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ABSTRACT 

 
Investigations of the Effects of Biocide Dosing and Chemical 

Cleaning on the Organic Carbon Removal in an Integrated 

Ultrafiltration - Nanofiltration Desalination Pilot Plant 

 

Bayan Khojah 
  
Membrane desalination has become one of the most important desalination 

technologies used in the world. It provides high water quality for numerous 

applications and it demonstrates excellent desalination efficiency. One of the most 

troubling drawbacks of membrane desalination is membrane fouling. It decreases the 

performance of the membranes and increases the energy requirement. Two of the 

most important causes of fouling are microbes and organic matter. Hence, to maintain 

an optimized desalination performance, routine inspection of microbial and organic 

contents of water is crucial for desalination plants.  

 

In this study, water samples were obtained from different treatment points in an 

ultrafiltration (UF)/nanofiltration (NF) seawater desalination pilot plant. This was 

performed to better understand how the water quality changes along the desalination 

scheme. The effect of fouling control techniques, including Chemically Enhanced 

Backwash (CEB), Cleaning in Place (CIP), and the addition of a biocide (DBNPA) was 

studied. Different analytical tools were applied, including Bactiquant, Total Organic 

Carbon (TOC), Assimilable Organic Carbon (AOC), and Liquid Chromatography for 

Organic Carbon Detection (LC-OCD).  
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Out results showed that UF did not decrease TOC but it was sufficient in removing up 

to 99.7% of bacteria. Nanofiltration, removed up to 95% of TOC. However, NF 

permeate had a high increase in AOC as compared to the raw seawater sample. The 

LC-OCD results suggested that this might be due to the increased low molecular 

weight neutrals which were the most common organic species in the NF permeate.  

 

The fouling control techniques showed various effects on the desalination efficiency. 

Daily CEB did not cause a reduction in TOC or bacteria but decreased AOC in the UF 

filtrate. The biocide addition resulted in an adequate membranes protection from 

fouling and it did not affect the investigated water parameters. When the dosing of 

biocide was stopped, the water quality parameters did not change, but the NF 

pressure drop increased rapidly, indicating fouling of this membrane. CIP did not 

show an impact on the organic and microbial contents of water, but it was efficient in 

restoring the operations back to acceptable pressure levels. These results indicated 

that the applied fouling protection techniques were beneficial in fouling control.  
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Chapter 1 Introduction 

Seawater desalination has become one of the main sources for providing clean water 

to coastal regions with fresh water scarcity. It is used to provide high-quality water 

for drinking, domestic, and agricultural needs. In Saudi Arabia, the percentage of 

natural freshwater has greatly decreased in the last years and many cities around the 

kingdom are heavily dependent on desalinated seawater to meet the consumption 

demands1. 

 

Due to the increasing demand for fresh water, membrane desalination technologies 

are improving every year with lower energy consumptions, higher performance, and 

decreased costs. Water filtration technologies such as nanofiltration (NF) and reverse 

osmosis (RO) are now providing the highest percentage of installed capacity 

worldwide for water desalination2. Furthermore, they provide desalinated water 

with high quality for different purposes ranging from drinking water to industrial 

applications.  

 

Nevertheless, membrane desalination has challenging drawbacks that critically affect 

the operational efficiency. These include scaling and fouling due to organic, inorganic, 

and biological foulants3. A great amount of research is being conducted to optimize 

the performance of desalination membranes. These studies are focused on how to 

increase the efficiency of filtration systems and how to protect the membranes from 

fouling.  
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In this thesis project, an investigatory study was performed in an integrated 

ultrafiltration/nanofiltration pilot plant located in Thuwal, Saudi Arabia. The aim of 

the project was to evaluate the effect of multiple fouling control procedures such as 

chemical cleaning and biocide dosing on the removal efficiency of microbial and 

organic foulants in seawater desalination. Such studies are important because they 

provide an overview of how the water quality changes during different treatment 

steps and can validate the efficiency of the fouling control techniques. This knowledge 

allow us to make rational decisions on how to best pretreat the seawater and clean 

the desalination system in order to control the occurrence of fouling.   
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Chapter 2 Background and Literature Review  

2.1 Membranes in Seawater Desalination  

Membrane desalination has become one of the fastest growing technologies in the 

field of water desalination2. Its versatility and effectiveness are making it a favorable 

choice for water treatment for various applications. From providing clean drinking 

water to optimizing oil extraction, membrane filtration has proven to be an efficient 

method for treating water for different industries.  

 

Membrane filtration is a process that allows the separation of undesirable 

constituents from mediums by utilizing the energy of specific driving forces (such as 

pressure or vacuum). The membrane acts as a barrier that executes the separation 

based on size or charge exclusion4. In seawater desalination, the water feed is 

separated into two streams.  The first is the product which contains the water and 

other solutes that can pass through the membrane (also called permeate). The second 

is the concentrate that contains the rejected particles, including the dissolved solids 

and other impurities that are retained on the feed side (also called reject or brine). 3 

 

Depending on the removal criteria, different membrane technologies can be used. 

These include microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and 

reverse osmosis (RO). The main driving force in these technologies is the applied 

pressure which needs to be increased as the membrane pore size decreases.  MF and 

UF are considered low-pressure systems and usually used for pretreatment in 

seawater desalination, while NF and RO are high-pressure systems used for more 
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specific and advanced separation(Figure 2.1)3. For the purposes of this project, UF 

and NF will be discussed more thoroughly in this chapter. 

 

 

2.2Ultrafiltration (UF) 

There are many different methods to pretreat raw seawater before it enters high-

pressure membranes. These include physical and chemical pretreatment processes. 

Physical pretreatment can be performed with processes such as flotation, cartridge 

filtration, and membrane filtration. Chemical pretreatment is applied for various 

reasons to achieve specific functions such as the removal of specific ions, coagulation 

of colloidal particles, and the adjustment of pH3. The most suitable approach for 

Figure 2.1 A representation of the different membrane types, their pressure 
requiremnet and pore size. Adapted from Membrene Desalination Technologies 
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pretreatment mostly depends on the feed water quality and possible foulants5. 

Pretreatment is a crucially important step in seawater desalination. It allows 

enhanced downstream performance, protection from fouling, and an extension of 

membrane life.  

 

In the recent years, there has been an increased interest in using membrane filtration 

technologies for pretreatment. Ultrafiltration, in particular, has proven to effectively 

reduce turbidity to < 0.1 NTU, suspended matter to <0.5 mg/L, and microorganism by 

99.9% 6. Furthermore, it is less susceptible to seawater quality changes and requires 

less chemical use for cleaning5. On the other hand, UF has not shown a great strength 

in removing dissolved organics which has been correlated to organic fouling and 

biofouling in high-pressure membranes7.  

2.3 Nanofiltration (NF)  

NF is considered a unique type of filtration due to its diverse membrane 

characteristics and its wide range of applications. It can selectively separate dissolved 

salts and low molecular weight dissolved species from water3. This type of 

membranes has a sodium chloride rejection in the range of 20%-80% and a molecular 

weight cutoff for dissolved organic of 200-1000 Da8. The Separation of dissolved salts 

depends on the valance of the anion. Multivalent anions such as sulfate can be rejected 

while monovalent ions such as Cl- mostly pass through the membrane.  This is because 

the charge on the ions plays an important role in the selectivity of NF membranes; 

Sulfates are highly rejected because of the greater repulsive forces between the 
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minus-two charge of sulfate (SO4-2)  and the negative charge of the membrane3. This 

ion selectivity is what makes NF an attractive choice for many industries. Such 

industries include:  

 

 Municipal Water: Softening and organic carbon removal 

One of the biggest NF plants in the United States is located in Boca Raton, FL. This 

plant uses NF to soften treated water and provides an acceptable municipal water 

quality that meets the regulatory requirements. NF has shown to be successful in 

reducing water hardness from 387 ppm to around 50-80 ppm and total organic 

carbon (TOC) from 12 ppm to 1 ppm3. 

 

 Drinking Water:  Elimination of organic matter and pesticides 

Méry-sur-Oise water plant located in France is one of the largest NF plants in the 

world. It produces drinking water from surface water (the Oise river). Its main 

objectives for water treatment are the removal of organic matter and pesticides. 

Using NF technology proved to be successful in fulfilling these objectives. NF 

decreased the TOC from 6> mg/L down to 0.67 mg/L and the pesticide atrazine levels 

were decreased from 850 ng/L to below detection levels (< 50 ng/L)9.  

 

 Enhanced Oil Recovery (EOR): Producing smart water 

Smart water is defined as an ionically adjusted seawater with a salinity of 6000-

28000 mg/L. Due to the NF special membrane characteristics, smart water can be 

produced for an enhanced oil extraction. Water chemistry alteration can be used to 
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modify the oil reservoir’s wettability. This is important in the oil and gas industry 

because oil production is increased when the reservoir rocks are more “water wet” 

10. Research has shown the oil recovery can be increased from 37% to 62% by 

utilizing smart water11.  

 

 Textile Industry: Industrial wastewater reuse 

The textile industry consumes a large quantity of water for dyeing and rinsing 

purposes. In the recent years, there has been an increased interest in finding effective 

methods to recycle the wastewater produced by the textile industry. This type of 

wastewater is characterized by high concentrations of organic and inorganic 

components12. In order to meet the regulatory requirement for appropriate disposal 

or recycle of this type of wastewater, NF can be utilized in removing the organic 

carbon content and the colors produced by dyeing. NF has proven to be efficient in 

organic carbon removal and in decreasing the color units from > 200 CU to <5 CU3. 

2.4 Membrane Fouling 

One of the biggest drawbacks of membrane desalination is membrane fouling. 

Membrane fouling is defined as the build-up of substances on the membrane surface 

or within the pores that can lead to a decline in the performance of the membrane13. 

This decline can be manifested as an increase in pressure drop across the membranes, 

a decrease in permeability, and an increase in salt passage14. 

Fouling can be caused by 1- Scaling, where minerals are accumulated at the 

membrane surface. 2- Formation of a cake layer composed of rejected particles, 
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colloids, and others. 3- Formation of biofilms comprised of growing microorganisms 

attached to the membrane 5. 

 

Fouling is considered problematic because it requires higher feed pressure and 

higher energy to maintain the daily water production demand. Furthermore, fouling 

can contribute to irreversible alteration of the membrane’s chemistry. Where the 

continuous use of chemicals for fouling protection and cleaning can lead to 

performance decline and decreased efficiency over time3.  

