0.64 
ACF(unit 5) 58.1 38.9 8.32 0.33 
ACF(unit 6) 58 38.9 8.34 0.28 

 

          

Parameter Conductivity 
[mS/cm] 

Salinity 
(ppt) pH Turbidity 

[NTU]  

Site B (16-08-2015) 
CF feed 57.8 38.9 8.31 0.27 

ACF(unit 1) 57.9 38.9 8.34 0.19 
ACF(unit 2) 58 39 8.30 0.23 
ACF(unit 3) 57.9 38.9 8.35 0.18 
ACF(unit 4) 57.9 38.9 8.34 0.24 
ACF(unit 5) 57.9 38.9 8.33 0.18 
ACF(unit 6) 57.9 38.9 8.32 0.29 

 
        

Parameter Conductivity 
[mS/cm] 

Salinity 
(ppt) pH Turbidity 

[NTU]  

Site B (01-07-2015) 
CF feed 58.5 39.3 8.25 0.56 

ACF(unit 1) 58.6 39.3 8.25 0.32 
ACF(unit 2) 58.6 39.3 8.27 0.34 
ACF(unit 3) 58.7 39.3 8.25 0.36 
ACF(unit 4) 58.6 39.3 8.29 0.33 
ACF(unit 5) 58.8 39.3 8.27 0.3 
ACF(unit 6) 58.7 39.3 8.26 0.47 
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Table 4.6: TOC concentrations in the cartridge filters at site B 

Parameter TOC (mg/l) Average Standard deviation (% ) Difference 
(TOC) 

Site B (01-07-2015) 
AC feed 0.7 0.8 0.8 0.8 ±0.02 

 ACF(unit 1) 1.1 1.1 1.1 1.1 ±0.03 -41.2%* 
ACF(unit 2) 0.8 0.7 0.7 0.7 ±0.01 4.4% 
ACF(unit 3) 0.8 0.7 0.7 0.7 ±0.03 7.8% 
ACF(unit 4) 0.6 0.6 0.7 0.6 ±0.02 17.5% 
ACF(unit 5) 0.7 0.7 0.6 0.7 ±0.02 13.6% 
ACF(unit 6) 0.7 0.7 0.6 0.7 ±0.02 14.7% 

 

Site B (03-08-2015) 

AC feed 0.8 0.8 0.8 0.8 ±0.02 
 ACF(unit 1) 0.8 0.9 0.8 0.8 ±0.00 -8.6% 

ACF(unit 2) 1.1 0.8 0.8 0.9 ±0.14 -16.0% 
ACF(unit 3) 0.8 0.8 0.8 0.8 ±0.02 -2.3% 
ACF(unit 4) 1.0 1.0 1.0 1.0 ±0.01 -31.1% 
ACF(unit 5) 0.8 0.8 0.8 0.8 ±0.03 0.2% 
ACF(unit 6) 0.8 0.8 0.8 0.8 ±0.02 -1.9% 
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Site B (16-08-2015) 
AC feed 0.9428 0.9953 0.8755 0.938 ±0.05 

 ACF(unit 1) 0.8763 0.8722 0.8728 0.874 ±0.00 6.8% 
ACF(unit 2) 0.9742 0.9364 0.9256 0.945 ±0.02 -0.8% 
ACF(unit 3) 1.403 1.292 1.277 1.324 ±0.06 -41.2% 
ACF(unit 4) 0.9445 0.8965 0.8694 0.903 ±0.03 3.7% 
ACF(unit 5) 0.9644 0.9723 0.9267 0.954 ±0.02 -1.8% 
ACF(unit 6) 1.034 0.9397 0.9435 0.972 ±0.04 -3.7% 

* Negative (-) values indicate increase in TOC concentration 
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(c) 

Figure 4.6: NOM fraction concentrations in the cartridge filters at site B, (a) 1-07-
2015, (b) 3-08-2015 , (c) 16-08-2015 
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Figure 4.7: Bacterial counts in the cartridge filters at site B 
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Table 4.7: Algae concentration differences between cartridge filters (values in cells/mL) at site B 

 

Parameter Cyanobacteria Prochlorococcus Pico/Nano Total Algae 
(% ) 

Difference 
total algae 

Site B (1-07-2015) 
AC feed 11,290 10,707 260 22,257  

ACF(unit 1) 8,863 6,500 145 15,508 30.3% 
ACF(unit 2) 7,630 5,545 160 13,335 40.1% 
ACF(unit 3) 8,260 4,157 335 12,752 42.7% 
ACF(unit 4) 9,390 8,170 255 17,815 20.0% 
ACF(unit 5) 8,827 6,720 173 15,720 29.4% 
ACF(unit 6) 7,910 5,930 160 14,000 37.1% 

 

Site B (3-08-2015) 
AC feed 1,740 2,230 383 4,353 

 ACF(unit 1) 1073.33 1315 333 2721 37.5% 
ACF(unit 2) 7630 5693 160 13483 -209.7%* 
ACF(unit 3) 1225 1380 270 2875 34.0% 
ACF(unit 4) 9390 8170 255 17815 -309.3% 
ACF(unit 5) 8827 6797 173 15796 -262.9% 
ACF(unit 6) 7910 5567 160 13637 -213.3% 
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Site B (16-08-2015) 
AC feed 4,523 4,000 450 8,973 

 ACF(unit 1) 2235 1830 170 4235 52.8% 
ACF(unit 2) 3235 3090 253 6578 26.7% 
ACF(unit 3) 2855 2213 273 5341 40.5% 
ACF(unit 4) 2650 2020 213 4883 45.6% 
ACF(unit 5) 2205 1827 210 4242 52.7% 
ACF(unit 6) 2093 1475 220 3788 57.8% 

* Negative (-) values indicate increase in TOC concentration 
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Figure 4.8: Particulate and colloidal TEP concentrations measured in the cartridge 
filters at site B 
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Chapter 5 Discussion 

One of the main goals that must be achieved in order to maintain the efficiency of the 
membranes in SWRO desalination facility is minimizing TOC, NOM, TEP, algae, 
and bacteria concentration. The results of this study showed that the concentration of 
the organics and other microorganism was varying in both desalination plants during 
the research period based on the intake type, raw water source and the used 
pretreatment system.  

5.1 The role of the intake system in improving the raw water quality 

Physical parameters that were measured at both sites are conductivity, salinity, pH, 
and turbidity. A comparison of the seawater source to the subsurface intake data 
shows that in all cases at site A the raw water extracted from wells had a slightly 
higher conductivity and salinity compared to the seawater. The hydraulic connection 
with land, groundwater and the geology in the land ward side might be a reason for 
the high conductivity especially in areas where sabkhas are located near to well sites 
[58]. In all cases at site A, the turbidity and pH values in the well intake were 
significantly lower compared to that in raw seawater. Straining with some adsorption 
in aquifer system underlying the seabed causes a low value of turbidity in the well 
intake. 

The conductivity and salinity in the surface seawater and seawater at a depth of 9 m 
below surface were very close at site B. The turbidity values were varying but most of 
the time it was lower at the 9 m depth. Generally, at the 9 m depth seawater had a 
slightly lower pH value compared to the surface seawater.  

The TOC concentrations of the natural seawater at site A were generally reduced by 
about 61.1% and NOM fractions were also reduced by about 45.3% in comparing the 
well water discharge to the surface seawater. The aquifer feeding vertical wells 
removed the biopolymer fraction of NOM by nearly 100%. It is important to remove 
biopolymer compounds that contain the polysaccharides, and proteins, since these 
compounds can lead to the formation membrane biofilms [62]. The aquifer feeding 
the vertical wells produce water with improved quality in terms of NOM 
concentration. The reduction range was about 69.3, 53, 30.75, and 12.8% for humic 
acids, building blocks, low molecular weight neutrals, and low molecular weight 
acids, respectively. The chemical and bacterial activity within the aquifer leads to the 
reduction in the TOC and NOM fractions. Most probably, part of the organic carbon 
is consumed by the bacteria which is used as a food source. The biodegradation of 
organic carbon is also another possible reason of organic carbon reduction. The 
removal percentage of the organic matter can be affected by the travel distance and 
corresponding hydraulic retention time [63]. 
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In general, at site B TOC and NOM concentrations at the intake depth of 9 m below 
surface were 14.2 and 15% lower compared to that in the surface seawater. The 
average difference percentages were 27.3, 7.4, 15, 27.2, and 22.7% for the 
biopolymers, humic acids, building blocks, low molecular weight neutrals, and low 
molecular weight acids, respectively. 