2.5 Fouling Types  

 Organic Fouling  

The water quality in relation to organics is commonly described by Total Organic 

Carbon (TOC). TOC describes the overall concentration of organic carbon in the 

sample, which is typically around 1- 12 mg/L in seawater3. Based on the size of the 

organic particles, TOC can be classified to Particulate Organic Carbon (POC) or 

Dissolved Organic Carbon (DOC). By definition, POC is generally larger than 0.45 µm 

so it can be filtered more easily than DOC which can pass through 0.45 µm filters. In 

surface water, the DOC is composed of Fulvic Acids (FA) Humic Acids (HA), Low 

Molecular Weight (LMW) acids, LMW neutral compounds, and other contaminants. 

These are found in water due to the decayed algae and vegetation15.  

 

Organic fouling can contribute to membrane fouling in two ways, by the adsorption 

of the organic substance on the membranes and by supplying nutrients to 
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microorganisms and hence contributing to biofouling16 The first one occurs due to 

the negative charge nature of the organic matter, where they tend to adhere to the 

positive surface of some RO membranes 5. When this occurs, gel or cake layers are 

formed on the surface of the membrane causing operational problems. In many SWRO 

fouling cases, it was found that the organics were the major components of the fouling 

layer found on the membrane17. Feed water with less than 0.5 mg/L TOC is 

recommended to avoid organic fouling. 

 

 Inorganic fouling 

Also called scaling, is formed when seawater salts exceed the saturation point leading 

to the precipitation of carbonates and sulfates on the membrane18. This problem can 

at times be controlled by adding antiscalants and by appropriate cleaning19. 

Antiscaling components such as phosphate and nitrogen can act as a nutrient source 

for microorganisms, and therefore, can contribute to biofouling.   

 

 Colloidal or particulate fouling  

This type of fouling occurs when different particles in the feed water coagulate to 

form cake layers on the membrane. Colloidal particles cannot easily diffuse through 

the membrane due to their size; they are neither small enough to diffuse back to the 

bulk water nor large enough to be removed from the membrane by diffusion20. 
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 Biofouling 

This type of fouling occurs when marine microorganisms attach themselves to the 

membrane, eventually forming biofilms. These microorganisms include marine 

bacteria, algae, fungi, and protozoa. They are able to attach themselves to the 

membrane due to their ability to secrete Extracellular Polymeric Substances (EPS) 

that acts as a glue. Different organics, inorganics and nutrients found in feed water 

tend to form a conditioning layer on the membrane. This conditioning/nutritional 

layer provides an excellent environment for microorganisms to attach and multiply, 

leading to the formation of a thick biofilm layer21. Due to these reasons, the possibility 

of biofouling increases when the concentrations of microorganism, biodegradable 

compounds, and nutrients in the feed water are high22.  

2.6 Fouling Control 

Fouling in desalination membranes is almost impossible to avoid. However, there are 

certain procedures that can be adapted to delay the development of fouling. These 

procedures include effective intake seawater pretreatment which can remove 

impurities and protect high-pressure membranes from early fouling. Another method 

is routine cleaning which is extremely important to keep an optimized operation for 

a longer duration19. Furthermore, certain chemicals can be dosed in NF/ RO feed to 

decrease the fouling potential. These chemicals include: 

 

 Biocides: Biocides are described as chemicals that are able to break down bacteria 

or inactivate them. Oxidizing biocides can form radicals that attack DNA and 
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proteins, causing them to denature and lose their activity23. Biocides can be very 

effective in protecting membranes from fouling due to their ability to delay 

biofouling occurrence23. However, biocides also have drawbacks such as bacterial 

resistance and microbial production of degrading enzymes that can inactivate the 

biocide24.  

  

 Antiscalant: The dosing of antiscalants such as polyelectrolytes and 

polyphosphates has proven to be effective in controlling inorganic fouling19. This 

is due to their ability to delay the interaction between calcium/magnesium and 

bicarbonate. On the other hand, some studies have reported that the addition of 

certain types of antiscalant increases the nutrients concentration and therefore, 

increased the biofouling potential of feed water 25.  

2.7 Cleaning Methods 

Membrane cleaning is defined as the process of removing substances from the 

membrane that are not an intrinsic component of the membrane itself 26.Cleaning is 

an essential process in desalination because it can reduce substances build up on the 

membrane. There are two major categories of cleaning, physical and chemical. 

Physical cleaning is based on utilizing physical parameters such as temperature or 

turbulence to kinetically enforce the removal of foulants from the membrane. 

Chemical cleaning, on the other hand, is applied to cause rapid decomposition of 

foulants. Chemical cleaning can also work by modifying the interaction chemistry 

between the membrane and foulants where an electrostatic repulsion is favored27. 
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The choice of chemicals to be used depends largely on the type of membranes and 

foulants. Oxidants such as NaOCl and H2O2 are effective in oxidizing organics and 

disinfection, acids such as HCl and HNO3 can hydrolyze macromolecules and control 

inorganic fouling, while bases such as NaOH and KOH can hydrolyze proteins and also 

reduce organic fouling28. Generally, both physical and chemical cleaning are 

performed together for an optimized cleaning process, especially when physical 

cleaning is not effective alone in fouling removal. Such hybrid cleaning processes 

include Chemically Enhanced Backwash (CEB) and Cleaning in Place (CIP) (Table 2.1). 

 

Table 2.1 Comparison between CEB and CIP  
 

Chemically Enhanced 
Backwash (CEB) 

Cleaning in Place (CIP) 

Location Only upstream Can be done upstream and 
downstream 

Operation Online Offline 

Frequency Depends on feed quality 
Can be performed daily 

Depends on fouling severity 
~ 6 months – 1 year 

Duration ~ 25 – 60 minutes ~ 2- 3 days 
Chemicals 
used 

Depends on foulant types 
eg. NaOCl 

Depends on foulant types 
eg. Caustics: NaOH 
Acids: HCl 

Steps CEB in UF: 
1- Air scouring and draining 
2- Normal and chemical 
backwash 
3- Soaking 
4- Forward flush 
5- Normal backwash 

CIP in NF: 
1- Low flow recirculation 
2- Soaking 
3- High flow recirculation 
4- NF flush out 
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2.7.1 Chemically Enhanced Backwash (CEB) 

CEB can be performed daily depending on the feed water quality and fouling 

potential. It can only be done in upstream processes such as UF. It is an online process 

which means that the system would still run and water product is still obtained 

during this type of cleaning.  The duration of the cleaning depends on the cleaning 

needs of the specific desalination plant. It is usually around 25- 60 minutes in total.  

 

CEB in UF starts with air scouring where air is pumped into the feed forming 

liquid/gas mixture flow parallel to the membrane. This two-phase interaction 

enhances the removal of foulants by loosening the particulates. Next, draining by 

gravity is performed to remove any dislodged foulants. Physical cleaning is 

performed next and it follows the normal steps of a backwash. In a backwash, water 

is passed from the product side to the feed side. This reversed action removes the 

accumulation of foulants in the pores and on the surface29. The difference between 

normal backwash and CEB is the usage of chemicals.  Chemicals that are generally 

used in CEB vary based on the chemistry of the membrane, foulants type, and degree 

of fouling. Acids or bases combined with oxidants are commonly used. After dosing 

these chemicals, a soaking step that lasts 5-20 minutes is performed to allow 

appropriate time for the chemical reactions to occur. This is followed by a forward 

flush and a normal backwash to remove the remaining particles and wash away any 

chemical residuals from the membranes6. CEB has been shown to maintain the 

transmembrane pressure (TMP) in UF and to be effective in decreasing the foulants 

accumulation on the membrane27. 
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2.7.2 Cleaning in Place (CIP) 

Also known as cleaning in situ. This type of cleaning can be performed both upstream 

(MF/UF) and downstream (RO/NF). In CIP the feed water is replaced by the cleaning 

solution. This is different than CEB in that in CEB, the chemical solution is dosed into 

the feed water in a specific concentration. Furthermore, CIP is performed offline 

which means that the water production can be suspended for 2-3 days depending on 

the degree of fouling. CIP is not as frequently performed as CEB and is performed 

around every 6-12 months depending on fouling occurrence and operational 

decline30. 

 

In this type of cleaning, the feed water is replaced by a cleaning solution that is 

selected depending on the degree of fouling and predicted fouling type27. Different 

types of solutions can be used throughout the duration of the cleaning. For example 

the first day a strong acid such as HCl can be used, and on the second day, a strong 

base such as NaOH can be used. This is done so each type of chemicals can target 

different types of foulants for enhanced foulants removal.  

 

In CIPs performed in NF. First, low flow recirculation is performed. In this step, the 

chemical solution is pumped into the membrane with low pressure which reduces the 

redisposition of dirt and other materials. This is followed by a soaking step where the 

pump is turned off and the chemical solution is allowed to react with the foulants for 

an extended duration. The soaking step can last anywhere from 1 hour to overnight 

depending on the fouling severity. Next, high flow recirculation is performed where 
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the pressure is higher than the first step in order to flush out more fouling out of the 

system. Lastly, a flush out using deionized water is performed to flush out any 

chemicals residuals and the rest of the dislodged particles30. CIP has shown to be 

effective in returning the operational system back to acceptable levels 29. 

 2.8 Seawater Fouling Potential Measurements 

There are multiple water analysis parameters that can be correlated to fouling.  

 Turbidity measures the content of particulate in seawater. Seawater turbidity 

usually varies between 0.1 Nephelometric Turbidity Unit (NTU) and 100s NTU. In 

desalinated water, <0.1 NTU is desirable. Pretreatment steps are usually effective 

in reducing turbidity to appropriate levels 5. 

 

 Total Organic Carbon (TOC) increase has been correlated to an increased fouling 

potential in SWRO. Even concentrations as low as 0.5 mg/L can contribute to 

fouling31.  

 

 Biodegradable Organic Carbon (BDOC) is a specific measurement that tests only 

the organic carbon that can be degraded by bacteria. This is achieved by 

measuring the DOC decrease in water samples over time 32.  

 

 Biofilm Formation Rate (BFR) is a measurement of the biomass accumulation on 

a specific surface over time. ATP is measured in the biofilm and studies have 

shown that values around 120 pg-ATP/cm2 can predict severe biofouling22. 
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 Assimilable Organic Carbon (AOC) was first proposed by Van der Kooij et al. in 

1982. It is defined as the fraction of TOC that can be readily assimilated by 

heterotopic microorganism33. AOC has become an important measurement in 

assessing the biological stability of drinking water distribution systems34. 

Multiple research studies have shown the correlations between high AOC 

concentrations in feed water and biofouling in membranes21. Recently AOC has 

also been utilized as an indicator to measure the biofouling potential of feed 

water35, 36. AOC monitoring has become an important aspect to consider in water 

desalination plants for biofouling prediction.  

2.9 AOC Measurement 

The amount of AOC in water samples is estimated by measuring the proliferation of 

microbial cells inoculated in the sample. The basic concept behind AOC measurement 

is based on the correlation between the bacterial maximum growth and the 

assimilable carbon concentrations in the water. When there is a higher concentration 

of AOC in a water sample, it means that there are more organic nutrients that the 

bacteria can feed on.  

 

The first AOC assays developed by Van der Kooij et al. were based on the growth of 

Pseudomonas fluorescens (P17) and Spirillum spp. (NOX). These bacteria are 

commonly found in water distribution systems and proved to be appropriate for this 

assay due to their ability to utilize low concentrations of organic carbon and to their 

easy culturing33. In these assays, an initial colony count of P17 and NOX were 
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inoculated into water samples until maximum colony count (Nmax) was reached. 

Following this, a plate count was performed in order to measure the colony forming 

units produced by the AOC in the sample. Kooij and his colleagues were also able to 

successfully construct a calibration curve using acetate that made it possible to 

understand the relationship between the acetate concentration and the number of 

cells that can be produced per µg acetate. It was concluded that yield coefficients (Y) 

for P17 was 4.1x 106 CFU/ µg acetate-carbon equivalent and for NOX was 12 x 106 

CFU/ µg acetate- carbon equivalent. These yield coefficients were used as conversion 

factors for AOC measurement.   

𝐴𝑂𝐶 (µ𝑔 𝑎𝑐𝑒𝑡𝑎𝑡𝑒 − 𝐶 𝑒𝑞/𝐿  ) =
𝑁𝑚𝑎𝑥(

𝐶𝐹𝑈
𝐿 )

Yield Coefficient (CFU/µ𝑔 𝑎𝑐𝑒𝑡𝑎𝑡𝑒 – 𝐶)  
 

 

This method is the most established method for AOC measurements and has been 

used for over 30 years22. It has a detection limit of 10 µg/L acetate-C equivalent and 

does not require costly equipment. Nevertheless, it takes up to two weeks to get the 

results and the method laborious. For this reason, there were many modifications to 

this method and several research studies to find an easy, fast, and accurate method 

for AOC determination. An overview is shown in Table 2.1 with specific attention to 

the bioluminescence method that has been used in this thesis project.  
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Table 2.2 AOC Assays Comparison 

Method 
Van der 

Kooij 
33 

Werner & 
Hambsch 

37 
Eawag38 

Bioluminesce-
nce with 

V. harveyi 36 

Bioluminesce
-nce with 

V. fischeri 39 

Inoculation 

Pseudomona
fluorescence 
strain P-17 

and Spirillum 
strain NOX 

Natural 
inoculum 

Natural 
community 

V. harveyi V. fischeri 

Incubation 5- 25 days 3-5 days 3-4 days < day <1 hour 

Growth 
Measureme

nt 
Plate count Turbidity 

Flow 
cytometry 

Luminescence Luminescence 

Substrate Acetate Acetate Acetate Acetate Glucose 

Detection 
limit 

10 μg/L 
acetate C 

equivalents 
NA 

10 μg/L 
acetate C 

equivalents 

<10 μg/L 
acetate C 

equivalents 

0.1 μg-C 
glucose 

equivalents/L 

 

2.9.1 AOC Bioluminescence Method 

 The methods in Table 2.2 show that the cell count can be measured in various ways 

such as by using plate count, flow cytometry, and luminescence. The bioluminescent 

method with V. fischeri has shown to be the fastest and easiest in obtaining AOC 

results.  

 

The bioluminescence method relies on the fact that bioluminescent bacteria can be 

used as bio-detectors. This is due to their ability to emit light when they reach a 

certain cell density after assimilating the available nutrients40. Bioluminescence is a 

form of chemiluminescence (emission of light due to chemical reactions) that occurs 

in organisms by an enzyme called luciferase. In the marine bacterium Vibrio fischeri, 

luciferase enzyme catalyzes the reduction of Flavin (FMNH2) to FMN. The reduced 

flavin then binds to luciferase and react with oxygen to form an intermediate that 
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oxidizes aldehyde to carboxylic acid and a luciferase-hydroxyflavin intermediate. 

This intermediate decays to the ground state and emits a blue-green light that has the 

highest intensity at around 490 nm41.   

𝐹𝑀𝑁𝐻2 + 𝑅𝐶𝐻𝑂 + 𝑂2  
𝑙𝑢𝑐𝑖𝑓𝑒𝑟𝑎𝑠𝑒
→       𝐹𝑀𝑁 + 𝐻2𝑂 + 𝑅𝐶𝑂𝑂𝐻 + ℎ𝑣 (490 𝑛𝑚) 

Due to the fast rate of this reaction, many studies such as toxicity tests42 and growth 

assessments43 can be performed by using bioluminescent bacteria. Furthermore, the 

usage of marine bacteria such as Vibrio harveyi and Vibrio fischeri makes it possible 

to measure AOC in seawater17, 39. A detailed procedure for AOC measurement is 

discussed in Chapter 4.  

 

 AOC Studies in Seawater Desalination  

As mentioned earlier, biofouling occurs on membranes when bacteria have sufficient 

nutrients available that allow them to proliferate leading to a microbial buildup and 

biofilm formation. Microbial growth is usually limited by dosing chemicals such as 

chlorine and other biocides but the problem of biofouling is still persistent. Many 

researchers are studying the underlying causes of biofouling and exploring new 

solutions to tackle this problem.   

 

Recent studies have focused on measuring AOC and its co-relation to biofouling in 

both bench-scale and full-scale seawater desalination plants. These studies have 

concluded that a direct correlation between high AOC and decreased operational 

efficiency was observed14. Furthermore, these studies have shown that certain water 

treatment steps, for example, the addition of chlorine and hydrogen peroxide can 
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cause an increase in AOC concentrations. This increase can be attributed to the 

degradation of organics and humic substance caused by these chemicals44. Hence, to 

get a better understanding of AOC behavior and its generation throughout the 

desalination plants, samples should be obtained from different treatment steps and 

analyzed for AOC21. Moreover, such exploratory studies would help in identifying 

pretreatment methods that can limit the amount of available nutrients in desalination 

plants, and ultimately, help in controlling biofouling.  
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Chapter 3 Research Objectives and Questions  

The research aim of this study was to evaluate the organic carbon removal efficiency 

of an integrated ultrafiltration/nanofiltration system. The effects of biocide dosing 

and chemical cleanings on the organic carbon removal were also investigated. Dow 

ultrafiltration (UF) and nanofiltration (NF) membranes were assessed based on their 

filtrate water quality in terms of organic carbon and microbial concentrations. 

Additionally, the operational parameters in terms of pressure drop (ΔP) were also 

assessed to study the correlation between operational decline and water quality.  

The main research questions of this study were: 

1- Is UF pretreatment suitable for removing bacteria and organic matter? 

2- How does Chemically Enhanced Backwash (CEB) affect the water quality of the UF 

filtrate?  

3- How efficient is NF in removing bacteria and organic carbon? 

4- How does Cleaning in Place (CIP) affect the water quality of NF permeate?  

5- How does biocide (DBNPA in particular) dosing affect the organic and microbial 

concentrations in seawater desalination plants? Is DBNPA effective in controlling 

biofouling?  

6- Does the applied fouling control techniques in this project protect the system from 

the operational decline that is associated with fouling? 
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Chapter 4 Materials and Methods 

 
In order to investigate the efficiency of Dow’s ultrafiltration (UF) and nanofiltration 

(NF) membranes in removing organic carbon and bacteria from seawater, a case 

study was performed in a pilot plant located in Thuwal, Saudi Arabia. Different types 

of analysis were performed to get a broader idea of the organic carbon concentrations 

of water at each stage of desalination processes line. These included testing the 

physical parameters such as pH and conductivity, testing the organic parameters such 

as Total Organic Carbon (TOC) and Assimilable Organic Carbon (AOC), and measuring 

the microbial concentrations using Bactiquant.   

 

4.1 Dow Seawater Desalination Plant  

4.1.1 Site Location and Description 

The seawater desalination plant is located around 130 km north of Jeddah on the west 

coast of Saudi Arabia (Figure 4.1). It is approximately 1.2 km off the shore of the Red 

Sea. The intake system is at a depth of 10 m and contains a two-centimeter mesh 

screen. The intake pump can deliver up to 1920 m3 of seawater per day.   



33 

 

 

              Figure 4.1 Dow pilot plant location 

4.1.2 Pilot Plant Scheme 

 This plant is designed for seawater desalination research. At the time of the 

investigation, ultrafiltration (UF) was used for pretreatment and nanofiltration (NF) 

was used for enhanced sulfate rejection. The following list is an overview of the main 

units in the pilot plant (Figure. 4.2).  

1- Raw seawater open intake: No treatment at this point. The seawater has only been 

filtered by the two-centimeter mesh screen at the intake point (10 m below sea 

level).  

2- Microstrainer: Used to trap larger objects. The filter size is 250 μm.  

3- Seawater intake tank: Seawater is collected here before the UF treatment.  

4- Ultrafiltration (UF): For seawater pretreatment. There are two UF trains. For this 

study, samples from one train were obtained.   
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5- UF filtrate tanks: The UF filtrate from the two UF trains are collected in separate 

filtrate tanks. The UF filtrate from both tanks are then merged to become the NF 

feed.  

6- NF feed after chemical dosing: In this step, chemicals such as the biocide DBNPA, 

Sodium metabisulfite (SMBS), and an antiscalant are dosed before the water 

stream enters the NF system.  

7- Nanofiltration (NF): Utilized for enhanced sulfate rejection for oil and gas 

applications. In this plant, there are two NF trains. For this study, the NF permeate 

and NF reject samples of only one train were collected and analyzed.  