All algae at site A was removed during the transportation from the sea to the vertical 
wells and the bacterial concentrations were also removed by about 97.7%. There are 
major factors that lead to the decrease of algal and bacterial counts such as straining 
by the well sediments, death and breakdown of the living organisms, and some 
adsorption [63]. Since all algae were removed, it is expected that, the subsurface 
intake system plays a primary role in protecting SWRO plant from HAB events.  

At site B, generally the amounts of algae and bacteria decreased from the surface 
seawater to the 9 m depth with a different pattern. The difference in bacteria 
concentration is a quite high compared that of algae. Most probably the surface 
seawater receives more sunlight and therefore, there is a higher concentration of 
bacteria and algae which lead to higher overall TOC concentrations. 

Particulate and colloidal TEP concentrations at site A were significantly reduced 
during the seawater flow through the aquifer. The pretreatment mechanisms occurring 
within the aquifer cause the losses of the particulate and colloidal TEP. The 
pretreatment mechanisms occurring in the aquifer include a combination of filtration, 
adsorption, absorption, and biological activities, such as biochemical reactions and 
bacterial predation. The increase of flow path length, the difference in the 
composition of the aquifer, and the period of operation are important factors which 
might impact the removal percentage of TEP [62].   

At site B, the TEP results showed generally a significant decrease with depth in the 
particulate and colloidal TEP concentrations .The trend of TEP results at site B is 
extremely irregular and values differ during the study period. The particulate TEP in 
this case could be going upward in the water column. The concentrations of 
particulate and colloidal TEP at site B are associated to a large degree with higher 
concentrations of bacteria and algae at the two different depths. These are the sources 
of the excreted TEP substances.  

5.2 The efficiency of pretreatment stages in reducing the organic and micro-organism 
content at the SWRO facility 

The conductivity, salinity, and pH values in the media filter outlet look very close to 
the results in the cartridge filter outlet at both sites. The conductivity, salinity, and pH 
values are at the lowest level in the permeate outlet while the values appear to be very 
high in the reject outlet. The turbidity results in pretreatment train were generally 
lower after passing through the media filter at both sites.  
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The concentration of TOC at the media filter and cartridge filter outlets was very 
close. Generally, the media filter outlet water had slightly higher TOC concentrations 
than the cartridge filter outlet water at site A.   

The TOC measured in the media filter outlet was a generally lower compared to the 
cartridge filter outlet at site B. The removal of TOC concentrations in the permeate 
outlet were up to 96.9% and 96.4% at sites A and B, respectively. The TOC 
concentrations across the permeate outlet at site A were slightly lower compared to 
the TOC concentrations at site B. 

Based on the data, the biopolymers in the pretreatment train do not exist at site A 
because of the removal of this fraction occurred at an early stage through the 
pretreatment system (aquifer passage to a major degree), while they are still present in 
pretreatment train at site B. The low molecular weight neutrals have the highest 
concentration among the other NOM fractions at sites A and B. The passage of the 
low molecular weight acids into the permeate is an important finding.  It indicates that 
there is a breakthrough of NOM into the membrane discharge. The presence of low 
bacterial content within the permeate water support that there is a break in the system, 
perhaps a broken seal or a perforation in a membrane. 

The effectiveness of the media filter in the reduction of bacterial concentrations was 
quite high compared to the effectiveness of the cartridge filter at site A (well system). 
In general, the effectiveness of the media filter was quite low compared the 
effectiveness of the cartridge filter at site B. Measuring the efficiency of the 
pretreatment train at the well system plant (site A) is impossible in terms of algal 
removal because the aquifer feeding the wells was able to completely remove the 
algal concentrations. The media filter was more effective in the reduction of algal 
concentrations compared to the cartridge filter at site B because the removal of algae 
across the media filter was much higher compared to the removal of algae across the 
cartridge filter. The size exclusion mechanism within the media filter was the reason 
of this reduction in the algal concentration. 