 

 

 

 

 

 

Figure 4.2 DOW pilot plant schematic 
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4.2 Membranes and Operational Specifications 

Table 4.1 UF and NF membranes and operational specifications  

 

Table 4.2 List of chemicals dosed during seawater desalination 

 

 
Ultrafiltration 

Membrane 
 

Nanofiltration 
Membrane 

Membrane ID IntegraFluxSFP-2880XP SR90-440i 

Membrane Type 
PVDF 

 

Polyamide-polysulfone 
thin film composite 

 

Membrane Configuration 
Dead end 

Outside-in 
Cross- flow 

Nominal Pore Diameter 
(nm) 

30 1 

Surface area (m2) 77 40.9 

Average Flux (LMH) 78 28 

Feed flow (m3/hr) 30 13.7 

System Pressure (bar) 4-6 14-18 

Name Location of Dosing Reasons for Dosing Specifications 

Sodium 
Hypochlorite 

(NaOCl) 

During Chemically 
Enhanced Backwash 

(CEB) in UF 
UF fiber cleaning 

Dosed every 24 
hours at a 

concentration of  
350 mg/L 

2,2-dibromo-3-
nitrilopropiona
mide (DBNPA) 

NF Feed 

As a biocide to 
protect NF 

membrane from 
biofouling 

Dosed three 
times a week at 
a concentration 

of 20 mg/L 

Sodium 
Metabiosulfite 

(SMBS) 
NF Feed 

To neutralize NF 
feed from chlorine 

residuals 

Dosed 
continuously at 
a concentration 

of 1 mg/L 

Antiscalant NF Feed 
To protect NF 

membranes from 
inorganic fouling 

Dosed 
continuously at 
a concentration 

of 1 mg/L 
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4.3 Experimental Design 

To answer the research questions given in chapter 3, the experiments were 

performed in two phases. 

4.3.1 Phase 1: Testing the effect of Chemically Enhanced Backwash (CEB) on UF 

filtrate quality and the effect of biocide dosing on NF performance. 

In order to test if CEB can enhance the UF filtrate water quality, samples were 

collected right before CEB occurrence (where the last CEB has occurred 22-24 hours 

before), and then 45-60 minutes after CEB.  In this phase, DBNPA was dosed in the NF 

feed as a biocide and samples were collected to check how biocide addition affect the 

water quality.   

Table 4.3 UF Chemically Enhanced Backwash (CEB) steps  
 

 

 

 

 

 

 

 

 

 Step 

1 Air scour 

2 Draining 

3 Hydraulic cleaning 

4 Chemical cleaning ( NaOCl dosed at 350 mg/L) 

5 Soaking 

6 Forward flush 

7 Normal Backwash 
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4.3.2 Phase 2: Testing the effect of Cleaning in Place (CIP) and Stopping the 

Biocide Dosing on the NF Performance  

In this phase, the biocide dosing was stopped. The samples were collected after one 

week of stopping the biocide dosing to study how the water quality would be affected 

by stopping the DBNPA. Furthermore, CIP was performed during this phase and 

water samples before CIP and after CIP were also compared in terms of water quality.  

Table 4.4 NF Cleaning in Place (CIP) steps 
 Day 1: CIP alkali 

Using 1000 mg/L NaOH 

pH: 11 

Day 2: CIP acid  

Using 2000 mg/L HCl 

pH:2.5 

1 Low flow recirculation Low flow recirculation 

2 Recycle  Recycle   

3 Soaking Soaking 

4 High flow recirculation High flow recirculation 
 

5 NF flush out NF flush out 
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4.4 Sample Collection Points 

Table 4.5 Sample collection points and collection rational 

 Time of 

collection 
Sample ID 

Collection 

Rational 

1 

B
ef

o
re

 C
E

B
 

 
Raw Seawater 

To check the seawater 

characteristics before any 

treatment or filtration 

2 Raw Seawater After Intake Filter 
To test the effect of the 

intake filter 

3 UF-B Feed 
To test the specific feed for 

UF-B 

4 UF-B Filtrate 
To check the efficiency of 

UF- B filtration 

5 NF Feed (Before Chemical Dosing) 

To test the merged UF 

filtrate from UF-B and UF-A 

before dosing any chemicals 

6 NF Feed (After Chemical Dosing) 

To check how dosing the 

biocide, antiscalant, and 

SMBS effect the NF feed 

7 NF Permeate 
To check the filtration 

efficiency of NF 

8 NF Reject 

To check the organic/ 

microbial concentrations of 

the NF reject 

9 

A
ft

er
 C

E
B

 

UF-B Filtrate 
To test how CEB can affect 

the UF filtrate quality and 

the downstream 

desalination processes  

*Only in phase 1 

10 NF Feed (Before Chemical Dosing) 

11 NF Feed (After Chemicals Dosing) 

12 NF Permeate 

13 NF  Reject 
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Figure 4.3 Sampling points schematic 
 

4.5 Analytical Methods 

4.5.1 Physical Parameters 

 pH: Is the measurement of how acidic or basic the solution is. Measuring the pH 

is crucial in seawater desalination because assessing the feed water pH can 

evaluate the proper membrane to be used. This is based on the charge interaction 

between the feed water and the membrane chemistry45. Furthermore, certain 

membranes have a limited range of pH tolerance, which needs to be taken into 

consideration to protect and prolong the membrane life.  In this study, the pH was 

measured using Hach HQ40D Portable Multi Meter with IntelliCal pH probe. 

Before the measurement, the meter was calibrated using standards with the pH of 

4, 7, and 14. After this, the probe was immersed in the water sample until a stable 

reading was obtained. The probe was cleaned with Milli-Q water after each run.  

 

 Conductivity:  Is the measurement of ions concentration. It is an important 

parameter that shows the ability of water to conduct electricity. Conductivity 
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measurement is very important in seawater desalination plants because it allows 

the measurement of salt concentrations in the feed water and the product water 

which can indicate the salt rejection efficiency of the system. In this study, the 

conductivity was measured using Hach HQ40D Portable Multi Meter with a 

conductivity probe. Quality control was first run by measuring the conductivity of 

a standard (1000 µS/cm2). Afterwards, samples were measured by immersing the 

probe inside the water samples. The probe was cleaned with Milli-Q water after 

each run.  

 

4.5.2 Microbial Measurement 

The concentration of bacteria in the water sample was measured using Bactiquant 

(Mycometer, USA). This type of analysis offers an easy, rapid, and reproducible 

method for quantifying bacteria in water samples. This makes it a preferred choice 

for routine water quality check in water desalination plants. The principle behind this 

technology is based on the reaction between an artificial enzyme substrate and the 

bacteria in the water. When bacteria come into contact with the provided artificial 

substrate, it is hydrolyzed by the bacterial enzyme and fluorophores are released46.  

 

In order to extract the bacteria, the water samples were filtered through 0.45 µm PES 

filter. For the raw seawater samples, a volume of 250 mL was filtered. For treated 

samples, 500 mL of the samples were filtered. Next, the filters were treated with the 

provided artificial enzyme substrate and after 60 minutes, the produced fluorophores 
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were measured with a fluorometer. The results are given in BQV (Bactiquant value) 

which is the fluorescence unit that is generated from the fluorometer. 

 

4.5.3 Organic Carbon Measurements 

 Total Organic Carbon (TOC):  TOC is measured by oxidizing the samples in the 

presence of a catalyst at a high temperature of around 680°C. The samples are 

burned at this high temperature and the formation of CO2 is measured by infrared 

absorption. The concertation of CO2 is then used as an internal standard to 

measure the concentration of TOC in the sample.  TOC in this study was analyzed 

using TOC-L (Shimadzu, Japan). The TOC vials were rinsed three times with the 

samples before being filled with at least 20 mL of the sample. As quality control, 

two TOC standards with the concentrations of 1 mg/L and 5 mg/L were also 

measured in the beginning, the middle, and end of the run.  

 

 Organic Matter Fractions: To get a better comprehension of the organic carbon 

composition of the samples, Liquid Chromatography for Organic Carbon Detection 

(LC-OCD) (DOC Labor, Germany) was used. This type of analysis is based on size 

exclusion and allows the quantification of biopolymers, humic substances, 

building blocks, low molecular weight (LMW) neutrals and acids in the samples 

(Table 4.6). In this analysis, the water samples were filtered with 0.45 µm PES 

filter before entering the separation column to test the dissolved organic carbon 

composition. The mobile phase was prepared by dissolving 7.5 g of disodium 
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hydrogen phosphate and 12.5 g of potassium phosphate monobasic in 5 L of Milli-

Q water.  

 

Table 4.6 LC-OCD Fraction Comparison 47 
Fraction Molecular Weight  Compounds 

Biopolymers > 20,000 Da 
large organic compounds, 

proteins, polysaccharides 

Humic Substances 800 - 1,000 Da Humic and Fulvic Acids 

Building Blocks 350 - 600 Da 
Humic substance breakdown 

products 

Low Molecular Weight 

Acids 
> 350 Da LMW organic acid 

Low Molecular 

Weight Neutrals 
> 350 Da 

Alcohols, aldehydes, amino 

acids. 

 

 

For LC-OCD measurements, disposable glass vials were used. The vials were first 

rinsed with the samples to remove possible contaminants. The vials were then 

filled with at least 10 ml of the samples. For cleaning purposes, 0.1M NaOH and 

Milli-Q water were injected first before running the samples. A total volume of 4 

mL of the cleaning solutions was injected for a runtime of 260 min. The samples 

followed and were set to 2 mL injection and 180 min runtime. Samples dilutions 

were performed as needed. The obtained chromatograms were then integrated 

and analyzed using ChromCALC program.  

 

 Assimilable Organic Carbon: To get an understanding of the assimilable 

organic nutrients in the water samples, the AOC measurements were based on 

the bioluminescence method as described by Jeong et a.l39. 
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o Vibrio fischeri MJ-1 stock preparation 

 For long-term storage, Vibro fischeri MJ-1 liquid culture was mixed with glycerol 

(final concentration 25%) and stored at -80°C. The bacteria were recovered by 

streaking on marine agar. The marine agar was prepared by adding 42 g of marine 

broth and 15 g agar to 1000 mL Milli-Q water. After inoculation, the agar plate was 

incubated overnight at 28°C.  The next day, a single colony was inoculated in 100 

mL of marine broth. The liquid culture was incubated at 28°C and shaken at 120 

rpm overnight.  Next, 5 mL of the liquid culture was centrifuged at 5000 rpm for 

5 minutes using Sorvall Legend XT centrifuge (Thermo Scientific, USA) and 

washed two times with Phosphate Buffer Solution (PBS). Finally, the cells were 

resuspended in Artificial Seawater (ASW). Cell count was performed using plate 

count. 

 

o Artificial Seawater (ASW) recipe 

 Two different recipes were tested. The first used was as described by Jeong et 

al.39 

For this recipe, 13.5 g NaCl, 1.96 g Na2SO4, 0.107 g NaHCO3, 0.33 g KCl, 0.053 g 

KBr, 2.5 g MgCl2 · 6H2O, 0.55 g CaCl2 · 2H2O, 0.0107 g SrCl2 · 6H2O and 0.0107 g 

H3BO3 are added to 1000 mL Milli-Q water. The ASW was fortified with 9.52 mM 

NH4Cl and 1.32 mM K2HPO4. The final pH was 7.5.  
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The second recipe was based on Weinrich et al.36. For this recipe, 6.78 g Na2HPO4, 

3 g KH2PO4, 0.7 g NaCl, 1 g NH4Cl was added to 1000mL Milli-Q water. The ASW 

was fortified with 0.1 mM CaCl2, and 1.0 mM MgSO4. The final pH was 7.3.  

 

o Sample Preparation 

The collected samples were filtered using 0.22 μm RC filters as soon as possible 

(within two hours) after sample collection to remove bacteria. They were stored at 

4 °C until the analysis.  

 

o AOC analysis 

For the luminescence analysis, 96 well white opaque plates were used. For these 

assays, 190 μL of samples were transferred to the 96 well plate in triplicates. For 

the standard curve, glucose was used as the sole carbon source with the 

concentrations of 10, 25, 50 and 100 μg-C/L of ASW and 190 μL of each standard 

were added to the 96 well plate. Marine broth was used as a positive control. Right 

before the analysis, 10 μL of the Vibrio fischeri MJ-1 stock (around 106 Colony 

forming units (CFU)) was spiked in each well. The plate was covered with 

adhesive plate seal to minimize evaporation. The luminescence was measured 

using Spectramax L plate reader (Molecular Devices, LLC, USA). The 96 well plate 

was incubated at 25 °C and the luminescence was measured every five minutes 

for 12 hours. The data were analyzed with SoftMax® Pro software v5.4. 
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Chapter 5 Results and Discussion 

5.1 Water Quality Trends in Seawater Desalination  

This section contains the results of analyzing water samples from different treatment 

points of a seawater desalination pilot plant (Figure 4.3). This analysis was performed 

to get a better understanding of how different treatment steps affect the water 

quality. The scope of this study was to test how the physical, organic, and microbial 

parameters are affected by filtration, chemical cleaning, and biocide dosing. The 

analyses included the seawater feed after the intake filter, the ultrafiltration (UF) 

pretreatment stage, and the nanofiltration (NF) stage. The membrane cleaning 

regimes included Chemically Enhanced Backwash (CEB) and Cleaning in Place (CIP). 

The complete raw data are presented in appendix I. The average seawater 

temperature during these sampling runs was 32 ± 1.0 °C.  

5.1.1 Physical Parameters 

 
Figure 5.1 Physical parameters trend along the treatment train. pH and conductivity 
values are given on the y-axis while different stages of water treatment are given along 
x-axis. The results are shown as the average of five sampling runs that were performed 
over the course of three weeks. Error bars represent the standard deviation. *After 
chemicals dosing refers to the addition of antiscalant, DBNPA, and SMBS 
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The pH and conductivity were measured along the seawater desalination plant to test 

how these parameters were influenced by the different water treatment steps (Figure 

5.1). The pH of the raw seawater was 8.1 ± 0.03. The pH decreased by around 5% 

after chemical dosing of the biocide, antiscalant and sodium metabisulfite (SMBS), 

and also after NF by 2.6%. The conductivity of the raw seawater was 62 mS/cm2 ± 

0.16. NF permeate had a decrease in conductivity of around 20% while the NF reject 

had an increase of around 17%. This low salt rejection is expected since the NF 

membranes were optimized for enhanced sulfate rejection and not for high sodium 

chloride rejection.  

5.1.2 Microbial Analysis 

 

 
 
Figure 5.2 Bacteria removal along the treatment train. Bactiquant values are given on 
the y-axis while different stages of water treatment are given along x-axis. The results 
are shown as the average of five sampling runs that were performed over the course of 
three weeks. Error bars represent the standard deviation. *After chemicals dosing refers 
to the addition of antiscalant, DBNPA, and SMBS 
 
The Bactiquant analysis results are shown in Figure 5.2.  As can be seen from the 

figure, UF was effective in removing a high percentage of live bacteria (99.7% 
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removal). NF was able to effectively remove the remaining bacteria in the treatment 

train down to 5 BQV which explains the increase in the bacterial number found in the 

NF reject. 

5.1.3 Organics Analysis 

 

 
Figure 5.3 Total Organic Carbon (TOC) trend along the treatment train. TOC is given as 
mg/L along y-axis while x-axis shows the different stages of the water treatment train. 
The results are shown as the average of five sampling runs that were performed over 
the course of three weeks. Error bars represent the standard deviation. *After chemicals 
dosing refers to the addition of antiscalant, DBNPA, and SMBS 
 

The average TOC of the raw seawater sample was found to be around 0.91 ± 0.03 

mg/L during the testing period. The TOC remained unchanged throughout the 

treatment steps until the chemical dosing step (Figure 5.3). An increase of 26% in 

TOC occurred after dosing biocide, SMBS, and antiscalant. Since SMBS is inorganic, 

and biocide was dosed one day before sampling, this increase is most likely due to the 

antiscalant, this conclusion is also supported by the literature25. When it comes to 

filtration, UF pretreatment was not effective in organic carbon removal, however, NF 

was able to remove up to 95% of TOC as shown by the result of the NF permeate. The 
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TOC rejected by NF accumulate in the NF reject, which showed a 98% increase in TOC 

as compared to the NF feed.  

 
Figure 5.4 Assimilable Organic Carbon (AOC) trend along the treatment train. The x-
axis shows the different stages of water treatment train. The results are shown as the 
average of two sampling runs that were performed over the course of one week. Error 
bars represent the standard deviation. *After chemicals dosing refers to the addition of 
antiscalant, DBNPA, and SMBS 
 
 
The Vibro fischeri bioluminescence method was used for the measurement of 

Assimilable Organic Carbon (AOC)39. This method utilizes the natural luminescence 

of V. fischeri as an indirect measurement for AOC. An increase in luminescence signal 

is correlated to the growth of V. fischeri, which indicates the availability of accessible 

nutrients in the water sample for the bacteria to feed on and grow. More on the 

method adaptation is discussed in Appendix II.  

 

The average luminescence signal caused by the growth of V. fischeri in the seawater 

samples, from the different treatment steps is shown in Figure 5.4. There is a decrease 

of around 30% of luminescence after the intake filter. However, the intake filter size 

is 250 µm and would be too large to filter the AOC this significantly. This decrease 
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could be due to microbial buildup on the filter and water pipes, which could consume 

AOC and other available nutrients from the seawater.  

 

The UF filtrate also showed a higher luminescence and hence a higher growth of V. 

fischeri (~ 60%) when compared to the UF feed. One possible explanation for this 

increase in AOC could be the lysis of bacterial cells, accumulated on UF membrane, 

under pressure. The lysis of bacterial cells would release small organic nutrients in 

the filtered water which could be consumed by V. fischeri for growth. The second 

explanation could be that the retention of particulate organic carbon (POC) on UF 

membrane and its subsequent hydrolysis would yield smaller organics that can pass 

through with the UF filtrate. These results are supported by a recent study which 

showed that an increase in biofilm formation on the UF membrane resulted in an 

increase in AOC in the UF filtrate48.  

 

Another significant change to note is a 30% increase in luminescence after dosing 

SMBS and the antiscalant. This increase in AOC could be related to the type of 

antiscalant used and the nutrients that it can provide. This is especially true because 

many of the antiscalants in the market contain phosphate and organics that can act as 

nutrients for bacterial growth25. Furthermore, SMBS was used to neutralize any 

residual chlorine from the pretreatment, which could also lead to an increase in the 

growth of V. fischeri. 
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Interestingly, the NF permeate showed 170% increase in luminescence as compared 

to the NF feed. This apparent increase in AOC in the NF permeate could be accounted 

for the same reasons as for the UF filtrate. Pressure-driven lysis of microbial cells and 

the release of small organics seems more plausible for NF as it operates under much 

higher pressure (~13-18 bar). NF reject showed a decrease of 78% in luminescence 

as compared to the NF feed. This could confirm that the small organic nutrients pass 

through the NF and for this reason, lower amount of AOC were found in the NF reject.  

 

5.2 The Effect of Chemically Enhanced Backwash (CEB) on Filtration Efficiency   

CEB is a chemical cleaning procedure that is routinely performed every 24 hours for 

the UF membranes. To study the effect of CEB on the water quality, samples were 

taken right before a CEB (where the preceding CEB occurred around 22-24 hours 

previously) and 45-60 minutes after the occurrence of the CEB.  

  

 
Figure 5.5 Effect of Chemically Enhanced Backwash (CEB) on bacteria removal. The 
results are shown as the average of five sampling runs that were performed over the 
course of three weeks. Error bars represent the standard deviation. *After chemicals 
dosing refers to the addition of antiscalant, DBNPA, and SMBS 
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Figure 5.6 Effect of Chemically Enhanced Backwash (CEB) on the Total Organic Carbon 
(TOC). The results are shown as the average of five sampling runs that were performed 
over the course of three weeks. Error bars represent the standard deviation. *After 
chemicals dosing refers to the addition of antiscalant, DBNPA, and SMBS 
  

 

Figure 5.7 Effect of Chemically Enhanced Backwash (CEB) on the Assimilable Organic 
Carbon (AOC). The results are shown as the average of two sampling runs that were 
performed over the course of one week. Error bars represent the standard deviation. 
*After chemicals dosing refers to the addition of antiscalant, DBNPA, and SMBS 
 
 
As can be seen from Figure 5.5 and 5.6, the microbial concentration and TOC 

remained constant before and after the occurrence of a CEB. This indicates that under 

these particular operation conditions, CEB had no significant effect on the UF filtrate 
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water quality when it comes to bacteria removal and TOC. On the other hand, the AOC 

results in Figure 5.7 show that the growth of V. fischeri decreased by 50% in the UF 

filtrate samples that were taken after CEB. These results further support the previous 

results (Figure 5.4) and conclusions, as CEB would remove accumulated nutrients 

and bacteria on the UF membrane leading to a decreased amount of small organics 

and AOC appearing in UF filtrate. Furthermore, the AOC decrease could be due to the 

chlorine residuals from the sodium hypochlorite (NaOCl) dosing during the cleaning 

which inhibits the growth of V. fischeri.  