The colloidal TEP across the media filter and cartridge filter was generally higher 
compared to the particulate TEP at both plants. The particulate TEP concentrations in 
the media filter were generally lower than that in the cartridge filter at both sites (A 
and B). A comparison of the media filter data to the cartridge filter data shows that in 
all cases the cartridge filter showed higher colloidal TEP concentrations compared 
across the filter compared to the media filter at site B, while the colloidal TEP found 
in the media filter outlet is higher compared to that in the cartridge filter outlet at site 
A. There is a positive relationship between increase of the bacteria concentrations and 
increase of the particulate TEP concentrations in the pretreatment train at site A and it 
does not appear as strong at site B. The particulate and colloidal TEP concentrations 
show a quite varied pattern during the study period.          
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5.3 The impact of cartridge filter age in changing the water quality  

As shown in the results chapter (Table 4.4), at site B the cartridge filters (unit 4 and 5) 
were replaced recently (<1 month) before the collection time while a cartridge filter 
(unit 6) was very old with more than 2 years of operation. The physical parameters in 
all cartridge filters outlets are very close during the study period but there is quite a 
variation in the turbidity results. The bacteria, algae, and organic concentrations in all 
cartridge filters outlets have a significant pattern of variation. There is no clear 
correlation between the results investigated of TEP, algae, bacteria, TOC, and NOM 
in the cartridge filters outlets and the age of cartridge filters. So at site B the cartridge 
filter age is insignificant in terms of TEP, algae, bacteria, TOC, and NOM fractions 
concentration changes. It seems from the results that there was no impact of cartridge 
filter age in changing the raw water quality. 
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Chapter 6 Conclusions 

The intake system is an integral part of any desalination system. It is the first step in 
the desalination process and can influence the overall performance and cost 
effectiveness of the facility. A vertical well intake system and open intake system (9 
m depth) were used to investigate water quality improvements through the use of 
different intake options and pretreatment designs. The study was conducted at two 
SWRO facilities located along the Red Sea shoreline of Saudi Arabia. 
  
The physical parameters, TOC, different fractions of NOM, bacteria, algae, and TEP 
were measured on both sites at the intake system and after the pre-treatment stages.  
The results revealed that the vertical well system is more effective at delivering a 
higher quality feed water compared with an open-ocean intake at a 9 m depth due to 
the lower concentrations of algae, bacteria, TEP, TOC, and NOM in the feed water 
after the well system. The flow through the aquifer into the wells removed all of the 
algae and up to 99.58% of bacterial concentration. The aquifer feeding the wells 
removed the biopolymer fraction of NOM completely and roughly 50% or greater of 
TOC concentration. It was observed that the removal rate of NOM is based on the 
molecular weight, the higher the organics molecular weight, the greater removal 
percentage.  
 
The vertical well system was also effective in removing the particulate TEP more than 
the colloidal TEP. Adsorption and biological activities in the aquifer along with some 
possible straining occur leading to the reduction of NOM fractions and TEP in the 
aquifer. This is caused by a complex series of merging physical, chemical, and 
biological processes. The high quality of extracted raw water at the well system helps 
in reducing the frequency of membrane cleanings and in general, a reduction in 
operating costs. 
 

Based on the data collected, there is an overall decrease in algae, bacteria, particulate 
and colloidal TEP, TOC, and NOM concentration with depth at the open intake 
system (site B). This decline might cause a reduction of the potential membrane 
biofouling, but not to a large degree. Based on the measured concentrations of algae, 
bacteria, TOC, NOM, and TEP, it is concluded that the deep water intake system at 9 
m has significantly lower effectiveness than the vertical well system.  

The impact of the pre-treatment system at the vertical well facility was significantly 
lower due to the high quality water produced from the well system. On the other hand, 
the pre-treatment system at the open intake facility (9 m depth) showed a reduction in 
terms of TEP, algae, bacteria, TOC, and NOM fractions for the feed water.  

There is an observed increase in bacterial concentration after passing through the 
cartridge filters at site A coupled with an increase in the particulate TEP 
concentration. This data strongly supports that there is a regrowth of bacteria that 
produces the particulate TEP occurring in the cartridge filters at site A. There was 
also an observed bacterial concentration in the permeate at both sites which could be 
evidence for a break in the membrane system (broken seals or membrane perforation). 
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Based on the analyses, the effectiveness of the cartridge filters age in changing the 
water quality at open intake system (site B) appears not to affect the overall quality of 
the feed water. 
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