 

 

5.3 The Effect of Stopping the Biocide DBNPA Dosing on Filtration Efficiency 

In the first phase of this study, 2,2-dibromo-3-nitrilopropionamide (DBNPA) was 

dosed in the NF feed with the concentration of 20 mg/L, three times a week, for three 

hours. DBNPA inactivates bacteria by reacting with cellular molecules that contain 

sulfur such as cysteine and glutathione. This fast reaction between DBNPA and sulfur 

alters the surface of microbial cells and inhibits essential cellular functions, leading 

to cell death49. Since SMBS neutralizes the effect of DBNPA, the SMBS was stopped 

while the DBNPA was being dosed. In this phase, the samples with biocide were taken 

after one to two days of biocide dosing. 
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Figure 5.8 Effect of the Biocide DBNPA dosing on bacteria removal. “With Biocides” 
results are shown as the average of five sampling runs that were performed over the 
course of three weeks. “No biocide” results are shown as the average of three sampling 
runs that were performed over the course of two weeks. Error bars represent the 
standard deviation. *After chemicals dosing refers to the addition of antiscalant and 
SMBS. Biocide was only dosed in phase I 

 

Figure 5.9 Effect of the Biocide DBNPA dosing on Total Organic Carbon (TOC). “With 
Biocides” results are shown as the average of five sampling runs that were performed 
over the course of three weeks. “No biocide” results are shown as the average of three 
sampling runs that were performed over the course of two weeks. Error bars represent 
the standard deviation. *After chemicals dosing refers to the addition of antiscalant 
and SMBS. Biocide was only dosed in phase I 

 

 

 

Figure 5.10 Effect of Biocide (DBNPA) dosing on Assimilable Organic Carbon (AOC). 
“With Biocides” results are shown as the average a sampling run that was performed 
over the course of one week. “No biocide” results are shown as the average of two 
sampling runs that were performed over the course of one week. Error bars represent 
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Figure 5.8 shows the effect of DBNPA on the live bacteria concentration. Irrespective 

of the addition of chemicals (SMBS and antiscalants) in NF feed, dosing of biocide 

caused around 50% reduction of the bacterial cell numbers in the NF reject. For the 

NF permeate, the Bactiquant values before and after the addition of biocides, were 

too small to infer any statistically significant outcome. This result indicates that the 

biocide addition decreased the number of live bacteria in the NF system.   

 

Biocides did not significantly affect the concentration of TOC (Figure 5.9).  Figure 5.10 

shows the effect of biocide dosing on AOC. The overall trend is similar with and 

without the biocide, i.e. AOC increased in NF feed after chemical dosing and NF 

permeate while decreased in NF reject. Furthermore, both conditions had the same 

percentage increase (23%) in the NF permeate as compared to the NF feed. However, 
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Figure 5.10 Effect of the Biocide DBNPA dosing on Assimilable Organic Carbon (AOC). 
“With Biocides” results are shown as the average of two sampling runs that were 
performed over the course of one week. “No biocide” results are shown as the average 
of two sampling runs that were performed over the course of one week. Error bars 
represent the standard deviation. After chemicals dosing refers to the addition of 
antiscalant and SMBS. Biocide is only dosed in phase I 

  

 

 

Figure 5.12 Nanofiltration pressure drop data with and without biocide dosingFigure 

 

 5.13 Effect of Biocide (DBNPA) dosing on Assimilable Organic Carbon (AOC). “With 
Biocides” results are shown as the average a sampling run that was performed over 
the course of one week. “No biocide” results are shown as the average of two sampling 
runs that were performed over the course of one week. Error bars represent the 
standard deviation. After dosing chemicals refers to the addition of antiscalant and 
SMBS. Biocide is only dosed in phase 1 
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when compared to the NF feed, the NF reject luminescence decreased by 25% with 

DBNPA dosing and 42% with no DBNPA dosing.  This could indicate that there was a 

higher concentration of nutrients in the NF reject when biocide was dosed. This 

would also suggest that without the biocide, a biofilm was formed which could have 

consumed some of the nutrients in the system. However, since this increase is only 

observed in the reject and not in the permeate, a decisive conclusion is not possible.  

 

The pressure drop results (Figure 5.11) indicate that the addition of DBNPA 

prevented the accumulation of foulants on the NF membrane.  

 

 

 

 

 

Even though stopping the biocide did not show major effects on the NF permeate in 

terms of organic and microbial water parameters, it had a great impact on the 

operations. The pressure drop in the NF membranes increased from 2.3 bar to 3.5 bar 

after less than two weeks of running the system with no biocide. This increase is most 

Figure 5.11 Nanofiltration pressure drop data with and without biocide dosing 
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possibly due to biofouling. This caused the need for cleaning in place (CIP) to occur to 

regain the system to an acceptable performance. 

 

5.4 The Effect of Cleaning in Place (CIP) on Filtration Efficiency 

To check if the NF water quality parameters were affected by the CIP occurrence, 

samples were taken three days before and after the completion of CIP.  
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Figure 5.12Effect of Cleaning in Place (CIP) on bacteria removal. “Before CIP” results 
are shown as one sampling run performed three days before CIP.  “After CIP” results 
are shown as one sampling run performed three days after CIP. Error bars represent 
the standard deviation from the triplicated measurement. *After chemicals dosing 
refers to the addition of antiscalant and SMBS 
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Figure 5.14 Effect of Cleaning in Place (CIP) on Assimilable Organic Carbon (AOC). 
“Before CIP” results are shown as one sampling run performed three days before CIP.  
“After CIP” results are shown as one sampling run performed three days after CIP. 
Error bars represent the standard deviation from the triplicated measurement. *After 
chemicals dosing refers to the addition of antiscalant and SMBS 

Figure 5.13Effect of Cleaning in Place (CIP) on Total Organic Carbon (TOC) “Before 
CIP” results are shown as one sampling run performed three days before CIP.  “After 
CIP” results are shown as one sampling run performed three days after CIP. Error bars 
represent the standard deviation from the triplicated measurement. *After chemicals 
dosing refers to the addition of antiscalant and SMBS 

 

 

 

Figure 5.14 Effect of Cleaning in Place (CIP) on Assimilable Organic Carbon (AOC). 
“Before CIP” results are shown as one sampling run performed three days before CIP.  
“After CIP” results are shown as one sampling run performed three days after CIP. 
Error bars represent the standard deviation from the triplicated measurementFigure 
5.15 Effect of Cleaning in Place (CIP) on Total Organic Carbon (TOC) “Before CIP” 
results are shown as one sampling run performed three days before CIP.  “After CIP” 
results are shown as one sampling run performed three days after CIP. Error bars 
represent the standard deviation from the triplicated measurement. After dosing 
chemicals refers to the addition of Antiscalant and SMBS 
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Figures 5.12, 5.13, and 5.14 show the results of the downstream desalination 

processes before and after CIP. The results do not show any significant change, except 

for the live bacteria concentrations in the NF reject (Figure 5.12). The results showed 

that after CIP the amount of rejected live bacteria was drastically decreased by 73% 

after CIP. This could be due to having fewer bacteria on the membrane after the 

extensive cleaning performed. This indicates that CIP is efficient in removing foulants 

from NF membranes. Furthermore, as shown in Figure 5.11, CIP was able to remove 

the fouling layer and decreased the pressure drop back to an acceptable level. CIP was 

not completely efficient in returning the pressure drop to its previous level which 

could be an indication of irreversible fouling or that a different method of cleaning is 

needed to further reduce the pressure drop.   

 

Total Organic Carbon (TOC) in Relation to Assimilable Organic Carbon (AOC) 

  

 

0

50000

100000

150000

200000

0
0.5

1
1.5

2
2.5

Raw
Seawater

Raw
Seawater

After
Intake
Filter

UF Feed UF Filtrate NF feed
(Before

Chemicals
Dosing)

NF feed
(After

Chemicals
Dosing)*

NF
Permeate

NF Reject Lu
m

in
es

ce
n

ce
 (

R
LU

)

TO
C

 (
m

g/
L)

TOC vs AOC 
TOC AOC

Figure 5.15 Total Organic Carbon (TOC) trend vs Assimilable Organic Carbon (AOC) 
trend. x-axis shows the different stages of water treatment train. The left y-axis shows 
the TOC in mg/L. The right y-axis shows the V. fischeri luminescence in RLU. *After 
chemicals dosing refers to the addition of antiscalant, DBNPA, and SMBS 
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AOC and TOC results showed different trends when it came to NF permeate, i.e. TOC 

decreased by 95% and AOC increased by around 170%. This was unpredictable as 

AOC is considered a fraction of TOC. In order to better understand these results, 

Liquid Chromatography - Organic Carbon Detection (LC-OCD) was used to study the 

composition of organic carbon in the water samples. This analysis was performed 

three times on water samples taken from three sampling runs when the biocide was 

dosed. The results of LC-OCD is shown in Figure 5.16. 

 

  

 

LC-OCD gives the fractionation of organic carbon in the solution based on the 

separation by size exclusion, where the high molecular weight organics elute before 

Figure 5.16 Organic Carbon Detection using LC-OCD in raw and treated seawater  

 

 

Figure 5.16 Organic Carbon Detection using LC-OCD in Raw and Treated Seawater  
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the lower molecular weight organics. An explanation of the nature of biopolymers, 

humic substances, building blocks, acids, and Low Molecular Weight (LMW) neutrals 

was previously explained in Table 4.6.   

 

As can be detected from the chromatogram (Figure 5.16), there was no significant 

difference in the organic composition after the UF treatment, i.e. marginal removal. 

This supports the results obtained from the TOC analysis (Figure 5.3). However, the 

chromatogram shows a slight increase of around 10% in humic substances and 

building blocks in the UF filtrate.  

 

On the other hand, an increased peak in humic substances was found after dosing the 

treatment chemicals (SMBS and antiscalant). The concentration of humic substances 

increased by 100%. This explains the increase in TOC concentrations in the NF feed 

after chemical dosing (Figure 5.3). This increase is most likely caused by the 

antiscalant as SMBS is inorganic. This further suggests that choosing a suitable kind 

of antiscalant is very important. As mentioned in previous studies, even if the 

antiscalants can reduce inorganic fouling, if it has a high organic carbon content, it 

could increase the likelihood of organic fouling and biofouling25, 50. 

 

Another interesting result obtained from the LC-OCD was the organic carbon 

composition of the NF permeate. It showed that NF was able to remove biopolymers, 

humic substances, and building blocks by an average of 95%, 94%, and 23%, 

respectively. However, the NF permeate showed an intense signal for LMW neutrals, 
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indicating that these types of organics are the predominant organic compounds in NF 

permeate. LMW neutrals include small organic nutrients such as amino acids and 

simple sugars. This explains why V. fischeri showed the highest luminescence in NF 

permeate since the nutrients were readily and easily accessible.  

 

The results obtained have important implications for water treatment practices. On 

the basis of this study, Since UF was not effective in organic carbon removal, different 

pretreatment procedures are recommended for carbon removal. Such procedures 

include Granular Activated Carbon (GAC) biofilters51. GAC has proven to have high 

removal percentage of large organic compounds and LMW organics. Utilizing such a 

pretreatment method could enhance the feed water quality before entering high-

pressure membranes, and therefore, decreases the probability of organic fouling and 

biofouling.  

 

It is also recommended that the NF permeate be treated further to reduce the 

concentration of low molecular weight nutrients before distribution. Disinfection 

with chlorine, ozonation, or UV/H2O2 are commonly used in distribution systems to 

biologically stabilize the distributed water52. However, multiple research studies 

have reported that these types of disinfection actually increases the concentration of 

nutrients in the water53-55. For instance, Vital et al. reported that the AOC increased 

by 500% after ozonation54. This indicates that the oxidation of large organic materials 

and microorganisms generates LMW organics that act as an easily accessible food for 

the remaining bacteria. Due to these reasons, different treatment steps should be 
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adapted to increase the removal of LMW organics from water and reduce its 

biofouling potential. Examples of previously proposed procedures include biological 

filtration using Biological Activated Carbon (BAC)56 and Ion exchange57. These 

methods are shown to be more effective than filtration in removing LMW organics52.  
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Chapter 6 Conclusion  

 
In this project, Dow’s UF and NF membranes were evaluated in terms of organic and 

microbial filtration performance. Different fouling control techniques including 

biocide dosing and chemical cleaning were also assessed in term of their effect on the 

filtration efficiency.  

 

The results of this study indicate that the UF membranes were effective in removing 

99.7% of bacteria from seawater. However, UF was not effective in reducing TOC and 

AOC. On the other hand, the NF membranes were able to remove up to 95% of TOC. 

As determined by the increased luminescence of V. fischeri, which was used as an 

indirect measurement for cell growth and AOC, the NF permeate had a 170% increase 

in AOC when compared to the NF feed.  

 

LC-OCD results showed that NF removed biopolymers, humic substances, and 

building blocks by an average of 95%, 94%, and 23%, respectively. However, NF was 

not effective in removing LMW neutrals.  These low molecular weight organics served 

as an easily accessible nutrient source for bacteria to grow on, which explained the 

increased AOC result in the NF permeate.  

 

Antiscalant dosing, on the other hand, increased the TOC and AOC concentrations by 

26% and 30%, respectively. This increase is due to the composition of the antiscalant 

used that most likely includes organic carbon and phosphate. This confirms that the 

choice of antiscalant is very important to consider because even if the antiscalant was 
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efficient in controlling inorganic fouling, it might increase the possibility of organic 

fouling and biofouling. 

 

The biocide DBNPA dosing of the NF feed did not show a significant effect on the 

microbial and organic content of the NF filtrate. This was especially the case since 

filtration was effective in removing TOC and bacteria. Therefore, a definite conclusion 

on the effect of biocide on microbial number could not be concluded from the NF 

permeate. On the other hand, the NF reject had a higher percentage increase of 

bacteria count without biocide, which could indicate that the biocide was effective in 

reducing the bacteria number. This also supported by the rapid increase in the 

pressure drop observed after less than two weeks of operating the system with no 

biocide. This indicates that DBNPA dosing was effective in reducing the microbial 

content of the NF system and biofouling. Furthermore, these results imply that the 

testing of organic contents alone may not be enough to determine the 

fouling/biofouling potential of water.  

 

Due to the high increase in pressure drop in the NF system when the biocide dosing 

was stopped, CIP was performed to restore the operation. This type of cleaning did 

not show a significant effect on the organic and microbial water parameters studied. 

However, CIP was sufficient in reducing the pressure drop and restoring the system 

back to acceptable operation. Nevertheless, CIP was only performed once in these set 

conditions, and hence, a decisive conclusion would need more CIP runs to be 

performed.  



65 

 

 

A different type of membrane cleaning was also evaluated. CEB was applied for UF 

membranes cleaning every 24 hours and water samples were obtained before and 

after CEB. This type of cleaning did not show any effect on the removal of TOC and 

bacteria in the set conditions. However, it appears that AOC was decreased by 50% in 

the UF filtrate after CEB occurrence. This could indicate that CEB is effective in 

removing organic and microbial accumulations from the UF membranes that 

participate in increasing LMW neutrals in the UF filtrate.  

 

 

Recommendations for future work includes implementing pretreatment methods 

that would decrease the LMW organic nutrients to reduce the potential of organic 

fouling and biofouling in high-pressure membranes. Furthermore, since NF permeate 

shows a high microbial growth potential, NF permeate needs to undergo further 

treatment in order to decrease the biofouling potential in distribution systems.  
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APPENDICES 

 Appendix I Raw data used in the results chapter 
Physical Parameters: Phase I 

  Run 1 Run 2 Run 3 

 Sample ID 
Conductivity 

(mS/cm2) 
pH 

Conductivity 
(mS/cm2) 

pH 
Conductivity 

(mS/cm2) 
pH 

B
e

fo
re

 C
E

B
 

 

Raw Seawater 62.2 8.16 62.3 8.08 61.9 8.1 
Raw Seawater 

after intake 
filter 

62 8.16 62 8.16 61.7 8.2 

UF Feed 62 8.17 62 8.15 61.9 8.21 
UF Filtrate 61.8 8.16 61.7 8.16 61.8 8.2 

NF feed 
(Before 

Chemical 
Dosing) 

61.9 8.18 61.9 8.16 61.7 8.21 

NF feed (After 
Chemical 
Dosing) 

62 7.81 62 7.77 61.6 7.74 

NF Permeate 49.9 7.53 49.8 7.58 49.2 7.61 
NF Reject 72.6 7.7 73 7.72 72.3 7.75 

A
ft

e
r 

C
E

B
 

UF Filtrate 62.7 8.19 62.3 8.16 61.4 8.17 
NF feed 
(Before 

Chemical 
Dosing) 

62.5 8.19 62.1 8.16 61.6 8.19 

NF feed (After 
Chemical 
Dosing) 

62.5 7.79 62.1 7.79 61.7 7.32 

NF Permeate 50.1 7.57 50 7.61 49.5 7.55 
NF Reject 73 7.72 73.1 7.7 72.5 7.73 
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Physical Parameters: Phase I 

  Run 4 Run 5 

 Sample ID 
Conductivity 

(mS/cm2) 
pH 

Conductivity 
(mS/cm2) 

pH 
B

e
fo

re
 C

E
B

 

Raw Seawater 62.00 8.11 61.90 8.15 

Raw Seawater 
after intake filter 

61.90 8.05 62.00 8.16 

UF Feed 61.90 8.18 62.30 8.20 

UF Filtrate 61.60 8.21 61.90 8.20 

NF feed (Before 
Chemical Dosing) 

61.60 8.20 62.70 8.21 

NF feed (After 
Chemical Dosing) 

61.60 7.87 62.10 7.83 

NF Permeate 49.40 7.64 49.80 7.67 

NF Reject 72.20 7.78 72.40 7.79 

A
ft

e
r 

C
E

B
 

UF Filtrate 62.00 8.14 61.80 8.16 

NF feed (Before 
Chemical Dosing) 

61.80 8.17 61.90 8.20 

NF feed (After 
Chemical Dosing) 

61.80 7.83 62.10 7.86 

NF Permeate 49.80 7.67 49.80 7.66 

NF Reject 72.30 7.74 72.50 7.74 
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Physical Parameters Results: Phase II 

Sample ID Run 1 Run 2 Run 3 

 Conductivity 
(mS/cm2) 

pH 
Conductivity 

(mS/cm2) 
pH 

Conductivity 
(mS/cm2) 

pH 

Raw 
Seawater 

62.4 8.47 62 8.3 59 8.32 

Raw 
Seawater 

after intake 
filter 

62.1 8.45 61.5 8.44 58.8 8.51 

UF Feed 62 8.39 61.4 8.33 58.7 8.47 

UF B Filtrate 61.7 8.47 61.5 8.45 58.6 8.47 

NF feed 
(Before 
Dosing 

Chemicals) 

61.7 8.45 61.8 8.34 59 8.47 

NF feed 
(After 
Dosing 

Chemicals) 

62.1 8.12 61.6 7.97 59 8.07 

NF 
Permeate 

49.7 7.87 49.2 7.72 48.2 7.73 

NF Reject 72.6 8.04 72.4 7.92 68.7 7.99 
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Bactiquant Results: Phase I 

Time Sample ID 
Run 

1 
Run 

2 
Run 

3 
Run 

4 
Run 

5 
Averag

e 
SD 

B
e

fo
re

 C
E

B
 

Raw Seawater 1685 1149 1038 1913 5485 1446 364 

Raw Seawater 
after intake filter 

1544 850 1196 1918 4660 1377 397 

UF Feed 1318 1007 1138 1674 3817 1284 251 

UF Filtrate 4 6 5 0 92 3 2 

NF feed (Before 
Chemicals) 

12 13 19 13 157 14 3 

NF feed (After 
Chemicals) 

12 10 12 19 143 13 3 

NF Permeate 5 2 14 2 104 6 5 

NF Reject 258 195 113 159 887 181 53 

A
ft

e
r 

C
E

B
 

UF Filtrate 3 0 3 1 92 2 1 

NF feed (Before 
Chemicals) 

10 8 11 26 192 14 7 

RO feed (After 
Chemicals) 

9 10 12 18 128 12 4 

RO Permeate 4 5 27 2 112 9 10 

RO Reject 270 170 106 182 858 182 58 

 

 

Bactiquant Results: Phase II 

Sample ID Run 1 Run 2 Run 3 Average SD 

Raw Seawater 1408 920 1170 1166 199 

Raw Seawater after intake 
filter 

1297 983 1189 1156 131 

UF Feed 1110 902 909 974 97 

UF B Filtrate 34 971 44 39 5 

NF feed (Before Dosing 
Chemicals) 

15 55 23 31 17 

NF feed (After Dosing 
Chemicals) 

24 17 42 28 11 

NF Permeate 8 3 4 5 2 

NF Reject 372 214 235 274 70 



75 

 

TOC Results: Phase I 

Time of 
collection 

Sample ID 
Run1 

(mg/L) 
Run2 

(mg/L) 
Run3 

(mg/L) 
Run 4 

(mg/L) 
Run 5 

(mg/L) 
Aver
age 

SD 

B
e

fo
re

 C
E

B
 

Raw 
Seawater 

0.925 0.959 0.895 0.866 0.8863 0.906 0.032 

Raw 
Seawater 

after intake 
filter 

0.958 1.009 0.838 0.891 0.951 0.929 0.059 

UF Feed 0.939 0.966 0.852 0.912 0.8365 0.901 0.050 

UF Filtrate 0.902 0.955 0.851 0.891 0.8648 0.893 0.036 

NF feed 
(Before 

Chemicals) 
0.927 0.899 0.855 0.839 0.8666 0.877 0.032 

NF feed 
(After 
Dosing 

Chemicals) 

1.146 1.119 1.078 1.097 1.082 1.104 0.025 

NF 
Permeate 

0.037 0.11 0.047 0.046 0.055 0.059 0.026 

NF Reject 2.287 2.158 2.222 2.197 2.104 2.194 0.061 

A
ft

e
r 

C
E

B
 

UF Filtrate 0.91 0.983 0.845 0.949 0.8472 0.907 0.055 

NF feed 
(Before 

Chemicals) 
0.901 0.943 0.798 0.871 0.8214 0.867 0.053 

NF feed 
(After 

Chemicals) 
1.174 1.214 1.078 1.115 1.017 1.120 0.069 

NF 
Permeate 

0.027 0.104 0.037 0.053 0.037 0.052 0.027 

NF Reject 2.28 2.222 2.097 2.19 2.077 2.173 0.076 
 

TOC Results Phase II 

Sample ID 
Run 1 

(mg/L) 
Run 2 

(mg/L) 
Run 3 

(mg/L) 
Average 
(mg/L) 

SD 

Raw Seawater 0.897 0.862 0.856 0.872 0.018 
Raw Seawater after intake filter 0.908 0.845 0.864 0.872 0.026 

UF Feed 0.894 0.848 0.851 0.864 0.021 
UF B Filtrate 0.919 0.909 0.85 0.893 0.030 

NF feed (Before Dosing Chemicals) 0.858 0.823 0.886 0.856 0.026 
NF feed (After Dosing Chemicals) 1.121 1.06 1.085 1.089 0.025 

NF Permeate 0.041 0.04 0.061 0.047 0.010 
NF Reject 2.375 2.45 2.439 2.421 0.033 
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AOC Results: Phase II 

Sample ID 
Run 1 
(RLU) 

Run 2 
(RLU) 

Average 
(RLU) 

SD 

Raw Seawater 17052 19872 18462 1410 

Raw Seawater After Intake 
Filter 

16851 16369 16610 241 

UF Feed 16907 15837 16372 535 

UF Filtrate 17821 19609 18715 894 

NF feed (Before Chemical 
Dosing) 

17133 20337 18735 1602 

NF feed (After Chemical 
Dosing) 

23234 25316 24275 1041 

NF Permeate 29222 30801 30011 790 

NF Reject 14224 13665 13944 279 

 

 

AOC Results: Phase I 

B
e

fo
re

 C
E

B
 

Sample ID 
Run1 
(RLU) 

Run 2 
(RLU) 

Average 
(RLU) 

SD 
(RLU) 

Raw Seawater 62092 42388 52240 9852 
Raw Seawater 

After Intake 
Filter 

44548 25976 35262 9286 

UF Feed 44574 24194 34384 10190 
UF Filtrate 73556 40779 57168 16388 

NF feed (Before 
Chemical 
Dosing) 

40405 42725 41565 1160 

NF feed (After 
Chemical 
Dosing) 

53672 53829 53751 79 

NF Permeate 121110 168318 144714 23604 
NF Reject 11189 12051 11620 431 

A
ft

e
r 

C
E

B
 

UF Filtrate 29553 27557 28555 998 
NF feed (Before 

Chemical 
Dosing) 

40623 24702 32663 7961 

NF feed (After 
Chemical 
Dosing) 

34302 27931 31116 3185 

NF Permeate 141387 131411 136399 4988 
NF Reject 10905 7646 9275 1630 
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LC-OCD Results: Run I 

Sample ID 
Bio-

polymer 
Humic 

Substances 
Building 

block 
LMW 

Neutrals 
LMW Acids 

Raw Seawater 14 58 13 48 2 

UF Filtrate 13 61 15 49 2 

NF feed (After 
Chemical Dosing) 

13 86 11 45 1 

NF Permeate 2 0 2 42 1 

 

 

LC-OCD Results: Run II 

Sample ID 
Bio-

polymer 
Humic 

Substances 
Building 

block 
LMW 

Neutrals 
LMW Acids 

Raw Seawater 13 62 21 79 3 

UF Filtrate 10 56 21 97 2 

NF feed (After 
Chemical Dosing) 

11 106 12 75 3 

NF Permeate 29 2 9 144 3 

 

LC-OCD Results: Run III 

Sample ID 
Bio-

polymer 
Humic 

Substances 
Building 

block 
LMW 

Neutrals 
LMW Acids 

Raw Seawater 13 59 41 118 9 

UF Filtrate 11 72 29 98 5 

NF feed (After 
Chemical Dosing) 

11 117 11 83 4 

NF Permeate 
Not 

Quantifiable 
18 15 83 7 
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Appendix II: AOC Bioluminescence Method Adaptation  

To obtain a better understanding of the assimilable organic carbon (AOC) trend in 

seawater desalination, the Vibrio fischeri bioluminescence method was adapted. 

When compared to other AOC measurement methods (Table 2.1), this method 

reported the fastest analysis time (< 1 hour) and best detection limit (0.1 μg-C glucose 

equivalents/L), making it a suitable potential method for industrial routine testing. 

However, there were some challenges when this method was implemented for this 

project. Mainly it was not possible to convert the luminescence of V. fischeri to the 

amount of AOC in the units of μg-C glucose equivalents/L. This occurred due to 

difficulties in reproducing the standard curve that correlated the luminescence with 

the glucose concentrations. More about this will be discussed in this appendix. A 

detailed background of this method was discussed in Chapter 2, section 2.9.1 and the 

adapted procedure was detailed in Chapter 4, section 4.5.2. 

 

The AOC bioluminescence method correlates the growth of the naturally 

bioluminescent V. fischeri (shown as a function of luminescence) to the concentration 

of easily accessible and assimilable nutrients found in the water. Given that V. fischeri 

will consume AOC for growth, the maximum luminescence of this bacteria is used as 

a reference that reports the concentration of AOC in the sample. Figure A1 shows the 

luminescence, given as Relative Light Unit (RLU), when V. fischeri was incubated in 

seawater for eight hours.  
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This figure shows the growth pattern of V. fischeri, measured in terms of 

luminescence when they were inoculated in raw seawater. Soon after inoculation V. 

fischeri started producing luminescence which steadily increased indicating the 

exponential stage of growth. The luminescence reached a plateau at around 2.2 hours 

which marked the onset of the stationary growth phase. Stationary phase lasted for 

about 0.8 hour during which luminescence remained stable indicating that cells were 

not growing further. This was followed by a decrease in luminescence (decline phase) 

which indicated that the nutrients in the sample were consumed by the bacteria and 

hence they were dying due to starvation. It could also be that the growth of bacteria 

lead to an accumulation of toxic substances that also contribute to cell death. 

 

 

 

Figure A1 Growth of Vibro fischeri in seawater overtime. The y- axis shows the 
luminescence in relative light unit (RLU). The x-axis shows the time in seconds 

 

Figure A1 Growth of Vibro fischeri in seawater overtime. The y- axis shows the 
luminescence in relative light unit (RLU). The x-axis shows the time in seconds 
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In order to convert the luminescence results to AOC concentrations, a standard curve 

that correlates the maximum luminescence of V. fischeri to glucose concentrations 

was used. To achieve this, artificial seawater (ASW) was prepared to mimic the 

composition of seawater but without any carbon source. Glucose was then added in 

different concentrations as a sole carbon source. The maximum luminescence of V. 

fischeri was measured in each corresponding glucose concentration and a standard 

curve was drawn (Figure A2). 

 

 

As can be shown by this standard curve, there is a dose-dependent response; the 

higher the glucose concentration, the higher the luminescence signal. The formulated 

line equation provided the relationship between the luminescence and the glucose 

concentration (Luminescence (Y) = 1119.8* Glucose concentration (X) + 5554.8), and 

it shows a good linearity that is close to 1 (R² = 0.9886). Based on the relationship 

y = 1119.8x + 5554.8
R² = 0.9886
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Figure A2 Assimilable Organic Carbon (AOC) standard curve using the V. fischeri 
method’s artificial seawater recipe. Error bars represent the standard deviation from 
the triplicated measurement.  
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given by the line, unknown AOC concentrations can be calculated in seawater 

samples.  

 

Along with the glucose standards, three seawater samples were analyzed and the 

maximum luminescence was measured. Using this standard curve (Figure A2), the 

results showed that the AOC in the raw seawater, UF filtrate, and NF permeate were 

16.7, 15.2, and 40.2 µg-C glucose equivalent /L, respectively. These AOC values 

obtained in the raw seawater sample did fall in the range of AOC reported in 

literature39. However, these results could not be reproduced because the dose-

dependent response obtained from the standards could not be reproduced in other 

trials.  An example is shown in Figure A3.  

 

 

 

y = 2.7853x + 36126
R² = 0.096
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Figure A3 Attempted Assimilable Organic Carbon (AOC) standard curve using the V. 
fischeri method’s artificial seawater recipe. Error bars represent the standard 
deviation from the triplicated measurement.  
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In this figure (A3) does not show a good dose dependent response. For this reason, it 

was not possible to obtain the exact AOC concentration in the analyzed water 

samples.  

 

Different alterations to the method were proposed to solve this issue. These included 

altering the V. fischeri preparation method, decreasing the number of inoculated cells, 

and changing the ASW recipe. However, since V. fischeri seemed to be proliferating in 

seawater very well and has shown reproducibility, the problem seemed to be due to 

the standards and not to the V. fischeri stock. For this reason, a different ASW recipe 

was used.  This recipe was adapted from the AOC bioluminescence method using 

Vibrio harveyi36, which used M9 media with few alteration. However, even this second 

recipe did not report an applicable standard curve (Figure A4). 

 

As can be seen from the figure, no dose-dependent response was produced which 

makes it unsuitable to be used as a standard curve.  

y = 4.7518x + 5646.1
R² = 0.1889
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Figure A4 Attempted Assimilable Organic Carbon (AOC) standard curve using M9 
artificial seawater recipe.  Error bars represent the standard deviation from the 
triplicated measurement.  
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Based on these trials, it is apparent that V. fischeri were not proliferating well in the 

ASW. This could be due to missing nutrients or an imbalanced environment for them 

to grow in. However, during these trials, the luminescence results of the seawater 

samples were reproducible. For this reason, the AOC trend was drawn and used in 

this thesis. 

 

For future work, there are multiple ways to modify the artificial seawater to form a 

reproducible standard curve. The artificial seawater recipe can be modified to suit 

the Vibro fischeri growth. This could be done by fortifying more nitrogen and 

phosphate, increasing the salt concentration, or incubating the Vibro fischeri 

overnight in the ASW media so the cells would be better suited to it by the analysis 

time. 

 

 

 

 

 

 
 


